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Abstract 

The self-assembly of block copolymers in thin films has been a subject of recent 

studies from both academic and industrial perspectives. One of its potential applications 

is nanolithography; block copolymers can function as novel mask materials intended for 

fabrication of small features, not easily realizable by current optical lithography. This 

dissertation addresses several fundamental issues associated with thin-film block 

copolymers. 

The bulk and interfacial wetting properties of partially epoxidized poly(styrene-

b-isoprene) diblock copolymers, denoted as PS-PEI, were studied while varying the 

degree of the chemical modification. The incorporation of the random copolymer 

architecture induced decoupling between the bulk and the thin-film thermodynamics. 

The tunable surface wetting, a consequence of the partial modification, permitted control 

over the orientation of the domains in thin films. 

The morphologies of thin-film block copolymers were investigated using two 

different boundary conditions that involve one neutral interface and one preferential 

interface. The neutralities at the free surface and the underlying substrate were attained 

independently by the partial epoxidation in PS-PEI and the composition adjustment of 

random copolymer mats, respectively. For both boundary conditions, thin-film block 

copolymers formed an island/hole motif, characterized by 0.5 L0 step heights (L0: bulk 

lamellar periodicity).  

The thin-film behavior of PS-PEI block copolymers with random copolymer 

architecture was examined as the segregation strength (χN) was adjusted systematically 

across the order-disorder transition. Unlike in the bulk, the random copolymer 

architecture did not generate abnormal behavior in thin-film thermodynamics compared 

to plain linear architecture. With decreasing segregation strength, the thin-film system 
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exhibited fluctuation-pervaded morphologies prior to reaching a disordered state. An 

agreement was found between the order-disorder transition temperatures in three 

dimensions (bulk) and in two dimensions (thin film). 

Lastly, the bulk properties and the thin-film structures of lamellae-forming 

poly(styrene-b-isoprene-b-methyl methacrylate) (SIM) triblock copolymers were 

studied. The thin-film morphology exhibited the dependence on the size of the 

poly(isoprene) (PI) middle block. While perpendicular lamellae were observed for the 

thin-film SIM block copolymer with a small PI volume fraction, complex behavior was 

observed for the sample with a large PI volume fraction. 
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Chapter 1 Introduction 

 

1.1 SELF-ASSEMBLY OF BLOCK COPOLYMERS IN THIN FILMS 

The need for new lithographic techniques has arisen as technical advances 

approached the practical limitations of the smallest feature realizable by conventional 

optical lithography. The self-assembly of block copolymers has been investigated as one 

of future lithographic processes. Previous studies on bulk block copolymers have shown 

that they exhibit characteristic microphase segregation into periodic morphologies with 

length scales of 10 – 100 nm, as described in Chapter 2 of this dissertation. This lies in 

the range of feature sizes that conventional lithographic tools have had difficulties in 

fabricating. Taking advantage of such small length scales, the implementation of thin-

film block copolymers as lithographic mask materials has had promising successes. 

Chapter 2 further provides a brief literature survey on (1) physical properties of thin-film 

polymers and blends and (2) various research efforts conducted in thin-film block 

copolymers. However, despite a long history of investigations, the current understanding 

of many thin-film properties is not complete due to complications arising from surface 

interactions at the interface. There still remain many improvements to be made before 

the technique may actually be implemented into the lithography process.  

One of the critical issues in the self-assembly of block copolymers in thin films 

is the orientation of the thin-film morphologies. The dimensionality reduction entails 

symmetry breaking of microdomains, and the domain orientation with respect to the 

interfaces dictate the possible application of the structures. A variety of methods have 

been devised to control the orientation. They include the manipulation of the boundary 

conditions at the confining interfaces and the application of external fields. This 
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dissertation (Chapter 4) reports a novel method that involves partial chemical 

modification of existing block copolymers, and this allows one to tune the surface 

energy of thin-film block copolymers and to control the orientation of the thin-film 

morphologies.  

For thin films of lamella-forming block copolymers, preferential boundary 

conditions at both confining interfaces induce parallel structures with L0 step heights 

(L0: bulk periodicity), commonly referred to as islands and holes. On the other hand, 

non-preferential wetting at both interfaces leads to the formation of perpendicular 

morphologies, which are a technologically more useful orientation. However, each 

individual block copolymer system has a different neutral condition, and it has not been 

a trivial task to attain the neutrality at neighboring interfaces and observe perpendicular 

ordering for a given system. The difficulty originates, in part, from the challenging task 

of analyzing thin-film morphologies. Chapter 5 offers a simple method to test the neutral 

wetting condition by associating a novel thin-film structure with boundary conditions 

that involve only one neutral interface. 

In accordance with Moore’s Law, the resolution enhancement in feature sizes has 

been pursued persistently for thin-film block copolymers. Such effort involves a 

reduction in the periodicity of the block copolymers until the system reaches the order-

disorder transition and becomes disordered. While various chemistries have been 

implemented to maximize the interaction parameter in block copolymer systems, little 

investigation on the thin-film morphologies has been conducted at the limit near the 

order-disorder transition. This results from the difficulty and the complexity in attaining 

neutral boundary conditions, without which the preferential interfaces overwhelm the 

thin-film thermodynamics and preclude one from studying the sole consequence of 

dimensionality reduction. Chapter 6 of this dissertation focuses on thin-film block 
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copolymers with partial chemical modification that generates neutralized interfaces. The 

thin-film morphology is monitored while the segregation strength is varied across the 

order-disorder transition.  

Triblock copolymer architecture exhibits a larger “parameter space” and forms 

more diverse morphologies compared to diblock copolymers. Even for simple lamellar 

morphologies, variation in the volume fractions of the blocks offers the immediate 

prospect of tuning feature sizes for triblock copolymers. However, the thin-film 

implementation of triblock copolymers has encountered the complex interplay among 

bulk thermodynamics, interfacial interactions, and chain conformations. In Chapter 7, 

the dependence of a thin-film morphology on the size of the middle block, characterized 

by a low surface energy, is examined using poly(styrene-b-isoprene-b-methyl 

methacrylate) (SIM) triblock copolymers.  

 

1.2 THESIS OUTLINE 

Chapter 2 first provides a general background on the properties of bulk block 

copolymers and the consequences of dimensionality reduction (bulk → thin film) on 

various polymer properties. This is followed by a discussion on self-assembly of block 

copolymers in thin films and its potential application to nanolithography while some 

challenges faced by current optical lithography are also listed. Successful 

implementation of block copolymer thin films to lithography requires control over 

domain orientation, long-range ordering, and registration, and a literature survey 

addressing these factors is provided. At the end of Chapter 2, epoxidation methods and 

resulting random copolymer architecture are discussed. In Chapter 3, a synthetic 

procedure on controlled anionic polymerization and bulk characterization techniques, 

such as size exclusion chromatography and small angle x-ray scattering, are explained. 
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Procedures employed for the fabrication of block copolymer thin films and chemical 

patterns are also provided.  

 The bulk and thin-film characterization of partially epoxidized poly(styrene-b-

isoprene) block copolymers are provided for various degrees of epoxidation in Chapter 

4. The difference in the role that the random architecture plays in the bulk and thin-film 

block copolymers is investigated. Two boundary conditions of thin films are addressed 

in Chapter 5: (1) a free surface neutralized block copolymer above a preferential 

interface and (2) a block copolymer characterized by a disparate surface energy above a 

neutral interface. The similarity and difference in the thin-film structures regarding these 

scenarios is provided. Chapter 6 examines the thin-film behavior of a block copolymer 

characterized by a neutral free surface as the segregation strength is varied in a 

controlled manner across the order-disorder transition. The implication of incorporating 

random architecture in thin films is addressed, followed by a discussion on the 

consequence of dimensionality reduction for thin-film block copolymers. In Chapter 7, 

the bulk and thin-film properties of poly(styrene-b-isoprene-b-methyl methacrylate) 

triblock copolymers are studied while the volume fraction of the middle block is varied 

systematically.  
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Two or more disparate components in polymer mixtures generally go through 

macrophase segregation while they tend to mix at high temperatures. This trend can be 

explained based on Flory-Huggins regular solution theory,1 
 

ABBAB
B

B
A

A

Am χff)(f
N

f
)(f

N

f

kT

ΔG
 lnln    (Eq. 2.1) 

where the change in the Gibbs free energy for a mixture of A and B polymers (ΔGm) is 

expressed in terms of the volume fractions (fA, fB), the degrees of polymerization (NA, 

NB), and the Flory-Huggins interaction parameter, χAB. The first two terms on the right 

side of the equation represent the change in entropy of mixing while the last term 

denotes the energetic penalty for placing polymers adjacent to each other. A few general 

predictions can be made based on this equation. Molecules with high NA would have 

more of a tendency to phase separate instead of forming a mixed state. Considering that 

χAB is generally a function of temperature, the temperature can be changed to affect the 

miscibility of polymers in the blends. In the case of block copolymers, on the other 

hand, the covalent bond connecting two polymers imposes constraints on the extent that 

one block can move away from the other during phase segregation, rendering complete 

segregation impossible. The system accommodates both the tendency to phase separate 

and the connectivity between polymers by going through microphase segregation, 

resulting in a periodic morphology with the domain size restricted to a molecular scale, 

i.e., a few tens of nanometers.  

Linear diblock copolymers have been studied for over 30 years, and various 

structures have been identified depending on the volume fractions of each component 

and χABN, as shown in Figure 2.2. A close agreement between the theoretical predictions 

and the experimental results has been observed over the years.  
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effects instead induce a weakly first-order transition. As a result, a correction term is 

added to the mean field theory criterion for the ODT:4 (χN)ODT = 10.5 + 41.0 N-1/3. N= 

N a6 υ-2, where a and υ are the statistical segment length and the segment volume, 

respectively.  

Three different regimes are used to describe the phase behavior of block 

copolymers with varying χN: weak (WSL), intermediate (ISL), and strong (SSL) 

segregation limits. In the WSL (low χN), the length scales in the system exhibit the N1/2 

dependence as polymer chains are undisturbed or only weakly perturbed. On the other 

hand, the domain spacing (L0) of the lamellar morphology for strongly segregated 

symmetric AB diblock copolymers (high χN) obeys the following relationship:5 

3/26/1
0 03.1L Na

AB
     (Eq. 2.2) 

where a corresponds to a monomer size. The N2/3 dependence of L0 in Eq. 2.2 has been 

verified by a number of research groups.6, 7 ISL refers to the behavior that deviates from 

general features for WSL and SSL. 

Different methods have been implemented in the past to attain the macroscopic 

alignment for bulk block copolymers. For example, Keller et al.8 achieved alignment of 

cylinder-forming poly(styrene-b-butadiene-b-styrene) (PS-PB-PS) triblock copolymers 

by bulk extrusion of the melt. The low angle x-ray diffraction pattern was consistent 

with a hexagonal symmetry with the cylinder axes aligned parallel to the extrusion 

direction. Similarly, oscillatory shear strain was used to attain the alignment of 

poly(styrene-b-isoprene) (PS-PI) diblock copolymers.9 Using in-situ rheo-optical 

measurements, Chen et al.10 confirmed the long-range alignment of microphases in PS-

PI diblock copolymers after applying oscillatory shear. Electric fields also have been 

used to induce long-range ordering in microphases of block copolymers.11 As 

poly(styrene-b-methyl methacrylate) (PS-PMMA) symmetric diblock copolymers were 
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After monitoring the alignment process with time, Chen et al.10 suggested a two-

step mechanism for the morphology formation in sheared block copolymers. In the early 

stage, the grains of different phases quickly developed from randomly oriented phases. 

Then, one of the phases slowly grew at the expense of the other phases until it pervaded 

throughout the sample. Such a two-step process has also been observed by Gupta et al.,13 

who also showed that the orientation of lamellar phases depended on the magnitude of 

the oscillatory shear as well. 

 

2.1.2 Thin-Film Polymers and Blends: Consequences of Confinements 

Dimensionality reduction from the bulk to the thin-film state inevitably involves 

modifications to the fundamental physical properties of polymers and their blends. Due 

to a relatively large increase in the surface area compared to the total volume, the total 

Gibbs free energy of the polymers must account for the energy penalty resulting from 

interface interactions. The entropic contributions are also affected by the presence of a 

free surface and an impenetrable interface.  

Past investigations have found that the polymer dynamics near an interface may 

be different from that in a bulk state. For example, studies have shown that the diffusion 

coefficient (D) of polymers in thin films depended on the degree of attraction of the 

polymers to the substrate.15 D of poly(styrene) (PS) decreased as the substrate surfaces 

were chemically modified to exhibit a stronger interaction with PS. Zheng et al.16 further 

investigated the dependence of D on the distance of polymers from the substrate 

interface. They found that the diffusion coefficient of PS located close to the silicon 

substrate (as close as one radius of gyration (Rg)) was smaller than the bulk value by a 

few orders of magnitude. The suppression of the diffusion coefficient persisted until the 

distance of PS from the interface reached approximately 10 Rg, beyond which the bulk 
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diffusion coefficient was recovered. It was suggested that the lower mobility resulted 

from the entanglement of mobile chains with the “adsorbed” chains at the interface. On 

the other hand, chain ends have been found to segregate preferentially to the free 

surface,17 creating more free volume. Indeed, the smaller density for thinner films and 

the resulting enhancement in the mobility have been observed for dewetting films.18 The 

influence of confinement on the glass transition temperature of polymer thin films has 

also been investigated.19, 20 

The perturbations to the chain conformations have been studied for polymers in 

confined geometries. Jones et al.21 found that thin-film polymer blends retained a 

Gaussian chain conformation within the experimental uncertainty. Based on diffuse 

neutron scattering results, Kraus et al.22 observed that the in-plane component of the 

radius of gyration (Rg ║) of PS and deuterated PS blends increased as the film thickness 

was reduced below 6 Rg_bulk, where Rg_bulk is the radius of gyration of an unperturbed 

Gaussian chain. At the film thickness of Rg_bulk, Rg ║ was as large as 1.5 Rg_bulk. The 

increase in the in-plane component would be equivalent to the chain elongation parallel 

to the substrate plane. The chain conformations of semicrystalline poly(di-n-hexylsilane) 

(PD6S) also became disrupted as the film thickness decreased.23, 24 As a result, the 

degree of crystallization within as-cast films decreased for thinner films, and the 

crystallization was effectively suppressed (i.e., a complete amorphous state) below a 

threshold thickness (= 150 Å). 

Spinodal decomposition in thin-film polymer blends has been explored. Jones et 

al.25 found that the interfacial interaction of polymers in blends below the critical 

temperature induced anisotropic spinodal decomposition. During the process, the 

wavevectors representative of the composition fluctuation propagated normal to the 

surface. Krausch et al.26 were able to collapse the composition profiles into one master 
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curve (the scaling behavior) and found that the thickness of the wetting layer increased 

proportional to (time)1/3. The coarsening exponent of 1/3 corresponds to the intermediate 

stage in the phase separation of binary mixtures.27 The constructive and the destructive 

interferences of the spinodal decomposition waves from two confining interfaces were 

studied for the blend.28 A damped sinusoidal functional form was used to represent the 

spinodal decomposition propagating from one interface, and the sum of the two 

decaying sinusoidal functions from both interfaces was fit to the composition profile in 

the confined film. The experimental profile was in qualitative agreement with the 

simulation. However, when the film thickness was smaller than the wavelength of the 

spinodal decomposition wavevectors in the bulk, the composition profile could no 

longer be described using the same functional form.  

 The phase transition temperature of polymer blends is also affected by the 

dimensionality reduction imposed on the system. Reich and Cohen29 studied the cloud 

point of thin-film polymer blends using laser light scattering and found that the system 

exhibited a temperature shift in the cloud point as a function of film thickness. While the 

bulk values were recovered for the film thickness > 1 μm, the upward shift was as large 

as ~60 °C for 100 Å thick films. A similar trend was also found in other polymer blend 

systems.30 

2.2 THIN-FILM BLOCK COPOLYMERS: NANOLITHOGRAPHY 

While block copolymer self-assembly in thin films is investigated for various 

reasons, such as composite confinement,31, 32 photonic crystals,33 and cell separation in 

biomedical applications,34 one of the most exciting applications is nanolithography.  
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in Figure 2.4. In this example, using thin films of sphere-forming block copolymers as 

masks, either dots or holes are fabricated in the silicon nitride underlying layers 

depending on the selective etching process implemented. Block copolymer lithography 

has been applied to the fabrication of quantum dots,35, 36 nanowires,37, 38 capacitors,39 

magnetic dot arrays for storage media,40, 41 and membranes.42 

Two important considerations concerning the implementation of thin-film block 

copolymers into the lithographic process are (1) the control of the microdomain 

orientations and (2) the long-range ordering over a large area, combined with 

registration. First, the successful implementation of block copolymer lithography 

requires a control over the morphology orientation of thin-film block copolymers. For 

example, the orientation of a cylindrical morphology formed by block copolymer thin 

films needs to be parallel in order to create stripe patterns while the perpendicular 

orientation would be required for fabricating porous membranes. In the absence of an 

external field, the interfacial boundary conditions dictate the orientation of the thin-film 

morphologies. Figure 2.5 illustrates commonly observed structures exhibited by a 

lamellar morphology depending on the boundary conditions at the free surface and the 

underlying substrate. 
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Figure 2.5 Dependence of a lamellar morphology formed by block copolymer thin 

films on the interfacial boundary conditions: (a) the preferential free 

surface and the preferential underlying substrate; (b) the neutral free 

surface and the neutral substrate; and (c) the preferential free surface and 

the neutral substrate. (a-1) and (a-2) correspond to commensurate and 

incommensurate film thickness for the scenario (a), respectively. <L>, n, 

and L0 refer to the average film thickness, an integer, and the lamellar 

microdomain periodicity, respectively. 

 

“Preferential” interactions at the interface indicate that the boundary prefers to be in 

contact with one of the components of the block copolymers over another component. 

As shown in Figure 2.5a, preferential interactions at both interfaces produce parallel 

lamellar morphologies. Due to the incompressible nature of the block copolymers, the 

thin films of parallel lamellae may be either featureless or topographical depending on 

(a-1) <L> = nL0

substrate

1 Lo

substrate

(b) Neutral Free Surface 
Neutral Substrate

(c) Preferential Free Surface   
Neutral Substrate

substrate

(a) Preferential Free Surface 
Preferential Substrate (a-2) <L> ≠ nL0

substrate

<L>
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the film thickness. The featureless regions are observed when the average film thickness 

(<L>) equals the integral multiples of the lamellar periodicity (nL0, n: integer) for 

asymmetric wetting (Figure 2.5a-1). For the case <L> ≠ n L0, the structures referred to 

as islands and holes form with quantized step heights (= L0), as demonstrated in Figure 

2.5a-2.  

On the other hand, neutral wetting conditions refer to the case when the 

interactions at the interface are balanced such that the boundary favors both components 

of the block copolymers equally. Neutral interactions at both interfaces can produce 

perpendicular orientation of the lamellae morphology (Figure 2.5b). While the 

perpendicular structures are harder to achieve experimentally, they are technologically 

more useful. While various measures have also been devised to attain perpendicular 

ordering, selected methods (e.g., interface modification, solvent annealing, and 

electrical field application) will be discussed later in this chapter. A mixed wetting 

condition (i.e., one preferential interface and one neutral interface) can result in the 

coexistence of parallel and perpendicular lamellar structures in the thin films, as 

illustrated in Figure 2.5c. 

 Achieving both long-range ordering and controlled registration of thin-film 

domains is also critical for block copolymer lithography. For example, a single layout 

fault in integrated circuits, resulting from the failure to attain both, can cause 

malfunctioning of the whole circuit. However, only short-range ordering is generally 

observed in as-cast films of block copolymers, possibly due to residual stress present in 

the films.43 Various approaches taken in order to attain long-range ordering include 

microwave annealing,44 corrugation,45 zone annealing,46, 47 shearing,48 and directional 

solidification.49 Methods known as chemical patterning and graphoepitaxy have proven 

effective in achieving long-range ordering and, at the same time, controlling precise 
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top-down optical lithography as part of the process. In this regard, a hybrid form that 

combines both block copolymer lithography (bottom-up) and typical optical lithography 

(top-down) is anticipated in the future, and the integration between two technologies will 

be an important issue. In addition, there is the need to incorporate multiple morphologies 

and periodicities into a single layer of thin films. Despite the strong tendency for a given 

block copolymer system to retain a morphology with one length scale, the layouts in the 

typical semiconductor process involve the complex geometries with multiple length 

scales. A strict control over parameters such as defect density, line edge roughness, and 

registration is required. A comprehensive list of issues and corresponding targets is 

provided in Table 2.1. 

 

2.2.1 Conventional Optical Lithography and Its Limitation 

The semiconductor technology has developed rapidly since 1960s. The rate of 

development has generally been expressed using Moore’s Law, which predicts the trend 

that the number of transistors integrated in a microchip doubles roughly every two years. 

While advances in different disciplines have enabled the fulfillment of the Moore’s Law 

prediction, optical lithography played a major role in determining the smallest feature 

that could be fabricated. The process of optical lithography can be schematically 

depicted as in Figure 2.6. First, a film is deposited above a silicon substrate, and a light-

sensitive photoresist (PR) material is spin-coated above the film. Then, the PR is 

selectively exposed to light sources by using a mask that has specified patterns. After the 

reacted PR is removed, the remaining PR is used as a mask for further processing such 

as etching and doping. These steps may be performed repetitively in order to transfer the 

pattern in the mask to underlying layers. A few steps have been omitted for the 
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simplistic understanding, and in reality much more complexity is involved in 

minimizing the amount of defects and increasing throughputs.  

 

 

Figure 2.6 Schematic illustration of conventional optical lithography. Adapted from 

Plummer et al.51 

 

While the predictions of the end of miniaturization have persisted in the 

semiconductor industry for many years, technological advancements have consistently 

eclipsed such predictions. However, in recent years there has been a serious doubt 

regarding whether current state-of-art optical lithography may be used to make features 

as small as 40 − 50 nm or less in mass manufacturing, let alone other problems, such as 

the need for high-k materials. The challenges associated with optical lithography include 

the following limitations:52-54  

(1) the fundamental diffraction limit for a given wavelength,  

(2) the requirement of light sources with shorter optical wavelengths,  
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(3) the strict limitation on the transmission mask materials due to their absorption and 

deformation at shorter wavelengths,  

(4) the development of projection lenses compatible with shorter wavelengths,  

(5) species diffusion in the catalytic reaction at the photoresist, leading to blurring and 

roughness,  

(6) the restriction on topography due to the depth of focus, which decreases as resolution 

increases.  

Due to these limitations with conventional optical lithography, much attention is given 

to a group of relatively promising, alternative techniques, such as extreme ultraviolet 

lithography, electron beam lithography, and nanoimprint lithography. They are generally 

called next-generation lithographies (NGL).  

 

2.2.2 Morphology Orientation Control in Thin-Film Block Copolymers 

2.2.2.1 Interface Modification 

The interfacial modification at the boundaries has turned out to be a useful 

method to control the domain orientation in thin-film block copolymers. Not only the 

surface energy of block copolymers at the free surface, but also the interaction of the 

polymers with the substrate affects the behavior of the block copolymer thin films. An 

energetically favorable (repulsive) interaction of one of the blocks with the underlying 

interface causes its preferential segregation towards (away from) the substrate interface. 

The relative interaction strength between the polymer and the substrate may be 

controlled by interface modification (e.g., the chemical composition variation at 

interfaces). For example, while early thin-film research mostly involved thin-film 

fabrication on a Si substrate, the polymer-substrate interaction was altered by coating the 

Si substrate with gold.55 With thin-film poly(styrene-b-methyl methacrylate) (PS-
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PMMA) block copolymers, bare Si substrates favor the selective segregation of the 

poly(methyl methacrylate) (PMMA) block to the polymer-substrate interface. On the 

other hand, the poly(styrene) (PS) block adsorbs to the underlying interface covered with 

gold coatings.  

Tunable interfacial interactions were accomplished by utilizing substrates with 

random copolymer coatings and changing the fractions of components in the random 

copolymers. Kellogg et al.56 used poly(styrene-ran-methyl methacrylate) (PS-r-PMMA) 

random copolymers as confining walls. The “unbiased” (also called “neutral” or “non-

preferential”) substrates were created by adjusting the relative amounts of the 

components in the random copolymers. With these neutral confining walls, a 

perpendicular morphology of poly(styrene-b-methyl methacrylate) (PS-PMMA) block 

copolymers was observed. The relative stability of perpendicular ordering with respect 

to parallel ordering has been explained in terms of the film thickness commensurability 

and the resulting frustration. On the contrary, they could not find any sign of 

perpendicular morphologies when preferential substrates were used.  

In the previous results,56 the random copolymer coatings were not chemically 

bound to the substrates. Therefore, they were susceptible to diffusion during the 

annealing process, potentially disrupting the balanced surface energies at the interfaces. 

This issue was addressed by grafting random copolymers with terminated hydroxyl 

functionalities onto the silicon oxide layer, forming brushes.57 As the chemical 

compositions of the random copolymers varied, the systematic change in the contact 

angles above the random copolymer films was observed, suggestive of the surface 

interaction variation. The wetting condition at an interface with a random copolymer 

brush was investigated by Mansky et al.,58 who measured the concentration of block 

copolymer components at the interface as the random copolymer composition changed. 
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The random copolymer composition that led to non-preferential wetting was 

intermediate between the separate compositions that favored the preferential segregation 

of each block copolymer component. A slight deviation in the non-preferential condition 

from the calculated value was attributed to the penetration of the thin-film block 

copolymers into the brush. A top neutral “brush” was created by attaching surface active 

functional groups to a random copolymer, which as a consequence segregated to the free 

surface in thin films.59, 60 Using this method, a thin-film block copolymer was confined 

between neutral interfaces at both the free surface and the underlying substrate, and 

perpendicular lamellae formed throughout the entire film. The necessary condition for 

non-preferential wetting was investigated for the case where the components of a 

random copolymer brush were chemically different from thin-film block copolymers.61  

A versatile method has been developed by Ryu et al.62 to create a random 

copolymer interface on various types of materials without relying on the specific 

grafting reaction. The benzocyclobutene (BCB) functionality, randomly added to the 

styrene block in PS-r-PMMA, enabled thermal crosslinking of the random copolymers 

deposited above a variety of substrates (e.g., metals, oxides, and polymers). The surface 

energies of the crosslinked brush were not affected by the substrate types. Different 

chemistries have been considered for the crosslinking reaction of random copolymers in 

thin films.63, 64 

 

2.2.2.2 Solvent Annealing 

Solvent annealing has been implemented widely in thin-film block copolymers to 

attain perpendicular ordering for block copolymers with disparate surface energies. The 

process involves solvent evaporation that creates a concentration gradient perpendicular 

to the film surface and kinetic trapping of the system in the metastable states. Kim et 
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al.65 suggested that the morphology ordering propagated from the free surface into the 

film, presumably at a high evaporation rate. According to Lin et al.,66 the solvent 

concentration would be lowest at the substrate interface for slow evaporation, and the 

phase formation propagated from the underlying interface to the free surface. Using such 

directionality, they were able to attain a long-ranged perpendicular ordering of a 

cylindrical morphology in thin-film poly(styrene-b-ethylene oxide) (PS-PEO) diblock 

copolymers. The perpendicular ordering disappeared after subsequent thermal annealing 

above the glass transition temperature, indicating that the morphology obtained through 

solvent evaporation was not thermodynamically stable, but metastable. Crosslinked 

samples were able to maintain the perpendicular cylindrical morphology even after 

being exposed to the same thermal treatment. 

Kim and Libera67 investigated the issue of solvent evaporation further by 

controlling the solvent evaporation rate of solvent-cast poly(styrene-b-butadiene-b-

styrene) (PS-PB-PS) block copolymers. They found that slow and medium evaporation 

rates led to parallel and perpendicular cylindrical morphologies, respectively, while fast 

evaporation resulted in a disordered state. According to them, the solvent evaporation 

primarily favored the perpendicular orientation, which provides a faster pathway for the 

solvent within the film to diffuse to the free surface. However, the duration of the 

evaporation process also put a kinetic constraint on the ongoing movement of polymers 

to form the thermodynamically stable morphology. Thus, depending on a solvent 

evaporation rate, the final morphology would not necessarily be the most stable 

morphology. Similar results have been also reported with symmetric poly(styrene-b-

butadiene) (PS-PB) diblock copolymers;68 faster solvent evaporation produced a 

perpendicular lamellar morphology while slow evaporation resulted in a parallel 

morphology near the surface.  
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The morphology of a solvent annealed thin-film block copolymer depends on the 

type of solvent used. Bosworth et al.69 found that the solvent selectivity of block 

copolymers led to different degrees of swelling in the domains, inducing two different 

morphologies depending on the solvent type. In a study by Peng et al.,70 symmetric PS-

PMMA thin films were solvent annealed with vapors of different selectivities (neutral, 

PS selective, and PMMA selective). The variation in the solvent type and the degree of 

swelling led to a number of morphologies: parallel lamellae, micellar structures, 

perpendicular cylinders, and spheres. Ross and coworkers71 carefully implemented the 

morphology dependence on the solvent types and the swelling ratios and were able to 

tune the periodicity and the line width of single block copolymer thin films using solvent 

annealing.  

 

2.2.2.3 Electric Fields 

External electric fields have been employed to control the domain orientation of 

thin-film block copolymers. The tendency for the features to follow the trace of applied 

electric fields was explained in terms of the energetic stability of specific 

configurations.72 For thin-film block copolymers, it has been demonstrated that in-plane 

cylinders oriented along the direction of electric fields as the fields were applied through 

planar electrodes (Fig. 2.7).73 In the absence of the electric field, the parallel cylinders 

oriented randomly. A threshold value in electric fields, required for complete alignment 

of the domains, has been found. Below this value, the electric fields induced only partial 

alignment. 
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controlling the composition of random copolymer brushes, and its effect on the 

alignment of domains using electric fields has been examined.76 Based on the cross-

sectional TEM measurement results, the complete alignment with the electric fields was 

achieved only when the neutral brush was used at the interface. The study by Wang et 

al.77 indicated that the threshold field strength could be reduced by adding salts (LiCl) to 

polymers, presumably due to the increase in the dielectric constant difference between 

the domains in the block copolymers. 

The mechanisms responsible for the alignment of domains in response to 

external electric fields have been studied. Two possible mechanisms were first suggested 

by Amundson et al.:78 (1) the disordering and subsequent reformation of morphologies 

and (2) the movement of defects. Using in-situ small angle x-ray scattering, DeRouchey 

et al.79 found an intermediate state, characterized by small grains of reduced order, 

during the alignment. The complete alignment would be then achieved by the rotation of 

these small grains. Two independent mechanisms were also observed in aligning block 

copolymer solutions; the defect movement dominated for the system near the order-

disorder transition while the grain rotation became more prevalent for the more strongly 

segregated system.80 On the other hand, simulations by Zvelindovsky and Sevink81 

resulted in a different microscopic interpretation for the weakly segregated systems; 

small undulations disrupted the existing domains leading to the formation of 

intermediate phases. Wang et al.82 varied the effective interaction in the block 

copolymer system by incorporating salts. They found that with increasing the interaction 

parameter the main mechanism of rearrangement went through a transition from 

disruption followed by reformation to grain rotation. 
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consisted of alternating regions of modified (polar) and unmodified (nonpolar) PET 

SAM’s. The self-assembly of PS-PMMA was guided by the selective interaction 

between the chemical patterns and the block copolymer constituents. As the mismatch 

between the bulk spacing of the block copolymer and the chemical pattern spacing 

increased by more than a few percent, misregistration and other types of defects 

appeared. Using poly(styrene-ran-methyl methacrylate) random copolymer brushes, the 

effective interaction between chemical patterns and block copolymer components has 

been controlled by Edwards et al.88 The study revealed that the directed self-assembly of 

PS-PMMA thin films could tolerate a larger mismatch between the chemical pattern 

period and the bulk polymer spacing before forming defects when the selective 

interaction of the chemical patterns with the polymers became stronger. The influence of 

the relative width of the chemical patterns on the directed self-assembly also has been 

studied.89  

Much effort has been made to create elements that break the symmetry of bulk 

morphologies (Fig. 2.10). Bent lines (45 °, 90 °, and 135 °) have been realized with 

ternary blends of lamellar-forming PS-PMMA, PS homopolymers, and PMMA 

homopolymers.90 According to simulation results, the suppression of defect formation 

around irregular shapes was explained by the segregation of the homopolymers to the 

corners of the bends. Burgaz and Gido91 described how defect-like structures could be 

energetically stabilized by either segregation or depletion of homopolymers near these 

structures. More complicated shapes such as T-junctions, jogs, isolated lines, and 

concentric circles have been realized in thin-film block copolymers.92, 93  
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al.99 found that the periodic mesas, fabricated using conventional lithography, induced 

long-range ordering of spherical morphologies of thin-film poly(styrene-b-2-

vinylpyridine) (PS-P2VP) diblock copolymers over a large region (~ 5 μm). This was 

attributed to translational and orientation order imposed by the substrate topography.100, 

101 Both types of order decreased as the regions farther away from the topography were 

probed, which supported the confinement effect at the boundary on the ordering.  

This methodology has also been demonstrated for different block copolymers 

with various morphologies. Cheng et al.102 used the topographically patterned substrates, 

fabricated using interference lithography, to register a spherical morphology of 

poly(styrene-b-ferrocenyldimethylsilane) (PS-PFS) diblock copolymers. As the 

organometallic PFS block was highly resistant to oxygen plasma treatment, an array of 

PFS posts was obtained after plasma etching. The sidewalls needed to be flat and 

vertical (not tapered) for good alignment. The effect of line edge roughness of 

topography on the registration of features formed by thin-film block copolymers has 

been studied, and it has been shown that the regions farther away from the edges were 

more tolerant to the roughness.103  Using substrate topographies, Sibener and his 

coworkers104 were able to achieve defect-free alignment of multiple layers of cylinder-

forming poly(styrene-b-[ethylene-alt-propylene]) (PS-PEP) block copolymers. They 

monitored the alignment process during annealing and found that the alignment started 

at the sidewall with the preferential interaction. For both spherical and cylindrical 

morphologies,105, 106 the block copolymer systems tried to adjust the domain sizes, by 

either expanding or contracting, in order to be commensurate with the varying well 

width.  
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cylindrical morphologies of PS-PMMA, oriented perpendicular to the substrate.108 Other 

complex patterns have also been achieved using graphoepitaxy.109 

 

2.3 RANDOM COPOLYMERS AND CHEMICAL MODIFICATION 

The strategy of incorporating random chemical entities into polymer chains, 

accomplished either through post-polymerization modification or copolymerization, has 

been used to attain desired physical properties of polymers.110 For polymer blends and 

block copolymers that consist of random copolymer architectures, it has been suggested 

that various bulk properties are influenced greatly by the composition and the 

distribution of the random copolymers.111-115 The interfacial properties of polymer thin 

films (e.g., adhesion, wetting) may be modified through flame treatment, oxygen 

plasma, or brush grafting, and such changes are often interpreted as attributable to the 

variations in the compositions or the degree of random modification at the polymer 

interfaces.116-119 With regards to the thin-film applications of block copolymers, random 

copolymers immobilized at substrate surfaces are implemented to change the interfacial 

interaction at the boundaries and, thereby, to control the orientation of the thin-film 

block copolymers supported on the substrates.57, 62 120 Much of this dissertation deals 

with partially epoxidized poly(styrene-b-isoprene) block copolymers. The random 

copolymer architecture is anticipated for the partially epoxidized poly(isoprene) block as 

a result of the chemical modification. 

Various methods have been implemented to chemically modify polydienes, such 

as sulfonation,121, 122 fluorination,123-125 hydrogenation,126 and epoxidation.127 Other 

types of modification for polydienes may be found in some review articles.128, 129 

Siddiqui and Cais130 showed that the addition of difluorocarbene to poly(butadiene) 

occurred randomly throughout the chain. The NMR studies found that the distribution of 
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epoxidation on natural rubber or poly(isoprene) was random for numerous epoxidizing 

agents.131-133 

Chemical modification of block copolymers proved effective in altering the 

Flory-Huggins interaction parameter (χ) of the systems. For example, Davidock et al.134 

added controlled amounts of difluorocarbene135 to the poly(isoprene) (PI) block of 

poly(isoprene-b-ethylethylene) (PI-PEE) diblock copolymers. They found that χ between 

partially fluorinated PI and PEE varied systematically with the degree of modification 

for lamellar and cylindrical morphologies. Kimishima et al.126 varied the degree of the 

PI block hydrogenation for PS-PI diblock copolymers. In their study, the periodicity of 

the microphase segregated lamellae increased with the extent of hydrogenation, 

presumably due to the change in the interaction parameter.  

 

2.3.1 Solubility Parameter Formalism 

The solubility parameter formalism states that the pair-wise interaction parameter 

between components A and B can be approximated as a function of the difference in 

solubility parameters of the components (δA, δB),  
 

 2BA
B

AB δδ
Tk

V
χ     (Eq. 2.3) 

where V, kB, and T represent the molar volume, the Boltzmann constant, and 

temperature in Kelvin, respectively.136 Solubility parameters are defined as δ = 

(∆EV/V)1/2, where the cohesive energy density (∆EV/V) represents the energy of 

evaporation per unit volume for a pure component.136 Several assumptions are made in 

the derivation of Eq. 2.3: (1) the Berthelot relation, which states that the interaction 

between two separate components may be expressed as the geometric mean of the 

interaction within each pure component, (2) no change in volume upon mixing, and (3) 
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regular solution mixing. The limitations of the solubility parameter argument would 

include the failure to incorporate conformational asymmetry into the interaction 

parameter,137 negative interaction parameters (e.g., due to hydrogen bonding) and lower 

critical solution temperatures (LCST) in blends, and the change in volume that leads to 

an entropic contribution to the interaction parameter. Despite its simplicity to account 

for all the details, it still provides useful approach for qualitative modeling of the 

interaction parameters between many pairs of polymers. 

Various methods are available to estimate the solubility parameter of polymers, 

such as turbidimetry,138 swelling measurements,139 or viscosity measurements.140 For 

example, in the turbidimetry measurement, two different non-solvents are added to 

polymer solution until the cloud point is reached. Then, the solubility parameter of the 

polymer may be calculated using the solubility parameter formalism. The viscosity 

measurements using various solvents give the relationship between Flory-Huggins 

interaction parameters and the solubility parameters of the solvents. The solubility 

parameter formalism is again applied, and the solubility parameter of the polymer is 

calculated from the slope and the intercept of the relationship.  

The solubility argument was often implemented in order to explain the changes 

in physical properties that could be traced to the change in interaction parameters. 

Notably, the thermodynamics of protonated, hydrogenated, and deuterated polyolefin 

blends, within which dispersive interactions are dominant, have been studied from the 

solubility parameter perspective.141-143 For example, the change in the interaction 

parameter with deuteration within polymer blends and its influence on the miscibility 

was explained by the smaller solubility parameter for the deuterated polymers compared 

to the protonated.144 Interaction parameters were calculated from small angle neutron 

scattering (SANS) results from blends, and the solubility parameters extrapolated based 
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on the formalism agreed well with the solubility parameters obtained from the PVT 

measurements on pure components.145, 146 The assignment of unique solubility 

parameters for protonated, hydrogenated, and deuterated polyolefins has been found to 

be self-consistent.145  

The solubility parameter of a random copolymer is generally expressed as 

δ ∑φ 	δ 	, where φi and δi are the volume fraction and the solubility parameter of a 

component i in the random copolymer, respectively.147, 148 The linear relationship 

between the copolymer solubility parameter and the fractions of constituents has been 

verified experimentally.149, 150 Using turbidimetry, Ng et al.151 calculated solubility 

parameters of epoxidized natural rubber for 20%, 50%, 60% epoxidation and found a 

linear dependence of the solubility parameter on the degree of epoxidation. Based on the 

linear dependence, they made an estimate for the solubility parameter of 100% 

epoxidized natural rubber to be 20.7 J0.5/cm1.5. 

 

2.3.2 Binary Interaction Model 

 The binary interaction model incorporates the concept of intramolecular 

interactions in calculating effective interaction parameters and is used to explain the 

miscibility of copolymer blends. According to the model, the effective interaction 

parameter for the simplest case of blending homopolymers (A) with copolymers (B-ran-

C) may be expressed as the following: 
 

χeff = φB χAB + (1 − φB) χAC − φB (1 − φB) χBC  (Eq. 2.4) 
 

where φB and (1 − φB) represent the fractions of B and C components within the 

copolymers, respectively.112, 152, 153 Notably, the effective interaction parameter of blends 

does not have a dependence on the volume fractions of polymers (homopolymers and 
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copolymers) in the blend. The first two terms on the right represent the intermolecular 

interactions experienced by the homopolymers and the copolymers, and the last term on 

the right defines the intramolecular interactions within the copolymers. According to the 

equation, strong intramolecular interactions (χBC >> 0) would induce miscibility between 

the homopolymers and the copolymers even when the homopolymers are not miscible 

with each component of the copolymers (χAB > 0, χAC > 0).111 One example is the 

miscibility of styrene-acrylonitrile (SAN) copolymers with poly(ethyl methacrylate) 

(PEMA) homopolymers while individual poly(styrene) and poly(acrylonitrile) are not 

miscible with PEMA.154 

Several assumptions are made in deriving the binary interaction model.155 The 

mixing of components is assumed random such that the frequency of interaction by two 

species A and B is proportional to the product of their volume fractions. In addition, the 

interaction is assumed to involve only two units; the effect of the components that are 

adjacent to unit i within the same polymer chain (i.e., units i+1 and i-1) is not taken into 

account in considering the interaction of unit i. The dependence of the binary interaction 

model on the sequencing distribution of copolymers was more carefully investigated.156 

Experiments showed deviation from the model on a number of occasions.115, 141  

 The application of the solubility parameter formalism to the binary interaction 

model results in 
 

χeff =
Tk

V

B

[ φB (δA – δB)2 + (1 − φB) (δA – δC)2 − φB (1 − φB) (δB – δC)2
 ]  (Eq. 2.5) 

Simple algebraic arrangements of this equation lead to 
 

2
A

B
eff )δ(δ

Tk

V
χ        (Eq. 2.6) 
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where the effective solubility parameter of the copolymer, δ , equals φB δB + φC δC, 

recovering the linear dependence of the solubility parameter on the fractions of the 

constituents.  

 

2.3.3 Epoxidation 

Among a plethora of modification methods, epoxidation of polymers in various 

forms, most notably polydienes, has been explored consistently in the past for desirable 

changes in properties, such as low gas permeability and large oil resistance. For 

example, Mooney scorch time, defined as a period of time before scorching causes 

vulcanization of natural rubber (NR), was found to decrease significantly with the 

degree of epoxidation of NR.157 The activation of double bonds for vulcanization 

triggered by the presence of epoxide was suggested in the past.158 Changes in the 

rheological behavior and the relaxation modes of epoxidized poly(isoprene) 

homopolymers were studied while varying the degrees of epoxidation.159 The correlation 

between the high tensile strength of epoxidized natural rubber (ENR) vulcanisate and the 

strain-induced crystallization was studied.160 In comparison to NR, the higher adhesion 

to glass substrates and the increase in resistance to swelling and oil permeation were 

observed for ENR and its vulcanisates.161, 162 A small difference in the degree of 

epoxidation, as little as 10%, in the blends of ENR’s led to the immiscibility, indicative 

of non-trivial interaction between NR and ENR units.163 ENR was blended with epoxy 

resins in order to attain rubbery toughening, and the effect of the modifier on mechanical 

properties after curing was studied.164, 165 Additional modification has been implemented 

to the epoxide functional groups of epoxidized polydienes. For example, the amine 

groups were incorporated into epoxidized poly(isoprene) homopolymers for their use as 

an antioxidant.166 Photocrosslinkable functional groups were grafted to ENR so that the 
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polymer films would crosslink upon ultraviolet radiation (UV), and phosphorus-

containing functional groups were added to make the polymers more resistant to fire 

hazard.128  

An increase in the solubility parameter of natural rubbers with epoxidation has 

been observed. While the solubility parameter of poly(isoprene) is 16.6 J0.5/cm1.5,167 

Grubbs et al.127 extrapolated the solubility parameter of epoxidized isoprene units to be 

18.7 cal1/2/cm3/2. Based on the relationship between the intrinsic viscosity and the 

solubility parameter, the solubility parameter of epoxidized polybutadiene (PB) has been 

estimated to be 19.8 J0.5/cm1.5.168 As mentioned previously, the solubility parameter of 

ENR changed linearly with the degree of epoxidation,150, 151 and the linear relation 

would translate to δ = 19.1 – 20.7 J0.5/cm1.5 for completely epoxidized natural rubbers.  

 Various reagents were implemented to epoxidize olefins and polydienes in the 

past, and they include peracid, meta-chlorobenzoic acid, and dioxirane. 1H-NMR or 13C-

NMR are generally used to calculate the degree of epoxidation.169 Peracid may be 

generated in-situ when peroxide reacts with acids (e.g., acetic acid, formic acid, phthalic 

acid). The agent has been used to epoxidize natural rubbers162, 170 and poly(butadiene) 

(PB).168 Block copolymers also have been epoxidized using the oxidizing agents 

generated in-situ; peracetic acid,171 performic acid,172, 173 and monoperoxyphthalic 

acids174 were used to incorporate epoxide groups onto the polydiene block in block 

copolymers. The higher reactivity of double bonds on the polymer backbone chain in 

comparison to those on the side groups has been frequently observed.168, 173 

The acidic environment in this in-situ generation method causes the ring opening 

of the epoxide. The acid-catalyzed hydration of epoxide within the polymer chain leads 

to the formation of alcohol, ketone, and diol. The ketone may react with epoxide in other 

chains and form ether (“polymer crosslinking”).158 The chain scission in epoxidized 
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poly(butadiene) occurred with long reaction times depending on the types of solvents.175 

The intramolecular reaction of the hydroxyl group with the neighboring epoxide could 

result in the formation of cyclic ether.176, 177 Furanized natural rubber, the most likely 

product (cyclic ether) from the intramolecular reaction, exhibited a stress versus strain 

curve similar to poly(styrene).176 Perera et al.177 found that such furanization of 

epoxidized natural rubber could be minimized when (1) the degree of chemical 

modification was less than 60%, (2) the acid concentration was low, or (3) the reaction 

temperature was low. The hydroxyl group from the ring opening of epoxides could also 

react with the neighboring unreacted diene units, leading to cyclizations.177, 178 

With relative stability and accessibility in comparison to perbenzoic acid, m-

chlorobenzoic acid (MCPBA) was first used to estimate the total degree of unsaturation 

in organic compounds, including natural rubbers, using titration.179, 180 MCPBA was also 

used to add epoxide groups to PI and PB homopolymers.169, 181 Antonietti et al. 182 

epoxidized PS-PB diblock copolymers and used ring-opening reaction of epoxide in 

order to obtain amphiphiles. Bailey et al.183 epoxidized the PI block in poly(styrene-b-

isoprene-b-lactide) triblock copolymers. In this study, the chemical modification was 

implemented in order to make the inner surface of the pores more hydrophilic and to 

allow an easier passage for an aqueous solution through the pores. The side reaction of 

epoxide commonly observed with the peracid was not observed when MCPBA was used 

for the epoxidation. 

In the process of decomposition of potassium peroxymonosulfate (KHSO5, or 

also known as caroate), the oxidation of small molecules has been observed with ketone 

present as catalysts, and it was suggested that the intermediate, known as dimethyl 

dioxirane (DMD), was involved in the oxidation.184 DMD was finally isolated, and its 

properties were studied by Murray and Jeyaraman.185 PB homopolymers were 
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epoxidized using DMD and phase transfer catalysts, and no significant side reaction was 

observed.186, 187 Grubbs et al. used DMD without any phase transfer catalyst to 

selectively epoxidize the PI block in poly(isoprene-b-butadiene) (PI-PB) diblock 

copolymers. Based on small angle x-ray scattering results, they suggested that the 

disordered PI-PB became ordered as the degree of epoxidation was raised higher than 

87%.  
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Chapter 3 Experimental Methods 

This chapter discusses experimental methods used to (1) synthesize and 

characterize bulk block copolymers and (2) fabricate and study thin-film samples. 

Anionic polymerization was used to synthesize poly(styrene) (PS) and poly(isoprene) 

(PI) homopolymers, poly(styrene-b-isoprene) (PS-PI) diblock copolymers, and 

poly(styrene-b-isoprene-b-methyl methacrylate) (PS-PI-PMMA) triblock copolymers. 

Size exclusion chromatography (SEC) was used to analyze the molecular weight (Mn) 

and polydispersity index (PDI) of the polymers. Partial epoxidation of poly(isoprene) 

blocks in the PS-PI and PS-PI-PMMA block copolymers was achieved using dimethyl 

dioxirane (DMD). The measurement of neutron magnetic resonance (1H-NMR) on the 

samples gave information about the volume fractions of components and the degrees of 

chemical modifications in the samples. While the microphase segregated morphologies 

of the bulk specimens were analyzed using small angle x-ray scattering (SAXS), the 

glass transition temperature (Tg) was identified using differential scanning calorimetry 

(DSC) and the rheological behaviors of the block copolymers were investigated through 

dynamical mechanical spectroscopy (DMS). Thin-film block copolymers were prepared 

at the University of Wisconsin at Madison by spin-coating, followed by thermal 

annealing in vacuum. Ellipsometry was employed to measure the film thickness. The 

thin films were characterized using scanning electron microscopy (SEM) and atomic 

force microscopy (AFM). The stripe chemical patterns were fabricated and used to direct 

the self-assembly of thin-film block copolymers. Oxygen plasma treatment was 

implemented either to increase the contrast during SEM imaging or to control the width 

of the guiding stripes in the chemical patterns. 
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3.1 SYNTHESIS OF BLOCK COPOLYMERS 

3.1.1 Controlled Anionic Polymerization 

In comparison to other types of polymerizations, such as free-radical 

polymerization, controlled polymerization generally results in much narrower 

molecular-weight distributions (low polydispersity index (PDI)). The controlled 

polymerization consists generally of three steps as shown in the following:  
 

Initiation:     PMI *
1

k i     (Eq. 3.1) 

Propagation:     PMP *
2

kp*
1      (Eq. 3.2) 

    PMP *
1N

kp*
N       (Eq. 3.3) 

Termination:    TPTP 1N
kt*

1N      (Eq. 3.4) 
 

where I, M, PN, T, and * stand for initiators, monomers, polymers with N degrees of 

polymerization, termination agents, and reactive ends, respectively. Once initiation 

occurs, the chains with active centers start to add monomers to the chains. Without the 

introduction of terminating agents, these chains remain “active” even after consumption 

of all the monomers under a controlled environment. For the synthesis of block 

copolymers, a different type of monomer can be added after the complete 

polymerization of previously added monomers. Factors such as the relative stability of 

anions will determine the order of sequential anionic polymerization of the blocks. In 

experiments, much care is put into assuring the minimal introduction of non-intentional 

termination or chain transfer agents. For example, anions play the role of active centers 

in the case of controlled anionic polymerization, and the presence of water or oxygen in 

the reaction can lead to termination or coupling of living chains. The number of active 

chains is ideally equal to that of the initiators introduced into the reactor, and this allows 

precise control over the molecular weight of resulting polymers. In order to attain low 
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PDI, both the dissociation of initiators and the first monomer addition need to be quick 

compared to the sequential propagation step so that all chains start polymerization 

effectively at the same time. It has been found that a Poisson molecular-weight 

distribution results from controlled anionic polymerization, and its PDI may be 

expressed as PDI = 1 + 1/N, where N is the degree of polymerization. Typical PDI 

values observed in experiments are 1.02 − 1.20. A more detailed explanation of 

controlled anionic polymerization can be found in the literature.1 

 

3.1.2 Synthetic Procedures 

Styrene (Aldrich), isoprene (Acros), and methyl methacrylate (Fluka) monomers 

were repeatedly (1) frozen in a liquid N2 bath, (2) degassed while in a frozen state, and 

(3) thawed. This “freeze-pump-thaw” process removed dissolved oxygen. Other 

impurities and inhibitors in styrene and isoprene monomers were removed by stirring 

them in a controlled environment for 30 − 60 minutes with appropriate purifying agents: 

di-butyl magnesium (Aldrich) for styrene at room temperature and n-butyl lithium 

(Aldrich) for isoprene in an ice bath. These monomers were distilled to empty flasks and 

treated one more time with the same purification process. They were finally collected 

into glass burettes. Methyl methacrylate monomers were stirred with calcium hydride 

(CaH2) overnight in order to remove water, then distilled to another flask containing a 

tri-ethyl aluminum solution in heptane (Aldrich) to remove alcohol and moisture.188 

After the monomers turned yellow-ish, representative of well purified methyl 

methacrylate monomers, they were transferred by short path vacuum distillation to 

empty burettes. 1,1-Diphenylethylene (DPE) (Aldrich) was dried by overnight stirring 

with potassium hydroxide (KOH) and subsequently with calcium hydride (CaH2). Then, 

DPE was distilled to an empty flask. Solvents such as cyclohexane (CHX) and 
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Purified cyclohexane was added to a sealed reactor containing argon. The temperature of 

the solvent was controlled to reach 40 °C by placing the reactor in contact with a water 

bath. Then, sec-butyl lithium (1.3 M solution in cyclohexane, Aldrich) was added into 

the reactor as the initiator for anionic polymerization. Purified monomers of styrene and 

isoprene were added sequentially. Polymerization was conducted at 40 °C for 8 hours 

per block. For the synthesis of PS-PI block copolymers, degassed methanol was added 

into the reactor following the completion of the isoprene polymerization in order to 

terminate the reaction at this stage. For PS-PI-PMMA synthesis, the reactor was cooled 

to ~ 0 °C and purified tetrahydrofuran (THF) with predissolved lithium chloride (LiCl) 

and DPE was added. Once the reactor temperature reached -78 °C using a dry ice bath, 

purified methyl methacrylate monomers were added to the reactor. The reaction was 

terminated by injecting degassed methanol after 1 hour of polymerization. Finally, the 

polymers were recovered by precipitation in methanol and dried under vacuum prior to 

characterization. 

Poly(methyl methacrylate) (PMMA) polymerization requires additional 

experimental steps to minimize side reactions. It has been found that carbanions at the 

chain ends often attack the carbonyl carbon on the methacrylate monomer. End-capping 

with bulky side-groups, either at the chain end or the initiator, gives steric hindrance and 

suppresses such a side reaction. Wiles and Bywater190 used 1,1-diphenylhexyl lithium, 

prepared by mixing DPE with butyl lithium, as initiators for the polymerization of 

methyl methacrylate (MMA). Zune et al.191 were successful in the synthesis of 

poly(isoprene-b-methyl methacrylate) block copolymers by endcapping the living chain 

ends of PI with DPE, followed by the sequential polymerization of MMA. 

Polymerization of MMA can also terminate during the ongoing polymerization process. 

The carbanions at the chains ends may either back-attack the carbonyl groups in the 
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previously polymerized chains or choose to form ketone, releasing methoxide.192 To 

some degree, these side reactions may be prevented by decreasing the reactor 

temperature (-78 °C). However, THF is generally added to the reactor in order to prevent 

the CHX solution from freezing at the low temperature, and this addition inevitably 

leads to an increased reactivity of the chain ends and makes them more susceptible to the 

side reactions. Varshney and his coworkers193, 194 have found that the coordination of 

lithium salts with methyl methacrylate and tert-butyl acrylate carbanions results in a 

much sharper molecular weight distribution, suggesting that the coordination inhibits the 

chain termination. Similarly, the role of diethyl zinc in the anionic polymerization of 

MMA has been investigated by Ozaki et al.195 They found that the coordination of 

diethyl zinc with the enolate anion in methyl methacrylate made the anion more stable 

and lowered the rate of polymerization, resulting in a lower PDI value. 

 

3.1.3 Selective Partial Epoxidation 

The controlled degrees of epoxidations of poly(isoprene) blocks in PI, PS-PI, and 

PS-PI-PMMA precursors were achieved using dimethyl dioxirane (DMD). This agent 

appears as an intermediate during the decomposition of potassium peroxymonosulfate 

(KHSO5) and has been used widely in epoxidation of small molecules196 and 

polydienes.186, 197 Partial epoxidation of the poly(isoprene) block with varying degrees of 

modification was attained by stirring a polymer solution in dichloromethane along with 

acetone, an aqueous buffer solution (NaHCO3, Aldrich), and an aqueous solution of 

potassium monosulfate triple salt (Sigma Aldrich) at room temperature for 16 − 48 

hours. The polymer solution was extracted and dried in vacuum. 
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3.2 CHARACTERIZATION TECHNIQUES IN BULK 

3.2.1 Size Exclusion Chromatography (SEC) 

Size exclusion chromatography (SEC) is a tool used to measure the molecular 

weight distribution of polymer samples and is also commonly called gel permeation 

chromatography (GPC). SEC is made up of a series of columns packed with particles 

containing pores of various sizes. As the polymer solution is pumped through the 

column, typically at the flow rate of 1 mL/min, the polymers with larger 

“hydrodynamic” volume spend less time in the columns and elute first. While various 

detectors are available, the refractive index detector was mainly used in this study to 

monitor the quantity of eluted polymers. Standards provided by vendors are used to 

relate the elution time with the molecular weight.  

Three different SEC instruments with either tetrahydrofuran (THF) or 

chloroform (CHCl3) as mobile phases have been employed: (1) Waters 717 plus 

Autosampler, columns with 5 μm pore size (Phenomenex Phenogel 5 μm, 300 × 7.8 

mm), and Waters 2410 refractive index detector (THF, Univ. of Minnesota); (2) 

Hewlett-Packard 1100 HPLC, HP 1047A refractive index detector, and poly(divinyl 

benzene) columns (Gel Organic columns, Jordi) (CHCl3, Univ. of Minnesota); (3) 

Viscotek VE2001 with 302-050 tetra detector array (THF, Univ. of Wisconsin). The first 

instrument suffered from broadening of peaks when polymers contained poly(ethylene 

oxide) or poly(methyl methacrylate) blocks. Such broadening is generally attributed to 

polymer adsorption to the packing, causing the polymers to stay longer in the 

columns.198  
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3.2.2 Nuclear Magnetic Resonance Spectrometry (1H-NMR) 

Proton nuclear magnetic resonance (1H-NMR) of polymer samples was measured 

in order to find the compositions of blocks and the degrees of epoxidation on 

poly(isoprene) blocks in block copolymers. Considering a nucleus has (2I +1) spin states 

in an applied magnetic field Ba (I: nuclear angular momentum number), isolated 1H (I = 

1/2) has two states separated by γħBa. ħ is the reduced Planck constant, and γ is called 

the magnetogyric ratio, which varies depending on the types of atoms. The excitation of 

a nucleus to the higher (more unstable) spin state can occur when radiated with 

electromagnetic (EM) waves with the Larmor precession frequency ω0 = γBa. The 

excited nucleus decays back to the stable state, emitting EM waves with ω0. This 

research used pulsed NMR, or also known as Fourier Transform (FT) NMR. A pulse of 

EM waves was applied to samples in order excite all the hydrogen atoms. The decay of 

excited nucleus, known as free induction decay (FID), was detected and recorded. 

Fourier transform was used to extrapolate the frequency components of FID.  

The frequency of EM waves that hydrogen atoms absorb shifts depending on the 

“environment” surrounding the atoms. The effective magnetic field strength is affected 

by the diamagnetic contributions from electrons around a nucleus, and this effect is 

called shielding. There are numerous factors that influence the degree of shielding, 

including electronegativity of the nearby atoms and orientations of molecules to the 

static magnetic field. This characteristic shift enables the identification of different 

frequency components in FID with different components in block copolymer samples. 

For example, the hydrogen atoms in poly(styrene) would absorb waves of different 

frequencies compared to the hydrogen atoms in poly(isoprene). The area under the peak 

is proportional to the number of hydrogen atoms giving rise to the signal, and this is 

used to estimate the compositions or the degrees of chemical modification in samples.199 
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For elastic scattering, oi qq  , and  io qqq 4π sin(θ) λ-1, where λ stands for the 

wavelength of the incident waves. The total amplitude A(q) and the intensity I(q) of two 

scattered waves would correspond to  
 

A(q) = A0 exp( iq0•r – iωt)) (1+exp(-iq•rj) )           (Eq. 3.5) 

I(q) = A(q) A(q)* = A0
2 (1+exp(-iq•rj) ) (1+exp(+iq•rj) ) (Eq. 3.6) 

 

The equation may be written to account for all the scatterers. The exponential exp(iq0•r 

– iωt) in the wave equation is omitted in the rest of this section since it would be 

cancelled during the calculation for the intensity, 
 

A(q) = ∑ A0 exp	(-iqj •rj)            (Eq. 3.7) 
 

Without loss of generality, this may be written as  
 

A(q) = A0 n(r) exp(-iq•r) dr   (Eq. 3.8) 
 

where V, r, and n(r) represent the volume occupied by scatterers, the position of 

scatterers, and the density of scatterers, respectively. Simple quantum mechanical 

treatment also results in a similar relationship, assuming the Born approximation.201 The 

total amplitude may divided into separate contributions from electrons associated with 

each unit cell,  
 

A(q) = 
cellsunit
 cellunitV

A0 nunit(r) exp(-iq•(runit + rk ) drk   

 = 
cellsunit

A0 exp(-iq•runit )  cellunitV
nunit(r) exp(-iq•rk) drk   

= S(q) F(q)      (Eq. 3.9) 
 

where nunit(r), runit, and rk represent the electron densities in a unit cell, the lattice 

vector, and the relative position of electrons within a unit cell. S(q) (structure factor) and 
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F(q) (form factor) correspond to the Fourier transforms of the Bravais lattice in real 

space and the electron densities in a unit cell, respectively. 

 The scattering occurs to a significant degree (S(q) ≠ 0) only when q is equal to 

the reciprocal lattice G,  
 

q = G     (Eq. 3.10) 
 

It can be shown that the shortest length of G is equal to 2π/d, where d is the spacing 

between parallel planes in real space perpendicular to G.202 Including reciprocal lattice 

vectors with higher orders (n: integers > 1), 
 

           q 
λ

)sin( 4 
G

d

n 2π
    (Eq. 3.11) 

2d sin(θ) = n λ    (Eq. 3.12) 
 

which is known as Bragg’s Law. 

Ordered morphologies of block copolymers consist of periodic domains of 

distinct scattering length densities (ρ). For the simplest case of diblock copolymers, the 

scattering intensity may be expressed as 
 
 

I(q) ∝ (Δρ)2 | F’(q) S(q) |2       (Eq. 3.13) 
 
 

where Δρ denotes the difference in the scattering density. The morphologies correspond 

to different crystallography groups, and the associated symmetries dictate the values of q 

at which peaks are allowed. For example, the allowed peaks in the lamellar morphology 

appear at the integer multiples of the primary peak position q* = 2π/d.203  

SAXS instruments at three facilities were used: (1) Characterization Facility 

(Univ. of Minnesota), (2) Materials Science Center (Univ. of Wisconsin), and (3) 

Argonne National Laboratory. The instrument at the Characterization Facility consists of 
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a Rigaku Ultrex 18kW generator that produces copper Kα x-rays (λ = 1.54 Å) and a 

Bruker Hi-Star 2-dimensional detector. The SAXS measurement at Argonne National 

Laboratory was conducted using the 5-ID-D station at Advanced Photon Source. The 

scattering of incident x-rays (λ = 0.73 Å) was collected at Mar 165 mm CCD detector. 

The one-dimensional form of I(q) was obtained by integrating the two-dimensional data 

using the FIT2D software. 

 

3.2.4 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (Q1000 DSC, TA Instruments) was used to 

find the glass transition temperature (Tg) of block copolymers. In a typical DSC 

instrument, one reference pan with a known heat capacity (Cp) and another pan 

containing polymer samples are heated simultaneously. The amount of heat flow to the 

polymer pan, required to keep the temperature equal in both pans, is monitored as the 

temperature is varied. Deviations from the linear relationship of the heat flow with 

varying temperature, Δ(Heat) = Cp ΔT, are attributed to the thermal transitions in the 

polymer samples. A step-like function indicates glass transition while exothermic and 

endothermic peaks suggest crystallization and melting, respectively.  

 

3.2.5 Dynamic Mechanical Spectroscopy (DMS) 

Dynamic mechanical spectroscopy (DMS) (ARES, Rheometric Scientific) was 

used to determine order-disorder transition temperatures (TODT) of block copolymers and 

to study thermal fluctuations in systems near TODT. The basic principles of DMS are 

based on the viscoelasticity of polymers, which means that the materials exhibit both 

liquid-like and solid-like behaviors. Viscoelasticity is observed in numerous materials 

(e.g., silly putty). These phenomena may be understood in terms of whether components 
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in materials are given enough time to move and relax in response to perturbations. When 

the rate of the perturbation is fast enough such that the time allowed is less than the 

typical relaxation time of the components, the material behavior would resemble the 

elastic response of typical solids to an external stress. On the contrary, when the rate is 

slow, the components would have enough time to relax in response to the perturbation 

and the materials would behave viscously as liquid. Generally, the distinction between 

viscoelastic solids and liquids is made by the question of whether the stress may be 

relieved completely given an infinite amount of time.204 In this research, strain γ = γ0 

sin(ωt) was applied to polymer samples as a perturbation, and the shear stress was 

measured. In this case, the rate of the perturbation would be the frequency ω of the strain 

sinusoidal wave. 

The concepts of elasticity and viscosity arise while establishing relationships 

between shear stress σ and shear strain γ, as shown in following equations.  
 

σ = G γ    (Eq. 3.13) 

σ = η (dγ/dt)    (Eq. 3.14) 
 

where G and η denote shear modulus and viscosity, respectively. Complex notations are 

used to denote the applied oscillatory shear strain γ* = γ0 exp(iωt) and the measured 

shear stress σ* = σ0 exp(iωt + iδ) with the phase difference δ. If a material property can 

be described solely by either elastic or viscous components, the phase of the shear stress 

would be either in phase or out of phase by 90° (δ = π/2) with respect to the oscillatory 

strain. Generally, the phase of polymer samples lies between 0° and 90°, indicating the 

presence of viscoelasticity. The complex dynamic modulus G* is defined as  
 

G* = σ* / γ* = G′ + i G″   (Eq. 3.15) 
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where G′ and G″ are known as elastic (or storage) modulus and viscous (or loss) 

modulus, respectively. For polymer samples, the viscous characters originate from the 

friction of the polymers as they move past one another in order to relieve external stress 

and to attain the most probable conformation. The elastic components come from the 

distortion in the Gaussian distribution of the chains.  

As the oscillatory frequency (ω) of the strain is varied in a controlled manner, 

different length scales within a polymer chain that can relax in response to the strain are 

probed. There is an inevitable time lapse between responses of a short segment and a 

longer segment, causing them to respond differently to a common source of stress. At 

high ω (i.e., short relaxation time), only small segments in a chain may relax while the 

whole chain would be able to relax at much lower ω (long relaxation time). Therefore, in 

order to investigate block copolymer morphologies of finite periodic dimensions, a 

frequency regime below the critical frequency (ωc) needs to be studied.  

The coupling between a sample morphology and its mechanical properties 

induce morphology-specific frequency dependence of G′(ω) and G″(ω) at low ω. For 

example, G′(ω) and G″(ω) of diblock copolymers with a lamellar morphology were 

found to exhibit ω0.5 dependence for ω < ωc while they are proportional to ω2 and ω1 at 

the terminal region in the disordered melt state.205 The dependences of G′(ω) and G″(ω) 

on ω for other morphologies may be found elsewhere.206, 207 The abrupt change in the 

magnitude of G′(ω) during isochronal temperature sweep has been widely used to 

identify TODT, which separates a ordered morphology from a disordered melt state.  

 

3.3 THIN FILM CHARACTERIZATION AND CHEMICAL PATTERN FABRICATION  

Thin-film fabrication and characterization were conducted at the University of 

Wisconsin, Madison. Polymer solutions in toluene (0.2 – 4.0 wt. %) were prepared and 
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stirred for at least 2 hours prior to the use. Uniform polymer thin films were prepared 

through the process of spin coating on Si substrates, and the ellipsometry instrument 

(AutoEL-II, Rudolph Research) was used to measure the film thickness. Then, the 

polymer films were thermally annealed in vacuum. For selected samples, the static 

contact angles of water drops (1 μL) were measured (OCA15, Data Physics). 

 

3.3.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) detects and displays the interaction 

between specimens and a narrow coherent beam of electrons that travels in vacuum. 

Two main forms of the interaction are elastic and inelastic scattering. While the beam 

does not lose its kinetic energy and only changes its direction upon elastic scattering, the 

energy transfer occurs during inelastic scattering. The aftermath of the beam-specimen 

interaction takes place over a region called interaction volume, and the interaction 

volume increases for a beam with larger energies, which lead to deeper penetration into 

samples. 

Electrons that escape the specimens after elastic scatterings are called 

backscattered electrons (BSE). On the other hand, various components are generated as 

consequences of inelastic scattering. Secondary electrons are the electrons ejected from 

the outer-shells of atoms when the energy transferred is large enough to ionize the 

atoms. Bremsstrahlung refers to a continuous spectrum of electromagnetic radiation 

generated as a result of the beam deceleration. When the transferred energy ejects 

electrons from the inner-shell of atoms, the vacancies are filled by outer-shell electrons, 

leading to either x-ray or Auger electron generation. 

Generally, SEM instruments detect backscattered electrons and secondary 

electrons. A small fraction of backscattered electrons are scattered backwards from the 



 58

impact area; they contain high resolution information and are called BSEI. The rest 

(BSEII) experience a series of elastic scattering, travelling away from the initial impact 

area, before they depart from the samples. There are three types of secondary electrons 

generated as a result of inelastic beam-specimen interactions: SEI, SEII, and SEIII. SEI 

forms as a result of direct interaction between the beam and the specimen at the beam 

impact area and is known to carry high resolution information about the specimen. The 

SEII signal is generated away from the beam impact area by backscattered electrons that 

have returned to the surface. Lastly, the SEIII component is generated as the 

backscattered electrons that have escaped specimens strike other components in SEM, 

e.g., the inner chamber. The ratio of the signals, SEI/SEII, may be raised by 

implementing smaller accelerating voltages. Based on these BSE and SE signals, the 

contrast in SEM images arises as a result of various factors, such as the atomic number 

difference, the topography, and the thickness difference of the specimens. SEM 

equipped with an energy-dispersive spectrometer (EDS) may be used to analyze the 

chemical composition of specimens through the detection of the generated x-rays. More 

detailed information about SEM may be found in the reference.208 

SEM (LEO 1550 VP FESEM) (previously located at the Synchtron Radiation 

Center, Stoughton, WI) at the Soft Materials Laboratory (Univ. of Wisconsin) was used 

in this study with the following experimental setup during imaging: 1 kV (top-down) 

and 10 kV (cross-sectional) accelerating voltage, 3 mm working distance, and 30 μm 

aperture size. The polymer thin films were not treated with any conductive coating for 

imaging. The in-lens SE detector, which has been known to collect SEI efficiently, was 

mainly used for imaging. SEM was also used to create patterns on PMMA photoresists 

by controlling the regions of e-beam exposure. 
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3.3.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is generally used to characterize the surface of 

materials by measuring the force between its probe tip and the surface. The interaction 

causes the tip to bend, and the degree of deflection is monitored by measuring laser 

reflection from the end of the tip. Different regimes of forces are probed depending on 

the distance between the tip and the sample surface, leading to three modes of operations 

for AFM: (1) contact, (2) non-contact, and (3) intermittent contact (commonly called 

“tapping”). In contact mode AFM, the cantilever-surface distance is a few angstroms 

(Å), and the tip experiences repulsive van der Waals forces. Due to the proximity of the 

tip and the amount of forces applied, the contact mode operation can damage soft 

materials during scanning. In non-contact mode AFM, the tip is a few tens to hundreds 

of angstroms away from the surface and feels attractive van der Waals forces. The 

resonant frequency and amplitude of the tip are monitored during scanning. In 

intermittent contact mode, the resonating tip comes into a temporary contact with, or 

“taps”, the surface. The height and phase of the resonant tip may be obtained in tapping 

mode. The phase information is known to be sensitive to the adhesion, friction, and 

chemical composition of the surface. 

In this work, atomic force microscopy (Nanoscope III Multimode AFM, Digital 

Instruments) at the Materials Science Center (University of Wisconsin) was 

implemented in tapping mode (1) to measure topographic profiles and (2) to distinguish 

domains of block copolymer thin films at the free surface using phase images. 

 

3.3.3 Chemical Pattern Fabrication 

The schematic on pattern fabrication procedures is provided in Figure 3.3. A 

solution (0.2 wt. %, toluene) of crosslinkable materials (e.g., random copolymers 
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containing 94 mol. % styrene and 6 mol. % glycidyl methacrylate) was spin coated 

above a silicon wafer covered with a thin SiO2 layer, followed by thermal treatment in 

vacuum at 190 °C for 24 hours that created the mat (thickness ≈ 5 − 8 nm). The mat was 

sonicated in toluene repeatedly (5 minutes × 3 times) in order to remove any unreacted 

materials. Then, exposure method specific photoresist materials (PR) were deposited on 

the top of the mat by spin coating. For extreme ultraviolet lithography (EUV) exposure 

(Synchrotron Radiation Center, Stoughton, WI), a 50 nm thick layer of poly(methyl 

methacrylate) (PMMA, 950 kg/mol, in anisole solution) was used while a 35 nm thick 

ZEP layer was used for electron beam patterning (Hitachi Global Storage Technologies, 

San Jose, CA). The main advantage of EUV above e-beam patterning is that it takes 

much less time to make multiple patterns while e-beam patterning enables fabrication of 

small features. In addition, while a prefabricated mask is required for EUV, any shape 

can virtually be programmed for e-beam patterning. The adjustable PR exposure time to 

the beamline determines the relative width of the exposed area with respect to the 

screened area. The remaining PR patterns after exposure and development were used as 

a mask during the sequential oxygen plasma treatment (Unaxis 790, Univ. of 

Wisconsin). The top-down SEM images of the stripe patterns after the development 

process and after the plasma treatment are shown in Figure 6.21 (Chapter 6). The 

remaining photoresist layer was removed by sonication in n-methyl-2-pyrrolidone 

(NMP) and chlorobenzene. The subsequent process of solution spin coating and thermal 

annealing was implemented in order to graft hydroxyl-terminated brushes (“backfill 

brush”) onto the SiOx regions, exposed as a consequence of the oxygen plasma. The 

wafers were sonicated in toluene 3 times for 5 minutes each in order to remove 

unreacted brush materials. 
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parallel electrodes with voltage bias, samples placed above one of the electrodes, and 

gases that fill the chamber. Depending on the types of dominant species in the gases, the 

plasma etching can occur in two different ways: chemical radical etching (isotropic) and 

physical ion bombardment (anisotropic). Often both methods are used in conjunction 

with each other, and this process is known as ion-enhanced etching. In chemical etching, 

radicals move in random directions (“isotropic arriving angles”) and have to strike 

surfaces several times before they react (“low sticking coefficient”), making the process 

isotropic.51 However, the radicals in the chemical etching process usually react and etch 

materials selectively. On the contrary, the physical etching due to ion bombardment is 

nonselective on the chemical species of the surfaces, but it is anisotropic due to the 

directionality of electric fields that accelerate ions. The ion-enhanced etching involves 

both mechanisms (chemical and physical etching) and accomplishes anisotropy and 

etching selectivity at the same time. The total etching rate in ion-enhanced etching may 

be higher than the sum of etching rates for each individual mechanism as the ion 

bombardment sometimes assists the chemical etching processes.  

Polymer resistance to plasma treatment has been a vital part in microelectronic 

processing for transferring pattern in a polymer film to the underlying layers. This aspect 

will remain as one of the important considerations for the implementations of block 

copolymer self-assembly to conventional lithographic process; the relative etch 

resistance will determine the component of the block copolymers that would remain and 

function as a mask for subsequent process. The oxygen plasma etching rates have been 

investigated by Taylor and Wolf209 for various polymers at 35 °C. The removal rate for 

poly(styrene) (PS) was found to be 270 Å/min while poly(methyl methacrylate) 

(PMMA) was etched 2.37 times faster than PS. The significantly higher etching rate of 

poly(isoprene) (5.6 times compared to PS) is of consequence in this research, which 
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deals with PS-PI diblock copolymers and PS-PI-PMMA triblock copolymers. Based on 

their experiments with a variety of polymers, they found a close linear relationship 

between the cleavage of the backbone and the etching rate. While the presence of weak 

side-chains next to the main polymer chain facilitates the backbone cleavage for some 

cases, the presence of aromatic groups may increase the stability of polymers to oxygen 

plasma treatments. Organosilicon polymers, such as poly(dimethylsiloxane) (PDMS), 

and other organometallic polymers can exhibit very high etch resistance due to the 

formation of etch resistant oxides on the surface.  

Atomic oxygen free radicals are generally considered to be the most important 

constituent in oxygen plasma while other components, such as other radicals, excited 

neutrals, electrons, and ions, can work in synergic ways with the oxygen radicals.210 

Though the detailed etching mechanisms can become complex in the presence of 

supplemental gases, frequently added to enhance the etching rate, a simplified 

mechanism on how oxygen radicals react with and cleave polymer backbone chains is 

provided by the following reaction scheme:211 
 

  C C + O C C + OH    (1) 

  C C + O C

O

C    (2) 

  C

O

C C+OC    (3) 
 

Chain scission may also occur through “depolymerization” due to the radical at the chain 

end in the product of step 3. The end products of depolymerization consist of monomers 

and short chains. The degree of depropagation depends on the stability of the radical and 

the thermal energy imparted by ion bombardments.  
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As shown above, chain scission leads to the formation of not only volatile 

components, but also –C=O and –COOH within chains that are expected to cause 

changes in the surface energies of the remaining polymers. X-ray photoelectron 

spectroscopy for chemical analysis (ESCA or XPS) has been widely used to investigate 

properties at film surfaces after plasma treatment. Clark and Wilson212 used ESCA on 

polymer films after treatment with an oxygen plasma and confirmed a sign of oxidation 

at the surface. The depth of the polymer films that are susceptible to degradation, 

oxidation, and even crosslinking from plasma treatment can be as large as 500 Å from 

the film surface.116 Surface treatment of PS with an oxygen plasma was conducted by 

Hall et al.,213 and a huge increase in adhesion was observed for the treated polymer 

films. Similarly, the water contact angles on polymers drop significantly after oxygen 

plasma treatment on the polymers.214 Notably, Occhiello et al.215 found that the increase 

in the wettability of PS as a result of plasma treatment is temporary and becomes faint 

with aging. In addition to the attachment of the polar groups, the increase in the 

interdiffusion of polymers, facilitated by smaller chain size after the cleavage, may also 

be responsible for the increase in the bondability of plasma-treated polymers.116 
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Chapter 4 Decoupling Bulk Thermodynamics and Wetting 
Characteristics of Block Copolymer Thin Films1 

* Reproduced in part with permission from Kim, S.; Nealey, P. F.; Bates, F. S. 

ACS Macro Letters 2012, 1, 11 – 14. Copyright 2011 American Chemical Society. 

 

4.1 INTRODUCTION 

Seemingly small differences in the chemical structure of polymers are known to 

induce non-negligible changes in various physical properties, a phenomenon which in 

some cases results in significant commercial implications.216 For example, finite positive 

Flory-Huggins interactions characterize blends of deuterated and protonated 

poly(styrene) (dPS and PS) homopolymers that are otherwise chemically identical,217 

leading to phase separation and upper critical solution temperatures at sufficiently high 

molecular weights. The segregation of dPS to the free surface in thin-film blends of dPS 

and PS derives from the same isotope effect, where the surface energy of dPS is slightly 

lower than that of PS.218 The miscibility window for polymer blends modified partially 

with bromination and fluorination has been known to depend on the degree of the 

chemical modification.111, 112 Changes in various properties of polydienes upon 

epoxidation have been investigated in the past for multiple reasons, as described in 

section 2.3.3 of this dissertation.  

Block copolymers form myriad morphologies depending on the volume fractions 

of the constituent blocks, the associated interaction parameters, the overall degree of 

polymerization, and the molecular architecture (e.g., linear versus branched).  

Impressive agreement between the experimental and the theoretical studies has been 

found for linear diblock copolymers.5 Partial modification of polydienes in multiblock 

                                                 
1 Refer to Acknowledgements for contributions made by other people. 
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copolymers such as sulfonation,121, 122 fluorination,123, 134 hydrogenation,126 

epoxidation,197 and liquid crystal attachment114 has shown that the certain physical 

properties can be “tuned” by chemical modification. As with the miscibility of blends 

involving statistical copolymers, the binary interaction model has been employed (e.g., 

by Ren et al.123 and Davidock et al.134) to rationalize changes in the effective interaction 

parameters between block copolymer constituents with fluorination.  

Epoxidation of block copolymers has been studied for a host of practical 

purposes including the oil resistance improvement,172 the functionalization,182 and the 

hydrophilicity control.183 In this chapter, the effect of the epoxidation of poly(isoprene) 

blocks is studied by monitoring the physical properties of epoxidized poly(isoprene) 

(hPIxn) homopolymers and epoxidized poly(styrene-b-isoprene) (PS-PIxn) diblock 

copolymers with varying degrees of epoxidation (xn). The following are reported here: 

(1) measurements of the glass transition temperatures and the water contact angles of 

hPIxn, (2) the rheological behavior and the morphology of bulk PS-PIxn, and (3) a 

preliminary analysis of the thin-film morphology of PS-PIxn, supported on a tailored 

polymer brush substrate. The segment-segment interaction parameters ij governing 

PIxn, PS, and PI are estimated by fitting a binary interaction model to the effective 

interaction parameters eff obtained for the PS-PIxn diblock copolymers by small-angle 

x-ray scattering (SAXS) and dynamic mechanical spectroscopy. A decoupling of bulk 

and surface interaction energies due to the incorporation of the PIxn random copolymer 

is demonstrated. Non-preferential wetting at the substrate interface and the free surface 

of films may be realized at an intermediate level of epoxidation, while maintaining a 

state of order in the bulk. These findings point to a new strategy for imposing a 

perpendicular domain orientation in block copolymer films with a relatively small 

domain periodicity.   
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4.2 EXPERIMENTAL 

Anionic polymerization was used to synthesize poly(styrene) (hPS) 

homopolymers, poly(isoprene) (hPI) homopolymers, and poly(styrene-b-isoprene) (PS-

PI) diblock copolymers. Styrene (Aldrich) and isoprene (Acros) monomers were first 

treated with the repetitive cycles of freezing with liquid nitrogen, pumping in vacuum, 

and thawing. The purification of styrene and isoprene monomers involved stirring for 30 

– 60 minutes with di-butyl magnesium (1.0 M solution in heptane, Aldrich) and n-butyl 

lithium (2.5 M solution in hexane, Aldrich), respectively. Polymerizations of hPS, hPI, 

and PS-PI were initiated with sec-butyl lithium (1.4 M solution in cyclohexane, 

Aldrich). The purified monomers of styrene and isoprene were added (sequentially for 

PS-PI) to the sealed reactor containing purified cyclohexane, and polymerization was 

conducted at 40 °C for 8 hours per each block. The reaction was terminated with 

methanol, degassed with argon gas for 1 hour. Finally, the polymers were precipitated in 

methanol and dried prior to their characterization and utilization.  

Controlled epoxidation of hPI and PS-PI was carried out using dimethyl 

dioxirane (DMD) (Fig. 4.1). This agent appears as an intermediate during the 

decomposition of potassium peroxymonosulfate (KHSO5) and has been used widely in 

epoxidation of small molecules196 and polydienes.186, 197 Partially reacted PS-PI and hPI 

with varying degrees of epoxidation (xn), denoted PS-PIxn and hPIxn, were prepared by 

stirring the polymer in dichloromethane (2 – 5 wt. %) along with acetone, an aqueous 

buffer solution (NaHCO3, Aldrich), and an aqueous solution of potassium monosulfate 

triple salt (Sigma Aldrich) at room temperature for 16 – 48 hours. The polymer solution 

was extracted with separation funnels and dried under vacuum. It is assumed that the 
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 Differential scanning calorimetry (DSC) (Q1000, TA Instruments) was 

employed to identify the glass transition temperature (Tg) of polymers at a ramping rate 

of ± 10 °C/min. Rheological measurements were conducted on pressed PS-PIxn samples 

with an ARES rheometer (Rheometric Scientific) in two modes: isochronal experiments 

while heating (0.2 – 10 °C/min) and isothermal frequency sweep measurements. In order 

to investigate the bulk morphology, small-angle x-ray scattering (SAXS) experiments 

were conducted at room temperature on PS-PIxn specimens at Argonne National 

Laboratory and on a laboratory source (Materials Science Center (MSC) at the 

University of Wisconsin − Madison) after annealing in vacuum at 105 °C for 6 hours. 

Data collected on an area detector were reduced to the one-dimensional form of the 

intensity versus the scattering wavevector magnitude q = 4-1sin(/2).  

Solutions of PS-PIxn (1.0 wt. %, in toluene) were deposited on the crosslinked 

SMG substrates in the form of uniform thin films. Average film thicknesses ranging 

from 1.7d1 to 1.9d1 (d1 = 2/q1 where q1 is the principle Bragg reflection measured by 

SAXS) were determined with an ellipsometry instrument (AutoEL-II, Rudolph 

Research). The thin films were annealed at 107 °C for 6 hours in vacuum, and 

characterized by scanning electron microscopy (SEM) (LEO 1550-VP FESEM). The 

same procedure was employed to produce 22 – 30 nm thick films of hPS and hPIxn 

above bare Si wafers from 1.0 wt. % solutions in toluene. Static contact angles formed 

by a drop of water (1 μL) at the thin film surface (averaged over 5 to 10 measurements) 

were established using a goniometer (Data Physics OCA15).  

 

4.3 RESULTS 

Molecular characterization data for the poly(styrene) (hPS) and poly(isoprene) 

(hPI) homopolymers, and the PS-PI diblock copolymers are shown in Table 4.1; the 
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consistency with the targeted molecular weights and compositions and relatively low 

PDI’s confirm successful polymerizations.  

 

Table 4.1 Molecular characterization. 

Mn (kg/mol) fS
b fI

b PDI Tg (°C) 

PS-PI 22.8 a 0.50 0.50 1.05 -61, 84 

hPI 20.1 0 1 1.05 -65 

hPS 21.6 1 0 1.05 103 

a The SEC measurement of the poly(styrene) block aliquots gave the result of 12.3 kg/mol. Mn of PS-PI 

was calculated by comparing the molecular weight of the poly(styrene) aliquot with the ratio between the 

poly(styrene) and the poly(isoprene) blocks estimated from the NMR measurement. 

b Densities at 140 °C were used to calculate the volume fractions. 

 

Characterization results for the partially epoxidized diblock copolymers, denoted PS-

PIxn, are shown in Table 4.2. SEC traces for the PS-PIxn compounds (Figure 4.2) 

indicate that the functionalized polymers retain monodisperse molecular weight 

distributions with all levels chemical modification; slight broadening of the SEC peaks 

may occur due to adsorption of polymers to the column.198 Similar results were obtained 

with hPIxn (xn = 15%, 27%, 33%, 79%, 99%) including retention of the monodisperse 

PDI (1.09 – 1.13), except for minor broadening in hPI27 (PDI ≈ 1.27) (Figure 4.3). 1H-

NMR data from PS-PIxn, shown in Figure 4.4, demonstrate that resonances 

corresponding to 1,4-poly(isoprene) repeat units vanish and those for epoxidized 1,4-

poly(isoprene) units (δ ≈ 2.75 ppm) grow as the extent of epoxidation, xn, increases. The 
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peaks corresponding to epoxidized 3,4-poly(isoprene) units (δ ≈ 2.60 ppm) become 

apparent only with 99% epoxidation (PS-PI99); lower reactivity of 3,4 units relative to 

1,4 units has been reported previously with other epoxidation methods for poly(styrene-

b-isoprene-b-styrene) (PS-PI-PS) triblock copolymers173 and poly(butadiene) 

homopolymers.168  

 

Table 4.2 Characterization of PS-PIxn. 

Percent 

epoxidation 

(xn) in PS-

PIxn 

0% 14% 41% 65% 75% 99% 

PDI a 1.05 1.07 1.09 1.09 1.09 1.08 

TODT (ºC) b 182 112 < 85 167 > 200 > 200 

d1 (nm) c 
20.1  

(LAM) 

18.5  

(LAM)

Not  

Ordered

20.0 

(LAM)

20.3 

(LAM) 

22.0 

(LAM)

a Polydispersity index measured using SEC. 

b Order-disorder transition temperature based on rheological measurements. 

c The lattice spacing was calculated based on the primary peak position in the SAXS profiles measured at 

room temperature. LAM denotes the lamellar morphology.  
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Figure 4.2 SEC traces for PS-PIxn diblock copolymers (with xn indicated in %). 
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Figure 4.3 SEC traces for hPIxn (with xn indicated in %). 
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Figure 4.4 1H-NMR spectra of PS-PIxn. The intensities are normalized to the most 

intense peak associated with the poly(styrene) block, and spectra are shifted 

vertically for clarity. 

 

Figures 4.5 and 4.6 show DSC traces that establish the temperature dependence 

of the glass transition temperatures (Tg) as a function of xn in hPIxn and PS-PIxn. 

Attaching bulky groups to the polymer backbone reduces local segment rotation, leading 

to an 80 C increase in Tg with full epoxidation. A linear increase in Tg,hPIxn and Tg,PIxn 
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with the extent of epoxidation in both systems is demonstrated in Figure 4.7, consistent 

with previous reports on epoxidized natural rubbers (ENR).170, 176 The linearity indicates 

that unreacted and epoxidized isoprene units within the blocks are uniformly mixed. 

DSC traces taken with the PS-PIxn diblock copolymers (Figure 4.6) show two distinct 

glass transitions, suggestive of microphase segregation. However, the signature of Tg for 

poly(styrene) in PS-PI41 is less obvious due to broadening of the transition. A subtle but 

noticeable deviation in the PS and PIxn block Tg’s suggests some degree of block 

compatibility at intermediate levels (e.g., 14 and 41%) of epoxidation. 
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Figure 4.5 DSC traces for hPIxn as a function of percent epoxidation. Arrows indicate 

the glass transition temperature. Data except hPI (0% epoxidation) have 

been shifted vertically for clarity.   
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Figure 4.6 DSC obtained from PS-PIxn as a function of % epoxidation.  Arrows 

indicate the glass transition temperatures. Data except PS-PI (0% 

epoxidation) have been shifted vertically for clarity. 
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Figure 4.7 Variation in the glass transition temperature (Tg) for hPIxn (filled symbols) 

and PS-PIxn (open symbols) as a function of percent epoxidation based on 

DSC measurements. The dashed lines illustrate linear dependences. 

 

The rheological behavior of the PS-PIxn materials was monitored for a 

temperature range between 85 and 200 °C. Abrupt changes in G′ and G″ with increasing 

(or decreasing) temperature provide a convenient way to identify the order-disorder 

transition temperature (TODT). Clear evidence of ODT’s can be found in the isochronal 

(ω = 1 rad/s) linear dynamic mechanical spectroscopy (DMS) results for PS-PI, PS-PI14, 

and PS-PI65 as presented in Figure 4.8, where TODT = 182 °C, 112 °C, and 167 °C, 

respectively. The other samples show no sign of an ODT over the range of temperatures 

probed. Isothermal frequency experiments (0.1 rad/sec < ω < 100 rad/sec) have been 

conducted in order to establish whether specimens are ordered or disordered, and several 

representative results are presented in Figure 4.9 for PS-PI, PS-PI14, and PS-PI41. 

Diblock copolymer PS-PI14 exhibits terminal behavior (Gʹ ~ ω2 and G″ ~ ω1) at 120 °C 
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and decidedly non-terminal behavior (Gʹ ~ G″ ~ ω0.6) at 105 °C. Both results are 

consistent with the assignment of TODT ≈ 112 °C (Fig. 4.8). Similarly, PS-PI is ordered 

at 110 °C (TODT ≈ 182 °C from Fig. 4.8) and PS-PI41 is disordered at 105 °C. Based on 

the isochronal temperature scan for PS-PI41, it is concluded that TODT < 85 °C for this 

material. The values of TODT for PS-PIxn are summarized in Table 4.2.  
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Figure 4.8 Temperature dependence of the dynamic elastic modulus G′(1 rad/sec) for 

PS-PIxn diblock copolymers determined during heating (0.2 − 10 °C/min). 

Arrows indicate the order-disorder transitions signaled by an abrupt change 

in G′. Data have been shifted vertically as indicated.  
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Figure 4.9 Frequency (ω) dependence of the dynamic elastic modulus G′ (filled 

symbols) and loss modulus G″ (open symbols) for (a) PS-PI at 110 °C, (b) 

PS-PI14 at 105 °C, (c) PS-PI14 at 120 °C and (d) PS-PI41 at 105 °C. Data 

have been shifted vertically as indicated for clarity.  

 

Small-angle x-ray scattering (SAXS) was employed at room temperature to 

determine the bulk morphology and the domain dimensions for the PS-PIxn materials. 

Figure 4.10 shows results for all six specimens, each of which displays a principle 

reflection at scattering wavevector q1 and higher-order peaks at q2 = 2q1 (and 3q1 for PS-

PI), except for PS-PI14 and PS-PI41. The q1 peak for PS-PI41 is distinctly broader than 

those for the other samples, consistent with a state of disorder as deduced from the DMS 
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measurements (Fig. 4.8 and 4.9); a relatively high peak intensity suggest this specimen 

is close to ordering. Also evident is the near extinction of the scattering intensity from 

PS-PI65, which is attributed to a contrast matching condition at an intermediate level of 

epoxidation; the electron density () of PIxn matches that of PS (i.e., PI < PS  PI65 < 

PI99). Overall, the SAXS results demonstrate that the ordered specimens contain a 

lamellar morphology as anticipated based on the symmetric compositions.  
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Figure 4.10 Small angle x-ray scattering (SAXS) obtained from PS-PIxn (with xn 

indicated in percentages) at room temperature. Arrows identify discernible 

Bragg reflections, which are consistent with a lamellar morphology. Data 

have been shifted vertically for clarity. 
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To estimate the changes in interfacial properties of the PIxn domains in the block 

copolymer as a function of xn, the wetting properties of hPIxn homopolymer films were 

investigated. The dependence of the static contact angle of water (θwater) above cast films 

of hPIxn (xn = 0%, 15%, 27%, 33%, 79%, 99%) are shown in Figure 4.11. 

Measurements of θwater for hPI (108°) and hPS (92°) agree with previous reports.220, 221 

Increasing the extent of epoxidation reduces θwater for the hPIxn thin films, a trend 

generally associated with increasing surface energies.118 Figure 4.11 suggests that the 

surface energy of hPIxn is lower than hPS at low degrees of epoxidation, higher than 

hPS at high degrees of epoxidation, and equals the surface energy of hPS at an 

intermediate degree of epoxidation. As with many simple liquid mixtures,222 the surface 

energy of most copolymers is proportional to the bulk composition (minor deviations 

from linearity may be explained in terms of sequence distributions and block sizes)118, 119 

consistent with the θwater data for hPIxn.  
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Figure 4.11 Static contact angle (θ) of water droplets (1 μL) on thin films of hPIxn 

(filled symbols) and poly(styrene) (solid line). Error bars identify standard 

deviations and the dashed line illustrates a linear fit to the data.  
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interfaces. There is a free-energy penalty associated with the step defects at the 

boundary regions while this term vanishes with coarsening of islands and holes in 

size.223 In sharp contrast, the PS-PI75 film displays a “fingerprint” pattern, characteristic 

of lamellae oriented perpendicular to the substrate. These images all support the lamellar 

phase assignment established by SAXS, except for sample PS-PI41, which is disordered 

in the bulk state at the annealing temperature, 107 C. Preferential interfacial wetting at 

an interface has been shown to induce lamellar order in symmetric diblock copolymers 

that are disordered in the bulk state,224, 225 particularly near TODT,226 which explains this 

result for PS-PI41. 

 

4.4 DISCUSSION  

The results presented in the previous section provide clear evidence that 

controlled epoxidation of PS-PI diblock copolymers offers an attractive strategy for 

preparing materials with precisely tailored segment-segment interaction parameters. Our 

experimental results demonstrate that the effective interaction parameter χeff between PS 

and the random copolymer PIxn varies systematically with temperature T and xn. Two 

methods have been used to estimate χeff (T,xn).  

In the strong segregation limit, the self-consistent field theory anticipates the 

periodic lamellar spacing,227 
1/6

eff
2/3

1 χN1.10d a     (Eq. 4.1) 

in which χeff and the degrees of polymerization N are defined based on a common 

segment volume v. The statistical segment length a = Rg(N/6)-1/2 is related to the 

unperturbed coil radius-of-gyration Rg, also governed by the choice of v. The molar 

volumes of the PS and PI repeat units have been estimated based on published densities 

and thermal expansivities (ρPS = 1.03 g/cm3 and ρPI = 0.86 g/cm3 at 105 C).228 The 
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density of fully epoxidized poly(isoprene) was estimated using the group contribution 

method (1.067 g/cm3),228 yielding a value roughly comparable to that reported for 

completely epoxidized natural rubber (1.032 g/cm3).163 The segment volume v = 144 Å3 

was used to calculate N = 259 resulting in an effective segment length a = 6.53 Å (aPS = 

6.26Å and it is assumed that aPIxn = aPI = 6.83 Å, both corrected for the indicated 

segment volume).229 With these parameters, χeff for xn = 0%, 14%, 65%, 75%, and 99% 

has been calculated using Eq. 4.1, and the results are plotted in Figure 4.13 (solid 

symbols).  
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Figure 4.13 Effective interaction parameter (eff) between poly(styrene) and partially 

epoxidized poly(isoprene) blocks in PS-PIxn diblock copolymers, 

determined at 100 C based on d1 (SAXS data) (filled symbols) and TODT 

(DMS data) (empty symbols). The curves were fit to these points using the 

binary interaction parameter model (Eq. 4.2). The solid line identifies the 

mean-field ODT condition for N = 259, above and below which the system 

is ordered and disordered, respectively. 



 84

 

Since these calculations are based on room temperature SAXS data (Fig. 4.10), the χeff 

values in Figure 4.13 are associated with roughly T = 100 C, approximately the 

temperature where the structure is arrested during cooling. Here it is noted that this is a 

rather crude treatment since Eq. 4.1 is rigorously valid only in the limit of strong 

segregation. Nevertheless, prior studies123, 230 have shown that this approach yields 

plausible estimates even close to the ODT, presumably due to the fluctuation induced 

first-order character of the transition.231 

The binary interaction model152, 232 has been used successfully to describe the 

mixing behavior of simple homopolymers and random copolymers.111, 112, 233 For the 

present case this treatment reduces to, 
 

IEISISEIeff χ)
100

xn
(1

100

xn
χ)

100

xn
(1χ

100

xn
χ    (Eq. 4.2) 

 

where S, I, EI refer to poly(styrene), poly(isoprene) and epoxidized poly(isoprene) 

repeat units, respectively, and xn is the degree of epoxidation. The best fit to Eq. 4.2 

with the SAXS based χeff values yields χSI ≈ 0.096, χSEI ≈ 0.19, and χIEI ≈ 0.26. The 

upper (dotted) curve in Figure 4.13 shows Eq. 4.2, computed using these three 

interaction parameters, demonstrating a minimum at xn  33%. This conclusion is 

consistent with a report of improved miscibility of poly(styrene) and natural rubber 

following partial epoxidation (25%, 35%, and 50%)234 and closely resembles the 

composition dependence of χeff for partially fluorinated PS-PI diblock copolymers also 

determined using Eq. 4.1 and 4.2.123    

According to the mean-field theory, the order-disorder transition for symmetric 

diblock copolymers is governed by,3 
 

ODT(χ N) 10.5eff        (Eq. 4.3) 
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where χeff is given by Eq. 4.2. Application of Eq. 4.2 and 4.3 requires information 

regarding the temperature dependence of the interaction parameters χSI, χSEI, and χIEI. 

Generally, the interaction parameter can be expressed as a sum of enthalpic and entropic 

contributions, χij = AT-1 + B. For PS-PI diblock copolymer (with v = 144 Å3),235  
 

                     χSI = 28.6T-1 – 0.0198    (Eq. 4.4) 

which gives χSI = 0.057 at 100 C, close to what is shown in Figure 4.13 based on the 

SAXS analysis. There are four unknown constants associated with χSEI (= ASEI T-1 + 

BSEI) and χIEI (= AIEI T
-1 + BIEI). These have been reduced to two unknowns by assuming 

χSEI and χIEI exhibit the same dependence on temperature as χSI, 
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SI
1SI1SEI B
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A
kχkχ   (Eq. 4.5) 

 







  SI
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A
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where k1 and k2 are simple proportionality constants. Substitution of Eq. 4.5 and 4.6 into 

the binary interaction model yields  
 

eff SI 1 2

xn xn xn xn
χ (xn,T) χ (T) k (1 ) (1 )k

100 100 100 100
        . (Eq. 4.7) 

Solving Eq. 4.3 and 4.7 with TODT = 112 C (xn = 14%) and TODT = 167 C (xn = 65%) 

leads to k1 = 1.99 and k2 = 3.30. χeff (xn) is plotted in Figure 4.13 (lower dashed curve) 

using Equation 4.7 with these constants. The agreement with the previous estimate (Eq. 

4.1 and 4.2) is quite good considering the assumptions and the experimental 

uncertainties associated with both treatments. Also shown in Figure 4.13 is the ODT 

criterion χeff,ODT  = 10.5/N (solid line); when χeff > χeff,ODT the system is predicted to be 

ordered. Solving Equations 4.3 and 4.7 with xn = 41% results in TODT = 59 C, which is 

consistent with the rheological (Fig. 4.8 and 4.9) and the SAXS (Fig. 4.10) results 
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discussed previously. The TODT-based model is adopted for the remainder of this 

discussion. 

The concave form of χeff (xn) resembles the thermodynamic behavior of certain 

binary systems comprised of a statistical copolymer (A-ran-B) and a homopolymer 

(C).154, 236, 237 For example, blends of poly(ethyl methacrylate) (PEMA) and styrene-

acrylonitrile copolymer (SAN) have been reported to be miscible at intermediate 

compositions while neither poly(styrene) nor poly(acrylonitrile) alone is miscible with 

PEMA.154 This can be rationalized based on the effects of strongly unfavorable 

intramolecular interactions within the statistical copolymer relative to intermolecular 

interactions (i.e., AB >> AC  BC), which drives miscibility. The binary interaction 

model accounts for this mechanism through the last term in Eq. 4.2. 

The presentation of PS and PIxn domains in a “fingerprint” pattern at the free 

surface of a PS-PIxn film (see Fig. 4.12e) confirmed that at an intermediate degree of 

epoxidation (xn = 75 %), the surface energies of the PS and PI75 blocks are nearly equal 

at the temperature of annealing. The increase in the surface energy with epoxidation of 

the random copolymer from PI (32.0 mJ/m2)167 to the condition that both blocks have 

nearly equal surface energies, PI75 ≈ PS (40.7 mJ/m2),167 agrees with the contact angle 

measurement. Notably, the fundamental domain period of the perpendicular lamellae, d1 

= 20.3 nm, which is comparable to the smallest dimension feasible with poly(styrene-b-

methyl methacrylate) diblock copolymers,95, 238 can be reduced roughly 30% for PS-PI75 

without inducing disorder based on strong segregation scaling (d1 ~ N2/3) and the results 

shown in Figure 4.13. 

The results of Figure 4.12 demonstrate that the interfacial wetting properties of 

PS-PIxn are also a function of xn. To realize perpendicularly oriented lamellar domains 

in the PS-PI75 film (Fig. 4.12e), nearly non-preferential wetting of the blocks of the 
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copolymer at the substrate is required in addition to the condition of nearly equal surface 

energies. Previously the wetting behavior of substrates towards overlying block 

copolymer films has been controlled using random copolymer brushes or crosslinked 

mats of the same57, 120 or different95, 239 combinations of monomers as the block 

copolymer. Here it is empirically found that substrates treated with crosslinked 

poly(styrene-ran-methyl methacrylate) (57 mole % styrene, 37 mole % methyl 

methacrylate, and 6 mole % glycidyl methacrylate (crosslinker)) mats satisfy the non-

preferential wetting condition at the substrate interface for PS-PI75. Representative SEM 

images taken from thin films of PS-PIxn (xn = 0, 14, 41, 65, 99) supported on the same 

composition mats are shown in Figures 4.12a-d,f. In contrast to PS-PI75, these films 

contain an “island and hole” texture, indicative of preferred wetting conditions for one 

of the block copolymer constituent either at the underlying substrate or at the free 

surface that orient lamellae parallel to the plane of the film.  

Apparently, incorporation of a random copolymer molecular architecture in one 

block of a diblock copolymer (A-b-[B-ran-C]) decouples the mechanisms that govern 

bulk phase behavior and interfacial phenomena, a strategy not available to simple (A-b-

B) diblock copolymers. The parameter χeff, which governs the bulk (3-dimensional) 

interactions, depends on χAB, χAC, and χBC interactions and may exhibit a minimum value 

at intermediate levels of compositions of the random copolymer block. The surface 

energy of the random copolymer block, in contrast, varies approximately linearly with 

its composition between values for pure B and pure C. These different functional forms 

decouple the bulk and surface thermodynamics, allowing neutralization of differences in 

surface energies of the block copolymer components without disordering the material. 

For the system studied here, eff (xn = 75%)  0.063 while PI75  PS. This decoupling 

mechanism is believed to be a direct consequence of the different roles that a random 
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copolymer molecular architecture plays in the thermodynamics of 3-dimensional mixing 

and demixing versus 2-dimensional surface and interfacial phenomena.  

Our results show that PS-PIxn phase behavior is quantitatively accounted for by 

the binary interaction model (Eq. 4.2), and the miscibility between PIxn and PS at 

intermediate compositions is driven by the minimization of strongly unfavorable 

intramolecular interactions within the statistical copolymer relative to intermolecular 

interactions, i.e., IEI > SI, SEI. This model assumes that the probability of the segment-

segment contact in a completely disordered state is directly proportional to the segment 

volume fractions. However, “diluting” unfavorable interactions at the 2-dimensional 

surface of a microphase separated block copolymer film may be more restricted than in 

the 3-dimensional bulk state due to the combined effects of polymer chain connectivity 

and conformational constraints imposed by the microstructure. The concept of 

controlling the bulk and the interfacial properties of block copolymers using random 

copolymer blocks is believed to be applicable to other monomer combinations, notably 

those that permit the formation of microphase separated and perpendicularly oriented 

lamellae (or cylinders) characterized by even smaller domain periods.  
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Chapter 5 Consequences of Surface Neutralization 
in Diblock Copolymer Thin Films2 

* This work has been conducted in collaboration with the Willson group and the 

Ellison group at the University of Texas – Austin.  

 

5.1 INTRODUCTION 

Boundary conditions and the associated symmetries dictate physical phenomena 

in many scientifically interesting as well as practical engineering systems. For example, 

quantum confinement in nanocrystals240-242 and precise 3-dimensional spatial 

arrangements of nanostructures in photonic crystals243 have led to a host of 

unconventional physics, generating questions from both academic and industrial 

perspectives. Similarly, interfaces that impose constraints on the density, boundary 

contours, and energetic interactions of neighboring polymers exert influences on various 

fundamental properties of the polymers, such as glass transitions, diffusion coefficients, 

crystallinity, and chain conformations.15, 19, 22, 24 Any method capable of making changes 

to the boundary conditions at thin-film interfaces has the prospect for revealing new and 

potentially useful phenomena.244  

Control of interfacial properties in polymer thin films has been extensively 

studied. A variety of modification methods, including flaming, oxygen plasma 

treatment, crosslinking, brush grafting, and other chemical surface modifications, have 

been implemented to tailor thin-film properties of polymers, such as adhesion, 

membrane permeability, and wetting.116 Another crucial need for the control of polymer 

interfacial properties arises with thin-film block polymers, potentially useful as 

membranes and for lithographic templating.245, 246 Block copolymers self-assemble into 

                                                 
2 Refer to Acknowledgements for contributions made by other people. 
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various ordered morphologies that depend on molecular architecture, molecular weight, 

polydispersity, segment-segment interactions, and the volume fractions of the 

constituent blocks.5 The morphology and the domain orientation in block copolymer thin 

films, essential parameters in any application, can be controlled by tuning the interfacial 

properties and the boundary conditions.  

Incorporation of random chemical entities into polymer chains is a classical 

approach to manipulating macromolecular physical properties.110 The dependence of 

bulk properties on the distributions and compositions of random copolymers has been 

studied for polymer blends and block copolymers of various chemistries.111-114, 123, 126, 197 

Interfacial properties in polymer thin films are strongly influenced by the degrees of 

random modification, or an overall composition.57, 116-119 Recently, it has been shown 

that certain combinations of random copolymer and homopolymer blocks lead to a 

decoupling of the thermodynamics that govern bulk and surface segregation, affording 

control over domain orientations, e.g., perpendicular versus parallel lamellae.247  

A lamellar morphology of an incompressible block copolymer responds 

differently to confinement conditions depending on the nature of the interactions at each 

interface. Affinity of chemically distinct blocks towards the substrate and/or the free 

surface results in a parallel arrangement of lamellae, as demonstrated using a variety of 

measurement techniques including secondary ion mass spectroscopy (SIMS)55, 248 and 

neutron reflectivity (NR).249 Incommensurate film thicknesses are defined as <L> ≠ (n − 

½)L0 for asymmetric wetting and <L> ≠ nL0 for symmetric wetting, where <L>, L0, and 

n are the average film thickness, the bulk periodicity, and the number of periodic layers, 

respectively. Film thickness quantization results in the formation of surface topography, 

referred to as “islands” and “holes,” with 1.0 L0 step heights for incommensurate thin 

films.250-252 In contrast, neutral boundary conditions, i.e., no wetting preference, at both 



 91

interfaces lead to a perpendicular arrangement.253, 254 Intermediate wetting conditions 

(e.g., preferential wetting at the free surface and a neutral condition at the substrate or 

vice versa) can produce mixed orientations.255-257 Concerted efforts to create 

perpendicular arrangements of lamellae for the aforementioned applications make 

neutral boundary conditions extremely important. 

This chapter addresses three possible combinations of neutral boundary 

conditions in block copolymer thin films: (1) both non-preferential free and substrate 

surfaces, (2) a non-preferential free surface and a preferential substrate surface, and (3) a 

preferential free surface and a non-preferential substrate surface. Figure 5.1 illustrates 

two possible configurations of lamellar-forming block copolymers addressed herein for 

scenarios (2) and (3) when confined as sufficiently thin films. Neutralization of the free 

surface in scenarios (1) and (2) is made possible by utilizing a partially epoxidized 

poly(styrene-b-isoprene) (PS-PI) diblock copolymer, referred to as PS-PEI78 (78 

mole % of the repeat units in the unsaturated PI block are epoxidized). In a recent 

letter,247 it has been demonstrated that this combination of homopolymer and random 

copolymer blocks leads to a neutral free surface wetting condition without 

compromising bulk microphase separation. The scenario (3) leverages poly(4-

trimethylsilylstyrene-b-D,L-lactide) (PTMSS-PLA) diblock copolymers,258 characterized 

by the strong preferential interaction between the silicon-containing block and the free 

surface.259, 260 The underlying substrate surfaces for PTMSS-PLA utilizes crosslinkable 

random copolymers of varying compositions to enable access to various PTMSS-PLA 

wetting conditions, including near neutral conditions. Arguments previously applied to 

the phase separation of bulk (3-dimensional) binary mixtures are implemented to explain 

the formation of free surface topographies with 0.5 L0 height differences that are 

observed with a singly neutral boundary condition (Figure 5.1). 
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on the steep drop in the linear dynamic elastic shear modulus (G′) obtained while 

heating at 1 C/min. Small angle x-ray scattering (SAXS) experiments (Argonne 

National Laboratory) were performed on bulk specimens at room temperature after 

annealing in vacuum at 105 °C for 3 – 6 hours. The one-dimensional form of the 

scattering intensity, I(q) (q = 4-1sin(/2) is the scattering wavevector), was obtained 

by reducing the data recorded on a two-dimensional area detector. (2) PTMSS-PLA: 4-

trimethylstyrene monomers and symmetric poly(4-trimethylsilylstyrene-b-D,L-lactide) 

block copolymers were prepared at the University of Texas, as reported previously.258   

Mat/Brush Preparation: Random copolymers (28.5 kg/mol, PDI = 1.50)  

containing styrene (mS = 0.57), methyl methacrylate (mMMA = 0.37), and crosslinkable 

functional groups (glycidyl methacrylate) (mGMA = 0.06), were synthesized using 

nitroxide-mediated living free radical polymerization (NMP),120 where m represents the 

mole fraction. The mat (denoted SMG) was fabricated by spin coating a solution (0.2 – 

0.5 wt. % in toluene) at 3000 rpm and a subsequent crosslinking reaction, achieved by 

thermal annealing under vacuum at 160 – 190 °C for 24 hours. Hydroxyl-terminated 

poly(styrene) homopolymers (PS-OH, 3.7 and 6.0 kg/mol) were purchased from 

Polymer Source, Inc., (sample #: P7499-SOH, P7590-SOH) and used as brush materials 

without any further purification. The polymer brushes were grafted onto bare silicon 

wafers (as received) by spin-coating a solution (1.0 wt. % in toluene) at 3000 rpm and 

annealing at 190 °C for 24 hours in vacuum. Unreacted materials were removed by post 

sonication (5 minutes) of the PS modified wafers in toluene for three times. Poly(4-tert-

butylstyrene-ran-methyl methacrylate-ran-4-vinylbenzylazide) surfaces were prepared 

by conventional free radical copolymerization in a two-step process analogous to 

previous reports.63, 239 The materials are denoted tBSMA-yy, where yy refers to the 

mole % of 4-tert-butylstyrene (i.e., tBSMA-15, tBSMA-23, tBSMA-25, tBSMA-28, and 
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tBSMA-34) (Table 5.2). 4-tert-butylstyrene, methyl methacrylate, and 4-vinylbenzyl 

chloride were copolymerized to low conversion (< 10 %) to minimize monomer drift. 

Upon isolation, the copolymers were post-polymerization functionalized with sodium 

azide. The two principal components, poly(4-tert-butylstyrene) and poly(methyl 

methacrylate), were selected due to their large interaction parameter.261 Low quantities 

(ca. 6 − 8 mole %) of poly(4-vinylbenzyl azide) were included for crosslinking. The 

tBSMA crosslinkable materials were dissolved as 0.5 wt. % solutions in toluene and spin 

coated at 3500 rpm to afford uniform films with ≈ 14 nm thickness. Films were 

crosslinked at 250 °C for 5 minutes on a hot plate in air, cooled to room temperature, and 

washed three times with toluene. Combustion analysis performed by Midwest Microlab 

LLC was used to calculate the relative compositions of the substrate surface treatments 

tBSMA. 

Thin Film Preparation and Characterization of PS-PI and PS-PEI78: Uniform 

thin films were obtained by spin coating solutions of PS-PI and PS-PEI78 (1.0 − 1.5 

wt. %, in toluene) on crosslinked SMG mats and PS brushes. Average film thicknesses 

(<L>) ranging from 1.5 L0 to 2.6 L0 (L0 = 2π/q1 where q1 is the principle Bragg 

reflection measured by SAXS) were determined by ellipsometry (AutoEL-II, Rudolph 

Research). The spin-cast thin films were first placed in an oven chamber under vacuum 

(< 10 mtorr), then N2 gas was constantly flowed into the chamber so that the pressure 

within the chamber remained at ≈ 1.0 torr throughout the thermal annealing process. The 

oven chamber was heated at the rate of 1.0 °C/min to the set temperature and cooled 

down slowly (< 0.25 °C/min) to room temperature once the heater was turned off. The 

annealing temperatures reported in this paper were read from a thermocouple attached to 

a bare Si wafer, placed in the chamber during thermal annealing. The annealing time 

refers to the period that the sample temperature was maintained at 105 °C, excluding the 
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time required for ramping up and down. The expression “short-time annealing,” referred 

to later in this paper, corresponds to a thermal annealing procedure in which the heater is 

turned off as soon as the temperature of the annealing chamber reaches 105 °C. 

Thin films were characterized by scanning electron microscopy (SEM) (LEO 

1550-VP FESEM) and atomic force microscopy (AFM) (Nanoscope III Multimode 

AFM, Digital Instruments) (Materials Science Center, Univ. of Wisconsin). AFM was 

employed in tapping mode, with tips of resonant frequencies in the range of 170 kHz − 

310 kHz, to measure the height profiles and the phase images of thin-film block 

copolymers. The largest scanned area in AFM was restricted to ≈ 11 × 11 μm2 due to the 

availability of headers with recent calibrations, and samples of a known topography 

were measured to check the calibrations. AFM phase images generally are sensitive to 

near-surface properties, such as adhesion, viscoelasticity, and hardness, and the contrast 

in a phase image often permits discrimination of the block copolymer domain type at the 

top surface.262 The difference in glass transition temperatures between PS and 

epoxidized PI (PEI) blocks (Figure 5.3) was expected to enhance the phase contrast at 

the measurement condition (room temperature) since the PS block is glassy and the PEI 

block is rubbery.263 While the topography extracted from AFM height profiles was 

quantitatively reproducible, the phase contrast showed some variability but nonetheless 

allowed us to discriminate the surface chemistry.  

PTMSS-PLA Thin Film Preparation and Characterization: A Brewer CEE 

100CB Spincoater was used to coat thin films of PTMSS-PLA onto tBSMA mats. Film 

thicknesses were characterized by ellipsometry (J.A. Woollam Co, Inc. VB 400 VASE 

Ellipsometer) with 65 ° angle of incidence and wavelengths from 382 to 984 nm. 

Uniform PTMSS-PLA films were applied from variable solution concentrations (0.5 − 

1.2 wt. %) in toluene at various spin speeds. Samples were annealed on a hot plate 
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(Heraeus Vacutherm Type VT 6060 P from Kendro) and quickly cooled to room 

temperature on a metal block. Optical microscope data were collected with Olympus 

BX60 at 100X magnification. Tapping-mode atomic force microscopy was performed 

with Asylum MFP-3D utilizing tips with resonant frequencies 170 kHz − 310 kHz.  

 

5.3 RESULTS 

Table 5.1 Characterization data of three diblock block copolymers utilized in the 

present study: PS-PI (preferential free surface), PS-PEI78 (non-preferential 

free surface), and PTMSS-PLA (preferential free surface). 

Block 
Copolymers

Structure M
n
 

(kg/mol)
Đ f

PS
 or 

f
PTMSS

 T
g
 (°C) T

ODT

PS-PI 

 

21.3 1.06 0.49 82, -62 182

PS-PEI78

 

23.1 1.09 0.49 78, 3 N/A

PTMSS-
PLA 

 

12.1 1.06 0.50 104, 48 N/A

 

Table 5.1 shows molecular characterization results for three block copolymers 

utilized herein. Symmetric PS-PI, PS-PEI78, and PTMSS-PLA diblock copolymers were 

prepared for this study. SEC traces of PS-PI, PS-PEI78, and thermally annealed PS-

PEI78, are shown in Figure 5.2. Annealing PS-PEI78 at 105 °C for 6 hours does not 
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produce discernible degradation of the material. However, annealing at higher 

temperatures, e.g., > 160 °C for 6 hours, led to the presence of some amount of swollen 

gel when the polymer was immersed in THF, suggestive of thermal crosslinking through 

the epoxides.157 For this reason TODT for PS-PEI78 could not be determined; TODT = 

182 °C for PS-PI.  
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Figure 5.2 SEC traces for PS-PI, PS-PEI78, and PS-PEI78 after 6-hour thermal 

annealing. 

 

Two distinct glass transitions are evident in the DSC traces for both PS-PI and PS-PEI78 

diblock copolymers (Figure 5.3); Tg-PS ≈ 82 °C and Tg-PI ≈ -62 °C for PS-PI and Tg-PS ≈ 

78 °C and Tg-PEI78 ≈ 3 °C for PS-PEI78. An increase in the glass transition temperature 

of the rubbery block with the chemical modification is expected based on previous 

reports dealing with epoxidized natural rubbers.170, 176  
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Figure 5.3 DSC traces for PS-PI and PS-PEI78 diblock copolymers. Arrows indicate 

the glass transition temperatures. Data for PS-PEI78 have been shifted 

vertically for clarity. 

 

Diffraction peaks evident in the SAXS patterns (Figure 5.4) are consistent with lamellar 

morphologies for bulk PS-PI and PS-PEI78, as expected based on the symmetric 

compositions of these block copolymers. The bulk periodicities (L0) of PS-PI and PS-

PEI78 estimated from the primary peak positions of the SAXS patterns are 18.9 nm and 

19.1 nm, respectively. A substantial decrease in the scattered intensity associated with 

PS-PEI78 relative to PS-PI is attributed to the near electron-density matching created by 

the presence of oxygen in the epoxidized compound.247  
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Figure 5.4 Small angle x-ray scattering (SAXS) obtained from PS-PI and PS-PEI78 at 

room temperature. Arrows identify discernible Bragg reflections, which are 

consistent with a lamellar morphology. Data for PS-PEI78 have been 

shifted vertically for clarity. 

 

SEC traces of PTMSS homopolymers and PTMSS-PLA (Figure 5.5) are consistent with 

complete and monodisperse block growth. SAXS data on a PTMSS-PLA sample 

annealed at 160 °C (Figure 5.6) verify a lamellar morphology with L0 = 14.6 nm. DSC 

traces (Figure 5.7) are consistent with two glass transition temperatures (Tg-PTMSS = 

104 °C, Tg-PLA = 49 °C), similar to those previously reported for PTMSS-PLA of a 

similar molecular weight.258 
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Table 5.2 Characterization data of substrate surfaces utilized in the present study. PS-

OH and SMG (57/37/6 mole % PS:PMMA:PGMA) were used with PS-PI 

and PS-PEI78. tBSMA’s (mole % PtBS:PMMA:PVBzAz) were used with 

PTMSS-PLA block copolymers: tBSMA-15 (15/77/8); tBSMA-23 

(23/71/6); tBSMA-25 (25/69/6); tBSMA-34 (34/59/7). 

Substrate 
Surface  

Treatments
Structure M

n
 

(kg/mol)
Đ Substrate Surface 

Interaction 

PS-OH 

 

3.7, 6.0 1.06 PS Preferential 

SMG 

 

28.5 1.50 Neutral for PS-PEI78

tBSMA-15  31.6 1.38 PLA Preferential 

tBSMA-23, 
25, 28 

38.5, 35.9, 
37.2  

1.70, 1.66, 
1.82 

Near Neutral for 

PTMSS-PLA 

tBSMA-34 34.2 1.44 PTMSS Preferential

 

Table 5.2 shows the chemical structures and characterization data for substrate surfaces 

utilized to produce different substrate wetting conditions for the three block copolymers 

in thin films. SEC data (Figure 5.8) of the five poly(4-tert-butylstyrene-ran-methyl 

methacrylate-ran-4-vinylbenzylazide) surfaces (tBSMA, referred to by the mole % PtBS 

content) are consistent with monomodal molecular weight distributions.  
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L0 (Figure 5.9g) and <L> = 2.0 Lo (Figure 5.9i) samples are nearly featureless while the 

elongated motifs exhibited by the samples with <L> = 1.8 L0 (Figure 5.9h) and <L> = 

2.3 L0 (Figure 5.9k) indicate proximity to the spinodal morphology that occurs at the 

most incommensurate film thickness (e.g., see Figure 5.9c).264 This behavior is in sharp 

contrast with simple asymmetric wetting, obeyed by PS-PI, in which the geometry of the 

surface motifs is repeated at intervals of 1.0 L0 in the film thickness264 as seen in Figure 

5.9a-f. In the thickest PS-PEI78 film, <L> = 2.6 L0, three distinct levels of contrast 

(bright gray, dark gray, and black) are apparent in the SEM image (Figure 5.9l), 

implying that the film topography contains more than two heights. Although the exact 

origins of this multi-tiered structure are unknown, its presence provides additional 

insight into the underlying symmetry of the PS-PEI78 films. (The hierarchical surface 

morphology may result from the proximity of the solvent boiling point (toluene, 111 °C) 

to the annealing temperature (105 °C) used in preparing the PS-PEI78 films, which leads 

to the relatively slow release of the residual solvent.)266  

AFM experiments with PS-PEI78 supported on the PS modified substrate 

(Figures 5.12 – 5.14) demonstrate a parallel lamellar structure, characterized by non-

integral step heights (h  nL0) and the expression of both block components at the free 

surface. Both short-time and long-time annealed samples with <L0> = 1.8 – 1.9 L0 

exhibit topographic profiles characterized by h  0.5 Lo (Figure 5.12c,f); longer 

annealing times lead to larger scale structures, e.g., increasing from 100 – 400 nm 

(Figure 5.12a,b) to 1 – 3 μm (Figure 5.12d,e). Contrasts in phase images recorded from 

the same surface regions (Figure 5.12b,e) reveal that the two surface features (holes and 

mesas) are covered with chemically different materials. Step heights determined from 

multiple measurements on long-time annealed samples are distributed narrowly around 
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PTMSS-PLA enables access to highly preferential free surfaces with variable 

substrate surface wetting, which is controlled by the tBSMA substrate composition. 

Figure 5.16 shows thin-film PTMSS-PLA samples annealed on two substrate surfaces, 

tBSMA-15 and tBSMA-34. Note that light colors are thinner and dark colors are thicker 

with the optical micrographs reported herein, as opposed to the contrast in AFM height 

results. Atomic force microscopy (Figures 5.16c,f) demonstrates that the quantized 

height or depth of surface topographies produced on tBSMA-15 and tBSMA-34 is h  

1.0 L0. Asymmetric wetting is achieved with PTMSS-PLA annealed on a surface with 

15 mole % PtBS (tBSMA-15); thin-film samples with 1.50 L0 < <L> < 2.00 L0 form 

islands (Figure 5.16a-b). Since the PTMSS block preferentially wets the free surface due 

to its lower surface energy, PLA must wet tBSMA-15. In contrast, the same thickness 

range of 1.50 L0 < <L> < 2.00 L0 produces holes on tBSMA-34 (Figure 5.16d-e). These 

results are consistent with symmetric wetting of PTMSS-PLA on tBSMA-34, and 

PTMSS wetting is expected at the tBSMA-34 interface. Control of substrate surface 

wetting with random copolymer surface treatments is well established.57, 267 The non-

preferential random copolymer composition exists intermediate to compositions that 

induce symmetric and asymmetric wetting of block copolymers.255 The change of 

PTMSS-PLA wetting on tBSMA-15 and tBSMA-34 thus implies the presence of a 

neutral surface composition between 15 and 34 mole % PtBS for tBSMA crosslinkable 

mats.  
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<L> = 2.1 L0 and 2.3 L0 (Figures 5.13d and 5.14a). These results for PTMSS-PLA and 

PS-PEI78 are consistent with the most incommensurate film thickness at <L> = (n ± 

0.25) L0, surrounding which the inversion in topography (i.e., holes ↔ islands) occurs. 

Based on the results, the unusual thickness dependence of the h = 0.5 L0 topography is 

believed to be uniquely associated with thin-film samples confined between a non-

preferential interface and a preferential interface. Implications and applicability are 

discussed below. 

 The universal nature of this behavior is further established by annealing thin 

films of a poly(styrene-b-methyl methacrylate) (PS-PMMA) diblock copolymer (66 

kg/mol-63.5 kg/mol, Polymer Source, Inc.) at 230°C, where the surface wetting 

tendencies of the two blocks are reported to become equivalent.58 While the different 

domains of perpendicular lamellae formed by PS-PMMA can be distinguished by AFM 

measurements (Fig. 5.19), the PS-PMMA thin films above the SMG mats exhibit 

perpendicular ordering independent of the film thickness (Fig. 5.20). The thickness 

independence confirms the surface neutrality achieved at both interfaces. Figures 5.21 – 

5.22 demonstrate islands and holes with h = 0.5 L0 for PS-PMMA on the PS brushes.  
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5.4 DISCUSSION  

Combining appropriately designed homopolymer and random copolymer blocks 

offers unique advantages in producing thin films with remarkable morphological control. 

“Decoupling” the thermodynamic driving forces that govern bulk segregation and 

interfacial wetting through the random chemical modification of preformed polymers, 

such as PS-PI, provides a facile method for tuning the surface energies of block 

copolymers, virtually independent of microphase segregation in the bulk material.247 The 

persistence of perpendicular ordering in thin films of PS-PEI78 when supported on the 

SMG mats (Figure 5.11), independent of the film thickness, provides incontrovertible 

evidence that both the free and substrate interfaces have been neutralized.253, 254 This 

indeed demonstrates that the surface energy of the PI block has changed through the 

partial chemical modification and become comparable to that of the PS block. 

Island and hole formation with h = 0.5 L0 is found for both PS-PEI78 on a PS 

brush and PTMSS-PLA on near neutral tBSMA mats. PS-PEI78 on the PS brush 

produces AFM phase contrast between topographical features since the two blocks 

compete to wet the free surface in the layered lamellar structure. The h = 0.5 L0 

island/hole structures observed with PTMSS-PLA are analogous to those observed with 

PS-PEI78. However, a lack of AFM phase contrast between the topography and the 

surrounding highlights the primary difference: a single block (PTMSS) is expressed at 

the free surface. To the best of our knowledge, the unusual h = 0.5 L0 finding has not 

been described previously. In general, island/hole topologies are characterized by h = 1.0 

L0,
248, 250-252 although several instances of metastable structures with smaller step heights 

(h < 1.0 L0) have been reported at the early stage of relief formation; examples include a 

broad distribution of step heights (h < 1.0 L0) that eventually sharpen into discrete h = 

1.0 L0 features upon further annealing268, 269 and regions with h  0.5 L0 that appear 

transiently along with L0 steps.270 The results for both PS-PEI78 and PTMSS-PLA are 
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qualitatively different then these anecdotal examples of non-equilibrium surface motifs. 

PS-PEI78 and PTMSS-PLA both produce h = 0.5 L0 features that are stable to long-term 

annealing and persist as the surface morphology coarsens to lateral dimensions beyond 

several microns.  

The observations with both PS-PEI78 on the PS brush and PTMSS-PLA on 

tBSMA-23 and tBSMA-25 are consistent with the schematics shown in Figure 5.1. The 

illustrations show two possible ways that structures with step heights h = 0.5 L0 can arise 

in thin films. In each case, a single block exclusively wets the preferential interface, and 

the neutral interface contacts both blocks. PS-PEI78 on the PS brush facilitates the direct 

observation of the neutral interface since AFM is intrinsically a top-surface 

measurement technique. AFM phase contrast demonstrates that surface topography is 

characterized by separate regions of contact between each block and the free surface 

(Figure 5.1a). These conclusions presumably translate to the opposite interfacial 

neutralization, PTMSS-PLA on tBSMA-23 and tBSMA-25, but the neutral interface 

wetting is difficult to observe directly in this case. Due to the strongly preferential 

interaction of PTMSS with the free surface, proving unequivocally that tBSMA-23 and 

tBSMA-25 are indeed neutral for PTMSS-PLA (e.g., thickness independent 

perpendicular orientation) is challenging without additional top surface neutralization, a 

topic of ongoing research. However, PTMSS-PLA provides confirmation that a single 

block wets the preferential interface when 0.5 L0 topography is formed, insight that 

complements the data obtained with PS-PEI78 on the PS brush. Coupled with the PS-

PEI78 results, the generation of h = 0.5 L0 topography for PTMSS-PLA only on surfaces 

that must be compositionally near neutral strongly implicates non-preferential substrate 

interactions as the cause, as depicted in Figure 5.1b. 
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The inversion of the h = 0.5 L0 topographic features surrounding <L> = (n ± 

0.25) L0 provides powerful methodology that can be used to evaluate the neutrality of 

block copolymers and interfacial modifiers. The results for both PS-PEI78 on the PS 

brush and PTMSS-PLA on tBSMA-23 and tBSMA-25 suggest that the formation of h = 

0.5 L0 features in either case is indicative of successful neutralization at a single 

interface. Therefore, block copolymers designed to neutralize free surface interactions 

can be screened on highly preferential substrate surfaces, or block copolymers with 

highly preferential free surface interactions can be analyzed to find non-preferential 

substrates. Both possibilities were presented herein. In principle, the analysis need not 

even quantify the height profile for h = 0.5 L0. If there is a single neutral surface, a 

change in topographical features (i.e., islands ↔ holes) will occur between thickness 

ranges of (n − 0.5) L0 < <L> < (n − 0.25) L0 and (n − 0.25) L0 < <L> < nL0. The 

topography will remain unchanged if no neutral interface is present. The analysis can be 

performed entirely with an optical microscope rather than for instance AFM. Even 

extremely small thickness differences (ca. 7 nm) between the “half” structures and the 

surrounding matrix can be resolved optically. 

Phase separation of initially homogeneous binary mixtures of polymers (and 

many other condensed systems)271, 272 in 3 dimensions (bulk) generally proceeds by two 

distinct kinetically controlled mechanisms: nucleation and growth (NG) and spinodal 

decomposition (SD).273 Factors, such as the mixture composition and the quench depth 

relative to the equilibrium (bimodal) and stability (spinodal) limits, control the rate of 

structural evolution and the morphology of the resulting two-phase system. Symmetry 

breaking surfaces can modify blends that are homogeneous in the bulk state, leading to 

two dimensional layered structures in the thin film limit.25, 274 Numerous studies 
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conducted over the past two and a half decades have dealt with the formation of two-

phase morphologies in thin layers of homopolymer blends.  

The initial formation and subsequent coarsening of relief structures in thin-film 

block copolymers bear some resemblance to the transient morphologies that develop 

during the phase separation of unstable bulk binary mixtures. Incommensurability 

between the initial average film thickness <L> and the natural microdomain period L0, 

combined with the incompressible nature of polymer melts, leads to the formation of 

terraces on the free surface, and the mechanisms that describe the transition from an 

initially smooth to textured interface have been studied both theoretically and 

experimentally.275-278 The island/holes formation proceeds by either kinetic mode (NG or 

SD) depending on various factors, such as the thermal ramping rate279 and the initial film 

thickness.280 Shull275 adapted an analytical approach originally developed for the early 

stages of spinodal decomposition in binary mixtures in modeling the formation of 

hole/island motifs in thin-film block copolymers. Similar to the development of directed 

spinodal waves in thin-film polymer blends,25, 274 composition waves propagate from 

interfaces and interfere with each other in block copolymer thin films during 

annealing.55, 281 The critical domain size required for the hole/island structures to survive 

the action of thermal fluctuations during the initial stage was estimated,282 and a number 

of growth mechanisms were proposed.269, 282-284 

The free energy of formation associated with nuclei of heights h = 0.5 L0 and h = 

1.0 L0 can be used to explain the formation of the relief structures obtained in the PS-

PEI78 thin films. Slow thermal ramping rates (≈ 1 °C/min, similar to what was 

implemented in annealing PS-PEI78) have been found to favor the NG mechanism in 

island/hole formation.279 Achieving a critical nucleus size is the principle barrier that 

must be overcome for subsequent growth of the surface morphology. The free energy of 



 122

a nucleus is controlled by three factors: (1) the interfacial energy at the free surface; (2) 

the elastic strain energy that originates from the thickness incommensurability; (3) the 

line tension that results from the defects formed at the boundaries of the topographic 

structures. Roughening of films inherently occurs upon annealing a mixed, solvent-cast 

state.285, 286 During the formation of non-uniform variations in the film thickness, the 

smaller thickness gradient associated with h = 0.5 L0 relative to h = 1.0 L0 should favor 

the formation of half step nuclei. Of course the large difference in the surface energy 

between the blocks in PS-PI overwhelms any such advantage leading to the formation of 

structures with h = 1.0 L0.  

A transition zone separates regions of parallel lamellae regardless of the value of 

h. Experiments have shown that the free energy penalty associated with features 

containing a small radius of curvature causes the transition zone to broaden considerably 

as illustrated in Figure 5.23,287 necessitating a reconstruction of the underlying 

morphology. For example, perpendicular lamellae can accommodate a continuously 

varying transition zone thickness but require splicing onto the parallel layers at the 

transition boundaries; this can be accommodated by an interfacial arrangement such as 

Scherk’s surface.288, 289 Figure 5.24 shows the edge profiles of structures for h = 1.0 L0 

(PS-PI) and h = 0.5 L0 (PS-PEI78) obtained using AFM measurements. The transition 

width (∆x) has been estimated as the difference in the lateral positions that correspond 

vertically to 20% and 80% of the step heights (∆x = x|y=0.8h – x|y=0.2h). Based on the 

profiles in Figure 5.24, ∆x/h ranges 5 – 6 and 6 – 8 for h = 1.0 L0 and h = 0.5 L0, 

respectively. Previous studies report significantly larger step widths for structures with h 

= 1.0 L0.
251, 288 Normalized transition widths ∆x/h for PTMSS-PLA with h = 1.0 L0 

(Figure 5.16c,f) fall roughly in the range 18 − 27. Some roundness to the peaks in the 

height traces for h = 0.5 L0 (Figures 5.17c,f, 5.18e-h) makes exact calculations of ∆x 
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The morphology of the transition zone is expected to be established soon after 

the initially formed topological features begin to coarsen, analogous to the establishment 

of an equilibrium interfacial thickness following either nucleation or the initial stages of 

spinodal decomposition in phase separating polymer blends.290, 291 The exact structure of 

the transition zone likely depends on many factors, including the exact copolymer 

composition, molecular weight, polydispersity, statistical segment lengths, and possibly 

whether the free surface or the substrate is preferentially wet. These differences could 

contribute to the significantly larger transition zones measured for PTMSS-PLA 

compared to PS-PEI78. Intuitively, microdomain structures with negative Gauss 

interfacial curvature are anticipated, by analogy with the microdomain structures found 

adjacent to lamellae in bulk specimens, i.e., gyroid and perforated lamellae2 and 

Scherk’s surface found at the boundary between orthogonally arranged lamellar 

grains.289 Another way to relieve the local strain is to embed cylindrical domains 

underneath the edges of island and hole structures for symmetric block copolymers.292 

Evidence of such intermediate morphologies in the transition zone at the edges 

surrounding the island and hole structures of PS-PEI78 and PS-PMMA has been 

recorded in AFM images (Figure 5.25). These features are difficult to resolve and are 

not always visible in the AFM measurements. Alternatively, the block copolymer could 

partially disorder in portions of the transition zone, although this should become 

prohibitively expensive in the free energy as the segregation strength increases. Liu et 

al.292 documented reconstructed island edges for large molecular weight (Mn > 100 

kg/mol) but not for low molecular weight (Mn < 40 kg/mol) poly(styrene-b-2-

vinylpyridine) (PS-P2VP) block copolymers. The absence of well-described microphase 

segregation in highly constrained block copolymer systems also has been reported.55, 293 
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oil/water/block copolymer surfactant,296 the formation of spherical morphologies of bulk 

block copolymers with solvent annealing,297 and the growth of hole/island structures in 

thin-film block copolymers that form parallel lamellae.298, 299 Sometimes, the specific 

kinetically-frozen states are sought after for their desirable properties, such as 

perpendicular domain orientations in the case of solvent annealing of block copolymer 

thin films.66, 67 Various mechanisms have been suggested as responsible for such 

pinning, including surface curvature elasticity,264 loss of interfacial continuity when a 

percolating morphology breaks up into clusters,294 glassy cores300 or the incompatibility 

between cores and solvents295 that suppress a chain exchange in micelles. All these 

examples display kinetic barriers that must be overcome before reaching the true 

thermodynamic equilibrium. Similarly, the local transformation of structures from h = 

0.5 L0 into h = 1.0 L0 would be inhibited by unfavorable diffusion normal to the 

microdomain interfaces301, 302 and suppressed by the requirement for long-range lateral 

transport of materials.  

 

5.5 CONCLUSION 

Three possible combinations involving at least one non-preferential interface 

have been demonstrated. Surface neutralization at both the free and substrate surfaces 

was accomplished with PS-PEI78 thin films on SMG mats, based on SEM 

measurements that show a perpendicular arrangement of lamellae independent of the 

overall film thickness. Topographical step heights with half the bulk periodicity (0.5 L0) 

are generated when a block copolymer is confined between a single neutral interface and 

a single preferential interface. PS-PEI78 (neutral free interface) exhibits such behavior 

when supported on a preferential PS brush. Both constituents of the block copolymer are 

expressed at the free surface, as demonstrated by AFM phase contrast images. In 



 127

contrast, PTMSS-PLA has a strongly preferential free surface and produces 0.5 L0 step 

heights only when supported on a near neutral substrate. AFM phase contrast 

measurements demonstrate that PTMSS-PLA expresses a single block over the entire 

free surface. The most incommensurate film thickness associated with 0.5 L0 step 

heights is <L> = (n ± 0.25) L0, distinctly different than simple asymmetric (nL0) and 

symmetric [(n − 0.5) L0] wetting. These results provide a simple and powerful method 

for determining surface neutrality of block copolymers or substrate surface treatments. 
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Chapter 6 Block Copolymer Self-Assembly in Thin Films: 
Segregation Strength Variations3 

 

6.1 INTRODUCTION 

Among diverse interests,303 self-assembly has received much attention as a 

bottom-up scheme to attain small features. The microlithography has played an 

important role in the development of the semiconductor industry, generally expressed in 

terms of Moore’s Law, by enabling the fabrication of features in small dimensions. 

Recently, the industry faces challenges in overcoming the theoretical limit of the optical 

lithography at 22 nm half-pitch, and uncertainty remains as to what technique would 

emerge as the next generation lithography (NGL) and replace the optical lithography. 

While a few critical issues have not been completely resolved with several candidates 

for NGL, such as extreme ultraviolet lithography (EUVL), the International Technology 

Roadmap for Semiconductors (ITRS) has started to list directed self-assembly since 

2007 as one of potential solutions that would enable sub-22 nm half-pitch.304 

The self-assembly of bulk block copolymers leads to the formation of ordered, 

periodic structures whose dimensions lie in the range of a few tens of nanometers.5 Such 

nature of block copolymers has been implemented in thin films for a wide range of 

applications, such as photonics,33 membranes,42 and capacitors.39 Features that need to 

be manipulated for successful application of thin-film block copolymers include (1) the 

domain orientation, (2) the periodic dimension of the morphology, and (3) the etch 

resistance contrast for pattern transfer.  

For thin-film block copolymers in thermodynamic equilibrium, the interfacial 

boundary conditions determine the domain orientations. The system with comparable 

                                                 
3 Refer to Acknowledgements for contributions made by other people. 
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interfacial energies exhibits perpendicular ordering, which is technologically more 

useful than other morphologies. The early extensive investigation of poly(styrene-b-

methyl methacrylate) (PS-PMMA) diblock copolymer thin films stems in part from the 

comparable surface energies of the blocks.58 Various measures have been taken to 

compensate for the surface energy difference in other block copolymers.59, 60, 305 One 

example is solvent annealing that allows one to effectively “neutralize” or nullify the 

interfacial energy difference between constituents by kinetic trapping of the system.66 

However, the thin-film morphology after solvent annealing is affected by numerous 

factors, such as solvent selectivity,70 annealing duration,65, 306 evaporation rates,67, 68, 307 

humidity,308 and temperature.309 The intricate interplay among these factors in solvent 

annealing has not been fully understood, making it difficult to predict the resulting 

morphology. While a random copolymer brush has been devised to control the 

interaction between thin-film block copolymers and underlying interfaces,57 the 

incorporation of random architecture into thin-film block copolymers offers an 

alternative in attaining free surface neutralization. The random modification of block 

copolymers and blends has not been studied in thin-film forms as extensively as in a 

bulk state.111, 112, 123, 126, 127  The previous reports on the partially epoxidized 

poly(styrene-b-isoprene) diblock copolymers suggested that the surface energies of the 

two constituting blocks could be tuned almost independent of the bulk microphase 

segregation.247 This methodology would allow one to attain perpendicular ordering of 

the thin-film block copolymers, which initially exhibit disparate surface energies prior to 

the chemical modification.  

The application of block copolymer self-assembly to lithography, which 

inherently aims towards resolution enhancement, requires minimizing the degree of 

polymerization (N) in thin-film block copolymers. This effort inevitably involves 
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monitoring the behavior of the system as the segregation strength decreases, and the 

primary prediction for thin films may be made based on the bulk characterization results. 

For example, the order-disorder transition (ODT) (χN = 10.5 in mean field theory)3 is 

expected to place a fundamental limit on the smallest features in thin films attainable for 

a given system with a measurable interaction parameter χ (e.g., 20 – 25 nm feature size 

for PS-PMMA).95, 238 However, studies suggest that the translation in behavior from the 

bulk to the thin film may not be straightforward as a consequence of dimensionality 

reduction. Not much work has been done in looking at the dependence of thin-film block 

copolymers on segregation strength variation. One difficulty associated with the thin-

film investigation originates from the strong influences exerted by interfacial 

interactions that disrupt the thin-film behaviors. For the case of bulk, on the other hand, 

an extensive work has been done on looking at different aspects of block copolymers for 

various ranges of χN, encompassing the ODT. For example, at χN ~ 6 a crossover in the 

conformation of polymer chains occurs, signaling the change in the power dependence 

of chain extensions.230 Though negligible in strong segregation limit (χN >> 10.5), the 

effect of fluctuation becomes prominent near the ODT for block copolymers of small 

N.4 Fluctuations cause deviation in behaviors from mean field predictions; the ODT 

occurs at a higher χN and the weakly first-order ODT is induced in symmetric block 

copolymers in bulk.231, 310 Though the effects of transitions and fluctuations on thin film 

block copolymers have received less attention in the past, these matters are expected to 

be of grave importance in the future as people are interested in attaining smaller features 

for thin-film block copolymer applications and approach the ODT (i.e., χN ~ 10.5).  

In this chapter, the thin film behavior of partially epoxidized poly(styrene-b-

isoprene) diblock copolymers is investigated as χN is varied, mostly through 

adjustments in N. The neutrality of the block copolymers at the interfaces minimizes the 
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disruption of the thin-film behaviors and allows the inner thin-film morphology to be 

expressed at the free surface. The values of χN for this investigation range from 8 to 17, 

and our discussion is arbitrarily divided into two regimes of χN. For moderate 

segregation strength (χN > 12), thin-film behavior is studied while the film thickness and 

the underlying brush compositions are varied in a controlled manner. The 

thermodynamic equilibrium achieved in the thin-film block copolymers, which consist 

of random copolymer architecture, is discussed based upon the previous results reported 

for PS-PMMA. Stripe chemical patterns are also implemented to direct the self-

assembly of the block copolymers. For the system in the weaker segregation regime (χN 

< 12), the both bulk and thin-film studies on the system are presented, and the 

comparison allows the investigation about the effect of dimensionality on ODT and 

fluctuations.  

 

6.2 EXPERIMENTAL  

Materials, Synthesis, and Bulk Characterization: Poly(styrene-b-isoprene) 

diblock copolymers of various molecular weights were synthesized using anionic 

polymerization and are denoted as SIxx, where xx represents the molecular weights 

(units in kg/mol). Controlled epoxidation of the precursors was carried out using 

dimethyl dioxirane (DMD), as done previously,127 and their products are denoted as 

SIxxE. The synthesis and thin-film characterization of SI21 and SI21E have been 

presented to some degrees in Chapter 5 of this dissertation, from which selected data 

will be provided again in this chapter. 

Two size exclusion chromatographies (SEC) using tetrahydrofuran (THF) as 

mobile phases ((1) Waters 717 with Autosampler, Waters 2410 Refractive Index 

Detector (Amundson Hall, Univ. of Minnesota) and (2) Viscotek VE2001, 302-050 
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Tetra Detector Array (Soft Materials Laboratory, Univ. of Wisconsin)) were used to 

determine the number average molecular weight (Mn) and polydispersity index (PDI) of 

the polymers. Proton nuclear magnetic resonance (1H-NMR) (VAC-300 Autosampler, 

IBM Instruments) was utilized to establish the composition of SIxx and to estimate the 

degree of epoxidation in SIxxE. 

Differential scanning calorimetry (DSC) (Q1000 DSC, TA Instruments) was 

employed to identify the glass transition temperature (Tg) of the polymers while 

scanning at a ramping rate of ± 10 °C/min. Rheological measurements were conducted 

on pressed samples with a rheometer (ARES, Rheometric Scientific). Small-angle x-ray 

scattering (SAXS) experiments were conducted at room temperature at Argonne 

National Laboratory on the pre-annealed specimens (105 °C for 3 − 6 hours in vacuum).  

Brush/Mat Synthesis and Preparation: Two different types of random 

copolymers that consist mainly of poly(styrene) and poly(methyl methacrylate) were 

prepared using nitroxide-mediated living free radical polymerization (NMP), as done 

previously.120 The first type of the random copolymers incorporates thermally-

crosslinkable functional groups (GMA, glycidyl methacrylate). With the fraction of 

GMA retained at 4 − 6 mol. %, the random copolymers were prepared with various 

compositions of poly(styrene) and poly(methyl methacrylate) (Mn ≈ 9.5 – 40.1 kg/mol, 

PDI ≈ 1.4 – 2.1). They are denoted as SMGyy, where yy represents the mol. % of styrene 

units (SMG00, SMG28, SMG57, SMG60, SMG76, SMG94). Thin films were prepared 

by spin coating a solution (0.2 – 0.5 wt. % in toluene) at 3000 rpm on Si wafers (as 

received), and the mat formed from a crosslinking reaction within the thin film, achieved 

by annealing under vacuum at 160 − 190 °C for 24 hours. Another type of random 

copolymers, represented as SMOHzz, contains the terminal hydroxyl functionality (-OH) 

(Mn ≈ 2.1 – 4.2 kg/mol, PDI ≈ 1.2 − 2.0) and consists of zz mol. % of styrene units and 
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(100 – zz) mol. % of methyl methacrylate units (SMOH25, SMOH45). Uniform thin 

films were obtained by spin-coating a solution (1.0 – 1.5 wt. % in toluene, 3000 rpm) 

onto the bare silicon wafer (as received). Hydroxyl-terminated polymers were grafted 

upon thermal annealing at 190 °C for 24 hours in vacuum. Unreacted brush materials 

were removed by post sonication in toluene (3 times/5 minutes). 

Thin Film Preparation and Characterization: Uniform thin films were obtained 

by spin-coating solutions of SIxxE (0.75, 1.0, 1.25, 1.5 wt. %, in toluene) on crosslinked 

SMG mats and SMOH brushes. Average film thicknesses (<L>), determined with an 

ellipsometry instrument (AutoEL-II, Rudolph Research), ranged from 0.8d to 2.5d (d = 

2π/q*, where q* is the principle Bragg reflection measured by SAXS). The thin films 

were thermally annealed in a vacuum chamber with a constant flow of N2 gas. Thin 

films were characterized by scanning electron microscopy (SEM) (LEO 1550-VP 

FESEM). Oxygen plasma (PE-200, Plasma Etch Inc.) was occasionally used to etch thin 

films prior to SEM imaging in order to enhance the image contrast, and the recipe 

implemented was designed to etch approximately 0.3 − 0.5 nm of poly(styrene) 

homopolymer thin films. Atomic force microscopy (AFM) (Nanoscope III Multimode 

AFM, Digital Instruments) was also employed in tapping mode to measure the height 

profiles and the phase images of the thin-film block copolymers.  

Chemical Pattern Fabrication and Directed Self-Assembly: The chemical pattern 

was fabricated as previously demonstrated by Liu et al.,96 and the sequential steps for 

the fabrication are illustrated in Figure 3.3 (Chapter 3) of this dissertation. Thin films of 

e-beam photoresists (zep520, 35 nm thick) were prepared above SMG94 mats (7 nm 

thick) using spin-coating. Stripe patterns of the photoresists were fabricated by e-beam 

exposure and sequential development. The periodicities of the stripe patterns were 

targeted to 39.0 nm and 44.1 nm, which correspond approximately to the integer 
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multiples of the lamellar periodicities of the block copolymers (i.e., L0(SI21E) = 19.1 

nm, L0(SI14E) = 14.7 nm). These patterns, provided by Hitachi Global Storage 

Technologies, were treated with the oxygen plasma (Unaxis 790 RIE), during which the 

trim-etched photoresist patterns were transferred to the underlying SMG94 mats. The 

removal of photoresists left stripe features made up of SMG94. Then, thin films of 

SMOH25 above the structures were prepared by spin-coating the solution (1.0 wt. %, 

toluene). The thermal annealing was implemented to graft the brush materials to the 

exposed SiOx regions. The unreacted brush materials were removed using sonication in 

toluene (3 times/5 minutes). Lastly, SI21E and SI14E solutions were spin-coated above 

the chemical patterns, and the films were thermally annealed in vacuum at 105 °C and 

80 °C, respectively, for 6 hours.  

 

6.3 RESULTS 

Four poly(styrene-b-isoprene) diblock copolymers were prepared: one cylinder-

forming block copolymer (SI26) and three symmetric block copolymer with different 

molecular weights (SI21, SI14, SI10). Table 6.1 shows their molecular characterization 

and the degrees of modification attained for partially epoxidized samples (SI26E, SI21E, 

SI14E, SI10E). SEC traces (Figures 6.1 – 6.3) of the samples are characterized by 

monodisperse profiles with low polydispersity index (PDI), suggestive of the 

conservation of the sample integrities through chemical modification and thermal 

annealing implemented in this chapter. The bulk characterization results for SI21 and 

SI21E that have been already shown in Chapter 5 (denoted as PS-PI and PS-PEI78 in 

Chapter 5) are omitted here. 

 

 



 135

 

Table 6.1 Molecular characterization. 

 
Mn 

a 
(kg/mol) 

fS 
b fI 

b PDI Tg (°C)
TODT 
(°C)

Epox. Sample 
and Deg. (%) 

SI26 25.7 0.69 0.31 1.04 -68, 90 170 SI26E, 82 

SI21 c 21.3 0.49 0.51 1.06 -62, 82 182 SI21E, 78 

SI14 13.9 0.48 0.52 1.05 -62, 68 86 SI14E, 78 

SI10 9.6 0.49 0.51 1.04 -60, 42 < 50 SI10E, 80 

a Mn was calculated by comparing the molecular weight of the poly(styrene) aliquots with the ratio 

between the poly(styrene) and the poly(isoprene) blocks estimated from the NMR measurement. 

b Densities at 140 °C were used to calculate the volume fractions (fS, fI). 

c Data have been reproduced from Table 5.1. SI21 and SI21E correspond to PS-PI and PS-PEI78, 

respectively, in Chapter 5. 

 

 

 

Figure 6.1 SEC traces for SI26, SI26E, and SI26E after 6-hour thermal annealing. 
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Figure 6.2 SEC traces for SI14, SI14E, and SI14E after 6-hour thermal annealing. 

 

Figure 6.3 SEC traces for SI10, SI10E, and SI10E after 6-hour thermal annealing. 
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Figure 6.4 DSC traces for SI26, SI26E, SI14, SI14E, SI10, and SI10E diblock 

copolymers taken at ramping rates of +10 °C/min. Arrows indicate the 

inflections. Data except SI26 have been shifted vertically for clarity. 

 

Two distinct inflection points in DSC traces are witnessed for both the precursors and 

the partially modified samples (Fig. 6.4). The bulk morphologies and the periodicities 

were investigated using SAXS, as shown in Figure 6.5. The relative peak positions for 
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2π / q*, where q* is the primary peak position), are 18.9 nm (SI26), 20.0 nm (SI26E), 

14.4 nm (SI14), and 14.7 nm (SI14E, see Fig. 6.6), respectively. The results in Chapter 5 

corroborated the lamellar morphology for SI21 (L0 = 18.9 nm) and SI21E (L0 = 19.1 

nm). The order-disorder transition temperatures (TODT) of the precursors in Table 6.1 are 

estimated based on the abrupt change in linear elastic dynamic modulus (G′) measured 

on heating (Fig. 6.7). 

 

 

Figure 6.5 Small angle x-ray scattering (SAXS) obtained from SI26, SI26E, SI14, 

SI14E, SI10, and SI10E at room temperature. Arrows identify discernible 

Bragg reflections. Data except SI26 have been shifted vertically for clarity.  
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Figure 6.6 Magnified view of small angle x-ray scattering (SAXS) obtained from 

SI14E. The arrow identifies a broad “peak.” 

 

Figure 6.7 Temperature dependence of the dynamic elastic modulus G′(1 rad/sec) for 

SI26, SI21, SI14, and SI10 during heating (0.5 − 1 °C/min). Arrows 

indicate the order-disorder transition, signaled by an abrupt change in G′. 

Data for SI21 have been shifted upward for clarity (G′shifted = 50 × G′). 
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As a versatile method to characterize block copolymers near the transition,311 

rheological measurements have been conducted for SI14E. While the discrete change in 

G′ upon heating is less pronounced, it is estimated that TODT ≈ 91 °C (Fig. 6.8). The 

moderate, not abrupt, change in G′ across T = TODT may have arisen due to the proximity 

of the shear frequency to the critical frequency (ωc′), below which the length scale 

corresponding to the block copolymer domains may be probed.311  

 

 

Figure 6.8 Temperature dependence of the dynamic elastic modulus G′(ω = 1 rad/sec) 

for SI14E on heating (+0.5 °C/min) with 1% strain.  
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Figure 6.9 Reduced frequency (aT ω) plot for (a) dynamic storage modulus (G′) and 

(b) loss modulus (G″) for SI14E. The shift factors are shown in Figure 

6.10.  
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frequency for T > 95 °C (G′ ~ ω2) while a non-terminal behavior is observed T < 85 °C 

(G′ ~ ω1/2). This notable difference in the frequency sweep response between T < 85 °C 

and T > 95 °C confirms that TODT for SI14E would lie between 85 °C and 95 °C, in 

agreement with the earlier estimation (TODT ≈ 91 °C). It is more difficult to discern the 

abrupt change in G″ with temperature variations, presumably due to the lower critical 

frequency for G″ (ωc″).
311 Notably, G′ for SI14E does not collapse into one curve after 

the time-temperature superposition for T > 95 °C. The failure of the time-temperature 

superposition for disordered block copolymers has been attributed in the past to effects 

of thermal fluctuations.311, 312  

 

 

Figure 6.10 Logarithmic shift factors as a function of temperature for SI14E. The fit to 

Williams-Landel-Ferry (WLF) (solid line) leads to C1 = 7.6 and C2 = 120. 
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based on the non-terminal frequency dependence (Figure 6.11b). It is concluded from 

the data that TODT’s for SI21E and SI10E would lie above 160 °C and below 60 °C, 

respectively. 

 

Figure 6.11 (a) Temperature dependence of G′(1 rad/sec) for SI10E and SI21E on 

heating (1.0 − 10 °C/min) with 1% strain. (b) Frequency (ω) dependence of 

G′ (closed symbols) and G″ (open symbols) for SI10E (at 60 °C) and SI21E 

(at 105 °C). In (b), data for SI21E have been shifted upward for clarity 

(Gshifted = 103 × G). 
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The formation of a layered structure is observed for thin films of SI26, SI21, and 

SI14 poly(styrene-b-isoprene) diblock copolymer precursors, independent of variations 

in the compositions of underlying crosslinked mats. Figure 6.12 reveals representative 

SEM and AFM results that exhibit hole/island textures with step heights h ≈ 1 L0. The 

formation of layered morphologies by thin-film block copolymers that form non-

lamellar morphologies in bulk, as observed in the case of SI26, has been reported when a 

strong preferential interaction (e.g., the lower surface energy of the poly(isoprene) block 

compared to the poly(styrene) block in SI26) is present at the interfaces.265, 313 On the 

other hand, the thin films of SI10 above SMG mats dewetted when annealed at 80 °C for 

3 hours (not shown). 

Thin-film SI21E exhibits a morphology dependence on its film thickness and the 

chemistry of the underlying interface, analogous to the behavior observed in the past for 

PS-PMMA block copolymer thin films.223, 254 Figure 6.13 shows the top-down SEM 

images of SI21E films with various film thicknesses (<L>/L0 = 1.5, 1.7, 1.9, 2.1, 2.3, 

2.5) above the crosslinked mats of controlled compositions (SMG00, SMG28, SMG57, 

SMG76). Above SMG28 and SMG57, SI21E retains perpendicular lamellar structures 

for all the film thickness, suggestive of neutrality at both interfaces. The cross-sectional 

SEM measurement of the film (<L>/L0 = 2.5) indicates that the perpendicular ordering 

persists throughout the film thickness (Fig. 6.14). Above SMG00 and SMG76, SI21E 

exhibits either perpendicular or mixed lamellae depending on the film thickness. SMG00 

induces perpendicular ordering near the half-integral L0 thickness (<L> = (n + ½) L0, 

where n is an integer) while mixed lamellae (perpendicular + parallel)256 are observed in 

the vicinity of the integral L0 thickness (<L> = n L0). The thickness dependence of the 

morphologies switches for SI21E on SMG76; the mixed lamellae are observed for the 
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SI21E and SI14E becomes invaluable later when these polymers are aligned using 

chemical patterns and appropriate compositions for backfill brushes (“background” 

regions”) in the chemical patterns are chosen.97 Top-down SEM images in Figure 6.18a-

d exhibit fingerprint patterns for SI14E thin films above selected SMG mats (SMG00, 

SMG28, SMG57, SMG76). Considering higher molecular weight SI21E exhibits mixed 

lamellae on SMG00 and SMG76, the absence of mixed domains for SI14E may result 

from the molecular weight dependence of (1) entropic contributions that favor 

perpendicular ordering or (2) penalties for defect formations at mixed domain 

interfaces.315 In comparison to SI21E, the greater difficulty involved in discriminating 

two domains of SI14E prior to oxygen etching in SEM measurements (Fig. 6.19) may be 

attributed to a larger degree of domain mixing. A shorter correlation length observed for 

SI14E above SMG00 and SMG76 (weakly preferential), in comparison to SMG28 and 

SMG57 (non-preferential), may be associated with the dependence of polymer mobility 

on interfacial interactions.316 The cross-sectional SEM image of thin film SI14E on 

SMOH45, shown in Figure 6.20, indicates perpendicular ordering throughout the film 

thickness. AFM measurements show that SMG94, a preferential mat, induces hole/island 

structures with ½ L0 step heights, accompanied by phase contrasts (Figure 6.18f-h). 

These features indicate both constituents of SI14E are exposed to the free surface and 

have previously been attributed to surface neutralization of thin-film block copolymers, 

as discussed in Chapter 5.  
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intermediate segregation regime is characterized by rich and complex morphologies, 

such as gyroid (G)322 and perforated lamellae (PL),323 in addition to classical 

morphologies observed at high χN. The transition from the intermediate to the strong 

segregation regime has been suggested to occur at χN ~ 29, signaled by the change in δ 

from δ ≈ 0.8 – 1.0 to δ ≈ 2/3.275, 324 Numerous groups confirmed both theoretically and 

experimentally the molecular weight dependence (δ ≈ 2/3) in the strong segregation 

limit.6, 7 At high χN, the complex morphologies (e.g., G and PL) become unstable319 as a 

result of stronger packing frustrations that induce deviations from constant mean 

curvature of interfaces.325 

The effective Flory-Huggins interaction parameter (χeff) for poly(styrene-b-

isoprene) diblock copolymers with partial epoxidation has been estimated based on the 

SAXS and rheology results.247 The χeff equation based on the rheology result (eq. 4 in 

the earlier work247) would predict TODT = 110 °C for SI14E, in close agreement with the 

experimental result shown here (TODT ≈ 91 °C, Fig. 6.8). This equation is used to 

calculate the χN values for the symmetric systems (SI21E, SI14E, SI10E), as shown in 

Table 6.2. χN has been controlled mostly through adjustments in N as the range of 

annealing temperature was restricted in order to minimize degradation in the block 

copolymers. According to the estimated χN values, SI21E and, presumably, SI26E are 

expected to lie in the regime of moderate segregation strength (χN > 12). For the 

temperature range implemented experimentally, SI14E lies in the vicinity of the order-

disorder transition (ODT) (χN ≈ 11). While much commercial interest lies in attaining 

small features, as mentioned previously, SI14 and SI14E have been prepared specifically 

(1) to attain the smallest periodicity possible with the given system by approaching the 

limit of the ODT and (2) to find out the viability of the chemical modification method in 

controlling block copolymer orientations near the ODT. On the other hand, SI10E is 
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located within the disordered regime (χN ≈ 8). The resemblance between the previous 

reports for PS-PMMA and our results for the moderate strength regime confirms that the 

same thermodynamic equilibrium is reached by the self-assembly of thin-film block 

copolymers independent of the random architecture. In turn, this conclusion allows us to 

generalize the results obtained for weaker segregation strength as universal 

characteristics applicable to other block copolymers. 
 

Table 6.2 The χN estimations for SI21E, SI14E, and SI10E. 

N 
(ref. 144 Å3)

Deg. Epox 
(%) 

Annealing 
Temp. (°C) 

χeff 
a χeff N 

SI21E 259 78 105 0.068 17.5 

SI14E 158 78 80 0.074 11.7 

SI14E 158 78 100 0.069 10.9 

SI10E 111 80 100 0.072 8.0 

a The equation 4 from the previous publication247 was used. 

 

Moderate Segregation Strength (χN > 12): The control of brush/mat 

compositions has proven effective in tuning the interfacial interactions with overlying 

thin films of block copolymers, thereby inducing different thin-film morphologies. The 

perpendicular lamella ordering independent of the film thickness for SI21E on SMG28 

and SMG57 suggests both the air-polymer and the polymer-mat interfaces have been 

effectively neutralized.253, 254 The perpendicular ordering of SI21E on SMOH45 

corroborates that any composition between two neutral compositions in random 
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copolymer interfaces (mat or brush) also acts as a neutral composition. As the chemical 

composition of the underlying interface deviates from the neutral composition (i.e., 

weakly preferential SMG00 and SMG76), SI21E exhibits mixed lamellae (perpendicular 

+ parallel) for a certain range of the film thickness. These results are consistent with the 

observation of mixed morphologies above weakly preferential interfaces for PS-PMMA 

and poly(styrene-b-2-vinylpyridine) (PS-P2VP) block copolymers.120, 257 When SMG00 

induces perpendicular lamellae for a given film thickness in SI21E, SMG76 favors the 

formation of mixed lamellae for the same film thickness, and vice versa. This 

asymmetric relation, also previously reported for PS-PMMA,223, 254 is believed to arise 

from the change in the preferential interaction of the mats with the block copolymer 

constituent. Cylinder-forming SI26E also responds to changes in the compositions of 

underlying mats and exhibits a gradual transition in the orientation of cylinders, as 

previously observed for PS-PMMA.120 On the other hand, the SI21 and SI26 precursors, 

characterized by a notable surface energy difference between the components, form 

parallel structures independent of underlying mats. The perpendicular ordering for 

SI26E suggests that the method of partial chemical modification that permits control 

over the domain orientation is applicable to non-lamellar morphologies. 

The fine control of a film thickness has been found as a viable method to induce 

perpendicular ordering above weakly preferential surfaces. The change in a film 

thickness has been known to induce different behaviors in thin-film block copolymers. 

Examples include the thickness dependence of morphologies and domain 

orientations,326, 327 the incorporation of systematic thickness variations, or corrugations, 

to align block copolymer domains,328, 329 and the critical thickness below which the 

disorder is induced.55 Despite the diversity in the behaviors, the common origin behind 

the thickness dependence of thin-film block copolymer properties lies on the issue of 
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commensurability between the bulk microdomain periodicity and the finite dimensions 

of the film structures. Confinement of thin films has been used both theoretically and 

experimentally to investigate the effect of commensurability.56, 253, 276, 277 Above SMG00 

and SMG76, the SI21E thin film morphology alternates between perpendicular and 

mixed morphologies for every 1 L0 change in the film thickness, resembling the 

behavior of PS-PMMA thin films on weakly preferential interfaces.223, 254 Suh et al.223 

accounted for the total interfacial energies for each configuration and attributed the 

periodic change in the thin-film morphology to the incommensurability in the film 

thickness.  

The self-assembly of SI21E and SI14E thin films have been guided using 

underlying chemical patterns that possess selective affinities to the constituents in the 

block copolymers. The implementation of block copolymer self-assembly to lithography 

processes in industries requires the ability to control precisely the registration of thin-

film morphologies over a large region. Various methods previously implemented to 

align the domains of thin-film block copolymers include chemical patterns,83 

graphoepitaxy,99 shearing,48 and corrugation.329 The scheme of chemical patterns 

involves the fabrication of underlying patterns that have selectively preferential 

interactions with block copolymers and has proven effective in achieving defect-free, 

directed self-assembly of PS-PMMA.85 This methodology also allows the realization of 

essential layout geometries, required for integrated circuits, with block copolymer self-

assembly in thin films.92 In order to overcome the inherent limit in periodicities that can 

be realized using established semiconductor processing, the scheme of “density 

multiplication” has been devised to align thin-film block copolymers of small 

periodicities with chemical patterns of large periodicities.94, 96 Despite the 

thermodynamic driving force exerted by the chemical patterns, misalignments arise 
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depending on a number of factors, such as the commensurability between the 

periodicities of chemical patterns and block copolymers,83 the composition of the 

backfill brush,88, 97 and the relative line width of chemical patterns.89, 96 Despite the 

minor defects observed with SI21E and SI14E, attributable to those factors, the 

significant degree of alignment of these block copolymers seems to indicate that the 

scheme of chemical patterns is general enough to be applicable to block copolymers of 

various architectures. Considering how a disordered state is described by a random 

arrangement of domains, the directed self-assembly of SI14E, which is close to being 

disordered (χN = 11.7 at 80 °C), may be critically dependent upon the degree of 

interaction of the block copolymers with the chemical patterns. The preferential 

interaction of SMG94 guiding stripes with the poly(styrene) block of SI14E is expected 

to enhance the degree of “order” in the system, raising the effective χN.225, 226  

The thin-film behaviors discussed so far indicate the resemblance between 

partially modified poly(styrene-b-isoprene) block copolymers and PS-PMMA. Such 

similitude suggests that the random architecture does not induce abnormal behaviors in 

thin-film thermodynamics compared to other plain block copolymers without random 

chemical modification. This does not hold true in the bulk state, leading to the 

decoupling phenomenon.247 The common thermodynamic driving force in thin films 

allows facile implementations of the studies previously established for PS-PMMA to 

partially modified system; this has been demonstrated in this chapter with the directed 

self-assembly using the chemical patterns. More importantly, based on this analogue it is 

assumed that the random architecture in the block copolymers would not produce any 

measurable influence on the thermal fluctuations and the order-disorder transition in 

reduced dimensions, discussed below for weaker segregation strength. 
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Weak Segregation Strength (χN < 12): Fredrickson and Helfand4 accounted for 

the effect of fluctuations on block copolymers near the order-disorder transition (ODT). 

Fluctuations induce the weakly first-order transition for symmetric block copolymers, 

suppressing the second-order transition predicted by the mean field theory.330 While the 

mean field criterion for the ODT (i.e., (χN)ODT = 10.5)3 is accurate for large molecular 

weight block copolymers, a more detailed expression incorporates the additional 

correction term 41.0 N-1/3, where N = N a6 υ-2 (a is the statistical segment length and υ 

is the segment volume). As a consequence, the ODT occurs at a higher χN value in 

comparison to the mean field prediction. Even for a disordered sample (χN < (χN)ODT), 

the composition difference without long-ranged translational and orientation order 

persists significantly until χN becomes trivial. The existence of composition fluctuations 

in vicinity of the ODT has been investigated using scattering and rheology. The presence 

of such structures in a specimen is coupled to its mechanical properties, and the failure 

of time-temperature superposition in the dynamic modulus (G′ and G″) of a disordered 

melt (T > TODT) at a low shear frequency regime (ω < ωc) has been attributed to the 

fluctuations.311, 312 With the presence of fluctuations, the ODT is accompanied by a 

discrete change in the scattering intensity and a continuous variation in the principle 

Bragg reflection q*.311, 312, 331, 332 There were a few studies that claimed imaging of 

fluctuations in bulk samples.317 

While reduction in dimension (i.e., bulk → thin film) is anticipated to enhance 

the effect of fluctuations in systems,333 fluctuations in 2-dimensional block copolymers 

near the ODT have received little attention in the past. The thin-film confinement has 

non-trivial effects on various aspects of materials that include phase transformations in 

metal alloys,334 phase formations in liquid crystals,335 sphere packing in block 

copolymers,336 coarsening in polymer blends,27 and macromolecular properties (e.g., 



 164

glass transition, chain conformation, and rheology).19, 21, 337 However, the effect of 2-

dimensional confinement on polymers tends to be obscured by interfacial interactions 

that impose strong fields and dictate the behaviors of the systems. For example, the 

spinodal decomposition in thin polymer blend films bound by preferential interface is 

characterized by anisotropic composition waves and slower coarsening of the phases 

compared to the bulk.25 Preferential interactions by neighboring interfaces induce order 

in thin-film block copolymers even at temperature above bulk TODT.281, 338 Therefore, the 

study on the influence of reduced dimensionality requires characterization with neutral 

boundaries.  

High χ exhibited by partially epoxidized poly(styrene-b-isoprene) block 

copolymers leads to stronger fluctuation effects near the ODT while the surface 

neutralization attained as a result of the random modification allows one to observe 

fluctuation effects in thin films. In the previous study,247 the change in the effective χ, 

estimated from SAXS and TODT data, was monitored as a function of the degree of 

partial epoxidation on the system. As a result, χeff = 0.074 for 78% epoxidation at 80 °C 

(Table 6.2), in comparison to χ = 0.036 for PS-PMMA at T = 230 °C.339 The higher 

value of χ implies stronger fluctuation effects as a result of smaller N near the ODT. 

Indeed, the rheology data in Figure 6.9 strongly suggest that the fluctuation is present in 

bulk SI14E. Reduced dimensionality has been known to favor fluctuations that destroy 

order, as evidenced by Peierls instability in one dimension. Accordingly, the 

characterization of SI14E thin-film morphology for T > TODT (Fig. 6.24c-d) matches the 

earlier description for fluctuation pervaded structures (i.e., sinusoidal fluctuations with 

random orientations and phases).312 Based on rheology and scattering experiments, 

Rosedale et al.311 proposed the possible composition profiles of block copolymer melts 

as a function of χN. In correspondence to their illustrations in bulk (Fig. 16 in the 
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comparable to Rg, the radius of gyration, which in turn leads to a change in TODT.318, 343 

Ryu and his coworkers344 also found using GISAXS that TODT of PS-PMMA thin films 

bound by neutral interfaces may be lower than the bulk value by as much as a few tens 

of degrees depending on the film thickness. Hammond et al.345 associated with the ODT 

the nematic-isotropic transition of aligned cylinders in thin films and found that the 

transition temperature for monolayer is ~ 25 °C lower than the bulk TODT. While the 

bulk TODT is estimated to be 91 °C for SI14E, the thermal treatment of SI14E thin films 

at 80 °C has been implemented to attain sizeable grains of lamellar domains (Fig. 6.24b) 

and to achieve alignment using underlying chemical patterns (Fig. 6.23). The thin-film 

morphologies characterized as composition fluctuations were obtained upon thermal 

annealing at 100 °C (Fig. 6.24c), and this suggests that the thin-film TODT lies between 

80 °C and 100 °C. Considering the earlier studies showing the influence of the 

confinement on the phase separation temperature, it is notable that in the case of SI14E 

the bulk and the thin-film TODT values coincide within ±10 °C. In order to gain more 

accurate assessment of the TODT shift in reduced dimensions for SI14E, the grain size 

may be monitored as the thin-film annealing temperature is carefully controlled.  

In conclusion, the partially epoxidized poly(styrene-b-isoprene) block 

copolymers, characterized as a surface-neutralized system, have been investigated for a 

various range of segregation strength (χN). For high χN, the system exhibits the 

dependence of the thin-film morphology on the film thickness and the underlying 

interfacial interactions. The resemblance in the thin-film behaviors to poly(styrene-b-

methyl methacrylate) (PS-PMMA) block copolymers suggests that the thin-film 

thermodynamic behavior of block copolymers is dictated by the same guiding principle 

independent of the incorporation of the random architecture. This is different compared 

to the bulk behaviors of partially modified systems reported in the past. Perpendicular 
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ordering observed for non-lamellar morphologies also implies the generality of the 

“partial modification” scheme in controlling the interaction at the free surface. The 

directed self-assembly of the block copolymers has been demonstrated for multiple 

lamellar periodicities using underlying chemical patterns, a well-established method 

previously implemented for aligning PS-PMMA. In the vicinity of the ODT (lower χN), 

the partially modified system exhibits fluctuation effects in both bulk and thin films, 

presumably due to stronger χ. It is believed that the surface neutrality of the system 

enabled the direct observation of fluctuation pervaded structures in thin films. On the 

other hand, the system with lowest χN, disordered in the bulk, did not show any 

composition contrast in thin films. The change in the thin-film block copolymer 

behaviors with a χN variation, based on the real space observation, agree qualitatively 

with the earlier prediction for bulk. 
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Chapter 7 Self-Assembly of ABC Triblock Copolymers in Thin Films4 

* This work has been conducted in collaboration with the Nealey group and the 

de Pablo group at the University of Wisconsin − Madison. 

 

7.1 INTRODUCTION 

 Block copolymer self-assembly in thin films has received much attention due to 

its ability to fabricate periodic patterns in thin films. One potential application is in the 

lithographic process employed in the semiconductor industry. Among various thin-film 

block copolymer systems, poly(styrene-b-methyl methacrylate) (PS-PMMA) block 

copolymers have been studied most thoroughly. PS-PMMA is characterized by (1) 

comparable surface energies of the poly(styrene) (PS) block and the poly(methyl 

methacrylate) (PMMA) block  and (2) the capability to wet-etch the PMMA block 

selectively. The first feature allows one to achieve a perpendicular morphology in the 

block copolymer thin films, a technologically more useful orientation. While there is an 

incessant effort to attain resolution enhancement, the smallest feature achievable with 

PS-PMMA lies around 20 – 25 nm.95, 238 This limit arises from the order-disorder 

transition; diblock copolymers become disordered for χN < 10.5 (mean field limit),3 

where χ and N denote the interaction parameter and the degree of polymerization of the 

block copolymers, respectively. New block copolymer systems that exhibit smaller 

periodicities while retaining the characteristic features of PS-PMMA would be desirable. 

 Underlying chemical patterns have been successfully implemented to guide the 

self-assembly of PS-PMMA.85 However, advanced optical lithography techniques had to 

be implemented in order to fabricate chemical patterns whose periodicity was 

comparable to the block copolymer domain sizes. Figure 7.1a illustrates that the smallest 

                                                 
4 Refer to Acknowledgements for contributions made by other people. 
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varied to control properties of systems, triblock copolymers exhibit a larger parameter 

space compared to diblock copolymers. As a result, the domain size may be varied to a 

greater extent in triblock copolymers while retaining a same morphology. Figure 7.1b 

shows how the variation in the volume fractions allows one to control the feature size 

(d’) independent of the chemical pattern size (Ls) in triblock copolymers. In addition, the 

interaction parameters of the middle block with respect to the end blocks may be 

arbitrarily controlled by an appropriate choice of the chemistry. The large interaction 

parameters between the middle block and the end blocks in triblock copolymers may 

potentially reduce the smallest feature size attainable by increasing the effective 

interaction parameter in the systems. 

 In this chapter, lamella-forming poly(styrene-b-isoprene-b-methyl methacrylate) 

(SIM) triblock copolymers are studied. There are several reasons behind the choice of 

this triblock copolymer system. First, since more complex behavior is anticipated for 

triblock copolymers compared to diblock copolymers, addition of one new block to the 

existing PS-PMMA is expected to minimize the complications and allows one to take 

advantage of previous results obtained for PS-PMMA. Second, it has been suggested 

that the middle block with a lower surface energy, compared to the end blocks, induce 

perpendicular ordering of thin-film triblock copolymers.346 The poly(isoprene) (PI) 

homopolymers exhibits a lower surface energy (≈ 31 mJ/m2)347 compared to PS and 

PMMA homopolymers (≈ 40 – 41 mJ/m2).116, 347 This difference is expected to aid in 

attaining the perpendicular ordering in thin-film triblock copolymers, the primary target 

for the lithographic application. Third, the interaction parameters of the middle block 

with the end blocks are larger than the interaction parameter between the end blocks 

(χPS-PI ≈ χPI-PMMA > χPS-PMMA). Based on the previous reports, χPS-PI = 0.072 (at 180 °C),2 

χPI-PMMA = 0.077 (at 22 °C),348 and χPS-PMMA = 0.028 (at 180 °C).349 Finally, the anionic 
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polymerization of poly(styrene-b-isoprene) diblock copolymers is well established and 

offers the versatility of adding either block after another without restriction on the 

sequence, enabling (SI)nM multiblock terpolymers. 

 In this study, three SIM triblock copolymers are prepared with different volume 

fractions of the PI block (fPI = 0.03, 0.18, 0.28) while exhibiting relatively constant 

volume fractions of the PMMA block (fPMMA ≈ 0.45) and retaining a narrow range of 

microdomain periodicities (L0 ≈ 33 – 49 nm). Only two bulk specimens with large PI 

volume fractions (fPI = 0.18, 0.28) form three phase lamellae, as corroborated from the 

bulk characterization. They exhibit different behavior in thin films; while one sample (fPI 

= 0.18) exhibits a perpendicular lamellar morphology, another (fPI = 0.28) shows a 

complex morphology that presumably incorporates capped chain conformations. This 

difference is explained in terms of the competition between the energetic driving force to 

segregate the middle block to the free surface and the entropic contributions that 

penalize such capped conformations. 

 

7.2 EXPERIMENTAL METHODS 

Bulk synthesis and characterization: Poly(styrene-b-isoprene-b-methyl 

methacrylate) (SIM) triblock copolymers were synthesized using anionic 

polymerization, as described in Chapter 3 of this dissertation. The controlled epoxidation 

of the block copolymer samples was achieved using dimethyl dioxirane (refer to the 

section 3.1.3 of Chapter 3).127 Two size exclusion chromatography (SEC) instruments 

were used to characterize the polymer samples: (1) Hewlett-Packard 1100 HPLC, HP 

1047A refractive index detector, poly(divinylbenzene) columns (Gel Organic columns, 

Jordi), chloroform mobile phase and (2) Viscotek VE2001, 302-050 Tetra Detector 

Array, tetrahydrofuran mobile phase. The volume fractions of the samples and the 
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degrees of epoxidation were determined using proton nuclear magnetic resonance (1H-

NMR) (VAC-300 Autosampler, IBM instruments). Differential scanning calorimetry 

(DSC) (Q1000 DSC, TA Instruments) was used to determine thermal transitions of the 

polymer samples while scanning at the ramping rate of ± 10 °C/min. Small angle x-ray 

scattering (SAXS) was measured at Argonne National Laboratory after the samples had 

been thermally annealed at 170 °C for 7 – 8 hours. Thin sections (80 – 120 nm 

thickness) of block copolymers were prepared using cryo-microtoming (Leica EM 

UC6). These specimens were exposed to vapors of staining agents (OsO4 or RuO4) for 5 

– 10 minutes in order to provide imaging contrast. Transmission electron micrographs 

(JEOL 1210 and FEI Tecnai G2 F30) were employed to establish bulk morphologies.  

 Mat/brush synthesis and preparation: Both crosslinkable mat and grafting brush 

materials have been synthesized using nitroxide-mediated living free radical 

polymerization (NMP).120 The crosslinkable material, denoted as SMGxx (xx: mol. % of 

styrene), is a random copolymer that consists of styrene, methyl methacrylate, and 

glycidyl methacrylate (GMA). The solutions (0.2 wt. %, toluene) were spin-coated on Si 

wafers (as received) to produce uniform thin films. Then, the mat was generated by 

thermal annealing at 180 °C for 24 hours, allowing 4 – 6 mol. % of GMA to undergo a 

crosslinking reaction. On the other hand, the poly(styrene-ran-methyl methacrylate) 

random copolymers with the hydroxyl functionality at the ends are represented by 

SMOHyy, where yy stands for mol. % of styrene. The materials grafted to Si wafers (as 

received) and formed a brush during thermal annealing treatment (180 °C / 24 hours). 

The unreacted materials were removed by rinsing in toluene. 

 Thin film preparation and characterization: Thin-film SIM triblock copolymers 

were prepared by spin-coating solutions (1.0 wt. %, toluene) above crosslinkable mats or 

grafted brushes. Then, the thin films were thermally annealed in vacuum at 160 – 180 °C 
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for 24 hours, well above the glass transition temperatures of SIM. Scanning electron 

microscopy (SEM) (LEO 1550-VP FESEM) was used to investigate the thin-film 

morphologies. In certain occasions, the poly(methyl methacrylate) block (PMMA) has 

been selectively removed from the thin-film SIM triblock copolymers using the typical 

development method; the thin films were exposed to extreme ultraviolet (EUV) light 

sources (300 mJ/cm2) followed by rinsing in a mixed solution (3:1 v/v) of isopropyl 

alcohol (IPA) and methyl isobutyl ketone (MIBK). The chemical patterns were 

fabricated using the EUV system, as described in Chapter 3 of this dissertation. While 

the guiding stripe in the chemical patterns was composed of SMG94, SMOH43 and 

SMOH50 were used as the background brush materials. Chemical patterns with the 2X 

density multiplication (Ls = 2 L0) were used to direct the self-assembly of thin-film SIM 

triblock copolymers. 

 

7.3 RESULTS AND DISCUSSION 

The effect of the poly(isoprene) (PI) middle block, characterized by a 

significantly lower surface energy, on the thin-film morphology of poly(styrene-b-

isoprene-b-methyl methacrylate) (SIM) triblock copolymers was investigated by varying 

the PI volume fraction. Table 7.1 shows the molecular characterization of SIM triblock 

copolymers synthesized. The samples are denoted as SIMzz, where zz represents the 

volume fractions (%) of the PI block. 
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Table 7.1 Molecular characterization of poly(styrene-b-isoprene-b-methyl 

methacrylate) (SIM) triblock copolymers. f, Mn, PDI, and L0 denote the 

volume fraction, the molecular weight, the polydispersity index, and the 

bulk periodicity. 

 
fPS 

a fPI 
a fPMMA 

a 
Mn 

(kg/mol) 
PDI 

L0 
(nm) 

SIM03 0.51 0.03 0.46 63.0 c 1.04 32.7 

SIM18 d 0.41 0.18 0.41 56.0 c 1.07 42.5 

SIM28 0.27 0.28 0.45 65.2 b 1.12 48.7 

a The following densities of poly(styrene), poly(isoprene), and poly(methyl methacrylate) at 140 °C were 

used to calculate the volume fractions: (PS) 0.969 g/cm3; (PI) 0.830 g/cm3; (PMMA) 1.13 g/cm3. Taken 

from the Ph.D. dissertation of J. Chatterjee (Univ. Minnesota). 

b The SEC measurement of the poly(styrene) block aliquots gave the result of 17.2 kg/mol. Mn was 

calculated by comparing the molecular weight of the poly(styrene) aliquot with the weight fractions, 

estimated from the NMR measurement. 

c Measured in SEC with eluted SIM relative to poly(styrene) standards. 

d For the synthesis, diethyl zinc was used instead of lithium chloride. 

 

Figure 7.2 illustrates the 1H-NMR spectra SIM18. While the peaks at 6.5 and 7.1 ppm 

are associated with PS, those located at 5.1 and 4.7 ppm correspond to signals from the 

1,4-addition and other additions (1,2- and 3,4-additions) of PI, respectively. PMMA 

generates the characteristic peak located at 3.6 ppm.  
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suggestive of minimal side-reactions upon thermal treatments implemented later in the 

thin-film study. 
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Figure 7.3 SEC traces of SIM03 before and after rinsing in cyclohexane. 
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Figure 7.4 SEC traces of SIM18 prior to and after thermal annealing at 160 °C for 6 

hours. 
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Figure 7.5 SEC traces of SIM28 prior to and after thermal annealing at 160 °C for 6 

hours. 

 

 SAXS has been employed to determine the bulk morphologies and the 

corresponding periodicities of the SIM triblock copolymers. Figures 7.6 – 7.8 illustrate 

SAXS patterns for SIM03, SIM18, and SIM28. All the samples exhibit peaks at integer 

multiples of the primary peak positions (q*), suggestive of lamellar morphologies. The 

lamellar periodicities, calculated from the primary peak positions (L0 = 2 π / q*), lie in 

the narrow range from 32.7 nm to 48.7 nm and are listed in Table 7.1. 
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Figure 7.6 SAXS of SIM03 taken at room temperature. 
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Figure 7.7 SAXS of SIM18 taken at room temperature. 
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Figure 7.8 SAXS of SIM28 taken at room temperature. 

 

 DSC traces may be used to distinguish two phase vs. three phase lamellae in 

triblock copolymers. Control over the feature size independent of the chemical pattern 

periodicity, mentioned previously (Fig. 7.1b) as one of potential benefits for 

implementing triblock copolymers in thin films, requires the microphase segregation 

into three distinct domains. However, it is non-trivial to determine the number of 

lamellar domains (two vs. three) using SAXS. On the other hand, DSC detects glass 

transitions associated with each domain and provides complementary information about 

the number of domains in the SIM triblock copolymers. Figures 7.9 – 7.11 show the 

DSC traces and the temperature derivatives of the heat flow for SIM03, SIM18, and 

SIM28. SIM03 exhibits only two thermal transitions, as shown by the DSC trace and the 

temperature derivative (Fig. 7.9). Two peaks distinctly observed in the temperature 

derivative of the heat flow are consistent with the typical glass transitions associated 

with PS and PMMA blocks. The absence of any transition for the PI domain, generally 

observed at T ≈ -60 °C, is not surprising considering the small volume fraction (3 %) of 
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the PI block. These results suggest that SIM03 consists of two lamellar domains. On the 

other hand, both SIM18 and SIM28, which comprise of larger volume fractions of the PI 

block, exhibit three thermal transitions, as shown by Figures 7.10 − 7.11. These results 

suggest that SIM18 and SIM28 form lamellar morphologies with three domains. 
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Figure 7.9 (a) DSC trace of SIM03 and (b) its derivative (∆(Heat Flow)/∆(Temp.)). Tg 

stands for the glass transition temperature for each domain. 
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Figure 7.10 (a) DSC trace of SIM18 and (b) its derivative (∆(Heat Flow)/∆(Temp.)). Tg 

stands for the glass transition temperature for each domain. 

 

-100 -50 0 50 100 150 200

0.0

0.1

0.2

0.3

0

2x10-3

4x10-3

6x10-3

Temperature C)

H
ea

t 
F

lo
w

 (
W

/g
)

 
 

Tg(PMMA) = 129C 

Tg(PS) = 91C 

Tg(PI) = -60C 

 
(H

eat F
lo

w
)/

(T
em

p
) (W

/g
C

)

 

 

(a)

(b)

 

Figure 7.11 (a) DSC trace of SIM28 and (b) its derivative (∆(Heat Flow)/∆(Temp.)). Tg 

stands for the glass transition temperature. 
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A phenomenological model may be used in order to capture the dependence of 

the thin-film SIM behavior on the PI block size. The total Gibbs free energy (F) can be 

expressed as, 

F = Felastic + Finterfacial + Fsurface   (Eq. 7.1) 
 

where Felastic, Finterfacial, and Fsurface denote the elastic, interfacial, and surface energy 

terms, respectively. For a lamellar domain size of L, Felastic per chain is equal to (3/8) 

(kBT L2/a2 N), where a and N represent the statistical segment length and the degree of 

polymerization, respectively.88 The difference in F between the looped conformation (ǁ) 

and the perpendicular ordering (†) may be approximated as, 
 

Fǁ − F† = Felastic
PI + Finterfacial

PS-PMMA  

– (Fsurface
PS, PMMA – Fsurface

PI) − Fsurface
PI-mat  (Eq. 7.2) 

 

Felastic
PI accounts for the chain extension required for the PI domain segregation to the 

free surface in the looped conformation. Finterfacial
PS-PMMA addresses the additional 

enthalpic penalty associated with creating the interface between the PS and PMMA 

domains in the looped configuration. Different components are expressed at the free 

surface depending on the thin-film morphology, leading to the difference in the total 

surface energy (Fsurface
PS, PMMA – Fsurface

PI). The term Fsurface
PI-mat accounts for the 

interaction between the PI block and the underlying mat for perpendicular ordering.  

The SIM triblock copolymers exhibit thin-film morphology dependence on the 

volume fractions of the PI middle block. The interaction of the PI block with the 

underlying mat (Fsurface
PI-mat), which renders perpendicular ordering unstable (i.e., χPS-PI ≈ 

χPI-PMMA > χPS-PMMA), is expected to increase with the volume fraction of the PI block. 

The tendency for the SIM triblock copolymer thin films to segregate the PI block to the 

free surface is also favored by the low surface energy of the PI block with respect to 

other blocks (Fsurface
PS, PMMA – Fsurface

PI). However, this inevitably results in looped chain 
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conformations that entail not only entropic penalties (Felastic
PI) but also new interface 

formation between the PS and the PMMA blocks (Finterfacial
PS-PMMA). The looped 

conformation would be less favorable with decreasing PI domain sizes. Therefore, the 

SIM triblock copolymers would respond differently to these competing factors 

depending on the relative size of the PI domains, as evidenced by the SIM18 and SIM28 

results. While SIM18 and SIM28 share similarities in the bulk lamellar periodicity (42.5 

nm and 48.7 nm) and the volume fraction of the PMMA block (41 % and 45 %), the 

only notable difference lies in the volume fractions of the PI block (18 % and 28 %) and 

the PS block (41% and 27%). The molecular weight of the PI block in SIM18 is 

apparently too small for looped conformation, and SIM18 forms the perpendicular 

lamellar structure in thin films. On the other hand, SIM28 that contains larger PI forms 

more complex structure, which likely involves the looped conformations.  

Much remains to be further investigated. For example, it is still unknown at this 

moment the cause of forming multiple structures (R1 – R3) for SIM28. Though not 

shown here, the thin films annealed for an extended period of time still maintained such 

a medley of features. One possible origin for the persistence of a nonequilibrium 

structure is “pinning.” On numerous occasions, a system is kinetically trapped at an 

intermediate stage and fails to proceed to the thermodynamic equilibrium, and some 

examples are mentioned in Chapter 5. 

 Partial epoxidation of the PI block has been implemented in order to verify the 

suggestion that the complex structure for SIM28 originates from the low surface energy 

of the PI block that drives the block to segregate to the free surface. The partial 

epoxidation is an effective method to increase the surface energy of the PI block, and it 

has been found that the surface energy of partially epoxidized PI becomes comparable to 

that of PS at 75 % partial modification.247 As the surface energy of the PI block 
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summary, as the surface energy of the middle block approaches those of the end blocks, 

the complex behavior of SIM28 disappears and the perpendicular ordering of the 

lamellar morphology is attained. The thin-film morphology dependence on the degrees 

of the partial modification indeed suggests that the thin film behavior of the SIM 

triblock copolymers is a consequence of the competition between enthalpic and entropic 

contributions. The bulk thermodynamics of the partially modified SIM samples remain 

to be investigated in the future. 
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 Appendix A. ABA Triblock Copolymers 

 

Poly(methyl methacrylate-b-styrene-b-methyl methacrylate) (MSM) triblock 

copolymers were prepared using a potassium naphthalenide difunctional initiator and 

characterized in the bulk state. 

 

A.1 EXPERIMENTAL  

After moisture and oxygen were removed from a graduated tower, known 

amounts of naphthalene and potassium metal (10 % molar excess) were added to the 

tower in an inert environment. Tetrahydrofuran (THF) was added using a cannula, and 

the dark green mixture was stirred using a glass stir bar for 2 – 4 days. The initiator 

concentration was estimated by titrating a water-quenched initiator solution with a 

standard hydrochloric acid solution while phenolphthalein was used as the indicator. The 

purification of styrene, methyl methacrylate, and 1,1-diphenylethylene was conducted as 

shown in Chapter 3. 

First, the initiator was slowly added into a reactor with THF until the dark green 

color in THF stopped fading. Then, the controlled amount of the initiator was added. 

After the reactor temperature was lowered using a dry ice bath (-78 °C), styrene, 1,1-

diphenylethylene, and methyl methacrylate were added subsequently after allowing 30 

minutes of reaction per each. Finally, degassed methanol was added to terminate the 

reaction. The polymers were precipitated in methanol and dried prior to the use. 

 The number average molecular weight (Mn) and polydispersity index of MSM 

were measured using size exclusion chromatograph (SEC) (Hewlett-Packard 1100 

HPLC, HP 1047A refractive index detector, chloroform mobile phase). The weight 

fractions of poly(styrene) and poly(methyl methacrylate) blocks in MSM were estimated 
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using nuclear magnetic resonance (1H-NMR) (VAC-300 Autosampler, IBM 

Instruments). The glass transition temperature associated with each block in MSM was 

measured using differential scanning calorimetry (DSC) (Q1000 DSC, TA Instruments) 

taken at ±10 °C/min. After the specimens had been thermally annealed at 190 °C for 8 

hours, small-angle x-ray scattering (SAXS) at Argonne National Laboratory was 

employed at room temperature in order to study the bulk morphology. The rheological 

properties of MSM were measured using a rheometer (ARES, Rheometric Scientific). 

 

A.2 PRELIMINARY RESULTS 

 The summary of MSM characterization is shown in Table A.1. Figure A.1 

demonstrates successful polymerization characterized by monodisperse profiles with 

low polydispersity index. The molecular weight and composition of MSM1 were 

calculated using the NMR results (Figure A.2).  

 

Table A.1 Molecular characterization. 

 Mn (kg/mol) a fMMA1
 b fS

 b fMMA2
 b PDI Tg (°C) 

MSM1 14.1-28.9-14.1 0.23 0.54 0.23 1.13 110, 122 

a The SEC measurement of the poly(styrene) block aliquots gave the result of 28.9 kg/mol. Mn of 

poly(methyl methacrylate) blocks was calculated by comparing the molecular weight of the poly(styrene) 

aliquot with the ratio between the poly(styrene) and the poly(methyl methacrylate) blocks estimated from 

the NMR measurement. 

b Densities at 140 °C were used to calculate the volume fractions (fS, fMMA). 
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Figure A.1 SEC traces of MSM1 and its poly(styrene) aliquot. 

 

 

Figure A.2 1H-NMR spectrum for MSM1. 
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DSC traces in Figure A.3 show two glass transition at 110 °C and 122 °C, each 

associated with the poly(styrene) block and the syndiotactic poly(methyl methacrylate) 

block. As shown in Figure A.4, the peaks located at the integer multiples of the primary 

peak suggest that the bulk morphology of MSM1 is lamellar with the periodicity L0 of 

24.2 nm. MSM1 does not exhibit any abrupt change in Gʹ, indicative of the absence of 

the order-disorder transition for the range of temperature probed (160 – 250 °C) (Figure 

A.5). Figure A.6a displays the master curve created from applying time temperature 

superposition to Gʹ and Gʺ taken at different temperatures (Tref = 260 °C). The fit of the 

shift factors (aT) to the Williams-Landel-Ferry (WLF) equation is shown in Figure A.6b. 

MSM1 exhibits non-terminal behavior (Gʹ ~ Gʺ ~ ω0.5), suggesting that MSM1 is 

ordered. 

 

 

Figure A.3 DSC trace of MSM1. 
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Figure A.4 SAXS of MSM1 taken at room temperature. 

 

 

Figure A.5 Temperature dependence of the dynamic elastic modulus G′(ω = 1 rad/sec) 

for SI14E on heating (+10 °C/min) with 1% strain. 
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Figure A.6 (a) Reduced frequency (aT ω) plot for dynamic storage modulus (G′) and 

loss modulus (G″) for MSM1. (b) The shift factors as a function of 

temperature. The fit to the Williams-Landel-Ferry (WLF) equation (solid 

line) leads to C1 = 9.57 and C2 = 358.2 (Tref = 260 °C). 
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