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ABSTRACT
Interfacial structure and response of complex diblock copolymer thin films and
polymer nanocomposites were studied using neutron reflectometry (NR), atomic force
microscopy (AFM), and surface tension measurement. The interfacial structure and
composition of the polymer at interfaces differ from those of bulk properties that underline
their numerous applications such as smart coating, lubricants, and microelectronics. Here,
I present the study of semifluorinated diblock copolymer poly trifluoro propyl methyl
siloxane (PTFPMS-b-PS or SiF-b-PS) thin films and the dispersion of polyhedral
oligomeric silsesquioxanes (POSS) nanoparticles (NPs) in symmetric polystyrene-b-poly
dimethyl siloxane (PS-b-PDMS) diblock copolymer.
Semifluorinated polymers are of a particular interest because of their unique
thermal and chemical stability induced by the fluorinated segments. Further, incorporation
of fluorine affects the interfacial energy and consequently overall interactions of the
polymers with their environment. Temperature response was first probed followed by the
impact of exposure to hydrophilic (water) and hydrophobic (decane and toluene) solvents.
To resolve the impact of fluorine in the diblock SiF-b-PS, a small fluorinated segment was
introduced in the flexible siloxane backbone. The volume fraction of fluorinated segment
(ΦSiF) varied from 0.03 to 0.46.
Temperature effects study showed that even small fraction of fluorinated segment
altered interfacial behavior impacting surface energy as well as wetting behavior. Further,
fluorinated segments enhanced the film stability. NR study showed that the incompatibility
between fluorinated and protonated blocks drive layering structure where protonated
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diblocks are often fully mixed. In the layered structure, air interface was fluorine rich and
substrate interface proton rich. The layered structure was maintained, even annealing at
~60°C higher than glass transition temperature (Tg) of block copolymer. The effect of
quality of casting solvent and preparation pathway on surface properties was studied using
AFM and contact angle measurement. Mix solvent of tetrahydrofuran and toluene, which
is good for entire polymer and pure toluene, selective for PS block were used to dissolve
the polymer and thin films were prepared using both spin cast and drop cast methods. The
study found that even small segment of fluorine enhanced segregation and morphology
formed depends on the solvent used and mode of preparation. Morphology developed
during annealing found to depend on the structure formed at the pristine state.
Exposure to water vapor resulted in water penetration throughout the film for the
lowest SiF fraction whereas in the higher SiF fraction fluorinated and protonated segments
rearranged allowing water to reside at the upper proton rich layers. In the presence of
hydrophobic solvents, fluorinated and protonated blocks rearranged in a way solvents
preferentially resided in proton rich layers. In both hydrophilic and hydrophobic solvents,
layered structure was maintained even after extended exposure time.
Effects of the relative size of POSS NPs with polymer layers and flexibility of the
block in the distribution of NPs in PS-b-PDMS was also studied. It was found that the
distribution of NPs depends on the size of the matrix used. In shorter diblock, NPs mostly
distributed towards the interfaces whereas in longer segments NPs distributed isotropically.
With annealing, NPs migrated toward PDMS rich layer and air interface due to the entropic
influence.
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CHAPTER ONE
INTRODUCTION

The aim of this research is to provide further understanding on the interfacial
properties and structure formed in diblock copolymer thin films confined in a solid
substrate. The interfacial composition and the structure of polymer thin films influence
their response to external stimuli and wetting behavior.1-3 Two types of systems are studied:
in one system the complexity of a diblock copolymer is increased by incorporating a small
segment of fluorine in the backbone of the polymer and in the second system nanoparticle
is blended with the diblock. The significance of this work lies in understanding the effect
of a small segment of fluorine in the copolymer and the role of the flexibility of a matrix
in a nanoparticle distribution in a polymer nanocomposite. Understanding the selfassembly, stability and response of the polymer to their surrounding is essential for their
utilization in various applications which will be described in the subsequent chapters. Brief
review of block copolymers, followed by the specific systems studied and basics concepts
of the polymer physics that are relevant to the present research work will be introduced in
this chapter.
Block copolymers (BCP):
Block copolymers (BCP) are a specific type of macromolecules which consist of
two or more polymeric sequences with different chemical compositions connected
covalently with each other.4 Depending on various connection pathways, block copolymers
with different architecture can be obtained, for example linear, star-like, comb polymer,

1

brush polymer etc. whose structures are shown in Figure 1.1. Block copolymers are
categorized according to the number of constituent blocks (n) such as n = 2, 3, 4, 5……
diblock, triblock, tetrablock, pentablock and so on. These copolymers have gained wide
interest due to their ability to form various structures with nanoscale periodicities as a result
of self-assembly.4, 5

a

b

c

d

e

Figure 1.1: Schematic of block copolymers with different architectures, (a) diblock; (b)
triblock; (c) comb; (d) star, and (e) graft copolymer. Lines with different style represent
segments with different chemical compositions.
Among various types and architectures, the most studied ones are linear A-B type
diblock copolymer with A and B monomers forming the blocks. In Figure 1.2 (a) schematic
of a A-B diblock copolymer structure is shown, where A and B are chains with different
chemical compositions. In a diblock copolymer, an incompatibility between the blocks
arises from variation in chemical composition or a difference in the structure of the blocks.
2

The incompatibility causes a repulsion between the immiscible block resulting in a phase
segregation leading to the formation of a variety of microstructures.6, 7 An example of one
of the most studied diblock copolymer, polystyrene-b-polyisoprene is shown in Figure 1.2
(b).4, 8
(a)

(b)
B
A

Figure 1.2: (a) Schematic of a linear A-B diblock copolymer and (b) chemical structure of
polystyrene-b-polyisoprene diblock copolymer.
The phase segregation decreases the contact between immiscible blocks reducing
the enthalpy, H, of the system whereas the separation between blocks decreases the entropy
of the system. Therefore, a counter-play of enthalpy and entropy in BCP leads to ordered
structures of complex morphologies by self-assembly.4, 7 Unlike, in homopolymer blends,
a macrophase separation is not obtained in BCPs. The chemical bond between the blocks
restricts a complete separation of blocks; instead the chains (blocks) are arranged such that
it minimizes the unfavorable contact among the blocks.9, 10 Some types of structure, among
many, formed in diblock copolymers are spherical, cylindrical, gyroid and lamellar. With
a manipulation of molecular weight of the blocks and their incompatibility, a desired
pattern with a defined length scale can be obtained. The patterns formed can serve as a

3

template for other materials for different applications such as high-density storage media,
nanodevices, nanolithography etc.11-13
The phase behavior of simple linear A-B type diblock copolymers has been
theoretically described by the mean field theory6,

14

and experimentally for a specific

diblock7, 15 using three parameters: (1) the Flory-Huggins interaction between A and B
monomeric units, χAB, (2) the total degree of polymerization ,N, where N = NA + NB is
overall monomer in a molecule and, (3) the composition of the blocks fA = NA/N, where
NA is the number of A monomer per molecule.4, 7, 15, 16 The incompatibility between blocks
is described by χN in a BCP and characterize the balance between enthalpy and entropy of
the system. The Flory-Huggins mean field theory described by using a lattice model
accounts for both enthalpy and entropy. For a system containing two components A with
volume fraction f and B with (1-f), the entropy of mixing for a binary mixture per lattice
site is given by equation 1.1.17
ΔS� mix = k B �

𝑓𝑓
1 − 𝑓𝑓
lnf +
ln(1 − 𝑓𝑓)�
NA
NB

(1.1)

where NA and NB are the sites occupied by A and B molecules of two species, and k B is

the Boltzmann constant. Thus the volume fraction and a number of species of both
components present influence the entropy of mixing. When NA = NB = 1 entropy of

mixing will be larger and corresponds to the regular solution whereas NA = N and NB = 1
gives the polymer solution with the lower entropy of mixing. Generally, the size of polymer

chains are large which reduces the entropy of the system.17 As the entropy of mixing is
small, the change in interaction during mixing, the miscibility is influenced by enthalpy.
The interactions are mostly short-range interactions and considered between the nearest
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neighbors which can be attractive or repulsive. The mixing of the segments is determined
by the energy of mixing where negative energy promote mixing while positive energy
oppose mixture. The energy of mixing per lattice site is given by17
� mix = χ𝑓𝑓(1 − 𝑓𝑓)k B T
ΔU

(1.2)

� mix − TΔS� mix
ΔF� mix = ΔU

(1.3)

The Helmholtz free energy of mixing due to enthalpic and entropic contribution is given
by (per lattice site)17

(1 − 𝑓𝑓)
𝑓𝑓
ln(1 − 𝑓𝑓) + χ𝑓𝑓(1 − 𝑓𝑓)�
= k B T � lnf +
NA
NB

(1.4)

Equation 1.4 is also known as Flory-Huggins equation.17 The first two terms are related to
the entropy while the last term is related to the energetic contribution which can be negative
or positive depending on χ. The Flory-Huggins interaction parameter χAB depict the

interaction energy between A and B monomers of the nearest neighbors and is given by
the equation 1.5.7, 17
χAB =

z

kBT

�εAB −

(εAA − εBB )
�
2

where Z is the coordination number in a lattice site with Z nearest neighbors,

(1.5)

ε AA , ε BB

and ε AB represents the pairwise interaction energy among AA, BB and AB monomers.
The specific chemical structure of individual A and B monomers determine χAB .

When χAB is negative (χAB <<1), there is an attraction between the segments and they are

driven towards the mixing that favors the single phase. With positive χAB , there is net
repulsion, driving segregation to minimize the contact between the A and B segments
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during which the polymer chains are stretched out in comparison with their unperturbed
state, reducing the entropy of the system.7,

10

This reduce in entropy resulted from

localization of blocks opposes the segregation. Hence, the balance of unfavorable
interaction between incompatible blocks and restoring force or elastic energy due to
entropy penalty detects the magnitude of microphase segregation. In another word, the
magnitude of segregation is controlled by the product of χN value.15-17 As χ is inversely
related to temperature, a decrease in temperature increases the χ that results a phase
transition from a disordered to an ordered phase in block copolymers. At significantly
higher temperature, entropy dominates and the system will be in the disordered state.
Using mean-field theory, Matsen and Schick14 derived a theoretical phase diagram
for a A-B diblock copolymer which is in a good agreement with the experimentally derived
phase diagram for poly(isoprene-b-styrene).7, 15 Figure 1.3 demonstrates the agreement
between a theoretical and an experimental phase diagrams and shows the phase changes
with volume fraction (f) of the blocks. With changes in f of one of the blocks, the structure
varies from a mixed state to spherical, cylindrical, gyroid and lamellar phases.
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(a)

(b)
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Figure 1.3: Phase diagram18 (a) theoretical from self-consistent mean-field theory. Five
equilibrium morphologies predicted from theory based on volume fraction (fA) of the block
and interaction parameter χN: disordered, spherical (S), cylindrical (C), gyroid (G) and
lamellar (L).14 (b) experimental from poly(isoprene-styrene) diblock copolymers.15 On the
bottom of the figure are representative microdomain structure from constant χN with
increase in fA.
A lamellae structure is formed by a symmetric diblock copolymer (fA= 0.5) when
cooled from the disordered melt state. Depending on the composition and order-disorder
temperature (ODT), different microstructures are formed such as in the asymmetric diblock
copolymers with an increase in asymmetry spherical shape, body-centered cubic (BCC)
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lattice and hexagonally packed cylinders are formed on the matrix of major fraction blocks.
A gyroid structure is obtained in a small volume fraction gap between a cylindrical and a
lamellar phase. As the volume fraction of A block exceeds 0.5 phase inversion takes place
with B block embedded in A matrix. The periodicity as well as the dimension of the
microdomains depends on the polymer size or degree of polymerization (N) and interaction
between segments (χ).
Even though, in this research, a solution study is not carried out but as thin films
are prepared using different solvents, the basics of polymer-solvent interaction as well as
polymer physics relevant to this study is briefly described.
The conformation of the polymers dispersed in a solvent is determined by the
polymer segment-segment interaction as well as polymer segment-solvent interactions.
Depending on the solvent-segment interaction, the solvent is differentiated into a good, a
theta and a poor solvent. In a good solvent, monomer-monomer repulsion is larger
compared to the solvent-mediated attraction between monomers which makes the polymer
chain to swell. In a theta solvent, the attraction between monomers is canceled by the steric
repulsion resulting the polymer to attain an ideal conformation (ideal solution – no net
interaction, repulsive or attractive, among the monomers). The attraction strength between
monomers is larger than the repulsion in the poor solvent; thus, the polymer chain collapses
to form different shaped aggregates.19
The polymer dimension can be described by end-to-end distance, R, as well as the
radius of gyration, Rg. In a linear flexible polymer chain with n bonds with length l, the
sum of all bond vector gives the end to end vector as17, 20:
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n

�⃗ n = � r⃗i
R

(1.6)

i=1

where r⃗i is the bond vector from atom Ai−1 to Ai . The mean squared end-to-end distance

of the chain with a constant bond length and without correlations of direction among the
bond vectors is given by,17
〈R2 〉 = nl2

(1.7)

In reality, polymers rarely are in the ideal state but remain in random coil configuration
whose dimension can be described by radius of gyration, Rg. In polymer coil, the square
Rg is the average square distance between a point in the polymer and the center of mass of
the coil.17
R2g

N

1
2
�⃗ i − R
�⃗ cm �
= ��R
N
i=1

(1.8)

where �R⃗ i is position vector, �R⃗ cm is the center of mass and N degree of polymerization

(number of monomers).

The R g of the polymer in solution scales with N as shown in the equation.17, 21
R g ≈ bN𝑣𝑣

(1.9)

where b is Kuhn length and 𝑣𝑣 is the scaling exponent which for good, poor and theta
solvent is 0.6, 0.3 and 0.5 respectively.17

In contrast to the interaction between polymer and solvent in a homopolymer,
consideration of the interaction between block-block as well as block-solvent makes the
conformation of diblock copolymer in the solvent complex. Depending on the solvent type
and concentration, copolymers segregate to form different conformations in solution.
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When these solutions are cast on a solid substrate, films are formed with different
morphology and understanding their surface and interfacial properties is the first step for
their utilization in various applications.
BCP thin films:
When polymers are confined on a solid substrate as a thin film, presence of an
interface influences its properties and will be different than its bulk.22 As a result, the
confinement restricts the freedom of conformation accessible to the polymer chain that will
significantly alter the structure and chain mobility. This restriction will affect various
properties such as mechanical properties, viscosity, solute sorption, and polymer glass
transition temperature (Tg).23-27 Extensive studies on the effect of confinement of the
polymers on Tg have been carried out.28-30 It is one of the important physical parameters as
at this temperature polymers transform from a glassy to a rubbery state, where physical
properties of polymers start to change such as dynamics of the polymer chain. Studies have
shown that Tg of polymers confined into a thin film increases or decreases compared to
their constituent bulk phase depending on the affinity between polymers with the substrate
and the thickness of the film.30-32
BCP thin films with thickness in nanometers with defined structures have shown
application in lithography, nanotechnology such as nanoelectronics, coatings, and
bioengineering in biosensors.33-35 The structure formed in the film confined between the
air and substrate interface is influenced by various parameters including chemical
composition of the blocks, molecular weight, processing condition, solvent used to cast the
film as well as the interaction between air/polymer and polymer/substrate interface.25, 36-38
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Presence of a geometrical constraint results into a preferential segregation of a particular
segment or block specifically to the air or substrate interface lowering the energy of the
system.23, 39 Constrains can be hard walls on both sides of the film making a sandwich or
between the air and substrate interface.23 In this study, polymers confined between the air
and substrate interface are probed; this will be discussed in detail.
Extensive studies on the interfacial segregation in a polymer blend and diblock
copolymer films have been carried out both theoretically and experimentally.40-42 These
studies have shown that entropy and surface energy of the segments or blocks affect the
segregation with a lower surface energy segments enriching the air interface.4, 43, 44 The
nature of the confinement also affects the surface topology of the film.39, 41,

45

Similarly,

the polymer chain length as well as the chain architecture also affect the segregation where
shorter chains, branched and flexible segments dominate the air interface.42, 46, 47 Even a
slight difference in the chemical composition such as a change with isotopes48 and size of
the segment can result in a different interfacial behavior. For example, in a blend of hPS
(hydrogenated polystyrene) and dPS (deuterated polystyrene), when both the components
have similar size (molecular weight), dPS migrate towards the air interface whereas with
the hPS with a relatively low molecular weight, hPS segregated towards the free surface.
Interfacial properties can be tuned by incorporation of components with entirely different
surface energy into polymer itself or blend the polymer with other additives. An
incorporation of fluorine or addition of nanoparticles in the polymeric system has become
one of the pathways to tune interfacial properties.

11

Fluorinated polymers (Fluoropolymers):
Since the discoveries of polychlorotrifluoroethylene (PCTFE) by Schlöffer in 1934
and serendipitous discovery of polytetrafluoroethylene (PTFE) in 1938 by Plunkett (at
DuPont) opened a field of the specific type of polymeric material known as a fluorinated
polymer which has found interest for various applications.49 In these polymeric materials,
fluorine atoms are included in chemical structures of polymers and can be classified into
two general types, perfluoropolymers,

and

partially fluorinated

polymer.

In

perfluoropolymers, total hydrogen atoms in the polymer are substituted by a fluorine atom
whereas in partially fluorinated polymers only some of fluorine atoms are introduced to the
polymer backbone by replacing hydrogen or copolymerizing fluorinated segment with
other polymers.50 The chemical structure of a widely recognized perfluoropolmer
polytetrafluoroethylene (PTFE) and partially fluorinated polymer polyvinylidene fluoride
(PVDF) is shown in Figure 1.4,
(a)

(b)

Figure 1.4: (a) polytetrafluoroethylene (b) polyvinylidene fluoride
Fluorinated polymer has gained an immense interest due to its remarkable
properties such as outstanding chemical inertness, thermal stability, low refractive index
and low surface energy (hydrophobicity and oleophobicity).51-53 These unique properties
of fluorinated polymers, compared to their hydrogenated counterpart, arise due to
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fluorine’s high electronegativity, low polarizability and small van der Waals radius (1.32Å)
and exceptionally strong carbon-fluorine bond (485kJmol-1).54 The bond dissociation
energy of C-H and carbon-halogen bonds C-X (X= Cl, Br and I) are 338, 397, 288 and 209
kJ/mol respectively.55 Because of these thermodynamic properties, fluorinated polymers
supersede their hydrogenated analogs for high temperature uses.
In perfluorinated polymers, the rigidity of the chains drives crystallinity and due to
the chemical resistance, they are insoluble in organic solvents which make them difficult
to process. These challenges further broadened the research to develop polymeric materials
with properties comparable to fully fluorinated polymer but with more flexibility for
processing.55, 56 Introduction of the limited number of fluorine in the polymers has been
proven to be an effective route to overcome the limitation imposed by perfluorinated
polymers and will retain the properties of fluorine as well as provide the flexibility to the
polymers that is essential for the mobility of the segments.
The surface of the film is the first point of the contact with the surrounding and
therefore, plays a critical role in the material’s applications. The composition at the
interfaces of the film determines many of the properties including wettability and response
to the surrounding. In fluorinated copolymers, incompatibility between fluorinated and
protonated segments drives segregation between the segments. The characteristics of
fluorinated polymer surface are derived from the properties associated with the C-F bonds
that provide unique physiochemical properties at the interface. Various experimental and
computer simulation studies have shown in fluorinated block copolymers, fluorine being
lower surface energy segregates towards the air interface and impacts the surface energy
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of the film.57-59 The surface tension of a film altered by the chemical composition at the
surface. The trend of surface tension of fluorinated and its analogous hydrogenated
counterpart changes as CH2 (36mN/m) > CH3 (30mN/m) > CF2 (23mM/m) > CF3
(15mN/m).60, 61 The surface tension of fluorinated polymer thin film not only depends on
the surface coverage by fluorine but also the order of arrangement of CF3 groups. The
surface formed by closely packed CF3 groups in a self-assembled perfluoroalkyl polymer
chain shows the lowest surface tension.62
In addition to affecting the surface energy, introduction of fluorine in polymer also
influences the refractive indices as well as dielectric constant.55, 63 By varying the degree
of fluorination provides a pathway to tune the surface properties that are valuable for many
applications from low surface energy coatings to polymer solar cells.64, 65 Besides this,
fluorinated polymers, being biocompatible and physiologically inert, they have diverse
medical applications such as in drug delivery agents.66 One of the potential properties of
fluoropolymers is their responsiveness to the change in external environment such as
exposure to different solvents, temperature, light, etc. When fluorinated polymers are cast
as thin films, due to the incompatibility between a fluorinated and a non-fluorinated block,
they will phase segregate forming fluorine-rich and proton rich domains. These domains
being different in surface energy, they can respond differently when exposed to different
environments.67-69
Nanocomposite:
Preparation of nanocomposite is one of the ways to alter the interfacial properties
of the polymeric system. Nanoparticles (NPs) with nanometer dimension exhibit unique
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properties different from its bulk material.70 In order to achieve different immobilized
nanoparticle arrays, the nanocomposites formation have been widely utilized.
Nanocomposites are multiphase materials where one of the phases has nano-dimensional
additives. Various types of nanocomposites depending on the nature of the matrix have
been studied such as metal, ceramic, polymer matrix nanocomposite etc. Polymer
nanocomposite has been studied in this research and therefore, it will be briefly discussed.
Integration of NPs in polymeric material provides a pathway to design new hybrid
material that combine properties of both NPs and organic polymer which have found
current and potential application from nanoelectronics to biomedical device.71-73 In order
to obtain desired and enhanced properties of the nanocomposite, there should be controlled
dispersion of the NPs. Despite advances in understanding and controlling the structure of
polymer nanocomposites, NPs aggregation due to complex entropic and enthalpic
interactions remains a significant challenge.74,

75

Entropy always favors mixing and

enthalpic contribution may facilitate or prevent mixing. To overcome this challenge,
various studies have been carried out for controlled distribution of NPs in the polymer
matrix using different stimuli or external energy including a thermal or solvent annealing,
external electric field, external magnetic field etc.76-79
The most studied approach to incorporate NPs into polymeric matrices is to graft
organic chains that are compatible with the constituent component of the matrix. Different
types of polymer matrices used in a polymer nanocomposite are homopolymers, block
copolymers, and polymer blends 80-82 where the type of matrix and nature of NPs are chosen
depending on a specific application. Various factors influence the distribution of NPs into
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polymeric matrices including the size and shape of nanoparticles, the nature of the grafted
chains as well as the interactions between matrix and the grafted chains. An additional
critical aspect in the distribution is the structure formed by the polymeric matrices
themselves and the degree of perturbation that NP causes. Various studies have shown that
the distribution of NPs not only impacts the elecro-optical properties of the system but also
affects the mechanical properties.78, 83
In a diblock copolymer nanocomposite, the microstructures formed by the phase
separation of the polymers have been used as a scaffold for self-organization of the
nanoparticles into different patterns with a long range order.80, 83 NPs are confined within
the domains with which it is thermodynamically favorable. Various studies have shown
that the ratio, NPs size, and the domains formed also influence the distribution of NPs to
balance the energy of the system. At low ratio, segments stretch to accommodate NPs that
decreases the entropy but dispersion of NPs increases translational entropy that balance the
entropic energy. Similarly, NPs located at the boundaries of different domains reduce the
unfavorable contacts between blocks decreasing the interfacial tension. When the ratio
increases, the chain needs to stretch more to accommodate NPs and the entropic penalty
becomes significant, thus to reduce stretching NPs segregate towards the center. Therefore,
the size of NPs can play a crucial role in the distribution of NPs.75, 84
Overview of the current study:
In this research, effects of an increase in complexity in the structure of diblock
copolymer on the interfacial properties are studied. In the first section, effects of
incorporating a small segment of fluorine in the interfacial structure and response to
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different stimuli will be addressed. In the second section, effects of the size of NPs and
matrix on dispersion of NPs and structures formed will be presented.
1. Semifluorinated diblock copolymer
In the first section, interfacial properties of the semifluorinated diblock copolymer
poly trifluoro propyl methyl siloxane–b-polystyrene (PTFPMS-b-PS) thin films confined
in a solid substrate will be introduced. The chemical structure of PTFPMS-b-PS is shown
in Figure 1.5.
F
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H 2C
O

Si
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n

H 3C

Figure 1.5: Chemical structure of PTFPMS-b-PS
This polymer consists of a polystyrene (PS) block and a fluorinated
polydimethylsiloxane block (SiF). One of the unique features of PTFPMS-b-PS is its
flexible siloxane block that provides sufficient mobility for the polymer to rearrange and
potentially respond to stimuli. Semifluorinated diblock copolymers are interesting hybrid
materials as they exhibit characteristics of block copolymers and those of fluorinated
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ones.85 In contrast to PDMS, fluorosiloxanes have good resistance to oils and hydrocarbon
solvents.86 In the fluorosiloxane block, one CF3 group is attached to siloxane backbone.
Interfacial properties and response of PTFPMS-b-PS with different volume
fractions of SiF to temperature and different solvent vapors are studied. Thin films are
prepared from toluene and a mix solvent of tetrahydrofuran and toluene. The mix solvent
is good for both blocks whereas toluene is preferential for the PS block. Understanding the
structure, interfacial properties and response to stimuli will allow to tune the properties of
the semi-fluorinated diblock by manipulating solvent quality and fluorine fraction to obtain
properties similar to those of highly fluorinated polymers.
2. Diblock copolymer nanocomposite
Microstructure formed by the phase segregation of the diblock copolymer is used
as a scaffold for the distribution of NPs. Highly segregating polystyrene-bpolydimethylsiloxane (PS-b-PDMS) diblock copolymer is used as a matrix. Siloxane
containing diblock copolymers have been widely studied because of flexibility, low
temperature curing and lower surface energy of the siloxane block.87, 88 Because of low
glass transition temperature, PDMS is in a liquid state at room temperature and, therefore,
exhibits high mobility. This polymer potentially offers a unique media to incorporate NPs
with liquid domains of the PDMS confined between glassy PS layers. Symmetric PSPDMS with two different molecular weights is used as matrix. The chemical structure of
PS-b-PDMS is shown in Figure 1.6a.
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(a)

(b)

R= CH2CH(CH3)2
Figure 1.6: Chemical structure of (a) polystyrene-b-polydimethylsiloxane (PS-b-PDMS)
and (b) Octaisobutyl Polyhedral Oligomeric Silsesquioxane (POSS)
Polyhedral oligomeric silsesquioxane (POSS) is dispersed as NP in the polymer
matrix. POSS is a three-dimensional cage of Si-O linkage modified with grafted alkyl
chains. The chemical structure of POSS is shown in Figure 1.6b. One advantage of POSS
NPs is its side chain, R, that can be modified to make it compatible with desired blocks.
This provides POSS with the unique feature of inorganic/organic components where the
organic part allows processability and compatibility with constituent matrix polymers
while the rigid inorganic cage provides mechanical strength.89,

90

In addition, the

incorporation of POSS enhances thermal as well as oxidative resistance.

91, 92

In this

particular study, POSS used does not exhibit an obvious preference to either PDMS or PS
blocks. Furthermore, the cage is the size of the rigid segment of the PS and smaller than
that of PDMS. This dissertation is intended to enhance the fundamental understanding of
the effect of a small segment of fluorine and dispersion of NPs in the structure and
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interfacial properties of the polymers that contain incompatible blocks. The dissertation is
organized in the following way.
Chapter 2 will review the fundamentals of techniques used in this study. The basics
of the techniques used to probe the surface and interfacial structure and properties including
specular neutron reflectometry, atomic force microscopy and contact angle goniometer will
be briefly reviewed.
Chapter 3 focuses on the structure and interfacial response of semifluorinated
diblock copolymer thin film prepared from different volume fraction of fluorinated block
to annealing temperature using neutron reflectometry, atomic force microscopy, and
contact angle measurement.
Chapter 4 explores the effects of casting solvent and method of preparation on the
surface properties and stability of polymer thin films as a function of volume fraction of
fluorinated block and annealing temperature using atomic force microscopy and contact
angle measurement. We found that effect of film forming condition becomes prominent
with increase in fluorinated fraction.
Chapter 5 presents the response of the semifluorinated diblock copolymer thin film
to the water stimuli using neutron reflectometry. Thin films prepared from different volume
fraction of fluorinated block exposed to water. We observed that thin films rearrange with
change in environment and water penetration is affected by increasing the fraction of SiF
block.
Chapter 6 will discuss the response of semifluorinated diblock copolymer thin film
prepared from different volume fraction to selective solvents. In situ neutron reflectometry
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study showed that exposing decane which is nonselective to both blocks, distributed
throughout the film from lowest fraction of fluorinated block. In film prepared from highest
fraction solvent mostly penetrated at the upper layer of the film. Exposing film to toluene
that is selective for the PS, film prepared from all fractions of SiF block swelled
instantaneously. Layered structure of the film prepared from highest fraction of fluorinated
block is retained after exposing film for extended time.
Chapter 7 will discuss the distribution of nanoparticles in a flexible block
containing diblock copolymer as a function of the size of the matrix polymer and annealing
temperature. Layering structure is observed for the film prepared form the pure diblock as
well as nanocomposite at the pristine state. In the NP polymer blend film, NPs distributed
throughout the film at room temperature. With annealing NPs segregated towards the air
interface and the layer formed by the flexible block.
Chapter 8 presents overall summary of the research.
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CHAPTER TWO
EXPERIMENTAL METHODS
In this study, three techniques were extensively used, Neutron Reflectometry,1-3
Atomic Force Microscopy4, 5 (AFM) and Contact angle goniometer/tensometer.6, 7 The
structure formed in thin films normal to the surface was probed using neutron reflectometry
whereas AFM and contact angle measurements were used to study the surface morphology
and surface tension of the semifluorinated diblock copolymer thin films. Complementary
techniques such as differential scanning calorimetry8 (DSC), optical microscope and
ellipsometry9, 10 were also utilized as needed during the study, which are well established
techniques and are not reviewed here. The basic concepts of neutron reflectometry, AFM,
and contact angle measurement are briefly reviewed in this chapter.
Specular Neutron Reflectivity (NR):
X-ray and neutron scattering are complementary techniques that are widely used to
probe the structural information of the polymeric materials. Both X-ray and neutron
scattering follow the similar principles while their interactions with matter is different,
where X-rays interact with electrons and neutrons with nuclei.3, 11, 12 When the materials
used are crystalline or atoms reside at the defined lattice points, the structure can be
described by Bragg diffraction as shown in Figure 2.1.11, 13 Incident wave impinged on a
surface will be scattered in a certain angle creating either constructive or destructive
interference. The constructive interference of the scattered wave is given by Bragg’s
relation2
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𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(2.1)

where n is an integer, d is the distance between layers of atoms or lattice plane, 𝜆𝜆 is wave
length and θ is the angle formed by the incident wave with the lattice plane.

Incident wave

Reflected wave

θ
d

θ
θ θ

Lattice plane
Path difference

Figure 2.1: Schematic diagram showing Bragg’s diffraction from two parallel planes with
distance d and θ is the scattering angle formed by the incident wave.11
The intensity and diffraction of reflected or scattered wave is correlated to the
symmetry and position of atoms in lattice points. Bragg’s rule applies to both X-ray and
neutron for any wavelength. In this study, neutron has been extensively utilized; thus basics
of neutron will be explained in detail.
James Chadwick14 in 1932 discovered neutron, which is a neutral particle of mass
1.675 X 10-24g and one-half spin. Neutron has a broad range of wavelength from 0.1 Å to
30 Å that allow to probe atomic to macromolecular scale structures (~1-1000 Å).2 The
interaction between neutrons and nuclei is short ranged which allows them to penetrate
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through matters hundreds of nanometer with a spatial resolution of 1-10 Å. At the same
wavelength, the energy of the neutron is lower compared to that of the X-ray, which makes
the neutron less destructive to a sample damage from radiation heating. The neutronnucleus interaction include both elastic and inelastic components.1, 2 Scattering of incident
neutron by a single scattering particle is shown in Figure 2.2.1, 2, 13

�⃗𝑓𝑓
𝑘𝑘

�⃗𝑖𝑖
𝑘𝑘

2θ

𝑞𝑞⃗

�⃗𝑖𝑖 and scattered 𝑘𝑘
�⃗𝑓𝑓 wave vectors
Figure 2.2: Schematic describing relation between initial 𝑘𝑘
with a momentum transfer vector 𝑞𝑞⃗ in an elastic scattering from a single particle.
∆𝐸𝐸 = 𝐸𝐸𝑓𝑓 − 𝐸𝐸𝑖𝑖
�⃗𝑓𝑓 − 𝑘𝑘
�⃗𝑖𝑖
𝑞𝑞⃗ = 𝑘𝑘

(2.2)

(2.3)

Change in energy of neutron ∆𝐸𝐸 after the interaction is given by equation 2.2,

where, 𝐸𝐸𝑖𝑖 and 𝐸𝐸𝑓𝑓 are energy of the neutron before and after the scattering. In inelastic

interaction, the energy of the scattered neutron is altered due to the loss or gain of energy
of the neutron with the material. Dynamics of the system can be studied using inelastic
neutron scattering. In elastic interaction, the energy of the scattered neutron is not affected
i.e. ∆𝐸𝐸 = 0 and the wavelength of the scattered neutron will be the same as the incident

wave.2 The momentum transfer 𝑞𝑞⃗, in an elastic interaction is given by the relationship

�⃗𝑖𝑖 and 𝑘𝑘
�⃗𝑓𝑓 are the momentum transfer vectors of the incident
shown in equation 2.3, where 𝑘𝑘

and scattered beam whose magnitude is given by 2𝜋𝜋�𝜆𝜆.2, 11
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The magnitude of the momentum transfer, q, in terms of θ and wavelength λ is
given by
𝑞𝑞 =

4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝜆𝜆

(2.4)

𝑞𝑞 =

𝑛𝑛2𝜋𝜋
𝑑𝑑

(2.5)

Combining equation 2.4 with Bragg’s law 2.1

Equation 2.4 and 2.5 show that 𝑞𝑞 and size of the structure are inversely related; therefore,
to measure a large size structure, small 𝑞𝑞 is required and small structures are observed at

large 𝑞𝑞. Since 𝑞𝑞 depends on both θ and λ, in a typical scattering experiment one of them is
varied.3 When neutrons hit the sample, a portion of the radiation is absorbed, some are

transmitted and the rest is scattered. The scattered neutron provides the structural
information. Only coherent and elastic scattering are utilized in this research and will be
discussed in detail.
The scattering of neutrons is the result of the collective interaction of neutrons with
a single particle, their number density and the nature of their interaction. The interaction
between neutrons and nucleus is described by two parameters, namely the neutron
scattering length (b) and the cross section (σ).1, 2, 11 The differential scattering cross section
dσ/dΩ is the probability of a neutron scattered into a unit solid angle in a specified direction
after hitting the species.1, 2 Scattering length of the nucleus shows the efficiency to scatter
neutrons by a nucleus. Relation between the differential cross section and the scattering
length is given by the equation 2.6.2
𝑑𝑑𝑑𝑑
= 𝑏𝑏 2
𝑑𝑑Ω
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(2.6)

The total scattering cross section is the effective area of the nucleus available for
scattering. The scattering cross section is the addition of both scattering and absorption
cross section and absorption for many elements is extremely small. The total scattering
cross section is given by2, 11
𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

= 4𝜋𝜋𝑏𝑏 2

(2.7)

The neutron-nucleus interaction of atom varies with elements and even among the
isotopes.1, 13 The variation in scattering length density (SLD) of the material provides a
contrast for neutron scattering and is defined by the equation11
𝑏𝑏 𝑁𝑁𝐴𝐴 𝜌𝜌
=
� 𝑏𝑏𝑖𝑖
𝑉𝑉 𝑀𝑀𝑤𝑤
𝑖𝑖

(2.8)

where, 𝑏𝑏𝑖𝑖 coherent scattering length of component i, 𝜌𝜌 is mass density, NA is Avogadro’s
number, V is volume, and Mw is molecular weight.

The neutron scattering length differs randomly with elements whereas the electron
density increases with atomic number. This uncorrelated scattering length from element to
element and even for the isotopes of same element provides an advantageous route in the
study of soft material known as contrast variation or isotope labeling.12 One example of
contrast variation is the substitution of hydrogen (H) with deuterium (D). The large
difference in scattering length of H (b = -3.74 X 10-15m) and D (b = 6.671 X 10-15m)15
results in the significant contrast between deuterium labeled and non-labelled segments or
domains without considerably affecting the molecular structure of the material. A
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substitution of H with D in particular segments provides a route to determine rearrangement
and dynamics of different sections.11
After the discovery of X-ray interference from nickel mirror by Heinz Kiessig16-18
in 1931, X-ray and neutrons have established as a powerful tool to probe polymers at
interfaces.3 Neutron reflectometry (NR) provides information on the interfaces of the
materials through neutron refractive index which is related to SLD of the components as
shown in equation 2.9.19 A concentration profile obtained from the reflectivity
measurement of a polymer film includes film thickness, interfacial roughness as well as
composition variation normal to the surface. This technique provides a spatial resolution
of 1-10 Å and can penetrate hundreds of nanometer without affecting the sample.3 Selective
isotope labeling and spatial resolution on a subnanometer length scale make NR an
appropriate technique for probing layered structures, hidden interfaces as well interfacial
changes in thin films.3, 19-21
The refractive index of a material for neutron is generally slightly less than 1 and
within a good approximation is given by2, 3, 22
𝑛𝑛 = 1 − 𝛿𝛿 + 𝑖𝑖𝑖𝑖

(2.9)

where 𝛿𝛿 = 𝜆𝜆2 𝜌𝜌𝑏𝑏 ⁄2𝜋𝜋 and 𝛽𝛽 = 𝜆𝜆𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎 ⁄4𝜋𝜋, 𝛿𝛿 is the real part and provide information on

transmission and reflection. In the real part 𝜌𝜌𝑏𝑏 is SLD and λ is the neutron wavelength. The

imaginary part (𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 ) is due to the absorption of the neutrons which is the material
absorption cross section. For most of the polymeric materials, 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 is negligible compared
to scattering cross section; thus the last term in equation 2.9 can be neglected. In
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reflectivity, when a neutron impinges on a surface with two different refractive indices on
two sides of the medium, it will undergo reflection and refraction as shown in Figure 2.3.2

qz

Incident beam (k0)

Reflected beam (k1)

Medium 1 (n1)
θ0
Medium 2 (n2)

θ1

θ2

Refracted beam (k2)

Figure 2.3: Schematic of reflection geometry describing the relationship between incident,
reflected and refracted neutron with respect to the surface plane.
In Figure 2.3, θ0, θ1 are the angle of incidence and angle of reflection formed by
incident wave k0 and reflected wave k1 whereas θ2 is the angle formed by refracted wave
vector k2. n1 and n2 are refractive indices of medium 1 and 2 respectively. When the angle
formed by the incident and reflected beam is same i.e θ0 = θ1, it is known as the specular
reflectivity.2, 3 In this case, the momentum transfer vector qz where qz = k1 - k0 is detected
normal to the surface and contains information perpendicular to the surface. q is also
represented by k which differ from q by a factor of 2 ie. q = 2k. In off-specular scattering
θ0 ≠ θ1. Only the specular neutron reflectivity has been used in this study; therefore, it will
be discussed in the detail. Extensive discussion on the theory of this technique is available
in several books1, 2, 11 and reviews.3, 12, 13, 19
The relationship between the incident and refracted angles with the refractive
indices n1 and n2 of two different media can be described by Snell’s law2, 3
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𝑛𝑛1 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃0 = 𝑛𝑛2 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2

(2.10)

The ratio of scattering contrast between two media determines the angle of
refraction. When θ2 > θ1, a real angle of refraction is obtained. At certain angle, below
which the incident beam is completely reflected is known as critical angle (θc). When the
angle of refraction becomes 0,3

Within a good approximation3

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑐𝑐 =

𝑛𝑛2
𝑛𝑛1

(2.11)

𝜌𝜌𝑏𝑏
𝜃𝜃𝑐𝑐 = √2𝛿𝛿 = 𝜆𝜆�
2𝜋𝜋

(2.12)

2𝜋𝜋
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜆𝜆

(2.13)

In an elastic, non-polarized specular reflectivity, the momentum transfer vector in
terms of k is given by
𝑘𝑘𝑧𝑧,0 =

where subscript 0 indicates air medium. The modified wave vector of the z component
after the incident neutron penetrates into medium i is given by2
2
2
𝑘𝑘𝑧𝑧,𝑖𝑖 = �𝑘𝑘𝑧𝑧,0
− 𝑘𝑘𝑐𝑐,𝑖𝑖

where 𝑘𝑘𝑐𝑐,𝑖𝑖 is critical value of 𝑘𝑘𝑧𝑧,𝑖𝑖 and is given by 𝑘𝑘𝑐𝑐,𝑖𝑖 =

2𝜋𝜋
𝜆𝜆

(2.14)

𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑐𝑐 and θc is the critical angle.

For neutron 𝑘𝑘𝑐𝑐,𝑖𝑖 = 2�𝜋𝜋𝜋𝜋, below which there is a complete external reflection of incident

neutron. In a material with specific SLD, a total reflection can be obtained by varying either
incident angle θ or wave length λ of the neutron.
In a sharp interface that separate two media 0 and 1 with different SLD, the
reflectance is given by
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𝑟𝑟0,1 =

𝑘𝑘𝑧𝑧,0 − 𝑘𝑘𝑧𝑧,1
𝑘𝑘𝑧𝑧,0 + 𝑘𝑘𝑧𝑧,1

(2.15)

The reflectivity R is the ratio of reflected to incident neutron intensity. When θ0 >
θc, R is less than unity and decreases as θ0 increases. The reflectivity can be determined by
taking absolute square of reflectance, which is known as Fresnel reflectivity as shown in
equation 2.16.2, 3
𝑘𝑘𝑧𝑧,0 − 𝑘𝑘𝑧𝑧,1
𝑅𝑅 = �
�
𝑘𝑘𝑧𝑧,0 + 𝑘𝑘𝑧𝑧,1

2

(2.16)

Combining equation 2.14 with 2.16 gives

𝑅𝑅 = ��

2
2
𝑘𝑘𝑧𝑧,0 − �𝑘𝑘𝑧𝑧,0
− 𝑘𝑘𝑐𝑐,1

𝑘𝑘𝑧𝑧,0 +

2
�𝑘𝑘𝑧𝑧,0

−

2
𝑘𝑘𝑐𝑐,1

2

�� = �

2
2 1/2

1 − �1 − �𝑘𝑘𝑧𝑧,𝑐𝑐 ⁄𝑘𝑘𝑧𝑧,0 � �

2 1/2

1 + �1 − �𝑘𝑘𝑧𝑧,𝑐𝑐 ⁄𝑘𝑘𝑧𝑧,0 � �

�

(2.17)

For an infinitely sharp interface when θ0 > θc, reflectivity curve decreases with q-4.
When the homogeneous thin film with thickness d is placed between vacuum and substrate,
multiple reflections in the thin film take place as shown in Figure 2.4.3

Medium 0

θ0

θ1
θ2

Medium 1
Medium 2

d
θ3

Figure 2.4: Schematic diagram showing reflected and refracted neutron from a parallel
interface where d is thickness; medium 0, 1 and 2 are vacuum, film and substrate interface.3
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The reflection coefficient r from the film with the thickness d is given by3
𝑟𝑟 =

𝑟𝑟0,1 + 𝑟𝑟1,2 𝑒𝑒𝑒𝑒𝑒𝑒 �2𝑖𝑖𝑘𝑘𝑧𝑧,1 𝑑𝑑�

1 + 𝑟𝑟0,1 + 𝑟𝑟1,2 𝑒𝑒𝑒𝑒𝑒𝑒 �2𝑖𝑖𝑘𝑘𝑧𝑧,1 𝑑𝑑�

(2.18)

where 𝑟𝑟0,1 and 𝑟𝑟1,2 are reflection coefficient or reflectance from interface between vacuum

and film (medium 0 and 1) and interface formed by film and substrate (medium 1 and 2)
respectively. Similarly 𝑘𝑘𝑧𝑧,1 corresponds to the z component of the scattering vector from

interface formed by medium 0 and 1 and d is thickness of the film. Reflectivity is obtained
from absolute square of the reflectance and is given by2, 3
𝑅𝑅 =

2
2
𝑟𝑟0,1
+ 𝑟𝑟1,2
+ 2𝑟𝑟0,1 𝑟𝑟1,2 cos�2𝑘𝑘𝑧𝑧,1 𝑑𝑑�

2
2
1 + 𝑟𝑟0,1
+ 𝑟𝑟1,2
+ 2𝑟𝑟0,1 𝑟𝑟1,2 cos�2𝑘𝑘𝑧𝑧,1 𝑑𝑑�

(2.19)

Following this method, the reflection from different layers that contributes to the
total reflection can be calculated.
Alternatively reflectivity can be presented in terms of Fourier transform (F) of the
SLD (𝜌𝜌) variation perpendicular to the surface by equation 2.202, 11
16𝜋𝜋 2
𝑑𝑑𝑑𝑑(𝑧𝑧)
𝑅𝑅 = 4 �𝐹𝐹 �
��
𝑞𝑞
𝑑𝑑𝑑𝑑

2

(2.20)

In real system interfaces are not ideally sharp and smooth. In the presence of the
diffuse interface, reflectivity curve does not decay as q-4 thus effects of the roughness have
to be taken into account. The interface roughness is accounted by the introduction of the
Gaussian function with variance σ. The reflectivity with roughness is given by2, 11
𝑅𝑅 =

16𝜋𝜋 2
(Δ𝜌𝜌𝑧𝑧 )2 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜎𝜎 2 𝑞𝑞 2 )
𝑞𝑞 4
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(2.21)

where Δ𝜌𝜌𝑧𝑧 and σ is SLD variation perpendicular to the surface and the width of the diffuse
interface. Due to the roughness, the reflectivity curve deviates from Fresnel reflectivity and

the reflectivity falls off more rapidly compared to sharp interface and the extent of SLD
difference influences the fringe intensity. The intensity of the fringe will be enhanced when
SLD difference become large.3

𝑞𝑞𝑐𝑐

Δ𝑞𝑞

Figure 2.5: Calculated reflectivity profile showing Fresnel reflectivity from a bare smooth
substrate and a 500Å thick polymer film on a silicon substrate with 1nm roughness.
Figure 2.5 compares the neutron reflectivity pattern of a bare silicon substrate with
0 roughness and with 500 Å polymer thin film with 1nm roughness. In the reflectivity
profile, oscillations are formed due to the constructive and destructive interference of the
reflected neutrons from interfaces between media of different refractive indices and known
as Kiessig fringes.3 The contrast between the interfaces affects the amplitude of the fringe;
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that is, larger the contrast between the media larger will be the fringe amplitude.3 The
critical wave vector qc that corresponds to the critical angle is correlated to the SLD using
equation 2.22. This provides information on the chemical composition at the surface.22
𝑞𝑞𝑐𝑐 = √16𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

(2.22)

The distance between two successive minima or maxima, ∆q, of Kiessig fringe
provides estimated thickness of the film. The relation between the ∆q and thickness (d) is
given by3
𝑑𝑑 ≅

2𝜋𝜋
Δ𝑞𝑞

(2.23)

In order to extract structural information normal to the surface requires further
analysis of the experimentally obtained reflectivity patterns. In this study, optical matrix
method is used to determine the concentration profile.20, 23 In optical matrix method, total
film is sliced into a multitude of thin layers and each layer is assigned with thickness,
calculated SLD, and roughness. A fitting analysis software, MOTOFIT,24 which include
Parratt formalism,23 is used to model the data. Reflectivity is calculated from an iteration
of Fresnel reflectivity calculated from each layer. The calculated profile from the model is
compared with experimentally measured profile. Thus obtained SLD profile from
modeling of the reflectivity profile, thickness of the layer, SLD normal to the surface and
roughness can be extracted.
In this research neutron reflectivity measurement were carried out at Liquid
reflectometer (LR), SNS, Oak Ridge National Laboratory25 and time of flight reflectometer
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(SPEAR) at Los Alamos National Laboratory26, 27. The instrumental specification is listed
in table 2.1 and 2.2 for LR and SPEAR respectively.
Table 2.1: Instrument specifications of LR, BL-4B at SNS, Oak Ridge National
Laboratory25
Source-to-sample distance

13.6 m

Sample-to-detector distance

1.5 m

Wavelength range

2.5 Å < λ < 17.5 Å

Q range (air/liquid or air/solid interface)

0 Å-1 < Q < 0.3 Å-1

Minimum reflectivity

~10e-7

Table 2.2: Instrument specifications of SPEAR at Los Alamos National Laboratory26, 27
Moderator-to-sample distance

8.73m

Moderator-to-detector distance

12.4m

Wavelength frames

4.5 Å < λ <16 Å or 16 Å < λ < 32 Å

Q range (liquid/gas interface)

0.006 Å-1 < Q < 0.15 Å-1

Minimum reflectivity

~10e-7

Atomic Force Microscopy (AFM):
Polymer thin film surface morphology has been studied using AFM, which probes
the structure in atomic scale without perturbing the material.4, 5, 28 A typical AFM setup
consists of a cantilever in which a sharp tip is attached at the edge (end), a piezoelectric
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scanner that maintains the constant deflection of the probe, a feedback system to control
piezoelectric scanner, a laser, and a position sensitive photodetector (detection device) that
measures the cantilever deflection as shown in Figure 2.6.4

Laser

Mirror

Photodetector

Cantilever

Tip
Piezoelectric
scanner

Sample

Controller

Figure 2.6: Schematics of atomic force microscopy.
The tip moves over the surface of a sample in a raster scan during measurement.
AFM provides a profile measuring the force developed between the tip and surface at a
short distance. As the tip gets closer to the sample surface, cantilever deflects as a result of
surface-tip interaction. This deflection is monitored by the change in the position of the
laser beam focused on the cantilever and detected by the photodetector. The feedback loop
control tracks these detector signals to maintain force between the tip and sample constant
by redirecting the position of a piezoelectric crystal in z-direction. With this deflection
process and the movement of the laser beam capture the image of sample topography. The
tip at the end of the cantilever senses the force (F) between the sample surface and is given
by Hook’s law29
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𝐹𝐹 = −𝑘𝑘𝑘𝑘

(2.24)

where x is cantilever deflection from the initial position and k is spring constant. Different
types of forces are associated with AFM measurement such as van der Waals, frictional,
electrostatic, capillary, repulsive forces etc.4
Based on the interaction between the sample and the tip, three modes of operation
are generally used in AFM: contact, non-contact and tapping modeTM (intermittent mode).5
In the contact mode, the tip and sample make a soft physical contact. The tip-sample
distance will be such that the repulsive force will be dominant. Depending on the operating
condition, the contact mode can be divided into “constant height” and “constant force”
mode.30 In case of the constant height mode, the vertical movement of the scanner is fixed
to a constant height whereas feedback loop maintains the cantilever deflection to a preset
value in constant force mode. The contact mode AFM is mainly used to image hard surfaces
without a modification of the surface morphology. In the non-contact mode, the tip and
surface of the sample distance will be such that the tip-sample attractive force becomes
dominant. During the scanning, the tip oscillates in its resonant frequency over the sample.
The surface topography is plotted by the variation in the vibration amplitude of the
cantilever due to the alteration in the tip-sample interaction with respect to the spacing
between them in the presence of surface features.
The tapping mode AFM lies in between the non-contact and contact mode
operation. This mode is more useful for soft materials where a minimum force between tipsample is required. In the tapping mode, the tip is brought closer to the surface and the
cantilever is vibrated near its resonance frequency above the sample. During the
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measurement, the tip-sample distance is made such that the tip barely taps the surface. The
cantilever oscillation amplitude varies according to the tip-sample interaction. AFM
controller uses this change as a feedback to change the movement of the scanners in zdirection with the surface structure. This adjustment of scanners makes vibrating amplitude
constant. The intermittent AFM (tapping mode) generates two types of images, height and
phase image. The height image provides a map of the surface topography generated by
following a change in a free amplitude of the cantilever oscillation when it feels the change
in surface features. The amplitude of the cantilever oscillation is kept constant by a
feedback loop which adjusts the piezo scanner in the z-direction and the voltage required
to maintain the amplitude is collected to generate an image that contains the features
present on the surface. The phase image is generated due to a phase lag between the signal
which controls the cantilever oscillation and the output signal from the oscillation. The
phase image provides a spatial variation in surface properties such as viscoelastic
properties, friction, and adhesion of the sample surface which cause the phase lag.
Contact Angle measurement:
The interfacial tension between two surfaces is crucial as it not only influences the
interaction strength but also controls many of the properties of the material such as
adhesion, wetting, printing etc.7, 31 Measuring the wetting of the surface by a liquid is one
of the method to investigate the interfacial energy. Wetting of the solid surface accounts
the interaction between liquid and solid and provide characteristics of the surface.32 Contact
angle measurement of a liquid drop on solid surface is most widely used to probe surface
energy.6, 33, 34 Contact angle is the angle between solid-liquid and liquid-vapor interface
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where three phase line is formed.33 This is also known as wetting angle and is considered
as the extent of wettability of a solid surface by a liquid. Wettability is the balance between
the cohesion force between the liquids and adhesion force between liquid and solid
surface.32 Cohesion force causes liquid to bead up while adhesion force tend to spread the
liquid. Complete wetting is defined as when liquid drop completely spreads.
Understanding of the wettability is pioneered by Young, where the interfacial
tension is related with the static angle of a liquid drop. The angle formed between the drop
and surface is mainly governed by the balance of three different interfacial tensions namely
solid-vapor (𝛾𝛾𝑠𝑠𝑠𝑠 ), solid-liquid (𝛾𝛾𝑠𝑠𝑠𝑠 ), and liquid-vapor (𝛾𝛾𝑙𝑙𝑙𝑙 ) and is given by the Young’s

equation33, 35, 36

𝛾𝛾𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑠𝑠𝑠𝑠 + 𝛾𝛾𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(2.25)

where θ is the angle formed by liquid drop on the solid surface and 𝛾𝛾𝑠𝑠𝑠𝑠 is the surface energy.

The contact angle is measured by dispensing microliter amount of liquid from a syringe on
the flat surface of interest using a goniometer.

Figure 2.7: Contact angle goniometer.37
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A simple contact angle measurement setup consists of a light source, a liquid
dispensing apparatus and a camera to capture the angle formed by the liquid. An image of
a contact angle goniometer is shown in Figure 2.7.37 The camera captures the profile of a
drop formed on the solid surface which is analyzed to obtain the angle formed by the drop
of interest on the surface.
One of the commonly used liquid to determine the surface energy (tension) is
water. Information on surface hydrophobicity, as well as surface energy can be obtained
from an angle formed by water drop. For example, lower surface energy solids make
higher water contact angles.7 Figure 2.8 shows the different point of contact of a liquid
drop on a surface and the shape of a drop formed on substrates with different surface
energy.
(a)

(b)

Vapor
𝛾𝛾𝑠𝑠𝑠𝑠

Solid

𝛾𝛾𝑠𝑠𝑠𝑠

𝜃𝜃

𝛾𝛾𝑙𝑙𝑙𝑙

Liquid drop

Liquid

Liquid drop

Substrate

Substrate

Figure 2.8: (a) Static liquid drop on a solid surface illustrating the interfacial interactions
of the solid, liquid, and gas phases with accompanying contact angle and (b) schematic
showing the shape of liquid drops formed on hydrophobic (left panel) and hydrophilic
(right panel) substrate.37
The expression for Young’s equation of surface free energy assumes that the solid
surfaces are flat, entirely smooth and homogeneous.33 In Young’s equation θ and 𝛾𝛾𝑙𝑙𝑙𝑙 are
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two experimentally measurable quantities. Different models have been proposed for the
calculation of surface energy together with Young’s equation which take an account of a
specific bonding or molecular interactions depending on the type of the liquid or solid.
Fowkes38 developed a theory to calculate surface energy of a solid which considers only a
dispersive component as a contributing factor,
𝛾𝛾𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑠𝑠𝑠𝑠 + 𝛾𝛾𝑙𝑙𝑙𝑙 − 2�𝛾𝛾𝑠𝑠𝑑𝑑 𝛾𝛾𝑙𝑙𝑑𝑑

(2.26)

where, 𝛾𝛾𝑙𝑙𝑙𝑙 and 𝛾𝛾𝑠𝑠𝑠𝑠 are surface energy of the liquid/vapor and solid/vapor, 𝛾𝛾 𝑑𝑑 is a dispersion

force component. Using equation 2.25 and 2.26, the expression for a contact angle on a
solid is given as:

1 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2�𝛾𝛾𝑠𝑠𝑑𝑑 ⎛
⎝

�𝛾𝛾𝑙𝑙𝑑𝑑
𝛾𝛾𝑙𝑙𝑙𝑙

⎞
⎠

(2.27)

If the solvent or solid surface used is non-polar, using expression 2.27, 𝛾𝛾𝑠𝑠𝑑𝑑 can be

obtained using one solvent for the measurement. When both hydrogen bonding and

dispersion forces are acting, total free energy is the sum of different forces present at the
surface.39 Thus the total surface free energy is given by
𝛾𝛾𝑙𝑙𝑙𝑙 = 𝛾𝛾𝑙𝑙𝑑𝑑 + 𝛾𝛾𝑙𝑙ℎ

(2.28)

where, 𝛾𝛾 𝑑𝑑 and 𝛾𝛾 ℎ are diperson force and hydrogen bonding respectively. Owens-WendtKaelble33 extended Fowkes’ concept and derived a relation including both dispersion as
well as hydrogen bonding forces, which is given by:
𝛾𝛾𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑠𝑠 + 𝛾𝛾𝑙𝑙 − 2�𝛾𝛾𝑠𝑠𝑑𝑑 𝛾𝛾𝑙𝑙𝑑𝑑 + 2�𝛾𝛾𝑠𝑠ℎ 𝛾𝛾𝑙𝑙ℎ
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(2.29)

Combining equation 2.29 and 2.25
𝛾𝛾𝑙𝑙 (1 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) = 𝛾𝛾𝑠𝑠 + 𝛾𝛾𝑙𝑙 − 2�𝛾𝛾𝑠𝑠𝑑𝑑 𝛾𝛾𝑙𝑙𝑑𝑑 + 2�𝛾𝛾𝑠𝑠ℎ 𝛾𝛾𝑙𝑙ℎ

(2.30)

In this equation two unknown variables 𝛾𝛾𝑠𝑠𝑑𝑑 and 𝛾𝛾𝑠𝑠ℎ are introduced; thus a contact

angle formed by two different types of liquids on the same sample surface is required to
calculate the surface energy.33
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CHAPTER THREE
SEMIFLUORINATED DIBLOCK COPOLYMER UNDER CONFINEMENT: A
NEUTRON REFLECTIVITY STUDY

Abstract:
Fluorinated segments in copolymers impact their bulk structure and interfacial
properties. Here we probed the interfacial response of thin films of poly trifluoro propyl
methyl siloxane-b-polystyrene to temperature using atomic force microscopy, contact
angle measurement, and neutron reflectometry. Thin films with volume fractions of
fluorinated block ranging from 0.03 to 0.46 were annealed at temperatures higher than the
glass transition temperature (Tg) of the diblock. Surface induced layering was observed for
all volume fractions of fluorinated block with the air interface excess with fluorinated
segments and the substrate interface was dominated by protonated block. Annealing the
film above the Tg of polystyrene, layers formed within the film became more defined
enhancing the air interface with fluorine. Surprisingly this phenomenon was observed even
for the film from the lowest fraction of fluorinated block. The layered structure was
maintained even after annealing at much higher temperature than the Tg of polystyrene.
The films did not dewet even at the temperature significantly higher than the Tg of the
diblock.
Introduction:
The structure and composition of polymer interfaces influence various properties
such as stability1 and response to external stimuli.2, 3 The technological significance of the
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polymeric interface has driven numerous studies to probe the interfacial behavior. The
preferential segregation of a particular block or segment to the specific interface induces a
molecular rearrangement at the interface forming various structures and reducing the
energy of the system.4-6 Several parameters influence the interfacial behavior including
chemical composition, molecular weights (through entropy) as well as interaction with the
interface.7-9 Extensive studies on surface induced segregation in diblock copolymers and
polymer blends have been carried out both theoretically and experimentally.10-12 These
studies have shown that the interfacial segregation is driven by entropy and the surface
energy difference between the blocks, where a lower surface energy component tends to
segregate towards the air interface.13-16 Similarly, segregation is also affected by the
molecular weight, chain length and chain architecture where the air interface is dominated
by a shorter segment, branched and flexible components.12, 13, 17-19 Even a slight difference
in chemical composition and the size of the segment can result in different interfacial
behavior. For example, in the blend of hPS (hydrogenated polystyrene) and dPS
(deuterated polystyrene), dPS migrate towards the surface when the molecular weight of
both polymers are similar, whereas hPS segregate towards the air interface when its
molecular weight is relatively lower than dPS.20
One fascinating family of macromolecules is semifluorinated copolymers where
fluorinated segment migrates to the air interface and impacts surface properties. In addition
to affecting surface energies, the incorporation of fluorine affects numerous additional
properties. It enhances thermal and chemical stability, modifies dielectric constant and
refractive indices of the polymer leading to multiple applications.21-24 Being biocompatible
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and physiologically inert, it also has diverse medical applications as temporary blood
substitutes, as drug delivery agents25 and in burn treatments.26-29 One potential application
of fluorinated polymers would be a responsive interface. With the distinctive interfacial
energies of fluorinated segments, they could serve as a tool to drive responsiveness. Since
fluorine atoms are large compared to protons, their presence often drives enhanced rigidity
and crystallinity. Introducing limited number of fluorinated segments into a polymer
facilitates tunability and stability induced by fluorine while maintaining some flexibility
essential for processing.
The current study examines the interfacial characteristics and temperature response
of a diblock copolymer poly trifluoro propyl methyl siloxane-b-polystyrene (PTFPMS-bPS or SiF-b-PS). The chemical structure of SiF-b-PS is shown in Figure 3.1. This polymer
consists of a polystyrene (PS) block and a fluorinated polydimethylsiloxane block (SiF).
Using neutron reflectometry (NR) accompanied by atomic force microscopy (AFM) and
surface tension measurement, we probe the interfacial properties of the diblock copolymer.
NR is an effective tool to probe interfacial composition and hidden interfaces in polymer
thin film where the natural contrast of neutron scattering length of hydrogenated and
fluorinated segment allows probing segregation of these blocks. One of the unique features
of this polymer is its polydimethylsiloxane (PDMS) flexible block that provides sufficient
mobility for polymer to rearrange and potentially respond to stimuli. We show that both
the flexibility and interfacial affinity of fluorine contribute to the interfacial behavior of the
diblock.
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Figure 3.1: Chemical structure of PTFPMS-b-PS

Semifluorinated diblock copolymers are interesting hybrid materials as they exhibit
characteristics of block copolymers and those of fluorinated ones.30 Various simulation and
experimental studies in fluorine containing block polymers have shown that fluorine with
lower surface energy segregates towards the air interface.31-36 Flexibility, low temperature
curing and hydrophobic nature of PDMS have made them widely used in copolymers for
enhancing segregation and manipulating surface energy, for example, polystyrene-bpoly(dimethylsiloxane) (PS-b-PDMS).37-39 With addition of fluorine in siloxane backbone
incorporate the properties of fluorine as well as flexibility from siloxane for mobility. In
contrast to PDMS, fluorosiloxanes have good resistance to oils and hydrocarbon solvents.40
The diblock under investigation, SiF-b-PS consists of PS blocks and fluorosiloxane (SiF)
blocks, in which one CF3 group is attached to a siloxane backbone. We found that a small
segment of fluorine with a small fraction of SiF can enhance segregation and stability of
the film. The interfacial composition and temperature response depend on the volume
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fraction of the SiF block while shorter annealing time and low temperature are sufficient
to induce rearrangement.
Experimental:
Synthesis and characterization:
Materials and purification: Styrene (Aldrich) was treated with activated alumina and
distilled after refluxing it with calcium hydride (CaH2). Cyclo methyl trifluoro
propyltrisiloxane [(CH3)(CF3CH2CH2)SiO]3, (F3), which was an isomeric mixture of cisand trans-isomers (45% cis-isomer), and was separated by crystallization from high purity
grade mixed cyclics obtained from the Dow Corning Corporation. Traces of any low
boiling impurities were removed under a reduced pressure (10-4 torr) at ~100°C in a water
bath. Cyclohexane and tetrahydrofuran (THF) were used following the standards required
for anionic polymerization. HPLC grade cyclohexane (Aldrich) was purified by passing it
through a column of activated alumina and treating it with sodium dispersed in paraffin.
HPLC grade THF (Fisher) was stirred over finely ground calcium hydride (CaH2) for
several days under a reduced pressure. After degassing several times, THF was distilled
from a flask containing sodium metal followed by a transfer into a glass vacuum / Schlenk
line, where it was treated with sodium-benzophone. The distilled cyclohexane and THF
were then used directly in the anionic polymerizations, by transferring it into a reactor via
a measuring cylinder on the vacuum line. The initiator tertiary-butyl lithium, 1.7 M
concentration in pentane (Aldrich) and terminating agent trimethylchlorosilane (Aldrich)
were used without further purification.
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Polymerization: The living anionic polymerizations were carried out in a sealed vacuum
apparatus using conventional syringe techniques in cyclohexane and THF mixed
solution.41-43 All reactions preceded by initiation using lithium anionic seeding, which was
prepared either from reactions of tert-butyllithium with styrene or living styrene anions
with F3 with THF as a promoter. In order to keep a constant molecular weight of the
polystyrene block in the copolymer, the following stepwise reaction process was adopted
as shown in scheme I.
Scheme I: Stepwise living anionic polymerization

Styrene +
tert- Bu-Li

Cyclohexane/
THF
Ice bath/9hrs

F3
PSLi
THF

Living PS
- silanoate

90 min
TMCS/
Toluene

PTFPMS-b-PS

F3 = Cyclomethyltrifluoropropyltrisiloxane, TMCS = Trimethylchlorosilane
Polystyrene was synthesized first via anionic polymerization. Firstly, the reaction
flask was evacuated and flame dried. The entire system was then washed with a
concentrated cyclohexane solution of the tert-Bu-Li/styrene compounds followed by
cyclohexane. After removal of the final washing solution, the system was subsequently put
under the vacuum. PS block was synthesized by preparing living styryl anions followed by
addition of styrene monomers. The styryl anion was obtained by reacting 0.5 g of purified
styrene and 0.5 ml tert-Bu-Li in 35 ml cyclohexane and 17.5 ml THF solution. The
resulting oligostyryl anions showed a “typical” red color in appearance. Next, styrene
monomer, 21.2 g, was injected into the reaction flask and the mixture was kept on an ice
bath with vigorous stirring using a magnetic stirrer bar. After 9 hours, the reaction mixture
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was purged with purified nitrogen. From the mixture, 4.0 ml solution was drawn and
terminated with methanol. The terminated solution was used to characterize the molecular
weight of PS using Gel Permeation Chromatography (GPC). The rest of the solution was
mixed with 0.80 g F3 to cap the lithium-styryl end. The red color slowly disappeared after
stirring the solution for 30 minutes. After 1.5 hours of reaction time, another 4.0 ml of the
solution was withdrawn from the reactor and terminated by mixing with 5.0 ml of toluene
and 0.2 ml of trimethylchlorosilane (TMCS) to obtain the SF-1, diblock with the volume
fraction of fluorinated block ΦSiF 0.03, with a trimethylsilyl terminated siloxane block.
To increase the length of the fluoro siloxane block (SiF), additional 3.20 g of the
F3 monomer was introduced into the living copolymer solution. The viscosity of the
solution visibly increased on addition of F3. After 1.5 hours of reaction time, about 15 ml
of the solution was withdrawn and terminated in a similar fashion as was done for the
previous polymer (SF-1). The diblock obtained was SF-2, ΦSiF 0.16, terminated with a
trimethylsilyl end group.
Finally, 14.0 g of F3 dissolved in 20 ml of purified THF was added to the remaining
living copolymer solution. The reaction was carried out at a constant ice temperature under
continuous agitation for 3 hours. Highly viscous polymer solution thus obtained was
terminated using 0.4 ml TMCS. The sample was then diluted with THF and precipitated in
methanol twice. The part dissolved in cyclohexane was then collected as SF-3, ΦSiF 0.5
and a final precipitation was done by adding a large amount of methanol to obtain SF-4,
ΦSiF 0.46. Polymers were then dried at 70°C in a vacuum oven in order to eliminate any
residual solvent.
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Polymer Characterization:

13

C NMR spectra were obtained using a 360 MHz NMR

spectrometer (Bruker WM-360 Spectrometer) of the polymers dissolved in deuterated
chloroform. The molecular weights (Mn and Mw) and the molecular weight distribution
(Mw/Mn) of the resulting polymers were analyzed by GPC (Waters Analytical GPC) using
polystyrene as the molar mass standard.
Table 3.1: Characterization of the diblock copolymers
Molecular Weight (GPC)

MW ratio (NMR)

Mn

Mw

Mw/Mn

FS/PS†

ΦSiF

PS

31800

36700

1.15

0/100

0.00

SF-1
SF-2
SF-4

31460
36120

34190
39420

1.08
1.09

2.8/100
21.2/100

44900

55700

1.24

85.6/100

0.03
0.16
0.46

†: Experimentally obtained from the

13

C NMR analysis; *Molar masses are reported in

g.mol-1, Md: theoretical target MW for the SiF blocks; ΦSiF: volume fraction of the SiF block
Thin film preparation
Diblocks with volume fractions of SiF block ΦSiF of 0.03 (SF-1), 0.16 (SF-2) and
0.46 (SF-4) were studied. Solutions were prepared by dissolving 1wt% of polymer in a
toluene and tetrahydrofuran (THF) mixture of 3:7 volume ratio, both obtained from SigmaAldrich and used as received. Polymer solutions were spin coated on oxidized silicon
single-crystal wafers and kept under a house vacuum overnight to evaporate remaining
traces of solvent. Silicon wafers were oxidized by soaking in piranha solution (70:30
H2S04:H2O2 v/v) at 80°C for an hour. Prior to the spin coating, oxidized wafers were
washed thoroughly with deionized water and dried with nitrogen. For the study of
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temperature effects, the films were annealed above the Tg of individual blocks, from 75°C
to 160°C for ~3 hours in vacuum under N2 environment. Immediately after removing the
samples from oven, they were quenched to room temperature placing them on an aluminum
slab. The bulk Tg of individual SiF block is -75°C and PS 98°C.
Atomic Force Microscopy: The surface topography of the films were captured using
atomic force microscopy (AFM) in a tapping mode using Multimode Nanoscope IIIa
(Digital instruments). All the measurements were carried out at an ambient condition.
Nanotec software WSxM 5.0 Develop 7 is used to analyze the AFM images.44
Contact Angle Measurement: Surface tension studies were carried out by measuring the
water contact angle (θ) on thin films using Ramé-Hart standard setup with DROPimage
advanced v2.7©. Automated dispensing system was used to keep water droplet volume
constant. One drop (2 μl) of water was placed on the film surface and the angle formed by
water was measured.
Neutron Reflectometry: Specular nuclear reflectivity measurements were performed on
the Liquid reflectometer beam line 4B at the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory. The neutron wavelength ranges from 2.5 Å < λ < 17.5 Å with
wavelength bandwidth Δλ = 3.5 Å resulting in the q range 0 Å-1 < q < 0.3 Å-1.45 The specular
reflectivity pattern perpendicular to the film surface was collected as a function of
momentum transfer vector, q. Momentum transfer is given by q = 4πsinθ/λ where θ is angle
formed by the incident neutron and λ is the neutron wavelength. The final reflectivity, R,
was obtained by normalizing reflected neutron by incident neutron intensity (I0), R = I/I0.
The details of liquid reflectometer are given on the instrumental description page.45
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Multilayer recursive Parratt formalism,46 which is available in MOTOFIT software
was used to model the data.47-49 Using this formalism, the data were fitted to a multilayer
model with a minimum number of layers. Each layer was ascribed with a calculated
scattering length density (SLD) value, thickness, and roughness. Each parameter was
allowed to fit. The model with a least number of layers that resulted an acceptable fit with
χ2 approximately < 2 was chosen as a best fit model. Calculated SLD of PS (1.41 X 10-6 Å2

) and SiF (1.79 X 10-6 Å-2) was used as starting values. The SLD values between the SiF

and PS blocks are sufficiently different to resolve a small composition variation normal to
the surface. SLD profiles were derived from the parameters extracted from the best fit and
plotted in terms of scattering length ‘b’ and molar volume ‘V’ of the blocks as a function
of distance from surface.50
Results and discussion:
Surface structures of ΦSiF of 0.03 (SF-1), 0.16 (SF-2) and 0.46 (SF-4) thin films
were studied using AFM. Representative AFM height images of as cast (pristine) film and
after annealed at 160°C are shown in Figure 3.2.
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SF1

a

SF2

SF4

b

c

500nm

d

e

f

Figure 3.2: AFM topography images of SF-1, SF-2 and SF-4 at pristine state a, b, c and
after annealing films at 160°C for 3 hours d, e, f. Inset in figure is a magnification.
Surprisingly, for all volume fractions, assemblies are observed. Figure 3.2a show the image
for SF-1 which consists of only a small fraction of SiF block 0.03. It is notable that
aggregates are formed even at such a low volume fraction of SiF. It is, however, consistent
with our previous solution study on this diblock using small angle neutron scattering which
showed this diblock form unimolecular micelle in toluene where collapsed SiF block is
surrounded by the PS block.51 Increasing the volume fraction of SiF to 0.16, Figure 3.2b,
results in small aggregates coexistence with large domains. For the thin film with SiF 0.46,
large aggregates with continuous structures are formed as shown in Figure 3.2c.
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Annealing the films at 160°C, which is above Tg of both blocks, results in a slight
increase in the aggregate size. The domains of SF-1 only slightly change while the
aggregates coalesce to form large domains in SF-2, as shown in Figure 3.2d and e. This
phenomenon becomes more pronounced in SF-4, where a homogeneous layer with holes
is obtained (Figure 3.2f). The formation of homogeneous interface could be attributed to
either full mixing or segregation of the lower surface energy SiF block to the interface
forming a continuous morphology. Surprisingly, annealing at temperature 60°C above the
bulk Tg of PS and much higher than that of SiF, does not show dewetting.
To check the hypothesis that SiF segregate towards air interface, surface tension
measurement were carried out under the same condition of AFM study. Since fluorine is
known to impact the interfacial energy of polymers, interfacial changes will be reflected in
the contact angle.31, 32, 52 Change in water contact angles at the pristine state and after
annealing are shown in Figure 3.3.
RT

SF-1
a

160

SF-1

d

98°
θ

SF-2

100°

104°

c

b
101°

SF-4

SF-2

e

103°

SF-4

108°

f

Figure 3.3: Water contact angle formed on the thin films prepared from SF-1, SF-2 and SF4 at pristine state a, b, c and after annealing film at 160°C for 3 hours, d, e, f.
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Water contact angles of 98°, 100° and 104° are formed on the surface of the thin
film of SF-1, SF-2 and SF-4 respectively (Figure 3.3a, b, c). The contact angle values
obtained are lower than for the pure PDMS film (~107°)53-55 and polytetrafluoroethylene,
PTFE (~116°)56 but higher than pure PS film (~86°).57 For all three compositions, the
contact angle formed is in between that of pure PS and PTFE indicates that the surfaces
consist of both PS and SiF domains. Annealing films at 160°C result in an increase in the
contact angle for all volume fractions of SiF block as shown in Figure 3.3d, e, f. Increase
in the contact angle value reflects enhanced hydrophobicity indicating that more SiF
segments residing at the air interface. The results affirm our interpretation of the AFM,
namely migration of SiF towards the air interface. For all composition, SiF and PS reside
at the interface in the pristine state and with annealing, more of the SiF blocks migrate to
the air interface.
NR experiment was carried out to quantify the interfacial changes with volume
fraction and temperature.
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ΦSiF = 0.03

ΦSiF = 0.16

ΦSiF = 0.46
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d
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b

e
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c

f
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Figure 3.4: Neutron reflectivity patterns for thin films of SiF-b-PS and their corresponding
fitting at different annealing temperatures where a, b and c correspond to ΦSiF = 0.03, 0.16
and 0.46 respectively. The symbols are the experimental data and the solid line corresponds
to the best fit obtained from a multilayer model. For the clarity purpose, the curves are
shifted in vertical direction. d, e, f NR data of SiF-b-PS in a Rq4 vs q representation. The
inset shows the zoomed in of lower q region.
Specular neutron reflectivity patterns of SiF-b-PS with ΦSiF 0.03, 0.16 and 0.46 for
pristine film and annealed at different temperatures are shown in Figure 3.4a, b and c. The
patterns are first discussed qualitatively followed by a full analysis. The bottom curve in
each plot corresponds to the reflectivity pattern captured from the pristine films which
serve as a base to follow the changes with temperature. The subsequent curves correspond
to the reflectivity patterns for the films annealed from 75°C to 160°C, and the temperatures
are above Tg of the individual SiF and PS block. The reflectivity profiles consist of Keissing
fringes45 resulting from the interference of the reflected neutrons from the air-polymer,
polymer-substrate interfaces as well as internal interfaces formed due to the density
variation normal to the surface. In NR profile, the difference between two successive
minima, Δq where Δq ≈ 2π/d, provides an estimated thickness, d, of the film which are
~750 Å, ~803 Å and ~680 Å for SF-1, SF-2, and SF-4 respectively. The critical edge qc,
where qc = 16πSLD , below which total reflection takes place, provides an estimate of
the chemical composition of the surface formed. The qc value obtained from the reflectivity
profile of the pristine film for all ΦSiF is lower than the calculated value of pure CF3, qc =
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0.01417 Å-1 (Note: SLD for CF3 with density 1.9 is 3.915 e-6 Å-2) and value is higher than
for the pure SiF block, qc = 0.00948 Å-1 as well as of pure PS, qc = 0.00841 Å-1. The qc
value obtained from the measurement is in between pure CF3 and PS block indicating that
the surface is not completely formed by either pure CF3 segment or PS block. Both PS and
SiF segments reside at the surface and is rich with the SiF block. This is consistent with
the values obtained from surface tension measurements.
The data are also presented in the form of Rq4 vs q which account for the Fresnel
reflectivity manifesting the changes that originated from the film itself,58 shown in Figure
3.4d, e, f. For all volume fractions, annealing the film above Tg results in a decrease in
fringe amplitude and a change in thickness of the film reflected by the change of minima
position. The decrease in amplitude indicates a rearrangement within the film. At higher
temperature, a shift of minima towards low q show a slight increase in the film thickness.

a

b

Figure 3.5: Amplitude of the 2nd and 4th peak a, b, after critical edge for all ΦSiF.
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A change in the amplitude of the peak position of 2nd, 4th fringe after critical angle
for all volume fractions is shown in Figure 3.5. These fringes capture a broad range of
dimensions including segments of the polymer to that of the entire film. Among three
volume fractions, the film prepared from SF-4 showed a larger decrease indicating higher
rearrangement within the film.

a

Si

SiOx

b

Air

Polymer

c

Figure 3.6: Polymer profiles in terms of SLD as a function of annealing temperature for

ΦSiF = 0.03, 0.16 and 0.46, where towards the side closer to 0 corresponds to silicon and
right side to air.
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A multilayer model with a minimum number of layers is used to fit the
reflectometry data which is represented by a solid line through the symbol in reflectivity
profiles. The corresponding polymer profiles are presented in terms of SLDs derived from
the parameter extracted from the best fit, are shown in Figure 3.6.
In all compositions, the air interface is dominated by surface excess of SiF block.
Figure 3.6a shows SLD profile for SF-1. As this diblock predominantly consists of PS, a
single layer model with density of PS is used as a starting parameter for fitting. The single
layer model could not fit the experimental data. A 3 layered model with total thickness
~750

Å, in which most of the film with SLD value of PS and higher SLD towards the air

interface, proved to be the best fit. The higher SLD towards the air interface is attributed
to the formation of crusting at the surface.59 It is surprising to see layered structure in such
a small volume fraction and one would expect full miscibility of two components. We
attribute this behavior to interfacial effects driving layering. With annealing the films above
Tg of bulk PS (98°C), both thickness and SLD changed indicating a rearrangement within
the film.
A 9-14 layer model depending on the fraction of SiF block, with alternating
fluorinated and PS layer with a fluorinated segment towards the air interface and PS at the
substrate interface which results in the best fit for increased volume fractions of SiF block.
The calculated SLD value for SiF is higher than PS block; therefore, in SLD profile,
maxima corresponds to SiF rich and minima to PS rich regions. The SLD profile of SF-2,
Figure 3.6b, shows undulation indicating a layering structure with SiF rich and PS rich
regions. The model with a total thickness of the film ~803 Å and an average thickness of
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PS ~100 Å and that of SiF ~40 Å showed the best agreement with the reflectivity data.
These dimensions correspond to the approximately twice the radius of gyration (Rg) of the
bulk PS (~55 Å) and SiF (~26 Å).
The SLD and the thickness of the air interface are slightly higher than anticipated.
This divergence is attributed to crusting at the surface due to the fast evaporation of the
solvent resulting in higher density than expected. The same multilayer model evolved into
those of the annealed samples. With annealing, the evaporation of the trapped solvent as
well as the release of stress and molecular reorientation drives the rearrangement within
the film. This rearrangement allow the migration of preferential segments towards the
interfaces resulting change in thickness and more defined layers. During annealing, most
of the changes are observed at the air and substrate interfaces. At 160˚C SLD of the air
interface layer decreases compared to the SLD value of pure SiF whereas SLD at the
substrate interface becomes slightly higher than that of pure PS. The decrease in the
amplitude of layers is attributed to the onset of the mixing between the blocks.
The SLD profile of the nearly symmetric diblock ΦSiF 0.46 is shown in Figure 3.6c.
The layering structure with fluorine rich air interface and PS rich substrate interface is
formed. The SLD at the air/polymer interface is higher than for both 0.03 and 0.16 SiF
fractions indicating presence of denser layer at the surface. A multilayer model with the
total thickness of ~680 Å and average alternating SiF rich and PS rich layers with
periodicities of ~80 - 100 Å showed the best agreement with the experimental profile. These
dimensions are matched with the approximately double as calculated Rg values of each
block SiF (~44 Å) and PS (~48 Å). The amplitude of SLD profile corresponds to the
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magnitude of segregation between the blocks.60 In the density profile, the large amplitude
in oscillation is not observed due to a small difference in SLD between the blocks.
Annealing above the Tg results in more defined layers. At 160°C, the roughness of the film
increases while SLD value at the air interface becomes slightly lower than that of pure SiF
segments. This is indicative of slight mixing between the different layers within the films.

Figure 3.7: Normalized film thickness to initial film thickness as a function of temperature.
The dashed line represents a guideline to the eye.
Changes in total thickness of the films as a function of temperature are shown in
Figure 3.7. Experimentally, getting same film thickness for the different film is
challenging; thus, the film thickness at different temperatures are normalized with the
thickness of the pristine films for comparison. For all volume fractions, a slight decrease
in thickness is observed after annealing below Tg of bulk PS, which corresponds to the
evaporation of the residual solvent. Above Tg all films expand and we attribute this
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expansion to the stretching of the segments throughout the layering where the larger effect
is observed for SF-4.

1.2
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Figure 3.8: Air interface thickness normalized with initial air interface thickness as a
function of temperature.
Figure 3.8 shows the changes at the air interface thickness with annealing
temperature. The air interface response is different depending on the volume fraction of
the SiF block. The air interface thickness of SF-1 and SF-2 decreases while it slightly
increases in SF-4 with temperature. During spin coating, unfavorable structures as well as
some voids could have formed. With annealing, a rearrangement within the film and a
removal of void spaces alters the thickness while stretching of SiF segments increases
thickness in SF-4.
Further information is obtained from a detail analysis of the SLD values at different
temperatures. The change in the amplitude of the oscillation in the SLD profile indicates
the change in the density of the layers. Figure 3.9 depicts the density changes at the air and
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the substrate interfaces and the middle of the film at different temperatures reflecting the
changes in the entire film.

a

b

Mid
Substrate

Air

Amplitude

d

c

Figure 3.9: (a) Schematic showing different regions in SLD profile. SLD at (b) air, (c)
substrate interface and (d) middle (mid) of the film as a function of annealing temperature.
The dashed line represents a guideline to the eye.
Changes in SLD as reflected in the oscillation of the SLD profile differ in different
regions of the film as shown in Figure 3.9a. The SLD values obtained at the air interface
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in all volume fractions are higher than the calculated value for pure PS and SiF block,
Figure 3.9b, which is attributed to the crusting at the surface. With annealing, the SLD
value of SF-4 decreases and approaches closer to the pure SiF block whereas in SF-1 and
SF-2 the SLD value corresponding to a mixture of both blocks are obtained. The
rearrangement is the highest when the temperature is higher than Tg of both blocks. The
changes are higher for SF-1 and SF-2 compared to SF-4 at the air interface. At the substrate
interface, Figure 3.9c, the initial SLD value of SF-4 is lower than pure PS, which could be
due to the incomplete film formation or the trapping of the solvent. The substrate interface
for all ΦSiF is enriched with polystyrene block at all temperatures. At higher temperatures,
higher SLD than pure PS at the substrate interface can be attributed to the formation of a
dense polystyrene layer or this can be an onset of dewetting. In the middle of the film,
rearrangement takes place gradually compared to the air interface. Thin films prepared
from higher SiF fractions show larger changes compared to the smallest fraction of SiF
block. The SiF rich layer in the middle of the film in SF-2 and SF-4 are enriched with
fluorinated segments due to the segregation between blocks with an increase in the
temperature. Among all fractions of SiF, SF-4 shows higher segregation and
rearrangement. Independent of the SiF fraction, at higher temperature the layer closer to
the substrate interface attains similar SLD value indicating formation of similar type of
structure.
One of the interesting results obtained is that though there is not a significant
change in the thickness of the film, changes in SLD values at different interfaces indicate
segregation between a fluorinated and a non-fluorinated block resulting in fluorine rich and
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proton rich layers within the films. In the range of temperatures studied, the polymer-air
interface is rich with the SiF block whereas the polymer-substrate interface is rich with the
PS block. AFM, contact angle, and NR study showed surface induced segregation with a
very small fraction of the fluorinated block and enhanced the stability of the thin films. The
presence of a flexible siloxane block enhances the mobility of segments even below the Tg
of one of the blocks. The results obtained show that the surface formed with a small
segment of fluorine have surface properties closer to that of highly fluorinated polymers.

SiF
Annealing
PS

Figure 3.10: Schematic showing layered structure before and after annealing of the thin
film.
A schematic for overall structural changes in the film before and after annealing is
shown in Figure 3.10. In the pristine state, the segments are in collapsed and confined
configuration; with annealing, the films above the Tg of the individual blocks will release
the stress leading the polymer to relax and rearrange. This will enhance the segregation
between the incompatible blocks resulting in the air interface enriched with the migration
of lower surface energy fluorinated segments while the protonated block towards the
substrate interface ensuing more defined layering.
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Conclusions:
This study has revealed the effect of a small segment of fluorine with flexible
siloxane on the structure, behavior and stability of the thin film as a function of
temperature. AFM studies showed assembly for all volume fraction of the SiF block
forming small aggregates to a continuous structure with increasing SiF fraction. Surface
rearrangement showed dependence on the SiF fraction. Annealing at higher temperatures
results in a small change in the aggregate size of the film from the smallest fraction of SiF.
Aggregates coalesce to form large domains to a uniform layer on the surface with an
increase in the volume fraction of the SiF block. The contact angle measurement showed
contact angle value in between pure PS and PDMS at pristine state indicating presence of
both hydrogenated and SiF domains at the surface. Increase in the contact angle for all
volume fractions with temperature shows the migration of the lower surface energy SiF
block towards the air interface. NR results showed surface-induced layering in the films
from all volume fractions of the SiF block. Air interface is rich with fluorinated segments
whereas the solid interface rich with PS for all SiF fractions studied. At higher
temperatures, independent of the volume fractions, the air interface is enriched with the
fluorinated block. An interesting result obtained by studying the different volume fractions
is that although the annealing process is carried out at significantly higher temperature than
the Tg of the individual blocks, dewetting is not visually observed. All results show that
regardless of the volume fraction of the fluorinated block, a small segment and a small
fraction of fluorine together with the flexible siloxane segment, require shorter annealing
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time to induce segregation in the semifluorinated diblock copolymer thin film with small
molecular weight and enhance the stability of the film.
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CHAPTER FOUR
THE EFFECT OF THE SOLVENT AND CASTING METHOD ON SURFACE
PROPERTIES OF SEMIFLUORINATED DIBLOCK COPOLYMER THIN FILMS

Abstract:
Presence of fluorinated segments in polymers influences the structure and stability
of thin films. In this study, we probed the effects of the quality of solvent, preparation
method and temperature on the surface structure and properties of thin films of diblock
copolymer poly trifluoro propyl methyl siloxane-b-polystyrene using atomic force
microscopy and contact angle measurement. Thin films with the volume fraction of the
fluorinated block varying from 0.03 to 0.46 were prepared using drop cast and spin cast
method. Solvent that is selective for both blocks and preferential for one of the block was
chosen to prepare the initial solutions. Well-defined aggregates were formed in the thin
films from all volume fractions of fluorinated block, independent of the solvent and the
method used to cast the film. Annealing the films above glass transition temperature (Tg)
of both blocks, the surface morphology changed depending on the solvent used and the
method of film preparation. Surprisingly even annealing the films at significantly higher
temperature than Tg of the both blocks, the film did not dewet independent of the volume
fractions of fluorinated block, solvent, and method used to cast the film. Surface tension
measurement showed that surface hydrophobicity increased with increasing temperature.
Correlation between surface properties and size of the fluorinated segments become more
significant above Tg of polystyrene while nominal effect was observed below Tg.
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Introduction:
The structure and composition of the polymer surface dictate various properties
such as adhesion, wettability, lubrication etc.1, 2 Therefore by tuning the surface structure
and properties can provide a path to a controlled interaction between the polymer surface
and surrounding which is valuable in numerous applications from coatings to
microelectronics.3-7 Various parameters influence the structures formed at the interfaces
such as preferential interaction between polymer and different interfaces, chemical
composition, molecular weight, polymer architecture, variation in surface energy, and
processing condition of the film.8-12 Preferential segregation of segments to specific
interfaces reduces the energy of the system.13-16 Entropy and the difference in the surface
energy of the blocks are the major factors that dictate the segregation in copolymers, where
components with lower surface energy tend to segregate towards the air interface.12, 17-21
The size and architecture of the polymer also affect the segregation where a small size
segment, flexible chains reside towards the air interface.17, 22-26
One of the pathways to enhance the surface segregation is to introduce a component
with entirely different surface property. For this purpose, fluorine has become a promising
candidate. Fluorine, being lower in surface energy, segregates towards the free surface (air
interface) and impacts the surface energy.27-30 In addition to altering surface energy, it also
enhances chemical and thermal resistance and modifies refractive index as well as the
dielectric constant of the copolymer.31-34 However, the rigidity of fluorine induces
crystallinity in highly fluorinated polymers. For the responsiveness and processing of the
polymer, the segments must have mobility. Among various pathways to restore mobility is

84

to incorporate a minimal amount of fluorine in polymer, copolymerize fluorinated
segments, or add flexible groups in polymer.
Here we probe the effect of the quality of the solvent used to prepare the polymer
solution (cast the film) and the method of film preparation on surface properties of the
semifluorinated diblock copolymer poly trifluoro propyl methyl siloxane-b-polystyrene
(PTFPMS-b-PS or SiF-b-PS). The chemical structure of the diblock under study is shown
in Figure 4.1. Siloxane is widely used due to its flexibility and low temperature curing.35,
36

The diblock SiF-b-PS consists of a PS block and a fluorosiloxane block where one CF3

group is connected to siloxane backbone. The advantage of fluorosiloxane over siloxane is
that they are hydrophobic as well as resistant to various hydrocarbon liquids.37,

38

Semifluorinated diblock copolymers are interesting material as they can show
characteristics of the diblock as well as that of the fluorinated polymers.39 Various
experimental and computer simulation studies have shown that in semifluorinated block
copolymers fluorine segregates towards the air interface.27, 29, 30, 40

Figure 4.1: Chemical structure of PTFPMS-b-PS
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Formation of the thin film with defined surface properties as well as the stability
of the film in a different environment is desired for their applications. Experimental studies
have shown that among various factors, the initial solvent used to cast the film as well as
the method of preparation also affects the surface segregation and morphology formed.4146

Using a solvent that is preferential for the entire polymer or specific segment will

selectively swell the specific component which will affect the surface morphology.47
Similarly, because of the size of the polymers, they are often kinetically trapped when
confined into a thin film; thus the method of preparation also influences the surface
structures.45, 46, 48 Several studies have shown the effect of the solvent used to prepare the
film and the method on surface morphology. For example, changing the casting solvent in
polystyrene-b-polydimethylsiloxane (PS-b-PDMS), depending on the preferential solvent,
different surface morphology was observed. Using toluene, which is selective for PS, a
worm-like structure was formed whereas in cyclohexane, which is slightly preferential for
PDMS block, an island-like structure was formed with the PS phase protruding out in
PDMS matrix.49 The effect of the film cast method on the surface morphology has been
shown in poly(styrene-b-methylmethacrylate) (PS-b-PMMA) where the film prepared
from the flow coat method, cylinder structure formed were perpendicularly oriented while
in the spin cast film, it oriented parallel to the substrate after annealing.45 Most of the
studies on such effects have been carried out on non-fluorinated polymers, and only limited
studies have been done on the fluorinated polymers. The shift in surface energy of the film
due to a variation in the casting method has been reported for polymethyl methacrylate-b2-perfluorooctylethyl methacrylate (PMMA-b-PFEMA) where a low surface energy
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surface was formed from the drop cast method while a high surface energy surface was
obtained for the film prepared using the spin cast method.46
The current study investigates the effect of solvents that is good for entire polymer
and selective for one of the blocks as well as the method of preparation of PTFPMS-b-PS
thin films as a function of temperature. Atomic force microscopy (AFM) and contact angle
measurement were used to probe the surface morphology and change in surface properties.
We show that different surface morphologies are formed with a variation in the solvent
used and the method of preparation. The extent of the effect on morphology and surface
properties varies with the SiF volume fraction and temperature.
Experimental:
Thin films of SiF-b-PS with volume fractions of fluorinated block ΦSiF of 0.03 (SF1), 0.16 (SF-2) and 0.46 (SF-4) were prepared in two different solvents, (1) 3:7 v/v mixture
of toluene and tetrahydrofuran (THF) and (2) pure toluene (both THF and toluene
purchased from Sigma-Aldrich). Mix solvent of THF-toluene is good for entire diblock
whereas toluene is selective for PS block. 1wt% solution was prepared by dissolving the
polymer in each solvent. Two methods were used to prepare the thin films, spin coat and
drop cast. For the spin coating process polymer solutions were deposited on the 2 mm thick
oxidized single crystal silicon wafers with spin speed 1400 RPM for 2 minutes. For the
drop cast, a drop of polymer solution was deposited on the oxidized silicon wafer and
allowed it to spread and dry. All films were kept in a house vacuum at room temperature
for overnight to evaporate remaining traces of the solvent. Films were annealed above the
Tg of individual blocks, from 75°C to 210°C for ~3 hours in vacuum oven under nitrogen
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environment and quenched to room temperature immediately after removing from the
oven. The bulk Tg of SiF block is -75°C and PS 98°C.
The surface topography of the films were captured using AFM in a tapping mode
using Multimode Nanoscope IIIa (Digital instruments). Silicon nitride tip from the
Olympus cantilevers with spring constant 12-103N/m was used to capture all images. AFM
images of the pristine films were captured first followed by the images of the film annealed
at different temperatures. All the measurements were carried out at ambient condition.
Nanotec software WSxM 5.0 Develop 7 was used to analyze the AFM images.50
Surface tension measurements were carried out by measuring the angle formed by
a drop of water on thin films. Ramé-Hart standard setup with DROPimage advanced v2.7©
was used to measure the contact angle. Water droplet volume was kept constant, 2µl, for
each measurement using automated dispensing system. Water contact angle at 3-4 different
positions were measured for each film.
Results and discussion:
The surface morphology of the films prepared from SiF-b-PS with different volume
fractions of SiF block was characterized by analyzing the surface profile. Parameters
obtained from the profile describe the different domain sizes present at the surface. In the
AFM image, different colors represent different heights along the z direction: a bright
yellow color indicates a higher position while a dark color represents deeper places. In the
first part, effect of the solvent on the surface structure will be discussed.
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Effect of solvent:

a

b

Figure 4.2: Morphology of SF-1 and PS films from mix solvent at pristine state a, b.
Figure 4.2a and b are the representative AFM height images of the thin films of SF1 (ΦSiF = 0.03) and pure PS from THF-toluene mix solvent. AFM image of SF-1 Figure
4.2a is characterized by the formation of small aggregates with dimension of ~24nm.
Height image of PS in Figure 4.2b qualitatively showed the formation of a smooth surface
with holes (dewetted area) in the film prepared from mix solvent. Different structured
surface formed at the pristine state even with a very small fraction of SiF block indicate
SiF assisted to wet the surface to form a stable film. The effect of size of SiF segment on
surface morphology was studied by increasing the volume fraction of SiF block. AFM
height images of thin films prepared from ΦSiF of 0.16 and 0.46 are shown in Figure 4.3.
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a

b

Figure 4.3: AFM height images of thin films prepared using mix solvent of THF and
toluene as casting solvent with SiF-b-PS ΦSiF of 0.16 and 0.46 at pristine condition a, b.
Increasing SiF fraction to 0.16, SF-2, small aggregates (~38nm) together with
larger domains (~188nm) are formed as shown in Figure 4.3a. SF-4 (ΦSiF = 0.46) formed
large continuous aggregates which are parallel to the substrate as shown in the Figure 4.3b.
Independent of the volume fraction of fluorinated block, all thin films showed the
formation of well defined aggregates. Formation of aggregates is attributed to the
segregation between the incompatible fluorinated and protonated blocks forming domains
with different dimensions. Also, mix solvent was used to prepare the films which have a
different evaporation rate that causes the deposition of different components at different
rates.
Change in morphology and stability of the films from all SiF fractions were probed
as a function of annealing temperature. Representative AFM images for the temperature
just above Tg of PS and at much higher temperature are shown in Figure 4.4.
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Figure 4.4: AFM height images of the thin films annealed at 110°C, 140°C and 210°C for
ΦSiF 0.03 a-c, ΦSiF 0.16 d-f and ΦSiF 0.46 g-i.
Qualitatively, in the temperature range studied SF-1 did not show distinct changes
on the surface morphology as shown in Figure 4.4a-c. Analysis of the profile showed a
small increase in the dimension of the aggregate at a higher temperature. Within the range
of annealing temperature used in the study, the dimension increased from ~24nm to ~28nm.
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Above Tg of PS, polymer changes from glassy to flexible state that allow segments to relax
and rearrange which results in increase in aggregate size. Figure 4.4d-f shows change in
topography of the films of SF-2 annealed at 110ºC – 210ºC. With the increase in
temperature, aggregates merged to form droplet like structure, which eventually formed
uniform structure at higher temperature. The effects are more pronounced in SF-4 as shown
in Figure 4.4g-i. Large aggregates start to merge annealing just above Tg of PS. At 140ºC,
all aggregates merged to form a uniform layer with holes which disappeared at higher
temperature. The change in sizes of the aggregates just above Tg of PS could be due to
evaporation of solvent or rearrangement within the film due to the release of stress applied
during spin coating of the film. The formation of uniform structure at higher temperature
is attributed to the mixing of blocks or migration of lower surface energy fluorinated block
towards the air interface. Annealing pure polystyrene at higher temperature network like
structure disappeared and linkages were broken indicating dewetting of the film.
Surprisingly even annealing films at significantly higher temperature than Tg of PS
dewetting was not observed in any volume fraction of SiF block indicating the stability of
the film is enhanced due to the presence of SiF block.
One of the ways to follow the changes in surface morphology is to measure the root
mean square (RMS) roughness of the surface using AFM height images. Figure 4.5 shows
RMS roughness with temperature for the films prepared from all volume fractions of SiF
block from pristine state to 210ºC.

92

.

Figure 4.5: Roughness of the film as a function of temperature. The dashed line represents
a guideline to the eye.
RMS roughness of SF-1, ΦSiF of 0.03, showed slight increase in the roughness with
increase in temperature. At the temperature higher than Tg of PS, chains become flexible
and start to rearrange resulting change in roughness. The roughness of pure PS was also
measured from the image with the same scan size as that of SF-1 and it was found to be
much higher ~20nm compared to that of ~0.24nm for SF-1. Roughness of SF-2 decreased
on annealing the film above Tg of PS. The decrease is sharp at higher temperature, which
could be due to the formation of a uniform surface with the migration of SiF block towards
the air interface. In SF-4, nearly symmetric diblock, ΦSiF 0.46, roughness gradually
increased with increasing temperature. Though SF-4 formed uniform structure at higher
temperature, presence of larger undulation at the surface results increase in roughness. The
larger undulation could be due to the migration of larger SiF segments towards the free
surface or mixing between the blocks.
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To validate the hypothesis that SiF migrates to the air interface, surface tension
measurement was carried out. Contact angle formed by a drop of water with the surface
can provide an estimation of the change in surface hydrophobicity. Higher the angle formed
by water more hydrophobic would be the surface. Contact angle formed on the surface is
affected by the surface roughness as well as a change in composition. SiF is lower in
surface energy compared to PS thus comparing the contact angle formed by water on SiFb-PS thin films and on pure PS, nature of the surface formed can be estimated. Similarly,
change in water contact angle at the pristine state and at different annealing temperatures
will provide information on the change in surface chemistry. Figure 4.6 shows the water
contact angle on the films from SF-1, SF-2, and SF-4 at pristine state.
(a)

(b)

(c)

Figure 4.6: Contact angle formed on the thin films of SF-1, SF-2, SF-4 a, b, c at the pristine
condition.
The contact angle increased with increase in ΦSiF block with SF-1 ~98°, SF-2 ~100°
and SF-4 ~104° at pristine state. One interesting result obtained is the contact angle formed
by PS in mix solvent, ~120° which is much higher than experimentally reported contact
angle for pure PS (~86°).51, 52 This unusual contact angle formed on pure PS in mix solvent
is attributed to the high roughness of the surface. The contact angles formed by all films
are lower than PDMS (~107°)53-55 and polytetrafluoroethylene (~116°)56 but higher than
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observed for smooth PS film. Formation of contact angle in between PS and PTFE indicate
presence of both SiF and PS domains at the air interface. Contact angle on thin films was
measured annealing the films below and above Tg of PS. The changes in water contact
angle on all ΦSiF as a function of temperature are presented in Figure 4.7.

Figure 4.7: Contact angle formed on the films from SiF-b-PS with ΦSiF = 0.03, 0.16 and
0.46 at different temperatures. The dashed lines represent a guideline.
The contact angle increased for all SiF fractions with increase in temperature. SF1 showed small increase in contact angle from ~98° to ~100° in the temperature range
studied. Similarly, contact angle increased from ~100° to ~104° in SF-2 whereas in SF-4
from ~104° to ~109°. In case of pure PS, contact angle decreased from ~120° to ~86° with
temperature. Annealing PS film at higher temperature than Tg dewetting of the film was
visually observed. Dewetting of the film resulted in contact angle decrease in pure PS. The
increase in contact angle of SF-2 indicate that roughness is not only the factor that increased
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contact angle in SiF-b-PS thin films, but migration of lower surface energy SiF towards
the surface resulted in an increase in contact angle value. This confirms our hypothesis that
SiF migrates towards air interface with temperature.
Selectivity of the solvent used to prepare polymer solution also plays a significant
role in morphology formed. Thin films of SiF-b-PS with all volume fractions of SiF block
prepared from toluene and studied as a function of temperature. Toluene is selective for PS
and poor solvent for fluorinated block.57 Experimental studies have shown that polymer
forms different micellar structures when dissolved in a preferential solvent for one of the
blocks.58, 59 Our previous study on SiF-b-PS in toluene using small angle neutron scattering
has shown the formation of spherical to elongated micellar structure with change in the
fraction of SiF block.57 In the micelle, SiF block formed core and PS formed corona. AFM
and contact angle measurement of spin coated films from toluene were studied and
compared with results from mix solvent. Figure 4.8 shows SiF-b-PS thin films and PS thin
film spin coated from toluene in a pristine state.

(a)

(b)

(c)

(d)

Figure 4.8: AFM height images of ΦSiF 0.03, 0.16, 0.46 and pure PS film a, b, c and d, spin
coated using toluene as casting solvent at the pristine condition. Inset in Figure b shows
the zoomed image.
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Small aggregates are formed in SF-1 similar to the film from mix solvent, shown
in Figure 4.8a. The dimension of the aggregates formed is also similar in both solvents.
The structure formed by SF-2 is slightly different from that of mix solvent as shown in
Figure 4.8b. Small aggregates are formed in SF-2, which are somewhat uniformly
distributed. Large aggregates are not observed as in film from mix solvent. The diblock
with ΦSiF, 0.46 or SF-4 showed different structure than in mixed solvent as shown in Figure
4.8c. There is the coexistence of large domains together with small nearly spherical shaped
aggregates. These films are prepared from micellar solutions, but the shape of the
aggregates are different than spherical micelle structure in solution. Formation of different
structure is attributed to the stress applied and fast evaporation of solvent during spin
coating as well as constrain from the solid interface. PS wetted the surface completely in
contrast to the big holes formed in mix solvent. The films were annealed at the same
temperatures as for the film from mix solvent. Changes in morphology for all SiF fractions
at the indicated temperatures are shown in Figure 4.9.
In SF-1 aggregates merged together to form slightly larger aggregates, Figure 4.9ac, similar as observed in the mix solvent. As SF-1 consist only small fraction of SiF block,
the solvent did not show much effect on the surface topography. In case of the film from
SF-2, Figure 4.9d-f, with an increase in temperature, the aggregates merged and holes start
to appear as if the film is going to dewet. At higher temperature, the holes disappeared and
formed a uniform structure. Though similar structures are formed at the higher temperature
from both mix solvent and toluene, the effect of solvent is clearly seen at the lower
temperatures.
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Figure 4.9: AFM height images of the films prepared from toluene annealed at 110°C,
140°C and 210°C for SF-1 a-c, SF-2 d-f, and SF-4 g-i. Inset are small scan sizes (zoomed
images) to show the structures formed.
The possible reason for forming holes may be due to opening of micellar structure at the
top layer. Merging of the holes at the higher temperature is still not clear but it may be due
to the migration of SiF to air interface or mixing of the blocks help close the holes.
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In the film prepared from SF-4, Figure 4.9g-i annealing just above Tg of PS,
somewhat evenly distributed spherical structures appeared, which eventually merged to
form larger aggregates with an increase in temperature. At higher temperature, a protruded
islands-like structure is formed. Surprisingly, a homogeneous surface is never formed as
in the mixed solvent. At higher temperature, aggregates merged, but due to the thickness
effect, the holes and the island structure are formed at the upper layer60 or this could be an
onset of dewetting. PS thin films start to dewet at 160°C and completely dewetted at 210°C
which was also observed in the film from a mix solvent. Similar to the mix solvent RMS
roughness of the films from toluene was measured. The roughness of the film from all SiF
fractions as well as from PS film is shown in Figure 4.10.

Figure 4.10: Roughness of the films prepared from ΦSiF 0.03 ( ), 0.16 ( ), 0.46 ( ) and
pure PS ( ) using toluene as casting solvent as a function of temperature. The dashed lines
represent a guideline.
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The thin film of SF-1 prepared from both mix solvent and pure toluene showed a
similar trend with a slight increase in roughness with an increase in temperature. In case of
SF-2, roughness gradually increased with temperature as opposed to the decreasing trend
observed in the mix solvent. The roughness of the pristine film from toluene is less
compared to the mix solvent. The increase in roughness is attributed to the formation of
holes in the film. Change in roughness in SF-4 showed a similar trend in films from both
the mix solvent and toluene. The roughness of the film cast from toluene increased sharply
at higher temperature which could be due to the formation of the island-like structure. The
roughness of PS slightly increased with an increase in temperature whereas a decrease in
roughness was observed in the film from the mix solvent. However, the roughness after
dewetting of the films from both solvent is nearly same. Change in surface properties is
estimated by measuring water contact angle on films. Figure 4.11 shows the change in
contact angle for all volume fractions of SiF and pure PS as a function of temperature.
The contact angle value increased with increase in temperature for the films from
all SiF fractions. The angles formed at the pristine state as well as at higher temperature
are similar with the contact angles formed on the film prepared from the mixed solvent
indicating that though surface structures are slightly different the surface compositions are
almost similar. The contact angle on PS thin film prepared from the mix solvent and toluene
are different at a pristine state. Film prepared from toluene showed a contact angle of ~93°
compared ~120° in the mix solvent. This huge difference in contact angles is attributed to
the high roughness between two films. At higher temperature, both films showed similar
contact angle values.

100

Figure 4.11: Contact angle formed on the thin film of ΦSiF 0.03 ( ) 0.16 ( ), 0.46 ( ) and
pure PS ( ) prepared from toluene as casting solvent as a function of temperature. The
dashed lines represent a guideline.
Effect of method of preparation: The surface topography and surface properties are also
influenced by the method of preparation of the film. Change in method differs the
evaporation rate of solvent, the thickness of the film as well as rearrangement time of the
blocks. Drop cast method is used to study the effect of film preparation method on surface
properties. Both mix solvent and pure toluene were used to prepare the film. Surprisingly,
the film prepared from the mix solvent peeled off from the surface immediately. In toluene,
polymer solution completely wetted the surface forming good film.
Surface properties of the films at similar temperatures as in spin cast are studied and
compared with the results from the spin cast method. Figure 4.12 show height images of
the thin film from all volume fractions of ΦSiF at a pristine state.
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(a)

.

(b)

(c)

Figure: 4.12: AFM height images of ΦSiF of 0.03, 0.16, and 0.46 a, b and c using drop cast,
at pristine condition. Inset is the zoomed in image to show the structures formed.
The film with the lowest volume fraction of SiF block (Figure 4.12a) showed similar
structure and dimension as was observed in the spin cast film. The structure formed by SF2 and SF-4 is different than from the spin cast using toluene. The thin film from SF-2
(Figure 4.12b) formed evenly distributed spherical structures with a dimension of ~18nm
and large holes. The thin film from SF-4 (Figure 4.12c) formed larger spherical structures
with a dimension of ~70nm. The structures are compact and evenly distributed. The
compact structures formed are attributed to the confinement effect.
In the spin cast method, stress is applied and the fast solvent evaporation distorts
the structure whereas in the drop cast, solvent evaporates much slower allowing the
polymer segments to rearrange slowly to form a defined structure. Different structures
formed in the thin film than those formed in the solution study are attributed to the
interfacial effect. The interfacial behavior of thin films to temperature are shown in Figure
4.13.
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500nm
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Figure 4.13: AFM height images of the films from toluene using drop cast method and
annealed at 110°C, 140°C and 210°C for ΦSiF 0.03a-c, ΦSiF 0.16d-f and ΦSiF 0.46g-i.
Thin film from SF-1 hardly showed any changes throughout the range of the
temperature studied (Figure 4.13a-c). Change in surface morphology of SF-2 is shown in
Figure 4.13d-f with temperature. Annealing the film above Tg of PS spherical aggregates

103

merged to form elongated structures. At higher temperature (210°C) all aggregates merged
forming a uniform surface with holes. The changes closer to Tg of PS could be due to the
evaporation of solvent or the rearrangement of SiF block. Above Tg of PS spherical
structures rupture, which coalescence to form worm-like structures. Although at very high
temperature, films prepared from the drop cast method and the spin cast method showed
similar structures, the morphology formed at different temperatures are different. The
structure formed from the spin cast at pristine state is similar to that obtained at 110°C for
the film prepared from the drop cast method indicating that the stress applied during the
spin cast ruptures the micellar structure. Figure 4.13g-i shows the images at different
temperatures of the film prepared from SF-4. Larger aggregates are formed with an
increase in temperature and at significantly higher temperature somewhat wavy structure
is formed. Even annealing at higher temperature, no protruded island-like structure is
formed as was observed in the spin cast film.
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Figure 4.14: Roughness of the SiF-b-PS films from toluene at different temperatures. The
dashed lines represent a guideline.
The trend of change in roughness in Figure 4.14 for SF-2 and SF-4 is slightly
different than observed for the film from the spin cast but somewhat similar to the film
from the mix solvent. In SF-2, migration of shorter SiF segment towards the air interface
with an increase in temperature formed somewhat smooth film decreasing the roughness.
In SF-4, formation of larger aggregates with coalesce of spherical aggregates develop
undulation on the surface that resulted increase in the roughness. The contact angle formed
by water drop on the thin films prepared from all volume fraction of SiF block and pure PS
using the drop cast method at different temperature is shown in Figure 4.15.
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Figure: 4.15: Contact angle formed on the thin films of ΦSiF 0.03 ( ) 0.16 ( ), 0.46 ( )
and pure PS (

) prepared from drop cast method using toluene as casting solvent as a

function of temperature.
Contact angle formed by all SiF fractions is similar to that for the film from spin
cast method as well as from mix solvent. Contact angle increased with increase in
temperature for all films prepared from SiF-b-PS. Films prepared from SF-1 and SF-2
showed similar values at a pristine state as well as at a higher temperature in both spin cast
and drop cast method whereas SF-4 showed a slightly higher angle ~111º compared to
~108º in the film from the spin cast. If the difference is due to the roughness, the angle
should have been higher in the spin cast film since it has higher roughness. In the drop cast
films, spherical aggregates are tightly packed as well as evenly distributed and as they
rupture, they form a dense surface with the migration of SiF segments resulting in the
higher contact angle. Independent of method of preparation and solvent used pure PS
showed a similar trend at all temperature.
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AFM and contact angle studies showed that due to the presence of an incompatible
block, surface induced segregation forms defined structures in SiF-PS thin films. The
morphology study showed that the choice of a solvent and a method of preparation affect
the structures formed except for a very small fraction of SiF block. The mobility of polymer
chains is affected by the presence of the flexible group in polymer. As diblock with the
lowest fraction of SiF predominantly consists of glassy PS block, significant effect of the
solvent and the method of preparation is not observed at any temperature studied. But
comparing the results obtained from pure PS, it can be clearly seen that even small fraction
of SiF block enhances the stability of the film.
Conclusions:
The effect of the quality of a solvent and a mode of preparation of the film on
surface morphology and stability of films is studied as a function of SiF block fraction and
temperature. The surface structure depends on the quality of the solvent and the mode of
preparation except for the film from the lowest fraction of SiF block. The morphology
formed during the course of annealing depends on the structure formed at the pristine state.
The effect of film forming condition becomes more pronounced with an increase in the
volume fraction of flexible SiF block. Independent of the film forming condition, the film
prepared from the highest SiF fraction showed faster rearrangement with increase in
temperature. Though a different morphology is formed with different film preparation
condition, formation of similar contact angle suggests migration of lower surface energy
SiF block controls the surface energy. One of the most important result obtained is that a
small fraction of the SiF block is sufficient to form structured surface and enhance the
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stability of the film independent of the quality of the casting solvent and the mode of
preparation of the film.
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CHAPTER FIVE
RESPONSE OF SMALL FLUORINED SEGMENT CONTAINING DIBLOCK
COPOLYMER THIN FILMS TO WATER STIMULI: AN IN-SITU NEUTRON
REFLECTOMETRY STUDY

Abstract:
The response of thin films prepared from semifluorinated diblock copolymers to
water vapor has been studied using neutron reflectometry. Thin films of poly trifluoro
propyl methyl siloxane-b-polystyrene (PTFPMS-b-PS or SiF-b-PS) with SiF block volume
fraction from 0.03 to 0.46 were exposed to water vapor. Segregation between fluorinated
and protonated blocks results into layered structure with air interface rich with fluorinated
segment and substrate with PS. Small changes at the interface are adequate to alter the
surface properties of copolymer thin film which is desired for the responsive interfaces.
With exposure to water vapor, water predominantly resides towards the air interface and
substrate interface in the film from the smallest SiF fraction. Increasing fluorinated block
fraction results in rearrangements within the film causing slight swelling. Penetration of
water inside the film is hindered with an increase in SiF fraction. The study has shown that
segregation between incompatible blocks and preference or aversion for the solvent drive
structural rearrangement and response to change in surrounding.
Introduction:
Polymers that can respond to a change in surrounding have found potential
applications from a controlled drug delivery to selective coatings.1-5 Extensive studies are
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being carried out to study the properties of polymer thin films that can respond to different
environment for their technological applications.6,

7

Responsive surfaces change their

properties when triggered by different stimuli such as temperature, pH, solvents etc.8-11
During exposure to stimuli, there will be either rearrangement within the film or chemical
interaction to alter its properties. The response can be reversible and will return to its
original structure after the removal of the stimuli or irreversible and retain the new
configuration. The change in interfacial composition in response to external stimuli
modifies thin film properties such as adhesion, wettability, permeability etc.8, 9, 11-14
Entropy and difference in surface energy of different segments drive segregation in
diblock copolymers where lower surface energy component often migrate towards the air
interface.15-21 Polymers with a tunable functionality offer a path to design responsive
material. Incorporation of fluorine in polymers is one of the pathways to tune the
functionality of the polymers. Due to lower interfacial energy, fluorine segregate to surface
which impact wetting behavior.22, 23 In addition, fluorination provides a way for controlled
surface energy coatings, lubricants, and modifies the refractive indices as well as dielectric
constant.24-29 Incompatibility between fluorinated and hydrogenated segments results in
segregation between hydrogenated and fluorinated segments forming fluorine (F) rich and
hydrogen (H) rich domains.23 When exposed to different environments because of
differences in surface energy between F and H segments, they can respond differently with
the interfacial rearrangement.
The current study probes the interfacial response of a diblock copolymer poly
trifluoro propyl methyl siloxane-b-polystyrene (PTFPMS-b-PS or SiF-b-PS) to water
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(H2O) vapor as stimuli. This diblock consists of PS block and fluorosiloxane (SiF) block,
where one CF3 group is attached to siloxane backbone. The chemical structure of the
diblock is shown in Figure 5.1.

Figure 5.1: Chemical structure of PTFPMS-b-PS

The uniqueness of this diblock is the presence of flexible siloxane backbone that provides
mobility and fluorine, which gives rigidity to the polymer, in same block. Using in situ
neutron reflectometry, we probed response of SiF-b-PS thin film to water vapor as a
function of exposure time. Difference in scattering length density between fluorinated,
hydrogenated blocks and water allows to probe the response of the diblock as well as the
distribution of water within the film. Neutron reflectometry is an effective tool to probe the
interfacial composition and hidden interfaces in a polymer thin film.30 In-situ studies of
exposure of solvent provides a way to follow the response of interfaces as well as
distribution of solvent within the film along the z-direction with time.30, 31 We show that
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both the flexibility and interfacial affinity of fluorine contribute to the response to water
stimuli.
Extensive studies on the rearrangement and ordering of surface morphology and
diffusion of solvents have been carried out by exposure of solvent vapor on polymer thin
films.32-36 The focus of this study is to understand the response of semifluorinated diblock
copolymer thin film to water vapor and distribution of solvents within the film. The
distribution of the solvents and rearrangement will be different depending on preferentiality
of the solvent to the blocks.35, 37 For a neutral solvent, it is expected to distribute between
the microdomains whereas in case of a selective solvent, it will swell the selective block
while the unfavorable block will hinder the penetration of the solvent.38 Lin et al38 have
studied penetration of the selective solvent in a symmetric polystyrene-b-poly(methyl
methacrylate) diblock copolymer thin film and found that exposing the thin film to a
marginal solvent for PS block selectively swelled PS block at the surface. Whereas the
underlying structure was unperturbed while using a mix solvent which consisted of one
fourth of a selective solvent, the entire film was swollen. The penetration and distribution
of the solvent in the supported thin film is affected by various factors such as interfacial
forces between solvent-polymer and solvent-substrate used, chemistry of the substrate as
well as the morphology formed by the film.39-41 He et al41 have studied the penetration and
distribution of deuterated water in an ionomer thin film where they have reported a nonuniform distribution of water within the film and the initial stage of penetration in the film
was slower compared to bulk due to the interfacial effect. In polymer thin films, the

116

segments at the air interface can respond faster compared to the segments closer to the
substrate interface due to the less constrain for the mobility.42-44
Effective responsive layers should be stable with sufficient mobility which will
allow the interface to respond to the change in environment. Most of the studies on solvent
exposure to the polymer thin film have been carried out on the polymer containing
hydrophilic and hydrophobic components. In the system under study SiF-b-PS both blocks
are hydrophobic. Siloxane containing diblocks have shown enhanced segregation and
flexibility of the chain.45, 46 The diblock under study consists of a small segment of fluorine
in the siloxane backbone. An additional advantage of fluorosiloxane over siloxane is that
it enhances hydrophobicity as well as oleophobicity.47, 48 With small fluorinated segments,
segregation between incompatible fluorinated and protonated blocks induces defined
structure and retain the ability to rearrange chains on short time scale. The study showed
that the response of diblock and penetration of water depend on the volume fraction of the
SiF block as well as the exposure time to the solvent vapor.
Experimental:
Thin Film Preparation: Polymer solutions of SiF-b-PS with the volume fraction of
fluorinated block 0.03 (SF-1), 0.16 (SF-2) and 0.46 (SF-4) were prepared dissolving 1wt%
polymer in toluene and tetrahydrofuran (THF) mixture of 3:7 v/v (pure solvents purchased
from Sigma-Aldrich and used as received). Polymer solutions were spin coated on oxidized
silicon wafers from Virginia semiconductor Inc. Silicon wafers were oxidized by
immersing wafers in piranha solution at 80°C for an hour. Prior to the spin coating,
oxidized wafers were thoroughly washed using deionized water then dried with nitrogen.
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Neutron Reflectometry Experiment: Specular neutron reflectivity (NR) experiments were
carried out on the Surface Profile Analysis Reflectometer (SPEAR) at the Lujan Neutron
Scattering Center at Los Alamos National Laboratory. It is time of flight instrument with
wavelength (λ) varying from 4.5 to 16 Å.49, 50 The reflectivity pattern perpendicular to the
surface of the film was collected varying momentum transfer vector, q. Momentum transfer
is given as q = 4πsinθ/λ, where θ is the angle formed by the incident neutron and λ is the
neutron wavelength.30 Final reflectivity is obtained by normalizing reflected neutron by
incident neutron intensity.
The reflectivity pattern of pristine films were collected before exposing the film to
H2O vapor. Large q range was used for dry film and the film exposed to H2O vapor for
extended time (~12 hours) whereas a limited range, 0.008 to ~0.08 Å-1, was used for other
exposure time to capture the entire response taking place within the film. This q range is
sufficient to analyze the data. For the solvent exposure study, a sealed liquid shell (an
aluminum canister) with a grove was used. The sample with silicon wafer was placed above
the groove, few drops of water was placed in the groove, and the shell was sealed.
Reflectivity patterns were recorded after every 1 minute up to 10 minutes, then in intervals
of 10 minutes for one hour. The data obtained from dry films were used as a base to analyze
the patterns obtained after an exposure to water vapor.
The reflectivity data were modeled using multilayer recursive Parratt formalism51
available in MOTOFIT software.30, 52, 53 The Multilayer model with a minimum number of
layers with a lower surface energy component towards the air interface and the
hydrogenated block at the substrate interface was used to fit the dry film. Each layer was
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ascribed with calculated scattering length density (SLD) of PS and SiF, thickness according
to the block size and roughness. Each parameter was allowed to fit and model with the
minimum layer that matches the reflectometry data with the χ2 value < 2 was chosen as the
final fit. The calculated SLD of PS is (1.41 X 10-6 Å-2), SiF is (1.79 X 10-6 Å-2) and H2O is
(-0.559 X 10-6 Å-2). The SLD value of H2O is lower than SLD of SiF and PS block which
provide sufficient contrast to follow the response of the diblock as well as the penetration
of the solvent within the film. Parameters extracted from the best fit are used to plot the
SLD profile vs. thickness.
Results and discussion:
Spin coated thin films of SiF-b-PS with SiF fraction 0.03 to 0.46 were exposed to
H2O vapor and the response of the polymer was followed with exposure time. In order to
capture the changes within the film, small interval of time and short q range was chosen to
collect reflectivity data with good statistics after exposing to water vapor. The NR pattern
of the as-cast (dry) films were measured first which serves as a base for subsequent patterns
obtained after exposing to H2O vapor. Figure 5.2a shows a representative NR pattern of
the film with volume fraction of SiF block 0.03 (SF-1) in dry condition and film after
exposing to H2O vapor at indicated times. In the profile, only even times are shown for a
clarity purpose. The bottom curve corresponds to the reflectivity pattern captured from the
dry film. The scattering profile consists of critical edge qc at low q where q c = (16πSLD )

1

2

, below which total reflection takes place. The critical edge provides an estimate of the
composition at the surface.
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a

b

Figure 5.2: (a) Reflectivity patterns of ΦSiF = 0.03 thin film for dry state and exposed to
H2O at indicated times. The symbols are for the experimental data and the solid lines
passing through the symbol is the calculated best fit. For clarity purpose the profiles are
shifted in vertical direction. (b) Data presented in Rq4 vs. q representation.
The qc value obtained for the dry film is 0.00974 Å-1 which is lower than calculated
value for CF3 0.01417 Å-1 but higher than for pure SiF block 0.00948 Å-1 and PS block
0.00841 Å-1. As this diblock predominantly consists of PS, and it is expected that the
surface would be completely formed by PS; however, a higher qc value indicates that the
surface is denser and both SiF and PS domains are present at the surface. The reflectivity
profile consists of Kiessing fringes23 that result from the interference of the reflected
neutron from the air-polymer, polymer-substrate interfaces as well as internal interfaces
formed perpendicular to the surface. The difference between two successive minima of the
fringes, Δq where Δq ≈ 2π/d, provides an estimated overall thickness, d, of the film, which
is ~490 Å. After exposing the film to water vapor, critical angles slightly changed. With
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the exposure time, slight shift of minima towards lower q shows a small increase in an
overall thickness.
Figure 5.2b shows the shift of minima together with the changes in amplitudes of
the fringes in Rq4 vs. q plot. This format of presentation accounts for the Fresnel reflectivity
from the interfaces of Si supported film and manifests the changes originating from
compositional changes.54 The fringe’s amplitude change could be due to the rearrangement
within the film or the penetration of water inside the film. Further understanding of the
structural evolution with water vapor exposure time is obtained from a full analysis of the
reflectivity patterns.
Figure 5.3 shows the polymer profiles in terms of the SLD for dry films and after
exposing to water vapor at different time.
Air

Si

Figure 5.3: Polymer profile of ΦSiF = 0.03 perpendicular to film surface in terms of SLD
with H2O exposure time.
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Though SF-1 predominately consists of PS, single layer model could not fit the
data. 3 layer model with the air interface consisting slightly higher SLD and most of the
film with PS with total film thickness ~490 Å proved to be the best fit. This is the minimum
number of layers that allowed to fit the experimental data. One would expect full
miscibility of both components as one of the block is in such a small fraction but layering
is obtained which is attributed to the interfacial effect. The higher density at the air interface
could be due to presence of lower surface energy SiF block at the surface. The film is then
exposed to H2O vapor. The SLD of H2O is lower than that of PS and SiF, thus following
the changes in the SLD value compared to pure PS, and SiF response of each block can be
estimated. The intensity of the SLD decreased with increasing exposure time. At the initial
stage of exposure, SLD of the air interface decreased with slight increase in thickness
whereas middle of the film and substrate interface hardly showed any changes. With the
exposure time, the amplitude of the SLD profile decreased throughout the film. Decrease
in SLD value could be due to the penetration of water inside the film.
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a

b

Figure 5.4: (a) Total thickness (tot) (
interface thickness (sub) (

), air interface thickness (air) (

) and substrate

) of the film normalized with the dry film total thickness, air

interface and substrate interface thickness. (b) SLD change at air ( ), substrate (sub) ( )
and middle (mid) (

) of the film at different water vapor exposure time. The dashed line

represents a guideline to the eye.
A change in thickness as well as SLD value at different region of the film is shown
in Figure 5.4. Change in overall film thickness as well as the thickness of the interface with
exposure to water vapor is shown in Figure 5.4a. Overall film thickness slightly increased
after exposing for an extended time whereas the layer at the air interface increased
instantaneously and continued increasing up to 20 minutes before leveling off. The
thickness of the layer closer to the substrate gradually increased up to 30 minutes before
decreasing sharply. The change in thickness throughout the film could be due to the
rearrangement within the film in presence of water vapor.
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The trend of SLD changes at the air interface, substrate interface and the middle of
the film is shown in Figure 5.4b. Air interface SLD decreased instantly after exposing to
water vapor and kept on decreasing until 60 minutes then leveled off. The SLD value at
the middle of the film and at the substrate interface decreased gradually and leveled off
after exposing for extended period. Decrease in SLD value lower than that of the individual
block indicates the presence of water inside the film. The changes in the air interface
thickness and SLD values indicate that water penetrates at the upper layer immediately
after exposing to water vapor, and then gradually penetrates towards the substrate interface
with time. A large decrease in the thickness and SLD at the substrate interface indicates
the presence of water rich thin layer. Such layer is not observed at the air interface of the
film. A small change in total thickness compared to interfaces indicates that there could be
voids present in the film that allow water molecules to penetrate causing rearrangement
within the film without affecting the total thickness. This affects the SLD of the film
compared to the thickness.41
To understand the effect of fluorinated block on the responsiveness, the volume
fraction of SiF block is increased to 0.16 and 0.46. Fluorine being a lower surface energy
component, it is expected that it will enhance the segregation between the blocks as well
as alter the surface properties and response to stimuli.
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a

b

c

d

Figure 5.5: Reflectivity patterns for thin film with fluorinated block fraction ΦSiF = 0.16,
and 0.46 a, b at the pristine state and exposed to H2O vapor at various times. The symbols
are for the experimental data and the solid lines through symbol is the best fit. c and d data
presented in Rq4 vs. q format for 0.16 and 0.46.
Figure 5.5a and c shows the NR profiles of the thin films prepared from volume
fraction of SiF block 0.16 and 0.46 for dry film and after exposing to the water vapor at
different times. The reflectivity profile in the Rq4 vs. q format are shown in Figure 5.5b
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and d. The qc value obtained from both films are lower than of pure CF3 but higher than
for pure SiF and PS indicating presence of both SiF and PS blocks at the air interface. The
thickness calculation from minima of two fringes shows that the estimated thickness of the
dry films are ~534 Å and ~622 Å respectively.
Qualitatively hardly any changes in critical angles are observed in the films
prepared from both volume fractions after being exposed to water. In both cases, exposing
for an extended time, a slight shift of minima towards lower q indicates slight increase in
the thickness. A decrease in the amplitude of the fringes and a change in film thickness
with the change in minima position is shown in Rq4 vs. q plot for SF-2 and SF-4. The
change in amplitude is slightly larger in SF-4 compared to SF-2, which could be due to the
higher rearrangement in SF-4. The experimental data are fitted to a multilayer model for
further analysis.
The Multilayer model depending on the volume fraction of SiF block with
alternating SiF rich and PS rich layer with a fluorinated segment towards the air interface
and PS at the substrate interface results as the best fit for the films prepared from SF-2 and
SF-4. Different domains are distinguished by comparing the calculated SLD of the
individual blocks with the obtained SLD value from the fitting. In SiF-b-PS calculated SLD
of SiF is higher compared to PS; therefore, maxima and minima in the profile correspond
to fluorine rich and PS rich domains respectively. Both films showed oscillation in the film
with a surface excess with the fluorinated block. The response of these diblocks to water
vapor is estimated by a change in intensity of oscillation of the profile.
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a

b

Figure 5.6: SLD profile of ΦSiF = 0.16 and 0.46 a, b, for different H2O exposure time.
Figure 5.6a shows the SLD profile for the SF-2 (ΦSiF = 0.16) in dry state and at
different water exposure time. A multilayer model with total thickness of the film ~534 Å
consisting of alternating fluorinated ~44 Å and protonated blocks ~103 Å with SiF rich air
interface and PS rich substrate interface resulted in the best agreement with the data from
the dry film. The layering structure in the film shows segregation between fluorinated and
protonated blocks. These dimensions are approximately twice the radius of gyration (Rg)
of the individual bulk PS (~55 Å) and SiF block (~26 Å). As similar reflectivity patterns
are obtained after exposing the film to water vapor, same 9 layer model is used to fit the
data. The thickness of the film slightly increased after exposing to the water vapor. Air
interface SLD decreased with exposure time whereas a slight decrease is observed in the
middle of the film as well as at substrate interface. Exposing the film for an extended
period, change in oscillation throughout the film are observed indicating rearrangement
within the film in response to the change in the surrounding. Most of the changes are
observed on the layer closer to the air interface. The SLD in the middle of the film gradually
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decreased with time whereas minimum changes are observed towards the substrate
interface. Both SiF and PS rich layers showed changes but the layered model is maintained
even after being exposed for an extended time
The SLD profile of diblock with SiF volume fraction 0.46 (SF-4), Figure 5.6b,
shows a layered structure with fluorine rich air interface and PS rich substrate interface.
The model with a total thickness of ~622 Å and average width of ~100 Å PS and ~76 Å in
alternating layers proved to be the best fit for the experimental data for dry films. These
dimensions are approximately twice the Rg values of PS (~48 Å) and SiF (~44 Å) block.
After exposing to water vapor, except towards the substrate interface, the thickness and
SLD values within the film changed with time. These changes could be a result of the
rearrangement within the film in response to water as a stimuli.
To quantify the changes throughout the film, the change in thickness as well as SLD
at different region of the films are plotted for different exposure time as shown in Figure
5.7. The thickness changes after exposure to water vapor are very small incomparsion to
the total thickness of the film thus the changes are shown in relative changes. Overall
thickness, air and susbtrate interface thickness showed increase with time for SF-2, as
shown in Figure 5.7a. Total film thickness increased, ~17 Å, while air interface thickness
increased by ~9 Å throughout the exposure time, whereas hardly any changes is observed
at the substrate interface. The width of SiF rich layer in the middle of the film hardly
showed any changes.
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a

b

c

d

Figure 5.7: Total thickness, air interface thickness and substrate interface thickness of the
film normalized with the pristine film total thickness, air interface and substrate interface
thickness a and b. SLD change at air, substrate (sub) and middle (mid) of the film at
different water vapor exposure time, c and d for SF-2 and SF-4. The dashed line represents
a guideline to the eye.
The response of SF-2 film to water vapor in terms of changes in SLD values at the
air interface, middle of the film and substrate interface is shown in Figure 5.7b. The SLD
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at the air interface decreased instantly with an exposure to the water vapor. The trend of
decrease is similar to the air interface thickness where SLD leveled off after exposing for
an extended time. The SLD of the middle SiF rich layer and the substrate interface slightly
decreased only at the later stage of the exposure to water vapor. The SLDs of PS rich layers
within the film gradually decreased with time indicating the presence of water molecules
but the value is not that large to indicate that the layers are flooded with water. Penetrated
water molecules reside at the layer closer to the air interface and then move towards the
hydrophilic silicon oxide. It is surprising that the water resides at the air interface which is
hydrophobic in nature. It could be due to the rearrangement at the upper layer which
exposes more hydrogenated segments with the exposure to water. Similar result was
observed in a computer simulation study of semifluorinated polymers where hydrogenated
segments reside at the interface for a longer period of time with exposure to water vapor
compared to fluorinated segments.22 Presence of both hydrogenated and fluorinated
segments at the interface allows water to reside at the air interface. Within the film, water
molecules mostly reside at the PS rich layers.
Similarly the response of the thin film from SF-4 to water vapor through a change
in thickness at different interfaces is shown in Figure 5.7c. Overall thickness increased by
~14 Å after exposing to water vapor for an extended period. The air interface thickness
decreased by ~6 Å at the early stage of the exposure whereas the substrate interface didn’t
show a change in the thickness even after exposing for an extended time indicating that the
layer is not affected by the solvent exposure. Surprisingly, the thickness of the PS rich layer
next to the air interface as well as the SiF rich layer in the middle of the film slightly
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increased. This change in thickness is attributed to the stretching of the segments with the
rearrangement of the blocks in response to water vapor.
The change in the SLD values of SF-4 at different regions of the film is shown in
Figure 5.7d. The SLD at the air interface decreased after exposing to the solvent vapor.
This decrease is attributed to the rearrangement at the air interface with migration of the
fluorinated segment away from water vapor exposing the hydrogenated segment at the air
interface or the penetration of water within the film. The SLD of SiF rich layer in the middle
of the film increased indicating that the layer become more defined due to the
rearrangement. The SLDs of PS rich layer within the film decreased gradually whereas the
substrate interface hardly showed any changes. The penetrated water resides at PS rich
layer as well as the air interface which causes a decrease in the SLD value. SiF layer closer
to the substrate interface acts as a barrier for the penetration of water towards the substrate.
In order to understand the extent of the effect of volume fraction of SiF in response
to water vapor, changes in thickness at different regions of the films for all ΦSiF are
compared. Figure 5.8 shows the overall thickness, the air interface thickness and the
substrate interface thickness changes for SF-1 to SF-4 at different exposure time.
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a

b

c

Figure 5.8: Overall thickness, air interface and substrate interface thickness a, b and c
normalized with pristine film thickness for ΦSiF = 0.03, 0.16, and 0.46.
The overall thickness change for all volume fractions of SiF follows a similar trend
as shown in Figure 5.8a. Initially film thickness increased after exposure to water vapor
before leveling off. SF-1 and SF-2 showed an instant increase in the thickness with
exposure compared to SF-4. During the total exposure time, film prepared from all SiF
fractions showed almost similar percentile ~2.2 - 2.8 % of thickness increase compared to
their initial film thicknses.
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The changes in the air interface thickness are shown in Figure 5.8b. The air
interface thickness increased in SF-1 and SF-2 whereas the thickness decreased in SF-4. In
the film with lower fraction of SiF, segments at the air interface stretch out in presence of
water vapor whereas in SF-4 in order to avoid an unfavorable contact with fluorine, they
move away from surface which results in a decrease in the thickness. The thickness in the
air interface of SF-1 changed by ~37 % (~23 Å) whereas SF-2 increase by ~25 % (~11 Å)
and SF-4 by ~3% (~4 Å) throughout the course of exposure.
Changes at the substrate interface thickness with exposure time is shown in Figure
5.8c. The trend of change in thickness at the substrat interface is slightly different for
diblock with lower and higher fraction of SiF fraction. Hardly any changes are observed at
the early stage of exposure in all films. With an increase in the exposure time, SF-1 showed
distinct changes at the substrate interface. The substrate layer thickness of SF-1 sharply
decreased whereas SF-2 and SF-4 showed almost no changes after being exposed for an
extended period. The changes in the thickness of PS rich layer next to the air interface in
SF-2 and SF-4 showed a higher increase in the thickness in SF-2 ~10 Å than that in SF-4
~3 Å. The thickness of SiF rich layer in the middle of the film for SF-2 hardly showed any
changes whereas the thickness slightly increased in the SF-4. Further comparisons of SLD
changes throughout the film for all volume fractions are shown in Figure 5.9
The air interface is the first point of contact between a polymer thin film and water
vapor and shows the initial changes. The SLD at the air interface from all volume fractions
of SiF block as a function of exposure time is shown in Figure 5.9a.
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b

a

c

Figure 5.9: SLD at air interface, middle of the film and substrate interface a, b and c for

ΦSiF = 0.03, 0.16 and 0.46 at pristine state and at different water vapor exposure time.
The SLD changes at the air interface for all volume fractions showed similar trend.
The SLD of SF-1 decreases for an extended period of time compared to SF-2 and SF-4.
The air interface SLD of SF-1 become lower than pure PS whereas the value become closer
to SiF in SF-2 and SF-4 after exposing for an extended time. One would expect that with
an increase in a lower surface energy component surface become more hydrophobic and
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also with an increase in a segment size mobility will be slower than smaller segments.
Surprisingly, among three volume fractions, SF-4 showed a sharp decrease in SLD at early
stage of exposure whereas SF-1 showed a maximum decrease in SLD ~18% compared to
other fractions of SiF. In case of SF-1, which predominantly consists of PS and the study
is carried out at room temperature which is lower than Tg of PS but the SLD value
becoming lower than pure PS supports the hypothesis that the water penetrates inside the
film. Whereas for SF-2 and SF-4 slight penetration of water drives rearrangement within
the film, resulting more layers, which act as a barrier for further penetration.
The SLD changes at middle of the film are shown in Figure 5.9b. SF-1 and SF-2
show a similar trend of decrease in SLD at the middle of the film whereas SF-4 showed an
increase in SLD at the early stage of exposure. During the course of the exposure, diblock
with the smallest fraction of SiF showed higher SLD decrease. The increase in thickness
and a change in SLD of SiF rich layer in the middle of the film in SF-4 is attributed to the
stretching out of the SiF block and layers becoming more defined with rearrangement. A
higher decrease in SLD in the film with the lowest fraction of SiF also supports that SiF
acts as barrier layer.
The larger effect of volume fraction of SiF block is observed at the substrate
interface shown in Figure 5.9c. Among three films, SF-1 showed significant decrease
~10% in the SLD value compared to ~3% in SF-2 whereas SF-4 hardly showed any
changes even after exposing for extended time. These results showed that water penetrates
in SF-1, which predominantly consists PS and moves towards the hydrophilic substrate
interface and water penetration is greatly affected by presence of SiF fraction.
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Figure 5.10: Schematic showing film before and after exposing to water vapor.
Distribution of water and response at the air interface is shown in Figure 5.10.
When water comes in contact with the film at the air interface, fluorine moves away to
minimize the contact with water, allowing the hydrogenated segment to be exposed
towards the air interface. A small increase in overall thickness but a change in SLD
indicates that even though one of the blocks is in a glassy state, flexible segment and with
different surface energy, segments respond instantly to water stimuli. The distribution of
water is not uniform throughout the film and mostly water reside at the air and the substrate
interface for the film with lower fraction of SiF block whereas water mostly distribute in
PS rich layers in the film from higher SiF fraction. The presence of SiF fraction hinders
the penetration of water.
Conclusions:
This study has shown the response of diblock copolymer containing a small
segment of fluorine with flexible siloxane to water vapor at different exposure time.
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Layering structure is observed at pristine state due to the segregation between fluorinated
and protonated block. Independent of volume fraction of SiF block, the air interface is rich
with fluorinated segment whereas the substrate interface with PS block. After exposing to
water vapor, films from all volume fraction showed the changes at the air interface whereas
no changes are observed at the middle or towards the substrate interface at the initial stage
of exposure. Exposing to water vapor for an extended period, the overall thickness does
not change much compared to the initial film thickness but a change in the SLD value at
different position of the film showed that only small amount of water penetrates which
causes a rearrangement within the films. The water penetration, rearrangement as well as
the location where water resides is affected by the fraction of SiF block. In the film
prepared from diblock with the lowest fraction of SiF block, water penetrated throughout
the film forming a thin layer rich with water at the substrate interface. The films prepared
from higher SiF fraction showed rearrangement within the film and fluorinated segments
rich layer hinder penetration of water inside the film. Independent of the size of SiF block,
flexible siloxane block aids segment movement with exposure to water vapor. A decrease
in the SLD value lower than that of bulk PS showed that water resides within PS rich layers.
This study showed that even at the temperature lower than Tg of one of the blocks, presence
of a small segment of fluorine with flexible siloxane respond to the change in environment.
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CHAPTER SIX
RESPONSE OF FLEXIBLE SILOXANE CONTAINING SEMIFLUORINATED
DIBLOCK COPOLYMER THIN FILMS TO SELECTIVE SOLVENTS

Abstract:
Response of semifluorinated diblock copolymer poly trifluoro propyl methyl
siloxane-b-polystyrene (PTFPMS-b-PS or SiF-b-PS) thin films to selective solvents was
probed using neutron reflectometry. Surface induced layered structure was formed in the
films prepared from SiF fraction from 0.03 to 0.46. Thin films of SiF-b-PS were exposed
to hydrophobic solvents decane, which is non-preferential for both blocks and toluene,
which is selective for the polystyrene. Exposing thin films to decane vapor, solvents mostly
resided at the top layers and penetration rate decreased with increasing SiF fraction. When
exposed to toluene vapor, film swelled instantaneously independent of SiF fraction. The
solvent, however, penetrated into both PS and fluorine rich layers. In presence of
hydrophobic solvents, protonated and fluorinated blocks rearranged in a way that solvents
preferentially resided in proton rich layer. In both solvents, layered structure was
maintained even after exposing film for extended time.
Introduction:
Response of semifluorinated polymer thin films to selective hydrophobic solvents
were studied using neutron reflectometry. Various properties of the polymer thin films such
as adhesion, permeability, response to different environment is influenced by the interfacial
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composition of the film.1, 2 When polymers are used as thin films, they are exposed to
different environments such as different solvents. Thus understanding their interfacial
response, stability and dispersion of solvent is essential for their applications in various
areas such as emulsion, coating, microelectronics, sensors etc.3-8 Introduction of different
functionality is a pathway to tune the properties of polymer and design a responsive
material. Incorporation of fluorine in polymers has become one of the ways to tune the
functionality of polymer. Fluorine being low surface energy component tend to segregate
towards air interface and alter surface energy.9-12 Incompatibility between fluorinated and
protonated segments enhance segregation between the blocks forming fluorine rich and
proton rich domains that minimize the contact between the incompatible blocks.9 Because
of different surface energy of hydrogenated and fluorinated segments they can respond
differently with change in surrounding (stimuli)13-16 making semifluorinated polymers as
potential responsive material.
When polymer thin films are exposed to the solvent, the interfacial response and
dispersion of the solvent within the film depend on various factors among which are
solvent-polymer interaction, substrate-polymer interaction, solvent-substrate interaction,
the morphology of the film as well as the size of the solvent molecule used and the
chemistry of the substrate.17-23 The dispersion of solvent in block copolymer thin film is a
complex process due to the presence of different microphases as a result of the segregation
between the blocks.24 The presence of different domains can act as a barrier for the
penetrating solvent molecule depending on the preferentiality of the solvent with the block.
In addition, depending on their interaction with the different blocks, incompatible blocks
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can undergo rearrangement within the film which affects the penetration and distribution
of the solvent. The quality of the solvent used as stimuli greatly affects the penetration and
distribution in the film. Exposing the film to the non-selective solvent for both blocks, it
can distribute at the interface between two blocks.24, 25 When the solvent used is selective
for one of the blocks, it can preferentially reside at the specific domain resulting in an
asymmetric swelling of the domains.24 The effect of the quality of exposing solvent on the
distribution within the symmetric polystyrene-b-polymethacrylate (PS-b-PMMA) diblock
copolymer thin film has been studied using neutron reflectometry.26 Exposing a marginal
solvent to PS block specifically swelled PS layer at the air/polymer interface without
affecting the underlying layers. PMMA block in this case behaves as a barrier for the
penetration of the solvent further inside the film. When the solvent is changed into the
partially selective solvent, the entire film is swollen. The penetration and distribution of
the exposed solvent molecules within the film also depend on the morphology formed in
the thin film. Computer simulation and experimental studies have shown that when thin
films are exposed to the selective solvent, the films with perpendicular lamellae swell faster
compared to parallel lamellae.27,
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It is suggested that in perpendicular lamellae, the

interface of the block is exposed to the surface through which solvents penetrate whereas
in parallel lamellae, layer formed at the surface behave as a barrier reducing the penetration
of the solvent.27, 28
Most of the studies on the exposure of hydrophobic solvents have been carried out
for the rearrangement of the morphology formed on the surface through solvent
annealing.29-32 In the current study, we probe the interfacial response of semifluorinated
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diblock copolymer polytrifluoro propyl methyl siloxane-b-polystyrene (PTFPMS-b-PS or
SiF-b-PS) thin films to decane and toluene vapor as a function of volume fraction of
fluorinated block and exposure time. Decane has no preference for both blocks whereas
toluene is a selective solvent for PS block.33 Presence of siloxane backbone provides
flexibility to the polymer that allows mobility of segments whereas fluorine affects the
surface properties. An additional advantage of fluorosiloxane over siloxane is that it
enhances hydrophobicity and is phobic to alkanes.34-36 The chemical structure of SiF-b-PS
is shown in Figure 6.1. Semifluorinated diblock copolymers have attracted considerable
attention due to the presence of combined properties of both diblock copolymers and
fluorinated polymers. In situ neutron reflectometry is used to study the response of the
diblock copolymer to the decane and the toluene vapor. In-situ studies provide a pathway
to follow the response of interfaces with time.37-39

Figure 6.1: Chemical structure of PTFPMS-b-PS

Here we report the interfacial response and swelling behavior of flexible siloxane
containing SiF-b-PS thin films with different SiF fractions, exposed to decane and toluene
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vapor. Neutron reflectometry is used as a major tool to achieve this study. The neutron
scattering length density (SLD) difference between fluorinated, protonated blocks as well
as decane and toluene allow probing the segregation between blocks and the response of
polymer in presence of solvent vapor. Exposing films to decane, the solvent resided mostly
to the top layers and with increasing SiF fraction affected the solvent penetration rate. The
layered structure is retained after exposing for an extended time. When exposed to the
toluene, independent of SiF fraction, films swelled instantaneously. The solvent, however,
penetrated into both PS and SiF rich layers and the distribution of the solvent within the
film is not uniform. In both solvents, the layered structure is maintained even after exposing
for extended time.
Experimental:
Thin Film Preparation: Polymer solutions of SiF-b-PS with different volume fractions of
fluorinated block,ΦSiF, 0.03 (SF-1), 0.16 (SF-2) and 0.46 (SF-4) were prepared by
dissolving 1wt% of diblock copolymer in toluene and tetrahydrofuran (THF) mixture of
3:7 v/v (toluene and THF purchased from Sigma-Aldrich Chemicals Co., LLC, USA).
Polymer solutions were spin coated on oxidized silicon wafers that produced smooth
polymer thin films. One side polished silicon wafers were used as a solid substrate. Silicon
wafers were oxidized by heating wafers in piranha solution at 80°C for an hour. The
oxidized wafers were thoroughly washed with deionized water and dried using stream of
nitrogen.
Neutron Reflectometry Experiment: Specular neutron reflectivity (NR) experiment was
carried out on the Surface Profile Analysis Reflectometer (SPEAR), which is a time of
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flight instrument, at the Lujan Neutron Scattering Center at Los Alamos National
Laboratory. The reflectometer covers the wavelength (λ) range from 4.5 to 16 Å.40, 41 The
reflectivity patterns are measured varying momentum transfer vector, q, along the Z
direction of sample surface. Momentum transfer is given by q = 4πsinθ/λ, where θ is angle
formed by the incident neutron with the sample surface. The final reflectivity data was
obtained after normalizing raw data with the incident neutron intensity.42
The reflectivity patterns of the dry films were collected first covering a large q
range; then the q range was limited to, 0.008 to ~0.08 Å-1 after exposing to the decane and
toluene vapor. For the solvent exposure, the samples were enclosed in an aluminum
canister with a groove. The groove was then filled with the solvent without disturbing the
sample. The canister with the sample and the solvent was sealed and the reflectivity
patterns were captured as a function of exposure time. The patterns were collected in the
interval of 1 minute up to 10 minutes then after every 10 minutes for an hour. The final
pattern was collected with a large q range after exposing the film for 12 hours. The changes
after the exposure are compared with the data obtained from the dry film.
The reflectivity data was modeled using the multilayer recursive Parratt
formalism43 available in MOTOFIT software.44, 45 In multilayer model each layer was
ascribed with calculated SLD of the individual blocks, thickness based on the size of the
segment and roughness. The calculated scattering length density (SLD) of PS (1.41 X 10-6
Å-2), SiF (1.79 X 10-6 Å-2), decane (-0.48 X 10-6 Å-2) and toluene (0.94 X 10-6 Å-2) were
used as starting values. Each parameter was allowed to fit and the model with a minimum
number of layers that matched the experimental data with the χ2 < 2 was selected as the
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final model. The SLD value difference between the solvent and the polymer block provided
sufficient contrast to follow the response of the diblock and the penetration of the solvent
within the film. The SLD profiles were plotted using parameters obtained from the best fit.
Results and discussion:
Thin films of SiF-b-PS exposed to the hydrophobic solvents and interfacial
response of the films were studied as a function of exposure time. Similar to the response
of SiF-b-PS films to water vapor, in this study also NR data were collected with small q
range after exposing to solvent vapor. Representative NR patterns of ΦSiF 0.03, in dry
condition together with the film after exposing to decane vapor are shown in Figure 6.2.

a

b

Figure 6.2: (a) Reflectivity patterns of the SiF-b-PS film with ΦSiF = 0.03, for as-cast film
and after exposing to decane vapor at indicated times. The symbols represent the
experimental data and the solid lines passing through the symbol correspond to the best fit.
(b) Data presented in Rq4 vs. q format.
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The symbols in the profile represent the experimental data and solid lines passing through
the symbols are from the best fit model. The reflectivity patterns of the film before and
after exposing to the solvent vapor are discussed first, followed by full analysis of patterns.
In Figure 6.2a, bottom curve is for the profile captured from dry film and subsequent
patterns are after exposing to decane vapor at different exposure time. The reflectivity
profile consists of fringes that result from the interference of the reflected neutron from the
air/polymer and polymer/substrate interfaces as well as any hidden interfaces present in the
film. From the difference between two successive minima, Δq, estimated thickness of the
dry film is calculated using relation Δq ≈ 2π/d, where d is thickness of the film which is
~500 Å for the film. Exposing the film to decane vapor, minima of the fringe shifted
towards lower q, indicating increase in the film thickness. The amplitude of the fringes
decreased after exposing the film for extended time, indicating rearrangement within the
film in presence of decane vapor. Figure 6.2b shows the shift of minima together with the
decrease in the amplitudes of the fringes in Rq4 vs. q plot. This format of presentation
manifests the changes originating from compositional changes within the film.46 The data
is further analyzed by fitting the reflectivity pattern to the multilayer model. The SLD
profile is plotted using the parameter extracted from fitting the data. Figure 6.3 shows the
SLD profile for as cast film together with after decane vapor exposure as a function of
time.
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Air

Si

Figure 6.3: SLD profile of ΦSiF = 0.03 exposed to decane vapor at different exposure time.
SF-1 (ΦSiF = 0.03) predominantly consists of PS; thus, a single layer model was
chosen as the initial guess, but this model could not fit the experimental data. Three-layer
model with air interface SLD slightly higher compared to rest of the film and PS towards
the substrate interface resulted the best fit. This is minimum number of layers and the
simple model that fits the experimental data. The higher density is attributed to the presence
of fluorinated segments at the air interface. Exposing the film to decane vapor, the
thickness increased instantly. As the SLD of decane is lower compared to PS and SiF
blocks, comparing the change in obtained SLD with that of pure PS and SiF, response of
the film is estimated. The SLD value decreased throughout the film after exposing for an
extended period. The decrease in the amplitude of the profile, which corresponds to the
SLD, is attributed to the penetration of the solvent within the film. However, the change in
SLD throughout the film is not same indicating that the distribution of decane within the
film is not homogeneous. The SLD decrease is higher at the air interface compared to the
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middle section of the film. The higher decrease in the SLD value at the air interface
indicates that decane accumulates at the air interface which gradually penetrates into the
film with exposure time. Figure 6.4 shows changes within the film in response to the
solvent vapor in terms of changes in thickness at different position of the film and the SLD
with exposure time.

b

a

Figure 6.4: (a) Total thickness (Tot) (

), air interface thickness (Air) (

) and substrate

interface thickness (Sub) ( ) of the film normalized with the pristine film total thickness,
air interface and substrate interface thickness. (b) SLD change at air (
( ) and middle (Mid) (

), substrate (sub)

) of the film at different decane vapor exposure time.

Change in thickness of the layers towards the air and substrate interface as well as
total thickness of the film is shown in Figure 6.4a. The overall film thickness increased
instantaneously after exposing the film to decane vapor. The air interface thickness
increased with exposure time. The thickness of the layer closer to the substrate interface
decreased at first; then after exposing for an extended period, it starts to increase. The
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extent of swelling of the interfaces are higher compared to the total film thickness. Changes
in the SLD value at different positions are shown in Figure 6.4b. The air interface SLD
decreased instantaneously indicating that the solvent penetrates immediately after exposing
to the solvent. At the middle of the film, SLD decreased for a while; then it levels off.
Towards the substrate interface, SLD decreased with exposure time and keep on decreasing
for extended time.
The decrease in SLD is slower in the middle and at the substrate compared to the
air interface, which indicates that the solvent accumulates at the top layer and then
penetrates inside the film with time. Though the solvent penetrates throughout the film,
most of it resides at the air interface. Surprisingly though the solvent has no preference for
any blocks, instant change in SLD indicates presence of solvent within the film. This
change could be due to the penetration of solvent through the holes (pores) formed during
the film preparation.19
The effect of fluorinated block on the responsiveness is studied by increasing the
volume fractions of SiF block to 0.16 and 0.46. With an increase in the volume fraction of
fluorinated block the interfacial behavior will be different due to the segregation between
fluorinated and non-fluorinated blocks. This change in interface can show different
response to the solvent vapor.
NR profiles of the film from ΦSiF 0.16 and 0.46 at the dry state and after exposing
to decane vapor are shown in Figure 6.5 together with Rq4 vs. q format. Similar to the
previous studies, qc value showed presence of both SiF and PS domains at the air interface.
Thickness calculation from the minima of two fringes showed estimated thickness of the
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pristine films ~530 Å and ~630 Å respectively for SF-2 (ΦSiF = 0.16) and SF-4 (ΦSiF =
0.46).

a

b

c

d

Figure 6.5: Reflectivity patterns and data in Rq4 vs. q format for thin films with fluorinated
block fraction ΦSiF = 0.16, a, b and 0.46 c, d at the pristine state and after exposure to decane
vapor at indicated time. The symbols represent the experimental reflectivity data and result
from best fit model is shown as solid lines passing through the symbols.
Upon exposure to decane vapor, minima of the fringe shifted toward the lower q in
both films indicating increase in the film thickness. In both films, amplitude of the fringe
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slightly decreased indicating rearrangement within the film. The change can be visualized
more clearly in Rq4 vs. q plot. The change in amplitude is slightly larger in SF-4 compared
to SF-2 indicating a higher rearrangement in the film from SF-4. The experimental data are
fitted to a multilayer model for further analysis.
A multilayer model with alternating fluorinated rich air interface and substrate
interface with PS layer resulted in best fit for both films. In semifluorinated diblock under
study, fluorinated block has higher SLD compared to protonated segment; thus in the
profile, maxima corresponds to fluorine rich region while the minima to PS rich region.
The SLD of decane is lower than both blocks; thus the changes in oscillation in profile after
exposure to decane vapor provides information on response of the film as well as dispersion
of solvent within the film.

a

b

Figure 6.6: Scattering length density profile of ΦSiF (a) 0.16 and (b) 0.46 perpendicular to
the surface as a function of decane exposure time.
SLD profile of SF-2 for dry film and at different exposure time to decane vapor is
shown in Figure 6.6a. 9 layer model with ~44 Å thick fluorinated block and ~106 Å thick
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PS layer with overall film thickness ~530 Å resulted in best agreement with the
experimental data. The oscillation in the profile indicate formation of layered structure due
to segregation between incompatible fluorinated and protonated blocks. The air interface
is rich with fluorinated segment and substrate with PS block. Similar to the pristine film,
reflectivity data from exposed film is fitted using 9 layer model. Film swelled with
exposure to decane vapor and thickness keep on increasing for an extended time. The air
interface thickness gradually increased while SLD decreased after exposing the film for
prolonged time. Changes are observed throughout the film with exposure time. Only
minimum change is observed at the substrate interface while most of the changes are
observed towards air interface. Similar to the layer at air interface, PS rich layer next to the
air interface also showed gradual increase in thickness and decrease in the SLD value (not
shown in figure).
Similar to SF-2, thin film of SF-4 showed a layered structure at the pristine state.
Change in SLD profile before and after exposure to decane vapor is shown in Figure 6.6b.
9 layer model with the total thickness of ~630 Å and width of ~100 Å PS and ~76 Å fluorine
in alternating layers resulted in the best fit for the pristine film. Overall thickness of the
film gradually increased with exposure time. The air interface thickness and SLD gradually
changed with time. Rearrangements are observed throughout the film with exposure time.
Surprisingly, changes are also observed towards the substrate interface as opposed to the
film from SF-2. The possible reason may be that during rearrangement voids are formed
allowing the solvent to penetrate inside the film.
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During rearrangement, the segments will stretch out or collapse and SLD will be
altered if any solvent penetrates inside the film. To follow the response of the film, changes
in thickness at different position of the film as well as changes in SLD are plotted for
different exposure time as shown in Figure 6.7.

a

b

c

d

Figure 6.7: Changes in total film thickness, air interface and substrate interface thickness
of the film normalized with the pristine film, air interface and substrate interface thickness
a and c. Changes in SLD at air, substrate (sub) and middle (mid) of the film at different
decane vapor exposure time, b and d for SF-2 and SF-4.
Change in total film thickness, air interface and substrate interface thickness as well
as SLD with time for SF-2 are shown in Figure 6.7a and b. Overall film thickness as well
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as air and substrate interface thickness increased up to 40 minutes and then levelled off.
The increase in the air inteface thickness is higher compared to the substrate interface.
During the course of solvent exposure, total thickness increased by ~90 Å, whereas the air
interface increased by ~30 Å and the substrate interface by ~10 Å. This difference in
thickness change at the two interfaces could be due to the difference in the penetration of
the solvent within the film. The SLD change at the air and substrate interface showed a
similar trend. SLD decreased sharply at the early stage of exposure then almost levelled
off whereas in the middle of the film, SLD first increased for some time and then starts to
decrease. The PS layer next to the air interface thickness also gradually increased while the
SLD decreased indicating that the solvent accumulates at the PS rich layer.
Changes in the thickness as well as SLD at different positions of the film prepared
from SF-4 before and after exposing to decane vapor are shown in Figure 6.7c and d. The
overall thickness slightly increased whereas air and substrate interface gradually increased
with time. The thickness increase at the air interface is higher compared to the substrate
interface. During the course of exposure, total thickness increased by ~65 Å and the air
interface by ~16 Å. The layer at the substrate interface increased by ~8 Å. The SLD at the
air interface decreased after exposing the film for some time. The SLD decreased for 8
minutes then levelled off. SiF rich layer in the middle of the film showed a slight increase
in SLD at the early stage of the exposure whereas the SLD value decreased at the substrate
interface after exposing film for an extended time. The changes of thickness at different
interfaces and SLD value showed that the solvent penetrate inside the film. Asymmetric
changes at different position indicate that the dispersion of the solvent within the film is
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not uniform. PS rich layers within the film showed an increase in the thickness and decrease
in the SLD value indicating that the solvents mostly reside in PS rich regions.

a

b

c

Figure 6.8: Overall thickness, air interface and substrate interface thickness a, b and c
normalized with pristine film thickness, air and substrate interface thickness for ΦSiF =
0.03, 0.16 and 0.46.
The effect of fluorine can be estimated by comparing the response of the film with
a different volume fraction of fluorinated block. The overall changes in the thickness at
different positions as a function of exposure time are shown in Figure 6.8.
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The overall thickness of the films from SF-1, SF-2 and SF-4, Figure 6.8a, show that
the thickness increase is maximum for the lowest fraction of the SiF block. SF-1 film
thickness sharply increased immediately after exposing to the solvent; then it levelled off
after 10 minutes. Among three different volume fractions, the thickness increase rate
decreased with increase in SiF fraction. During the total exposure time, film with the lowest
SiF fraction swelled by ~21% compared to ~11% for the film from higher SiF faction. A
similar trend is observed in the air inteface where the maximum increase is for the film
with the lowest SiF fraction (Figure 6.8b). The air interface thickness increased instantly
in SF-1 whereas in SF-2 and SF-4 thicknss gradually increased with time. Towards
substrate interface nominal change is observed for the film from a higher SiF fractions
compared to SF-1 (Figure 6.8c). PS rich layers within the film showed larger increase in
thickness than SiF rich layers during the course of exposure. The result suggests that the
solvent penetrates immediately in SF-1, which predominantly consists of PS. Whereas with
increase in the SiF fraction, fluorinated segments being more oleophobic compared to PS,
act as a barrier and solvents penetrate only after rearrangement between the blocks.
As mentioned earlier, the SLD of decane is lower compared to SiF and PS blocks;
thus changes in the SLD values at different regions of the film provide information on
compositional changes. A comparison of SLD changes throughout the film for all volume
fractions provides information on the extent of response based on the variation of SiF block
and the distribution of decane within the film. The changes in the SLD value at different
interfaces as well as the middle of the film for all SiF fractions are shown in Figure 6.9.
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a

c

Figure 6.9: SLD at air interface middle of the film and substrate interface a, b and c for

ΦSiF = 0.03, 0.16 and 0.46 at pristine state and different decane vapor exposure time.
Films from all SiF fraction showed a decrease in SLD at the air interface after
exposing to decane vapor (Figure 6.9a). The decrease of SLD in SF-1 is higher and
decreases for extended time compared to SF-2 and SF-4. This shows that decane penetrate
fast in the film with a lower fraction of SiF block and the penetration decreases with an
increase in SiF fraction. The films prepared from SF-2 and SF-4 showed a similar trend of
decrease in the SLD value where the SLD decreased for 10 minutes and then it levelled
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off. The trend of change at the middle of the film is different in SF-2 and SF-4 compared
to SF-1 (Figure 6.9b). In case of the thin film with the lowest fraction of SiF block, the
SLD decreased sharply for early 10 minutes and then level off. In the film prepared from
medium volume fraction of SiF, the SLD increased at the early stage of exposure and then
it gradually starts to decrease. At the early stage, due to the rearrangement within the film,
the middle layers become more dense that result increase in the SLD of the layer. With
exposure time, the penetration of the solvent within the film decreases the SLD. In case of
the film from the highest SiF fraction, SLD slightly increased at the early stage which
almost remains same for an extended time. At the substrate interface, SF-1 and SF-2
showed a gradual decrease in the SLD with exposure to decane whereas SF-4 hardly
showed any changes at the early stage of exposure (Figure 6.9c). Exposing the film for
prolonged time SLD slightly decreased indicating pentration of solvent towards the
substrate interface.
The changes in the thickness and the SLD suggest that with change in the
environment, rearrangement takes place at the air interface and the solvent penetrates inside
the film. During the initial stage of the exposure, solvent resides at the upper layers and
gradually penetrates inside the film with time. With change in the surrounding and fluorine
being oleophobic, rearrangement within the film takes place. Though the solvent has no
specific preference for either of the blocks, the voids present at the surface allow the solvent
to penetrate inside the film. As the experiment is carried out at the room temperature and
SF-1 predominantly consists of PS, an instant increase in thickness and decrease in SLD
indicate that the solvent penetrates the film as soon as it comes in contact with the film. A
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gradual increase in overall thickness and smaller change in SLD decrease at the inner layer
of film with an increase in SiF fraction supports the hypothesis that SiF layer rearranges
and acts as a barriers layer.
The size of the solvent used and preferentiality of the solvent to a specific block
also affect the response of polymer thin film and the distribution of the solvent within the
film.47 Thin films of SF-1, SF-2 and SF-4 were also exposed to toluene that is selective for
PS block.

Figure 6.10: SLD profile of ΦSiF = 0.03 exposed to toluene vapor as a function of exposure
time.
The SLD profile of SF-1 at pristine state and at different exposure time is shown in
Figure 6.10. As expected, exposing the film with the lowest SiF fraction to toluene, which
predominantly consists of PS, the film swelled instantaneously. The thickness of the film
increased uncontrollably and SLD of the entire film decreased with exposure time.
As in previous cases, increasing the fraction of the SiF block formed layered
structure at the dry state. The SLD profiles for the SF-2 and SF-4 are shown in Figure 6.11.
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b

Figure 6.11: SLD profile of thin film with ΦSiF = 0.16 and 0.46 before and after exposure
to toluene vapor.
Exposing the film to toluene vapor, changes are observed throughout the film in
both SF-2 and SF-4. In the film prepared from a medium fraction of SiF block, film swelled
instantaneously and continued swelling. Exposing the film for an extended time, the
number of oscillation in the SLD profile decreased indicating decrease in number of layers
within the film and new layered structure is formed due to the rearrangement between the
blocks (Figure 6.11a). In SF-2 also major fraction is PS; thus exposing for an extended
time to toluene, mixing between the layers resulted a new layered structure with mixed
SLD values (phases). In case of SF-4, film swelled immediately as soon as it came in
contact with toluene (Figure 6.11b). An instantaneous increase in thickness indicates that
the surface consists of both fluorinated and protonated domains. With exposure time,
rearrangement takes place throughout the film, while layering structure obtained for dry
film is maintained even after exposing for prolonged time.
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Effect of fluorine is estimated by comparing the changes in film thickness and SLD
changes at different position of the film for all SiF fractions. Figure 6.12 shows the change
in total thickness as well as at the interfaces of the film with exposure time.

a

b

c

Figure 6.12: (a) Overall thickness for ΦSiF = 0.03, 0.16 and 0.46 (b) air interface thickness
(c) substrate interface thickness for ΦSiF = 0.16 and 0.46 normalized with pristine film
thickness. Dotted lines are guide to eye.
The total thickness of films from all ΦSiF, Figure 6.12a, increased with exposure to
toluene vapor however the rate of increase for film prepared from SF-1 and SF-2 are almost
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similar and higher than that of SF-4 as well as the swelling is also higher than that of SF4. As the both SF-1 and SF-2 predominantly consist of PS, films swelled more compared
to symmetric SF-4. During the course of exposure, surprisingly SF-2 swelled ~600% and
SF-1 thickness increased by ~540% whereas SF-4 only increased ~280%, half compared
to lower SiF fraction. Air interface thickness increased uncontrollably and much higher in
the lowest volume fraction compared to the films from higher fractions. Change in air
interface thickness for SF-2 and SF-4 are shown in Figure 6.12b. Due to the presence of
higher fraction of PS at the air interface, swelling is much higher in SF-2 compared to SF4 whereas towards the substrate interface, Figure 6.13c, both films showed similar changes
indicating that rearrangement within the both films result into similar structure.
Response of the film can be estimated by comparing the SLD changes at different
positions before and after exposure to toluene vapor. Figure 6.13 shows the change in SLD
at the different interfaces of the film with exposure time.

a

b

Figure 6.13: Change in SLD at air and substrate interface with exposure to toluene vapor
for ΦSiF = 0.03, 0.16 and 0.46, a and b.
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SLD change at air interface, Figure 6.13a, showed that the SLD value of the film
from the smallest fraction reach closer to that of toluene indicating that surface is covered
with toluene. In SF-2 and SF-4, in presence of toluene vapor polymer segments rearrange
forming a layer consisting both polymer and solvent. Formation of a defined layer with
increase in SiF fraction indicates increase in stability of the film. Figure 6.13b shows SLD
changes at substrate interface for all SiF fractions. The trend of decrease in SLD is same
for the film from all SiF fractions. In all films SLD decreased sharply with exposure to
toluene vapor. Decrease is higher in SF-1 and SF-2 compared to SF-4. Exposing for
extended time SLD in SF-1 and SF-2 becomes closer to that of toluene whereas in SF-4
mix value of polymer and solvent is obtained. Formation of layered structure in the film
with higher SiF fraction and SLD decrease in PS rich region indicates that fluorinated and
protonated segments rearrange such that toluene preferentially reside at PS rich layers.
The results from both decane and toluene exposure studies showed that presence of
a small segment of flexible siloxane and fluorine enhance the rearrangement within the
film with change in environment. Due to the presence of both hydrophobic and lipophobic
fluorinated segment, the blocks rearrange in such a way that the solvents reside at PS rich
regions. Similarly, the presence of SiF block hinders the penetration of solvents and
maintains the layered structure.
Conclusions:
This study has shown the response of a semifluorinated diblock copolymer with a
small segment of fluorine with flexible siloxane to hydrophobic solvents. Due to
segregation between fluorinated and protonated segments, layered structure with a surface
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excess of a fluorinated block is formed. Exposing films to decane vapor, though the solvent
have no preference, it wetted both the blocks at the layer closer to air interface. The
penetration of the solvent decreased with an increase in the fraction of the fluorinated
block. A larger increase in thickness with a decrease in SLD in SF-1 compared to film with
higher SiF fraction indicates that with increase in SiF fraction, rearrangement within the
film takes place and the layer rich with SiF block acts as a barrier layer. Most of the changes
are observed at the air interface whereas small changes are observed at the middle of the
film and towards the substrate interface with exposure time. Larger decrease in the SLD
value at PS rich layers compared to SiF rich layers showed that the solvent mostly resided
at PS rich layers. Exposing the film to toluene, independent of the volume fraction of SiF
block, the solvent penetrates throughout the film and swells uncontrollably. Though the
effect is observed throughout the film, the film from the highest fraction of SiF block
maintains layered structure.
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CHAPTER SEVEN
DISTRIBUTION OF POSS NANOPARTICLES IN SYMMETRIC DIBLOCK
COPOLYMER THIN FILM NANOCOMPOSITE

Abstract:
Distribution of Polyhedral Oligomeric Silsesquioxanes (POSS) nanoparticles (NPs)
in the symmetric diblock copolymer polystyrene-b-poly dimethyl siloxane (PS-b-PDMS)
thin films studied using neutron reflectometry. Incorporation and controlled distribution of
NPs in polymer remain a challenge where NPs often segregate to the interfaces due to
entropic effect. Here we probed the effects of the relative size of the NPs with respect to
that of polymer layers and flexibility of the block following the dispersion of POSS in a
symmetric PS-b-PDMS as a function of temperature. Thin films were annealed below and
above glass transition temperature (Tg) of PS varying from room temperature to 150oC.
The dispersion of NPs and interfacial changes in the thin films for two molecular weights
of diblock 10kg/mol and 50kg/mol were studied. Surface induced layering was observed
in the pristine state for both pure PS-b-PDMS as well as in nanocomposite films. NPs
distributed throughout the films in nanocomposite from both diblocks while the
distribution at air and substrate interface depend on the molecular weight of the diblock.
Annealing films above Tg of PS showed that the air interface compositional changes
depend on matrix size while the substrate interface was enriched with PS. Independent of
molecular weight of matrix polymer, with an increase in temperature NPs predominantly
resided towards the liquid PDMS rich layers.
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Introduction:
The integration of nanoparticles (NPs) in polymeric matrices has opened a way to
design new materials that couples the unique properties of NPs with those of polymers,
advancing current and potential applications from nanoelectronics, solar, and sensors to
data storage and biomedical devices.1-7 While there are a large number of applications of
polymer-based nanocomposites,8-14 incorporating NPs in polymeric media remains a
challenge, where NPs often segregate to the interfaces.1, 6-11, 14-19 Herein we probe the
effects of fluidity that stems from siloxane (Si) containing block copolymer matrices on
this critical technological challenge. Our study showed that the fluid layers formed by Si
containing block copolymers result in an entropy driven distribution of the Si based NPs
substituted by short hydrocarbon chains, in sub-layers of the matrix. Control via
incorporating Si based liquid layers offers a means to design thin films with a well-defined
surface reflectivity and barrier characteristics.20
The most prevalent way to incorporate NPs into polymeric matrices is to graft
organic chains compatible with the surroundings.21 Among different types of polymer
matrices used are homopolymers, block copolymers, and polymer blends 17-19, 22-24 where
specific polymers and chemical nature of NPs depend on the specific application. The
distribution of NPs into polymeric matrices depends on various factors including size and
shape of NPs, chemical nature of the grafted chains as well as the direct interactions
between grafted chains and the matrix. An additional critical aspect is the structure of
polymeric matrices themselves and the degree of perturbation that NP causes. Numerous
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studies have shown that the distribution of NPs not only impacts elecro-optical properties
of the assemblies but also strongly affects mechanical properties.25-30
Green and co-workers have summarized the state of the art of NPs distributed in
homopolymers,24, 31, 32 where they have shown that both enthalpy and entropy contribute
to the distribution of NPs, depending on the density of the grafted organic chains and their
interaction with the polymer matrices. In bulk, at low grafting densities of organic chains,
attractive enthalpic interactions between NPs dominate, resulting in an anisotropic
dispersion of NPs. At high grafting densities, entropic interactions of the grafted layers and
the host chains dominate resulting in an isotropic dispersion of NPs. In thin films,
interfacial energy plays a role as well. They also concluded that the size of NPs with respect
to that of the Khun length of polymer also plays a significant role. The impact of NPs’
shape and the length of the grafted chains has been explored by Composto and coworkers.
They have shown that gold nanorods grafted with PS chains are dispersed in PS brush in a
shorter host chain whereas with an increase in the matrix chain length NPs aggregated. The
spacing between two nanorods changed with the aggregation and increased with an
increase in the length of the grafted chains. This control impacts the optical behavior of
nanocomposite.27
Increasing chemical diversity of the matrices to blends and copolymers offers a
structured environment where NPs would segregate to specific domains. The
incompatibility between constituent blocks, often results in self-assembled micro
structures, for example, spheres, cylinders, gyroids, and lamellae phases.33-36 The
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microstructures formed by phase separation of polymers have been used as a scaffold for
the self-organization of NPs into different patterns with a long range order. 30, 37-41
Here we present the unique impact of the fluidity induced by a Si containing diblock
copolymer polystyrene-b-polydimethylsiloxane (PS-b-PDMS) on the distribution of
Polyhedral Oligomeric Silsesquioxane (POSS) substituted by isobutyl group, shown in
Figure 7.1, using neutron reflectometry. Siloxane containing diblock copolymers such as
PS-b-PDMS has been widely studied because of the flexibility and lower surface energy
of siloxane block.42, 43 Because of low glass transition temperature (Tg), PDMS is in a liquid
state at room temperature and, therefore, exhibits high mobility. When cast into thin films,
this diblock copolymer phase segregates, forming different microstructures, depending on
the fractions of the block and interfacial effects. This polymer potentially offers a unique
media to incorporate NPs with liquid domains of the PDMS confined between glassy PS
layers. POSS is a small NP with alkyl substituted cage; it does not exhibit an obvious
preference to either PDMS or PS. Furthermore, the cage is of the size of the rigid segment
of PS and smaller than that of PDMS. We, therefore, expect that entropic forces will drive
the distribution of POSS.

176

(b)

(a)

R= CH2CH(CH3)2
Octaisobutyl Polyhedral Oligomeric
Silsesquioxane (POSS)

polystyrene-b-polydimethylsiloxane

Figure 7.1: Chemical structure of (a) Octaisobutyl Polyhedral Oligomeric Silsesquioxane
and (b) polystyrene-b-polydimethylsiloxane
Experimental:
Materials and Thin film preparation: The symmetric diblock copolymer PS-b-PDMS,
used in this study is provided by Dr. Stephen J. Clarson; University of Cincinnati. POSS
NPs consisting isobutyl side chains was purchased from Hybrid Plastics Inc.
Two different molecular weights of PS-b-PDMS, 10k-10k (low molecular weight
– low MW) and 50k-50k (high molecular weight – high MW) were used to prepare
nanocomposite with POSS. Total 1wt % solutions from the blend of polymer and POSS in
a ratio of 99:1 was prepared by dissolving in chloroform (purchased from Sigma-Aldrich).
Polymer solutions were spin coated on freshly oxidized silicon single-crystal wafers and
kept in house vacuum overnight to evaporate remaining traces of the solvent. Prior to the
preparing thin films, silicon wafers were oxidized by treating with sulfuric acid and
hydrogen peroxide in 70:30 v/v ratio at 80°C for an hour. The oxidized wafers were washed
with deionized water and dried using nitrogen. The reflectivity patterns of the pristine films
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were captured first for pure diblocks as well as nanocomposite thin films. Then the films
were annealed just below and above the Tg of PS (~98°C) from 90°C to 150°C for ~3 hours
and quenched immediately after removing the samples from oven to room temperature by
placing them on an aluminum slab.
Neutron Reflectometry Experiment: Specular Nuclear Reflectivity (NR) experiments
were carried out on the Liquid Reflectometer (LR) beam line 4B, at the Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory.44 LR offers the neutron wavelength (λ)
from 2.5 Å < λ < 17.5 Å with wavelength bandwidth Δλ = 3.5 Å. This results in the q range
0 Å-1 < q < 0.3 Å-1. Detail description of the instrument can be found in instrumental
homepage.44 The specular reflectivity pattern perpendicular to the surface of the film was
collected varying momentum transfer vector, q, which is given by q = 4πsinθ/λ where θ is
the angle formed by the incident neutron with the surface. Final reflectivity was obtained
by normalizing the raw data with incident neutron intensity.45
Multilayer recursive Parratt formalism46 which is available in Motofit software47
was used to model the data. Using this formalism, a multilayer model with minimum
number of layers was chosen and assigned with width, calculated scattering length density
(SLD) of the blocks and roughness. Each parameter ascribed was allowed to fit and the
best fit was obtained by simulating the reflectivity profile and adjusting the parameters in
the fitting software.47 Calculated SLD of PS (1.41 X 10-6 Å-2), PDMS (6.2 X 10-8 Å-2) and
POSS (5.9 X 10-7 Å-2) were used as starting values. Model with minimum number of layers
that matched the experimental data with the χ2 value < 2 was chosen as the final model.
The SLD profiles were plotted from the parameters extracted from the best fit model.
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Results and discussion:

50k-50k

10k-10k

a

b

50k-50k

10k-10k

c

d

Figure 7.2: Neutron reflectivity patterns of thin films of symmetric diblock copolymer PSb-PDMS with molecular weight (a) 10k-10k and (b) 50k-50k. Bottom curve is for as cast
film and subsequent curves are for the film annealed at the indicated temperatures for ~3
hours. The symbols represent the experimental data and the solid line passing through
symbols to the best fit from multilayer model. Reflectivity data presented in terms of Rq4
vs. q format, c and d.
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Figure 7.2a and b introduces the NR patterns of pristine film of PS-b-PDMS 10k10k (low MW) and 50k-50k (high MW) together with the profiles from different annealing
temperatures. The bottom curves correspond to the reflectivity pattern captured from as
cast films which serve as a base to follow the changes as films are annealed at different
temperatures. The reflectivity patterns of the film annealed at the temperatures from 90ºC
to 150ºC are shown subsequently from the as cast film. The symbols represent the
experimental reflectivity data and solid line to the best fit from the multilayer model. The
reflectivity profile consists of Kiessing fringes46 that results from the interference of the
neutron reflected from the solid and air interface as well as any buried interface formed
within the film. Qualitatively, the distance between two successive minima of the fringe
provides the estimate of the total thickness of the film which is ~1230 Å and ~1380 Å for
low MW and higher MW diblock. The magnitude of the fringe amplitude provides
information regarding sharpness of the interfaces.46 Annealing films above Tg of PS
(~98ºC), resulted in a slight shift of minima towards the higher q, indicating a decrease in
film thickness. Together with this shift of minima and the change in the fringe amplitude
are shown in Figure 7.2c and d in Rq4 vs. q format as a function of temperature. This format
of reflectivity data presentation accounts for Fresnel reflectivity from the interface of Si
supported wafer, which for an ideal smooth interface falls as q4.48 This presentation
manifests the changes that take place within the film. The change in amplitude of the
fringes as a function of temperature indicates phase segregation between PS and PDMS
with temperature. For this symmetric diblock copolymer, a lamellar phase is expected.49
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Further understanding of the structure evolution as a function of temperature is obtained
from a full analysis of the patterns.
Figure 7.3 introduces polymer profiles in terms of the SLD of polymers. These SLD
profiles are derived allowing layering to take place. 23 and 19 separate layers for low and
high MW diblock were used. This number of layers are the minimum that allowed the
profiles to fit and spontaneously evolve with temperature. As shown in Figure 7.3a and b,
the distance from the interface impacts the layer thickness.

a

b

10k-10k
Substrat

50k-50k
Substrat

Air

Air

Figure 7.3: Scattering length density profiles derived from the fitting of reflectivity patterns
of the thin films from (a) 10k-10k and (b) 50k-50k using multilayer model as a function of
temperature. The profile towards 0 corresponds to the substrate interface and to the right
air interface
These profiles are of layered polymer films. The SLD value of PDMS is lower
compared to PS; thus, the maxima corresponds to PS rich regions and the minima to PDMS.
From the model fitting for the short diblock showed that PS is slightly stretched ~60 Å with
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respect to the calculated radius of gyration (Rg) of the PS block ~28 Å, whereas PDMS
layer is ~48 Å, less than two Rg of PDMS block which is ~27 Å. Similarly for higher MW
diblock, PS is ~95 Å with respect to the Rg of the block ~70 Å, whereas PDMS layer is
~60 Å, slightly smaller than Rg of PDMS block which is calculated to be ~62 Å. PDMS is
liquid at room temperature and assumes its globular conformation resulting in reduced
layer thickness. One of the most significant observations from these profiles is that the
polymer-air interface is rich with PDMS block whereas polymer-substrate interface is rich
with PS block. The amplitude of the oscillation corresponds to the magnitude of the
segregation50 and the difference in oscillation at different region indicates that the
segregation throughout the film is not uniform. The amplitude of the oscillation at the
middle of the profile is lower compared to air and substrate interface. This is indicative of
surface enhanced layering phenomena observed in other diblock copolymers.51 Changes in
two films with temperature were compared by comparing thickness and SLD changes at
different regions of the film
.
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Total Th

Air interface Th

a

Air interface amp

b

Substrate interface amp

c

d

Figure 7.4: Overall film thickness (Th) and air interface thickness a, b and changes in the
SLD (amp) of air and substrate interfaces c, d of the films prepared from 10k-10k ( ) and
50k-50k ( ) as a function of temperature. The dashed line represents a guideline.
Figure 7.4 shows the comparison between the changes in total thickness as well as
changes at the air and substrate interfaces in the films from 10k-10k and 50k-50k diblock.
Films prepared from both diblocks showed a slight change in overall thickness of the film
due to the rearrangement within the film. In both films air interface thickness increased
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with increase in temperature. This change in thickness is attributed to the stretching of the
layers due to the rearrangement within the film. Air interface SLD (amplitude) for short
diblock decreased annealing the film closer to Tg of PS; whereas, longer chain diblock
showed changes above the Tg of PS. This indicates shorter flexible chains rearrange faster
compared to the longer segments. At higher temperature air interface SLD of both films
become closer to that of PDMS indicating air interface is enriched with flexible lower
surface energy PDMS segments. Though presence of different composition is observed at
the substrate interface for each film in pristine state, annealing at higher temperature SLD
in both films increased attaining the SLD value closer to bulk PS. This change in SLD
value is attributed to the migration of PDMS segments towards the air interface from
substrate interface.
POSS cages were then introduced into both 10-10k and 50-50k films. POSS cages
are smaller than the average layer dimension of 50-50k diblock and are in the order of
magnitude of that of 10-10k polymer.
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50k-50k + POSS

10k-10k + POSS

a

b

Figure 7.5: Reflectivity patterns of thin films prepared from (a) 10k-10k & POSS blend
and (b) 50k-50k & POSS blend. Bottom curve is for the as cast film and subsequent curves
are for the film annealed at the indicated temperatures for ~3 hours. The symbols together
with solid line passing through symbol represent the experimental data and the best fit
obtained from the multilayer model. The curves are shifted in vertical direction for the
clarity purpose.
Figure 7.5a, b represents the reflectivity profile of blend of NPs with low MW
diblock and high MW diblock. Annealing films above Tg of PS, both blend films showed
a slight shift of minima at the higher q, indicating slight decrease in the film thickness. At
higher temperature, intensity of the fringe at the lower q region increased as well as
becomes broader indicating formation of more ordered structure due to the rearrangement
within the film. Similarly in the film from blend with larger block, the fringe intensity
increased at low q region indicating layers becoming more defined due to the segregation
between blocks.
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b

a

10k-10k + POSS

50k-50k + POSS

Figure 7.6: SLD profiles derived from the fitting of experimental data of nanocomposite
films from blend of the low and high MW diblocks with POSS, a and b, using multilayer
model as a function of temperature.
Figure 7.6a introduces the SLD profile derived from the fitting of the reflectivity
data of thin film prepared from low MW and POSS blend with film thickness ~1500 Å,
annealed at different temperatures. Multilayer model with 27 layers was used to fit the data
from the pristine film as well as from the annealed film. The maxima in the profile
corresponds to PS rich region and minima to PDMS and POSS rich region. The SLD value
of POSS is in between that of PS and PDMS thus following the change in SLD value
compared to that of pure PS and PDMS response of POSS is estimated which is reflected
from changes in the intensities of the oscillations (SLD value). The dimension of the peak,
PS rich layer ~65 Å, and ~50 Å valley, PDMS rich layer are obtained from the fitting which
corresponds to the approximately twice the Rg of PS and PDMS for this molecular weight
(Rg PS: ~28 Å and PDMS: ~27 Å). At the air interface, a thin layer whose SLD is closer to
that of POSS is formed while the substrate interface SLD value obtained is much lower

186

than that of pure PS but higher than PDMS, indicating presence of POSS NPs at both
interfaces. The segregation between the blocks towards air and substrate interface is higher
compared to the middle of the film. The SLD value of air interface hardly changed even
annealing significantly higher than Tg of PS whereas the SLD of the substrate interface
increased with temperature, indicating migration of NPs and PDMS from the substrate
interface towards the air interface. Though rearrangement is observed throughout the film
most of the rearrangement takes place towards the substrate interface, indicating formation
of a stable layer at the air interface.
Figure 7.6b introduces the SLD profile of the nanocomposite prepared from the
high MW diblock and POSS blend with film thickness ~1430 Å, at different temperatures.
19 layer model was used to fit the reflectivity data from the pristine film. Layered structure
with the air interface rich with PDMS, and the substrate interface rich with PS block is
observed. Similar to the lower MW diblock-NP blend, in this case also segregation between
the blocks towards the air and substrate interface is higher compared to the middle of the
film. With annealing, layers become more defined and most of the rearrangements are
observed towards the air and substrate interfaces. The migration of POSS NPs in the film
is not distinctly observed within the current annealing time and temperature for this
nanocomposite film. Comparing air and substrate interfaces SLDs, a minimal change is
observed at the air interface compared to the substrate interface with temperature. The
minimal change at the free surface is attributed to the formation of a stable layer in presence
of NPs. Further changes are quantified by comparing the changes in thickness and SLD at
different regions of the film which is shown in Figure 7.7.
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Total Th

Air interface Th

a

b

Air interface amp

Substrate interface amp

c

d

Figure 7.7: Changes in total thickness and layer at the air interface, a and b while c and d
are changes in the SLD of the layer at the air and substrate interfaces for the films prepared
from 10k-10k and POSS blend (

) and 50k-50k and POSS blend (

) as a function of

temperature. The dashed line represents a guideline.
Figure 7.7a, b shows the trend of changes in total thickness and air interface
thickness. Changes in total film thickness of both blend films as a function of temperature
are shown in Figure 7.7a. Both films showed a similar trend of change in total thickness.
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The film thickness decreased on annealing the film upto 120°C which then remain constant.
Film from diblock with the higher MW and POSS blend showed larger decrease in
thickness ~200 Å compared to ~100 Å in short diblock POSS blend. With annealing, NPs
rearrange within the film resulting decrease in thickness. In contrast to the total thickness
change, air interface thickness of both films increased and a larger effect is observed in
nanocomposite from the higher molecular weight diblock (Figure 7.7b). With increase in
temperature, segregation between the blocks result in migration of PDMS towards air
interface which then stretches out, resulting in an increase in air interface thickness, and
due to the larger size of the segment, higher molecular weight diblock shows larger increase
in thickness. Figure 7.7c and d show the change in SLD at the air interface and the substrate
interface as a function of temperature for both blends. In the pristine state, the SLD value
obtained at the air interface from the lower MW diblock blend film is closer to POSS NPs,
which hardly changed even annealing at higher temperature (150°C) indicating formation
of a stable thin layer of NPs. In the film from the higher MW diblock blend, though the
SLD value obtained is lower than the pure POSS but higher than PDMS indicating presence
of POSS embedded in the PDMS layer at the air interface. With an increase in temperature,
only a slight change in SLD value indicates a segregation of NPs together with PDMS
towards the air interface. At the substrate interface, the SLD value is lower than the pure
PS but higher than both PDMS and POSS NPs for the films from both blends. The mixed
SLD value indicates presence of POSS, PDMS, and PS at the substrate interface in pristine
state. The SLD value of the substrate interface increased with temperature, which almost
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becomes that of pure PS at higher temperature. This change in SLD value is attributed to
the migration of POSS and PDMS segments away from the substrate interface.

Total Th

Air interface Th

a

Air interface amp

b

Substrate interface amp

d

c

Figure 7.8: Changes in total thickness and air interface thickness a and b, whereas c and d
are changes in amplitude at the air and substrate interface of the films from10k-10k ( )
and blend with POSS (

) as a function of temperature. The dashed line represents a

guideline

190

The distribution of NPs within the film and its effect on the segregation of the
blocks are estimated by comparing the changes at different regions of the film prepared
from pure diblock and blend films. The distribution of NPs and its effect on structure of
the diblock with lower MW are shown in Figure 7.8.
Figure 7.8a, b represents the changes in total thickness and the air interface
thickness for the films prepared from pure diblock with low MW and blend with POSS.
The overall thickness slightly increased for the film from pure diblock whereas the blend
film thickness decreased with temperature as shown in Figure 7.8a. This different behavior
could be due to the segregation between the incompatible PS and PDMS block in pure
diblock that enhances the stretching of the layers resulting increase in thickness while in
blend segregation of NPs from interfaces to the layers decreases the thickness. As a result
of rearrangements, the film thickness increased by approximately 4nm in pure diblock
whereas blend film decreased by approximately 7nm. These different behaviors show that
presence of NPs enhanced rearrangement in the blend film.
The changes in thickness of the layer at the air interface is slightly different for the
films from pure diblock and blend. The thickness increased in the film from pure diblock
whereas blend film showed only a small change, Figure 7.8b. Changes are observed in both
films at temperature below Tg of PS. Stress applied during spin coating is released with
temperature that allows the blocks to rearrange with the migration of lower surface energy
component PDMS inducing a change in the surface thickness. Figure 7.8c and d show the
changes in the SLD at the air interface and substrate interface for pure diblock and blend
films. The air interface SLD decreased for pure diblock with an increase in temperature
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while SLD hardly changed in blend film. In pure diblock, segregation of PDMS towards
the air interface decreases the SLD whereas presence of a stable NP layer at the air interface
of blend film renders the segregation of PDMS. Though pure and blend film showed
different SLD values at the substrate interface in the pristine state, at higher temperature
SLD of both films become closer to that of pure PS. This shows that with temperature,
PDMS as well as NPs present at the substrate interface migrates from the substrate interface
to PDMS rich layers.
Similarly, the effect of matrix size on distribution of NPs evaluated comparing
changes at different regions of the thin film of the diblock with higher MW and the blend
film as shown in Figure 7.9. Change in overall thickness of the films and the air interface
thickness is shown in Figure 7.9a, b. The overall thickness of both films decreased with
annealing above Tg of PS, as shown in Figure 7.9a. Similar to the thickness change in the
blend from the low MW, blend from higher MW film also showed a larger decrease in
thickness compared to the pure film. This change in thickness is attributed to the
rearrangement within the film due to the segregation between incompatible blocks as well
as NPs. As a result of rearrangements, the film thickness decreases by approximately 7nm
in the pure diblock whereas approximately 16nm in the film prepared from blend.
Similar trend of change in the air interface thickness is observed for both films
(Figure 7.9b). The thickness of the air interface of both films increased with temperature.
Both films showed almost similar increase in thickness. With an increase in segment length
compared to the size of NPs, both pure diblock and blend films behave similar at the air
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interface. Annealing films above Tg, removal of stress and migration of the lower surface
energy component PDMS towards the surface results change in thickness.

Air interface Th

Total Th

a

Air interface amp

b

Substrate interface amp

c

d

Figure 7.9: Changes in total thickness of the film, layer thickness at air, variation in
amplitude at the air interface and the substrate interface of the film a, b, c and d prepared
from 50k-50k ( ) and blend with POSS ( ). The dashed lines are guideline to eye.
Figure 7.9 c and 7.9 d show the change in SLD at the air interface and the substrate
interface for both films. At the pristine state, SLD at the air interface (Figure 7.9 c) for both
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films is almost same indicating formation of similar structure where the air interface is
dominated by PDMS block. The SLD value of the air interface of the film from pure
diblock attained the SLD value of pure PDMS while a minimal decrease is observed in
blend with increase in temperature. In pure diblock, migration of lower surface PDMS
towards the air interface enriches surface with PDMS whereas in the blend, migration of
PDMS together with NPs result in the SLD value of polymer and NP mixture. The SLD
value change in blend is less compared to pure diblock thin film. Towards the substrate
interface (Figure 7.9d), the amplitude of the blend is lower than that of the pure PS
indicating presence of small amount of PDMS in the pristine film. The SLD value increased
in both films at higher temperature, indicating enrichment of PS blocks at the substrate
interface with a segregation between the blocks and a migration of NPs away from the
substrate interface. At higher temperature, the SLD value of the substrate interface of the
blend becomes similar to that from the pure film. The results show that independent of the
MW of the matrix used, the substrate interface is enriched with the PS whereas POSS
predominately resides in siloxane rich layers with increase in temperature.
Figure 7.10 shows a multilayer model formed by blend of high MW diblock thin
film and migration of POSS NPs after annealing the film. In the pristine state, the air
interface is rich with PDMS together with NPs while the substrate interface is rich with PS
and NPs. As film is annealed above Tg due to the rearrangement between the blocks, layers
become more defined and NPs migrate towards the air interface and most of them reside
in PDMS rich layers.
.

194

Air

Air

PDMS rich region
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Substrate
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Figure 7.10: Schematics showing the layered structure and migration of POSS NPs with
annealing in the thin film prepared from PS-b-PDMS and POSS blend.
Conclusion:
The structure and distribution of isobutyl substituted POSS NPs in the
nanocomposite thin film prepared from POSS and PS-b-PDMS with different molecular
weight of the diblock and the annealing temperature was studied using neutron
reflectometer. POSS nanoparticle used in this study has no preference for the PS block or
the PDMS block. Surface induced layering was observed at the pristine state for both pure
diblock thin films as well as in nanocomposite thin films due to the difference in surface
energy between polystyrene and siloxane blocks. In thin films from pure diblock, the air
interface was rich with siloxane blocks whereas the substrate interface layer was rich with
polystyrene block. Annealing the film above Tg of pure PS, air interface enriched with the
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PDMS segments whereas the substrate interface with the PS block due to the rearrangement
within the films. The rearrangement takes place in the entire film while significant changes
were observed at the interfaces with the increase in temperature.
Though NPs distributed throughout the film for both nanocomposite, the
distribution at the air and substrate interfaces showed dependence on the size of the
polymer matrix used. At the air interface NP rich thin layer was formed in the low MW
nanocomposite thin film due to segregation whereas a mixed layer was formed in the high
MW blend in the pristine state. The substrate interface of both nanocomposite formed with
mixed composition of PS, PDMS and POSS in the pristine state. Annealing showed a
nominal effect at the air interface composition for the low MW blend compared to the high
MW blend. The substrate interface enriched with PS at higher temperature in both blends
with the migration of POSS and PDMS towards the PDMS rich layers. At higher
temperatures, changes were observed throughout the film but most of the rearrangements
were observed towards the substrate interface in the nanocomposite. Independent of the
size of matrix polymer, the trend of change at the air interface was same. NPs
predominantly segregated towards the PDMS rich layers independent of the MW of the
matrix, with increase in temperature.
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CHAPTER EIGHT
SUMMARY

The goals of this research is to investigate the interfacial structure, stability and response
of a complex diblock copolymer thin films. In first system the complexity of the diblock is
increased by addition of small segment of the fluorine in polymer backbone and in second
system diblock is blended with nanoparticles. In the semifluorinated diblock copolymer
thin films, we have investigated the response of the thin film to different environment,
stability of the film as well as effect of solvent on the topography formed. In polymer
nanocomposite, we investigated the effect of size of the matrix and flexibility of the block
on distribution of the nanoparticles. The results of the study from both systems are
summarized below
1. Semifluorinated diblock copolymer under confinement:
We probed the interfacial structure and stability of the SiF-b-PS thin film with
different fraction of fluorinated block to temperature. We found that independent
of the fraction of SiF block, assemblies are observed. Thin film formed layered
structure with alternating fluorine rich and proton rich layers except for the very
small fraction of the fluorinated block. Annealing the film, layers become more
defined enhancing air interface with fluorine. Surprisingly this phenomenon was
also observed even for the film from the lowest fraction of SiF block. The layered
structure is maintained even annealing at much higher temperature than glass
transition temperature of polystyrene.
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2. The effect of the solvent and casting method on surface properties of
semifluorinated diblock copolymer thin films:
The topography and film stability of the SiF-b-PS thin films prepared from different
solvent and processing condition was investigated as a function of temperature. The
surface morphology formed depend on the quality of the solvent used to prepare
the thin film except for the very small fraction of the fluorinated block. Effect of
solvent and film forming condition became more pronounced with increase in SiF
fraction. Independent of the condition to cast the film, diblock with the highest
fraction of fluorinated block showed faster response to temperature. Surface
hydropbhocity of films from all SiF fraction increased with the increase in
temperature. Independent of film preparation condition small fraction of SiF block
enhanced stability of the film.
3. Response of small fluorinated segment containing semifluorinated diblock
copolymer thin films to water stimuli:
We studied the response of the SiF-b-PS thin film with different volume fraction of
SiF block to water stimuli as a function of exposure time. In all volume fractions
the changes were observed at the early stage of the exposure time. Rearrangement
and dispersion of water within the film depend on the volume fraction of the SiF
block. Increasing the volume fraction of SiF block hindered the water penetration
inside the film. Small change in thickness after exposing for extended period of
time with change in SLD within the film showed rearrangement between the blocks
with the change in environment.
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4. Response of flexible siloxane containing semifluorinated diblock copolymer thin
films to selective solvents:
We studied the response of SiF-b-PS thin films to the selective hydrophobic solvent
using neutron reflectometry. Thin films were exposed to decane vapor which is non
selective for both blocks and toluene which is selective for PS block. The response
of the thin film to both solvents and swelling of the film depend on the fraction of
the SiF block. When exposed to decane, solvent penetrates predominantly to the
upper layer of the film. The penetration within the film decreased with increase in
SiF fraction. Solvent penetrated throughout the film with lower volume fraction of
fluorinated block whereas small changes were observed at the middle of the film
and towards substrate interface for diblock with higher fraction of SiF block.
Mostly changes were observed the air interface compared to middle of the film and
substrate interface. Exposing film for extended period of time solvents mostly
resided at the PS rich layers.
5. Distribution of POSS nanoparticles in symmetric diblock copolymer thin film
nanocomposite:
We studied the effect of relative size of the NPs with respect to the polymer layer
size and flexibility of the block in the distribution of POSS NPs as a function of
temperature. The POSS NPs have no obvious preference for any of the block.
Layering structure was formed on the film prepared from pure diblock. Though the
NPs are distributed throughout the film, distribution at air and substrate interface
depend on the size of the matrix used. Nanocomposite prepared from low molecular
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weight matrix, a thin layer rich with POSS was observed which was absent in the
matrix with larger size. Annealing the film above Tg of polystyrene, rearrangements
were observed at the air and substrate interface. At higher temperature NPs
segregated towards the flexible PDMS rich layer throughout the film.
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