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In recent years, rapid progress has been reported toward exploiting self-assembly
in block copolymer thin films to create periodically ordered nano-patterned substrates for
potential applications, including nanolithography and “bottom up” microelectronic device
fabrication. Compressible fluids, such as supercritical carbon dioxide (CO;), have been
widely used in many polymer related processes. Unlike conventional liquid solvents, the
density and hence the “solvent strength” of supercritical CO,, can be tuned by small
variations in pressure, temperature or both. This tunability, along with the low interfacial
tension and high diffusion coefficient makes supercritical CO, a strategic solvent to
pattern block copolymer templates. This dissertation demonstrates how to effectively
modify interfacial interactions and hence to control the self-assembly of asymmetric
block copolymer thin films exposed to compressible fluids.

We firstly investigated how interfacial forces determine the morphology of
supported asymmetric polyethylene-b-poly(styrene-r-ethylene-r-butene) (E-b-SEB)
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diblock films under vacuum condition. It was shown that the relative strengths of
intermolecular forces associated with crystallization, with block copolymer ordering and
with long-range van der Waals forces influence the structure of the films. These
interactions depend on temperature and on film thickness. In the second series of studies,
supercritical CO, was used as a selective solvent to modify interfacial interactions and to
control the morphological structures of asymmetric block copolymer films. Specifically,
supercritical CO, annealing was found to (1) promote microphase segregation into
spherical ~domains for  poly(ethylene  oxide)-b-poly(1,1’-dihydroperflurooctyl
methacrylate) (PEO-b-PFOMA) thin films; (2) invert core-shell structure of the surface
micelles formed by polystyrene-b-poly(1,1°,2,2’-tetrahydroperflurooctyl methacrylate)
(PS-b-PFOMA) thin films. Finally, studies involving the swelling of polymer films and
the wetting characteristics of liquids on polymer films under CO, environments were
performed in order to gain further insights into the thermodynamics of polymer-CO,

interfaces.
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Chapter 1: Introduction

1.1 MOTIVATION AND RESEARCH OBJECTIVES

During the past decade, much progress has been made toward understanding

polymeric films in a confined geometry, much owing to their emerging applications' '

5,17-33

and appreciable deviated properties as compared with bulk polymers . Polymer thin

films play critical roles in applications such as lubricating films, protective coatings,
adhesive layers, photoresists in lithography as well as active components in organic
electronic devices including light emitting diodes (LED) and thin film transistors (TFT)."

' A key issue in these applications is understanding materials properties, such as the

21, 31, 34, 35 19, 26, 27
)

glass transition temperature (T , chain dynamics and phase behavior of

18, 29, 37, 38

blends*® or copolymers . Numerous studies indicate that as the film thicknesses

approach to the radius of gyration (R,) of polymer chains, significant deviations from

dS, 19, 21, 26, 27, 29-33

bulk properties are observe These deviations are caused by the

interfacial interactions associated with interfaces as well as the confinement effect.
The ability of block copolymer thin films to self-organize into mesoscopic
structures (spheres, cylinders, and lamellae) renders them attractive candidates for

various applications. Consequently, research on block copolymer thin films has

15, 18, 29, 38-40

blossomed in recent years. Block copolymers films have been used as

templates to create periodic patterns for the “bottom up” fabrication in microelectronics,

for patterning in nanolithography and for the synthesis of porous materials." % & % '!-1¢

Recently, IBM has successfully fabricated nanocrystal FLASH memory using the self-

assembled poly(styrene-b-methyl methacrylate) (PS-b-PMMA) cylinders that are aligned

1, 6, 16

perpendicular to the substrate. Many attempts have also been made to incorporate

1



inorganic components into block copolymer scaffolds to make functional hybrid

.18 41,42
materials.” "

In these applications, the self-assembly of the chains in block copolymer
thin films is straightforward; however, a precise control of the desired morphological
structures is challenging. Therefore, new and creative methodologies to control the
lateral ordering of self-segregated domains are needed in order to exploit self-assembly in
block copolymers films for nanoscale patterning.

Liquid and supercritical carbon dioxide (CO,) have been studied extensively as
alternatives to water or organic solvents in many polymer and semiconductor
processes.”™*’  CO, is an appealing solvent because it is inexpensive, non-toxic,
environmentally benign and has an easily accessible critical temperature and pressure. In
addition, the solvent properties of CO, can be finely tuned by varying processing pressure
or temperature. These tunable solvent properties render supercritical CO, a promising
annealing medium to induce ordering in copolymer thin film templates and to tune the

geometry of self-assembled patterns.® *2

However, studies of the structures and phase
behavior of block copolymers, especially of asymmetric block copolymer thin films in
CO, have been rare. In addition, the low viscosity and low surface tension of CO, enable
its applications in processing wafers with high aspect ratio features to enhance solvent
penetration and to avoid capillary collapse.*>” For example, supercritical CO, has being
used in almost every aspect of photo resist process, including spin-casting, developing
and stripping of resist films.”™® Considerable research has also focused on the cleaning,
repairing and drying of low-k dielectric layers in supercritical CO,.** °'*®  There,
nevertheless, remains much work to be done to investigate how CO, environment
influences the structures and physical properties of confined polymer films.

This dissertation demonstrates how to effectively modify interfacial interactions

and hence to control the self-assembly of asymmetric block copolymer thin films exposed

2



to compressible fluids. First, the influence of interfacial constraints on the morphology
of an asymmetric crystalline-amorphous block copolymer is examined under vacuum
condition. Second, we investigate the methodology of using supercritical CO, annealing
to finely control the morphology of block copolymer thin films. The effects of
supercritical CO, as a selective solvent to further adjust interfacial interactions are
examined in two fluorinated block copolymers. Third, in the attempt to explain the phase
behavior of block copolymer thin films in CO,, further understanding on the interactions
between CO, and polymer interfaces is gained by studying the swelling and wetting
properties of various polymer films in CO,.

The following sections of this chapter are intended to provide a background and

context for the work described in the body of this dissertation.

1.2 SELF-ASSEMBLY BEHAVIOR OF BLOCK COPOLYMER THIN FILMS

1.2.1 Block Copolymers in Bulk

A typical diblock copolymer, A-b-B, is composed by two chemically distinct
chains, A and B, that are jointed together by covalent bonds (Figure 1.1a). Due to the
incompatibility of the two block component, a diblock copolymer can phase segregated
into A-rich and B-rich domains below its corresponding order-disorder transition (ODT)
temperature. However, this phase segregation only occurs at nanometer length scales
because of the imposed connectivity between the two blocks. Specifically, the scale of
the self-assembled structure depends on the number of monomers, N, segment size, ao,
and the strength of interaction between the blocks, represented by the Flory-Huggins

60-62

interaction parameter, . The ordered morphology depends on the composition of the

copolymer, represented by the volume fraction of one block, f. As the compositional



symmetry goes from low values (f ~ 0) to high values (f ~ 0.5), the phase-segregated
microstructures evolve from body-centered cubic arrays of spheres, to hexagonally
packed cylinders, then to bicontinuous structures, and finally to lamellae (as shown in
Figure 1.16).°%? " For each volume fraction, f, there is a critical ¥N above which the
diblock will phase separate into its designated morphology. For instance, mean-field
theory indicates that (yN)git = 10.5 for a symmetrical diblock copolymer (f = 0.5) and

(xN)erit ~ 27 for an asymmetrical diblock copolymer with f=0.15.%
1.2.2 Ordered Block Copolymer Thin Films: Interfacial Effects

Generally, interfacial forces influence the morphological structure of thin films.
For example, homopolymeric, liquid films in the nanometer thickness range may be
morphologically unstable or metastable because they are potentially subject to
destabilizing long-range intermolecular forces.'® “*® If the molecules exhibit a tendency
to crystallize, then crystallization would oppose any structural destabilization process,
depending on film thickness. In the case of A-b-B diblock copolymers, the situation may
be slightly more complex.

When a phase-segregated block copolymer is confined in a less than 100 nm thick
film supported by a solid substrate, the interfacial interactions associated with both
interfaces can strongly affect the morphological structures. In the simplest cases, a single
phase structure (spheres, cylinders, or lamellae) exists throughout the films and the phase
segregated domains aligns either parallel or perpendicular to the interfaces, as shown in
Figure 1.2."° Parallel aligned domains are more common because one block segments
often possess more favorable interaction with interfaces than the other, e.g. one block has
lower surface tension or it has stronger short-range attractive interaction with the
substrate. However, perpendicular aligned domains can be induced by chemically

modifying the substrate to neutralize any existing preferential interactions. Such
4
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FIGURE 1.1: (a) Schematic drawing of an A-b-B diblock copolymer. (b) The mean-filed
theory calculated phase diagram of a typical diblock copolymer Phase
diagram is reproduced from The Physics of Block Copolymers.*
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FIGURE 1.2: The structures of phase segregated block copolymer thin films: lamellae
aligned parallel (a) and perpendicular (b) to the interfaces; cylinders aligned
parallel (¢) and perpendicular (d) to the interfaces; spheres (e). All pictures

are taken from Segalman.



modification can be achieved by depositing a brush layer of random copolymers between
the block copolymer layer and the substrate.®”®

If phase-segregated domains align parallel to the surfaces (Figures 1.2a, c, e), we
can consider that the interactions with both surfaces induce an oscillating profile on the
interfacial free energy (or equivalently, the effective interface potential) of the film.*> As
a result, the effective interface potential is a periodic function of film thickness, where
locations of the minima in the potential, separated by the periodic spacing, L, denote the
stable film thicknesses.”? For instance, if we simply consider symmetric block copolymer
films (f = 0.5), then there exist two cases as shown in Figures 1.3a and b. For symmetric
wetting (Figure 1.3a), wherein the same block resides at the substrate and at the free
surface, the minima reside at locations nL; hence, films of thickness h = nL remain stable.
In the asymmetric wetting case (Figure 1.3b), films of h = (n + 1/2)L remain stable, with
uniform thickness. When the film thickness deviates by an amount, oh, from the
appropriate quantization criterion, the excess material forms a discontinuous layer of
thickness L, provided that the film is below the ODT. If &h is small (8h < 1/2L), then the
discontinuous layer forms islands (Figure 1.3c) whereas as dh approaches L, the layer
contains holes (Figure 1.3d).”

In more complicated cases, more than one structure can coexist in phase-
segregated asymmetric block copolymer films. For instance, a minor block that
constitutes the spherical or cylindrical domain may tend to wet one interface because of
its preferential interactions. Thus, the equilibrium morphology at the surface is
determined by whether the energy penalty of forming the lamellar phase and any
deformation required to make the transition from to the bulk structure to lamellae can be
balanced by covering the surface with the more preferential wetted component.”' 1In

addition, if the lamellar phase is indeed induced at the interface, how far would it extend
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172 Figure 1.4 illustrates the case

into the inner of the film is also an interesting question.
where the lamellar ordering is induced by a solid surface and an undulation develops to
match onto the bulk cylindrical phase. Theoretical study by Turner et al.”' found that the
extent of the region with lamellar ordering, L, increases logarithmically with decreasing
free-energy difference between the cylindrical and lamellar phases. This implies that Ly
is rarely very large. Experimentally, this interface induced lamellar phase is called brush
layer and the thickness, Ly, is often found to be close to one half of the lamellar spacing.40

In Chapter 2 of this dissertation, we use a crystalline-amorphous block copolymer

as an exemplary system to examine the influence of interfacial interactions on the

morphological structure of block copolymer thin films.

1.3 SELF-ASSEMBLY BEHAVIOR OF BLOCK COPOLYMER THIN FILMS IN CO,

1.3.1 Effects of CO; Dilation on the Phase Behavior of Block Copolymers in Bulk

In order to better control the orientation and lateral ordering of phase segregated

domains in block copolymer films, most recent research activities have been focused on

73, 74 75, 76

using external forces such as electric fields, graphoepitaxy, and chemical

77-79 . . . . . .
. However, in this dissertation, our approach is to simply use

patterned substrates
supercritical CO, as an alternative annealing medium. We want to take advantage of the
tunable properties of supercritical CO; to control the morphologies of block copolymer

thin films.



(a)

Substrate

(b)

FIGURE 1.3: (a, b) Schematics of ordered films on a solid surface with the parallel
stacking of lamellae for the symmetric (a) and asymmetric (b) wetting
conditions. (c, d) Representative topographies of ordered PS-b-PMMA
block copolymer thin films (f = 0.5) that form islands (c) or holes (d)
structures. The scanning force microscopy (SFM) images (¢ and d) are
taken from Limary.”
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It is useful to first examine the effects of supercritical CO, annealing on the phase
segregation behavior of bulk block copolymers. Dependent on whether CO, acts as a

80-82

non-selective solvent or selective solvent, two cases exist. Watkins and coworkers

have systematic studied the cases where supercritical CO, acts as a non-selective solvent

for block copolymers and polymer blends.**¢

They found that CO, sorption has two
distinct contributions on the phase behavior of block copolymers as illustrated in Figure
1.5. For systems that have an enthalpic driven upper order-disorder transition (UODT)
temperature, CO, can effectively screen the unfavorable segmental interactions and
induce phase mixing. As a result, the UODT is reduced in CO, compared with under
air/vacuum conditions (Figure 1.5a). For systems that have an entropic driven lower
disorder-order transition temperature (LDOT), the entropy change upon mixing is
negative. As temperature increases, disparities between the free volume of the two
phases increases, and thus the enthalpic contribution to phase mixing weakens until phase
segregation is reached. In CO,, the increasing of free volume mismatch by CO; sorption
can induce phase separation more than 100 °C below the ambient transition (Figure 1.5b).
In general, the magnitude of the transition shift in LDOT is larger than that in UODT.
Despite the amount of work on CO, as a non-selective solvent on the phase
behavior of bulk block copolymer, analogical works that examine CO, as a selective

29, 87

solvent have been rare. For a bulk block copolymer, A-b-B, adding a selective

solvent for A block can lead to changes in both the equilibrium phase structure and the

: cet 88, 89
order-disorder transition.”"

The apparent volume fraction, fa, increases because block
A is much more swollen by the selective solvent than block B. Consequently, the
equilibrium phase structure always shifts toward the larger fa side in the phase diagram.
On the other hand, it is complicated with regard to the effects of selective solvent dilation

90,91

on the order-disorder transition. Theoretical works predicted that at high polymer

11
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(b)

1 Ordered

Disordered

FIGURE 1.5: Schematic diagrams illustrating the effects of CO, sorption on the T vs. f
phase diagram of block copolymers. Solid curves show the phase diagram
under air/vacuum condition whereas dashed curves show the phase diagram
under CO; condition. (a) CO, lowers the upper order-disorder transition
(UODT) temperature and favors phase mixing. (b) CO; reduces the lower
disorder-order transition (LDOT) temperature and induces phase
segregation.
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concentrations, the interaction parameter between A and B blocks, yap determines the
compatibility of A-b-B diblock. However, at low polymer concentrations, one needs to
consider the difference between the A-solvent and B-solvent interaction parameters, or
the so called “Ay” effect (Ay = |xa-s — xB-s|)- If Ay is large enough, the phase segregation

between A and B block can be induced due to enthalpic reasons. ¥ *2

1.3.2 Block Copolymer Thin Films in CO,: Phase Behavior

When block copolymer thin films is exposed to CO, environment, in addition to
the dilation effects of CO, as a solvent on the phase behavior of block copolymer, more
factors have to be taken into consideration. Firstly, the presence of CO, on the free
surface of thin films can strongly influence the interfacial interactions and thus
substantially affect the wetting behavior.””*” Under CO, environment, the block that has
relatively more preferential interaction with CO,, rather than the one that possesses lower
surface tension will wet the free surface. Secondly, the sorption of CO, into polymer
films can highly plasticize the films and thus effectively modify the kinetics of phase
segregation.”’

To the best of our knowledge, there are only two prior experimental studies that
examined the effects of CO, environment on the morphologies of block copolymer thin
films. RamachandraRao et al. proved that sorption of Sc-CO, highly enhanced the
ordering kinetics of high molecular weight, symmetric, polystyrene-b-
polymethylmethacrylte (PS-b-PMMA) films (~0.3 um) and that the wetting symmetry

37 Arceo et al. examined much thinner,

was reversed in Sc-CO, compared with vacuum.
symmetric, PS-b-PMMA films (~30 nm), and showed that Sc-CO, decreased the order-
disorder transition temperature and favored microphase segregation.”” Theoretically,

Shah et al. showed that the solvent compressibility and selectivity toward one block can

significantly affect the ordering of symmetric diblock copolymer thin films.*” However,
13



all the above works were focused on symmetric block copolymer films. In Chapter 3 of
this dissertation, we are interested in investigating the phase behavior of asymmetric
block copolymer thin films under CO; environment, wherein the ordered domain has a

spherical structure.
1.3.3 Micellization in Block Copolymer Thin Films

To further utilize the self-assembly ability of block copolymers, new strategies of
employing solvent annealing to induce micellization in amphiphilic copolymer thin films
have been developed.”**  Similarly, CO, annealing can potentially evoke the formation
of interfacial micelles in fluorinated block copolymer thin films. The formation
mechanism of micelles as well as the structures of surface micelles in block copolymer
thin films will be briefly discussed next.

When amphiphilic block copolymers are dissolved in a selective solvent, they
spontaneously self-assemble into micelles provided that the concentration is well above
the critical micelle concentration (CMC). Micelles often display a spherical geometry,
where the micelle core is formed by the insoluble block and the corona is formed by
soluble block. The growth of micelles is driven by high surface tension between the core
and the solvent. Consequently, the core chains are highly stretched and the repulsion of
the swollen corona chains increases. Therefore an entropy loss arises as an opposing
effect against the micelle growth. This problem can be resolved by reducing the micelle
size or by a geometrical rearrangement from spheres to cylinders, vesicles, or even
lamellae, where the chains of the cores become more relaxed.

The morphological structure of block copolymer micelles supported by a solid
substrate have been examined previously; however, many issues remain unclear.”” '
Most block copolymer micelles are spherical, regardless of the volume fraction of one

block. For example, symmetric block copolymers can form spherical micelles, while
14



their equilibrium solid-state structure is lamellae. Because the equilibrium solid-state
structure of block copolymers films often differs from spherical micelles, the adsorption
of polymer micelles to solid surfaces can be accompanied by complicated structural
transformation. This structural rearrangement requires long relaxation time and thus
extensive annealing. As the result, in many cases, micellization in copolymer thin films
leads to metastable morphologies. In addition, the structures of block copolymer micelles
supported by solid surfaces can be strongly influenced by confinement effect and
interfacial interactions. When film thicknesses become comparable with the size of
unperturbed micelles, block copolymer micelles can change shape from spherical to more
ellipsoidal. In cases where the micelle cores have more preferentially interactions with
the substrate than the coronae, hemimicelles can form at the interface.'®”

Chapter 4 of this dissertation focuses on the structure of block copolymer
micelles in thin films, where supercritical CO, is employed to invert the core-shell

structures and to tune the sizes of the micellar cores.

1.4 POLYMER THIN FILMS IN CO;: POLYMER-CQO; INTERACTIONS

To gain more control over the self-assembly behavior of block copolymer systems
in CO,, it is also important to examine the interactions between CO, and various
polymers. It is well known that CO, has no dipole moment and extremely weak van der
Waals forces. Consequently, CO, possesses a low cohesive energy density and most
hydrocarbon polymers only have limited solubility in supercritical CO,. The so called
“CO; philic” polymers are either polysiloxanes or fluorocarbons, both of which have low
cohesive energy density and thus small surface energy, just like CO,. However,

Beckman et al. recently designed CO; soluble hydrocarbon copolymers by optimizing the

15



balance between the enthalpy and entropy contribution to the solubility of polymers in
CO,.1%

Generally speaking, the solubility of CO, in polymers increases with increasing
CO;, pressure while decreases with increasing CO, temperature. Polymers-CO;
interactions also influence the solubility of CO, in polymers. For example, specific
intermolecular interactions were found between CO, and the carbonyl group in
poly(methyl methacrylate) (PMMA).'” Hence the solubility of PMMA in CO, is almost
twice as much as polystyrene under the same conditions.'"’

With regard to thin films, experimental works in our laboratory have explored
many aspects on the physical properties of various polymer films under pressurized CO,

23-25, 34, 35, 108, 109

environment. Pham and coworkers discovered a CO, induced

devitrification transition in PS and PMMA thin films, and examined its dependence on

335 Meli et al. studied the morphological

pressure, temperature, and film thickness.
instability of PS thin films in supercritical CO,, and found that the dewetting dynamics of
polymer thin films is greatly suppressed.'”® The effects of CO, on the welding kinetics
of PS colloidal crystals were examined by in-situ measurement of Bragg diffraction and

' In addition, the structure of end-graphed

by scanning electron microscopy (SEM).
polymer brush in CO, has also been investigated by neutron reflectivity. ** However, the
effects of CO;-polymer, CO,-substrate and polymer-substrate interactions on the
structure and physical properties of polymer thin films in CO, are still unclear.

One of the most fundamental and best studied properties of polymer thin film is
swelling. Many studies have pointed out that the swelling and sorption of CO, into
polymer thin films are higher than that of the bulk values, and increase substantially as

25, 32, 110

the films thickness decreases. This excess swelling in polymer thin films

compared with bulk polymers can be attributed to the adsorption of CO, at both

16



17, 28

interfaces. In addition, several studies have consistently found that the swelling

isotherms of polymer thin films in CO, have an anomalous peak in the regime where the

2532119 Degpite the large amount of work'''™'"?

compressibility of CO, is at maximum.
that has been devoted to understanding the anomalous swelling maximum, its origin still
remains debatable. Hence, Chapter 5 of this dissertation is intended to further investigate
the roles of interfacial interactions on the anomalous swelling phenomenon.

Finally, we are also interested in the wetting characteristics of liquids on polymer
thin films in CO,. This wetting phenomenon has not been examined before, yet it
provides useful information in understanding CO,-polymer interactions and designing
thin film applications such as photoresist drying and stripping in CO,.*** In Chapter 6

of this dissertation, we explore the effects of pressured CO, and film thickness on the

contact angle of water on top of polystyrene films that are supported by silicon wafer.

1.5 DISSERTATION OUTLINE

This dissertation is devoted to understand the effects of compressible fluids on the
self-assembly behavior of block copolymer films. The main significance of this work is
that it demonstrates how to effectively manipulate interfacial interactions and hence to
control the self-organized morphologies of block copolymer thin films through varying
film thicknesses, polymer properties and annealing environments.

The main body of this dissertation is divided into five chapters. Chapter 2 studies
the morphological structures of asymmetric polyethylene-b-poly(styrene-r-ethylene-r-
butene) (E-b-SEB) diblock copolymer thin films as the results of varying annealing
temperatures in vacuum ovens and film thicknesses. The present interfacial interactions
in this diblock system include the molecular forces associated with crystallization, with

long-range van der Waals forces, and with block-copolymer ordering. This study
17



provides us a fundamental understanding on the influence of these molecular interactions
on the phase behavior of block copolymer thin films.

Chapters 3 and 4 extend the study of morphological structures of asymmetric
diblock copolymer thin films from under vacuum/air conditions to under supercritical
CO; environment. In Chapter 3, we examine the morphological structures of asymmetric
poly(ethylene oxide)-b-poly(1,1’-dihydroperflurooctyl methacrylate) (PEO-b-PFOMA)
thin films upon annealing in supercritical CO,. The strong affinity between PFOMA and
CO; is found to promote phase segregation into spherical domains for PEO-b-PFOMA
films as compared with vacuum annealing under the same temperature. The results are
explained based on Sanchez-Lacombe Equation of State (SLEOS) modeling on the
relative interaction parameters, Yproma-co2 and Ypeo-coz-

In Chapter 4, supercritical CO, annealing is found to invert the surface micellar
structures formed by polystyrene-b-poly(1,1°,2,2’-tetrahydroperflurooctyl methacrylate)
(PS-b-PFOMA) thin films. After spin-casting, the micellar cores are composed of
PFOMA chains with a PS corona, whereas upon exposing the films to supercritical CO,
PS chains forms the core of the micelles and PFOMA chains constitute the corona. The
size variation of the PS cores as a function of Sc-CO; activity is discussed based on the
change in PS-CO; interfacial tension and in chain stretching of the corona versus the
core. The ability to tune the self-assembled structures of copolymer films with Sc-CO, is
of practical interests for templating inorganic nanocrystals in block copolymer scaffolds.

Chapters 5 and 6 examine two phenomena of polymer thin films exposed to CO,
environment, which were encountered when attempting to explain the observed self-
assembly behavior of copolymers films in CO, by preferential polymer-CO, interactions.
In Chapter 5, in-situ spectroscopic ellipsometry is used to investigate the effects of film

thickness, polymer-substrate interaction and polymer-CO, interaction on anomalous

18



swelling maximum of polymer thin films exposed to supercritical CO,. We show that the
experimental data of various polymer films can be rationalized by considering the
contribution of three layers in the total swelling % of the film: the CO/polymer
interfacial layer, the middle layer, and the polymer/substrate interfacial layer.

Chapter 6 examines the effects of pressurized CO; and film thickness on the
contact angle of water on top of polystyrene (PS) thin films supported by silicon wafer.
At 23 °C, the contact angle increases upon increasing CO, pressure in the vapor regime
and then levels off in the liquid regime; at a fixed CO, pressure, contact angle is also
found to decrease with decreasing PS film thickness. These experimental results are well
predicted by considering the effective van der Waals potential of the system, which
reflects the influence of both CO, sorption and film thicknesses on the Hamaker constant

of the PS films.
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Chapter 2: Influence of Interfacial Constraints on the Morphology of
Asymmetric Crystalline-Amorphous Diblock Copolymer Films

Through control of the temperature, T, and film thickness, h, the relative influence
of forces associated with crystallization, long-range van der Waals forces, and block-
copolymer ordering were manipulated to control the structure of films of asymmetric
polyethylene-b-poly(styrene-r-ethylene-r-butene) (E-b-SEB) diblock copolymers. The
bulk equilibrium structure of this copolymer consists of spheres of the crystallizable E
block embedded in the amorphous SEB matrix. In thin films, the E component resides at
the free surface and the SEB block resides in contact with the substrate. Within the
temperature range of T > Ty, where T, is the melting temperature, yet below the order-
disorder transition (ODT) temperature, Topr, all films of thickness h > 12 nm were
ordered throughout. The thickness of the brush layer L, in contact with the substrate, of
these films was 12 nm; this thickness is about one-half of the intersphere spacing of the
bulk copolymer. Films equal or thinner than 12 nm dewet, forming droplets on the
substrate. However, at temperatures below the melting temperature but above the glass
transition temperature of the amorphous block, films in the same thickness range (h < 12
nm) were structurally stable. While thicker films were stable as well, crystallization had a
significant effect on the topography of these films, particularly as the film thickness

increased.

Reprinted with permission from Li, Y.; Loo Y. —-L.; Register R. A., Green P. F.
Macromolecules 2005, 38, 7745-7753. Copyright © 2005 American Chemical Society.
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2.1 INTRODUCTION

Interfacial forces influence the morphological structure of thin films, regardless of
chemical structure. The topographies of thin films often are indicative of the nature of
the dominant interfacial forces. For example, thin homopolymer (or simple) liquid films
in the nanometer thickness range may be morphologically unstable or metastable because
they are potentially subject to destabilizing long-range intermolecular forces.'” The
stability is determined by an effective interface potential, @(h), which has both long and
short-range contributions. Such films may rupture and form patterns that reflect the
nature of the interfacial forces. Metastable films are destabilized by nucleation and
growth of holes whereas unstable films form spinodal patterns. Typically, these patterns
evolve into droplets on an underlying substrate over a sufficiently long time interval.

In the case of an A-b-B diblock copolymer, the situation if often more interesting
because these molecules self-organize into various mesoscopic geometric arrangements
of A-rich and B-rich phases (spheres, cylinders, and lamellae) below an order-disorder
transition (ODT) temperature.'* The ODT of an A-b-B copolymer is determined by the
total number of monomers that compose the chain, N, by the Flory-Huggins interaction

£68 15 Interfaces

parameter, ¥, and by the fraction of A-monomers on the chain,
influence the structure and the orientation of the phases in diblock copolymer thin films.
Often, one block preferentially interacts with an interface (free surface or substrate) and
this interaction determines the local segmental concentration profile."” '® For lamellar
structures, a modulation of the concentration profile propagates normal to boundaries
because the dissimilar blocks are connected. The effective interface potential of the

copolymer is a periodic function of film thickness, where the locations of the minima in

the potential, separated by distance L, denote the stable film thicknesses.'® For the case
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where a different block resides at the substrate and at the free surface (asymmetric
wetting), the minima reside at locations (n + 1/2)L; hence, films of thickness h = (n +
1/2)L remain stable, with uniform thickness. In the symmetric wetting case, films of h =
nL remain stable. When the film thickness deviates by an amount, dh, from the
appropriate quantization criterion, the excess material forms a discontinuous layer of
thickness L, provided the film is below the ODT. If 6h is small, then the discontinuous
layer forms islands whereas as 6h approaches L, the layer contains holes. In cases where
the attraction of one component to the substrate occurs but the film is above the bulk
ODT, then the effective interface potential is a damped oscillatory function of h and the
undulations of the topographies, away from the minima, bear no relation to L.'

In a third situation, the molecules may exhibit a tendency to crystallize. If the
molecules are homopolymers and they exhibit a tendency to crystallize, then
crystallization may oppose structural destabilization and could preserve the integrity of
even very thin films. In the case of an A-b-B diblock where one component crystallizes,
there is evident that, depending on the yN, the diblock copolymer domain structure may
be destroyed by crystallization.'*

It is evident from the foregoing discussion that the structure of the molecule
largely determines the nature of the intermolecular forces that are active and that these
interactions determine the morphology of the film. Because the morphology is intimately
connected to material performance, an understanding of these issues is critical for the
design and processing of thin film polymeric materials for various applications. To this
end, it is important to learn how the relative strengths of different forces, ordering,
crystallization, and van der Waals forces, determine the structure of a thin film. We
examine this question by considering an Ac-b-B diblock copolymer in which one

component, A, is crystallizable. Such a system is particularly attractive because the
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microstructural details of the system can be controlled through temperatures. This
system exhibits an ODT, a melting temperature and a glass transition temperature. We
show that changing the temperature and film thickness determines the relative influence

of these three types of molecular interactions on the structure of the film.

2.2 EXPERIMENTAL SECTION

The polyethylene-b-poly(styrene-r-ethylene-r-butene) diblock copolymer (E-b-
SEB) contains a short polyethylene (E) block connected to a longer styrene-ethylene-
butene (70/14/16 by weight) random terpolymer block (SEB). The molecular weights of
E and SEB blocks are 5 kg/mol and 30 kg/mol respectively. The bulk ODT of the
copolymer is Topr = 200 °C, the T, of the amorphous SEB block is T, = 25 °C and the
melting point of the E block is Ty, = 103 °C. The diblock was synthesized by sequential
anionic polymerization of butadiene, then of a styrene/butadiene mixture, followed by
catalytic hydrogeneration. The E block contains 8 wt% butene because of the
microstructure of the precursor polybutadiene.”” The properties of this copolymer are
summarized in Table 2.1.

Thin films were prepared by dissolving E-b-SEB in toluene and spin casting the
solutions onto silicon wafers. By controlling spin rate and the concentration of polymer
solution, we obtained different thickness (ranging from 7 to 200 nm), measured by
spectroscopic ellipsometry. Analyses of the topographies of the films were performed in
contact mode using an Autoprobe CP scanning force microscope (SFM) from Park
Instruments. In some cases, tapping mode scanning force microscopy measurements
were performed using a Nanoscope IV Dimension 3100 (Digital Instruments). Scanning
force and optical microscopy images of the films, quenched to room temperature after

undergoing heat treatment for specified durations at elevated temperatures under vacuum
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Table 2.1: Characteristics of the Crystalline-Amorphous Diblock Copolymer E-b-SEB

Properties Bulk This study
Molecular weight, M,, 35.1 kg/mole
Volume fraction of E block, iy 0.16
Weight fraction of E block, wg 0.14
Glass transition temperature of SEB block, T, 25°C
Crystallization temperature of E block, T, 57°C 76 +1°C
Melting temperature of E block, Ty, 103 °C
Order-disorder transition temperature, Topr 200 °C
Interaction parameter, y -0.052 + 52.9/T (K)
Distance between microdomains, L 20 nm 21.7+2.2 nm
Thickness of the brush layer, Ly 11.6 £ 1.8 nm

" Calculated using the method from D. W. Van Krevelen’s Properties of Polymers (ref
31), ppe = 0.855 g/em’, pps = 1.05 g/em’ and pps = 0.86 g/em’.
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conditions, revealed the development of a range of topographies that reflect the
influences of various interfacial forces. The surfaces of all spin cast films were smooth

prior to annealing.

2.3 RESULTS AND DISCUSSION

This section is divided into two parts. In the first, topographies of thin films of
varying thickness, 7 nm < h < 178 nm, annealing at the temperature of 170 °C, were
examined. This temperature is above the melting temperatures and below the order-
disorder transition temperatures of the films. This temperature enabled an assessment of
the relative influence of the molecular forces associated with block connectivity (ordering
of the copolymer) versus the long-range van der Waals forces toward the structure of the
film; the crystallization forces are active at appreciably lower temperatures. In the
second, the effect of crystallization on the structure of films in the thickness range 7 nm <
h <100 nm is examined. While there is evidence of a small film thickness dependence of
the crystallization rate and melting temperature, all samples were annealed at T =76 £ 1
°C as this temperature proved optimal for the development of crystallization within the
films (development of crystallization below 70 °C was unreasonably slow for thin films,
whereas it is known to be relative fast in the bulk at this temperature). Our choice of this
temperature enabled examination of the relative influence of the three forces, the long-
range van der Waals forces, block connectivity, and crystallization, on the structure of the

films.
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2.3.1 Films in the Temperature Range T,;, <T < Topr

In this temperature range, the long-range destabilizing van der Waals forces
determine the structure of films of thickness h < 12 nm, whereas the structural forces
associated with block connectivity determine the structure of films with thickness h > 12
nm. This critical value of h is the thickness of the brush layer Ly = 12 nm, and it is also
approximately one-half of the bulk intersphere spacing, Lo = L/2. Section 2.3.1a below
discusses the structure of films with h > Lj, while section 2.3.1b addresses the behavior

of films with h < L.

2.3.1a Films with Thickness h > 12 nm (h > L)

A typical image of the topography of a film annealed at T = 170 °C, is shown in
Figure 2.1. This sample, whose initial thickness was h = 14 nm, was scratched prior to
annealing to expose the underlying substrate. Numerous line scans of the sample
topography, and of the region containing the scratch, consistently showed that the islands
were of height L = 21.7 + 2.2 nm and that the layer in contact with the substrate was Ly =
11.6 £ 1.8 nm. A series of images of films ranging in thickness from 30 nm to 14 nm are
shown in Figure 2.2. The topographies are similar to those formed by symmetric diblock
copolymers, and it is well known that they develop in order to accommodate the excess
material, 8h, needed to create a complete layer.”’ The topographies were observed in
films ranging in thickness from 30 nm to 178 nm (h ~ 8L). In fact, the SFM tapping
mode scans of the edge of the thicknest a film (h = 178 nm) is shown in Figure 2.3; this
films was annealed at 180 °C for 25 h, and the image reveals steps, evidence of order

throughout the film.*
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FIGURE 2.1: Topographical structure formed by annealing an E-b-SEB film with h = 14
nm at 170 °C for 24 h. The leftmost point shows the position of a scratch
and is used as a reference point to measure the height of each layer.
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FIGURE 2.2: Topographies of samples with varying thickness after annealing at 170 °C.
(@) h=30 nm, (b) h=28 nm, (¢c) h=25nm, (d) h=22 nm, (¢) h=19 nm,
() h=17 nm, (g) h=14 nm. The edge of each sample contains a scratch
made to bare the substrate. All images sizes are 20 pm.
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FIGURE 2.3: Topographical structure formed by annealing an E-b-SEB sample of h =178
nm at 180 °C for 25 h. The black line in the 3-D image shows the location
of the line scan.

35



The bulk phase structure of this diblock is body-centered cubic, where the spheres
of E blocks are embedded in a matrix of SEB block.””*® In thin films, an asymmetric
wetting condition occurs wherein the E-component resides at the free surface and the
amorphous SEB component resides at the substrate. The surface energies of
polyethylene, polystyrene and polybutene are 36.7, 43.0 and 33.1 mJ/m?, respectively.’'=*
On the basis of group contribution calculations, the surface energy of the SEB-block is
39.4 mJ/m? while that of the E-block is 36.4 mJ/m”. Clearly, the E-component possesses
a lower surface energy than the random block, which would indicate that this component
should reside at the free surface. The interfacial tension between aromatic hydrocarbons
(PS) and polar native oxide is much less than that between completely saturated alkane
(PE) chains, so the SEB block resides at the substrate.*

Interactions between the substrate and the copolymer segments have been known
to modify the structure of the copolymer from hexagonal or spherical to lamellar. Turner
et al. examined conditions under which the hexagonal phase of a bulk asymmetric
diblock copolymer would be suppressed in favor of a lamellar phase in thin films.** For
the lamellar region to exist, the free energy penalty associated with the formation of the
lamellar phase at the expense of the equilibrium phase as well as the distortion energy
associated with the transition from a lamellar to the equilibrium phase must be
compensated elsewhere. Within a factor of order unity, this occurs when

Ay > s 2.1,
where yap is the interfacial energy between the two blocks, and Ay is the difference
between the surface energies of the two components of the copolymer. Such a
reconstruction from cylinders to lamellae has been reported in the PS-b-PDMS system.”
It turned out that, in this PS-b-PDMS system, the criterion specified by eq 2.1 does

indeed predict such a substrate-induced transition, Ay > yag (Ay =23 mJ/m”). For the
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E/SEB system, Ay = yx — ys = 3 mJ/m’ and an estimate of the interfacial energy is yap ~
1.7 mJ/m?,***7 which suggests the possibility of a surface-induced lamellar structure. If
an E-b-SEB film of h = L, is layered, then how far would the lamellar structure persist in
thicker films? If the lamellar structure extends beyond the brush layer, then the structure
in Figure 2.4a arises. However, Figure 2.4b suggests an alternate possibility that should
be considered because eq 2.1 represents a rough approximation.

To address this question, it is worthwhile to consider the behavior of an
asymmetric polystyrene-b-butadiene (PS-b-PBD), 65 k: 10 k, a diblock copolymer whose
interfacial characteristics and asymmetry are similar to those of the E-b-SEB copolymer.
For example, the minority PBD block wets the free surface of PS-b-PBD thin films. On
the basis of eq 2.1, the criterion Ay < yap (Ay = 7.6 mJ/m?, yap = 0.84 mJ/m’, yps = 43
mJ/m’ and ypgp = 35.4 mJ/m?) would predict a spherical-to-lamellar transition for PS-b-
PBD thin films. However, unlike the PS-b-PDMS copolymer, this transition does not
occur, as revealed by an assessment of the experiments of Harrison et al.”> Spheres are
observed beyond the first layer. Therefore, on the basis of the relative surface energies of
E-b-SEB copolymer compared to those the other two copolymers, we expect that Figure
2.4b best describes the structure of the E-b-SEB thin films. The critical issue of this
current study is that the samples are ordered in the vicinity of the substrate for films
thicker than Lo = 12 nm. This is of particular importance in light of the findings in the

next section regarding the structure of thinner films at this temperature.

2.3.1b Films with Thickness below 12 nm (h < L)

The morphology of films of thicknesses h < Lo at T = 170 °C (T, < T < Topr) is
now discussed. The E-b-SEB films in this thickness range dewet the substrate, forming
droplets, as illustrated in Figure 2.5 for a film of thickness 8 nm. In fact, films of

thickness 8, 10, and 12 nm dewet the substrate to form droplets. As mentioned earlier,
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thin liquid films may exist in a morphological stable, metastable, or unstable state, and
this behavior is determined by an effective interface potential.'> For an apolar
homopolymer film, this potential is determined by short-range interactions and, more
importantly, by long-range van der Waals forces. For this sample, the dewetting is due to
destabilizing van der Waals interactions, which may be understood as follows. If a net
attraction exists between the interfaces (liquid/vapor and liquid/substrate), then the
sample is unstable to local fluctuations of the film thickness. The stability is determined
by the curvature of the effective interface potential, where the effective interface potential

1S

A, . A - —A . ‘
q)(h) — _ air —puly—zswx + ( air —poly —siox alrz—poly—SI ) (22)
1272 1272(h+d)

Here Agir-poly-siox and Agir-poly-si are Hamaker constants, h is the film thickness and d ~ 15A
is the thickness of the SiOy layer on the surface of Si wafer. Using Lifshitz theory, we
estimate that Agir-poly-siox = 1.89 x 10%°J and Air-poly-si = - 4.92 x 10%°1.2®  On the basis of
these values, the curvature of the effective interface potential is negative (6°®/6h* < 0).
This negative curvature indicates that there is an attraction between the external
interfaces what would lead to destabilization (dewetting) of the film, provided it is
sufficiently thin. Because both components are nonwetting on the substrate (negative
spreading coefficient, S < 0) and the effective Hamaker constant is positive, the final state

of the original film would be droplets, as observed.
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FIGURE 2.4: (a) Schematic of the case where a lamellar structure is formed at the surface.
(b) Schematic of the case where a spherical layer is formed next to the
substrate.
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FIGURE 2.5: Topographical structure of a sample with h = 8 nm (< L), annealed at 170
0
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The oscillatory profile associated with the effective interface potential for the
copolymer was not considered explicitly for this calculation. However, it suffices to
mention that the first minimum of the potential, corresponding to a stable film thickness,
would be at the brush height, 12 nm. The stability of the film would in principle be due
to the competition between the destabilizing van der Waals forces and the stability
associated with block connectivity that favors a stable film of thickness Lo. If the
ordering associated with block connectivity dominated, then the film would have to
thicken, and this would happen only if holes developed in the film, as observed in the
polystyrene-b-poly(methyl methacylate) (PS-b-PMMA) systems.' The PS-b-PMMA
copolymer films in the thickness range h < 12 nm are relatively more stable because the
effective interface potential for this system is different. Specifically, S > 0 and the
minimum in the potential corresponding to the stable film thickness is 7 nm for the
copolymer examined in that study.'

In summary, in the temperature range Ty, < T < Topr, the morphology of films of
h > L is determined by structural forces associated with chain connectivity, leading to
long-range order. For films of h thinner than L,, the dominance of the destabilizing
influence of the van der Waals forces is evident. The minimum of the interface potential
of the copolymer denoting a stable film thickness is Ly = 12 nm, and coupled with the
fact that in this system, S < 0, the films form droplets on the Si/SiOy substrate. A
quantitative assessment of the relative interactions would have to await computer

simulations of the entire potential for this system.
2.3.2 Effect of Crystallization on the Structure

To understand the effect of forces associated with crystallization, two types of
experiments were performed. In the first, films in the thickness range 7 nm <h < 100 nm

were isothermally annealed at 76 + 1 °C; this temperature is above the glass transition of
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the amorphous component of the copolymer but below the melting temperature of the E
block. The samples were subsequently quenched to room temperature and analyzed
using SFM. Crystallization is evident in all films. A second series of films was first
isothermally annealed at 170 °C to allow sufficient time for ordering and was
subsequently quenched to 76 + 1 °C. At this temperature, crystallization was shown to
destroy the topographies associated with copolymer ordering in thicker films. These

findings are discussed in parts 2.3.2a and 2.3.2b below.
2.3.2a Morphology of Films Annealed in the Temperature Range Tq < T < Tp,

The samples discussed in this section were annealed at 76 = 1 °C and allowed to
undergo crystallization for various time intervals. Figure 2.6 shows SFM images of two
films, one of thickness h = 8.5 nm and the other h = 11 nm, that were annealed at 77 °C
for 5 hours. Both films remain structurally stable with no dewetting. Holes developed
throughout the h = 8.5 nm sample and appear to be the result of an attempt by the system
to decrease its free energy by adjusting its thickness (locally) to Lo, the stable film
thickness. This behavior contrasts with that at 170 °C, where droplets developed on the
substrate. The thicker h = 11 nm film, on the other hand, did not contain holes because
its thickness is approximately h = Ly,. The topographies of both films are indicative of
crystallization. The stabilization effect on the structure of the film due to crystallization
is evident. Morphological stability should not be particularly surprising because energies
associated with crystallization are much larger than those attributable to interfacial
energies, van der Waals forces, or attributable to phase separation. The energy associated
with crystallization is about 100 J/g '"*° and for phase separation, it is about 1 J/g. '"*°
An estimate of the crystallization energy per unit volume for a polymer with density 1

g/em’ is ~10® J/m’. Considering that the Hamaker constant is ~102°J and the energy per

unit area of interaction for a film of thickness 10 nm is ~10 J/mz, then it should be clear
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that the film would be stable at this temperature largely because if the stabilizing effects
of crystallization. We are unable to predict the structure of the film because the relative
kinetics of these forces is not well-known. Nevertheless, the topography of the film
reveals evidence of some degree of crystallization; the holes in the film suggest evidence
of the attempt of the system to form a complete brush layer at the substrate. The stability
of the film at this temperature and the absence of stability above T, are clear indications
of the influence of crystallization.

The influence of crystallization on the final morphology of the film increases with
increasing film thickness. Three images of the same general region of a film with h = 33
nm that was annealed for 23 hours at 77 °C are shown in Figure 2.7. The optical
micrograph (Figure 2.7a) and the SFM image (Figure 2.7b) indicate that locally one
region is flat, whereas the other region consists of a spherulite structure within a hole.
Figure 2.7c reveals further details about the structure of the film near a region where a
scratch exposes the substrate. These measurements show that a brush layer appears
close to the edge and its height is h;. The flat layer on top is of thickness h, and the
maximum height of the spherulite structure is h;. We took more than 20 images of
samples with average thickness of 27-40 nm and for each image, 3 or 4 line-scans were
chosen. The average values of h;, hy, h; obtained from these measurements were
compared with L and L. It is clear that h; (11.2 nm) ~ L and h, (33.7 nm) ~ Lo+ L. The
height h; (61.0 nm) bears no relation to any intrinsic morphological features. These
results indicate that the microdomain structure is retained near the substrate whereas the
topography reflects evidence of crystallinity at the free surface.

Optical microscope and SFM images of thicker films, with h =94 nm and h = 67
nm, annealed for 3 h at 75 °C, are shown in Figure 2.8. The topography of 94 nm film

reflects complete crystallization whereas the topography of the 67 nm film shows
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evidence of flat regions, indicating incomplete crystallization. The influence of the
substrate on crystallization of the film is consistent with observations reported by others.
For example, Frank et al. showed that, because of the polymer-substrate interfacial
interactions, crystallization of polymers is substantially hindered in thin PEO films with

thickness below a critical thickness of 15 nm.*"*?

2.3.2b Morphology of Films Annealed in Temperature Range T, < T1 < Topr and
Subsequently in the Range Tg< T, < Tp,

Further insight into the relative contributions of crystallization and microdomain
formation to the structure of the film may be obtained by first allowing a sample to form
an ordered structure at temperatures above Ty, and quenching it below Ty, where it would
crystallize. Figure 2.9a shows image of a film with thickness h = 41 nm annealed at 170
°C for a sufficiently long time (24 h) to develop a stable phase-separated morphology.
The image in Figure 2.9b is of a sample with identical thickness. However, this sample
underwent an additional heat treatment; it was quenched to T = 76 °C, where it was
allowed to crystallize. It is evident from the images that nucleation at the surface occurs
preferentially at the edges of the islands and alters the topography appreciably. This is
not surprising because, as mentioned earlier, the crystallization energy is usually larger

than the energy associated with microphase separation.
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FIGURE 2.6: SFM images of (a) an h = 8.5 nm E/SEB film crystallized at 77 °C for 5 h
and (b) an h =11 nm E/SEB film crystallized at 77 °C for 5 h.
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FIGURE 2.7: Optical microscopy (a), scanning force topographies (b), and line scans (c)
of a film of thickness h = 33 nm annealed (crystallized) at 77 °C for 23 h.
The parameters identified in the diagram are h; = 11.2 = 1.5 nm (~ Ly), h, =
33.7+£24 nm (~ L+ Lj)and h3=61.0 = 3.0 nm. The scale bar in (a) is 70
pum.
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FIGURE 2.8: Optical microscopy (right) and SFM images (left) of samples crystallized at
76-77 °C: (a) an h = 94 nm film crystallized at 75 °C for 3 h; (b) an h = 67
nm film crystallized at 75 °C for 3 h. The scale bars in both optical

microscopy images are 70 pm.
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FIGURE 2.9: SFM images of (a) an h = 41 nm E-b-SEB film annealed at 170 °C for 24 h
and (b) an h =41 nm E-b-SEB film annealed at 170 °C for 3 h and then
crystallized at 75 °C for 3 h.
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2.4 CONCLUDING REMARKS

The influence of interfacial constraints and temperature on the self-organization
of an asymmetric E-b-SEB diblock copolymer, in which the E-component is
crystallizable, was examined. In the bulk, the equilibrium morphology of this copolymer
exhibits bcc symmetry, with E spheres embedded in the SEB matrix. Throughout the
temperature range T, < T < Topr, in thin films (h > 12 nm), supported by SiOy/Si
substrates, an ordered, terraced structure is observed, indicating the dominance of the
driving forces for ordering as in a typical block copolymer. Films thinner than 12 nm
were structurally unstable; they dewet, and formed droplets on the substrate. This
instability was due to long-range van der Waals forces. All films annealed within the
temperature range T, < T < Ty,, remained structurally stable, and the stability is largely
associated with crystallization (films of h < 12 nm were also stable). Crystallization
destroyed the microdomain morphology; this was particularly evident in thicker films,
where the influence of the substrate is smaller than that for thinner films. Specifically,
the layered structure, steps, was evident in films of thickness below or about 33 nm. In
thicker films they were completely eradicated by crystallization. A more quantitative
assessment of the relative influence of the interfacial forces on the structure of thin films

awaits simulations.
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From eq 8.12 inref 31, yap= ya + v - 20aB(YAYB) > P =— 575>
Ve +Vs)
Vseg = 83.45 cm3/mol, and Vg = 34.37 cm3/m01, s0 ¢p-sgg = 0.978 and Yg.sg =
1.7 mJ/m?. Table 3.14 of ref 36 shows that the value of interfacial energy
between polystyrene and polyethylene is 5.1 mJ/m? at 180 °C, significantly larger
than the result of yg.sgg = 1.7 mJ/m?. This deviation can be understood by the
fact that the polyethylene chains in SEB block can stay in contact with E block to
minimize the unfavorable chain interaction between polystyrene and
polyethylene. Thus a smaller interfacial energy is expected for E-SEB than for
polystyrene-polyethylene. In fact, using the same method as above, the estimated
vs.g value between polystyrene-polyethylene is 3.1 mJ/m?, which is much larger
than 1.7 mJ/m”.

Ay = (JA, =AW Ay —y/4s), Asisi = 21.1 x 102° T, Asioxsiox =5 x 102 T

The Hamaker constant of polymers can be estimated by
2 2
A= pp&ly Sy (o)
47 g+ 16v2 (0t -1)
polymer, € is the dielectric permittivity of the polymer, and v, is the main electric
absorption frequency in the UV, typically around 3 x 10" s7'. From ref 31, npsg =

1.591, npg = 1.49, npg = 1.5125, eps = 2.55, epg = 2.3, and epg = 2.2. According to

2
. .. =1
the Lorentz—Lorenz ideal mixing rule, (1 =1 = ZCD

(nmix2 + 2)

Here n is the refractive index of the
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poly-siox = 1.89 x 102°J and Agir-poly-si = 4.92 % 102°J. More information about this
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Phys. Rev. E 2004, 69, 051601; (b) Abramowitz, H.; Shah, P. S.; Green, P. F.;
Johnston, K. P. Macromolecules 2004, 37, 7316.
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Chapter 3: Ordering in Asymmetric Block Copolymer Films by a
Compressible Fluid

We examine the morphological structures of asymmetric poly(ethylene oxide)-b-
poly(1,1’-dihydroperflurooctyl methacrylate) (PEO-b-PFOMA) thin films upon
annealing in a compressible fluid, supercritical CO, (Sc-CO;). The strong affinity
between PFOMA and CO, is found to induce phase segregation when annealing PEO-b-
PFOMA films at the same temperature as compared with vacuum. In vacuum, PEO-b-
PFOMA films remain disordered from 80-180 °C, whereas in Sc-CO, at 13.9 MPa, an
upper order-disorder transition (UODT) between 116 and 145 °C is found. In Sc-CO,,
the observed ordered structure is layers of PEO spheres embedded in the matrix of
PFOMA, followed by a brush layer, in which PEO wets the substrate. The swelling
isotherms of PFOMA and PEO in CO, are correlated with the Sanchez-Lacombe
Equation of State (SLEOS) to estimate the interaction parameters, yproma-co2 and Ypgo-
co2. The phase segregation (order) induced by CO, relative to vacuum at a given
temperature is explained in terms of two factors: (1) copolymer volume fraction upon
dilution with CO,, @, and (2) the relative interaction parameter, Ay = |[XpE0o-co2 — XPFOMA-
co2|- The latter factor favors order and is dominant at low temperatures over the ® factor,
which always favors disorder. At high temperatures (above the Topr), the preferential
swelling of PFOMA by CO,; is less pronounced (Ay decreases), and the copolymer is

disordered.

53



3.1 INTRODUCTION

In recent years, rapid progress has been reported toward exploiting microphase
segregation in block copolymer (BCP) thin films to create periodically ordered nano-
patterned substrates for potential applications such as nanolithography and “bottom up”
microelectronic device fabrication."”? Efforts have been largely devoted to the control of
the orientation and lateral ordering of microphase segregated domains using external and
internal forces.'” Compressible fluids, such as supercritical CO, (Sc-CO,), have been
widely used in many polymer related processes and provide certain advantages.® °
Unlike conventional liquid solvents, the density and hence the “solvent strength” of Sc-
CO,, can be tuned by small variations in pressure, temperature or both. This tunability,
along with the low interfacial tension and high diffusion coefficient makes Sc-CO; a
strategic solvent to pattern BCP templates at relatively low temperatures. For example,
Pai et al. used Sc-CO, as a processing medium for the infusion and condensation of
silicon alkoxides in mesophase separated BCP templates.'” Li et al. demonstrated that
the core-shell structure of BCP micelles in thin films can be inverted by Sc-CO, and that
the size of micellar cores can be finely tuned by modifying CO, activities.” This
inversion was utilized to guide the segregation of pre-synthesized Au nanopaticles in one
of the domains, and thus inorganic nanocrystals were sequestered into multilayered BCP
templates.''

The effects of Sc-CO, on the compatibility of bulk BCPs and polymer blends

12-14
d.

have been investigate Both enthalpic driven upper order-disorder transition

(UODT) and entropic driven lower disorder-order transition (LDOT) temperatures were

12-14

found to decrease in Sc-COs,. The presence of Sc-CO; on the free surface of thin

BCP films can strongly influence the interfacial interactions, effectively modify the
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kinetics of phase segregation and substantially affect the wetting behavior.
RamachandraRao et al. showed that sorption of Sc-CO, highly enhanced the ordering
kinetics of high molecular weight, symmetric, polystyrene-b-polymethylmethacrylte (PS-
b-PMMA) films (~0.3 pm) and that the wetting symmetry was reversed in Sc-CO,
compared with vacuum."” Arceo et al. examined much thinner, symmetric, PS-b-PMMA
films, (~30 nm) and showed that Sc-CO, decreased the order-disorder transition
temperature, Topr and favored microphase segregation.'® Specifically, the ordering
transition shifts from (}yN)opr> 10.5 in the bulk, where N is the degree of polymerization
and y is the Flory-Huggins interaction parameter, to (yN)opr = 7.94 for films thinner than
30 nm on silicon oxide. Theoretical work by Shah et al. indicates that the solvent
compressibility and selectivity toward one block can significantly affect the ordering of
copolymer thin films.'’

In this study we examine the influence of Sc-CO, on the ordering of highly
asymmetric bulk and thin film poly(ethylene oxide)-b-poly(1,1’-dihydroperflurooctyl
methacrylate) (PEO-b-PFOMA) copolymers. We show that in vacuum, PEO-b-PFOMA
films are disordered in the temperature range of 80-180 °C and in Sc-CO,, at a pressure
of 13.9 MPa, PEO-b-PFOMA films undergo an ODT between 116 and 145 °C. The
ordered structure is composed of layers of PEO spheres embedded in the matrix of
PFOMA. This structure resides on a brush layer of PEO chains in contact with substrate.
The phase segregation (order) induced by CO; is explained in terms of two factors: (1)
copolymer volume fraction upon dilution with CO,, ® and (2) the relative interaction
parameter, Ay = |ypeo-co2 — ¥proma-cozl- The Sanchez-Lacombe Equation of State
(SLEOS) is used to fit the swelling isotherms of PFOMA and PEO in CO, and to

estimate quantitatively the two interaction parameters, Yproma-co2 and Xpeo-coz.
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3.2 EXPERIMENTAL SECTIONS

3.2.1 Materials and Thin Film Preparation

Poly(ethylene oxide)-b-poly(1,1’-dihydroperflurooctyl methacrylate) (PEO-b-
PFOMA) was synthesized by Dr. Lim and the synthesis procedure has been described
elsewhere.'” The molar weight of PEO block is 5 kg/mole and that of the PEOMA block
is 52 kg/mole as determined by 'H NMR. Other properties of this copolymer are
summarized in Table 3.1.'> ! Since the volume fraction of PEO block is 0.12, the
equilibrium microphase segregated structure is expected to be spheres of PEO embedded
in a continuous matrix of PEOMA 2% *!

Small Angle X-ray Scattering (SAXS) measurement was performed on bulk PEO-
b-PFOMA, and the experimental procedure is described as the following. Sufficient
material to fill a 3 mm x 10 mm X 1 mm deep cavity was sealed in a stainless steel
sample holder using a pair of 0.001" thick Kapton windows. Kapton windows do not
contribute significantly to the scattering in the region of interest. The prepared sample
was then loaded into a temperature controlled heating block and placed under the X-ray
beam (Cu Ka) of a Molecular Metrology SAXS instrument. The geometry of the
experimentally afforded sampling d-spacing is from about 3.5 nm to 70 nm.

To prepare thin film samples, the diblock was first dissolved using a co-solvent
mixture of 1, 1, 2-trichlorotrifluroethane (Freon 113) and chloroform. The resulting
transparent solutions had a concentration of 0.5-1 wt% polymer and 15-25 wt%
chloroform. Thin films were prepared by spin casting the solutions onto silicon wafers
(Wafer World Inc.) with a thin native oxide layer. The thicknesses of the films were
measured by spectroscopic ellipsometry (J. A. Woollam Co., Inc.). Different thicknesses
(30-80 nm) were obtained by controlling the spin rate and modifying the solution

concentrations. The samples were then annealed in either vacuum ovens or Sc-CO,
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Table 3.1: Characteristic Properties of PEO and PFOMA in the Diblock

Parameters PEO PFOMA

M, (kg/mole) 5 52

T, (°C) <RT 50'®

Tw (°C) 63" NA
M, (g/mole) 44 468
N 114 111

v (dyne/cm) 43 <11"
f (volume fraction) 0.12 0.88
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environments. Topography analyses of the resulting films were performed in contact
mode using an Autoprobe CP Scanning Force Microscopy (SFM) from Park Instruments.
For some samples, SFM height and phase images were obtained simultaneously in

tapping mode using a Nanoscope IV/Dimension 3100 (Digital Instruments).
3.2.2 Supercritical CO; Annealing

The samples were loaded into a fixed volume cell, which was subsequently sealed
and pressurized with carbon dioxide (Air Products, > 99.999%) using a manual pressure
generator (High-Pressure Equipment Co.). The pressure was controlled with a strain
gauge pressure transducer (Sensotec) calibrated to within + 7 x 10 MPa. Typically, the
temperature was controlled to = 0.1 °C by immersing the pressure cell into a water bath
equipped with a temperature controller (Julabo, Inc.). For high temperature (above 100
°C) experiments, the pressure cell was wrapped with a heating tape connected to a
temperature controller (Omega Engineering, Inc). The glass transition temperature (Ty)
of PFOMA is 50 °C'® and the melting temperature (Ty,) of PEO is about 63 °C" (T, for
PEO is below room temperature) in vacuum. Since all transition temperatures should be
even more depressed in CO,, the diblock was in a rubbery state at all conditions studied
(60-145 °C and at the Sc-CO; pressure of 13.9 MPa). After an annealing period (varying
from 10 hours to 10 days), the cell was cooled to approximately 25 °C and depressurized
by venting Sc-CO, as a vapor from the top. In the process of depressurization and

cooling, the films return to the glassy state and the morphology was frozen.

3.2.3 In-situ Swelling Experiments

Spectroscopic ellipsometry (J. A. Woollam Co., Inc.) was used to measure in-situ

swelling of PFOMA (M,, = 100 kg/mole) homopolymer films (thicknesses between 100-
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120 nm) in Sc-CO,. The detailed experimental apparatus and procedures are described

elsewhere.” The swelling percentage was determined by assuming uniaxial swelling

Sw% = AVV (%) = h;h‘) x100% (3.1).

0 0

Here Vj is the initial volume of the film, h is the thickness of the swollen film, and hy is

the initial thickness of the polymer films determined by spectroscopic ellipsometry at 0

psig.

3.3 RESULTS

3.3.1 The Absence of Order in Vacuum vs. an Order-Disorder Transition in Sc-CO,
at the Same Temperature Range

In BCP thin films, phase segregated domains typically align parallel to the
surfaces due to the preferential interactions between one block and the interfaces (both

free surface and the substrate).”>®

For symmetric BCP films, if L is the size of the
periodic spacing, then the thickness of the brush layer, Ly in contact with the substrate, is
normally L or L/2 for symmetric and asymmetric wetting cases, respectively.” If the
initial film thickness deviates from the nL + L, criterion,23 then the excess material will
form a discontinuous layer with either holes or islands, of height L. This so-called
terrace structure has been widely used to identify the ordering of both symmetric and
asymmetric BCP films.”**°

The eventual structure of the film is allowed to develop after spin-casting from
solution onto the substrate and subsequently annealing under either vacuum or Sc-CO;
conditions. Figure 3.1 compares the topography of PEO-b-PFOMA films under different

annealing conditions. In the first set of experiments, the films (30-80 nm) were annealed

in vacuum ovens at various temperatures (in the range of 80-180 °C) and representative
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images are shown in Figures 3.1a and 3.1b. The absence of any terrace structure in the
height image (Figure 3.1a) indicates that the diblock is in a disordered state. The phase
image (Figure 3.1b) does not show any particular nanoscopic structure, further supporting
the observation of the height image that the PEO-b-PFOMA films are phase miscible
under the experimental vacuum conditions. It’s noteworthy that no dewetting droplets
associated structural instability was observed for PEO-b-PFOMA films after extensive
annealing period in vacuum ovens. This stability is not surprising since both PEO and
the carbonyl group in PFOMA are known to have strong interactions with the polar
Si/SiOx substrate.””

In the second set of experiments, the PEO-b-PFOMA films were annealed under
Sc-CO; conditions at 13.9 MPa, over a temperature range of 60-145 °C. This range was
chosen so that Sc-CO, annealing temperatures were kept above the melting temperature
of PEO block,"” given complications that may arise from crystallization. The film shown
in Figures 3.1c and 3.1d was annealed at 145 °C for 48 hours. The absence of either a
mesoscopic terrace-like or nanoscopic spherical structures indicates that PEO-b-PFOMA
films are also disordered under this condition. However, as the Sc-CO, annealing
temperature decreases, the films start to become ordered. Figures 3.1e and 3.1f are the
topography of a PEO-b-PFOMA film after annealing at 75 °C, and 13.9 MPa for 76
hours. Evidently, Figure 3.1e shows a discontinuous layer with holes, suggesting the
diblock is in an ordered state. In addition, random arrays of PEO spheres embedded in
the matrix of PFOMA were observed in Figure 3.1f. Consistent with previous studies”
3! the PEO block appears in a darker color in the phase contrast SFM images, owing to
its much lower glass transition temperature compared with PFOMA. Finally it is
noteworthy that similar images as Figures 3.le and 3.1f were obtained for samples

annealed in Sc-CO; at the temperature range of 60-116 °C at 13.9 MPa.
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FIGURE 3.1: SFM images of PEO-b-PFOMA films with (a, b) h = 67nm after annealing
in vacuum ovens at 170 °C for 240 hours; (¢, d) h = 57 nm after annealing at

CO2, 145 °C, 13.9 MPa for 48 hours; (e, f) h =55 nm after annealing at
C02, 75 °C, 13.9 MPa for 76 hours. Left column shows 20 pm height
images from contact mode SFM, whereas right column shows 1.5-2 pm
phase images from tapping mode SFM.
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To further prove the absence of order after vacuum annealing, SAXS
measurements were performed on bulk PEO-b-PFOMA samples to explore any potential
ODT over a broader temperature range (100-280 °C in 30-40 °C increments). However,
as shown by a representative spectrum (Figure 3.2), no scattering peak can be found from
the intensity vs. scattering angle profile. The scattering intensity contrast between PEO
and PFOMA blocks is expected to be strong due to the large difference in the X-ray
atomic scattering factors for H and F atoms.’> Therefore, this absence of scattering peak
suggests that no ordering could be identified over the experimental temperature range.

In summary, in vacuum, SAXS shows bulk PEO-b-PFOMA diblock remains
disordered at 100-280 °C and consistently, SFM shows PEO-b-PFOMA thin films is
disordered at 80-180 °C. On the other hand, upon annealing in Sc-CO, at 13.9 MPa, an
ODT was found between 116 °C and 145 °C.

Before ending this section, it is noteworthy that in Figure 3.1f, the PEO spheres
appear to only have a short-range liquid-like order. The absence of any long-range order
is an intrinsic property associated with asymmetric BCP systems. Unlike symmetric
BCPs, which go directly from a disordered state to an ordered lamellar state, asymmetric
BCPs was found to follow the path from a disordered state, to liquid-like array of

28,33 Therefore two first-

spheres, and to a perfectly aligned crystal structure of spheres.
order phase transitions are believed to exist in asymmetric BCPs, one being the
conventional ODT and the other being the “spatial disordering™” or lattice disorder-order
transition”™. Given the lack of perfectly aligned spheres, the experimental temperature

range of 60-116 °C in Sc-CO, at 13.9 MPa is below the Topr while above the

corresponding “spatial disorder” transition temperature.
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FIGURE 3.2: A representative small angle X-ray scattering (SAXS) spectrum of bulk

PEO-b-PFOMA at 135 °C.

63



3.3.2 The Periodic Spacing of Ordered PEO-b-PFOMA Films in Sc-CO,

To obtain a height profile of the PEO-b-PFOMA films in the z direction, films
were scratched prior to annealing to expose the underlying substrate, and numerous line
scans were taken near the scratch. However, as has been observed by Reiter et al.** **,
the PEO chains have a strong affinity with the polar Si/SiOx substrate. As a
consequence, the scratch made prior to annealing will be covered by a thin brush layer
once the polymer chains are given mobility to move under annealing conditions.

Figures 3.3a-c show the representative SFM images and the corresponding line-
scans on the edge of the scratches on PEO-b-PFOMA samples after annealing at different
Sc-CO, temperatures at 13.9 MPa. Figure 3.3a shows a film after annealing at 145 °C for
48 hours, where no steps are observed near the scratch, further proving that the film is
disordered. In Figures 3.3b-c, two steps can be clearly identified on the edge and the
heights of each layer, L, and L,, are measured based on the average of numerous line-
scans as listed in Table 3.2. Moreover, several white spots, which are actually small
holes with rims, are observed throughout Figures 3.3b-c as well as in Figure 3.1e. These
white spots (0.5-1 pm in diameter) are the result of fast CO, diffusion from the interface
between the films and substrate when the samples were abruptly depressurized to ambient
condition. Decreasing depressurization rate reduces the number of depressions, or holes.
Since CO, is expected to partially absorb on the substrate,” the bottom of each
depression is found to expose the underlying substrate. Therefore the height difference
between brush layer covering the scratch and bottom of these holes is used to determine
the height of the brush layer, Ly (also shown in Table 3.2).

Figure 3.3d shows a schematic drawing of the layered structure in phase

segregated PEO-b-PFOMA films, where spheres of PEO are embedded in the matrix of
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PFOMA, consistent with Figure 3.1f. PFOMA block, owing to its substantially lower
surface tension, resides on the free surface. To determine which block remains contact
with the substrate, it is instructive to compare the size of Lo with L, and L,. If PFOMA,
the majority block, wets the substrate, then the spherical phase structure can remain
intact. Consequently, L, should be equivalent to L; and L,** On the other hand, if PEO,
the minority block wets the substrate, then the diblock has to form a half-lamellar layer
on the substrate; hence the value of L, is approximately half of L; and L,.>* Based on the
above discussion and Table 3.2, it is evident that PEO resides on the substrate.

To prove the validity of our height measurement for each layer, the nL + Lo
criteria is used to justify the formation of islands or holes in films that were annealed at
75 °C, 13.9 MPa for 76 hours (Figure 3.4). As shown in Table 3.2, at 75 °C, the
corresponding values for measured Ly, L; and L, are 12 nm, 24 nm and 23 nm
respectively. Accordingly, a stable layer would have a thickness of 12 + 24 + 23 = 59
nm. Thus an h = 63 nm film (Figure 3.4a) can minimize its free energy by forming a 59
nm layer and then another discontinuous layer of islands on top. In the same fashion, for
an h = 55 nm film (Figure 3.4b), the free energy of the system is minimized by forming a
discontinuous layer, which is 59 nm in height and contains holes. Therefore good
agreement is found between the measured layer heights and the nL + L criterion.

It is noteworthy that the flower-like patterns observed in Figure 3.4 (indicated by
the circles) are due to partial crystallization of PEO block when quenching to room
temperature. PEO is a semicrystalline polymer and the crystallization of PEO films as

well as PEO containing copolymer films has been examined.” *" **

The melting
temperature depression for bulk PEO in supercritical CO, has also been explored.” In
our study, to avoid the complication between crystallization and phase separation, the

experimental CO, annealing temperatures are always kept above the melting temperature
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FIGURE 3.3: SFM images and the corresponding line scans for PEO-b-PFOMA films
annealed in Sc-CO,: (a) an h = 46 nm film after annealing at CO,, 145 °C,
13.9 MPa for 48 hours; (b) an h = 57 nm film after annealing at CO,, 116
°C, 13.9 MPa for 48 hours; (c) an h = 47 nm film after annealing at CO,, 60
°C, 13.9 MPa for 30 hours. Notice that except (a), both (b) and (c) show
formation of terrace near the scratch. (d) Schematic drawing of the layered
structure in phase segregated PEO-b-PFOMA films.
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Table 3.2: Measured layer heights for PEO-b-PFOMA Films after Sc-CO, Annealing

Condition Lo (nm) L (nm) L, (nm)
60 °C, 13.9 MPa 103+ 1.1 242+ 1.8 23.0+2.0
75°C, 13.9 MPa 11.7+£1.2 23.8+2.1 22.7+3.7
116°C, 13.9 MPa 11.3+£2.2 22.6+3.1 19.1+£3.3

Note: Ly is the brush layer thickness; L; and L, are the next two layers above the brush
layer.
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0 10 200 T 40m
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FIGURE 3.4: SFM topography of PEO-b-PFOMA films with thicknesses (a) h = 63 nm
and (b) h = 55 nm after annealing at CO,, 75 °C, 13.9 MPa for 76 hours.
Notice that the flower-like patterns in both images (marked by the circles)
are the results of PEO chains crystallization when subsequently quenching
to ambient condition from Sc-CO, annealing.
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of PEO. However, after CO, annealing, the PEO-b-PFOMA films are subsequently
quenched to room temperature for SFM imaging. During this abrupt quenching, PEO-b-

PFOMA films can partially crystallize, forming the observed flower-like patterns.

3.3.3 Sanchez-Lacombe Equation of State (SLEOS) Fitting of Swelling Isotherms for
PFOMA and PEO in CO;,

In-situ sorption measurements were performed using spectroscopic ellipsometry
for PFOMA films as shown in Figure 3.5a, where swelling isotherms of PFOMA are
plotted against Sc-CO, activity to combine the effects of temperature and pressure. As
has been discussed in our previous work™®, swelling of a rubbery polymer in Sc-CO, only
depends on CO, activity. Because the T, of PFOMA is only 50 °C'" under ambient
conditions and is depressed under Sc-CO,, the difference between the two PFOMA
isotherms is within experimental error range. This superposed swelling vs. CO; activity
also suggests that one can estimate the corresponding % swelling at higher temperatures,
given the corresponding CO; activities (shown in Figure 3.5b).

To estimate the change of Ay = |xpro-co2 — Yproma-coz| With temperature, the

37, 38

Sanchez-Lacombe equation of state (SLEOS) is used to fit the swelling isotherms

using nonlinear least square method. Following the mixing rule proposed by Sanchez et

13, 39-41

al.’’ and commonly used by many SLEOS modeling papers , we employ the

following equations for the mixture of CO, (phase 1) and polymer (phase 2),

P =¢’PF +¢,"P +24,4,P,, B, =(1-k,)(P'P,)"” (3.2a),
. RT" . RTS . . .
v, =——,v, =—2—v =¢'v, + 4V, (3.2b),
1 PZ

. PV
T = 3.2¢),
R (3.2¢)

0 0
l=¢—10+—f) (3.2d).

ron r,
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Here ®; and @, are the closed-packed volume fractions of the components and v’ is the

close-packed volume. ®@,°and @,° are given by
P — (3.3).

|
1%
¢ + 71*¢2
v,

The essence of the above mixing rules is that a temperature dependent binary
parameter, ki, is introduced to correct the deviation of the characteristic pressure, Pj,"
from the geometric mean. In addition, the size parameters of two components, r; and r;
in the mixture can be related to those of pure phases as

AR (3.4).

r] « 9 12 T %
Vl V2

Then the chemical potential of CO; in the polymer-CO, mixture can be calculated

by
' r 5 P 1 0
EL_lng + (=g, + 10X, + 1L v | (1= p)In(1-p)+ E-Inp
RT r L TLp p h
(3.5a),
IO (A e (O N ) (.50
1 RT
The chemical potential of CO; in the pure CO, phase is
0 ~ =~ ~
H, o) P, A 1 ~ ~\., P
—=n1—=+=—+—=—|0-p)In(0-p,))+—Inp (3.6).
RT {T 1.5, p[ ‘ ot

Once the temperature dependent binary interaction parameter ki, is given, the
corresponding @, @, @10 and @20 can be solved by letting ucozp = ucozo. Then the

degree of swelling (sw %) or the mass fraction (m;, my) can be calculated, respectively,

by
L L 0/’1 -1 (3.72),
Vo Vod, 1 p,
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and

| =—fjlp s (3.7b).
¢ p +o,p0,

Sanchez and Lacombe®’ derived a concentration dependent interaction parameter
¥, Which can be expressed as
2
X=X+ 210+ 210, +.. (3.8).

In the infinite dilution region (®, ~ 0), % = x1, which can be expressed as

X = ’”10 (o X, + /51'//12TIP1*:H1) (3.9a),

_dWT)_d/n) o d(PIT) (3.9,
dg, de, dg,

TP =@ - +1/r—2/7T | (3.9¢).

Here vy is a dimensionless function and f is the isothermal compressibility of the mixture;
vy and f; are the corresponding values at infinite dilution. In eq 3.9a, ; is comparable to
the interaction parameter in classic Flory-Huggins theory, yrn, which simply assumes that
interaction parameter is inversely proportional to temperature and is independent of
concentration. However, since we are interested in the absorption of CO, into polymer,
infinite dilution is not reasonable. Therefore we use the concentration dependent y to
evaluate the interactions between CO, and polymers:

X=Xnt Xs (3.10a),

P~ - e~ r PP’
2 =3P = PUT RO +pX1¢§}—1p¢—"’ﬁ (3.10b)",
H 2

PO o - 1 - rpiyP’
7o :5_2{@ ~DIn(l-p)- (5, —l)ln(l—pl)+r—oln(p/pl)}+l'0¢—l/lﬁ (3.10¢)".

2 1 2
Another advantage of our calculation is that ¥ may be determined as a function of
temperature and pressure, which influence the reduced density. Since the reduced density

term is included in both eqs 3.10a and 3.10b, the effects of CO, as a compressible
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solvent, which are distinctly different from that of a relatively incompressible liquid
solvent, are addressed.

M Tt s

Table 3.3 shows characteristic SLEOS parameters used in our fitting.
noteworthy that several sets EOS parameters for CO, are available®’. We choose the one
that gives a critical CO, temperature (T.) close to 31 °C. Additionally, P* is known to
related to the cohesive energy density (CED). Both CO, and CO;-philic polymers
possess inherently low CED*; however, Table 3.3 shows P* for CO, is fairly large and
even exceeds that of PEO. This discrepancy can be explained by Table 3.4, which
estimates the CED values based on the equation of state approach as derived by
Panayiotou”’

CED =6 =p°P" (3.11).
Here 0 is the solubility parameter. From Table 3.4, it is clear than even though CO, has a
relatively large P*, it also has a much lower reduced density (p) than those of the
polymers. Thus, the estimated CED for CO, is small as expected.

Figure 3.5b shows that SLEOS fits the PFOMA swelling isotherms in CO, at
temperatures of from 50 °C to 100 °C with good accuracy. Phase equilibrium of the

40,48-50 yWeidner et al. measured the

PEO-CO; system has been examined by many groups.
mass fraction of CO, in PEO (4 kg/mole) at 55, 60, 80, 100 °C and suggested that the
solubility of CO, in PEO is almost independent on PEO molar weight.*® Similar results
were obtained by Gourgouillon and co-workers.* We fit Weidner et al.’s data*® for the
four available temperatures, as shown in Figure 3.5c. It is noteworthy that Gourgouillon
et al.** also modeled Weidner et al.’s data with the SLEOS, but with a different set of
CO; EOS parameters.

Table 3.5 summarizes the values of k;, fitted from the swelling isotherms and the

corresponding y values (eq 3.10) calculated at all temperatures. Firstly, as expected, the
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Table 3.3: Sanchez-Lacombe Pure Component Characteristic Parameters

Component T* (K) P* (atm) p* (g/cm3) Ref
CO, 283 6504 1.62 42
PFOMA 540.01 4399 1.677 43
PEO 658 4787 1.182 44

Table 3.4: Estimated Cohesive Energy Density (CED) from the Parameters in Table 3.3

Component 60 °C, 13.9 MPa 145 °C, 13.9 MPa
o) CED (MPa) o) CED (MPa)
CO, 0.262 45.2 0.134 10.1
PFOMA 0.893 356 0.826 304
PEO 0.933 423 0.885 380
Table 3.5: SLEOS Fitting Results for PFOMA and PEO in Sc-CO,
T (°C) PFOMA PEO
kiz X Ki2 X Ay
50 -0.0739 0.82
55 -0.0765 0.86 -0.0247 1.39 0.53
60 -0.0758 0.90 -0.0237 1.46 0.56
80" -0.0580 1.17 -0.0300 1.61 0.44
100" -0.0461 1.40 -0.0386 1.80 0.40
145" -0.0331 1.77 -0.0498 2.00 0.23

" Swelling isotherm estimated based on % swelling vs. CO, activity curve for PEOMA
films. The estimated and calculated isotherm for 145 °C is not shown in Figure 3.5b.

" Swelling isotherm estimated based on % swelling vs. CO, activity curve for PEO films.
Similarly to PFOMA, a superposed isotherm curve for PEO can be produced (plot not
shown), if one plots Weidner et al.’s sorption data at all four temperatures versus CO,

activity.
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FIGURE 3.5: (a) Experimentally measured % swelling as the function of CO, activity for
PFOMA films (h ~ 110 nm).
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SLEOS calculated values for yproma-co2 are always lower than those for yppo-coz,
suggesting that the interaction between PFOMA and CO; is more favorable. Secondly,
the observed increase in x with increasing temperature indicates that the interaction
between polymers and CO, becomes less favorable, consistent with the decreasing CO,
solubility in polymers with increasing temperature. This trend is opposite to the
temperature dependence of classic yrn, and is the reason why the simplified Flory-
Huggins theory does not explain the commonly observed LCST behavior in polymer-
solvent systems. Thirdly, as CO, temperature increases, the value of Ay = |xpro-coz —
Yproma-co2| decreases, suggesting that CO, becomes less of a selective solvent towards
PFOMA. In Figure 3.6, the calculated  values for both PFOMA-CO; and PEO-CO; are
plotted versus 1/T and the trend of decreasing difference in  as increasing temperature is

clearly demonstrated.

3.4 DISCUSSION

It is well known that the phase diagram of a diblock copolymer (A-b-B) is
typically determined by the interaction parameter, yap, the total number of monomers that
compose the chain, N and the volume fraction of one block, f. 20.51 At a given f, when
vasN exceeds the corresponding critical value, the diblock can change from a disordered
state to an ordered state. For example, the critical yagN is 10.5 for f = 0.5. Figure 3.7a
illustrates schematically the effects of adding a neutral or selective solvent on the yagN
versus fy phase diagram of a diblock copolymer. Generally speaking, adding a neutral
solvent is equivalent to a vertical trajectory, whereas adding a selective solvent is
equivalent to a diagonal trajectory.”® These effects will be examined into detail next.

When an A-b-B copolymer is dilated in a solvent, the effective interaction

parameter will change to **>*
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Zog ~ 0 as + 80 = s +|2as = X)) (3.12).

Here @ is the volume concentration of the copolymer in the solvent and Ay is the
difference between A-solvent and B-solvent interaction parameters. For the case of a
neutral solvent, Ay ~ 0, and consequently,

XogN ~ 82 15N (3.13).
Thus when adding a neutral solvent into a BCP system (® < 1), y.sN decreases and the
system may change from an ordered state to a disordered one. In other words, neutral
solvent can effectively screen the unfavorable segmental contacts between A and B
blocks, and can enhance phase compatibility. Because CO, can be considered as a

12, 13 ., .
> 7, 1t 1S not

neutral solvent for the two systems examined by Vogt and co-workers
surprising that CO, induces phase compatibility relative to vacuum. For example, for the
diblock of PS-b-PIP", Vogt et al. showed the degrees of swelling for PS and PIP at 35°C
are very similar, indicating that CO; interacts almost equally with both blocks.

However, the effects of a selective solvent on the compatibility of BCP systems

can be complicated due to the interplay between ® and Ay. If we assume that the

selective solvent preferentially swells B block, then the volume fraction of A block and

effective interaction parameter will change, accordinglysz’ 53
fo~ i (3.14),
Z‘-f/.‘fN~¢(ZAB+AZ)N~¢(ZAB+|ZAS_ZBS|)N (3.15).

In many cases, the presence of a large difference between the two polymer-solvent
interaction parameters (Ay is large and positive) raises yesN from a disordered state into
an ordered state. In other words, if the Ay effect dominates the contribution resulting
from O less than unity, then phase segregation can be induced by adding selective
solvents. In addition, according to eq 3.14, adding a selective solvent for block B can

lead to a significant decrease in the volume fraction of the A block, fo. As a
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consequence, the decrease in fa can cause a change in the equilibrium phase structure.
For instance, Hanley et al. observed a sequence of phase changes from lamella (L) to
perforated layer (PL) to gyroid (G) to cylinder (C) as the dilation of a slightly selective
solvent to poly(styrene-b-isoprene). >>

Now we can apply the above discussion on PEO-b-PFOMA system annealed in
Sc-CO; conditions. Based on eq 3.14, selective swelling of PFOMA by CO, decreases
the effective volume fraction of PEO block (fpro’ decreases). However, since fpgo
already lies in the spherical phase region in vacuum, further decreasing it will not change
the equilibrium phase structure. In addition, according to eq 3.15, CO; annealing
introduces two competing terms to y.sN: the overall copolymer volume fraction in the
presence of CO, , ®, which is less than 1 and a positive Ay, due to the preferential
interaction between PFOMA and CO,*. The observed CO, induced phase segregation
relative to vacuum annealing at the same temperature suggests that the Ay effect is
dominant, therefore (YesN)coz > (¥N)vac. This induced phase separation by the
dominating Ay effect has been observed in other systems, where a large disparity in the
strength of polymer-solvent interactions exists.*” >

Next, we will discuss how changing CO, temperature affects the phase diagram of
PEO-b-PFOMA. Here we will focus on the Ay effect since that of @ is expected to be
minor. Figure 3.7b illustrates schematically the effects of CO, as a selective solvent on
the phase diagram of PEO-b-PFOMA. In vacuum, the diblock films are in disordered
states at both temperatures (T, < T5); in Sc-CO; and at 13.9 MPa, the diblock is ordered at
T, and disordered at T,. As shown in Figure 3.7b, adding a selective solvent is
equivalent to a diagonal trajectory’> in the ¥N versus f phase diagram. At lower

temperature Tj, the higher degree of CO, swelling reduces fppo more and thus the
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FIGURE 3.7: (a) Schematic phase diagrams for a typical diblock copolymer to show the
effects of both neutral and selective solvents. (b) Schematic phase diagrams
for PEO-b-PFOMA diblock copolymer (T; < T,). Squares represent the
case in vacuum while dots represent the case in CO,. At lower temperature
T, (such as 116 °C), the diblock is disordered in vacuum and ordered in CO,,
13.9 MPa; while at higher temperature T, (such as 145 °C), the diblock is
disordered in both vacuum and CO,, 13.9 MPa.
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trajectory is steeper (the horizontal distance between the two ending points along the
trajectory is larger). In addition, from Table 3.5, since Ay decreases with increasing
temperature, the increase in y.sN is more distinct at lower temperature T, (the vertical
distance between the two ending points along the trajectory is larger). As a result, only
at Ty, the change in y.sN is large enough to shift the diblock from a disordered state in
vacuum to an ordered state in CO».

Finally, we would like to point out that in order to calculate the Topt of PEO-b-
PFOMA in Sc-CO,, one must consider the phase stability of a ternary system. In the case
of a diblock copolymer in CO,, the corresponding phase stability calculation of the
ternary system is not available and thus will not be examined further. It is also evident
that if y.fr decreases with increasing temperature (becuase Ay decreases), then since the
characteristic spacing of phase segregated BCP domains, L, is proportional to yag" (for

example, o is 1/6 for strongly segregated systems),”” '

one would expect L to decrease
with increasing temperature. From Table 3.2, as CO, annealing temperature increases
from 60 to 116 °C, the values of both L; and L, slightly decrease. However, this decrease

is within the experimental error range and is therefore inconclusive.

3.5 CONCLUSIONS

We demonstrate that supercritical CO, induces phase segregation in PEO-b-
PFOMA (5k/52k) diblock copolymer thin films. The diblock films remain disordered in
vacuum within the temperature range of 80-180 °C. In supercritical CO, at 13.9 MPa,
between 60-116 °C, the diblock films are ordered, with an equilibrium structure of PEO
spheres embedded in the matrix of PFOMA. However at 145 °C the diblock films are
disordered. This change of morphology suggests a Topr between 116 °C and 145 °C.

Regression of the swelling isotherms of PFOMA and PEO homopolymers in CO, with
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the Sanchez-Lacombe equation of state proves that as temperature increases, Ay = |xpEo-

co2 — Yproma-coz| decreases significantly. The CO, induced phase segregation is due to

the selectivity of CO, toward PFOMA block (large Ay), whereas the effect of dilution @

must be minor, as it is in the opposite direction of the experimental observations. At high

temperatures, the preferential swelling becomes small enough (Ay becomes small) that

CO; no longer induces a transition to the ordered state.
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Chapter 4: Structural Inversion of Micellar Block Copolymer Thin
Films

Polystyrene-b-poly(1,1°,2,2’-tetrahydroperflurooctyl methacrylate) (PS-b-
PFOMA) thin films, cast from a cosolvent mixture of Freon 113 and toluene onto Si/SiOy
substrates, form spherical micelles; the cores are composed of PFOMA chains with a PS
corona. Upon exposing the films to supercritical CO, (Sc-COy), the morphology inverts,
wherein the core is composed of PS chains and the PFOMA chains constitute the corona.
In each case, the free surface and polymer/substrate layers are enriched with PFOMA.
The size of the PS cores is found to increase with decreasing Sc-CO, activity. This size
variation is discussed in light of recent theoretical developments that account for the
effect of Sc-CO; activity on PS-CO; interfacial tension and chain stretching of the corona

versus the core.

Reprinted with permission from Li, Y.; Meli L.; Lim K. T.; Johnston, K. P.; Green P. F.
Macromolecules 2006, 39, 7044-7054. Copyright © 2006 American Chemical Society.
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4.1 INTRODUCTION

Block copolymers are exploited for a diverse range of applications, which include

templates to create periodic patterns for nanolithography and for “bottom up” fabrication

1

in microelectronics.''! Important challenges are typically associated with processing to

control the long-range orientation and lateral ordering of the nanometer-scale domains.

Strategies that use external fields are employed, such as electric fields,” '

11, 13 18, 19

graphoepitaxy, chemical patterned substrates,'*""” for thin films, and shear and
temperature gradients,” for bulk.
Liquid and supercritical CO, have been shown to be attractive alternatives to

21-24

organic solvents in many polymer processes. Sorption of CO, into polymers can

cause significant swelling and plasticization, lowering the glass transition temperature T,

22, 25-28 and

of amorphous polymers, inducing crystallization in crystalline polymers,
influencing order-disorder transition (ODT) temperatures and ordering kinetics of block
copolymers.zg'32 Aside from the environmentally benign properties and easily accessible
critical conditions (T, = 31 °C and P, = 73.8 bar) of CO,, the solvent strength of CO, can
be tuned markedly with pressure and temperature. While most research has focused on
bulk polymer systems in supercritical CO, (Sc-CO,)** the effects of Sc-CO, on thin
polymer films have received far less attention. Studies in our laboratories have suggested
a strong influence of Sc-CO; on the sorption, on the glass transition temperatures (T,), on
the morphological instability of homopolymer thin films and on the ordering transition of
block copolymer thin films.****~7

In this study we show that polystyrene-b-poly(1,1°,2,2’-tetrahydroperflurooctyl
methacrylate) (PS-b-PFOMA) thin films spin cast, using a cosolvent of Freon 113 and

toluene, onto Si/SiOy substrates, form micelles with a PFOMA core and PS corona. We
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show that, upon annealing in a compressed solvent, Sc-CO,, the structure is inverted and
the PS chains, which formally constituted the continuous phase (corona), now form the
core phase and the PFOMA chains form the continuous phase. The sizes of PS cores
increase with increasing Sc-CO; annealing temperatures at a constant pressure. These
observations are rationalized based on the change of interfacial tension between PS and

CO; as well as the relative stretching of PS and PFOMA chains as Sc-CO; activity varies.

4.2 EXPERIMENTAL SECTIONS

In this section, the synthetic procedures used to prepare the polymers and the
processing strategies, involving Sc-CO, annealing used to prepare the films, are
described. In addition, the characterization techniques, scanning transmission electron
microscopy (STEM) and scanning force microscopy (SFM), used for morphological
analysis, X-ray photoelectron spectroscopy (XPS) for surface compositional analysis, and
spectroscopic ellipsometry for analyzing the swelling of the films in Sc-CO, are

described.

4.2.1 Synthesis of Materials

4.2.1a Preparation of PSt-Br Macroinitiator

A Florence (round-bottom) flask containing a Teflon coated magnetic stir bar was
charged with CuBr and bipy(2,2’-dipyridyl) (Bpy). Prior to use, the flask was vacuumed
and back-filled with dry nitrogen several times. FEthyl-2-bromoisobutyrate (EtBr) and
styrene (St) were then added under nitrogen atmosphere with the ratio of
[St]/[EtBr]/[CuBr]/[Bpy] as 19.2:1:1:3. The flask was subsequently placed in an oil bath
and heated to 110 °C with continuous stirring for 24 h. After polymerization, the reaction

mixture was diluted with tetrahydrofuran (THF) and passed through a neutral Al,Os
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column to remove the catalyst. The solution was then precipitated into methanol, and the
polystyrene (PSt-Br) product was filtered and dried in a vacuum. The molecular weight
of polystyrene (PSt-Br) was determined to be 27,000 g/mol by 'H NMR, with the

polydispersity of 1.12 determined by gel permeation chromatography (GPC).
4.2.1b Synthesis of PSt-b-PFOMA Block Copolymer

PSt-Br macroinitiator, CuCl, and Bpy were placed in a Florence flask with Teflon
coated magnetic stir bar. After the flask was vacuumed and back-filled with dry nitrogen
several times, trifluorotoluene (TFT) was added into the flask. The solution was
degassed with dry nitrogen, and then 1,1°,2,2’-tetrahydroperfluorooctyl methyl
methacrylate (FOMA) was introduced to the solution with the ratio of [FOMA]/[PSt-Br]
/[CuCl]/[Bpy] as 198:1:1:3. Polymerization was performed at 110 °C in nitrogen blanket
for 37 h. After polymerization, the mixture was diluted with TFT and passed through the
ALy Os column. Then the reaction solution was precipitated into heptane, and the resulting
product was filtered and dried in vacuum for 12 h. After extraction with cyclohexane to
remove unreacted macroinitiator, the polymer was filtered and dried in a vacuum. The
molecular weight of the resulting polystyrene-b-poly(1,1°,2,2’-tetrahydroperflurooctyl
methacrylate) (PS-b-PFOMA) block polymer was determined to be 154,000 g/mol by
comparing the signal of PSt and PFOMA block in "H NMR spectrum.
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Table 4.1: Characteristic Properties of PS and PFOMA in the Copolymer

Parameters PS PFOMA
Molecular weight, M, (kg/mole) 27 127
Glass transition temperature, T, (°C) 100 50°°
Density, p (g/cm’) 1.06 1.53°
Monomer molecular weight, M, (g/mole) 104 432
Number of monomers, N 260 294
Surface tension, y (dyn/cm) 41 <11%
Volume fraction, f 0.25° 0.75°
Volume per monomer, V (nm’) 0.167" 0.389°
End-to-end distance in unperturbed state, 1. (nm) 10.5% 14.5°
Maximum stretching length, 1, (nm) 80.1¢ 90.5¢
* Data provided by Dr. Gabriel Luna-Barcenas, to be published.
b f= M ps | pps .
M ps ! pps + M provia ! Pprowa
CBased on: VPF()MA — (lePFOMA )3 — MOPFOMA /IOPFOMA .
PS Leps Moy / pps

41, =2N x 1.54 A.
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4.2.2 Thin Film Preparation and Characterization

The block copolymer of PS-b-PFOMA (properties listed in Table 4.1°**°) was
dissolved using a cosolvent of 1,1,2-trichlorotrifluroethane (Freon 113) and toluene. The
resulting transparent solutions have weight concentrations of 0.5-1% polymer and 15-
25% toluene. Dynamic light scattering (DLS) measurements were performed using a
Brookhaven laser light scattering instrument (Brookhaven Instruments Corp.), with a
diode laser (24 mV) at a wavelength of 659 nm at 20 °C.

Thin films were prepared by spin casting the solutions onto silicon wafers with a
native oxide layer (Wafer World Inc.), and the thicknesses of the films were measured by
spectroscopic ellipsometry (J. A. Wollam Co., Inc.). Different thicknesses were obtained
by controlling the spin rate and concentration of the copolymer solutions. Samples for
STEM imaging were prepared by floating as-cast films into water and picking up with

electron transparent silicon nitride windows (SPI supplies) to achieve film uniformity.
4.2.3 Supercritical CO; Annealing

The samples (supported by either Si/SiOy or silicon nitride windows) were loaded
into a fixed volume cell, which was subsequently sealed and pressurized with carbon
dioxide (Air Products, > 99.999%) using a manual pressure generator (High-Pressure
Equipment Co.). The pressure was controlled with a strain gauge pressure transducer
(Sensotec) calibrated to within + 7 x 10~ MPa. Typically, the temperature was controlled
to = 0.1 °C by immersing the pressure cell into a water bath equipped with a temperature
controller (Julabo, Inc.). For high-temperature (above 100 °C) experiments, the pressure
cell was wrapped by heating tapes connected to a temperature controller (Omega
Engineering, Inc). The diblock was in a rubbery state under all conditions studied (35,
50, 75, 140 °C and at the Sc-CO, pressure of 13.8 MPa). After a certain annealing period
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(varying from 10 hours to 10 days), the cell was cooled to approximately 25 °C and
depressurized by venting Sc-CO, as a vapor from the top of the cell. In the process of
depressurization and cooling, the films returned to glassy state and the morphology of the

films was frozen.

4.2.4 Morphological Analysis Using Scanning Force Microscopy (SFM) and
Scanning Transmission Electron Microscopy (STEM)

Morphological characterization of the films was achieved by a combination of
scanning force microscopy (SFM) and scanning transmission electron microscopy
(STEM). SFM measurements were performed in tapping mode using a Nanoscope
IV/Dimension 3100 (Digital Instruments). Identical morphology was observed by SFM
for samples supported by Si/SiOx wafers or silicon nitride windows. Figure 4.1 is
indicative of the micellar structure of the films formed from the solution; the images are
discussed in further detail in the next section.

Considerable more detail of the morphological structure of the film can be
obtained using STEM. STEM imaging was performed using a JEOL 2010F transmission
electron microscope operating at an accelerating voltage 200 kV in scanning mode, using
a high angle annular dark field (HAADF) detector. HAADF imaging, also called Z-
contrast imaging, enabled observation of the species present based on differences in
atomic numbers (Z), densities, and sample thicknesses. Thus, for copolymer samples
without vapor staining, contrast was provided by the difference between the densities of
the two constituent blocks; the denser PFOMA regions appear brighter than the PS
domains. In some cases, samples were exposed to the vapor of an aqueous RuOy solution
(SPI supplies) for 5 minutes to selectively stain the PS-rich domains. In this case, the

selectively adsorbed ruthenium compound provides brighter contrast to the PS phase.
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Figure 4.2 shows typical images of as-cast films with the circular PFOMA cores and the

PS corona (continuous phase). This will be discussed in further detail later.

4.2.5 X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed on PS-b-PFOMA films with thicknesses on
the order of 100 nm using a Physical Electronics (PHI) model 5700 spectrometer
employing a monochromatic Al Ko, source. XPS spectra of PS (M, = 30 kg/mole,
from Pressure Chemical) and poly(1,1’-dihydroperflurooctyl methacrylate) (PDHFOMA)
(M, = 100 kg/mole, synthesis procedure was described elsewhere*') homopolymer films
were taken as references. The binding energy of the instrument was calibrated by using
Ausrrp, Cupsp and Agsgsp. Typical operating conditions were the following: 1 x 107
Torr chamber pressure; 14 kV; 250W for the Al X-ray source. Survey scans from 0 to
1000 eV were taken with the pass energy of 93.9 eV. High-resolution elemental scans of
the Cys, Fis regions were collected with the pass energy of 11.75 eV at takeoff angles of
45 and 75° between the sample and analyzer, where the sampling depth was estimated to
be 5.7 and 7.8 nm respectively.”’ The atomic percentages of C and F were determined
using XPS peak areas and the appropriate instrumental sensitivity factors. To ensure that
the samples were not damaged by long-time X-ray exposure, three high-resolution
elemental scans were carried out subsequently, where the resulting C and F atomic
percentages were in good agreement within experimental error ranges. In some
experiments, the topmost part of the samples were etched by Argon (Ar") ion sputtering
at 2 kV voltage and 1 pA beam current (2 mm X 2 mm area) for 5 s, and high-resolution

elemental scans of C;5 and Fj5 regions were then carried out.
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FIGURE 4.1: SFM topography (a) and the corresponding line scan (b) of a PS-b-PFOMA
film (h = 90 nm) after spin-casting from solution onto Si/SiOx substrate.
The scan sizes are 5 um in (a) and 2 um in (b). The colored triangles in the
topography (b) are corresponding to those in the line scan. This particular
circular feature has a diameter of 101.56 nm (between leftmost and
rightmost triangles) and a height of 7.3 nm (between leftmost and middle
triangles).
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FIGURE 4.2: HAADF-STEM images of RuQO; stained PS-b-PFOMA films after spin
casting: (a) a 72 nm film presenting two layers of micellar aggregates; (b) an
even thicker film with more layers of micellar aggregates. The scale bars in
both images are 100 nm.
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4.2.6 In-Situ Swelling Experiments

Spectroscopic ellipsometry (J. A. Wollam Co., Inc.) was used to measure in-situ
swelling of PS (M;, = 30 kg/mole), PDHFOMA (M,, = 100 kg/mole) homopolymers, and
PS-b-PFOMA copolymer films (thicknesses between 100 and 120 nm) in Sc-CO,.
Detailed experimental setup and analysis procedures had been described elsewhere® .
The swelling percentage was determined by the following equation assuming uniaxial
swelling

Sw% = AVV (%) = h;h‘) x100% (4.1).

0 0

Here Vj is the initial volume of the film, h is the thickness of the swollen film, and hy is

the initial thickness of the polymer films determined by spectroscopic ellipsometry at 0

psig.

4.3 RESULTS AND DISCUSSION

This section is divided into three parts. The morphology of the as-cast films,
which form a micellar structure (PFOMA core and PS corona), is first discussed. In the
section that follows, the evolution of the structure during Sc-CO2 annealing is discussed;
it is shown that the structure inverts, wherein the PS segments constitute the cores of the
micelles and PFOMA segments form the corona. Finally, experiments and theory

describing the variation of the size of the micelles with Sc-CO2 activity are discussed.

4.3.1 Self-Assembly of PS-b-PFOMA Diblock into Micelle-like Aggregates in Thin
Films after Spin-Casting

Typical SFM image of the topography of a PS-b-PFOMA thin film supported by
the Si/SiOx substrate is shown in Figure 4.1a. Figure 4.1b shows a small region of the

image in Figure 4.1a and an accompanying line scan. The observed circular regions
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possess an average feature height of 6.7 & 1.5 nm and an average diameter of 105 + 18
nm. Figure 4.2a shows an STEM image of a stained 72 nm thick as-cast sample. It is
evident from this figure that the micelles are composed of PFOMA cores embedded in a
continuous PS (corona) matrix; the overlapping circular features reveal the presence of
two layers of micellar aggregates across the film thickness. The existence of multiple
layers of micelles is evident from Figure 4.2b, the image of a much thicker film.

Having described the internal structure of the as-cast films, the free surface
structure is now described. Table 4.2 shows the XPS results for as-cast PDHFOMA and
PS-b-PFOMA films; three observations can be made. First, as the takeoff angle increases
from 45 to 75°, the experimental F/C ratio for PS-b-PFOMA thin films decreases from
0.81 to 0.68. This decrease indicates that, as expected, PFOMA chains are more
segregated to the free surface than PS chains due to their lower surface energy (< 11
dyn/cm). Second, the F/C ratios for both takeoff angles are either comparable or slightly
larger than the theoretical value for PS-b-PFOMA. They are, however, smaller than the
theoretical values for PFOMA. One would anticipate that the surface of PS-b-PFOMA
films is composed entirely of PFOMA because the surface tension of PFOMA is
substantially lower than that of PS. However, our XPS data suggests that the top 8 nm of
copolymer films consist predominantly, but not entirely, of PFOMA. This is not
surprising in light of the nonequilibrium nature of the spinning process. Third, the last
XPS experiment shows that the F/C ratio drops dramatically after sputter etching of the
topmost layer of the film. This large decrease also suggests that surface PFOMA
segregated layer is very thin and that there is a PS-rich domain below this topmost thin
layer. Our results are consistent with the work by Arnord et al., ** where they observed
the surface of PDMAEMA-b-PFOMA films consisted primarily of PFOMA and that as

the XPS takeoff angle increased, the surface concentration of PFOMA decreased rapidly.
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Because PFOMA chains form the core of the aggregates, the surface segregated PFOMA

layer can be either a half-lamella-like structure*” +*

or a thin layer with the fluorinated
side chains aligned towards the surface. However, the thickness of this layer (less than 8
nm) is too small for a half-lamella layer (see Table 4.1). Therefore we conclude that a
few nanometer thin PFOMA layer, with the fluorinated side groups facing outward,
resides at the free surface.

The micellar formation process is now discussed. Amphiphilic block copolymers
are known to self-organize into aggregates in water or in selective organic solvents. The
adsorption or covalent attachment of block copolymer micelles to solid surfaces has

4453 Theoretical

attracted appreciable attention experimentally, during the past decade.
work has been rare, and the effects of interfaces and confinement on the structure of
spherical micelles are not well understood. Work by Liquore shows that, unlike micelles
in solution, the structures of surface micelles can be strongly affected by an absorbing
solid surface, and that the critical surface micelle concentration (CSMC) can be different
from the value for bulk micelles.” It is found that if the contact angle between the core-
block and the surface is less than a universal value of OOC ~ 51°, then surface micelles
appear at a CSMC much lower than the critical micelle concentration (CMC) in bulk
solution.”

It is evident that micelles do not exist in solution; instead they form during the
spin-casting process. Our DLS measurements of the PS-b-PFOMA solutions showed no
evidence of particles within a reasonable size-range. Furthermore, solubility tests were
performed to examine the solubility of PS and PDHFOMA in the cosolvent mixture.
Specifically, a saturated solution of PS in the cosolvent was prepared so that adding one

drop of Freon 113 would make the solution turbid and another drop of toluene would

make the solution clear. We found that the solubility of PS and PDHFOMA in the
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Table 4.2: Atomic Ratio between Fluorine and Carbon from XPS Data for As-Cast Films

Samples Angle Sputter time C F F/C F/C
°) (s) (%) | (%) Expt. Cal.
PS 45 0 99.95 | 0.05 0 0

PDHFOMA" 45 0 43.29 | 56.71 1.31 1.25
PTHFOMA ™ 1.08
PS-b-PFOMA 45 0 5531 | 44.69 0.81 0.68
PS-b-PFOMA 75 0 59.40 | 40.60 0.68 0.68
PS-b-PFOMA 75 5 77.93 | 22.07 0.28 0.68

:*PDHFOMA: Poly(1,1’-dihydroperflurooctyl methacrylate).
PTHFOMA: Poly(1,1°,2,2’-tetrahydroperflurooctyl methacrylate).
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cosolvent is definitely higher than the concentration of the solutions used to spin cast
films, suggesting that the surface aggregates were formed upon spin casting. In addition,
because the majority of the solvent used was Freon 113, a good solvent for PFOMA, it is
expected that any possible aggregates in the solution would possess a PFOMA shell, in
contrast to the STEM observations. Therefore, we believe that the surface PS-b-PFOMA
aggregates were formed upon spin casting due to the fast evaporation of Freon 113.

The block copolymers form micelles only during the spin coating process; similar

355 Lin et al. found that polystyrene-b-

results has been observed in other systems.
poly(ethylene oxide) (PS-b-PEO) formed ordered arrays of cylindrical domains
perpendicular to the substrate after spin-casting from a benzene solution.”®> This ordering
of PS-b-PEO after spin-casting can be attributed to two factors. First, benzene is good
solvent for both blocks, hence the diblock was phase mixed in the solution. Second, the
interfacial tension between PS and PEO blocks increases abruptly as benzene evaporates
during the spin-casting process, leading to the formation of phase-separated domains.
For the PS-b-PFOMA system, upon spin-casting, Freon 113, which possesses a larger
vapor pressure (285 mm Hg at 20 °C) evaporates at much faster rates than toluene, with a
vapor pressure of 22 mm Hg at 20 °C. Hence, with the evaporation of Freon 113, the
quality of the solvent becomes progressively poorer for the PFOMA block and the
effective concentration of the copolymer increases above the critical micelle
concentration (CMC), leading to micellar formation.

In summary, the combination of SFM and STEM images indicates PS-b-PFOMA
films self-organize into spherical micelle-like aggregates with PFOMA composing the
core after spin-casting. The XPS data revealed the existence of PS-rich domains below a
thin PFOMA-rich surface layer, with thickness much less than one half of the domain
spacing.
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4.3.2 Effects of Supercritical CO, Annealing on the Morphologies of PS-b-PFOMA
Thin Films

4.3.2a Inversion of the Core-Shell Composition of PS-b-PFOMA Aggregates in Sc-CO,

Upon Sc-CO; annealing the as-cast film, the structure underwent an inversion; the
PS chains now constitute the cores. Figure 4.3 shows both the SFM and STEM images of
PS-b-PFOMA samples annealed in Sc-CO, at 75 °C, 13.8 MPa. The SFM image (Figure
4.3a) of the Sc-CO, annealed film shows topography of random arrays of circular
features, very similar to those before Sc-CO, annealing. However, the RuO, stained Z-
contrast image (Figure 4.3b) reveals that the darker PFOMA domain forms the matrix
(corona) of the film, whereas the brighter stained PS chains form the cores of the spheres
in this multilayered structure. This reversal in core-shell composition is not surprising
due to the fact that Sc-CO2 is a selective solvent for fluoropolymers.”

The structure of the film was confirmed by STEM images of unstained films
(without RuOy staining, the contrast between PS and PFOMA is only strong enough to
show one layer of micellar aggregates), as shown by Figures 4.4a and 4.4b. The denser
(higher Z) PFOMA regions (1.53 g/mL) of the film should appear brighter than the PS
regions (1.06 g/mL). Figure 4.4a clearly shows black circular features in a bright, hazy
matrix, further confirming that PS constitutes the cores after Sc-CO, annealing. It is
evident that CO; annealing is also responsible for an increased degree of lateral ordering,
as shown by the ring that appears in the fast Fourier Transform (FFT) of the image (the
inset in Figure 4.4a). Detailed size measurements (size distribution shown in Figure
4.4c) of Figure 4.4a gave an average diameter of PS core and center-to-center distance
between two cores as D =85 + 12 nm, and L = 115 + 15 nm, respectively, and the nearest

neighbor distance obtained from FFT was 1 =110 nm.
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FIGURE 4.3: (a) SFM topography of a PS-b-PFOMA film (h = 88 nm) after annealing at
Sc-CO,, 75 °C, 13.8 MPa for 3 days. (b) HAADF-STEM image of a RuO;4
stained PS-b-PFOMA thin film sample supported on SiN grid after
annealing at Sc-CO,, 75 °C, 13.8 MPa for 3 days. The scale bar represents

200 nm.
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FIGURE 4.4: (a) (b) HAADF-STEM images of a PS-b-PFOMA thin film sample
supported on SiN grid after annealing at Sc-CO,, 75 °C, 13.8 MPa for 3
days. (c) The size distribution of PS cores in (a).
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Table 4.3: Atomic Ratio between Fluorine and Carbon from XPS Data for PS-b-PFOMA
Films after Sc-CO, Annealing at 35 °C and 13.8 MPa

XPS takeoff F/C ratio
Angle After spin- After CO2 Cal. for the Cal. for
) casting annealing diblock PFOMA
45 0.81 1.13 0.68 1.08
75 0.68 1.31
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Table 4.3 compares the XPS results of Sc-CO, annealed PS-b-PFOMA films with
those after spin casting. It is clear that the F/C ratios at both takeoff angles increase upon
Sc-CO, annealing, suggesting that the surface of the Sc-CO, annealed films is pure
PFOMA. In addition, the F/C ratios for Sc-CO, annealed films were even larger than the
calculated F/C ratio for PFOMA homopolymer, indicating that the perfluorocarbon side
chains are more biased toward the free surface due to the strong affinity between PFOMA
and CO:..

We conclude this section by first pointing out that in addition to the free surface, a
layer of PFOMA resides at the PS-b-PFOMA/SiO«Si interface due to the carbonyl
groups. This is the same reason the PMMA component of a PS-b-PMMA diblock
preferentially wets SiOx/Si.*”°"*® Second, the strong affinity between PFEOMA and the
Sc-CO; leads to a reversal of the internal core-shell composition of the micelles. The
schematics in parts a and b of Figures 4.5 summarize the structures of the as-cast and the

Sc-CO; annealed films, respectively.

4.3.2b Shape of the PS-b-PFOMA Micellar Aggregates

The micellar size and shape are now discussed. Following the work by Eisenberg
and coworkers’, the size of a typical block copolymer micelle can be estimated from the
degree of stretching, S, of the core block and is specified by

D
S, = Z (4.2).
Here D is the diameter of the micelle cores. For the micelles with PS cores in Figure
4.5b, 1. denotes the end-to-end distance of PS block in unperturbed state and is listed in

Table 4.1. For most block copolymer micelles, S, is found in the range of 0.7-1.5.%°

Thus a maximum value of D of 2 x 1.5 x 11 = 33 nm is expected for PS cores. However,
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FIGURE 4.5: Schematic representations of the PS-b-PFOMA surface aggregates after
spin-casting from the solution onto Si/SiOx substrate (a) and annealing
under Sc-CO; (b). Light blue chains are PFOMA; red chains are PS. Note
in (a) an ultrathin layer of PFOMA segregated layer (with the fluorinated
side groups aligned towards the outer face) is drawn on free surface. On the
substrate interface, a layer of highly deformed PFOMA cored hemimicelles
is drawn due to the strong interaction between the carbonyl group and SiO,.
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the experimentally determined values of the PS core diameter in Figure 4.4a is 85 nm,
more than twice the calculated value. This discrepancy can be explained by the
deformation of spherical micelles confined on a solid substrate.”® This increase in size
can be understood by the fact that the carbonyl groups of the PFOMA chains at the
substrate have a strong affinity to the polar Si/Si0,. %" 77 %* Consequently, the micellar
cores develop an ellipsoid-like shape, wherein the height of the ellipsoid is smaller than
its radius on the plane parallel to the substrate (the core radius measured from the Z-
contrast images is the major axis of the ellipsoid-like aggregates, which is highly
extended due to this confinement effect). The minor axis, only observable from cross-
section imaging (not performed in this study), should be approximately equal to L.. It is
noteworthy that this deformation of the spherical micelle cores is analogous to the
phenomena that the volume pervaded by a polymer chain changes from a spherical to
ellipsoidal shape when confined in ultrathin films.*’

Before concluding this section, the effect of rapid CO, desorption on the
aggregate size is discussed. Ex-situ ellipsometry measurements of PS-b-PFOMA films
showed a thickness increase of about 12-18% after annealing at 75 °C in Sc-COs.
Although this degree of swelling is measurable, it is much lower than the swelling ratio
of 47% determined by in-situ ellipsometry on PS-b-PFOMA films under the same
condition. We expect that, upon desorption of CO,, the diblock films rapidly cross the
glass transition and become “frozen”. The “frozen” PS core would, therefore, have a size
somewhere between the pure unswollen PS and the CO, swollen PS. For PS, in-situ
ellipsometry experiments at 75 °C and 13.8 MPa gives a swelling ratio of about ~9.3%,
which corresponds to an increase of 3% in the diameter of PS core. Thus the effect of

CO, swelling on the measured PS core sizes after CO, desorption is negligible and within
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experimental errors. On the other hand, PFOMA swells substantially more in CO,, and

the length of the corona is highly underestimated from the ex-situ STEM measurements.

4.3.3 Effects of Supercritical CO, Annealing Temperature on the Core Sizes of PS-
b-PFOMA Aggregates

In this section, the effects of Sc-CO, annealing temperature on the morphologies
of the copolymer films are examined, experimentally and theoretically. Parts a-d of
Figure 4.6 show STEM images of unstained PS-b-PFOMA films, after annealing under
Sc-CO; at four temperatures while the pressure was fixed at 13.8MPa. It is clear that, as
the Sc-CO, annealing temperature increases from 35 to 140 °C, the sizes of the PS cores
increase continuously, as seen in the increase of D, L, and I (Figure 4.6¢).

To further understand the effect of Sc-CO, temperature on relative swelling of the
two blocks, the swelling isotherm for PS, PDHFOMA homopolymer thin films in Sc-CO,
at 35 and 50 °C was measured by in-situ ellipsometry (Figure 4.7a). At a constant
pressure, as temperature increases from 35 to 50 °C, the swelling for PDHFOMA
decreases appreciably. On the other hand, the change in swelling of PS films with
temperature is very small. It is noteworthy that both curves at 35 °C show anomalous
swelling peaks in the regions where the compressibility of Sc-CO; is at maximum. These
unique anomalous swelling maximum of polymer thin films in Sc-CO, was discovered by
Sirard et al.*® and will be examined into further detail in a subsequent paper.

The swelling isotherms can be plotted against Sc-CO; activity to combine the
effect of both temperature and pressure (Figure 4.7b). As has been discussed in our
previous work, the swelling of a rubbery polymer in Sc-CO; is only dependent on CO,
activity.”® Because the T, of PFOMA is only 50 °C at ambient conditions and is even
more depressed under Sc-CO,, the difference between the two isotherms of PDHFOMA

films is, within experimental errors, not observable. Regarding the PS phase, the
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differences between the two isotherms below the respective P, values™ are also not
obvious due the relatively large normal axis scale. On the basis of the experimental
conditions in Figure 4.6a-d, both blocks are expected to be rubbery>, and the swelling of
each block may be estimated from the corresponding CO; activities, listed in Table 4.4.
It is evident that the sorption difference between PS and PFOMA in CO; decreases with
increasing temperature, at constant pressure.

Thus far, we have shown that both the size of PS cores and the relative swelling
ratio of PS versus PFOMA increase gradually with increasing CO, annealing temperature
at constant pressure. Next, we will explain these results based on the classical scaling
theory for the formation of block copolymer micelles in a selective solvent. It is well-
known that the growth of the micelles is driven by the high surface tension between the
core block and the solvent. As micelles grow, the corona chains will become highly
stretched and the repulsion of the swollen corona chains will increase. An entropy loss
will thus arise as an opposing effect against the micelle growth. For star-like micelles, it
is the balance of the two dominant contributions to the free energy of a micelle (the
elastic energy of corona and the surface energy of the core) that governs the equilibrium
micelle size as well as the aggregation number, whereas the elastic energy of the core is
often omitted. *'

Most theoretical models for micellization of block copolymer can be divided into

9961 63, 64

two categories: “mean field”®* and “scaling”®' theories. We will follow the “scaling”
model developed by Zhulina et al.®' to examine the contribution of each energy term in
the total free energy of the micelles, especially the effects of core and corona chain
stretching on the micelles sizes. This “scaling” model developed by Zhulina et al.®' is
constructed so that we can redefine part of the contribution to core size dependence into a

new term that characterizes the relative stretching between corona and core chains. It is
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FIGURE 4.6: HAADF-STEM images of PS-b-PFOMA samples (h ~ 150-200 nm) after
annealing under various Sc-CO, conditions. The annealing conditions are as
the following: (a) 35 °C, 6 days; (b) 50 °C, 3 days; (¢) 75 °C, 3 days; (d) 140
°C, 25 h; the CO, pressure was fixed at 13.8 MPa (2000 psig) for all
temperatures. (e) The sizes of PS cores measured from (a-d) as increasing
CO; annealing temperature. Typical error bars for the diameter of PS cores

are 11-13 nm and those for the center-to-center distance of the PS cores are
12-15 nm.
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FIGURE 4.7: (a) Swelling isotherm for PS and PDHFOMA (for simplicity, indicated by
PFOMA on the plot legends) films in Sc-CO..
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Table 4.4: The Swelling % of PS and PFOMA in CO, under Four Conditions

T P CO, % % K = (Sw %proma + 100%) | K'”
(K) | (Mpa) | Activity Swelling | Swelling /(Sw%ps + 100%)

PS PFOMA
308 | 13.79 1.036 7.6 138" 221 1.30
323 | 13.79 1.032 9.4 127 2.07 1.27
348 | 13.79 0.957 9.3 63" 1.49 1.14
413 | 13.79 0.701 5.3 21 1.15 1.05

" These swelling ratios are based on the estimation from Figure 4.7b.
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particularly instructive to examine the dependence of core sizes on this new term, given
the effect of Sc-CO, on chain stretching.

We consider a flexible A-b-B diblock copolymer with Na, Ng >> 1 and with
respective monomers sizes of ax and ag, selectively, dissolved in a good solvent for A.
The free energy of a block copolymer A-b-B spherical micelle in the solution is

F=F;+Fs+Fp (4.3).
Here Fp, Fg, and F, are the free energy per chain of the micellar core (composed by B),
of its surface and of the corona (composed by A). The elastic free energy per chain for
the micellar core due to the stretching of B chains compared with their unperturbed state
is
Fy/kT = 37°r*/80psNs 4.4)°".
Here, r = R/ap is the dimensionless radius of the core, R is the radius of the spherical
core, and pg is the ratio between the Kuhn segment Iz and the monomer size ag (ps =
Ip/ap).

The following two assumptions are made: (1) the micellar core composed of B
block is partially swollen by the poor solvent; (2) the volume fraction of B block in the
micellar core is denoted by @, which does not depend on the distance d form its center.®'
Then @ can be represented by the following equation,

® = 3Ngaz’/(Rs) (4.5)°
where s is the surface area per chain. Thus surface free energy per chain is
Fs 3Nwy

S=p=ysla)=y

4.6)%.
kT @R (46)

Here, 7 is the surface free energy per unit area and y = ya Bzis the surface free energy
per area ag’, both divided by kT.

The equilibrium structure of the corona is determined by the balance between the

elastic stretching and the repulsive interaction of the A block. Here, the corona of the
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micelles can be regarded as a melt of correction blobs (region of nonoverlapping chains),

which has a thermal energy of kT. Then free energy of the corona may be given by

ﬂ:\/’é};}"}/z( @ )1/2 Inl1+= ( A)l/vC N (1 3v)/(2v)(3NB )(v 1)/(2v) (47)61
kT 3N, Vo ag

Here, v is the scaling exponent and is equals to 3/5 in a good solvent. éF and éH are

solvent dependent coefficients. The thickness, H, of the corona is given by

H = R{|:l+l( )l/vC N (1- 3v)/(2v)( B )(v l)/(2v):| 1} (48)61
V Qg
Combining eqs 4.7 and 4.8, one obtains
FA ~ o3, P H
—~=C.r o In(—+1 4.9 )
o Cr (3NB) &+ 4.9)

Hence, the total free energy of block copolymer micelles is
2.2

3wt N e Dyt (4.10).
kT 80p,N,  Or 3N, R

If we assume that £ = H/R, which is the ratio between corona thickness and core radius,

then & can be related to r by

; 3N '
5 — |:1 + %(Z_A)l/v CHNAr(1—3v)/(2v)( (DB )(v—l)/(ZV) _1 (4 1 1)
B

¢ is, alternatively, proportional to the ratio between the degree of stretching for the corona

and core chains. Recalling that Sw% = (AV/V()%, we have

H_HIH, Hy V1V wwna . Ho _ SWouyoma +100% H
5_ _( ) ‘ 1/3 X . :( 00 0 0)1/3 X 0 (4.12).
R "RIR," R, (VIV,).. R,  Sw%,,, +100% R,

Here, Ho/Ry can be calculated from the ratio between PFOMA and PS’s end-to-end
distance in unperturbed states (Table 4.1). By minimizing the free energy per chain with

respect to the dimensionless radius of the core r (eq 4.10), we can obtain

2
5_F: 372- r 3N327/ é F 1/2( ® )1/21n(§+1)+CFr3/2( ) )1/2 1 5(§+1):
5  40p,N, o 2 3N, 3N, (E+1) o
(4.13).
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If we assume that £ >> 1 (H >> R), then (reference 61 made the same assumption in the

Appendix II.1 section)

s+ (-3¢ (4.14)
or 2 r e

For star-like micelles, the stretching free energy Fp of the core block can often be

neglected. Thus eq 4.13 can be further simplified as

oF 3Nzy 3 5 10, @ s A, D g -3y
Z +=C —— )" In&+C =0 4.15).
5 o2 TRl (3NB) (&) +Cpr (3NB) ( 5 ) (4.15)
Hence
2 3N 1 N
e (A_ﬂ’)z/s( BY3I5( )25 ~ (L)2/5(_3)3/5 (4.16).
C. () 3Iné+(1-3v) In& D

Please note here that eq 4.16 is equivalent to eq AIL.2 in reference 61, except that we
indicate explicitly how r varies with the relative stretching between corona and core
chains by introducing the new term, £&. The aggregation number (total number of chains

per micelle) Q is given by

_ 4D (Y Ness Ny ass
0= N, (ln(ég)) (q)) (4.17).

Eq 4.16 indicates that the micelle core will grow under one of these three
conditions: (1) as the interfacial tension between the core and solvent, v, increases; (2) as
the volume fraction of B block in the swollen core, ®, decreases, or equivalently as the
swelling of core block by the solvent increases; (3) as the relative degree of stretching
between corona and core, &, decreases. Although the first two conclusions seem quite
intuitive, the last one, which shows that the size of micelles is strongly dependent on the
relative stretching of corona and core chains, has not been discussed in previous studies.

To compare the above prediction with our experimental results, we first estimated

the interfacial tension between PS (27 kg/mole) and CO,, y. Different values of y
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65, 66
d,”™

associated with different molecular weights of PS have been reporte and interfacial

tension is strongly dependent on molecular weight such that
K

e 67
—M2/3 (4.18).

V=Ve

Here K. is a constant and v, is the interfacial tension at infinite molecular weight. Based
on eq 4.18, we estimated the values of y from two reported PS-CO, interfacial tensions,
as shown in Table 4.5. Here the reference values of y for PS (158 kg/mole) and PS (1.85
kg/mole) at the four CO, densities were estimated from Figure 9 in ref 66 and Figure 4 in
ref 65, respectively. Consistent with both references, Table 4.5 shows that the interfacial
tension between PS and CO,, vy, increases with decreasing CO, activity. This trend can
be understood by considering that the cohesive energy density of CO, is much smaller
than that of PS. As the CO, activity decreases, the difference in cohesive energy
densities of CO, and PS grows, and consequently y increases.

Table 4.6 summaries the values for & @ (obtained from Table 4.4) and Y.
Because @ does not change significantly with CO, annealing temperature, its effect on r
can be neglected. From Table 4.6, it is clear that as the CO, annealing temperature
increases, or as CO, activity decreases, y increases while the relative stretching between
corona and core chains (§) decreases. From eq 4.16, both factors will cause the size of PS
cores to increase, consistent with the STEM images. In Figure 4.8, the measured
diameters of the PS core, D, are plotted versus the estimated values of y/In(§).

The data can be reasonably well described by a power law with an exponent of
0.31. A line with a slope of 2/5, as predicted by eq 4.16, appears to work equally well,
although the following is worth mentioning. First, the scaling model assumes a dilute
solution of polymer, whereas the PS-b-PFOMA films in CO;, should be considered as
quite concentrated. Second, the size of PS core is large compared with the measured

center-to-center distance between the aggregates, partially as a consequence of the
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Table 4.5: Estimation of the Interfacial Tension between PS (27k) and CO,

T P CO; Density v (PS 158Kk) v (PS 1.85k) K.* v (PS 27Kk)
(K) | (Mpa) (dyne/cm) (dyne/cm) (dyne/cm)
308 13.79 0.799 8.6 2.5 9.7 7.9
323 13.79 0.666 94 3.1 10.1 8.6
348 13.79 0.406 12.1 53 10.8 11
413 13.79 0.223 16.6 10.5 9.6 16
. K _

Basedony =y, _M—;”’ K, = Ml_;//; _;}2_2/3 )

Table 4.6: Effects of CO, Annealing Temperature on the Sizes of Micelles Cores

T P D | y(@S27k) | &=K"xHo/R)* | @ v /(n &)
(K) |(Mpa) | (nm) | (dyne/cm) (dyne/cm)
308 13.79 65 7.9 1.79 0.93 14
323 13.79 72 8.6 1.77 091 15
348 13.79 85 11 1.57 0.92 24
413 13.79 95 16 1.44 0.95 44

" Hy/Ry = 1.38, from the ratio between PFOMA and PS’s end-to-end distance in
unperturbed states.
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FIGURE 4.8: The diameters of PS cores after Sc-CO, annealing measured from STEM
images vs. y/In(§), where vy is the interfacial tension between PS and CO,,
and & = H/R is the relative stretching between corona and core chains. The
broken line has a slope of 2/5. The solid line, a fit to the data, has a slope of
0.31.
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ellipsoidal shape. Other scaling models showed that for micelles with relatively large
cores, the dependence of core sizes on vy is weaker.** Third, & >> 1 is assumed, while the
values of & obtained from the swelling isotherms are not necessarily much larger than
unity (Table 4.6). Finally, y is only estimated through reported values for other PS
molecular weights and the swelling of PDHFOMA homopolymer could be different from
that of PFOMA block in the diblock. Nevertheless, the key finding is that the scaling
model qualitatively predicts that size of PS cores increases with increasing CO; annealing
temperature, and the observed exponential dependence of D on y/In(§) agrees, nearly
quantitatively, with the model.

It is noteworthy that this trend of increasing micelles size with decreasing CO;
density is in agreement with related studies on bulk block copolymer micelles dissolved
in Sc-CO,.%""  This agreement further suggests that the size dependence of PS-b-
PFOMA micelles in thin films on CO, solvent properties is similar to that of block

copolymer micelles dissolved in Sc-CO..

4.4 CONCLUSIONS

PS-b-PFOMA cast from a cosolvent mixture of toluene and Freon 113 formed a
micellar structure, with a PFOMA core and PS corona, on SiO,/Si substrates. The free
surface and polymer/substrate layers were enriched with PFOMA. Upon annealing in Sc-
COa,, the structure underwent an inversion, wherein the PS chain segments formed the
core and the PFOMA segments formed the corona. This inversion is associated with the
strong affinity of PFOMA with Sc-CO,. In addition, the sizes of the PS cores were found
to increase with decreasing CO; activity. A “scaling” model showed that the increasing
interfacial tension between PS and CO,, as well as the decreasing relative stretching

between the corona and core chains, lead to the increasing aggregates sizes with
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decreasing Sc-CO, activity. The ability to tune the morphology of self-assembled
copolymer films with Sc-CO, is of practical interest for templating inorganic
nanocrystals in block copolymer scaffolds. In a companion study,” Au nanocrystals with
low PS oligomers as ligands premixed with the copolymer in solution were found to
sequester within the PS domains of PS-b-PFOMA films and to follow the structural
inversion when annealed in Sc-CO,. The unique electronic, photonic, magnetic and
mechanical properties of such inorganic nanoparticles can add functionalities to the
copolymer/nanoparticle composites, which are very desirable in applications such as the

synthesis of photonic crystals and the fabrication of flash memory devices.
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Chapter 5: Role of Interfacial Interactions on the Anomalous Swelling
of Polymer Thin Films in Supercritical Carbon Dioxide

In this study, we use in-situ spectroscopic ellipsometry to investigate the effects
of film thickness, polymer-substrate interaction and polymer-CO, interaction on
anomalous swelling maximum of polymer thin films exposed to Sc-CO,. We examine a
range of polymers: poly(1, 1°-dihydroperflurooctyl methacrylate) (PFOMA), polystyrene
(PS), poly(ethylene oxide) (PEO) and the diblock copolymer of PS-b-PFOMA. A three-
layer model is proposed to understand the role of excess CO, adsorption at the free and
substrate interfaces on the total swelling % of polymer thin films. In this model, three
swelling coefficients associated with the CO,/polymer interfacial layer, the middle layer
and the polymer/substrate interfacial layer were taken into consideration. While the
model reveals that the relative interactions between polymer-substrate and polymer-CO;
affect the swelling coefficients of all three layers, thus strongly influencing anomalous
maximum, it further indicates that the anomalous swelling maximum cannot be solely

explained by the excess absorption of CO; at interfaces, as was previously believed.
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5.1 INTRODUCTION

Extensive attention has been paid to the use of supercritical CO, (Sc-CO;) as an
alternative to water or organic solvents in many polymer processes.'™ In addition to the
environmentally benign character of CO,, the tunable property of this supercritical fluid,
through varying the pressure or temperature, enables control of its properties as a solvent.
Recently, several studies of block copolymer thin films used CO, to induce the ordering
of copolymer templates™®, to control the spatial distribution of metal nanoparticles in
copolymer matrices’, and to diffuse precursors in copolymers for the synthesis of
nanoporous materials'’. In addition to polymer processing, supercritical CO, has been

11-18
For

investigated as a potential medium in many microelectronic thin film processes.
example, it has been shown that CO, promotes penetration and removal of aqueous
surfactant cleaning solutions in methylsilsesquioxane (MSQ) low dielectric constant (k)
films."> Moreover, the cleaning and drying steps may be integrated with silylation in CO,
to convert the hydrophilic surface after etching and ashing to a hydrophobic surface in
order to restore the k-value."

In this paper we are particularly interested in Sc-CO, processing of polymer thin
films. Polymer thin films exhibit film thickness dependent properties. Properties that
include the glass transition temperatures, wetting and phase equilibra are of scientific and
technological interests for a range of thin film based technologies, from microelectronics
to sensors. There have been a few investigations on the effects of Sc-CO, on the

>8 1925 Pham et al. found a Sc-CO, induced devitrification

properties of thin polymer.
transition in PMMA and PS thin films.?>** Meli et al. showed that the kinetics of the
morphological destabilization of PS thin films in Sc-CO, are suppressed.”’ Studies have

also shown that the order-disorder transition (ODT) temperature of A-b-B diblock
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copolymer films in Sc-CO, are increased appreciably compared to the case in vacuum; on
the other hand, for bulk copolymers, the effect is opposite.” "

With regard to the behavior of CO; in the vicinity of its critical point, an
anomalous maximum is known to occur, first observed in the adsorption isotherm of CO;

27, 28

on carbon black?® and on silica surfaces . Similar observations were made for other

29-32 29, 32

adsorbents, including porous Zeolite,”' and activated carbon. Anomalous
adsorption has been rationalized by the fact that long-range density fluctuations of CO,,
affects the Gibbs excess adsorption of CO, under critical conditions.”> The swelling of
polymer thin films in CO; also exhibits anomalous maximum in the vicinity of the critical

. L 25, 34-3
point.”™™ 7

Specifically, Sirard et al. first discovered the anomalous maxima in the
swelling isotherms of PMMA thin films in CO, by in-situ spectroscopic ellipsometry.*
Koga et al. then used neutron reflectivity to further explore the anomalous swelling of
polymer thin films with thickness h less than 10 R, in Sc-CO,.** % The effect of CO, on
the welding kinetics of colloidal crystals of PS was examined by in-situ measurement of
Bragg diffraction and by scanning electron microscopy.”® An anomalous excess in the
welding rate was observed in the region where CO, is highly compressible.”® Additional
studies have shed further insight into thin film swelling in CO,** 37; however, the role of
interfaces on the anomalous maximum remains unclear.

This work investigates the effects of film thicknesses (h) and polymer-substrate,
polymer-CO; interactions on the swelling of a variety of polymer thin films exposed in
Sc-CO,. Most polymers that have been examined so far are hydrocarbons, in which the
solubility of CO, in polymer is small, indicating unfavorable polymer-CO, interactions.*>
34353739, 40 Therefore, we focus on a highly CO-philic polymer, poly(1,1°-
dihydroperflurooctyl methacrylate) (PDFFOMA, or abbreviated as PFOMA). Other

polymer systems we examine include polystyrene (PS), poly(ethylene oxide) (PEO) and
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the diblock copolymer of polystyrene-b-poly(1,1°,2,2’-tetrahydroperflurooctyl
methacrylate) (PS-b-PTHFOMA). We are interested in a larger thickness regime (100-
300 nm) than the previously examined thickness range (below 50 nm)***>. We show that
even within this thicker regime, amorphous polymer thin films (such as PS) swell more
than their bulk analogues.

The anomalous swelling is characterized by analysis of the maximum swelling %
and the maximum excess swelling thickness. We demonstrate that our data, and those of

others 2> 3% 3

can be rationalized by considering the contribution of three layers in the
total swelling % of the film: the CO,/polymer interfacial layer, the middle layer, and the
polymer/substrate interfacial layer. We conclude that the anomalous swelling maximum

cannot be solely explained by the excess absorption of CO, at interfaces, as had

previously suggested.”

5.2 EXPERIMENTAL SECTIONS

5.2.1 Materials

Three homopolymers, poly(1,1°-dihydroperflurooctyl methacrylate) (PDFFOMA,
or abbreviated as PFOMA), polystyrene (PS) and poly(ethylene oxide) (PEO) and the
diblock copolymer of polystyrene-b-poly(1,1°,2,2’-tetrahydroperflurooctyl methacrylate)
(PS-b-PTHFOMA) are studied in this work. Their molecular weights, dissolving
solvents and sources are listed in Table 5.1.%*' Thin films were prepared by dissolving
each polymer in its corresponding solvent (polymer concentration about 1-2 wt%) and
then spin-casting the solution onto silicon wafers with a native oxide layer (Wafer World
Inc.). Different thicknesses (100-300 nm) were obtained by controlling the spin rate and

concentration of polymer solutions. Prior to swelling experiments, PS and PS-b-
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PTHFOMA films were annealed in vacuum ovens at 120 °C for 3 hours while PEO and
PFOMA films were annealed in vacuum ovens at 70 °C for 3 hours to remove any residue

solvent.
5.2.2 In-situ Swelling Experiments

Spectroscopic ellipsometry (J. A. Wollam Co., Inc.) and a customer-built high
pressure cell were used to measure in-situ swelling of polymer films in Sc-CO,. The
design of the cell and the experimental setup had been described elsewhere.”” The
ellipsometry angle of incidence of 70° was used for all samples. CO, pressure was
controlled by a strain gauge pressure transducer (Sensotec). The cell was heated using
four cartridge heaters (Omega) that were inserted at the top and a PID temperature
controller (Omega) was used to control temperature within an accuracy of + 0.2 °C.

The experimental procedure can be described as the following. Once a sample
was loaded into the high pressure cell and subsequently sealed, at least 1 hour was
allowed for thermal equilibration at the desired experimental temperatures (35 or 50 °C).
Then CO, (Air Products, > 99.999%) was charged into the cell using a manual pressure
generator (High-Pressure Equipment Co.). At each pressure point, 5-10 minutes were
allowed for the swollen films to reach equilibrium, and then ellipsometry angles y and A
were measured.

A four-layer model (from top to bottom, a bulk CO, ambient layer, a swollen
polymer layer, a native silicon oxide layer and a silicon substrate layer) was used to fit
the swelling data. Detailed fitting procedures can be found elsewhere.”” The swelling

percentage was determined by the following equation assuming uniaxial swelling

508 =5E 00 =

0 0

x100% (5.1).
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Table 5.1: Molecular Weights and Sources of Polymers

Polymer M, (kg/mole) Casting solvent Source
PDHFOMA 100 1,1,2- Synthesized by Dr.
trichlorotrifluroethane Lim®*!
(Freon 113)
PS-b-PTHFOMA 27/127 Co-solvent mixture of | Synthesized by Dr.
Freon 113 (~ 80 wt%) Lim®
and toluene (~ 20 wt%)
PS 30 Toluene Purchased from
Pressure Chemical
PEO 8.6 Chloroform Purchased from

Polymer source

131




Here Vj is the initial volume of the film, h is the thickness of the swollen film, and hy is
the initial thickness of the polymer film determined by spectroscopic ellipsometry at 0
psig.

5.2.3 Ellipsometry Fitting

It is well known that the results of spectroscopic ellipsometry can be model
dependent. Therefore a model that closely describes the composition of a film is crucial
to assure the accuracy of measured thickness and optical constant.* Previous attempts
have been made to model an adsorbed CO, layer between the swollen polymer layer and
the CO, environment.?" % However, this model of a CO, absorbed layer proved to be
unreliable, producing correlations in the fitting parameters and destroyed the uniqueness
of the fitting results.”"* In the case of soft materials interfaces, such a layer is extremely
thin compared to the film, and is not measurable with ellipsometry. The effect would be
apparent in very thin films where the overall percent swelling is larger than the initial
thickness.”" >

Data from all of the swelling measurements and the corresponding mean squared

error (MSE) values are presented in tabular form in Appendix A of this dissertation.

5.3 RESULTS

The results of experiments performed at 35 °C are first discussed. The swelling
experiments were conducted by performing alternating pressurization/depressurization
runs, where both film thickness and average reflective index of the CO,-swollen film
were recorded.”* Figure 5.1 shows a representative isotherm as well as the changes in
average refractive indices at 35 °C for an hy = 109 nm PFOMA film. Several

observations may be made. First, the swelling isotherm exhibits an anomalous
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maximum, which also corresponds to a sharp minimum in the refractive index curves.
The pressure at which this anomalous swelling shows, 8.0 MPa, is in excellent agreement
with the location of the maximum in the compressibility of CO,, i.e.: density
fluctuation,(0p/0P)r, at 35 °oC 2 34,35 Secondly, the swelling isotherms for PFOMA at
low pressures possess positive curvature (concaved up), suggesting that PFOMA films

S 23,25
reside in a rubbery state.”™

Because the glass transition temperature of bulk PFOMA is
50 °C at ambient conditions, and can be highly depressed in Sc-COs, it is not surprising
that PFOMA films are rubbery at 35 °C in CO,. Thirdly, hysteresis between sorption and
desorption runs was observed in both the swelling isotherm and the change in average
reflective index. Hysteresis is often due to the nonequilibrium state of the initial sorption
run for glassy polymers.” However, since PEOMA is believed to be in rubbery state, this
discrepancy between sorption and desorption is more likely to be the result of PFOMA
dissolution in CO,. Dissolution rates of fluorinated polymer films in CO, are found to
decrease significantly with decreasing films thicknesses.” This might be due to the more
dominant role of the polymer/substrate interaction.* Although some dissolution is
expected and evident in PFOMA films with thickness below 300 nm, its effect on the
sorption isotherms is not obvious. Multiple swelling experiments of PFOMA films show
consistent results at 35 and 50 °C. (These results will be shown next.) The influence of
dissolution will not be discussed in this paper.

Figure 5.2a shows the swelling isotherms for four PFOMA films with various
thicknesses at 35 °C. The four isotherms for these films of different thicknesses are
consistent. At low pressures, the percent swelling increases slightly with decreasing film
thickness. This small swelling enhancement for thinner films in Sc-CO, is reasonable
because strong enhancement in swelling of polymer thin films was only found when the

thickness of film is below 10 R, (hy < 10 R,).>> On the other hand, the influence of film
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thickness on the anomalous swelling maximum is distinct. From Figure 5.2a, it is evident
that the two thinner films (hy = 109 nm and hy = 153 nm) have smaller swelling maxima
(Smax) than the two thicker ones (hy = 179 nm and hy = 282 nm). The biggest Syax Was
observed for the hy = 179 nm film.

To place the results for the anomalous swelling maxima in perspective, a baseline
can be constructed by interpolating the data on either side of the anomalous maxima as

25

shown by the solid lines in Figures 5.2b and 5.2c.”” An effective excess swelling

thickness (hex) at the maxima can be defined by
Prose = Mo X (Smax = Space) (5.2).
Here Spase 1s the interpolated swelling % from the baseline at the pressure where Sy is
observed. Table 5.2 lists the values of Sy, hexe and the proportional excess swelling,
Acxc for each sample. It is clear that hey increases as increasing film thickness, consistent
with the results of Sirard et al. on the swelling PMMA films in Sc-CO,.”
It is noteworthy that Koga et al. used the absolute values of Spax to examine the

34, 35

effect of film thickness on anomalous swelling. They found that S,,,x decreases as

34,35
2> Here we focus on

increasing film thickness and levels off when hy approaches 8 R,.
a much thicker regime, and we examine both S,.x and he with different film
thicknesses. Because hey 1s strongly depended on the initial film thickness (hexe = hy

(Smax — Swase)), as film thickness increases (hg increases), even if Sy« decreases (as shown

by Koga et al.**?%), hexe would still increase (as Table 5.2 shows).
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FIGURE 5.1: Representative swelling isotherm and the change in average refractive
indices at 35 °C for an hy = 109 nm PFOMA film. Filled symbols (m, A)
represent % swelling and open symbols (O, A) represent the change in
average refractive indices. Squares (m, O) represent data obtained during the
pressurization run and triangles (A, A) represent data obtained during the
depressurization run.
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peak.
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Table 5.2: Analysis of Anomalous Swelling Maximum for Polymer Films at 35 °C

Polymer Initial Press. at | Max. % Max. Max. Proportional
film max. swelling | excess excess max.
thickness | swelling Smax % thickness swelling
h (nm) (MPa) swelling hmb (nm) Aexc’
Sexc”
PDHFOMA 109 8.0 122 14 15 0.11
153 7.9 120 18 28 0.15
179 7.9 143 37 65 0.26
282 7.9 133 28 80 0.21
PS-b- 100 8.0 86.0 14 14 0.17
PTHFOMA
PS 128 7.9 13.5 5.0 6.4 0.37
PEO 104 8.1 10.7 54 5.6 0.51
PMMA® 88 8.0 23 3 2.5 0.13
321 8.0 25 5 16 0.2
: Sexc = Smax - Sbase

b hexc = h0 X Sexc
¢ Aexc = Sexc/ Smax
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To examine the effect of polymer-substrate and polymer-CO, interactions on
anomalous swelling maxima, we studied two other homopolymers, PS and PEO as well
as the diblock copolymer of PS-b-PTHFOMA. Figure 5.2b compares the swelling
isotherm for all four polymers at 35 °C, from which heye and Aey. are estimated and listed
in Table 5.2. All four isotherms show the characteristic sigmoidal shape as seen in other
polymer-CO, systems.* As expected, the isotherm for the diblock PS-b-PTHFOMA lies
in between that of PS and PFOMA. The curvatures of the swelling isotherms for
PFOMA and PS-b-PTHFOMA at low pressure values are positive (concaved up),
indicating that both films reside in the rubbery state. On the other hand, the swelling
isotherm for PS (Figure 5.2¢) at low pressure values are slight negative (concaved down),
which is consistent with the fact that the plasticization pressure (Py) at 35 °C for ho = 90
nm PS was found to be 5.2 MPa”?!. However, with regard to PEO, another dimension of
complexity needs to be considered and will be discussed next.

It is well known that PEO is a crystalline polymer and crystallization of PEO or
copolymers with PEO as a constituent has been widely studied.*** Sc-CO, can depress
the glass transition temperature of glassy polymers significantly; similarly, it has been
found that both the crystallization temperature (T,;) and the melting temperature (Ty,) of
crystalline polymers decrease with increasing CO, pressure.*° Recently, Madsen
employed NMR spectroscopy to study bulk PEO exposed to Sc-CO, and found T,,,(PEO)
is depressed from 63 °C at atmospheric pressure to 43 °C at Sc-CO,, 8.1 MPa.*® The
coupling between crystallization and sorption had also been explored, and it was found
that the extent of crystallization can affect Sc-CO, sorption by reducing both the
equilibrium solubility and the diffusivity of Sc-CO, in the polymer.*’

In our study, the PEO films remain in a partially crystalline state throughout the

entire pressure range, leading to an extremely small degree of sorption. For example, as

140



shown in Figure 5.2¢, at the highest pressure, 13.8 MPa, PEO film swells 5% at 35 °C.
Interestingly, Weidner et al. reported that the solubility of CO, in amorphous PEO (4
kg/mole) is as high as 22 wt% at 55 °C and 15 MPa.”' Because the degree of CO,
swelling in most polymers increases with decreasing temperature,’ the small degree of
swelling reported in our study is the result of crystalline PEO films. Further evidence
that T,,, (PEO) is above 35 °C at 13.8 MPa is that the swelling isotherm levels off at high
pressures (P > 10 MPa) in the absence of a distinct change in slope; this indicates the
absence of a phase transformation at high pressures. Despite of the crystalline state of
our PEO films and the associated unusually small degree of swelling, our key finding is,
nevertheless, that anomalous swelling maximum is evident in crystalline polymer films.
Table 5.2 summarizes the results of the anomalous swelling maximum
experiments for all polymer films; for comparison, the results by Sirard et al. on PMMA®
are included as well. It is clear that the pressure at which anomalous swelling maxima
are observed for all films resides in the pressure regime of 7.9-8.1 MPa. Among the
polymer films with hy~ 100 £ 10 nm (for PS film, hy = 128 nm) examined in this paper,
the trend for both the absolute degree of swelling (Siax) and for the effective excess
swelling thickness (hexc) in CO, is PFOMA > PS-b-PTHFOMA > PS ~ PEO. However,
if we consider Sirard’s data on PMMA?®, then PMMA swelling % is between those for
PS and PS-b-PTHFOMA, while it possesses the smallest hey. of all polymers.
Consistently, Koga et al. also found that PMMA has an enormously smaller anomalous
swelling maximum than PS and PB, while PMMA swells the most among the three at

34,35
other pressures.”™™

It is also instructive to compare the proportional excess swelling at
the anomalous maximum, Ay, for different polymers in Table 5.2. It is evident that the
trend for Aexc is PFOMA < PS-b-PTHFOMA < PS < PEOQ, just opposite that of S,x and

hexe. All these results will be discussed into detail later.
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The results obtained at 50 °C are now discussed. Figure 5.3 shows the swelling
isotherm for three PFOMA films, of different thicknesses, at 50 °C. The shapes of the
isotherms are relatively independent of film thickness. The anomalous maxima are
suppressed at this temperature, compared to those at 35 °C, but they do exist. They occur
at a higher pressure that at 35 °C and extends over a broader range of pressure; this was
identified in an earlier publication.”® The swelling isotherms of PFOMA films at 35 °C
and 50 °C are plotted versus CO; activity in Figure 5.4a. The swelling vs. activity curves
of all seven isotherms representing the PFOMA films superpose into a single curve.
These data indicate that the PFOMA films reside in the rubbery state at both
temperatures. Additional swelling vs. CO, activity plots for PS-b-PTHFOMA and PS
films are shown in Figures 5.4b and 5.4c, respectively. In the case of PS (Figure 5.4c), at
lower activities, a small discrepancy between the two isotherms is apparent. This is
because PS undergoes a glassy state to a rubbery state transition. The anomalous
swelling maxima are clear for PS films at both temperatures.

The swelling isotherms of PS thin film are compared with those of bulk PS from

b.* 3% It is evident that below the anomalous

other groups in Figures 5.5a and 5.5
maximum, PS films with thickness hy ~ 130 nm swells approximately 1 % more than the
bulk analogues. While this slight swelling enhancement in PS films compared with bulk

is consistent with the data from Koga® and Sirard™ at lower pressures, the difference

between bulk and thin films is significant in the vicinity of the critical point.
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5.4 DISCUSSION: INTERFACIAL EFFECTS ON THE ANOMALOUS SWELLING OF
POLYMER THIN FILMS.

The role of interfaces on the anomalous swelling of polymer thin films remains an
open question, and there is not much agreement among different groups.” > >*** Some
attribute the anomalous swelling to the surface excess adsorption of CO,,

L= | (00~ pa)dz (5.3).
We briefly alluded to this in the experimental section. In this equation, z is the distance
from the substrate (z = 0 represents the substrate interface), p(z) is the local density of
CO; at distance z and ppyi 1s the density of the bulk CO,. Because CO; has low cohesive
energy density, the interaction between CO, and the surface may be expected to exceed
the intermolecular attraction between pure CO, molecules. Consistently, there is a
difference between p(z) and ppuk (P(z) > pouik), Which leads to excesses of CO, at the
surface. However, if the anomalous swelling maximum is solely caused by this surface
excess CO, wetting layer, then hex. should be relatively independent on the initial film
thickness. On the contrary, Table 5.2 indicates that the excess swelling thickness
increases with increasing film thickness; clearly the observed excess swelling cannot be
explained by the surface excess CO, absorption alone. A theoretical study by Wang et
al.’® determined the thickness of the surface excess CO, absorption layer to be 2 nm,
which is much less than the observed he,.. It turns out that this 2 nm thick surface excess
CO; layer is too thin to be accurately determined by ellipsometry, particularly with the
small contrast. Attempts to add CO, adsorption layer into the ellipsometry-fitting model
only produce larger uncertainty and compromised the uniqueness of the fitting results.

Another factor that may contribute to anomalous swelling maximum is the excess

54, 55

CO, absorption on the substrate interface. Recent studies on moisture absorption in

photoresist films have pointed out that the attractive interaction between water and
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hydrophilic surfaces cause an accumulation of water on the polymer/silicon interface. As
a result, the swelling of photoresist films by moisture increases as decreasing film
thickness.”* > However, similar to the approach replying on surface CO, wetting layer,
attempts to explain the anomalous swelling maximum solely by CO, absorption on
polymer/substrate interface cannot count the observed thickness dependence of heyc.

The information discussed in the foregoing paragraph (the thickness dependence)
indicates that the anomalous swelling observed in polymer thin films cannot be solely
due to interfaces. However, it is true that there would be excess CO, in thin films
compared to the bulk, because the entropy would lead to excess molecules at the
interfaces. The comparison between PS films and bulk PS, Figure 5.5, reveals a slight
swelling enhancement in thin films compared to the bulk. Moreover, the proportional
maximum excess swelling, A, exhibits the following trend with the polymers from
Table 5.2: PFOMA < PS-b-PTHFOMA < PS < PEO. This trend is opposite to that of
Smax, Which be understood by considering the fact that enhanced swelling at interfaces
can be more dominant for polymer films that do not have a strong affinity with CO,.

For a more quantitative assessment of interfacial effects on the anomalous
swelling maximum, a simple model is now proposed. Let’s simply assume that a

polymer film with thickness hy is composed, from top to bottom, of a CO,/polymer

free sub

interfacial layer hy -, a middle layer hy™ and a polymer/substrate interfacial layer hg
By defining a swelling coefficient (o) for each layer, the initial thickness (hy) and the
thickness after swelling (h) can be expressed by

hy=h{+h] +h)" (5.4),
and

h= B = (L, DB+ (4 a, )l + (e

sub

Y (5.5).
Combining (5.4) and (5.5),
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h= (14 a, Yy + (@, — @, h + (@, —a,)hi® = Ah, + B,

sub

where A=1+a,, B=(a,, —a,)h{ +(a,, —a,)h" (5.6).

m sub

Eq 5.6 shows that at a certain pressure, a linear relationship between the swollen
film thickness, h, and the initial film thickness, hy, exists. The slope of this linear
relationship is directly related to the swelling coefficient of the middle layer (o), while
the intercept is dependent on the interfacial interactions (dfee and dgp). Our model is
similar to the two layer model (bulk film layer and polymer/substrate interfacial layer)
proposed by Beck Tan and coworkers™ to explain the interfacial effect on moisture
absorption in thin films. We also want to point out that in order to quantitatively
calculate ogp, and agee, One must first estimate the values for hgy, and hgee, which are not
directly known.

Alternatively, we first collect all the available experimental data for the thickness
dependence of anomalous swelling of various polymer films (10-300 nm) in CO; at 35
°C, as listed in Table 5.3.2** % The swollen film thickness (h) at the anomalous maxima
is plotted as a function of the initial film thickness (ho) in Figure 5.6. It is evident that for
all four types of polymer films, h varies linearly as hy. The resulting slopes and intercepts
are summarized in Table 5.4, where the values of ay, are also listed. PFOMA has higher

am than all the polymers, while PS processes the lowest a.,, which are expected based on

the polymer/solvent interactions.
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Table 5.3: Summary of the Initial and Swollen Film Thicknesses at the Anomalous
Maximum for Various Polymer Films in CO,, 35 °C

Polymer | Data Source Initial film thickness, hy Swollen film thickness, h
(nm) (nm)
PFOMA This study 109 242
153 327
179 435
282 657
PMMA | Kogaetal> 9.8 14.2
Sirard et al.” 88 108
321 402
PS This study 128 145
Koga et al.™ 14 19
17 22
29 34
60 66
80 87
107 117
120 130
44.5 51
PB Koga et al.” 18 30
32 51
62 96
99 153
17 28
31 49
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Table 5.4: Summary of the Fitting Results Obtained from Figure 5.6

Polymer Slope Om Intercept Linearity
1+ 0m R’
PFOMA 242 1.42 -18.9 0.993
PMMA 1.25 0.25 0.602 0.999
PS 1.08 0.08 2.80 0.998
PB 1.51 0.51 3.35 0.999
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The intercept for each polymer as listed in Table 5.4 is also informative. On the
basis of eq 5.6, there are three cases. Case 1: if the middle layer swells more than the
other layers (0 > Ofree OF Oy > Osub), then B is negative. This case might arise if the
interaction between polymer and substrate is more favorable than that between CO, and
the substrate. For instance, this might occur if there exists a strong attractive short-range
interaction between the polymer segments and the substrate. Table 5.4 shows that
PFOMA has a negative B value at the anomalous maximum, suggesting that PFOMA
chains at interfaces swell less than bulk PFOMA. This may be explained by considering
the interaction between the carbonyl group in PFOMA and the native SiO; layer at the

68 Sirard et al.** examined the structure of ultra thin (h < 10 nm) grafted

substrate.
PDMS films in CO, by neutron reflectivity and observed a polymer-concentrated region
on the SiOx interface. They showed that at elevated CO, pressures, the thickness of this
polymer-concentrated region remains relatively constant while the thickness of the outer
solvated region increases, which means o, > ogp. Case 2: if the middle layer swells less
than the polymer chains in interfacial regions (o < Oifree O O < Ogyp), then B is positive.
This means that CO, is more favorably segregated into the interfaces. Both PS and PB
films (see Table 5.4) belong to this case, which can be explained by the absence of strong
interactions between both PS and PB segments and Si/SiOy substrate. Case 3: if ay, is
comparable to asee and ogyp, then B can be close to zero. Table 5.4 shows that this is the
case for PMMA. PMMA also has a favorable interaction with the substrate, similarly to
PFOMA (we can assume the corresponding values of oy, for PMMA and PFOMA are
comparable). However, PFOMA has an extremely large o, and as the result, B for
PFOMA is negative while that for PMMA is close to zero.

From the foregoing discussion, it is clear that by applying this simple three-layer

model to the existing polymer thin films swelling data in CO,, the thickness dependence
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of anomalous maximum can be explained. It is also shown that depending on the
polymer-CO; and polymer-substrate interactions, the swelling coefficients for interfaces
(osree and o) can be either above or below the swelling coefficient of the middle layer
(om). Further insight can be obtained by applying the same analysis for PFOMA films
with various thicknesses at pressures different from the anomalous swelling maximum.
Figure 5.7 shows the fitted curves at eleven pressures distinct from the anomalous
maximum. Figure 5.8 summarizes the results of o, from fitting the data in Figure 5.7. It
is clear that a,, increases with increasing CO; pressure and exhibits a maximum at a
pressure ~ 8.0 MPa. This observed maximum in oy, further confirms that the swelling of
the middle layer also exhibits an anomalous behavior, which can be understood as
follows. Because the phase stability of a binary mixture decreases with its

compressibility* >’

, the solubility of CO, in the polymer film decreases abruptly near the
region where the compressibility of CO; is at maximum. As a result, CO,-rich phase and
polymer-rich phase may coexist in the film, leading to the observed anomalous maximum

in ap,. Clearly, the anomalous maximum in ay, further confirms that anomalous swelling

is not solely due to the excess absorption of CO, at interfaces.
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5.5 CONCLUSIONS

In-situ spectroscopic ellipsometry was employed to examine the swelling of
PFOMA, PS, PEO and PS-b-PFOMA thin films in Sc-CO;, with the goal to further
understand the role of interfaces on anomalous swelling maximum. The anomalous
excess swelling thickness (hex.) was found to be dependent on the initial film thickness,
on polymer-substrate interaction and on polymer-CO; interaction. The experimental data
of the dependence of anomalous maximum on polymers and film thicknesses from this

253435 can be rationalized by considering a three-layer

study and several references
model, which indicates that the anomalous swelling maximum cannot solely be explained
by the excess absorption of CO, at interfaces (e, 0sub). Instead, the swelling coefficient
of middle layer (o) also plays an important role and exhibits the anomalous maximum.
In addition, the relative interactions between polymer-substrate and polymer-CO, were
found to affect the magnitudes of Oee, 0m and oy, and therefore influence the anomalous
swelling maximum. Clearly, this study further clarifies the role of interfacial interactions

on the anomalous swelling maxima exhibited by polymer thin films exposed to

compressible fluids.
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Chapter 6: Contact Angle of Water on Polystyrene Thin Films: Effects
of CO, Environment and Film Thickness

We examine the contact angle of water droplets on polystyrene (PS) thin films
supported by silicon wafers under both air and pressurized carbon dioxide (CO;)
environments. At 23 °C, the contact angle is found to increase upon increasing CO,
pressure in the vapor regime and then levels off in the liquid regime. A macroscopic
model based on Young’s equation and the geometric-mean method for interfacial
tensions correctly predicts the contact angle behavior, although some deviation is
observed at higher CO, activities. Interestingly, film thickness, h, is also found to affect
contact angle, especially when h is comparable with the radius of gyration (R,). Herein
the contact angle decreases, indicating that the apparent surface energy increases with
decreasing PS film thickness. This behavior is described by a microscopic model that
considers the effect of film thickness on long-range van der Waals forces. In addition,
this microscopic model, combined with the PS swelling data in CO,, well predicts the

observed effects of CO, pressure on contact angles.
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6.1 INTRODUCTION

Extensive research has been devoted to the use of liquid and supercritical carbon
dioxide as alternatives to conventional solvents in many polymer and semiconductor
processes.'” CO, is an appealing solvent as it is inexpensive, non-toxic, environmentally
benign and has an easily accessible critical temperature and pressure. Moreover, the low
viscosity and surface tension of CO; enable its applications in photoresist cleaning and
drying to enhance solvent penetration and to avoid capillary collapse.” © However,
developing applications of CO, in these thin film processes®"” requires a fundamental
understanding of the effects of CO, environment on properties such as the swelling and

118 For example, it is found that polystyrene latex particles

wettability of thin films.
swell to a greater degree than bulk PS in the presence of CO,."
Polymer thin films have received a lot of attention as the result of their emerging

applications.'”’

A thin polymer film may be used as coating to provide a
physical/chemical barrier or to improve desirable properties, for instance, antireflective
and superhydrophobic coatings.””** Consequently, studies on the wettability of polymer
films are of technical importance. Other applications of polymer films include
photoresists in lithography®, thin film transistors™ and optical display materials®’. In

addition, differences in the properties of polymer thin films relative to their bulk

analogies are scientifically intriguing. Many studies have shed light on the glass

29-33 38, 39

transition, stabilities,%37 dynamics of polymer thin films as well as the phase
y poly p

34, 4042 1+ ¢ known that as the film

segregation behavior of copolymer thin films.
thickness becomes comparable with the radius of gyration (R,) of polymer chains,
significant deviation from bulk behavior occurs. This deviation is strongly dependent on

the interfacial interactions with the substrate as well the free surface.
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In this study, we are interested in controlling the wettability of polymer films by
employing a CO; environment and by varying the film thickness. A high-pressure
apparatus and technique had been previously developed by Dickson et al. to examine the
wetting phenomena at the CO,/water/silica interface.'® To our knowledge, this
phenomenon has not been investigated previously for the CO,/water/polymer interface,
where polymer surface is swollen by CO,. Thus we examine the contact angle of water
droplets, 0, placed on polystyrene (PS) thin films supported by silicon wafers with a
native oxide layer, under both air and CO, environments. Firstly, we show that at a
temperature of 23 °C, 6 increases upon increasing CO, pressure in the vapor regime (from
0 to 61 bar) and then levels off in the liquid regime (above 61 bar). A macroscopic
model based on Young’s equation and geometric-mean method for the interfacial
tensions correctly predicts the trend of 6 in CO,, although some deviation is observed at
higher CO; activities. Secondly, film thickness, h, is also found to affect the wettablity of
water on thin films, especially when h is less than 10 Ry; 0 is found to decrease with
decreasing PS film thickness. A microscopic model that considers the effects of film
thickness and CO, pressure on the long rang van der Waals potential of the system is
proposed. It is found that the calculated Hamaker constant of PS film from 0 increases
with decreasing film thickness, consistent with a decrease in the refractive index of PS
films, as measured by ellipsometry. In addition, this microscopic model, combined with
the PS swelling data in CO,, well predicts the observed effects of CO, pressure on

contact angles.
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6.2 EXPERIMENTAL SECTIONS

6.2.1 Thin Film Preparation

Polystyrene (PS) with a molecular weight of 30 kg/mol (purchased from Pressure
Chemical) was first dissolved in toluene. Thin films were prepared by spin casting the
solutions (typical concentration of 1-2 wt%) onto silicon wafers with a native oxide layer
(Wafer World Inc.). Different thicknesses (20-700 nm) were obtained by controlling the
spin rate as well as the concentration of solutions. Film thickness and refractive index
were measured simultaneously by spectroscopic ellipsometry (J. A. Wollam Co., Inc.).
Prior to contact angle measurements, PS films were annealed in vacuum ovens at 120 °C
for 3 hours to remove any residue solvent and to relax polymer chains. The radius of
gyration (R,) for PS (30 kg/mole) is calculated to be approximately 4.6 nm.*

To examine the sorption of CO, into PS films, spectroscopic ellipsometry was
used to measure in-situ swelling of a thick PS film (h = 172 nm) in Sc-CO, at 25 °C.
Detailed procedures of the swelling measurements have been described in Chapter 5 and

results are presented in Sec. B.1 of Appendix B.
6.2.2 High-Pressure Contact-Angle Measurements

A custom-made high pressure cell was used for the in-situ contact angle
measurements. The detailed experimental apparatus has been described elsewhere.'®
Before loading the sample, about 5 mL DI-water was first placed in the rear of the high-
pressure cell to ensure the saturation of water in the CO, phase. PS films were then
loaded onto the sample stage and a DI-water drop with the volume of 6-8 pul was
subsequently placed on top of the film using a 10 pL syringe. Figure 6.1a shows a
schematic drawing of water contact angle, 0, for the air/water/PS/SiO/Si system. The

image of the water drop was then recorded by a CCD camera and analyzed using a
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software package from KSV Instruments Ltd.. This software package uses the Young-
Laplace method to estimate 0 by fitting the complete contour of the sessile drop as a
function of interfacial and gravity forces. The pure component densities of water and
CO, were also used to estimate 0.

Once the image of the water drop in air was recorded and analyzed, the cell was
sealed and CO, vapor was subsequently introduced into the viewing cell using a
computer-controlled syringe pump (ISCO 260D). Figure 6.1b illustrates of the
measurement of 0 for the CO,/water/PS/SiO,/Si system. All experiments were conducted
at room temperature, 23 + 1 °C. The system pressure was increased gradually from
atmospheric pressure and the drop contour was recorded and analyzed at each desired
pressure. To examine any hysteresis effects, 0 was also measured upon depressurizing
the system by using a micrometering valve (Autoclave Engineer, 10B-5896) and slowly
venting CO; from the cell. All 6 measurements were repeated at least three times on
multiple films with the same thickness and the reproducibility was + 2°. For a given
droplet measured multiple times, the reproducibility in 6 was + 1°. All of the measured 6

values are presented in tabular form in Sec. B.2 of Appendix B.

6.3 RESULTS AND DISCUSSION

6.3.1 Effects of CO, Pressure on the Contact Angle: Experimental Results and the
Macroscopic Model

The water contact angle, 6 on top of PS films was observed to change
significantly upon the addition of CO, into the high pressure cell. Figure 6.2 shows the
representative photographs of a water droplet on a PS film with initial thickness h = 120
nm at 23 °C under various CO, pressures. Clearly, 0 increases with increasing CO,

pressure. Figure 6.3 shows that 6 increases monotonically from 86° + 2° to 111°+ 2° as
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co,

Twater-CDZ

T Neley)

FIGURE 6.1: Schematic of the water contact angle measurements in (a)
air/water/PS/SiO,/Si and (b) CO,/water/PS/Si0O,/Si systems.
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FIGURE 6.2: Photographs of the water contact angle for an h = 120 nm PS film at 23 °C:
(a) in air; (b) 41 bar, vapor CO»; (¢) 59 bar, vapor COy; (d) 138 bar, liquid
COs,.
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FIGURE 6.3: Effects of CO, pressure on the contact angle of water on an h =120 nm PS
film at 23 °C.

170



CO, pressure increases to the vapor pressure (61.2 bar at 23 °C). Further increasing CO,
pressure to 138 bar only increases 0 to 113° + 2° indicating that 6 remains relatively
constant once CO; is in the liquid regime. This observed effect of CO, pressure on 0 is
very similar to the experimental results by Dickson et al.'® on CO,/water/silica systems.
It is also noteworthy that the measured 6 of water drops on PS film in air is 86° + 2°,
consistent with the reported value of 88.41° + 0.28° by Kwok et al.** In addition, as
shown by the red triangles in Figure 6.4, 6 can be plotted as a function of CO; activity,
which is a more relevant thermodynamic parameter than pressure.

On the basis of Young’s equation, the contact angle of a water droplet on a glassy
polymer surface in air, 8, can be related to the surface energy of glassy PS, yps, the
surface tension of water, yw, and the interfacial tension between PS and water, yps.w by

(also see Figure 6.1a)

cos = L5 " Vesw. (6.1).
Vw

Similarly, in a CO, environment, 0 is dependent on three binary interfacial tensions, yps.w,

Yps-co2 and yw-coz by (see Figure 6.1b)

cosd = Vps-co2 — Ves-w (6.2).

Vw-co2
To model the observed trend of 6 with CO; pressure, the first step is to calculate
the surface energy of glassy PS films in air, yps. Typically, to estimate the surface energy
of a solid surface, the contact angles of multiple liquids with known surface tensions are
measured on the solid. The surface tension of both liquid and solid can be divided into

164 the dispersive (non-polar) part, y* and the polar one, y°

two components,
y=y"+y”? (6.3).
The interfacial tension between two phases, o and B, may be calculated by using a

- . 16, 46
geometric-mean combining rule
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Table 6.1: The Polar and Dispersion Components of Surface Tension for Water, PS and

CO,
Substance y= yd + 9P yd v XP=yPy
(mN/m) (mN/m) (mN/m)
Water 71.9' 21.5' 50.4' 0.700
PS 29.1 24.2 4.9 0.168"
CO» - - - 0.06"

" Estimated from the fact that quadrupole-quadrupole interactions count for about 20% of
CO,’s solubility parameter and the remaining 80% is from dispersive interactions.'®

Therefore, x” = 0.2%/(0.8%+0.2%) = 0.06.
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Vop =V A7y yh =2 yiye ~2riys (6.4).
Therefore, if the contact angles of two liquids with known y.”, y.* on a solid are
measured, then the surface energies of the solid, ys" and vys', can be calculated by
substituting eq 6.4 into Young’s equation (eq 6.1).

The liquids that are commonly used include water and an organic solvent, such as
heptane. However, an important criterion in choosing liquids is that the surface tension
of the liquids has to be higher than that of the solid.** This criterion is challenging for
solids that process a high surface energy because most organic liquids have low surface
tensions. Alternatively, it is convenient to introduce the polarity of a solid surface, which
is defined by"’

X' =y My + 75" (6.5).
Thus once the polarity of a solid, xs*, is known, ys°, ys® can be solved by knowing the
contact angle of only one liquid.

As shown in Table 6.1, the polar and dispersive components for the surface
tension of water are known, and the polarity of PS, xpg", is 0.168.'>*" Substitute eq 6.4
into Young’s equation and set 6 = 86° + 2°, we can obtain an equation that relates yps” and
vps®, which can be combined with eq 6.5 to solve yps” and yps”. The calculated values for
ves” and yps® are 4.9 and 24.2 mN/m, respectively. Thus the surface tension of the h =
120 nm PS film (yps = yps” + yps’) is calculated to be 29.1 mN/m, consistently with the
value of 29.8 + 0.5 mN/m obtained by Kwok et al.**

Next, the effect of CO, pressure on the contact angle of water on PS films will be
modeled on the basis of eqs 6.2 and 6.4. Because air is miscible with CO, in the vapor
phase, the surface tension of vapor CO; in air, Yco2, 1S not measurable. Following the
work by Dickson et al.,'® the solubility of CO, is calculated as a function of CO, activity

at 23 °C and is used to estimate the corresponding yco,. (Detailed description and values
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can be found in ref 16.) The polarity of CO; is estimated on the basis of the contribution
of the quadrupole-quadrupole interaction in the solubility parameter of CO; and is listed
in Table 6.1. '

Having obtained the values of yco,’, yCozd, Yrs', 'Ypsd, yw' and YWd, we are now in
the position to model the effect of CO;, pressure on 6. The interfacial tension between PS
and water, Yps.w, is estimated to be 24.0 mN/m at 23 °C from eq 6.4. This value of yps.w
is simply assumed to be fixed upon varying CO; pressure (shown by the dashed line in
Figure 6.5). Estimated values of yps.coz (from eq 6.4) and experimental data of yw.coz by
Dickson et al.' at 23 °C are also plotted as a function of CO, activity as shown in Figure
6.5. It is noteworthy we choose to use experimental values for yw.co, rather than
estimating it from eq 6.4, because the strong polar contribution in yw would cause the true
value of yw.coz to deviate from eq 6.4. Finally, 0 is calculated from eq 6.2 as a function
of CO; activity and is shown by the empty squares in Figure 6.4.

From Figure 6.4, it is evident that the predicted and experimental 0 values agree
reasonably well, especially at lower CO, activities. However, at CO, activities above 0.6,
experimental 0 increases more rapidly than the model prediction and the deviation
increases with increasing CO; activity. This deviation is not likely caused by the
inaccuracy in yw.co2, because another set of reference yw.co, values from Hebach et al.*®
at 25 °C (shown by empty squares in Figure 6.4) produced similar results. In addition,
predicted 7yps.co» values from the geometric-mean model are compared with the
estimation by Li et al.** (see Figure B.2 in Appendix B) and good agreement is obtained.

32,49 ¢an reside on the

However, at higher CO; activities, a “liquid like” excess CO, layer
top of PS film, lowering the apparent PS-CO, interfacial tension. In other words, Yps.co2
at higher CO, activities could be overestimated by the model, and as the result, the actual

water contact angle 0 is higher than the model prediction. It is noteworthy that the
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assumption of yps.w being independent on CO, pressure can also lead to some
discrepancy between model prediction and experimental results. The reason is at higher
CO; activities, CO; can strongly absorb into both water and PS phases and can modify
YPS-w.

The effect of CO, pressure on the contact angle of water on PS films is reasoned
next. It is well known that CO, possesses an unusually small cohesive energy density
(CED) and consequently, the surface tension of CO; is very low. As CO, activity
increases, the CED of CO; increases and becomes closer to the CED of water or PS.
Accordingly, both yps.cor and yw.coz decrease as shown in Figure 6.5. At lower CO,
activities, 0 is less than 90 ° and cosf > 0, indicating that yps.co» > yw.co2. Hereby the
decrease in Yps.co» dominates over that in yw.coo and consequently, 0 increases as
increasing CO, activity. At higher CO, activities, 0 is large than 90 ° (cos(0) < 0),
indicating that yps.co2 < yw-coz, and thus the increase in 9 is the result of both decreasing
Yps-co2 and yw.coz. In summary, the experimentally observed increasing hydrophobicity
for PS films with increasing CO,; activity is due to the interplay among several factors,
namely YPs-co2, YW-CO2 and the Sign of YPs-co2 - YwW-CO2-

6.3.2 Contact-Angle Hysteresis in CO;

Interesting results were obtained by recording contact angles during both
pressurization and depressurization. This novel type of contact angle hysteresis in CO,
was first proposed and investigated by Dickson et al. on CO,/water/silica systems in our
laboratory.'® Figure 6.6 demonstrates the change of 0 for the CO,/water/PS (h = 120
nm)/SiO4/Si system as the function of CO, pressure upon pressurization and
depressurization. Because 6 does not change significantly in liquid CO, regime, the cell
was only pressurized in the vapor regime of CO, at 23 °C before being depressurized as

shown in Figure 6.6. As expected, 0 decreases monotonically with decreasing CO,
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pressure during depressurization. However, it is evident that at each pressure, the value
of O during depressurization is slightly higher (4-5°) than the corresponding values during
pressurization.

Dickson et al.'® examined the same hysteresis phenomenon in CO, on two
COy/water/silica systems, where the hydrophilicity of the silica surfaces was different.
They found that for silica that had a low surface silanol (SiOH) coverage of 17%, there is
no hysteresis between pressurization and depressurization.'® On the other hand, for silica
that had a high surface silanol (SiOH) coverage of 37%, the measured values of 6 during
depressurization are noticeably higher (10-20°) than those during pressurization.'® This
distinct difference between two surfaces was explained by the strong physisorption of
CO, onto the surface with higher SiOH coverage.'® As CO, physisorbs into the exposed
silanol groups and partially remains bound upon rapid depressurization, the surface of
37% SiOH glass becomes more hydrophobic during depressurization as compared with
pressurization.'® Therefore, the contact angle of water, 0, possesses higher values during
depressurization as compared with pressurization.'®

With regard to PS thin films, the excess CO, on the free surface™ *

may partially
remain upon rapid depressurization and cause the pressurization 0 to be slightly higher
than the pressurization values. However, because there is no strong short-range
interaction between PS and CO,, this excess CO; layer is not as robust as the physisorbed
CO,. Once a subsequent run of pressurization and depressurization is complete, a new
water drop can be put on the same PS film and measured contact angle of this second

drop agrees with the initial measurement very well (unlike the case for hydrophilic

silica'®), indicating that there is no strong CO, physisorption on the PS surfaces.

177



80 —mm@™Mm™@™™m—mm—m—m—m—mr————r— T

] E

— 70: | f Ywater-coz ]

i u] ]

-..ZE_ 60 | =} - ® Yescor -

: o -

E &0t “og_ ;

o ; o
O

5 40F Opg ]

&= E m| ]

-U B D -

30 .

c P o ® @ O ]

© i ®0ee, O- ]
o~ ool R Rt < 6eoa ~ 0o = 1¥ps-water

e Stess 77

g i 1

S 10F i

0‘....|,...|....|,...|....|,...|..

0.0 a2 0.4 0.6 0.8 1.0 1.2
CO, Activity

FIGURE 6.5: Estimated interfacial tension between PS and CO,, yps.coz from geometric-
mean combining rule at 23 °C and experimental measured interfacial tension
between water and COy, Yyater-coz2 at 23 °C by Dickson et al.'® Dashed line
shows the interfacial tension between PS and water, yps.water, Which is
assumed to be fixed at a certain temperature.

178



125_'"'l""I'"'l""l""l""l""

120 E | = Pressurize % ¥
115 F o Depressurize ; .

5 L S
110 | ]

105?- (% (Iﬁ -
100;- <} . -
' '

90§—$ ' ]
¥ ¢ g é

85

Contact Angle (°)

80 PR S U T W RN S T U TS U N RN NN U SR N R R N
30 40 50 60 70

Pressure (bar)

o
—_—
o
N
o

FIGURE 6.6: Contact angle of water on an h = 120 nm PS film at 23 °C during both
pressurization and depressurization.

179



6.3.3 Effects of Film Thickness on the Contact Angle: Experimental Results and the
Microscopic Model

The effect of PS film thickness on 6 was also examined. Five samples with
thicknesses ranging from 21 nm to 625 nm were investigated and the results are plotted in
Figure 6.7. All samples consistently show that 0 increases with increasing CO; pressure.
More importantly, Figure 6.7 shows that at a certain pressure, 6 increases with increasing
film thickness. This increase is extremely distinct for film thickness below 48 nm (h < 10
R,). Figure 6.8 shows the values of 0 in air (corresponding to atmospheric pressure in
Figure 6.7) as a function of PS film thicknesses, wherein 0 increases significantly from
81 ° for h = 21 nm to 86 ° for h = 120 nm and then levels off as h increases further.
Following our previous discussion, the apparent surface energy of PS films with different
thicknesses can be calculated from the values of 0 in air by assuming a constant PS
polarity of 0.168 as shown in Figure 6.8. Consistent with the trend in contact angle, the
apparent surface energy of PS films decreases significantly as h increases from 21 to 120
nm and then levels off.

This strong influence of film thickness, h, on the water contact angle on top of
polymer thin films, 0, especially with h <10 R, 1s very interesting. Two factors could be
present: (1) as polymer films become ultra thin, the long-range van der Waals forces with
the underlying substrate are strongly film thickness dependent, and thus affect the
observed contact angle; (2) as the film thickness becomes comparable to Rg, the finite
size effect can strongly affect the conformation of polymer segments in thin films as well
as the chain mobility, and as a result, the surface energy of PS may be a strong function
of film thickness. To this end, a microscopic model will be proposed to evaluate which

factor is dominant.

180



115_""1 T T L= T T T ]
[ A 120 nm ;0 ]
105 E X 48 nm . ]
‘'S - + 32 nm mX O i
[ o 21 nm i
o 100 g KO .
p [ ]
< g '>.,§$ ]
- 95 IQ -
3] - o -
© - m 3 -
+ X 0 -
c m X 4
o) 90 | = o &
= é.é.é-}-)%%o -
u X o}
85Ex+;§ )K;Oo -
00O
80 lolonllllll 1 1 1 1
0 0

Pressure (bar)

FIGURE 6.7: Effect of film thicknesses on the contact angle of water on PS films at 23

°C. Typical error bars for contact angle (not shown for figure clarity) are +
2°,

181



ET Y T | L R T T T ‘34
87 o 1
q [} ]
I 433
86 F @— m |
> [ ™ ] ¢
S %4re 131 =
S asf 1., £
- : 130 3
O B [
O 82 | ]
K o 429
L |
81_— O =i
""""""""““[““"“"““.28
0 100 200 300 400 500 600 700

Film Thickness (nm)

FIGURE 6.8: The contact angle of water and the calculated surface energy for PS films
with different thicknesses in air at 23 °C.

182



6.3.3a The Microscopic Model in Air

The case in air will be examined first. The spreading coefficient that determines
whether water spreads on the PS surface or forms a droplet with a finite angle of contact
in air is defined by

S=Vps =(w +7rsw) (6.6).

Positive spreading coefficient (S > 0) means complete wetting whereas negative

spreading coefficient (S < 0) means partial wetting with a contact angle, 6. Combining
eq 6.1 and eq 6.6 yields

S =y, (cosfd—-1) (6.7).

Just like surface tension, it is also convenient to define the spreading coefficient into two

terms: the contribution from short range polar interactions, S” and that from long-range

. . 4
van der Waals dispersive forces, S*",

S=8""4+8” (6.8).
For simplicity, the short-range polar interaction is assumed to be thickness independent,
or S* = S” (h). On the other hand, the thickness dependent S is equivalent to the

effective van der Waals potential of a five-layer system (as illustrated in Figure 6.1a) as™

air—water—PS Aair—water—SiOx Aair—water—SiOx B Aair—water—Si (6 9)

A A
Svdw (h) - _ atr—waterz—PS + : >
1272 127(d, + h) 127(d, + h+hgy,)

Here, A3, is the effective Hamaker constant for components 1 and 2 interacting across
component 3 and can be related to the Hamaker constants of pure substances by

Ay = (A, =44 —45) (6.10).
In addition, d,~ 0.165 nm™ is the separation distance between materials in van der Waals
contact, h is the thickness of PS film and hsjox = 1.5 nm is the thickness of the native

oxide layer.
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The Hamaker constant of a pure substance can be calculated from the

corresponding refractive index, n, and dielectric constant, ¢, from Lifshitz theory5 0

“1, 3hv, (n}-1)
4, =3/4kr (G Ly e 2D
g +1" 1642 (n2 +1)

(6.11).

Here v, is the mean ionization frequency of the material, typically 3 x 10" Hz.>® Table
6.2 lists the calculated Hamaker constants of water, PS, SiOx and Si, wherein all values
are consistent with several literatures.”> > >! On the basis of Table 6.2 and eq 6.10, the
Hamaker constants can be calculated as Agirwater-ps = -1.9 % 102 ] , Aair-water-siox = -1.1 X
107° J and Agir-water-si= -5.1 x 107 J.

Next, we can estimate the value of thickness independent S” from the thickest, or
the most bulk-like film. On the basis of eq 6.7-6.10, using the value of 6 = 86.6° when h
= 625 nm, we calculate S* = - 86.3 mJ. Then 0 can be calculated as a function of film
thickness (Figure 6.9). It is evident from Figure 6.9 that long range van der Waals forces
only affects 0 for ultra thin films, namely those with h < 10 nm. In addition, although 6
increases with increasing h in the range from 10 < h < 100 nm, this increase is almost
negligible (less than 0.05°). In other words, the observed trend of 6 with varying PS film
thickness cannot be explained by the thickness dependent van der Waals forces. Thus the
effects of film thickness on the surface energy of PS films will be examined next.

It is well known that when polymer chains are confined into thin film geometry,
especially when the film thickness is comparable with R, of the chain, properties such as
glass transition temperature can become strongly dependent on film thickness.” *% *
However, not many studies have focused on the effects of film thickness on the surface
energy of polymer films. Consequently, most work that explored the stability or the
wetting-dewetting behavior of polymer thin films relied on the bulk polymer surface
energy values. To the best of our knowledge, only two studies have examined the change

of surface energy of polymer thin films with varying film thickness.'” >* Ashley et al."”
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reported that the surface energy of PS films supported by silicon wafer increases with
decreasing film thickness, whereas Shin et al.>* showed that the surface energy of free
standing PS films decreases with decreasing film thickness.

To examine whether the change of surface energy, and consequently, the change
in Hamaker constant of PS films with film thickness can explain the observed trend in
contact angle, we fit the Hamaker constant of PS, Apg from the measured 0 vs. h data. In
eq 6.9, varying PS Hamaker constant only affects Agirwater-ps, While the values of Agir-water-
siox and Agir-water-si remain the same. Recalling that S = - 86.3 mJ, we can calculate the
corresponding Agirwater-ps for each thickness on the basis of eqs 6.7-6.9 and then the
values of Aps can be obtained accordingly. Table 6.3 lists the calculated values of S*¥,
Air-water-ps and Aps, where it is clear that the Hamaker constant of PS increases
significantly with decreasing film thickness.

To further verify this proposed thickness dependence of Hamaker constant, it is
instructive to revisit eq 6.11. It is well known that in eq 6.11, the second term or the one
that is related to the refractive index, n, is dominating. Therefore, it is intuitive to
examine the effects of film thickness on the refractive indices of PS films. We first
calculated the values of refractive index as a function of h from the fitted Hamaker
constants (Table 6.3) as shown in Figure 6.10. It is clear that to be consistent with the
trend of Apg vs. h, refractive indices have to increase with decreasing film thickness.
Next, we measured the refractive indices of PS films with two different molecular
weights from spectroscopic ellipsometry as also shown in Figure 6.10.>> Excellent
agreement is found between fitted and experimentally measured refractive indices,
proving that it is the change of refractive index with film thickness that affects the

Hamaker constant and thus influences the surface energy of the films.
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Table 6.2: The Hamaker Constants of Pure Substances

Substance n € A (x102°))
Water’ 1.333 80 3.7
ps> 1.557 2.55 8.5
Siox°! 1.46 3.82 6.2
Si’? - -

Table 6.3: The Fitted Hamaker Constants for PS films as a Function of Film Thickness

Thickness h/R, 0 SY SP Aair-y ps Aps
h (nm) ©) m)) | mJ) | (x10%")) | (x10%))

625 136 86.6 18.6 | -86.3 -1.91 8.5

120 26 85.9 19.5 -86.3 -2.00 8.8

48 10 84.5 21.3 -86.3 2.18 9.4

32 7.0 83.9 220 | -86.3 2.26 9.6

21 4.6 81.3 252 | -86.3 -2.59 10.7

"R =~/N/6x0.67nm , from ref 43.

g
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FIGURE 6.9: Calculated contact angle of water on PS films as a function of PS film
thickness from the microscopic model at 23 °C.
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The change of refractive index with film thickness, which have also been
observed by other studies™, gives more insight into the mechanism of thickness
dependent surface energy of polymer thin films. The Clausius-Mossotti equation relates
the refractive index of a substance, n, with the number density of molecules, N, molecular

electronic polarizability, o, and the vacuum permittivity, &, by,
2
n -1 Na

n*+2  3s,

(6.12).%

Accordingly, the refractive index increases with increasing molecular density. Soles et
al. employed incoherent neutral scattering to study the dynamics of thin polymer films.*
They found that thin film confinement always leads to a reduction in the mean square
displacement of polymer chain, <u®>, above the glass transition temperature, T, and for
polymers with strong sub-T, segmental mobility, <u® is also suppressed below Tg.3 ’
Therefore, when film thickness is comparable with R, the suppression in <u”> would
result in enhanced molecular density and subsequently cause refractive index to increase.
It is noteworthy that alternatively, Ashley et al. used the reduction in <u®> to directly

explain the observed increase in surface energy of thinner PS films."’
6.3.3b The Microscopic Model in CO,

The microscopic model will be extended to examine the observed effect of CO,

pressure on the contact angle. In CO,, eqs 6.6-6.9 can be rewritten as

S =Vps-cor = Vw-cor + Vps-w) = Vw-cor (€080 —1) = S602de +Secor” (6.13),
and
S VdW( ) - _ ACOZ—water—PS' ACOZ—water—PS' - ACOZ—water—SiOx ACO2—water—SiOx - ACOZ—water—Si
co2 127Zd02 127[(@70 +h)2 127[(6{0 +h+hSiOx)2
(6.14).
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Here we use PS’ to denote the CO, swollen PS films. The Hamaker constant, Aps: can be
calculated from the corresponding refractive index and dielectric constant of the PS-CO,

mixture, nps> and €ps’, on the basis of Lorentz-Lorenz mixing rule

2 2 2
| -1 -1
Uty =D _ gy, Les 7D gy (or =D (6.15a),
(nps” +2) (nps” +2) (Meoy +2)
(5}>S'”2 _1)2 @ (‘C"Psl/2 _1)2 LD (50021/2 _1)2 (6.15b)

e O O
@ps and D, are the volume fraction of PS and CO,, respectively and can be obtained
from in-situ ellipsometric swelling measurements as shown in Sec. B.1 in Appendix B. It
is also noteworthy that the swelling of polymer films is found to be thickness

-4 However, for the purpose of this study, we simply use the measured

dependent
swelling % of an h = 172 nm film. The refractive index of CO, can be generated using
CO,-PAC software and the dielectric constant of CO, can be calculated from the
literature.”® Tables B.3 and B.4 in Appendix B list detailed calculation of Acoz, Aps> and
Sco2" ™.

Unlike the case in air where we can assume that S, is independent of film
thickness, the value of Sco,’ varies with changing CO, pressure. This variation must be

considered in a model for Sco,". To this end, the polar contribution to the spreading

coefficient of CO,/water/PS system is
P

Scor =Vrs-cor=Tw-cor + Vrsw) (6.16).
Because both PS and CO, have small v, yps.co;’ may be estimated from the geometric-

mean method by

Vbs—cor = Vs tVéor — 2\/ VhsVon (6.17).
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Next, yps_WP can be calculated from the fitted polar spreading coefficient in air (SairP =-
86.3 mJ) and the known yps" and yy" (Table 6.1) using
Sur =7ps =y + Vs w) (6.18).
And then 'YW—COZP can be calculated from the measured water-CO, interfacial tension, yw.-
co2 by
Yw-cor = Vw-cor” +Wip + Véor =WV ¥éor) (6.19).

Therefore, Scoo® at each pressure can be calculated from eqs 6.16-6.19 (detailed
calculation is shown in Table B.5 in Appendix B) and accordingly, the contact angle of
water in the CO2/water/PS/SiOx/Si system can be estimated as a function of CO,
pressure (Table B.6 in Appendix B). For comparison, the same calculation is also
performed without considering the sorption of CO; into PS phase (PS films in CO,; are
treated as pure PS).

Figure 6.11 shows the prediction of 8 from this microscopic model (both with and
without considering CO; sorption into the PS films), as well as the experimental data and
the prediction from the macroscopic model. It is clear that the calculated contact angle
values from the microscopic model, after considering CO; sorption in PS films, agree
more closely with the experimental data than the other two models. The same
microscopic model, but without considering CO, sorption in PS films, only does a
slightly better job than the macroscopic model, indicating that CO; sorption is the key in
the deviation between the macroscopic model and the experimental data. This
observation is consistent with our previous discussion in section 6.3.1.

Figure 6.12 compares the microscopic model prediction, after considering of CO,
sorption, with experimental data for four PS films. Interestingly, the deviation between
model prediction and experimental data increases as the film thickness decreases. This
increased deviation at thinner films is probably due to a greater enhancement in CO,
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FIGURE 6.11: Comparison between the microscopic model prediction and the

experimentally measured water contact angle of an h = 120 nm PS film in
CO,at 23 °C.
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sorption for thinner films. The PS swelling % was measured for an h = 172 nm film and it
can be highly underestimated for films thinner than 50 nm. Therefore, Acoz-w-ps 18
underestimated and consequently, the calculated Scoo'™ values are higher than the true
values. Likewise, calculated values of 6 are lower than the experimental values.

In summary, a microscopic model is proposed to calculate the contact angle of
water on PS films from the effective van der Waals potential of the system. This
microscopic reflects the dependence of PS Hamaker constants on both film thickness and

CO; pressure, and hence well explains the experimental results.

6.4 CONCLUSIONS

The influence of CO, environment and film thickness on the contact angle of
water on PS thin films has been investigated both experimentally and theoretically.

Firstly, we show that at the temperature of 23 °C, the contact angle of water
increases upon increasing CO, pressure in the vapor regime (from 0 to 61 bar) and then
levels off as CO, enters the liquid regime (above 61 bar). A macroscopic model on the
basis of Young’s equation and geometric-mean method for the interfacial tensions
correctly predicts the trend of contact angle in CO,, although some deviation is observed
at higher CO; activities.

Secondly, the contact angle of water on PS films is found to decrease with
decreasing PS film thickness, especially when the films thickness is below 10 R,. A
microscopic model that considers the effects of film thickness as well as CO, pressure on
the long rang van der Waals potential of the system is proposed. The Hamaker constant
of PS films, fitted from the contact angle data, is found to increase with decreasing film

thickness, consistent with the measured change of refractive index with film thickness.
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In addition, this microscopic model, combined with the PS swelling data in CO,, well

predicts the observed effects of CO, pressure on contact angles.
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Chapter 7: Conclusions and Recommendations for Future Work

This dissertation showed that compressible fluids, such as supercritical CO,, can
significantly influence the self-assembly in block copolymer thin films. We
demonstrated that desirable morphologies in block copolymer films can be obtained by
manipulating interfacial interactions through varying film thickness, annealing conditions
(such as temperature and pressure) and materials properties. In this final chapter, key
findings in this dissertation are highlighted and recommendations for future research are

proposed.

7.1 CONCLUSIONS

7.1.1 Crystalline-Amorphous Block Copolymer Thin Films

Through control of temperature, T, and film thickness, h, the relative influence of
molecular forces associated with crystallization, with long-range van der Waals forces,
and with block-copolymer ordering can be manipulated to control the structure of
crystalline-amorphous diblock copolymers thin films. In the temperature range of Tp, <T
< Topr, where Ty, is the melting temperature of the crystalline block and Topr is the
order-disorder transition (ODT) temperature, the driving forces for ordering dominate for
films with thickness h > Ly. The thickness of this brush layer, Ly, in contact with the
substrate, is about one-half of the intersphere spacing of the bulk copolymer. Films equal
or thinner than Ly dewet, forming droplets on the substrate, because of the long-range van
der Waals forces. However, at temperatures of T, < T < Ty, wherein T, is the glass

transition temperature of the amorphous block, all films, regardless of the thickness
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range, are structurally stable. This stability is due to the dominance of driving forces for
crystallization over the long-range destabilizing van der Waals forces. We found that
crystallization has a significant effect on the topography of these films, particularly as the

film thickness increases.
7.1.2 Self-Assembly of Asymmetric Block copolymer Thin Films in CO;

Supercritical CO, has shown great potential as an annealing medium to induce
ordered structures and to tune feature sizes in block copolymer thin films.

First, we demonstrated that supercritical CO, induced phase segregation into
spherical structures in PEO-b-PFOMA (5k/52k) diblock copolymer thin films by
comparing the morphologies after CO, annealing with those after vacuum annealing.
The ordered structure is composed of layers of PEO spheres embedded in the matrix of
PFOMA. The phase segregation (order) induced by CO, was explained in terms of two
factors: (1) copolymer volume fraction upon dilution with CO,, ® and (2) the relative
interaction parameter, ¥ = |Ypro-co2 — Yproma-coz|- The Sanchez-Lacombe Equation of
State (SLEOS) was used to fit the swelling isotherms of PFOMA and PEO in CO; and to
estimate quantitatively the two interaction parameters, Yproma-co2 and Ypeo-coz.

Secondly, the selectivity of supercritical CO, towards fluorinated block was
exploited to control the formation of surface micellar structure. PS-b-PFOMA cast from
a cosolvent mixture of toluene and Freon forms a micellar structure, with a PFOMA core
and PS corona, on SiO,/Si substrates. Upon annealing in supercritical CO,, the structure
undergoes an inversion, wherein the PS chain segments forms the core and the PFOMA
segments forms the corona. In addition, the sizes of the PS cores were found to increase
with decreasing CO, activity. This size variation was explained by considering the
effects of Sc-CO; activity on PS-CO, interfacial tension and on chain stretching of the

corona versus the core.
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The ability to tune the morphology of self-assembled copolymer films with Sc-
CO, is of practical interest for templating inorganic nanocrystals in block copolymer

scaffolds.
7.1.3 Swelling and Wetting Properties of Polymer Films in CO,

The swelling of polymer thin films in CO, exhibit an anomalous maximum in the
vicinity of the critical point of CO,. The anomalous excess swelling thickness was found
to be dependent on the initial film thickness, on polymer-substrate interaction and on
polymer-CO, interaction. The existing experimental data'> on the dependence of
anomalous maximum on polymers and film thicknesses can be rationalized by
considering a three-layer model, which indicates that the anomalous swelling maximum
cannot be solely explained by the excess absorption of CO, at interfaces. This study
further clarified the role of interfacial interactions on the anomalous swelling maxima
exhibited by polymer thin films exposed to compressible fluids.

Both pressured CO, environment and film thickness were found to affect the
contact angle of water on PS thin films. At 23 °C, the contact angle was found to
increase upon increasing CO, pressure in the vapor regime and then level off in the liquid
regime. In addition, the contact angle decreases with decreasing PS film thickness,
especially when PS film thickness is comparable with the radius of gyration. All the
experimental results were well explained by a microscopic model that considers the
effects of film thickness as well as CO, pressure on the long rang van der Waals potential

of the system.

201



7.2 RECOMMENDATIONS FOR FUTURE WORK

7.2.1 Nanopatterning Using Block Copolymer Films in CO,

In Chapter 3, only one molecular weight of PEO-b-PFOMA diblock copolymer
was examined. Extending this study on the same diblock but with different molecular
weights and symmetries can further explore the effects of CO, on the phase diagram of
this system. However, one needs to be careful with the choice of molecular weights.
PEO-b-PFOMA with small molecular weights may have extremely low order-disorder
transition temperatures and the films may be in the phase-mixed state under both
accessible CO; and vacuum/air conditions. Instead of using PEO-b-PFOMA (5k/52k) in
which the phase structure is spheres of PEO embedded in the matrix of PFOMA, systems
with PFOMA as the spherical domain, or those with cylindrical phase structure can also
be interesting. It is noteworthy that for PEO-b-PFOMA diblock with PFOMA as the
minor component, the substantial swelling of PFOMA by CO, may significantly increase
the volume fraction of PFOMA and thus induce a distinct change in phase structure. The
same strategy of changing molecular weights and symmetries can be also applied to the
PS-b-PFOMA system examined in Chapter 4. In addition, the effects of film thickness
on the structures of micelles are worthy studying. As PS-b-PFOMA films get thinner, the
shape of micelles can become more distorted and can evolve from spheres to ellipsoids.

The choice of the right materials is the key in designing future experiments to
develop block copolymer templates with ordered features in supercritical CO,. Other
than the copolymers that contain PFOMA as the block that possesses preferential
interaction with CO,, systems that containing poly(dimethyl siloxane) (PDMS) would
also be a good choice. With regard to diblock copolymers that lack preferential
interactions with CO; (both blocks are equally “CO,-phobic’), CO, can be used to lower

the Topr and to increase the kinetics of phase segregation. For systems in which the Topr
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are substantially high under air/vacuum conditions, ordered structures can be obtained at
accessible temperatures in supercritical CO,.

In addition, the self-assembly of nanoparticles on diblock copolymer scaffolds has
attracted a lot of research interests, because the ease and control offered by the copolymer
can be combined with the electronic, magnetic or photonic properties of the inorganic

412
component.

Once the self-assembly behavior of a particular block copolymer in
supercritical CO; is well understood, more effort can be put into using CO; to selectively
sequester nanoparticles into one block domain to make functional materials. The low
processing temperature of CO, can be an asset here, because it can prevent ligand
detachment and particle fusion. One promising strategy is to immerse preformed block
copolymer template in CO,, which is premixed with inorganic precursors.”> The dilation
effects and the high-diffusivity of CO; can be utilized to infuse inorganic precursors into
one domain. In another possible approach, nanoparticles can be mixed with block

copolymer upon depositing the films, and then CO, annealing can be used to induce

ordering in the nanoparticle/copolymer composite.
7.2.2 Interfacial Phenomena of Polymer Films in CO,

Chapter 5 showed that in-situ spectroscopic ellipsometry may have reached its
limitation in examining the anomalous swelling maximum of polymer thin films in COs,.
More advanced technique is required to differentiate between the excess absorption of
CO; at the free surface and the swelling of CO; into the bulk-like internal part of the film.
In addition, a more quantitative assessment of the roles of interfaces on the anomalous
swelling maximum awaits further progress in theoretical studies.

In Chapter 6, the contact angle of water on polystyrene films as a function of CO,
pressure and polymer thickness at 23 °C was studied. Further investigations can be taken

under three directions. First, more processing temperatures in CO, can be examined.
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Because 23 °C is below the critical temperature of CO,, 31 °C, studies at higher
temperatures are needed to explore the effects of supercritical CO, processing on the
wetting properties of polymer thin films. These measurements will provide great
fundamental insights and have important implication for extending the applications of
supercritical CO, in thin film processes in microelectronics.'* ' Contact angles can be
measured near the critical condition of CO; to investigate any anomalous behavior near
the critical point of CO, as a compensatory study for the swelling experiments in Chapter
5. Second, various polymers such as PFOMA, PMMA or even block copolymer films
can be examined. Preliminary study has been conducted on PFOMA films under similar
conditions as those shown in Chapter 6. It was found that the part of a PFOMA film
underneath the water droplet becomes unstable and dewets on the silicon wafer at 23 °C
and CO, pressure around 4 MPa, whereas the rest of the film remains stable. This
instability of some polymer films under humid CO, environments can be used to

selectively delaminate photoresist films.'®"®

Third, the hydrophobicity of polymer films
that possess high surface non-uniformity can be an interesting topic. For example, one
possible project is to explore the potential of using block copolymer films with surface

terrace or micellar structures (as shown in Figures 2.2 and 4.1, respectively) as

superhydrophobic coating materials."
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Appendix A: Tabular Data for the Swelling Experiments in Chapter 5

Table A.la: Swelling data for a PFOMA film with hg = 109 nm during pressurization at

35°Cin CO,

Pressure CO;, Thickness Swelling Reflective MSE

(psig) Activity (nm) % index
0 0.022 109.36 0.0 1.3922 1.134
203 0.304 115.71 5.8 1.3756 1.437
402 0.532 123.03 12.5 1.3636 1.673
602 0.716 134.18 22.7 1.3429 1.467
727 0.809 143.70 31.4 1.3301 1.468
852 0.887 157.16 43.7 1.3154 1.204
974 0.947 176.98 61.8 1.3045 1.308
1056 0.978 198.98 81.9 1.2909 1.925
1099 0.991 216.27 97.8 1.2786 2.379
1117 0.995 225.96 106.6 1.2685 2.049
1125 0.997 232.07 112.2 1.2599 1.687
1137 0.999 240.77 120.2 1.2486 1.428
1147 1.001 242.61 121.8 1.2504 1.390
1157 1.002 241.03 120.4 1.2551 1.277
1167 1.003 238.94 118.5 1.2618 1.233
1178 1.004 238.93 118.5 1.2658 1.226
1189 1.005 239.39 118.9 1.2679 1.199
1197 1.006 238.70 118.3 1.2710 1.187
1231 1.008 243.18 122.4 1.2702 1.157
1302 1.012 251.25 129.7 1.2685 1.088
1407 1.017 260.91 138.6 1.2644 0.933
1486 1.020 262.79 140.3 1.2605 0.724
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Table A.1b: Swelling data for a PFOMA film with hy = 109 nm during depressurization
at 35 °C in CO, (continued from Table A.la)

Pressure Thickness Swelling Reflective MSE
(psig) (nm) % index
1486 262.79 140.3 1.2605 0.724
1394 244.85 123.9 1.2642 0.685
1311 231.98 112.1 1.2674 0.706
1214 219.23 100.5 1.2689 0.875
1200 217.92 99.3 1.2684 0.946
1193 216.85 98.3 1.2683 0.959
1182 216.50 98.0 1.2664 1.059
1176 216.15 97.6 1.2653 1.168
1170 215.68 97.2 1.2640 1.241
1161 216.83 98.3 1.2575 1.322
1154 218.58 99.9 1.2533 1.351
1146 220.81 101.9 1.2473 1.465
1135 220.52 101.6 1.2447 1.900
1126 213.50 95.2 1.2570 2.385
1113 202.77 85.4 1.2757 2.508
1088 188.95 72.8 1.2942 2.573
946 149.76 36.9 1.3314 1.463
806 129.48 18.4 1.3591 0.635
607 114.03 4.3 1.3923 0.934
374 103.86 -5.0 1.4195 0.976
198 98.91 -9.6 1.4324 0.911
0 94.94 -13.2 1.4419 0.793
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Table A.2: Swelling data for a PS-b-PFOMA film with hy = 100 nm at 35 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.022 99.72 0.0 0.726
140 0.222 102.29 2.6 0.656
249 0.361 104.85 5.1 0.661
349 0.475 107.12 7.4 0.630
483 0.611 110.65 11.0 0.642
653 0.756 115.64 16.0 0.739
740 0.818 119.58 19.9 0.904
840 0.88 125.36 25.7 1.245
957 0.939 137.13 37.5 1.930
1020 0.965 147.73 48.2 2.239
1103 0.992 169.17 69.7 2.841
1117 0.995 174.98 75.5 2.966
1138 0.999 185.47 86.0 2.867
1153 1.002 183.77 84.3 2.379
1167 1.003 178.55 79.1 2.149
1183 1.005 176.18 76.7 2.005
1203 1.006 175.26 75.8 1.859
1277 1.011 176.13 76.6 1.608
1383 1.016 180.94 81.5 1.434
1486 1.020 183.34 83.9 1.130
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Table A.3: Swelling data for a PS film with hy = 128 nm at 35 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.022 128.39 0.00 0.799
114 0.187 129.31 0.72 0.840
217 0.321 130.71 1.81 0.924
302 0.423 132.16 2.94 0.953
396 0.525 133.46 3.95 1.016
503 0.630 134.79 4.98 1.108
612 0.724 13591 5.86 1.166
869 0.896 138.44 7.83 1.261
1002 0.958 139.44 8.61 1.320
1096 0.990 140.71 9.60 1.394
1127 0.997 142.06 10.65 1.132
1149 1.001 145.72 13.50 1.148
1164 1.003 144.44 12.50 1.172
1184 1.005 141.86 10.49 1.199
1204 1.006 140.64 9.54 1.251
1299 1.012 139.21 8.43 1.644
1407 1.017 138.69 8.02 1.812
1510 1.021 138.43 7.82 1.801
1611 1.025 138.37 7.77 1.842
1710 1.028 138.16 7.61 1.913
1816 1.031 138.12 7.58 1.930
1918 1.034 138.07 7.54 1.874
1995 1.036 138.10 7.56 1.856
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Table A.4: Swelling data for a PEO film with hy = 104 nm at 35 °C in CO,

Pressure Thickness Swelling
(psig) (nm) %
0 103.77 0.00
98 103.86 0.09
201 104.22 0.43
294 104.52 0.72
402 104.76 0.95
502 105.16 1.34
626 105.69 1.85
704 106.05 2.20
800 106.43 2.56
929 107.11 3.22
990 107.54 3.63
1097 109.09 5.13
1134 112.03 7.96
1148 114.71 10.54
1160 114.82 10.65
1175 112.90 8.80
1202 110.84 6.81
1306 109.56 5.58
1392 109.36 5.39
1499 109.19 5.22
1598 109.08 5.12
1693 109.11 5.15
1804 109.03 5.07
1924 109.03 5.07
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Table A.5: Swelling data for a PFOMA film with hg = 153 nm at 35 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.022 153.22 0.0 0.555
204 0.305 160.33 4.6 0.989
400 0.530 170.40 11.2 1.397
597 0.712 187.38 22.3 2.216
734 0.814 202.61 32.2 2.311
854 0.888 219.49 432 1.959
1003 0.959 259.33 69.3 1.047
1045 0.974 279.00 82.1 0.827
1104 0.992 319.11 108.3 1.473
1115 0.994 325.72 112.6 3.153
1125 0.997 332.06 116.7 1.737
1133 0.998 336.58 119.7 1.359
1143 1.000 335.67 119.1 1.017
1166 1.003 328.34 114.3 0.877
1179 1.004 328.93 114.7 0.684
1200 1.006 330.73 115.8 0.561
1305 1.012 345.42 125.4 0.463
1406 1.017 355.33 131.9 0.453
1500 1.021 354.35 131.3 0.569
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Table A.6: Swelling data for a PFOMA film with hg = 179 nm at 35 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.022 178.79 0.0 1.264
261 0.375 190.05 6.3 1.435
434 0.564 199.58 11.6 1.410
601 0.715 213.48 19.4 1.285
733 0.813 228.70 27.9 1.216
858 0.890 248.75 39.1 1.298
952 0.937 270.54 51.3 1.294
1029 0.968 296.58 65.9 0.894
1097 0.990 358.39 100.5 2.506
1122 0.996 409.18 128.9 6.469
1136 0.999 433.58 142.5 7.945
1147 1.001 418.29 134.0 6.184
1155 1.002 405.16 126.6 5.120
1167 1.003 393.13 119.9 4.079
1183 1.005 387.65 116.8 3.244
1214 1.007 387.71 116.9 2.347
1315 1.013 402.62 125.2 1.590
1403 1.017 414.34 131.7 1.346
1506 1.021 416.91 133.2 1.003
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Table A.7: Swelling data for a PFOMA film with hy = 282 nm at 35 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.022 282.02 0.0 1.631
246 0.357 296.97 53 3.42
422 0.552 309.51 9.7 4.752
619 0.729 330.13 17.1 4.666
740 0.818 350.11 24.1 6.187
854 0.888 376.37 33.5 6.175
958 0.940 412.30 46.2 6.563
1041 0.973 477.65 69.4 7.713
1101 0.991 555.72 97.0 7.594
1111 0.994 580.60 105.9 7.813
1120 0.996 612.51 117.2 8.248
1131 0.998 655.76 132.5 7.948
1142 1.000 655.68 132.5 6.296
1151 1.001 628.00 122.7 5.229
1166 1.003 626.38 122.1 6.972
1180 1.004 621.35 120.3 6.867
1199 1.006 622.19 120.6 6.396
1298 1.012 649.58 130.3 5.109
1421 1.018 683.94 142.5 4.063
1509 1.021 689.05 144.3 3.249
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Table A.8: Swelling data for a PFOMA film with hg = 115 nm at 50 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.019 114.70 0.0 0.365
114 0.155 116.96 2.0 0.373
209 0.260 119.08 3.8 0.339
304 0.357 121.30 5.8 0.429
408 0.455 124.62 8.6 0.355
504 0.537 128.06 11.6 0.367
606 0.616 132.02 15.1 0.376
744 0.710 138.02 20.3 0.395
803 0.746 141.01 22.9 0.380
938 0.820 149.46 30.3 0.417
1012 0.855 154.71 349 0.448
1100 0.892 162.87 42.0 0.430
1196 0.926 172.56 50.4 0.408
1292 0.954 184.99 61.3 0.376
1395 0.977 202.58 76.6 0.504
1498 0.994 217.61 89.7 0.453
1596 1.006 228.62 99.3 0.461
1703 1.015 238.49 107.9 0.383
1796 1.021 246.43 114.8 0.347
1898 1.027 253.50 121.0 0.353
2001 1.033 260.32 127.0 0.363
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Table A.9: Swelling data for a PFOMA film with hg = 150 nm at 50 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.019 150.38 0.0 1.109
107 0.147 152.84 1.6 1.009
203 0.254 155.80 3.6 0.873
305 0.358 159.41 6.0 0.632
404 0.451 163.20 8.5 0.473
513 0.544 168.09 11.8 0.370
613 0.621 172.99 15.0 0.586
709 0.688 178.28 18.6 0.887
814 0.753 184.73 22.8 1.225
888 0.794 190.87 26.9 1.437
995 0.847 199.72 32.8 1.544
1098 0.891 209.72 39.5 1.546
1198 0.927 222.21 47.8 1.338
1295 0.955 237.35 57.8 1.138
1395 0.977 257.16 71.0 0.917
1490 0.993 276.65 84.0 0.819
1592 1.005 292.99 94.8 0.747
1698 1.014 308.00 104.8 0.659
1794 1.021 319.94 112.8 0.686
1892 1.027 333.32 121.7 0.686
1991 1.032 343.92 128.7 0.801
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Table A.10: Swelling data for a PFOMA film with ho = 198 nm at 50 °C in CO,

Pressure CO, Thickness Swelling
(psig) Activity (nm) %

0 0.019 197.80 0.0
101 0.140 201.35 1.8
206 0.257 206.11 4.2
303 0.356 210.40 6.4
408 0.455 215.87 9.1
508 0.540 221.60 12.0
606 0.616 227.67 15.1
717 0.693 235.74 19.2
853 0.775 247.37 25.1
896 0.798 251.76 27.3
1000 0.849 262.35 32.6
1109 0.895 275.29 39.2
1200 0.927 291.02 47.1
1300 0.956 318.76 61.2
1402 0.979 355.88 79.9
1498 0.994 382.99 93.6
1591 1.005 398.47 101.5
1704 1.015 415.39 110.0
1798 1.021 430.14 117.5
1889 1.027 444.34 124.6
2001 1.033 459.55 132.3
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Table A.11: Swelling data for a PS-b-PFOMA film with hg = 100 nm at 50 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.019 100.46 0.0 0.885
118 0.160 102.16 1.7 0.982
205 0.256 103.80 33 1.109
300 0.353 105.60 5.1 1.238
440 0.483 108.42 7.9 1.335
514 0.545 110.03 9.5 1.443
616 0.623 112.21 11.7 1.499
707 0.686 114.04 13.5 1.556
806 0.748 116.77 16.2 1.641
889 0.795 119.65 19.1 1.684
998 0.849 125.04 24.5 1.766
1097 0.891 131.06 30.5 1.810
1200 0.927 139.01 38.4 1.754
1297 0.955 148.03 47.4 1.818
1397 0.978 157.93 57.2 1.738
1497 0.994 165.52 64.8 1.656
1597 1.006 171.23 70.4 1.614
1696 1.014 176.82 76.0 1.597
1802 1.022 182.59 81.8 1.619
1897 1.027 188.21 87.3 1.602
2005 1.033 193.57 92.7 1.639
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Table A.12: Swelling data for a PS film with hy = 131 nm at 50 °C in CO,

Pressure CO, Thickness Swelling MSE
(psig) Activity (nm) %

0 0.019 131.24 0.00 0.980
89 0.126 132.18 0.72 1.210
179 0.228 133.24 1.52 1.294
284 0.338 134.55 2.52 1.259
403 0.450 135.80 3.47 1.354
506 0.538 136.75 4.20 1.405
609 0.618 137.39 4.69 1.492
710 0.688 138.01 5.16 1.388
804 0.747 138.78 5.75 1.453
888 0.794 139.57 6.35 1.501

1015 0.856 140.89 7.35 1.491
1100 0.892 142.11 8.28 1.478
1200 0.927 142.77 8.79 1.516
1303 0.957 143.39 9.26 1.389
1386 0.976 144.26 9.92 1.272
1480 0.992 145.51 10.87 1.073
1580 1.004 145.53 10.89 1.044
1687 1.014 145.05 10.52 1.030
1803 1.022 144.19 9.87 0.875
1914 1.028 143.88 9.63 0.784
2001 1.033 143.61 9.43 0.741
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Appendix B: Supporting Information for Chapter 6

B.1 SWELLING DATA
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FIGURE B.1: The measured swelling % of a PS film with h = 172 nm in CO, at 25 °C.
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B.2 CONTACT ANGLE DATA IN TABULATE FORM

Table B.1: Effects of CO; Pressure on the Contact Angle of Water on PS films with
Various Thicknesses at 23 °C (typical error bar + 2°)

Pressure | Activity | 21 nm PS | 32 nm PS | 48 nm PS | 120 nm PS | 625 nm PS
(bar) film (°) film (°) film (°) film (°) film (°)
1.0 0.000 81 84 84 86 87
34 0.080 81 84 84 - 86
6.9 0.157 81 84 85 86 87
10.3 0.231 82 84 85 - 87
13.8 0.302 82 85 85 86 87
17.2 0.371 82 85 85 - 87
20.7 0.437 83 85 86 87 88
24.1 0.500 84 87 86 - 89
27.6 0.560 85 88 87 89 90
31.0 0.616 86 89 89 - 91
34.5 0.673 88 91 91 91 93
37.9 0.725 90 93 92 - 95
41.4 0.774 92 94 94 95 97
44.8 0.820 94 96 97 - 99
48.3 0.864 97 98 100 99 103
51.7 0.905 100 101 103 - 105
55.2 0.942 107 107 109 107 109
58.6 0.975 110 111 112 111 112
69.0 1.014 - - - 114 -
75.8 1.034 - - - 114 -
82.7 1.050 - - - 114 -
89.6 1.066 - - - 113 -
96.5 1.082 - - - 113 -
103.4 1.098 - - - 113 -
110.3 1.115 - - - 112 -
117.2 1.131 - - - 112 -
124.1 1.147 - - - 112 -
131.0 1.164 - - - 112 -
137.9 1.180 - - - 113 -
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Table B.2: Contact Angles of Water on an h = 120 nm PS Film at 23 °C during

Pressurization and Depressurization

Pressurization Depressurization
Pressure (bar) Contact angle (°) Pressure (bar) Contact angle (°)
1.0 86+ 2 1.0 84 +2
7.4 85+2 6.5 90 +2
14.6 86+ 2 20.3 90 +2
21.2 86+ 2 273 92 +2
27.8 88 +2 34.1 95+2
35.1 91+2 41.0 99+2
41.2 95+2 48.1 104 +2
41.1 95+2 52.3 107 £2
48.0 100 £2 55.3 113£2
55.4 107 £2 58.9 121 +2
58.6 113+2 589 121 +2

60.7 116 £2
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B.3 COMPARISON BETWEEN CALCULATED PS-CO; INTERFACIAL TENSION IN THIS
WORK AND REFERENCE
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FIGURE B.2: Comparison between prediction from the geometric-mean model for PS-
CO; interfacial tension and the work by Li et al.(Li, Y.; Meli, L.; Lim, K. T.;
Green, P. F.; Johnston, K. P. Macromolecules 2006, 39, 7044).
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B.4 EXTENDING THE MICROSCOPIC MODEL TO CO; ENVIRONMENT

Table B.3: Calculation of the Hamaker Constants of PS-CO, Mixture (h = 120 nm)

Pressure Volume CO, P n Acoz n € Aps'
(bar) fraction of activity | CO, | CO; | (x10° mix mix | (X 10
CO, 20 J) 20 J)

1.0 0.000 0.000 1.001 1 0.000 |1.569 |2.550 | 8.802
8.5 0.004 0.206 1.008 | 1.004 | 0.001 | 1.566 | 2.545| 8.723
18.5 0.013 0.417 1.019 | 1.008 | 0.003 | 1.560 | 2.535| 8.573
36.0 0.038 0.712 1.041 | 1.019 | 0.013 | 1.544 | 2.507 | 8.164
42.7 0.049 0.801 1.053 | 1.024 | 0.021 | 1.537 | 2.494 | 7.996
44.4 0.053 0.822 1.056 | 1.025 | 0.023 | 1.535 | 2.489 | 7.928
46.1 0.056 0.842 1.060 | 1.027 | 0.026 | 1.533 | 2.486| 7.889
47.8 0.057 0.862 1.063 | 1.028 | 0.029 | 1.533 | 2.485| 7.878
49.5 0.059 0.880 1.067 | 1.030 | 0.033 | 1.531 | 2.483 | 7.850
51.2 0.060 0.898 1.072 | 1.032 | 0.037 | 1.531 | 2.482| 7.833
53.0 0.061 0914 1.076 | 1.034 | 0.043 | 1.530 | 2.480| 7.821
54.8 0.063 0.931 1.082 | 1.036 | 0.048 | 1.529 | 2.479 | 7.800
56.5 0.065 0.946 1.087 | 1.038 | 0.054 | 1.528 | 2477 | 7.775
58.3 0.067 0.960 1.094 | 1.042 | 0.065 | 1.527 | 2474 | 7.751
59.9 0.067 0.972 1.101 | 1.046 | 0.077 | 1.527 | 2.473 | 7.747
61.8 0.068 0.985 1.111 | 1.050 | 0.092 | 1.527 | 2473 | 7.744
70.6 0.073 1.004 1.436 | 1.175| 1.049 | 1.536 | 2.478 | 7.965
77.9 0.073 1.008 1.452 | 1.181 | 1.123 | 1.537 | 2.479| 7.984
85.2 0.074 1.011 1.463 | 1.186 | 1.174 | 1.537 | 2.479 | 7.986
92.3 0.075 1.013 1.472 | 1.189 | 1.217 | 1.537 | 2.478 | 7.980

" Calculated from the fitted Hamaker constant of the h = 120 nm PS film.
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Table B.4: Calculation of the Van der Waals Contribution in the Spreading Coefficient,

SCO2VdW
Pressure CO, Acoz-w-ps’ Acoz-w-si Aco2-w-siox Sco2'™

(bar) activity (x 102 ) (x 102 ) (x 102 ) (mJ)

1.0 0.000 -2.00 -1.09 -5.34 19.5
8.5 0.206 -1.96 -1.08 -5.28 19.1
18.5 0.417 -1.88 -1.06 -5.20 18.3
36.0 0.712 -1.69 -1.03 -5.03 16.5
42.7 0.801 -1.61 -1.01 -4.94 15.7
44 .4 0.822 -1.58 -1.00 -4.92 15.4
46.1 0.842 -1.56 -1.00 -4.89 15.2
47.8 0.862 -1.55 -0.99 -4.87 15.1
49.5 0.880 -1.53 -0.99 -4.84 14.9
51.2 0.898 -1.51 -0.98 -4.81 14.8
53.0 0914 -1.50 -0.97 -4.77 14.6
54.8 0.947 -1.48 -0.97 -4.73 14.4
56.5 0.965 -1.46 -0.96 -4.69 14.3
58.3 0.983 -1.44 -0.95 -4.63 14.0
59.9 0.998 -1.42 -0.93 -4.57 13.8
61.8 1.016 -1.39 -0.92 -4.50 13.6
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Table B.5: Calculation of the Polar Contribution in the Spreading Coefficient, Sc02P

Pressure | CO, YcozP Ycozd Yw-coz* 'YPS-COZP 'YPS-WP Yw-cozP Scoz"
(bar) | activity | (mN/m) | (mN/m) | (mN/m) | (mN/m) | (mN/m) | (mN/m) | (mJ)
1.0 0.000 0.000 0.000 71.9 4.9 40.8 50.4 -86.3
8.5 0.206 0.001 0.014 61.9 4.8 40.8 41.5 -77.5
18.5 0.417 0.005 0.073 56.6 4.6 40.8 37.5 -73.7
36.0 0.712 0.019 0.299 46.1 4.3 40.8 29.3 -65.8
42.7 0.801 0.029 0.447 42.0 4.2 40.8 26.3 -62.9
44 .4 0.822 0.032 0.494 41.2 4.1 40.8 25.7 -62.4
46.1 0.842 0.035 0.545 40.3 4.1 40.8 25.1 -61.8
47.8 0.862 0.038 0.602 39.5 4.1 40.8 24.6 -61.3
49.5 0.880 0.042 0.664 38.9 4.0 40.8 24.3 -61.1
51.2 0.898 0.047 0.733 38.2 4.0 40.8 23.9 -60.7
53.0 0.914 0.052 0.811 36.2 3.9 40.8 22.2 -59.1
54.8 0.947 0.058 0.902 34.2 3.9 40.8 20.6 -57.5
56.5 0.965 0.064 1.003 32.4 3.8 40.8 19.2 -56.2
58.3 0.983 0.072 1.127 30.5 3.8 40.8 17.7 -54.7
59.9 0.998 0.080 1.259 28.6 3.7 40.8 16.3 -53.3
61.8 1.016 0.093 1.465 24.6 3.6 40.8 12.8 -50.0
* From the yYw-coz2 vs. CO; activity curve (Figure 6.5).
Table B.6: Calculation of the Contact Angles from the Microscopic Model in CO,
Pressure C02 SCOZde SCOZP Scoz Yw-co2 0
(bar) activity (mJ) (mJ) (mJ) (mN/m) ©
1.0 0.000 19.5 -86.3 -66.8 71.9 85.9
8.5 0.206 19.1 -77.5 -58.4 61.9 86.8
18.5 0.417 18.3 -73.7 -55.4 56.6 88.8
36.0 0.712 16.5 -65.8 -49.3 46.1 94.1
42.7 0.801 15.7 -62.9 -47.2 42.0 97.1
44 .4 0.822 15.4 -62.4 -47.0 41.2 98.0
46.1 0.842 15.2 -61.8 -46.6 40.3 99.0
47.8 0.862 15.1 -61.3 -46.2 39.5 99.8
49.5 0.880 14.9 -61.1 -46.1 38.9 100.7
51.2 0.898 14.8 -60.7 -46.0 38.2 101.7
53.0 0.914 14.6 -59.1 -44 4 36.2 103.2
54.8 0.947 14.4 -57.5 -43.0 34.2 105.0
56.5 0.965 14.3 -56.2 -41.9 32.4 107.0
58.3 0.983 14.0 -54.7 -40.7 30.5 109.6
59.9 0.998 13.8 -53.3 -39.5 28.6 112.4
61.8 1.016 13.6 -50.0 -36.4 24.6 118.8
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