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1.1    Self-assembly of block copolymers in condensed systems 
 

 It is difficult to envision a modern life without synthetic polymers. Man-made fibers 

and plastics used in innumerable domestic and industrial applications today are the results of 

continuing efforts to invent better materials that can be used instead of classical source like 

wood or metal. What is often forgotten is that at the beginning of the 20th

In 1920, as first, Staudinger proposed idea that the rubber and other polymeric 

substances are long chains of short repeating molecular units, so-called monomers, linked by 

covalent bonds.

 century the 

chemistry of large molecules was unknown and their synthetic methods were unthinkable.  

１  In a homopolymer all the monomers are identical in nature, and their 

number, N, (also length of the polymer or degree of polymerization) is large, usually 

102<N<105

Unlike homopolymers, copolymers consist of chemically different monomers linked 

together by covalent bonds and, therefore, exhibit a unique thermodynamic behaviour owing 

to the heterogeneity in linking manner of monomer units in each chain molecule. Different 

types of copolymers are formed depending on the molecular architecture.

.  

２

a)

b)

c)

 For example, a 

linear diblock copolymer, which is playing a major role of main consideration in this thesis, is 

formed when two chemically different polymers are linked together; a graft copolymer is 

formed when side chains are attached to a macromolecular backbone etc., as shown in Figure 

1.1.  

 
 
 

 

One of the pioneers in the field of polymer science was Flory, who developed a theory 

that clearly and precisely explains behavior of polymers in solution and evaluates the 

thermodynamic requirements for phase equilibrium in polymer systems using a lattice 

model.３ This model was further extended to deal with the mixing properties of a pair of 

Figure 1.1 Schematic illustration of copolymer architecture. Solid and dashed lines represent different 
building blocks. a) a linear diblock copolymer, b) a graft copolymer, c) a star copolymer  
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polymers. The miscibility of the homopolymers generally is governed by the Gibbs free 

energy of mixing, ΔGmix, defined in terms of enthalpy (ΔHmix), entropy (ΔSmix

mix mix mixG H T S∆ = ∆ − ∆

) of mixing and 

temperature (T): 
                                       (1.1)  

The two polymers are miscible only when ΔGmix<0, therefore, if chemically different 

homopolymers are incompatible, they tend to separate into individual phases and reach 

undesirable macrophase separation. The interactions between unlike chains that determine 

phase behavior in polymer systems are expressed in terms of a Flory-Huggins interaction 

parameter χ, and hence free energy of mixing (ΔGmix

ln lnmix A B
A B AB A B

A B

G
RT N N

φ φφ φ χ φ φ∆
= + +

) can be described as a function of 

composition (ɸ), temperature (T) and χ. 

                            (1.2) 

Equation (1.2) provides a basic understating of the occurrence of different types of phase 

diagrams for homopolymer blends dependent on temperature, composition, molecular weights 

and interactions between components. The first two terms in equation (1.2) describe the 

conformational entropy of mixing whose contribution to the ΔGmix is positive though very 

small for high Mw polymers. The third term in equation (1.2) represents the enthalpy of 

mixing, and its contribution to ΔGmix depends on the sign in χ parameter. That is, the term 

χABɸAɸB is derived from positive or negative interactions between polymers that are 

characterized by Flory-Huggins parameter χAB. Clasically, the χ can be estimated from 

polymer solubility parameters (δA andδB) and molar volumes of polymers (VA and VB

2( )r
AB A B

V
RT

χ δ δ= −

) 

according to equation (1.3). 

                                           (1.3) 

The Flory-Huggins theory described above was later extended by de Gennes４ Leibler,５ 

Fredricson,６ Matsen and Bates７ to describe block copolymer systems and anticipate their 

phase diagrams. For block copolymers with incompatible components, phase separation 

manners are totally different from those of homopolymer blends, since covalently bonded 

different polymer chains can be self-assembled into their own microdomains divided by 

interface, and result in forming well ordered nanostructures. The length scale of these 

structures is comparable to the radius of gyration of the block copolymer molecule and ranges 

from 10 to 100 nm. Moreover, the dimension, D, of the structure can be scaled as the 

molecular weight, Mw, of the building blocks according to the relationship D∼Mw
2/3. Thus 
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from the view of the domain size, the morphology in block copolymers is called microphase- 

or nanophase separated structures.  

Two-phase structures of linear diblock copolymers in the solid state are known to be 

influenced by the conformations of the polymer chains in solutions during the solvent casting 

process. At a critical concentration (∼10%), the segments of block copolymer aggregate into 

characteristic molecular micelles, whose geometry has been maintained at higher 

concentrations until the solid structures are formed.８ There is a commonly understood rule, 

particularly in the strong segregation regime that the domain structure in AB diblock 

copolymer changes in a systematic manner according to the volume fraction of the 

components. The typical stable equilibrium structures consist of spheres in body-centered-

cubic (bcc) lattice (SPH), hexagonally-packed cylinders (CYL), the co-continuous gyriod 

structure (G), and lamellar structure (LAM) as well as the reversed phase structures 

depending on relative composition ratio, as shown in Fig.1.2９

    

 

φA
0.50 １

SPH CYL G LAM SPHCYLG

  

 
 

 

Other morphologies (e.g. hexagonally perforated layers) have been reported but are believed 

to correspond to metastable structures occurring in a narrow composition window as 

intermediate morphologies between lamellar structures and cylindrical ones.１０,１１,１２

The block copolymer phase behaviour is governed by the free energy of mixing as 

described in equation (1.1) and (1.2). In order to minimize the unfavorable enthalpic 

interactions between different block types, the block chains self-assemble into individual 

phases and stretch to keep their segment density constant. Stretching reduces the interfacial 

area between the domains, however, at the same time reduces also the number of chain 

conformations, i.e. the conformational entropy and hence chain retraction force spontaneously 

generates. Thus when the structure is formed, the opposing interfacial tension and elastic 

 The 

self-assembly phenomena of block copolymers and related systems can fit a variety of 

applications in the nanotechnology field, since they show the various ability to behave as 

functional materials at the nanoscale. 

Figure 1.2 Schematic representation of nanophase separated structures characteristic for AB diblock 
copolymers as a function of volume fraction of A-block (ɸ), where SPH, CYL, G, LAM denotes spherical, 
cylindrical, gyriod and lamellar structures.  
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forces balance each other and the requirement for minimization of the free energy sets the 

equilibrium interfacial structure.2

For moderately symmetric diblock copolymers with ɸ of approximately, ⅓<ɸ<⅔, 

lamellar structures are the most stable one (ɸ denotes the volume fraction of the A-block), as 

can be seen on the phase diagram in Figure 1.3.

  

5,7 However, if the polymers are asymmetric, 

i.e., A and B chain lengths differ considerably the flat interface becomes unstable due to the 

great entropy loss, and as a result it curves toward minority domain giving cylindrical and 

spherical structures. Eventually, as the volume fraction of one of the blocks approaches zero 

or unity, disordered phases appear. Lately, the self-consistent field theory was applied by 

Matsen to calculate the phase diagram shown in Figure 1.3b), it predicts two additional 

phases: the gyriod phase (G) and spherical one (Scp) where the spheres are arranged in a 

close-packed lattice in contrast to the usual body-centered cubic (bcc) structure.

30
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The most stable structure of a block copolymer in the melt is determined not only by the 

volume fraction of the copolymer components (ɸ is used in this thesis and it is essentially the 

same as “f” used in Figures 3a) and 3b), but also by the strength of interaction parameter χ 

between two blocks and total degree of polymerization (N).5,１４ That is, nanophase separation 

takes place when the product χN exceeds the critical value, 10.5.5 At this point the system 

undergoes order-disorder transition (ODT) from a homogenous state to a weakly ordered 

structures. When χN has a value around 10, the system is in the weak segregation regime, in 

Figure 1.3 Comparison of two phase diagrams obtained for diblock copolymers at melt state. a) simple 
phase diagram including lamellar (L), cylindrical (C) and spherical structures (S) (ref.5) b) modified phase 
diagram predicting additional gyriod (G) and close packed spherical (Scp) structures (ref.7) 

a) b) 
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which the interfaces between two separated phases are not clearly defined and the type of 

morphology depends strongly on ɸ or f. When χN increases, the system passes through 

intermediate segregation and reaches the strong segregation regime for χN>40. In this regime 

the segregation power is stronger, and therefore the interfaces between A and B domains 

become sharper. Here the type of morphology is practically independent of χN, and order-

order transition (OOT) is driven by the volume fractions of the two blocks. 

The discovery of the living anionic polymerization by Szwarc１５ allowed syntheses of 

block copolymers with controlled chain lengths and architectures and open possibility to 

investigate the structures of various kinds of block copolymers experimentally. For example, 

Inoue et al.,１６ studied morphology of SI1 block copolymers; Matsushita et al.１７ studied 

equilibrium structures of SP2 diblock copolymers as well as PSP3 triblock copolymers, while 

Mogi et al.１８ and Takano et al.１９ investigated ISP 4 triblock copolymers and a ISPT 5 

tetrablock copolymer, respectively. Furthermore, Takano et al.２０ and Hayashida et al.２１

 

 

studied two-dimensional tiling structures of ISP star-shaped terpolymers. Through these 

researches, it has been confirmed that by varying several molecular parameters of block 

copolymers such as molecular weight, chain architecture, their volume fractions and the 

strengths of repulsion between the chemically connected blocks, it is possible to control the 

phase behavior and thus the morphologies formed. Once the frame of mesoscopically-ordered 

structure is fixed, materials with interesting properties, such as mechanical, physical, 

conducting properties, etc, may then be designed by fitting the morphology with the necessary 

functionality. 

 
1.2    AB block copolymer/B homopolymer blends 
 

Generally speaking, laborious synthetic efforts are required to obtain block copolymers 

having suitable molecular weights and compositions. Therefore the idea of tuning 

composition by blending polymers has been proposed as more efficient and easier way to 

generate a wide variety of morphologies. It was found that a block copolymer added to a 

mixture of immiscible homopolymers acts as an emulsifier by preventing phase separation 
                                                 
1 SI: poly(styrene-block-isoprene)  
2 SP: poly(styrene-block-2-vinylpyridine) 
3 PSP: poly(2-vinylpyridine-block-styrene-block-2-vinylpyridine) 
4 ISP: poly(isoprene-block-styrene-block-2-vinylpyridine) 
5 ISPT: poly(isoprene-block-styrene-block-2-vinylpyridine-block- 4-trimethylsilylstyrene) 
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into macroscopic domains, thereby improving the mechanical properties of the blend. This 

compatibilization role of block copolymer, however, is limited to systems where copolymers 

are the minority component.

On the other hand, the addition of homopolymer B to AB block copolymer, where B 

homopolymer is chemically identical to one block of AB (AB/B type blend), allows to control 

the overall composition of the blend in a simple, systematic way. It has been found that AB/B 

type blends undergo morphological transition with composition, being similar to that of the 

pure block copolymers,

２２,２３ 

２４,２５ namely the blend system changes its morphology depending 

upon the amount of homopolymer added. Additionally, the interaction strength between 

different segments (χ) and a molecular weight ratio of a homopolymer Mw(h) to that of the 

corresponding block, Mw(b), Mw(h)/Mw(b), is an important parameter determining structure 

formation.２６,２７ The miscibility and distribution of the homopolymer in AB/A blends were 

extensively studied by Hashimoto et al.22,２８ Russell et al.２９ and Torikai et al.３０ It was 

revealed that a homopolymer with lower molecular weight than that of the block, 

Mw(h)<Mw(b), can be distributed uniformly within the corresponding domain and it leads to 

morphological transition upon addition of up to maximum five-fold of homopolymer, whereas 

higher content of homopolymer causes macrophase separation. If molecular weight of 

homopolymer is similar to that of the corresponding block, Mw(h)≈Mw(b), the homopolymer 

is confined at the center of the domain.３１ In contrast, a homopolymer with significantly 

higher molecular weight, Mw(h)>Mw(b), cannot enter into the block copolymer domain and 

macrophase separation occurs.３２

 

 In this case the hompolymer chains are separated from the 

block copolymer phase so as to form independent macroscopic phase without causing any 

disturbance of original domain structure of the block copolymer.  

 
1.3      Hydrogen bonds in polymer blends 
 

Introduction of attractive interactions, such as hydrogen bonds, to the polymer blends 

can sufficiently reduce free energy of mixing and therefore contribute to miscibility 

enhancement. The equation (1.4) defines the free energy of mixing for hydrogen bonded 

polymer blends. It consists of three major contributions: the conformational entropy term and 

an enthalpy (repulsive contribution, the same as in equation 1.1) plus additional 
term, /HG RT∆ , derived from favorable hydrogen bonding interactions (attractive 
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contribution). HG∆  can be determined from equilibrium constants and enthalpies of hydrogen 

bonds formation, which are derived from IR spectroscopic data describing self- and inter-

associations of hydrogen bonded groups.  

ln lnmix A B H
A B AB A B

A B

G G
RT N N RT

φ φφ φ χ φ φ∆ ∆
= + + +                             (1.4) 

Thanks to this aid of hydrogen bonds, the miscibility problems existing in AB/B type 

blends can be overcome by addition of homopolymer C, which can be miscible with one 

block of a block copolymer due to specific interaction, while immiscible with the other block. 

For instance, the AB/C blends, where homopolymer C is chemically different from A and B 

blocks and can interact with one block by hydrogen bonding, revealed useful way to improve 

the miscibility and to encourage self-assembly of molecules into well-defined periodic 

structures.３３

It was established that pyridine-containing polymers can form hydrogen–bonding 

associations by sharing valence electrons of nitrogen atoms with phenolic hydroxyl groups 

present in different polymer chains.

  

３４

Most of the studies on polymer blends with hydrogen bonding interactions involve 

thermal and spectroscopic analyses of their miscibility.

 Therefore poly(2-vinylpyridine) and poly- (4-

hydroxystyrene) has been picked up and focused in this study as a polymer pair which are 

able to form hydrogen bonds. 

３５ , ３６  From the viewpoint of 

supramolecular polymer chemistry, ten Brinke et al.３７have studied complex nanophase-

separated structures with double periodicity (e.g. lamella-within-lamella or cylinder-within-

lamella) in a comb shaped (PS-b-P4VP)PDP6 system. Furthermore, Asari et al. reported on 

the blends of block copolymers AB/CD３８and Abetz et al. on ACB/AD blends３９ where B 

and D blocks are connected with noncovalent bonds that can encourage self-assembly of 

molecules into complex structures with one or more characteristic length scales through 

miscibility enhancement. The other polymeric system that involves stable supramolecular 

complexes can be obtained when quadruple hydrogen bonding units capable of 

heterodimerization serve as association end groups.

Therefore, the control of polymeric structures has become feasible by tailoring the 

strength of intermolecular forces between macromolecules. In principle the strength of a 

hydrogen bond depends on the nature of a donor and an acceptor (see Table 1.1); although it 

is influenced by the solvent to a large extent. It has been demonstrated that the addition of 

４０ 

                                                 
6 (PS-b-P4VP)PDP: poly(styrene-block-2-vinylpyridine) pentadecylphenol 
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proton-accepting solvent significantly lowers the hydrogen bond strength, leading to 

decomplexation in solutions ４１ , ４２  and to macrophase separation in bulk 

samples.31,４３ 

 

Another parameter determining the strength of the interactions is the number of 

individual bonds involved and their stoichiometry. Thus, in general more hydrogen bonds 

imply a stronger binding interaction. 

D AH

O
N

H
H

H
H

F F

O

O

O

N
N

N

H

40 kcal/mol

6.9 kcal/mol

5.0 kcal/mol

3.1 kcal/mol

1.9 kcal/mol

    

 
On the other hand, the presence or the absence of hydrogen bonds enables tunability of 

material properties and architecture because of their inherent reversibility. The resultant 

hydrogen bonded polymers are able to respond to external stimuli, e.g., such as temperature, 

pressure, solvent etc., where the blends can be decomposed into parent polymers in a smart 

way that is impossible for traditional block copolymer type macromolecules. Recent reports 

show that temperature variation can induce drastic changes in both the form and the size of 

the nanophase-separated structures in macromolecular complexes with comparatively low 

association strength.４４,４５ Moreover, the temperature dependent switching between nano- 

and macro-phase separation was observed, where dynamic reversibility of hydrogen bonds 

was maintained only up to the critical temperature, above which the system has undergone a 

macroscopic phase separation. ４６ , ４７  Binder at al. have studied nanophase-macrophase 

transition in macromolecules with multiple (≤6) hydrogen bonds as a function of 

temperature.４８ They confirmed that critical temperature, at which the bonds are broken and 

macrophase separation occurs, is higher for complexes with stronger interactions. 

Additionally, nanophase-macrophase tunability was maintained by introduction of small 

molecule that served as an inhibitor for hydrogen bonding formation.

Consequently, by tailoring the strength of intermolecular forces between 

macromolecules, the control of formation or cleavage of supramacromolecular complexes can 

be achieved. Moreover, these routes to produce block copolymer-like supramacromolecules 

and the corresponding nano-scale structures might be turned out to be energetically more  

４９ 

Table 1.1 Strengths of single hydrogen bonds for various proton donors (D) and acceptors (A). 
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advantageous than synthesizing these copolymer molecules.   

 

 
1.4     Objectives and outline of the thesis 
 

Commercially attractive properties of block copolymers are consisted in finding various 

applications in nanotechnology as building blocks of nanostructured, polymer-based materials. 

The commercial interest in polymer blends is still increasing, and ongoing research continues 

to improve their properties. Hence, understanding the circumstances, under which nanophase 

separations in block copolymers and their blends take place, is very important and helpful in 

the search for other innovative polymer based materials. This thesis focuses on phase 

behavior and control of structure formation in polymer mixtures containing block copolymers 

and homopolymers where the component chains can associate via hydrogen bonding 

interaction. One of the essential issues verified is the fact that the presence or the absence of 

hydrogen bonds between polymers directly affects the phase-separated structures, domain size 

and miscibility. The nanophase separated structures obtained from hydrogen-bonded polymer 

complexes have influence on solid-state properties, which are of utmost importance for the 

applicability of these materials. Therefore the goal is to check how the ordered structures can 

be maintained in the bulk. To do so, special emphasis is furthermore given to a number of 

interacting groups and their stoichiometry as parameters that have large influence on stability 

of the complex structures in the blend. 

Chapter 2 describes the synthesis of block copolymers and homopolymers as well as 

the methods of their characterization. Moreover, the way of preparing the samples for 

morphological investigations by transmission electron microscopy and small angle X-ray 

scattering is reported.  

In Chapter 3 the morphological behavior of blend consisting of poly(styrene-b-2-

vinylpyridine) diblock copolymers (SP) and poly(4-hydroxystyrene) (H) homopolymer was 

investigated as a function of blend composition. Due to the hydrogen bonding interaction 

between P block and H homopolymer, ordered nanophase separated structures were observed 

in wide composition range. The SP/H blend system was compared with SP/P blends, where 

lack of the hydrogen bonding interaction evidently led to macorphase separation upon 

addition of excess amount of poly(2-vinylpyridine) (P) homopolymer.  
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Chapter 4 reports the effect of molecular weight of hompolymer H on the polymer 

miscibility and so forth on the morphological behavior in the SP/H blend system. Here again, 

thanks to the hydrogen bonding interactions all blends exhibit well-ordered nanophase 

separated structures regardless of both molecular weight and the amount of the homopolymer 

added. Moreover, at a constant volume fraction of polystyrene (ɸs=0.48) and constant H/P 

ratio of 3.2, very interesting structural transition from hexagonally packed cylinders to 

lamellae occurs upon increasing the Mw

In Chapter 5 the bulk structures obtained by blending two extremely asymmetric block 

copolymers: poly(styrene-b-4-hydroxystyrene) (SH) and poly(isoprene-b-2-vinylpyridine) 

(IP) are studied. Although the blocks that can interact through hydrogen bonding are very 

short (N

 of the homopolymer added. 

P ≈ NH

 

 = 22), all bends reveal ordered structures consisiting of three microdomains: S, 

I and the H+P mixed one. Additionally, the stability of the nanophase separated structures was 

controlled by casting solvent, annealing time and pH change.  
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Chapter 2 
 
 
 

 

Experimental Methods 
 

 

This chapter provides detailed description of polymer synthesis, characterization 

methods as well as the blend preparation procedures for morphological investigations by 

transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS). 
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Polymer Selection 
 

The selection of polymer species was done with paying attention to ensure difference in 

electron density (essential for SAXS) and ease in identification of blend components by 

selective staining (important for TEM observation). As two polymer components which can 

interact with each other, poly(2-vinylpyridine) (P) and poly(4-hydroxystyrene) (H) were 

chosen, because they can form hydrogen bonding association by sharing valence electrons of 

nitrogen atoms with phenolic hydroxyl groups, as depicted in Figure 2.1. Another important 

criterion is that H should be immiscible with the other component in the parent block 

copolymer. 

 
  

O HO H

N NNN

O HO H
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proton donor

(P) 

(H)
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H
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2.1 Polymer Synthesis 
 

Living anionic polymerization, since its discovery by Szwarc in 19561

 

 has proved to be 

the most profitable technique for the preparation of monodispersed polymers and well-defined, 

almost pure block copolymers of a specific molecular weight, composition and structure. 

Therefore, all homopolymers and block copolymers used in this study were prepared by living 

anionic polymerizations. This method provided polymers with narrow molecular weight 

distribution (see Table 2.1) and allowed synthetic control of the numbers and length of the 

blocks leading to well defined architecture formation. 

Prior polymerization all monomers were distilled over n-octylbenzophenone 

sodium/THF solution and/or triphenylmethyllithium/THF solution, and THF solvent was 

distilled from anthracene sodium.2 Initiating the polymerization with sec-BuLi or cumyl-K 

assured prompt initiation and relatively slow propagation. 

Figure 2.1 Interpolymer complex formed by association of H and P via hydrogen bonding.  
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Polymerization procedures 
 

 poly(2-vinylpyridine) (P) homopolymer 

Polymerization was carried out under high vacuum (5.5 x10-5 torr), at -78°C, with 

cumyl-K as an initiator in the glass apparatus similar to that one shown in Figure 2.2. Firstly, 

the system was purified with (α-MeSt)4 ∙2Na+

  

/THF solution. Secondly, the initiator was 

poured to reaction pot, which was kept in the dry ice/ ethanol solution. Next, cooled THF was 

added, followed with addition of cooled monomer. The reaction mixture was vigorously 

stirred during polymerization. After five hours, the reaction was terminated with isopropanol. 

Polymer was precipitated in n-hexane and dried in vacuo.  

 poly(4-hydroxystyrene) (H) homopolymers 

First, poly(4-tert-butoxystyrene) (tBOS) polymer was prepared by an anionic 

polymerization in THF, at –78°C with sec-BuLi as an initiator, under high vacuum in similar 

way as described above. Such obtained polymer was hydrolyzed in purpose to convert tert-

butyl groups into hydroxyl groups. The hydrolysis reaction was conducted in 1,4-dioxane, at 

70°C with HCl for 10 hours, as depicted in Scheme. 2.1. Hydrolyzed polymer was 

precipitated into distilled water. Precipitate was collected by filtration through a glass filter 

and rinsed with distilled water until complete neutralization was attained. The poly(4-

hydroxystyrene) was obtained by freeze-drying from 1,4-dioxane solution. Degree of 

hydrolysis was determined by 1

THF

-78 oC

-
+

HCl

70 oC
dioxane

OH

 

H
CHCH2

H NMR. 

 

 poly(styrene-block-2-vinylpyridine) (SP) block copolymers3

The SP diblock copolymers were prepared by two-step living anionic polymerization in 

THF, at –78°C, under high vacuum, with cumyl-K as an initiator. The reaction was conducted 

in the glass apparatus shown in Figure 2.2. After washing the system with (α-MeSt)

  

4 ∙

2Na+/THF solution, firstly initiator and secondly solvent were poured to the reaction pot and 

Scheme 2.1 Synthesis of poly(4-hydroxystyrene) homopolymer 
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stirred for around 10 min. at –78°C. Next, cooled styrene monomer was added and 

polymerization was carried out for 15 min. After that time a little amount of polymerization 

solution was taken out to characterize the S precursor. Furthermore, 2-vinlypyridine monomer 

was cooled down, sequentially added to the reaction pot and polymerized for 5 hours. The 

polymerization was terminated with isopropanol and polymer was precipitated in n-hexane 

and vacuum dried.  

 

 poly(isoprene-block-2-vinylpyridine) (IP) block copolymer

The IP diblock copolymer was prepared by a sequential monomer addition technique of 

living anionic polymerization in THF, at –78°C, under high vacuum, with cumyl-K as an 

initiator in the same way as described above. Isoprene monomer was polymerized for 6 hours. 

After addition of P monomer the solution color had changed from yellow to red. After 3 hours 

the polymerization was terminated with isopropanol, as shown in Scheme 2.2. 

4 

 

-
+

THF

-78 oC

CH3

CHCH2

H2C
C

-
+ H

CH2 CH

 
 

 poly(styrene-block-4-hydroxystyrene) (SH) block copolymer 

First, poly(styrene-block-4-tert-butoxystyrene) (StBOS) was prepared with two-step 

living anionic polymerizations in THF, at –78°C, under high vacuum, with sec-BuLi as an 

initiator. The block copolymerization was carried out in order of tBOS (polymerized for 10 

min) and S (polymerized for 15 min). Before the second monomer was added the portion of 

polymerization mixture was sealed off to determine the M

4 

w and PDI of precursor. The active 

chain ends were terminated with isopropanol, and polymer was precipitated into methanol and 

dried. The obtained block copolymer, StBOS, was hydrolyzed with HCl to convert tert-

butoxy groups to hydroxyl groups under the same conditions as for H homopolymer. Filtered 

and dried SH block copolymer was freeze-dried from 1,4-dioxane solution.  

Scheme 2.2 Synthesis of poly(isoprene-block-2-vinylpyridine) (IP) block copolymer  
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2.2    Polymer Characterization 
 

GPC – Gel Permeation Chromatography 

GPC, model HCL-8020 of TOSOH Co., was used to determine molecular weight 

distribution of polymers (polydispersity index, PDI = Mw/Mn

 

) with polystyrene standards and 

THF as an eluent at 40°C. Around 2 wt% of tetramethylethylenediamine was added to THF to 

avoid adsorption of P chains on a gel for SP and IP block copolymers and P homopolymer. 

The values of PDI for all the polymers used in the study are listed in Table 2.1 

MALLS – Multi Angle Laser Light Scattering 

The weight-average molecular weights of polymers were measured by MALLS in THF 

at 35°C using refractive index (dn/dc) values for polystyrene 0.185, for polyisoprene 0.126, 

for poly(2-vinylpyridine) 0.180, for poly(4-tertbutoxystyrene) 0.122. Used MALLS model 

DOWN-EOS of Wyatt Technology was equipped with gallium arsenide (GaAs) laser (λ=690 

nm). The Mws of polymers are listed in Table 2.1. 

Figure 2.2 Typical glass apparatus for anionic polymerization of AB diblock copolymer A) purifying agent 
(α-MeSt)4·2Na+/THF; B) purifying agent recovery flask; C) initiator; D) reaction pot; E) solvent (THF); F) 
monomer A; G) precursor flask; H) monomer B; I) terminator (isopropanol)    
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H1 

H

NMR – Nuclear Magnetic Resonance 

1 NMR analyses were conducted on Varian UNITY-INOVA 500MHz apparatus in 

purpose to determine the composition of the block copolymers by measuring the peak area 

ratio and also to confirm the hydrolysis of PtBOS. Additionally, microstructures of 

polyisoprene block in IP were determined to consist of 60%, 37% and 4% for 3,4-, 1,2- and 

1,4- linkages, respectively. Solvents used were CDCl3 for SP, IP, StBOS, and mixed solvent 

of CDCl3/(CD3)2

 

SO for SH.  

polymer 10-3 Mw
1) Mw/Mn

2) volume fraction 3)
DP

SP82
SP73

SH
IP
P

H8
H14
H52

ɸS ɸI ɸH ɸP

1125S:323P151

130

71.4
57.6
6.6

8
14
52

1.02
1.05

1.01
1.02
1.03

1.03
1.03
1.05

0.22

0.040.96

0.33
0.78
0.67

-
- -

-

mole fraction 4)

-
-

0.96 - 0.04

-

836S:409P

659S:23H

813I:22P

62

66
116
433

note  

chapter 4  
chapter 3  

chapter 5 

chapter 5 
chapter 3 

chapter 4  

chapter 4  
chapter 3 & 4  

5 

                             

 

 
2.3 Preparation of Blend Samples  
 

The following blend series were prepared: 

SP73+P 

SP73+H14 

SP82+H8 

SP82+H14 

SP82+H52 

SH+IP 

 

Table 2.1 Molecular characteristics of block copolymers and homopolymers 

1)determined by MALLS; 2)determined by GPC; 3)determined from pyrolysis-gas chromatography 
(ref.5); 4)calculated from 1H NMR  

chapter 3 

chapter 4 

chapter 5 
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Preparation of blend samples for morphological investigation 

The blends were prepared at different compositions by dissolving component polymers 

in THF separately. The appropriate amounts of these 5 wt% THF solutions were mixed 

together (total volume of mixture was around 2 ml), poured to Teflon dishes and left for slow 

solvent evaporation in desiccator filled with silica gel. After two days, when all solvent 

evaporated, the as-cast films were dried in the vacuum oven at room temperature for two days. 

The dried samples were further annealed at 150℃ under vacuum for a few days.  

 

Additional procedures for morphology transition (Chapter 5) 

The solvent casting method

To check the 

 was conducted using two kinds of solvents, THF and/or 

solvent mixture consisting of THF and toluene in 1:1 proportion. 

annealing time effect on the phase behavior of SH/IP blends, the as-cast 

polymer films were put into the glass tube and sealed under high vacuum. The glass tubes 

with the samples were heated at 150℃ for different times up to three weeks. After the glass 

tubes were taken out from the vacuum oven, they were immediately quenched in liquid 

nitrogen to preserve the structures characteristic for the melt state. 

pH of casting solution

THFpolymer

I

P
S

H
P+H

toluene
THF+

toluene

θ

 were changed by adding potassium-tert-butoxide (K-t-B). A 

certain amount of K-t-B was dissolved in 5 ml of methanol, and the solution was poured into 

400 ml THF and stirred for few hours. The concentration of the K-t-B was designed to 

maintain the condition within concentration range 5 ≤ m ≤ 20, where m is the mol%, with 

respect to 2-vinylpyridine unit in the blend. The IP polymer was dissolved into K-t-

B/MeOH/THF solution, while SH was into THF. After complete dissolution of polymers, the 

solutions were mixed at the SH/IP molar ratio of 5:5, toluene was added gradually until 

reaching the condition of THF/toluene 1:1. The cast samples were heated at 150℃  for 

different times up to three weeks. 

 

Table 2.2 Solvent selectivity  

△ – poor solvent, ○ – good solvent, ✕ - nonsolvent, θ- theta solvent  
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Evaluation of hydrogen bonding in blend samples by FTIR (Chapter 5) 

The polymers solutions of SH and IP were prepared as described above using 

THF/toluene (1:1) solvent mixture. The films were obtained by solvent casting on KBr 

windows at room temperature. After solvent evaporation samples were dried in a vacuum 

oven for 2 days to remove the residual solvent and moisture completely. Infrared spectra were 

measured on a JASCO FT/IR-6100 infrared spectrometer. High temperature spectra were 

obtained using a cell mounted on the spectrometer connected to a temperature controller.   

 

 

2.4 Morphological Investigation  
 

TEM – Transmission Electron Microscope 
 

Specimen preparation 

The as-cast and thermally treated blend films were embedded into epoxy resin. The 

samples were trimmed and then cut by diamond knife into ultra thin sections with thicknesses 

of approximately 50 nm using ultramicrotome (Ultracut UCT, Leica). Microtoming for blends 

with higher fraction of “rubbery” polymer (IP) was conducted under cryo-condition. The 

sliced sections were put on the copper grid and stained with 5% OsO4 aqueous solution for 1 

h at 70°C and/or with I2 for 30 min at 50°C and/or RuO4 aqueous solution for 30 min at room 

temperature. The osmium tetroxide is known to react preferentially with polyisoprene phase, 

where presence of heavy metal is sufficient to block the electron beam thus giving a deep 

contrast for I phase when observing films by TEM. Additionally, P, H and S show 

intermediate, light and very light contrasts, respectively, by staining with OsO4. On the other 

hand iodine (I2) can selectively stain P+H mixed phase, while RuO4

The nanophase-separated structures of the blends were observed using TEM, model 

Hitachi H-800 consisting of lanthanum hexaboride (LaB

 – H phase. 

6

 

) filament as an electron emission 

source, under an acceleration voltage of 100 kV.  
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SAXS – Small Angle X-ray Scattering 
 

Small angle X-ray scattering experiments were performed using the SAXS apparatus 

installed in the beamline 15A at the synchrotron radiation facility, Photon Factory, High 

Energy Accelerator Research Organization (KEK) in Tsukuba, Japan. The monochromated X-

ray beam wavelength (λ) was 0.1508 nm. The scattering intensities were measured at the edge 

view, where the X-ray beam with cross section size of 0.5×0.7 mm2 was irradiated on the cut 

and stacked film specimen along a direction parallel to the film surface as shown in Figure 2.3. 

An imaging plate (IP), Fuji BAS2000 system was used as a detector which size and resolution 

was 200 × 250 mm2

camera length 

scattered beam
sample

2θincident beam
q


IP

 and 0.1 mm. SAXS measurement were all performed at room 

temperature.   

 

 
SAXS – theoretical consideration 

Bragg’s Low 

The nanophase separated structures of block copolymers possess lattice defects because 

of poor regularity in grains arrangement. This is called pseudo-crystal structure modeled as a 

set of parallel lattice planes (hkl) separated by the interplanar distance d. According to 

Bragg’s low, the incident X-ray radiation would produce a diffraction peak only if its 

reflections of the various planes interfered constructively. A diffraction pattern is obtained by 

measuring the intensity of scattered waves as a function of scattering angle. 

2 sinhkld nθ λ=                                  (2.1) 

Figure 2.3 . Schematic ilustration of SAXS scattering at PF 
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where d is a distance between crystallographic planes (hkl), 2θ –a scattering angle, λ is 

wavelength of X-ray and n- order of diffraction.  

Moreover the length of scattering vector, q , which is normal to the set of lattice planes is 

defined as: 

        
2

hkl

q
d
π

=
�

                                (2.2) 

The vector is related also to scattering angle and wavelength by: 

θ
λ
π sin4

=q                                   (2.3) 

The inter-domain distance, a, of nanophase separated structure can be determined from its 

relation to d1 value (Table 2.3) obtained from 1st peak position, q1.

 

6 

 

structure

lamella

gyriod

hexagonally 
packed cylinders

spheres
(bcc)

Ratio of peak position intervals (q)
Miller indices of lattice planes

a/d1

 
 

Crystal structure factor 

The structure factor is useful tool in the interpretation of interference patterns obtained 

in X-ray scattering experiments because it allows to calculate theoretical relative scattering 

intensities for nanophase separated structures in block copolymers.  

The structure factor describes the way in which an incident beam is scattered by the elements 

of a crystal unit cell, taking into account the electron density difference of the polymers. In 

the crystal structure, the scattering wave amplitude can be expressed by structure factor : 

( ) ( ), , exp( )
unitcell

F q r iq r drφ ρ φ= − ⋅∫
 �  � ���

                     (2.4)  

Table 2.3 Ratio of intervals for peak positions (q) to the first peak position (q1) and corresponding diffraction 
lattice planes (hkl) for basic block copolymer morphologies 
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where q


 is a scattering vector, r


 is a position vector in the unit cell and ρ  is electron density 

distribution. 

The scattering intensity over the unit cell is proportional to the square of the structure factor 

according to: 

  ( ) ( ) 2
, ,I q F qφ φ=
                                 (2.5) 

( ) ( ) ( )
2

, , expI q r iq r drφ ρ φ= − ⋅∫
                             (2.6) 

( ) ( ) ( ) ( ) ( )
2 2

, , cos , sinI q r q r dr r q r drφ ρ φ ρ φ   = ⋅ + ⋅   ∫ ∫
                   (2.7) 
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Abstract 
 

The morphological variations of SP/H blends containing a poly(styrene–block– 2-vinylpyridine) 
diblock copolymer (SP) (Mw=130k) and poly(4-hydroxystyrene) (H) (Mw=14k) with different 
blend compositions were studied. The structures were observed by transmission electron 
microscopy(TEM) as well as by small angle X-ray scattering (SAXS). The results were compared 
with those obtained from SP/P blends, where P denotes the poly(2-vinylpyridine) homopolymer. 
The neat SPdiblock copolymer, with an S block volume fraction, ɸs

 

, of 0.67, has a hexagonally 
packed cylindrical structure. As P (Mw of 6.6k) is added to the copolymer, morphology of the 
blend transits to a lamellar structure. Further addition of the homopolymer causes macrophase 
separation of P homopolymer chains. In contrast, macrophase separation of H homopolymer has 
never been observed in SP/H blends, even upon addition of large amounts of H. At first, it was 
noted that the unusual morphological transition from the cylindrical structure to the spherical 
structure occurs upon addition of H. Subsequently transitions to cylindrical, lamellar and, finally 
to inverse cylindrical structures occur with successive additions of H. This result is due to the 
miscibility of P and H via hydrogen–bonding interactions which structures covering a wide 
composition range.  
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3.1 Results 
 

Block copolymer SP 

Figure 3.1 is a transmission electron micrograph of the pure block copolymer designated 

SP73, which has a total weight-average molecular weight of 130k and a polystyrene volume 

fraction of 0.67. It is apparent from Figure 3.1 that SP73 possesses hexagonal cylinders of 

poly(2-vinylpyridine) packed in the polystyrene matrix. Since the sample was stained with 

osmium tetroxide and iodine, the darker phase represents block P, whereas the brighter phase 

represents block S. The diagram beneath the TEM micrograph represents the morphological 

change of the SP diblock copolymer with volume fraction of S, ɸs.1 The TEM image observed in 

the present study (Fig.3.1) is consistent with those studied previously.

 

2 

 

 

 

SP/P Blends 

The structures of SP/P blends are presented at the top of Figure 3.2. Micrographs 3.2b) and 

3.2c) prove that the addition of P homopolymer causes a morphological transition from the 

cylindrical structure observed for the neat SP73 (Fig. 3.2a) to a lamellar structure. The 

Figure 3.1 TEM micrograph of SP73 block copolymer with styrene volume fraction, ɸs, of 0.6. The solid part of 
the chain at the top represents S block while the dotted one does P block. The diagram at the bottom shows the 
experimentally obtained morphological transition, where SPH, CYL, LAM and BC denote spherical, cylindrical, 
lamellar and bicontinuous structures 
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homopolymer/ block polymer volume ratios in the P phase for these blends are 0.7 (Fig. 3.2b) 

and 1.3 (Fig. 3.2c), and the volume fractions of the polystyrene phase are 0.53 and 0.47, 

respectively. If more homopolymer is added, a mixing problem arises, as can be seen in Figs. 

3.2d) and 3.2e), where the homopolymer/block polymer ratios are 2.3 and 4.1, respectively. 

Consequently, the polystyrene volume fractions are 0.38 and 0.28, respectively.  

 

 

 

The morphologies of the SP/P blends were also analyzed by SAXS measurements. Fig. 3.3 

shows the SAXS intensity curves for SP/P blends, where the logarithm of intensity is plotted 

against the scattering vector q=(4πsinθ)/λ, where 2θ is the scattering angle andλ is the X-

ray wavelength. It is evident that the pure diblock copolymer SP73 exhibits a scattering profile 

characteristic of the hexagonally packed cylinders, for which the relative ratios of the q values of 

diffraction peaks to that of the first order peak are 1:31/2:41/2: 71/2: 91/2

The SAXS profile for a SP/P sample with ɸ

 (see top of Fig.3.3). 

s=0.53 clearly shows the integer order peaks, 

which confirms the morphology as a lamellar structure. The SAXS profile of the blend of 

ɸs=0.47 exhibits a similar diffraction pattern with scattering maxima at scattering angles with 

Figure 3.2 TEM micrographs showing different structures arose from mixing block copolymer SP 73 with 
homopolymers P and H. Intermediate phase diagram is the partially enlarged one from that in Fig.3.1 
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ratios of 1, 3, and 5, that provide evidence of lamellar structure. Disappearance of even order 

peaks in this sample indicates that the true volume fraction, ɸs, equals almost 0.5. The SAXS 

profile for the sample with ɸs=0.38 also has integer order peaks, indicating an ordered, lamellar 

structure. However, relative to the profiles for 0.53 and 0.47, the peaks are broader and less 

intense. This effect may be due to dispersion of lamellar spacing or a very small grain size. The 

scattering curve (bottom) for the sample with ɸs

                 

           
 

    

 of 0.28 shows more broad peaks, indicating that 

the dispersion tendency is more evident.  

 

 

 

SP/H Blends 

The bottom section of Fig. 3.2 indicates morphologies of SP/H blends. From these 

micrographs it is evident that all samples exhibit nanophase separated structures and no 

macrophase separation behavior was observed. The blend of SP/H with ɸs, of 0.56 (f), where the 

H homopolymer/P block ratio equals 0.6, exhibits spherical microdomains of the H+P mixed 

phase in the S matrix, though the degree of orientation of spheres is poor. Figure 3.2g), where the 

H homopolymer/P block ratio is 1.3, has a cylindrical structure, while the micrograph of Fig. 

3.2h) shows lamellar microdomain structure, where the H homopolymer/P block polymer ratio is 

2.3. With further addition of homopolymer, the blend SP/H with ɸs=0.28, Fig. 3.2i), where the H 

Figure 3.3 SAXS diffraction patterns of pure SP 73 block copolymer and SP/P blends with different volume 
fraction of polystyrene, ɸs 
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homopolymer/P block ratio is 4.1, was found to exhibit cylindrical structure. This structure was 

also confirmed for the blend SP/H with ɸs

Figure 3.4 shows the SAXS intensity curves for SP/H blends, in comparison with that of 

SP73 at the top. The blend with ɸ

=0.20, where the H homopolymer/P block ratio is 7.1  

s=0.56 has a very poor scattering curve and no distinct peaks 

can be recognized. This is probably due to the lack of uniformity in sphere size, which essentially 

causes a random close packed sphere arrangement structure. The SP/H sample with ɸs=0.47 

exhibits the scattering maxima at relative positions of 1: 31/2:71/2, which indicates cylindrical 

structure. The next SAXS profile for the SP/H blend (ɸs=0.38) shows integer order peaks up to 

the sixth order, which reflects lamellar structure. Upon further addition of H homopolymer, the 

SP/H blend with ɸs

                 

           
 

    

=0.28 shows a profile characteristic for cylindrical morphology, though the 

characteristic peaks are not quite evident in this scattering curve. Thus by comparing results 

obtained from TEM images (Fig.3.2) and SAXS scattering profiles (Fig.3.4), it can be concludes 

that all of the TEM micrographs as well as the SAXS profiles for SP/H blends reveal only simple 

microdomain structures each without demonstrating macrophase separation phenomena. 

 

 

 

 

Figure 3.4 SAXS diffraction patterns of pure SP 73 block copolymer and SP/H blends with different volume 
fraction of polystyrene, ɸs 
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3.2 Discussion 
 

The structures of SP/P blends with ɸs of 0.53 and 0.47 are consistent with the 

morphological behavior of the pure SP block copolymer as seen in the bottom diagram in Fig. 3.1. 

These result are quite natural since it has been confirmed that the AB/B type blends, were 

homopolymer B is chemically identical with one of the block chains undergo morphological 

transition similar to that of pure block copolymer with changing volume fraction of blend 

components.3,4 However, when additional amount of homopolymer is added a mixing problem 

arises and homopolymer P macrophase separate from the lamellar structure in blends containing 

more than 2-folds of homopolymer (H/P ≥ 2) as can be seen in Figs. 3.2d) and 3.2e). These 

results indicate that the amount of P homopolymer miscible within the SP block copolymer is 

limited. This is in agreement with other reports on the miscibility of AB/B blends3 though the 

absolute molecular weight of the blended homopolymer in present study is considerably low, 

Mw(h)/Mw

Furthermore, as can be seen from Fig.3.3, when ɸ

(b) = 0.15 

s decreases by addition of P 

homopolymer, the SAXS scattering peaks shift to lower scattering vectors indicating an increase 

in domain spacing. This is due to the solubility of homopolymer within P block domain, where 

the homopolymer behave as a wet-brush5

On the other hand, by comparing results obtained from TEM images (Fig.3.2) and SAXS 

scattering profiles (Fig. 3.4), SP/H blends reveal only simple microdomain structures each 

without demonstrating macrophase separation phenomena. This is the most visible and 

fundamental difference for this SP/H system relative to the SP/P blends. The nanophase separated 

structures in SP/H blends are the result of the interpolymer complex formation between poly-(2-

vinylpyridine) (P) and polyhydroxystyrene (H). In other words, P can form hydrogen bonding 

interactions with the hydrogen of the hydroxyl group through sharing valence electrons of the 

pyridine nitrogen atoms.

 and swells the P block domain.  

6 Thus the formation of strong –N∙∙∙∙∙HO– interactions in SP/H blends 

provides a driving force leading to the miscibility of P and H into one homogenous phase. The 

addition of an excess amount of H relative to the P block chain does not induce macrophase 

separation. Excess H chain can dissolve into the P/H mixed phase. This explains the fact that 

SP/H blends present uniform nanophase separated structures over a wide composition range. As 
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emphasized above, this is primarily due to the presence of hydrogen bonds between P units in the 

block chains and the hydroxyl groups of homopolymer H. 

Moreover Figs. 3.2f) and 3.2g) indicate another difference between SP/P and SP/H blends. 

While SP/P blends undergo a transition from a cylindrical structure to a lamellar structure upon 

addition of P homopolymer (a morphological change similar to that of a pure block copolymer), 

addition of homopolymer H to the SP block copolymer causes a reversal of this transition. This 

phenomenon can be understood by careful consideration of the solvent casting process. In the 

present case, samples were prepared by casting solvent from THF solutions, which is a common, 

good solvent for S, P and H polymers. However in SP/H blends, it behaves as a selective solvent 

due to the strong interactions between P and H via hydrogen bonds. As a matter of fact, THF is a 

non-solvent for uniformly mixed P+H and a good solvent for S (see Table 2.2). Therefore the 

P+H complex shrinks and forms large micelles in THF during the casting process, what was 

confirmed by light scattering experiments. The micelles consist of P+H hydrogen bonded core 

and polystyrene corona. This memory remains until bulk and leads to the formation of a spherical 

structure instead of a lamellar structure, as seen in Fig. 3.2f). It is possible that the further 

addition of H homopolymer to the system stabilizes the mixed phase in THF and produces the 

stable morphologies seen in Fig. 3.2g) (cylindrical structure); 3.2h) (lamellar structure); and 2i) 

(inverse cylindrical structure) upon addition of H homopolymer. 

 

 
3.3 Conclusion 

 

From the results of this work it is concluded that the morphological changes that occur in 

SP/H blends are governed by strong interactions generated between P and H components during 

the solvent casting process and that formation of hydrogen bonds in the polymer blend 

dramatically induces the miscibility. Thus even excess amounts of poly(4-hydroxystyrene) can be 

added to the block copolymer SP without causing macrophase separation, which was clearly 

observed in the case of SP/P blends. Thus P block chains and H homopolymer chains can form 

one mixed phase, and the blend system presents various nanophase separated structures in a wide 

composition range. Therefore hydrogen bonds can play an essential role in determining the 
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structure, what is expected to provide a simple and novel method for tuning block copolymer 

morphology 
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Abstract 

The morphological variations in binary mixtures of a poly(styrene–b–2-vinylpyridine) diblock 

copolymer (SP) (Mw=151k) and poly(4-hydroxystyrene)s (Mw=8k, 14k, 52k) (H8, H14, H52) 

are described as a function of molecular weight of homopolymer H and as a function of blend 

ratio. Transmission electron microscopy reveals ordered nanophase-separated structures for 

all samples regardless of molecular weight and the amount of homopolymer added. As much 

as 28-folds homopolymer H52, which has a Mw higher than that of the P block can be added 

to the SP  block copolymer without inducing macrophase separation. This unusual miscibility 

is apparently due to the affinity of P for H via hydrogen bonding interactions. Furthermore, at 

a constant volume fraction of polystyrene, (ɸs of 0.48) and an H/P ratio of 3.2, a structural 

transition from hexagonally-packed cylinders to lamellae occurs upon increasing the Mw of 

the homopolymer. The small angle X-ray scattering (SAXS) data obtained for these blends 

show that the inter-cylinder distance increases as the Mw of homopolymer increases from 8k 

to 14k. This finding may imply that the low Mw homopolymer (H8), which is distributed 

uniformly in the P microdomain leads to an increase in the distance between block copolymer 

junction points, while chain localization of added H homopolymer may begin at SP/H14. 

Furthermore, the high Mw homopolymer (H52) appears to be weakly segregated in the middle 

of the P domain. This constrains the homopolymer effect on the blocks chain conformation 

and on the distance between junction points and prevents the formation of the cylindrical 

structure when molecular weight of H increases. Thereby the simple lamellar structure is 

maintained for SP/H52 blend at ɸs of 0.48. It should be noted, that the SP/H52 blend forms an 

ordered lamellar structure even at a Mw(H)/ Mw(P) ratio of 1.5. 
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4.1 Results 
 

Figure 4.1 shows micrographs of SP/H8, SP/H14 and SP/H52 blends. The homopolymer 

content increases from left to right. Due to the contrast generated from OsO4 and iodine 

staining, the brighter part represents the polystyrene phase and the darker part corresponds to 

the P/H mixed phase. The pure block copolymer with a volume fraction of polystyrene (ɸs) of 

0.78 (coded as SP82) has a cylindrical structure, as can be recognized at the left edge in 

Figure 4.1. As the three homopolymers with different molecular weights, i.e., H8, H14 and 

H52 are added to SP82, the morphological transition from cylindrical structure to spherical, 

lamellar and inverse cylindrical structures has occurred in all blend samples. The unusual 

morphological transition from the cylindrical structure (SP82 with ɸs of 0.78) to the spherical 

structures (samples with ɸs of 0.72 and 0.63) is due to the shrinkage of the P/H mixed phase 

in THF as was discussed in Chapter 3. It is notable that even the samples with ɸs

Different morphologies have been observed which are dependent on the M

=0.11 (the 

rightmost images in Fig.4.1) exhibit simple nanophase-separated structures, where the H 

homopolymer/P block weight ratio, 28, is extremely high. 

w of the 

homopolymer for blends at constant ɸss of 0.48 and 0.11 that correspond to constant H 

homopolymer/P block ratios of 3.2 and 28, respectively. The phase transition for the blends 

with ɸs=0.48 is highlighted in the left frame in Figure 4.1. Here, addition of low Mw 

homopolymers, H8 and H14, to the block copolymer results in the formation of hexagonally 

packed cylinders of polystyrene in the P+H matrix (Figure 4.1, left frame, upper and middle 

micrographs). A spectacular feature appears with longer homopolymer chain lengths. In H52, 

the morphology transition to the lamellar structure occurs (Figure 4.1, left frame, bottom 

micrograph). A similar phenomenon was observed at a very high H/P ratio of 28 as shown in 

right frame in Figure 4.1, i.e., samples with ɸs

Moreover, the blends with this unusual morphology transition upon increasing M

 of 0.11, where the transition from a spherical 

structure for the SP/H8 blend (top micrograph) to the cylindrical structures for blends, 

SP/H14 and SP/H52, was observed (middle and bottom micrographs). 

w of 

hopolymer were investigated by SAXS. Figure 4.2a) introduces SAXS scattering profiles for 

SP/H blends with constant ɸs of 0.48, where the logarithmic values of intensities are plotted 

against the scattering vector q=(4πsinθ)/λ, where 2θ and λ represents the scattering angle and 

the wavelength of X-ray respectively. These SAXS intensity curves indicate cylindrical 

structures for blends with lower molecular weight H homopolymers. The top and middle    
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curves show characteristic peaks at q1 13q, , 14q , and 19q , while the SP/H52 blend exhibits 

scattering maxima at a relative scattering vector ratio of 1:2:3:4:5 as indicated by the bottom 

curve, which provides evidence of an alternating lamellar structure. However, the peaks 

which were expected to appear at 17q  are obviously missing in the curves for SP/H8 and 

SP/H14.  

 
 

 

 

The failure to observe these peaks was investigated by calculating scattering intensities 

as a function of the volume fraction of the minor component (S phase), based on the structure 

factor for hexagonally-packed cylindrical structures. The structure factor can be generally 

expressed by equation (2.4) introduced in Chapter 2 ( ) ( ), , exp( )
unitcell

F q r iq r drφ ρ φ= − ⋅∫
    

, 

where q


 is a scattering vector, r


 is a position vector in the unit cell and ρ  is electron density 

distribution. A unit cell of two-dimensional hexagonally-packed cylinders is spanned by the 

lattice vectors, a and b. They are defined as: 

( )
( )
1,0
1/ 2, 3 / 2

a
b
=

 =
                                            (4.1) 

and their reciprocal vectors a* and b* 

  

are: 

( )*

*

4 , 3 ( 3 / 2,  -1/2)

(4 / 3)(0,1)

a
b

π

π

 =


=
                                            (4.2) 

Using a* and b* q,  can be expressed as: 

Figure 4.2 a) SAXS diffraction patterns for three blends of SP82 with the H homopolymers of different Mw 
at constant ɸs of 0.48; b) assembly of hexagonally packed cylinders with inter-cylinder distance (a) and 
interdomain spacing (D). 
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           q h k= +* *a b
,                                                    (4.3) 

where h and k are the Miller indices. Since the phase-separated structure is composed of the 

two phases, S and P+H, ( ),rρ φ  can be simply written as 

( )
( )
( )

1 S phase
,

0 P+H phase
rρ φ

= 


 　　　

　　 　
                                          (4.4) 

Scattering intensity ( ),I q φ  is related with ( ),F q φ  according to equation (2.5) 

( ) ( ) 2
, ,I q F qφ φ=
  . Numerical integrations for diffraction planes of cylindrical structure, 

(110), (200), (210), and (300) were performed to obtain scattering intensities as a function of 

composition ɸ. The results are presented in Fig. 4.3. Each curve has intensity minima at 

characteristic volume fractions and the curve for 17q  (broken line) has a minimum at ɸs

13q

14q

17q

19q

0.48

 of 

approximately 0.48. This value is consistent with the one estimated for blends with an H/P 

ratio of 3.2 shown in Figure 4.1. 

 

 

  

 

Figure 4.3 Calculated scattering intensities vs. volume fraction of cylindrical domain, ɸS, for the given 
diffracted planes expressed by 2 2h hk k q+ + , with which (hk0)s are associated. The higher order 
maxima indicate different planes as follows: 13q corresponds to the (110) plane, 14q  corresponds to 
(200) the plane, 17q  corresponds to the (210) plane and 19q  corresponds to the (300) plane  
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The volume fraction of polystyrene in the blend samples was calculated based on the 

density of polystyrene (ρS=1.05) and that of the P+H mixed phase (ρP+H

1
1

w
wρ

ρ ρ

+

−
=

−

S
P H

S

SP/H S

=1.18). The density of 

the mixed phase was calculated according to the simple equation: 

                                                      (4.5) 

where wS is the weight fraction of polystyrene in the sample and ρSP/H – density of the blend 

was measured by pycnometer. Importantly the volume of P block and H homopolymer in the 

blend does not show additivity. This is unusual considering that the density of the mixed 

phase is larger than those of two polymers ρP=1.14, ρH

 

=1.16 but may be explained by the 

observation that the associated P and H polymers shrank due to formation of hydrogen bonds 

during the casting process, as explained in Chapter 3. This results in the formation of a high 

density phase in the final bulk samples.   

 
4.2 Discussion 
 

All investigated samples of SP/H blends reveled ordered nanophase separated 

structures regardless ether molecular weight of added homopolymer or its amount in the blend 

(Fig. 4.1). The most striking finding in the current experiments is that even the H52 

homopolymer (52k) which has a molecular weight higher than that of P block (34k), does not 

induce macrophase separation in these blends. Therefore, in spite of the high molecular 

weight of H, as much as 28 fold of homopolymer (with respect to poly(2-vinylpyridine) 

block) can be added to the copolymer without inducing macrophase separation. In contrast 

macrophase separation does occur in AB/B and AB/A blends for Mw(h)>Mw(b).１,２

Moreover, very interesting morphologial transition upon increasing M

 This 

miscibility is certainly due to hydrogen bonds formed between a proton on a hydroxy group 

of polyhydroxystyrene and a nitrogen atom on a pyridine ring. 

w of hopolymer in 

SP/H blends with constant ɸs of 0.48 and 0.11 was observed as highlighted in frames in 

Figure 4.1. Hashimoto et al.３ have observed similar structural changes from cylinders to 

lamellae, in a poly(styrene-block-isoprene)/polystyrene blend system, upon increasing the Mw 

of the polystyrene homopolymer. However, the molecular weights of homopolymers covered 

within their work were equal to or less than the molecular weights of the polystyrene block 
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chains. Essentially the same results were reported for the different polymer systems.４,５ In 

contrast, SP/H blend systems studied here undergo morphological transitions with increasing 

Mw of added homopolymer up to a molecular weight ratio, MH/MP

The morphology change for samples having a constant volume fraction of polystyrene 

can be rationalized in a quantitative manner using SAXS scattering profiles introduced in 

Figure 4.2a). To explore the process of solubilization of the homopolymer in the blends, it is 

important to estimate the inter-cylinder distance. If homopolymer H is uniformly solubilized 

within P domain, the matrix (P domain) is swelled uniformly in both directions – 

perpendicular and parallel to the block copolymer interface. Parallel swelling increases the 

distance between the chemical junctions of block chains along the interface (a

, of 1.5.  

j) relative to 

that of the pure block copolymer (aj0). In other words the interfacial density of the chemical 

junction (ρj) decreases. The growth of aj causes the shrinkage of S chains in the normal 

direction to the interface, i.e. decrease of cylinder radius (R), while perpendicular swelling 

leads to the increase of inter-cylinder distance (a). On the other hand, if homopolymer H is 

localized in the center of P domain, the matrix is swelled only in direction perpendicular to 

the interface (parallel swelling is reduced since homopolymer does not penetrate into P 

chains) and hence the distance between chemical junctions (aj) are not affected by H chains 

(aj/aj0≂1). This keeps block copolymer chain conformation unchanged, and therefore cylinder 

radius (R) is similar to that of pure block copolymer (R0

Inter-cylinder distance                           

). Since the P domain is swelled only 

in direction perpendicular to the interface, inter-cylinder distance growth is higher than that of 

uniform distribution. Thus the following relationships for both extreme cases of homopolymer 

distribution are held: 

uniform locala a<                                                      (4.6) 

Cylinder radius                                 uniform localR R<                                                (4.7) 

Distance between chemical junctions       
0 0

( ) ( )j j
uniform local

j j

a a
a a

>                                           (4.8) 

Therefore, by comparison of the inter-cylinder distance, a, cylinder radius, R, and the 

distance between chemical junction points, aj/aj0, for blends with constant ɸs of 0.48, it is 

possible to interpret the homopolymer distribution in the blends. From Figure 4.2 a) it is 

notable that the scattering peaks are shifted towards smaller q values with increasing Mw of 

homopolymer. This indicates growth of domain spacing, D (Fig. 4.2b), in the blends. D can 
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be determined by the first order peak position, q1, using the formula D=2π/q1

( )3 / 2D a=

 (from equation 

2.2). For the SP/H8 sample, D is found to be 63.5 nm, while D equals 70 nm for SP/H14. The 

inter-cylinder distance, a (cf. Fig. 4.2b), is related to D according to  (Table 2.3) 

and the average inter-cylinder distances for blends with H8 and H14 are calculated to be 73.3 

nm and 80.8 nm, respectively. Furthermore, the average radii of cylinders are determined 

from TEM images in Figure 1, the values are 23 nm and 30 nm for blends with H8 and H14, 

respectively. These values are consistent with the estimated values 26 nm and 29 nm, which 

can be evaluated from the relationship: 

0.5( 3(1 ) / 2 )HR fφ π= −                                               (4.9) 

where ɸH is the volume fraction of homopolymer H in the entire blend and f is volume 

fraction of S in SP block copolymer.3 This result is natural because an increase in inter-

cylinder distance affects an increase in the radius of the cylinder under the condition of the 

constant volume fraction, and results in a decrease in the curvature of the cylindrical domain 

interface. Additionally, a, R and aj/ aj0 for the blends showing cylindrical structures at 

constant ɸs=0.32 were calculated according to equations (4.5) and (4.6) 3

0 0

2
3

j

j block

a f
a

ρ π
ρ φ

=

 and the results are 

summarized in Table 4.1. 

                                                  (4.10) 

0

0

j j

j j

a
a

ρ
ρ

=                                                        (4.11) 

 
 
 
 
 
 

 
 
 
 

ɸs a [nm]  =0.48 R [nm] aj/ a
SP/H8 

j0 
73.3 26.32 1.28 

SP/H14 80.8 29.01 1.21 
ɸs   =0.32   

SP/H8 76.09 22.59 1.38 
SP/H14 85.44 25.36 1.30 
SP/H52 129.5 38.45 1.06 

Table 4.1 Calculated values of inter-cylinder 
distance, cylinder radious and aj/ aj0 ratio for 

SP/H blends with constant ɸS of 0.48 and 0.32 
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The evident growth of the inter-cylinder distance with increasing Mw of homopolymer, 
shown in Figure 4.4, proves that homopolymers of higher molecular weight (H14 and H52) 
can be more effectively localized at the center of the mixed phase in accordance with previous 
observations.
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The distribution of the homopolymer in the lamellar microdomain for SP/H52 (ɸs=0.58 

and 0.48) can be examined by characterizing the lamellar domain spacing D (Fig.4.6c). If the 

homopolymer is segregated in the central regions of the mixed phase, D should increase 

consistently from its original value D0 (lamellar domain spacing for pure SP block 

copolymer) as the fraction of the homopolymer increases. In contrast, the domain dimension 

would differ only slightly from D0 in the case of uniform distribution.７,８ In the present case, 

the lamellar domain spacings (D) are 92.5 nm for SP/H52 with ɸs=0.58, 98.8 nm for SP/H52 

with ɸs=0.53 (additional data), and 101.3 nm for SP/H52 with ɸs=0.48. These values are 

much larger than the lamella domain spacing for the pure SP block copolymer which has 

similar molecular weight, D0=67.3 nm.8

                

 Figure 4.5 shows the growth of lamellar domain size 

with addition of homopolymers with different molecular weights. The solid lines represent 

theoretical prediction for lamellar domain spacing in the case of uniform distribution (bottom 

line) and localization of homopolymer (upper line). The curve for uniform distribution was 

calculated according to: 
0

3

(2 )
2 1

H

H

DD φ
φ
−

=
−

                                                      (4.7) 

and the one for localized distribution was drown for the equation: 

                   0

1 H

DD
φ

=
−

                                                          (4.8) 

Figure 4.4 The change of ratio of polymer junction distance along the interface, aj/ aj0, and inter-cylinder 
distance as a function of homopolymer Mw. a) SP/H blends at ɸS=0.48, b) SP/H blends with ɸS=0.32  
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where D0 is the domain spacing for pure SP block copolymer with the corresponding 

molecular weight and composition showing lamellar structure, and ɸH is the volume fraction 

of H homopolymer in the blends.8 From Figure 4.5, it is apparent that D values for blends 

with H52 grow steadily and they are close to the curve representing localized distribution of 

homopolymer. This indicates localization of high Mw homopolymer chains (H52) at the 

central part of the P domain which is known to occur in the case of a block copolymer and the 

corresponding homopolymer, AB/B blend.
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Thus, based on the SAXS data it can be interpreted that the morphology change for 

blends at constant ɸs is closely related to the distribution of homopolymer chains within P 

domains. As can be seen in Figure 4.6, the interfacial curvature between the S phase and the 

P+H phase decreses from left to right, as the chain length of the homopolymer increases (the 

homopolymer is represented by purple lines in Figure 4.6. As illustrated in Figure 4.6a) low 

molecular weight homopolymer (H8) can be distributed nearly uniformly in the P domain. 

This causes expansion of the poly(2-vinylpyridine) chains in both perpendicular and parallel 

directions with respect to the domain interface. Consequently the distance of junction points is 

forced to be enlarged to distribute the segments on P chains uniformly. At the same time, the 

S block contracts to keep the segment density constant. Addition of 42 wt % (by weight) of 

H8 and H14 to the block copolymer causes a large contraction of the S domain to reduce the 

conformational free energy of the S chains. As a result, polystyrene cylinders (represented by 

blue lines in Figure 4.6 are formed in P (red lines) plus H matrix, i.e. the lower molecular 

weight homopolymer affects the interfacial structure formation directly. As the Mw of the 

Figure 4.5 Domain spacing for blends with lamellar structure as a function of volume fraction of 
polystyrene, ɸS,and poly(4-hydroxystyrene), ɸH, for blends with H8, H14 and H52  
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homopolymer increases up to 14k, the structure remains cylindrical and the H chain remains 

soluble in the P block domain. However, the homopolymer chain might no longer be 

uniformly distributed in the P domain. This results in a smaller distance between S-P junction 

points as can be seen when Fig. 4.6b) is compared with Fig. 4.6a). As the molecular weight of 

homopolymer increases, the longer chain (H52) can be weakly segregated in the middle 

region of the P phase. The chain conformation of the block and the distance between the 

copolymer junction points are less affected and hence their contributions to the interfacial 

structure are less effective in comparison with the other two blends. Consequently, lamellar 

morphology is formed in the sample with ɸs

SP/H8 SP/H14 SP/H52

500 nm

Фs=0.48

PP++HHSS SS

Фs=0.48

DD

Фs=0.48a) b) c)

 of 0.48, as shown in Figure 4.6c). This result 

was expected due to the counter-balanced effects of homopolymer miscibility and the 

segregation phenomenon. 

 

 

 

The phase transition for blends SP/H at constant ɸs of 0.11 (Figure 4.1, right frame) can 

be explained in the same way. Large amounts of low molecular weight homopolymer, H8, are 

easily and uniformly distributed in the P block domain. The solubilization affects the chain 

conformation and induces a morphology change to the spherical domains of polystyrene as 

the volume fraction, ɸs decreasing. In contrast, the blends SP/H14 and SP/H52 have 

cylindrical structures at ɸs of 0.11 because of non-uniform distribution of longer 

homopolymer chains in 2-vinylpyridine domains. Thus, the morphological transition behavior 

which depends upon the molecular weight of homopolymer added in block 

copolymer/homopolymer blends with hydrogen bonding interactions is more evident than in 

the typical block copolymer and the corresponding homopolymer blends. 

Figure 4.6 Possible distribution of homopolymer H chains (purple) within P domains (red) in SP/H blends at 
constant ɸs of 0.48 with a constant H/P ratio of 3.2. The dots along the interface indicate block copolymer 
junction points.  
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4.3 Conclusion 
 

The effect of the Mw of the H homopolymer on the self-assembled structure formation 

of SP block copolymer/H homopolymer has been investigated. All blends exhibit well-

ordered nanophase-separated structures regardless of both molecular weight and the amount 

of the homopoloymer added. The blends investigated in this work undergo a morphological 

transition upon addition of homopolymers up to an H/P ratio of as much as 28 with a MH/MP 

ratio of 1.5. Moreover, at constant ɸs and constant H homopolymer/ P block ratio, a 

morphological transition from a cylindrical structure to a lamellar structure occurs for blends 

with ɸs of 0.48 as the Mw of the added homopolymer increases. Likewise, a morphological 

transition from a spherical to a cylindrical structure occurs for blends with ɸs

 

 of 0.11.  
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Abstract 

Polystyrene (S) having short poly(4-hydroxystyrene) (H) on one end (SH, Mw=71.4K, 

ɸH=0.04) and polyisoprene (I) having short poly(2-vinylpyridine) (P) on one end (IP, 

Mw=57.6K, ɸP=0.04) were mixed at various molar ratios, where H and P form complex by 

hydrogen bonding interaction. The variation of phase-separated structures of solvent cast 

films depending on casting solvent and also on pH with heating time at elevated constant 

temperature, were investigated by transmission electron microscopy (TEM) and small-angle 

X-ray scattering (SAXS).  Asymmetric morphology for the H/P stoichiometric blend film 

obtained by casting from polar solvent can be easily transformed into symmetric nanophase-

separated structure by addition of non-polar solvent. All samples cast from THF/toluene 

solutions reveal ordered nanophase-separated structures even though the contents of 

interacting H and P sequences are both merely 4%. The hierarchical three-phase lamellar 

structure from equimolar SH/IP blend is maintained even after three weeks annealing at 

constant temperature, due to the formation of very strong one-to-one hydrogen bonded 

complex. It has been also found that the ordered cylindrical structures for non-stoichiometric 

blends have periodic three-phase morphologies and that their regular structures gradually 

disappear and finally reach macrophase separation as annealing time increases. Additionally, 

pH increase in equimolar blends causes macrophase separation in otherwise stable blends, 

upon isothermal heating.  
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5.1 Results and Discussion 
 
5.1.1 Parent Block Copolymers SH and IP  

Figure 5.1 shows transmission electron micrographs of the parent block copolymers 

used for blend preparation. Block copolymer SH has a total weight-average molecular weight 

of 71.4 k and the IP of 57.6 k. Both polymers are referred as highly asymmetric because of 

very different chain lengths (e.g.; Mw(S) = 68.6 k and Mw

100 nm50 nm

IP  (φI =0.96)

55.3K 2.3k

SH  (φs=0.96)

68.8K 2.5k

(H) = 2.5 k; for details see Table 

2.1 in Chapter 2). It is apparent from Figure 5.1 that SH polymer possesses spheres of poly(4-

hydroxystyrene) packed in the polystyrene matrix. Since the sample was stained with 

ruthenium tetroxide, the darker phase represents block H, whereas the brighter phase 

represents block S. Similarly, IP block copolymer has spherical structure, where poly(2-

vinylpyridine) spheres appear darker due to staining with iodine.   

 
 
 
 
5.1.2 Casting Solvent Effect on Phase Behavior 

To check the solvent effect on the morphology of SH/IP blends, the sample films were 

prepared by solvent casting from the solutions of THF, and those of the mixed solvent of 

THF+toluene (1:1). The structures for the as-cast films of SH/IP 5:5 blend are compared in 

Figure 5.2, where the bright phase represents polystyrene (S), and the darker phase indicates 

the polyisoprene (I) since the sample specimens were stained with OsO4. In Figure 5.2 a) and 

Figure 5.1 TEM micrograph of SH and IP parent block copolymers. The solid part of the chains at the top 
represents S and I blocks while the dotted ones do H and P blocks. 



 59 

5.2 b), the film obtained from a THF solution show vesicle-type self-assembled asymmetric 

structures even though THF is a good solvent for all component polymers in the blend (Table 

2.2 in Chapter 2). This behavior might be due to the complex formation ability of two block 

copolymers in a polar solvent, THF, which prevents formation of hydrogen bonding since the 

number of interacting group in one polymer chain are not so large for both molecules (NP ≈ 

NH = 22). Consequently only a few molecules in the system are capable to interact, and as a 

result vesicles consisting of two bi-layered block copolymers with H or P tails at the inner or 

outer surface are formed. As can be seen in Figure 5.2 a) and b), at least two regions, SH-rich 

region in a) and IP-rich region in b) can be formed to lower the total free energy of structure 

formation. Additional shots were also recognized as can be seen in Figure 5.3. These results 

are in contrast to that for the blends SH/IP with longer H and P chains (NH = 100, NP = 68) 

cast from THF, which have exhibited well ordered nanophase-separated structures.１

500nm

a) c)

50nm

b)

 Thus the 

resulting structure in THF-cast films are strongly dependent on the number of interacting 

groups attached on each one end of the main block chains.   

 

 

 

Remarkable morphology change can be realized upon adding a typical inert solvent for 

hydrogen bonding – toluene, before casting the solvent. The resultant structure of the blend 

cast from THF+toluene (1:1) solution is shown in Figure 5.2 c). The formation of regular 

lamellar morphology confirms efficient connectivity between long S and I chains with the aid 

of the mixed P+H phase, which is visible on the inset in Figure 5.2 c) as a darker spherical 

domain periodically standing at the S/I interface. Thus the addition of a poor solvent for 

interacting chemical moieties induces the ability of self-assembly by hydrogen bonding.  

The difference in the structures observed in Figure 5.2, indicates that hydrogen bonding 

interaction between poly(4-hydroxystyrene) and poly(2-vinylpyridine), as part of these very 

asymmetric block copolymers, can be easily tuned by choosing the casting solvent. Therefore, 

since it has been confirmed that THF/toluene (1:1) mixed solvent is adequate to realize the 

Figure 5.2 TEM micrograph for SH/IP blends cast from THF (a and b), while (c) is an image from a solution 
of the mixed solvent of THF+toluene (1:1). Sample specimens were stained with OsO4. The inset in (c) is a 
magnified image of (c) but stained with I2. 
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effective supramolecular complex formation, all other samples used in this study hereafter 

were prepared from THF/toluene (1:1) solutions. 

 
 
 

5.1.3 Effect of the Blend Composition on Morphology 

Figure 5.4 compares the microdomain morphologies of SH/IP blend films cast from 

THF+toluene solutions depending on their composition, where the relative fraction of SH 

increases from top left to bottom right. The composition of the blends is designed by the 

numbers, where the first digit refers to mol fraction of SH polymer, and the second one 

indicates that of IP in the blend. Figure 5.4 a) shows spherical structure of the sample 

consisting of 10 mol % SH. With increasing the amount of SH in the blend, hexagonally 

packed cylinders of S in I matrix have been formed (Figure 5.4 b, c), followed by appearance 

of regular lamellar morphology (Figure 5.4 d, e) for the blends SH/IP 4:6 and 5:5. With 

further increase of SH component, the morphology has transformed into I cylinders (Figure 

5.4 f, g) and I spheres (Figure 5.4 h,i).  

The formation of these morphologies is due to the attractive interaction between short H and 

P sequences as well as repulsive force between S and I chains. Various ordered structures, 

frozen during solvent evaporation process were observed over the whole examined 

composition range. It should be noted that the morphology transition shown in Figure 5.4 

does not depend directly on chain length, as in pure block copolymer, but solely on molar 

ratio of two polymers.  This general trend in variation of the morphology with the blend 

composition resembles to that observed for blends of AB block copolymer/ A 

homopolymer,２,３,４ however if the structures of SH/IP polymer blends are analyzed in details 

Figure 5.3 A wide range TEM image of the SH/IP 5:5 blend cast from a THF solution. 
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it turns out that they are not as simple as those of AB/A blends. In short, the current system 

consists of four different polymeric chains but can be separated into three phases, i.e., S and I 

domains are connected together with associative H and P segments which can result in 

forming one miscible phase due to hydrogen bonding interaction. The existence of the third 

phase can be recognized by staining selectively the mixed phase with I2

100nm

a)
b)

H+P

S
I

; one example was 

already shown in the inset of Figure 5.2c). Another example is displayed in Figure 5.5 for 

SH/IP 6:4 blend, in which the third phase can be conceived at the cylindrical S/I interface. 

This assembly is schematically shown in Figure 5.5 b). Therefore the third phase has been 

proved in Figure 5.2 c) and 5.5 a) for lamellar and cylindrical structures, respectively. It 

should be focused on the fact that there is no direct interface between S and I, and hence two 

polymers are connected by H+P mixed phase, resulted in forming the hierarchical structure.  

 

 
 

Figure 5.4 TEM micrographs showing microphase-separated structures at different SH/IP molar ratios 
(staining agent OsO4)  

 

Figure 5.5 a) A bright field TEM image of SH/IP 6:4 cast from THF+toluene solution, stained with I2. The 
image should be equivalent to the one in Fig. 5.4f). b) A schematic possible domain assembly and chain 
arrangement in the complex structure. 
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Additional advantage of SH/IP blend system in comparison with conventional block 

copolymer systems is the ease of morphology design. That is, the block copolymer systems 

must require stringent molecular design including polymerization under control that allows 

defined structure formation. On the other hand, tailored structure in SH/IP blends simply 

requires different blending ratio of the two asymmetric block copolymers without involving 

additional synthetic efforts. Thus the advantage of forming such self-assembled complexes 

lies mainly in overcoming a variety of synthetic hurdles and at the same time allowing one to 

easily control morphologies and properties of the resultant materials.  

 

 

5.1.4 Temperature Dependent Morphology Change 

For investigation of phase behavior under the thermal treatment all the samples were 

heated for time period of 1 h, 4 h, 10 h, 24 h, 48 h, 4 days, 1, 2 and 3 weeks, however for 

brevity only representative samples of stoichiometric (SH/IP 5:5) and non-stoichiometric 

(SH/IP 7:3) blends were picked up and compared here.  

 Figure 5.6 compares the structures of the SH/IP 5:5 blend at each heating time under 

constant temperature of 150°C. The morphology in all blends has not changed much upon 

heating, in comparison with the result for as-cast sample shown in Figure 5.4 e). The lamellar 

structure remains undisturbed after long time heating, due to stoichiometric molar 

composition of P and H units in the blend. This result indicates that one-to-one complex 

formed under this condition is very strong and stable even though the content of short blocks 

able to interact with each other in the blend is merely ~ 4% in volume.  

 

3 weeks24h1h 1 week

 

500nm

    
       

    

a) b) c) d)

 
 
 

Moreover it was confirmed that heating has an effect on lamellar domain spacing, D. 

Figure 5.7 shows small angle-X ray scattering curves for the SH/IP 5:5 blend after different 

annealing times, where the logarithmic values of intensities are plotted against the scattering 

Figure 5.6 TEM micrographs of SH/IP 5:5 after thermal treatment at 150°C for a) 1 h, b) 24 h, c) 1 week 
and d) 3 weeks. 
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vector q=(4πsinθ)/λ, where 2θ and λ are the scattering angle and the wavelength of X-

ray, respectively. The integer order peaks confirm the ordered lamellar structures in all the 

samples regardless of heating time. From Figure 5.7 it is also notable that peaks positions 

shift toward smaller scattering vectors, q, as the annealing time increases. This indicates that 

lamellar domain spacing grows from 70.8 nm for as-cast sample to 80.0 nm in the blend 

heated for 3 weeks. These values were obtained from the first maximum, q1, using Bragg’s 

low (D=2π/q1) and are in agreement with domain spacing observed from TEM micrographs, 

i.e., 71.4 nm for as-cast sample and 80.2 nm for 3 weeks annealed sample, respectively.   

 

 
 

This phenomenon can be analyzed and discussed in somewhat detail. Figure 5.8 shows 

domain expansion during heating in the SH/IP 5:5 sample. During the first one hour of 

heating, D has increased up to 74.5 nm and that size remains unchanged for 24 h. The similar 

jump in lamellar domain size after a few hours annealing has been observed in covalently 

bonded poly(styrene-b-isoprene) diblock copolymer,５,６ particularly the increased D value 

persisted constant after isothermal annealing periods ranging from 1 to 100 h.6 On the other 

hand, however, it can be seen from Figure 5.8 that keeping the SH/IP blend for prolonged 

time at 150°C has caused further increase in D, which reached expansion of another 11% after 

3 weeks. In contrary to block copolymer systems, the D swelling after long time annealing in 

the present system is possible due to the dissociation of hydrogen bond upon heating. That is, 

hydrogen bond association-dissociation equilibrium keep shifting towards dissociation side 

with annealing time, and resulting dissociated free block copolymer molecules can diffuse 

into the corresponding bulk phases after annealing long enough. These “free block 

copolymers” could behave like simple homopolymers and they cause the expansion of the 

Figure 5.7 SAXS diffraction patterns of the SH/IP 5:5 blend before (0 h), and after thermal treatment for 1 
h, 24 h, 1 week (1 w) and 3 weeks (3 w). 
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two lamellar phases as shown in Figure 5.8 at the larger annealing time. However that extent 

of increase in D is quite small comparing with the drastic growth of domain spacing in other 

supramolecular systems upon temperature increase.７,８
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 Huh et al. reported lamellar domain 

growth of almost 300% in end-functionalized polystyrene and polyisoprene connected with a 

single ionic bond, where the bond can be easily broken with temperature elevation leading to 

high number of free S and I chains by which the domain can be expanded. In contrast, for the 

present SH/IP 5:5 blend, the multiple hydrogen bonds from short H and P chains with 22-

mers each, are much stronger than a single ionic bond. Moreover the heating temperature is 

constant and long time annealing can shift hydrogen bonds equilibrium to dissociation side. 

Small amount of free SH and IP polymers formed in that way, diffuse away from the interface 

and possibly dissolve in the corresponding domains, contributing to small increase in domain 

spacing, but macrophase separation has never taken place. 

 

 

In contrast to the 5:5 mixture, when blends of non-stoichiometric molar composition 

were exposed to thermal treatment, distinct structural changes have been observed. As an 

example Figure 5.9 compares morphologies of the SH/IP 7:3 blend developed during 

isothermal heating for time periods ranging from 1 h to 3 weeks. The hexagonally-packed 

cylinders for the as-cast sample (Figure 5.4 g) become disordered with annealing time. After 

being exposed to 150°C for more than 1 week, distinct cylinder deformation leads to global 

disorder in the structure and finally reaches macrophase separation.  

 

 

 

Figure 5.8 Variation of lamellar domain spacing, D, with annealing time, t, for SH/IP 5:5 blend. 



 65 

4h
500nm

4d 2w1w 3w
 

 
 

This significant structure disorder after long annealing times was also confirmed by 

SAXS measurements. Figure 5.10 shows SAXS diffractions obtained for SH/IP 7:3 for as-cast 

blend (0h) and after isothermal heating at 150°C for time periods varying from 4 h to 3 weeks. 

The profile of the solution-cast sample (0h) exhibits the scattering peaks at relative positions 

of 1:31/2:41/2:71/2 etc. which indicates well ordered cylinders packed in a hexagonal lattice 

(referring to Figure 5.4 g). The sample heated for 4 h has still scattering profile characteristic 

for cylindrical morphology, however relative to the “0h”curve, the peaks are broader and less 

intense. Upon further heating, profiles 4d, 1w and 2w present broad maxima that may arise 

due to dispersion of cylindrical spacing and domain ordering in the samples becomes poor 

(referring to Figure 5.9, 1w and 2w). Finally at extreme long annealing time (3w) almost no 

distinct peaks can be identified, indicating that the order of microdomain arrangement is very 

poor and macrophase separation may occur. Thus the SAXS data in Figure 5.10 are quite 

consistent with the structures observed in Figure 5.9. 

 

 

Figure 5.9 TEM images of the SH/IP 7:3 after thermal treatment at 150°C for 4 h, 4 days (4d), 1 week 
(1w), 2 weeks (2w) and three weeks (3w). 

Figure 5.10 SAXS diffraction patterns of the SH/IP 7:3 blend before (0 h), and after thermal treatment for 
4 h (4h), 4 days (4d), 1, 2 and 3 weeks. 
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In general, annealing of block copolymer gives energetically stable, equilibrium 

structures. In the present macromolecular complex system, however, thermal treatment finally 

leads to disordered state because of hydrogen bonds breakage as well as localization of the 

excess amount of free chain. To explain this phenomenon, the attention will be paid to the 

asymmetry of SH/IP 7:3 blend, where the stoichimetry between hydroxyl group and pyridine 

unit is the key factor that determines the phase behavior in the blends upon heating. 

In as-cast film of the non-stoichiometric blend, SH/IP 7:3, all the nitrogen atoms can form 

hydrogen bond with hydroxyl groups, while there remains more than 50% of non-hydrogen 

bonded –OH groups (Table 5.1), and these free SH chains can be dissolved in S domain at the 

initial non-equilibrium state. The situation is different in equimolar SH/IP 5:5 blend having 

the same number of hydroxyl and pyridine units, 22, that form one-to-one complex,９ as 

confirmed by FTIR analyses in Figure 5.11. The two distinct bands at 3525 cm-1 and 3360 cm-

1 attribute to free (non-associated) and self-associated hydroxyl groups of H block in SH, 

respectively.１０

 

 Upon increasing content of IP in the blend, these absorbance bands decrease 

gradually and finally for SH/IP 5:5 free hydroxyl band disappears because all of –OH groups 

are involved in –OH --N bonds formation. 

 

Blend molar ratio of –OH 
groups to pyridine units 

fraction of non-hydrogen 
bonded –OH groups 

SH/IP 3:7 

a) 

1 : 2.3 – 

SH/IP 5:5 1 : 1 0 

SH/IP 6:4 1.5 : 1 0.33 

SH/IP 7:3 2.3 : 1 0.57 

 

 

When these blends are exposed to high temperature for long time, excess amount of free 

SH chains can be firstly localized at the center of S domain in the ordered structure of 

supramacromolecules,１１

 

 and eventually segregated from the ordered phase. Moreover this 

tendency could be enhanced with annealing time since a part of the hydrogen bonds dissociate 

gradually. The swelling of the domain with annealing time for the SH/IP 7:3 can be noticed in 

Figure 5.10, where shift of the principal peaks to lower q values indicates increase in domain 

spacing. 

Table 5.1 Molar ratio of hydroxyl/pyridine units and the fraction of non-hydrogen bonded hydroxyl 
groups in the blends. 

 

a) estimated from mole fraction of H and P in the blend assuming H-P one-to-one complex formation 
according to (fmol(H) – fmol(P))/fmol(H) 
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In contrast, equimolar SH/IP 5:5 blend has no free SH polymer at as-cast condition (all 

–OH groups are involved in hydrogen bonds formation), so even though there is a cleavage of 

hydrogen bonds upon heating, tiny amount of the dissociated free SH chains can dissolve into 

S domain. Thus on the basis of TEM and SAXS data, distortion of the initial ordered 

structures in non-stoichiometric SH/IP blends upon isothermal annealing can be interpreted 

not only by excess of free chains (molar asymmetry of the blend) but also by dissociated 

additional free chains, while such behavior has never been observed in stoichiometric blend 

with equimolar proton donors and proton acceptors.  

Similar structure disorder with isothermal heating was observed for non-stoichiometric 

blends SH/IP 6:4 as shown in Figure 5.12. Surprisingly, just after one hour annealing, 

coexistence of cylindrical and bicontinuous structure has been observed, where the small 

fraction of bicontinuous morphology formed during first hour of heating is growing with the 

time (Figure 5.12, 1h and 4h). Similar development of gyriod structure with annealing time 

was observed in a linear triblock copolymer system, where the morphology transition was 

accomplished after 2 days heating. １２  To the contrary, ordered bicontinuous structure 

observed for the present SH/IP 6:4 blend in Figure 5.12 1h and 4h) is not a stable but a transit 

structure, as can be seen at Figure 5.12 24h-3w. However, accordingly to theoretical 

prediction,１３ the bicontinuous structure might not be present in the strong segregation regime, 

i.e. when χN ≥ 90, which is the rough estimation for the present SH/IP blends, where 

interaction parameter between S and I chains, χS-I = 0.06 at 150°C,１４ and total degree of 

polymerization, N, equals 1520. The reason of the structural transition in SH/IP 6:4 blends 

Figure 5.11 FTIR spectra of the SH/IP blends at different compositions recorded at room temperature (as-
cast samples). 
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upon heating could be attributed to thermal degradation of polyisoprene. However, the GPC 

analysis of the thermally treated samples excludes the possibility of such degradation.  

1h 24h4h

500nm

3 w

 
 
 
 

5.1.5 Phase Behavior upon pH Change 

To investigate effect of pH of casting solutions on phase behavior in the SH/IP bulk 

blend films and thus on hydrogen bonding interaction, the most thermally stable sample i.e. 

SH/IP 5:5 has been chosen. The advanced experiments were conducted to test complex 

formation between H (Mw=13k) and P (Mw

 

=32k) homopolymers in methanol solutions by 

adding NaOH. The amount of the base varied from 0 to 100 mol % with respect to P 

homopolymer. The precipitated complexes were centrifuged and their weights are listed in 

Table 5.2 

NaOH [%] Mass of precipitated complex 
[ ] 100 no precipitation 

50 no precipitation 
25 no precipitation 
15 0.1715 
10 0.1798 
5 0.1955 
0 0.210 

 

According to the test experiments, polymer complex of H and P homopolymers 

precipitated only when the amount of the base in the solutions was less than 15% with respect 

to poly(2-vinlypryridine) (see Table 5.2). Based on this result, the bulk samples of SH/IP 5:5 

containing 20%, 10% and 5% potassium-tert-butoxide (K-t-B) with respect to P block were 

prepared. (K-t-B was used as a base because NaOH is not soluble in THF nor toluene). Figure 

Figure 5.12 TEM images of SH/IP 6:4 after thermal treatment at 150°Cor 1 h, 4 h, 24 h and 3 weeks (3w). 

 

Table 5.2 Polymer complex formation in solution dependent on amount of NaOH 
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5.13a) shows phase separated structures in these samples before and after thermal treatment. 

It is evident that samples containing K-t-B show disorder in nanophase-separation after long 

time annealing unlike pure SH/IP 5:5 in Figure 5.6. Comparing the TEM micrographs for 

blends with different amounts of K-t-B and annealing time, it is evident that the higher 

concentration of K-t-B is, the larger the degree of disorder, and this tendency is getting clearer 

with increasing annealing time. These results confirm that the base can deprotonate hydroxyl 

groups at high temperature and thus hinder hydrogen bonds formation between H and P 

chains, as depicted on Scheme 5.1.  

 

NO
H

N

C

CH3

CH3H3C

O-

K+

+ K+ O-

 

As can be seen in Figure 5.13b), the macrophase separation is only local and coexists 

with lamellar morphology indicating that hydrogen bonds are only partly broken, and 

moreover, the stronger the alkalic environment in the blend, the more the extent of 

macrophase separation.  

3 weeks

10%

20%

500nm

4 daysas cast

5%

a)
b)

 
 

Scheme 5.1 Polymer complex breakage under addition of K-t-butoxide. 

 

Figure 5.13 TEM micrographs of SH/IP 5:5 blends a) containing 5%, 10%, and 20% K-t-B cast from 
THF/toluene solutions and annealed at 150℃ for 4 h and 3 weeks, b) a wide-range TEM image of the 
SH/IP 5:5 with 20% of K-t-B heated for 2 weeks 
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5.2 Conclusion 

Bulk structures of blends of two extremely asymmetric block copolymerss, SH/IP, 

where end-capped short block chains, H and P, can form hydrogen bonding have been 

investigated at various compositions, after casting from solutions of a polar, common good 

solvent, THF and THF/toluene mixed solvent, as well as with and without base addition. 

Thanks to the nature of the interaction, various ordered structures have been observed. It was 

found that equimolar blend forms hierarchical three-phase lamellar structure which is very 

stable against heating, while structures of asymmetric mixtures are more sensitive to the 

temperature, and disorder of nanophase-separated structure or macrophase separation 

phenomena were eventually observed after isothermal heating for prolonged time. Moreover 

controlled addition of an organic base to equimolar blends affects the structure degradation 

where the size of the macrophase separated phase depends on annealing time or/and amount 

of the base in the blends. Thus by manipulating these external conditions, one can maintain 

and optimize the extent of intermolecular hydrogen bonding interaction and hence the scale of 

phase separation in the polymer blends. 
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Summary 
 

 

Increasing efforts are put on creating materials with new and improved properties. 

Combining different polymers simply by mixing, is a very attractive and easy way which 

produces blends with compensative and novel properties different from those of pure 

components. However, most pairs of polymers are immiscible and phase separate into 

macroscopic domains leading to, for example, poor mechanical properties. Therefore, another 

useful way of combining different polymers can be realized by introducing chemical bonds 

that give a variety of block copolymers.  

The block copolymers form a specific class in polymer science and have the potential 

to be used in a great number of different applications due to their ability to self-assemble into 

ordered structures in nano-scale. Producing tailor-made block copolymer based materials and 

studying their properties are necessary to fulfill the ever-growing demands of customers and 

scientists. Furthermore, the properties of block copolymers and their blends are directly 

related to the morphologies or their phase behavior produced in such systems. Thus 

investigation of the structure control is a very important research subject enabling to design 

new polymeric materials by fitting the morphology with the necessary functionality.  

In this thesis the morphologies of polymer blends consisting of components which are 

able to interact via hydrogen bonding are studied. The systems considered are blends of a 

diblock copolymer with chemically different homopolymer, and blends of two extremely 

asymmetric diblock copolymers. In these blends, poly-2-vinylpyridine block can be 

associated with poly-4-hydroxystyrene by sharing valence electrons of nitrogen atoms with 

phenolic hydroxyl group. The emphasis is on the influence of the hydrogen bonding 

interaction on polymer miscibility and phase behavior. Moreover, the connection strength 

between these specific interactions, blends composition, the resulting morphologies, and the 

way they are formed are the outmost interests being investigated in this work. The 

relationship between these parameters is further used to find an effective and easy way to tune 

and develop complex, stable structures in bulk state.  

In the case of diblock copolymer/homopolymer blends, SP/H, where molecular weight 

of homopolymer H is lower than that of P block, ordered nanophase separated structures are 

formed in a wide composition range, in contrast to SP/P blends where macrophase separation 
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is taken place upon addition of more than 2-folds of hompolymer, because of lack of 

favorable interactions in these blends. The ordered, nanophase separated structures formed in 

SP/H blends are due to strong association between P and H chains via hydrogen bonding 

interaction. Even for the homopolymer H of considerably higher molecular weight than that 

of the P block, Mw(H)/Mw(P)=1.5, the samples show simple nanophase separated diblock 

copolymer-type morphology with the homopolymer residing within P domain. However, the 

distribution of H hompolymer in the mixed phase depends on its molecular weight, that is, 

low Mw homopolymer seems to be homogenously mixed with P chains resulting in forming 

uniform P+H mixed domain, whereas higher Mw homopolymer is weakly segregated towards 

center of P domain. In another words, hompolymer solubilization manner leads to different 

structures at constant blend composition upon increasing molecular weight of H. Nevertheless, 

the SP/H blends undergo morphological transition even for high Mw

In the case of two extremely asymmetric block copolymer blends, SH/IP, where the 

long S and I chains can be connected by short H and P sequences, uniform but hierarchical 

complex structures are formed. In short, these blends consisting of four different polymeric 

chains can self-assemble into three phases, that is, S and I phases and the third mixed P+H 

phase residing along S/I interface. The structures, however, are dependent on the preparation 

method. Blend films prepared from a polar solvent limits ability of hydrogen bonding 

formation, thus resulting in an asymmetric morphology that can be easily transformed into 

nanophase separated structure by addition of an inert solvent.  

 homopolymer, that is, it 

can be miscible with SP diblock copolymer up to 28-folds (with respect to P block) due to the 

hydrogen bonding interaction. Therefore, the hydrogen bonding play an important role in the 

structure formation process and in miscibility enhancement, allowing tunability of the 

complex structure formation in wider composition range by overcoming homopolymer 

molecular weight limitation.   

Special attention is also given to the specific nature of hydrogen bonding, i.e., its 

reversibility. Here the supramolecular complexes can be decomposed into parent polymers 

under external stimuli, what is impossible for pure block copolymers. Here the variation or 

the stability of the complex structures developed in SH/IP blends were investigated by 

annealing condition and pH change. The stability of the structures under isothermal heating 

depends on the number of interacting groups and on their stoichiometry. The hierarchical, 

three-phase structures from equimolar blends are maintained after long time annealing, 
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whereas structures of non-stoichiometric blends become disordered and finally reach 

macrophase separation with annealing time extension. Additionally, pH increase in equimolar 

blends causes macrophase separation in otherwise stable blends upon isothermal annealing. 

Thus, by manipulating these external conditions, it is possible to maintain and optimize the 

extent of hydrogen bonding interaction and hence the scale of the phase separation in the 

polymer blends. 

In conclusion, the essential issues verified in this thesis concerns hydrogen bonding 

interactions, whose presence or absence in polymer blends directly affect the phase-separated 

structures, domain size and miscibility. Moreover, these routes to produce block copolymer-

like supramacromolecules and their nano-scale structures can be tailored simply by blending 

at different ratio of the component polymers without involving additional synthetic efforts. 
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List of symbols and abbreviations 
 
 

I 

P 

S 

H 

SH 

IP 

SP 

StBOS 

PtBOS 

THF 

DMSO 

MeOH 

sec-BuLi 

cumyl-K 

K-t-B 

χ 

N 

M

ɸ 

w 

PDI 

λ 

q 

D 

a 

R 

 

 

 

 

polyisoprene  

poly(2-vinylpyridine) 

polystyrene 

poly(4-hydroxystyrene) 

poly(styrene-block-4-hydroxystyrene) diblock copolymer 

poly(isoprene-block-2-vinylpyridine) diblock copolymer 

poly(styrene-block-2-vinylpyridine) diblock copolymer 

poly(styrene-block-4-tert-butoxystyrene) diblock copolymer 

poly(4-tert-butoxystyrene) 

tetrahydrofuran 

dimethyl sulfoxide, (CH3)2

methanol 

SO 

second-buthyl lithium 

cumyl potassium 

potassium-tert-butoxide 

Flory-Huggins thermodynamical interaction parameter 

total degree of polymerization of a polymer 

weight-average molecular weights 

volume fraction ɸ 

polydispersity index 

wavelength of X-ray  

scattering vector 

domain spacing 

inter-cylinder distance 

radius of cylinder 
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