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ABSTRACT
This work focuses on the association of a structured multifunctional co-polymer
in solutions and thin films as studied using neutron techniques and atomic force
microscopy. Tethering multiple blocks into structured architectures is a promising way to
tailor block copolymers with well-defined properties. Polymer films are often cast from
solutions. Therefore, understanding the association of complex polymers in solutions and
the impact of the aggregates into thin films is crucial to design materials with welldefined properties. Ionically-decorated blocks facilitate transport of ions and response to
electrical fields. However they also affect the polymer structure. This work is divided
into two sections. The first one resolves aggregation of a symmetric van der Waals
pentablock polymer in solutions. The second follows film structure as charged groups are
introduced. Specifically, we probed the assembly of polymers having an A-B-C-B-A copolymer architecture, where co-polymer C is polystyrene, B is hydrogenated poly
(ethylene-r-propylene) and A is poly (t-butyl styrene). In solutions we studied non-ionic
pentablock polymers and in thin films we studied ionic pentablock polymers.
In the solution study, the solvent polarity was tuned by controlling the ratio of
cyclohexane to propanol. We find that, in contrast to most block copolymers, this
pentablock polymer associates into fractal aggregates in cyclohexane which become more
self-similar with increasing temperature. Increasing solvent polarity, by addition of
propanol, drives the collapse of pentablock chains which leads the formation of more
spherical aggregates. The structured architecture of the pentablock polymer enhances
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entropy resulting in less well-defined shapes that are maintained over a broad temperature
range.
In thin films, we probed the ionic analog of the above co-polymer where C is a
randomly sulfonated polystyrene with sulfonation fractions of 0, 26 and 52 mole %, as
the sulfonation level and thermal annealing times are varied using atomic force
microscopy, surface tension measurements and neutron reflectivity. Our results show
that as cast films form layers with both hydrophobic blocks dominating the solid and air
interfaces and the ionizable block segregates to the center. With annealing at 170°C,
above Tg of styrene sulfonate, the films coarsen, with surface aggregation dominating the
structure, though interfacial regions remain dominated by the hydrophobic segments.
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CHAPTER ONE
INTRODUCTION
The goal of the research is to enhance the fundamental understanding of the
association of complex structured block co-polymers in solutions and thin films. Block
copolymers have been used in different fields for a variety of applications due to their
ordered structure. Understanding the association of complex polymers in solutions and
propagation of the aggregates into thin films is crucial in order to design materials with
well-defined properties. In this research, a complex multifunctional pentablock
copolymer was studied both in solutions and thin films. Effect of solvent polarity and
ionic content of the polymer structure in solutions and thin films will be discussed. In this
chapter, a brief review of block copolymers followed by self-assembly of block
copolymers will be presented and the specific system studied will be introduced.
Block Co-polymers
Block copolymers (BCPs) are macromolecules which consists of two or more
polymeric blocks connected to each other covalently. According to the number of
constituent blocks (n), BCPs are categorized as diblock (n=2), triblock (n=3), tetrablock
(n=4), pentablock (n=5) and so on. Various connecting pathways give different
architectures such as linear, star-like, comb polymers and grafted polymers. When the
incompatibility between blocks is high the tendency for the blocks to separate increases.
Since there are restrictions imposed by covalent bonds that connect different blocks,
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block copolymers exhibit a behavior similar to amphiphilic molecules. These
macromolecules have gained a significant attention due to their ability to form various
nanostructures as a result of self-assembly.1,2
Molecular self-assembly is found everywhere in nature. For example, living cell
membranes are formed by self-assembly of phospholipids. Self-assembly of small
amphiphilic molecules has been studied for many years and various morphologies such as
spheres, cylinders, bicontinous structures, lamellae and vesicles are observed both in bulk
and in solutions.3,4 Similarly, self-assembly of block copolymers in bulk5,6, and in
solution6,7 are observed. Polymer aggregates show higher stability and durability
compared to small-molecule aggregates due to their mechanical and physical properties.
Polymer self-assembly has gained a great attention due to the various morphologies
formed in solutions and they have many potential applications such as drug-delivery
vehicles8, nanoconductors9, timed and chemically induced release capsules.10 Block
copolymer self-assembly is influenced by molecular variables such as degree of
polymerization, number of blocks, number of block types, as well as polymer topology.11
Understanding the contribution of these factors on the phase behavior of block
copolymers is important to tune the properties for desired applications.
Among the various types and architectures, linear A-B type block copolymers
have been most widely studied both experimentally5

,12

and theoretically.13,14 Generally,

block copolymers with immiscible blocks microphase separate in to variety of structures.
This phase segregation depends on three parameters; (1) the total degree of
polymerization, N, where N=NA+NB (2) the volume fraction of each block, fA=NA/N for
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block A and fB=NB/N for block B where NA is the number of A monomers per molecule,
NB is the number of B monomers per molecule, and (3) the Flory-Huggins parameter,
χN13. The χ-parameter is an indication of the degree of incompatibility between blocks
and it comes from the balance between enthalpy and entropy of the system. The FloryHuggins mean field theory is described by using a lattice model where the entropy of
mixing for a binary mixture per lattice site is expressed by equation 1.115,
(1.1)
where kB is the Boltzmann constant. The energy of mixing per lattice site is given by
equation 1.2,
(1.2)
The Helmholtz free energy of per lattice site is obtained by combining equation
1.1 and 1.2 where both the entropic and enthalpic contribution are considered and is
given by equation 1.3 and 1.4,
(1.3)
(1.4)
where equation 1.4 is known as Flory-Huggins equation. For an AB diblock copolymer
the relationship between the Flory-Huggins interaction parameter χAB and temperature
(T) is given by equation 1.5,
(1.5)
where z is the number of nearest neighbor per repeat unit in the polymer, and ε AB, εAA
and εBB are the interaction energies per repeat unit of A-B, A-A and B-B, respectively.
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The χAB is determined by the chemical nature of A and B monomers. Negative
χAB indicates attraction between the segments which causes them to drive towards mixing
which favors a single phase. Positive χAB indicates net repulsion, for which phase
segregation is favored. Due to the inverse relation of χAB with temperature, decrease in
temperature increases χ that results a phase transition from a disordered to an ordered
phase. At higher temperatures, the system is dominated by entropy where it will be in the
disordered state.

(a)

(b)

(c)

Figure 1.1 Diblock copolymer phase diagram (a) theoretically derived from selfconsistent mean-field theory and (b) experimentally from poly (isoprene-b-styrene) based
on volume fraction, fA and Flory-Huggins interaction parameter, χN.16 (c) Representative
structures for constant χN with increasing fA. (S-spherical, C-cylindrical, G-gyroid, and
L-lamellar).14
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The theoretical phase diagram for diblock copolymers derived by Matsen and
Schick16 using the mean-field theory is shown in Figure 1.1 (a) and experimental phase
diagram for poly (isoprene-b-styrene) is shown in Figure 1.1 (b). Both phase diagrams
are in good agreement. The assembly structure varies from a disordered or mixed state to
spherical, cylindrical, gyroid and lamellar phases as with the change in the volume
fraction of one of the blocks as shown in Figure 1.1 (c).
Block copolymers in solutions
Block copolymer phase behavior in solutions is more complex because of
different solvent selectivity towards each block. Complexity increases as with increasing
the number of components in the solution. The conformation of block copolymers
dispersed in a solvent depends on interaction between different polymer blocks as well as
the interaction between each block and the solvent.
In general, three situations are considered depending on the polymer-solvent
interaction, good, theta and poor solvent. When monomer-monomer repulsions are larger
compared to solvent-monomer repulsion the polymer has an extended conformation and
that solvent is considered a good solvent. In a theta solvent polymer has the ideal
conformation where there is no net interaction between the monomers. In a poor solvent,
the attraction between monomers is larger and therefore polymer chain collapses.
End-to-end distance (R) is one measure of polymer dimension in which for a
linear polymer chain with n number of bonds with l length, the mean squared end-to-end
distance is given by equation 1.615,
(1.6)

5

Polymers rarely have an ideal state in reality but remain in random coil
configuration. The dimension is then expressed using the radius of gyration, R g, which is
given by equation 1.7,
(1.7)
where N is the number of monomer,

is the position vector and

is the center of

mass. The Rg in solutions and N holds the relation expressed in equation 1.8,
(1.8)
in which b is Kuhn length and ν is the scaling exponent with 0.6, 0.5 and 0.3 for good,
theta and poor solvents respectively15.
Ionomers
Ionomers are polymers that contains ionizable groups. They have gained attention
due to various current and potential applications such as ion-selective coatings17, electrodialysis18, bio-medical applications19 and energy related devices.20 Ionomers are used as
solutions, supported thin films or membranes. Among many, sulfonated polystyrene
(sPS) is one of the first used and most widely studied ionomers because of the ability to
make sPS with definite molecular weight and sulfonated fractions. The sPS was
introduced to polymer electrolyte membrane fuel cells20, but the ion transport capacity or
the degree of sulfonation was limited because at higher degrees of sulfonation these
random copolymers become water soluble. However due to mechanical and chemical
drawbacks development of new ionomers with desired chemical and mechanical
properties energy filed applications was important. This goal was achieved by
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introducing different ionizable units, heteroatoms, or introducing different polymer
backbones. This leads to microphase separated ion-rich domains that controls the
physical properties of the polymers such as glass transition temperature (Tg), viscosity,
mechanical strength as well as ion transport. For energy applications, controlling the
dynamics of the polymer backbone, counter ions and guest molecules is important. On
the way to maximize ion transport while optimizing the mechanical stability, Nafion was
introduced21 and it has been studied widely as a Proton Exchange Membrane (PEM) fuelcell membrane.22,23,24,25 However due to high production cost and high methanol
permeability of Nafion membranes26 relevant to direct methanol fuel cells, development
of new material was needed.
Morphological models for random ionomers
Since ionomers have different physical properties, ionomer behavior was widely
studied and many different morphological models were proposed. Among them, the
Eisenberg model based on a theoretical approach was developed in 197027 and revised in
199028 supporting with experimental findings. This model is based on an assumption that
in a low dielectric constant medium, ions form multiplets whose size is determined by the
balance elasticity of the chains and the electrical work of cluster collapse. Below a certain
temperature, Tc these ionic multiplets aggregate to form clusters which in turn reduce the
mobility of the polymer in their vicinity. These regions of restricted mobility overlap and
form larger contiguous regions when ion content increases. When these contiguous
regions are sufficiently large enough to have their own Tg they are called clusters and
they exhibit a phase-separated behavior.
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Figure 1.2 A schematic of the formation of multiplets in an ionomer solution. Purple
lines corresponds to the polymer chains, green circles corresponds to anions and red
circles corresponds to counter ions.
Structured Ionizable Block Copolymers
Tailoring multiple block copolymers, for which each block has a specific role, has
been one of the most promising pathways to overcome drawbacks of the materials for ion
transport. This approach enhances the complexity of polymer which then affects the
assembly of polymers both in bulk and in solution. These type of block copolymer
containing ionizable or ion-transporting blocks are of interest because the incompatibility
between individual blocks leads to formation of structured materials with ionic domains
that facilitate ion transport and hydrocarbon domains that provide mechanical stability.
However, despite immense effort, under the conditions where ion transport is maximized
the mechanical and chemical stability are often compromised. Assembly of di and tri
block copolymers in low segregation regime has been studied both experimentally and
theoretically.2,29 Bates et al. review some of the aspects of multiblock polymers11;
however the effect of complexity of multifunctional block copolymers on their structure
and dynamics is yet to be resolved.

8

Figure 1.3 Chemical structure of randomly sulfonated block copolymer, poly [t-butyl
styrene-b- ethylene-r-propylene-b-sulfonated styrene-b-ethylene-r-propylene-b-t-butyl
styrene], (tBPS-PE-PS/sPS-PE-tBPS). Sulfonation fraction of the middle block is given
by x.
In this study the ABCBA type copolymer is used where A represents tertiary
butyl polystyrene block, B represents poly ethylene-r-propylene block and C represents
randomly sulfonated polystyrene block (Figure 1.2). This structured polymer was
designed by Kraton Polymers LLC. to facilitate ion transport by randomly sulfated
polystyrene middle block surrounded by rubbery poly ethylene-r-propylene blocks to
give flexibility and ending with bulky tertiary butyl polystyrene blocks to provide
mechanical stability.30
Due to high incompatibility between the blocks this polymer tends to micro phase
separate in solutions. This phase segregation directly affects their applications and
therefore it is crucial to control the structure and dynamics under certain conditions to
achieve desirable properties. An in-depth understanding of the association of this
structured polymer in solutions and also aggregation of the polymer in thin films is
important in order to design membranes with well-defined properties.
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Overview
This thesis is intended to enhance the fundamental understanding of the
association of this pentablock copolymer in solutions as well as in thin films. The thesis
is organized in the following way.
Chapter 2 will review the fundamentals of the experimental techniques used in
this study. The basics of the Small Angle Neutron Scattering (SANS) and Atomic Force
Microscopy (AFM) will be briefly reviewed.
Chapter 3 explores the association of pentablock copolymer in a solvent mixture
where we have tuned the solvent polarity by changing dielectric constant of the solvent.
The non-sulfonated pentablock was studied here which is used as a precursor to
synthesize ion transporting materials. First, the association of the pentablock and the
effect of temperature on the association in relatively nonpolar solvent has been studied.
Then, the effect of solvent polarity is investigated.
Chapter 4 presents the effect of sulfonation and thermal annealing time on the
aggregation of pentablock copolymer in thin films. Thin films of pentablock with varying
sulfonation fraction were studied.
Chapter 5 will present the overall summary of the research.
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CHAPTER TWO
EXPERIIMENTAL METHODS
This study used predominantly two techniques, Small Angle Neutron Scattering
(SANS) and Atomic Force Microscopy (AFM). These techniques will be briefly
described in this chapter. Contact Angle Measurements were used as needed. They will
be discussed together with the results.
2.1 Small Angle Neutron Scattering
Small angle neutron scattering (SANS) is an elastic scattering technique that is
used for investigating the structure of materials. SANS probes structures of about 101000 Å and provides size and shape of objects in form factors as well as long range
correlations represented in structure factor.1

Figure 2.1 An illustration of a scattering of incoming neutron beam by a sample. Here,
ki, kf and q are initial wave vector, final scattered wave vector and momentum transfer
vector respectively.
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The basic neutron scattering experiment is schematically shown in Figure 2.1
where, ki and kf are initial wave vector and final scattered wave vector respectively.
Wave vector, k and momentum transfer vector, q, are given by,
(2.1)
(2.2)
Since SANS is an elastic scattering process where neither energy nor momentum
is exchanged, the change of energy is zero and the magnitude of wave vector and the
wavelength are unchanged upon scattering.
(2.3)
By considering the relationship between wave- vectors and momentum transfers
for elastic scattering, the relationship between q and k is expressed in equation 2.4,
(2.4)
(2.5)
Combining equation 2.5 with Bragg’s law1;

, where θ is the

scattering angle, d is the distance between the diffraction planes and n is the diffraction
order which is an integer, the relationship between the momentum transfer vector and the
distance between diffraction planes is obtained and it is given by the equation 2.6,
(2.6)
Further, q depends on both scattering angle and wavelength and therefore SANS
probes the samples by varying either wavelength or scattering angle or both.1 In a
scattering experiment, the fraction of incident radiation that is scattered from the sample
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within a unit solid angle (dΩ) per unit time is measured and it is known as the differential
scattering cross-section. Neutrons have a high penetration power to hydrocarbon media
due to a relatively smaller neutron scattering cross section. The scattering length density
(SLD) of the nucleus is a measure of the ability of neutrons to interact with atoms which
is expressed by equation 2.7,
(2.7)
where ρ is the density of scattering object,

is the Avagadro’s number,

molecular weight of the scattering objects and

is the scattering length of each element

is the

in the scattering object.
As shown in equation 2.7, neutron SLD of a material is a normalized sum of
scattering length of all the elements in the scattering material/object2; this fact offers an
advantage to neutron related techniques in studying soft materials where the scattering
contrast (Δb) is used to make the same material look different for incoming radiation by
isotope labelling. For an example, the scattering contrast (Δb) between hydrogen (b=3.7390 x 10-6 Å-1) and deuterium (b=6.671 x 10-6 Å-1) is widely used to study structure
and dynamics of polymers in hydrocarbon solvents.
The scattered neutron beam consists of two components coherent and incoherent
scattering. The information of spatial arrangement of scattering objects is contained in
coherent component while the information of dynamics of scattered objects is contained
in incoherent component. In SANS, only the coherent component is used and therefore
the incoherent component is subtracted as background. The scattering intensity of SANS
is therefore given by the equation 2.8,
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(2.8)
where, N is the number of scattering objects, V is sample volume, Δb is scattering
contrast that is equal to the difference of SLDs of scattered objects and their surrounding
medium, Vobj is volume of one scattering object, F(q) is the form factor and S(q) is the
structure factor and Binc is the incoherent scattering contribution. The Form factor
explains the shape of scattering objects while the structure factor gives the correlation
between scattering objects which equals to one for dilute systems.
The SANS measurements of this research were carried out at GP-SANS at HFIR,
Oak Ridge National Laboratory3. The scattering contribution of the isolated sample
cannot be measured directly. SANS detectors measure the superposition of scattering
intensities from background noise, scattering from sample holder and scattering of the
sample. All the contributions to the scattering intensity are measured separately and then
the background is reduced. Data recorded on 2-dimensional detectors were integrated into
one-dimensional scattering patterns using SPICE4, the default software at GP-SANS.
Finally, the SANS data were analyzed using the SANS and USANS Data Reduction and
Analysis software available at NIST.5
Initially, the SANS data are analyzed using standard plots to obtain basic
understanding to carry to model based analysis6. The slope of the Porod plot, log (I) vs
log (q) at intermediate q range is an indication of the overall structure of the scattering
objects. For an example a Porod slope -1 for cylinders, -2 for Gaussian chains or lamellar
phase, and -4 for spheres. The Guinier plot, Ln[I(q)] vs Q2 is used to obtain the slope
Rg2/3 (Rg is the radius of gyration of the scattering objects). The radius of gyration

16

represents the effective size of the scattering objects. The information obtained from
these standard plots are then used to fit into empirical models representing form factors to
get a more detailed analysis of SANS data. The form factors used in this study are fractal
form factor and fuzzy sphere form factor combined with Beaucage power law.
Fractal form factor7 Fractals are disordered aggregates which are geometrically
self-similar to each other. The scattering intensity from the fractal aggregates is
calculated by equation 2.9,
(2.9)
where F(q) is the scattering from randomly distributed spherical "building block"
particles or the form factor, which is given by equation 2.10,
(2.10)
where,

, is the volume of each particle, R0 is the particle radius, Δρ is the

scattering contrast, q is the momentum transfer vector. These spherical particles
aggregate to form fractal-like aggregates which have a correlation length (ξ)
corresponding to their overall size, and fractal dimension (D) expressing the selfsimilarity between fractals. Fractal dimension, D is a measure of self-similarity of fractals
which is calculated using equation 2.11,
(2.11)
The interparticle structure factor (S(q)) in equation 2.9 is given by equation 2.12,
(2.12)
and the aggregation number is calculated using equation 2.13,
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(2.13)

Fuzzy sphere form factor8 Here, the scattering from spherical particles with a
“fuzzy” interface is considered. The scattering intensity is given by equation 2.14,
(2.14)
where scale factor is equal to the volume fraction of spheres, <F2(q)> is the form factor,
V is the volume of spheres, ξ is the correlation length of the fluctuations arising from the
microgel network. The form factor <F2(q)> is given by equation 2.15,
(2.15)
where R is the particle radius, σsurf is the width of the smeared particle surface.
Beaucage power law9,10,11 This is an empirical multiple level unified exponential/
power-law method which is able to reasonably approximate the scattering from many
particles, including fractal clusters, random coils, ellipsoidal particles. The function is
given by equation 2.16,

(2.16)
Four structural levels are included based on the basic structural units in the system. The
parameters Pi, Rg,i, Bi and Gi must be chosen for each levels. The slope of the Porod
region is expressed by Pi, the radius of gyration is given by Rg,i, and Bi is a pre-factor
specified according to the Pi, and Gi is the Guinier pre-factor, a constant defined by the
composition and concentration of the polymer chains in the solution.
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2.2 Atomic Force Microscopy
Atomic Force microscopy is used for visualization of thin film surface with a
nanometer resolution without perturbing the material.12,13 As illustrated in Figure 2.2,
typical AFM consists of a cantilever with a sharp tip mounted at the end, piezo-electric
tube scanner with a photo detector to control the movement of the tip, feedback controller
to keep the deflection of the cantilever constant and an image system to create a surface
profile.12

Figure 2.2 Schematic representation of the typical components of Atomic Force
Microscopy.
As the tip raster scans the surface, tip senses the atomic force between the tip and
the sample. This force causes the cantilever to bend, of deflect. As the tip probes the
surface, the cantilever deflection is measured by the detector and the computer generates
a map of the surface topography. The interaction between sample surface and the tip is
given by Hook’s law14,
(2.7)
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where k is the spring constant of the cantilever and x is the cantilever deflection. These
interactions include short-range forces including intermolecular repulsive forces and van
der Waals forces as well as long-range forces including magnetic forces, electrostatic
forces, frictional forces, capillary forces and dipole-dipole interaction forces.12

Figure 2.3 The force distance curve characteristic of the interaction between the AFM tip
and the sample. Each operational mode corresponding to different tip-sample distances
are marked on the force curve.
In general, there are three modes of operation used in AFM by controlling the tipsample distance; contact mode, tapping mode or intermittent mode and non-contact mode
(Figure 2.3).
The contact mode is more suitable for studying hard materials where the tip keeps
physical contact with the sample during scanning. In non-contact mode the tip oscillates
during scanning and a feedback loop is used to monitor the changes in the amplitude due
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to van der Waals forces enabled surface topography measurements. In tapping mode, a
minimum tip-sample forces are required and therefore proven to be more suitable for
studying soft materials. In this study tapping mode AFM was used.
In tapping mode, the cantilever vibrates at its resonance frequency and the tip
lightly taps on the sample surface during scanning. Topography image of the surface is
obtained by tracking the change in amplitude. This mode does not damage the original
sample surface.
The AFM tips used in this study are pyramidal and made from Si3N4. The tips are
several microns long and the diameter at the tip end is less than 10 nm. The cantilever is
about 100-200 μm long and the elastic spring constant varies between 0.01-50 N/m,
providing tip-sample forces of about 100 nN or less. In tapping mode AFM, the
resonance frequencies of the cantilever range from 300 to 400 kHz and the operating
amplitude varies between 10-100 nm under ambient condition.
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CHAPTER THREE
ASSEMBLY OF HIGH DIMENSIONALITY COPOLYMERS IN SOLUTIONS
Abstract
The self-assembly of high dimensionality copolymers in solutions is governed by
a delicate balance between inherent phase segregation due to high incompatibility of the
blocks and the interactions of each of the blocks with the solvents. Tethering multiple
blocks into structured architectures is a promising pathway to tailor block copolymers
with well-defined properties. With increasing complexity, the parameter space that
controls their behavior increases as well. Here we probed the assembly of a dilute
solution of A-B-C-B-A architecture, co-polymer with C is polystyrene [PS], B is poly
(ethylene-r-propylene) [P(E-r-P)] and A is poly (t-butyl styrene) in solutions using Small
Angle Neutron Scattering (SANS). Solvent quality was tuned by controlling the ratio of
cyclohexane to propanol. We find that in cyclohexane, the pentablock associates into
fractal aggregates that become more self-similar with increasing temperature. Increasing
solvent polarity, by addition of propanol, drives the collapse of pentablock chains which
leads to the formation of more spherical aggregates. The structured architecture enhances
entropy resulting in less well-defined shapes that are maintained over a broad temperature
range.
Introduction
Diblock copolymers have a rich phase diagram in solutions varying from
cylindrical aggregated to rods, lamellar phases, vesicles and spherical micelles.1 This rich
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variety of phases depends on the volume fraction of blocks and different solvent
selectivity towards each of the block. Self-assembly of diblock co-polymers in selective
solvent for one of the blocks is widely studied both experimentally2,3 and theoretically.4,5
The phase behavior of poly (isoprene-b-styrene) in near the order-disorder transition is
widely studied and four distinct phases have been identified, lamellae, hexagonally
packed cylinder, a bicontinuous cubic microstructure and a hexagonally perforated
layered morphology.6 Further, the effect of selective solvent for styrene on the structure
of poly (styrene-b-isoprene) and the shape sequence from sphere to cylinder to vesicle is
studied for organic systems as well.7 The geometries, dimensions as well as stability of
the diblock copolymer micelles is mainly determined by the minimization of overall free
energy.
Generally, polymer aggregates show higher stability and durability compared to
small-molecule aggregates due to their mechanical and physical properties. Block
copolymer self-assembly has gained great attention due to the various morphologies
formed in solutions have many potential applications such as drug-delivery vehicles8,
nanoconductors9, timed and chemically induced release capsules.10 Block copolymer selfassembly is influenced by molecular variables such as degree of polymerization, number
of blocks, number of block types, as well as polymer topology.11 Understanding the
contribution of these factors on the phase behavior of block copolymers is important to
tune the properties for desired applications. Block copolymers with immiscible blocks
microphase separate in to variety of structures. This phase segregation depends on three
parameters; (1) the volume fraction of each block, fA=NA/N for block A and fB=NB/N for
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block B where NA is the number of A monomers per molecule, NB is the number of B
monomers per molecule, (2) the total degree of polymerization, N, where N=N A+NB and
(3) the Flory-Huggins parameter, χN12. The χ-parameter is an indication of the degree of
incompatibility between blocks and it comes from the balance between enthalpy and
entropy of the system.13
Ionizable membranes made from block copolymers have become one of the best
materials in energy applications since they offer the ability to synthesize polymers with
both higher transport properties as well as higher mechanical stability. One of the
promising ways to get this type of polymer is by tailoring multiple block copolymers by
attaching blocks with different functionality. This in turn increases the complexity of
block copolymer which affects the phase behavior in solutions. Since these solutions are
often used as precursors to cast thin films or membranes where it impacts the film
structure and properties it is very important to understand the phase behavior of these
complex multiple block copolymers to control their structures and properties.
Self-assembly of these multiple block copolymers in solutions is mainly governed
by the incompatibility of blocks which leads to phase segregation and the solvent
selectivity. With increasing incompatibility of blocks interfacial tension between the
blocks increases and significantly contributes to increase in overall free energy. Bates et
al. discussed in details the molecular variables that influence block polymer selfassembly such as number of blocks, number of block types, degree of polymerization, as
well as polymer topology.11
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In this work, we study solution assembly of a symmetric pentablock copolymer as
the solvent polarity are changed using Small Angle Neutron Scattering (SANS) and
Molecular Dynamics (MD) simulations. We show for the first time that such copolymers
form fractal aggregates in solutions. Fractals are disordered aggregates that are selfsimilar to each other. Fractal aggregates have been observed for some polymers; for
example from conjugated polymers in solutions and diblock copolymers in thin films.14
Fractal aggregates observed for pentablock copolymers will be discussed further in the
results and discussion section of this chapter where we attribute the formation of fractals
in solutions to balance between the higher entropy of blocks and the inherent phase
segregation within the blocks.
Increasing complexity by tailoring more blocks enhances the ability to tailor more
properties. However, increasing the number of blocks with diverse nature affects the
balance that determines the assembly of copolymers in solvents. Pentablock, A-B-C-B-A
co-polymer which is synthesized by Kraton Polymers LLC is one multifunctioning block
copolymer that has current and potential applications in cleaner energy and separations.
This polymer consists of an A block of poly (tertiary-butyl-styrene) and B block of poly
(ethylene-r-propylene) block while C block is polystyrene (t-bPS-b-PE-b-PS-b-PE-b-tbPS) (Figure 3.1). This copolymer serves as a precursor to synthesize ion-containing
polymers with varying ion exchange capacity by randomly sulfonating the polystyrene
middle block. The sulfonated polystyrene block provides ion transport and poly (t-butylstyrene) provides mechanical stability while poly (ethylene-r-propylene) provides
flexibility to the overall structure15.
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Figure 3.1 Chemical structure of pentablock copolymer, poly [t-butyl styrene-b-ethylener-propylene-b-styrene-b-ethylene-r-propylene-b-t-butyl styrene], (tBPS-PE-PS-PE-tBPS).
Recent studies of the ionic analog of this polymer was focused on the ionic
pentablock both experimentally and theoretically.16,17,15,18 Both solution studies and
membrane studies show that solvent drives nano segregation of blocks and it can be used
as mean to control the overall structure of the polymer in solutions. Choi et.al.16 provided
first insight into morphologies of micelles formed by structured ionic polymers using Xray scattering and transmission electron microscopy studies which show that spherical
micelles have been formed with a sulfonated core and solvated corona in a hydrophobic
solvent. Etampawala et. al.18 have shown that in a selective solvent for the non-ionic
block, the ionic block dominated the assembly process and the shape of the micelles. Ion
transport studies of the ionic pentablock have shown that the transport increases with
increasing sulfonation fraction.15,19
In contrast to our previous studies18, here we probed the effect of solvent polarity
and temperature on the solution architecture of the non-ionic pentablock. Here, the nature
of the assembly of this pentablock as revealed by SANS and MD simulation studies will
be discussed.
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Experimental
Sample preparation: The pentablock copolymer membrane was provided by
Kraton Polymers LLC. This study focuses on a pentablock with molecular distribution of
blocks with 15-10-28-10-15 kg/mol. The fractions tBPS, P(E-r-P) and PS are
approximately 94, 142 and 203 respectively. Deuterated cyclohexane and propanol
solvents were purchased from Cambridge Isotope Laboratories, Inc., USA. The polymer
was dissolved in deuterated cyclohexane, cyclohexane: propanol (cyc:pro) =7:3, and
cyclohexane: propanol (cyc:pro) =3:7 solvent mixtures to make 1wt% solutions from
each solvent mixture.
SANS experiment: The SANS experiment were performed at General Purpose
Small Angle Neutron Scattering (GP-SANS) at High Flux Isotope Reactor (HFIR) in Oak
Ridge National Laboratory.20 The q range studied was from 0.003 Å-1 to 0.42 Å-1. Data
were collected at neutron wavelength of 4.65 Å and at two sample to detector distance at
2m and 18.5m. A built in heating system was used to increase the temperature of the
pentablock solutions and the solutions were allowed to stabilize at each temperature for
10 min prior to measurements. All data are normalized to empty cell, each of the solvent,
and their transmission. Data recorded on 2-dimensional detectors were integrated into
one-dimensional scattering patterns using SPICE20, the default software at GP-SANS.
SANS data analysis: SANS data were analyzed using the SANS and USANS
Data Reduction and Analysis software available at NIST.21 The initial neutron scattering
length densities (SLD) used for analysis were 0.71x10-6 A-2 for t-b-PS, -0.03x10-6 A-2 for
PI, 1.4x10-6 A-2 for PS blocks, 6.705x10-6 A-2 for deuterated cyclohexane, 6.6072x10-6 A-
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for deuterated cyclohexane: propanol (7:3) and 6.4768x10-6 A-2 for deuterated

cyclohexane: propanol (3:7) solvents. The SANS data for pentablock in cyclohexane and
cyclohexane: propanol (7:3) were fitted to fractal form factor22 and the pentablock in
cyclohexane: propanol (3:7) was fitted for a combined model of fuzzy sphere form
factor23 with Beaucage power law.24,25,26
Fractal form factor22 Fractals are disordered aggregates which are geometrically
self-similar to each other. The scattering from randomly distributed spherical "building
block" particles is calculated by

where

is the volume of a

particle, Δρ is the scattering contrast. These spherical particles aggregate to form fractallike aggregates which have a correlation length (ξ) corresponding to their overall size,
and fractal dimension (D) expressing the self-similarity between fractals. Fractal
dimension, D is a measure of self-similarity of fractals which is calculated
using

. The interparticle structure factor is given by

equation 3.1,
(3.1)
The aggregation number is calculated using equation

.

Fuzzy sphere form factor23 Here, the scattering from spherical particles with a
“fuzzy” interface is calculated. The scattering intensity is given by equation 3.2,
(3.2)
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where scale factor is equal to the volume fraction of spheres, <A2(q)> is the form factor,
V is the volume of spheres, ξ is the correlation length of the fluctuations arising from the
microgel network. The form factor <A2(q)> is given by equation 3.3,
(3.3)
where R is the particle radius, σsurf is the width of the smeared particle surface.
Beaucage power law24,25,26 This is an empirical multiple level unified
exponential/ power-law method which is able to reasonably approximate the scattering
from many particles, including fractal clusters, random coils, ellipsoidal particles. The
function is given by equation 3.4,

(3.4)
Molecular Dynamics

Simulation: Molecular dynamics

simulations

of

pentablock in solution were carried out using Large-Scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS)27. Pentablock, 1:1 mixture of cycloehxane:heptane, 7:3
mixture of cyclohexane: propanol, and 3:7 mixture of cyclohexane: propanol molecules
were built in Material Studio28. These were modeled using the Optimized Potentials for
Liquid Simulations - All Atoms (OPLS-AA) framework of Jorgensen et.al29,30 and
updated potential for hydrocarbon31. Non-bonded interactions were calculated between
all atom pairs of different molecules. The cut-off at rc = 12 Å is used for all LennardJones interactions. All electrostatic interactions closer than 12 Å were calculated in real
space; those outside this range are calculated in reciprocal Fourier space by using the
particle-particle particle-mesh algorithm (PPPM)32 with precision of 10-4.
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A velocity-Verlet algorithm with a time step δt =1 fs is used for integrating the
Newton equations of motions. Temperature was maintained using a Langevin thermostat
with a 100 fs damping constant. The systems were equilibrated at 500 K (above the glass
transition temperature of polystyrene) for 50 ns at P=1 atm using a Nose-Hoover
thermostat with the same damping constant. Systems were ran further 60 ns at constant
volume. The systems were then annealed to 700 K at a rate 60 K/ns and then run at
constant volume for 120 ns.
by

Static structure factor of pentablock is calculated

where bi and ri are the scattering length and position vector of

atom i, respectively.
Results and Discussion
The structure of the aggregates of pentablock was first studied in cyclohexane as a
function of temperature. Scattering patterns are presented in Figure 3.2 (a). All patterns
consist of a signature that is indicative of aggregation. At low q bellow 0.007 Å-1, an
upturn is observed in the pattern indicating further interaction between the aggregates.
With increasing temperature, the intensity at low q decreases. A crossover is observed at
approximately q=0.14 Å-1 corresponding to 44 Å. This dimension is consistent with the
radius of gyration (Rg) of the polystyrene block as shown in Figure 3.3 (b).
The scattering intensity at intermediate q range decreases as I(q) ̴ q-α where the
exponent α is characteristic of the shape of the scattering objects. It varies from 1.69 to
1.43 in the temperature range measured. The slope in the intermediate q range which
captures the shape of the aggregate in SANS is not conclusive. The same relation holds in
the high q region, but here α signifies the degree of extension of the chain, where 1 is
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fully extended and 2 is a Gaussian chain. We clearly see that the slope of approximately
2.08 goes to 1.28 in the temperature range measured. At high q, the pattern is dominated
by the aliphatic chains which assumes a Gaussian conformation at room temperature.
With increasing temperature they stretch out.
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Figure 3.2 SANS profiles in terms of (a)I (q) vs. q, (b) I (q) q2 vs. q for the 1 wt%
pentablock copolymer in cyclohexane at the indicated temperature. Solid lines
correspond to the fit using fractal form factor. The insert corresponds to the slopes of the
patterns as a function of temperature.
Kratky representation of the SANS data is given in Figure 3.2 (b). At room
temperature, a plateau typical to a Gaussian is observed where the chains are stretched
out with increasing temperature, as depicted by the linear dependence of the high q
region at high temperature.
To further understand the structure of the aggregate in molecular level we carried
out molecular dynamics simulations. The micelle as depicted from cyclohexane: heptane
(1:1) is shown in Figure 3.3 (a). Figure 3.3 (b) shows only the t-BPS and PS blocks for
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clarity. The corresponding calculated S (q) for the pentablock is shown as well in Figure
3.3 (c).
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Figure 3.3 Snapshots of (a) pentablock (b) center and end blocks of pentablock and (c)
S(q) vs. q of 30 chains of pentablock in cyclohexane: heptane (1:1) at 700K. The end
block is shown in orange, flexible block in green and center block in blue. Solvent
molecules are not shown for clarity.
The three blocks are clearly phase segregated where all blocks are collapsed. No
any preferential segregation of any of the blocks towards the aggregate interface is
observed. This structure is consistent with a fractal aggregate. The SANS data were
therefore analyzed in terms of fractal aggregates where the initial R and ξ were taken
from the MD simulation (Figure 3.3 (b)), where the radius of gyration of the PS block
was used as the initial block radius (R) and the distance between two PS blocks was used
as the initial correlation length (ξ). Initial input for the fractal dimension was taken from
the slope of the intermediate q region. The best fits of the SANS patterns are shown in
solid lines in Figure 3.2 (a).

33

2

(a)

(b)

Figure 3.4 Extracted parameters from the fractal model for the pentablock copolymer in
cyclohexane as a function of temperature. (a) Correlation length (ξ) and Block radius (R).
(b) Aggregation number (Nagg) and Fractal dimension (D)
The parameters extracted from the SANS analysis are shown in Figures 3.4. With
increasing temperature, both correlation length and block radius increase. Increase in
correlation length shows that the distance between aggregates increases while increase in
block radius shows that the individual aggregate size increases. This is attributed to the
higher entropy of polyethylene-r-propylene block in cyclohexane which makes the chains
to relax and rearrange with increased thermal energy. Aggregation number or the number
of polymer chains associated with pentablock aggregation. Nagg for 1 wt% in cyclohexane
at 200C is 39.5 which is surprisingly similar with our previous results for Nagg of 42%
sulfonated pentablock in cyclohexane: heptane (1:1)18 mixture at 250C. This similarity is
suggestive that the aggregation number is controlled by the size and distribution of the
block copolymers. Decreasing Nagg with temperature shows that the aggregates break up.
With increasing temperature, the polymer rearranges allowing increase in the fractal
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characteristics of the aggregates. With increasing temperature, fractal dimension
decreases from 2.16 to 1.97 from 200C to 700C respectively and this is consistent with the
decrease in the slope of the intermediate q range. Fractal dimension is indicative of the
self-similarity of the fractals where decreasing D means increasing self-similarity of the
fractals. Overall, with increasing temperature, the initial fractal aggregates swell and
break up to become fractals which are self-similar to each other.
The solvent quality was then tuned by adding propanol. Each block has different
selectivity towards different solvents. Changing the solvent polarity immensely affects
the aggregation of multiple block copolymer in solutions. The SANS profiles for
pentablock in cyclohexane: propanol (7:3) are shown in Figure 3.5.
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Figure 3.5 SANS profiles in terms of (a) I (q) vs. q, (b) I (q) q2 vs. q for the 1 wt%
pentablock copolymer in cyclohexane: propanol (7:3) as a function of temperature. Solid
lines correspond to the fit using fractal form factor. The insert corresponds to the slopes
of the patterns as a function of temperature.
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Similar to pentablock in cyclohexane, all patterns consist of a signature that is
indicative of aggregation; however the significant upturn in the low q region was not
observed here but the crossover at approximately q=0.14 Å-1 was still remained. The
scattering intensity is lower than for pentablock in cyclohexane. The slope of the
intermediate q region decreases from 1.50 to 1.44 for the temperature range studied
which is slightly lower than the slopes obtained for pentablock in cyclohexane. This is an
indicative of more self-similar fractals which will be further evaluated in the analysis.
Slight increase in propanol fraction has not affected the overall aggregation of pentablock
but reducing the entropy resulting more self-similar aggregates.

(a)

(b)

Figure 3.6 Extracted parameters from the fractal model for the pentablock copolymer in
cyclohexane as a function of temperature. (a) Correlation length (ξ) and Block radius (R).
(b) Aggregation number (Nagg) and Fractal dimension (D).
The parameters extracted from the SANS analysis for pentablock in cyclohexane:
propanol (7:3) are shown in Figures 3.6. Similar patterns were obtained as for the
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pentablock in cyclohexane. With increasing temperature, both correlation length and
block radius increase; however correlation length in cyclohexane: propanol (7:3) mixture
is lower than in pure cyclohexane. In cyclohexane: propanol (7:3) correlation length
varies from 44 Å to 54 Å where as in cyclohexane it varies from 62 Å to 71 Å. This
indicates that the addition of propanol has been resulted in collapse of chains.
Pentablock aggregation seems to be less favorable with addition of propanol
which is indicated by lower aggregation number in cyclohexane: propanol (7:3) with
compared to cyclohexane. The aggregation number varies from 18.15 to 10.60 in
cyclohexane: propanol (7:3) where as it varies from 39.6 to 19.9 in cyclohexane. Fractal
dimension also shows a similar behavior which is consistent with decrease in slopes at
the intermediate q range. Similarly to pentablock in cyclohexane, with increasing
temperature, the initial fractal aggregates swell and break up to become fractals which are
self-similar to each other.
Then the propanol fraction was increased to study the aggregation of pentablock
in a more polar solvent. The SANS profiles for pentablock in cyclohexane: propanol (3:7)
are shown in Figure 3.7. We clearly see that all the patterns consist of three distinctive
regions. At low q region below q=0.9 Å-1, the significant upturn which is resulted from
the concentration fluctuations was observed. The intermediate q region consists of a slope
of approximately 4 which is an indicative of spherical aggregates and with increase in
temperature the slope decrease to 3.6 as shown in the insert in Figure 3.7 (a). At high q
region, overlapping of SANS patterns was observed for all the temperatures studied.
Considering the slopes at intermediate q region, the SANS patterns were fitted into a
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fuzzy sphere model combined with Beaucage model. The Beaucage power law was
incorporated to capture the significant upturn at the lower q region which is resulted from
the concentration fluctuations of the aggregates. While propanol drives collapse of chains
more flexible P(E-r-P) blocks remain as a fuzzy interface surrounding the aggregates.
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Figure 3.7 SANS profiles in terms of (a) I (q) vs. q, (b) I (q) q2 vs. q for the 1 wt%
pentablock copolymer in cyclohexane: propanol (3:7) as a function of temperature. Solid
lines correspond to the fit using fuzzy sphere model combined with Beaucage model. The
insert corresponds to the slopes of the patterns as a function of temperature.
The parameters extracted from the SANS analysis for pentablock in cyclohexane:
propanol (3:7) are shown in Figures 3.8. Mean radius represents the radius of the core of
the sphere while interface thickness gives the size of the fuzzy interface around the
sphere. With increasing temperature the chains are well packed which leads to slight
decrease in both mean radius and interface thickness.
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(a)

(b)

Figure 3.8 Extracted parameters from the combined model of fuzzy sphere and Beaucage
model for the pentablock copolymer in cyclohexane: propanol (3:7) as a function of
temperature. (a) Mean radius and (b) Interface thickness.
To further study the effect of propanol on the aggregation of pentablock, MD
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simulations were carried out in corresponding solvents (Figure 3.9).
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Figure 3.9 Solvent density profiles calculated from MD simulations of pentablock in (a)
cyclohexane: propanol (7:3) and (b) cyclohexane: propanol (3:7). The insert is a snapshot
of the distribution of solvent molecules. Purple corresponds to cyclohexane molecules
and red corresponds to propanol molecules.
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Penetration of solvent molecules into the aggregates was observed. When
compared to cyclohexane: propanol (7:3) where less propanol molecules penetrated into
the aggregate core, in cyclohexane: propanol (3:7) more propanol molecules are
penetrated into the aggregate core replacing cyclohexane. Penetration of propanol is
attributed to make the aggregates more spherical.
Summary
Aggregation of pentablock copolymer in a cyclohexane and propanol mixture has
been investigated as a function of temperature by SANS. In cyclohexane, the pentablock
self assembles into fractal aggregates. With increasing temperature the aggregates remain
as fractals while the initial aggregates swell and break up to form more self-similar
aggregates. Similar behavior was observed for pentablock in cyclohexane: propanol (7:3)
but in cyclohexane: propanol (3:7) significantly different behavior was observed.
Pentablock aggregates into fractals in cyclohexane: propanol (7:3) solvent and lesser
number of propanol molecules penetrate into the aggregate core. However, in
cyclohexane: propanol (3:7) solvent pentablock has more spherical aggregates with a
fuzzy interface. MD simulations show that propanol molecules go into the aggregate core
and replace cyclohexane. Overall, addition of propanol drives collapse of chains and
forms a very well defined spherical object.
The entropy plays a major role in the assembly of high dimensionality copolymer
as pentablock in solutions. In cyclohexane overall entropy is much higher to cause
segregation of individual blocks and therefore makes them to aggregate into fractals.
When solvent polarity is increased by adding propanol the chains rearrange into a more

40

thermodynamically stable state. This finding provides insight into assembly of a high
dimensionality copolymer in solutions that will in turn impact the formation of
membranes through solution casting process.
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CHAPTER FOUR
SURFACE STRUCTURE OF MULTIFUNCTIONAL IONIZABLE COPOLYMER
THIN FILMS

Abstract
Interfacial forces often dominate the structure of thin films and phase segregation
of block copolymers results in a rich variety of structures. Introduction of ionizable
segments drives formation of complex structures with multiple blocks residing at the
interface. In this study, thin films (40-50nm) of an A-B-C-B-A co-polymer were probed,
where C is a randomly sulfonated polystyrene with sulfonation fractions of 0, 26 and 52
mole %, B is poly (ethylene-r-propylene), and A is poly (t-butyl styrene). As the
sulfonation level and thermal annealing times are varied the films were studied using
Atomic Force Microscopy (AFM), surface tension measurements and Neutron
reflectivity. Our results show that as cast films form layers with both hydrophobic blocks
dominating the solid and air interfaces and the ionizable blocks segregated to the center.
Upon annealing above Tg of styrene sulfonate, at 1700C, the films coarsen, with surface
aggregation dominating the structure, though interfacial regions remain dominated by the
hydrophobic segments. In contrast to non-ionic copolymers, formation of micelles
controlled the structure of these ionic structured films.
Introduction
Interfacial structure and composition of polymers in thin films influence their
properties such as stability1 and response to external stimuli and wetting behavior.2,3 In
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block copolymer thin films micro phase segregation of blocks induces a molecular
rearrangement at the interface to minimize the energy and as a result various nano
structures are formed at the interface.4,5,6 Both theoretical and experimental studies have
shown that the interfacial segregation of block copolymers is controlled by a delicate
balance between entropy and the surface energy of different blocks where the lower
surface energy component has a tendency to move towards the air interface and the
higher surface energy component move towards the solid interface.7,8,9,10
One example of such a block copolymer is a pentablock copolymer in which one
block provides ion transport ability and the others provide mechanical stability.11 Its
chemical structure is shown in Figure 4.1. This structured polymer was designed by
Kraton Polymers LLC. to facilitate ion transport by randomly sulfated polystyrene middle
block surrounded by rubbery poly (ethylene-r-propylene) blocks to give flexibility and
ending with bulky tertiary butyl polystyrene blocks to provide mechanical stability.11

Figure 4.1 Chemical structure of randomly sulfonated pentablock copolymer, poly [tbutyl styrene-b-ethylene-r-propylene-b-sulfonated styrene-b-ethylene-r-propylene-b-tbutyl styrene], (tBPS-P(E-r-P)-PS/sPS-P(E-r-P)-tBPS).
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Enhanced complexity of this multiple block copolymer will have an immense
effect on the interfacial structure because each of the blocks has a different affinity to the
interfaces. In this study, we probed thin films of pentablock copolymer with varying
sulfonation fraction and thermal annealing time using Atomic Force Microscopy, surface
tension measurements and Neutron Reflectivity.
Experimental
Thin film preparation: The pentablock copolymer was kindly provided by
Kraton Polymers LLC. The polymer was synthesized via anionic polymerization and the
polystyrene middle block was selectively sulfonated.12 Pentablock copolymer with
molecular weight of the unsulfonated tBPS-P(E-r-P)-PS/sPS-P(E-r-P)-tBPS (15-10-2810-15 kg/mol) was used in this study with 0, 26 and 52 mol% of randomly sulfonated
middle styrene block. The membranes were dissolved in toluene to prepare 1 wt%
solutions.
One-side polished, 5 mm-thick and 75-mm diameter silicon oxide wafers which
were purchased from Virginia Semiconductor Inc., USA were used as the film substrate.
The silicon wafers were oxidized at 800C for 2 hours in a solution of 70:30 by volume of
concentrated sulfuric acid and hydrogen peroxide (Piranha solution). Then, the wafers
were rinsed thoroughly with deionized water and dried with nitrogen.
Thin films were prepared by spin coating the solutions on the surface-oxidized
silicon wafers at 1500 rpm for 2 minutes.
Atomic Force Microscopy Experiment: The surface topography of the
pentablock copolymer thin films were captured using tapping mode Atomic Force
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Microscopy (AFM) using a Multimode Nanoscope IIIa (Digital Instruments). All the
measurements were carried out at an ambient condition. First, the surface topography of
all the as-cast films of pentablock copolymer was obtained. Then the films were annealed
at 1700C in a vacuum oven for increasing annealing times (5 min, 10 min, 20 min, 40
min, 100 min and 200 min). The films were quenched immediately after removal from
the vacuum oven by placing on an aluminum plate. This rapid quenching process is
assumed to freeze the dynamics of the polymer chains within short-length scales
compared to the length scales of film thickness. Surface topography was captured after
each annealing process. The obtained AFM images were analyzed using Nanotec WSxM
5.0 Develop 7 software.13 Every film was scanned at five different spots and the
representative images are shown in the results section.
Contact Angle Measurement: Surface tension studies were carried out by
measuring the contact angle (θ) formed by water on pentablock thin films using RaméHart goniometer standard setup with DROPimage advanced v2.7© software. Deionized
water droplet (2 μl)) was placed on the film surface and the water contact angle was
measured. Water droplet volume was kept constant by using the automated dispensing
system.
Neutron reflectivity experiment: Specular neutron reflectivity measurements
were carried out at the Liquid reflectometer at the Spallation Neutron Source in Oak
Ridge national Laboratory.14 The instrument operated using an unpolarized pulsed
neutron with neutron wavelength ranging from 2.5 to 17.5 Å in time-of-flight mode
resulting in the q range of 0 Å-1 to 0.3 Å-1. The reflectivity profiles were obtained by
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subtracting the background from raw data and normalizing the reflected intensities with
respect to incident beam intensity.
The reflectivity profile of the as-cast film of pentablock copolymer with fractional
degree of sulfonation f=0.26 was measured. Then the film was annealed at 1700C in a
vacuum oven for increasing annealing times (5 min, 10 min and 20 min). The film was
quenched immediately after removal from the vacuum oven by placing on an aluminum
plate. The changes at the air-film interface were followed by measuring reflectivity after
each annealing process.
The reflectivity data were modeled to determine the layered structure for the
f=0.26 pentablock copolymer. Reflectivity data were analyzed using MOTOFIT15,16,17, a
fitting analysis package running on the IGOR Pro 6.21 platform by simulating the
reflectivity patterns. A multilayer recursive Parratt formalism18 was used to analyze the
data by simulating the reflectivity profiles using generic optimization to obtain the best
least square fit. Finally, the SLD profile as a function of the distance from the solid
substrate was obtained.
Results and Discussion
The pentablock copolymer thin films were investigated as a function of
sulfonation fraction and thermal annealing time. The evolution of interfacial structure
with sulfonation fraction will be first described followed by the effects of thermal
annealing time.
The surface morphology of pentablock copolymer thin films with f=0.0, 0.26 and
0.52 were studied using AFM. Representative AFM height images of as cast (pristine)
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films are shown in Figure 4.2. Surface aggregates are observed for all sulfonation
fractions. Small surface aggregates are observed for f=0.0 and their boundaries appear to
be interpenetrated as shown in Figure 4.2 (a). We attributed the origin of these aggregates
to segregation of the two styrene-based blocks, which are highly soluble in toluene, from
the poly (ethylene-r-propylene) blocks which are less soluble, forming micelles in
solutions with the styrene at the exterior imbedding the ethylene-r-propylene in the core.
When spin cast, the toluene rapidly evaporates leaving these structures trapped on the
surface; whereas the styrene-based blocks are able to form a connected network on the
surface and the P(E-r-P) blocks remain isolated. Clear surface aggregates are observed
for f=0.26 pentablock as shown in Figure 4.2 (b).
b

a

200nm

c

200nm

200nm

1.4
1.2
Z[nm]

Z[Å]

6
4
2

1
0.8

Z[nm]

8

0.6
0.4
0.2
0

0
0

50

100 150 200 250
X[nm]

0

50 100 150 200 250
X[nm]

3.5
3
2.5
2
1.5
1
0.5
0
0

50

100 150 200 250
X[nm]

Figure 4.2 AFM topography images of pentablock (a) f=0.0, (b) f=0.26 and (c) f=0.52 at
pristine state (scale bar corresponds to 200 nm) with the corresponding profile.
The incorporation of ionic groups result in solution clustering, and sulfonated
polystyrene center blocks reside in the center of the aggregates. Those solution
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aggregates could be trapped when casting on the surface. Since air is hydrophobic, the
hydrophobic groups have a tendency to dominate the air interface. For f=0.52 (Figure
4.2- c) sulfonated pentablock, surface topology has become significantly different.
Significantly larger aggregates are observed and the surface become more discontinuous.
Aggregate boundaries are well defined when compared to other two sulfonation levels.
These larger aggregates are attributed into much larger ionic clusters, surrounded by the
hydrophobic blocks. Independent of sulfonation fraction, surface aggregates are formed
for all three sulfonation fractions and with increasing sulfonation the aggregates’ size
increases. These aggregates have presumably formed in the parent solution and are
confined to the surface during the casting process.
To check the hypothesis that hydrophobic blocks dominate the air interface,
surface tension of the films were measured under the same conditions of AFM study.
Since the pentablock copolymer contains both hydrophobic and hydrophilic blocks,
interfacial energy changes resulted by changes in composition at the interface will be
reflected in the contact angle.
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Figure 4.3 Water contact angle formed on the thin films prepared form pentablock (a)
f=0.0, (b) f=0.26 and (c) f=0.52 at pristine state.
If the hydrophilic sulfonated polystyrene block dominates the surface, water is
expected to wet the surface. If the hydrophobic poly(t-butyl styrene) or poly(ethylene-r-
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phenylene) blocks dominate the surface, water is expected to bead up. Changes in water
contact angle at the pristine state as a function of sulfonation fraction is shown in Figure
4.3.
Water contact angles of 1030, 1010 and 990 were formed on the surface of
pentablock thin films with f=0.0, f=0.26 and f=0.52 respectively (Figure 4.3-a, b, c).
These contact angle values are lower than for the pure polystyrene (̴ 940), sulfonated
polystyrene (̴ 330) and poly ethylene (̴ 960). These much higher contact angles indicate
that the surface is generally hydrophobic. A slight decrease in contact angle with increase
in sulfonation fraction is also observed. These high values are attributed to a combined
effect of both surface composition where the hydrophobic blocks reside at the interface
and nano-meter roughness. Similar to the Lotus effect19 the nano-meter roughness results
with a high contact angle for water.
The films were then annealed at 1700C, higher than Tg of polystyrene (̴1200C) for
increasing annealing times to investigate the stability of the films with temperature.
Figure 4.4-I represents the AFM topography images of pentablock as a function of
annealing times and sulfonation fractions. For all three sulfonation fractions, with
annealing aggregates merge and increase in size. Annealing of films with f=0.0 leads to
much larger aggregates forming a more uniform surface compared to the other two
sulfonation fractions. The 2D-Fourier transform of the AFM images exhibit the surface
aggregation of pentablock thin films as shown in Figure 4.4-II. With annealing,
aggregates in f=0.0 films get well defined, in f=0.26 the surface hardly changes while
phase segregation is seen in the f=0.52 films.
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Figure 4.4 (I) AFM topography images (scale corresponds to 500 nm) and (II) respective
Fourier transform of pentablock (a) f=0.0, (b) f=0.26 and (c) f=0.52 at pristine state and
after annealing the films at 1700C for 20 minutes (d) f=0.0, (e) f=0.26 and (f) f=0.52 and
200 minutes (d) f=0.0, (e) f=0.26 and (f) f=0.52.
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Further quantification of the surface morphology was carried out by calculating
the height distribution of aggregates as a function of annealing over the film surface
(Figure 4.5). Interestingly, a coarsening process was reflected in the height distributions.
In all three sulfonation fractions the average aggregate height increases with increase in
annealing time; however for f=0, well defined aggregates captured from solution merge
to form a more uniform structure.
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Figure 4.5 Number of aggregates across the pentablock film surface as a function of
annealing time at 1700C, (a) f=0.0, (b) f=0.26 and (c) f= 0.52 (red-0 min, brown-5 min,
light green-10 min, dark blue-20 min, dark green-40 min, light blue-100 min and purple200 min)
For f=0.26, the clusters seem to be rearranging but remain with a narrow height
distribution. The ionic structures dominate the overall aggregates, where the hydrophobic
segments rearrange with increasing of annealing time. At the highest sulfonation levels,
well-defined aggregates cast from solution have merged and grew to form well-defined
larger aggregates. This process however progresses through merging of ionic clusters.
These results are consistent with the Fourier transform of the surfaces.
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Further insight regarding the species that dominate the interface is obtained from
the surface tension measurements. The variation of the water contact angle with
increasing temperature for f=0.0, 0.26 and 0.52 are shown in Figure 4.6.

f= 0.0

Figure 4.6 Water contact angle as a function of annealing time for the indicated
sulfonation fractions.
For all sulfonation fractions contact angle is higher than 900 which indicates that
the surface remain hydrophobic (contact angle for pure polystyrene (̴ 940), sulfonated
polystyrene (̴ 330) and poly ethylene (̴ 960). For both f=0.0 and f=0.26 sulfonation
fractions contact angle does not change with time, for f=0.52 however contact angle first
increases and levels off. This pattern shows that with annealing, hydrophobic blocks
come to the surface. These results are consistent with the hydrophobic nature of the
interface.
Both AFM and surface tension measurements show that the air interface is
dominated by the hydrophobic groups. To investigate the entire film, neutron reflectivity
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measurements were carried out. Specular neutron reflectivity profiles for a pentablock
copolymer film with f=0.26 pristine film and annealed at 1700C are shown in Figure 4.7.
The patterns are first described qualitatively followed by a full quantitative analysis.
Keissing fringes14 were observed in the reflectivity profiles which result from the
interference of the reflected neutrons from air-polymer, polymer-substrate interfaces as
well as internal interfaces formed within the film due to density variation normal to the
surface. In NR profiles, the difference between two successive minima or maxima, Δq
where Δq ≈ 2π/d, provides an estimation of the film thickness, d. Film thickness as a
function of annealing time is given in Figure 4.8 (a). This is reflected well in Figure 4.7
(b) where the data are represented in the form of Rq4 vs q which accounts for the Fresnel
reflectivity20. This indicates that the film thickness slightly decreases with annealing and
remains same with increase in annealing times. The insert in Figure 4.7 (a) is a zoomed in
image of critical angle region, which shows critical angle hardly changes with annealing.
Critical angle

is where,

, below which total reflection takes place and is

greatly affected by changes in air interface provides an estimation of the surface
composition. The critical angle remains same with annealing which indicates that the
chemical composition of the film at the air interface hardly changes with annealing. A
multilayer model which consists of both hydrophobic block of pentablock in closer to air
interface and substrate interface while ionic blocks are centered into the film was used to
fit the reflectometry data. The best fits are represented in solid lines in Figure 4.7 (a).
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Figure 4.7 (a) Neutron reflectivity profiles of pentablock (f=0.26) copolymer thin films
as a f unction of annealing time at 1700C. The symbols represent the data points (red-0
min, blue-5 min, brown-10 min, green-20 min) and the solid lines correspond to the best
fit obtained from the multilayer model. For clarity, the curves are shifted in vertical
direction. The inset shows the zoomed in of lower q region. (b) Neutron reflectivity data
in Rq4 vs q representation
The resulting polymer profiles are represented in terms of SLDs as a function of
distance from the substrate interface, derived from the extracted parameters from the best
fit, are shown in Figure 4.8. With annealing, a slight rearrangement within the film is
observed. However, at all annealing times, the air interface is dominated by a mixture of
t-butyl polystyrene and poly (ethylene-r-propylene) blocks while the sulfonated
polystyrene blocks segregate to the middle of the film (Figure 4.8-b).
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(a)

(b)

Figure 4.8 (a) Polymer profiles of pentablock (f=0.26) copolymer thin films in terms of
SLD as a function of annealing time at 1700 (red-0 min, blue-5 min, brown-10 min,
green-20 min). (b) Film thickness (red) and SLD (blue) at interface and middle of the
film as a function of annealing time.
Film thickness first decreases and then hardly changes with annealing as shown in
Figure 4.8 (b). This shows that the film rearranges to a most stable state with annealing.
Due to high incompatibility between blocks the pentablock copolymer has the tendency
to phase-segregate in solutions. The solution casting process propagates the aggregates
formed in solutions to thin films. The annealing process provides thermal energy which
leads to molecular rearrangement within the film.
Summary
This study has revealed that surface aggregates are formed in all three sulfonation
fractions for pentablock thin films. With increasing sulfonation fraction and annealing
times; aggregates boundaries become more defined while aggregates size increases.
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Annealing above the Tg of styrene sulfonate, at 1700C, resulted in coarsening of films,
with surface aggregation dominating the structure. The polymer-air interface remains
predominantly hydrophobic independent of sulfonation fraction and annealing time. Ionic
blocks reside predominantly in the center. Compared to non-ionic copolymers, formation
of micelles controlled the structure of these ionic structured films. These findings provide
insight into the surface structure of multifunctional Ionizable polymer thin films.
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CHAPTER FIVE
SUMMARY
The goal of the research has been to enhance the fundamental understanding of
the association of structured multifunctional block co-polymers in solutions and thin
films. The results are summarized below.
1. Solution study: SANS experiments were carried out on the non-ionic
pentablock co-polymer as the solvent polarity was tuned by changing the cyclohexane:
propanol volume fractions. We found that, in cyclohexane the pentablock associates into
fractal aggregates that become more self-similar with increasing temperature. Similar
behavior was observed for pentablock in cyclohexane: propanol (7:3) where pentablock
aggregates into fractals and lesser number of propanol molecules penetrate into the
aggregate core. However, in cyclohexane: propanol (3:7) solvent pentablock has more
spherical aggregates with a fuzzy interface. MD simulations carried out by Dipak Aryal
show that propanol molecules go into the aggregate core and replace cyclohexane.
Overall, addition of propanol drives collapse of chains and forms well-defined spherical
aggregates. Fractal aggregates are not common in block copolymers. The overall five
block structure with high volume fraction of the P(E-r-P) block enhances entropy
preventing the more segregated association often formed by copolymers. Increasing
solvent polarity enhances the segregation. The incompatibility of each of the blocks
driving a formation of a more dense spherical aggregate that remains with internal fractal
dimensions.
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2. Thin film study: Thin films of ionic pentablock with 0, 26 and 52 mol %
sulfonation of the polystyrene sulfonate middle block were studied using AFM, surface
tension measurements and neutron reflectivity. We found that as cast films form layers
with both hydrophobic blocks dominating the solid and air interfaces. The ionizable
block segregates to the center of the film independent of the sulfonation fraction. With
annealing at 1700C, above the Tg of styrene sulfonate, the films coarsen, with surface
aggregation dominating the structure while hydrophobic segments dominate the
interfacial regions.
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