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Directed by: Professor E. Bryan Coughlin and Professor

A bottom-up approach to

Thomas

P. Russell

generate inorganic-organic hybrid nanotemplates

presented using a surface induced-orientation of poly (methacrylate

POSS

is

(isobutyl)-ft-

methacrylate). Methacrylate-functionalized polyhedral oligomeric silsesquioxane with

isobutyl periphery functional groups

transfer radical polymerization

(MAPOSS

(ATRP)

(isobutyl))

to give halide-end

was polymerized

capped

(isobutyl) macroinitiators. In the presence of methylmethacrylate

via atom-

polyMAPOSS
(MMA),

chain

extension of the macroinitiator via the same synthetic mechanism resulted in poly

(MAPOSS
scattering

(isobutyl)-/)-methylmethacrylate) block copolymers. Small angle X-ray

(SAXS)

revealed that these block copolymers microphase separated into

microdomains with
preferential

characteristic periods of

1

8 to 40

nm.

In thin film studies,

and non-preferential interactions between the blocks and substrates were

achieved by surface modification of silicon wafers with hydroxy-terminated poly

(styrene-r-MMA) and poly (styrene-r-bromostyrene) brushes. Like other block
copolymers systems, islands and holes formed on the surface when one block
preferentially interacted with the substrate

and the island area fraction could be tuned by

vii

varying the thickness of the block film. Thin films of the block copolymers produced

cylindrical

microdomains with an orientation

that

depended on

interfacial interactions.

Nanostructured SiO: surfaces were then prepared from the inorganic-organic
hybrid poly

(POSS (isobutyl)-/>-MMA) nanotemplates by thermal and oxygen plasma

treatments. Silicon dioxide nanostructured surfaces were obtained with topographies

resembling the starting hybrid structures. The oxide surfaces produced were also

modified using monochlorosilanes. The wetting characteristics of thin PS films on the
oxide surfaces were found to depend on the surface topography. For surfaces with

nanoscopic posts, the dewetting of the PS was pinned; whereas, for surfaces with islands

having a step height of several nanometers, dewetting similar to that on a smooth surface

was found.

If,

accelerated.

These studies demonstrate the potential use of hybrid block copolymers as

however, the terraces were interconnected, then the dewetting was

precursors for the fabrication of inorganic nanotemplates with well-defined topographies

and

interfacial properties.

viii
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CHAPTER

1

INTRODUCTION
Background
Wetting: Physics and Length-Scale Dependence

The physics governing
length scale

is

the interactions

liquid,

18 " 19

"

17

solid at different

Interfacial interactions at the

interest.

For example, the interaction between

solid,

vapor phases can be argued from a surface energy point of view, and can be

described by Young's equation (Eq.

Ys

Figure

1

of scientific and technological

macroscopic level are well understood.

between liquids and

level.

As shown

=

Yv/l cos O

+

in the Figure, the

Eq.

Ys/l

concept in the interaction

1.1 illustrates the basic

macroscopic

1).

among

different phases at the

governing parameters include mainly the

surface or interfacial energies. However, the liquid/solid interactions at small or

nanometer length scales have additional contributions.""

JwL

Ys

Solid

= Surface tension
= Interfacial tension of Vapor/Liquid

ys

y v/L
interface
Ys/l

=

Interfacial tension

of Solid/Liquid

interface

Figure
in

1.1 Illustration

of the governing parameters

macroscopic wetting by Young's Equation.

1

1

The

differences between the liquid/solid interactions in macro- and nanometer

length scales can be anticipated from potential energy and long-range molecular
interaction arguments.

at

3

In the surface potential energy argument, materials in the bulk or

a surface or interface experience different potentials. For macroscopic materials where

the bulk

volumes are large compared

the surface potential.

When the

to the surface

volumes, bulk energetics dominate

size gets smaller, the fraction of the material in the bulk

decreases, while that on the surface increases. This results in the increase in the surface

energy relative to that of the bulk. Consequentially, as the size gets smaller, interfacial

phenomena becomes

increasingly important.

on

In the molecular interaction argument, molecules can exert a potential field

nearby molecules. This

field

extends over short distances,

These molecular interactions are significant
solid substrates

in the

nanometer range.

nanometer thick liquid films on supporting

where the long-range molecular interactions between the

solids influence the stability

in a force acting

one reason

in

i.e.

Interfacial

and

of the liquid films. These molecular interactions often

normal to the vapor/liquid interface

why an

liquids

that destabilizes the film.

This

is

ultra thin film is unstable.

phenomena

at

a small length scale can not be explained simply by

Young's equation. Clearly, the chemistry and topography of a
the stability of a thin liquid film.

As

solid substrate influence

technologies advance and the sized scale of

structures continually decrease, a better understanding of the interactions of solids

liquids at smaller length scale

interactions

result

is

and

needed. The interplay between long-range molecular

and the energetics of materials

at interfaces is

physics of nanomaterials.

2

key

in

understanding the

There have been several studies on the interaction between liquids and
including polymer films on solid substrates,

surfaces,

25 " 33

polymer films on chemically modified

polymer films on topographically modified surfaces,

on nanotemplates.
interfacial

20 " 24

37 " 39

Yet, there

is still

34 " 36

and macroliquids

a significant gap in our current understanding of

phenomena which impedes our

materials in nanostructured devices.

solids,

The

abilities to control,

manipulate, and incorporate

inability to predict the

behavior of liquids on

chemically and topographically modified surfaces underscores this lack of fundamental
understanding. In this thesis, surface chemistries, surface topographies, effects of
physical confinement, long-range molecular interactions surface potentials and the role of

the three-phase contact lines

on nanowetting has been studied.

Hypotheses and Research Objective
Previous work has revealed that surface topography can influence the wetting

behavior of the thin liquid films.

As

a consequence, an investigation of the effect of

surface topographies on the stability of thin liquid films

may result

in a better

understanding of the physics and governing parameters of wetting liquid
length scale.

The objective of this

nanotemplated surfaces (Figure

thesis

is

to investigate the physics

1.2).

3

at

nanometer

of wetting liquid on

Long range
interaction and
effective surface

Effect of surface

potential

topography?

L

5

S

5

+ 5"

L

+ 5-

S

L =
S =

Liquid
Solid

8+5- = Dipole which gives

rise

long-range molecular interaction

Figure 1.2
of wetting

Illustration
in

of the current understanding

nanometer length scale and

the question that

is

being asked in

Scientific

The challenge

in

this thesis.

Methods

meeting the research objective

is

the generation of

nanopatterned-surfaces with well-defined height and chemical modifications.

The

nanopatterned surfaces can be realized by several top-down approaches; electron-beam
lithography,

40

dip-pen lithography,

41

and imprint-lithography.

include block-copolymer self-assembly, which

is

more

42

attractive

Bottom-up approaches
due

to simplicity

and

efficiency in generating nano-templates with control over step height and lateral

placement of structures. Block copolymer micro-phase separation results in
nanostructures with differing morphologies and length sizes depending on their chemical

compositions and molecular weights.

43 " 52

As

thin films, block

copolymers show surface-

induced orientation which produces surfaces with well-defined feature heights.

4

47 " 52

With

organic-inorganic hybrid block copolymer, selective degradation of the organic

component and subsequent chemical transformation of the inorganic domain gives

rise to

inorganic nanotcmplates with topographies resembling those of the original organic-

inorganic hybrid templates.

53 " 56

If the resulting inorganic

subsequent chemical modification
surface.

is

templates are silicon dioxide,

possible due to the free silanol functionalities at the

57 " 59

The

strategies to generate these templates include the following steps.

step involves the synthesis and characterization of organic-inorganic hybrid

The

first

P(MAPOSS

(isobutyl)-^-MMA) nanostructures. The second step focuses on the surface-induced
orientation of the organic-inorganic hybrid

P(MAPOSS

(isobutyl)-&-MMA)

nanostructures. In the third step, SiO: nanotemplates are generated from

P(MAPOSS

(isobutyl)-Zj-MMA) nanotemplates and the surfaces are modified using silane chemistries.
Finally, the wetting

schematized

in

of liquids on these nanotemplates

Figures 1.3-1.6.

5

is

investigated.

These steps are

Figure 1.4 Organic-Inorganic

Nanotemplates

Figure 1.5 Chemical Transformation,
Generation of Silicon Oxide Nanotemplate,

and Surface Modification

Liquid

Si0 2
Substrate

Figure 1.6 Nanoscale Physics of
Liquids on Topographic
Surfaces

6

Experimental Designs
Materials Selection and Synthetic Strategies
Controlled syntheses of organic-inorganic hybrid block copolymers have attracted

much

attention because,

upon self-assembly, nanostructures with well-defined

morphologies and sizes can be obtained.

domain

is

selected based on

its

60

For the current investigation, the inorganic

potential to be chemically transformed into surface-

functionalizable inorganic materials.

61 " 71

R

R

K
R = cyclopentyl,

cyclohexyl,

X = methacrylate,
Figure 1.7

Illustration

etc.

styrene, etc

of Chemical and Structure of

Polyhedral Oligomeric Silsesquioxane (POSS).

Waddon and

Coughlin. Chem. Mater. 2003, 75, 4555.

Polyhedral Oligomeric Silsesquioxane (POSS),
cubic core structure composed of a O-Si-0 bond

handle for polymerization
methacrylate, styrene,

promote

solubility

etc.

at

at

6171

as

shown

in

Figure

each edge. The cube

may

only one of its corners. This functional handle

At seven other corners, there can be

1.7,

has a

contain a

may be

functionalities that

and enhance thermal properties. These functional groups can be

cyclopentyl, cyflohexyl, phenyl, etc.

Some POSS monomers

ABC hexagonal crystal structures. 63

7

are crystallizable and have

The

crystal

details

packing of space-filling

POSS monomers

is

shown

in

Figure

1.8.

More

on the monomer selection and the appropriate polymerization method will be

described in the following paragraph.

POSS Monomer
Crystal Structure

Space Filling Model
for

ABCA Hexgonal

POSS Monomer

Figure 1.8

Illustration

Packing

of Crystal Structures of

Polyhedral Oligomeric Silsesquioxane (POSS).

Waddon and

Due

Coughlin. Chem. Mater. 2003, 15, 4555.

to possible side reactions

between a

POSS monomer and

ionic polymerizations are not suitable for the polymerization of POSS

a controlled radical polymerization

is

ionic species, living

monomers. Thus,

desired to generate POSS-containing polymers.

For the radical polymerization of POSS monomers, the methacrylate functionality was
selected to be the polymerization handle.

8

Figure 1.9

Illustration

of Chemical Structures of

Methacrylate Polyhedral Oligomeric Silsesquioxane
with isobutyl side groups (MAPOSS(isobutyl)).

Shown

in

Figure

1.9,

Methacrylate

POSS monomer,

(MAPOSS(isobutyl)), was chosen due to
tetrahydrofuran

(THF) and

its

with seven isobutyl functionalities

high solubility in organic solvents such as

toluene. In addition, as will be discussed later,

MAPOSS(isobutyl) showed rapid

crystallization

which may promote block copolymer

self-assembly. Figure 1.10 illustrates the structure of MAPOSS(isobutyl)

crystal structures

of thin

films.

9

monomer

AFM 50um x 50um (Height)

20 fjm

Other crystal structure observed (Optical

Micrograph)

Figure 1.10

Illustration

of MAPOSS with Isobutyl

Functionality in Thin Film. Well-defined crystal structures

were observed immediately
fast crystallization

groups. (Top)

after spin coating, indicating

of MAPOSS with isobutyl side

AFM of crystal

structures;

(Bottom) Optical micrograph of other structures.

10

Atom-Transfer Radical Polymerization (ATRP) was used
its

suitability

initiation

and simplicity.

"

in this

work because of

The general mechanism of ATRP with some

and propagation steps are shown

details

of the

Figures 1.11.

in

General Mechanism

R

X

Y
Y

R-X =

Alkylhalide initiator or halide endcapped-oligomer/polymer
Mt" = Metal/Stabilizing agent complex with metal oxidative state n

R = Alkyl

radical

= Rate of activation
k dcacl = Rate of deactivation
k, d = Rate of monomer addition
k act

Figure 1.11 General mechanism of Atom-Transfer Radical
Polymerization

(ATRP) which

illustrates the interplay

between the redox chemistry of the
and the radical species.
Matyjaszewski

et al.

catalytic metal

complex

Macromolecules 1998, 31, 4710.

Important factors that affect the polydispersity index (PDI) of ATRP-made

polymer are considered

in

Figure

1.12.

An ATRP

system contains alkyl halide as an

initiator, metalhalide/stabilizing

agent complexes, monomers, and sometimes solvents.

The

by the

reaction process

is

initiated

transfer of the halide

1

1

from the alkylhalide

initiator

to the metal/stabilizing agent

complex, resulting

in

an alkyl radical which can

initiate

polymerization.

The unique

character of ATRP appears in the next step where the halide from

metal/stabilizing agent

complex

is

transferred back to the propagating radical species,

dormant species which will not propagate

resulting in halide-endcapped

until the halide is

again transferred back to the metal complex.

1

P n -P m + excess

CuX 2 /L n

Polydispersity Index (PDI)

M w/M

n

= 1+

(k [R-X] 0 /k d [Cu"Br 2 ])([2/p]-l)

Where

p

kp

~

rate constant

of propagation

kd

~

rate constant

of deactivation

~

rate

k,

[R-X] 0 ~

of termination
initial

concentration of initiator

[Cu"Br2 ] ~ concentration of deactivator
p ~ conversion of monomer

Figure 1.12 Radical Coupling and Polydispersity
Matyjaszewski

The

et al.

transfer of halide from/to metal

in

ATRP.

Macromolecules 1998, 31, 4710.

complex

results in a dramatic reduction

of the overall

concentration of the propagating radicals. Reduction of the concentration of radicals

lowers the rate of termination

(e.g. radical

coupling) significantly. Radical coupling

12

is

undesirable because

it

gives rise to polymer or oligomer chains with permanently

unreactive ends that will no longer participate in the propagation step or halide transfer.

When
radical

the radical self-coupling

is

prevented

polymer or oligomer chains

monomers

instead.

ATRP results

in a

low radical-concentration

will continue to propagate

in

solution, the

by reacting with unreacted

halide-endcapped polymer that can act as a

'macroinitiator'. Reactivation of these macroinitiators in the presence of a different

monomer

copolymer with two chemically

will give rise to a block

control of the kinetics in the synthesis of the

first

distinct blocks.

block and chain extension will result in

a controlled size and chemical compositions in the resulting block copolymer.

1>
(A) m -MB) n

Micro-Phase
Separation

4

1

0.1

1

0.3

1

1

0.4

Figure 1.13 Block Copolymer Nanostructures.

The block copolymer morphologies vary
with volume fractions, f = volume fraction
of one of the blocks.

13

The

Organic-Inorganic Hybrid Block Copolymer Approach to Generate Nano-

Templated Surface with Height Modulation
There has been a significant amount of theoretical and experimental research on
the bulk and thin film properties of block copolymers.

43 " 51

The micro-phase separation of

block copolymers results in ordered morphologies comprised of nanoscopic spherical,
cylindrical, or lamellar

illustrated in

domains depending on the volume

fraction of the

components

Figure 1.13) and the molecular weights of the blocks dictate the

phase diagram of a block copolymer

is

shown

in

Figure

43

1.14,

size.

including the order-

disorder transition which separates the phase-mixed state (one-phase state) from the

micro phase-separated

state.

Block Copolymer Phase Diagram

Figure 1.14 Phase diagram and order-disorder transitions of
diblock copolymers:

N=

interaction parameter; f =

block;

DIS = disordered

degree of polymerization; %

volume

state;

Q = bicontinuous structure; H

fraction

=

of one of the

CPS = closed-packing sphere;
= hexagonal structure, L =

lamellar structure. Image reproduced from Bates, F.S.;

Fredrickson, G.H. Physics Today 1999, February, 32.

14

(as

The

Controlling the chemical composition and molecular weight of the block

copolymers allows control of morphologies and size of the block copolymer
nanostructurcs in the bulk. However, to generate useful templates for nanofabrication

from these materials, control over the orientation and
nanostructures

interactions.

orient the

the

47

is

also required

lateral

ordering of the

which depends strongly on surface and

In thin films, the interaction

interfacial

between the blocks and the substrates

will

nanodomains. With preferential interactions of the blocks with the substrate,

nanodomains align

discrete height

parallel to the surface

which

results in topographic features with a

on the film surface given by the repeat period of the copolymer.

Figures 1.15 and 1.16

illustrate the

concept of preferential interaction

in

47, 48

block copolymer

systems.

I

Figure 1.15 Block Copolymer Nanostructure
with Lamellar Morphology. The structure

by

its

bulk long period spacing,

is

defined

d,.

A lamellar microdomain morphology, with a characteristic repeat period di, is
chosen for the

illustration.

As can be seen from Figure

1.16, the film thickness before

annealing greatly influences the surface topographies of the resulting annealed films.

The formation of isolate

islands, interconnected islands, holes,

15

and

flat

47

surfaces can be

observed. These topographies are

at

microscopic length scale with step heights given by

the long period of the morphology.

Thin Film

1
.

t

<

Substrate

f A
B

I

L~dl

A

*•

L,

B

Substrate

t

= nL

or (n+l/2)L

L~dl

% B
B
Substrate

t/nLor (n+l/2)L
1.16 Thin Film with Preferential Interaction.

(Top) Disordered nanodomains are apparent
after the film

When the
the block

is

spun onto a substrate. (Middle)

film thickness

(t) is

commensurable with

copolymer long period spacing

(L), flat

surface appears after annealing. (Bottom) if the
film thickness

is

incommensurable with the

long period spacing, topographies
surface.

These topographies

may

inter-connected islands, or hole, n

16

show up

at the

be isolated islands,

=

integer.

In the case of nonprefcrcntial interaction,

preferentially with the surface, the

rise to

two blocks

nanodomains aligned perpendicular

nonprcfcrcntially to the

detail the

two blocks

is

when

neither of the blocks interacts

will align parallel to the surface, giving

to the surface.

A surface that

called a neutral surface.

73

interacts

Figures 1.17 and 1.18

concept of nonpreferential interaction.

Lamellar Morphology

L~d,
I

I

Norma 1/Vertical
Cylindrical Stacks

Figure 1.17 Lamellar Block Copolymers on Thin Film with NonPreferential Interaction.

When neither of the

blocks interacts

polymer chains lie parallel to the
nanodomains aligning perpendicular,

preferentially with the surface,
substrate, allowing the

dl

= long period spacing

in bulk,

L = long period spacing

in thin film.

Block copolymers with lamellar and cylindrical morphologies are used for
illustration.

Shown

in these figures,

this

alignment of the block copolymer chains

at

the

air/polymer or polymer/substrate interfaces effect the orientation of the nanodomain.
Nonpreferential interaction allows the block copolymer chains to align parallel to the

interfaces, resulting in

nanodomains aligning perpendicular

both phases can be observed

at the interfaces.

17

to the interfaces. Therefore,

Cylindrical

Morphology

Neutral Surface

Normal/Vertical
Cylindrical Stacks

Figure 1.18 Cylindrical Block Copolymers on
Thin Film with Non-Preferential Interaction,
dl

= bulk long period

spacing,

L=

thin

film long period spacing.

Thesis Organization

The questions being asked
block copolymers be

made with

in this thesis are:

can poly (POSS (isobutyl)-Z)-MMA)

control over shape and size,

is

preferential interactions

possible in this block copolymer system? If so, can variation in the film thickness result

in

formation of island and holes instead of mixed-orientation?

interactions be balanced?

into a

Can

interfacial

How can the resulting hybrid nanotemplates be transformed

complete surface of SiO x while maintaining the surfaces' topographies. These are

addressed in the following chapters. The syntheses of block copolymers and their
surface-induced orientation can be found in Chapter 2 which

is

entitled "Inorganic-

Organic Hybrid Nanotemplates from Surface-Induced Orientation of Poly (Methacrylate

POSS

(isobutyl)-/>-Methylmethacrylate))."

18

Chapcr

3, entitled

"Silicon Dioxide Nanotemplates from Inorganic-Organic Hybrid Poly

(POSS (isobutyl)-/)-MMA)

thin films, discusses the transformation of the hybrid

templates into the SiO: counterparts. Chapter 4, entitled "Observation on the Dewetting

of Thin PS Films on Templated Surfaces," shows and discusses the effects of
nanotopographies on the

stabilities

of thin polymeric liquid films. The results from these

chapters are summarized in Chapter

5.
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CHAPTER 2
INORGANIC-ORGANIC HYBRID NANOTEMPLATES FROM SURFACE-

INDUCED ORIENTATION OF POLY (METHACRYLATE POSS (ISOBUTYL)B-METHACRYLATE))
Introduction
Surfaces with nanoscopic topographies have a broad range of applications.

1

Via

top-down or bottom-up approaches, well-defined nanostructured surfaces may be
generated.

2 3
'

i

•

i

•

•

Surface-induced orientation of block copolymers

nanofabrication.

4"

1

If,

to

2 '3

The generation of inorganic

such as Si02, has required the combination of both a bottom-up approach with

The topographies of the

"

subsequent chemical modification.
structures

one approach

block-copolymer-based nanoporous templates have

In recent years,

been used as templates for inorganic nanostructures.
structures,

is

resulting inorganic

were controlled and limited by the templating of cylindrical nanoporous

though, an inorganic constituent

is

films.

incorporated into the block copolymer, micro-phase

separation will produce inorganic-organic hybrid nanostructures.

The

selective

elimination of the organic domain will produce an all-inorganic nanostructure.

Our

effort

has focused on a bottom-up approach to generate inorganic-organic hybrid nanostructures

by incorporating inorganic constituents
Here,

I

into block copolymers.

describe the syntheses, characterization, and thin film studies of poly

(POSS-6-MMA)

block copolymer nanostructures. The inorganic domain, polyhedral

oligomeric silsesquioxane (POSS),

1

23

was chosen based on

transform into surface-functionalizable Si02.

24-29

POSS

potential to chemically

has a cubic core structure

composed of a siloxane (O-Si-O) along each edge (Scheme

24

its

2.

1 ).

At only one of its

corners, the cube contains a handle for polymerization, including methacrylate or styrene,

for example.

The remaining seven corners

are inactive to polymerization but can be

functionalized to promote solubility or enhance thermal properties of the

showing higher temperatures

at

which they degrade. Such functional groups include

POSS monomers

cyclopentyl, cyclohexyl and phenyl. These

ABC

hexagonal crystal structures.

POSS, atom-transfer
al.,

15

are crystallizable and have

For the synthesis of block copolymers containing

radical polymerization

was used because of its

POSS by

suitability

(ATRP),

30 34

developed by Matyjaszewski

et

and simplicity.

Block copolymers have attracted much attention since nanostructures with welldefined morphologies and sizes can be obtained by self-assembly.

significant

34 " 37

There has been a

amount of theoretical and experimental research on bulk and

block copolymers.

11

'

35

The micro-phase separation of block copolymers

thin films of

results in

ordered morphologies comprised of nanoscopic spherical, cylindrical, or lamellar

microdomains depending on the volume fraction of each component. The molecular
weights of the blocks dictate the size of the domain. Their morphology diagram, includes
an order-disorder transition which separates the phase-mixed

from the micro phase-separated

34

state.

However,

copolymer-based nanostructures

rise to control

control over the thin film behavior of the nanostructures

in a thin film

interactions of the blocks of the

state,

of morphologies and

in the bulk.

to generate useful templates for nanofabrication

of a block copolymer

one-phase

Therefore, controlling the chemical composition

and molecular weight of the block copolymers gives
sizes of the block

state, or

is

from these materials,

also required.

The

orientation

supported by a solid substrate depends strongly on the

copolymer with the substrate and

25

their surface energies.

3"

6

The

substrate surface can be chemically modified to vary the interfacial energies and,

thus, interactions with the block copolymer.

copolymers where

A

Here, using POSS-based block

interfacial interactions are controlled, a route is

shown

to generate

silica-based nanoscopic structures via a fully thermal process.

Experimental
Materials
3-(3,5,7,9, 11,13,1 5-hepta(R)pentacyclo[9.5.

propyl methacrylate

Copper

received.

(MAPOSS

(I)

bromide, copper

and ethyl 2-bromoisobutylrate,
sections,

(all

(I)

7J3

5 15
'

.

.

.

l

distilled

Aldrich) was

vacuum

chloride, all

amine

stabilizing agents (ligands),

from Aldrich) were used as received. In the following

form calcium hydride before
distilled

]octasiloxane- 1 -yl)

Hybrid Plastics and Aldrich) was used as

PMDETA stands for pentamethyl diethylene triamine.

was vacuum

r-MMA)

(isobutyl);

39
1

use.

Tetrahydrofuran (THF)

Methyl methacrylate

(MMA;

from calcium hydride. Random brushes of poly (styrene-

and poly (styrene-r-bromostyrene) were provided by Hawker

synthesis and characterization of these

modification were reported elsewhere.

random brushes and

40

et al.

The

their use in surface

39 "40

Instrumentation

*H

NMR analysis was performed with 300 MHz Bruker-Spectrospin using Xwin-

NMR version 2.6.

Size exclusion chromatography (SEC) was performed in

tetrahydrofuran using Hewlett Packard Series 1050

Columns (Polymer

Laboratories,

gel

5um MIXED, 5um MEXED-D,

calibrated vs. polystyrene standards

(TGA) was performed using

pump, PL

5um MIXED-D
and 5 um/50 angstrom)

from Polymer Source. Thermogravimetric Analysis

TGA 2950 Thermogravimetric Analysis by DuPont

26

Instrument with scanning rate of 10 °C/min. Transition temperatures were studied using

DSC

2910, Differential Scanning Calorimeter (DSC), by DuPont Instrument with

scanning rate of 10°C/min. Both thermal analyses were conducted under nitrogen
atmosphere. The investigation of the topography of the thin films was performed by

scanning force microscopy (SFM; Digital Instrument, Dimension

Nanoscope
were

® Ilia version 5.12r3

collected.

TM

3100) using

software. In the tapping mode, height and phase images

Film thickness was measured using

SFM by scanning across razor blade

scratches on the film. Surface analyses were performed

by X-ray Photoelectron

Spectroscopy (XPS; Physical Electronics, Quantum 2000, Scanning

ESCA

Microscope),

and Dynamics Contact Angle respectively. Grazing Incident Small Angle X-ray
Scattering

(GISAX) was performed on beam

Source (NSLS)

at

line

X22b

at

National Synchrotron Light

Brookhaven National Laboratory.

Thin Film Preparation and Characterization
Silicon wafers were cleaned

Jet)

by flushing with compressed carbon dioxide (Snow

and treating with oxygen plasma prior

solutions of block

copolymer

to use.

Thin films were prepared from

in toluene with specified concentrations.

The

solution

was

spun onto cleaned silicon substrates using a spin coater. Film thickness was controlled

by adjusting
performed

the solution concentration

in a

vacuum oven

and the spinning speed. Annealing was

at a specified

temperature.

Atom-Transfer Radical Polymerization of Methacrylate

POSS

with Isobutyl

Peripheral Groups

Homo-polymerization of MAPOSS described
catalyst,

in this project

employed CuCl

as a

PMDETA as a stabilizing agent, and ethyl 2-bromoisobutyrate as an initiator.

27

Theoretical

number of subunit

in a

polymer could be calculated from

[Monomer]/[Initiator]. However, exact

numbers of subunit and thus the absolute

molecular weights of these polymers was not possible by *H

from

and

initiators)

(isobutyl)

is

MALDI-TOF. A homopolymerization

given as a representative example.

stir

PMDETA (22.2

u.L, 0.

MAPOSS

stabilizing agent.

(1.0 ml)

remove the

at

50°C for 30

THF

catalysts

hrs, the reaction

10 minutes,

catalyst

and

overnight.

The crude

yield

removed by Soxhlet

Fractionation using

THF

monomer

was cooled

to

room

and stabilizing agent. The colorless and transparent dilute

vacuum

product

and

and passed through an activated neutral alumina

was concentrated by evaporation and

eliminate the

(0.5 ml),

mmol), ethyl 2-bromoisobutyrate (15.55 uL, 0.1.06

solution

residues were

stirred for

flask

Three freeze-pump-thaw cycles were then performed to remove

temperature and diluted wtih

to

MAPOSS

THF

were added to the dark green solution of the

oxygen. After polymerization

column

reaction of

To an oven-dried 10 ml Schlenk

106 mmol). After the mixture was

(isobutyl) (1.00 g, 1.06

mmol) and THF

NMR (unresolved signals

bar were added Cu(I)Cl (10.5 mg, 0.106 mmol),

with a magnetic

Xn =

was 90-99%

for the

homopolymerization.

Monomer

extraction in methanol or acetonitrile for 5 days.

as a solvent

residues.

precipitated in methanol and dried under

and methanol as a non-solvent was a quick way

However,

this

approach results

in a large

to

(-30%)

loss.

PMAPOSS (isobutyl) using ethyl 2-bromoisobutyrate as

NMR (CDC1

3)

5 0.616 (br

s),

These homopolymers showed

0.972 (br

limits in

s),

1.72 (br

s),

1

.86 (br

s),

an

initiator:

3.76 (br

s),

1H

3.86 (br

s).

molecular weights (10.0 kg/mole and 6.7 kg/mole

28

from

GPC

PMMA

with PS and

determined by

GPC was

1

Standards, respectively). Polydispersity Index (PDI)

.06.

Syntheses and Characterization of Poly

(MAPOSS

(isobutyl)-A-MMA)

Three diblock copolymers (Diblock 1-3) were synthesized by chain extension of

PMAPOSS

(isobutyl) macroinitiators in the presence of

reaction, the

PMAPOSS

(isobutyl) macroinitiator

MM A by ATRP.

was assumed

to

ul,

1:

Cu(I)Cl (13.64 mg, 0.138 mmol),

PMAPOSS
THF

22

room

(isobutyl) (1.378 g, 0.1378

hrs.

The

(0.30 ml), and

PMDETA

mmol),

MMA (1.378 g,

1.472 ml, 13.76

mmol)

reaction flask

was then placed

in

an

oil

bath

at

50 °C

Product precipitation was observed after 4 hours. The reaction was cooled to

temperature, diluted with 2

dried under

vacuum

homopolymers from
at

THF

(0.70 ml) were added sequentially to the solution. Three freeze-pump-thaw

aluminum column. The

ml)

in the

After 10 minute of stirring, monofunctional

stir bar.

cycles were then performed.

for

described

of

0.276 mmol) were added sequentially to an oven-dried 10 ml Schlenk flask

equipped with a magnetic

and

is

n

and discussions.

Diblock
(57.54

M

have an absolute

10 kg/mole. Determination of the molar ratio between the two blocks

results

In each

at

was then concentrated and

room temperature

To remove

overnight, filtered and dried under

NMR (CDC1

3)

8 0.587 (br

(brs), 1.01 (brs), 1.22 (s), 1.44 (br

Molecular weight

overnight.

(M n as

s),

1.57

s,

16H,

(s),

CH2

),

activated neutral

precipitated in methanol and

the diblock copolymer, the crude product

room temperature

temperature. *H

solution

ml of THF and passed through an

the unreacted

was

stirred in

hexane (25

vacuum overnight

0.842 (br

s),

at

0.945 (br

1.75-2.15 (br m), 3.55 (brt, 3H),

room
s),

0965

CH3

).

discussed in the text) was 10K-b-15. IK. Polydispersity Index

29

(PDI) from

GPC

was

1

.30.

SAXS:

first-order

peak

(di)

~ 40 nm, second-order peak

(d2)

peak not present.

Diblock

2:

Cu(I)Br (14.72 mg, 0.103 mmol),

2,2'-dipyridyl (83.9

9.67

PMAPOSS

mmol) and THF

stir bar.

Purification

mmol),

reaction flask

Diblock

3:

(d2)

PMAPOSS

mmol) and THF

stir bar.

90 °C for 42 hours.

an

oil

bath

in the synthesis

SAXS:

first-order

of

peak

(0.30 ml), and 4,4'-dinonyl-

to

an oven-dried 10 ml

After 10 minute of stirring,

(isobutyl) (0.968 g, 0.0968

mmol),

MMA (0.280 g, 0.30 ml,

(0.70 ml) were added sequentially to the solution. Three freeze-

pump-thaw cycles were then performed. The
at

THF

mg, 0.205 mmol) were added sequentially

Schlenk flask equipped with a magnetic

monofunctional

in

peak ~ 12 nm.

Cu(I)Br (14.72 mg, 0.103 mmol),

2,2'-dipyridyl (83.9

1.03 ml,

observed during the polymerization.

and characterization were performed the same manner as

~ 24 nm, second-order peak

2.805

MMA (0.968 g,

was then placed

Diblockl. Molecular weight was 10K-6-9.2K, PDI was 1.31,
(di)

an oven-dried 10 ml

(0.70 ml) were added sequentially to the solution. Three freeze-

No precipitation was

90 °C for 23. 5h.

to

After 10 minute of stirring,

(isobutyl) (0.968 g, 0.0968

pump-thaw cycles were then performed. The
at

(0.30 ml), and 4,4'-dinonyl-

mg, 0.205 mmol) were added sequentially

Schlenk flask equipped with a magnetic
monofunctional

THF

No precipitation was

reaction flask

was then placed

an

oil

bath

observed during the polymerization.

Molecular weight was 10K-6-5.28K, PDI was 1.12, SAXS:

first-order

second-order peak (d2) peak not present.

Results and Discussions

Synthesis of Poly

in

(MAPOSS

30

(isobutyl)-A-MMA)

peak

(di)

~

18 nm,

Due

to possible side reactions

between a

POSS monomer and

ionic polymerizations are not suitable for a polymerization of

controlled radical polymerization

the radical polymerization of

to

is

POSS monomers,

(MAPOSS

POSS monomers.

Thus, a

desired to generate POSS-containing polymers. For

(isobutyl)),

methacrylate functionality was selected

POSS monomers,

be the polymerization handle. Methacrylate

isobutyl functionalities

ionic species, living

were chosen due

each with seven

to their

high solubility

in

organic solvents such as tetrahydrofuran (THF) and toluene.

Scheme

2.1 Generic

Scheme

Block Copolymer Synthesis.

for

POSS (isobutyl) was
Homopolymerized by ATRP using CuCl/PMDETA to get
First,

methacrylate-functionalized

chlorine-end capped

PMAPOSS

(isobutyl)

macro initiator.

After purification, chain extension of the macroinitiator,

ATRP in the presence of MM A, resulted in
poly (MAPOSS (isobutyl)-/>-MMA) block copolymer.
also

by

Catalyst complexes used in the chain extension reactions
are described for each diblock in the experimental section.

All diblocks used in this study were derived from chain

extension of PMAPOSS (isobutyl) with molecular weight of

approximately 10 kg/mo 1.

Hybrid inorganic-organic diblock copolymers were synthesized by sequential

monomer

addition

(Scheme

2.1).

The

of MAPOSS (isobutyl) which gave

synthetic strategies included,

PMAPOSS

31

first,

polymerization

(isobutyl) 'macroinitiators' with a halide

homopolymer

end-groups. After the
macroinitiator using

synthesis, chain extension of this halide end-capped

MMA as a second monomer was performed to generate inorganic-

organic hybrid block copolymers of type Poly

Table

2.1.

(MAPOSS-6-MMA).

Characterization for Diblock Copolymers

SAXS

PDP

Molecular

Diblock #

Peaks

Weight 3

Glass

Decomposition

Transition

Temperature

Temperature

(Tj)'

<v

40nm/not

1

10K-b-l5.1K

1.30

present

10K-b-9.2K

1.31

24nm/l 2nm

10K-b-5.28K

1.12

135 °C

175°C

N/A

N/A

N/A

N/A

2

3

1

8nm/not
present

a

Assuming

b

Using

that the

THF GPC

TGA (2% mass

PMAPOSS

were done on diblock

PMAPOSS

PMAPOSS

at

monomers

in the

(PMMA
at

Standard).

90 °C

in

H NMR was

from *H

NMR. The

32

Employing

either

THF, monofunctional

MMA.

After the

used to examine the incorporation of

second block. The mole fraction of

(isobutyl) could be calculated

and

(isobutyl) used in the synthesis of poly

(isobutyl) successfully initiated the polymerization of

!

DSC

only.

50 °C or Cu(I)Br/dinonylbipyridine

purification of the block copolymer,

the organic

1

(isobutyl)-6-MMA) was 10 kg/mole

Cu(I)/PMDETA

had M,, of 10 kg/mole.

with PS standard. Thermal characterizations by

loss)

All chlorine-end capped

(MAPOSS

(isobutyl) macroinitiattor

PMMA and PMAPOSS

methylene group from

MAPOSS

subunit, 8

t,

= 0.587

(br

s,

CH

16H,

2 ),

and methyl groups from

MMA subunits, 8 = 3.55 (br

3H, CH3), were used for molar fraction calculation. The olefinic region (8 = 5.5-6.2)

'H

NMR could be used to check if any monomer was

still left

in the

in

diblock product after

purification

Three poly

(MAPOSS

(isobutyl)-/?-MMA) block copolymers were synthesized

and characterized (Table 2.1) for the following thin film
of the macroinitiators was not known precisely,

it

studies.

was assumed

to

Since the absolute

M

n

be 10 kg/mole. The

block copolymers were characterized to have molecular weights of 10K-6-15.1K (PDI of
1.30), 10.0K-Zj-9.2K

(PDI of

1.30),

and 10.0K-6-5.28K (PDI of

1.12), respectively.

Thin Film Studies
Aligned block copolymer nanodomains give
topographies.

(MAPOSS

The

objective of this study

was

to

rise to

templates with different

examine the

thin film behavior of poly

(isobutyl)-Z>-MMA) block copolymers and control the microdomain

orientation. Specifically,

the blocks of the

it

was

desirable to control the interfacial interaction between

copolymer and the substrate and

to

make

preferentially, or nonpreferentially, with the substrate.

one of the blocks with the

substrate, the

the block copolymers interact

With

microdomains orient

preferential interactions of

parallel to the surface

which can generate discrete topographic features on the film surface whose height
given by the repeat period of the copolymer.
interconnected islands, holes, and

flat

3"

1

The formation of isolated

surfaces can be observed.

33

3 "4

islands,

is

Figure 2.1 Surface analysis of poly

Diblock 2 spin-coated on

Si

(MAPOSS

wafer covered with 90/10 by volume

poly (styrene-r-MMA) random brush.

image

(a)

(isobutyl)-6-MMA)

SFM

25

um

x 25

revealed interconnected-island formation.

seen from the phase image

(b), the

um height

As can be

template was covered with

one phase (one of the block copolymer domain),

(c)

Surface plot,

SFM 5 um x 5 um height, revealed that the edges of the islands
were not perfectly sharp. Scanning across these islands and
holes (d) resulted in step heights of 24 nm which was comparable
the bulk long period of the diblock.

Rough model

alignment of the nanodomains in thin films. Note that
illustrates the

to

(e) illustrates

this

cartoon

surface-induced orientation of the block copolymer with

preferential interaction.

the polymer/air interface
in the cartoon, the

The
is

full

coverage of

PMMA layer at

omitted for simplicity.

As drawn

PMMA and PMAPOSS blocks are

perpendicular to the substrate, while the nanodomains are parallel.

Poly

(MAPOSS

(isobutyl)-^-MMA) block copolymer (Diblock 2) with molecular

weight of 10.0K-6-9.2K was used.
materials

showed

that the block

First-

and second- order

SAXS

reflections

on bulk

copolymer had a lamellar morphology with long period

of 24 nm. The appearance of the second-order peak showed that the thicknesses of the

34

lamellae were not equal. For simplicity the block copolymer with a lamellar

microdomain morphology was used
thick films

to investigate surface-induced orientation.

were prepared by spin coating

block copolymer

in toluene

3500 rpm a 3.0% (mass/mass) solution of the

at

onto plain or chemically modified silicon substrates. After

spin coating and drying under

vacuum

at

room temperature,

surface appeared smooth and featureless as indicated

From thermal

55 nm-

by

the block

SFM

copolymer film

and optical microscopy.

analysis (Table 2.1), the block copolymer

showed

a glass transition

temperature (Tg ) of 130 °C and decomposition temperature (Tj) of 175 °C. Annealing

experiments were done under vacuum

above

T g should

at

1

50 °C for 72 hours. Annealing the sample

allow the block copolymer to assumed an equilibrium orientation.

silicon substrate, chemically modified with poly

of styrene,

SFM

studies

showed

that the surface

well-defined height (Figure 2.1).

2.1a

and 2.1b) with

SFM

a step-height of 24

(styrene-r-MMA) with 90

showed an interconnected topography (Figures

nm

(Figure

2. Id),

the topographic transition

From

from island

the

comparable

to the

bulk long

copolymer nanodomains are

SFM result (Figure 2.1c),

to hole is not sharp.

This

it

can be seen that

may be due

to the

bending rigidity of the block copolymer nanodomains and the curvature of the

SFM tip.

Contact angle measurements on the film's surface with water yielded advancing and
receding angles (0 a/0r) of 75765°, close to the contact angle of

PMMA (0 A -109° for

PMAPOSS

PMMA was at the

(isobutyl) film's surface). Therefore,

air/polymer interface.

From

it

is

likely that

the surface analysis and thickness measurements, a

schematic for the block copolymer and nanodomain alignment can be deduced (Figure

35

a

% by volume

of the film had topographic features of

period, across the film surface. This indicates that block

oriented parallel to the surface.

On

2.1e).

In the model, the

PMAPOSS

(isobutyl)

domain

interacted preferentially with the

substrate.

Nonpreferential Interaction
In the case of nonpreferential interactions,

preferentially with the surface, the

rise to

when

two blocks should

nanodomains aligned normal

to the surface.

topography on a microscopic length scale but rather a
surface structures influenced

(MAPOSS

by

Consequently, there

lateral

2,

is

no surface

nanoscopic topography with

The same poly

10.0K-6-9.20K) was cast onto a silicon

% by

was chemically modified with poly (styrene-r-bromostyrene) with 40

volume of styrene. After drying

at

room temperature under vacuum

mode showed

A

Fourier transform of the phase image (Figure

2.2b Inset) showed a ring corresponding to a distance of 25

POSS domains

in the

surface structures with a characteristic length scale of several

nanometers (Figures 2.2a and 2.2b).

bulk long period of 24

for 12 hours, the

A more detailed analysis using SFM

surface of the film appeared featureless.

tapping

align parallel to the surface, giving

the long period of the block copolymer.

(isobutyl)-6-MMA) (Diblock

substrate that

neither blocks interacts

nm

determined by

are at the surface,

and

SAXS. This

that the

perpendicular to the air/polymer interface.

36

nm that

is

comparable

suggests that both the

copolymer nanodomains align

to the

PMMA and

L = 25 nm ~

d]

Figure 2.2 Poly (MAPOSS (isobutyl)-6-MMA) lamellar block copolymer
on Si wafer covered with 40/60 by volume poly (styrene-r-bromostyrene).
AFM 500 nm x 500 nm height (a) revealed nearly flat surface, while the
phase image (b) revealed phase contrast with FFT (inset) of a ring that
corresponds to 25 nm which is comparable to the bulk long period of the
diblock. c)

Model

illustrates

surface-induced orientation of the diblock in

the film. For thin film with non-preferential interaction, the blocks are
parallel to the substrates, while the

Given

that the

nanodomains are perpendicular.

block copolymer showed the formation of islands and holes

(preferential interactions)

on many other chemically modified

likely that poly (styrene-r-bromostyrene) with

40

it

is

% styrene provides a surface with

balanced interfacial interactions. The model, shown

37

silicon substrates,

in

Figure 2.2c was constructed

to

explain the surface analysis data.

interaction

was

From

this,

also possible in this block

it

could be summarized that non-preferential

copolymer

thin film system.

Formation of Islands and Holes
Commensurability between the film thickness and the period of the block

copolymer microdomain morphology also contributes

microdomain

1

In general,

in thin films.

when

of the

to the orientation

the film thickness

is

not commensurate

with the long period of the block copolymer, the block copolymer film shows the
"

formation of islands and holes after annealing.

nm

28

(1)

32

(2)

50um
36

(4)

nm

45

nm

40

(5)

nm

47

(8)

nm

(6)

3. 1-9)

42

nm

50fim
(9)

50um

Figure 2.3 Island and hole formation

nm

34

50um

50um

50um

(isobutyl)-Zj-MMA) diblock

(3)

50um

50um
(7)

nm

in thin films

50

nm

50um
of poly

(MAPOSS

Optical micrographs of thin films with

varied film thickness (shown on the upper right on each image) ranging from

28

nm

to

50 nm. Isolated islands, present for the 28-nm thick

film, started to

elongate, then merged, and formed a flat surface as the films got thicker.

emerged again. All topographies showed
which were comparable to bulk long period of the

Finally, isolated islands (9)

heights

of ~

18

nm

diblock.
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step

It

would be

interesting to see

whether poly

(MAPOSS

(isobutyl)-/?-MMA) block

copolymer forms such topographies as the film thickness
experiment was done with another poly

(Diblock
in

SAXS,

3,

but the second-order peak

to

was

absent.

The following

(isobutyl)-/?-MMA) block copolymer

10.0K-/7-5.28K). This block copolymer

spin coated onto silicon substrates

down

(MAPOSS

varies.

showed

nm

a first-order peak at 18

Thin films of the block copolymer were

where the thickness of the films ranged from 50

nm

28 nm. (Sample #1, film thickness before annealing 28 nm; #2, 32 nm, #3, 34

nm, #4, 36 nm, #5, 40 nm, #6, 42 nm, #7, 45 nm, #8, 47 nm, #9, 50 nm). After annealing
the films at

1

50 °C for 72 hours, these samples were quenched

to

room temperature and

analyzed with an optical microscope. Results showed that the thickness did affect the
topographies of the films.

As shown

in

Figure

2.3, the topographies varied

islands to interconnected islands to small holes to large holes to flat

isolated islands again as the film thickness

(darker region)

was calculated using Image

was changed. The area
J

and found

step height of each template could be obtained

can be summarized
19.99

%, 19 nm;

%,19 nm;

as:

%, 19 nm;

%, 17 nm;

#4, 31.88

#8, 99.25

and a variation

%, 19 nm;

%, 14 nm;

equilibrium structures of the islands and holes.

(MAPOSS

to

fraction of the island

to vary with film thickness.

by SFM. The area

hypothesized that the smaller step heights in the

poly

and back again

The

fraction and step height

sample #1, island area fraction 16.05 %, step height 19 nm; #2,

#3, 26.88

#7, 68.27

from isolated

#5, 45.87

#9, 26.13

last three

From

%, 19 nm;

%, 14 nm.

It

#6, 51.29

was

samples resulted from non-

these results,

we can conclude

that

(isobutyl)-6-MMA) exhibits preferential interactions with the substrate

in the

topography as the film thickness changes.
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Thin Film study of Poly

(MAPOSS

(isobutyl)-A-MMA)

with Cylindrical Morphology

The block copolymers having

cylindrical

microdomain morphologies have been

used in several nanotechnological applications, including templates for lithography and

magnetic storage devices.

1

'

2 12
'

In this investigation, poly

molecular weight of 10K-6-15.1K, Diblock

copolymer showed a

first-order

peak

resolved. Thin film studies later

at

1,

(POSS (isobutyl)-6-MMA) with

was used. From SAXS,

the block

40 nm. The second-order peak was not

showed

that

it

clearly

had a cylindrical microdomain

morphology.
Films of the hybrid block copolymer were spin coated from a 3.0% solution in
toluene at 3500

rpm onto

that these films

were 55

°C

for

72

hrs.

On

nm

2.4b)

in

thick.

Under vacuum,

a phase contrast between the

at,

SFM

analysis, both the

SFM phase

40 nm, comparable

image (Figure

two blocks. For the phase contrast
and

to

be

PMMA microdomains must be

was confirmed by XPS (Figure

2.4c).

Fast Fourier

image (Figure 2.4b Inset) yielded a ring corresponding

to the bulk long period as

also suggested that there

SFM phase

micodomains of the block copolymer

PMAPOSS

or near, the surface. This

Transform of the

was found

styrene, a film of the hybrid diblock had the topographies

indicating a difference in the moduli of the

detected by

it

the samples were then annealed at 150

Figures 2.4a and 2.4b, as revealed by SFM. The

showed

located

scanning across scratches,

the substrate modified with hydroxy-endcapped poly (styrene-r-MMA)

random brushes with 30%

shown

By

silicon substrates.

to

measured by SAXS. The phase contrast

was an alignment of the block copolymer microdomains

to the surface near the air/polymer interface.

40

parallel

J'

-0

1

0

05
<7„

Figure 2.4 Thin film morphology of poly

(A'

0 05
1
)

(MAPOSS

on Si wafer covered with
30/70 by volume poly (styrene-r-MMA) random brush.

(isobutyl)-ft-MMA) Diblock

a)

AFM

1

u.m x

1

1

u.m height revealed a nearly

flat

surface.

image revealed phase contrast.
on the FFT of the phase image (Inset)
corresponded to a distance of 40 nm which was
comparable to the bulk long period of the diblock. c)
Survey scan by XPS of the diblock template from shown
in a) and b). The analysis revealed the presence of carbon,

b) Corresponding phase

The

ring observed

silicon,

of

1°

and oxygen, d)

GISAXS

of the thin film shown

parallel to

qz suggested

in a)

profiles at incident angle

and

b).

The long

that nanostructures aligned

perpenducular to the substrate.

41

streak

0

It

was thus possible

that the template contained either parallel cylinders or perpendicular

lamellae (similar to a model illustrated in Figure 2.2c) on the top. If the topographies

were caused by perpendicular lamellae,

it

could be seen from the phase image that the

lamellae are asymmetric in sizes (the bright

domain

is

clearly larger than the dark

domain). However, the disappearance of the second-order peak in
suggested

different

that, if the

diblock had a lamellar morphology,

nanodomains are equal

it

SAXS

of Diblock

was symmetric

(the

1

two

in size).

However, the disappearance of islands and holes across the films together with
the lack of surface topographies with characteristic step heights at the edge region of the

film sample (where film thickness decreased to zero) suggested that the preferential

interaction,

which gives

rise to the parallel orientation

of the microdomains, did not occur

throughout the film body and different orientations of the microdomains existed within
the film. Grazing incident small angle x-ray scattering

films with similar thickness.

40 "45

(GISAXS) was performed on

Here, the incident X-ray

beam was

delivered onto the

film surface at shallow incidence angles and the scattering profiles were collected.

In the scattering profiles (Figure 2.4d), the long streaks along q z

the film surface) can be seen.

arises

there

from the truncation of the structure

at the surface,

were nanodomains aligned perpendicular

the block

results

copolymer aligned

46

streaks, called

normal

Bragg

rods,

and strongly suggested

to the substrate.

Since

SFM

parallel to the substrate at the surface, then the

to

that

showed

that

GISAXS

demonstrate the presence of nanoscopic domains oriented normal to the surface,

terminating at the substrate.

250

The appearance of the long

(i.e.

nm UV to

To

support these conclusions, samples were irradiated with

selectively degrade the

PMMA segment of the hybrid copolymer.

42

d)
c)

L ~ d,~ 40 nm

Figure 2.5 Surface analysis of template of diblock

1

(as

shown

in

Figure 4) after UV/acetic erosion of the top layer.

AFM

1

(am x

1

um height

(a)

and phase

(b)

images revealed the

tops of cylindrical nanodomains. Fast Fourier Transform (FFT) of the

phase image (inset) showed a ring corresponded to a distance of 40

nm which was

comparable to

period of the diblock. c)

The analysis revealed

XPS

that

of the top layer and bulk long

survey scan of the eroded template.

the presence of carbon, silicon, and oxygen.

This implied that the top layer (as shown in Figure 4) and this
underlying layer contained similar type of polymers, d)

Model

template representing cylindrical nanodomains on thin film as

in a)

and b) with perpendicular orientation. For perpendicular orientation,
the blocks are parallel and the cylindrical
to the substrate, dl

= bulk long

period;

spacing.

43

domains are perpendicular

L=

thin film long period

Immersion of the

UV treated template into acetic acid and water (5

and 5 min,

respectively) allowed the degraded layers oriented parallel to the surface to be

from the template surface. Figure 2.5

copolymer

after

illustrates the surface analyses

UV/acetic acid washing. The

From

appearing as dots, or tops of cylinders.

SFM

of the block

scan showed nanoscopic features

SFM

this

removed

scan and previous results,

it

was

concluded that the template contained cylindrical microdomains oriented normal to the
substrate at the

bottom of the

template was 15

nm

film, but they

thick (55

nm before

were

any treatment). Fast Fourier Transform of these

topographies (Figure 2.5b Inset) showed a ring of 40 nm, similar to the

FFT

of the

topographies on the template before any treatment (Figures 2.4b Inset) which

comparable

to the

bulk long period. Chemical analysis of the surface by

2.5c) revealed a large

amount of carbon,

The

parallel to the surface at the top.

silicon,

XPS

and oxygen. This confirmed

is

also

(Figure
that the

underlying layer contained the hybrid block copolymer of similar structure and type, as

drawn

in the

From
interactions

model (Figure

2.5d).

the previous experiment, symmetric Diblock 2

on a

silicon substrate that

bromostyrene) having 40

was chemically modified with poly

% by volume of styrene.

orientation of the cylindrical

Diblock

on a

1

However,

it is

For Diblock

1,

was chemically

% by volume of styrene might be

possible that the nanostructures on the latter had not reached

their equilibrium orientation, since the mixed-orientation

barrier.

(styrene-r-

Therefore, the perpendicular

silicon substrate that

modified with poly (styrene-r-MMA) with 30
surprising.

showed non-preferential

the mix-orientation

highly reproducible) after annealing

at

1

might give

rise to a kinetic

on such surface was always observed

50 °C for 72

44

hrs.

(i.e.

Conclusions

ATRP has

been successfully applied

to

homopolymerize methacrylate-

functionalized Polyhedral Oligomeric Silsesquioxane

functionality, resulting in end-functionalized

polydispersity.

Homopolymers with

extensions of the

PMAPOSS

(POSS) with

PMAPOSS

isobutyl peripheral

(isobutyl) with

low

limited molecular weights were obtained. Chain

(isobutyl) macroinitiators gave rise to poly

(MAPOSS

(isobutyl)-6-MMA).

Thin film properties of poly

(MAPOSS

(isobutyl)-6-MMA) were also

investigated so as to control alignment of the block copolymer nanodomains.

A

surface-

induced orientation was found where a preferential interaction of one of the blocks was
achieved by a random brush modified substrate. The block copolymer also showed
formation of islands and holes with step height comparable to the long period of the

copolymer. The formation of islands and holes disappear

in the case

of poly (POSS

(isobutyl)-6-MMA) on silicon substrate chemically modified by poly (styrene-rbromostyrene) brushes with 40

% by volume of styrene.

Nanotemplates were generated

from the block copolymer with cylindrical morphology. The resulting templates included
parallel

and perpendicular cylindrical nanodomains with long periods of 40 nm.
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14.

CHAPTER 3
SILICON DIOXIDE NANOTEMPLATES

FROM INORGANIC-ORGANIC

HYBRID POLY (POSS (ISOBUTYL)-fl-MMA) THIN FILMS
Introduction
Surfaces with well-defined chemistries and topographies have a broad range of
1

applications,

since the chemistries and topographies influence interfacial properties of

these surfaces.

2

In recent years, block

copolymers have been utilized to generate

nanotemplates via both bottom-up and top-down approaches.

3

'

4

The micro-phase

separation of the copolymers results in nanostructures with differing morphologies and

length sizes depending on their chemical compositions and molecular weights.

films, the block

copolymers show surface-induced orientation which

topographic templates.

I

poly

5

results in

As

thin

nano-

6 " 14

have synthesized and examined thin film properties of inorganic-organic hybrid

(POSS (isobutyl)-^-MMA) block copolymers.

Silsesquioxane (POSS)

16 " 26

was

initially

potential to be transformed into Si02-

15

Polyhedral Oligomeric

incorporated into block copolymers due to their

27 " 29

From

the studies outlined in the previous

chapter, the copolymers microphase separate into nanostructures with different

morphologies and size depending on their chemical compositions and molecular weights.

These hybrid block copolymers showed surface-induced orientation
preferential

achieved.

in thin films

where

and nonpreferential interactions between the blocks and the substrates were

The

resulting nanotemplates had topographies that

orientation and morphologies.

49

depended on the domain

component and chemical transformation of

Selective degradation of the organic

the inorganic

domain may provide

to SiC>2 nanotemplates with topographies resembling

those of the original organic-inorganic hybrid templates.
structures can

be chemically modified due

the substrate surfaces.

The

to the presence

resulting silicon dioxide

of free silanol functionalities

at

30 32

In this chapter,

I

describe the investigation of the chemical transformation of these

inorganic-organic hybrid poly

silicon dioxide (SiO?).

I

(POSS (isobutyl)-£-MMA)

focus on the

structured thin films into

mechanism by which

the inorganic-organic hybrid

poly (POSS (isobutyl)-Z>-MMA) nanotemplates are transformed into SiC>2 nanotemplates
without a loss of topography, and on surface chemistries to modify the surface with

chemical functionalities.

Experimental
Materials

PMAPOSS

(isobutyl)

generated from poly

homopolymer and inorganic-organic hybrid nanotemplates

(POSS (isobutyl)-Z>-MMA) were used

characterization, and thin film studies of the

in this experiment.

copolymer can be found

in the

Synthesis,

previous

1

chapter.

Tridecafluoro- 1

,

1

,2,2,-tetrahydrooctyl) dimethylchlorosilane,

ClSi(CH3)2(CH2)2C6Fi3, (FDCS; Gelest, Inc.) was used as received.

Instrumentation
X-ray Photoelectron Spectroscopy (XPS) analysis was conducted on Quantum

2000 Scanning

ESCA Microprobe

performed with a Plasma

(Physical Electronics). Plasma treatment

Sterilizer (Harrick

PDC-001)

an oxygen pressure of 150 mTorr.

50

at the

was

High Setting of 29.6

W and

Thermal treatment was performed
air at

in a

high temperature furnace (1500 Thcrmolync)

375 °C. The temperature was ramped from room temperature

investigation of the topographies of the thin films

Microscopy (Digital Instrument, Dimension

at

in

25 °C/min. The

was performed using Atomic

force

TM 3 100) using Nanoscopc ® Ilia version

5.12r3 software.

Thin Film Preparation and Surface Modification
Silicon wafers were cleaned

Jet)

and exposure

thin films

oxygen plasma prior

to use.

PMAPOSS

were prepared from solutions of the polymer

concentrations.

By

to

by flushing with compressed carbon dioxide (Snow

The

solution

was spun onto cleaned

(isobutyl)

in toluene

homopolymer

with specified

silicon substrates

by a spin

coater.

adjusting the solution concentrations and the spinning rates, the film thickness could

be controlled. Film thickness was measured by scanning force microscope (SFM)
scratch in the film

in the tapping

made with

a razor blade. Surface analyses

were performed with

at a

SFM

mode, XPS, and dynamics contact angle measurements with water

respectively. Plasma- or thermally treated

using vapor phase

FDCS

at

homopolymer

70 °C for 72 hours.

thin films

were functionalized

30 " 32

Results and Discussions
In order to transform inorganic-organic hybrid Poly

(POSS (isobutyl)-6-MMA)

nanotemplates into their corresponding inorganic templates, plasma and thermal
treatments were chosen. In transforming the hybrid nanotemplates into Si0 2 the
,

component must be eroded and

the

PMAPOSS

domain must be transformed

PMMA

into glass.

The erosion of PMMA under plasma and thermal treatments was expected. However,
effect

of these treatments on the

PMAPOSS

domain was unknown.
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the

|1

50[

Sputtering Cycle

Number

Figure 3.1 Chemical Transformation of PMAPOSS (isobutyl) Homopolymer Thin
Film: Atomic Concentration Profile after Thermal Treatment.

The

substrate

commercially available silicon wafer. Inset figure represents the film's
structure

PMAPOSS

was a

final

and chemical composition. L = film thickness before the treatment.

homopolymer

thin films

were prepared and subsequentially plasma- and

thermally treated. In the thermal treatment, a high temperature furnace was chosen. The
heating

SiC>2.

was performed under

A temperature of 375

air

because oxygen was necessary

°C was selected

to

Si-0 bonds within POSS.
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decompose

in

transforming

POSS

to

PMMA without breaking O-

To determine

SFM

the structural and chemical changes during the transformation process,

XPS

and

(Si2p) are

were

known

to

utilized.

From

control experiments, the binding energies of silicon

be 100 eV, 102 eV, 104

PMAPOSS

(isobutyl), Plasma-treated

PMAPOSS

(isobutyl), respectively.

eV and 104 eV

PMAPOSS

As

the

(isobutyl)

for the silicon substrate,

and thermally-treated

number of oxygen molecules

increases, the

binding energies of Si increase.

C
o

o
c
o

u

Sputtering Cycle

Number

Figure 3.2 Chemical Transformation of PPOSS(Isobutyl) Homopolymer Thin Film:
Atomic Concentration Profile from Plasma Treatment. The substrate, a
commercially available silicon wafer, was not reached by the argon ion sputtering
gun. Insets (1) and (2) show the binding energies of Si2p in the film region from a to
b and from b down, respectively. Inset (3) represents the film's final structure and
chemical composition. L = film thickness before the treatment.
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Figure 3.3

model

(a)

& (b) Nanotemplate and corresponding

of parallel lamellar with step height (L)

before any treatment, (c)

model

& (d) Nanotemplate and

after thermal treatment with

L reduced

nm. (e) & (f) Nanotemplate and model
plasma treatment with L reduced to ~ 10 nm.
to

~

5

(a), (c),

and

(e) are

~ 24 nm

after

AFM height images 50umx50um.

Blue color represents Si0 2
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.

Thermal treatment

nm

thick

PMAPOSS

at

375°C

(isobutyl)

for

22 hours under

homopolymer

reduction in the film thickness.

The

air

film into

completely transformed a 150-

Si0 2 with approximately 70%
,

of an atomic concentration profile analysis as

results

a function of sputtering cycles are illustrated in Figure 3.1.

treatment completely eliminated nearly

3.1).

In addition, the ratio

PMAPOSS

(isobutyl)

between

all

silicon

silicon

was 104 eV, which

transformation into Si0 2

is

the

same

can be seen that thermal

of the carbon from the film sample (Figure

and oxygen became

had been transformed

energy profile (not shown) also revealed

It

into

2:1, suggesting that

Si0 2 under the treatment. The binding

that, after treatment, the

as that of Si in

binding energy of

Si0 2 confirming
,

the complete

.

Unlike the thermal treatment, plasma treatment only reduced the film thickness to

60%. At

the top surface, the film contained Si with a binding energy of 104

3.2, Inset 1)

which corresponded

to the binding

of Si

in

Si0 2

.

Deeper

eV

(Figure

into the film, the

binding energy of Si decreased to 102 eV. (Figure 3.2, Inset 2) which corresponds to the

binding energy of Si in
at this

PMAPOSS

(isobutyl).

value in a deeper film region.

From

The binding energy of Si stayed constant

these results,

it

could be seen that plasma

treatment transformed the top layer of PMAPOSS into Si0 2 but

underneath unaffected.
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left

the

PMAPOSS

Figure 3.4 Si0 2 nanotemplates of perpendicular cylindrical

nanodomains with interdistance (L) ~ 40 nm generated from the
hybrid template of similar topographies with plasma (a) and
thermal (b) treatments, (c) Si0 2 nanotemplate with parallel
cylindrical nanodomains with L ~ 40 nm generated from the
hybrid template of similar topographies with thermal treatments.

Si0 2 nanotemplates with L ~ 10

nm

from hybrid templates with

isolated islands (d), inter-connected islands (e), and holes

plasma treatment. All are
1.5um;

(c):

lum x lum;

AFM height
& (f):

(d), (e),
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(f),

after

images (a)&(b): 1.5um x
50

um x 50

um).

The inorganic-organic hybrid nanotemplates derived from poly

(MAPOSS

(isobutyl)-/>-MMA) with lamellar nanodomains on a silicon template modified by 90
(v/v) poly

substrate

(styrenc-r-MMA) with preferential interaction between

were used as an

particular template

which

is

initial

PMAPOSS

model template (Figures 3.3a and 3.3b).

15

%

and the

This

had a surface topography with holes having a step height of 24

nm

close to the bulk long period spacing of the block copolymer used in the

template preparation. In the transformation procedure, the hybrid templates went through

both plasma and thermal treatment with conditions similar to the ones used for treating

PMAPOSS

homopolymer

thin films described above. Surface analysis revealed that the

thermal treatment completely degraded the organic components within the nanostructured

While the topographic

films.

step height

were preserved

structures

was reduced from 24

nm to

5

nm

after the thermal treatment, the

(Figure 3.3c and 3.3d). In comparison to

the thermal treatment, plasma oxidation resulted in less reduction of the step height—from

24

nm

to 10

nm

(Figures 3.3e and

3.3f).

This implied that the plasma only reacted with

materials at the very top of the film, leaving the underlying materials untouched (Figure

3.3f).

This result was consistent with the observation in the plasma treatment of the

PMAPOSS

homopolymer

thin films described earlier.

A further chemical transformation was performed on the different hybrid
topographic templates. The transformation of hybrid templates generated from poly

(MAPOSS

(isobutyl)-Zj-MMA) with aligned cylindrical nanodomains was examined.

Hybrid templates with cylindrical microdomains, having a long period of 40 nm, oriented
normal

to the surface

were plasma- or thermally-treated. After transformations, the

topographies remained intact but with ~

70% reduction
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in film thickness.

Figure 3.4

shows templates with

cylindrical

nanodomains oriented normal

to the surface after

plasma (Figure 3.4a) and thermal (Figure 3.4b) treatments. For these two templates, the
thicknesses were reduced from

1

5

nm

to 3

nm

and 5 nm, respectively. The

transformation of the template with mixed-orientations was also possible. After the

thermal treatment, parallel cylindrical nanodomains remained intact for the most part

(Figure 3.4c) with the film thickness reduced from 55

Hybrid templates from our previous

studies,

intact.

islands, interconnected islands

Figures 3.4

(d)-(f)

to 13

nm.

which showed microscopic island

and hole formation, were also transformed. Similarly,
topographies remained

nm

after thermal treatment, the

show SiCh templates with

isolated

and holes, respectively. These topographies had a step

height of 10 nm.

Table

shown

3.1

Advancing and receding angles of Si0 2 nanotemplates
and after modification using FDCS.

in Figure 3.4 before

Si0 2 Template

0 A /9 R before
modification 3

6 A /9 R after
modification with

FDCS

a

3.4b

3°/0°

118° /92°

3.4c

5°/0°

130° /95°

3.4d

2°/0°

113°/95°

3.4e

2° /0°

113°/95°

3.4f

2°/0°

113°/95°

water droplets spread on

all

surfaces. 0 A

6 R = receding angle.
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= advancing

angle.

After transforming

OH

PMAPOSS

(silanol functionalities)

alcohols.

A

(isobutyl), the surface

which could be used

of SiC>2 should contain

for reactions with chlorosilanes

Si-

and

monochlorosilane, ClSi(CH3)2(CH2)2C6F|3 (FDCS), was selected for the

reaction due to the established surface chemistry, case of reaction, and robust nature of

the modification.

PMAPOSS

30 32

Prior to the surface modification, thermally or plasma treated

(isobutyl) films

showed advancing and receding water contact angles

of 7°/2° and 9°/2°, respectively. After the surface modification with

FDCS,

(6 a /0r)

the contacts

angles increased to 91°/78° and 97°/83°, respectively. These results demonstrated that

silanol functionalities

The

SiC>2

were present on the resulting

SiC>2 surfaces.

nanotemplates shown in Figures 3.4 (b)-(f) from thermal treatment

were also modified by FDCS. The contact angles of water before and
modification are summarized in Table 3.1.

after the

As shown, both advancing and receding

contact angles were increased dramatically for

all

samples after modification. While the

increases in contact angles on template 3.4b can be attributed to the presence of

hydrophobic fluorinated alkane chains of FDCS, the resulting large hysteresis (6a-0r)
increase,

nm

compared

in height

to the flat surface,

with 40

nm

30 " 31

may be

attributed to the nanoscopic posts (5

inter-distance). After surface modification, template 3.4c

resulted in an even larger increase in the contact angles and hysteresis.

increases can be attributed to the taller nanotopographic structures

( 1

3

These larger

nm) and

this

template was more rough than template 3.4b. The alignment of the cylindrical

microdomains may also play a

role in the difference

these two templates. In contrast,

between the wetting properties of

FDCS-modified templates with

island and hole

formation (3.4d-3.4f) resulted in small differences in contact angles and hysteresis in
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comparison

to the flat template. This could

be due to the

fact that the

microscopic islands

and holes were not as effective as the nanoscopic structures on the previous templates. In
addition, the

laterally

number of nanostructures per

on the surfaces were higher than the

macroscopic islands and holes. As a consequence, the resulting differences in

the roughness

probe

unit area

among

these templates were reflected in the wetting characteristics of the

liquid.

Conclusions
In

summary, the thermal and plasma transformation of PMAPOSS

homopolymer

thin films

homopolymer

thin films into SiCh, while

was

investigated.

(isobutyl)

Thermal treatment transformed the

plasma treatment only transformed the top layer

of the films into SiCK Surface modification of these treated homopolymer thin films was
possible using several chemical functionalities. In addition, chemical trans formati on and
surface modification were possible for the POSS-containing block-copolymer

nanotemplates.

From

these studies, nano-templated surfaces with height and chemical

variations arising from the poly

(POSS (isobutyl)-6-MMA) block copolymers were

prepared. Nanoscopic topographies were also

probe liquid which

is

of interest

shown

to affect wetting characteristics

in applications including

wetting.

60

of a

micro- and nano-fluidics, and
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CHAPTER 4

SOME OBSERVATION ON THE DEWETTING OF THIN

PS FILMS

ON

TEMPLATED SURFACES
Introduction

Understanding the factors governing the
substrates

is

stability

of thin liquid films on solid

of fundamental and technological significance.

1

"7

In the past several years,

there have been several theoretical and experimental studies on wetting

principle, long-range molecular interaction

phenomena.

In

between a solid substrate and a thin liquid

film results in forces acting on the air/liquid interface.

1 '

2

This force, together with local

thermal fluctuation, results in interfacial fluctuations that destabilize the liquid film and,
if the

spreading coefficient

is

negative, leads to de wetting.

of a liquid depend strongly on

and upon the

mechanism

interfacial interactions

intrinsic properties

for the dewetting

of the

1

liquid.

characteristics

between the liquid and

From previous

substrate,

studies, a general

of polymer films on solid surfaces includes surface

undulations, hole formation, and hole expansion.

It

The dewetting

8 9
'

has been shown that a nanometer-thick polymeric liquid film

is

unstable and

undergoes surface undulations or interfacial fluctuations after heating to temperatures

above the glass transition temperature,

Tg

.

Surface fluctuations grow with time and,

ultimately, holes are formed, that are defined

line.

=

The growth of the hole

Ys/a-Ys/l-Yl/a <0,

where

results

ys/A, Ys/l,

interfacial tensions, respectively).

form the rim. Within a polymeric

1

by

a three-phase (air/liquid/solid) contact

from a negative value of the spreading coefficient (S

and

Yiva are solid/air-, solid/liquid-,

For the hole
liquid, this
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to

flow

and

liquid/air-

grow, liquid must flow radially away

may

initiate viscoelastic dissipation

which

However, once a hole

acts against hole expansion.

is

formed,

its

expansion

is

driven by a Laplace pressure (see Figure 1.1)."

The degree of instability of a
the film, the

more unstable

the film

thin liquid film

is.

is

thickness dependent.

1

The thinner

For films that are metastable, long-range

molecular interactions become important and, together with local thermal fluctuations,

random hole

lead to

nucleation. If

S<

0, the

hole grows with time.

There have been numerous studies on the
substrates, including

PS on

silicon oxide substrates.

stability

chemically-unmodified,

flat

1

2"

of thin liquid films on solid
1

6

and chemically-modified

17 25

There are also reports on wetting behavior of thin polymer films

on chemically-modified surfaces with topography."

These studies have shown

"

that the

surface topography influences the wetting behavior of the thin liquid films.

Here, the wetting characteristics of PS films on topographically patterned

surfaces,

POSS

29

prepared by surface-induced orientation

(polyhedral oligomeric silsesquioxane

3

),

30 " 31

was

of block copolymers

studied.

32

containing

Thermal and plasma

treatments were used to transform these hybrid copolymer templates into inorganic
silicon oxide templates that could be chemically funtionalized

silanol groups at the surface.

due to the presence of

34

Experimental
Materials
Polystyrene (3 kg/mole,

PDI

Preparation of Si(>> nanotemplates

is

1

.02,

Polymer Source,

Inc.)

was used

as received.

described in the previous chapters of this thesis.

29

Tridecafluoro-l,l,2,2,-tetrahydrooctyl) dimethylchlorosilane [ClSi(CH3)2(CH 2 )2C 6 Fi3],

FDCS,

(Gelest, Inc.)

was used

as received.

64

Instrumentation

The topographies of the

thin films

were determined

scanning force microscopy (Digital Instrument, Dimension

Ilia

version 5.1 2r3 software.

multimode

AFM

The

in situ

at

room temperature using

a

TM 3 100) with Nanoscope ®

dewetting experiment was done using a

with a temperature-controlled

tip holder.

Thin Film Preparation and Surface Modifications
Thin films of polystyrene were spin coated from toluene solutions onto the silicon
oxide templates prepared

in the

was controlled by varying

previous chapters by thermal treatment. Film thickness

the solution concentration (0.5-1.5%

m/m) and

(3500-4500 rpm). After spin coating, the films were dried under vacuum
temperature for

1

2 hours to

remove

toluene. Film thickness

across a razor blade scratch on the film

at

room

was measured by scanning

by SFM. Annealing experiments were done

using a temperature-controlled hot stage. In

experiments were done using a multimode
followed a previous report.

spinning rate

some

SFM.

in air

cases, the in situ dewetting

Surface modification with

FDCS

34

Results and Discussions

Templates used

in this study are

shown

in

Figure

4.1.

SiO x templates were

prepared from POSS-containing block copolymers having cylindrical microdomains with
the cylinders oriented parallel (4.1a) and perpendicular (4.1b) to the substrate, and from a

similar

flat

copolymer exhibiting an inter-connected surface topography

surface from a POSS-containing

homopolymer

(4. Id, figure

(4.1c).

not shown) and a

commercially available silicon substrate with a native oxide layer were
controls.

In addition, a

initially

used as

Thin polystyrene films (26-nm thick) were spin coated onto the templates and

65

annealed on a hot stage in

air at

1

15

°C

for different periods

characteristics as a function of annealing time

mode and

are

shown

in

of time. The dewetting

were determined by

SFM

in the tapping

Figure 4.2 for the different substrates (representative images).

(a)

(b)

(c)

Figure 4.1
cylindrical

(a) Si0 2 nanotemplate with mixed orientation of
nanodomains with interdistance (L) of ~ 40 nm and

1 1 nm (AFM height lum xl um).(b) Si0
nanotemplate
2
from perpendicular cylindrical nanodomains with interdistance

hegiht of

nm and height of 5 nm (AFM height 1 um x 1 um).
Si0 2 nanotemplate of interconnected islands with L ~ 10 nm

(L) of ~ 40

(AFM

height

50um x 50um).
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(c)

As can be

seen, the dewetting characteristics of the polystyrene

are distinctly different.

growth mechanism.

on these templates

These 26-nm thick films were destabilized by a nucleation and

randomly across the films and then

In all cases, holes nucleated

grew, indicating that the films are in the metastable regime.

12 " 16

However, growth

rates

of the holes were significantly different for each case. Interestingly, template 4.1a
(Figure 4.2 column

1),

center distance of 40

nm

after a

having nanoscopic cylindrical SiO features with a centcr-to-

and a height of

very long annealing times (255

1 1

nm,

resulted in relatively stable

PS

films even

Template 4.1b (Figure 4.2 column

hrs).

2) with

nanoscopic cylindrical SiO x microdomains oriented normal to the surface, having a
center-to-center distance of 40

nm

with a height of 5 nm, showed random nucleation

sites

of holes during the entire observation time. These holes grew with annealing time and
coalesced

at

longer times, (annealing time

was found on template 4.1c (Figure

4.2

~ 255

hrs).

column

3),

Relatively rapid hole formation

having an interconnected topography

with step height of 10 nm. Once the holes formed, they grew rapidly in comparison to
those on template 4.1b.

column

4),

On

the flat

45-nm

thick

SiO x

substrate, template 4. Id (Figure 4.2

hole nucleation and growth were also observed, with hole growth rates

The dewetting

noticeably faster than those on template 4.1b.

characteristics

polystyrene on a commercially available silicon substrate (Figure 4.1
native oxide layer were similar to those on template 4. Id.

the polystyrene film

seemed

The combination of these

to

be stable which

may be due

results suggest that the

the dewetting behavior of polystyrene films.

(templates 4.1a and 4.1b), while

at least

It is

noted

column

that, in

5) with a

some

areas,

to surface contamination.

nanoscopic topographies can influence

Some

templates appear to stabilize the films

one accelerated dewetting (template
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of

4.1c).

Template

1

2

4

3

Figure 4.2 Wetting of 3 kg/mole polystyrene
templates. (1)
(2)

Si0 2 template with

at

1

15

5

°C on different Si0 2

parallel cylinders (Figure 4.1a).

Si0 2 template with perpendicular cylinders (Figure

4. lb).

(3)

template with interconnected islands (Figure 4.1c). (4) Flat 45
thick

PPOSS-derived Si0 2 template

(4. Id).

(5)

Si0 2

nm

Commercially available

Si water with native oxide layer (included as a control). All images

are

AFM Height 50um x 50um.
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In the

As shown,

mctastablc regime, dewetting

hole growth on template

4.

1

is

initiated

by

26-nm

random nuclcation of holes.

b was slower than that on template

a better understanding of this observation, the diameters

a function of annealing time for

the

thick

PS

films.

4.

1

d.

To

gain

of the holes were determined as

These are shown

in

Figure

4.3.

It

should be noted that on both surfaces, random height (defined by the depth of the hole)
fluctuations

were seen (Figure 4.3a), indicating

fluctuation rather that contaminants in the film.

that

dewetting arose from thermal

Hole growths on the

flat

(template 4. Id) and the surface with nanoscopic posts (template 4.1b) are

Figure 4.3b. Power law

fits

to the data yielded exponents

of ~1

(flat

surface

shown

in

surface) and -0.6

(surface with topography).

The

linear

Herminghaus

SiO x

growth

et al.

interface.

13

who

This

of holes on a

flat

surface

is

in

keeping with the results of

attributed the hole expansion to a partial slippage of

is

also in keeping with the arguments of de Gennes.

retardation of the growth

condition,

rate

on the surface with topography

where the velocity

may result from

profile is zero at the interface.

1

PS

at the

The

a non-slip

Arguments of Gennes

et al.

predicted an exponent of 2/3 in this case, consistent with our observations.

Consequently, these results suggest that the surface topography (on the nanoscopic length
scales used here) causes a pinning of the

rise to a zero velocity at the surface.

sticking or slipping of the

PS

PS

at the substrate interface

which would give

In the absence of a topography, only a partial

occurs.
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Figure 4.3

(a)

Surface fluctuations on

flat (4.

Id) and topographic (4.1b)

Si0 2 templates

as observed before hole formation (one representative spot from each template), (b)

Dynamics of 3-phase contact
(inset, linear plot

lines in metastable regime,

on

flat

Si0 2 template

4.

Id

from one representative hole) and topographic template 4.1b (enlarge,

log plot from one representative hole).
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[fa pinning occurs then there should, also, be a difference in the contact angle

hysteresis.

"

On

the

two templates, the advancing (0 A ) and receding (G R ) contact
were determined. Prior

angles, and the hysteresis (0a-9r)

angles, the surfaces of the

to

measurement of the contact

two templates were functionalizcd with

monochlorosilane, tridecafluoro- 1
[ClSi(CH3)2(CH2)2C6F|3], or

,

1

FDCS.

a fluorinated

,2,2,-tetrahydrooctyl) dimethylchlorosilane
34

This resulted

in

hydrophobic surfaces, enabling

more convenient measurements of both advancing and receding angles with water,
opposed

to

PS on

template

4.

Id

1° (0a

=

14

±

the unmodified surfaces. Template 4.1b (with topography) and

(flat)

106,

arguments made

as

showed contact angle hystereses of 26 ±

6r=

92), respectively.

These

1°

(9a =

1

18,

40

60

80

Annealing Time (min)

Figure 4.4 Surface undulation

in unstable regime.

Growth of characteristic wavelengths of PS
topographic templates 4.1b and

The two

films

showed

flat

films on

template

similar growth rates.
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92) and

results are consistent with the pinning

earlier.

20

6r=

4. Id.

Along with

in

film.

on the two surfaces, the fluctuations

and average wavelengths of the fluctuations were determined for a 12

in film height

PS

the difference in dewetting rates

Shown

FFT of SFM

in

nm

Figure 4.4 are the characteristic wavelengths, as defined by the peaks

height images, of surface fluctuations on both the

flat (4.

Id) and

topographically patterned (4.1b) surfaces. In both cases the average wavelengths of the
fluctuations increased with time, however, there

the

two

the

PS

cases. Consequently, the nanoscopic

were no

topography did not

between

alter the field exerted

on

film at the air surface.

As noted

previously, the growth rate of holes on the surface with the

interconnected topography with a step height of 10

flat

significant differences

surface. Also,

it

was found

nm

that a relatively large

(4.1c)

was

faster than that

on a

number of holes had formed on

this

template at the early annealing times while the other templates showed a relatively small

number of holes. This implies

that the PS/air interface is

more unstable on

surfaces with

an interconnected topography. In addition, the dewetting on such surfaces was completed
long before that on the other surfaces. The difference in the dynamics can be attributed
to the no-slip

and

partial slip

arguments made previously by Herminghaus and de

Gennes. This, however, does not address the differences in the

stabilities

of the films.

Accelerated hole formation has been observed in dewetting of thin metastable films of
partially miscible liquid mixtures

of oligomeric styrene and oligomeric ethylene-

propylene on smooth gold-coated silicon wafers.
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In this case, gradients in interfacial

tension arising from the phase separation were present. This, however, does not hold in

our case. But,

at

early times, the fluctuations in film height can give rise to areas having

different curvatures at the surface which, in turn, can
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produce curvature gradients across

the surface. If

we

consider the surface tension and Laplace pressure, the difference in

pressure acting on the liquid surface will depend on the radius of curvature defining the

surface height fluctuations.

force that

may

gradient in the pressure across the surface translates into a

drive dewetting.

intcrfacial gradient

gradient.

A

due

The non-zero

shape until there

is

no

to large

On

template

4. lc, the

amplitude variation

net force

would drive

in height and, therefore, a pressure

the liquid to

interfacial curvature gradient

(usually isolate spherical droplets). This

PS/air interface began with a large

was why

move and reform

its

interfacial

where the net force becomes zero

the dewetting on template 4.1c

was

accelerated.

Conclusions
In

summary, surfaces with

characteristics.

different topographies

showed

different dewetting

In the metastable regime, surfaces having nanoscopic posts of SiOi

retarded the dewetting in keeping with a no-slip boundary condition and a pinning of the

polymer film by the topography. In the unstable regime, the dynamics of surface
undulations in polystyrene films on both

On

flat

and nanotopographic surfaces were

surfaces with a microscopic interconnected topography, the dewetting

accelerated due possibly to a gradient in interfacial curvature

73

was

similar.
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CHAPTER 5

SUMMARY
Research Objectives and Experimental Designs

The two main

objectives of this research were 1) to generate nano-tcmplated

surfaces with height and chemical modulation via a block copolymer self-assembly

approach and 2) to study their wetting phenomena. Nano-templated surfaces were
prepared as follows.

First,

inorganic-organic hybrid nanostructures were obtained from

the micro-phase separation of Poly

(POSS-6-MMA)

synthesized by

Atom

Transfer

Radical Polymerization (ATRP). Then, surface-induced orientation of these
nanostructures resulted in topographic features having discrete surfaces with heights

corresponding to the domain sizes of the block copolymer nanostructures. After the
inorganic-organic hybrid nanotemplates were made, heat and/or oxygen plasma were

used to erode the organic component, while the inorganic component transformed into
SiCh. Chemical modification of the surface

chemistries or

was accomplished by chlorosilane

by attachment of random brushes.

In the wetting investigation,

low

molecular weight polystyrene was used as the model liquid.
Results
Synthesis of

ATRP has been

PMAPOSS

(i-Butyl)-A-MMA)

successfully applied to homopolymerize methacrylate-

functionalized Polyhedral Oligomeric Silsesquioxane (POSS), resulting in endfunctionalized polymethacrylatePOSS with low polydispersity.

For

MAPOSS

functionalities,

monomers with

isobutyl, cyclohexyl,

and phenyl as periphery

homopolymers with limited molecular weights were obtained. Chain
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extension of the

PMAPOSS

(isobutyl) macroinitiators

gave

rise to

PMAPOSS

(/-butyl)-

6-MMA).
Inorganic-Organic Hybrid Nanotemplates from Surface-Induced Orientation of
Poly (Methacrylate

POSS

(isobutyl)-Z>-Methacrylate))

Thin film properties of PMAPOSS (/-butyl)-Z?-MMA) were investigated so as
gain control over the alignment of the block copolymer nanodomains.
the block copolymer

showed surface-induced

orientation

on a solid

From

substrate.

to

the study,

In the case

of preferential interactions where one of the block interacts preferentially with the
polymer/air interface or the polymer/substrate interface, the block copolymer thin film

showed formation of islands and holes with
period.

step height comparable to the bulk long

The formation of islands and holes disappear

6-MMA)

on

silicon substrate chemically modified

brushes with 40

in the case

by poly (styrene-r-bromostyrene)

% by volume of styrene.

Thin film studies of PMAPOSS (isobutyl)-Z>-MMA with
performed. After annealing,

it

was found

POSS

cylinders were

AFM showed that at the air/polymer interface, the POSS

cylinders aligned parallel to the substrate surface. Using

of the film,

of PMAPOSS (i-Butyl)-

that there

GISAXS

to

probe into the bulk

was perpendicular alignment underneath

Erosion of the upper layer of the thin film by exposure to

the surface.

UV followed by washing with

acetic acid revealed the underlying perpendicular cylinder layer.

Silicon Dioxide

Nanotemplates from Inorganic-Organic Hybrid Poly (POSS
(isobutyl)-A-MMA) Thin Films

Chemical transformation of PMAPOSS(/'-butyl) homopolymer thin films was
investigated.

Thermal treatment transformed the
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entire

homopolymer

thin films into S1O2

while plasma treatment only transformed the top layer of the films into Si0 2
modification of these treated

homopolymcr

thin films

was possible using

.

Surface

several

chemistries. In addition, chemical transformation and surface modification were also

From

possible for the block copolymer nanotcmplates.

surfaces with height and chemical modulations from

these studies, nano-templated

PMAPOSS

(/-butyl)-6-MMA block

copolymers were prepared.

Dewetting of Thin PS Films on Templated Surfaces

From

showed

the experiments, surfaces with different nanotopographies

different

dewetting characteristics. In addition, on nanotopographic templates, the

stabilities

polystyrene films were thickness dependent,

stable than

e.

thicker films were

more

With templates containing perpendicular cylinders of SiC>2 slowed

thinner films.

dewetting

i.

of the

in the

metastable regime. These results suggest a no-slip condition, while

macroscopic wetting experiments suggested that the slowing was caused by the pinning
effect asserted

on the film by the topographic nanotemplate. In the unstable regime, the

undulations formed in the surface of thin polystyrene films, on both

and

flat

nanotopographic surfaces, were similar. However, the dynamics of the 3 -phase contact
line

were slower on the topographic surface. From the investigation of the

polystyrene films in both metastable and unstable regime,

it

stabilities

could be seen that the

nanotopographies influenced the wetting characteristics by retarding the liquid

phase contact

line.

Finally, a template with island

step height could accelerate thin film instabilities.
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of

and holes structured

at the 3-

SiC>2 with

1

0-nm

Concluding Remarks

The use of organic-inorganic hybrid block copolymers can give

rise to the

organic-inorganic hybrid-block copolymer nanostructures. Using P(MAPOSS(isobutyl)-

fr-MMA) system,

and nonpreferential interactions can be used to control the

preferential

orientation of the microdomains.

It

was shown

that organic-inorganic hybrid

nanotemplates can be converted into complete inorganic nanotemplates while retaining
the original topographies.

The wetting

study, wetting characteristics of model liquids

were influenced by the

presence of nanotopographies. Even though the polymer's surface undulation was not
affected, the

dynamics of the

3 -phase contact line

was

greatly affected

by

nanotopographies.

Future

From

the wetting investigation,

it

Work

was found

that nanotopographies (nano-posts

from the diblock with cylindrical morphology) affected the wetting characteristics of the

model

liquid

by means of 3-phase contact

line retardation.

potential field in the presence of nanotopographies

be inferred from the

thin film stabilities. This can

polymeric liquids on both
surface analysis using

flat

SFM.

on the

The changes

in the surfaces'

solid substrates did not affect

fact the surface undulations

of

and topographic surfaces were indistinguishable upon the

It

may be

topographic templates and determine

interesting to chemically

how

modify these

the dewetting characteristics are affected.

investigation

where the surface energy of topographic templates

modification

may be worthwhile
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is

varied by surface

An
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