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ABSTRACT

High molecular mass polymer-grafted nanoparticles (PGNPs) have attracted
significant attention in the past few decades with the potential to design next-
generation polymer nanocomposites with enhanced optical and mechanical properties
and thermal stabilities. A critical requirement for these new nanoparticles and their
associated applications is the control of their morphology and the dispersion in the
system. However, subsequent studies have demonstrated that the mobilities of the high
molecular mass PGNPs decrease significantly, which leads to poor or no control over
their phase morphologies. In this study, we aim to overcome this scientific problem
and control the spatial organization of those materials via the interactions between the
grafted polymer layer and the polymer matrix in both smooth and nanopatterned films.
We firstly investigate a binary high molecular mass PGNPs blends using a direct
immersion annealing method (DIA) that allows for facile tuning of the PGNPs phase
boundary, phase separation kinetics, and the ultimate scale of phase separation after a
sufficient ‘aging’ time. We show that the phase morphologies could be readily
switched between phase-separated and homogenous state by changing the
thermodynamic conditions of DIA solution quality. To overcome the low-mobility
problem and exert the exquisite control over the distribution of high molecular mass
PGNPs in a nanopatterned film, we developed a solvent vapor annealing soft
lithography (SVA-SL) method. We revealed that the minimization of the entropic free
energy from the topographic nanoimprint patterning along with the increased
mobilities from solvent vapor drives the high molecular mass PGNPs to the ‘mesa’

region of nanopatterned films. Furthermore, reversible partitioning (selective vs. no
Vi



partitioning) in a nanopatterned film can be facilely achieved by introducing the
enthalpic interactions into the system. Both the SVA-SL processing method and the
reversible partitioning via tunning the interaction parameter is important. It allows for
facile imprint patterning of PGNP materials and large-scale organization of the
“sluggish” high molecular mass PGNPs. These approaches, along with the DIA
method to control the morphologies of smooth film, have great potential to design the
nanocomposite films with enhanced thermo-mechanical property of the resulting

films, and a corresponding extended range of potential nanotech applications.
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. INTRODUCTION

During the last several decades, scientists have revealed that polymer can be
used to develop multifunctional soft materials by adding nanoparticles into it.%? This
blend system is usually referred to as polymer nanocomposites (PNC).® By adding
only a small amount of nanoparticles, the polymer matrices can acquire enhanced
mechanical properties,*” enhanced thermal stabilities,®® electric conductivity,’® and
better permeability and selectivity for filtration,'* which is due to the larger interfacial
area and the synergistic interactions between the nanoparticles and the polymer
matrix.® The distribution of nanoparticles in the PNC film plays the vital role in
controlling the overall properties. For example, a well-mixed/miscible state of
nanoparticles in polymer matrix is required for uniformly enhanced mechanical
properties. However, due to the van der Waals attraction and the larger surface area,
the nanoparticles tend to aggregate and form clusters within the film, which brings

non-uniformity to the whole system.>6:12

How to enhance the miscibility and control the phase morphologies of
nanoparticles in the polymer matrix? One of the efficient ways is by directly grafting
the polymer chains onto it. The morphology of nanoparticles can then be tuned from
both the enthalpic and entropic interactions of grafted polymer chains and the polymer
matrix. This kind of material is named as polymer-grafted nanoparticles (PGNPs).*
With the development of surface initiated controlled radical polymerization (SI-
CRP),**" researchers have synthesized PGNPs with the variation of grafting density,

chain length, and the composition of the grafted polymer chains, which helps them



successfully incorporated the PGNPs into different kinds of polymer matrix with well-
controlled morphologies, including block copolymers,'8® homopolymer,22®2 and

another type of PGNPs.?42°

In this dissertation, we are specially interested in high molecular mass PGNPs,
which has great potential to design next-generation polymer nanocomposites with
enhanced mechanical properties and thermal stabilities of nanopatterned surfaces due
to the strong entanglement between the grafted polymer chains and the matrix.
However, subsequent studies have demonstrated that the mobilities of the high
molecular mass PGNPs decrease significantly due to the °‘solid-like’ ‘jammed
state’,227 which brings difficulties in processing this material and controlling the

morphologies of it for advanced applications.

The objective of the current work is then to understand the phase behaviors of
binary high molecular mass PGNPs blends and to develop the facile method to control
the morphologies of it in both smooth and patterned films. Generally, the PGNPs
studied in this dissertation are densely grafted, where the interaction between the inner
nanoparticle core is “blocked” from the grafted polymer chains. The phase behavior is
then governed only by the interactions between the grafted polymer chains and the

polymer matrix.

In Chapter 11, a literature review about the background of the PGNPs system is
provided. We firstly cover the application of (polymer-grafted) nanoparticles and the
relationship between the morphologies and the properties. We then introduce the

structures of PGNPs and how does it influence the dispersion of the PGNPs in the
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polymer matrix. To have a fundamental understanding of the phase behaviors, we
introduce the thermodynamics and kinetics of homopolymer blends phase separation
and relate it to the system with PGNPs. In the last part of Chapter II, we provide
detailed review about the strategies to have controlled dispersion of
nanoparticles/PGNPs in the polymer matrix, including both “External-in” and
“Internal-out” method. In Chapter III, we firstly start with a scientific problem that the
binary high molecular mass PGNPs doesn’t show any morphology development
compared to the as-cast film via thermal annealing due to the lack of mobility. We
introduce a solvent assisted method called direct immersion annealing (DIA) to solve
this problem. More interestingly, by changing the solvent of DIA mixtures, we achieve
reversible phase behavior between phase-separated and homogenous state of those
PGNPs blends. To have a solid understanding of the phase behavior, we investigated
both the thermodynamics and kinetics of the DIA induced phase separation. The
thermodynamic is studied using the Flory-Huggins interaction parameter y, while the
Kinetic is investigated by comparing the exponent of the power-law to the parent
homopolymer blends. We then extend our investigation of the phase behavior of
binary PGNPs blends to nanopatterned films (Chapter IV and V). Previous studies
from our group revealed that the thermal annealing induced topographic soft-pattern
confinement (TA-SL) can be used to selectively control the distribution of low
molecular mass PGNPs in the chemically identical homopolymer matrix. In Chapter
IV, we firstly reveal that the TA-SL can no longer induce the selective segregation of
high molecular mass PGNPs in a chemically identical but smaller-sized PGNPs matrix.

We develop a solvent vapor annealing soft lithography (SVA-SL) method to overcome

3



this scientific processing difficulty. The extension of selective partitioning is
quantified using a partitioning parameter K,, and the driving force for the selective
ordering of the larger-sized PGNPs in nanopatterned films is elucidated with the
variation of the molecular mass for the PGNPs and the initial film thickness before
patterning. With a better understanding of the chemically identical system from
Chapter 1V, we investigate the phase behavior of high molecular mass PGNPs in a
chemically dissimilar polymer matrix under topographic nanopattern confinement in
Chapter V. We reveal that a reversible distribution between selective and no
partitioning can be achieved by varying the TA-SL annealing temperature above and
below the lower-critical solution temperature (LCST). Thermodynamic driving force
for the reversible nanoimprinting-directed assembly is elucidated. Chapter VI provides

a summary of my Ph.D. research.



Il. BACKGROUND AND LITERATURE REVIEW

2.1 Nanoparticles and Their Applications
Nanoparticles (NPs) are a kind of small materials with sizes ranging from < 10

nm to hundreds of nanometers. Due to the recent advancement in synthesis, it can vary
with different shapes (spherical NPs, rods, and platelets) and materials (metallic,
quantum dots, metal oxide, and carbon-based materials). As the size of it is in the
nanometer scale, it holds very interesting properties. For example, the 11-VI group
quantum dots are well-known for its high quantum efficiencies, which has been used
as photovoltaics or light-emitting devices.?®?° The magnetic nanowires have been

reported to make the field-effect transistors.*

Another important way to utilize NPs is to use it as additives to other materials.
Most of the time, it is added to bulk matrix with different chemistry or structures. This
type of blends is referred to as nanocomposites.>3! The most widely used
nanocomposite can be find in the polymer industry, where the nanoparticles are added
into polymer matrix to alter the properties of the polymers for different applications.
This type of blends is called polymer nanocomposites (PNCs). As early as the 1900’s,
the polymer scientists have found that adding zinc oxide and carbon black to rubber
can increase the mechanical properties of it, which help increase the durability of
tires.®2 In the membrane area, scientists have developed a system called “mixed matrix
membranes”, where the addition of inert nanofillers have been proved to increase both
permeability and selectivity of the filtration due to the modification of system free
volume from the NPs.!! Adding nanoparticles to polymer matrix can also totally

change the properties of it. For example, researchers found that adding conductive
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NPs, like carbon nanotubes (CNT) or graphene, can increase the conductivity of the
polymer film to make it high enough for electrostatic discharge and electromagnetic
interference shielding.®® Other applications include sensors, photonic devices, and
flexible electronics. Table 2.1 listed some of the polymer nanocomposites and its

application that has already been commercialized.3*

Table 2.1 Examples of Nanocomposite Applications® (Reproduced with permission
from Reference 34).

Polymer matrix Nanoparticle Property improvement Application Company and/or
product trade name
Polyamide 6 Exfoliated clay Stiffness Timing belt cover: automotive Toyota/Ube
TPO (thermoplastic polyolefin) Exfoliated clay Stiffness/strength Exterior step assist General Motors
Epoxy Carbon nanotubes Strength/stiffness Tennis rackets Babolat
Epoxy Carbon nanotubes Strength/stiffness Hockey sticks Montreal: Nitro Hybtonite®
Polyisobutylene Exfoliated clay Permeability barrier Tennis balls, tires, soccer balls InMat LLC
SBR, natural rubber, polybutadiene Carbon black Strength, wear Tires Various
(20-100 nm: primary particles) and abrasion
Various MWCNT Electrical conductivity Electrostatic dissipation Hyperion
Unknown Silver Antimicrobial Wound care/bandage Curad®
Nylon MXD6, PP Exfoliated clay Barrier Beverage containers, film Imperm™: Nanocor
SBR rubber Not disclosed Improved tire Winter tires Pirelli
performance in winter
Natural rubber Silver Antimicrobial Latex gloves

Various Silica Viscosity control, Various
thixotropic agent
Polyamides nylon 6, 66, 12 Exfoliated clay Barrier Auto fuel systems Ube

2.2 Polymer-grafted Nanoparticles
It is well-known that one of the prerequisites of those applications discussed

earlier is the good or controlled dispersion of nanoparticles in the polymer matrix.
However, as the bare NPs are attracted by the van der Waals interactions between each
other and the general tendency to decrease the surface area by aggregation, those bare
NPs normally form clusters that brings non-uniformity to the whole properties of the
materials.® One of the approaches to overcome those non-equilibrium disadvantages is
to graft polymers to the NPs. Those type of NPs are called polymer-grafted
nanoparticles (PGNPs). Recent advantages in the synthetic process facilitate the
functionalization of NPs with polymer chains.®>*! With variation of grafting density

and the chemistry of grafting ligands, scientists have achieved enhanced distribution
6



and structures of the polymer nanocomposites, which opens more opportunities in
advanced applications.*"#24" In the rest of this chapter, we will cover the recent
development of the surface modification of PGNPs, the structures of PGNPs, and the
up-to-date techniques to control the phase behavior/distribution of PGNPs in polymer

matrix.

2.2.1 Synthesis of Polymer-grafted Nanoparticles
The surface modification of bare NPs is derived from the synthesis of hybrid

polymer brushes onto the planar surfaces. The polymer chains can be added to the
surface by either physical absorption, i.e. physisorption, or chemically
functionalization.*® In general, the chemically attaching approach is more widely used
as the formed covalent bond is more difficult to be broken up compared to the physical
adsorption, which makes the polymer brush more stable in the further processing and
applications. The chemical modification can be divided into two different methods:
the “grafting to” and the “grafting from”.** Figure 2.1 shows the schematics for these
two different approaches. In the “grafting to” approach, the pre-synthesized polymers
are directly grafted to the surfaces via tethering the functionalized anchor to the
surface. The advantage for the “grafting to” is the well-control of the polymer ligands.
However, the disadvantage for this method is the limited grafting density (), which is
due to the entropic penalties arising from the limited free volume of the surrounded
grafted polymer chains. Another type of the method is called the “grafting from”
method, where the bulk free monomers react with the activated/initiated surface. The
polymerization directly happens on the targeted surface. As the densities of the

initiators are easier to be controlled, the “grafting from” method has better control
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over the grafting density. By utilizing this method, densely grafted polymer brushes
can be acquired as the smaller sized monomers have less entropic penalties from the

surrounding polymer chains.t’
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Figure 2.1 Schematic about the “grafting to” and “grafting from” polymerization on
the planar surfaces.* (Reproduced with permission from Reference 40).

The “grafting from” method is also named as “surface-initiated polymerization”
(SIP). One of the main approaches to have good-controlled SIP is called controlled
radical polymerization (CRP).1%4° CRP is a well-developed method, and can provide
control over composition, grafting density, and length of the grafted polymer chains
during SIP. There are several types of CRP, which includes reversible addition
fragmentation  chain  transfer  polymerization (RAFT), nitroxide-mediated

polymerization (NMP), ring-opening metathesis polymerization (ROMP), and atomic



transfer free radical polymerization (ATRP). Among them, the surface initiated atomic

transfer free radical polymerization (SI-ATRP) are the most widely used one.>°
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Figure 2.2 lllustration about the general SI-ATRP process.®” (Reproduced with
permission from Reference 37).

Figure 2.2 shows the typical SI-ATRP process. In the inset reaction, the Py-X
is the alkyl halide initiators/dormant species, which will react with the Cu'X/L, the Cu'
halides with N-containing ligands (L), to form the free radicals Pn®. This process is
reversible, which will continuously providing Pn,* to form the propogating polymer
chains (Pn-Pm).3" Generally, the SI-ATRP process includes four main processes:
surface functionalization, initiation, propagation, and termination. The surface

functionalization is among the most important factors during the whole process.



Normally, it requires multiple steps, which makes the whole process complicated and
time-consuming.’® Recently, Han et al.’® invented a one-step synthesis process to
prepare the functionalized surface on a organo-silica nanoparticles (0SiO2) to further
grow polymer chains on it through SI-ATRP. They symbolize the final product as Cy-
0SiO2-Br, where Cy is the composition of the hybrid inner nanoparticle core with y
indicating the number of carbon atoms, and Br is the bromine functionalities, which is
the X in Figure 2.2 that will be used as the halide initiators to generate the free
radicals in SI-ATRP. Figure 2.3 shows more detailed information about preparing this

hybrid organic nanoparticle initiators using the method.
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Figure 2.3 Scheme about the synthesis process for making polymethyl methacrylate
(PMMA) grafted organo-silica nanoparticles (0SiO;) using SI-ATRP.?
(Reproduced with the permission from Reference 15).

2.2.2 Structure of Polymer-grafted Nanoparticles
Understanding the structure of the polymer-grafted nanoparticles (PGNPS) is

the vital component to interpret and predict the behaviors and physical properties of
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PGNPs. Generally, the structure of PGNPs depends on the grafting density (o) and the
chain length. The first and the most investigated case is the structure of linear polymer
chains grafted onto the flat surface. We will start with that and then extend our

discussion to curved and spherical surfaces.

(a) (b)

Figure 2.4. The structures of grafted polymer changes from ‘“mushroom-like”
structures (a) to “brush-like” structures as the grafting density
increases.” (Reproduced with permission from Reference 51).

Structure of Linear Polymer Chains on Flat Surfaces. Let’s first consider a
linear polymer chain with N (degree of polymerization) monomers and the length for

each monomer is a in the melt. The end-to-end distance can be calculated as R, =
aN%. After taking the quality of the solvent into consideration, Re can be represented
as R, = aN", where v is the excluded volume parameter, which is a function of Flory-
Huggins interaction parameter y and can be calculated as v = %— x.% For a dilute

good solvent condition, the radius of gyration (Rg) can be approximate as Re. When the
grafting density (o) is sufficiently low, each polymer chain has enough free volume to
move around and form a “mushroom-like” structure (Figure 2.4.a).! As the grafting

density (o) increases above the critical value (¢* = (aN?)~2), each polymer chain has
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limited free volume to move around and has to be “stretched” to form “brush-like”

structures on the surface (Figure 2.4.b).%

For the densely grafted polymer chains (a_% < Ry), the thickness of the brush
layer (horush) can be estimated based on the Alexander® and de Gennes®? model. They
predict the outer polymer brush is like a “spring” where the spring constant is a
function of ksT with kg as the Boltzmann constant and T as the temperature. It means
that it costs ksT energy to double the end-to-end distance of each polymer chain. By

minimizing the total free energy of the system (F), horush Can be estimated as
1
hprusn ~ N (voa?)s. This estimation indicates that Rq is linearly related to the degree

of polymerization (N): R, ~ N, while for the ideal linear polymer chains, R, ~ N%.
This predicts that for the high molecular mass (high N) polymer chains, the length of

the densely grafted system will be much longer than the ideal linear system.

The above discussion hasn’t considered the influence of the solvent quality on
the structures of the linear polymer chains. Both theoretical and experimental studies
have proved that the thickness of the polymer layer decreases when it is immersed in
the poor solvent.}* Figure 2.5.B shows the calculated polymer layer height as a
function of solvent quality measured from neutron reflectivity (NR). The result (inset
of Figure 2.5.B) show that the height decreases to over 50% when the film is
immersed in the d-cyclohexane (the theta solvent for polystyrene) when compared to

the film in d-toluene (the good solvent for polystyrene).>*
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Figure 2.5 Influence of solvent quality on the structures of PGNPs.1*** (Reproduced
with permission from Reference 14 and 54).

Structures of Polymer Chains on Curved Surfaces. With the understanding
of the structures of linear polymer chains on the flat surfaces, we are now discussing
the structures of polymer chains on curved surfaces. We will firstly start with small
curvature. Wijmans et al.>® investigated the brush height by a parabolic potential
profile. Based on their conclusion, the brush height on the curved surfaces (H) can be

calculated as

) (1 +iGn) )= @)
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where Ho is the height on flat surfaces as discussed earlier, o™ is the relative curvature,

which is the ratio of the Ho to the radius of the curvature of the surface.
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Figure 2.6 Schematic representation of grafted polymer layer structures on spherical
nanoparticles as a function of grafting density (c).%® (Reproduced with
permission from Reference 56).

Structures of Polymer Chains on Spherical Nanoparticles. Till now, we
have already discussed the structures of polymer chains on both flat (planar) and small
curved surfaces. This section will explain the structures of polymer chains on spherical
nanoparticles. Daoud and Cotton develop the first model to study the influence of
curvature on the structures of star polymers. They found out that the conformation of
star-shaped polymers can be separated into three regions®’. Ohno and his coworkers

extend the Daoud-Cotton (DC) model to predict the structure of polymer grafted
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nanoparticles (PGNPs)®®. They found out that the conformation of PGNPs also
depends on the grafting density (o) as the planar and small curved surfaces. For lower
grafted (o < 1/R7 ) nanoparticles, the brush formed a random coiled chain
conformation (“mushroom-like” structures). In the intermediate grafting density, as
the free volume between each polymer chain decreases, the polymer chain are slightly
stretched and formed a regime named semi-dilute particle brush regime (SDPB). In the
densely grafted nanoparticles, the conformation is separated into two regions. The
inner side region is called the ‘concentrated particle brush’ (CPB) region, where the
polymer chains are fully stretched due to the limited free volume, similar to the
densely grafted polymer brushes on the planar surfaces. Due to the curved structure,
the free volume for each densely grafted chain increases along the direction of the
chain growth. When the chain length reaches above the critical value, the free volume
for each polymer chain is large enough to form the SDPB region, which in turn
establish a hybrid structure of CPB region near the inner nanoparticle core while
SDPB near the outer brush region. Ohno et al. introduced the critical radius rc to

estimate the critical point from the center of the inner nanoparticles that separate the

1
CPB and SDPB region. The rc can be calculated as 7, = 2ryv~ta(mo)z, where ro is
the radius of the inner spherical nanoparticle core, v is the excluded free volume for

each polymer chain, a is the length for each monomer.

Table 2.2 shows how the length of polymer chains scale with degree of

polymerization and the reduced grafting density (c*) at different kinds of surfaces and

15



regimes based on the literature.>® ¢” is defined as ¢* = oa?, where a is the monomer

length.

Table 2.2 Listed chain length as scaled with N and ¢"°8 (Reproduced with permission
from Reference 58).

Curvature Behavior Scaling with N, o™ Chain Interactions
flat/spherical  mushroom N free chain in good solvent
flat SDPB N'g*"? pairwise, excluded volume effects
flat CPB N'g*"? higher-order, non-gaussian chains
spherical SDPB (Ng*"?)* pairwise, excluded volume effects
spherical CPB (No*"), 3/5 < x <1 higher-order, non-gaussian chains

Many experimental results have proven the existence of this hybrid
CPB/SDPB regions and experimentally studied its scaling with different N and o.
Duke et al.®® studied the brush height of polystyrene grafted silica nanoparticles with
variation of degree of polymerization and grafting density in the bulk solution using
dynamic light scattering (PS-SiO2, deore = 14 = 4 nm, o: 0.05 chains/nm? — 0.55

chains/nm?, N = 40 — 1000). They reported that the scaling of h to N changes from h

Ng in the CPB regime to h « Nz in the SDPB regime. Choi et al.* investigated the
brush height of PS-SiO in the thin film state using transmission electron microscopy
(TEM). Figure 2.7 shows their result calculated from the interparticle distance
between the PS-SiO,. They found that the brush height scale as h ~ N %8 in the CPB
region, similar to the situation reported by Dukes et al.®® in the dilute bulk state.

However, when it transfers to the SDPB region, h ~ N %52, which is smaller than the h
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~ N%8in the bulk state. This is likely due to the collapse of the polymer chains in the

dried films compared to swollen state in the bulk solution.
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Figure 2.7 Schematic illustration about the CPB and SDPB regions on spherical
nanoparticles.* (Reproduced with permission from Reference 4).

2.3 Phase Behavior of Binary Polymer Blends
The main objective of this dissertation is to study and control the phase

behaviors of polymer-grafted nanoparticle blends. Before we moved to that topic, the
preliminary research and conclusions about phase separation behaviors of binary
homopolymer blends can be a good reference for our study. Generally, under different
conditions (e.g. temperature and solvents), polymer blends can exhibit two different
phase behaviors: miscibility and phase separation. The main equation used to explain

the phenomena is

AG,, = AH,, — TAS,,, (2.2)
where AG,, is the free energy of mixing, AH,, is the enthalpy of mixing; AS,, is the

entropy of mixing and T is the temperature.

Based on this equation, the Gibbs free energy of mixing consists of two part,
the enthalpy of mixing and the combinatorial entropy of mixing. For the miscibility to

occur, the following two conditions need to be met
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AG,, < 0and (2.3)

(82A6m> >0, (2.4)
T,P

2
0?

where ®; is the volume fraction of component i.

0%AG
ad?

When ( ) < 0, the phase separation will occur even the AG,, is less than zero.
T,P

2.3.1 Flory-Huggins theory of binary polymer mixture.
In binary polymer mixtures, the free energy of mixing is mostly modeled by

the Flory-Huggins theory. The mathematical expression, including both the entropy

and enthalpy of mixing, is expressed as

AGy, = kT [z—l Ind, + z—jmcpz] + Dy Dy x1,kT, (2.5)

where k is the Boltzmann’s constant, Ni=degree of polymerization of component i,
T=temperature, ®j=volume fraction of component i, y;,=Flory-Huggins interaction
parameter. The first two terms denote the combinatorial entropy of mixing while the
last term describes the enthalpy of mixing. Based on the Flory-Huggin’s expression,
the combinatorial entropy of mixing for polymer mixtures is extremely small and will
even vanish when N; — oco. This indicates that the phase behavior of polymer mixtures

is mostly governed by the enthalpy of mixing.

As mentioned before, when the second derivative of AGn is less than zero, the
polymer mixtures will phase separate into two phases. Assuming a symmetric system
where N1=N>=N and ®1=0,=0.5, the condition for phase separation can be expressed

as
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For the symmetric homopolymer blends, equation (2.6) can be simplified as

= kT[ - 2)(N] <0. (2.6)

T,P

xN > 2. Because of this, yN is commonly used as a measure for the driving force of

polymer mixture’s phase separation.

2.3.2 Phase diagrams: Upper and Lower Critical Solution Temperature
(UCST/LCST)
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Figure 2.8 Phase diagrams for polymer blends. (Reproduced with permission from reference
59).%°

Phase diagrams are used to describe the relationship between polymer mixtures’
temperature and composition. In most cases, they can be explained by two different
types: upper critical solution temperature (UCST) and lower critical solution
temperature (LCST). Figure 2.8 gives a detailed explanation of these two different
phenomena. Both types have two curves, a binodal and a spinodal curve. The binodal
curve is the curve that separates the single phase region and phase separated region.

This curve is defined by the following equation
19



Auf = Au?; Aug = Au3, (2.7)

where Au{ Is the chemical potential of component i in phase j.

The spinodal curve divides the metastable and unstable phase separated region,

which is described by

(OZAGZm) —0 (2.8)
9% T,P

From Figure 2.8, UCST and LCST show two different phase behavior. In
UCST system, increasing the temperature can change the phase behavior from phase
separated region to the single phase region. However, in LCST blends, increasing the
temperature will bring the mixtures from the single phase region to the phase

separated state.

2.3.3 Phase Separation Mechanism
The bulk polymer blends’ phase separation can be explained by two

mechanisms: nucleation and growth (NG) and spinodal decomposition (SD).
Nucleation and growth will occur when the phase separation happens in the metastable
region in the phase diagram (Figure 1.2.1). It is often related to the crystallization
from the solution. Spinodal decomposition happens when the phase separation is
directly quenched into the unstable regions. This mechanism typically contains three
different stages. In the beginning, the amplitude of the fluctuations will increase while
the wavelength will remain constant. In the next stage, the diffusion will typically

control the phase separation. The domain size will increase with the time in the

1
following relation: d~ts .The last stage is mainly hydrodynamic-driven, and the
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domain size linearly grows with the time: d~t. Chung and his coworkers® reveal the

three stages of the spinodal decomposition with a PMMA/PSAN blend films (Figure

2.9).
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Figure 2.9 Evolution of phase diagrams at different stages of spinodal
decomposition.®® (Reproduced with the permission from Reference 60).

2.4 Phase Behavior of Polymer-grafted Nanoparticles in Homopolymer
Matrix

With the development of the synthetic grafting techniques, scientists have a
better control over the structures of polymer-grafted nanoparticles (PGNPs), which
expedites the study of its phase behaviors and related applications. PGNPs in
homopolymer matrix is the most popular system. The PGNPs acts as an additive/filler.
Some people referred to this system as “Polymer Nanocomposites”. Generally, the
phase behavior of the PGNPs in homopolymer matrix depends on the following
parameters: nanoparticle size (ro), grafting density (s), chemical compositions of the
grafted and free chains, and the degree of polymerization of the grafted chains (N) and
the free chains (P, from the homopolymer matrix). Both enthalpic and entropic
(conformational and mixing) interactions between the polymer chains play important

roles in the phase behaviors of PGNP/homopolymer system.
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Figure 2.10 STEM images for phase behaviors of AuPS in PS matrix with different
mass ratio. a, 0.3 wt% AuPS1o/PS. b, 1.0 wt% AuPS10/PS, c, 3.0 wt%
AUPS10/PS. (Reproduced with permission from Reference 61). &

2.4.1 Phase Behavior of Densely Grafted Polymer-grafted Nanoparticles
As discussed in the previous sections, for the densely grafted PGNPs, the

grafted polymer chains stretched out near the inner nanoparticle core, which “block” it
from the polymer matrix. The phase behavior is then mainly controlled by the
interaction between the outer polymer brush and the homopolymer matrix. For a
“chemically identical system”, where the grafted polymer chains have the same
chemistry as the homopolymer matrix, the enthalpic interactions, a function of Flory-
Huggins interaction parameter y, equals to zero. This makes the phase
behavior/miscibility only governed by the entropic interaction, which is related to the
structures of PGNPs in the polymer matrix. There are two basic structures of PGNPs
in the polymer matrix: wet brush and dry brush. For the small inner particle core (ro <
Rg) PGNPs, when the N > P, the homopolymer chain (from the matrix) can
interpenetrate in-between the grafted polymer chains, which swells it and form the
“wet-brush”  regime. The  “wet-brush”  regime is  favorable  for

miscibility/homogenization. However, if N < P, the free homopolymer chain can no
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longer interpenetrate to the grafted polymer layer (due to the entropic energy penalty),
the grafted polymer layer ended “expelling” all the free homopolymer “outside” and
forming the dry brush regime. The ‘dry-brush” regime causes the PGNPs to aggregate

to themselves and phase separate from the homopolymer matrix.®? Ferreira et al.%®

reported that the transition from “wet-brush” to “dry-brush” happens when ¢ > P/N %
Trombly and Ganesan® investigated the influence of curvature (the size of the inner
nanoparticle core) on the critical point of transition from “wet-brush” to “dry-brush”
region. They found that increasing the curvature (decreasing the size of inner core)
enhances the miscibility of PGNPs with the homopolymer matrix. These theoretical
predictions of transition from miscibility to phase separation has also been
experimentally validated. Bansal et al. ®° studied the influence of molecular mass of
the polystyrene matrix on the phase behavior of densely grafted PS-SiO2 (¢ ~ 0.57
chains/nm?, N = 1500, do = 14 * 4 nm). They found that the polymer film changes
from miscible (well-mixed) state to the phase separation state when P/N > 0.7. Meli et
al.®® investigated the phase behavior of polystyrene gold nanoparticles (AuPS) in PS
matrix. As P/N decreases below 1, the system tends to favor the miscibility, which is
the same as predicted in the theory. However, for the very small PGNPs (ro~ 2~ 1 -2
nm), that rule (P/N > 1 for phase separation) cannot be applied anymore. Oh and
Green®! investigated the phase behavior of AuPS (do =5 nm, N = 10) immersed in the
PS (P = 50) matrix. They found that the AuPS is still in the miscible state with the PS
matrix (Figure 2.10) even when P/N = 5. They concluded that the transition from the
miscible to phase separation is influence not only by P/N but also by the size of the

PGNPs.
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2.4.2 Phase Behavior of Sparsely Polymer-grafted Nanoparticles
As the grafting density decreases, the inner nanoparticle core can no longer be

“blocked” from the grafted polymer layer. Because of that, the interaction from the
inner nanoparticle core, along with the grafted polymer layer and the polymer matrix,
contributes to the phase state of the polymer nanocomposite films. Jayaraman and
Schweizer®” studied the phase behavior of lightly grafted nanoparticles in polymer
matrix using polymer reference interaction site model (PRISM). They found that both
“tether-induced steric stabilization” and “matrix-induced depletion-like attraction”
influences the phase behavior. Akcora et al.%® experimentally investigated the phase
behavior of sparsely grafted AuPS (¢ = 0.05, 0.01, and 0.1 chains/nm?) in the PS
matrix (molecular mass My = 142 kg/mol).Figure 2.11 shows the morphologies under
TEM. With the ultralow grafting density and low molecular mass for the grafted
chains (¢ = 0.05, 0.01 chains/nm?, My < 60 kg/mol), the PGNPs form clusters of
nanoparticles (a, b, d, e). As the molecular mass increase over 100 kg/mol, the PGNPs
form strings in the film (c, ). As the grafting increases to 0.1 chains/nm?, the PGNPs
with low molecular mass grafting layer form the “sheet-like” morphology (g). This
kind of structure disappears as the molecular mass increases (h, i). This is very
interesting as the PGNPs with isotropic structure forms anisotropic phase separation.
Akcora et al.® claims that this is a combination effect of the enthalpic core-core
attraction (since the grafting density is low) and the entropic distortion from the
grafted polymer layer and the matrix. The similar phenomena has been reported in the

block-copolymer system, which is referred to as “microphase separation”.
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Figure 2.11 Phase morphologies of sparsely grafted PS-SiO; in PS matrix with
various grafting density (o) and molecular mass for the grafted polymer
chains (Mg).®® (Reproduced with permission from Reference 68).

2.4.3 Phase Diagrams for PGNPs/homopolymer Blends
Kumar and his coworkers®® have summarized the morphologies/structures of

PGNPs in homopolymer mixture to a phase diagram as shown in Figure 2.12. They
conclude that the morphologies depends on o, N, and the relative chain length (1/a =
P/N). When the product of ¢ and N°5 is low (eN°° < 2), the morphologies changes
from strings (S), to connected sheets (CS) and small clusters (SC) as N decreases. In

the other hand, when the grafting density is high (eN°® > 2), the PGNP/homopolymer
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systems form either well-dispersion (WD) state or phase separation (PS) morphology

determined by the value of P/N.
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Figure 2.12. Summary of phase morphologies of PGNPs in chemical identical
polymer matrix.®® (Reproduced with permission from Reference 69).

2.4.4 Phase Behavior of PGNPs in Chemically Dissimilar Matrix
From the previous sections, we have discussed the phase behavior of PGNPs in

chemically identical polymer matrix, where the entropic loss from the grafting
polymer chain conformation is the vital factor governing the phase morphologies. In
this section, we will cover the phase behavior of PGNPs in chemically dissimilar
matrix, where the grafted polymer layer has different chemistry as the polymer matrix.
The enthalpic interaction, a function of Flory-Huggins parameter y, can no longer be
neglected now. Borukhov and Leibler®>™ theoretically investigated the phase behavior

of this kind of system using the self-consistent field theory (SCFT). They quantified
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the entropic for the matrix as related to 1/P, while the enthalpic interaction as yP. This
means that for the system with longer matrix polymer chains (large P), the enthalpic
interaction dominates. However, for the system with smaller matrix polymer chains,
the entropic force plays more important role. Due to the existence of enthalpic
interaction, the PGNPs in the “dry-brush” region (P > N) can even well dispersed in
the polymer matrix with the attractive interactions (y < 0). Martin et al.”* investigated
the phase behavior of deuterated polystyrene grafted silica nanoparticles (dPS-SiO>)
mixed in the poly(vinyl methyl ether) PVME matrix using X-ray scattering and
neutron scattering. Due to the increasing “repulsive effective interactions” from the
chemically dissimilar blends, the transition from the well-dispersed state to phase

3

separation state is different than the “wetting-dewetting” transition from the
chemically identical PGNPs/homopolymer system. Zhang et al.?! studied the phase
behavior of densely grafted polystyrene grafted gold nanoparticles (AuPS, ¢ = 0.7
chains/nm?, Mnps = 11.5 kg/mol, rogos = 1.21 nm) mixed in the poly(methyl
methacrylate) (PMMA, Mnpuma = 3.1 kg/mol) homopolymer matrix. Figure 2.13.A
shows the transitions of morphologies as a function of mass ratio of AuPS to the
PMMA matrix. As the value increase from 20% to 80%, it changes from the discrete
domain to bicontinuous structure (50%), and in the end the inverse domain structure
(80%), which is similar to the immiscible binary homopolymer mixtures. They also
compared the phase separation Kkinetics of the AuPS/PMMA mixture to the
corresponded PS/IPMMA mixtures (Figure 2.13.B and C). They annealed the same

system at two different temperatures: 140C and 180C. The higher temperature

provides more mobility for the polymers while introduces lower thermodynamic
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driving force, which elucidates the role of thermodynamic driving force and mobility
in the phase separation Kkinetics for both PGNPs/homopolymer and binary
homopolymer blends. They fitted both plots to the power law, g*(t) ~ t™", where q"
is the characteristic wavenumber, in the reverse relation to the interdomain spacing,
and n is the exponent governed by different phase separation mechanism. When the
films were annealed at 140 C, the AuUPS/IPMMA blends show three different n: 0.3 +
0.02, 1.0 £ 0.01, and 0 (Figure 2.13.B). The first 0.3 region corresponds to the
diffusive driven coarsening of bicontinuous structures, which can be explained by the
Lifschitz-Slyozov (LS) law.”? The second 1.0 region is caused by the hydrodynamic
instability, while the last O region is induced by the pinning effect from due to the
finite film thickness. However, for the parent PS/PMMA blends, only the
hydrodynamic coarsening and the “pinning” region were shown, indicating faster
kinetics compared to AUPS/PMMA blends. When the films were annealed at 180 C, a
totally reverse trend between the AUPS/PMMA and the PS/PMMA blends was shown.
For the AUPS/PMMA blends, it only shows the hydrodynamic coarsening and pinning
mechanism. However, for the PS/PMMA, it showed all the three different mechanisms,
including the diffusive driven coarsening region at the beginning. They concluded that
the phase separation kinetics at this temperature is mainly caused by the diffusion

instead of thermodynamic driving force.
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Figure 2.13 Phase behaviors of AuPS in PMMA homopolymer with different loading
and comparison to the parent PS/PMMA homopolymer blends.?
(Reproduced with permission from Reference 21).

2.5 Phase Behavior of Binary Polymer-grafted Nanoparticle Blends
The previous discussions are all focused on the phase behavior of PGNPs in

homopolymer matrix. Will the phase behavior be different when the homopolymer
matrix is replaced by another kind of PGNPs? Schmitt et al.?® studied the phase
behavior of PS-SiO2/PMMA-SIO2 (focore = 7.7 + 2 nm, 6 = 0.5 chains/nm?, N ~ 350
for both PGNPs) blends. Figure 2.14.1 shows the phase morphologies of this blend

with variation of annealing temperature (140°C, 160 C, and 200 C) and volume ratio of
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PMMA-SIO: (¢ppmma = 0.25, 0.5 and 0.75). When the blend has less PMMA (¢ppmma =
0.25), the PMMA-SiO; forms the discrete domains (dark color region in the AFM
images, A and B). As the volume ratio increases to 0.5, it changes to the bicontinuous
structures (C and D), driven by the spinodal decomposition. When the volume ratio
increases to 0.75, inverse domain structures were formed (E and F). These variations
of morphologies, induced by changing the annealing temperature and composition,
indicates that the binary PMMA-SIO/PS-SiO; blends perform the same UCST phase
behaviors as the related homopolymer blends and PGNP/homopolymer mixtures (G).
Schmitt et al.?® also investigated the influence of the Npmma-sioz and Nps.sioz on the
phase behaviors of the blends. With the smallest N (= 60 for both PGNPs), the system
doesn’t show any phase separation when it is heated at 140°C (> T,) for over 1 week
(Figure 2.14.11.LA). As N increases to around 200, the AFM phase image starts to
show bicontinuous phase separation (B). When the N increases to around 350, the as
cast film even showed the phase separation (inset in C), indicating the strong phase
separating driving force even during the film casting.? This transition from the well-
mixed state to the phase separation morphology with increasing N can be explained by
the increasing enthalpic interaction potential (¥N) between the two different PGNPs.
As the discussion in Section 2.3, yN needs to be larger than a critical value (= 2 for
symmetric binary homopolymer blends) to induce the phase separation. Although
there is no theoretical or experimental discussion on the critical value for the binary
PGNPs blends, it is reasonable to interpret that N ~ 100 is near the critical point. This

transition of phase morphology also indicates the transition from more “hard-sphere-
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like” properties for short chain PGNPs (in CPB region) to more “polymer like”

behavior for longer chain PGNPs.
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Figure 2.14 Phase behavior of binary PS-SiO2/PMMA-SIO> blends indicating similar
UCST phase behaviors as parent PS/PMMA homopolymer blends.?
(Reproduced with permission from Reference 25).

Homopolymer blends or block copolymer films exhibiting LCST behavior can
have reversible phase separation between the phase separation and well-
mixed/homogenization by simply changing the annealing temperature (Figure
2.15.A).” This can be explained by the changing of interaction potential (¥N)
below and above the critical value (= 2 for symmetric binary homopolymer blends)
since y is related to annealing temperature. Can the similar reversible phase separation
be achieved for a LCST PGNPs blends? Schmitt et al. studied the phase behavior of

poly(styrene-r-acrylonitrile) grafted silica nanoparticles PSAN-SiO, and PMMA-SiO;
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blends. Figure 2.15 (B-E) shows the TEM images of PSAN-SiO2/PMMA-SIiO; blends
annealed at different temperatures. When the film was annealed at 130°C (< LCST =
160C), the TEM result shows a homogenous state (B). As the annealing temperature
(T = 1707C) increases above LCST, the homogenous state changes to the phase
separation state (C). When the same film was annealed back at the low temperature (T
= 1107C), the phase changes back to the homogenous morphologies (D, E). The
indicates that the binary PGNPs can also perform the similar reversible phase

behaviors as other polymer blends.
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Figure 2.15 Reversible phase morphology alternation by changing the annealing
temperature for PMMA-SiO2/PSAN-SiO; blends.?® (Reproduced with
permission from Reference 25).

2.6 Controlled Organization of Nanoparticle Films
The controlled organization of the nanoparticles/PGNPs in the matrix (polymer

nanocomposites) is the prerequisite for most of the applications, including biomedical,
electronics, mechanical enhancement, optical detectors, and energy storage.*?4476-7

From the previous sections, we have discussed about the structures and phase
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behaviors of polymer nanocomposites. In the following part, we will provide a brief
overview about the state-of-art techniques in controlling the dispersions of polymer
nanocomposite films. The methods can be categorized into two different directions:
the “top-down” (external-in) and the “bottom-up” (internal-out) strategies.®® Generally,
the “top-down” method uses physical pattern or external fields to direct the
nanoparticle dispersions. The “bottom-up” method alters the chemistry of the bottom
substrates/templates and drives the organization of nanoparticles through mesophase

assembly.

2.6.1 Controlled Nanoparticle Organization via External-in Method
Physical Pattern Induced Nanoparticle Organization. The physical pattern,

with predefined structures like corrugations, holes, or trenches, can be used to guide
the partitioning of bare nanoparticles or PGNPs. Mathur et al.®! reported to use
predefined corrugated silicon substrate to order the colloid PS spheres (d = 100 — 500
nm). They directly drop the solution of those PS spheres onto the corrugated substrate.
During the drying process, those nanoparticles aggregate and form ordered structures
in the lower region of the corrugated surfaces (Figure 2.16 a-c). Capillary interactions
from the solution interface is the mainly driving force for the selective segregation of
those PS nanoparticles. Figure 2.16.d is a cartoon illustrating the whole process,
which can be divided into two processes. At first, the attracting capillary force makes
the nanoparticles to aggregate and form the clusters. Then the ordering force becomes
critical and moves the whole clusters to the “valley” or “trench” region of the

corrugated surface.
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Figure 2.16 SEM images indicating the nanoparticles reside on substrates with large
amplitude and explanation for the driving force for this selective
segregation.®! (Reproduced with the permission from Reference 81).

Zhang et al.Z extend this ideal of using physical pattern to guide the ordering
of PGNPs mixed in homopolymer matrix. Instead of making the substrate physically
patterned, they applied the patterned elastomer to the film and use the capillary force
to create the patterned polymer nanocomposite films. Figure 2.17.A shows their
approach. Firstly, the AuPS (ro, core= 1.2 nm, ¢ = 0.7 chains/nm?, Mn, ps, grafted = 11.5
kg/mol) was mixed with PS homopolymer (Mn, ps = 3 kg/mol) to form a thin polymer
film (thickness = 100 nm). Secondly, the PDMS with pattern transferred from
commercial DVD (wavelength A = 752 + 6 nm, step height Ah = 119 + 1 nm) was
directly attached onto the film. Then the whole film with pattern on it was annealed
above the glass transition temperature. As the wavelength is small, the capillary force
in-between the patterned surface and polymer surface is large enough to drive the
polymer film to fill into the empty space and form the patterned surface after
topographic PDMS pattern was removed. They found that the PGNPs (black dots in

the TEM images) in the more confined “trench” region (the region has lower height,
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light color region in the TEM images) moved to the less confined “mesa” region (the
region has higher height in the patterned polymer films, dark color “stripes” in Figure
2.17.B). They elucidated that the selective partitioning is driven by the entropy of the
whole system, which can be easily varied by changing the initial film thickness
(related to the “trench” height in the final patterned film) and the molecular mass of

the homopolymer matrix (Figure 2.17.B).
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Figure 2.17 Schematic illustration of the topographic nanoimprint patterning induced
selective segregation of PGNPs in homopolymer matrix.?® (Reproduced
with the permission from Reference 23).

Wang et al.?’ extended the same topographic patterning technique to a mixture
of polystyrene grafted titanium nanoparticles (PS-TiO2) and PS matrix. They found
that the change of the entropy of the whole system by applying the topographic pattern
can also induce the selective segregation of “clusters of PGNPs” to the less confined
“mesa” region. Zhang et al. also investigated the influence of the topographic pattern
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on the ordering of chemically dissimilar PGNPs/homopolymer system (AuPS/PMMA),
where the enthalpic interaction between the grafted polymer layer and the polymer
matrix cannot be neglected compared to the chemically identical system. As shown in
Figure 2.18, the AuPS are also selectively segregated in the less confined “mesa”
region. The difference (compared to the chemically identical system) is that all the
AuPS bias near one side of the “trench” (Figure 2.18.b). They believed that it is due
to the relatively unfavorable interaction between the AuPS and PDMS compared to
the PMMA and PDMS. The differential interaction energy drives the AuPS to reside

near the inner wall boundary of the “trench” region.?!
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Figure 2.18 Schematic illustration of the topographic nanoimprint patterning induced
selective segregation of PGNPs in chemically dissimilar homopolymer
matrix.?* (Reproduced with permission from Reference 21).

External Field Induced Controlled Organization of Nanoparticle Films.
External fields, including the magnetic, electric, and shearing force, can be used to
align the ordering of nanoparticles.??*382-8 Figure 2.19 shows some of the related
findings. Yuan et al.*® applied a magnetic field perpendicular to the flow coating

direction of thin nanocomposite films (setup as shown in inset of Figure 2.19.A)
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containing magnetic polymer grafted nanoparticles (MPGNPs). They found that those
polystyrene end-grafted cobalt ferromagnetic nanoparticles have all been aligned
along the direction of the magnetic field (Figure 2.19.A). Electric field can also be
used to align the directions of nanoparticles. Gangwal et al.%® applied low frequency
alternating current (AC) electric fields on the Janus particles (Figure 2.19.B). As the
electric field intensity is large enough to overcome the particle Brownian motion, the
Janus particles form the aligned structures along the direction of the electric filed. The
similar technique has been used to align both colloidal ellipsoids®* (Figure 2.19.C)

and two-dimensional crystals® (Figure 2.19.D).

S Y I T T

e P 0
»

Figure 2.19 Magnetic field (A) and electric field induced alignment of nanoparticles

(B, C, D). (Reproduced with permission from Reference 43, 83, 84,
86).43’83‘84’86
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Shear force can also be used to align the nanoparticles. Our group recently
develop a facile method named dynamic zone annealing soft shearing (DZA-SS) to
apply shearing force onto the polymer nanocomposites films and align the PGNPs.?282
The cartoon in Figure 2.20 shows the schematic of the setup. The polymer
nanocomposite film was directly casted onto the substrate (e.g. quartz). To generate
the shear stress, a soft elastomer (e.g. PDMS) was attached onto the polymer film. The
film (with the top elastomer) was then moved through the region with desired speed
where two cold blocks “wrapped” around a hot wire. The sharp temperature gradient
generated during this process (Figure 2.20) induce the strain stress, which is useful in
aligning the PGNPs. Zhang et al.?? studied the organization of AuPS (Rocore =1.21 *
0.42 nm, ¢ = 0.7 chains/nm?, M = 11.5 kg/mol) in PMMA (M, = 3.1 kg/mol) using

DZA-SS with different translation speed. As the translational speed increases from 1

um/s to 60 um/s, unidirectionally aligned PGNPs strings were formed in the finite

confine nanocomposite film (Figure 2.20).
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Figure 2.20 Schematic illustration about the DZA-SS process. TEM images show
how the increased translational speed (v) align the ordering of PGNPs
in polymer matrix.?? (Reproduced with permission from Reference 22).

2.6.2 Controlled Nanoparticle Organization via Internal-out Method
Chemical Pattern Induced Nanoparticle Organization. Instead of the

physical pattern, the enthalpic interaction between the nanoparticles and chemical
patterned substrates can be manipulated for selective organization. In this section, we
will cover two types of chemical patterns: blockcopolymer (BCP) and self-assembled

monolayers (SAM).

Block copolymer is an ideal chemical pattern to guide the distribution of the
nanoparticles. It has two chemically different polymer chain covalently bonded

together. When the product of Flory-Huggins interaction parameter (x) and the degree

39



of polymerization (N) is beyond 10.5, the block copolymer starts to “micro-phase
separate”. With the variation of the volume fraction of different blocks, the film can
form different structures, including lamellae, cylinder, body-centered cubic spheres,
and bicontinuous gyroid. Nanoparticles can then be added as a filler into those
structures. With the variation of the chemistry of the grafted layer, grafting density,
and the mass difference between the PGNPs and block copolymer chains, both the
enthalpic and entropic interactions between the polymer brushes and the block
copolymer microdomains can be tuned, which can lead to the selective ordering of the
PGNPs within the block copolymer domains. Theoretically, both self-consistent filed
theory (SCFT) and density functional theory (DFT) have been used to predict the
behaviors of nanoparticles in the block copolymer matrix. For the large-sized
nanoparticles, Thompson et al." predicts that those nanoparticles will reside in the
center of the block copolymer domain to compensate the loss in conformational
entropy. For the smaller-sized nanoparticles, Huh et al.®8 predicts that the particles will
cumulate at the interface between the block copolymer domain to maximize the
translational entropy.  Bockstaller et al.%%% experimentally investigated the phase
behavior of aliphatic coated SiO2 (SiO2R2, deore = 21.5 £ 2.5 nm) and Au nanoparticles
(AUR1, deore = 3.5 £ 1.0 nm) filled in the poly(styrene-b-ethylene propylene) (PS-PEP)
copolymer (dps-domain = 100, dpep-dgomain = 80). Figure 2.21 are the top-view TEM
images indicating the distributions of AuR: and SiO2R2. The larger sized SiOzR:
segregates within the PEP domain, while the smaller sized AuR; resides at the

interface of PS and PEP. This result is consistent with the theoretical predictions.
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Figure 2.21 TEM images indicating the distribution of aliphatic grafted Au and SiO>
in the lamellae PS-PEP copolymer domains as a function of particle
size.% (Reproduced with the permission from Reference 90).

Jang et al.%* revealed that the spatial distribution of PGNPs in block copolymer
can be easily varied by changing the enthalpic interaction of the system. They
synthesized the amphiphilic gold nanoparticles (AuNP) and grafted hydroxylated
polyisoprene (PIOH) near the Au core and polystyrene shell (PS) near the outside and
mixed it with poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) copolymer. By varying
the number of hydroxyl groups per chain (Now), degree of polymerization for PS (Nps),
and the grafting density (3.), the distribution of AuNP can be switched from either PS
or P2VP domain or at the interface of PS/P2VP (Figure 2.22). They elucidated that
the variation of the distribution is due to the total enthalphic energy balance from
hydrogen-bonding formation, the adsorption of P2VP chains on gold nanoparticles,

and the enthalpic penalty of mixing PS to P2VP.%
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Figure 2.22 Tunning the distributions of AuUNP via the variation of the hydrodynamic
interactions between the NP and the copolymer domain.®*(Reproduced
with the permission from Reference 91).

Another important method to order the nanoparticles is through changing the
electrostatic interactions. One of the common ways is using the self-assembled
monolayers (SAM). Nepal et al.%? revealed that the orientation of the gold nanorods
(AuNR), which is functionalized by grafting either mercaptopropane sulfonate (MS)
or poly(ethylene glycol) (PEG), can be tunned by the width of the PS-P2VP pattern
(Figure 2.23). When the width of P2VP pattern is comparable to the length of the
AUNR, the nanorods can form either parallel or perpendicular orientations to the
direction of P2VP pattern. This orientation is due to the electrostatic and hydrophobic

selectivity to the substrate.
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Figure 2.23 Control the orientation of AuUNR vis the variation of pattern size.%
(Reproduced with permission from Reference 92).
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I11. CONTROL OF THE PHASE MORPHOLOGY OF BINARY
POLYMER GRAFTED NANOPARTICLE BLEND FILMS VIA
DIRECT IMMERSION ANNEALING

3.1 Introduction
Polymer-grafted nanoparticles (PGNPs) have attracted significant attention in

the past few decades as the physical properties can be modified from both the inner
nanoparticle component and the outer polymer brushes.!*! Tsukruk et al.’s review
illustrates the great potential of designing responsive colloidal systems from PGNPs.%’
Recent advances in synthesis have allowed for better control of grafting density,
length, polymer and inorganic core compositions, and inner core sizes,°:3638:39:41,98,99
Theoretical studies have characterized the nature of the grafted polymer layers and
their essentially equivalent many arm star polymers both in solution® and in the
melt,1%* and these works have summarized highly relevant experimental observations
about this type of nanoparticle in solution and in the melt state. Choi et al. have shown
that by changing the grafting density of PGNPs, system properties can be altered
between ‘hard-sphere like’ and ‘star-polymer like’ behaviors.*? They also discovered
that PGNPs could exhibit polymer-like crazing behavior with enhanced elastic and
mechanical properties when the outer brush is in the semi-dilute polymer brush (SDPB)
region,* creating opportunities for making hybrid nanomaterials. However, the field is
currently dominated by polymer nanocomposite (PNC) materials due to their
numerous envisioned applications that require a high concentration of inorganic
nanoparticles and nanomaterials dispersed within a polymer matrix in a controlled

manner. Therefore, research focused on pure PGNPs blend nanocomposites (PGNPs-
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NC) is promised to hold much potential for developing nanocomposite materials with
properties due to the high degree of dispersion of nanomaterials in a blend material

with controlled macrophase-separation.

Recent work has shown that the phase separation morphology and the phase
separation process of PGNPs in homopolymer matrix or pure PGNPs blends are
similar in many ways to ordinary homopolymer blends so that the extensive methods
and results for polymer blends can, to a large extent, be carried over to PGNPs blends
and blends of PGNPs with polymers. Our work below qualitatively confirms this
established pattern of behavior, but with quantitative differences of the phase
separation Kinetics. At the same time, we address the problem of processing PGNPs
blends having high molecular mass grafted polymer layers whose thickness is
comparable to the inorganic core of the PGNPs. Such materials inherently exhibit
relatively sluggish phase separation dynamics, a behavior that can be undesirable in
utilizing these materials in applications. We overcome these challenges using a solvent
processing method that allows for tuning of both the solution viscosity and the
thermodynamic driving force of phase separation of the PGNPs blends through the

control of solvent additive.

Pioneering work by Kumar et al. ®° established that phase separation behavior
in PNCs depends on the degree of polymerization of both the polymer matrix (P) and
PGNPs (N) and the grafting density of PGNPs (o). PGNPs with high grafting density
and long-grafted chain length reside either in the phase-separated (PS) or well-

dispersed (WD) state. However, PGNPs with a relatively lower grafting density and

45



short grafted chain length form a range of structures in the polymer matrix, including
strings (S), connected sheets (CS), and small clusters (SC), due to the interplay of
core-core attractions and brush-matrix interactions. Harton and Kumar et al. studied
the high grafting density of PGNPs to show that the dispersion of nanoparticles in the
polymer matrix is improved as the tangential spreading of brushes can alleviate the
packing frustration.’® Kumar et al. ®8and Karim et al.?° also found that the chemistry
of the inner core can also influence the dispersion of the PGNPs. For example,
polystyrene grafted gold nanoparticles can be well-dispersed into the polystyrene
matrix, while the polystyrene grafted TiO2 nanoparticles can form large-scaled self-
assembled morphologies. Dadmun et al. showed that the diffusion kinetics depends on
the softness of the polymer brushes.’®® Zhang et al.?! found that the phase separation
process of the PGNPs in the homopolymer matrix is similar to ordinary homopolymer
mixtures,’®* which shows a comparable coarsening exponent (= 1/3 due to diffusive
pattern growth and a late stage exponent near 1 caused by hydrodynamic instability).
They also used polydimethylsiloxane (PDMS) as a soft pattern to guide the alignment
of PGNPs. 22® The authors explained that the entropic forces created by applying the
PDMS on the polymer nanocomposites could help guide the PGNPs into well-defined

20 extended this research into a directed

aligned nanostructures.”®> Wang et al.
assembly of ‘clusters of PGNPs’ (PGNPCs) and revealed their entropic localization
within topographic printed patterns. Bhaduriya et al. 8° showed that the addition of

PGNPs could also enhance the thermal stability of the nanoimprinted polymer films

above the glass temperature of the nanocomposite.
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Bocktsaller et al.?® have extended the study to two chemically different PGNPs
without any homopolymer matrix. Again it was found that these blends exhibited
‘garden variety’ phase separation in terms of morphology, although it was found that
the coarsening kinetics of phase separation showed a reduced scaling exponent in
these novel blends. This change in the coarsening kinetics of PGNP films made by
spin casting was found to be robust to many samples, and we find a similar alteration
below in our more complex DIA processing methodology. Notably, this change of
coarsening exponent is not observed in polymer blends®®% and in blends of
nanoparticles with a polymer matrix.?! There would appear to be some special
attribute of the PGNPs fluids that give rise to a qualitative change in the kinetics of the
phase separation coarsening dynamics, but the general morphology and
thermodynamic aspects of these blends otherwise appear to be perfectly ‘normal’. Of
course, the location of the critical temperature, critical composition, and mass
dependence of the phase boundaries seem to be greatly altered in general by the chain
grafting constraint, leading to the difference of the correlation length, initial phase
separation scale, etc., in the PGNPs blends. Little theory currently exists to enable this
variability of phase behavior in this type of ‘blend’ with PGNP structure, but we may
qualitatively understand some patterns of this phase behavior from established
empirical observations on ordinary polymer blends and extensions of the Flory-
Huggins model to account for differences of monomer structure’® and for the effect of
polymer rigidity.’®” Even for ordinary blends, however, there is no validated
quantitative theory for predicting the phase behavior of blends, and the prediction of
blends of PGNPs phase behavior is a significantly more complex problem. Yatsyshin
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et al. have recently attempted to address this problem computationally through coarse-
grained polymer simulations.'®® The relatively sluggish dynamics of these blends and
the general propensity to phase separate, common to most ordinary high molecular
mass polymer blends, lead to technical difficulties in creating blend materials of
desired particle organization. We address this issue using a method in which the
polymer films are immersed in solvents having a composition that enables the

manipulation of the film’s glassy dynamics and the overall miscibility of the PGNPSs.

In the present work, we focus on developing an efficient and reliable method to
achieve reversible phase separation of polystyrene grafted silica (PS-SiO2) and poly
(methyl methacrylate) grafted silica (PMMA-SiIO;) blends. In this system, the
relatively large PGNP size and mass of each particle brush, coupled with the weak
temperature dependence of the Flory-Huggins interaction parameter, makes it
challenging to achieve reversible and controllable phase separation by thermal
annealing. Large PGNPs (59 nm and 128 nm hydrodynamic diameter in diluted THF
solution in this study) can have higher intrinsic mechanical properties compared to the
smaller nanoscale (< 20 nm to 30 nm diameter) PGNPs for more durability, but their
sluggish thermal behavior prevents fundamental studies of interdiffusion and phase
separation in the melt state. To overcome these issues, we apply a solvent-assisted
annealing method termed direct immersion annealing (DIA) to help control PGNPs
blend morphologies. DIA is a facile solvent annealing technique that was developed
recently to investigate rapid phase separation in block copolymer films'®*'! and has
shown comparable phase separation and self-assembly kinetics to the fastest block

copolymer self-assembly techniques.®®#¢ Unlike the traditional solvent vapor
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annealing (SVA), DIA involves direct immersion of the binary PGNPs blend films
into a tunable mixture of solvents to control the effective solvent quality, including a
significant non-solvent fraction to prevent the dissolution of either PGNPs into
solution. To our knowledge, a controlled phase-separation study of a binary PGNPs
blend, including tests of reversibility from 2-phase to 1-phase state and progression in-
between using direct immersion annealing, has not been previously reported. The
situation is even more interesting because the brush can incorporate a different solvent
mixture composition compared to the bulk reservoir composition by virtue of
preferential wetting/solvation effects, which is known to occur in polymer
brushes.>*12%125 This can accentuate (enhance or diminish) its ability to phase separate
from another PGNP polymer type that can concentrate a different solvent from the
immersion mixture. In the physical chemistry literature, this rather general ‘rule of
thumb’ for miscibility trends in multi-component solvents is termed Timmerman’s
rule.*?® The swelling of the PGNPs by a solvent can also modulate the interactions
between the PGNPs, and impact the scale of phase separation in binary PGNPs
systems, in ways hitherto not investigated in the literature, such as pinning of domain

size and unconventional phase-separation kinetics, as reported in our present study.

We summarize some of the new results of the present chapter: 1)
thermodynamically reversible single and two phase-separated states in a binary
mixture of polymer grafted nanoparticles (PGNPs), 2) DIA driven mobility of large
PGNPs not possible by thermal melt annealing, 3) complete tunability of degree of
phase separation with solvent mixture quality and establishment of solvent

compositional phase separation boundary, 4) the observation of unconventional phase
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separation kinetics with a coarsening exponents consistent of a material with
suppressed hydrodynamic interactions, 5) empirical control of the ultimate pinning
scales of both the in-plane and out of plane scales of the phase-separated film through
the control of the cast film thickness and choice of DIA solvent composition, and 6)
relatively rapid phase separation which makes the method practically attractive for
manufacturing applications, given their ability to form tough materials, especially
with a large brush and core-size in this study.?
3.2 Experimental design

In this chapter, we investigated the phase behaviors of binary PGNPs blends
casted on silicon wafer. We studied the influence of DIA annealing solvent on the
morphologies of the dried films. Below is the detailed information about the materials

we used and the experimental procedures.

3.2.1 Materials
The materials used in this study are binary mixture of polystyrene grafted

nanoparticles (denoted as PS-SiO.) and polymethyl methacrylate grafted silica
nanoparticles (denoted as PMMA-SiO>). Both of the PGNPs were synthesized using a
surface-initiated ATRP method. They were prepared by our collaborators: Dr. Michael
Bockstaller’s and Dr. Krzysztof Matyjaszewski’s group at Carnegie Mellon University.
The average silica core size is ry, = 7.7 £ 0.5. The molecular mass for each grafted PS
chain is Mn = 6.53 x 10* g/mol, and the grafted density of PS-SiOz is ¢ = 0.52
chains/nm?. The molecular mass for each grafted PMMA chain is Mn = 3.50 x 10*

g/mol, and the grafted density of PMMA-SIO; is ¢ = 0.57 chains/nm?. The solution
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used for both PGNPs dissolution (toluene) and preparing DIA mixtures (acetone,

heptane, toluene) were purchased from VWR Inc.

3.2.2 Film preparation
Both PMMA-SiIO. and PS-SiO, were dissolved in toluene (30 mg/mol) and

sonicated in the water bath to ensure it is well dissolved in the solution. The polymer
brushes were then mixed in the desired ratio and sonicated in the bath again to mix
well. The samples were then flow coated on the bare silicon wafers that have been
cleaned under the ultraviolet generated ozone (UV ozone) for 2 h. The casted films
were then put into the vacuum oven and dried at room temperature overnight. The film
thickness was measured by an interferometer (F3UV) using the Film metrics LSDT2

system.

3.2.3 Direct immersion annealing (DIA)
The samples were directly put into the DIA solution and caped to avoid the

evaporation of the solvent into the air. After annealing the samples for the desired time,
the samples were then dried by blowing air on them to avoid the influence of different

evaporation rates of different solvents.

3.2.4 Characterization of polymer films
Blends of PGNPs are characterized by the atomic force microscope

(Dimension Icon, Bruker) under tapping mode. Both surface topography and phase

images are acquired from it.

Neutron reflectivity was conducted on the NG7 beamline at the National

Institute of Standards and Technology Center for Neutron Research (NIST-NCNR).
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The collimated neutron beam’s wavelength is fixed at 4.76 A, and the divergence was
kept at 0.18 A. The data were reduced and fitted using ReflD and Reductus

programs.*?’

Ultra-small angle neutron scattering was conducted on the BT-5 beamline at
the NIST-NCNR. The wavelength is fixed at 2.4 A. The sample size is 3 cm by 3 cm.
10 to 20 pieces of 500 nm thick film (cast on silicon wafter) were stacked together to

increase the scattering volume. The data was analyzed and fitted using Igor.

ToF-SIMS analysis was conducted at Rice University. Negative depth profiles
were performed using a TOF-SIMS NCS instrument, which combines a TOF.SIMS5
instrument (ION-TOF GmbH, Munster, Germany) and an in situ Scanning Probe
Microscope (NanoScan, Switzerland) at Shared Equipment Authority from Rice
University. A bunched 30 keV Biz" ions (with a measured current of 0.1 pA) was used
as a primary probe for analysis (scanned area 90 x 90 pum?), and sputtering was
performed using Cs™ ions at 1 keV with a typical current around 75 nA, rastered area
(400 pm x 400 um). The beams were operated in non-interlaced mode, alternating 2
analysis frames and 1 sputtering cycle followed by a pause of 2 s for the charge
compensation with an electron flood gun. An adjustment of the charge effects has
been operated using a surface potential and the appropriate extraction bias. During the
depth profiling, the cycle time was fixed to 90 ps (corresponding to m/z =0a.m.u

to 737 mass range).
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3.3 Results and Discussions

3.3.1 DIA induced Reversible Phase Separation of PGNP Binary Blends
We investigated the phase behavior in a binary mixture of relatively large core-

dimensions of polymer grafted nanoparticles (PGNPs) using a solvent mixture
immersion method termed direct immersion annealing (DIA). The PGNPs consist of
PMMA-SiO, (number averaged relative molecular mass M, = 3.50 x 10* g/mol,
grafting density ¢ = 0.57 chains / nm?) and PS-SiO, (Mn= 6 .53 x 10* g/mol, ¢ = 0.52
chains/nm?), with the SiO, core radius of (r, = 7.7 + 0.5, where + 0.5 is the standard
deviation) nm, dissolved by mass ratios as documented below from pure toluene
solution, and cast as 100 nm to 400 nm thick films using a flow coater. The films were
then dried overnight at room temperature in a vacuum oven and characterized by AFM.
The as-cast films show nominal in-plane phase separation, presumably occurring in
the late-stage solvent drying process during flow coating. Due to the large dimensions
of the PGNPs, thermal annealing of cast films in a vacuum oven at elevated
temperatures of 180 °C for extended times (=~ 20 h) showed almost no change of film
morphology (or correlation length) (Figure 3.1). Quantitative analysis from the 2D
Fast Fourier Transform (FFT) analysis (inset of Figure 3.1) and 1D Power Spectrum
for the as-cast PS-SiO./PMMA-SIO> blends (A2) and after thermally annealing at
180 °C for 20 h (B2) confirmed the no evolution from as-cast structure by thermal
annealing in terms of scale of phase separation, except for a sharpening of
compositional contrast. In other words, this system is not amenable to a study of phase
separation (or other phenomena such as thermal interdiffusion) by thermal annealing

at the temperature on the order of ~ 100 °C above the glass transition temperature (Tg).
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Figure 3.1. Atomic force microscopy (AFM) phase contrast images of as-cast (A) PS-
SiO2 and PMMA-SIO:> blends and after thermally annealed at 180 °C
for 20 h (B).

We are concerned about thermal degradation at temperatures much above that,
therefore did not pursue that avenue. Instead, we examined DIA as a means of
overcoming this kinetics problem. Notably, this also affects the thermodynamics of
PGNP-brush/PGNP-brush interactions, because of solvent swelling of the brushes,
with potentially differential internal solvent compositions by brush/solvent differential
affinity. The precise nature of the internal solvent differential composition from the
bulk solution will be the subject of another paper using small-angle neutron scattering
and neutron reflection with deuterated solvent mixtures, but suffice to say, our past

work on planar polymer brush in solvent mixture close to and far away from the
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critical point of solvent/solvent phase separation demonstrates this effect clearly, i.e.,
the brush can trap a solvent mixture composition significantly different from the bulk
solvent mixture reservoir composition.>*?! In the present case, the solvent mixture is

fully miscible (1-phase) at all compositions.

Two distinct DIA solution mixtures were prepared to demonstrate the extrema
of 2-phase and 1-phase behaviors of binary PGNPs blends, and the reversibility
thereof between the two states. One solution (selective solvent mixture) consisted of a
mixture of acetone and heptane in the ratio of 1:1 by volume fraction, wherein acetone
is a more selective solvent for PMMA than PS, and heptane is the non-solvent for
both PMMA and PS to suppress film dissolution.!® The relative energy difference
(RED) calculated from Hansen solubility parameter for PMMA in acetone is 0.6,
while that for PS is 1.2,%8 noting that RED smaller than 1 indicates a good solvent
while larger than 1 represents a poor solvent.!?® The other solution mixture (near
neutral solvent mixture) contained toluene and heptane in the ratio of 1:1 in volume
fraction, where toluene acts as a common good solvent for both PMMA and PS. The

RED for PMMA in toluene is 0.9, while that for PS is 1.0.128
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Figure 3.2 Illustration of reversible phase morphologies by using two different DIA
mixtures. Scale bars in the AFM phase images correspond to 800 nm.

Figure 3.2 (i) shows the Atomic Force Microscopy (AFM) phase images of a
PMMA-SIO./PS-SiO; film that was alternatively dipped and dried between the two
different DIA solution mixtures for three cycles. The dark region in phase images
corresponds to the PS-SiO> domains, while the light color area represents the PMMA-
SiO2 domains, confirmed by the increase of surface coverage of dark color region with

the increase of mass ratio of PS-SiO, to PMMA-SIO> (Figure 3.3).
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Figure 3.3 AFM phase images of 130 nm thick 1: 5 (mass ratio, Al) and 2: 5 (mass
ratio, A2) PS-SiO2/PMMA-SIiO; blends annealed in acetone/heptane
(1:1 by volume fraction) DIA mixture for 1 h.

Figure 3.2 (i) a,c,e shows dried phase-separated states where PMMA-SIO;
rich and PS-SiO: rich domains are formed and re-formed by dipping the film
(thickness = 100 nm) into the selective solvent mixture. In contrast, Figure 3.2 (i)
b,d,f shows the reversal of phase-separated structures into near-homogeneous dried
single-phase states by dipping the film into the neutral solvent mixture. We noted that
surface segregation of PGNP components leads to some asymmetry near the surface
and substrate interface in these near homogeneous structures, and there is still some
minor residual phase-separated structure in the film interior, as shown later, resulting
in shallow undulations of the film surface, as seen in Figure 3.2. Nonetheless, these
figures indicate a high degree of rapid reversibility within 1 minute between phase
separation (2-phase) and phase dissolution (1-phase) of the states over several DIA

immersion alternating cycles, displaying quantitatively reproducible morphologies.

2D Fast Fourier Transform (FFT) images seen in the inset corresponding to the
AFM images (in Figure 3.2) are used to characterize the systems’ correlation length in
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their respective states. For the more relevant phase-separated state, it corresponds
roughly to the interdomain spacing between PS-SiO2 and PMMA-SiO. domains, while
for the quasi-homogenized phases, it is estimated from the remnant domain structures.
The calculated correlation length from the 1D spectrum for each state is plotted in
Figure 3.2(ii). a. It shows that for the 100 nm thick film, the correlation length stays at
around 0.7 um with a high intensity after the film is annealed in the selective solvent
solution (acetone/heptane) for 1 min of DIA immersion time, in the pinning limit. In
contrast, the correlation length decreases to 0.4 um with relatively low intensity,
similar to the as-cast film (Figure 3.1), after the film is annealed in the neutral
solution mixture (toluene/heptane) for 1 min of DIA immersion time, following which
there is no significant further homogenization. The root-mean-square surface
roughness (Rmms) measurement from the AFM (Figure 3.2 (ii).b) indicates that the
surface roughness is ~ 20 nm of films annealed in the selective solvent mixture, which
decreases to » 13 nm when annealed in the neutral solvent mixture. Furthermore, the
plateau value of aspect ratio (AR) of the phase-separated domains, defined by the ratio
of in-plane correlation length to the out-of-plane Rrms, AR = £/ Rims ~ 35, is on the
order of PS/IPMMA surface tension to interfacial tension as a thermodynamic
parameter. A previous study by Slawecki et al.” showed that in homopolymer thin
film blend phase separation, the AR is given by a simple model: the ratio of polymer-
polymer surface to interfacial tension. Our results show that the same kind of
explanation can also be applied to the PGNPs blend system to predict the AR beyond
the limit of initial time scales of evolution (~ 1 min), as the AFM images of the

domains do not evolve further if annealing is continued beyond the scale attained in 1
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min. This kind of characteristic ‘pinning’ feature of phase separation domain size in
binary PGNPs systems has also been observed in binary polymer blend ultrathin
films.1%* However, the rapid kinetics of phase separation and dissolution behavior is

distinctly different, as discussed in more detail.

3.3.2 One-phase and two-phase PGNP blend film morphologies
Since AFM is only a surface characterization technique, it cannot provide

morphologies in the interior of the film. Neutron reflectivity (NR) is used to study the
internal morphologies of the dried deuterated PMMA-SiO2(dPMMA-SIO2, M, = 3.40
x 10* g/mol, ¢ = 0.76 chains/nm?) and hydrogenated PS-SiO2 (Mn = 6.53 x 10*g/mol,
o = 0.52 chains/nm?) binary blends film, ordered in the 1-phase state under neutral
solvent mixture. The NR experimental data (Figure 3.4.a) was fitted by a z-averaged
depth model, whose structure is in strong agreement with the proposed 1-phase
mixture (Figure 3.4.c). This structure includes a layer of PS brush near the airside and
a layer of PMMA brush near the substrate interface due to the surface energy
preference for each polymer type. The fitted scattering length density (SLD) versus
depth plot (Figure 3.4.b) shows a PS-SiO. surface layer of around 30 nm thick.
Beneath it is a homogeneous mixture of PS-SiO, and PMMA-SiO> with a thickness of

about 60 nm, followed by a 20 nm thick PMMA-SIO: layer near the silicon substrate.
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Figure 3.4. Neutron reflectivity data for dPMMA-SiO./PS-SiO> blends annealed in

neutral good solvent (toluene/heptane) mixture for 1 min.

ToF-SIMS was also used to study the dried films’ internal morphologies. It

uses a cesium ion beam (Cs™) as the sputtering source to etch the films and a pulsed
bismuth ion beam (Biz") for collecting the mass spectrum through the depth. Figure

3.5.a shows the depth profile for both phase-separated (solid line) and homogeneous
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state (dashed line). For the homogenenous material, our observations confirm our
inferences from our NR measurement, albeit with a lower resolution, i.e., a tri-layer
structure exists due to the surface energy difference between the PS and PMMA
blocks at the two boundaries. For the phase-separated profile, there are no significant
z-depth fluctuations of either the PS and PMMA domains in the film, which indicates
that the phase separation in-plane morphology is consistent throughout the film within

the depth resolution of ToF-SIMS.
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Figure 3.5. (a) ToF-SIMS in-depth profile for PMMA-SiO2/PS-SiO2 blends at
different phases. (b) microscope images of the film after sputtering. (c)
Schematic for ToF-SIMS analysis.
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Figure 3.6 AFM phase and height images at different depths of the film for phase-

separated and quasi-homogenized state. 0 nm indicates the surface. The
scale bar is 800 nm.

The sputtering gun from ToF-SIMS has also been used to etch and reach

specific surfaces at different depths of the phase-separated films, which can be applied
to observe depth-dependent morphologies by AFM in the etched areas. This useful

combination of ToF-SIMS and etching followed by AFM scan provides invaluable
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information to characterize the morphologies at different in-depth locations. Figure
3.6 shows the morphologies throughout the film depth using this combination

technique for both 2-phase and 1-phase films.

Figure 3.6 a-d shows the surface morphologies of a ~ 130 nm thick 2-phase
film at different etched depths. The negative value indicates the distances from the
surface. According to these figures, the phase images show phase separation
morphologies, from the near-surface region (a, 15 nm) down to the substrate (d, 80
nm), with little variation of morphology or dimensions. Due to the etching process’s
apparent conformal nature, the surface height profiles are preserved in our
observations through the etching process into the film. The corresponding height
images (1-4) show a similar surface topography through the film, with the root-mean-
squared surface roughness (Rrms) above 40 nm. The PS domains are the protruding
phase. In situ AFM scan of the film immersed in the acetone/heptane shows an Ryms at
around 28 nm, indicating the surface topography has already formed in situ during
immersion in the selective solvent due to preferential solvent/PGNPs lower interfacial
energy. During the drying process, this topography gets rapidly quenched and creates
the surface roughness observed. It needs to be noted that the ToF-SIMS etching rate
process may potentially have different sputtering yields for PS and PMMA, which
leads to the increase of Rms after etching (= 50 nm) in Figure 3.6 1-4 compared to
unetched films (= 30nm). Tanguy et al.™** reports the ratio of the sputtering yield
between PMMA and PS using Cs* at 250 eV is around 3, which means the PMMA

gets etched out 3 times faster than the PS. Although the sputtering energy we use is
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1keV, which decreases this difference. However, the sputtering yield ratio can never
be 1, so the difference continues to induce roughening of the surface during the
process. That’s why we believe the increase of Rrms in Figure 3.6 1-4 compared to the
unetched films is due to this difference. Based on these pieces of information, a simple
morphological model has been developed to describe the two-phase states of PGNPs
blends (i-iv). The blue brush represents PS-SiO», while the orange brush corresponds
to PMMA-SIO,. Figure 3.6 e-h shows the in-depth phases when treated by the 1-
phase inducing toluene/heptane composition. Based on the NR fitting profile (Figure
3.3), AFM, and ToF-SIMS images, it consists mainly of PS on the surface. After
etching away 28 nm of the top film profile (Figure 3.6 f), the film shows some
residual but well-distributed phase-separated structures containing both PS and
PMMA. As the ion beam sputters more towards the substrate, the PMMA phase
exceeds the PS phase, with the substrate surface almost entirely covered by PMMA-
SiOy, reflective of PMMA’s well-known attractive interactions with the silica surface,
and not affected much by its solvent swelling in the DIA mixture. The corresponded
height images (Figure 3.6 5-8) indicate that the homogenized 1-phase state shows a
minor variation in the surface roughness ~ 16 nm for all images in Figure 3.6 e-h.
This indicates that the overall structure induced from the 1-phase solvent mixture is a
quasi-homogenized PGNPs blend state with surface segregation layers of PS-SiO> and
PMMA-SIO; at air and substrate interfaces, and near homogeneous phase separation
in the interior. Any incomplete homogenization is due to low mobility associated with
the large size (> 50 nm dry, and even larger in DIA mixture) of the PGNPs, resulting

in weak miscibility driving forces.
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3.3.3 Thermodynamics analysis and reversible nature of the phase
separation process

The free energy model developed by Flory®®! and Huggins®*? is known to
describe the phase behavior of homopolymer melt blends, with the criteria yN > 2 for
symmetric polymer blend phase separation to occur.!333* During the DIA process, we
note that the effective interaction parameter, y, varies in different DIA solutions. For
polymers in selective solvents (or solvent mixtures with a preferential solvent for one
PGNP brush polymer), Zeman et al.?® found out that ypolymeri-polymer2 increases when

Xpolymeri-solution 7 Xpolymer2-solution- Bank et al.*® revealed that the same compatibility

phenomena could persist after solvent removal from cast films, extending the
compatibility phenomena to polymer films prepared from polymer solutions. Zeman**®
argued that the polymer-polymer interaction parameter is proportional to the square of
the difference of two different polymer-solvent interaction parameters, which can be

expressed as the following equation

_ _(Otis—x2s)®> RT (3.1)
X2 = 5 s 2607 v

where yij represents the Flory-Huggins interaction parameter between component i and
J, 0 is the Hansen solubility parameter, and 1,2 polymers while s indicates the solution.
We adopt this simply semi-empirical approach to understanding miscibility in our

PGNP blends. When polymer blends are ‘annealed’ in such a solution that is selective
to one of the PGNP polymer blocks, y1» increases and induces phase separation.

Furthermore, the solvation of PGNP by the solvents provides intrinsic room
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temperature mobility to the binary PGNP system to rearrange PGNP configurations to

reflect the phase separation domain formation.

In contrast, when a neutral good solvent (or solvent mixture) is used, which

can swell both polymers, the interaction between the polymer components is screened

as a result of decreased interactions, to a first approximation, y12, eff = (1 - @solvent)

X12, Where @solvent is the volume ratio of good solvent (for both polymers) in the DIA

solvent mixtures, driving the blends to 1-phase state above a critical common good
solvent composition. Although this applies to solvated homopolymer blends, it should
qualitatively apply to solvated PGNPs blends as well, wherein the unfavorable brush-

brush interactions are mediated by the neutral solvent.

As noted before, Timmerman’s mixing rule allows for a natural rationalization
of this phenomena.'?® We can treat the solvent in our DIA solution as ‘additives’ to the
polymer films. The additive that is soluble to both components (good solvent for both
polymer blocks) can help stabilize the film and make the film’s phase homogeneous.
In contrast, the additive that is more soluble to one of the components (selective
solvent for certain blocks) will destabilize the system and cause phase separation.

3.3.4 Tunability of PGNP Interaction Parameter with Solvent Composition
Control

So far, we have examined the interchangeability of extreme behaviors of the
high degree of phase separation and homogeneous state. However, there is also much
interest in the cross-over regime from 2-phase to 1-phase behavior. To systematically

explore the tunability of y and thereby phase morphology of PGNP blends via solvent
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mixture composition changes in DIA, different amounts of neutral solvent (good
solvent for PS and PMMA), i.e., toluene, was added to a fixed volume ratio of
acetone/heptane (1:2) DIA solution, to vary the xps_sio,/pMma-sio,- 1he mass ratio of
PS-SiO2/PMMA-SIO: in the film was kept at the same (2:5), and the film thickness
around 100 nm, as before. Figure 3.7. (i) shows the phase images of these films
annealed in the corresponding DIA composition after 1 min. With no toluene added
into the DIA solution (acetone: heptane = 1:2 in volume ratio), the PS (dark color
region) and the PMMA (light color region) PGNPs shows phase separation (Figure
3.7.(1).a). The surface coverage of PS-SiO, (dark color region) is calculated to be
around 76 % (Figure 3.7.(ii).a), which also implies that PMMA-SIO> may have
selectively segregated to the substrate due to preferential attraction of PMMA to the
silica surface. When 3 % (by volume relative to the total volume) of toluene was
added into the DIA solution (Figure 3.7.(i).b), the surface coverage of PS (dark color
region) started to increase (Figure 3.7.(ii).a). Both the AFM phase images (Figure
3.7.(i).a-e) and calculated PS surface coverage values (Figure 3.7.(ii).a) show that
more PS-SiO; is segregated to the surface as more toluene is added. When the toluene
volume increases to 18.9 % (Figure 3.7.(i).e), the free surface is mostly covered with
PS-SiO2 (> 99 % Figure 3.7.(i1).a). Figure 3.7.(i).f-g (circled in red) shows the
corresponding magnified AFM scans (Lum x 1um) of the larger Figure 3.7.(i).a-e (4
um X 4 um) AFM images. With no added toluene to the DIA solution, both the inter-
domain boundary between PS-SiO, and PMMA-SIO; grains, as well as the intra-
domain (particle-particle PGNP boundary), is very apparent. However, the intra-

domain boundary, especially between the PS-SiO,, becomes progressively blurred
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with increasing toluene content due to swelling of the PS grafted chains by the good
solvent toluene and a reduced interaction parameter. Upon evaporation of the solvent,
the swollen chains cannot fully collapse back and instead remain entangled, leading to
the disappearance of boundaries between the PS-SiO,. We can track this change
quantitatively by measuring the inter-particle distances between PS-SiO; following
DIA treatment, as shown in Figure 3.7.(ii).b. The interparticle distance increases from
67.6 nm (= 14.2 nm) to 79.6 nm (x 15.5 nm) with increasing toluene composition. In
comparison, the interparticle distance of PMMA-SiO> remains invariant at 40.6 nm (+
5.4 nm). As the toluene also screens the interaction between PS-SiO, and PMMA-
SiOy, Figure 3.7 (i). e and j suggest that for the highest toluene fraction of 18.9%,
during this swelling process, the (smaller sized) PMMA-SiO; potentially mix with PS-
SiO> chains, similar to the model we proposed in the toluene/heptane mixture (Figure
3.4.c), causing a further increased surface coverage of PS-SiO. due to its surface
segregation behavior arising from its lower surface energy. We believe that for the

highest toluene volume fraction of 18.9% in Figure 3.7 (i). e and j, the situation
corresponds very closely to the critical interaction parameter, yc, for phase separation

of the PS-SiO2 and PMMA-SIO> blends. More detailed future studies are required to
develop this analogy with thermally reversible phase separation in traditional polymer

blends.
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Figure 3.7. AFM phase images (4 um x 4 um) of PGNP phase separation as a
function of volume ratio of toluene in fixed ratio acetone: heptane
solution. The solid and dotted black lines are to guide the eye.

To study the inter-domain spacing of PGNP blends, we also performed ultra-
small angle neutron scattering (USANS) on the films treated with different DIA
solutions (with different volume ratios of toluene). Deuterated PMMA (M, = 3.4 x 10,
o = 0.76 chains/nm?)-g-SiO, was used here to have neutron contrast with the PS (Mn =
3.50 x 10% ¢ = 0.57 chains/nm?)-g-SiO2. The mass ratio of PS-SiO, to dAPMMA-SiO
was 1:5, and PGNP blend film thicknesses were = 500 nm on thin silicon substrates.
About 10 to 20 stacked films were used for thru-transmission in USANS geometry for

increasing USANS scattering intensity.
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Figure 3.8. Correlating USANS and AFM phase images (calculated peak position
inset) for the dPMMA-SiO2/PS-SiO. blends treated by DIA solution
with different toluene volume ratios.

Figure 3.8.a shows a peak in the USANS data at g* = 1.2 x 10* A  (inset in
the image), which corresponds to features of ~ 5.2 um in size, when the film is treated
by an acetone/heptane/toluene mixture(1:2:0.1 in volume, ¢o = 0.03). On the other
hand, the peak shifts to g* =1.7 x 10* A(Figure 3.8.b), which corresponds to about
3.7 um in size when the film is treated by another acetone/heptane/toluene mixture
(1:2:0.5 in volume fraction, ¢o = 0.14) before it is pinned by limited in-plane surface

mobility. This indicates that the film averaged inter-domain spacing between
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dPMMA-SIO; decreases with higher toluene fraction in the DIA solution, as a result
of a shift to a more 1-phase redistribution of the system. This trend is consistent with
the AFM images at different depths created using the ToF-SIMS sputtering gun
(Figure 3.6 b vs. Figure 3.6 f). The peaks were fitted using a Gauss model from
OriginPro 2020 to obtain a fitted full width at half maximum (FWHM) for ¢o= 0.03
and ¢o = 0.14 sample of 5.4 x 107> + 5.6 x 10~ %and 7.1 X 1075+ 7.2 x 107°,
respectively. The smaller FWHM (narrower the peak) value means longer range order,
which is consistent with the embedded AFM images, showing an in-plane
homogenization process with the increase of toluene’s volume ratio in the DIA
mixture.

3.3.5 Kinetics and Thermodynamic Aspect Ratio (AR) of PGNP blend

phase separation
Experiments were next conducted to study the Kinetics of the phase separation

in PS-SiO2/PMMA-SIO> blends with a mass ratio of 2:5. Two film thicknesses were
investigated, 190 nm and 360 nm, to get better information on the development of film

morphologies.
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Figure 3.9. Time-dependent phase changes under direct immersion annealing. The
scale bar of the AFM scan is 1 um.

Figure 3.9. (i).a-d shows the evolution of the surface morphologies for the 360
nm thick film from the AFM height images. The light yellow region (the higher region

in height images) corresponds to PS-SiO> as it selectively migrates to the upper (air

upon drying) interface due to its lower surface/interfacial energy compared to PMMA-
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SiO2. When the film is annealed in the phase-separating DIA mixture of acetone and
heptane (volume ratio: 1:1) for = 3 s, (Figure 3.9.(i).b), the PMMA-SiO; and PS-SiO;
start to phase separate into separate domains. As the immersion annealing time
proceeds, the domains of PS-SiO2 connect with each other for further growth into
bicontinuous domains. After 45 s of annealing (Figure 3.9.(i).c), all PS domains
connect and form a spinodal-decomposition-like morphology. Ultimately, the
coarsening via this in-plane phase-separation of PS-SiO> domain stabilizes after 6 min
of annealing (Figure 3.9.(i).d), with no further evolution of domains compared to 1 h
later (Figure 3.9.(i).d inset). Figure 3.9. (ii).a shows the calculated correlation length
(&), corresponding to the PS-SiO2 characteristic domain size, calculated from the
radially averaged 2D-FFT of AFM images of the 190 nm and 360 nm thick films,

versus annealing time.

Because the phase separation pattern coarsening process ultimately saturates at
a finite scale, the power-law growth of &(t) due to molecular diffusion and coalescence

processes associated with phase separation can only occur over a limited time period
before this scale ‘pins’ to its asymptotic value at long timescales, &». We may model

this phenomenon in exactly the same fashion as diffusion-limited adsorption of
polymers onto surfaces where the polymer surface concentration has been successfully
modeled as a pseudo-first-order rate process with a time-dependent rate corresponding
to the diffusion-limited rate of adsorption of polymer chains to the surface observable
in short-time measurements.**” Translating this argument to the present context, we

model the time-dependent rate of growth of &(t) as a pseudo first-order rate process in
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which &(t) obeys a power-law &(t) ~t " at times much shorter than the ‘pinning time’

of the phase separation process. This model leads to a simple expression for &(t),
&t) = £,(1— e, (3.2)

The fitted exponent n for both film thicknesses is found to be n ~ 0.23 (Figure
3.9. (ii).a), which is smaller than the normally reported value of 1/3 for fluid mixture
phase separation.’%1% A smaller coarsening exponent n, closer to 0.2, has also been
observed in a previous, more controlled study of phase separation in melt blends of
PGNPs.?> We thus have evidence that the kinetics of phase separation in PGNPs
blends can be appreciably different from ‘ordinary’ polymer blends. By contrast, we
note that the coarsening exponent in blends of NPs (with and without grafted polymer
layers) with a homopolymer gave a coarsening exponent near 1/3. 2118 \We mention
that pinning of &(t) at long times has also been observed in the liquid-liquid phase
separation of certain micelle-forming liquids in which the micelle assembly and
associated phase separation pinning occurs in the two-phase region,**® and exactly the
same equation and reasoning as in deriving Eq. (2) was used to model &(t) in this

complex phase separating fluid.

How do we understand this reduction in the coarsening exponent in the PGNP
blend? Further studies will probably be required to fully establish this change in phase
separation dynamics in this class of blends. However, we may offer a tentative
explanation of this qualitative change of scaling of the phase separation coarsening.
We think that an essential clue may be obtained from a recent simulation study of

colloidal particle phase separation by Tateno and Tanaka,*® both with and without
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particle-particle hydrodynamic interactions (HI). In the case in which HI is included in
the simulations, n for particle phase separation takes a value close to 1/3, but a
definitely smaller value is observed in simulations in which HI is neglected, i.e.,
Brownian dynamics simulations. Tateno and Tanaka interpreted this result as implying
that Brownian dynamics ‘fails even qualitatively’ because it does not give rise to the
‘correct” exponent value of 1/3. We note that the simulation observations of Tateno
and Tanaka are consistent with earlier analytic calculations by Kawasaki and Ohta,4*
who found that the coarsening exponent should exactly equal 1/5 for liquid-liquid
phase separation when the strength of the HI is taken to vanish, a condition that they
designate as the ‘solid’ limit. Correspondingly, Kawasaki and Ohta'*! predicted n to
equal 1/3 when HI interactions are fully developed. These theoretical results are
entirely consistent with the simulation observations of Tateno and Tanaka on phase
separating colloidal particles**. It has to be noted that the exponent n for the case
without hydrodynamic interactions is not stated explicitly in Tateno and Tanaka’s
paper where the results for the coarsening scale of phase separation are given only in
graphical form. Prof. Hajime Tanaka has communicated to us that an exponent value

near n = 0.2 is consistent with the data given in this paper in the case where there is no

hydrodynamic interaction.

PGNP fluids have an intrinsic property that might influence the strength of
hydrodynamic interactions (HI) in these fluids. Apart from the ‘solid-like’ behavior
arising from the ‘dry layer’'® corresponding proposed concentrated particle brush
(CPB) region of densely grafted PGNPs®®, we propose instead that this emergent

property of enhanced rigidity arises mainly from the relatively ‘soft” properties of the
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outer ‘semi-dilute particle brush (SDPB) region’®® or ‘interpenetration layer’*? of the
polymer grafted layers that allows the PGNPs to fill space more efficiently, more like
the bubbles in a foam than sand grains on a beach. This greatly enhanced molecular
packing capacity of such ‘soft’ particles can make dense materials composed of such
particles approach a limiting densely-packed ‘hyperuniform’state'#>*4* in which the
material properties become more similar in some ways to crystalline and quasi-
crystalline materials than concentrated suspensions of spherical particles interacting
through hard core repulsive interactions. The near ‘hyperuniform’ character of the
PGNP mixtures might then be expected to lead to a suppression of HI, which are
entirely absent in conventional solid materials. If such materials indeed resemble
‘solids’ from a hydrodynamic standpoint, as just hypothesized, then this would have
the effect of changing the coarsening exponent to the value 1/5 predicted by
Kawasaki and Ohta **! rather than the ‘normal’ fluid mixture exponent value of 1/3.
This argument seems to be entirely consistent with our observations, and this
hypothesis merits further investigation. Lattice Boltzmann simulations of the ordering
process of BCP materials indicate that the same HI mechanism influences the
coarsening exponent in BCP ordering'* so that this HI effect on the rate of phase
separation is apparently a rather general effect. As noted above, n changes from about
1/5 to 1/3 with the absence and inclusion of HI in the particle mixture simulations of
Tateno and Tanaka.'®® These simulation studies further show that the change of n
arises from the role of HI in facilitating defect annihilation and that this change in
phase separation Kinetics due to HI is accompanied by subtle, but potentially
observable, structural changes in the phase separation morphology.®® % Recent
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experimental work by Bilchak et al. have provided evidence for enhanced rigidity
arising from the presence of the polymer grafted layer in rheological measurements,
and qualitative evidence for strong interparticle interactions mediated from the grafted
layers from imaging of the material, trends consistent with the expectations of

emergent hyperuniformity.4

We note, however, that the interpretation of
observations for polymer grafted chains of variable mass must also take into account
chain entanglement effects and alterations of the glassy dynamics so that the

rheological measurements must involve a number of contributing factors that need to

be better understood in PGNPs.

We note that HI also have a significant influence on how shear alters macrophase
separation in fluid mixtures and microphase separation in block copolymer materials.
Counterintuitively, the application of steady shear to fluid mixtures tends to diminish
their miscibility, i.e., the critical temperature increases with shear for UCST phase
behavior.14"-1% The opposite trend arises in steadily sheared BCP materials, which are
solid materials in their ordered state so that HI interactions are suppressed in the BCP
material in its ordered state. Indeed, steady shear has been observed to cause the order-
disorder transition temperature (ODT) to decrease in the common case in which BCP
ordering occurs upon cooling,®* an observation in complete opposition to sheared
phase separating fluids. If one turns off the HI in the sheared fluid mixture calculations,
then the critical temperature is then shifted by shear in the same way as BCP
materials.*®® The presence of HI then controls the sign of the transition temperature

shift under steady shear, and studies of the shift of the critical temperature under shear
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could provide a clearer indication of the relative magnitude of HI in PGNP fluids in

comparison to ordinary (Newtonian) fluids. 55-%

To the contrast of the slow kinetics from the exponent, there is fast growth in
pattern size as soon as the film is dipped into the DIA solution (Figure 3.9.(i).b). This
fast pattern coarsening can be quantified by the large prefactor (K) in the power-law
growth (&(t) = K - t™) describing the coarsening dynamics. The fitted prefactors for
both thicknesses (Figure 3.9.(ii).a) is over 1000 nm/min®2, which is =~ 10 times larger
than those in homopolymer blends®®1%, blockcopolymer thin films*'? and pure PGNPs
mixtures®® using thermal annealing. Composto et al. reported that the power law for
the discrete domain formation of homopolymer mixtures could be modified (i.e.,
scaling prefactors) as a function of the polymer-polymer interfacial tension (o),

viscosity (1), and the film thickness (d) (equation 3.3)%°
&) ~(a/m) */? d?/3t1/3, (3.3)

The rate parameter K generally increases as the solution shear viscosity 7
decreases and, additionally, the rate of phase separation is further accentuated by film

swelling.

Aside from the somewhat unconventional domain growth Kkinetics, we see
domain size pinning and a fixed value of the aspect ratio (AR), the ratio of the surface
roughness to the pattern scale, after long annealing times. These are typical trends that
we have seen many times before in phase separating films.?%% Figure 3.9.(ii).a
shows that the domains ‘pin’ at around 1.2 pm to 1.4 pm after 6 min of annealing.

This is likely because the confinement from the film thickness impedes the rupture of
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the bicontinuous PS-SiO2 domains as the hydrodynamic forces are not large enough to
overcome the increased viscoelastic stress, which in turn stops the formation of an
array of well-ordered droplets.!® Apart from the in-plane phase separation scale
growth, the out-of-plane phase separation scale and surface roughness also grow
rapidly under the DIA process. The as-cast film’s surface roughness is only 10 nm for
both 190 nm and 360 nm film (points not included in Figure 3.9.(iii).a). However,
after 3 s of annealing, it quickly jumps to 38 nm (for 190 nm thick film) and 58 nm
(for 360 nm thick film), and finally increases to 53 nm and 80 nm after 6 min. of
annealing, respectively (Figure 3.9.(iii).a). This is induced by the PS domain

dominating the air/film interface, which is caused by the PS domain’s lower surface
energy than the PMMA domain (yes = 40.7 mJ/m? vs. yemma= 41.1 mJ/m?). Previous

studies of homopolymer blend phase-separation in thin films showed that the aspect
ratio of longer time or pinned features, i.e., AR ~ domain width/domain height,
roughly tracked the ratio of surface to polymer/polymer interfacial tension.” Figure
3.9.(iii).b shows the changes of AR (£ / Rms, correlation length over the surface
roughness) as a function of time. It increases first and then stabilizes at 38, a value
close to that in the previous section. This suggests that the model discussed in the
previous section is potentially useful to interpret the semi-quantitively structural

features of the DIA induced binary phase-separated 2-phase state.

The time-dependent study also helps us analyze the role of solvent immersion
annealing on the particle brushes’ phase separation. As the evaporation of the solvent

during the drying process remains constant for different annealing time, it is safe to
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conclude that the domain area’s growth is mainly caused by the solvent immersion
process instead of the solvent evaporation process. Indeed, this was also verified by in

situ AFM solution studies (Figure 3.10).

Figure 3.10. AFM height images of 130 nm thick PS-SiO2/PMMA-SiO; (mass ratio
2:5) taken directly from acetone: heptane solution (1:1 in volume
fraction), surface roughness, Rims = 27.5 nm.

Finally, we want to finish by making some general comments about the rather
special conditions under which we expect this unusual type of phase separation
kinetics, and other special material properties that derive from the presence of the ‘soft’

polymer-grafted layer on the hard particle core of polymer grafted nanoparticles.

The ‘soft’ polymer layer of polymer grafted nanoparticles is probably crucial
for observing the altered phase separation dynamics that we observe. Both

computational and experimental studies have characterized the nature of the PGNPs in
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100 and in the melt.201:1521%3 These studies collectively indicate that the grafted

solution
polymer layers, both in solution and in melts of such nanoparticles, are not ‘brush-like’
in the literal sense of the polymer chains being stretched out in a geometrical form
similar to the bristles of a paint brush. Rather, the polymer chains in these layers are
closer in form to the ‘random coil’ shapes that individual flexible polymers adopt in
solution, apart from a region near the grafting substrate. It is just this random coil
aspect of the grafted polymer chains that gives rise to their entropy-driven segregation
under confinement studied in previous studies by our group.?>?3 The highly fluctuating
nature of the grafted polymer layer'®!* for normally encountered grafting densities
also has significant implications for molecular packing of this kind of nanoparticle in
the melt.’> The presence of a ‘soft’ deformable layer on the nanoparticle [See Fig. 2
of Barnett and Kumar’s paper’®® for a helpful illustration of a polymer grafted
nanoparticle melt generated through molecular dynamics simulation] gives rise to a

strong interaction between the nanoparticle cores, leading to a ‘jammed’ state where

the degree of jamming is quantified by the hyperuniformity index, A.143144157

h is defined as the ratio of S(0), the static structure factor at low g, which is
proportional to the isothermal compressibility and a measure of the capacity of the
material to exhibit volume fluctuations at large length scales, to the magnitude of the
first peak of S(qg), a measure of local interparticle density correlations, or informally
‘jamming’, at a scale on the order of the average interparticle distance. Thus, h could
just as well be termed a ‘dimensionless jamming index’. Simulation has shown that

this jamming of the nanoparticle cores increases progressively with the mass of the
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grafted chains at a fixed grafting density, at least over the chain lengths that could be
investigated by simulation. However, the interparticle correlations between the
nanoparticle core particles caused by the grafted chains must be ultimately lost as the
mass of these chains approaches infinity (Note that the polymer grafting density is
inherently dependent on polymer mass for polymer layers grafted from solution.). It is
only in an intermediate ‘window’ of polymer mass and grafting density that we may
expect the polymer grafted nanoparticle materials to approach a solid-like
hyperuniform state in which h ~ 0(1073).143144158 There is evidently a ‘sweet spot’
corresponding to an intermediate polymer mass in which the jamming effect of the
particle cores is maximized, even if strict hyperuniformity is not achieved. Fortunately,
this ‘jammed’ condition corresponds to a polymer mass and grafting density regime
that can be readily synthesized by grafting polymer chains onto inorganic
nanoparticles in solution. We may anticipate many special mechanical, optical and
acoustic properties to derive from materials in which nanoparticles are in this special

jammed state.

Consistent with these general physical arguments, a stiffening of this class of
materials compared to the homopolymer material characteristic has been found to be
characteristic of polymer grafted nanoparticle materials.?® Moreover, this stiffening
effect disappears when the grafting chain length is short or the polymer grafting
density too high. Bilchak et al. suggest that the non-monotonic variation in the
mechanical*®® and gas permeability*® of these materials derives from a transition from
a jammed solid state at moderate chain lengths to a state similar to the pure polymer

melt when the length of the grafted polymers becomes very long.
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3.4 Conclusions
Binary PGNPs blend films follow a pattern of phase separation

thermodynamics that is superficially similar to ordinary binary homopolymer blends.
We can leverage our extensive knowledge about phase separation in blends to study
this new class of blend materials. A fundamental problem with this class of mixtures is
that they generally tend to have sluggish phase separation kinetics in the melt state,
due to a combination of a large nanoparticle core coupled with a net high molecular
mass grafted brush layer (cumulative Mw of individual grafted chains). This situation
often applies for high molecular mass polymer blends, so we adopt the strategy of
plasticizing the blend with a solvent mixture and controlling the polymer grafted
nanoparticles’ miscibility through control of solvent composition (DIA). In particular,
we investigated the phase behavior of PMMA-SiO> /PS-SiO> blends at different DIA
conditions. The application of this processing method allows us to control the phase
separation morphology in a manner that otherwise would exhibit no morphological
variation by thermal means. Using DIA, the PGNPs blends’ morphologies can be
reversibly changed from a 1-phase to a 2-phase state by simply altering the solvent

mixture composition i.e. selective vs. neutral good solvent quality.

From a practical perspective, the DIA method is also relatively fast and
suitable for real-world processing for materials fabrication. Phase separation or
homogenization can often be achieved in seconds to minutes, despite a reduced
coarsening exponent. This is due to the plasticization of the glassy grafted polymer

layers by the solvent that profoundly influences the PGNP system mobility, resulting
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in the rapid acceleration of the film domain growth dynamics in both directions of

phase boundary crossing.

With this method of solvent annealing, we can exploit common features of
phase separating polymer films: the late-stage pinning of the in-plane phase separation
pattern scale at long times, and a corresponding constant ratio of the root mean
squared roughness scale to the in-plane pattern scale, the so-called film pattern aspect
ratio, AR. After DIA processing, we see the approach of the in-plane phase separation
pattern scale and the AR to their long-time pinning values. This phenomenon is
similar to phase separation in ultrathin binary homopolymer blend films and block
copolymer films studied previously, but the timescale for this coarsening has been
dramatically accelerated. The application of the DIA processing method should greatly
facilitate the fabrication of polymer-grafted nanoparticle film materials for many

applications.

Although many aspects of the thermodynamics of phase separation and
dynamics are similar in polymer grafted nanoparticles to ordinary polymer blends, we
find further evidence that the coarsening exponent for diffusive coarsening is different
in this soft particle blend, an effect we attribute tentatively to suppressed

hydrodynamics in this class of materials.
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IV. FACILE ENTROPIC-DRIVEN SEGREGATION OF
IMPRINTED POLYMER-GRAFTED NANOPARTICLE BRUSH
BLENDS BY SOLVENT VAPOR ANNEALING SOFT
LITHOGRAPHY

4.1 Introduction
Recent advances in polymer synthesis improved the control of the chemistry of

the inner nanoparticle core and the encapsulating outer polymer layers of polymer

grafted nanoparticles (PGNPs),*1535384158

giving rise to an ever growing list of
applications of these materials extending from electronics,3#°46:117.119,160
membranes,>27:118.146156.161  t5  enhanced mechanical properties.”*2?® A critical
requirement for fabricating these novel NPs and for their associated applications is the
control of the PGNP dispersion and orientation in the system. For PGNPs dispersed in
a polymer matrix, there are two different types PGNP bends encountered: blends for
which the outer polymer brush of the PGNP has a different chemistry from the
polymer matrix, and the case where brush layer of the PGNP and the polymer matrix
has the same chemistry. For the chemically distinct system, extensive research has
shown that these PGNP nanocomposites' morphologies can be controlled through
variation of the Flory-Huggins interaction parameter y, describing the strength of the
polymer-polymer interaction strength,?!:24166-16869.112116,120,162-165  gehmijtt et al.?®
revealed that the morphologies of PGNPs having chemically different grafted layers
could undergo upper critical solution temperature (UCST) phase behavior as in the
corresponding homopolymer blends without NP cores. Wu et al.?* demonstrated that

varying the y between the two different PGNPs via changing the annealing solvent of

the direct immersion annealing (DIA) can reversibly alternate the morphologies
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between phase-separated and homogeneous states. Zhang et al.?* further found that
imprinting topographic patterns on chemically different PGNPs/homopolymer blends
led to a selectively partitioning of the PGNPs to the less confined ‘mesa’ region
(thicker region of the patterned surface) due to entropic driving forces, but these
studies were limited to relatively low mass grafted polymer layers because of the
sluggish dynamics of the melts having high mass polymer-grafted layers. Below, we

discuss a methodology that overcomes this limitation.

For chemically identical systems, it is well understood that entropic forces
arising from architectural and flexibility differences between the polymer segments,
the grafting density and length of the chains, along with the polymer nanoparticle core
interaction strength can all influence the tendency towards phase separation and
particle association in the melt and in solution. Akcora et al.®® found that PGNPs can
self-assemble into extended linear and branched polymeric structures in a chemically
identical homopolymer matrix due to the balance of the energy gain from the
approaching core and the entropic energetic cost of distorting the grafted polymer
layers on the NPs. From the standpoint of the present work, this PGNP aggregation
process is something that we seek to avoid since it normally implies a loss of control

of particle organization.

Our group has recently focused on harnessing the general tendency of PGNPs
to either self-assemble and associate or phase separate from each other in different
kinds of matrix (homopolymers or PGNPs). In particular, we initially found that

PGNPs dispersed in a matrix having a chemically identical nature as the grafted chains
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allowed us to organize the PGNPs over large areas through the action of topographic
confinement (PDMS pattern). It could also induce large scale patterning of the thin
PGNP composite films through entropically-driven partitioning of PGNPs to the less
confined 'mesa’ region of the imprinted annealed films.?%?® In particular, Zhang et al.?®
found that as the thickness of the ‘trench’ region (thinner surface region arising from
the PDMS topographic pattern) decreases, the number density of the PGNPs in the
‘mesa’ region increases. In other words, the PGNPs in the ‘trench’ region get
‘squeezed out’ from the thin ‘trench’ thickness regions and migrate into the ‘mesa’
regions where the PGNP are less constrained (See Zhang et al.’s paper for a more
extended discussion of this entropically-driven nanoparticle segregation process).
Since the outer brush of the PGNPs has an identical chemical structure to the
homopolymer matrix, Zhang et al. then concluded that entropic changes due to local
confinement alone induced this selective nanoparticle partitioning. Notably, the
PGNPs used in this previous study had a silica core radius of Ro ~ 1.2 nm and a

grafted chain mass, Mn, ps, grafted = 11.5 kg/mol.

Subsequent studies have revealed that the physical properties of PGNPs are
sensitive to changes of inner NP core size and the molecular mass of the outer polymer
layer,26:101.146.169.170 Bjlchak et al.!*® conducted rheology testing on PGNPs (with the
diameter of the inner nanoparticle core: D, = 14 + 4 nm, where £ 4 nm is the
standard deviation) with different molecular masses and found that the G’ plot starts to
show a ‘plateau’ at low frequencies when the molecular mass decreases, indicating a
transition to ‘solid-like’ structures. Lin et al.’® revealed that the increased effective

nanoparticle (NP) size will decrease the diffusion kinetics of PGNP to ~ 100 times
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compared to the prediction from Stokes Einstein law. Earlier we have demonstrated
that for high molecular mass (M» > 35 kg/mol) and large core radius (Ro~ 7.5 nm)
PGNP blends, annealed by direct solvent immersion annealing to increase PGNP
mobility and repulsive interaction parameter, y, the phase coarsening exponents
decreases to = 0.2, which was attributed to a suppression of the hydrodynamic
interaction between these PGNPs resulting from the increased packing density of these
materials.?* There is also evidence that the entanglement interactions that can result
from the greater interpenetration can lead to improved film toughness. We therefore
investigate PGNPs with relatively high molecular mass grafted layers. As expected,
this leads to greater inherent difficulties in processing these materials that may be
overcome using methods such as solvent vapor annealing (SVA) to fully exploit the
desirable properties of this class of materials.
4.2 Experimental Design

In this chapter, we investigated the distribution of high molecular mass
polymethyl methacrylate grafted on silica nanoparticles (PMMA-SIO2) in a low
molecular mass PMMA-SIO, matrix. We studied the influence of topographic
nanopatterning confinement on the segregation of PGNPs in the film. Below is the

detailed information about the experiments.

4.2.1 Materials
The materials used in this study are PMMA-SIO; with variation of molecular

mass for the grafted PMMA chains. All the PMMA-SIO2 nanoparticles were
synthesized using a surface-initiated ATRP method and prepared by our collaborators:

Dr. Michael Bockstaller’s and Dr. Krzysztof Matyjaszewski’s group at Carnegie
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Mellon University. For the smaller-sized PMMA-SiO., which is used as the matrix,
the average silica core size is r, = 1.5 nm. The molecular mass for each grafted
PMMA chain is My, pyma grastea = 18.0 kg/mol, and the grafted density of it is o =

0.2 chains /nm?. For the larger-sized PMMA-SiO to study its organization, we used
two different molecular mass to reveal the thermodynamic driving force for the
selective partitioning under topographic nanopatterning confinement. The molecular

mass for the first PMMA-SIO: is My, pyma,grastea = 43.7 kg/mol, while the other
one is My pymagrastea = 26.7 kg/mol. The average core radius for both is Ry core =

7.5 nm, and the grafting density is ¢ ~ 0.30/nm?. The solution used to dissolve the
PMMA-SIO: is tetrahydrofuran (THF) and is purchased from VWR Inc. The solution
used for solvent vapor annealing soft lithography (SVA-SL) is acetic acid. It was

purchased from VWR Inc.

4.2.2 Film preparation
PMMA-SIO, was firstly dissolved in tetrahydrofuran (THF, VWR) solution

(30 mg/ml) and sonicated in the water bath to ensure it is well dissolved. The PGNPs
blends (mass ratio of PMMA4k-150mSiO2/PMMA27k-150mSiO2 t0 PMMA18k-3nmSiO2:
10%) were then sonicated in a water bath for 20 min to ensure good dispersion. The
mixture was then flow coated into thin films of thickness h ranging from 70 nm to 140
nm on pre-cleaned (in ultraviolet generated ozone for 2 h) silicon substrates. The film
thickness was measured by an interferometer (F3UV) using the Film metrics LSDT2

system.
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Polydimethylsiloxane (Dow Corning, Sylgard 184) were crosslinked (curing
agent mass: elastomer mass = 1:20) and cured at 120°C for 12 h on commercial digital

video discs (pitch A = 750 nm, height difference 4h = 120 nm) or smooth glass

slides to make the topographic pattern layers or smooth (non-patterned) layers

(thickness =~ 0.5 mm), respectively.

The samples for TEM measurements were prepared by directly cast the PGNPs
blends films onto a thin (= 10 nm) poly(4-styrene sulfonic acid) (PSS; Sigma-Aldrich)
layer that was pre-casted on the silicon substrates. After the SVA-SL/TA-SL
processing, the multilayer films were then immersed into deionized water, where the
top PGNPs blend films floated on the water surface while the bottom PSS layers
dissolved in water. The PGNPs blends films were then transferred to copper grids

(Ted Pella, 300 mesh Cu) for the TEM measurements.

4.2.3 Thermal annealed soft lithography (TA-SL)
The topographic PDMS pattern layers were directly put onto the polymer thin

film and annealed in the vacuum oven for 24 h annealing. After the removal of the
topographic PDMS pattern, the polymer films were then characterized by AFM and

TEM.
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4.2.4 Solvent vapor annealed soft lithography (SVA-SL)
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Figure 4.1. Cartoon of the solvent vapor annealed soft lithography steps.

Figure 4.1 shows the schematic illustration about the SVA-SL procedure. The
polymer thin films with PDMS patterns were directly put in the acetic acid vapor.
After the films were annealed for certain times, the films were then taken out from the
solvent vapor and put onto a heating stage (50° C) with the pattern still on it for 1 min.
The patterns were then carefully removed from the surface and the films were

characterized by AFM and TEM.
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4.2.4 Method to calculate the partitioning parameter Kp

"'t";l‘l‘!""f'.'-, .

w1 W2

Figure 4.2. Illustration of the calculation of partition parameter K.

To quantify the extension of selective partitioning of high molecular mass
PMMA-SIO; in the patterned film, we here introduce the partition coefficient
parameter Kp. To illustrate the calculation of partition coefficient parameter Kp, we
take the PMMA27k-150mSIO2/PMMA1gk-30mSiO2 blends as an example (initial film
thickness h = 83 nm). The number of larger-sized PGNPs in the trench (N1) and mesa
(N2) are directly counted from the TEM images using ImageJ analysis. W1 and W2
are the widths of the trench and mesa measured using ImageJ analysis. The averaged
h: and hy are calculated from the height difference between the mesa and trench (Ah)
measured from the AFM height profiles. Multiple calculations have been taken in
different locations to get the averaged K, value of every single film. The equations for

the calculation of Kj is

K = p1_ NaW, ha (4.1)
p2  NaWihy
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where p1 and p» are the number density of particles in trench and mesa, respectively.

They can be calculated as

=M 4.2
P1= T and (4.2)
=N 4.3

P2 = Ty (43)

hiand h; are the thickness of trench and mesa, respectively. They are calculated as

py = M (@)

4.3 Results and Discussions

4.3.1 Distribution of PGNPs under topographic nanoimprinting pattern
using thermal annealing soft lithography

We first investigate the selective partitioning technique applied to PGNPs
having a high molecular mass grafted chains via thermal annealing soft lithography
(TA-SL), similar to earlier work from our group by Zhang et al.?® on lower molecular
mass grafted chain and smaller core size counterpart of these PGNPs in a
homopolymer matrix. We replace the smaller sized PGNP (Rgcore = 1.5nm,
M, ps grastea = 11.5 kg/mol, grafting density o = 0.7/nm?) studied earlier with
two different PGNPs having higher grafted chain molecular mass and larger inner NP
core dimensions (Rocore = 7.5 nM, My pyma grastea = 43.7 kg/mol, o = 0.32/nm?;
Rocore = 7.5 MM, My puma graftea = 26.7 kg/mol, o ~ 0.30/nm?). We will refer to

these two PGNPs as PMMAuk-15nmSiO2 and PMMA27k—15nmSiO2 below. The
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homopolymer in Zhang et al. measurements are replaced by a PGNP (Rgcore =
1.5nm, My pumagraftea = 18.0 kg/mol, o = 0.2/nm?) having a relatively small
size, which is referred to as PMMA1sk-3:mSiO2 in the discussion below. This
asymmetric ‘blend’ of two different PGNPs, one higher molecular mass PGNPs with
the lower molecular mass PMMA1gk-3nmSiO2 PGNP as the “matrix”, are also referred
to as the 27 K and 44 K PGNP blend systems below. The PGNPs are dissolved in THF
solution and cast to different film thicknesses using a flow coater. The films were then
dried at 50° C in the vacuum oven overnight to remove residual solvent and then
annealed at 180° C in the vacuum oven for 24 h with a DVD topographical
nanopattern in pre-cured PDMS (curing agent mass: elastomer mass = 1. 20)
imprinted on it. The capillary force then drives rapid mold filling of the binary PGNP
blend film systems into the PDMS pattern having a periodic topography, in particular,
alternating ‘mesas’ (higher region) and ‘trenches’ (lower regions) with a pitch of A =
(752 + 6) nm, where + 6 nm is the standard deviation from multiple AFM scans.?®
Figure 3 shows a schematic ‘cartoon’ of how we envision our experiment. The orange
dot represents the PGNPs with higher core size and higher molecular mass, while the
blue dots represent the smaller-sized PGNPs. Ideally, due to the entropic penalty
arising from the confinement in the ‘trench’ region, the larger-sized PGNPs will be

‘squeezed out’ into the less confining ‘mesa’ regions.
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Figure 4.3. Cartoon of the proposed experiments of the selective partitioning of
chemically identical high molecular mass PMMA-SiO2 mixtures.

Figure 4.4 shows the top-view transmission electron microscopy (TEM)
images of patterned surfaces with different initial film thicknesses h after being
annealed in a vacuum oven for 24 h at 180 C. The black dots in the images (circled in
red as examples in Figure 4.4.A) correspond to the larger-sized PMMA-SIO». The
dark color strips on each image represent ‘mesa’ regions (the thicker regions on the
patterned surface), as the thicker regions have a greater electron density than the
thinner region from TEM images. According to Zhang et al.,?® reducing initial film
thickness decreases the ‘trench’ height and induces higher entropic penalties, driving
larger-sized PGNPs into the ‘mesa’ region. However, in these disparate PGNP blends
subject to melt annealing under the PDMS patterned imprint, as we decrease the film
thickness from = 100 nm to =~ 70 nm for both systems, the trench regions still retain
many larger-sized PGNPs, that are not segregated to the mesa region as expected. We
employ the partition coefficient, Ky, implemented earlier by Ren et al.?® to study the
extent of the selective partitioning quantitively. Ky is defined as the ratio of the
number density of larger-sized PGNPs in ‘mesa’ to those in the ‘trench’, with K, = 0

implying that all the larger-sized PMMA-SIO; have segregated to the ‘mesa’ regions
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as the best case selective partitioning result, while K, > 1 demonstrates the reverse
case wherein more larger PGNPs are segregated into the ‘trench’ region, and K, =1
indicates no selective partitioning at all. The calculated average Kp for both 27 K and
44 K PGNP systems are 0.86 + 0.04 and 1.03 + 0.14 (= 0.04 and + 0.14 are

standard deviations estimated from films having different initial thicknesses).

Figure 4.4. Top-view TEM images to study the segregation of larger-sized PGNPs
(circled in red in A as examples) after the PDMS topographic pattern
was removed by thermal annealing for 24 hours at 180°C.

These results provide two important findings: (1) The selective partitioning for
each system is poor by using thermally induced PDMS topographic patterning,
regardless of the trench thickness. The 44 K system showed even poorer segregation
than the 27K system, demonstrating no selective partitioning at all (K, = 1). This
means that the entropic penalty alone cannot drive the PGNPs to the mesa regions
likely due to pinning as the molecular diffusivity of these large and entangled PGNPs

is presumably too small to cross the activation barrier for particle displacement. In
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contrast, earlier studies with smaller star-like PGNP systems could segregate as the
entropic forces were sufficient to drive the selective segregation across a lower
activation barrier.?® (2) The selective partition for these larger-sized pure PGNPs
blends cannot be enhanced by the variation of film thickness or using confinement

effect by using the thermally-assisted method alone.

Why do the current PGNP blends show different behaviors from our earlier
work? We Dbelieve it is due to the ‘solid-like ‘jammed state’
(‘hyperuniformity’143144155157.1%8 heing a quantitative measure of this jamming) of
these bulky PGNPs in the film, which also makes it difficult for the material to
equilibrate so that equilibrium thermodynamics is not operative in governing the
segregation of these nanoparticles. Earlier work from our group and others has shown
that the relatively °‘soft’ outer polymer layer allows the polymer chains to
interpenetrate and increase the packing density of these PGNPs. This layer is termed
the “interpenetration layer” in Kumar et al.’s work.! Due to this enhanced packing of
the PGNPs originated from their soft grafted layers, and associated near-
hyperuniformity,?+143144158 the properties of these PGNPs are closer in some ways to
crystalline or semi-crystalline materials. Many theoretical studies have characterized
similar ‘jamming configurations’ for the equilibrium layers both in the solution and
melt state,143144.156.158.17L172 Barnett and Kumar **® have provided a useful illustration
of how the interaction between the deformable ‘soft’ outer polymer layer and the inner
cores of the PGNPs induces a ‘jammed’ state between these particles that is similar in
geometrical form to an emulsion of soft deformable emulsified droplets. Because of

this ‘solid-like’ jammed condition of the PGNPs, the imprinted topographical pattern
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simply cannot readily deform the outer polymer brush and ‘squeeze’ the PGNPs into
the ‘mesa’ region. Instead, these PGNPs ‘pin’ in the ‘trench’ region, leading to limited
partitioning. For some applications, this pinning effect might of the structure of the
film be desirable, but we intended to observe the selective partitioning of the PGNPs
in these materials with thicker grafted polymer layers so that this finding was initially
unsatisfactory.

4.3.2 Distribution of PGNPs under topographic nanoimprinting pattern
using solvent vapor annealing soft lithography

To address the general problem of sluggish dynamics in glassy and entangled
polymer materials, and the general tendency of polymer materials’ thermodynamically
driven propensity to phase segregate from entropic driving forces, we have developed
a solvent-vapor annealing soft lithography (SVA-SL) method to anneal our patterned
film under conditions where the PGNP dynamics are greatly enhanced and the
tendency of the polymers to phase segregate is controlled via the control of the
swollen brush structure via control of solvent quality. The swelling of the polymer
brush should greatly enhance the dynamics with the grafted layers and should also
increase the mobilities of the PGNPs through simple plasticization, and the solvent
should also reduce the activation free energy barrier of segmental and PGNP mobility

if the solvent is chosen judiciously.

Figure 4.5 shows the schematic illustration of the SVA-SL method developed
in our laboratory. Unlike thermal annealing, where melt mobility induces mold filling,
here enhanced mobility enabled by the solvent vapor of acetic acid allows rapid mold

filling of PGNP films, while under a PDMS pattern for capillary forces to drive a
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metastable equilibrium state within a reasonable annealing time (~ 1 h). Acetic acid is
a poor solvent (non-swelling) for PDMS,'”® and a good solvent for the PMMA
brush,'™ which swells both large and small PGNPs of the blend film, and diminishes
the densely packed state of these PGNPs compared to their melt mixed state. For the
larger sized PGNPs (PMMAu4sk-150mSIO2/PMMA27k-150mS102), its  effective
entanglement with other PGNPs and deformability under the trench region is also
apparently greatly diminished due to the swelling of the film. This allows them to be
readily squeezed-out from trench region, which is assisted by the fact that solvent
vapor also plasticizes these atypical blends and lowers the system glass transition
temperature, Ty, thereby increasing their molecular mobility, especially relevant for
the larger-sized PGNPs to have the center of mass motion. From a practical standpoint,
we also realized that if the PDMS pattern is immediately peeled off after the film is
removed from the solvent vapor, the residual solvent in the system will ‘shear off” the
blend film to some degree and damage the patterned surface. To avoid this problem,
immediately after removal from the solvent vapor, we placed the film with the PDMS
pattern intact on it onto a heating stage at 50° C for 1 min to rapidly remove the
residual solvent. Figure 4.5 (111). B shows the patterned surface created by the SVA-
SL method. The AFM height profiles (Figure 4.5 (Ill). C) show no geometric
difference between the dried thermal annealed soft-lithography (TA-SL) and SVA-SL
patterned films, indicating that the SVA-SL method can produce patterned surfaces
with rapid mold filling by capillary force with the same qualities and robustness of the

TA-SL method.
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Figure 4.5. Sketch of the SVA-SL setup and top-view TEM results after 1 h annealing.

Figure 4.5 (111). E shows the TEM image of the 27 K PGNP system film (h =
70 nm) patterned using SVA-SL after 1 h annealing. It is clear that almost all black
dots (large-sized PGNPs) have selectively segregated to the ‘mesa’ region, which
demonstrates that the topographic PDMS patterning can induce selective partitioning
for these larger-sized PGNPs systems using the SVA-SL technique, a condition that
cannot be achieved using the TA-SL method. Control experiments have also been
conducted to study the phase morphology of the similar film under SVA without
PDMS pattern (Free surface, Figure 5 (1)) and with only non-patterned PDMS
elastomer (Smooth confinement, Figure 4.5 (11)). The corresponding TEM images
show almost identical morphologies (well-distributed PGNPs blends) for both the free

surface and smooth confinement, indicating that the chemistry of the topographic
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PDMS does not affect the selective partitioning of these high molecular mass PGNP

blends.

We then investigated the Kkinetics of the selective partitioning process. Figure
4.6 (a)-(c) shows the top-view TEM images of ~ 100 nm thick 44K blends that are
annealed using SVA-SL with various annealing times. After 30 min of SVA-SL, there
is still a large amount of (relative to the amounts in the ‘mesa’ region) the larger-sized
PGNPs in the ‘trench’ region, indicating that the capillary driven selective partitioning
is not completed within this short time frame. As the annealing time is increased to 1 h
(Figure 4.6. (b)), the amount of larger-sized PGNPs in the ‘trench’ region decreases
and is relatively identical compared to those annealed after 20 h (Figure 4.6. (c)). This
indicates that the PGNP partitioning process is ultimately completed after 1 h of SVA-
SL partitioning. The quantitative estimation of this progressive partitioning can be
measured by tracking the partition coefficient, K, (Figure 4.6. (d)) as defined
previously. We observe that K, =~ 0.8 after 30 min of annealing, decreasing to an
equilibrium value of Kp =~ 0.2 after 1 h of annealing and does not evolve at longer
times. Notably, an earlier kinetic study on smaller sized PGNPs in homopolymer
mixture by Ren et al. indicates that the local enrichment is completed after 3 min of
TA-SL at 120° C.2> We conclude that this relatively slower kinetics of the larger-sized
PGNP system is due to the suppressed hydrodynamic interactions between these
larger-sized PGNPs under SVA-SL conditions, as there remain some amount of
‘jamming configurations of the PGNP grafted layers. Recent independent work has
elucidated the novel phase separation dynamics of PGNPs blends having higher

molecular mass grafted chains.?* The development of localized enrichment of PGNPs
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in ‘mesa’ region with extended SVA-SL annealing time also indicates that the
selective segregation is mainly caused by the SVA-SL annealing, and not others
parameters such as the constant time (1 min) of drying process at 50° C, after the film

(with PDMS pattern on it) is taken out from the SVA-SL container.
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Figure 4.6. Kinetic study on the selective partitioning of the 44K PGNP system. (a) 30
min SVA-SL; (b) 60 min SVA-SL; (c) 20 h SVA-SL; (d) Calculated
non-equilibrium partition parameter K; as a function of annealing time.

4.3.3 Thermodynamic driving force for the selective partitioning
How can we explain this selective partitioning? Similar to Ren et al.’s system

(PS-SiO2/PS blends),? the attractive van der Waals interaction between PGNPs in our
PMMA27k/a4x-15nmS102/ PMMA18k-3nmSiO2 system is also negligible due to the dense

grafting of PMMA shell on SiO,. We then propose that the selective segregation of the
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larger-sized PGNPs in ‘mesa’ region is caused by the loss of the conformational
entropy coming from the topographic PDMS pattern. To support this hypothesis
statement, we vary the degree of entropic confinement defined as, hprush / hconfine. In
this ratio, hprsh is the thickness of the outer PMMA layer of the PMMA7k-4ak-
15nmS102, which is calculated as dinterdomain / (2 — Ro) nm, where dinterdomain IS measured
from the AFM images of pure dried PMMA-15nmSiO2 films (Figure 4.7) and Ro is the
radius of the inner SiOz core (= 7.5 nm). The hconfine IS calculated as hconfine = hirench /
(2 — Ro), where hyench is the average height of the ‘trenches’, which can be calculated

from the initial film thickness h and step height Ah from AFM measurement.

We note that both hpush and heonfine Should be measured/calibrated under a
solvent vapor condition (polymer chains are swollen) since the selective partitioning is
proved to develop in the swelling state. However, our discussion below is based on a
dried film state reference state due to the experimental difficulties of performing in
situ TEM and AFM measurements with a PDMS patterned layer on top. Nevertheless,
the general conclusion in the following discussion should still be correct and robust as
the calculated partition parameter K, is a ratio of the number density of larger-sized
PGNPs (black dots) in ‘trench’ to ‘mesa’, which should remain the same upon drying
after swelling induced entropic partitioning is completed. In addition, we have also
shown earlier that no partitioning takes place during drying, and the extent of
partitioning depends on SVA-SL annealing time only. The swelling condition has an
effect on the value of hprush / heonfine, Which only shifts the x-axis of the Figure 4.9

while the K, values remain the same since it is dependent on the number density only.
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The general trend of K, (decreases with the increase of horush / hconfine, Mmore detailed

information in the later discussion) remains the same regardless of any solvent effect.

dinterdomainz 30 nm
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Figure 4.7. AFM phase-contrast images of as-cast PMMA27k-150mSiO2 (A) and
PMMA4k-15nmSiO2 (B) films with the corresponding 2D FFT images
inset. (C) and (D) is 1D power spectrum for the interdomain distance.

Based on the above discussion, the influence of the entropic loss on the
selective segregation can be studied and validated with the variation of hprush / Nconfine.
We then chose both 44 K and 27 K PGNP blends to vary hprsh, and different film

thickness to vary heonfine @S hrench increases with the increase of initial film thickness h.
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Figure 4.8. Top-view TEM results of the selective partitioning for both 27K (a)-(c)
and 44K (d)-(f) blends as a function of confinement degree (hprush /

hconfine)-

Figure 4.8 are the top-view TEM images of the patterned 27 K ((a), (b), (c))
and 44 K ((d), (e), (f)) films with different trench height (hiench). For both 27 K and 44
K blends, the localized enrichment of the larger-sized PGNPs into the ‘mesa’ region
increases as the trench height decreases, confirming selective entropic portioning
using SVA-SL method. When the value of hprush / heonfine is > 1 (= 2.0) for both systems,
the larger-sized PGNPs in the ‘trench’ region encounter a high unfavorable entropic
confinement from the topographic PDMS pattern, resulting in ‘squeezing out’ the
larger-PGNPs to the less confining ‘mesa’ region, thereby minimizing the free energy
and resulting in a lower of the partition coefficient K, for both the systems, ~ 0.2 for
44K blends and =~ 0 for 27K blends. Interestingly, if the confinement is further
increased for the 44K blends, the selective partitioning effect does not improve further.
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Instead, the larger-sized PGNPs remain in the ‘trench’ regions (Figure 8. f) due to a

‘pinning’ effect arising from an ‘over-confined’ state.
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Figure 4.9. Confinement effect on PGNP partitioning. (a) Partitioning coefficient K,
and (b) free energy change (AF/ ks T) as a function of confinement
degree (hbrush / heonfine). Both solid and dotted lines are to guide the eye.

Figure 4.9.a shows the changes of partition coefficient K, as a function of
hbrush / Dconfine, Which is used to quantitatively study the influence of the entropic
penalty on the selective partitioning phenomena. For both molecular mass system, Kp
decreases as horush / heonfine increases, confirming the increase of local enrichment of the
large-sized PGNPs into the ‘mesa’ region. For 27K blends, the strong confinement
(horush / eonfine > 1.5) leads to the complete partitioning of PMMA27k-15nmSiO; into the
mesa region (Kp = 0), as the entropic penalties for staying in ‘trenches’ should be
substantial for this PGNP system. However, as the molecular mass increases, the
strong confinement for the 44K blends (horush / Neonfine > 1) doesn’t lead to complete
partitioning. Instead, K, stabilizes at around 0.2, confirming the ‘pinning’ effect from
the ‘finite’ confinement of the relatively large PGNP blends discussed above. This

comparison indicates that selective partitioning results from the energy balance
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between the entropic penalty and the ‘pinning’ effect from the finite film (trench)
thickness. In other words, as the molecular mass increases above a critical value,
complete partitioning cannot be achieved for the larger-sized PGNPs’. We then use a
free energy model to quantify the entropic loss as a function molecular mass of both
PGNPs’ and the amount of the topographic confinement (horush / Nconfine). Since we
have a chemically identical system, the enthalpic part can be neglected, which
simplifies the model to the following form: AF = —kpT -In(K,), where kg is the
Boltzmann constant, K, is the partitioning coefficient, and AF represents the free
energy change of the system as one individual larger-sized PGNP moves from the
confined ‘trench’ region to the less confined ‘mesa’ region. AF/ kgzT can then be used
to quantify the amount of entropic driving force from the topographic confinement.
Figure 4.9.b shows that the entropic force increases with more confinement in the
system for both PGNP blends. For the 27 K blends, when the confinement degree is
relatively low (horush / heonfine < 1), the entropic loss is generally small (JAF| < ks T).
However, as the confinement degree reaches the strong confinement region (horush /
hconfine > 1), the entropic driving force dramatically increases (JAF| >> kg T), leading to
the complete partitioning of the PMMA27k-15nmS1O2 into the ‘mesa’ region (as shown
in Figure 4.9 (a), Figure 4.8 (c), and Figure 4.5.111 (E),(F)). However, due to the
finite confinement effect in the trench region for the 44 K blends, the total free energy
change is relatively small (JAF|/ ks T = 2) even in the strong confinement region (hprush
I heonfine > 1.5), leading to relatively reduced partitioning compared to the 27 K blend

system.
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4.4 Conclusions
High molecular mass PGNPs systems have attracted significant attention for

their potential for enhancing mechanical properties of polymer thin films. However,
the interpenetration of the outer polymer brush layer leads to a low mobility ‘jammed’
state. In this chapter, we introduced a method termed solvent vapor annealed-soft
lithography (SVA-SL) to induce the selective partitioning of these high molecular
mass PGNPs into less confined ‘mesa’ regions in the topographically patterned films.
This effect cannot be achieved readily using traditional thermal annealed soft
lithography (TA-SL). We investigated the local enrichment of the larger-sized PGNPs
into the ‘mesa’ region as a function of the degree of confinement (Nbrush / Nconfine) and
molecular mass of the PGNPs. For both of the systems, the degree of the selective
partitioning, quantified using partition coefficient K,, decreases as the degree of
confinement (horush / hconfine) increases, while the entropic driving force, quantified
using the free energy model |AF|/ ksT, increases dramatically as the system reaches the
strong confinement state (horush / heonfine > 1.5), supporting the inference that the
entropic penalties in the ‘trench’ state that drive the selective partitioning of these
blends that is controlled by film topography. We also note that the limit of the degree
of partitioning is a function of PGNPs’ molecular mass. As the molecular mass
approaches a ‘critical’ value (44 K PGNP system investigated here), the ‘pinning’
effect from the ‘ultra-confined’ ‘trench’ regions impede the selective partitioning,
even when using the SVA-SL method. This effect could have its applications in
which the stability and uniform distribution of the PGNPs within the film of the

imprinted patterns is highly desired.
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V.REVERSIBLE PARTITIONING OF POLYMER-GRAFTED
NANOPARTICLES BLENDS UNDER TOPOGRAPHIC
CONFINEMENT

5.1 Introduction
Precise control of nanoparticles organization over large area is one of the

important research direction of the current state-of-art electronical devices, including
the circuit fabrication, sensors, and quantum dot display. Many different methods have
been developed to achieve the controlled nanoparticle spatial distribution, including
the application of shear stress, chemical template, electric or magnetic field,
blockcopolymer template, and the self-assembly of nanoparticles. Recent research
from our group reveals the usage of topographic confinment to induce the selective
ordering/partitioning of polymer nanocomposite films. Zhang et al. reveals that the
entropic driving force arising from the togographic PDMS pattern can drive all the
low-molecular weight polymer-grafted nanoparticles (PGNPs) to selectively
partitioned in the less confined ‘mesa’ region (higher region of the patterned film) in
both chemically-identical®® and chemically different?® homopolymer matrix. Wang et
al.?% demonstrates that this entropic-driven selective partitioning can also be applied to
‘clusters’ of PGNPs in homopolymer matrix. However, all the above process is a ‘one-
way ticket’, where the nanoparticles can only be directed to form long-range ordered
domains while the morphology cannot be re-dispered into a well-dispersed state. We
here proposed to use a polymer blends with lower-critical solution temperature (LCST)
to achieve the reversible control of the long-ranged orderred vs. re-dispersed state. In

this type of blends, when the annealing temperature is above the LCST, the enthalpic
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driving force will drive the polymer blends to phase separate. However, when the
annealing temperature is below the LCST while still above the glass transition
temperature (Tg), the Flory-Huggins interaction parameter () will decrease and make
the product of N smaller than the critical value (= 2 for symmetric homopolymer
blends) and lead to the re-dispersion of the polymer blends.
5.2 Experimental Design

In this chapter, we investigate the influence of the topographic nanopattern
confinement on the distribution of polymethyl methacrylate grafted nanoparticles
(PMMA-SIOy) as the filler into the chemically dissimilar polystyrene acrylonitrile
(PSAN) homopolymer matrix. We varied the annealing temperature above and below
the LCST of the PMMA-SiO2/PSAN system and used top-view transmission electron
microscopy to study the influence of enthalpic and entropic interactions on the
partitioning of PMMA-SiO.. Below are the detailed information about the materials

and experimental method.

5.2.1 Materials
The PGNPs used in the system is PMMA-SIO,, which is synthesized via

surface initiated atomic transfer radical polymerization (SI-ATRP). PMMA-SiO;
nanoparticles are prepared and provided by our collaborators: Dr. Michael
Bockstaller’s and Dr. Krzysztof Matyjaszewski’s group at Carnegie Mellon University.
The average silica core size is Rocore ® 7.5 nm. The molecular mass for each grafted
PMMA chain is My = 43.7 kg/mol, and the grafting density is ¢ = 0.32/nm2. The PSAN
homopolymer is purchased from Polymer Source Inc. and used as obtained. The

molecular mass is My =~ 33.0 kg/mol. Poly(4-styrenesulfonic acid) (PSS) solution is
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used for floating the polymer nanocomposite films for top-view transmission electron
microscopy (TEM) characterization. It was purchased from MilliporeSigma as 18 wt.%
in dionized water. The weight average molecular mass is Mw = 75 kg/mol.
Tetrahydrofuran (THF) is used for dissolving the polymers. It was purchased from

VWR Inc. and used as obtained.

5.2.2 Film preparation
PMMA-SIO and PSAN was firstly dissolved in tetrahydrofuran (THF, VWR)

solution (30 mg/ml) and sonicated in the water bath to ensure it is well dissolved. The
mass ratio of PMMA-SIO> to the PSAN matrix is set as 10%, 30%, and 50%. The

mixtures were then sonicated in a water bath for 20 min to ensure good dispersion.

Flow coater was used to make the PMMA-SiO2/PSAN thin film with film
thickness = 100 nm. The film thickness was measured by an interferometer (F3UV)

using the Film metrics LSDT2 system.

To prepare the films for TEM measurement, PSS (diluted to 1 w.t.% using
methanol) solution was firstly casted onto the silicon wafer to form a 10 nm thick
water-soluble layer. As soon as it is dried, the PMMA-SiO2/PSAN mixtures were
directly casted on it using flow coater with the final film thickness to be around 140
nm. After the films were processed using the topographic nanoimprinting method, the
films were then immersed into the deionized water. The PSS layer dissolves
immediately, which makes the top PMMA-SiO2/PSAN layer float on the water surface.

The floated films were then picked up from the water onto the copper grids (Ted Pella,
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300 mesh Cu). The transferred films were then placed onto the Kimwipes and left

overnight till they are fully dried.

5.2.3 Topographic nanoimprinting patterning
To conduct the topographic nanoimprinting patterning or thermal annealing

soft lithography (TA-SL), an elastomer with a pre-defined pattern must be prepared.
The patterned was made by pouring the polydimethylsiloxane (Dow Corning, Sylgard

184) onto commercial digital video discs (pitch A = 750 nm, height difference sh =

120 nm). The crosslinking ratio of the PDMS is curing agent mass: elastomer mass =
1:20. It was firstly vacuumed to remove the air bubbles in the PDMS solution and
cured at 120° C for 12 h to make the topographic pattern layers. After the PDMS
pattern was made, it was cut into the specific sizes to fit the dimensions of the polymer
films. The inner side that has DVD pattern transferred to was directly attached to the
polymer films. The film, together with the PDMS pattern, was then directly heated in
the vacuum oven above the glass transition temperature of the polymer. As the
polymer gained mobility in the melt state, the capillary force coming from the free
volume between the PDMS pattern and the polymer surface drive the materials to fill
into the empty space. After the temperature decreases to the room temperature and the

top PDMS pattern is removed, a patterned polymer film is formed.

5.3 Results and Discussions

5.3.1 Reversible partitioning of nanoimprinted polymer nanocomposite
films

We investigated the distribution of polymer-grafted nanoparticles (PGNPSs) in a

homopolymer matrix as a function of annealing temperature. The PGNPs are
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polymethyl methacrylate grafted on silicon dioxide (PMMA-SiO2). The number
averaged molecular mass for each polymer chain are My = 43.7 kg/mol, with a grafting
density of 6 ~ 0.32/nm? and a SiO core size of Rocore = 7.5 nm. The homopolymer
matrix is polystyrene-acrylonitrile (PSAN) with the number averaged molecular mass
of Mn = 33.0 kg/mol. The PGNPs and homopolymers are first dissolved in THF
solution separately and mixed later with desired mass ratio. The mixture is then cast to
different film thickness using a flow coater. The casted films were then dried at 50°C
in the vaccuum oven for 12 hours to remove any residual solvent. Figure 1 shows the
proccess of the experiments. The casted films (mass ratio of PMMA-SiO; : PSAN = 1:
9) were first annealed at 180°C for 48 hours (> LCST) with a topographic pattern on it.
The pattern was created by transfering from the commerical DVD template (with a
pitch A = 750 nm) using a pre-cured polydimethylsiloxane (PDMS) pattern (curing
agent mass: elastomer mass = 1: 20). The samples were then divided into two different
groups. In the first group, the topographic PDMS pattern was removed and the films
were then characterized under the top-view transmission electron microscopy (TEM).
For the second group, the films were then annealed at 130° C for another 48 hours with
the PDMS pattern still on it. The pattern was then removed and those films were also
characterizated using the top-view TEM. Figure 5.1 shows the TEM results for both
films annealed at 180° C and those annealed first at 180° C and then at 130° C. The
dark color strips represents the ‘mesa’ region of the patterned surface as it has higher
electron density than the ‘trench’ region. The black dots show on the AFM represents
the SiO2 core, which can be used to track the distribution of the PGNPs in the films. It
is very clear that in the film annealed at 180° C (the top image), most of the PGNPs are
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distributed in the higher ‘mesa’ region. However, when the film at this state was
annealed back at 130 C (the bottom image), the PGNPs re-disperse back to the ‘trench’
region, indicating the reversible distribution of those PGNPs in the pattern film via

simply changing the annealing temperature.

PMMA-SiO, /

&V
T>LCST Complete Partitioning

PSAN I I i —
4 LCST>T>T, Poor Partitioning :‘

Figure 5.1. Illustration of the thermal-induced reversible selective partitioning of
polymer nanocomposites.

5.3.2 Thermodyanmic investigation on the reversible partitioning process
How should we explain this reversible partitioning process? Flory-Huggins

theory revealed that the phase behavior of polymer mixtures are determined by three
different parameters: the interaction parameter y, the degree of polymerization N, and
the composition of the blends ¢. For a symmetric (¢p = 0.5) binary homopolymer
mixture, the polymer blends phase separate when yN > 2. Although there is no
theorical or experimental conclusion about the threshold yN value for polymer

nanocomposite films, it is commonly agreed that the phase behavior of polymer
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nanocomposites can be tunned with the variation of yN. For the blends with fixed
value of N, the control of the phase behavior is achieved by changing the y. For most
of the polymer system, the y is a function of annealing temperature (for thermal
annealing) and the properties of the solvent (for solvent annealing). Karim et al.”
studied the phase behavior of deuterated polystyrene (dPS) and poly(vinyl methyl
ether) (PVME) blends as a function of annealing temeprature. They found that the
blends phase separate at 170TC due to an increased value of y, while become
homogenous at 130C as the y reaches near zero. Similarly, Schmitt et al.?® reported
the same reversible phase behavior of a PGNP/PGNP blends (PMMA-SiO2/PSAN-
SiO2). They found the film form phase separation at 170°C and homogenization at
110°C. Recent work from our group found that the interaction parameter can be simply
tunned by changing the chemistry of the annealing solvent for PMMA-SiO2/PS-SiO>
blends.?* We found that by using the selective solvent for the mixture, as  increases,
the PGNP blends form phase separation. However, when the same film annealed in the
common good solvent for both PGNPs, as the y decreases below the threshold value,
the phase separated film changes back to homogeous state. In conclusion, for both
homopolymer and PGNP system, the phase behavior can be easily tunned by changing
the interaction parameter y. In another word, the enthalpic driving force can be
changed by changing y. In our topographic pattern scenario, when the film was heated
at 180 C, the positive enthalpic forces increase as y increases. This enthalpic force
cooperate with the entropic driving force and move the PGNPs in the trench region to
the mesa area. However, when the films were annealed at 130 C, as the enthalpic force

decreases, it overcomes the entropic forces that induce the selective partitioning and
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drive those PGNPs to redistribute back to the trench region to form the evenly
distributed homogenous phase. To conclude, similar as what we proposed in the
introduction section, the change of the enlthapic forces between ‘inducing phase
separation’ and ‘inducing homogenization’ drives the topographic patternd PGNP
nanocomposites films to have revesible PGNP organization between the ‘selective

partitioning’ and ‘evenly distributed state’.

5.3.3 Kinetic study on the reversible partitioning process
We then investigate the kinetics of this reversible process. For the direction of

the ‘selective’ partitioning, where the PGNPs are gradually segregated from the
‘trench’ region to the ‘mesa’ region, the films were annealed at 180 'C with the PDMS
pattern on it for different annealing time. For the direction of the ‘re-dispersion’ of the
partitioning, where the PGNPs are expecetd to re-disperse evenly to both ‘trench’ and
‘mesa’ region of the pattern film, the films were first annealed at 180 C for 48 hours
and then annealed back at 130 'C with the pattern on for different amount of annealing
time. Figure 5.2 shows the TEM images of the reversible partitioning process as a
function of annealing temperature and time. When the films are annealed at 180°C
(above the LCST), as the annealing time increases from the 1 h (Figure 5.2.A) to 24 h
(Figure 5.2.C), the PGNPs in the ‘trench’ region (the black dots in the light color
strips) gradually move to the less confined ‘mesa’ region (dark color strips). After all
of the PGNPs in trench region move to the ‘mesa’ region (180 C for 48 h), the films
were then annealed at 130°C (with the pattern on it) for different amount of time to
track the re-dispersion process. After 8 h of annealing at 130° C (Figure 5.2.E), the

PGNPs started to re-disperse back to the ‘trench’ region. As the annealing time
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increases to 24 h (Figure 5.2.D), considerable amout of PGNPs have segregated back
to the ‘trench’ region. The gradual change of the amount of partitioning in both
‘selective’ and ‘re-dispersed’ directions indicate that the reversible partitioing process

is thermodyanmically favorable.

3 Rt X 300 nm
180C 1h 8h 24h
Poor Partitioning Complete Partitioning >

130°C 24 h 8h 1h

300 nm

Figure 5.2. Top-view transmission electron images (TEM) showing the gradual
change of the partition of PGNPs in the patterned films from more
selectively partitioned (A, B, C) to more well-dispersed state (D, E, F).

To quantitatively study the kinetics of the reversible process, we here introduce
a partitioning parameter (Kp) to quantify the extent of partitioning. The Kp is defined
as the ratio of the number density of the PGNPs in the ‘trench’ region over those in the
‘mesa’ region, with Ky = 1 indicates even-distribution throughout the patterned film, <

1 indicates more PGNPs in ‘mesa’ while >1 indicates more PGNPs in the ‘trench’
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region. Figure 5.3 shows the changes of K, as a function of time when the films were
annealed at 180° C (Figure 5.3.A) and then at 130C (Figure 5.3.B). In the direction
of selective partitioning (Figure 5.3.A), the K, gradually decreases from ~ 1.0 and
stabilized at =~ 0.2 after 48 h of annealing at 180 C, indicating a thermodynamically
favorable selectively partitioning process. It has to be noted that in a recent research
from our group, the partition parameter K, for the same PGNPs in a chemical identical
polymer matrix using solvent vapor annealing soft lithography (SVA-SL) also
stabilized at = 0.2. We concluded that this ‘failure’ to achieve complete partitioning
(Kp = 0) is due to the ‘jamming’ configurations of these high molecular mass PGNPs.
In the direction of reverse partitioning (Figure 5.3.B), Kp increases from 0.2 to = 0.6
within approximately 5 hours of annealing. It continues to increase and finally

stabilizes after 24 h of annealing.

T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Time (h) Time (h)

Figure 5.3. Changes of partitioning parameter Kp as a function of annealing time for
180C (A) and 180C (48 h) to 130T (B). The solid lines are used to
guide the eye. The dashed lines are used for stabilized points.

5.3.4 Parameters influence the reversibility of the partitioning of the
nanoimprinted nanocomposite films

We then investigate the influence of the mass ratio of PGNPs to the

homopolymer matrix on the reversible partitioning process.
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Figure 5.4. Top-view TEM images of the distribution of PGNPs in the nanopatterned
films as a function of the mass ratio of PGNPs and annealing
temperature.

Figure 5.4 shows the top-view TEM images of the distribution of those
PGNPs as a function of the mass ratio and annealing temperature. For the 10% (mass
ratio to the homopolymer) blends, most of the PGNPs move from the more confined

trench region to the less confined mesa region when the film was heated at 180T
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(Figure 5.4.A), with a calculated partition parameter of 0.20 + 0.03 (Figure 5.4.G).
The large-sized PGNPs then move back and are evenly distributed in the patterned
film, with a partition parameter of 2.40 + 0.47 (Figure 5.4.G), indicating a strong
reversible partitioning process. When the mass ratio of the PGNPs to the
homopolymer matrix increases to 30%, the pattern annealed at 180°C still shows
selective partitioning of the PGNPs to the mesa region (Figure 5.4.B), with a
calculated partitioning parameter of 0.36 £ 0.03 (Figure 5.4.G), indicating a poorer
selective partitioning process than the 10% mixture. However, the extension of
partitioning doesn’t show big difference when the film annealed back at 130T for 48
h from the TEM images(Figure 5.4.E). The partitioning parameter is 0.42 + 0.04
(Figure 5.4.G), indicating no reversible partitioning for this type of blends. The same
phenomena happens on the blends with 50% mass ratio of PGNPs. When the film
heated at 180°C for 48 h, the PGNPs in the ‘trench’ region can still be ‘squeezed’ to
the less confined ‘mesa’ region via the entropic driving force coming from the
topographic pattern. The partitioning parameter is 0.43 + 0.15. However, when it is
heated back at 130C, the TEM images show identical amount of PGNPs residing in
the trench region. The partitioning parameter is 0.56 + 0.11, confirming no strong
indication of reversible partitioning compared to the 10% (mass ratio) blends. Why
does the increase of the mass ratio of the PGNPs in the homopolymer matrix lead to
the suppression of the reversible partitioning process? We believe it is due to the
increase amount of the entanglement between the PGNPs. Due to this increase of
entanglement between the PGNPs, the entropic and enthalpic driving force cannot be
large enough to overcome the thermodynamic penalty from both the entanglement and
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the ultra-confinment from the topographic pattern, which leads to poorer extension of
PGNPs partitioning in the ‘mesa’ region than the less concentrated (mass ratio) system.
When the film annealed at 130 C, the enthalpic driving force needs to overcome both
the entropic penalty created from the topographic pattern (from the less confined
‘mesa’ to more confined ‘trench’ region) and the entanglement between the PGNPs.
As some of the PGNPs have still been ‘squeezed’ from the ‘trench’ region to the
‘mesa’ in the selective partitioning process, the entanglement between the PGNPs in
the ‘mesa’ even increased, which increases the entropic penalty for the PGNPs to
reside from the ‘mesa’ back to the ‘trench’ region. This explains why the system with
higher mass ratio of PGNPs cannot have the same reversible partitioning as the lower

concentrated blends.

It is difficult for us to quantify the amount of entanglement between the
PGNPs in the previously discussed conditions. However, a lot of theoretical and
experimental research from other groups support our explanations. Dukes and his
coworkers®® found that the outer polymer brush forms two different regions:
concentrated particle brush region (CPB) and semi-dilute particle brush (SDPB)
region. The CPB region is near the inner nanoparticle core, where the polymer chains
are stretched and is due to the less free volume. The SDPB region is near the outside
where the polymer chains have more free volume to move around. Similarly, Midya
and his coworkers develop a ‘two-layer’ model, a dry layer (similar to CPB) and an
interpenetration layer (similar to SDPB), to describe the geometry and explain the
physics of the polymer brushes. The ‘interpenetration’ terminology provides a more

straightforward explanation about how the outer polymer region will ‘interpenetrate’
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to each other and form a more ‘packed’ state with increased amount of entanglement
between the polymer chains. One of the great advantages of the interpenetration of the
polymer brushes are the enhanced mechanical properties of those materials. Ethier and
his coworkers® compared the mechanical properties of polymer-grafted nanoparticle
(PGNP) monolayers to the homopolymer thin films (with identical molecular mass).
They found that both the simulation and the tensile testing show that the entangled
PGNP film shows more uniform craze structure and significantly higher strain at break,
while the short chain and unentangled showed no craz structure, which is similar to the
homopolymer thin films. This indicates that the entanglement between the PGNPs is
the critical factor that increase the whole mechanical properties of the PGNP thin films.
Schmitt et al.” found that the fracture toughness of PGNP films will be significantly
increased as the degree of polymerization goes over a critical ‘threshold value’, which
is also related to the increased amount of the entanglement between the polymer
brushes. Midya et al.?® found that the entanglement between the PGNPs can also be
increased by descresing the grafting density. With the identical molecular mass, the
PGNPs with sparse particle brush shows higher elastic modulus than the dense particle
brush. They concludes that the enhanced mechanical properties are mainly contributed
by the SDPB region. Recent experimental work from Bilchak et al.'”® revealed a
sluggish effect in PGNPs. They studied the rheology of poly (methyl acrylate) grafted
silica nanoparticles (PMA-SiO2, 14 + 4 SiO2 core diameter, ¢ = 0.43 chains/nm?) as a
function of polymer mass (Mn). When the M, decreases to 77 kDa (a system close to
the PS-SiO: in this paper), the G’ plots show a plateau at low frequency, indicating the
transition to ‘solid-like’ behavior. When the M, continuously decreases to 27 kDa (a
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system close to the PMMA-SIO: in this paper), the inner SiO2 core dominates the
dynamics, and the material is ‘clearly solid-like’. This experimentally proves the
existence of the increased amount of viscosity in PGNPs, and it is reasonable to expect
similar rheology results from our systems.
5.4 Conclusions

Polymer-grafted nanoparticles (PGNPs) have gained extensive research
interest due to its great potential in advanced applications, including the sensors,
flexible electronics, conductivity, and thermal stability. One of the preliminary
requests for those applications are the controlled distributions of PGNPs in the matrix.
Recent research from our group shows that the entropic driving force from the
topographic nanoimprint patterning or the thermal annealing soft lithography (TA-SL)
can be used to induce the selective partitioning for PGNPs mixed in a chemically
identical homopolymer matrix. However, the selective partitioning induced from TA-
SL of a nanopatterned film cannot be redistributed to the even-distribution state, which
decreases the reusability and limit the applications of a single nanopatterned polymer
nanocomposite film. In this chapter, we developed a new system to have reversible
partitioning of PGNPs in a chemical dissimilar homopolymer matrix. For the LCST
PGNPs/homopolymer mixtures, both the positive enthalpic driving force (phase
separation) between the grafted polymer chains and the polymer chains, along with the
entropic driving force from the topographic nanoimprint confinement, induce the
PGNPs to selectively segregated in the less confined “trench” region when the system
was heated above the LCST. However, when the same nanopatterned films were

heated below the LCST while still above the Ty, the negative enthalpic driving force
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(for homogenization) can overcome the entropic penalty from the topographic
nanoimprint confinement, which drives the selectively segregated PGNPs to
redistribute evenly throughout the whole nanopatterned films. Kinetic study shows
that the reversible partitioning process happens within 24 hours of annealing.
Interestingly, as we increase the mass ratio of PGNPs to the homopolymer matrix
from 10 % to 30% and 50%, the reversible partitioning process disappears. For the
system with higher mass ratio, the total entropic penalty increases as the entanglement
between the PGNPs increases due to more “confined” space, which makes the
negative enthalpic driving force not large even to overcome the whole entropic penalty
and leads to the failure of reversible partitioning. In conclude, we revealed a new
nanopatterned system for reversible partitioning under topographic nanoimprint
patterning. We elucidated the kinetics and the thermodynamic driving force for the
reversible process. We also explored the boundary conditions for the reversible

partitioning method.
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V1. OVERAL SUMMARY

Understanding and controlling the phase behaviors of polymer-grafted
nanoparticles (PGNPs) remains an important task in the polymer physics area since it
is the pre-requisite for the related advanced applications, including flexible electronics,
sensors, and conductivity. In this dissertation, we focus on the phase behavior of
densely grafted high molecular mass PGNPs, which has great potential in enhancing
both the mechanical and thermal stabilities of polymer nanocomposite films. We
incorporate this kind of PGNPs into polymer matrix, with the purpose of controlling
the phase behavior/PGNPs distribution through the interactions between the grafted
polymer chains and the matrix. Typically, we studied the phase behaviors of
polymethyl methacrylate grafted silica nanoparticles (PMMA-SiO2) mixed with both
chemically dissimilar polymer matrix (polystyrene grafted silica nanoparticles PS-
SiOz in Chapter Il and polystyrene-acrylonitrile homopolymer PSAN in Chapter V)
and chemically identical but smaller sized PMMA-SIiO> (Chapter 1V). The objectives
of this dissertation can be summarized as: 1) elucidate the thermodynamics and
kinetics for the phase behaviors of binary high molecular mass PGNPs and compare it
with its parent binary homopolymer blends and PGNPs/homopolymer nanocomposite
films; 2) develop new approaches to change both the entropic and enthalpic
interactions between the grafted polymer chains and the matrix to control the phase
behaviors of PGNPs blends; 3) determine the optimal conditions to use topographic

confinement to control the distribution of PGNPs in a nanopatterned films.
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Recent research from our group and collaborators has found that melt phase
separation for high molecular mass PGNPs (degree of polymerization for each chain:
N > 350) blends through thermal annealing is a challenging task due to the lack of
melt mobility of large particle brushes. In Chapter 111, we proposed and demonstrated
the use of an innovative solvent assisted method, direct immersion annealing (DIA), to
help induce the phase separation of high molecular mass PMMA-SiO, (N=650) and
PS-SiO, (N=360) blends. In this method, the polymer films are directly immersed into
a miscible mixture of good and poor solvent, where the good solvent swells the film,
decreases the glass transition temperature (Tg), and increases the mobility of the
polymer. The poor solvent helps reduce the degree of good solvents interaction to

prevent the dissolution or dewetting of the films while maintaining high mobility.

We examine both kinetics and thermodynamics of large binary PGNP blend
films annealed by DIA. Several new results are presented in our paper on these unique
systems: 1) We show that the phase morphologies could be readily switched between
phase-separated and homogenous state by changing the thermodynamic conditions of
DIA solution quality, between selective solvent (to PMMA-SiO) and neutral solvent
(good solvent for both of the PGNPs), respectively. In comparison, thermal annealed
PGNP blend films using thermal annealing at 180°C produces no evolution from the
as-cast structure. 2) The in-plane correlation length (§) to out-of-plane surface
roughness (Rrms) stabilizes to a thermodynamic limit of surface to interfacial tension.
3) The kinetics of in-plane DIA phase separation shows unique ultrafast (~ few
minutes) phase separation kinetics, & ~ Kt", driven by a large pre-factor K due to a

large DIA solvent mobility parameter, despite a smaller growth exponent, n = 0.2, than
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the classic 0.33 diffusive melt regime. 4) A pinning regime that prevents further
evolution of phase separated PGNPs, apparently due to finite size effect of film
confinement. 5) Progressively tunability of the phase-separated morphology from 2-
phase all the way up and into the 1-phase state (analog of moving within thermal
phase separation boundary), via tuning the interaction parameter y, by carefully

dialing in the fraction of good solvent in the DIA mixture.

We have thoroughly verified the consistency of the reversible phase through
the entire film using Neutron Reflectivity (NR), AFM, etching the film by Time-of-
Flight Secondary lon Mass Spectroscopy (ToF-SIMS) for depth composition profile,
and even doing AFM on etched areas, coupled with Ultra Small-Angle Neutron
Scattering (USANS). We have proven that the reversible phase separation happens
due to the change in the Flory-Huggings interaction parameter of the two grafted
polymers (xpmma-sio, /ps-sio,) With different DIA solvents. The selective solvent for
PMMA-SIO increases the ypmma-sio, /ps—sio,. inducing the phase separation. While
the neutral solvent decreases the xpmma-sio,/ps—sio,,» Making PMMA-SIO, and PS-

SiO2 compatible with each other, resulting in a homogenous state.

We also investigated approaches to exert the precise control over the
distribution of the high molecular mass PGNPs in a nanopatterned films. Recent
research from our group indicates that the topographic nanoimprint patterning can be
used to induce the selective segregation of low molecular mass PGNPs in both
chemically dissimilar and identical homopolymer matrix. However, our results

indicate that the traditional thermal annealing soft lithography (TA-SL) cannot induce
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the preferential partitioning due to the lack of mobility from these high molecular
mass systems. We develop a solvent vapor annealing soft lithography (SVA-SL)
method, where the PGNPs blends with the topographic polydimethylsiloxane (PDMS)
pattern are directly put into the solvent vapor (acetic acid for our PMMA-SIO,) that
only swell the PGNPs. During the SVA-SL process, the PMMA-SIO: is plasticized by
the acetic acid, and the Tq decreases below the room temperature, which makes the
PMMA-SiO: gain mobility to move in the film. The swelling process also relaxes the
high molecular mass PMMA-SiO, from the entangled state, which increases its
mobility in the film compared to the TA-SL process. As the topographic PDMS
pattern is applied on the PGNPs film, the minimization of the entropic free energy
from the topographic pattern along with the increased mobilities from SVA-SL
process drives the high molecular mass PGNPs to selectively segregated in the less
confined “mesa” region of the nanopatterned films. We quantified the extension of
partitioning using a partition parameter Kp. We elucidated that the degree of partition
can be easily tunned with the variation of molecular mass for the grafted polymer
chains and the initial film thickness before patterning. We also determined the optimal
condition for the selective segregation of PGNPs in the nanopatterned films through
the degree of confinement (Norush / Neonfine). ONly when the hprush / heonfine 1S larger than
the critical value (1.5 for the system we studied), the entropic driving force can be
larger enough to drive the selective segregation. Interestingly, it is not always good to
have strong confinement. For the 44K PGNP system in Chapter 1V, the pinning effect
from the finite “trench” thickness is not negligible and impede the selective
partitioning when hprush / heonfine > 5. In general, we overcome the technique processing
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difficulties of nanopatterned high molecular mass PGNPs and develop a new SVA-SL
process to induce the selective partitioning of these PGNPs. We elucidate the
thermodynamic driving force for the preferential segregation via K, and determined

the optimal condition with hprush / heonfine,

Furthermore, we also investigated the influence of enthalpic interactions on the
distribution of PGNPs in nanopattern polymer matrix. We incorporated the high
molecular mass PMMA-SIO2 (N = 440) into the polystyrene-acrylonitrile (PSAN)
homopolymer matrix. This is a polymer blends with lower critical solution
temperature (LCST) transition, where the enthalpic interactions can be tunned by
changing the annealing temperature above or below LCST. When the annealing
temperature of the thermal annealing soft lithography (TA-SL) is above the LCST, the
positive enthalpic interaction between the grafted PMMA layer and the PSAN matrix,
which drives the blend to phase separate in a smooth film, drives the PMMA-SIO; to
selectively partitioned in the “mesa” region as a synergistic effect from the entropic
driving force from the topographic confinement. At the same time, when the
nanopatterned films, along with the topographic PDMS pattern, are annealed below
the LCST while still above the Tg, the negative enthalpic driving force, which leads to
homogenization in smooth films, compensates the entropy penalty from the
topographic confinement and redistributes the PGNPs evenly in the nanopatterned
films. Kinetic study indicates that the reversible partitioning can be achieved as soon
as 24 hours. We also determined the optimal condition for the reversible process
through the partition parameter Kp. Interestingly, as the entanglement between the

PGNPs increases as the loading of it increases, the reversible process disappears when
129



the mass ratio of PGNPs is above 10 %. This reversible organization of nanopatterned
PGNPs film is novel. It expands the usage of a single film and makes it possible to be

adapted to different advanced applications as needed.
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