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Abstract of the Dissertation
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Interfaces
by
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2014

In this thesis, by combining various surface and interface characterization techniques, I report the
structures, dynamics, and physical and mechanical properties of polymeric materials at the solid-
polymer melt interface. Following the introduction, in Chapter 2, I show the experimental evidence
of irreversibly adsorbed polymer layers (several nanometers thick) on silicon substrates regardless
of the magnitude of attractive polymer-solid interactions. Interestingly, the adsorbed layers are
composed of an inner, higher density region (~ 2 nm in thickness regardless of molecular weight
(My) with a more flattened chain conformation (“flattened layer”) and an outer bulk-like density
region whose thickness increases with My, (“loosely adsorbed layer)). In Chapter 3, I show the
impact of the adsorbed layer on the local viscosity of single polystyrene (PS) thin films,
overcoming the effects of a surface mobile layer at the air/polymer interface. In Chapter 4, I reveal
the novel adhesive properties of the two adsorbed PS layers (i.e., flattened layer and loosely

adsorbed layer), which have contrasting roles in thermodynamic stability of a polymer film when
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prepared on the two adsorbed layers. In chapter 5, I further examine the swelling behavior of the
adsorbed PS layer in supercritical CO.. The neutron reflectivity results demonstrate that the loosely
adsorbed PS layer, which is found to be immobile even at temperatures far above the glass
transition temperature, swells in CO». Further interdiffusion experiments using bilayers of PS and
deuterated PS in CO> indicate that swollen PS thin films have a mobility gradient in the direction
normal to the film surface associated with the adsorbed layer. In Chapter 6, I exhibit work related
to polymer structures and dynamics at the polymer-“curved” solid surface. For this purpose, I use
polybutadiene (PB) chains bound to carbon black (CB) filler surfaces, known as “bound rubber”
in the rubber industry, by extracting with solvent leaching. Small-angle neutron scattering and
neutron spin echo experiments for the “bound rubber-coated” CB fillers dispersed in deuterated
toluene reveal similar heterogeneous chain conformations on the curved surface: flattened chains
constitute the inner unswollen region of the bound rubber layer and loosely adsorbed polymer
chains form the outer swollen region. In addition, results show that the outer loosely adsorbed
chains display similar collective relaxation to the “breathing” dynamics that have been reported in

end-grafted polymer chains in a good solvent.
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Chapter 1: Introduction

1.1 Goals and objectives

Thin polymer films have become increasingly important to our daily lives. They can be found
in anti-stick coatings for cookware, adhesive sealing in food packaging and screen protectors on
cell phones, laptops and televisions. They can also be found in electronics, optics, sensors and
other hi-tech devices. As many components in sophisticated devices are moving toward to the
nanometer scale, the thickness of the polymer films used in their construction must decrease to
dimensions comparable to the size of the polymer chains themselves in order to meet technological
demands. However, it is well know that many fundamental characteristics of polymeric materials,
including structure, conformation, dynamics and other physical and mechanical properties, differ
substantially from those of the bulk due to the so-called “nanoconfinement” effect. Hence, a more
thorough understanding of structure-property relationships under nanoconfinement is of great

importance in the development of new nanotechnologies.

Polymer film deposition on inorganic substrates via spin-casting has been widely used in both
scientific research and industrial applications. Through rapid solvent evaporation, smooth and
uniform polymer films of tunable thickness can be formed on various planar solid substrates.
Generally, the as-cast films are then thermally annealed at temperatures above the glass transition
temperature T of the polymer in order to equilibrate. The resulting confined polymer films have
two interfaces. One is the polymer-air interface where the polymer chains are in contact with
vacuum or air. The other is the polymer-solid or polymer-substrate interface where the polymer
chains are in contact with a solid phase such as silicon, carbon, mica, glass, metals or steels. In the

latter case, the polymer cannot diffuse into the solid surface but may instead bond to it by



adsorption of polymer chains. Through intensive studies of thin polymer films in the last 20 years,
there is now growing evidence that the polymer-air interface and polymer-solid interface play
crucial roles in the effects of nanoconfinement. The nature of the polymer, however, becomes
substantially complex due to the presence of the two interfaces which cannot be well explained by
a single unified model.! Although numerous observations have found that many physical and
mechanical properties of thin films vary significantly from those of the bulk, the current
understanding of how this deviation depends upon the structure of the polymers involved and the

specific nature of their surface and interface features is rudimentary.

This dissertation will mainly focus on understanding the structure-property relationships of
polymeric materials at the polymer-solid interface using various laboratory methods and
surface/interface characterization techniques. The primary goal is to understand the formation
mechanism of irreversibly adsorbed polymer layers on solid substrates from the melt. Previous
studies by Koga’s group® have shown that the polymer adsorbed layers formed from the melt are
composed of the two different nanoarchitectures: flattened chains that constitute the inner, higher
density region of the adsorbed layers, and the loosely adsorbed polymer chains that form the outer
bulk-like density region. The inner, high density flattened layer, which is independent of molecular
weight, can be extracted from the loosely adsorbed layer by using an enhanced solvent leaching
process.” While many experiments have been focused on understanding the formation of the
adsorbed layer (which is in fact composed of both flattened chains and loosely adsorbed chains)
on the solid surface,>” the detailed formation mechanism of the isolated flattened layer still lacks
necessary study. Furthermore, the relationship between the formation of flattened chains and
loosely adsorbed chains remains unexplored. In Chapter 2, we aim to answer the following

questions: (i) what are the formation kinetics of the flattened chains at solid-polymer melt interface?



(i1) What is the relationship between the growth of the flattened layer and the loosely adsorbed
layer? (iii) What are the effects of polymer/substrate interactions on the structure and adsorption
kinetics of the flattened layer and (iv) what are the thermal properties of the flattened layer
compared to the bulk? To achieve these goals, high temperature X-ray reflectivity in conjunction
with the Fourier transformation (FT) method and atomic force microscopy were utilized in order
to characterize flattened layers on the nanometer scale. Three different homopolymers, polystyrene
(PS), poly-(methyl methacrylate) (PMMA), and poly(2-vinylpyridine) (P2VP) were used as
models since these polymers have similar chain stiffnesses and bulk glass transition temperatures

(Tg)%, but different interactions with Si substrates.

Having characterized the formation mechanism of the adsorbed layer on solid substrates, the
second goal of this dissertation is to identify the local viscosity of thin polymer films near the solid
polymer melt (SPM) interface using the state-of-the-art marker grazing incidence x-ray photon
correlation spectroscopy (GIXPCS) technique with gold nanoparticles embedded in the
polystyrene (PS) films prepared on silicon substrates. At the end of this chapter (Section 1.5), we
will introduce the basic principles of marker GIXPCS, which involve the random drifting
(Brownian motion) of individual markers which adequately track the local viscosity of entangled
polymer chains in the regions of interest within individual PS thin films. In Chapter 3, we aim to
answer the following questions regarding the local viscosity in thin PS films: (i) what is the local
viscosity as a function of the distance from the polymer-substrate interface? (i) What is the impact
of the very thin adsorbed layer on the local viscosity? (iii) What is the mobility of the adsorbed
chains? (iv) What is the relationship between the local viscosity and the T, of polymer thin films
reported in the literature? The marker GIXPCS experiments were carried out to measure the local

viscosity as a function of distance from the polymer-solid melt interface. Formation of the



adsorbed layer was identified using X-ray reflectivity combined with the well-established Guiselin
approach. To study the mobility of the adsorbed layer, the interdiffusion behavior between
adsorbed chains and free chains is further investigated using neutron reflectivity. The obtained
temperature dependent local viscosity by GIXPCS is also extrapolated back to T via the Williams-

Landel-Ferry (WLF) equation in order to compare with T, measurements in the literature.

The next objective of this dissertation is to investigate how the difference in the adsorbed chain
conformations at the polymer-solid interface affect the stability of thin polymer films on solid
substrates. It is known that solid surfaces can be either non-slippery (wettable) or slippery

(nonwettable) to a thin polymer film depending on the several factors, such as effective interface

17, 8 10, 11

potential” 8, polarity®, film thickness and non-equilibrium nature due to spin coating'?.
However, the role of the chain conformations near the polymer-solid interface in determining the
wetting/dewetting of thin polymer films from a substrate is still not well understood. In Chapter 4,
we aim to investigate (i) the relation between the dewetting of thin polymer films and the
irreversible adsorption of polymer chains on solid substrates, (i) how the difference in the
conformation of adsorbed chains on solid surfaces affect the stability of thin polymer films and
(ii1) the possible surface modifications induced by adsorbed chains that have ramifications in
tuning the wettability of thin polymer films on solid substrates. PS and P2VP spun-cast films on
silicon substrates of different thickness and molecular weight were thermally annealed at T > T,
and characterized by polarized optical microscopy, atomic force microscopy and X-ray reflectivity.
Dewetted and non-dewetted films were further leached with different solvents in order to

investigate the adsorption of flattened chains or loosely adsorbed chains at the polymer-solid melt

interface. Water contact angle and thermally-based adhesion measurements were also carried out



to improve our understanding of the surface features of flattened layers or adsorbed layers on solid

substrates.

The fourth objective of this dissertation is to outline polymer interdiffusion between free chains
and the loosely adsorbed chains in CO». Based on the results from Chapter 3, no interdiffusion
between free chains and the loosely adsorbed chains was observed even after thermal annealing at
temperatures far above the T, of the polymer. Previous studies also indicate that there is no thermal
expansion of the adsorbed layer within a wide range of temperatures. Hence, the adsorbed layer
has been regarded as an immobile layer in air or under vacuum. The question is whether the
adsorbed layer is still immobile even in solvent conditions. Supercritical CO; was selected as the
plasticization agent for the adsorbed layer since it can be used as a non-destructive solvent in
processing thin polymer films, and the swelling behavior and dynamics of thin PS films on silicon
substrates in CO, have been largely reported in the literature!'>-!°. It has been found that the excess
sorption of CO2 molecules takes place within the narrow temperature and pressure regime near the

9920

critical point of CO2, known as the “density fluctuation ridge™", resulting in the anomalous

swelling of supported polymer thin films'3-'6: 18 21-24

and the enhanced polymer interdiffusion at
miscible polymer interfaces.'* In Chapter 5, we aim to investigate (i) the swelling and
interdiffusion of the adsorbed layer in scCO> and (ii) the effect of the adsorbed layer on the
interdiffusion process. The swelling behavior of the adsorbed deuterated polystyrene (d-PS) layer
and the interdiffusion between the adsorbed hydrogenous polystyrene (h-PS) chains and free d-PS
chains in an overlayer were studied by using a high-pressure neutron reflectivity technique with a

custom-built high-pressure cell.'®

At the same time, h-PS bottom layers with thicknesses ranging
from 0.6 Ry to 4 R, were also used in the bilayers in order to understand the long range effect of

the adsorbed layer on the interdiffusion dynamics in COx.



The last part of this dissertation will explore the nano-architectures and dynamics of polymer
chains strongly adsorbed onto nanofiller surfaces. The so-called bound polymer layer (BPL layer),
which represents a thin polymer layer irreversibly adsorbed on the surface of a nanoparticle, has
long been thought an important factor in the mechanical reinforcement of polymer-filler systems.
However, the detailed structure and corresponding dynamical properties of the BPL layer are still
unclear mainly due to the lack of experimental techniques that allow us to measure the chain
statistics of bound polymer chains separately from those of free chains in bulk. In Chapter 6, we
aim to (i) investigate nano-architectures and nanosecond dynamics of the bound polybutadiene
(PB) chains on the surface of carbon black (CB) fillers in toluene and (ii) compare the nano-
architectures from part (i) with those of a PB brush grafted on the same CB. The combined use of
small-angle neutron scattering (SANS) and neutron spin echo (NSE) in conjunction with the
selective deuteration of either the polymer or the solvent enable us to elucidate the structure and
dynamics information of the BPL exclusively. Transmission electron microscopy was also used to

determine the thickness of the BPL layer in the dry state.

The entirety of this thesis has covered the structure and formation of irreversibly adsorbed
polymer layers on solid substrates or nanoparticles and how these layers play a role in determining
physical, mechanical and dynamical properties of thin polymer films or polymer nanocomposites
on the nanometer scale. Various surface and interface characterization techniques were employed
in this thesis. We believe these exciting experimental findings will not only shed light on the
structure-property relationships of nanoconfined polymeric materials at the solid-polymer-melt
interface, but will also prove greatly important in the development of new nanostructures and

nanotechnological devices over a wide range of applications.



1.2 Dynamics of Thin Polymer Films Prepared on planar Solid Substrates

Thin polymer films prepared on inorganic solid substrate have gained enormous interest since
1990’s due to their wide range of applications in cutting-edge technologies including organic
coatings, photovoltaics, electronics, sensors and solar cells.>> Polymers in a solid-supported thin
film geometry have their surfaces in contact with two different media: the free surface (air or
vacuum) and the solid surface. Since the early elegant studies on the glass transition behavior of

26,27 various techniques have been employed to

thin polymer films by Keddie, Jones and Cory,
investigate the dynamics of thin polymer films prepared on solid substrates, including in-situ
spectroscopic ellipsometry,?®3? temperature-dependent X-ray photoelectron spectroscopy,>”

3436 atomic force microscopy (AFM),*”*? scanning force microscopy

Brillouin light scattering,
(SFM),* positronium annihilation lifetime spectroscopy,* fluorescence labeling/multilayer
technique,**’ dielectric relaxation spectroscopy,” **°® X-ray reflectivity’’*’ and X-ray photon
correlation spectroscopy (XPCS).%%%? There has been growing evidence that the physical and
mechanical properties of polymer chains nanoconfined in thin films, including glass transition
temperature (Tg),* ©3° viscoelastic property,®®7? self-diffusion/interdiffusion’"> 7> and physical
aging”®, vary significantly from the bulk properties. These unusual properties in thin films have
been greatly attributed to the effects of the free surface and the substrate interface. It has been
proposed that at the free surface, there is a surface-mobile polymer layer in which segmental

mobility is significantly enhanced*®?’. Several experimental and theoretical studies 2% 2% 333547,

7480 support this idea. On the other hand, it has been suggested that the molecular motion could be
either enhanced or suppressed near the solid surface, depending on the interaction between the

polymer and substrate.>’>% 8183 Interestingly, both the free surface and the substrate interfacial

7



effects can propagate into the film interior to a degree larger than the length scale of the radius of

gyration of a polymer, resulting in a large dynamical heterogeneity across the film.

The central question is which interfacial effect is more dominant in determining the dynamics
of polymer in thin films, the free surface effect or the substrate effect? The local Ty measurements
by fluorescence labeling/multilayer method suggest that the surface enhanced mobility layer in
polystyrene films on glass substrates could extend into the film interior to a distance at least 36 nm
from the surface and overwhelm any possible effect from the substrate.*>> "> ¥ However, very

recent dielectric spectroscopy studies> *

show that different thermal annealing procedures yield a
range of different T values for thin PS films prepared on aluminum or other substrates, and such
deviation in Ty is directly linked to the growth of a thin irreversibly adsorbed layer, as shown in
Figure 1-1, instead of the free surface effect. Such an irreversibly adsorbed layer, formed upon
thermal annealing at a temperature far above bulk Tg, cannot be removed even after extensive
rinsing with a good solvent.> * > % Moreover, several studies have shown that the irreversible
adsorption of polymers from the melt onto solid surfaces is a very general phenomenon in thin

polymer films that undergo thermal annealing and can be found even when the polymer-substrate

interaction is weak.’



a 380
375

370

(K)

- L

360

365

T, (K)

360 L v—dé Y

el vl vl L | I
1,000 10,000 100,000 3 4

5
Annealing time (s) h,4s (NM)

Figure 1 - 1. (a) The increase in 7y of residual films of PS97 prepared at different annealing times
follows the same kinetics as the irreversible adsorption process: the solid lines are obtained by
normalization of the traces of Aenign(?) collected during isothermal experiments. At short annealing
times (¢ < fon), Tg is 5 K lower than in bulk (dash-dotted line) and increases till saturating at 7,2
+ 7 K at t >> t,4s. (b) A similar correlation is observed for ultrathin films of different thickness and
molecular weight: PS97, 18 nm (red hexagons), 35 nm (violet squares), 300 nm (black circles);
PS160, 20 nm (pink triangles) and 44 nm (green diamonds). (c) The difference between the 7, of
the films (same symbols as in a, b were used) and the bulk value, ATg, is plotted versus the
thickness of'the interfacial layer adsorbed in the same annealing conditions; straight lines are linear
fits of the different data sets. Although for ultrathin films bulk 7§ is recovered at ¢ >> f4s, for
residual films of PS97 AT = 0 is achieved at much shorter times. Error bars take into account the
width of the glass-transition temperature as determined by capacitive dilatometry in cooling.
Figure reproduced from ref. 5.

Despite many exciting experimental findings, the dynamical properties of thin polymer films
prepared on solid substrates still remain controversial and the underlying mechanism of many
anomalous behaviors is still not fully understood. One of the major reasons is that many techniques
are only able to measure the “average” properties of the entire surface, while the local behavior
might be heterogeneous, depending on the interplay between the free surface and the substrate

interface. At the same time, many experiments have focused on the free surface effect while only



a few studies regarding the substrate effect have been reported in the literature. Hence, it is crucial
to develop an advanced nanoscale tool to determine the in situ local properties of polymeric
nanomaterials as a function of the distance from the interfaces, especially from the substrate

interface.

Another important issue is that the majority of dynamical studies of thin polymer films in the
past 20 years have focused on the thickness dependence of T,*°. However, the relationship between
various dynamical properties in bulk polymers may not be valid in thin films, as implied by many
recent experimental studies. For example, in bulk polymers, the value of Ty is largely correlated
with the time scale for segmental dynamics and the temperature dependences of the viscosity.
However, in contrast to the significant reduction of T with decreasing film thickness of thin PS
films, large decreases in the tracer diffusion and interdiffusion rate in both in-plane and out-of-
plane directions have been observed.®’-® At the same time, recent studies by Koga’s group have
shown that the surface reduced viscosity of PS thin film does not imply any deviation of Tg from
the bulk value. Hence, the correlation between large shifts in the observed T in thin polymer films
and the change in the other dynamical properties still remains mysterious. Therefore, other
physical and mechanical properties of thin films, such as the modulus, viscosity and
diffusion/interdiffusion behavior, are of great importance in improving understanding of polymer

dynamics in thin films at the nanoscale level.

In Chapter 3, we investigate the local viscosity of thin PS films on silicon substrates using
marker grazing incidence X-ray photon correlation spectroscopy (GIXPCS). In chapter 5, we study
the interdiffusion of PS as a function of the distance from the substrate in the presence of
supercritical CO; using neutron reflectivity. The basic principles of these two techniques are

briefly described at the end of this chapter (Section 1.5). With the help of both techniques, we will
10



show how these dynamical properties of thin polymer films are affected by the solid substrate, or

in other words, the formation of irreversibly adsorbed layers at the polymer-solid interface.

1.3 Polymer Adsorption on Solids

Adsorption of polymer chains on solid surfaces is a fundamental but highly complex
phenomenon in polymer physics. Unlike small molecules, the adsorption of macromolecules
involves a great number of possible chain configurations at the solid-polymer interface. From a
thermodynamic point of view, the adsorption process of polymers can be described as a
counterbalance between the high loss in the conformational entropy of chains during the transition
from a randomly coiled state to an adsorbed state, and a large reduction in free energy due to the
enthalpic gain achieved upon the increase in the number of solid/segment points.*® Therefore, the
way polymer chains are adsorbed to the solid substrate is governed by many factors, such as
polymer-solid interaction, molar weight, chain stiffness, chemical composition of the polymer,

surface properties, solvent interaction etc.

1.3.1 Irreversible adsorption

Depending on the specific interaction forces that are involved in the adsorption process, there
are two kinds of adsorption mainly reported in the literature. The first is when polymer chains are
attached to the substrate due to covalent or chemical bonding forces generated by a chemical
reaction between the substrate surface and the chains, namely chemisorption. The second is when
no significant chemical reactions are involved but the chains are adsorbed to the substrate surface
via dispersion, dipolar forces or van der Waals interactions, which is called physisorption. For

chemisorption, the surface sticking energy per monomer, ¢, is one to two orders of magnitude
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greater than kT. Hence, a chemisorption process, such as chemically grafted polymer chains on
solids, is generally irreversible. Unlike strong chemisorption, the sticking energy of physisorption
is only of the same order as kT. However, irreversible physisorption of polymer chains is still
largely observed even when the polymer-solid interaction is weak possibly due to the fact that
desorption kinetics is often much slower than the kinetics of adsorption.”*** Especially when
multiple surface-segment contacts are formed, the energy required to desorb one chain is not just
the sum of all the bonding energy per contact, it requires all the contacts to detach at the same time.
Since this thesis mainly focuses on the adsorbed layer formed via physisorption, the terms “adsorb”

refers to the physisorption of polymer chains hereafter, unless otherwise stated.

1.3.2 Conformations of Adsorbed Polymer Chains on Planar Solids

The early theoretical picture given by Simah and co-workers® shows that the equilibrium
physisorbed polymer chain on a solid surface consists of three types of segment sequences: trains,
loops and tails. For trains, all segments are fully adsorbed to the substrate. Loops constitute
unbound segments that connect trains, and tails are the nonadsorbed chain ends. Other concepts

and models®® -7

include additional parameters, such as chain intramolecular architectures,
interactions between different segments and molecules, interactions between segments and solid
surfaces, and the concentration of the polymer to describe thermodynamic equilibrium of the chain
conformation at the solid surface, including the amount of adsorbed polymers and the density
profile at equilibrium. However, a fundamental problem arises when applying these classic models
to real situations: the equilibration of chains at the solid surface may take too long such that the

theoretical conformational equilibrium may not be achieved within the experimental time scale.

Therefore, as many authors point out, the detailed growth of the adsorbed layer on a solid surface

12



should play a more essential role than the equilibrium theory in determining the structure of the

adsorbed chains at the solid-polymer interface.”!*3: 98-101

Considering polymer chains adsorbing onto an unoccupied solid surface from a dilute solution,
the early arrived chains could easily adsorb onto the empty surface and maximize the number of
segment-surface contacts per chain without interference with each other. However, the later
arrived chains will sooner or later encounter a space issue, or a parking problem, which results in
a decrease in the number of segment-surface contacts per chain, or the size of the “footprint” on
the solid surface.”® %93 98. 192 Recent studies by Koga’s group have shown that polymer adsorption
from the melt is also governed by the history of piecemeal deposition, similar to adsorption from
a dilute solution. This finding is fundamentally important in practical applications since most nano-
devices are based on polymer melts. As depicted in Fig. 1-2, the early arriving polymer chains
adopt a flat conformation on the substrate, forming the inner high density region, while the late
arriving chains adsorb loosely onto the substrate, developing the outer bulk-like density region.
Due to the flattening of chains, the inner flattened layer is almost independent of molecular weight,
contrasting sharply with the molecular weight dependence of the loosely adsorbed layer. Moreover,
the selective extraction of the loosely adsorbed layer and flattened layer in a thin polymer film
using Guiselin’s approach can be easily controlled by tuning the desorption energy, which is

proportional to the number of segment-surface contacts per chain.
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Outer loosely adsorbed chains

Bulk-like density

Inner flattened chains

Figure 1 - 2. Schematic view of the two different chain conformations at the solid-polymer melt
interface. Figure reproduced from ref. 2.

1.3.3 Kinetics of Polymer Adsorption onto planar solids

Early reports on the kinetics of irreversible chain adsorption from dilute solution by Ligoure
and Leibler'® suggest that the time evolution of the thickness of the adsorbed layer consists of two
stages: at low surface coverage, the adsorption process is diffusion controlled and the anchored
chains do not overlap or interfere with their neighbors; after surface coverage has reached a critical
value, the adsorption slows down due to the energy barrier caused by the presence of previously
adsorbed chains and limited available empty surface area. Monte Carlo simulations and Brownian

dynamic simulation studies'%* 1°°

also suggest that adsorption time and the adsorbed amount of
polymers on solid surfaces strongly depends on specific polymer-substrate interactions and chain
stiffnesses. With increasing polymer-substrate interaction, the total amount of adsorbed polymer
increases, but the time for polymers to be fully integrated into the adsorbed layer also increases
due to the slow relaxation and rearrangement of adsorbed chains. Besides, recent dielectric

4 106108 show that the overall adsorption kinetics from the melt follow almost

spectroscopy studies
the same trend as that from the dilute solution. The thickness of the adsorbed layer h 45 as a

function of annealing time t can be described as:'"’
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where t..,ss 1S the crossover time, v and IT express the respect growth rates in the different
regimes and the power o indicates the type of adsorption mechanism involved. Hence, the
crossover time t..,ss can be used to describe the time of transition from the faster power-law
growth of early stage adsorption to the slower logarithmic growth before reaching the equilibrium
of adsorption. However, due to the presence of chain entanglements, friction, and incomplete
equilibration, the polymer adsorption onto solids from the melt is expected to be a much more
complicated process compared to that from the dilute solution. In Chapter 2, we will discuss the
formation mechanism of the adsorbed chains from the melt in more detail, including the effect of

polymer substrate interaction on the adsorbed structure and adsorption kinetics.

1.4 Stability/Instability of Thin Polymer Films on Solid Substrates

Thermodynamic stability (wetting) or instability (dewetting) of a polymer film on top of a solid
is of vital importance in many technologies (e.g., coating, adhesion and corrosion) as well as new
emerging nanotechnologies such as organic photovoltaics, semiconductor chips, and biosensors.
A homogeneous thin polymer film may completely wet to a solid substrate without any
deformation in an equilibrium situation. Otherwise, the film will deform from the substrate and
encounter a dewetting process in order to lower the total free energy of the system. As shown in
Figure 1-3, the dewetting process can be separated into different stages: initial rupture, expansion
and growth of holes, coalescence into polygonal network and formation of dewetting droplets with

clear three phase contact lines and a non-zero contact angle with respect to the solid substrate.'®-
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12 From the thermodynamic point of view, two key factors determine whether a thin polymer film
will wet or dewet from the solid substrate: effective interface potential ( ¢ ) and film thickness (h).
The effective interface potential which is used to describe the total excess free energy of the film
system consists of both short-range repulsion and long-range Van der Waals interactions. Based on
the curve of the effective interface potential ( @) as a function of film thickness (/4), one can tell
whether the system is stable, metastable or unstable.® However, in real systems, the film stability
could also be affected by many other factors, such as the residual stress induced by film

preparation'?, surface contamination''® and the polarity of the substrate’.

Figure 1 - 3. (a—f) Schematics showing various stages of the dewetting process. (g—i)
Representative micrographs of several stages of dewetting: holes, rims and cellular patterns. Figure
reproduced from ref. 109.

A spin coated polystyrene (PS) thin film on a silicon substrate covered by a natural silicon oxide
layer is the most commonly used system for dewetting studies. PS has infinitesimally low vapor
pressure in the melt, so the total mass of the polymer film can be safely conserved during the

dewetting process. The relatively low mobility of the PS and its glassy nature at room temperature
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also make the dewetting structure and kinetics easy to observe. The effective interface potential,
which determines the film stability, can be easily tuned by changing the thickness of the oxide
layer on the Si.> !'? For a non-wettable substrate, dewetting of thin PS films can be induced by
thermal annealing at temperatures above the T of PS. Optical microscopy and atomic force
microscopy are the most common techniques used to investigate the dewetting scenario both ex-

situ or in-situ.

Generally, there are three types of dewetting depending on rupture mechanism: spinodal
dewetting, homogeneous nucleation or thermal nucleation, and heterogeneous nucleation.
Spinodal dewetting is a spontaneous self-destruction process for unstable systems in which the 2¢
derivative of the effective interfacial potential, ¢”(/4), is negative. The resultant spinodal dewetting
patterns clearly exhibit a film thickness dependent characteristic spinodal wavelength, A (k). Said
wavelength also depends on the surface tension of the polymer and the Hamaker constant for the
polymer—air interface. Thermal nucleation, by definition, is the dewetting nucleated by thermal
activation. However, in most cases, a nucleus formed via thermal activation can only be seen when

¢”(h) =0, where no interfacial potential barrier exists in the system. Dewetting via heterogeneous
nucleation is induced by defects in the film such as dust or the local stress induced by the fast
solvent evaporation over the course of spin-casting. This type of dewetting is often seen in
metastable cases ( @”(/4) > 0) where a certain potential barrier needs to be overcome by the
existence of localized defects. For PS, films are metastable when thick PS films (4 > 5 nm) are

prepared on silicon substrates with an approximate 1-3 nm thick oxide layer on the surface.

For thin polymer films on solid substrates that are metastable or unstable, thermal annealing at

a temperature above the T, of the polymer may cause rupture and dewetting of the film, which in
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most cases is undesirable for coating, adhesion and other processes related to high-tech nano-
devices. Therefore, many strategies have been developed to improve the stability of thin polymer
films against dewetting from the substrate. Some strategies focus on the modification of the solid
substrate by pre-coating a very thin polymer brush layer or nanoparticle interfacial layer on the
solid surface.!!*!7 Other strategies focus on changing the film composition by adding a small

amount of a different component to the film,'123

such as end-functionalized polymer chains,
different homopolymer chains, dendrimers or nanoparticles. The underlying mechanism for
suppressing the dewetting of thin polymer films by introducing a polymer brush layer or other
polymer layer is that these chains can be adsorbed to the solid substrate and act as “connectors”

that cause a resistance force at the dewetting front.!?*

1.5 Research Approach and Main Characterization Techniques

In this dissertation, thin polymer films with thicknesses less than 150 nm were generally
prepared on silicon substrates via spin-casting from polymer solutions with a rotation speed of ~
2500 rpm. The thickness of the films were controlled based on the concentrations of the polymer
solutions. Different surface treatments on the 100 Si wafers were applied in order to change the
hydrophobicity of the silicon surface as well as the silicon oxide layer. Thermal annealing or CO;
annealing with different temperatures or pressures were applied for different purposes. To
investigate the adsorption of polymer chains on solid substrates, the pre-annealed films were
carefully leached with different solvents, depending on the target desorption energy to be applied.
The residual flattened layers or loosely adsorbed layers were then annealed at high temperatures

above the T of the polymers under vacuum to equilibrate the layers and remove any excess solvent.
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The entire process is schematically shown in Figure 1-4. Non-contact mode atomic force
microscopy, ellipsometry and x-ray reflectivity techniques were further used to characterize these

layers in detail.

Loosely adsorbed layer or
Flattened layer

Polymer ) OV )
Solid ’ Solid Solid
Annealed at ’
Leached with
T>Tg ¥
selective solvent

Figure 1 - 4. Schematics showing the preparation of adsorbed layers on solid substrate from the
melt using the Guiselin’s approach.

In most ofthe studies we present, the structures and properties of thin polymer films or adsorbed
layers were characterized using various X-ray/neutron scattering and microscopy techniques. In
the following section, we will briefly introduce the basic principles of the main scattering

techniques applied in this thesis.

1.5.1 Marker Grazing-Incidence X-ray Photon Correlation Spectroscopy

Photon correlation spectroscopy using laser light is a well-established tool'*

which probes the
dynamic properties of matter by analyzing the temporal correlations among photons scattered by
the matter. During the last decade, the development of third generation synchrotron radiation
sources has made it possible to extend photon correlation spectroscopy (PCS) from the optical
region into the x-ray domain. This enables us to probe the dynamic properties of systems on
molecular length scales as well as use optically dense samples that are not accessible for

conventional PCS. XPCS has currently been extended into the sub-microsecond range of temporal

19



resolution, and the advent of an x-ray free-electron laser would further provide a unique
opportunity to identify chemical and biological phenomena with unprecedented temporal
resolution (femtosecond regime). Thus, XPCS has great potential to impact the study of a variety
of nonequilibrium phenomena. Since this thesis focuses on the use of GIXPCS, the reader is
referred to some recent reviews!?¢"12® for coverage of (transmission) XPCS including the basics

and other promising fields of application.

Recently, Sinha and co-workers have demonstrated that the GIXPCS technique is the most direct
and unambiguous way to study the lateral dynamics of polymer thin films prepared on solid
substrates based on surface capillary wave fluctuations.®® °!-129-133 Using the normal hydrodynamic
theory for capillary wave fluctuations on viscous (homogeneous) liquid films, they have shown
that the viscosity of individual PS films several tens of nanometers in thickness are in good
agreement with the bulk.®® However, it should be emphasized that the viscosity obtained by this

concept corresponds to the “average” over entire PS films,®

since the capillary fluctuations
propagate into the film interior. Thus, as aforementioned, another strategy is required to determine
the local rheological property of polymer thin films, clarifying to what extent the two interfacial

effects propagate into the film interior.

There is an earlier transmission XPCS result, showing that the viscosity of surrounding glycerol
can be reasonably determined by the Brownian motion of gold particles embedded in the liquid as
markers.'** This type of strategy is the so-called passive microrheology approach or tracer
diffusion approach which takes advantage of inherently strong X-ray contrasts of markers. For
GIXPCS, the normalized intensity—intensity time autocorrelation function g»(g/, ¢ which is
measured as a function of the in-plane wave vector transfer (¢g,) and delay time (#) can be obtained

by the following equation:

(g0 =<1(q .1)I(q, 1'+1)>/<1(q,.1') >, (1)
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where 7 (q/, t') refers to the scattering intensity at g, and at time 7. The brackets < > refer to
averages over time #'. 22(q,,t) is related to the normalized intermediate structure factor [f{g/,f)] via
2,(q,») =1+ A[f(q,,1)]*, where 4 is a speckle contrast (0 < 4 <1) which is determined by the
angular size of the coherent x-ray source. In the case of the aforementioned passive microrheology
strategy, the f{(g/,f) function contains the dynamical information for Brownian motion of the
embedded markers in the equilibrium. To apply the strategy to a complex fluid system, the
concentration of the markers should be sufficiently low and the markers should be neutral to
surrounding materials. By satisfying these conditions, the complications due to particle-fluid
interactions and the interference among the markers can be ruled out. If the motions of the markers
obey Gaussian statistics, the mean square displacement of the markers in the given time domain,

<AP(1)>, is related to g(gyf) by:'*

g2(q.1) =1+ Aexp[~(Ar* (1))q/* /3]. 2)

For pure diffusive particle motion, the mean square displacement of the markers over ¢ exhibit
the relation of <A7°(t)> = 6Dt, where D is the diffusion constant. The normalized intensity—
intensity time autocorrelation function is then: g2(gz,t) = 1+ Aexp[—-2Dq/’t]. Thus, by measuring
the g2(q/,t), one can determine the viscosity (7) of the surrounding material via the well-known

Stoke-Einstein relation,

Do k,T
67nR’

3)

where R is the radius of the markers, kg is the Boltzmann constant, 7 is the absolute temperature.
Here we adopt this concept for GIXPCS, assigning it the “marker GIXPCS” hereafter. In a recent
study, we successfully employed the marker GIXPCS to show the effect of free surface on the

local viscosity distributions in thin PS films.!**

The corresponding experimental geometry is
shown schematically in Figure 1-5. We found that the marker dynamics agreeably correlate to the
viscosity of the polymer matrix via the known Stoke-Einstein relation (eq. (3)). In Chapter 3, we

apply the same strategy to investigate the characteristic of the adsorbed polymer layer and its
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impact on the local viscosity distributions near the solid surface. The marker GIXPCS experiments
were performed at beam line 8-ID at the Advanced Photon Source (APS), Argonne National

Laboratory. The detail experimental setup will be further described in Chapter 3.

PS5/Au film

Figure 1 - 5. Schematic diagram of the marker GIXPCS experiments. The use of resonance
enhanced X-ray scattering for marker GIXPCS enables the probing electrical field to be intensified
by more than one order of magnitude in the regions of interest within single polymer films.

1.5.2 X-ray/Neutron Reflectivity

X-ray and neutron reflectivity are famous and well-known techniques for the investigation of
the surface and interface of thin polymer films due to their excellent spatial resolution and
penetration depth.'*® Both techniques can provide valuable information for thin polymer films
prepared on planar solid substrates with nanometer scale resolution, including layer density, film

thickness, surface and interface roughness, etc.

For X-ray reflectivity, the intensity contrast comes from variation in electron density between
different materials or media. A major advantage of X-ray reflectivity over neutron reflectivity is

the higher intensity and out-of-plane spatial resolution given by synchrotron radiation sources.
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Hence, X-ray reflectivity can be used as an ideal tool in investigating a silicon substrate supported
thin polymer layer in air or under vacuum with high experimental efficiency. However, in practical
cases, the difference in electron density could be very small, yielding “small-contrast™ layer
systems, such as single polymer films that constitute two different density layers with density
differences of only ~ 10 %. As a result, interpretation of the data based merely on the reflection
curve of intensity as a function of g, turns out to be difficult. Hence, the Fourier transformation
(FT) method is introduced to analyze the data with the reflection curve simultaneously in order to
overcome the problem of small contrast.'*” In previous studies, we have successfully utilized X-
ray reflectivity in conjunction with the FT method to analyze the adsorbed PS layer, which consists
of two different-density PS layers, at the solid-polymer-melt interface.” The reader is referred to
the article by Seeck and coworkers'®” for more details regarding the FT method on the X-ray

reflectivity data analysis.

Neutron reflectivity is also a powerful tool for studying the surface and interface of thin polymer
films. Due to the relatively low brilliance of the neutron source, the reflection of neutrons does not
provide as high an intensity or resolution as that of synchrotron X-ray. However, neutron source
has major advantages for structural characterization of thin polymer films in several aspects. One
of the biggest advantages is the strong contrast variation achieved by using different isotopes.
Deuterium labeling by replacing hydrogen (H) atoms with deuterium (D) atoms is the most
commonly used method for enhancing the scattering contrast at surfaces or interfaces due to the
large scattering difference between the two isotopes. This method is of great advantage in
investigating a polymer-polymer interface by deuterating one of the two polymers. Another major
advantage of neutron is high transmissivity, and less absorption into materials which allows

neutrons to penetrate neutral bulk materials, such as thick silicon wafers, or various sample
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environments, such as liquids or high pressure gas. This enables us to investigate the deeply buried

polymer/liquid interfaces in solvents or supercritical fluids.

In this thesis, the structure and thermal property of various adsorbed polymer layers on silicon
substrates are investigated using x-ray reflectivity measurements carried out at the X10B and
X20A beamlines at the National Synchrotron Light Source, Brookhaven National Laboratory
(NSLS, BNL). In situ high temperature experiments were performed under vacuum (~ 10~ Torr
with the use of turbo molecular pump) by using a custom-built vacuum furnace with Kapton

windows.

In situ neutron reflectivity experiments were performed at the National Institute of Standards
and Technology Center for Neutron Research (NCNR) NG-7 reflectometry in order to investigate
the swelling and interdiffusion behavior of adsorbed polymer chains in CO,. A specially designed
high-pressure cell was mounted along the beam path with two cylindrical sapphire windows (2.4
cm in thick, o.d. 5 cm) installed at each side for transmitting the incident beams and receiving the
reflected beams, as shown schematically in Figure 1-6. Sealing was achieved by a combination of
Teflon and a nylon gasket placed between the sapphire windows. The cell had a volume of about
10 mL and a maximum pressure rating of 140.0 MPa. Previous works by Koga’s group'*!#* have
shown the capability of such an in situ neutron reflectivity setup in investigating the structure and
properties of thin polymer films in CO; within a wide range of pressures and temperatures. The
detailed design and setup of the high pressure cell has been described elsewhere in the literature.'*
It is worth mentioning that due to high absorption of neutrons in compressed CO», the incident and

reflected beams passed through the Si wafer with a transmission of 0.90 relative to air.

24



(a)
A N

M
B

| e L
C — JP——1
D — S

E — ]

7 3

Neutrons =

(b)

s
Ui

P 1] 0 SrA2
i

o

CE

Neutrons

Figure 1 - 6. Schematic diagram of (a) high-pressure cell and (b) experimental configuration for
NR experiments: (A) thermocouple, (B) heater, (C) backup ring, (D) Teflon O-ring, (E) retainer,
(F) sapphire windows, (G) chamber, (H) Teflon gasket (I) nylon gasket, (J) Si wafer (K) Al spacer,
(L) cover, (M) main nut, (N) HF4 connection, (CL) CO2 cylinder, (SP) hand-operated syringe
pump, (PG) pressure gauge, (V1) inlet valve, (V2) release valve, (T) pressure transducer, (TC)
temperature controller, (CE) high-pressure chamber. Figure reproduced from ref. 129.

1.5.3 Neutron Spin Echo Spectrometry

Neutron spin echo (NSE) spectrometry is an ideal technique that provides unique a
opportunity to observe the molecular dynamics of macromolecules simultaneously in space and
time.'* It possesses a much higher energy resolution compared to the conventional inelastic/quasi-
elastic neutron scattering techniques, such as triple (three) axis spectrometry and time-of-flight
(TOF) spectrometry, due to the use of the Larmor precession of the neutron spin in a preparation
zone with a magnetic field to measure the energy transfer of neutrons. Figure 1-7 shows the

accessible regions of the length-time space of the NSE compared to other dynamical investigation
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methods. It can be seen that NSE covers the largest time scale (0.01 — 100 ns) and length scale (1
— 100 A) among all inelastic/quasi-elastic neutron scattering techniques. Hence, various modes of
motions present in polymer systems can be detected within the unique time length-time space
provided by NSE, including segmental motions described by the Rouse and Zimm models,
cooperative diffusion motion in polymer networks and even the very slow reptation motions in

entangled polymer melts or concentrated polymer solutions. '
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Figure 1 - 7. Length and time domains available with neutron spin echo compared to other
investigation methods. Figure reproduced from The Heinz Maier-Leibnitz Zentrum website at
http://www.mlz-garching.de/.)

Through the polarization of neutron beam, NSE measures the Fourier transform of the
dynamic structure factor S(q,), i.e. the Normalized Intermediate Scattering Function: 1(q,t)/1(g,0).

If no typical finite energy transfer of neutrons exists in the system (quasi-elastic scattering regime),
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the relaxation dynamics of polymer chains at a certain g value can be obtained from the decay of
1(q,t)/1(q,0) as a function of time. While coherent dynamics with large scale objectives (slower
dynamics) can be well measured by NSE, incoherent dynamics at high q are often difficult mainly

due to the low incoherent scattering intensity and the limited ¢ coverage of the instrument.'*’

In Chapter 6, we utilize NSE to investigate the dynamics of bound (adsorbed) polybutadiene
(PB) chains in toluene. The NSE measurements were performed at the National Institute of
Standards and Technology Center for Neutron Research (NCNR). The deuterium labeling method,
as previous described, was used to enhance the scattering contrast. Since the scattering length
density (SLD) of carbon black (SLDcg= 6.0x10* nm?) and d-toluene (SLDq-toluene = 5.7X10* nm’
%) is nearly the same, the bound h-PB layer which appears as a “shell” structure in the systems can

be easily identified under neutron scattering.
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Chapter 2: Formation Mechanism of High-Density, Flattened Polymer Nanolayers

Adsorbed on Planar Solids

2.1 Introduction

A spin-coating process (i.e., a rapid solvent-cast process) is a well-established technique to
prepare homogenous polymer thin films on planar substrates in a well-controlled manner. But, it
is also known that this rapid solvent evaporation process results in non-equilibrium stressed
conformations of polymer chains on substrates and such residual stress causes film instability'=
and changes in properties of polymer thin films*®. In order to achieve full relaxation of the residual
stress and equilibration of the chain conformations, prolong thermal annealing (at temperatures far
above the bulk 7,) compared to bulk reputation times’ is typically required*®°. On the other hand,
prolong thermal annealing expedites polymer adsorption from the melt onto solid substrates'”.
Based on the established protocol combined thermal annealing at a temperature far above Ty and
subsequent rinsing with a good solvent, several research groups have shown the formation of
irreversibly adsorbed polymer layers with thickness of several nanometers to a few tens of
nanometers even onto weakly attractive surfaces'!!?. The vital points of such adsorbed layers
(known as Guiselin brushes?”) are to (i) create an “interphase” with the properties between those

21-23

of the adsorbed layer and bulk even for weakly interactive systems and (ii) control the

18, 26 27-32

structures®® 2°, dynamics and other physical properties of polymer thin films. Recently,
our group has demonstrated that polystyrene (PS) adsorbed layers on planar Si substrates are
composed of an inner higher density region (~ 2 nm in thickness regardless of molecular weights
(My)) with a more flattened chain conformation and an outer bulk-like density region whose

thickness increases with My!°. Hereafter, we assign the inner high-density layer and outer bulk-

like density layer as the “flattened layer” and “loosely adsorbed layer”, respectively. It is postulated
39



that this two-layer formation is attributed to piecemeal deposition with differential spreading
dictated by the still-uncovered surface area, as reported in polymer adsorption from dilute
solutions®*=®, The formation of the flattened layer on planar substrates is consistent with the
Brownian dynamic simulation results reported by Linse and co-workers®”: Flexible homopolymer
adsorbed chains tend to orient their conformations parallel to the surface and form a compact,
higher density layer relative to the bulk in equilibrium. The flattened chain conformation can be
in principle drawn by a counterbalance between the conformational entropy of chains and the

energy gain of attached segments to the surface in the total free energy'® %

In this chapter, we aim to understand the formation process of the flattened layer from the melt
by distinguishing from that of the loosely adsorbed polymer layer on planar substrates. In contrast
to irreversible adsorption from dilute polymer solutions, the kinetics from the melt is more sluggish
and complicated due to chain entanglements, friction, and incomplete equilibration®” 4°, Yet,

31,41,42 showed

several recent dielectric spectroscopy studies reported by Napolitano and coworkers
that the growth of the polymer adsorbed layers (which should be composed of the flattened and
loosely adsorbed layers, while they never clarified it) on planar solids exhibit power-law growth
at the early stage of adsorption and gives way to a slower logarithmic growth before reaching the
final chain conformations. This overall behavior is similar to irreversible polymer adsorption from
dilute solution®*=3% 44 However, the kinetics of the inner two-layer formation still lacks study so
far. Here, we use three different homopolymers, polystyrene (PS), poly (2-vinylpyridine) (P2VP),
and poly(methyl methacrylate) (PMMA) as models since these polymers have similar inherent
stiffness and bulk glass transition temperature (7%), but different affinities with Si substrates. We

have optimized the thermal annealing and solvent leaching conditions to extract the lone flatten

layers on planar substrates. X-ray reflectivity and atomic force microscopy techniques allow
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detailed characterization of the flattened layers at the nanometer scale. A series of the experimental
findings shed light on the importance of polymer/substrate interactions in the final structures and

formation kinetics of the flattened chains at the solid-polymer melt interface.

2.2 Materials and Methods

2.2.1 Sample Preparation

PS, P2VP, and PMMA were purchased from Pressure Chemical Co., Polysciences Inc., and
Scientific Polymer Products Inc., respectively. The characteristics are tabulated in Table 2-1. The
polymers were dissolved in a good solvent (toluene (Sigma-Aldrich, HPLC grade, > 99.9%) for
PS and PMMA, and dimethylformamide (DMF, Sigma-Aldrich, ACS reagent, > 99.8%) for P2VP)
with polymer concentrations of about 2.5 wt%. Si substrates were cleaned by immersion in a hot
piranha solution (i.e., a mixture of H>SO4 and H>O», caution: a piranha solution is highly corrosive
upon contact with skin or eyes and is an explosion hazard when mixed with organic
chemicals/materials, Extreme care should be taken when handing it) for 30 min, and subsequently
rinsed with deionized water thoroughly. Then, only for preparation of PS thin films, we used an
aqueous solution of hydrogen fluoride (HF) to remove a native oxide layer on Si substrates.
Hereafter, we assign hydrogen passivated Si substrates and Si without the HF treatment as H-Si
and B-Si, respectively. It should be noted that a SiO; layer of about 1 nm in thickness was
reproduced even just after HF etching due to atmospheric oxygen and moisture®*. However, the
surface tension (y) of the H-Si is quite different (48.71 mJ/m? for the dispersion part (y4) and 3.98

mJ/m? for the polar part (y,) *°) from that of the B-Si (ya= 25.8 mJ/m? and y, = 25.8 mJ/m* ¥). As
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summarized in Table 2-1, the interfacial energy (yis) between the polymer and the substrate were

48,49

calculated based on the Owens-Wendt-Kaelble equation with the respective surface tension.

Table 2-1. Characteristics of the polymers used in the study

Surface tension
(mJ/m?) 2% $
Polymer | Mw(kDa) Mw/Mn Ty buik yis (mJ/m?) [ (nm)
°O) y YD yP
PS 50 1.04
290 104 100 406 345 61 5.6 0.9
650 1.07
PMMA 97 1.05 105 41.1 29.6 11.5 3 0.85
P2VP 200 1.5 98 & Strongest™® > 0.9

*: Interfacial energy
5: Persistence length®?
& No data available

#: Strongest interactions among the three polymers according to the references.

To prepare the final flattened layer, we reproduced the established protocol': Approximately

50 nm-thick spin cast films prepared on either H-Si or B-Si substrates were annealed at high
temperatures (~ T + 50 °C) for long time (typically several days) under vacuum below 107 Torr;
the films were then leached in baths of a fresh good solvent at room temperature until the resultant
film thickness remained constant. In the case of P2VP, the T of supported P2VP thin films is

reported to increase significantly compared to the bulk value®®>!. Hence, we chose further higher
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temperature (~ 7y + 90 °C) as the annealing temperature. As will be discussed later, the leaching
conditions used (type of a solvent, leaching time, leaching temperature etc.) should be optimized;
otherwise we might end up with the formation along with the loosely adsorbed layers. This
selective extraction of the two adsorbed layers is possible owing to the large difference in the
desorption energy between the outer loosely adsorbed chains and the flattened chains, which is
proportional to the number of segment-surface contacts.”® >* We have also validated that the
flattened layer is formed before the solvent leaching process. The resultant polymer flattened
layers were dried in a vacuum oven at 150 - 190 °C, depending on the polymers, for 24 h to remove
any excess solvent trapped in the films before further experiments.

2.2.2 X-ray Reflectivity (XR)

XR experiments were performed under vacuum (approximately 10 - 10 Torr) at the X10B
and X20A beam lines of the National Synchrotron Light Source, Brookhaven National Laboratory.
The specular reflectivity was measured as a function of the scattering vector in the direction
perpendicular to the surface, q, = 4msinf/A, where 6 is the incident angle and A is the X-ray
wavelength (1 = 0.087 nm at X10B and A = 0.118 nm at X20A, which are equivalent to the X-ray
energy of 14.2 keV and 10.5 keV, respectively). The XR data was fit by using a standard multilayer
fitting routine for a dispersion value (6 in the X-ray refractive index) in conjunction with a Fourier
transformation (FT) method, a powerful tool to obtain detailed structures for low X-ray contrast
polymer multilayers® *°. In order to study the thermal stability of the flattened layers, we also
performed high temperature XR under vacuum by using a custom-built vacuum furnace with
Kapton windows. The films were first heated to high temperature (150 °C - 200 °C), and XR

measurements were initiated from the cooling process at a temperature interval of 10 °C. Heating
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and re-cooling experiments were also performed to ensure reproducibility. At given temperatures,

we stabilized the films for approximately 1 h before data collection.
2.2.3 Atomic Force Microscopy (AFM) measurements

Surface morphologies of the flattened and loosely adsorbed layers were studied by using atomic
force microscopy (AFM) (Bruker Bioscope Catalyst and Digital Nanoscope III). A standard
tapping mode was conducted in air by using a cantilever with a spring constant of about 40 N/m
and a resonant frequency of about 300 kHz. The scan rate was 1.0 Hz with a scanning density of

256 or 512 lines per frame.

2.3 Results

2.3.1 Formation Kinetics: Loosely adsorbed chains vs. flattened chains.

Before moving into the main topics, it would be useful to describe the terminology to be used
in this chapter. Granick and co-workers pointed out that when the surface sticking energy per
monomer reaches values of only a few kg7, polymer relaxation times become so large that
equilibrium adsorbed layers may not be attained even from dilute solutions®* >"%3, In addition,
Napolitano and Wiibbenhorst proposed that polymer chains adsorbed from the melt on solid
substrates reach only a “metastable” state with an extremely long relaxation time'’. Hence, we
define the final adsorbed layers, whose thickness remains unchanged against annealing time, as a
“quasiequilibrium” state®, unless otherwise stated. In addition, we assign the entire adsorbed layer
composed of the inner flattened chains and outer loosely adsorbed chains as an “interfacial

sublayer®,
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Firstly, we aim to differentiate the formation kinetics of the lone flattened layer from the
interfacial sublayer by using PS since the formation protocols for both layers have been
established!™ - 19:31.42° A monodisperse PS (weight-average molecular mass (My) =290 kDa) was
used for this purpose. For the formation of the interfacial sublayer, spin cast PS films (~ 50 nm in
thickness) prepared on H-Si substrates were annealed at 150 °C for up to 200 h and then solvent
leached at minimum of 5 times in baths of fresh toluene at room temperature'®. In the case of the
flattened layer, we previously demonstrated that a further intensive leaching process (~ 120 days)
with toluene at room temperature enables us to remove the outer loosely adsorbed layer
preferentially'®. However, as will be discussed below, we here adopted an alternative leaching
process with chloroform at room temperature that allows us to more effectively uncover the lone
flattened layer within a total leaching time of a couple of days. Here we show how the two different
solvent leaching processes work to prepare the two different chain conformations on H-Si
substrates. Figure 2-1 shows the XR profiles of the interfacial sublayer and the flattened PS layer
at annealing time (fn) of 100 h. The corresponding best fits (shown in the solid lines in Figure 2-
1) to the XR data were obtained by using a three-layer (a Si substrate, a SiO; layer, and a PS layer)
dispersion model for the flattened layer and a four-layer (a Si substrate, a SiO> layer, and two PS
layers with different densities) for the interfacial sublayer, respectively (the inset of Figure 2-1).
The choices of these layer models were determined by the corresponding FT profiles of the XR
profiles and the details have been described elsewhere'®. Note that the & value of the bulk PS with
the X-ray energy of 14.2 keV is Sux=1.14x10°. From independent XR measurements using a H-
Si substrate, the thickness of the SiO; layer was determined to be 1.3 nm (2.4 nm for a bare B-Si
layer). Hence, the XR results clearly show that the interfacial sublayer is composed of the inner

higher-density layer (~ 15 % higher than the bulk) and the outer bulk-like density layer, and the
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thickness of the lone flattened layer after the chloroform leaching is in good agreement with that
of the inner high-density region of the interfacial sublayer. Hence, the results validate that we have
successfully extracted the lone flattened layer by the chloroform rinsing. Note that the ¢ value of
the lone flattened layer is smaller than that within the interfacial sublayer due to the empty (air)

spaces of the film, as discussed below.

Log Reflectivity (a.u.)

Figure 2 - 1. XR curves of the quasiequilibrium PS (My=290 kDa) interfacial sublayer (red circles)
and flattened layer (blue circles) at z,,=100 h. The solid lines correspond to the best-fits to the data
based on the dispersion (8) profiles against the distance (z) from the SiO, surface shown in the
inset: red line: the interfacial sublayer; blue line: the flattened layer. The dotted line in the inset
corresponds to the & value of bulk PS.

As shown in Figure 2-2 (a), the flattened layer has microscopic “textures” with the characteristic
length of about 100 nm, while the surface of the interfacial sublayer is homogeneous (Figure 2-2
(b)) at tan = 100 h. As shown in Figure 2-2 (c), the average height of the surface textures from the

SiO; surface is estimated to be about 3 nm, which is in reasonably agreement with the XR result.
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In order to estimate the surface coverage (¢) of the flattened polymer chains, we applied bearing
area analysis using the NanoScope Analysis software (version 1.40, Bruker). A bearing area gives
a percentage of the surface above a critical threshold. For this analysis, the AFM height images
were used and we set the critical threshold to 0 nm at the polymer/SiO; interface. Figure 2-2 (d)
shows a representative bearing analysis result using the AFM image shown in Figure 2-2 (a). The
average ¢, value of 75% (+ 5 %) was estimated based on several AFM images at different spots
of the film. Since the loosely adsorbed chains cover the substrate homogeneously at z., = 100 h
(Figure 2-2 (b)), it is reasonable to suppose that the empty regions (~ 25%) of the flattened layer
correspond to the sites where the loosely adsorbed chains grew and were then removed by the
chloroform leaching. These results are consistent with a set of polymer adsorption experiments

from dilute solutions reported by Granick and coworkers,5!: 6

who proved that the flattened chain
conformations have much higher fractions than the loosely adsorbed chains. This problem is
similar to random sequential adsorption for colloids and proteins®’-"*. The present surface coverage
of 75% is much larger than the “jamming limit” (54.7% of surface sites) predicted for rigid disks®’,

suggesting that flexible polymer chains can adsorb more effectively and compactly by taking

advantage of their flexibility to accommodate the limited surface sites.
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Figure 2 - 2. AFM height images of (a) the PS (My = 290 kDa) flattened layer surface and (b)
interfacial sublayer surface at z.,= 100 h. The scan sizes and height scales of the images are 1 gm
x 1 gmand 0 - 6 nm, respectively. The corresponding height profile along the white line in (a) is
plotted in (c). The dotted line corresponds to the SiO> surface. (d) Corresponding bearing area
analysis result for the AFM image shown in (a). The areas occupied by the polymer (bearing areas)
are colored in blue.

Figure 2-3 shows the thickness of the PS flattened layer (4r) measured by XR against fan. From
the figure we can see the flattened layer (red circles) exhibits a power-law growth (hy « tg,) with
a = 0.50 + 0.05 at the early stage of the kinetics and reached the quasiequilibrium conformation
with the thickness of 2.1 nm after 7., > 4h. Figure 2-3 also plots the time evolution of the thickness
of the PS interfacial sublayer. We can see that the interfacial sublayer exhibits similar power-law
growth with o = 0.36 + 0.04 at the early stage kinetics, which is slower than that for the flattened
layer due to the limited space issues, and there is a crossover time (z.) at around 4 h, where the
power-law behavior gives way to a slower logarithmic growth, followed by a plateau region at £, >

96 h. The overall adsorption kinetics of the interfacial sublayer is in good agreement with previous
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experimental results on the adsorbed PS monolayers on Al substrates®' 2. Interestingly, the
crossover time (¢ = 4 h) for the interfacial sublayer is nearly equivalent to that of the flattened

layer. Thus, the important conclusion is that the two different chain architectures emerge and grow

independently on the solid surface.
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Figure 2 - 3. Growth of the PS (My = 290 kDa) interfacial sublayer (blue circles) and flattened
layer (red circles) against ., at 150 °C. The dotted lines correspond to the best-fits of the power-
law growth described in the text. The crossover times from the power-law growth to logarithmic
growth for the interfacial sublayer and from the power-law growth to the quasiequilibrium state
for the flatten layer are indicated in the arrows.

2.3.2 The effect of the interactions on the flattened layer formation

We next focus on the effect of the solid-segment interactions on the flattened layer formation.
For this purpose, we compare P2VP, PMMA and PS flattened layers. Figure 2-4 (a) shows the
adsorption kinetics of these flattened layers. The PMMA and P2VP flattened layers on B-Si
substrates were extracted by intensive toluene and DMF leaching, respectively. From the figure

we can see power-law growth of the P2VP and PMMA flattened layers before reaching the plateau
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regions (i.e., the quasiequilibrium state), but the exponents (~ 0.3) are slightly smaller than that of
the PS flattened layer. In addition, it is likely that the final thickness and the # values increase with

increasing the magnitude of the solid-segment interactions: P2VP > PMMA > PS (see, Table 2-1).
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Figure 2 - 4. (a) Film thickness of the PS (Mw = 290 kDa), PMMA, and P2VP flattened layers
against tan. (b) Comparison of the growth of the two different PS (Mw =50 kDa and 650 kDa)
flattened layers. The final thicknesses of the two PS flattened layers at the quasiequilibrium state
(indicated in the dotted line) are equivalent.

To further consider the effect of the viscosity, which also affects the adsorption kinetics of

entangled polymers, we investigated the adsorption kinetics of two other PS with different
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molecular weights (My = 50 kDa and 650 kDa). As shown in Figure 2-4 (b), it was found that ¢
increases with increasing M, while the final thickness remained constant, as previously reported'®.
However, the difference in ¢ between the two PS flattened layers is at most 5 times, while the
difference in the viscosity is more than three order of magnitude based on the well-known
relationship, n o« M3*.” Hence, the effect of the viscosity alone cannot explain the large difference
(more than two orders of magnitude) in 7. between the PS (M,,= 290 kDa) and P2VP (M,,= 200
kDa). Hence, we may conclude that the magnitude of the interactions controls not only the final
thickness but also the kinetics of the flattened layer formation. This can be qualitatively explained
by simulation results that the number of polymer chains adsorbed on solids increase with

increasing the solid-segment interaction®’.

In order to further illuminate the difference in the adsorption kinetics among the three flattened
layers, the detailed surface morphologies of the flattened layers were characterized by AFM.
Figure 2-5 (a) and (b) show the AFM height images of the PMMA and P2 VP flattened layers after
reaching the quasiequilibrium states. Hence, similar dimple structures are seen in the PMMA
flattened layer and the surface coverage remains nearly identical (~75 %) to that of the PS flattened
layer (Figure 2-5 (a)). On the other hand, we found that the P2VP flattened layer surface is
reasonably uniform (¢, ~ 90 %) (Figure 2-5 (b)). To further understand the effect of the solid-
segment interaction on the dimple structures, we used polybutadiene (Mw=100 kDa, M/My=1.06,
Polymer Source Inc.) that has a much weaker interaction with H-Si (y1s = 22.1 (mJ/m?)). As a result,
we found similar dimple structures with a surface coverage of ~ 70 % and a relatively broad
distribution of the characteristic lengths (30 nm ~ 140 nm) at the surface of the quasiequilibrium
PB flattened layer (see, Supporting Information). Hence, it is not conclusive yet whether the

polymer/solid interaction is the main factor to control the size of the dimple structures, while the
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surface coverage tends to increase with increasing the interaction. On the other hand, it is
noteworthy to point out that the dimple structures resemble of phase-separated structures (i.e.,
polymer-rich and polymer-poor regions) of end-grafted polymer brushes in a poor solvent
regime’*®2. We are currently studying whether the dimple structures are related to phase separation
induced by the leaching process, i.e., immersing in the good solvent and subsequently exposing

the flattened chains to air (a poor solvent).

Figure 2 - 5. AFM height images of the (a) PMMA and (b) P2VP flattened layers at the
quasiequilibrium state. The scan sizes and height scales of the imagesare 1 um x 1 gmand 0 - 6
nm, respectively.

2.4 Discussion

The polymer-polymer interactions become crucial when more polymers are adsorbed on solids.
In the case of end-grafted polymer chains, as the grafting density increases, they will interact with
one another and start to stretch in the direction normal to the surface due to excluded volume
interactions between neighboring chains®*. Here we may adopt the mechanism of end-grafting
chains in order to explain the increase in the film thickness of the flattened layer. According to

Aubouy and co-workers®, end-tethered polymer chains with large grafting density in polymer
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melts correspond to “dry (stretched) brushes”, i.e., brush layers are substantially unpenetrated by
matrix polymer chains, and the brush height proportionally increases with grafting density. As
mentioned above, the irreversibly adsorbed polymer chains on solids are considered as the
“Guiselin” brushes with many solid/segment contacts (N'? contacts per chain)*°. Additionally, we
have previously validated that the PS interfacial sublayer does not allow interpenetration of free
polymer melt chains even at 170 °C (>> Tyof PS)'®. It is hence postulated that the inner flattened
chains and the outer loosely adsorbed chains composed of the interfacial sublayer can be regarded
as dry brushes. If this would be the case, the increases in the film thicknesses of the flattened layers
shown in Figure 2-3 and Figure 2-4 indicate the increases in the effective grafting density (i.e., the
number of chain attachments per area in irreversible physisorption) of the flattened chains. The
increase in the effective grafting density would be the driving force for flattening that is achieved
by the energy gain of attached segments to the surface greater than the conformational entropy loss
of the adsorbed chains in the total free energy'®*%. At this point, it is not conclusive yet that the

increase in the effective grafting density is correlated to the increase in ¢.

The question arises: When is the formation of the flattened chains initiated on the substrate
surface? According to previous simulation results, the time scale for early arriving polymer chains

to lie flat on solids is only a few hundred nanoseconds®’ -

, which is way beyond our
experimental time scale. In fact, we found the formation of a very thin PS adsorbed layer (less than
I nm in thickness) resulted from spin-casting alone without subsequent thermal annealing, as
previously reported' 3142 Hence, we expect that the initial (non-equilibrium) flattened chains
emerge under solution conditions rather than under melt conditions'!, and the adsorption kinetics

of the flattened layer at ¢ < £, corresponds to a “collapse and zipping-down” process onto solids™*

> and the succeeding relaxation and re-arrangement of the flattened conformations toward their
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quasiequilibrium states in the melt.

On the other hand, as shown in Figure 2-3, diffusion-controlled adsorption of late arriving chains
(i.e., the origin of the loosely adsorbed polymer chains) also takes place at # < #, but it is retarded
due to screening by the flattened chains already present at the surface. As a consequence, the late
arriving chains form bridges jointing up nearby empty sites®*. The competition between the zipping
down of the flattened chains and the diffusion-controlled adsorption of the late coming chains
continues until # = ¢. when the substrate surface is fully covered. At ¢ > ., the zipping down of the
flattened layer formation is over and a “reeling-in” process of the partially adsorbed (late arriving)
chains® governs. This reeling-in process in the melt is more sluggish due to excluded-volume
repulsion of the already existing adsorbed chains and chain entanglements with unadsorbed chains,
resulting in the very slow logarithmic growth of the film thickness before achieving the final state
(Figure 2-3). As a consequence, the resultant two chain architectures composed of the interfacial

sublayer is analogous to those formed via polymer adsorption from a dilute solution?-3¢: 4344,

In order to further understand the formation mechanism of the flattened layer, we studied the
time evolution of the surface morphologies of the P2VP flattened layer by AFM. As shown in
Figure 2-6 (a), we clarified that the transient P2VP flattened layer at z., = 65 h and subsequent
DMF leaching also shows dimple structures with #r=2.3 nm and ¢, ~75 % that are nearly identical
to those of the PS and PMMA quasiequilibrium flattened layers. As discussed above, the empty
spaces of the transient P2VP flattened layer should be the sites where the loosely adsorbed chains
grow. Hence, owing to the very strong solid-segment interaction, it is likely that the loosely
adsorbed P2VP chains can further collapse and zip down onto the substrate surface®”> ®,
transforming into the quasiequilibrium flattened chains (Figure 2-5 (b)). At the same time, this

would suggest that the transient flattened chains are still able to move or slide in the lateral
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direction in order to accommodate the further zipping down chains. To verify this homogenization
process of the flattened layer surface, we used the patchy P2VP flattened layer as a “substrate” for
a spin-cast P2VP (50 nm-thick) film. The “bilayer” film of the bottom transient flattened layer and
top spin-cast layer was then subject to high temperature annealing at 190 °C for 168 h, which is
beyond 7. (= 96 h) for P2VP, and subsequent leaching with DMF. As shown in Figure 2-6 (b), the
resultant P2VP flattened layer extracted from the annealed bilayer is found to be homogenous and
somewhat thicker (3.9 nm in thickness) than that of the quasiequilibrium P2VP flattened layer
shown in Figure 2-5 (b) (3.1 nm in thickness), possibly owing to a further increase in the effective
grafting density. It should be noted that we confirmed that the heterogeneous surfaces of the PS
and PMMA quasiequilibrium flattened layers shown in Figure 2-2 (a) & Figure 2-5 (a) remain

nearly unchanged even after similar bilayer experiments.

Figure 2 - 6. The AFM phase image of the transient P2VP flattened layer at fan= 65 h is shown in
(c). A 50 nm-thick P2VP layer was directly spun cast on top of the transient flattened layer and
then subject to thermal annealing at 190 °C for 168 h and subsequent DMF leaching. The surface
morphology of the flattened layer resulted from the bilayer is shown in (d). The scan sizes of the
images are 1 ym x 1 ym.

Finally, we show the thermal stability of the quasiequilibrium flattened layers. Based on high

temperature XR experiments, we found that the quasiequilibrium P2VP flattened layer shows no
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significant changes in the thickness up to 200 °C (Figure 2-7). If we use the same definition of 7,
as bulk (i.e., a change in a slope in a plot of specific volume against temperature®’), the XR data
indicates that there is no 7 of the P2VP quasiequilibrium flattened layer up to 200 °C, which is
far above the bulk 7, (= 98 °C). The same conclusion can be drawn for the PS and PMMA
quasiequilibrium flattened layers (Figure 2-7) as well as the transient P2VP flattened layer at fa, =
65 h. These findings may be consistent with previous differential scanning calorimetry
experiments: No evidence of 7, of intercalated PS chains confined between clay particles within
the domain spacing of 3 nm’°. Hence, the long-range segmental mobility is entirely restricted on
the solid surface, while the flattened chains (at least at the transient state) are still able to move
laterally, as discussed above. Further experiments on the global chain dynamics of the flattened

chains deserve future work.
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Figure 2 - 7. Film thicknesses of the three polymer flattened layers against temperature determined
by the in-situ XR measurements. The XR data was collected during the cooling process and heating
processes, and we confirmed that all the temperature dependences of the film thicknesses are
independent of the thermal processes.
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2.5 Conclusion

We have revealed the effects of solid/segment interactions on the formation of the high-density
polymer flattened layers on planar Si substrates via thermal annealing of spin-cast polymer thin
films. PS, P2VP, and PMMA homopolymers that have nearly identical stiffness and bulk 7 were
chosen as models. The optimization of the thermal annealing and subsequent solvent leaching
processes allowed us to unveil the lone flattened layer separately from the loosely adsorbed layer
formed at the polymer melt/substrate interface simultaneously. X-ray reflectivity experiments have
elucidated that the time growth of the flattened layers composed of the three different polymers
exhibit similar power-law growth before reaching the quasiequilibrium state. Since the initial
flattened chains are expected to be formed under solution conditions rather than under melt
conditions!!¥7-8487  the adsorption kinetics corresponds to the collapse and zipping-down process
of the non-equilibrium flattened chains toward the quasiequilibrium state in the melt. The increase
in the film thickness indicates that the transient flattened chains prefer to increase attaching points
to the substrate so as to overcome the conformational entropy loss at the polymer melt-solid
interface' 3%, It was also found that as the solid-segment interaction becomes stronger, the
thickness of the quasiequilibrium flattened layer increases, while the quasiequilibrium process
becomes more sluggish. We are currently investigating the effect of chain stiffness, another crucial
factor to control the adsorption kinetics®, on the formation process of the flattened layer. The

details will be published elsewhere.
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Chapter 3: Impact of an Irreversibly Adsorbed Layer on Local Viscosity of Nanoconfined

Polymer Melts

3.1 Introduction

It is well known that various properties of polymers confined on a nanometer length scale differ
substantially from bulk values. Most of the previous studies have focused on glass transition
temperature (7%), which has been found to be reduced relative to the bulk (see for instance, review
! and references cited therein). Specifically, Torkelson and co-workers have shown that the
decrease in 7 depends on the length scale over which perturbations to 7, originating at the
air/polymer interface propagate into a film (the so-called “free-surface effect”) . In contrast to
this concept, Napolitano et al. have recently reported that a very thin irreversibly adsorbed layer
at the substrate interface is responsible for the 7T,-confinement effect even for very weak polymer-

5 6 Thus, the effects of these interfacial layers on polymer

substrate interaction systems
characteristics still remain a controversial area of research. One of the main reasons for this is due
to the lack of experimental techniques that allow us to identify these interfacial layers in single
nanoconfined polymer films simultaneously and to further decouple these interfacial effects as a
function of the distance from the interfaces. In this Letter, we show that the irreversibly adsorbed
layer play a crucial role in determination of the local viscosity of entangled nanoconfined
polystyrene (PS) films at temperatures far above the bulk 7,. We use x-ray photon correlation
spectroscopy (XPCS) with gold nanoparticles as markers embedded in supported PS thin films
which provides the viscosity of polymer chains in the regions of interest 7. The results reveal that
while a surface mobile layer having reduced viscosity exists at the air/polymer interface, the long-
range perturbations (~ 60 nm in thickness) associated with the irreversibly adsorbed layer formed

onto the weakly interactive substrates result in the significant increase in the viscosity with

decreasing the distance from the substrate. Since the formation of the surface mobile layer 7-'¢ and
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5,6,17-23

irreversibly adsorbed layer is rather general, the present experimental findings would shed

new light on the impact of the irreversibly adsorbed layer on the local rheological property of

polymer chains confined on a nanometer length scale.

3.2 Materials and Methods

3.2.1 Sample Preparation

Hydrogenated polystyrene (hPS, molecular weight (M) =123 X 10°, Pressure Chemical Co.)
with a narrow polydispersity (Mw/My=1.02) was investigated. Thiol-functionalized
(octadecanethiol (Ci1sH37SH)) Au nanoparticles were prepared by using the one phase synthesis
method 2%, The average radius of the Au particles was 1.5 + 0.2 nm and the thickness of the
CisH37SH layer was approximated to be 1.3 nm 7. A series of hPS/Au films (the volume fraction
of the Au nanoparticles was fixed to be 0.2%) with four different thicknesses (4 =32, 57, 128 and
235 nm) were prepared onto hydrogen-passivated silicon (H-Si) substrates »°. For the present study,
all the films were annealed at 170 °C for 90 h under vacuum to ensure the equilibrium. According
to a previous report 2°, the index of refraction and the film thickness of spin cast PS thin films
(thicknesses ranging from 13 nm to 130 nm) decreased by ~ 0.2 (measured by a spectroscopic
ellipsometer equipped with a He-Ne laser) and ~ 2 nm , respectively, relative to those of the
annealed films at T=160 °C for 2 h after spin-coating. Therefore, we have defined the equilibrium
time as the time when these parameters remain unchanged in the course of the annealing process.
It is found that the annealing time of about 30 h at T=170°C is needed for the PS/Au thin films to
achieve the equilibrium. In addition, it should be noted that this long annealing time is much longer
than the “adsorption time” (~ 6.5 h for the PS/Au films used in this study) which has been defined

independently to reach a steady state for the conformation of polymer thin films 6. We also
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confirmed that the Au particles were dispersed well in all the films before and after the XPCS
experiments using transmission electron microscopy’* > .

3.2.2 Marker grazing incidence XPCS measurements

The marker XPCS experiments were performed at the beam line 8-ID at the Advanced Photon
Source, Argonne National Laboratory. We have previously shown ’ that (i) the PS/Au system used
in this study has the weak polymer/nanoparticle interaction whereby, the Brownian motion of the
markers adequately tracks the viscosity of the polymer matrix via the Stokes-Einstein relationship
and (ii) the marker motion is primarily probing entangled dynamics of polymer chains in the
regions of interest, although the diameter of the Au nanoparticles (5.6 nm) is somewhat smaller
than the tube diameter for entangled PS (about 9 nm) ?’. Hence, the marker XPCS technique
enables us to provide the local viscosity of polymer chains governed by chain entanglements. In
this study, we explore the in-situ marker dynamics at the topmost surface and the rest of a film
(preferentially the near-center region) independently by using the two illuminated modes with
different incident angles (6): (i) &= 0.15°, which is just below the critical angle (&) of the total
external reflection for PS (& = 0.16° with x-ray energy of 7.5 keV used in this study) such that the
electric field intensity (EFI) decays exponentially into the film and thereby scattering intensity is
dominated by the surface area of about 9 nm 3. We assign this experimental configuration as the
“surface-mode” hereafter. (ii) With the incident angle just above & known as “the first resonance

mode *°”

, where resonance enhancement of EFI in a polymer film takes place, and resonance-
enhanced x-rays (REX) are intensified at the position close to the center of the film, as shown in
Figure 3-1. At the same time, scattering signals from the air/polymer interface can be completely

eliminated (Fig.1), improving the sensitivity of using REX to probe the dynamics of the markers.

We assign this experimental configuration as the “center-mode” hereafter. All the grazing
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incidence XPCS measurements were performed at high temperatures (156°C < T'< 186°C) under

9930, 31

vacuum so that the so-called “hyperdiffusive dynamic behavior observed near T, can be

avoided.
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Figure 3 - 1. Calculated REX EFI profiles in the center-mode as a function of the distance (z) from
the air/polymer interface for the three film thicknesses. The resonance intensity is normalized by
the incident beam intensity.

3.3 Results and Discussions

Representative normalized intensity-intensity time autocorrelation (g2) functions obtained at
four different in-plane scattering vector (g/) values for the 57 nm thickness measured at 156°C are
shown in Figure 3-2. All the experimental data for the 32 nm and 57 nm films could be fitted by
stretched exponential decaying functions (i.e., g,(q,,¢)=1+exp[—-2(¢/7)“]) with the range of «
= 0.4-0.8, where 7 and «a (0 < a <1)are the characteristic relaxation time and the stretching

exponent that characterizes the shape, respectively. On the other hand, single exponential functions

(a =1) were well fitted with all the g» functions for the 128 nm 7 and 235 nm films. As will be
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discussed later, the differences in « are attributed to the presence of heterogeneous environments

within the two thinner films, thereby leading to a wider spectrum of relaxation times.
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Figure 3 - 2. Measured g» functions for the 57 nm film (a) in the surface-mode and (b) center-
mode at 156 °C. The solid lines are the best-fitted functions described in the text.

Figure 3-3 shows the g, dependences of 7 for the 57 nm film at 186 °C where we can see the
power-law behavior of 7 oc g, for both modes, which is a characteristic of translational diffusive

motions of particles and is true for all the temperatures used in this study. As shown in Fig.3, the
same power law can be seen in the surface-mode for the 32 nm film, but the 7 values are more than
two orders of magnitude larger than those for the 57 nm film at the given temperatures. It should

be noted that the marker dynamics in the center-mode for the 32 nm film has been observed as
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well, but because the correlation times (~ 5000 s) are very close to the resolution of the

measurements, quantitative analysis may not be appropriate. Although the relationship of
r=1/(2Dq}), where D is the diffusion constant, is not strictly valid when the decay of a g

function is nonexponential, we use it for the purpose of comparison to other data. From the best-
fits to the data (the solid lines in Figure 3-3) with the relationship, the “effective” D values for the
surface-mode (Dy.r) and center-mode (Dce,) are calculated. Table 3-1 summarizes the results along
with the D values for the 128 nm and 235 nm films where the exponential decay is observed at
both modes. From the table we can see that both Dsur and Deen values for the 235 nm film are in
good agreement with those for the 128 nm film where the difference in these D values is attributed
to the reduced viscosity layer at the topmost surface at 7>>T, ’. Despite some controversy, there
is growing experimental evidence of a surface mobile layer !¢ and recent simulations also support

this concept

. Hence, our experimental results support these previous studies and further elucidate
that the surface reduced viscosity layer exists regardless of film thickness (at least more than 57

nm in thickness) at T>>Ty, as discussed below.
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Figure 3 - 3. Log-log plot of 7 vs. gy for 4 = 32 nm and 57 nm in the surface-mode and center-
mode at 186 °C. The solid lines correspond to the best fits of the power law relationship of 7 oc ¢;
to the data.

Table 3 - 1. Measured diffusion coefficients of the Au nanoparticles and calculated viscosities
based on the SE law at the surface and the near-center of the films at 186 °C.

h(nm)  Dsgu(nm?/s)  Deen(nm?/s)  Tsu(NS/m?)  Teen(Ns/m?)

32 0.016 # 7.7 x10° #

57 6.58 0.76 1.8 x10* 1.6 x10°
128 7.80 5.30 1.5 x10* 2.2 x10*
235 7.84 542 1.5 x10* 2.2 x10*

# Ultraslow dynamics (the very weak ¢// dependence of 7)

In order to explore the mechanism for the slowing dynamics of the markers embedded in the 32
and 57 nm films, we next focus on the substrate interface. According to a recent report 2%, hPS thin
films, which were spun cast on H-Si substrates and then annealed for several hours at 150 °C,

showed a very thin residual film even after thoroughly rinsing them with toluene (a good solvent
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for PS). In fact, our x-ray reflectivity experiments have proved the presence of the residual layer
of about 7 nm in thickness after rinsing all the hPS/Au films with toluene. Furthermore, by using
neutron reflectivity, we have measured the interdiffusion process for a bilayer composed of
deuterated PS (dPS, Mw=334 x 10°, 51 nm in thick) floated onto the residual layer. As shown in
Figure 3-4, no interdiffusion was observed for at least 3 days at 170°C. Hence, these experimental
results elucidate the existence of the very thin irreversibly adsorbed layer in which no dynamics

of the polymer chains is favorable even at T>>T,.
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Figure 3 - 4. NR profiles for the bilayer of the bottom hPS dead layer and the dPS overlayer (51
nm in thickness) annealed at 170 °C in vacuum for the given times, indicating no interdiffusion for
at least 3 days at T>>T,.

Having attained the irreversibly adsorbed layer and established the surface reduced viscosity
layer, we further illuminate the effects of the adsorbed layer that plays a dominant role in the slow
dynamics. At the distance of approximately 20 nm from the substrate, which is intensified by the

center-mode for the 32 nm film, there is almost no dynamics of the markers within the time and
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wave vector domains used for XPCS. Since the irreversibly adsorbed layer is only 7 nm in
thickness and the contribution to the total scattering signals obtained by the center-mode XPCS is
a small portion (see, Figure 3-1), the ultraslow dynamics may not be directly linked to the adsorbed
layer. Rather it would arise from the so-called “reduced mobility interface layer” '”-3% 3%, which
would be entangled through the network of the adsorbed layer *°, thereby propagating the effect of
the irreversibly adsorbed layer even at the distance over the coil size away from the substrate. In
addition, as seen in the surface-mode for the 32 nm film, the substrate effect propagates to the
surface probed region thoroughly and overwhelms the effect of the surface reduced viscosity layer
(if any), giving rise to the very small Dy value (about two orders of magnitude smaller than those
of the other thicker films, see Table 3-1). Moreover, we should notice that the marker dynamics in
the surface probed region of the 57 nm film is to some extent perturbed by the substrate effect as
well, judging from the slight decrease in Dgy relative to Dy for the 128 and 235 nm films (Table
3-1). We shall discuss the critical threshold of the long-range perturbations later. It is also
important to point out that the present results are quite different from the 7 distributions within
PS thin films reported **: the surface enhanced layer with a large T, reduction relative to the bulk
mainly controls the distributions depending on the extent of nanoconfinement. Hence, the effect

of T, on the heterogeneous dynamics would be ruled out.

Then the question is: what is the origin of the slow dynamics of the markers? As reported
previously for PS thin films of about 130 nm in thickness ’, one might expect the dynamics of the
markers embedded in the 57 nm film to follow the temperature dependence of the local viscosity
in the probed regions, motivated by the Stokes-Einstein (SE) law, i.e., D =k,T /(67R,1n7), where
ks is the Boltzmann constant, 7 is the absolute temperature, and Rk is the effective radius of the

Au nanoparticles. Figure 3-5 shows the temperature dependences of the effective local viscosity
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values at the surface (77sur) and the near-center (7cen) for the 57 nm film calculated from the SE law
with the calculated D values. At the same time, the “average” film viscosity of the hPS/Au film,
which is independently determined from thermally driven capillary waves at the air/polymer
interface using another XPCS mode (“capillary-mode”) %, is also plotted for comparison. Using
the normal hydrodynamic theory for capillary wave fluctuations on viscous (homogeneous) liquid
films, Kim et al. have demonstrated that the film viscosity of single PS films, several tens of
nanometers in thickness, is in good agreement with the bulk ?%. As seen in Figure 3-5, the 7
values are comparable to the 7..p values, while the 7., values are by a factor of about 10 larger.
The correspondence between the 7. and 7cap values would support the recent experimental report
16 that the surface mobile layer can modify the overall dynamics of ultrathin PS supported films.
In other words, this confirms that the marker dynamics in the 57 nm film also tracks the local
viscosity reasonably. Moreover, we found that the 7.y values for the 57, 128, and 235 nm films
remain constant at all the temperatures used, indicating that the same surface mobile layer exists
at the topmost surface of the three films. Given this and the somewhat perturbed marker dynamics
at the surface of the 57 nm film, we may draw the conclusion that the long-range perturbations
associated with the irreversibly adsorbed layer are limited to less than 57 nm from the substrate,
resulting in the heterogeneous environment over the surface probed region of the 57 nm film and

thereby the nonexponential decay of the g» functions (Figure 3-2(a)).
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Figure 3 - 5. Temperature dependences of the local viscosity at the surface and near-center of the
57 nm film. The average film viscosity determined from the thermally capillary fluctuations is also
plotted (cross symbols). The solid lines correspond to the best-fits of the WLF equation to the data
with ¢1=4.0+ 0.5 and 7, =48 + 2 °C for the surface-mode, and c;=4.0+0.5and 7, =65+2°C

for the center-mode, respectively.

The effective 7sur and 73cen values for each film at 186 °C are also summarized in Table 1. Hence,
we can see that the local viscosity in the different probed regions increases by at least two orders
of magnitude with decreasing distance from the substrate interface, which is valid for all the
temperatures. In order to interpret this phenomenon, we introduce previous interdiffusion
experiments for PS multilayers where a labeled layer of dPS was placed in a matrix of hPS at
varying distances from the H-Si substrate interface *°. Zheng et al. have shown that the diffusion
coefficient near the substrate is on the order of 100 times smaller than the bulk and is scaled as N°
32 (N is the degree of polymerization) compared to N2 in the bulk. They conclude that this unusual
scaling behavior can be still explained by the reptation theory >’ considering monomer-substrate
contacts (~ N'? per chain) that restrict the chain mobility and modify the friction force from the
bulk. Their model may be applicable here with the fact that the N contacts are characteristic of

the PS irreversibly adsorbed layer 2° and the viscosity of entangled polymer chains is inversely
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proportional to the diffusion coefficient *3. However, more experimental and theoretical work
needs to be done to validate the scaling behavior as well as chain entanglements in terms of the

adsorbed layer.

Finally, the above results would remind us of the “percolation transition” in supercooled polymer
thin films near 7, *°. To estimate the local T, which may be different from the bulk, we utilized
the temperature scaling of the local viscosity. The solid lines in Figure 3-5 correspond to the best-
fits to the data with the  Williams-Landel-Ferry (WLF) equation

log(n(T)/ n(T,))=—c(T-T,)/(T—T,), where To is a reference temperature chosen, ¢ is a
numerical constant, and 7, is a fixed temperature at which, regardless of the arbitrary choice of

To, log(n(T)/ n(T,)) being infinite. The best-fits of the WLF equation to the data gave us ¢ = 4.0

+0.5and 7,= 48 +2 °C for 7o, and c=4.0 £0.5 and 7, = 65 £ 2 °C for 7jcen, respectively.
Hence the T values (50 °C above T, for PS *!) at the surface and near-center of the 57 nm film
are bulk-like (~100 °C) and 115 °C, respectively, while a slight decrease in 7, near the center of a
supported PS film of about 60 nm thickness was reported by fluorescence label experiments 2.
Although the determination of the full distribution of the 7, values is beyond the scope of this

study, it is reasonable to deduce that the phenomenon found in this study occurs at 7>>T.

3.4 Conclusion

The present chapter in this thesis hence points to new physics in our understanding of the effect
of confinements on the local viscosity of polymer chains: a very thin irreversibly adsorbed layer
plays a vital role even without specific interactions of the polymer with the substrate interface, in

contrast to the free-surface effect on 7. This incongruity may lead to the important conclusion that
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the viscosity-confinement effect is not simply linked to the 7y-confinement effect. On the other
hand, it is important to address that the critical threshold (~ 60 nm in thickness) for the long-range
perturbations associated with the irreversibly adsorbed layer is in good agreement with that for the
free-surface effect on 7 (~ 60 nm in thickness for supported PS films regardless of molecular
weights 2> 4?). Further XPCS experiments for different polymers (molecular weights, rigidity) and
substrates will be carried out to illuminate generalities and/or differences between the viscosity-
confinement effect and Ty-confinement effect, providing a better understanding of the global

dynamics of polymer chains confined on a nanometer length scale.
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Chapter 4: Origin of Dewetting of Polymer Thin Films on Solids
4.1 Introduction

Thermodynamic stability or instability of a polymer film on top of a solid is of vital importance
in many technologies (e.g., coating, adhesion, corrosion) as well as new emerging
nanotechnologies such as organic photovoltaics, semiconductor chips, and biosensors'. A thin
polymer film can either wet or dewet from a solid surface, depending on several factors including
polymer-substrate interfacial energy (or effective interface potential)®, polarity®, film thickness* >
and molecular weight®. In case of wetting, the thin polymer film remained homogeneous and flat
with a zero contact angle with the substrate at equilibrium situation. Otherwise, the film would
encounter a dewetting process from the initial rupture and growth of holes, coalescence into
polygonal network, to the formation of dewetting droplets with clear three phase contact lines and

a non-zero contact angle respect to the solid substrate.””

In the thermodynamic point of view, two key factors determine whether a thin polymer film
would wet or dewet from the solid substrate: effective interface potential ( ¢ ) and film thickness
(h). The effective interface potential is consisted of both short-range repulsion and long-range Van
der Waals interactions and describes the total excess free energy of the film system. Based on the
curve of the effective interface potential ( ¢ ) as a function of film thickness (h), one can tell
whether the system is stable, metastable or unstable.'® Spin coated polystyrene (PS) thin films on
silicon substrates covered by a natural silicon oxide thin layer are the most commonly used for
dewetting study. The effective interface potential, which determines the film stability, can be
greatly changed depending on the thickness of the oxide layer on Si.”'° It has been found that the

thin PS films are generally in metastable state when prepared on SiO«/Si substrates when the
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thickness of the oxide layer is around 2 — 4 nm. However, even in the metastable case, the as-
prepared spin cast PS film may still exhibits a homogeneous flat surface since the fast evaporation
of organic solvents during the spin-casting process would force the glassy chains stay far from
equilibrium. Hence, thermally annealing at T > Tg of the polymer is necessary to equilibrate the
film and therefore induce dewetting. There are mainly two different dewetting mechanism which
result in different patterns: (1) spinodal dewetting and (2) nucleation and growth, depending on
the thicknesses of both PS film and silicon oxide layer.'"'? In case of thin, native SiOx layers (2 —
4 nm in thickness), dewetting via nucleation and growth is dominate over spinodal dewetting
unless the thickness of PS film is extremely thin (i.e. h < 2 nm).!? Recently studies have shown
that the residual stress which generated from film spin coating and fast solvent evaporation process
plays a vital role in nucleation and early growth of dewetting holes.” '* However, it seems high

molecular weight PS films are more robust against such residual stress due to their higher viscosity.

On the other hand, it has been found solid surfaces can be programed from non-slippery
(wettable) to slippery (nonwettable) by controlling the “topmost” surface chemically or
structurally. For example, monolayers composed of small molecules or macromolecules are coated
on solids to improve surface wettability'. On the other hand, in the case of polymer chains grafted
to a solid, they repel chemically identical polymer molecules, depending on the grafting density
and the ratio of molecular weights of the non-grafted free chains to end-grafted polymer chains
(the so-called “autophobic dewetting”!'>%°, It has been proposed that this type of dewetting is
originated from the loss of configurational entropy of the grafted polymer chains'>2!?2, As a result,
free chains, which penetrate end-grafted polymer chains, cause stretching of the end-grafted chains,
resulting in excess interfacial entropy with a negative value between grafted and non-grafted

chains'®.
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However, despite a large amount of dewetting studies, the understanding of thin polymer film
is still puzzling and there are many issues remained unsolved: for instance, how the chain
conformations affects the thin film wet or dewet from a substrate interface and what is the
difference in mechanism between dewetting from a solid and autophobic dewetting from its own
polymer layer. Moreover, aside from inducing dewetting, it is also known that the thermal
annealing process could facilitate the irreversible physisorption of polymer chains from the melt

2328 even when the polymer-substrate interaction is weak.?* It has also been

to the solid substrate,
found that the local segmental dynamics near the substrate interface is greatly hindered due to the
pinning of the chains.” **These adsorbed chains can also act as “connectors” that cause a

1731 However, the relation

resistance force against the driving capillary forces for dewetting
between dewetting of a thin film and the adsorption of polymer chains is still not yet fully
understood. In this paper, we show that low molecular weight polystyrene (PS) thin film dewet on
both the native silicon oxide (SiO./Si) and hydrogen passivated silicon (H-Si) substrate via
autophobic dewetting: a ~2 nm-thick flattened interfacial PS nanolayer wets the solid substrate
upon annealing while the rest of the same PS molecules is not further wetted by such flattened
nanolayer leading to the formation of droplets. However, the dewetting can be effectively
prevented by forming a loosely attached interfacial sublayer at the substrate interface. Besides may
other factors responsible for the origin of dewetting in the literature, our presented findings evident

that the conformation of adsorbed chains at the solid-polymer interface should be considered as an

important factor which causes the dewetting of the thin polymer films.

4.2 Materials and Methods

4.2.1 Sample Preparation
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Monodisperse PS with eight different molecular weights (M = 3.7 kDa, 13.1 kDa, 50 kDa, 123
kDa, 170 kDa, 290 kDa and 650 kDa, My/M, < 1.2, Scientific Polymer Products Inc. or Pressure
Chemical CO.) were used to study the dewetting behavior on silicon substrates. The bulk glass
transition temperature (Tg) of PS was determined to be Ty = 100 °C by differential scanning
calorimetry. Native oxide silicon wafers (~ 2 cm % 2 cm squares) (hereafter denoted as SiOx/Si
substrates) were pre-cleaned using a piranha solution (i.e., a mixture of H,SO4 and H>O», caution:
a piranha solution is highly corrosive upon contact with skin or eyes and is an explosion hazard
when mixed with organic chemicals/materials; Extreme care should be taken when handing it) for
30 min, subsequently rinsed with deionized water thoroughly. By using x-ray reflectivity, we
confirmed that the SiOx layer after piranha solution cleaning is about 2.4 nm thick on the Si with
a surface roughness less than 0.5 nm. The water contact angle of such SiO,/Si substrate is estimated
to be less than 5°, an indication of the hydrophilic nature of the surface. Hereafter, we assign the
Si substrates cleaned with piranha solution as B-Si substrates. For the hydrogen passivated silicon
wafers (hereafter denoted as H-Si substrates), the cleaned native oxide silicon (SiOx/Si) wafers (or
B-Si substrates) were further immersed in an aqueous solution of hydrogen fluoride (HF) for 30s
to remove the native oxide (SiOx) layer. However, as will be discussed later, we confirmed that a
SiOx layer of about 1.3 nm in thickness was reproduced after HF etching due to atmospheric
oxygen and moisture, as reported previously*?. All the silicon cleaning were precisely controlled
with the same procedure to avoid the possible difference in the chemistry of the oxide layer on the
dewetting behavior of the spin coated PS films.** PS thin films with average thicknesses ranging
from 8 nm to 40 nm were prepared by spin coating PS/toluene solutions onto both B-Si substrates
and H-Si substrates with a rotation speed of 2500 rpm. The thicknesses of the spin-cast PS thin

films were measured by an ellipsometer (Rudolf Auto EL-II) with a fixed refractive index of 1.589.

84



On the other hand, the PS flattened layer and interfacial sublayer on B-Si substrates or H-Si
substrates were prepared by the established protocol reported previously®*: Firstly, PS thin films
(~ 50 nm in thickness) were annealed at T = 150 °C for prolonged times (up to 150 h) in an oil-
free vacuum oven (below 107 Torr). As reported previously, the “quasiequilibrium” flattened layer
and interfacial sublayer** were formed prolong annealing (several hours to days) at T = 150 °C,
depending on the molecular weight of PS. The annealed films were then solvent leached in baths
of fresh chloroform for the flattened layer and toluene for the interfacial sublayer at room
temperature, respectively. This selective extraction of the two different adsorbed nanolayers is
possible due to the large difference in the desorption energy between the outer loosely adsorbed
chains and the flattened chains, which is proportional to the number of segment-surface contacts®.
The resultant interfacial sublayers and flattened layers were post-annealed at 150 °C under vacuum

overnight to remove any excess solvent molecules trapped in the films.

The polymer used was poly (2-vinylpyridine) (P2VP, M,, = 9 kDa, 36 kDa, 219 kDa, My/M; <
1.11, Scientific Polymer Products Inc.). The bulk glass transition temperature (Tg) of P2VP was
determined to be Tg= 98 °C by differential scanning calorimetry. The P2VP flattened layer and
interfacial sublayer on B-Si substrates were prepared by the established protocol reported
previously**: Firstly, P2VP thin films (~ 50 nm in thickness) were spun cast from a
dimethylformamide (DMF) solution onto Si substrates which were pretreated with a hot piranha
solution (i.e., a mixture of H2SO4 and H>03) for 30 min and subsequently rinsed with deionized
water thoroughly; Secondly, Spin cast films were annealed at T = 190 °C for prolonged times (up
to 200 h) in an oil-free vacuum oven (below 102 Torr). As reported previously, the
“quasiequilibrium” flattened layer and interfacial sublayer’* are formed after 100 h annealing

under the isothermal condition. Finally, the films were solvent leached in baths of fresh DMF for
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the flattened layer and cholorobenzene for the interfacial sublayer at room temperature,
respectively. This selective extraction of the two different adsorbed nanolayers is possible due to
the large difference in the desorption energy between the outer loosely adsorbed chains and the
flattened chains, which is proportional to the number of segment-surface contacts®. The resultant
interfacial sublayers and flattened layers were post-annealed at 190°C under vacuum overnight to
remove any excess solvent molecules trapped in the films.

4.2.2 X-ray Reflectivity (XR)

X-ray Reflectivity (XR) experiments were performed under vacuum (approximately 10 - 10

Torr) at the X10B and X20A beam lines of the National Synchrotron Light Source, Brookhaven
National Laboratory. The specular reflectivity was measured as a function of the scattering vector
in the direction perpendicular to the surface, q, = 4msinf /A, where 6 is the incident angle and 4
is the X-ray wavelength (4 =0.087 nm at X10B and A = 0.118 nm at X20A, which are equivalent
to the X-ray energy of 14.2 keV and 10.5 keV, respectively). The XR data was fit by using a
standard multilayer fitting routine for a dispersion value (6 in the X-ray refractive index) in
conjunction with a Fourier transformation (FT) method, a powerful tool to obtain detailed
structures for low X-ray contrast polymer multilayers*® 7. In order to study the thermal stability
of the flattened layers, we also performed high temperature XR under vacuum by using a custom-
built vacuum furnace with Kapton windows. The films were first heated to high temperature
(150 °C - 200 °C), and XR measurements were initiated from the cooling process at a temperature
interval of 10 °C. Heating and re-cooling experiments were also performed to ensure
reproducibility. At given temperatures, we stabilized the films for approximately 1 h before data

collection.

4.2.3 Atomic Force Microscopy (AFM) measurements.
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Surface morphologies of the adsorbed layers and thin polymer films were studied by using
atomic force microscopy (AFM) (Bruker Bioscope Catalyst and Digital Nanoscope III). A standard
tapping mode was conducted in air by using a cantilever with a spring constant of about 40 N/m
and a resonant frequency of about 300 kHz. The scan rate was 1.0 Hz with a scanning density of

256 or 512 lines per frame.

4.2.4 Polarized Optical Microscope (POM) Measurements.

Polarized optical microscope (POM) measurements were conducted by using reflective light
under an Olympus BHT Microscope equipped with differential interference contrast attachment
for incident light after Nomarski (NIC Model). POM images were captured by a digital camera

under polarized light at room temperature.

4.3 Results and Discussions

Figure 4-1 (a-f) shows representative optical microscopy images for PS (My=30kDa, 50 kDa
and 123 kDa) 20 nm-thick spin cast films on hydrogen passivated H-Si and B-Si substrates with
the annealing time of 120 h. Note that the thickness of SiOx layer for H-Si and B-Si substrates was
1.3 and 2.4 nm, respectively. The PS thin films composed of My = 30kDa and 50 kDa broke up
into droplet-based cellular patterns on both two silicon substrate after the course of annealing,
indicating the polymers completely dewet from the substrate and aggregated into spherical
droplets’-*8, However, the degree of dewetting on H-Si substrate slightly reduced compared to B-
Si substrates with some non-dewetted regions in between the droplets. Similar dewetting patterns

were also observed in 20 nm-thick films with lower molecular weight PS 3.7 kDa and 13.2 kDa.
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However, no sign of dewetting was observed in the PS (My = 123 kDa) thin films and the same is
true for 20 nm-thick PS thin films composed of My, larger than 123 kDa. To explore the dewetted
film structures at the microscopic scale, AFM measurements were performed. Besides the
macroscopic droplets observed from optical microscope, as shown in Figure 4-1(g), we found that
on H-Si substrate, the dewetted areas (holes) have microscopic “textures” with the characteristic
length of about several tenth of nanometer. In addition, the average height of these “textures” from
the SiOy surface was estimated to be about 2 nm based on the cross sectional analysis of Figure 4-
1(g). Based on bearing area analysis using the NanoScope Analysis software (version 1.40,
Bruker), the surface coverage was estimated to be about 70% (Supporting information). The
thickness and the surface morphology of this texture layer remind us of the formation of the
“flattened layer” in which the PS chains strongly adsorb on a H-Si substrate, resulting in a higher
density monolayer relative to the bulk density*®2’. To clarify whether there is chain adsorption
occur on the silicon substrate, we leached the dewetted film with toluene at room temperature. The
details of the leaching process have been described elsewhere?’. As we have found, the surface
morphology of the 2 nm-thick residue layer are nearly identical to those of the layer underneath
the dewetting holes. Similar surface morphology was also found in 30 kDa dewetted PS films.
Hence, the experimental data evidences that for lower molecular weight PS (30kDa and 50kDa)
thin films on the H-Si substrate, there is a 2 nm-thick flattened layer formed at the solid-polymer
melt interface while the rest of the film completely dewetted into macroscopic droplets. Similar
results were also observed by Miiller-Buschbaum and coworkers, who show that the nano-droplets
with average size of 100 nm could be formed simultaneously with the macroscopic droplets, while
they never realize the formation of nano-droplets correspond to the irreversible adsorption of

polymer chains on the solid substrate with a flattened chain conformation.
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Figure 4 - 1. (a) — (f) shows the POM images of 20 nm-thick PS films on H-Si substrates after
thermally annealed at 170 °C for 120 hours with three different My, of PS, 30 kDa (a), 50 kDa (b)
and 123 kDa (c). (d) — (f) shows the POM images of 20 nm-thick PS films on B-Si substrates after
thermally annealed at 170 °C for 120 hours with three different My, of PS, 30 kDa (d), 50 kDa (e)
and 123 kDa (f). The nanoscale surface morphologies (AFM images) of the dewetted regions in
(b) and (e) were shown in (g) and (h), respectively. (i) shows the surface morphologies of a bare
Si substrates as a comparison. The height scale for the AFM images is 0 — 10 nm.

In contrast to the H-Si substrate, when the 50 kDa PS film were dewetted on B-Si substrate, the
dewetted regions did not appear with dimple-like structures. Instead, as shown in Figure 4-1 (h),
large micelles with low surface coverage were observed at the surface with an average height of
12 nm, which corresponds to 2R, of the polymer (Rg, sokpa = 6 nm). Since PS is less stable on B-Si
substrate, it is reasonable to deduce that polymer chains tend to stay away from the substrate

surface with a random chain conformation instead of adsorbed on substrate with a flattened
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conformation. On the other hand, in case of the high molecular weight PS thin films, the system
appear to be thermally stable and dewetting is not observed even the interaction is very weak. It
should be noted that for high My, PS thin films, there exist the interfacial sublayer at the substrate
interface that is composed of the inner flattened layer and outer bulk-like density layer whose
thickness increases with increasing My** ?® (Figure 4-5). As we will show later, the formation of

the interfacial sublayer at the substrate interface plays a key role in stabilizing the film.

In order to unveil the correlation between the film stability and interfacial structures, we
prepared a series of bilayers composed of the bottom flattened layer or interfacial sublayer and a
top overlayer (22 nm in thickness). Since the PS flattened layer is not homogeneous even on the
H-Si substrate, we alternatively used poly (2-vinylpyridine) (P2VP, M,, =219 kDa, Mw/Mn = 1.11,
Polysciences Inc.) which enables us to prepare homogenous flattened layers on B-Si substrates?’.
The bottom P2VP flattened layers (~ 3 nm in thickness) were first prepared on the H-Si substrate
and the 22 nm-thick overlayers were prepared on the flattened layers by directly spin-coating of a
dimethylformamide (DMF) solution. The resultant bilayers were then annealed under vacuum at
T=190 °C with different annealing times to study the film stability. Note that the 22 nm-thick
P2VP film is stable on the B-Si substrate for at least 192 h under the isothermal condition. Figure
4-2 (a) - (c) show surface morphologies of the 22 nm-thick film on top of the flattened layer at
three different z.n. We can see that a high number density of dewetting holes were formed within
1 h and the holes grow and coalescent. On the other hand, the 22 nm-thick P2VP film is stable
onto the interfacial sublayer (Figure 4-2 (d)) at least tan = 192 h under the isothermal condition.
These results reveal that the two different adsorbed nanolayers play opposite roles in controlling

9915-20

the stability of polymer thin films. The dewetting is similar to “autophobic dewetting where

polymer chains dewet its own chemically identical grafted chains mainly due to the excess
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interfacial entropy generated at the interface between free chains and end-grafted chains. Figure
4-3 summarizes the time evolution of the radius of the hole () for the bilayer of the layer and
flattened layer. From the figure we can see that the growth process is classified into the three-
stages: (1) at zan < 10 h where the radii of the holes remain nearly constant; (ii) at 10 < s <118 h,
the power-law growth (m ~ t.,"°); (iii) the hole growth saturates at around 7,= 450 nm and shows
the plateau at fan > 118 h. In addition, it should be mentioned that there are no visible rims,
characteristic dewetting structures associated with highly elastic nature of a polymer against the
driving capillary force®”. This can be explained by the fact that the radius of the hole is smaller
than the critical size (Rc= hb, where h and b are the film thickness of the overlayer and the
hydrodynamic extrapolation length, respectively) above which the onset of rims is triggered*.
(notes) The theoretical value of b is given by b=a(N°/N,’), where a is the segment length, N is the
degree of polymerization, N is the threshold for entanglements) *!. For the present case with the
b value of 156 pm, R. is estimated to be 1768 nm, which is much lager than the radii of the holes
observed in this study. Besides, the depth of the holes from the polymer/air interface is at most 8
nm even at tax, = 150 h (i.e., the plateau regime), which is still far away from the substrate surface.
We also found the thickness dependence of the dewetting, indicating that the dewetting process is
governed by slippage*?, while the overall dewetting process (the sizes of the holes and the exponent
of the power-law growth) was significantly retarded compared to typical polymer dewetting on

non-wettable solid substrates*®> 4,
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Figure 4 - 2. (a) - (c) The surface morphology (AMF height image) of 22 nm thick P2VP film
deposited on P2VP 3 nm-thick equilibrium flattened layer after annealed at 190 °C for 1 h (a), 60
h (b) and 168 h (c). Dewetting holes are P2V appeared as dark circular regions from the AFM
images. (d) The surface morphology of 22 nm thick P film deposited on the P2VP 8 nm-thick
interfacial sublayer layer after annealed at 190 °C for 192 h. The height scale of the AMF images
is 0 — 8 nm.
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Figure 4 - 3. The change in radius of holes () as a function of annealing time (t.) at 190 °C.

Reiter and co-workers demonstrated that autophobicity disappears when long polymer chains
are added to a brush (i.e., bimodal brushes): The long polymer chains play a role as “connectors”
that cause a resistance force against the driving capillary forces for dewetting!”-*!. In addition,
Composto and co-workers indicated that the dewetting kinetics of polystyrene (PS) thin films can

be essentially suppressed when a small amount of PS-b-PMMA block copolymer is added*®#’. In
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order to further discuss the chemically identical polymer/polymer interface, we rinsed the dewetted
P2VP bilayers with chlorobenzene which enables us to extract the P2VP interfacial sublayer
composed of the bottom flattened chains and the top loosely adsorbed chains. Figure 4-4 shows
the thickness of the residue layers after the solvent leaching determined by x-ray reflectivity (XR).
From the figure we can see that the thickness of the residual layer remain nearly constant (~ 3 nm)
at the early stage (tan< 10 h). This corresponds to the thickness of the original flattened layer. On
the other hand, at ta, > 10 h, the thickness of the residual layer increases with increasing tan,
demonstrating that the free chains in the top P2VP film start to “reel-in” the empty space of the
P2VP flattened layer (less than 10% of the entire film surface)**, developing the formation of the
loosely adsorbed chains that form bridges jointing up nearby empty sites (see, the inset of Figure
4-4)®. The comparison with Figure 4-3 illuminates the evidence that the hindrance of the
dewetting is correlated with the growth of the loosely adsorbed chains. Hence, we postulate that
the loosely adsorbed chains act as connector molecules, in analogue to the autophobicity of end-
grafted polymers. It should be emphasized that the chain conformation of the connector is polymer

loops. As noted previously** >

, polymer loops at the interface can efficiently entangle with free
polymer chains when the grafting density is small enough, while resulting in favorable adhesion
properties. Furthermore, we can approximate that the loop size of the flattened chains correspond
to Ro%°P where R,°° is the radius of polymer gyration of the loop®®. Based on the critical molecular
weight for entanglement (Ne=173 for P2VP)®!, the critical R,°° is estimated to be 3.6 nm (with
the segment length (a) of 0.68 nm*?) from R,~(N/6)"?a. Although the chain conformation in the
direction normal to the surface is strongly collapsed compared to the bulk R, for polymer

monolayer films, it is reasonable to suggest that the flattened layer, whose thickness is less than

4 nm, is not thick enough for entanglements with free chains in the top layer.
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Figure 4 - 4. The change in the residual thickness of the 22 nm thick P2VP film deposited on P2VP
3 nm-thick equilibrium flattened layer after leaching by chlorobenzene as a function of annealing
time. The “reel-in” process of loosely adsorbed chains as a function of annealing time is depicted
in the inset.

According to Fujii and co-workers, PS films on H-Si substrates should be stable regardless of
film thickness (/) since the second derivative of the interfacial energy with respect to 4 and the
spreading coefficient are positive for all values of 4**. By evidencing the different roles of the
flattened chains (slippery) and the loosely adsorbed chains (non-slippery), we now rationalize the
mechanism of dewetting of the low My, PS thin films on H-Si. When the polymer is spun cast onto
H-Si substrates, the chains are trapped in a non-equilibrium state due to the rapid solvent
evaporation®. It was also found that the initial (non-equilibrium) flattened chains on the substrate
surface emerge during the spin-casting process®> ?’. We reported that subsequent thermal
annealing at T>>T, induces accelerates polymer adsorption onto the substrate surface, resulting in

the equilibrated flattened layer having many loops®®?’. When the polymer chains are short (Mw<
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50 kDa), the formation of the flattened layer on the substrate causes autophobic dewetting at the
free polymer chains/flattened layer interface due to the negative excess interfacial entropy and the
lack of entanglements there. However, when the molecular weight is large enough (i.e. Mw > 123
kDa in the present case), the loosely adsorbed polymer chains (i.e., loosely loops) are developed
at the substrate interface along with the flattened chains (Figure 4-5), acting as connectors to
stabilize the interface through the entanglements with free chains. It is known that irreversibly
adsorbed polymer chains form three types of segment sequences, “trains” (adsorbed segments),
“loops” (sequences of free segments connecting successive trains), and “tails” (non-adsorbed chain
ends)>. According to previous computational results on chain conformations of adsorbed chains
at the polymer melt/solid interface®, the average number of segments belonging to loops increases
(up to ~ 30 %) with increasing N (up to N = 10,000), while that belonging to tails is more dominant
(~ 65%). Dadmun and co-workers reported that such loop conformation at the interface plays an
important role in improving the interfacial adhesion between different phases.’’> Hence, it this
reasonable to deduce that the formation of the loops in the loosely adsorbed polymer layers provide
structures to which free or unbound polymer chains can entangle, effectively improving the film

stability at the solid-polymer melt interfaces.
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Figure 4 - 5. Thicknesses of the residual PS layers after leaching with toluene (lower desorption
energy) or chloroform (higher desorption energy). The original PS films were thermally annealed
at 150 °C for at least 48 h before the leaching process.

4.4 Conclusion

In summary, we have found that when a low M, PS film dewets on a hydrogen passivated
silicon (H-Si) substrate and break into droplet-based cellular patterns, a very thin flattened layer
(~ 2 nm in thickness) in which chains are strongly adsorbed on the solid substrate still wets the
solid substrate upon annealing. This suggest that the dewetting front of PS film is located at the
interface between the matrix chains and the flattened chains and the dewetting mechanism is
similar to that of autophobic dewetting. On the other hand, high My PS films were stable against
dewetting because of the ability to form a loosely adsorbed interfacial sublayer in which chains
act as connector molecules to stabilize the film. The wetting/dewetting of P2VP bilayers on native
SiOx/Si substrate further suggest that the two different types of interfacial layers, i.e. flattened
layer and loosely adsorbed layer, have contrasting roles in thermodynamic stability of polymer

films on solid substrate. These unique features enable us to tune the adhesion property of a solid
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surface selectively by depositing the the flattened layer or loosely adsorbed layer, which has great

potential in the development of coating and antifouling techniques.
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Chapter 5: Polymer interdiffusion between free chains and interlocking loops in CO>
5.1 Introduction

Recently, there has been growing interest in the irreversibly adsorbed polymer layer on planar
solids due to their strong influence on the physical and mechanical properties of polymeric

112 "such as organic photovoltaics'?, organic transistors'?,

materials confined at the nanometer scale
and organic light-emitting diodes'”. The unique feature of the adsorbed chains that is differentiate
from end-grafted polymer chains is loop configurations with N solid-segment contacts'®. It is
expected that the loop conformations at the interface can effectively entangle with matrix polymer

17.18 " resulting in improved surface properties'**. For example, Dadmun and co-workers

chains
have shown that the adhesion between polymer phases can be improved by introducing polymer
loops at the interfaces?’*2. In addition, due to the physical contacts of polymer repeating units with
the solid surface, it has been believed that the adsorbed chains are nearly immobile in air, i.e., no
thermal expansion itself” '*2* 2> and no interdiffusion® with the free chains even at a temperature
far above the bulk glass transition temperature (Tg) of a polymer. Moreover, many studies have
shown the long-range perturbations associated with the “immobile” adsorbed layer in viscosity®,

26-29

chain diffusion®$%°, crystalline structures'® within thin films, which compete against the opposite

effect associated with a surface mobile layer at the air/polymer interface’. It is postulated that

chain entanglements between the loop and free polymer chains in a matrix is responsible for the

934,35

long-range perturbations through the so-called “reduced mobility interface (RMI) layer where

the unadsorbed polymer chains are entropically bound to the loop of the IRA layer via chain

36,37

entanglements and acts as a “transition zone” to ensure continuity in the mobility profile from

the adsorbed layer to the bulk. However, the detailed mechanism behind such a mobility gradient
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within a polymer thin film remains unclear due to experimental difficulties to identify such an

“interphase” within a single polymer thin film.

In this chapter, we aim to understand a mobility gradient associated with the adsorbed layer
within a single polystyrene (PS) thin film by using interdiffusion experiments at the chemically
identical (but labeled) polymer/polymer interface in conjunction with solvent annealing. As
mentioned above, the mobility of the adsorbed layer is nearly null in air (or vacuum) such that
time domains for interdiffusion experimental restricts experimental designs the According to a
previous report by Durning et al.!, irreversibly adsorbed poly(methyl methacrylate) PMMA chains
on quartz substrates swell in a good solvent, resulting in a highly stretched chain structure at the
substrate interface. Here, we utilize CO: as a plasticization agent for PS thin films on planar silicon
(Si) substrates since the swelling behavior and dynamics of supported PS thin films in CO2 have
been reported previously®®#*. It is known that sorption of CO> molecules into polymers plays a
role as a diluent or plasticizer for glassy polymers by significantly lowering the glass transition
temperature (7,) and hence enhancing the chain mobility*>*®. Especially, several research groups
have shown that the excess sorption of CO2 molecules takes place within the narrow temperature
and pressure regimes near the critical point of CO», known as the “density fluctuation ridge”*,
resulting in the anomalous swelling of supported polymer thin films regardless of a choice of
polymers*®#!- 433053 "In addition, it has been shown that the excess sorption of CO, molecules
leads to the excess interdiffusion at the miscible polymer interface®®. To monitor the in-situ
swelling behavior of the adsorbed PS layer and the interdiffusion between the adsorbed h-PS
chains and free d-PS chains in an overlayer, we used a high-pressure neutron reflectivity technique

with a custom-built high-pressure cell*. As a result, we found that the adsorbed PS layer (12-nm

in thickness) swells and interdiffuse (at least at the ridge condition) to some extent in CO,. At the
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same time, we also prepared spin cast h-PS bottom layers with thicknesses of 0.6 Rg, 1R, and 2
Rg in place of the adsorbed layer (0.6 Rg thick) and performed similar interdiffusion experiments
in CO> at the ridge condition. The result is intriguing to illuminate the fact that the diffusion
coefficient for the bottom h-PS spin cast 0.6 Rg thick is identical to that for the adsorbed layer,
while the interdiffusion is significantly suppressed compared to previous results on bilayers of the
top deuterated PS (d-PS) 3Rg thick/bottom h-PS 3 Rg thick film top 3Rg thick film (R is the
radius of polymer gyration). in CO>*°. The NR data reveals that (i) the entire swelling behavior of
the 0.6 Rg thick film and interdiffusion of the there is a transition of the interdiffusion dynamics
at the polymer/polymer interfaces: The interdiffusion for the bilayers composed of the bottom
layers with less than or equal to 2Rg thick is significantly retarded, compared to that composed of
the bottom 3Rg thick h-PS layer. As a comparison, we also prepared bilayers of the same d-PS
3R, thick overlayer on top of the bottom h-PS adsorbed layer (0.6 Rg thick). The NR results
indicate that This indicates that at the polymer-polymer interface can be categorized as the three
different types: (i) overlayer and the free chains which neither adsorb nor entangle with the
adsorbed chains within the bottom spin-cast film; (ii) overlayer and the RMI layer within the

bottom spin-cast film; (iii) overlayer and the bottom spin-cast film that is the adsorbed layer.

5.2 Materials and Methods
5.2.1 Sample Preparation

Si wafers were pre-cleaned using a piranha solution (i.e., a mixture of H>SO4 and H2Oz, caution:
a piranha solution is highly corrosive upon contact with skin or eyes and is an explosion hazard

when mixed with organic chemicals/materials; Extreme care should be taken when handing it) for
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at least 15 min, subsequently rinsed with deionized water thoroughly, and followed by submersion
in an aqueous solution of hydrogen fluoride (HF) to remove a native oxide (SiO») layer. However,
as will be discussed later, we confirmed that a SiO; layer of about 1.3 nm in thickness was
reproduced even just after hydrofluoric acid etching due to atmospheric oxygen and moisture, as
reported previously>*. For the in situ swelling experiments by using NR, a deuterated polystyrene
(d-PS, My, = 676 kDa, My, / My = 1.1, Polymer Source Inc.) adsorbed monolayer was prepared on
hydrogen passivated silicon (H-Si) surfaces (3-inch in diameter). To prepare the adsorbed layer,
we reproduced the established protocol® '?: Approximately a 50 nm-thick spin cast film prepared
on a H-Si substrate as annealed at 150 °C (~ 7z + 50 °C) for long time (typically several days)
under vacuum below 107 Torr; the films were then leached in baths of a fresh good solvent (toluene)
at room temperature until the resultant film thickness remained constant. According to our recent
findings” '2, tuning the leaching conditions allows us to prepare two kinds of PS adsorbed
monolayers on H-Si substrates as the “quasiequilibrium” state™: (i) the “flattened layer” with high-
density and (ii) the “interfacial sublayer” composed of the inner flattened layer and outer “loosely
adsorbed layer” with bulk like density. In this study, we used only the interfacial sublayers to
prevent any artificial effects due to the incomplete surface coverage (~ 70%) of the PS flattened
layer'?. Hereafter we assign the interfacial sublayers as irreversibly adsorbed (IRA) layers unless
otherwise stated. After the leaching process, the adsorbed PS IRA layers were dried in a vacuum
oven to remove any excess solvent trapped in the films and the thickness was measured at room
temperature by using X-ray reflectivity or AutoEL-II ellipsometry (Rudolf Research) before the
NR experiments. The film thickness of the d-PS IRA layer was 12 nm, which corresponds to 0.6

Rg (Rg is the radius of polymer gyration). For purposes of comparison, a spin cast d-PS (Mw=676
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kDa) film with the same thickness (12 nm) as the IRA layer was also prepared for the in situ

swelling experiments.

For the interdiffusion NR experiments, hydrogenated PS (h-PS, 650 kDa, Mw/M,= 1.1, Pressure
Chemical CO.) and five different molecular weights of d-PS (My = 90 kDa, 120 kDa, 334 kDa,
676 kDa, 1323 kDa, Mw/Mn< 1.2, Polymer Source Inc.) were used to prepare bilayer films. Bottom
h-PS IRA layers were prepared using the same protocol described above. The d-PS overlayers,
whose thicknesses were fixed to 3R, were then floated onto the bottom h-PS adsorbed layers from
a bath of deionized water. The resultant bilayer films were dried at 60 °C under vacuum for 24 h
to remove residual solvent and water molecules trapped before the interdiffusion experiments. At
the same time, interdiffusion process for bilayers of top 3Rg-thick d-PS (with different My)
films/bottom spin-cast h-PS (Mw=650 kDa) with different film thicknesses (0.6 Rg, 1 Rg, and 2
Rg-thick) were prepared to focus on the long-range propagation of the IRA layer effect at the
polymer/polymer interface.

5.2.2 In-situ Neutron Reflectivity (NR)

Specular NR measurements were performed on the NG-7 horizontal reflectometer at the
National Institute of Standards and Technology, Center for Neutron Research. The wavelength (4v)
of the neutron beams was 0.47 nm with AAn/Ay = 2.5 %. The details of the high-pressure NR
experiments including the high-pressure cell have been described elsewhere*’. The in situ swelling
experiments were conducted under the isothermal condition (7 = 36 °C) with elevated pressures
up to P =17.5 MPa. The temperature and pressure stabilities during the NR measurements were
within an accuracy of + 0.1°C and + 0.2 %, respectively. The d-PS IRA layer or spin-cast thin
films were exposed to CO» for up to 4 h prior to data acquisition to ensure the equilibrium swelling.
The scattering length density (SLD) of CO,, which varies from 0.0004 x 10* to 2.5x 10 nm™ in
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the pressure range of 0.1 < P < 17.5 MPa at T =36 °C, were calculated based on the density of
CO; obtained by the equation of state®®. The NR data was obtained by successively increasing
pressure and then slowly decreasing pressure. Since the background scattering from a pure CO»

38.40 " \e measured the scattering from the pure

phase increases dramatically near the critical point
fluid phase (i.e., the long-range density fluctuations) for each pressure condition. The NR data
corrected for the background scattering was analyzed by comparing the observed reflectivity
curves with the calculated ones based on model SLD profiles with three fitting parameters for each
layer: film thickness, SLD, and roughness between the layers represented as a Gaussian function®’.
The SLD profiles were subsequently converted into the corresponding polymer volume fraction

profiles. Assuming that the concentration of the mixture is homogenous through the entire film,

the SLD value of the polymer/CO; system is defined by

SLDmix (Z) = SLDpolymer x ¢(Z) + SLDSCF x (1 - ¢(Z)) , (1)

where SLDnmix is the SLD value of the mixture at a distance z from the substrate, SLDpolymer and
SLDscr are the pure component SLDs of the polymer and CO,, respectively, and[J@(z) is the
volume fraction of the polymer at a distance z from the substrate. The density of CO> dissolved in
the polymer was taken to be 0.956 g/cm’ since the molar volume of CO, within the polymer can
be much different from the molar volume of the bulk CO»%®. To ensure conservation of mass, the
volume fraction profiles were calculated such that the same amount of the polymer chains
remained at all solvent concentrations including in the dry state. The interdiffusion experiments
were conducted at the CO; density fluctuation ridge condition (i.e., P = 8.2 MPa at T = 36 °C)
where the interdiffusion process is maximized due to the excess absorption of CO, molecules®.

We confirmed that the interdiffusion process is much slower than the acquisition time (~ 80 min)
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for each NR run. The exposure times used in this study represent the accumulation of the middle

time of the respective experiment after we set the CO2 conditions to the ridge.

5.2.3 X-ray Reflectivity (XR)

To characterize the IRA layers, XR experiments at room temperature were performed at the
X10B and X20A beam lines of the National Synchrotron Light Source, Brookhaven National
Laboratory. The specular reflectivity was measured as a function of the scattering vector in the
perpendicular direction, q, = 4msinf/A, where 6 is the incident angle and A is the x-ray
wavelength (4 = 0.087 nm at X10B and A = 0.118 nm at X20A, which are equivalent to the x-ray
energy of 14.2 keV and 10.5 keV, respectively). The XR data were fit by using a standard
multilayer fitting routine for a dispersion value (8 in the x-ray refractive index) in conjunction with
a Fourier transformation method, a powerful tool to obtain detailed structures for low x-ray

contrast polymer multilayers>® .

5.2.4 Atomic Force Microscopy (AFM) measurements

The surface morphology of IRA layers were studied by using atomic force microscopy (AFM)
(Digital Nanoscope III). A standard tapping mode was conducted in air by using a cantilever with
a spring constant of about 40 N/m and a resonant frequency of about 300 kHz. The scan rate was

1.0 Hz with a scanning density of 256 or 512 lines per frame.

5.3 Results and Discussion

5.3.1 Swelling experiments.
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Figure 5-1 (a) shows representative NR profiles for the d-PS (Mw=676 kDa) IRA layer (12 nm
in thickness) in CO; at four different pressures under the isothermal condition (7 =36 °C): P=0.1
MPa (air), P=5.5 MPa, P = 8.2 MP, and P = 10 MPa. The thickness of the IRA layer, which was
initially 12 nm, slightly increases and reaches to the maximum value of 13 nm at around P = 8.2
MPa, which corresponds to the density fluctuation ridge condition. The linear dilation (St) of the
IRA layer in the direction normal to the surface was then calculated by the equation, S¢= (L-Lo)/Lo,
where L and Lo are the measured thicknesses of the swollen and unswollen IR A layer, respectively.
Figure 5-1 (b) summarizes the pressure dependence of the Sy values. We confirmed that the
repeated pressurization and depressurization processes exhibit the same swelling behavior. As a
comparison, the isothermal swelling curve for the 12-nm thick d-PS (M= 676 kDa) spin cast film
is also plotted in the figure. Hence it is clear that the entire swelling curve including the anomalous
swelling is nearly identical each other, implying that the 0.6 Rg spin-cast film is transformed into
the IRA layer via the CO; annealing. We previously reported that the anomalous swelling of
supported d-PS thin films with the thickness of 1.2 Rg< Lo < 8 Ry at the density fluctuation ridge

is approximated by the exponential function®®,
S (T = 36°C,P = 8.2MPa) = 0.11 + 0.37exp[—0.53Lo/R,] , (2)

However, the observed swelling maximum (Sr= 0.08) for the 0.6 R thick spin-cast film does
not follow the master curve and the excess swelling of the 0.6 R, spin-cast film is significantly

suppressed. While the excess absorption of CO, molecules at the CO»/polymer interface®8#!43-50-

>1.61.62 i5 expected, the polymer chains strongly confined on the

53 and polymer/substrate interfaces
substrate (Lo < Rg) may further increase the segment-solid contacts so as to overcome the
conformational entropy loss in the total free energy®. According to a previous report by Jia and

McCarthy®*, CO interacts with a hydroxyl group on a Si substrate, screening polymer-substrate
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interactions. This would be the case for a weakly interacting system such as polycarbonate
(PC)/CO; system®. However, as they also pointed out, when a strong interaction between a
polymer and Si substrate is present, the screening effect of CO; is not fully achieved. Based on the
Owens-Wendt-Kaelble equation®, the interfacial energy (y) for PS/H-Si is estimated to be 5.5
mJ/m?, which is lower than that for PC/bare Si (y=6.5 mJ/m?) used in Ref. . Hence, it may be
reasonable to suppose that the interaction between PS and H-Si is attractive enough to partially
terminate the screening effect of CO,. We are currently performing NR experiments using different
polymer-substrate systems to provide further insight into the screening effect of CO>. We hence
postulate that the excess absorption of CO; molecules facilitates polymer adsorption on the solid
surface, resulting in the stable polymeric loops on the substrate and inhibiting the chain extension

in the direction normal to the substrate surface.
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Figure 5 - 1. (a) Representative NR profiles for the d-PS (M = 676 kDa) adsorbed layer at the
four different pressures at T = 36 °C. The solid lines correspond to the best-fits to the data.
Comparison between the pressure dependence of the swelling ratio (Sr) of 0.6 Rg-thick adsorbed
layer and 0.6 Rg-thick spin cast film is shown in (b).

The present swelling data is different from in-situ XR experiments of PS thin films in CO»
reported by Gibaud and co-workers. They measured the swelling behavior of about 0.5 Rg and 1.1
Rg thick spin-cast h-PS films on H-Si substrates at P < P. and T=32 °C®’. They showed the
magnitude of the overall swelling of the 0.5 Rg thick film is much larger than that of the 1.1 Rg
thick film. However, it should be also noted that their linear dilation is more than S¢> 1 even at
around P ~ 6MPa, which is way beyond other experimental reports (St~ 0.1) on PS thin films by

using in-situ NR***!-32 or in-situ ellipsometry*® or the bulk behavior®® %°. Motivated by their report,
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we performed ex-situ XR experiments for the 0.6 Rg thick film after the CO- annealing at the ridge
and subsequent rapid quench to air pressure (that allows us to preserve the swollen structure via
vitrification of the PS chains®®). As a result, we found the swelling ratio of S=0.07, which is in
good agreement with the in-situ NR data.

5.3.2 Interdiffusion experiments.

We next focus on the interdiffusion process at the interface between the IRA layer and the
overlayer in CO>. We chose the ridge condition of T =36 °C and P = 8.2 MPa for the interdiffusion
experiments to maximize the plasticization effect of CO,. Figure 5-2 (a) shows representative NR
results for the bilayer composed of the top 3 Rg thick (Lo= 28 nm) d-PS (My = 120 kDa) film and
bottom h-PS (My = 650 kDa) IRA layer at two different exposure times. From the figure we can
see significant changes in the higher order fringes of the NR profiles, indicating the broadening of
the interfacial width between the two layers. It should be emphasized that no-interdiffusion takes
place for a bilayer of the top d-PS bottom and bottom h-PS IRA layer annealed at 170 °C for at
least 3 days®. Based on the best-fits to the data shown in Figure 5-2 (a), the root-mean-square
(RMS) roughness (o) between the two layers were estimated to be 28 + 4 A for 1 h exposure and
41 + 4 A for 15 h exposure, respectively. Figure 5-2 (b) summarizes 6 vs. the CO, exposure time
for different Mw of the top dPS films. Hence, we find that 6 scales linearly with t*°, indicating that
diffusion between the two layers follows the Fickian diffusion’® with an diffusion coefficient (D),
D = ¢°/2t. Hence, we suppose that the observed time domain corresponds to the time after a

reputation time’’.
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Figure 5 - 2. (a) Observed (circles) and calculated (solid lines) NR profiles of the h-PS (Mw = 650
kDa) adsorbed layer / 3 Rg-thick d-PS (My = 120 kDa) bilayer system after CO; exposure for 1 h
(red) and 15 h (blue) at the density fluctuation ridge condition (P = 8.2 MPa and T =36 °C). (b)
Root mean square roughness obtained from the best fits of the NR profiles for the h-PS (Mw = 650
kDa) adsorbed layer / 3 Rg-thick d-PS bilayer systems with five different My of d-PS were plotted
as a function of exposure time. The solid lines corresponds to the best fits based on the Fickian
law, D = orus*/2t.

Figure 5-3 plots the D values as a function of M, of the top d-PS layer on a log-log scale.
Compared to our previous interdiffusion experiments for the bilayers of top 3Rg-thick d-PS films
(composed of 94 kDa < My, < 699 kDa)/bottom 3 Rg-thick h-PS (My = 650 kDa) films*’, the D
values are almost 2 orders of magnitude smaller. In addition, we can see the power law behavior

(D ~ My*) with a ~ -1.120.1 for the bilayers of the top 3 R, -thick d-PS films/bottom h-PS IRA
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layers. This behavior is quite different from the previous results, exhibiting o ~ -2.0+0.1 which is
in agreement with that for entangled polymer melts above T,’’, while the stronger dependence on
molecule weight & = -2.38 has been reported in the self-diffusivity of PS chains in CO; at the off-
ridge condition’!. Intriguingly, we also found that the bilayers of top 3 R,-thick d-PS films (with
the five different My,) /bottom 0.6 Re-thick h-PS (My = 650 kDa) spin-cast films exhibit the nearly
same D values as those of the bilayers of the 3 Rg-thick d-PS film/h-PS IRA layer (Mw = 650 kDa)
in COz (Fig. 3). Thus, these experimental results support that the bottom 0.6 Re-thick h-PS spin-
cast film transforms into the IRA layer via the CO; annealing and retarded the interdiffusion of the

chemically identical bilayer systems.

10

Figure 5 - 3. Molecular weight dependence of the diffusion coefficients, D, obtained from the best
fits based on the time dependent root mean square roughness between the bilayer systems. Here,
the plotted My, corresponds to the molecular weight of the top 3 Re-thick d-PS layers. Three
different bottom h-PS layers with the fixed molecular weight (M,, = 650 kDa) were used: 1) 0.6
Re-thick adsorbed layer (red circles), 2) 0.6 Rq-thick spin cast film (blue circles) and 3) 3 Re-thick
spin cast film (black dots). The data of 3 Ry-thick h-PS / 3 R,-thick d-PS bilayer systems are
reproduced from Ref. 40.
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To further clarify the formation process of the IRA layer via the CO> annealing, we prepared h-
PS (My, = 650 kDa) spin cast films with the original thicknesses of 2.3 Rg (i.e., 50 nm)-thick on
H-Si substrates. The spin-cast films were exposed to CO> at the ridge condition with different
exposure times and subsequently leached with fresh toluene to remove the unadsorbed chains.

Figure 5-4 shows the thickness of the residual layer (h,;) measured by XR as a function of the

CO; annealing time (t;,). From the figure we can see the residual layer exhibits a power-law
growth (h,q & tgoz) with f = 0.7 £ 0.1 at the early stage of the adsorption kinetics before the

crossover time (t, = 2 h), when the substrate surface is fully covered '?, and then transfers into a
sluggish growth during the late stage. At this point, it is not clear whether this sluggish kinetics
follows a logarithmic growth, as seen in the polymer adsorption from the melt '>. We also
confirmed that the overall adsorption kinetics in CO» including t. is almost independent of original
film thickness, implying that the plasticization effect of CO> at the polymer/substrate interface
takes place regardless of the original film thickness, as reported previously®”. In addition, the
resultant residual layer on the H-Si substrate is featureless (i.e., homogenous) after t. based on
AFM measurements (data not shown). Furthermore, as a comparison, we also prepared the
adsorbed layers from the same h-PS (My = 650 kDa) spin cast films (2.3 Rg thick) via thermal
annealing (under vacuum) at T=150 °C. The details of the IRA layer preparation via the thermal
annealing has been described elsewhere'?. The comparison with the thermal annealing process
highlights the following characteristics of the adsorption via the CO» annealing: (i) the much faster
power-law growth at t <t. for the CO annealing (o = 0.30 = 0.05 for the thermal annealing); (ii)
the weaker logarithmic growth for the CO, annealing at t > t¢; (iii) the much thinner thickness of
the “quasiequilibrium” state at t-,, > 72h (8.0 £ 0.3 nm) compared to that formed via the thermal

annealing (12.5 + 0.3 nm). These differences are related to the combined plasticization effect of
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COy** 2% and screening effect® at the polymer/CO, interface: The CO, molecules would not only
enhance the chain mobility but prompts some detachments of the surface-segment contacts. As a
result, the desorption energy of the adsorbed chains, which is proportional to the number of
segment-solid contacts’?, decreases after the CO, annealing, resulting in further reduced film
thickness of the CO annealed IRA layer even with the same toluene leaching. Consequently, the
CO; annealing also induces a similar mobility gradient within the spin-cast film to that reported in
thermally annealed films® ?’: the long-range perturbations within PS thin films on H-Si substrates

persists up to 6-10 R, from the substrate interface under vacuum.
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Figure 5 - 4. Comparison of the growth of PS (My = 650 kDa) adsorbed layer as a function of time
via CO; annealing at density fluctuation ridge condition (P = 8.2 MPa and T = 36 °C) (red circle)
and thermal annealing at T = 150 °C (blue circle). The dotted lines and the solid lines correspond
to the best-fits of the first stage power-law growth and the second stage logarithmic growth,

respectively. The crossover times from the power-law growth to logarithmic growth for the
adsorbed layers are indicated in the arrows.

In order to determine the critical threshold below which the long-range perturbations exist in

the swollen PS/CO, film, we also prepared two additional bilayers composed of the same top 3

116



Rg-thick d-PS (Mw = 333 kDa) overlayers on top of the bottom h-PS (M, = 650 kDa) spin-cast
films with thickness ranging from 1 to 4 Re-thick. The D values for these bilayers determined by
NR are plotted in Figure 5-5 as a function of the scaled original film thickness of the bottom films
by R,. From the figure we can see that the D values gradually increase with increasing the scaled
film thickness and a sharp transition occurs between 2R, and 3R,. Hence, it is clear that the long-
range perturbations is significantly “diluted” by the presence of CO> compared to those in
air/vacuum such that the results at the polymer/polymer interface distanced the 3 Ry from the
substrate surface more closely approximated by the behavior expected for reptating polymer chains.
This may be explained by the present finding that the chain entanglements between the loop and
entropically bound chains (the reduced mobility interface) is weakened or loosened by the presence
of COz. At this point, we cannot conclude that this phenomenon is specific to the CO; annealing at
the ridge condition. Further interdiffusion experiments at off-ridge CO: conditions or using
different supercritical fluids such as ethane, where similar anomalous swelling related to the
density fluctuations occurs®?, or organic solvent vapors” need to be done. In addition, high-
pressure CO> NR studies on other factors (including solid-segment interactions, chain stiffness,
molecular weights, polymer-CO- interactions) contributing to the long-range perturbations will

deserve future work.
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Figure 5 - 5. Estimated diffusion coefficient, D, as a function of the bottom h-PS ((Myw = 650 kDa)
layer thickness normalized on the radius of gyration, R, of the polymer. The top d-PS (Mw = 333
kDa) layers were fixed with a thickness in the order of 3 R,.

As discussed above, the diffusion coefficient of d-PS chains across the h-PS IRA layer appeared
to approximately scale with inverse molecular weight, in contrast to the well-known scaling in the
bulk (D o< N~2) or reported self-diffusivity of PS chains in concentrated solutions of organic
solvents’* 7> or CO,’!. While the power law exponent is comparable to that of the bead-friction
controlled Rouse behavior’®, the facts that (i) all of the polymer systems examined here exceed the
entanglement molecular weight of PS swollen by a low molecular weight solvent (i.e., M. =
18,000/c, where c is the PS concentration (~ 90%) in the present study based on the NR) and (ii)
Fickian diffusion behavior is observed within the experimental time domains (Fig. 2(b)) may rule
out the possibility’’. At the same time, it should be emphasized that the loop conformations of the
adsorbed chains are quite different from what they would be in the melt of two miscible polymers.
To the best of our knowledge, there are no reports on interdiffusion between polymeric loops and
free polymer chains under a mutual enthalpic attraction is involved in the presence of a third

component. Zheng and co-workers has previously reported similar significant suppression in D
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(about 2 orders of magnitude smaller than the bulk) and a deviation of the power law from the bulk
(D ~ M%) near an attractive substrate interface without solvent molecules*® %7, They proposed
that this unusual scaling behavior can be still explained by the reptation theory’® by considering
monomer-solid contacts (~ N'? per chain) that restrict the chain mobility near the interface and
modify the friction force from the bulk. This model may be applicable here with the fact that N'?
contacts are characteristic of the PS IRA layers prepared on H-Si°. However, there is still a slight
discrepancy in the exponent. It is also interesting to point out that simulation results showed the
lateral diffusion coefficient (D) of isolated polymer chains adsorbed on a surface is scaled as Dy
~ N with and without the presence of solvent molecules’®®’. Experimentally, adsorbed DNA
diffusion on cationic phospholipid bilayers in the fluid phase showed the same N'! dependences®’.
Since the film thickness of the IRA layer is less than Rg, further interdiffusion experiments under
other solvent vapors are needed to clarify whether the N''!' dependence is rather general for

interdiffusion between the polymeric loops and free chains.

5.4 Conclusion

We have revealed the effect of CO> annealing on not only the swelling and interdiffusion of
irreversibly adsorbed PS chains on Si substrates but also the polymer adsorption in the solvent. In-
situ neutron reflectivity experiments have elucidated that the PS adsorbed layer with 0.6 Rg in
thickness swell, but the magnitude of the swelling is strongly suppressed compared to the thicker
(3 Rg-thick) films. The swollen adsorbed chains allow interdiffusion with the free chains in CO»,
but the diffusion coefficient is much smaller than the bulk and the power law of D vs. My, shows
the unusual exponent of -1.1. We also found that the spin-cast film with the same film thickness

(0.6 Rg) as the adsorbed layer have the nearly identical swelling and interdiffusion behavior. On
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the other hand, the CO; induced plasticization effect facilitates the formation of the adsorbed layer
at the solid-polymer interface. We also found the long-range pertubation of the adsorbed layer can
propagate towards the film interior with a distance of at least 2 Rg from the substrate in the
presence of COa, resulting in a heterogeneous diffusion rate near the substrate interface.
Considering the thickness of the adsorbed layer is only 0.6 Rg in CO», the long range propagation
clearly demonstrate that there is a reduced mobility interface (RMI) layer in which the chains are
not in direct contact with the substrate but are connected with the adsorbed chains through
entanglement. As a result, the mobility of these “indirect adsorbed” chains is gradually increased
as getting father from the substrate, but is still about 10 times slower that the free chains. These
findings of the adsorbed layer in the presence of CO; are of great importance to gain more direct
insight into the heterogeneous dynamics of thin polymer films on a solid substrate. Furthermore,
the COz—induced plasticization effect on the polymer adsorption from the melt can be used an
alternative and more effective method to replace the energy consuming thermal annealing

treatment.
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Chapter 6: New insight into the architectures and dynamics of macromolecules bound to

nanoparticles

6.1 Introduction

Polymer nanocomposites have been of great interest to the broad materials community for at
least the last three decades'. The addition of nanoparticles (to polymers affects the overall
rheological and mechanical properties mainly due to the creation of the nanometer-size “bound
polymer layer (BPL)” at the particle surface’™. The most thorough experimental and theoretical
studies on BPLs have been carried out for carbon black (CB)-filled rubber systems®!%. A few
nanometer-thick bound layer (BPL) is typically formed on the CB surface due to a complex
combination of physical adsorption, chemi-adsorption and mechanical interlocking and is thus
resistant to dissolution even in a good solvent '!. There seems to be consensus that the thickness
of BPL in various polymer nanocomposites is between 1—4 nm'*'®, In theory, the interactions of
polymer chains with the particle surfaces restrict the molecular motion, which correlates with
increased resistance to the mechanical deformation (i.e., stiffening), as compared to free polymers
that locates away from the particle interface !”. This was indicated by previous Nuclear Magnetic

Resonance (NMR) spectroscopy experiments '8!

and the particle-particle and the particle-matrix
interactions further control the properties of the BPL. In spite of their importance, the formation
and optimization of the BPL is still based on empirical know-how strategies %2, since the actual
mechanism remain unsolved 2" ?*, mainly due to experimental difficulties to gain the chain
statistics of bound polymer chains separately from those of free chains in bulk. Furthermore, not
all polymer-filler mixtures show m echanical enhancements, raising questions about the length

scale over which bound polymer chains interact (entangle) with free chains in a matrix,

propagating the structural and dynamical perturbations of the BPL into the film interior.
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In this chapter, we report the unique nano-architectures and nanosecond dynamics of the polymer
chains bound to CB fillers that would be the origin of the bulk reinforcement property. While the

2426 3 modern

CB fillers typically have large size distributions and fused, aggregated structures
methodology of neutron scattering techniques with the use of deuterated labeling enables us to
highlight the BPL alone. The small-angle neutron scattering (SANS) experiments have revealed
that the BPL is composed of the two different density regions with the solvent in the direction
normal to the filler surface: the inner unswollen region (~1 nm in thickness) even in a good solvent,
and the outer mobile region, which swells to a great extent, show a parabolic concentration profile,
as seen in an end-grafted polymer brush in a good solvent ?’. Furthermore, the neutron spin echo
(NSE) experiments, which has the highest energy contrast resolution in quasi-elastic neutron
scattering and allows us to study the dynamics of mesoscopic objects®®, have shown the collective
dynamics of the swollen bound chains on the nanosecond time scale, the so-called the breathing
mode *. We also found that the collective dynamics of the BPL becomes much faster when the
BPL is composed of the same polymer, but larger My. This is attributed to an increase in the
fraction of polymer loops in the BPL, resulting in more rigid nature of the chains. Hence, the

experimental evidences provide new insight into the (microscopic) structure- (reinforcement)

property relationship, leading to a great impact to the practical uses as industry relevant materials.

6.2 Materials and Methods
6.2.1 Sample Preparation

The mean radius of the CB filler ( Rg,,) used in this study was determined to be 40 nm from

transmission electron microscopy (TEM) experiments. The density of the CB filler was 1.8 g/cm’.
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The polymer used in this study was monodisperse hydrogenated polybutadiene (h-PB) (weight-
average molecular weight (My) =39,500, polydispersity (Mw/Mn) =1.04, Polymer Sources). The
BPL on the CB filler was prepared as follows: The CB filler was compounded into the h-PB by
using a Banbury mixer, heated to 7= 150 °C for 10 min. The CB/h-PB compound was then cut
into small pieces and loosely packed in a cage with 200 mesh size. The cage was immersed in a
sufficiently large amount of toluene to remove soluble polymer components. The solvent leaching
was carried out at room temperature for 72 h until the weight of the CB filler coated with the
insoluble rubber (i.e., BPL) remain unchanged. The insoluble rubber component including CB was
dried at room temperature for 3 days under vacuum. Based on the TEM data, as shown in Figure
6-1, we confirmed the presence of the BRL with the thickness of 4.5 nm + 0.5 on the CB filler
surfaces. Hereafter we assign the CB fillers with the BPL layer as “BRL-coated CB”. To label the
BPL for SANS and NSE experiments, deuterated toluene (d-toluene, degree of deuteration of
99.8%, Cambridge Isotope Laboratories, Inc., MA), whose scattering length density (SLD-toluene =
5.7x10*nm) is nearly identical to that of CB (SLDcg= 6.0x10*nm), was used. The BPL-coated
CB fillers were then dispersed in d-toluene (the volume fraction of the CB fillers (¢) was fixed to
1.8 %) using an ultrasonic cleaner. The concentration was chosen to prevent further aggregation
of the CB fillers and increase the scattering intensity. We confirmed that the BPL-coated CB

fillers were stable in d-toluene for at least 30 days (i.e., no precipitation).
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/7
50 nm

Figure 6 - 1. Transmission electron microscope image of the bound hydrogenated polybutadiene
(h-PB) layers on carbon black (CB) fillers in a dry state.

6.2.2 Small Angle Neutron Scattering (SANS) and Neutron Spin Echo (NSE)

Small angle neutron scattering (SANS) and neutron spin echo (NSE) experiments were
performed at the National Institute of Standards and Technology (NIST) Center for Neutron
Research (NCNR). The details of the SANS and NSE experiments have been described
elsewhere®®. The BPL-coated CB/d-toluene solutions were filled in custom-made titanium cells
with quartz windows available at NCNR for SANS and NSE experiments. The temperature was
controlled by using a water circulation bath system at 25, 50, and 70 °C with accuracy better than
0.1°C. To insure the equilibrium of the systems at the given temperatures, we waited for 1 h prior

to the SANS and NSE measurements.

6.3 Results and Discussions

Figure 6-2 (a) shows representative SANS profile from the BPL-coated CB in d-toluene at t =
25 °C. SANS profiles were measured as a function of the scattering vector, g = (4nsind)/A, where

6 is the incident angle and 4 is the neutron wavelength (4 = 0.47 nm). Since distinct scattering
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maxima from a core-shell type form factor were not clearly observed, we instead utilized the
Beaucage unified equation’' for hierarchical structural analysis of nanoparticles by further

considering an interfacial width (o) between the BPL-coated CB and d-toluene®?:
1(q)= Aq™" + Bexp(=q°R, 4, / 3)+ C[{erf (qR, 4 IN6Y 14V exp(-0°q"), (1)

where Rgpr is the radius of gyration of the entire BPL-coated CB fillers, and a, f, 4, B, C are
numerical constants. The ¢ value of 5.3 nm was used based on a previous experimental result on
the poly(styrene-ran-butadiene) (SBS) BPL formed on CB fillers in toluene*?. The best-fit to the
data (the dotted line in Figure 6-2(a)) at the low-g region gave us the Rgpr value of 57 £ 1 nm. At
the same time, the bare CB fillers (without the BPL) dispersed into d-toluene was characterized by
using small-angle x-ray scattering (SAXS) at the beamline x27C, National Synchrotron Light
Source (Upton). The same analysis using eq. (1) (without the interfacial contribution)

demonstrated that the radius of gyration (RgcB) of the pure CB fillers was determined to be 49 +1
nm, which is 1.6 times larger than that of the primary CB particles (RgtEMm= +/(3/5R,;,=31 nm).
Based on the volume consideration, it is reasonable to deduce that about 4 (=(R, o,/ R, 1;,)”) CB

primary particles are fused together into the “dispersible unit” that are the fundamental unit of the
CB fillers >* . The total thickness of the bound rubber layer (/gr) is therefore estimated to be 8
nm from /gr = Ry Br - Rg,c. This result indicates that the BPL (the thickness in the dry state is about
5 nm) swells in the good solvent, as previous reported®?. Note that no significant temperature

dependence of the structures was observed.

131



llllllll T LI B B T T

1000 oo
100

10

1 (cm_l)

01 (a .
1 lllllll 1 1 I‘llllll

0.01 -1 0.1
q

10 I T I T I

0.01

0.1 0.2 0.3
qA™

Figure 6 - 2. (a): SANS profile of the BPL (Mw = 39.5kDa)-coated CB in d-toluene at 25 °C. In
the inset, the schematic view of the two different chain conformations is shown. (b): SANS profile
after subtraction of the filler scattering expressed by eq. (1). The solid lines correspond to the
calculated scattering profiles based on the volume fraction profile shown in the inset.

Another important feature of the SANS profile is the excess scattering at the high ¢ region (i.e.,
the deviation from eq. 1). This implies the presence of a shorter length scale concentration
fluctuation in the BPL. Figure 6-2 (b) shows the excess scattering (indicated in circles) after
subtraction of the scattering component expressed by eq. (1) from the observed SANS data. In
order to further analyze the data, two assumptions were made: (i) the CB fillers were approximated
as a “planar” geometry since the size of the CB dispersible unit by far exceeds the BPL thickness;
(i) the swollen PBL has the following volume fraction profile @(z), as predicted by the self-

consistent mean-field theory for a end-grafted polymer chain in a good solvent *3:
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S[1—-(z/L)], z<L
0, z>L

#(z) = 2)
where ¢o is the polymer volume fraction at z = 0 (i.e., the substrate surface), L is the cut-off
thickness of the swollen BPL layer. The static scattering function S(g) from the BPL is then given

by
S(q)=F(q) = { _T #(2) eXP(iqZ)dZ} , 3)

where F{(q) is the scattering amplitude of the BPL. In addition, a tail was also introduced to fit the
data by convoluting eq. (3) with a normalized Gaussian function *’. As shown in Figure 6-2 (b),
the calculated scattering function (indicated in blue) based on the volume fraction model (the blue

line shown in the inset of Figure 6-2 (b)) is inappropriate to describe the experimental result.
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Instead, motivated by previous experimental > and computational ** results, a two-layer structural
model (shown in the inset of Figure 6-2 (a)) with the inclusion of a very thin less swollen adsorbed
layer next to the filler surface was examined. As a result, it was found that the fitting result based
on the two-layer model (the red line shown in the inset of Figure 6-2 (b) could fit the experimental

data satisfactorily (the red line in Figure 6-2 (b)), while further consideration of a polydispersity

of the BPL thickness is needed to explain the absence of fringes of the observed excess scattering
profile. The fitting results indicate that the inner region of 0.7 nm in thickness does not contain the
solvent, while the polymer chains in the outer region are expanded parabolically (the inset of
Figure 6-2 (b)). In addition, this picture is reminiscent of the picture developed for polymer

35,36

adsorption from melts onto planer substrates , as schematically shown in the inset of Figure 6-

2(a): polymer molecules arriving first on the surface are adsorbed with a flat conformation,
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forming the inner high-density region, while late-coming chains, which find less free surface areas,
adsorb loosely onto the substrate, developing the outer bulk-like density region. It should be noted
that it is not straightforward for the presence study to quantify the density of the inner flattened
layer since the neutron scattering contrast between the two layers is also developed due to the

difference in the swelling ratio.

Next, we aim to investigate the dynamics of the bound polymer chains by using NSE. Figure 6-
3 shows representative NSE data for the BPL-coated CB in d-toluene at 50 °C. I(q,t)/1(g,0)
corresponds to the normalized intermediate scattering function, i.e., the dynamic structure factor.
From the figure we can see that even at the largest ¢ value (¢=1.52 nm™ '), the scattering functions
are not fully relaxed at the Fourier times of up to 20 ns. This plateau-like behavior might suggest
the presence of an immobile polymer layer near the CB surface, as reported by NMR
experiments'®2°. However, the NSE data clearly shows that the plateau depends on ¢, indicating

that the polymer chains are still mobile in the solvent®’

. Hence, the overall dynamic structure factor
including the tail at long decay times can’t be explained by the polymer (segmental) chain
dynamics in a solvent, such as the Zimm model ** and Rouse model *°. Rather, we postulate that
the dynamics is attributed to collective motions of the adsorbed polymer chains***?. On the
theoretical side, de Gennes elucidated the collective relaxation processes of physically adsorbed
polymer chains in a good solvent, i.e., the breathing longitudinal mode *°. From the experimental
point of view, collective dynamics of end-grafted polymer chains in a good solvent has been
observed by using scattering techniques***?. The typical feature of the collective motions is the

fast and slow decays in the dynamic structure factor, as observed in Figure 6-3. Motivated by these

results, we analyzed the NSE data.

134



10 IIIII 1 1 IIIIIII 1 1 IIIIIII

1(q,t)/1(q,0)

0.4 q=0.484 nm’”

q=0.677 nm”"
O q=0.846nm" % %
021 q=1.52 nm’
L1l II L L | I | I L L | I | II
0.1 1 10
time (ns)

Figure 6 - 3. Dynamic structure factor from the BPL (Mw=39.5 kDa)-coated CB in d-toluene at
50°C. The solid lines correspond to the best-fits of the single exponential function (eq.4) with
D=1.6x10° (cm?/s) to the data.

Firstly, Fytas and co-workers analyzed the fast-mode of the dynamic structure factor as an

isotropic diffusive component**:

Iat) _ _ — P A2
a0 = &XPL=T(@t] = exp[-Dq°t] (4)

where I'(q) is the relaxation rate and D is a diffusion constant. Based on the best-fits to the data
(solid lines in Figure 6-3), we obtained D = 1.6 x 10"® cm?/s at 50 °C. This value is the same order
of magnitude of the one reported for a PS brush (My=160 kDa) on a planar glass substrate in
toluene (D = 1.3 x 10 cm?/s at 20 °C)*. Hence, as for end-grafted chains in a solvent ** % we
can see the intrinsic property of the collective dynamics in the BPL as well. Note that the D value
of the CB dispersible unit in toluene (¢=1.8 %) was estimated to be 0.1 x 10 cm?/s based on

dynamic light scattering experiments such that the contribution can be negligible within the time

135



domain used in this study. To further provide insight into the collective dynamics, we prepared
BPL with a higher My, h-PB (My=436 kDa, Mw/M,=2.5) on the same CB filler. Based on TEM
and SANS experiments, we found that the thicknesses of the BPL were determined to be 7.0 + 0.5
nm in air and 11.0 = 0.5 nm in toluene, respectively. As shown in supplementary information®,
1(q,1)/1(g,0) for the BPL (M=436 kDa)-coated CB in d-toluene also display a fast cooperative
diffusion component and a slow contribution with a non-exponential shape. Using eq. (4), the D
value is determined to be 27.6 x 10 cm?/s at 50 °C, which is more than one of magnitude larger
than that of the BPL (My=39.5 kDa) coated CB at 50 °C. This trend is opposed to the theoretical

scaling (including the hydrodynamic interactions) for end-grafted polymer brushes “¢:
[(q) xo™'N73, (5)

where ¢ is the grafting density that increases with increasing N for an adsorbed layer since the
number of the chain/segment contact points scale as N2 *7. We postulate that this unusual
dynamics is attributed to the formation of “loops” in the bound chains. It is known that irreversibly
adsorbed polymer chains form three types of segment sequences, “trains” (adsorbed segments),
“loops” (sequences of free segments connecting successive trains), and “tails” (non-adsorbed chain
ends) *3. According to previous computational results on chain conformations of adsorbed chains
at the polymer melt/solid interface *°, the average number of segments belonging to loops increases
(up to ~ 30 %) with increasing N (up to N = 10,000), while that belonging to tails is more dominant
(~ 65%). Patton and co-workers studied the formation process of polymer loops by using telechelic
polystyrene prepared on planar surfaces®. They reported that the loops (i.e., doubly-bound chains)
are less stretched and occupy more lateral space compared to end-grafted polymer brushes (i.e.,
singly-bound chains). Moreover, they evidenced that the presence of the polymer loops on the film

surface imparts a more rigid structure to the adsorbed layer, while a polymer brush behaves more
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viscoelastic nature owing to a large number of flexible and random tails. As described above, the
swelling ratio (in the direction normal to the surface, Sr) of the BPL composed of the lower My, PB
(Mw=38 kDa) is slightly larger (S=1.75) than that of the BPL composed of the higher My PB
(My=436 kDa, S=1.57). This suggests an increase in the fraction of the loop components in the
BPL composed of the high My, PB, as the theoretical calculation was predicted*’. Hence, we may
conclude that the faster collective dynamics of the BPL composed of the higher My, PB is attributed

to the more rigid nature compared to the BPL composed of the lower My PB.

Finally, we also discuss the slower decays in the dynamic structure factor. By using NSE, Richer
and co-workers demonstrated a collective dynamic response (i.e., breathing mode) of end-grafted
polymers on the surface of a spherical polymer core in a good solvent *°. We hence simulated the
dynamic structure factor originated from the breathing mode based on the de Gennes’s theory®.
In the original theory, the equation of local displacement u of tethered chains along the normal

direction z of the surface (i.e., for the breathing mode) is given by

u)_nou

o) e ©

o
a—ZkE(Z)

where E, 5 and ¢ are the osmotic compressibility, the viscosity, and the correlation length that is

34 51

related to the concentration through ¢ ¢ , respectively. Using the concentration profile®” as

well as the scaling relation®' for semidilute solutions, one gets the following relations; & oz and

E(z)ck,[T/z'. As for the time decay, Eq. (9) has a solution of a simple exponential:

u(t)y=u,(z)exp(-t/,). (7)

In addition, due to the boundary conditions, Eq. (9) is a Sturm—Liouville boundary value problem
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with eigenvalues 1/1, and eigen functions un(z) for the displacement. Furthermore, according to
Richter et al.*’, the influence of the plane parallel modulation is considered only for the eigenvalue

such that the intermediate scattering function is finally given by

2

1(q,t)/1(q,0) o Z[<aj,>4n(2z +1) T J, (qr)[Zur’ncr + (ur’nc)'rz]dr exp(—t /A )] (8)

with <a:‘l>: vk, T /mk,, , where y is a numerical constant and ji(gr) is a spherical Bessel function
of order /.

S(q) obtained from the SANS results and the following parameters (E|, y) were used to calculate
1(q,t)/I(q,0). As shown in Figure 6-4, a reasonable fit to the data including the slower decay was
obtained with the following parameters Eo=0.75, y = 0.016. It should be noted that the breathing
dynamics is attributed to the average dynamics of the swollen tail and loop parts of the outer
loosely adsorbed chains in the BPL, while the dynamics of the unswollen flattened chains would
be too slow to see within the time resolution windows of the NSE. At this point, it is not
straightforward to extract the dynamics of the loops from the NSE data. Further NSE experiments
using telechelic polymer chains on nanoparticles surface in solvents as well as polymer melts

deserve future work.
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Figure 6 - 4. Dynamic structure factor from the BPL (Mw=436 kDa)-coated CB in d-toluene at
50°C. The solid lines correspond to the best-fits based on eq. (8) with Eo=0.75, y = 0.016 to the
data.

6.4 Conclusion

In summary, we have revealed the unique nano-architectures and corresponding dynamics of
the polymer chains strongly adsorbed on nanofiller surfaces. The SANS experiments in toluene
demonstrate the presence of the two different chain conformations on the CB surface. In addition,
the NSE results reveal the collective dynamics of the outer loosely adsorbed chains, while the
dynamics of the inner unswollen flattened chains are too slow to detect the dynamics within the
experimental resolution. Furthermore, we found that the collective dynamics is accelerated when
the chain lengths increase, in contrast to the theoretical prediction for end-grafted polymer chain
46 'We postulate that this unique characteristic is originated from the presence of loops in the
adsorbed chains, which imparts more rigid nature to the adsorbed layer compared to end-grafted

polymer chains composed of a large number of flexible and random tails’. The present
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experimental results indicate that the preparation of polymeric systems capable of binding to a
solid surface at multiple sites are crucial in the new design and development of polymer

nanocomposites superior to traditional singly-bound polymeric structures.
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