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Abstract

Polymer �lms are employed in a variety of industries that include electronic ma-

terials, anti-fouling coatings, barrier coatings, and adhesives. In many applications,

the functionality of these �lms is controlled by surface and interfacial properties. Poly-

mer brushes can modify the chemistry, energetics and function at a polymer/substrate

or polymer/air interface. This thesis describes two systems where the structure and

function of a polymer coating are controlled by interactions at a brush/melt interface.

First, we investigated the role of substrate �neutrality� on domain ordering

in thin �lms of poly(styrene-b-methyl methacrylate) (PS-PMMA) lamellar diblock

copolymers con�ned between a �neutral� free surface on the top and �nearly neutral�

brushed poly(styrene-r -methyl methacrylate) silicon substrate at bottom. The PS-

PMMA �lm thickness (t) and brush grafting density (Σ) were systematically varied to

examine their impacts on in-plane and out-of-plane ordering. A combination of high

resolution microscopy and grazing-incidence small angle X-ray scattering character-

izes lateral order and out-of-plane ordering respectively. Lateral correlation lengths

at the top of the �lm scaled as tn, where the exponent n increased from approxi-

mately 0.75 to 1 as Σ decreased from 0.6 to 0.2 nm−2. Out-of-plane defects such bent

or tilted domains were detected in all �lms. Our results demonstrate that prefer-

ential interactions at the substrate can contribute to both in-plane and out-of-plane

disorder.

Second, we studied the phase behavior of bottlebrush polystyrene (PS) and linear

deuterated polystyrene (dPS) in thin�lms. These nearly athermal systems exhibit

wetting and dewetting transitions that drive bottlebrush dispersion or aggregation,

respectively. These e�ects depend on the relative degrees of polymerization of matrix

chains Nmto those of bottlebrush side-chains Nsc. When Nm/Nsc is low (≤1.6), the
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bottlebrushes are dispersed throughout the �lm thickness with a slight excess at the

free surface and substrate interfaces. When Nm/Nsc is high (≥8), the bottlebrushes

are depleted from the interior of the �lm and strongly segregated at the interfaces. The

interfacial excess is driven by an entropic depletion attraction e�ect. These studies

demonstrate that low concentrations of certain bottlebrush polymer architectures

can generate brushlike surfaces and interfaces in any thermoplastic material through

a spontaneous, entropy-driven segregation process.
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1 Introduction

1.1 Introduction

Understanding surface energetics and physics of polymer thin �lms have emerged

as one of the most challenging areas of research in recent times for its wide applica-

bility in a variety of areas. There is a lot of work are going on at present to get a

better understanding of the problem by utilizing di�erent polymer systems [3�7].

Construction of precisely ordered nanoscale structures leads to the miniaturiza-

tion of functional devices which have huge advantages in micro and macroscale devices

due to their large surface/volume ratio, high throughput, and ability to control fea-

tures at nano-meter length scales [8�10]. Top down lithographic process currently

dominates as the most critical procedure for patterning nanoscale structures. Ex-

posure of an appropriate material to electromagnetic radiation introduces a latent

image into the material as a result of a set of chemical changes in its molecular struc-

ture. However the process is usually limited by Rayleigh resolution criterion. Most of

the methods of improvement of the top-down approaches su�er from high operating

costs, multiple processes and the ability to satisfy the di�erent material requirements

and makes it di�cult to reproduce both topographical patterns with a wide range of

well-de�ned structures and chemical patterns with well-de�ned geometries [11, 12].

Thus the expanding avenues in electronic devices are approaching a bottleneck in

order to achieve cost e�ective miniaturization solutions. Self-assembly methods are in

particular promising alternatives. These bottom-up approach for pattern generation

heavily relies on assembly of small building blocks such as polymer molecules or

nanoparticles [13�15]. Self-assembly methods using block copolymers (BCPs) have

1



emerged as frontrunners in this approach [16,17]. BCPs are composed of sequences of

chemically distinct repeat units and yield materials with di�erent hybrid properties

[18]. The underlying physics of BCPs both in bulk and thin �lms are already well

established and the mechanical properties of the thin �lms formed from BCPs can

be well compared with the conventional polymer photoresists and BCPs have high

resolution, high throughput, and low cost. However at the same time BCP's lack long

range order and are plagued with defects [19, 20]. This is of critical importance to

extend block copolymers for commercial applications and a number of strategies are

emerging which includes tuning surface energetics, guided assembly and using blends

of polymers [21].

1.2 Polymer Thin Films

Our work is related to polymer thin �lms. Polymer �lms have found applicabil-

ity in areas ranging from microelectronics and sensors to adhesives and bio-medical

devices [22, 23]. Understanding wetting phenomena on polymer surfaces has thereby

become important and interfaces has played a crucial role in quantitative segregation

studies [24]. In particular interfacial energetics at interfaces play a tremendous role

in surface physics of polymer thin �lms. In this section we �rst discuss about bulk

behavior of diblock copolymer and diblock copolymer thin �lm physics. In the last

subsection we brie�y mention about the role of polymer blends in understanding of

segregation phenomena.

1.2.1 Block Copolymers

As we have just mentioned, the critical importance of block copolymers lies in

their superb control in self-assembly and applications of the resulting nanostructures

2



[16]. Thus the immiscibility and covalent linkage of the blocks governs the self-

assembly of BCPs into a range of highly ordered morphologies. In this thesis our

work mainly involves understanding the behavior of diblock copolymer thin �lms in

nanostructure generation.

1.2.2 Thermodynamics of Diblock Copolymers

In Figure 1.1 we show a cartoon of a diblock copolymer which plays the central

role in our study. By de�nition a diblock copolymer is a polymer which has two types

of monomers A and B arranged in such a way that there is a chain of each monomer

and those chains are grafted together to form a single copolymer chain.

Figure 1.1: Cartoon of a diblock copolymer.

Before we discuss the thermodynamics of diblock copolymer system, we would

like to motivate the basic relevant physics for a relatively simpler system, a polymer

blend. The phase behavior of a polymer blend can be described thermodynamically

using the Flory-Huggins (FH) theory [25�27]. For a blend of two homopolymers A

(degree of polymerization: NA, volume fraction: φA) and B (degree of polymerization:

NB, volume fraction: φB) the free energy of mixing is given by

∆Gmix

kT
=
φA
NA

ln(φA) +
φB
NB

ln(φB) + χφAφB, (1.1)

where χ is Flory−Huggins interaction parameter. Equation 1.1 clearly shows that the

free energy has contribution from con�gurational entropy of the individual polymer
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system apparent in the �rst two terms and the last term is the enthalpic/energetic

contribution as a result of A−B monomer interactions, which depends on the chem-

istry of respective molecules and also the temperature.

Figure 1.2: Theoretical phase diagram for diblock copolymer morphology [1, 2].

In the case for block copolymers there is a subtle competition between energetic

and entropic factors which leads to a disorder-to-order (ODT) phase transition [2] at

nanometer length scales. However, unlike polymer blends, the connectivity of the two

blocks for the block copolymer case tends to assemble the A and B components on op-

posite sides of the interface and prevents macrophase separation. Thus self-assembly

is an equilibrium process which is maintained by forces between the competing blocks

for block copolymer systems. It is now well established from self-consistent �eld the-

ory (SCFT) calculations [2, 28, 29] that the equilibrium morphology of a system of

block copolymers is dependent on the total degree of polymerization N , the pure

component composition (φi) and the Flory-Huggins interaction parameter χ. The

strength of segregation is proportional to χN whose value when exceeds a threshold
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(χN)ODT , the block copolymer microphase separates into a periodically ordered struc-

tures with length scales spanning between 5−200 nm [30]. The results for the phase

diagram and geometries obtained using SCFT [28] is shown in Figure 1.2. Microphase

segregation has two distinct regimes as shown in Figure 1.2. For χN � 10 the chains

behave close to being Gaussian coils and are in a disordered phase. In this regime the

entropic terms are larger than the interaction term. However very near to ODT limit

whereχN ≈ 10.5, we are in the weak segregation limit and the volume fraction of one

of the blocks in this case spatially varies sinusoidally about the average value. The

strong segregation limit (SSL) is de�ned by χN � 10 where the interaction energy

takes over where the interphase between the blocks is sharp and localized [31]. The

dominant forces drives the blocks to segregate into well de�ned microdomains, per-

turbing the chains from their Gaussian con�gurations and changing the dependence

of the periodicity on the degree of polymerization and chi-parameter [32].

1.2.3 Diblock Copolymer Thin Films

The natural ability of block copolymers to self-assemble into ordered patterns has

given rise to a tremendously prospective avenue for speci�c lithographic tools to allow

controlling the polymer structures upon formation of thin �lms [33]. Patterning via

thin and ultra-thin block-copolymer �lms is one of the hot research areas at present

for developing new generations of functional devices [22, 34]. These materials can

improve the quality of projection lithography by �shrinking� the sizes of patterned

features [20,35,36], so leading semiconductor manufacturers are considering their use

in next-generation integrated circuit manufacturing. Selective removal of one of the

blocks results in templates that can be used in further nanofabrication processes.

Spin coating is the most prevalent method for producing block copolymer �lms

whereby polymer �lm spreads on the substrate by centrifugal forces and the thickness
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of the �lm is controlled mainly by the spin speed and the concentration of the block

copolymer and by the volatility of the solvent which has been used to prepare the

polymer solution. The dynamic e�ects of solvent evaporation can induce orientational

�eld to generate variety of morphologies, but in general the �lms are heated to induce

phase separation, so thin �lm thermodynamics will determine the resulting domain

structure and orientation.

Although the bulk phase behavior of block copolymers has been well described

in terms of two parameters of the composition and the degree of segregation between

the blocks [37], the thin �lm ordered structures and their orientations are more com-

plicated due to the �lm preparation conditions and �lm con�nement conditions such

as the �lm thickness and wetting properties of each block on the substrate surface and

at the air/�lm interface [22,38�41]. One of the key arguments against application of

block copolymers as lithographic templates is the lack of long range order due to the

presence of a combination of defects. Thus, investigation of these defects with an aim

to eliminate them will play a very important role in the success of block copolymers

as lithographic materials.

There is a lot of interrelationship between con�nement, substrate surface e�ects

which can be made by modifying substrates, choosing proper annealing conditions for

solvent and using �lms of appropriate �lm thickness to generate large number of defect

free regularly sized and shaped domains with a speci�c structure and orientation.

Our object of interest in this work is one of the most widely used block copolymer

system, poly(styrene−b−methyl methacrylate) (PS−PMMA) which we have mainly

focused on hereafter. PS−PMMA on oxidized silicon is an example of a system

with asymmetric boundary conditions (BC), meaning di�erent blocks are preferred

at each interface which is a consequence of imbalance of surface energetics. PS has a

slightly lower surface tension than PMMA (below 220 oC), which favors the formation
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a) b) c)

Figure 1.3: Asymmetric BC for diblock copolymer thin �lms a) parallel morphology
for commensurate �lm thickness and for incommensurability b) holes and
c) islands of height comparable to lamellar periodicity.

of a PS wetting layer at the free surface, and PMMA will adsorb at the silicon

substrate to form a brush-like layer at any processing temperature [42,43]. In general

the preferential interactions at each interface induce a parallel layering of domains.

The �lm thicknesses that are commensurate with asymmetric wetting are t = (n +

1/2)L0, where n is an integer and L0 is the equilibrium lamellar period. For �lms

whose thickness deviate from this condition, the �lm separates into regions of two

commensurate thicknesses giving rise to island/hole surface relief structures [42]. In

Figure 1.3 we show energetically the most probable structures on an oxidized silicon

substrate.

However from a lithographic point of view these structures are not very useful.

Lithography requires nanopatterns in the plane of the �lm, which implies that lamel-

lar domains must be oriented perpendicular to the substrate. At moderate processing

temperatures above the glass transition temperature (Tg) for both the blocks, perpen-

dicular PS−PMMA lamellae can be achieved at certain �lm thicknesses by coating

the substrate with a �neutral� material. The term neutral implies that neither block

is preferred at the substrate, thereby eliminating any tendency to form wetting layers

at the bottom of the �lm.
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The domain orientation and wetting of a block copolymer has a strong depen-

dence on strength and nature of interaction of the substrate boundaries with the

polymer components. However, even though the standard neutral coating technique

can make the substrate neutral, the air interface is still slightly preferential to PS at

least for relatively lower temperatures (T > Tg). Thus perpendicular orientation is

a relatively unstable con�guration which is sustained when �lm thickness is highly

incompatible with asymmetric boundary conditions. Those are cases where the do-

mains orient normal to the substrate to relieve bulk frustration at the expense of a

small surface energy gain [44�50]. In particular for the PS−PMMA system, the con-

dition of maximum frustration is roughly t ' L0 and �lms around this thickness are

optically smooth (no islands or holes), and the classic �ngerprint pattern is detected

at the free surface. Films with di�erent thicknesses (t 6= L0) give rise to island and

hole structures, or mixed parallel and perpendicular domain orientations [49, 51].

Perpendicular PS−PMMA domain orientations on neutral substrates can be

achieved for a wide range of thicknesses by controlling the annealing temperature,

copolymer architecture or copolymer molecular weight. Some work, including results

from our group, have shown that for high molecular weight copolymers dynamic

barriers may stabilize perpendicular orientations by inhibiting island/hole formation

[49, 52]. Apart from considering high molecular weight copolymers, the remarkable

property unique to PS−PMMA system is the fact that the surface tensions of PS

and PMMA are very similar at elevated temperatures (220−240 oC). Thus the target

annealing temperature for the block copolymer thin �lms in that range makes the air

interface very close to being neutral [45, 53]. Thus, depending on the e�cacy of our

neutral coating on the substrate, the operating temperature provides a suitable control

to achieve a broader window of �lm thickness which can sustain stable perpendicular

orientations as shown in Figure 1.4.
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Figure 1.4: Perpendicular lamellae structures for arbitrary �lm thickness when the
neutrality of the substrate as well as the free surface with respect to both
the blocks is achieved.

1.2.4 Segregation of Polymer Blends at Interfaces

Phase separation in thin �lms can be tailored to tune desirable characteristics

which can make the surface responsive. A reasonable amount of studies have investi-

gated the phase separation and segregation of polymer blend �lms. It is observed that

segregation is mainly induced by the simply tuning the polymer/substrate interaction

through chemical modi�cation of the substrate [54,55]. The variables which in�uence

the segregation morphology will play a very important role in understanding wetting

behavior in these systems. It is also important to understand the interrelationship

between kinetics and dynamics in surface segregation of polymer blends.

Our main focus has been on understanding the segregation properties of polymer

blends consisting of bottle brush polymers with linear polymers [54,56]. Bottlebrushes

are macromolecules with polymeric densely grafted side-chains and have found nu-

merous applications in di�erent areas [57,58].

In this work we have understood the role of polymer blends of linear polystyrene

with polystyrene based bottlebrushes to understand and control surface properties.
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The surface responsiveness may be an indicator of conformational �exibility of the

bottlebrushes and by changing the length of the bottlebrush side-chains we can achieve

di�erent chemical functionalities and wetting characteristics of polymer thin �lms

[59,60].

1.3 Goal of the Work

Lithographic processes which have applications in the semiconductor industry

require precise control over domain orientation and placement, which is potentially

achieved through careful tuning of free surface and substrate interactions. In our work

we exclusively focus on thin �lms of symmetric lamellar diblock copolymers which

spontaneously self-assemble into nanoscale lamellar domains. Our current work is

to examine the role of substrate �neutrality� on domain ordering in thin �lms of

PS−PMMA lamellar copolymers. In this work have explored neutral coatings based

on random copolymers of styrene and methyl methacrylate [48,61,62]. We also have

extensively worked on tunable silane chemistries [63, 64] and have reported some of

the salient issues associated with it in Chapter 4.

Our main emphasis is to explore the e�ects of interfacial interactions on per-

pendicular ordering of lamellar diblock copolymers. We investigate how interactions

between the polymer blocks and surrounding interfaces in�uence in-plane and out-of-

plane alignment of block copolymer domains. The work will have major impact on

high-throughput screening and optimization of neutral coatings for block copolymer

lithography [65�67].

For our work related to bottlebrush/linear polymer blends we investigated the

phase behavior for bottlebrush polystyrene (PS) and linear deuterated polystyrene

(dPS) in thin �lms. These nearly athermal systems exhibit wetting and dewetting
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transitions that drive bottlebrush dispersion or aggregation, respectively. One of the

salient aspects of our study was concerned about about identifying the key variables

which control segregation phenomena in these blend systems.
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2 Role of Substrate Interactions on In-Plane

and Out-of-Plane Order in Thin Films of

Lamellar Copolymers

2.1 Introduction

Thin �lms of symmetric diblock copolymers will spontaneously self-assemble into

nanoscale lamellar domains (i.e., nanolines) [10, 68]. These materials can improve

the quality of projection lithography by �shrinking� the sizes of patterned features

[20, 35, 69, 70], so leading semiconductor manufacturers are considering their use in

next-generation integrated circuit manufacturing. The most demanding lithographic

processes require precise control over domain orientation and placement, which is

potentially achieved through careful tuning of free surface and substrate interactions.

The objective of our current work is to examine the role of interfacial interactions on

domain ordering in thin �lms of poly(styrene-b-methyl methacrylate) (PS-PMMA)

lamellar copolymers.

Lithography requires nanopatterns in the plane of the �lm, so lamellar domains

must be oriented perpendicular to the substrate. The perpendicular orientation is

stable when the free surface and substrate are energetically �neutral� with respect

to each block, so there is no tendency to form wetting layers at either interface.

In the case of PS-PMMA, processing schemes that achieve interfacial neutrality are

well-known: the melt surface tensions of PS and PMMA are equal at elevated temper-

ature [45, 53], and the substrate chemistry can be tuned with established protocols
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to screen preferential interactions with one block [48, 61�64, 71]. A perpendicular

domain orientation is normally inferred in these systems from the presence of ��n-

gerprint� patterns at the free surface and the absence of islands/holes over a broad

range of �lm thicknesses. However, subtle changes in interactions at the substrate

could impact both in-plane and out-of-plane order, and such physics are di�cult to

interrogate with surface microscopy alone.

Perpendicular lamellae and parallel cylinders are both examples of smectic block

copolymer phases, and their in-plane ordering on homogeneous surfaces has been ex-

tensively studied through theory and experiment [72�77]. Fingerprint patterns are

characterized by dislocations and disclinations, and the densities of these topological

defects will increase with proximity to the order-disorder transition temperature. The

phase behavior and defectivity in these systems are sensitive to thin �lm con�nement

and interfacial interactions. In perpendicular lamellar phases, the order-disorder tran-

sition temperature can vary with the composition of neutral substrate coatings [78],

and defect densities increase as �lm thickness is reduced [77,79,80]. Similarly, con�ne-

ment of parallel cylinders in a monolayer can suppress the order-disorder transition

temperature and increase the defect densities [76], with the maximum disorder de-

tected on adsorbed brushes compared with grafted brushes [81,82]. Adsorbed brushes

are thought to have lower chain densities (per unit area) than grafted brushes, and

are therefore less e�ective at screening interactions between a substrate and overlying

copolymer �lm.

Out-of-plane order in perpendicular block copolymer phases has received little

attention in experiments, but there is evidence that domains are not perfectly per-

pendicular to the substrate. One work used detailed studies of pattern transfer to

show that perpendicular cylinders can tilt and bend [83], which was described as a
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response to the strain �eld associated with in-plane topological defects. A di�er-

ent study used grazing-incidence small angle X-ray scattering to show tilting and

bending in perpendicular lamellae [49], and this behavior was attributed to weakly

preferential interactions at the substrate. Much of the current understanding of three-

dimensional order is derived from theoretical models [67], For example, a variety of

simulation methods predict that preferential interactions at a boundary can locally

deform domain shapes and introduce complex morphologies [70, 84�87], and some of

these features have been veri�ed in experiments [70, 86].

The present manuscript describes the e�ects of substrate interactions on in-plane

and out-of-plane defectivity in perpendicular lamellar phases. Using a combination of

X-ray re�ectivity (XRR), grazing-incidence small angle X-ray scattering (GISAXS),

and surface microscopies, we examine ordering in thin �lms of PS-PMMA lamellar

copolymers prepared on end-grafted poly(styrene-r -methyl methacrylate) brushes.

The principal experimental variables are normalized PS-PMMA �lm thickness (t/L0)

and brush grafting density (Σ). While t/L0 is a common variable for investigations of

substrate neutrality, the impact of Σ on lamellar ordering is far less studied [84, 85],

and this parameter is rarely reported [10] in experiments. Brushes with a range of Σ

are prepared by varying the kinetics of the grafting-to reaction [88], and Σ is charac-

terized through XRR measurements of the dry brush thickness [88,89]. All PS-PMMA

�lms are processed at an elevated temperature where the blocks have equal surface

tensions (approximately), and we use a variant on island/hole studies to establish

that PMMA is weakly preferred at the brushed substrate. Therefore, all �lms are

con�ned between a neutral free surface and a �nearly neutral� substrate. Through

detailed analysis of microscopy and GISAXS, we �nd that all �lms are characterized

by high densities of in-plane and out-of-plane defects, and the defectivity in these

systems is at least partly controlled by preferential interactions at the substrate.
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2.2 Experimental Procedures

2.2.1 Materials

The diblock copolymer used for these studies is a lamellar poly(styrene-b-methyl

methacrylate) (PS-PMMA). The equilibrium lamellar periodicity (L0) for this PS-

PMMA copolymer is 46 nm (measured with grazing-incidence small angle X-ray scat-

tering). The segregation strength for this polymer is χN ' 45 and approximately

independent of temperature [90]. Polymer brushes were prepared from hydroxyl-

terminated poly(styrene-r-methyl methacrylate) random copolymers, hereafter de-

noted by P(S-r -MMA). All polymers were purchased from Polymer Source and inde-

pendently characterized at the University of Houston. The compositions, molecular

weights, and dispersities are reported in Table 2.1. Substrates were 3-inch diame-

ter, (100)-oriented silicon wafers. Substrates were cleaned with a UVOCS UV/ozone

system for 20 mins to destroy organic contamination and grow a thin oxide layer.

Table 2.1: Material Characteristics

Polymer Styrene % Mn (kDa) Ð

PS-PMMA 53% vol 98 1.1

P(S-r -MMA) 59% mol 8.6 1.5

P(S-r -MMA) 55% mol 7 1.3

2.2.2 Brush Preparation.

End-functional random copolymers were dissolved in toluene at a concentration

of 1 wt%, and �lms that were approximately 30 nm thick were prepared by spin-

casting on ultraclean silicon substrates. Polymer chains were grafted to the substrate

by annealing under low vacuum (10 mTorr) or in a nitrogen-purged glove box for
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the temperature and time reported in Table 2.2. Processing conditions were varied

to control the thickness of the polymer brushes (annealing temperature T, annealing

time τ). Un-grafted polymer was extracted by soaking in toluene with mild agitation.

Samples were then dried under a nitrogen stream. The quality of each brush was

assessed by measuring the contact angle of water, which was usually 76◦ after this

process. Contact angle was increased to ca. 80◦ by repeating all steps a second time

(includes coating a new �lm, annealing, and rinsing), which improves the homogeneity

of the coating across the wafer surface. This contact angle is consistent with other

literature studies [44,78], and does not change by repeating all steps a third time.

Table 2.2: Brush thicknesses determined with X-ray re�ectivity (XRR). Processing
conditions (T, τ) are reported for each brush system.

Brush T(◦C) τ (hr) tb (nm)

55% S 170 48 6.2 ± 0.1

55% S 170 24 4.8 ± 0.1

55% S 230 1 4.4 ± 0.1

55% S 210 1.5 3.4 ± 0.1

59% S 170 48 2.6 ± 0.1

2.2.3 Brush Thickness.

The brush thicknesses were measured using X-ray re�ectivity (XRR). XRR ex-

periments were performed at the Advanced Photon Source of Argonne National Lab-

oratory (beamline 8-ID-E) [91]. Data were acquired by varying the incident angle in

the range of 0.1-2◦ using increments of 0.003◦, and the intensity at specular re�ec-

tion was recorded with an avalanche photodiode detector. XRR data were modeled
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following the Parratt recursions [92] convolved with an instrumental resolution func-

tion [91], where brush thickness (tb), brush scattering length density (ca. 10× 10−10

cm-2), and native oxide thickness (ca. 1 nm) were re�ned through regression analysis.

The exact algorithm is described in detail elsewhere [93]. The �ts to XRR data are

included in the Appendix A Figure A.1. The brush thicknesses that were calculated

from XRR are reported in Table 2.2. The uncertainties reported in Table 2.2 for tb

re�ect the statistically-derived error.

2.2.4 Surface Energy.

The surface energies of all polymer brushes were calculated from equilibrium

contact angle measurements based on Wu's harmonic method [94, 95]. Four liquids

were used: diiodomethane (non-polar), deionized water (polar), ethylene glycol (po-

lar), and formamide (polar). Contact angles were recorded from at least three points

on the substrate using a DataPhysics OCA 15EC goniometer. We report the average

and standard deviation in Tables 2.3 and 2.4. Control measurements were performed

from thin �lms of PS and PMMA homopolymer, as well as the PS-PMMA block

copolymer (50 nm thick). The PS has Mn of 140 kDa and Ð of 1.6, and the PMMA

has Mn of 60 kDa and Ð of 1.4. Note that uncertainty in surface energy calculations

re�ects the variability in contact angle measurements.

2.2.5 PS-PMMA Thin Films.

Thin �lms of PS-PMMA block copolymers were prepared on the P(S-r -MMA)

brushes. PS-PMMA was dissolved in toluene at concentrations that ranged from 1-4

wt%, and solutions were �ltered with a 0.2 µm Te�on mesh. Films that ranged in

thickness from 20 nm to 120 nm were prepared by spin-casting and annealed as de-

scribed in the Results and Discussion. Polymer �lm thicknesses were measured with
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XRR following similar procedures as described for characterization of brush thickness.

XRR measurements were conducted at the Advanced Photon Source of Argonne Na-

tional Laboratory (beam line 8-ID-E). Data were acquired by varying the incident

angle in the range of 0.1-2◦ using increments of 0.003◦, and the intensity at specu-

lar re�ection was recorded with an avalanche photodiode detector. XRR data were

modeled following the Parratt recursions [92] convolved with an instrumental resolu-

tion function [91], where polymer �lm thickness, polymer scattering length density

(ca. 10× 10−10 cm-2), surface roughness (ca. 0.3 nm), and oxide thickness (ca. 1 nm)

were re�ned through regression analysis. When modeling XRR data, the �polymer

layer� includes both PS-PMMA block copolymer and the underlying P(S-r -MMA)

brush. (The brush thickness was characterized after the grafting reaction, so this

value is subtracted from the �polymer layer� thickness to determine the PS-PMMA

layer thickness.)

2.2.6 Microscopy.

The nanoscale structure at the surface of each �lm was characterized with atomic

force microscopy (AFM) and/or scanning electron microscopy (SEM). AFM micro-

graphs were collected with a MultiMode 3 (Veeco) in Tapping Mode using silicon

probes with a spring constant of approximately 40 N/m. Typical parameters for data

acquisition were 1.7 Hz scan frequency, 5 µm × 5 µm scan area, and 512 × 512 im-

age resolution. SEM images were recorded with a FEI XL-30FEG SEM in secondary

electron (SE) mode. Operating parameters for image acquisition were an accelerating

voltage of 5 kV, beam current of 95 pA, working distance of 5 mm, and magni�cations

ranging from 50-65 kx. Lateral domain order was quanti�ed by calculating the orien-

tational correlation function g(~r) and �tting the azimuthal average to an exponential

decay, i.e., g(r) = exp(−r/ζ) [72�74]. The exact algorithm is described elsewhere [74].
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Average values of the orientational correlation length ζ (normalized by L0 = 46 nm)

were computed from a minimum of 5 micrographs and error bars denote the standard

deviation, and in some instances are the same size as the symbols. We veri�ed that

ζ values calculated from AFM and SEM are identical within error (see Appendix A

Figure A.2).

2.2.7 Grazing-Incidence Small Angle X-Ray Scattering (GISAXS).

GISAXS measurements of PS-PMMA �lms were conducted at the Advanced

Photon Source of Argonne National Laboratory (beamline 8-ID-E) [91]. Samples

were placed in a vacuum chamber and illuminated with 7.35 keV radiation at incident

angles (αi) in the range of 0.1− 0.24◦. The o�-specular scattering was recorded with

a Pilatus 1MF pixel array detector (pixel size = 172 µm) positioned 2175 mm from

the sample. Acquisition times were approximately 10 sec per frame. Each data set

was stored as a 981×1043 32-bit ti� image with 20-bit dynamic range. The X-ray

penetration depth varies from approximately 10 nm up to the full �lm thickness as

incident angle is increased through the critical angle of the �lm (ca. 0.17◦). All data

in this manuscript are displayed as intensity maps I(2Θ, αf ), where 2Θ and αf denote

in-plane and out-of-plane di�raction angles, respectively.

Rocking curves were recorded at the same beam line to quantify the e�ects of

wafer curvature on incident beam angle, which is necessary for quantitative analysis

of GISAXS data with the distorted-wave Born approximation [96]. Measurements

were implemented by setting the incident angle to 0.4◦ and scanning an avalanche

photodiode detector about the specular condition (from 0.35-0.45◦ in increments of

0.003◦). Data were �t to a Gaussian resolution function,

R(qz) =
1√

2πδqz
exp

(
− q2

z

2δ2
qz

)
, (2.1)
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where qz = 2π(sin[αf ] + sin[αi])/λ is the perpendicular scattering vector (out of

plane) and δqz = (∆λ/λ)qz + 4π∆αi/λ. The wavelength spread is ∆λ/λ = 10−4

(�xed) [91], and the angular divergence of the beam (∆αi) is an adjustable parameter

for regression analysis. The angular divergence is typically 5× 10−5 rad for a 400 µm

thick silicon wafer.

2.3 Results and Discussions

2.3.1 Substrate Preparation.

The aim of these studies is to examine the e�ects of substrate interactions on in-

plane and out-of-plane order in lamellar PS-PMMA block copolymers. All PS-PMMA

�lms were cast on silicon wafers that were functionalized with random copolymer P(S-

r -MMA) brushes, and substrate interactions were tuned by varying the brush grafting

density. The grafting density Σ for each sample was calculated from the measured

brush thickness tb,

Σ =
tbρNA

Mn

, (2.2)

where ρ = 1.1 g/cm3 is the approximate polymer density, NA is Avogadro's number,

and Mn is the number-average molecular weight [88]. Using the brush thicknesses

calculated from XRR, we predict that Σ ranges from approximately 0.2 nm-2 to 0.6

nm-2. These calculations are summarized in Table 2.3. (If we base the calculation of

Σ on weight-average molecular weight instead of Mn, then the estimated value drops

by approximately 0.1 nm-2 in each case.) The brushes prepared for this work span

a broad range in Σ, but the wettability and surface energy determined with contact

angle goniometry were consistent among all samples. Referring to the control data

20



in Table 2.4, the surface energies of brushed substrates are nearly the same as PS-

PMMA, and intermediate to those of PS and PMMA homopolymers. The control

data in Table 2.4 are consistent with other literature reports [94,95,97�100].

Table 2.3: Contact angle measurements and surface energy calculations for P(S-r -
MMA) brushes.

Brush tb (nm) Σ (nm-2) H2O (◦) C2H6O2 (◦) CH3NO (◦) CH2I2 (◦) γ (mN/m)
55% S 6.2 ± 0.1 0.59 ± 0.01 82 ± 1 61 ± 1 70 ± 1 27 ± 1 42.2 ± 0.7
55% S 4.8 ± 0.1 0.45 ± 0.01 83 ± 1 61 ± 1 70 ± 1 25 ± 3 42.6 ± 0.5
55% S 4.3 ± 0.1 0.41 ± 0.01 79 ± 1 61 ± 1 67 ± 1 27 ± 1 42.9 ± 0.7
55% S 3.4 ± 0.1 0.32 ± 0.01 81 ± 1 63 ± 1 69 ± 1 27 ± 2 41.5 ± 0.5
59% S 2.6 ± 0.1 0.20 ± 0.01 81 ± 1 59 ± 1 70 ± 1 25 ± 1 42.6 ± 0.8

Table 2.4: Contact angle measurements and surface energy calculations for PS,
PMMA, and PS-PMMA (control samples).

Polymer H2O (◦) C2H6O2 (◦) CH3NO (◦) CH2I2 (◦) γ (mN/m)

PS 90 ± 1 69 ± 1 70 ± 1 33 ± 3 40.7 ± 0.6

PMMA 70 ± 1 53 ± 1 54 ± 1 31 ± 2 44.8 ± 0.3

PS-PMMA 85 ± 1 59 ± 1 60 ± 1 36 ± 2 41.1 ± 0.6

2.3.2 Substrate Neutrality.

The following paragraphs describe simple procedures to test for substrate neu-

trality [49, 101]. The outcomes of these studies demonstrate that the brushed sub-

strates exhibit a weak preference for PMMA over PS. A series of PS-PMMA �lms

with varying thicknesses (in the range of t/L0 = 0.5 to 2.5) were cast on the brushed

substrates and annealed in air for 10 minutes at 240◦C. These samples were cleaved

into two pieces, and one section was further annealed under low vacuum (10 mTorr)

for two days at 200◦C. We also include one set of data (on brushes with Σ = 0.2

nm-2) that were acquired without the �rst annealing step at 240 ◦C [49]. The samples

were imaged with high resolution AFM or SEM to characterize ordering at the air
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interface. Each micrograph was analyzed with ImageJ software to identify the area

fraction of perpendicular domains (fperp). The procedures for image analysis are illus-

trated by Figure 2.1: A threshold was applied to each image to highlight the regions

with parallel and perpendicular domain orientations, and then a binary mask was

applied to de�ne regions of interest (ROIs) that correspond with parallel domains.

The area fraction of parallel domains (fpar) was calculated from the sum of all ROIs

divided by the total image area, and fperp = 1 - fpar. Figures 2.2a and 2.2b report

the area fraction of perpendicular domains (fperp) as a function of normalized �lm

thickness (t/L0), brush grafting density (Σ), and �nal processing temperature (200

◦C or 240 ◦C).

Figure 2.1: Mixed domain orientations in a PS-PMMA lamellar copolymer. Film
thickness is t = 1.2L0. Sample was annealed at 240 ◦C, then annealed
again at 200 ◦C for two days. Scale bar = 250 nm.

After annealing at 240 ◦C for 10 min, substrates with high grafting densities

(Σ > 0.4 nm−2) drive a perpendicular orientation of PS-PMMA lamellae (fperp = 1)

at all �lm thicknesses. The perpendicular orientation is unchanged with an additional

6 hours of annealing (see Appendix A Figures A.3 and A.4), so we conclude that these

structures are stable. Samples with low grafting density (Σ < 0.4 nm−2) exhibit

perpendicular domains in thicker �lms (t/L0 ≥ 1), but regions of parallel lamellae
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Figure 2.2: Fraction perpendicular lamellae. (a) Annealing at 240 ◦C for 10 min.
H/L: hexagonal and lamellar structures. (b) Annealing at 200 ◦C for 2
days. The dashed line is a guide to the eye.

and a transition to hexagonal perforated lamellae are detected in ultrathin �lms

(t/L0 < 1). We note that perforated morphologies have been reported in thin �lms

of cylindrical and lamellar block copolymers on preferential substrates [102,103], and

examples of these data are included in Appendix A Figure A.5

When annealing temperature is reduced to 200 ◦C, the domain orientations ex-

hibit a strong dependence on normalized �lm thickness t/L0. Perpendicular domains

(fperp = 1) are observed when �lm thicknesses are integer multiples of the lamellar

periodicity, i.e., t ≈ nL0. Mixed orientations (0 < fperp < 1) occur at intermediate
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thicknesses near t ≈ (n ± 0.2)L0. Parallel lamellae (fperp = 0) are detected near

t ≈ (n+ 0.5)L0. These �ndings are true for both annealing schedules, meaning with
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Figure 2.3: AFM images with parallel domain orientations. Samples heated at 200
◦C with grafting density of 0.20 nm−2 a) t/L0 = 2.3, and b) t/L0 = 2.7.
Inset plots denote the topography �z� along the line cut �x�.

and without the �rst annealing step at 240 ◦C, so these outcomes re�ect the equi-

librium state at 200 ◦C. Furthermore, when lamellae are parallel to the air interface

at 200 ◦C, the samples can exhibit low densities of islands and holes. The heights

of islands and depths of holes are approximately equal to the lamellar periodicity of

L0 = 46 nm. Representative AFM data are included in Figure 2.3.
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The dependence of fperp on t/L0 at each temperature re�ects the balance between

interfacial energetics and entropic frustration [49], so the data in Figure 2.2 can be

used to identify the types of interactions at each boundary. We �rst discuss the

data for annealing at 200 ◦C, where parallel domain orientations are favored near

t = (n + 0.5)L0, while perpendicular domain orientations are favored near t = nL0.

These outcomes are consistent with asymmetric wetting at the boundaries, meaning

di�erent blocks are energetically preferred at each interface. The rationale for this

conclusion was presented elsewhere [49]: Film thicknesses of t = (n + 0.5)L0 are

commensurate with asymmetric wetting, so parallel lamellae can assemble between

the air and substrate interfaces without stretching or compressing the chains. When

the initial (as-cast) �lm thickness deviates from t = (n + 0.5)L0, then the system

can relieve frustration by separating into regions of commensurate thickness, i.e.,

forming islands or holes at the surface of the �lm. These surface relief structures

are characterized by a topography of L0 and their area density will increase with

the extent of incommensurability [22, 101, 104]. In the present system, we observe

low densities of islands (height = L0) and holes (depth = L0) for small degrees of

incommensurability (see Figure 2.3). However, when the initial �lm thickness is near

t = nL0, which is highly incommensurate with asymmetric wetting, then the lamellae

adopt a perpendicular orientation with respect to the free surface. It is likely that

kinetic [49,52,105] or thermodynamic [106,107] barriers inhibit island and hole growth

at a high area density, so the domains change their orientation to relieve frustration.

The stabilization of perpendicular PS-PMMA domains on brushed substrates is well-

documented in many literature studies [44,47,49], but this behavior is observed only

when there is a weak tendency to form wetting layers [49].

The data reported in Figure 2.2b and Figure 2.3 are consistent with asymmetric

wetting, so we now discuss which block is preferred at each interface. At 200 ◦C, PS
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has a slightly lower surface energy than PMMA (by less than 0.5 mN/m) [42,97].. All

samples with parallel lamellae exhibited a water contact angle of (90±1)◦, con�rming

the formation of a PS wetting layer at the air interface (see Table 2.4). Therefore, since

PS is (weakly) preferred at the top of the �lm, we conclude that PMMA is adsorbing

at the brushed substrate. Many studies have shown that PMMA is strongly preferred

over PS on an oxidized silicon wafer [10, 42, 43], but the P(S-r -MMA) brushes are

designed to screen those interactions and generate a �neutral� substrate [10, 61, 71].

However, the PMMA segments are evidently penetrating the brushes and sensing

the underlying oxide, even though the brushes have a higher content of styrene than

methyl methacrylate monomer. This behavior may be a consequence of the low-to-

moderate brush grafting density. We note that another work examined PS-PMMA

lamellar ordering on pure PS brushes, and those authors detected perpendicular do-

mains at the surface of the �lm when Σ was low (ca. 0.15 nm−2) [88], which is consis-

tent with our observation that substrate neutrality is a function of both the chemistry

and grafting density of the brushes. Similar behavior is predicted in simulations of

lamellar block copolymers on random copolymer brushes [84,85].

We now consider the data for 240 ◦C. It is known that PS and PMMA have the

same surface tensions at temperatures above 220 ◦C [45, 49, 53], so the polymer/air

interface is neutral in our studies. [101] If the brushed substrate is selective to PMMA

at 240 ◦C , then parallel lamellae are anticipated at t = nL0 and t = (n + 0.5)L0,

while a high density of surface relief structures is anticipated at t = (n±0.25)L0 [101].

The experimental outcomes are inconsistent with these expectations: A perpendicu-

lar domain orientation is observed for nearly all �lm thicknesses and brush grafting

densities (Figure 2.2a), and there are no conditions that drive formation of islands and

holes. Based on these observations, one could conclude that the brushed substrate is

neutral to PS-PMMA at 240 ◦C [97]. However, the brushes can still be �penetrated�
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by the copolymer at high temperature, and PMMA is always preferred over PS at an

oxidized substrate.

We propose that the brushed substrate is weakly preferential to PMMA at 240

◦C, and the strength of these interactions is enhanced as Σ is reduced. These state-

ments are supported by data in Figure 2.2a and the Appendix A Figure A.5: A few

regions of parallel lamellae are detected in ultrathin �lms (t/L0 < 1) on brushes with

a low grafting density (Σ < 0.4 nm−2), and some of these domains exhibit hexag-

onal perforations that are characteristic of preferential interactions at the copoly-

mer/substrate interface [87,102,103]. We note that perpendicular PS-PMMA lamel-

lae have been reported in other studies with weakly preferential interfaces [80, 108].

In the following sections, we discuss the consequences of substrate interactions on

in-plane and out-plane defectivity. We propose that lamellae can deform near the

�nearly neutral� brushed substrate to create a more favorable interface and stabilize

the perpendicular domain orientation.

2.3.3 Lateral Order.

We examined lateral domain ordering at the top of the �lm as a function of

normalized block copolymer �lm thickness (t/L0) and brush grafting density (Σ) using

AFM and SEM. These studies are restricted to annealing at 240 ◦C, as processing at

a lower temperature failed to drive perpendicular ordering over a broad range of �lm

thicknesses. The normalized orientational correlation length (ζ/L0) was calculated

from each micrograph with the algorithm described in the Experimental Procedures

and reported elsewhere [73, 74]. Representative images are included in Figure 2.4

for a few values of t/L0 and Σ, where each grain is colored according to its in-plane

orientation. It is clear by visual inspection that ordering is improved with increasing

�lm thickness. Figure 2.5 summarizes ζ/L0 as a function of t/L0 and Σ, and we

27



observe two trends: First, for a �xed block copolymer �lm thickness, the orientational

-90 -45 0 45 90

(a) t/L0 = 0.9, Σ = 0.32 nm-2

0.25 μm

(b) t/L0 = 1.9, Σ = 0.32 nm-2

(c) t/L0 = 0.9, Σ = 0.41 nm-2 (d) t/L0 = 1.9, Σ = 0.41 nm-2

(e) t/L0 = 0.9, Σ = 0.59 nm-2 (f) t/L0 = 1.9, Σ = 0.59 nm-2

Figure 2.4: Microscopy measurements for di�erent �lm thicknesses (t/L0) and brush
grafting densities (Σ). The grains in each image are colored according to
their in-plane orientation.

correlation length generally increases with brush grafting density, although there is

some overlap in the ζ values for brushes with similar Σ. To our knowledge, this is

the �rst example where lateral ordering is correlated to systematic variations in the

grafting density of an underlying brush. Second, for a �xed grafting density, the

orientational correlation length increases with block copolymer �lm thickness. The

latter trend is well-described with the simple scaling ζ ∝ tn, and Table 2.5 summarizes
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the exponent n for each Σ. A few studies have reported similar improvements
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Figure 2.5: (a) OCL (ζ/L0) at the top of the �lm as a function of �lm thickness
(t/L0). Lines are best-�t to a power law ζ ∝ tn. (b) OCL (ζ/L0) at the
top of the �lm as a function of brush grafting density (Σ).

in lateral domain order with increasing �lm thickness [79, 80, 109], and the scaling

exponent reported for PS-PMMA lamellae on rough indium tin oxide substrates [79]

or brushed substrates [80] is n ≈ 0.42 at 200◦C. For our system, n increases from

approximately 0.75 to 1 as Σ decreases from 0.6 nm−2 to 0.2 nm−2 (at 240◦C). We

propose that the scaling exponent n re�ects how strongly the substrate �pins� domains

and traps in-plane defects. The pinning e�ect decays with distance from the substrate,
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Table 2.5: Scaling exponent n for OCL (ζ) as a function of �lm thickness, i.e., ζ ∝ tn.
Exponent is reported for each brush grafting density Σ.

Brush Σ (nm-2) n
55% S 0.59 ± 0.01 0.75 ± 0.06
55% S 0.45 ± 0.01 0.80 ± 0.06
55% S 0.41 ± 0.01 0.83 ± 0.11
55% S 0.32 ± 0.01 0.97 ± 0.15
59% S 0.20 ± 0.01 1.00 ± 0.07

so a thicker �lm exhibits better order at the top than a thinner �lm. Pinning is

minimized in our system by increasing Σ, so we conclude that higher grafting densities

are more e�ective at screening interactions with the substrate.

The data in Figure 2.5 demonstrate that the in�uence of the substrate decays

with distance, so it is likely that order changes throughout the thickness of the �lm.

Depth-dependent structures have been reported in studies of PS-PMMA lamellae on

crosslinkable neutral coatings [110]: the authors measured lateral order at the top and

bottom of a thick �lm, and they demonstrated that ordering is signi�cantly improved

at the free surface compared with the substrate.

2.3.4 GISAXS.

We evaluated out-of-plane order (domain orientations) with GISAXS measure-

ments [49,111]. Figure 2.6 includes representative GISAXS data for PS-PMMA �lms

with normalized thicknesses of t/L0 = 1 and t/L0 = 2.5 on brushes with Σ = 0.32

nm-2, 0.45 nm-2, and 0.59 nm-2. The patterns contain several features that o�er qual-

itative insight into the extent of in-plane and out-of-plane disorder. For example, the

in-plane line shape of the �rst-order peak (along the 2Θ axis) is broader in thin �lms

compared with thick �lms. Line shape is inversely related to orientational correla-

tion length, so these data demonstrate that con�nement suppresses lateral order, an
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outcome that is consistent with the previously discussed microscopy data. Appendix

A Figure A.7 includes a summary of line shape as a function of �lm thickness to

illustrate this point. The GISAXS data also exhibit partial Debye-Scherrer rings that

are associated with misoriented domains [49, 112], meaning lamellae that are tilted

relative to the normal axis. Finally, the lamellar form factor is �smeared� due to

out-of-plane disorder when the brush is very thin. The following paragraphs present

two approaches for GISAXS data analysis that can quantify the out-of-plane struc-

ture of lamellar copolymers. The GISAXS patterns exhibit a strong �rst-order peak
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Figure 2.6: GISAXS patterns for �lms with thicknesses (a) t/L0 ' 1; and (b) t/L0 '
2.5. (αi = 0.22◦). Arrows (1) and (2) indicate the scattering rod and
Debye-Scherrer rings, respectively, at the �rst-order peak (2Θ ≈ 0.21◦).

at 2Θ = 0.21◦, so the in-plane scattering vector is qy ' 4πΘ/λ = 0.136 nm-1 and

the average lattice period is L0 = 2π/qy = 46 nm. The intensity of the �rst-order

peak along the out-of-plane axis is produced by the intersection of the in-plane struc-

ture factor with the lamellar form factor [111]. This �scattering rod� is marked by

the arrow in Figure 2.6 (feature 1). Therefore, by modeling this intensity pro�le,

one can extract a distribution of domain orientations throughout the depth of the

�lm. The GISAXS intensity is modeled using the distorted-wave Born approximation
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(DWBA) [96,111,113],

I(2Θ, αf ) = 〈〈|
3∑
j=2

∆ρjT
f
j T

i
jFj(qy, q

1
z,j) + ∆ρjR

f
j T

i
jFj(qy, q

2
z,j)

+ ∆ρjT
f
j R

i
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3
z,j) + ∆ρjR

f
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i
jFj(qy, q

4
z,j)|2〉PDγ〉∆αi ∗K(2Θ, αf ), (2.3)

with out-of-plane scattering vectors

kiz,j = −k0

{
sin2 αi − sin2 αc,j

}0.5
, (2.4)

kfz,j = +k0

{
sin2 αf − sin2 αc,j

}0.5
, (2.5)

q1
z,j = +kfz,j − kiz,j, (2.6)

q2
z,j = −kfz,j − kiz,j, (2.7)

q3
z,j = +kfz,j + kiz,j, and (2.8)

q4
z,j = −kfz,j + kiz,j. (2.9)

The summation over j in Equation (2.3) accounts for the scattering from di�erent

layers with distinct electron density contrasts of ∆ρj. Layer j = 2 describes a �bumpy�

�lm surface where the PMMA domains are slightly taller than PS domains (scattering

contrast from air/PMMA) [49]. Layer j = 3 describes the interior �lm structure,

meaning the height and orientation of lamellar domains (scattering contrast from

PS/PMMA). This notation for layer indexing comes from the Parratt recursions [93],

where layers 1, 4, and 5 are vacuum, native oxide, and bulk silicon, respectively.

There is no o�-specular scattering from any of these layers, i.e., ∆ρj = 0, so they do

not appear in the DWBA formalism. The transmission and re�ection coe�cients for

incoming (�i�) and outgoing (�f �) waves in each layer j are T fj (αf ), T ij (α
i), Rf

j (αf ),

and Ri
j(α

i). The scattering potential for the lamellar nanostructures in each layer j
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is

Fj(qy, q
m
z,j) = S(qy)Pj(qy, q

m
z,j), (2.10)

where S(qy) = δ(qy−2πn/L0) is the 1D structure factor and Pj(qy, qmz,j) is the lamellar

form factor. The predicted GISAXS intensity re�ects the average over lamellar do-

main heights and orientations in layer j = 3 (denoted by the subscript PDγ), which

is implemented with the local monodisperse approximation [96, 114], and includes

corrections for incident angle divergence due to wafer curvature (denoted by the sub-

script ∆αi). The scattering vectors de�ned by Equations (2.4)-(2.9) for a layer j are a

function of the critical angle αc,j and the wave vector modulus k0 = 2π/λ. Finally, the

DWBA intensity is convolved with a Gaussian resolution function K(2Θ, αf ) having

a standard deviation of 0.0045◦ (limited by the detector pixel size).

The aim of DWBA analysis is to �t a function for the scattering potential to

experimental data, thereby determining the out-of-plane domain orientation distri-

bution. All other terms in the DWBA model are calculated through independent

measurements. For example, the incident angle spread is measured with rocking

curves as described in the Experimental Procedures, and a representative outcome is

reported in Figure 2.7(a) with the best-�t to Equation (2.1). The transmission and

re�ection coe�cients in each layer are determined by �tting XRR measurements to

the Parratt recursions, which was also described in the Experimental Procedures, and

an example of these data is included in Figure 2.7(b). The scattering contrast for

each layer is �xed based on the electron densities of each material [93].

To compare GISAXS data with the DWBA model, the di�use background was

subtracted from the �rst-order peak by �tting a polynomial baseline to each row of

the spectra (along the 2Θ axis). A side-by-side comparison of an original and cor-

rected data set is included in Figure 2.7(c) and Figure 2.7(d), respectively, for the left
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and right side of the beam stop (mirror images). We then integrated the �rst-order

peak along the 2Θ axis to produce a line pro�le I(αf ). Examples of these spectra are

included in Figure 2.8(a-b). The next step for data analysis is to propose a model for

the scattering potential, or speci�cally, the distribution of lamellar domain orienta-

tions. The surface structure in layer j = 2 is modeled as rectangular protrusions of

(a)

(b)

1000

800

600

400

200

I (
a.

u.
)

0.560.520.48

qz (nm
-1

)

10
-9

10
-8

10
-7

10
-6

R
q

z4
(n

m
-4

)

1.20.80.4

qz (nm
-1

)

(c) (d)

L R

Figure 2.7: (a) Rocking curve and (b) re�ectivity for a PS-PMMA �lm thickness of
t/L0 = 1.5 brush (Σ = 0.59 nm-2) (c) and (d) show the �rst-order peak
before and after background correction, respectively.

PMMA with height hsurf and width 2w, so the form factor is

P2(qy, q
m
z,2) =

∫ 0

−hsurf

∫ w

−w
exp

[
−i
(
qy · y + qmz,2 · z

)]
dydz (2.11)

= 2i
sin[qyw]

qyqmz,2

(
1− exp[iqmz,2hsurf ]

)
.
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The composition of this PS-PMMA block copolymer is 53% styrene and L0 = 46
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Figure 2.8: First-order di�raction rod as a function of brush grafting density for (a)
t/L0 = 1 and (b) t/L0 = 2. Solid black line is the best-�t to the DWBA
model (αi ≈ 0.22◦).

nm, so the width of a PMMA domain is �xed at 2w = 22 nm. The protrusion height

hsurf is an adjustable parameter for optimization. We do not �t a dimension along

the x-axis because the lamellar contour length in the �ngerprint pattern is too small

to detect for our range of αf (< 2◦).

The PMMA domains in layer j = 3 are modeled as rectangular nanostructures
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with height h and width 2w = 22 nm, where the domain orientation γ can vary

with respect to the z-axis. We use a Gaussian probability density to describe the

distribution of domain orientations. The Gaussian function is centered at γ = 0,

meaning perpendicular domains are most probable, and the standard deviation is

σγ. Figure 2.9(a) illustrates the rectangular nanostructures, tilted orientations, and

probability density function. The form factor for the misoriented lamellar domains is

Pj(qy, q
m
z,3) =

∫ −hsurf
−h

∫ w+z·tan γ

−w+z·tan γ

exp
{
−i
(
qy · y + qmz,3 · z

)}
dydz (2.12)

'
2 sin [qyw]

(
i− i cos

[
h
{
qmz,3 + qy tan[γ]

}]
+ sin

[
h
{
qmz,3 + qy tan[γ]

}])
qy
(
qmz,3 + qy tan[γ]

) .

The adjustable parameters for optimization are h and σγ. This model for out-of-plane

disorder is rather simple and does not account for the fact that domains may bend

in addition to tilting. However, capturing domain curvature requires a form factor

model with additional adjustable parameters, and increased model complexity will

produce many degenerate solutions when experimental data are limited to a single

well-de�ned scattering rod. We do not observe strong higher-order scattering rods

along the qy axis because the lateral ordering is poor, so the GISAXS intensity rapidly

decays along the qy axis [113], and the positions of even-order Bragg peaks (qy =

2πn/L0, n = 2, 4, ...) coincide with minima in the lamellar form factor (see Figure

2.6, and Appendix A Figure A.8). For each sample, GISAXS data were acquired

at two angles of incidence (αi ≈ 0.2◦ and 0.22◦), and each background-corrected

spectra I(αf ) was independently analyzed with the DWBA model. Examples of

best-�t results through nonlinear regression [115] are included in Figure 2.8(a-b).

The optimal value of hsurf was always very small (ca. 0.2 nm), so the scattering from

layer j = 2 produces a nearly �at pro�le along the αf axis. This e�ect is similar to
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adding a constant intensity o�set in the objective function. The optimal value of h

γ
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Figure 2.9: (a) Domain probability density (σγ) of tilt angles. (b) σγ as a function
of �lm thickness t/L0. Dashed line marks the resolution limit for this
method of analysis. (c) σγ as a function of brush grafting density Σ.

was typically a few nanometers less than the total �lm thickness measured by XRR.

This outcome is expected because the total �lm thickness re�ects both the PS-PMMA

�lm and underlying brush.

The optimal values of σγ are reported in Figure 2.9 as a function of normalized

�lm thickness and brush grafting density. The average values and uncertainties were
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calculated from �ts at both angles of incidence, and the dashed line in part b) denotes

the resolution limit for the DWBA model. (The resolution limit is determined by the

ability to distinguish the periodic I(αf ) oscillations, where the period in qz-space is

inversely related to domain height. The oscillations in thick �lms with �tall� domains

are smeared when σγ exceeds approximately 15◦. This smearing is observed in Figures

2.6(b) and 2.8(b) when Σ is low.) All samples are characterized by a population of

misoriented domains. The dependence of σγ on thickness and grafting density is

rather complex: In ultrathin �lms (t/L0 = 0.6) and thick �lms (t/L0 > 1.9), σγ is

independent of Σ and approximately equal to 10◦ for both data sets. When t/L0 = 0.9,

σγ ≈ 8◦ when Σ > 0.4 nm-2 and σγ ≈ 15◦ when Σ < 0.4 nm-2. Similar behavior is

observed when t/L0 = 1.4, where σγ ≈ 10◦ when Σ > 0.4 nm-2 and σγ ≈ 15◦ when

Σ < 0.4 nm-2. We will propose an explanation for these trends in a later section

of this discussion; for now, we note that the maximum �disorder� is observed in

samples where Σ of the underlying brush is low. It is challenging to calculate domain

orientations from GISAXS data using the DWBA framework, because this method

requires rocking curves, XRR, and a complex scattering theory to build the objective

function for regression analysis. Therefore, we compared the DWBA model with a

simple approach that is based on analysis of partial powder rings. Referring back

to Figure 2.6, each GISAXS pattern exhibits a partial �Debye-Scherrer� powder ring

(labeled as feature 2) that is characteristic of misoriented domains [49, 112]. The

trajectory of these partial rings in (2Θ, αf ) space was used to calculate the range of

misorientation angles through a straightforward procedure [49]: First, the scattering

vector for misoriented lamellar domains is de�ned in terms of γ

~q = {qy, qz} =

{
2π

L0

, 0

}
·Mrot(γ) =

{
2π

L0

cos[γ],−2π

L0

sin[γ]

}
. (2.13)
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The functionMrot(γ) is a 2D rotation matrix in the (y, z) plane. Second, the scattering
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Figure 2.10: (a) γmax as a function of normalized �lm thickness t/L0. Dashed line
marks the resolution limit. (b) γmax as a function of brush grafting
density Σ.

vector is calculated for the range of angles spanning ±γmax, and the corresponding
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scattering angles (in radians) are determined from Equations (2.14)-(2.15):

αf = arcsin

√√√√sin2[αi] +

(
q2
z ∓ 2qzk0

√
sin2[αi]− sin2[αc,3]

k2
0

)
and (2.14)

2Θ ' qy/k0. (2.15)

The �∓� term in Equation (2.14) re�ects the di�erent scattering events that are pos-

sible in a GISAXS experiment, where the �−� term is the solution to Equations (2.6)

and (2.7), and the �+� term is the solution to Equations (2.8) and (2.9). Finally, the

γ-range is re�ned until the predicted trajectory matches the experimental data. (The

trajectory is truncated when the intensity along the partial ring drops to 20% above

the background level.) Examples of these comparisons are included in Figure 2.6.

This model does not make assumptions about the shape of domains, so it can cap-
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Figure 2.11: Comparison of DWBA modeling (σγ) and contour analysis (γmax) The
solid line marks 3σγ = γmax.

ture lamellar bending or uniform tilting, but it does imply that neighboring lamellar
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segments have the same orientation (locally monodisperse). Figure 2.10(a) summa-

rizes γmax as a function of normalized PS-PMMA �lm thickness and brush thickness

based on an average for αi = 0.2◦, 0.22◦ and 0.24◦ (error bars denote ±1 standard

deviation). The dashed line marks the resolution limit for this method of analysis,

which is a consequence of broad line shapes in ultrathin �lms that obscure the partial

rings (Appendix A Figure A.7). Signi�cantly, this simple approach for interpretation

of GISAXS data captured the same trends predicted by rigorous DWBA modeling,

such as the greatest extent of out-of-plane disorder when t/L0 = 0.9 and Σ < 0.4

nm-2. Furthermore, the two methods of data analysis are reconciled by noting that

γmax ≈ 3σγ, which is expected for distributions that follow Gaussian statistics (Figure

2.11). Therefore, we propose that out-of-plane disorder can be evaluated by mapping

the trajectory of partial Debye-Scherrer rings.

2.3.5 Physics of Out-of-Plane Disorder.

There are very few literature studies that consider out-of-plane disorder in thin

�lms of perpendicular cylindrical or lamellar domains, so the underlying physics that

drive this behavior are not fully understood. One work proposed that cylindrical

domains will tilt in response to the strain �eld at dislocation or disclination cores [83].

The lamellar ��ngerprint� patterns in Figure 2.4 are characterized by high densities

of topological defects, but samples with the best in-plane order (measured at the free

surface) do not show improvements in out-of-plane order, so it is unlikely that similar

e�ects are dominant here. Other works have proposed that preferential interactions

at the interfaces can deform the domains [49, 70, 86, 87, 116]. We used microscopy

measurements to establish that PMMA is weakly preferred at the substrate, which we

attribute to the low/moderate brush grafting densities [49,88]. Therefore, we propose

that domain bending and tilting is induced by adsorbed PMMA at the substrate
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interface. The fact that large populations of misoriented domains are detected in
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Figure 2.12: (a) For �xed bending curvature, γmax increases with �lm thickness. (b)
Free energy penalty (per chain) for domain curvature.

GISAXS suggests the bending energies are very low [117, 118]. To underline this

point, we estimate the free energy penalty per chain (f̃c) for deforming a lamellar

PS-PMMA domain with constant curvature c = 1/Rc [117,119].

f̃c
kBT

=
π2

2048

L4
0

Na2
c2, (2.16)

where kB is the Boltzmann constant, T is annealing temperature, L0 = 46 nm is the

lamellar periodicity, N = 978 is the degree of polymerization, and a = 0.66 nm is the

monomer segment length. This model was derived for strongly segregated domains
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in the low curvature limit, and assumes that (1) end segments do not penetrate the

adjacent domains, and (2) deformations from domain curvature and inhomogeneous

domain thicknesses are independent. To compare the predicted curvature penalty

with GISAXS measurements, we calculate the maximum misorientation angle for a

lamellar domain that is bent with Gaussian curvature, i.e., γmax = arcsin[c ·h]. Figure

2.12(a) illustrates the relationship between γmax, h, and c: When c is �xed, then γmax

increases with h.

Figure 2.12(b) summarizes f̃c as a function of γmax and h (units of kBT ). We

include as an overlay the data from Figure 2.10a, and the dashed curve is a guide

to the eye (enclosing the experimental outcomes). We suggest that bending of do-

mains could allow for a more favorable interface with a slightly preferential substrate

because the curvature penalties could be o�set by a reduction in interfacial energy.

We used microscopy at the free surface (Figure 2.5) to demonstrate that ordering in

thicker �lms is less sensitive to Σ of the underlying brush, as the in�uence of the

substrate decays with distance into the �lm. Out-of-plane order in thick �lms is sim-

ilarly insensitive to Σ, as bending to a high γmax costs little energy (< 0.005kBT ).

When �lm thickness is reduced, substrate pinning is much stronger, and the domain

curvature must increase to maintain the same deformation angle. The competition

between domain bending and preferential wetting is more evident in this limit: For

example, at t/L0 ≈ 0.9, there are two groupings of data that correspond with Σ < 0.4

nm-2 and Σ > 0.4 nm-2. Using equation 2.16, these data suggest that c ∼ 0.011 nm-1

and f̃c ∼ 0.006kBT when Σ is low, while c ∼ 0.018 nm-1 and f̃c ∼ 0.017kBT when

Σ is high. In ultrathin �lms (t/L0 ≈ 0.6), the data for all Σ ≥ 0.32 nm−2 converge

and are consistent with c ∼ 0.019 nm-1 and f̃c ∼ 0.018kBT . The apparent threshold

for deformations is around c ∼ 0.02 nm−1 for the block copolymer and brushes em-

ployed in these studies. In the ultrathin �lm limit, deformations to a high angle are
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unfavorable, so the system cannot satisfy the preference for PMMA at the substrate

when Σ is low. This explains why microscopy detects an order-order transition to

perforated lamellae along with patches of parallel lamellae for these samples (Figure

2.2 and Appendix A Figure A.5).

60 nm

Figure 2.13: Cross-sectional SEM for t/L0 = 1.4 and Σ = 0.45 nm−2. Horizontal
yellow lines denote the top and bottom interfaces, while vertical green
lines denote the approximate domain orientation.

Arguments based solely on domain curvature neglect strains that might accom-

pany bending, such as compression or extension of chains [119] (For small strains

(< 10%), the free energy penalty per chain ranges from 0.01 up to 0.1 (in units of

kBT ). This is estimated based on the models in reference [118]), and more rigorous

modeling is needed to predict conformations and energetics at a preferential inter-

face [84, 85, 87]. The aim of this discussion is to o�er a simple physical explanation

for the observed behavior, and demonstrate that a weak preference for one block at the

substrate could be accommodated by bending the domains. As a related point, this

analysis suggests that energies associated with out-of-plane defects are low, so there is

little thermodynamic drive to �straighten out� a deformed domain. This suggests that

out-of-plane defects are di�cult to remove through thermal annealing, particularly in

high molecular weight copolymers that exhibit slow ordering dynamics [49,52,105].
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Lastly, we note that tilted domains can be detected in cross-sectional microscopy,

but it is di�cult to quantify their orientation distributions. We include such data in

Figure 2.13 and the Appendix A Figures A.9-A.11. Sample preparation is challenging

for a non-expert, and more importantly, it is di�cult to �nd many regions in a poorly

ordered �ngerprint pattern where the in-plane lamellar orientation is normal to the

cut.

2.4 Conclusions

Using surface microscopy and GISAXS, we examined in-plane and out-of-plane

order in thin �lms of lamellar PS-PMMA copolymers (L0 = 46 nm) on brushed P(S-r -

MMA) substrates. The principal experimental variables discussed in this manuscript

are brush grafting density Σ and normalized copolymer �lm thickness t/L0. A series

of samples were prepared by annealing at 200 ◦C, a temperature where PS is weakly

preferred over PMMA at the air interface. Through analysis of domain orientations

(fperp) and island/hole structures at 200 ◦C, we demonstrated that PMMA is preferred

over PS at the brushed substrate. The remainder of the experiments were performed

at 240 ◦C, a temperature where PS and PMMA have equal surface tensions, so the

block copolymer was con�ned between a neutral free surface and a �nearly neutral�

substrate. For a broad range of t/L0 (0.5-2.5) and Σ (0.2-0.6 nm-2), we found that all

�lms annealed at 240◦C exhibited optically-�at surfaces with �ngerprint patterns at

the air interface. Islands or holes were not observed at any combination of t and Σ.

We quanti�ed lateral order at the free surface of each �lm by calculating the

orientational correlation length (ζ) from high resolution AFM and SEM micrographs.

The scaling ζ ∼ tn described each data set (�xed Σ), which implies that lateral order

is always improved as the in�uence of the substrate is reduced. The magnitude of ζ
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for �xed t generally increased with Σ, and the exponent n increased from 0.75 to 1

as Σ decreased from 0.6 nm−2 to 0.2 nm−2, demonstrating that brushes with higher

grafting densities screen the in�uence of the substrate. While there are numerous

experimental investigations that employ brushes as �neutral� coatings, the parameter

Σ is rarely reported in the literature [10].

We examined out-of-plane order throughout the thickness of the �lm with

GISAXS, and we described two methods of data analysis to determine the range

of lamellar orientations with respect to the substrate: First, we �t the spectra using

the distorted wave Born approximation to describe the GISAXS intensity. We used

a form factor model based on a Gaussian distribution of lamellar orientations with

a standard deviation of σγ. Second, we applied a simple method termed �contour

analysis�. This approach plots the trajectory of the �rst order re�ection as the lamel-

lar structures are tilted through a maximum angle of γmax, where γmax ≈ 3σγ. All

�lms were characterized by bending or tilting of lamellar domains, where σγ ranged

from approximately 8◦ to 15◦, and outcomes from the two approaches are reasonably

correlated. The domain orientations exhibit a non-monotonic dependence on �lm

thickness, and the maximum value of σγ (or γmax) was observed at �lm thicknesses

of t/L0 ≈ 1 with brushes having low Σ. These data demonstrate that ordering at the

free surface is not necessarily representative of the depth-dependent structure.

We propose that adsorption of PMMA at the substrate will pin in-plane topo-

logical defects and drive out-of-plane domain bending. In-plane and out-of-plane

defects are both characterized by lamellar curvature, but the small entropic penalty

for these deformations is likely o�set by a reduction in energy at the copolymer-

substrate interface. Other experimental and theoretical studies are consistent with

this statement [70, 84�86, 117]. Substrate-induced defects may have severe conse-

quences for block copolymer lithography, as the most demanding applications in the
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semiconductor industry have low tolerances for errors (i.e., integrated circuit manu-

facturing). For example, out-of-plane defects can distort the geometry and placement

of nanopatterns in block copolymer lithography [83].
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3 Thin �lm phase behavior of bottle-

brush/linear polymer blends

3.1 Introduction

Bottlebrush polymers contain polymeric side-chains attached to a linear polymer

backbone, and controlled polymerization techniques enable the preparation of fully

grafted bottlebrush polymers with tunable backbone length, side-chain length, and

side-chain composition [59,120�123]. This synthetic tunability has motivated a num-

ber of recent studies into the potential applications of bottlebrush polymers, including

drug delivery [124�126], polymer photonics [127�129], lubricants and rheology mod-

i�ers [121, 130�132], and surface coatings. [36, 58] These applications take advantage

of unique aspects of bottlebrush polymers, including an extended backbone, densely

grafted and �exible side-chains, and a very high entanglement molecular weight [132].

However, bottlebrush polymers are specialty materials that are di�cult to synthesize

in large quantities. Therefore, it is of interest to study their properties as additives

in blends with low-cost, linear polymers.

A number of recent studies have focused on a related set of materials, blends

of polymer coated nanoparticles with linear polymers, as detailed in recent reviews

[133, 134]. Polymer-coated nanoparticles have a layer of linear polymers end-grafted

to the nanoparticle surface which controls their dispersion in the melt. These studies

have found that the properties of the blends are largely controlled by the areal density

of the grafted polymer layer and the relative chain lengths of grafted and linear

polymers. In particular, in athermal blends where the matrix and grafted chains
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have the same composition, aggregation is observed when the matrix chains are much

longer than the grafted chains. This phenomenon is driven by dewetting of the linear

matrix chains from the grafted nanoparticle surface due to reduced entropy of mixing,

similar to that observed for dewetting of linear chains from polymer brushes on planar

surfaces.

Sheiko and Rubinstein et al. studied the two-dimensional conformations of in-

dividual bottlebrush polymers mixed with linear polymers of varying degree of poly-

merization (DP). [135] Their study focused on long bottlebrush polymers (backbone

DPs in excess of 1000) with relatively short side-chains (side-chain DPs of 10) and

found that conformations of the adsorbed bottlebrushes (swollen or ideal chain) were

controlled by a balance of side chain wetting and backbone �exibility. These confor-

mational changes are primarily driven by entropic e�ects.

In this work, we examine similar entropy-driven e�ects, but we focus on the dis-

persion and aggregation of bottlebrush polystyrene (PS) blended with linear deuter-

ated polystyrene (dPS) in thin �lms. The bottlebrush polymers have short and fairly

rigid backbones, so their structures resemble polymer-grafted nanoparticles. Using

secondary ion mass spectroscopy (SIMS), we �nd that short dPS chains can wet the

bottlebrush PS and stabilize its dispersion throughout the �lm thickness, while long

dPS chains drive segregation of the bottlebrushes to the �lm surface and substrate.

This behavior is controlled by architectural contributions to the free energy, as anal-

ogous blends of linear PS and linear dPS are fully miscible at the same annealing

temperature (nearly athermal with χ ∼ 10−4) [136, 137]. We discuss these results in

terms of (1) wetting and dewetting transitions at the interface between polymer melts

and brushlike surfaces and (2) the entropic preference for branched polymers relative

to linear polymers at surfaces. Signi�cantly, these studies demonstrate that certain

bottlebrush polymer architectures can generate brushlike surfaces and interfaces in

49



any thermoplastic material through a spontaneous, entropy-driven segregation pro-

cess.

3.2 Experimental Procedures

3.2.1 Materials

All reagents and solvents were purchased from commercial sources and were

used as received unless otherwise noted. Styrene was passed through a column of

aluminum oxide to remove inhibitors before use. 2, 2
′
-Azobis(2-methylpropionitrile)

(AIBN) was puri�ed by recrystallization in methanol. Dichloromethane was dried over

molecular sieves (4Å) Modi�ed Grubb ′s catalyst (H2IMes)(pyr)2(Cl2)RuCHPh [138],

exo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride, [139] and norbornene-

functionalized chain transfer agent (NB-CTA) were synthesized as previously re-

ported. [58]. The synthesis of dPS bottlebrushes is described in the Appendix B

Figure B.4.

3.2.2 Synthesis of NB-PS-CTA Macromonomers

NB-PS-CTA was prepared via reversible additionfragmentation chain transfer

(RAFT) polymerization. For the synthesis of NB-PS6K-CTA, styrene (4.84 g, 46.50

mmol), NB-CTA (101.40 mg, 0.182 mmol), and AIBN (3.40 mg, 1.82 × 102 mmol)

were mixed in a 100 mL of RBF, and the solution was purged by bubbling nitrogen

through the solution for 30 min. The polymerization was initiated by raising the

temperature to 60C. After 11 h, the reaction �ask was removed from the heat and

the polymer was recovered by precipitation in methanol (0.75 g, 67.0% yield, based

on the conversion of styrene). The GPC spectra are presented in the Appendix B

Figure B.2.
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3.2.3 P(NB-PS6K-CTA)

Bottlebrush polymers were prepared by ROMP using

(H2IMes)(pyr)2(Cl)2RuCHPh. The macromonomers were added to a dry, 10

mL round-bottom �ask charged with a stir bar. The �ask was then degassed

with three pumppurge cycles, and the desired amount of degassed, anhydrous

dichloromethane (total macromonomer concentration was 0.02�0.05M) was added.

(H2IMes)(pyr)2(Cl)2RuCHPh was dissolved in degassed, anhydrous dichloromethane

in a separate �ask. The catalyst solution was transferred to the reaction �ask

containing macromonomers via cannula to initiate the polymerization and stirred

at room temperature for at least 1h. The reaction was quenched by addition of

ethyl vinyl ether after completion. The product was collected by precipitation in

methanol dried under vacuum (95% yield, based on the conversion of NB-PS-CTA).

The 1H NMR and GPC spectra are presented in the Appendix B Figure B.1 and

B.2, respectively.

3.2.4 P(NB-PS)

PS bottlebrush polymers were prepared by removing the chain transfer agent

(CTA) end-group from P(NB-PS-CTA) bottlebrush polymers using an aminolysis

reaction in the presence of tributylphosphine to prevent disul�de bond formation

[138, 139]. The reaction was carried out in a nitrogen glovebox. P(NB-PS-CTA)

was dissolved in anhydrous THF, and hexylamine (10 times the amount of CTA

end-groups present on a molar basis) and tributyphosphine (equal to the amount of

CTA end-groups present on a molar basis) were added successively. The reaction

was stirred at room temperature, after which the solution turned from yellow to a

clear, colorless solution, indicating removal of the CTA end-group. The �nal product
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was precipitated in cold methanol and dried under vacuum. The 1H NMR and GPC

spectra are presented in the Appendix B Figure B.1 and B.2, respectively.

3.2.5 Synthesis of Deuterated Linear Polystyrene (dPS)

Linear dPS samples were synthesized by anionic polymerization [140,

141]. Styrene-d8 was polymerized from sec-BuLi initiator in benzene sol-

vent and then terminated with methanol. Molecular weight was targeted by

[gramsmonomer]/[moles initiator] = MW . Benzene, hexane, methanol, sec-BuCl,

and Li were obtained from Aldrich; styrene-d8 was obtained from Cambridge Iso-

topes. sec-BuLi was synthesized in vacuo from sec-BuCl and excess Li and diluted

with hexane. Styrene-d8 was distilled repeatedly from CaH2, Na mirror, and Bu2Mg.

Methanol was degassed. Benzene was puri�ed by distilling repeatedly from CaH2, Na,

and oligostyryllithium. Hexane was puri�ed by distilling from n-BuLi. All reagents

were encapsulated into glass ampules and a�xed to polymerization reactors, which

were themselves all-glass, sealed shut under vacuum, and equipped with break-seals

for sequential incorporation of reagents and constrictions for removal of intermediate

products. In the case of higher MW target materials (e.g., 50 kg/mol and higher)

these reactors were washed with n-BuLi and rinsed with puri�ed benzene prior to the

polymerization. Styrene-d8 and sec-BuLi were mixed into benzene, and this monomer

was polymerized overnight at room temperature; the following day MeOH was added

to terminate the reaction. The reactor was opened, and the polymer was isolated by

precipitation into unpuri�ed methanol, �ltered, and dried.
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3.2.6 Instrumentation

3.2.7 Gel Permeation Chromatography (GPC)

Molecular weights and dispersities of the PS macromonomers and bottlebrush

polymers were obtained using an Agilent 1200 module equipped with three PSS SDV

columns in series (100, 1000, and 10000 Å pore sizes), an Agilent variable wavelength

UV/vis detector, a Wyatt Technology HELEOS II multiangle laser light scattering

(MALLS) detector (λ = 658 nm), and a Wyatt Technology Optilab reX RI detector.

This system enables SEC with simultaneous refractive index (SEC-RI), UV/vis (SEC-

UV/vis), and MALLS detection. THF was used as the mobile phase at a �ow rate of

1 mL/min at 40 oC. GPC analysis of PS bottlebrushes and macromonomers is shown

in the Appendix B Figure B.2.

Molecular weights and dispersities of linear deuterated polystyrene were obtained

by size exclusion chromatography (SEC) using a Waters Alliance 2695 separations

module equipped with three Polymer Laboratories PLgel 5 µm mixed-C columns (300

× 7.5 mm) in series, a Waters Model 2414 refractive index detector (λ = 880 nm), a

Waters Model 2996 photodiode array detector, and a Wyatt Technology miniDAWN

multiangle light scattering (MALS) detector (λ = 660 nm). THF was used as the

mobile phase at a �ow rate of 1 mL/min. Molecular weight values were determined

by MALS analysis and were in good agreement with values from conventional RI

analysis relative to monodisperse polystyrene standards. Dispersity values were taken

according to RI conventional calibration results. Results are summarized in Table 3.2.

3.2.8 Nuclear Magnetic Resonance Spectroscopy (NMR)

Hydrogen NMR (1H NMR) spectra were recorded using tetramethylsilane as

internal standard in CDCl3 on a 400 MHz Bruker multinuclear spectrometer. Samples
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were placed in 5 mm o.d. tubes with a concentration of 20 mg/mL.

3.2.9 Preparation of Thin Film Blends

Linear dPS and bottlebrush PS were dissolved in toluene at a 9:1 ratio, where the

typical concentration of all solids was 2�2.5 wt %. Films were prepared by spin-casting

onto (100) p-type silicon substrates with 200 nm of thermal oxide. All substrates

were cleaned with UV-ozone immediately prior to use (UVOCS system). Thermal

annealing was conducted in a low vacuum oven (30 mTorr) at 165 oC for 2 and 7

days. An 80 nm �lm of deuterated polystyrene was �oated on top of each sample

from deionized water; this cover layer is needed to calibrate the etch depth during

secondary ion mass spectrometry measurements and ensures that the instrument

achieves a steady state etch rate [142].

3.2.10 Film Thickness Characterization

The thicknesses of silicon dioxide and polymer �lms were measured using a JA

Wollam M�2000 spectroscopic ellipsometer. The ellipsometry parameters ∆ and Ψ

were modeled by assuming a polymer �lm described by the Cauchy dispersion relation

n(λ) = A+B/λ2, where A, B, and �lm thickness were regression �tting coe�cients.

3.2.11 Secondary Ion Mass Spectrometry (SIMS)

The depth-dependent composition of bottlebrush polystyrene was measured with

a PHI 6600 SIMS system using a focused Cs+ primary ion beam which can ablate

secondary ions having positive or negative charge. A quadrupole mass analyzer (mass

resolution m/∆m ∼ 200) separated the masses of ejected ions by resonant electric

�elds, where the user speci�es the masses that are able to pass through for detection.

The chamber was maintained under ultrahigh vacuum (10−10 Torr) by an ion pump.
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The Cs+ ion beam size was 30 µm with 30 nA primary current and 5 keV impact

energy. The beam bombarded the samples at an incident angle of 30 with respect to

the surface and was rastered over an area of 500 µm× 500 µm. Note that analysis of

depth-dependent compositions by neutron re�ectivity was unreliable, and this point

is discussed in the Appendix B.

3.3 Results

Bottlebrush polymers were synthesized via a grafting through method that

combines reversible addition−fragmentation chain transfer polymerization (RAFT)

and ring-opening metathesis polymerization (ROMP). As shown in Figure 3.1,

a norbornene-functionalized chain transfer agent (NB-CTA) was used to grow

polystyrene side-chains (NB-PS-CTA), and subsequently, in the presence of a third-

generation Grubbs catalyst, well-de�ned bottlebrush polymers P(NB-PS-CTA) were

obtained. The GPC spectrum of the bottlebrush polymer shows a signi�cant shift

when compared to that of the macromonomer. The GPC spectrum of the bottlebrush

polymer shows a signi�cant shift when compared to that of the macromonomer NB-

PS-CTA (see Appendix B Figure B.2). Well-de�ned bottlebrush polystyrenes were

obtained with narrow Ð and high ROMP conversion (∼ 95%). The characteristics

of the bottlebrush polymers are summarized in Table 3.1, where the subscripts �b�

and �sc� denote backbone and side chain properties, respectively. These architectural

parameters are also depicted in Figure 3.3.

Table 3.1: Characteristics of Bottlebrush Polystyrene

batch Mn,b(kDa) Nb Ðb Mn,sc Nsc Ðsc

1 8.5 90 1.17 6.4 61 1.13
2 18.0 193 1.17 6.4 61 1.16

Prior studies showed that the CTA end-groups (dodecyl chain) will induce the
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formation of a coreshell structure [58]. To minimize this e�ect, thiol-terminated

bottlebrush polymers P(NB-PS-SH) were prepared by removing the CTA end-group

with an aminolysis reaction in the presence of tributylphosphine. The presence of

phosphine has been shown to inhibit the formation of disul�de bonds after CTA re-

moval [138, 139], even when exposed to air [143]. CTA removal is veri�ed through a

color change (from yellow to clear solution) and by 1H NMR characterization (Ap-

pendix B Figure B.1). GPC analysis shows a clear shift to long retention times after

CTA removal, consistent with a decrease in the total molecular weight, and the �nal

product retains a unimodal molecular weight distribution (see Appendix B Figure

B.2).

The approximate number of side-chains per unit area of the bottlebrush poly-

mer is σ ≈ Nb/4πR
2
g ≈ 0.6nm−2, where Nb is the average number of side-chains per

bottlebrush and Rg is the radius of gyration (estimated from small-angle neutron scat-

tering measurements of a dilute solution of PS bottlebrushes in a good solvent) [144].

The shapes of these bottlebrush polymers can be predicted from their architectural

parameters (summarized in Table 3.1) [121, 131, 135, 145�147]. The size of each nor-

bornene repeat unit in the backbone is approximately 0.62 nm, so the length of a

fully extended bottlebrush backbone is L ≈ (Nb × 0.62)nm [121]. The size of each

styrene repeat unit in the side-chain is 0.66 nm [148], so the diameter of a bottlebrush

polymer is D ≈ (2σ0.25N0.75
sc × 0.66) nm [145�147]. Therefore, the backbone DP′s of

90 and 193 produce bottlebrushes with cylindrical aspect ratios (L:D) of approxi-

mately 2 and 4, respectively. The di�erent backbone lengths from each batch are not

a critical factor in our studies.

The objective of these studies is to characterize the thin �lm phase behavior of

bottlebrush PS/linear dPS blends as a function of linear dPS chain length. Linear

dPS was synthesized with chain lengths (Nm) that range from Nm = 19 to 2500 (Table
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Figure 3.1: Synthetic scheme for the preparation of bottlebrush polymers with
PS side-chains. i) AIBN, styrene, 60C, ii) CH2Cl2, ((H2IMeS)(3-Br-
Py)2(Cl2)RuCHPh) iii) THF, hexylamine, tributylphosphine.

3.2). (In the thesis in some of the �gs we have represented Nm and Nb as NM and NB

respectively). All blends contain 10 wt % (10 vol %) of bottlebrush PS. The blends

are nearly athermal as the Flory interaction parameter for PS/dPS is approximately

χ ∼= 1.7×10−4 [136]. The signi�cance of a nearly athermal system is further discussed

in the Appendix B. We note that blends of these dPS polymers (Table 3.2) with linear

PS having an equivalent DP as the bottlebrushes (NbNsc, Table 3.1) are fully miscible

at 165 oC. Therefore, any phase separation in blends of linear dPS and bottlebrush

PS can be attributed to di�erences in architecture.

Thin �lms of the blends (150 or 200 nm) were cast on oxidized silicon wafers.
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Table 3.2: Characteristics of Linear Deuterated Polystyrene

Mn(kDa) Nm Ðm

2.0 19 1.02
9.8 96 1.02
50.0 490 1.02
122.6 1201 1.02
254.9 2500 1.02

The �lm surfaces were imaged with optical microscopy and atomic force microscopy

(see Appendix B, Figures B.3 − B.5), and there is no evidence of lateral phase

separation in any samples (as-cast or annealed). The depth-dependent composition

was measured with SIMS as a function of Nm and annealing time (at 165 C). The

SIMS etch time is converted to etch depth by calibrating against a deuterated cover

layer of known thickness [142]. The hydrogen signal during SIMS etching is unique

to bottlebrush PS and is converted from counts to volume fraction (ϕ) based on the

constraint that the amount of bottlebrush distributed throughout the �lm thickness

is 10% of the total �lm volume. Representative SIMS data are included in Figure 3.2

for 150 nm blend �lms, and data for 200 nm blend �lms are reported in the Appendix

B Figure B.6. Three clear trends emerge from visual inspection of these composition

pro�les. First, there is bottlebrush segregation at the top and or bottom of all �lms,

but the interfacial excess is small in as-cast �lms and annealed �lms with Nm < 100.

Second, the amount of bottlebrush polymer at each interface increases with annealing

time when Nm > 100. Finally, while the bottlebrush does segregate at both interfaces

when Nm > 100, there is a bias toward accumulation at the substrate over the free

surface. These behaviors are illustrated by the schematic in Figure 3.3.

The SIMS data are �t using nonlinear regression to a depth-dependent compo-

sition pro�le ϕ(z) that includes three additive contributions: (i) a bulk �lm structure

represented by a Boxcar function, where ϕbulk(z) = ϕ∞ when 0 ≤ z ≤ h and 0
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Figure 3.2: Concentration of bottlebrush polymer (ϕ) as a function of depth of �lm.
Each column and row has di�erent Nm, and di�erent annealing times (165
C) respectively. (red: Nb = 193, and blue: Nb = 90).

otherwise; (ii) a surface excess which is modeled as an asymmetric Gaussian which

is centered at z = 0 with skew toward the �lm interior; and (iii) a substrate excess

centered at z = h that is also modeled as an asymmetric Gaussian with skew toward

the �lm interior. The composition pro�le ϕ(z) is convolved with an instrumental

Gaussian resolution function having a full width at half-maximum of 1218 nm (also a

�tting parameter). Referring back to Figure 3.2, the dashed green line and the solid

black line are the resolution-corrected pro�les for ϕ∞ and ϕ(z), respectively.

The total interfacial excess z∗ is de�ned as [142]

z∗ = z∗surf + z∗sub =

∫ h/2

0

[ϕ(z)− ϕ∞]dz +

∫ h

h/2

[ϕ(z)− ϕ∞]dz, (3.1)

where surface and substrates excesses are denoted as z∗surf and z∗sub, respectively, h is

the total �lm thickness, and z = 0 denotes the top of the �lm. The interfacial excesses
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Figure 3.3: Cartoon illustrating the segregation pro�les from SIMS after thermal an-
nealing. As Nm increases, bottlebrush polymers segregate at both inter-
faces (with a bias toward accumulation at the substrate).

(z∗) and bulk concentration (ϕ∞) are summarized as a function of Nm and annealing

time for each data set in Figures 3.4 and 3.5, respectively. (The data sets di�er in h

and Nb, but the outcomes are independent of these parameters.) The as-cast �lms are

characterized by a slight excess of bottlebrush at each interface, where z∗ increases

with Nm and is larger at the substrate than the free surface. After annealing at 165 C

for 2 and 7 days, the surface excess is generally unchanged for all values of Nm. (There

are two aberrations detected in the data set for h = 150 nm, at 2 days/Nm = 1201 and

7 days/Nm = 490.) The e�ects of annealing on substrate excess depend on Nm/Nsc,

i.e., the relative lengths of matrix chains to bottlebrush side chains. We identify two

relevant regimes: When Nm/Nsc ≤ 1.6, the substrate excess is only slightly enhanced
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Figure 3.4: Interfacial excess z∗ as a function of Nm and annealing time. Open and
closed symbols correspond with surface and substrate excess, respectively.
Red squares: Nb = 193 and blue diamonds: Nb = 90.

with annealing time. However, when Nm/Nsc ≥ 8, thermal annealing increases the

substrate excess by a factor of 35, and the ultimate concentration of bottlebrush near

the substrate is approximately 30% (refer to the 7 day annealing data in Figure 3.2).

A corresponding depletion of the bottlebrush polymers from the bulk of the �lm is

observed in Figure 3.5. Data were not acquired for Nm/Nsc in the range of 1.68, so

we cannot pinpoint the exact ratio that marks the boundary between dispersed and

segregated phases.
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The dependence of phase behavior on Nm/Nsc suggests that bottlebrush segre-

gation is controlled by a balance of bulk miscibility and conformational entropy at

the interfaces. The following paragraphs elaborate on these points. We observe a

Figure 3.5: Bulk bottlebrush concentration ϕ∞ as a function of Nm and annealing
time. Closed symbols: Nb = 193 and open symbols: Nb = 90. ϕ∞ < 0.1
indicates that bottlebrush is depleted from the middle of the �lm.

transition from dispersed to segregated bottlebrushes that is a function of swelling

ratio Nm/Nsc and we interpret this behavior in the context of wetting and dewetting

at the bottlebrush/melt interface. These wetting transitions have been examined for

polymer melts in contact with planar brushes [89, 149] and polymer-grafted parti-

cles [150�152] using a variety of experimental methods and theoretical frameworks,

and signi�cant �ndings are discussed in recent Review [153] and Perspective [133,134]

articles. In general, fundamental studies aim to describe wetting behavior in terms

of the polymer brush and melt architectures. Outcomes (e.g., scaling laws, phase

diagrams) describe wettability as a function of polymer graft density σ, the ratio

Nm/Nsc, and the curvature/aspect ratio of the brushed surface [149�151]. (Here we

generalize Nsc to denote the length of grafted polymer chains at any type of surface.)
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For example, the autophobic dewetting of homopolymers on a chemically identical

planar brush was examined through self-consistent �eld theory (SCFT) [149], and

predictions were later veri�ed with detailed measurements of droplet contact angles

and dry/wet brush thicknesses [89]. These works demonstrate that the interfacial

tension γ between a melt and planar brush is always positive, but γ is very small

when Nm/Nsc and/or grafting density are low, which permits metastable wetting at

the brush/melt interface. On the other hand, when Nm/Nsc is large and/or graft-

ing density is high, then the melt will dewet at the brush interface. The boundary

between these regimes is di�cult to de�ne with a simple scaling law, as it depends

on the criteria selected to de�ne a wettable surface [149]. However, to o�er a simple

point of reference, the wetting/dewetting transition for a broad range of σ is observed

with Nm/Nsc on the order of unity.

Similar trends are observed for polymer-grafted nanoparticles in bulk homopoly-

mer matrices, where additional controlling variables include particle size and aspect

ratio. These composites are characterized by dispersed and aggregated particle phases

that correspond with wetting and dewetting at the graft/melt interface, respectively.

In the limit of low particle curvature (large particles), the phase behavior predicted

by SCFT and density functional theory (DFT) is similar to the planar brush/melt

interface [150,151]: The grafted shell is swollen at low Nm/Nsc and/or low σ, thereby

dispersing the nanoparticles. As particle curvature is increased and/or aspect ra-

tio is decreased (at constant σ), aggregation will occur at higher values of Nm/Nsc

than planar dewetting [150, 151]. The parameter space controlling the transition

from dispersed to aggregated nanoparticles has been mapped with experiments based

on transmission electron microscopy [151, 152, 154, 155] (TEM) and ultrasmall-angle

X-ray scattering [152, 156] (USAXS). While the exact phase boundaries depend on

nanoparticle size, nanoparticle aspect ratio, and Nsc, these systems are generally
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dispersed for low-to-intermediate values of Nm/Nsc in the range of 1 5 [151,152,157].

Thin �lm blends of polymer-grafted particles and linear polymers are not as

widely studied as their bulk counterparts, but the few examples in the literature

are consistent with the previously outlined concepts [154, 155]: Low Nm/Nsc ratios

(<3) enable particle dispersion throughout the �lm thickness, and high Nm/Nsc ra-

tios expel the particles from the matrix. In the latter regime, the particles are driven

to both the free surface and the substrate interfaces, with a bias toward accumula-

tion at the substrate. In an athermal system, there is no enthalpic preference for

either constituent at the interfaces, so segregation is largely mediated by entropy:

Speci�cally, the brushlike particles lose less conformational entropy at the surfaces

compared with a linear polymer [153]. Similar behavior drives surface segregation of

star polymers [158�160] and interfacial segregation of hard nanoparticles [161, 162]

from a chemically identical linear melt.

The bottlebrush molecules employed for our studies are architecturally similar

to polystyrene-grafted nanoparticles with cylindrical shapes, albeit without the in-

organic core, and the bottlebrush side-chain lengths (Nsc = 61) are similar to the

graft chain lengths employed by others [151,155]. For polymer-coated nanoparticles,

the grafting density σ is given by the number of polymeric chains per unit area of

the nanoparticle surface. This de�nition is not applicable to bottlebrush polymers,

where chains are tethered to a 1D polymer chain rather than a 2D surface, and the

separation between side-chains along the bottlebrush backbone is given by the sta-

tistical segment length of the poly(oxanorbornene) backbone (0.62 nm) [121]. For

comparison, we use the approximate number of side-chains per unit area of the bot-

tlebrush polymer, σ ≈ 0.6nm−2. [144] This grafting density is comparable to that

for polymer-coated nanoparticles which exhibit autophobic dewetting above a critical

value of Nm/Nsc [151,152].
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We cannot test for dispersion and aggregation using TEM or grazing-incidence

USAXS because the bottlebrush PS and matrix dPS have identical electron densities.

O�-specular ultrasmall-angle neutron scattering is di�cult to apply to thin �lms

because the �ux is very low, and to our knowledge, there are no dedicated beamlines

in the US for this type of experiment. However, the SIMS data are indicative of a

dispersed state when Nm/Nsc is low (≤ 1.6), and a segregated state when Nm/Nsc is

high (≥ 8.0). These trends are highly consistent with the previously reviewed studies

of polymer-grafted particles in chemically identical melts. As previously discussed,

microscopy measurements do not detect any surface roughening that might indicate

lateral aggregation and/or phase separation (see Appendix B Figures B.3 and B.4).

All �lms are characterized by an excess of PS bottlebrushes at the free surface

and substrate interfaces, even at low values of Nm/Nsc. This behavior is not associ-

ated with enthalpic e�ects due to isotopic labeling, as the dPS matrix has a slightly

lower surface energy than PS [137], and dPS is preferred over PS at an oxide sur-

face [163]. To demonstrate this point, we carried out thin �lm blend studies using

dPS bottlebrushes (Appendix B Figure B.7) mixed with high molecular weight lin-

ear PS. As shown in Appendix B Figure B.8, the dPS bottlebrushes also segregate

to the �lm interfaces, and the surface excess is slightly enhanced compared with PS

bottlebrushes. Another potential cause of interfacial excess at low Nm/Nsc is the

end-groups on bottlebrush side-chains. The PS and dPS bottlebrush side-chains are

terminated by thiol and CTA moieties, respectively. The similar segregation pro�les

in both systems suggest that end-group chemistry does not play a major role in the

phase behavior, but this is di�cult to quantitatively address without employing �eld

theoretic models for data analysis [164]. We note that comparison of di�erent terminal

functionalities con�rms that thiol thiol bond formation does not drive the demixing

65



process, although such oxidative coupling is not anticipated with vacuum anneal-

ing [165]. Therefore, we attribute the interfacial excess of PS bottlebrush reported in

Figure 3.4 to an architectural e�ect: The slight enthalpic preference for linear dPS

at the free surface and substrate interfaces is more than o�set by a conformational

entropy gain at the �lm interior [158,159].

In the limit of high Nm/Nsc (≥ 8.0), most of the bottlebrush expelled from the

matrix is driven to the substrate rather than the free surface. A similar preference

for the substrate interface has been reported for thin �lm blends of star [158] and

polymer-coated nanoparticles [154] with linear polymers. Preferential segregation to

the substrate may be due a stronger entropic driving force for segregation at the more

restrictive hard surface. Alternatively, molecular simulation calculations indicate that

even a weak attractive force can result in the adsorption of branched polymers or

dendrimers onto a surface [166], and thus van der Waals interactions with the oxide

surface may be driving preferential segregation to the substrate interface [153].

3.4 Conclusions

Through secondary ion mass spectroscopy, we examined the phase behavior of

bottlebrush polystyrene and linear deuterated polystyrene in thin �lms. The bot-

tlebrush polystyrenes employed for these studies have short backbones and resemble

hairy cylindrical nanoparticles. These systems exhibit wetting and dewetting tran-

sitions that drive bottlebrush dispersion or aggregation, respectively, which are con-

trolled by the relative lengths of matrix chains Nm to bottlebrush side-chains Nsc. At

low values of Nm/Nsc (≤ 1.6), the bottlebrushes are dispersed throughout the �lm

thickness with a slight excess at the free surface and substrate interfaces. At high val-

ues of Nm/Nsc (≥ 8.0), the bottlebrushes are depleted from the interior of the �lm and
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strongly segregated at the interfaces. The interfacial excess is driven by an entropic

depletion attraction e�ect: larger branched molecules are adsorbed (attracted) to the

interfaces, and the linear chains are displaced to the �lms interior where they gain

conformational entropy. A preferential segregation to the substrate interface over the

air interface is observed, and this may be driven by the more restrictive condition of

a hard surface or weak van der Waals interactions between the bottlebrush polymers

and the oxide surface.

This work demonstrates the spontaneous segregation of bottlebrush additives to

�lm interfaces due to entropic e�ects and suggests that bottlebrushes can potentially

serve as useful additives for modifying the surface and interfacial properties of thin

�lm coatings. Future work will explore a broader parameter space (Nsc, Nb) in thin

�lm blends and bulk materials. In bulk systems, we expect that entropic e�ects can

drive bottlebrush aggregation, and this behavior can be detected with ultrasmall-

angle neutron scattering. Furthermore, we will extend this work to nonathermal

blends, as functional bottlebrushes (composed of di�erent types of side-chains) are

relevant for applications in fouling reduction and adhesives.
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4 Conclusion and Outlook

Complex morphologies arising from BCPs will have a tremendous impact in

emerging technological areas [167�169]. The patterns from the microphase separation

of the polymer blocks into nanodomains have the potential to serve as the building

blocks for pattern transfer [170,171]. However, the need for the BCP pattern to have

precise and reproducible regularity both across the substrate and through the depth

of the �lm is an understatement. Thus the existing challenges in BCP thin �lms are

of tremendous relevance in terms of understanding block-block interactions and the

evolved structures [172,173].

In-spite of their merits in parallel processing, resolution, and ability to generate

templates for nanopatterning, the practical application of block copolymer thin �lms

till now has been few [174]. Out-of-plane defects have not gained much attention,

however, they have to be minimized in order to be able to use these systems as pattern

transfer mask without signi�cant errors in feature size and placement [175,176]. The

lack of a robust strategy to modulate structure formation in thin �lm geometries has

been considered a major obstacle.

We in this work have been able to shed light on the very important aspect of

surface and substrate interactions for the lamellar diblock copolymer and its role in

modi�cation of morphology and structure. Domain orientations in diblock copoly-

mer �lms are sensitive to annealing temperature, quality of neutral substrate and �lm

thickness. Lateral in-plane order is better at the middle of the �lms than at interfaces.

Our investigations on BCP thin �lms on surfaces modi�ed by the random copolymer

brushes show that it is di�cult to modulate their substrate energetics. However the

results unequivocally elucidate the importance of substrate interactions which can
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induce and/or trap both out-of-plane and in-plane defects. We see that the in�uence

of the substrate decays with distance into the �lm [177�179]. The outcomes from our

study has helped us to understand the key variables, apart from thickness, annealing

temperature and time, which control substrate interactions. For the random copoly-

mers we have identi�ed, grafting density as the most relevant variable which in�uence

and screens interactions of the polymer with the substrate. However the parameter

space can be broad which may enforce more stringent criterion on determining mor-

phology and structure as has been reported in some recent simulations [85]. The

studies reported the self-assembly of diblock copolymer on substrates modi�ed by

random copolymer brushes, where apart from grafting density, the blockiness of the

random copolymer and ratio of the free chains to that of grafted chains do also play

an important role.

We also brie�y mention here some of the pertinent issues we had working with

silanes as substrate modi�ers. The BCP deposition procedure is identical to the

random copolymer case. The material component we used for neutralization was

octyldimethylchlorosilane(ODS), (Chemical Formula: CH3(CH2)7Si(CH3)2Cl). Func-

tionalization of ODS on the silicon substrate proceeded via the condensation reaction.

The quality of surface neutrality in this case was mainly determined through the sur-

face energies of the silane surface which was determined by the water contact angles.

However from a perspective of experimental procedure we controlled the oxidation

time (measured via UV-ozone exposure time) of the silane treated surface to generate

the contact angles which gave us the desired lamellar �ngerprint patterns. So we

have chosen to represent the mean oxidation time as our process variable. In Figure

4.1 we show the investigations of morphology of the BCP �lms spin casted on silane

substrate oxidized for τox ∼ 15 secs which shows presence of mixed orientations. It

may be a signature of the fact that the oxidation is not enough to screen preferential
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interactions. We see from the Figure 4.2 that for �lms oxidized for τox ≥ 25 secs the

Figure 4.1: Patchy microscopy images for two BCP �lm thickness on silane substrate
exposed for τox = 15 secs. Upper panel is the optical image and lower one
is the AFM image.

�lms did not exhibit any structure. The structure is optimal for comparatively lower

oxidation times with less misoriented domains and perpendicular structure as evident

from GISAXS and SEM images respectively. However the structure also depends on

�lm thickness (not shown here). We have also noticed that the lowest oxidation time

gives rise to a high extent of patchy structures. Our observations indicate higher den-

sity of out-of-plane defects and narrow windows of perpendicularity for the coatings

of oxidized ODS. Due to our inability to precisely tune surface energetics by oxidation

of silanes, we like to propose that they may not be an optimal approach for substrate

modi�cation.
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Figure 4.2: Optical, SEM and GISAXS characterization of thin �lms on SAM oxidized
for di�erent times as shown above. (All �lm thickness are t/L0 ∼ 1 except
for τox = 20 secs, �lm thickness is around 0.5L0.

In order to check if the e�ects of interactions are speci�c to a particular mor-

phology, we also have investigated the role of cylindrical diblock copolymer system

(PS−PMMA). The molecular weight of the block copolymer has been quite similar

to the lamellar diblock copolymer we have considered in our study. In Figure 4.3 we

have shown the scattering data for a cylindrical diblock copolymer deposited on a

surface modi�ed by the random copolymer with 55% styrene. In Figure 4.3 the data

is shown for two di�erent sets of annealing temperature and times. From the GISAXS

images some facts emerge by inspection. For example for the samples annealed at

T = 190 oC for 10 min, the presence of tilted domains is indicated by the smeared
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out-of-plane form factor oscillations. However, as temperature is increased the form

factors indicate a �ow towards order.

a) b)

c) d)

Figure 4.3: GISAXS data for cylindrical diblocks for t/L0 = 1.09 a) T: 190 oC; time:
10 min, b) T: 240 oC; time: 10 min, c) T: 190 oC; time: 24 hours and d)
T: 240 oC; time: 24 hours.

To quantify our conclusions further we have shown in Figure 4.4 the line cuts

from the images in Figure 4.3. The analysis of peak positions from line cuts show

systematic absence of some peak positions. Nevertheless the peak positions do indi-

cate the presence of hexagonal cylindrical symmetry as expected from a cylindrical

BCP [180]. We also notice that �lms annealed at T = 190 oC for 10 min has relatively

poor order compared to the �lm annealed at T = 240 oC for 10 min. However, after

24 hrs of annealing time we see that for �lms annealed at both the temperatures the
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order has substantially improved in both the �lms and comparable to each other as

the presence of peaks from the respective line cuts demonstrate. We also measured

the full width half maximum (FWHM) for the peaks in all the cases which quanti�es

the quality of lateral order (lateral order ∝ 1/FWHM). The analysis of FWHM

shows that in general the �lms annealed at 240 oC have better lateral order than the

�lms annealed at 190 oC. However, for the �lms annealed at 240 oC we do not see

any signi�cant changes in lateral order even after increasing the annealing time to 24

hrs, but for the �lms annealed at 190 oC, there is slight improvement of lateral order

after longer time. Thus our preliminary scattering studies on cylindrical morphology

shows some very interesting issues related to the nature of polymer thin �lms which

can actively be pursued in a later work.

Figure 4.4: GISAXS line cuts for cylindrical diblocks for t/L0 = 1.09 a) T: 190 oC;
time: 10 min, b) T: 240 oC; time: 10 min, c) T: 190 oC; time: 24 hours and
d) T: 240 oC; time: 24 hours. Arrows mark the relative peak positions.
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4.1 Future Directions

A natural extension of this work can focus on systematically tuning the substrate

interface by varying the parameter window, and measure the defect structure with

GISAXS. Our results on the defect analysis as a result of the interactions between

copolymer and the modi�ed substrate can be readily extended to design and optimize

the directed self-assembly of block copolymers on chemo-epitaxial templates [181�

183]. Once we obtain the optimal design of the underlying coating, these materials

can be tested in a directed self assembly process using a lamellar copolymer.

Operationally the random copolymer is grafted to a substrate, then coated with

resist. The resist is patterned with conventional top-down lithographic methods,

developed, and used as an oxidation mask. After removing the resist, the oxidized

stripes are attractive to PMMA of the block copolymer. These oxidized stripes should

serve to pin PMMA domains and force lateral order in the system. X-ray scattering

can be used to measure defect densities and domain shapes as a function of quality of

the neutral surfaces, the frequency of the pinning stripes and also the match between

the lamellar periodicity L0 and the width of the preferential stripes w [184�186]. We

expect the density of defects will increase as the frequency of the stripes is reduced

as we have shown in the cartoon in Figure 4.5.

For epitaxial templates, usually template commensurability (quanti�ed by w/L0)

and types of interaction between the BCP domains and underlying epitaxial template

governs domain shapes. Studies have originated in our group [86] using scattering

pro�les of the BCP thin �lms on epitaxial templates to detect the presence of sloped

sidewalls and our present work can be further extended to probe these defects in

greater detail.

While chemo-epitaxial templates can induce long-range lateral order, there is
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a) b)

Figure 4.5: E�ect of the frequency of chemical pattern on lamellar diblock copolymer
ordering. a) Well ordered perpendicular lamellar and b) presence of tilted
domains.

substantial evidence that thermal �uctuations induce variability in domain size and

roughness [183]. Thus from a semiconductor manufacturing perspective, apart from

defects, another important metric is line-edge roughness (LER) [187]. LER refers to

�uctuations in the position of the line edge. Such �uctuations lead to variability in

feature size, and this has a negative impact on the performance of transistors, where

consistency across a chip is critical [183, 188]. We believe our results on substrate

interactions of lamellar diblock copolymers can serve as an useful guide to understand

the e�ects of the pinning stripes on LER.

The present work is mainly based on PS−PMMA lamellar diblock copolymer

thin �lms. Even though PS−PMMA is an excellent system to illustrate the underly-

ing mechanisms of block copolymer lithography, the χ−parameter for this diblock is

pretty small. Thus PS−PMMA system will be unable to produce feature sizes below

10 nm length scales. From a directed self assembly perspective, there is a large col-

lection of work [82, 189, 190] which focusses on the synthesis of new block copolymer

systems with high enough χ. Poly(styrene−b−dimethylsiloxane) (PS−PDMS) is an

example of such a system which can assemble into smaller domains.(≤ 10 nm) How-

ever due to a large mismatch in surface tensions of each block in this case, even with

neutral substrate surface coatings, the top interface remains preferential irrespective

75



of thermal annealing treatments. This is a challenging problem and is a crucial for

the eventual success of directed self assembly process. To address this problem, a

variety of �topcoat� materials have been developed to control interactions at the top

of the �lm [191, 192]. However these approaches are di�cult to extend to arbitrary

block copolymer chemistries. In these regard our studies on the phase behavior of lin-

ear/bottlebrush polymer blends in Chapter 4 [193] can substantially help us to design

bottlebrush additives which can spontaneously segregate into �neutral� topcoats for

block copolymer lithography. To prove a point in this case, surface-active PS/PDMS

bottlebrush polymer additives will form spontaneous topcoats for lamellar PS−PDMS

block copolymer �lms which will promote perpendicular domain orientation, the most

critical feature for nanopatterning.
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Appendix A

X-ray re�ectivity measurements from polymer brushes: Polymer brush

thicknesses were calculated from X-ray re�ectivity measurements. Results are re-

ported in Figure A.1, where circles (blue) and lines (red) denote the data and best-�t

to the Parratt recursions, respectively. The calculated brush thicknesses are 6.2 nm,

4.8 nm, 4.4 nm, 3.4 nm and 2.6 nm.

Figure A.1: Brush thicknesses from X-ray re�ectivity. Best �t results in (a-e) are 6.2
nm, 4.8 nm, 4.4 nm, 3.4 nm and 2.6 nm, respectively.
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Comparison of AFM/SEM in calculation of orientational correlation

length:

Figure A.2: Normalized orientational correlation length as a function of normalized
�lm thickness.
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Stability of perpendicular lamellar orientation at elevated tempera-

ture: Perpendicular lamellae are detected at the air interface when annealed at 240

◦C for 10 min (in air). To verify that this orientation is stable, we further annealed

one set of �lms at 230 ◦C for 6 hours (under low vacuum). (The surface tensions of

PS and PMMA are identical above 220 ◦C. The annealing schedule of 230 ◦C and 6

hours was employed in the studies from Bates, Willson, and coworkers that are ref-

erenced in the manuscript.) The outcomes of this experiment are reported in Figure

A.3 below and Figure A.4 on the following page.

Figure A.3: Area fraction of perpendicular lamellae (fperp) as a function of normalized
�lm thickness (t/L0) and annealing time.
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Microscopy images for PS-PMMA �lms annealed at 230 ◦C:

Figure A.4: Perpendicular lamellae are detected after annealing for 6 hours at 230
◦C. Normalized �lm thickness is noted on each image.

107



E�ect of �lm thickness and grafting density (lowest two):

Figure A.5: Surface microscopy images as a function of �lm thickness and grafting
densities. Image width = 3 µm.
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E�ect of �lm thickness and grafting density (highest three):

Figure A.6: Surface microscopy images as a function of �lm thickness and grafting
densities. Image width = 3 µm.
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Line shape as a function of �lm thickness: The in-plane line shape be-

comes narrower as �lm thickness is increased. Line pro�les I(qy) were extracted from

GISAXS data and �t to a Lorentzian function, as demonstrated by Figure A.7(a).

The full width at half maximum (FWHM) is reported in Figure A.7(b) for two data

sets (each set has a �xed brush grafting density and composition, with two PS-PMMA

�lm thicknesses). Thinner �lms have broader line shapes, which is evidence of reduced

orientational order. The line shape is generally independent of incident angle.

Figure A.7: (a) In-plane line shape example; (b) FWHM as a function of normalized
�lm thickness.
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Line cuts as a function of �lm thickness: In-plane line cuts for each �lm

thickness were extracted from data acquired with an incidence angle of 0.22◦. Data

are shown for two data sets having brush grafting densities of 0.32 nm−2 and 0.59

nm−2. Neither show a strong second or fourth-order peak, which is consistent with

scattering expected for an equal-volume lamellar copolymer. There is also no evidence

of hexagonal structure in any samples (including other grafting densities).

Figure A.8: Plots of intensity (I) verses scattering vector (qy) for PS-PMMA thin
�lms on brushes with Σ (a) 0.32 nm−2, and (b) 0.59 nm−2. The �rst-
order peak is denoted as q∗.
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SEM cross-section: Films were cleaved, etched for a few seconds in oxygen

plasma, and then mounted at near-vertical angles in an SEM for cross-sectional imag-

ing. The image quality is not good enough for quantitative analysis, but domains

having di�erent orientations are detected. Examples are included in the following

�gures.

Figure A.9: Film of thickness t = 1.5L0 on brush with Σ = 0.59 nm−2. Substrate
orientation is marked by the white line. Yellow lines mark approximate
domain orientation with respect to the substrate.
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SEM cross-section:

Figure A.10: Film of thickness t = 2L0 on brush with Σ = 0.45 nm−2.
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SEM cross-section:

Figure A.11: Film of thickness t = 2L0 on brush with Σ = 0.45 nm−2 at higher
magni�cation compared to Figure A.10.
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Appendix B

Nuclear Magnetic Resonance (NMR) Spectroscopy: Figure B.1 com-

pares 1H NMR spectra of PS bottlebrush polymers acquired before and after removal

of the chain transfer agent (CTA) through aminolysis in the presence of triphenylphos-

phine. The hydrogen at the position of 3.25ppm (Ha), corresponding to the one the

dodecyl chain near thiol group, disappears after removal of CTA endgroups. An

absorbance peak at 380 nm also disappears after removal of the CTA.

Figure B.1: 1H NMR spectra of PS bottlebrush with CTA side-chain endgroups
(P(NB-PS-CTA), top); and PS bottlebrush with thiol side-chain end-
groups (P(NB-PS-SH) , bottom) .
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Gel Permeation Chromatography (GPC):

Figure B.2: Size-exclusion chromatography analysis of PS bottlebrush and
macromonomers used for PS bottlebrush batch 1 (left) and batch 2
(right).
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Miscibility of linear PS/linear dPS by Flory-Huggins Theory: The χ

parameter for blends of PS and dPS is [136]:

χ = 0.2T (K)−1 − 2.9× 10−4.

This is valid for the temperature range of approximately 140−230 oC, and at

165 oC, χ ≈ 1.7 × 10−4. The critical solution temperature (Tc) for these blends can

be estimated with Flory−Huggins theory as χc = 1
2
( 1

N
1/2
PS

+ 1

N
1/2
dPS

)2) = 0.2Tc(K)−1 −

2.9× 10−4 [148].

Table B.1 summarizes Tc for blends of linear PS and linear dPS, where we de�ne

a linear PS molecule with the equivalent molecular weight to a bottlebrush. Such

blends are completely miscible. (Note that we extrapolate χ to temperatures where

the model is no longer valid; this is merely to illustrate that the annealing temperature

of 165 oC is well above the critical point.)

Table B.1: Critical temperature predicted by Flory-Huggins theory for analogous lin-
ear PS/linear dPS blends.

NdPS = Nm NdPS = Nm χc Tc(
oC)

19 12,159 2.810−2 -266
96 12,159 6.210−3 -242
490 12,159 1.810−3 -160
1201 12,159 7.810−4 -75
2500 12,159 4.210−4 8
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Atomic Force Microscopy: Atomic force microscopy images were collected

with a MultiMode 3 (Veeco) in Tapping Mode using silicon probes with a spring

constant of approximately 40 N/m. Typical parameters for data acquisition were 1.7

Hz scan frequency, 10 µm × 10 µm scan area, and 512 × 512 image resolution. The

surfaces are very �at with no evidence of phase separation.

Figure B.3: AFM measurements of blend �lms (10 wt% bottlebrush polymer). (a,c)
Height and phase measurements of �lms surface, Nm = 19; (b,d) Height
and phase measurements of �lms surface, Nm = 2500.
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Optical Microscopy: Optical microscopy images of as-cast and annealed 150

nm �lms were acquired using a Nikon LV150 re�ected light microscope. Images were

acquired at a magni�cation of 2.5X (Figure B.4) and 100X (Figure B.5). The surfaces

exhibit some variation in thickness over very large length scales (ca. 1 mm), but are

optically �at over tens of micrometers.

Figure B.4: Optical microscopy (2.5X) of blend �lms (10 wt% bottlebrush polymer,
Nsc = 61). Nm is noted on each micrograph, along with the annealing
time at 165 oC.
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Figure B.5: Optical microscopy (100X) of blend �lms (10 wt% bottlebrush polymer,
Nsc = 61). Nm is noted on each micrograph, along with the annealing
time at 165 oC.
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SIMS Data for 200 nm Films: Figure B.5 reports the SIMS data for 200 nm

�lms with �ts to the composition pro�le described in the manuscript. The interfacial

excesses are reported in Figure 3.4 of the manuscript.

Figure B.6: ϕ as a function of depth into the �lm Each column has di�erent Nm, and
each row, di�erent annealing time (165 C). (red: Nb = 193, and blue: Nb

= 90).
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Synthesis of NB-dPS-CTA macromonomers: NB-dPS-CTA was prepared

via reversible-addition fragmentation chain transfer (RAFT) polymerization. For the

synthesis of NB-dPS6K-CTA, d8-styrene (10.0 g, 89.13 mmol), NB-CTA (194.1 mg,

0.349 mmol), and AIBN (5.7 mg, 3.47×10−2 mmol) were mixed in a 100 mL RBF, and

the solution was purged by bubbling nitrogen through the solution for 30 minutes.

The polymerization was initiated by raising the temperature to 65 oC. After 9 h,

the reaction �ask was removed from the heat and the polymer was recovered by

precipitation in methanol. (1.54 g, 71 % yield, based on the conversion of styrene.)

The GPC spectrum is presented in Figure B.7.

Figure B.7: GPC spectra of dPS macromonomer (NB-dPS-CTA, red line) and dPS
bottlebrush (P(NB-dPS-CTA), black line).
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P(NB-dPS6K-CTA): Bottlebrush polymers were prepared by ROMP using a

procedure similar to that for protonated PS bottlebrushes. The macromonomers were

added to a dry, 10 mL round bottom �ask charged with a stir bar. The �ask was

then degassed with three pump-purge cycles, and the desired amount of degassed,

anhydrous dichloromethane (total macromonomer concentration was 0.02−0.05 M)

was added. (H2IMes)(pyr)2(Cl)2 RuCHPh was dissolved in degassed, anhydrous

dichloromethane in a separate �ask. The catalyst solution was transferred to the

reaction �ask containing macromonomers via cannula to initiate the polymerization

and stirred at room temperature for at least 1 hour. The reaction was quenched by

addition of ethyl vinyl ether after completion. The product was collected by pre-

cipitation in methanol dried under vacuum. (95% yield, based on the conversion of

NB-PS-CTA). The GPC spectrum is presented in Figure B.7.
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SIMS Data for dPS bottlebrush/PS matrix: The objective of these exper-

iments was to determine if isotopic labeling or type of functional group at the end of

side-chains play a role in the bottlebrush segregation pro�les. After 2 days of thermal

annealing at 165C, we observe that dPS bottlebrushes segregate more strongly than

PS bottlebrushes at the free surface, which is expected based on (1) the slightly lower

surface energy of dPS compared with PS, and (2) the presence of low surface energy

CTA groups at the chain ends. The surface and substrate excesses after annealing

are z∗ = 3.3 nm and 4.0 nm, respectively. (For comparison, the corresponding surface

excess for PS bottlebrush/dPS matrix was approximately 1.5 nm after 2 or 7 days

of annealing, while the substrate excess was 3−6 nm depending on the annealing

time.) The dPS bottlebrushes have shorter backbone lengths than either PS bottle-

brush, and the di�erence in size/aspect ratio might play a role in the observed phase

behavior.

Figure B.8: SIMS data of dPS bottlebrushes (BB) with hydrogenated linear PS. The
dPS BB has Nsc = 52 (Ð= 1.23) and Nb = 49 (Ð= 1.28). The linear PS
matrix has Nm = 2476 (Ð= 1.05).
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Neutron Re�ectometry (NR): Measurements were made using the Liquids

Re�ectometer (LR) of the Spallation Neutron Source (SNS) at Oak Ridge National

Laboratory with the source to sample distance of 13.6 m, sample to detector distance

of 1.5 m, wavelength range 2.5Å−17.5Å, bandwidth 3.5 Å, q range 0.006 Å−1 to 0.192

Å−1 and minimum re�ectivity 1×10−7. Data were collected at six di�erent angles with

incident-beam slits set to maintain a constant wave vector resolution of δQ/Q = 0.05,

which allows the data obtained di�erent angles to be stitched together into a single

re�ectivity curve. Approximately 1 ml of polymer solution (chloroform, 20 mg/ml,

10 wt% bottlebrush) was dropped onto freshly cleaned round Si wafer (diameter: 1

inch) and spun cast at a rate of 1500 RPM for 1 min. Samples were annealed at 165

oC for 16 hrs under vacuum. Data were collected for each sample before and after

annealing.

The aim of NR experiments is to determine the distribution of bottlebrush

throughout the thickness of the �lm. Three NR models were implemented with the

Parratt recursions: (i) A single layer �lm characterized by a uniform concentration of

bottlebrush;(ii) A bilayer �lm that allows for bottlebrush excess at one interface; and

(iii) A trilayer �lm that accounts for excess at both interfaces. The neutron scattering

length density (SLD) was determined using the equation SLD = b/v, where b is the

monomer scattering length (sum of scattering lengths of constituent atomic nuclei)

and v is the monomer volume. The calculated re�ectivity curves were optimized for

goodness-of-�t using nonlinear regression. Total �lm thickness and surface rough-

ness were the only adjustable parameters for Model (i). Total �lm thickness, surface

roughness, and amount of bottlebrush excess were adjustable parameters for Models

(ii) and (iii), subject to the constraint that the total amount of bottlebrush in the

�lm was 10 wt%.

Figure B.9 shows representative data with best-�t results for PS bottlebrush (10
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wt%)blended with 2 kg/mol dPS. Before annealing, clear oscillations in the scattered

intensity are observed. The data can be �t to any of the three models (although none

of the �ts are perfect, as nonlinear regression is too sensitive to the initial guess).

After annealing, the oscillations are severely damped due to roughening of the free

surface and/or the broad gradients in bottlebrush composition.

Figure B.9: Representative neutron re�ectivity spectra of bottlebrush polymer mixed
with 2K deuterated linear PS for as cast and thermally annealed �lms.
Data were �t with a 1, 2, or 3−layer model.
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