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1. 

                                                          

Introduction 

 
Progress in molecular engineering of polymeric and supramolecular entities with 

defined size, shape, architecture, and chemical function suggest that self-assembly∗ 
could have central importance in future technologies. Therefore the science behind self-
assembly has been widely investigated for rational tailoring of structures, materials 
properties, and functions.1-8 Self-assembly also plays essential role in biological matter 
and processes, but it is complicated by considerable complexity and specificity.  
But importantly, biological self-assembly can also be a source of inspiration even for 
new artificial and simpler synthetic systems.1, 9-11 Therefore, based on self-assembly and 
supramolecular interactions it is possible to create new bioinspired materials and novel 
concepts in aiming at “smart materials”.12 
 

1.1. Self-Assembly 
 
Molecular self-assembly is spontaneous organization of molecular level components 

into patterns or structures without external assistance.1 Self-assembly, often denoted 
also as microphase or nanophase separation requires molecular level moieties consisting 
of two or more chemically different and well defined components, which are held 
together by attractive forces. Attraction, i.e. connection between the different 
components prevents macrophase separation, in other words, separation at macroscopic 
scale. However, to obtain self-assembly, components have to also have sufficient 
mutual repulsion. The simplest form of self-assembly of polymers is achieved using 
diblock copolymers where two chemically different polymer chains are joined 
covalently end-to-end, which can lead to spherical, cylindrical, lamellar, and gyroid 
equilibrium structures and in addition to other metastable nanostructures depending on 
the volume fractions of the different blocks.13 As the microphase separation is driven by 
the enthalpy of demixing, it is proportional to the Flory-Huggins interaction parameter 
χ, which is found to be inversely proportional to the temperature. However, upon 
segregation, the chain conformation becomes more constrained leading to enhanced 
entropic penalty. The product χN expresses enthalpic-entropic balance, and is used to 
parameterize block copolymer phase behaviour, along with the composition of block 
copolymer.13  The phase diagram and the structures of PS-b-PI diblock copolymer based 
on experimental observations are illustrated in Figure 1.14 In principle, between the 
ordered phases there exists order-order transitions (open circles in Figure 1) and 
between the ordered and disordered phases there exists order-disorder transitions (filled 
circles in Figure 1), even if in practice in several block copolymer systems they may not 
always be observed due to required excessively high temperatures. 

 
 
 

 
∗ In this thesis expression self-assembly is used as a synonym for microphase separation. In articles II and III self-organization 

is used instead of self-assembly due to anachronistic terminology. Note that the term self-organization has also been used for 
dissipative systems requiring energy input to form and maintain structures, e.g. as in biological systems suchs due to ATP.  
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Figure 1. Experimentally determined phase diagram for PS-b-PI diblock copolymer.14 HPL is 
abbreviation from hexagonally perforated layer structure.  

 
 The covalent attraction between the different polymers can be replaced by 

sufficiently strong physical interactions, leading to supramolecular block copolymers.15-

18 More complicated hierarchical nanoscale structures of block copolymeric and related 
supramolecular systems can be prepared based on self-assembly at multiple length 
scales.6, 19-22  
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Figure 2. Examples of equilibrium structures of linear ABC triblock copolymer. 

 
Hierarchical self-assembly can be obtained e.g. with ABC tri- or multiblock 

copolymers (see Figure 2),2, 5, 23, 24 side-chain liquid crystalline diblock copolymers,25, 26 
rod-coil liquid crystalline block copolymers,19, 27, 28 and supramolecular comb-coil 
diblock copolymers.29-32 The latter architecture is the topic of this thesis. In these 
systems, the self-assembly at the larger length scale (typically 20-100 nm) is due to 
diblock copolymers and the smaller length scale self-assembly (typically 2-5 nm) due to 
oligomeric amphiphilic molecules, consisting of non-polar alkyl tails and polar head 
groups, which are physically bond to one block of the diblock copolymers, see Figure 
3.4, 6, 33, 34 As the structures and the phase behavior critically depend on the physical 
interaction i.e. complexation between one of the blocks and the head group of the 
amphiphile (hydrogen bonding, coordination, ionic interaction etc.), the diblock 
copolymer/amphiphile complexes provide an example of polymeric supramolecules (for 
supramolecular chemistry in general and supramolecular polymers, see ref. 12 and 35). 
Therefore, such architectures (see Figure 3) are denoted here to be supramolecular 
comb-coil diblock copolymers. It leads to hierarchical self-assembly, or structure-
within-structure, where the smaller structure is typically lamellar and the larger structure 
typically spherical, cylindrical, lamellar, or gyroid depending on the relative volume 
fractions of the comb block and the coil block. An example of such a hierarchical 
morphology (lamellar-within-cylinder) of self-assembled supramolecular comb-coil 
diblock copolymer is represented in Figure 3.29, 36 The concept conveniently allows 
rapid structure formation due to plasticization by the short supramolecular side chains 
and controlled porosity once the physically bonded side chains are removed. 
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Figure 3. Schematics how a supramolecular comb-coil diblock copolymer is formed by 
physically bonding. The amphiphiles are physically bonded to the repeating units of one 
block of a diblock copolymer. Depending on the block lengths, their chemical nature, and 
rigidity, as well as the amount of the amphiphiles, their chain length and number of alkyl 
tails, as well as the type of bonding, a wealth of different structural hierarchies can be 
obtained.29, 37 This figure schematically illustrates one of the possibilities, i.e. lamellar-
within-cylinder structure, where the coil block of the diblock copolymer forms the matrix 
and the comb block consisting of the second block of the diblock copolymer and the 
physically bonded amphiphiles forms hexagonally ordered cylindrical domains. Within the 
latter domains, there are alternating polymer and amphiphile layers forming lamellar self-
assembly.  

 
The observed structures in supramolecular comb-coil diblock copolymers i.e. diblock 

copolymer/amphiphile complexes discussed in this thesis in many ways resemble those 
where mesogenic moieties are physically bonded to one block of diblock copolymers.38 
But there exists a conceptual difference in the nature of the side-chain as in the latter 
case a conformationally rigid core is included, which is typically connected to the 
interaction site by a flexible spacer. In both cases, one can use ionic bonding,39-44 
coordination,45-51 or hydrogen bonding29-31, 52-54 to connect the side chains to the 
polymer backbone. Physical bonds are typically relatively weak and they can be broken 
e.g. upon heating if thermal energy becomes larger than the attraction between the 
amphiphile and diblock copolymer. In some cases this may ultimately lead to phase 
separation at the macroscopic scale.4 This process is, however, reversible and the 
hydrogen bonds can be reformed on cooling.4, 36, 55 Hydrogen bonding has turned 
particularly feasible to prepare externally controllable materials. Some of their 
applications are reviewed in section 3.1.  
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1.2. An Outline of the Thesis 
 
In this thesis, hierarchical structures of self-assembled comb-coil supramolecular 

entities of diblock copolymers and physically bonded amphiphiles are studied. Article I 
focuses on different available hierarchical structures of uncharged and charged diblock 
copolymer/amphiphile supramolecules as well as on their reversible order-disorder and 
order-order transitions. Article II discusses self-assembled diblock 
copolymer/amphiphile supramolecules, where one block is charged to allow protonic 
conductivity, and where the protonically conducting domains are aligned by an imposed 
flow, which results in anisotropic proton transport. Article III describes methods to 
prepare mesoporous materials by coordinating amphiphiles to diblock copolymers and 
shows that lamellar porosity can be achieved, as upon removing the amphiphiles the 
collapse of the fibers is prevented by the defects and the grain boundaries formed in 
self-assembly. Article IV combines self-assembly and electrospinning, and mesoscale 
fibers with structure-within-structure morphology are achieved. Internal porosity can be 
introduced within the fibers if the amphiphiles are cleaved. Article V continues on 
electrospun fibers, demonstrating different hierarchical structures and their tunability. 

 
 
Chapter 2 represents the chemical structures and interactions between the different 

components used in the thesis and electrospinning apparatus constructed by the author. 
Chapter 3 represents the results of the Articles I-III and the results of the Article IV and 
Article V are discussed in chapter 4. Chapter 5 summarizes the thesis with summary and 
conclusion. 
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2.  Materials and Sample Preparation 

 

2.1. Materials 
 
The chemical formulas of the components polystyrene-block-poly(4-vinylpyridine) 

(PS-b-P4VP), poly(4-vinylpyridine) (P4VP), methanesulfonic acid (MSA), p-
toluenesulfonic acid (TSA), 3-n-pentadecylphenol (PDP), and zinc 
dodecylbenzenesulfonate Zn(DBS)2 and their supramolecular polymer complexes 
including the interactions between the different components are shown in Figure 4. 

 

 
 

Figure 4. Chemical formulas of the supramolecules and the physical bonding between the 
components used in Articles I-V. a) PS-b-P4VP(PDP)1.0 used in Articles I, IV and V, b) PS-
b-P4VP(MSA)1.0(PDP)1.0 used in Article I, c) PS-b-P4VP(TSA)0.9(PDP)1.0 used in Article II, 
d) P4VP(TSA)0.9(PDP)1.0 used in Article II, and e) PS-b-P4VP[Zn(DBS)2]y used in Article 
III. The complexes are indicated by their nominal compositions. Note that in c) and d) it 
turned out important to select safely lower TSA amount than the full stoichiometric 
composition, as we wanted to ensure that there are no essential amount of free sulfonic acid 
during the prolonged shearing at elevated temperatures. Also the degree of complexation in 
e) is varied. 

 
The block copolymer compositions are given in this thesis and in the Articles I-V by 

weight fractions instead of volume fractions, which would be more customary in the 
studies of phase diagrams. However, the density difference between the PS and 
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P4VP/amphiphile phases is rather insignificant. Therefore this does not have an 
essential effect on the interpretations. 

 

2.2. Electrostatic Spinning Apparatus 
 
Electrostatic spinning, also known as electrospinning, is a process by which sub-

micron polymer fibers can be prepared using an electrostatically driven jet of polymer 
in a form of solution or melt. The basic mechanism of electrospinning involves applying 
an electric force between a capillary tip and a collector by a high-voltage source. 
Electrospinning apparatus used in Article V and partly in Article IV is represented in 
Figure 5. 

 

 
Figure 5. The schematic illustration and the picture of the electrospinning apparatus 
constructed by the author. 

 
The apparatus consisted of a syringe, a positively (or negatively) charged metal 

needle (charged with Spellman SL30PN30/220 high voltage generator), and a collector 
plate charged with the opposite voltage (charged with Ortec 556 high voltage power 
supply). An applied field of ca. 1-1.3 kV/cm and the distance of 10 cm were used in the 
experiments. In this apparatus polymer solutions were fed from the syringe by moving 
the piston with a step motor as the electrospinning was performed upwards to hinder 
problems due to falling droplets and sagging of polymer solutions. Two different kinds 
of collector configurations were used: I) Unaligned fibers for SAXS studies were 
prepared on top of a 15 cm × 15 cm stainless steel plate. II) Aligned fibers for TEM 
studies were prepared with the collector composition introduced by Li et al. consisting 
of a Teflon® substrate and two conductive 0.6 mm2 copper wires separated by 7 mm 
void gap.56 
 



 8

3. Hierarchical Self-Assembly of Diblock 
Copolymer/Amphiphile Supramolecules 

 
In this chapter the results of the Articles I-III are presented. The articles focus on 

diblock copolymer/amphiphile complexes based on PS-b-P4VP as it is versatile to form 
hydrogen bonds with PDP (Article I and Article II), ionic bonds with MSA and TSA 
(Article I and Article II), and coordination bonding with Zn(DBS)2 (Article III). 

 

3.1. Hierarchical Self-Assembly and Phase Behavior of Diblock 
Copolymer/Amphiphile Supramolecules (Article I) 

 
There exists several routes to prepare functional materials based on self-assembly 

and supramolecular concepts combining covalent and non-covalent interactions.12, 35, 57 
Rod-coil block copolymers,19, 27, 28 and liquid-crystalline assemblies provide specific 
further examples.20, 38, 58, 59 Phase transitions within the hierarchical nanostructures of 
supramolecules of diblock copolymers can be used to achieve materials with properties 
that respond to external conditions.4, 33, 59, 60 Such materials can have electrical4 and 
optical33 responses, which could have applications e.g. as a sensors and switches. Order-
order transitions of the diblock copolymer/amphiphile complexes can be based on the 
temperature induced volume fraction changes of the different domains. The changes 
arise from the breaking of the physical bonds between one block of the block copolymer 
and amphiphile and from the temperature dependent dissolution and phase separation 
properties of the amphiphile in polymeric block. By contrast, order-disorder transition 
of the comb block arises from an insufficient repulsion between the non-polar alkyl tail 
and the more polar backbone structure. In Article I we systematically investigated the 
hierarchical self-assembly in order to extend the previous studies and to find new 
structures, order-disorder and order-order transitions of diblock copolymer/amphiphile 
systems as a function of temperature.4, 30, 33 The studied supramolecular comb-coil 
diblock copolymers consisted of PS-b-P4VP, where the pyridines of P4VP were either 
hydrogen bonded with PDP or first protonated with MSA and thereafter PDP was 
hydrogen bonded to MSA. The morphologies at different temperatures were 
investigated using transmission electron microscopy (TEM) and small angle X-ray 
scattering (SAXS). 

 
First PS-b-P4VP(PDP)1.0 with widely different weight fractions of P4VP(PDP)1.0 vs. 

PS were investigated. For the studied samples, see Table 1 in Article I. In all 
investigated cases, SAXS gave a distinct reflection at q* = 0.17 Å-1 below ca. 60 °C, 
corresponding to a periodicity of 3.7 nm. Higher order reflections were in some 
compositions observed at 2q* (see later Figure 22 and the supporting information of 
Article I). Also combining with the previous TEM and SAXS results,30, 61 the structure 
can unambiguously be assigned as a lamellar order with alternating PDP and P4VP 
domains (see Figure 6). On the other hand, also the PS and P4VP(PDP)1.0 domains self-
assemble to a periodic structures as conventional diblock copolymers (see Figure 6). 
Therefore, these two structures together form hierarchical self-assembly i.e. structure-
within-structure, see Figure 6. At ca. T = 60 °C an order-disorder transition of the 
internal lamellar structure within the P4VP(PDP)1.0 domains is observed and the 
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structure is not hierarchical at higher temperatures. Upon further heating, the strength of 
the hydrogen bonds between PDP and P4VP gradually decreases55 and at ca. T = 120 °C 
PDP becomes soluble in PS, i.e. PDP becomes a non-selective solvent of both PS and 
P4VP. This increases the effective relative weight fraction of PS containing domains. 
Therefore order-order transitions of the block copolymer structure are expected and in 
fact observed. Figure 6 shows the different morphologies of PS-b-P4VP(PDP)1.0 at three 
different temperatures, where the following abbreviations are used: Spherical (SPH’ and 
SPH), cylindrical (CYL´ and CYL), gyroid (GYR), lamellar (LAM), and hexagonally 
perforated layer (HPL´ and HPL) (the prime symbol (´) refers to morphologies where 
PS is the matrix). Note that the structure-within-structures are abbreviated in Article I 
and in Figure 6, Figure 7, and Figure 8 in the following manner: The smaller length 
scale structure is denoted with small letters and the larger length scale structure with 
capital letters, i.e. lamellar-within-cylindrical is denoted as lam-in-CYL’. 

 

 
Figure 6. Morphology diagram of PS-b-P4VP(PDP)1.0 as a function of the weight fraction 
of the comb block P4VP(PDP)1.0 at three different temperatures. Even if the present work 
does not allow to resolve in detail the relative orientations of the block copolymer and 
polymer amphiphile structures, the previous work for longer amphiphiles29 and lamellar-
within-lamellar morphology30 allows to conclude the relative perpendicular orientations in 
lam-in-SPH´, lam-in-CYL´, lam-in-LAM, CYL-in-lam, and in SPH-in-lam morphologies. 
For lam-in-HPL´ and GYR-in-lam morphologies the orientation of the smaller length scale 
structure within the P4VP(PDP)1.0 domains relative to the larger structure is not known. The 
abbreviations are as follows: SPH (spherical), CYL (cylindrical), GYR (gyroid), LAM 
(lamellar), and HPL (hexagonally perforated layer). The smaller length scale structure is 
denoted with small letters and the larger length scale structure with capital letters. The prime 
symbol (´) refers to the structures where PS forms the matrix. For more detailed information 
about the abbreviations, morphologies, and symbols see Article I. Note that the weight 
fractions are based on the nominal room temperature compositions. 
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For PS-b-P4VP(MSA)1.0(PDP)1.0 the morphological behavior was more complex as 

PDP becomes immiscible in P4VP(MSA)1.0 at ca. T = 175 °C, causing PDP to be a 
selective solvent for the PS domains and thus increasing of the volume fraction of the 
PS domains even further.4 This leads eventually to a spherical morphology at the 
elevated temperature for all the studied PS-b-P4VP(MSA)1.0(PDP)1.0 samples, see 
Figure 7 and Figure 8 (and Table 2 of the Article I for the compositions). The order-
disorder transition of the internal structure within the P4VP(MSA)1.0(PDP)1.0 domains 
occurs at higher temperature than with PS-b-P4VP(PDP)1.0 (ca. T = 125 °C). The 
sequence of morphological transitions of one typical sample of PS-b-
P4VP(MSA)1.0(PDP)1.0 with f P4VP(MSA)1.0(PDP)1.0 = 0.40 having molecular weights of the 
blocks 40 000 g/mol (PS) and 5 600 g/mol (P4VP) is illustrated in Figure 7. At low 
temperature (Figure 7a; T < 125 °C) a hierarchical lamellar-within-lamellar structure is 
observed. Upon heating, at ca. T = 125 °C, the thermal energy becomes high in 
comparison with the repulsive force between non-polar alkyl tails and polar 
polymer/amphiphile backbone, which is seen as an order-disorder transition (ODT) of 
the internal structure, i.e. smaller length scale structure, as shown in Figure 7a. At 
approximately the same temperature, PDP becomes miscible in PS, thus inducing an 
effective increase of the relative volume fraction of the PS containing domains vs. the 
P4VP(MSA)1.0 containing domains. This leads to an order-order transition (OOT), see 
Figure 7a-b for an example. Finally at ca. T = 175 °C PDP becomes immiscible in 
P4VP(MSA)1.0 and is expelled from the P4VP(MSA)1.0 domains to the PS domains and 
this induces an another OOT at the block copolymer length scale (Figure 7b-c).36 The 
morphology diagram of PS-b-P4VP(MSA)1.0(PDP)1.0 is shown in Figure 8. 
 

 
Figure 7. TEM micrographs and a schematic illustration of temperature behavior of PS-b-
P4VP(MSA)1.0(PDP)1.0 with weight fraction 0.40 of P4VP(MSA)1.0(PDP)1.0 (molecular 
weights 40 000 g/mol and 5 600 g/mol for PS and P4VP blocks, respectively). a) At room 
temperature a lamellar-within-lamellar structure is observed. At ca. T = 125 °C 
P4VP(MSA)1.0(PDP)1.0 domains become disordered due to the ODT of the smaller length 
scale lamellar structure. b) Cylindrical morphology is observed at T = 170 °C, and c) 
spherical morphology at T = 210 °C. 
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Figure 8. Morphology diagram of PS-b-P4VP(MSA)1.0(PDP)1.0 as a function of weight 
fraction of the comb block at different temperatures. The abbreviations are as follows: SPH 
(spherical), CYL (cylindrical), LAM (lamellar), and HPL (hexagonally perforated layer). 
The smaller length scale structure is denoted with small letters and the larger length scale 
structure with capital letters. The prime symbol (´) refers to morphologies where PS is the 
matrix. For more detailed information about the abbreviations, morphologies, and symbols 
see Article I. Note that weight fractions are based on the room temperature nominal 
compositions. 

 
Summary: In Article I we discovered new structures and new sequences of order-

order transitions as a function of temperature. The transitions were shown to be 
reversible in heating and cooling, even if some hysteresis can be observed. This is 
probably due to the relatively high temperature sweep rate (heating: 5 °C/min, cooling: 
10 °C/min), which was selected to minimize the potential hazard of PDP evaporation at 
high temperatures. We also found new hierarchical structures for supramolecular comb-
coil diblock copolymers i.e. gyroid-within-lamellar (GYR-in-lam) and lamellar-within-
HPL (lam-in-HPL). All the samples had hierarchical structure-within-structure 
morphology at low temperatures. This structural hierarchy and the order-order 
transitions may lead to new type of responsive materials. 

 

3.2. Anisotropic Protonic Conduction of Flow-Aligned Hexagonally Self-
Assembled Block Copolyelectrolytes (Article II) 

 
Electrically conductive polymers can roughly be divided in three categories based on 

their conductivity mechanisms. 1) In conjugated polymers the electrical transport is 
based on the π-conjugated backbone and they can be used in various application in the 
doped or in the undoped form.62-64 2) In ionically conducting polymers, ions (in most 
cases Li+) carry the charge and they can be used e.g. in battery technology.65 3) In 
protonically conducting polymers, the conductivity is due to proton hopping e.g. due to 
absorbed water or/and salt-like structure of polyelectrolytes, and they are widely used 
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e.g. in fuel cells.66 In Article II we studied flow-aligned self-assembled protonically 
conducting polyelectrolytic material also showing structural hierarchy. As it is generally 
known that self-assembly leads typically only to locally ordered structures, we aimed to 
achieve a better overall order by imposed oscillatory shear flow. We expected this to 
impose special requirements for the thermal stability of the salt-like polymer complexes. 
In this paper we used p-toluenesulphonic acid (TSA) even though MSA used in Article I 
is known to allow higher conductivity of the P4VP salts. TSA is less hydroscopic and it 
has improved thermal stability, making shearing at high temperature for longer times 
feasible.4, 67 Even more importantly, the ODT of the P4VP(TSA)1.0(PDP)1.0 (ca. T = 
230 °C) is much higher that the ODT of the P4VP(MSA)1.0(PDP)1.0, which enables 
alignment below the ODT’s. The nominal degree of complexation 0.9 is used with TSA 
to suppress the amount of free acid, which could have adverse effects during the 
extended shearing at the elevated temperatures and therefore PS-b-
P4VP(TSA)0.9(PDP)1.0 complex is used in Article II. An oscillatory shear flow was used 
to align the sample and to form an overall anisotropy. 

 
PS-b-P4VP(TSA)0.9(PDP)1.0 was oriented using a dynamic rheometer in oscillatory 

motion at T = 125 °C. After orientation, the sample was studied ex-situ with SAXS and 
TEM and compared to the unoriented sample. The unoriented sample formed isotropic 
ring in SAXS (Figure 9a), which is in a good agreement with a TEM image of the 
unoriented sample showing cylindrical structure in Figure 9b. 

 

 
Figure 9. PS-b-P4VP(TSA)0.9(PDP)1.0 before shear alignment. a) SAXS pattern showing 
isotropic reflection. b) TEM micrograph from the same sample. 

 
After the shearing, the structure of the aligned sample was studied ex-situ using 

SAXS in the tangential, radial, and normal directions relative to the flow direction (see 
Figure 10). SAXS shows sharp Bragg reflections only at tangential direction, revealing 
that PS-b-P4VP(TSA)0.9(PDP)1.0 has formed hexagonally arranged cylinders with the 
lattice constant 23.5 nm. The large number of higher order reflections observed 
particularly in Figure 10a suggests remarkably good order and as the weight fraction of 
the P4VP(TSA)0.9(PDP)1.0 domain is roughly 0.20 the diameter of the cylinder can be 
estimated to be ca. 11 nm. 
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Figure 10. SAXS pattern of PS-b-P4VP(TSA)0.9(PDP)1.0 after shear alignment. a) 
Tangential direction i.e. parallel to flow, b) radial and c) normal directions. 

 
TEM images of the aligned PS-b-P4VP(TSA)0.9(PDP)1.0 are illustrated in Figure 11. 

The inset depicts a Fourier transformed image of Figure 11a and shows the 
characteristic six-pattern of hexagonal assembly with second order reflections, agreeing 
with SAXS that shearing leads to common alignment of the hexagonally arranged 
cylinders. However, based on TEM, the material is still full of defects and domain 
boundaries, which was not expected based on SAXS. Therefore the material is still far 
from single crystal-like material, in spite of the exceptionally highly developed order 
suggested by SAXS. 

 

 
Figure 11. TEM micrographs of shear aligned PS-b-P4VP(TSA)0.9(PDP)1.0. a) Hexagonally 
packed P4VP(TSA)0.9(PDP)1.0 domains imaged in the tangential direction. The inset shows 
Fourier transform of the image where the distortion in the hexagonal pattern originates 
probably due to the microtoming cutting compression. b) The same sample imaged in the 
radial direction indicates high overall orientation. 

 
Figure 10b and Figure 10c reveal also a structural hierarchy in the aligned sample as 

a broad scattering peak is observed at ca. q* = 0.15 Å-1 corresponding to the long period 
of 4.1 nm. A reflection at this q-value has been observed previously (see e.g. refs. 67, 
68), where higher order reflections indicated self-assembled lamellar structure of 
alternating polyelectrolytic P4VP(TSA) and PDP layers. Since the reflection is 
orthogonal to the cylinders i.e. to tangential direction, it corresponds to structures 
parallel to the P4VP(TSA)0.9(PDP)1.0 domains. The reflection is quite broad and weak 
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compared to the reflection observed previously for lamellar-within-cylindrical structure 
of PS-b-P4VP(PDP)1.0 after shear flow alignment,  where the lamellae are oriented 
differently i.e. perpendicular to the cylinders.34 In Article II the shear flow was 
performed below the ODT and because of this also the internal lamellar structure was 
aligned parallel to the shear flow, and only couple of layers fitted inside the cylinders. 
By contrast, in the case of PS-b-P4VP(PDP)1.0 the flow alignment took place above 
ODT and after the alignment, as the temperature was reduced, the lamellar stack 
consisting of alternating P4VP and PDP layers was self-assembled perpendicular to the 
cylinders, which is known to be also the common alignment if imposed flow is not 
used.29, 30, 69 To obtain more information on the internal structures, possible structures 
that could provide the observed broad scattering at q* = 0.15 Å-1 were identified and 
their structure factors were calculated and compared with the observed ones. A lamellar 
structure with two layers parallel to the hexagonally packed cylinders fitted best to 
experimental results. The proposed structure of lamellar-within-cylindrical of the shear 
aligned PS-b-P4VP(TSA)0.9(PDP)1.0 is shown schematically in Figure 12. 
 

 
Figure 12. The suggested structure of the shear aligned PS-b-P4VP(TSA)0.9(PDP)1.0. 
Lamellar-within-cylindrical structure, where the lamellar order of P4VP(TSA)0.9(PDP)1.0 is 
parallel to the cylindrical alignment, probably due to shearing below the ODT. Due to the 
size of the self-assembled cylinders, only two lamellar layers can be confined in each 
cylinder, thus leading to the broad SAXS reflections. 

 
The anisotropic conductivity was measured as a function of temperature (see Figure 

13). In general, the conductivity was very low, but the highest conductivity was 
observed along to the cylinders. The sample showed thermally activated conductivity in 
all directions, which may reflect from a need of charge carrier hopping across 
boundaries in all directions i.e. there might exist non-continuous conducting channels, 
which is not surprising based on TEM (see Figure 11). Also the astonishingly small 
anisotropy, being only one order of magnitude supports this hypothesis. 
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Figure 13. Anisotropic AC conductivity of the aligned PS-b-P4VP(TSA)0.9(PDP)1.0 as a 
function of temperature. For comparison also the conductivity of P4VP(TSA)0.9(PDP)1.0 is 
shown. 

 
Summary: In Article II we reported well aligned hierarchical structure, where PS-b-

P4VP(TSA)0.9(PDP)1.0 is flow aligned and lamellar-within-cylindrical self-assembly, 
where these two different length scale structures are mutually parallel is formed. The 
small anisotropic conductivity of the sample may result from still remaining defects and 
domain boundaries, which obstruct the continuous current flow and allow current to 
leak also in the perpendicular directions vs. the aligned cylinders. 

 

3.3. Mesoporous Structures Based on Diblock Copolymers with 
Coordinated Amphiphiles (Article III) 

 
Porous materials have importance in industry and everyday life, as the applications 

range from filtration, membrane separators, extraction, adsorption, catalyst carriers, 
bioreactors, and stationary phases for chromatography via magnetic resonance imaging 
to photonic crystals and optical sensors.70-74 Track-etching is a classical concept to 
prepare nanostructured membranes.74-76 In synthetic organic materials, controlled pore 
sizes have been reported from microporous (diameter < 2 nm), to mesoporous (diameter 
< 2-50 nm), until up to macroporous (diameter > 50 nm).70, 71, 75, 77, 78 In Article III we 
investigated a route to prepare porosity by means of self-assembly of comb-shaped 
coordination complex PS-b-P4VP[Zn(DBS)2]y using different molecular weights of the 
diblock copolymers and various degrees of complexation. Previously, porous materials 
have been prepared utilizing hydrogen bonded amphiphile block copolymer complexes 
and a subsequent removal of the phenolic amphiphiles.34, 79, 80 The diameter of the pores 
can be tuned by selecting different block lengths of the block copolymers and tailoring 
the amount of the amphiphile i.e. degree of complexation. However, the phenols could 
show safety problems in e.g. biological applications and alternatives are searched. 
Coordination allows bonding of higher molecular weight amphiphiles due to the 
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stronger attraction, and this could also allow preparation of materials with larger size of 
pores. 

 
Complexation between zinc dodecylbenzenesulfonate (Zn(DBS)2) and pyridine units 

of PS-block-P4VP was verified based on Fourier transformation infrared spectroscopy 
(FTIR), as coordination between Zn2+ and nitrogen induced ca. 20 cm-1 blue-shift i.e. 
shift to the higher wave numbers in aromatic carbon-nitrogen stretching band of 
pyridine (see Figure 14). 

 

 
Figure 14. FTIR spectra of Zn(DBS)2, PSb-b-P4VP[Zn(DBS)2]y (Mn,PS = 41 400 g/mol, 
Mn,P4VP = 1 900 g/mol ), and pure PS-b-P4VP. Coordination bonding is observed as a blue-
shift in carbon-nitrogen stretching band from 1597 cm-1 to 1617 cm-1. 

 
A TEM micrograph of a relatively high molecular weight block copolymer complex 

PS-b-P4VP[Zn(DBS)2]0.9 (Mn,PS = 238 100 g/mol, Mn,P4VP = 49 500 g/mol ) indicates a 
lamellar structure with a periodicity of ca. 110 nm (see Figure 15). This observation, as 
supported also by SAXS studies, does not come as a surprise as the weight fraction of 
P4VP[Zn(DBS)2]0.9 is 0.60. However an unusually enhanced stability of lamellar 
structure is observed, as a lamellar structure was observed also with low molecular PS-
b-P4VP[Zn(DBS)2]0.8 (Mn,PS = 41 400 g/mol, Mn,P4VP = 1 900 g/mol ) having only f = 
0.23 of P4VP[Zn(DBS)2]0.8. In both samples SAXS also revealed the hierarchical self-
assembly, as another lamellar structure with a long period of 3 nm is observed due to 
the alternating P4VP and Zn(DBS)2 layers within the P4VP[Zn(DBS)2]y domains (see 
Figure 16 and Figure 18). 

 

 
Figure 15. TEM micrograph of PS-b-P4VP[Zn(DBS)2]0.9 showing lamellar structure. 
Molecular weights are 238 100 g/mol and 49 500 g/mol for PS and P4VP, respectively. 
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Figure 16. X-ray diffraction patterns for Zn(DBS)2, PS-b-P4VP (Mn,PS = 238 100 g/mol, 
Mn,P4VP = 49 500 g/mol), and PS-b-P4VP[Zn(DBS)2]0.9. The curves have been combined 
from two measurements having different sample-to-detector distances. 

 
Porosity was introduced by extraction of Zn(DBS)2 amphiphiles with methanol 

which does not dissolve the glassy PS. As the lamellar block copolymeric structure was 
full of defects and grain boundaries, the amphiphiles could be removed and partially 
open pores could be achieved without collapse of the structure. FTIR in Figure 17 
indicates a substantial removal of Zn(DBS)2 as the characteristic band for the 
coordinated pyridine at 1619 cm-1 is significantly diminished. 

 

 
Figure 17. FTIR spectra of Zn(DBS)2, PS-b-P4VP[Zn(DBS)2]y (Mn,PS = 41 400 g/mol, 
Mn,P4VP = 1 900 g/mol), and pure PS-b-P4VP. Coordination bonding is seen as a carbon-
nitrogen stretching band at 1617 cm-1, whereas carbon-nitrogen stretching band of free 
pyridine is observed at 1597 cm-1. 

 
Removal of the amphiphiles was also observed with TEM and SAXS, as seen in 

Figure 18, where the broad scattering maximum of the internal lamellar structure (q* = 
0.20 Å-1, Lp = 3 nm) disappears upon methanol extraction, indicating that substantial 
part of the Zn(DBS)2 has been removed. Figure 18 also shows that the extraction does 
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not have an affect on the lamellar structure of block copolymer as the periodic structure 
(q* = 0.028 Å-1, Lp = 22 nm) is unaffected by the process. Also the higher order peaks 
are resolved more clearly in the extracted sample, as could be expected due to the 
enhanced electron scattering density difference. 

 

 
 Figure 18. SAXS intensity patterns of PS-P4VP[Zn(DBS)2]0.6 (Mn,PS = 41 400 g/mol, 
Mn,P4VP = 1 900 g/mol) before (dots) and after (solid line) extraction of Zn(DBS)2. 

 
Summary: In this paper we demonstrated that self-assembly of coordinated comb-

shaped supramolecules PS-b-P4VP[Zn(DBS)2]y can be used to prepare mesoporous 
structures, as Zn(DBS)2 can be removed using a selective solvent for P4VP and 
Zn(DBS)2. Compared to hydrogen bonding, coordination allows bonding of higher 
molecular weight amphiphiles due to the stronger attraction enabling preparations of 
materials with larger porosity. This novel process permits a relatively easy way to 
achieve structurally well defined mesoporous materials with a narrow distribution and 
very high density of pores. We expect that such materials could be further developed to 
e.g. biotechnological applications. 
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4. Hierarchical Self-Assembly and Porosity in Electrospun 
Fibers Based on Diblock Copolymer/Amphiphile 
Supramolecules 

 
Electrospinning81 is well-known process invented and patented in 193482 providing a 

simple and versatile method for ultra thin fibers from a rich variety of materials 
including polymers, composites and ceramics. Electrospinning has recently regained 
importance as an efficient technique to prepare polymeric fibers in nanoscale.83 
Electrospinning uses electric field i.e. electrical force to produce polymer fibers with 
sub-micron diameter. Electrospinning occurs when the electrical forces at the surface of 
a droplet of a polymer solution or melt overcome the surface tension and cause an 
electrically charged jet to be ejected. When the jet dries or solidifies, an electrically 
charged polymer fiber remains. Charged fibers are directed and collected by electric 
field.84 Electrospun fibers have been utilized for membranes and porous materials,85-96 
composites,97, 98 sensors,89, 99-101 biomedical applications,96, 102-106 and electronic/optical 
devices.88, 89, 100, 101, 107-109 

 
In this chapter the results of the Articles IV-V are presented. In these articles diblock 

copolymer amphiphile complexes of PS-b-P4VP(PDP)1.0 are used not only due to 
properties mentioned earlier in chapter 3, but also as the supramolecular PDP side 
chains lead to plastization,110 which may enhance the kinetics of self-assembly of high 
molecular weight block copolymers during the electrospinning. 

 

4.1. Porous Structures of Electrospun Fibers (Article IV) 
 
In this paper we investigated supramolecular hierarchical structures combining 

electrospinning and a self-assembly of PS-b-P4VP(PDP)1.0 block copolymer/amphiphile 
system. The aim was to study self-assembly within electrospun fibers as well as to study 
the possibility to exploit the route for porosity as described in chapter 3.3 and in Article 
III.34, 47 Combining the large surface areas of the fibers and mesopores within the fiber 
could allow a material with a very high surface area to weight ratio. However, control of 
self-assembly and structure formation in the process of electrospinning was not self-
evident because of the rapid and harsh processing conditions.  

 
The diameters of electrospun fibers were studied with atomic force microscope 

(AFM) and they were observed to be typically ca. 200-400 nm and relatively 
homogeneous in size. First the internal structure of the fibers at block copolymer length 
scale was studied using transmission electron microscope (TEM) and compared to the 
corresponding bulk morphology (see Figure 19). We point out that the samples are 
denoted by the nominal compositions. 
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Figure 19. TEM micrographs of PS-b-P4VP(PDP)1.0, where the molecular weights of the 
PS and P4VP blocks are 238 100 g/mol and 49 500 g/mol, respectively. a) The bulk 
morphology, where spherical P4VP(PDP)1.0 domains are embedded in the PS matrix. b) The 
cross-sectional structure of an electrospun fiber. c) The structure along an electrospun fiber. 
All the micrographs are shown at the same magnification. 

 
 The self-assembled domains with a length scale of 10-30 nm are clearly observed in 

the fibers but they are relatively irregular and not as spherical as the domains in the well 
annealed bulk material, indicating that the morphology in the fibers is not in equilibrium 
due to the fast evaporation and deformations during the electrospinning. The effect of an 
annealing and improvement of the structure is discussed and shown in chapter 4.2 (and 
Article V). The other complex used in this study showed slightly ordered and more 
bulk-like structure pointing out that the actual morphology may be a delicate balance 
between polymer composition and processing conditions, as shown in Figure 20. 

 

 
Figure 20. TEM micrograph of PS-b-P4VP(PDP)1.0 structure, where the molecular weights 
of the PS and P4VP blocks are 301 000 g/mol and 19 600 g/mol, respectively. a) The 
spherical bulk morphology, having P4VP(PDP)1.0 domains in the PS matrix. b) The cross-
sectional morphology of an electrospun fiber. c) The morphology along an electrospun fiber. 
All the micrographs are shown at the same magnification. 
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The smallest length scale structure was studied using proton nuclear magnetic 
resonance (1H NMR) and small angle X-ray scattering (SAXS). 1H NMR spectrum of 
the electrospun PS-b-P4VP(PDP)1.0 indicated that the hydrogen bonded PDP 
amphiphiles are still present after electrospinning, as the integrated area of the methyl 
peak compared to the integrated area of the aromatic hydrogens shows that the 
nominally stoichiometric amount of PDP in comparison with the pyridine rings remains 
in the sample at a reasonable accuracy. In addition, as an indirect indication that PDP is 
hydrogen bonded after electrospinning, SAXS (see Figure 21) shows a distinct peak at 
the magnitude of the scattering vector q* = 0.16 Å-1. This corresponds roughly to the 
long period LP = 3.9 nm of a lamellar structure of bulk PV4P(PDP)1.0 known from our 
previous works.30, 61 The second order peak is not resolved in SAXS 1) due to the poor 
order in electrospun fibers and 2) due to roughly similar thickness of the polar and the 
non-polar layers.61 

 

 
Figure 21. SAXS curves of PS-b-P4VP(PDP)1.0 in q-range 0.07 - 0.39 Å-1. a) Pure block 
copolymer does not show peaks at this region. b) Electrospun fibers show a reflection at q* 
= 0.16 Å-1 due to lamellar P4VP(PDP)1.0 domains. c) Pure PDP structure showing several 
reflections due to the crystalline structure. Molecular weights of the PS and P4VP blocks are 
238 100 g/mol and 49 500 g/mol respectively. 

 
Summary: In this study we found out that electrospinning of PS-b-P4VP(PDP)1.0 

allows structure formation at three different length scales, where the largest length scale 
is the diameter of the fiber (200-400 nm), the structure at the block copolymer length 
scale (10-30 nm), and the structure formation within the P4VP(PDP)1.0 domains (ca. 4 
nm). These results indicate that despite the rough processing conditions during 
electrospinning, hydrogen bonding between the amphiphile and the diblock copolymer 
does not necessarily break. In addition, it is possible to introduce internal structuring 
and even porosity within the electrospun fibers based on self-assembly and weak 
physical bonding of block copolymers/amphiphile systems. 
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4.2. Tuning the Internal Structure of the Electrospun Fibers Based on 
Diblock Copolymers Hydrogen Bonded to Amphiphiles (Article V) 

 
In Article IV we demonstrated that hierarchical fibers with sub-micron diameter can 

be produced by electrospinning, using self-assembling block copolymer/amphiphile 
complex PS-b-P4VP(PDP)1.0, where PS forms the majority phase. The study also 
revealed that internal porosity can be introduced to the fibers by removal of the 
amphiphiles. In Article V we study the possibility to tune the internal structure of the 
electrospun fibers by systematically varying the relative block lengths of the block 
copolymers as it can be done with bulk materials.36 The structure control was not 
obvious because of the rapid structure formation during electrospinning, as preparing 
well defined block copolymeric self-assembled morphologies e.g. in bulk requires slow 
solvent evaporation and careful annealing.  

 
The block copolymer/amphiphile complexes PS-b-P4VP(PDP)1.0 were selected to 

allow a wide range of relative weight fractions of the P4VP(PDP)1.0 block. From the 
corresponding studies from the well annealed bulk materials (Article I), we know that in 
principle one could achieve e.g. lamellar-within-spherical, lamellar-within-HPL, 
lamellar-within-lamellar, cylindrical-within-lamellar, and spherical-within-lamellar 
morphologies. The shortest length scale structures were first studied by SAXS and 
representative examples of electrospun fibers and corresponding bulk samples with 
widely different block copolymer compositions and molecular weights are shown in 
Figure 22. The P4VP(PDP)1.0 weight fractions of the complexes are varied from 0.20 to 
0.92. The distinct reflections at q* ≈ 0.16 Å-1 and at 2q* ≈ 0.32 Å-1 for the both well 
annealed bulk and electrospun fibers of PS-b-P4VP(PDP)1.0 corresponds to a period of 
3.9 nm. Even though the second order reflections are shallow, the reflections can be 
assigned from lamellar self-assembly within the PV4P(PDP)1.0 domains, as also in our 
previous studies.30, 61 As in Article IV this observation also indirectly confirms that at 
least a substantial part of PDP is still present in the fibers after the electrospinning 
process and that the hydrogen bonding withstands the rough processing conditions. 

 

 
Figure 22. SAXS curves of representative examples of PS-b-P4VP(PDP)1.0 complexes for 
a) annealed bulk materials and b) electrospun fibers. The inset in Figure 22b shows 
schematically the lamellar structure within the P4VP(PDP)1.0 domains. The abbreviations, 
molecular weights and weight fractions of the samples are represented in the experimental 
section of the Article V. 
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The larger length scale structures, i.e. the block copolymer level morphologies 
consisting of periodic structures of PS and P4VP(PDP)1.0 domains, were studied with 
TEM. Not surprisingly, the internal structures of the fibers were less perfect than those 
in the corresponding well annealed bulk materials, but still clear tendency can be seen 
by systematically increasing the weight fraction of P4VP(PDP)1.0 (see also later Figure 
27). For small weight fraction of P4VP(PDP)1.0, which in bulk leads to spherical 
morphology, where spherical P4VP(PDP)1.0 domains are embedded in the PS matrix, in 
electrospinning leads to related structures where elongated and separated P4VP(PDP)1.0 
domains are observed within the PS matrix (see Figure 23). 

 

 
Figure 23. A schematic image of the bulk morphology and TEM micrographs of PS-b-
P4VP(PDP)1.0 complex with weight fraction 0.24 of P4VP(PDP)1.0. Molecular weights are 
365 300 g/mol and 29 400 g/mol for PS and P4VP, respectively. a) The bulk sample with 
spherical morphology. b) The cross-sectional morphology of the electrospun fiber. c) 
Morphology along the electrospun fiber. All the micrographs are shown at the same 
magnification. 

 
To study the possibility to improve the morphology of the electrospun fibers, fibers 

with fP4VP(PDP)1.0 = 0.24 were thermally annealed after coating with chromium. Figure 24 
illustrates the longitudinal cross-sections of the fibers shown in Figure 23 after 
annealing. It suggests a considerably improved morphology approaching that of the 
annealed bulk phase. 

 

 
Figure 24. Cross sectional TEM micrograph of thermally annealed electrospun fibers of PS-
b-P4VP(PDP)1.0 complexes with weight fraction 0.24 of P4VP(PDP)1.0 showing more bulk-
like morphology. Note that fibers have been coated with thin chromium layer to allow 
annealing. 

 
As the P4VP(PDP)1.0 weight fraction is increased to 0.50 and 0.60, alternating PS 

and P4VP(PDP)1.0 lamellae were observed in the bulk. For electrospun fibers a 
structure, where both of the domains are worm-like and roughly symmetrically 
elongated was observed. Roughly similar structures were observed also for electrospun 
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fiber having fP4VP(PDP)1.0 0.71 and 0.75, but in these cases, the irregularly elongated PS 
domains are embedded in the P4VP(PDP)1.0 matrix. In addition, the PS domains seem to 
be less elongated (see Figure 25c) than in the cases where the P4VP(PDP)1.0 formed the 
dispersed worm-like structures. In bulk these weight fractions lead to cylindrical 
structures (Figure 25a), where hexagonally packed PS cylinders are embedded in the 
P4VP(PDP)1.0 matrix. 
 

 
Figure 25. A schematic image of the cylindrical morphology of PS-b-P4VP(PDP)1.0 
complexes with weight fraction 0.75 of P4VP(PDP)1.0. Molecular weights are 56 300 g/mol 
and 43 500 g/mol for PS and P4VP blocks, respectively. a) The bulk structure with a 
cylindrical morphology. b) The cross-sectional morphology of the electrospun fiber. c) The 
morphology along the electrospun fiber. All the micrographs are shown at the same 
magnifications. 

 
Finally, the most P4VP(PDP)1.0 rich composition (fP4VP(PDP)1.0 = 0.92) which in bulk 

forms a spherical self-assembly (PS spheres within P4VP(PDP)1.0), leads in electrospun 
fibers to separate granular-like PS domains in the P4VP(PDP)1.0 matrix (see Figure 26). 

 

 
Figure 26. A schematic image and TEM micrographs of the PS-b-P4VP(PDP)1.0 complexes 
(weight fraction 0.92 of P4VP(PDP)1.0). a) TEM micrograph of a spherical structure of the 
annealed bulk sample, showing PS spheres in the P4VP(PDP)1.0 matrix. b) Cross-sectional 
TEM of the electrospun fibers in the perpendicular direction and c) in the parallel directions. 
All the micrographs are shown at the same magnification. 
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Summary: In Article V we demonstrated that even though the internal structures of 

the electrospun fibers are far from the equilibrium structures of the well annealed bulk 
matter and a poor long range order is observed, the internal structure within sub-micron 
electrospun fibers can be tuned by modifying the weight fractions of the blocks of the 
diblock copolymer to some extent. Typically differently extended worm-like structures 
are observed, and the length and spacing can be controlled by the composition. The 
observed block copolymer level structures for the annealed bulk and electrospun fibers 
of PS-b-P4VP(PDP)1.0 are summarized in Figure 27. Note also that the total molecular 
weight of the block copolymer has an effect on the morphology of the fibers. The 
structures of the electrospun fibers can be improved by thermal annealing but to prevent 
collapse of the fibers a capsulation of the fibers is required, which may be processing 
unfeasible in practice. Even without the improved structures achieved by annealing, 
electrospun block copolymer amphiphile complexes may be useful for e.g. various 
porous fibers for release and absorption applications. 
 

 
Figure 27. Scheme of the observed block copolymer level self-assembled structures of PS-
b-P4VP(PDP)1.0 in the annealed bulk state and in the electrospun fibers. Note that in all the 
cases P4VP(PDP)1.0 domains contains an internal lamellar structure (not shown in picture).  
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5. Discussion 

 

5.1. Summary 
 
In this thesis hierarchical self-assembly, phase behavior, porosity, conductivity and 

electrospinning of supramolecular comb-coil diblock copolymers based on diblock 
copolymers bonded to oligomers and amphiphiles were studied. Amphiphilic molecules 
were physically attached to PS-b-P4VP by using ionic (Article I and II), coordination 
(Article III), and hydrogen bonding (Article I, II, IV, and V). Ionic bonding was 
obtained with MSA and TSA and the coordination bonding was achieved with 
Zn(DBS)2. In most cases (Articles I, II, IV, and V) PDP was selected as the amphiphile 
as it shows a balanced combination of repulsion and attraction to P4VP and functions 
also as a plasticizer, thus facilitating the structure formation of high molecular weight 
block copolymers. 

 
In Article I, hierarchical structures of two types of supramolecular comb-coil diblock 

copolymer/amphiphile systems consisting of PS coil and either P4VP(PDP)1.0 or 
P4VP(MSA)1.0(PDP)1.0 comb-like blocks were investigated at different temperatures. 
Thermally breakable, but reversible hydrogen bonding between PDP and the pyridines 
of P4VP and the sulphonates of P4VP(MSA), and the polymer/solvent phase behavior 
of P4VP/PDP, P4VP(MSA)1.0/PDP, and PS/PDP enabled temperature driven control of 
the effective block copolymer weight fractions. This leads to order-order transitions, 
which are not easily accessible only by tuning the Flory-Huggins interaction 
parameter χ. In some cases samples showed even five consecutive phase transitions. 

 
In Article II PS-b-P4VP(TSA)0.9(PDP)1.0 leading to a lamellar-within-cylindrical 

hierarchical self-assembly was aligned by shearing and the electrical properties were 
investigated. Confirmed by SAXS, shearing led to high overall order. However, the 
sample contained still defects and domain boundaries, which may have ultimately 
reduced the anisotropy of the conductivity. 

 
In Article III we used self-assembly and strong but still breakable coordination 

bonding between diblock copolymers and amphiphiles to achieve porosity. 
Coordination bonding allowed relatively high molecular weight oligomeric amphiphile 
Zn(DBS)2 to complex with pyridines of PS-b-P4VP. PS-P4VP[Zn(DBS)2]y with various 
degrees of complexation formed lamellar-within-lamellar structures and upon cleaving 
the amphiphile porous lamellar structure with dense set of P4VP brushes at the surface 
was achieved. The lamellar structures did not collapse as the defects of the non-aligned 
material are probably locked by the glassy PS matrix. 

 
In Article IV electrospun fibers of PS-b-P4VP(PDP)1.0 were prepared, aiming at 

porous fibers. First we showed that electrospun mesoscale fibers can be prepared using 
amphiphiles hydrogen bonded to block copolymers, and that the fibers have internal 
hierarchy due to self-assembly thus creating material, which has structure formation at 
three different length scales. The domains within the fibers, however were relatively 
irregular due to the fast evaporation and deformations during the electrospinning. 
Finally we showed that the amphiphile can be cleaved from the structure by extraction. 
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In Article V we investigated the structure formation within the electrospun PS-b-

P4VP(PDP)1.0 fibers using various compositions, where the weight fractions of the 
P4VP(PDP)1.0 blocks was varied between 0.20 and 0.92. The internal structures of the 
fibers did not show well defined long range order and structures were far form the 
equilibrium, but still there exists a clear tendency upon increasing the weight fraction of 
P4VP(PDP)1.0. With small weight fractions of P4VP(PDP)1.0, fibers with ellipsoidal 
P4VP(PDP)1.0 domains were observed. As the weight fraction of P4VP(PDP)1.0 was 
increased,  the worm-like domains became longer until both of the domains formed 
worm-like domains in a symmetric manner. For still higher P4VP(PDP)1.0 weight 
fractions, inverse structures were observed as the PS domains were worm-like within 
the P4VP(PDP)1.0 matrix. Upon further increasing the weight fraction of P4VP(PDP)1.0, 
the lengths of the PS domains were shorten, and at the end, granular-like PS domains 
were observed within P4VP(PDP)1.0 matrix. 

 

5.2. Conclusion 
 
Block copolymers are widely used. In solid state they are used as thermoplastic 

elastomers, with applications such as impact modification, compatibilization, and 
pressure sensitive adhesion. And in solutions they are used e.g. as oil additives, 
solubilizers, and dispersion agents due to their surfactant properties. In addition, during 
the past decade block copolymers have been seriously considered for nanotechnological 
applications. Especially self-assembly of supramolecular systems provides richness and 
functions in structures because of non-covalentic interactions. Thus, thermal energy 
plays important role as it enables transitions between morphologies with different 
degrees of order. This field of research progresses rapidly as a huge number of 
nanostructures that can be formed by self-assembly are discovered, and meanwhile 
know-how of exploitation of these to create materials with new mechanical, optical, 
electrical, and specifical functional properties grows. In the future research, the topic of 
this thesis could have an impact in materials used in electronics, filtration, drug 
delivery, and functional fabrics. 
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Abstracts of publications I-V 

I. Hydrogen bonding amphiphilic low molecular weight plasticizing compounds to 
one block of diblock copolymers to form supramolecular comb-like blocks leads 
to hierarchical self-assembly at the block copolymer (long) and amphiphile 
(short) length scales, in which lamellar-in-lamellar order and the related phase 
transitions have previously been shown to allow thermal switching of electrical 
and optical properties (Science 1998, 280, 557; Nature Materials 2004, 3, 872). In 
this work other hierarchies and phase transitions are systematically searched, a 
particular interest being hierarchies containing gyroid structures and the related 
order-order transitions. Polymeric supramolecular comb-coil diblock copolymers 
consisting of a polystyrene (PS) coil-like block and a supramolecular comb-like 
block based on poly(4-vinylpyridine) (P4VP) are used, where the pyridines are 
either directly hydrogen bonded with 3-n-pentadecylphenol (PDP), i.e. PS-block-
P4VP(PDP)1.0, or first protonated with methanesulfonic acid (MSA) and then 
hydrogen bonded to PDP, i.e. PS-block-P4VP(MSA)1.0(PDP)1.0. In this way the 
comb-like block can be non-charged or charged. The morphologies were 
determined using transmission electron microscopy (TEM) and small-angle X-ray 
scattering (SAXS) at different temperatures. In the case of PS-block-
P4VP(PDP)1.0, all classical diblock copolymer morphologies were observed at 
room temperature, where the P4VP(PDP)1.0 domains contain an additional 
lamellar structure due to the supramolecular comb-like blocks. Here we report 
novel gyroid and hexagonal perforated layer morphologies, i.e. where the PS and 
P4VP(PDP)1.0 blocks form gyroid or hexagonal perforated layer order and the 
P4VP(PDP)1.0 domains have an internal lamellar order. Heating past ca. T = 60 oC 
causes an order-disorder transition within the P4VP(PDP)1.0 domains. Further 
heating leads to gradually reduced hydrogen bonding strength, and importantly 
PDP becomes soluble in PS at T > ca. 120 oC. At such temperatures PDP is found 
both in the P4VP and PS domains, thus leading to changes in the relative volume 
fractions of the domains, which in turn leads to order-order transitions. In PS-
block-P4VP(MSA)1.0(PDP)1.0, typically lamellar and cylindrical block 
copolymeric structures were observed, where there was an additional internal 
lamellar order within the P4VP(MSA)1.0(PDP)1.0 domains. An order-disorder 
transition within the P4VP(MSA)1.0(PDP)1.0 domains takes place at T = ca. 125 
oC. Above that temperature, PDP is both in PS and P4VP(MSA)1.0 domains, but 
most interestingly at ca. T > 175 oC PDP becomes a nonsolvent for P4VP(PDP)1.0 
and it is therefore expelled to predominantly to the PS domains. This manifests as 
an order-order transition. All samples exhibit at least two thermoreversible order-
order transitions, and some of them show even five consecutive self-assembled 
phases as a function of temperature. Besides being amphiphilic, PDP can also be 
regarded as a plasticizer, i.e. relatively nonvolatile solvent, for the P4VP, PS, and 
P4VP(MSA)1.0 with characteristic phase behaviors. This, in combination with the 
comb-coil diblock copolymer composition, and the reversibility of the hydrogen 
bonding enables to achieve thermoreversible transition sequences that are not 
easily accessible only by changing the Flory-Huggins interaction parameter χ by 
temperature, for example transitions from a lamellar to spherical structure. The 
combination of phase behaviors of self-assembly and polymer/plasticizer 
mixtures allows new structural hierarchies and phase transitions that may lead to 
new type of responsive materials. 



 

 
II. We report a novel structural hierarchy where a flow-aligned hexagonal self-

organized structure is combined with a polyelectrolytic self-organization on a 
smaller length scale and where the two structures are mutually parallel. 
Polystyrene-block-poly(4-vinylpyridine) (PS-block-P4VP) is selected with a short 
P4VP block, which is protonated with p-toluenesulfonic acid (TSA) and further 
hydrogen bonded with 3-n-pentadecylphenol (PDP). To suppress the amount of 
free (uncomplexed) acid which we expected to have adverse effects during the 
extended shearing at the elevated temperatures, a safely less than stoichiometric 
amount of TSA was used, i.e., PS-block-P4VP(TSA)0.9(PDP)1.0. The formation of 
the supramolecules and the resulting structures were investigated using infrared 
spectroscopy (FTIR), small-angle X-ray scattering (SAXS), and transmission 
electron microscopy (TEM). As the weight fraction of P4VP(TSA)0.9(PDP)1.0 is 
ca. 20%, hexagonal self-organization occurs, as shown by SAXS. Shear flow 
leads to remarkably well-aligned structures. SAXS also indicates an internal 
structure within the P4VP(TSA)0.9(PDP)1.0 blocks with a long period of 4.1 nm. 
In contrast to the previously observed structural hierarchies in diblock 
copolymer/amphiphile supramolecules, which contained mutually perpendicular 
structures, e.g., lamellae within cylinders, in the present case SAXS in 
combination with models suggests internal polyelectrolytic layers parallel to the 
hexagonally ordered microphases. These aligned conducting nanochannels also 
manifest as a slight overall conductivity anisotropy. 

 
III. We show a concept where coordination of amphiphiles to one block of a block 

copolymer leads to polymeric supramolecules and self-organization and that 
mesoporous materials can be achieved with a dense set of polymer brushes at the 
surfaces upon cleaving the amphiphiles by extraction with a selective solvent. 
Polystyrene-block-poly(4-vinylpyridine) (PS-block-P4VP) is used with zinc 
dodecylbenzenesulfonate (Zn(DBS)2) which can coordinate to the lone electron 
pairs of the pyridine nitrogens in the P4VP block, leading to complexes PS-block-
P4VP[Zn(DBS)2]y. Coordination of Zn(DBS)2 and structure formation were 
investigated using Fourier transformation infrared spectroscopy (FTIR), small- 
and wide angle X-ray scattering (SAXS and WAXS), and transmission electron 
microscopy (TEM). Lamellar structure was observed and even points toward a 
structural hierarchy for high molecular weight block copolymers. FTIR, SAXS, 
and TEM showed that most of Zn(DBS)2 can be extracted from such templates 
using methanol, leading to lamellar porous structures. P4VP brushes cover the 
resulting pore surfaces. The structures do not collapse probably due to the glassy 
PS and defects in the non-aligned structure. Compared to hydrogen bonding, 
coordination allows bonding of higher molecular weight amphiphiles due to the 
stronger attraction. 

 



 

IV.  

 . 

Polystyrene-block-poly(4-vinylpyridine) with nominally 
one pentadecylphenol molecule hydrogen-bonded to each 
pyridine group has been electrospun, leading to fibers 
with a hierarchical, structure-within-structure morphology 
(see Figure). An internal structure on the nanometer 
length scale exists within a structure on the tens-of-
nanometers length scale. Internal porosity can be obtained 
by selective removal of the amphiphile. 
 

V. Previously we demonstrated hierarchical self-assembly and mesoporosity in 
electrospun fibers using selected polystyrene-block-poly(4-vinylpyridine) (PS-b-
P4VP) diblock copolymers with hydrogen-bonded 3-n-pentadecylphenol (PDP), 
which rendered distorted spherical P4VP(PDP)1.0 domains within the PS matrix, 
internal lamellar order within the P4VP(PDP)1.0 domains, and allowed distorted 
spherical pores by removing PDP (Adv. Mater. 2005, 17, 1048). Here we study 
whether the internal structure of electrospun fibers can be systematically tailored 
by varying the compositions of PS-b-P4VP(PDP)1.0. We expect these complexes 
to be feasible choices to combine electrospinning and self-assembly, as relatively 
high molecular weight block copolymers were expected to be useful for 
electrospinning, and enhanced structure formation due to plasticization by the 
amphiphilic PDP was expected. Not surprisingly, the self-assembled structures of 
as-prepared fibers were less perfect than those in the corresponding well-annealed 
bulk materials. Compositions that show spherical self-assembly of P4VP(PDP)1.0 
within the PS matrix in bulk lead to distinct and elongated worm-like 
P4VP(PDP)1.0 domains within the PS matrix in electrospun fibers. More 
symmetric compositions, which showed lamellar self-assembly in bulk, lead to 
structures where both PS and P4VP(PDP)1.0 domains were worm-like elongated 
in a relatively symmetric manner. Finally, compositions which in bulk showed 
self-assembly of PS spheres within the P4VP(PDP)1.0 matrix, lead to separate 
distorted PS domains in the P4VP(PDP)1.0 matrix. Additionally, SAXS 
measurements suggest an lamellar structure within the P4VP(PDP)1.0 domains. As 
electrospinning is a facile method to prepare mesoscale fibers, and it is known 
that the amphiphiles can be removed from the hierarchical assemblies, the present 
method offers concepts to tune the internal porosity of the fibers for e.g. release 
and absorption purposes. 
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