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1. BACKGROUND 

1.1. Introduction 
 

Nanometer scale structures and patterning have become important in order to meet the 
increasing demand for functional and “smart” matter and smaller and faster devices. 
Lithographic techniques (a “top-down” approach) enable processing of periodic and aperiodic 
features with high accuracy below 100 nm. However, lithographic methods are usually 
restricted to 2D or require expensive instrument or long writing times. Another approach 
towards nanometer scale structures is to use self-assembly1 [1-3] (“bottom-up” approach), in 
which competing attractive and repulsive forces within a molecular system are balanced. In 
polymers, a typical example consists of block copolymers, where chemically distinct polymer 
chains are covalently bonded to each other to form single molecules [4-12]. Owing to their 
mutual repulsion, dissimilar blocks tend to segregate into different domains. In the simplest 
case of non-crystalline flexible coil diblock copolymers, e.g. lamellar, gyroid, cylindrical or 
spherical phases are formed, depending on the volume fractions of the blocks and χN [13-
15].2 More complicated structures are achieved if more blocks or different architectures, such 
as star-shape (mictoarm) or dendritic shapes copolymers, are used [13, 16-21] [22]. These two 
approaches, i.e. “bottom-up” and “top-down”, are merged in directed self-assembly, where 
e.g. topographic features or chemically patterned surfaces and external fields have been used 
to direct the self-assembly process [23]. 
 
Other examples of self-assembled polymeric structures are comb-shaped supramolecules (for 
supramolecular chemistry see Ref. [7, 24]), where amphiphilic3 molecules are attached to 
polymer backbone by physical interactions (Figure 1) instead of covalent bonding. Structure 
formation and phase behaviour are mainly affected by the attraction strength of the polymer-
amphiphile interaction and repulsion between the polar polymer backbone and non-polar 
alkyl tails. Complexes using different well-balanced polymer-amphiphile interactions have 
been introduced, i.e. by ionic bonds [8, 10-12, 25-36] [37-42], coordination [5, 43-49], 
hydrogen bonds [50-61] or combination of different physical interactions [51, 62]. Usually 
polymer-amphiphile complexes form lamellar or cylindrical structures with the long period of 
ca. 2 – 5 nm [27, 63-66], but in some cases also more complex morphologies are obtained 
[10, 27, 63, 67]. The supramolecular side chains can also be mesogenic, as in supramolecular 
side chain liquid crystalline polymers [32, 35, 60, 61, 68-71]. 

                                                            
1 In this Thesis expression self-assembly is used as a synonym for microphase separation and self-organization. In articles II-

V self-organization is used instead of self-assembly due to anachronistic terminology. However, in thermodynamics self-
organization sometimes refers to dissipative structure formation requiring energy input to form and maintain the structure [1-2]. 
Therefore, in this Thesis self-assembly refers to the spontaneous structure formation due to competing attractive and repulsive 
interactions in the fluid, glassy or crystalline state. Self-assembly can also be static and dynamic [3]. 

2 χ is the Flory-Huggins interaction parameter between blocks and N is the total degree of polymerisation of diblock 
copolymer (equal to the total numbers of A monomers and B monomers). 

3 Within the present context, amphiphilic molecules are low molecular weight compounds with polar head group and non-
polar tail group, which usually is aliphatic alkyl chain. Water-soluble amphiphiles are called surfactants. 
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Figure 1. Schematic presentation of the formation of comb-shaped polymer-amphiphile 
supramolecules and self-assembled lamellar structure. 
 

In supramolecular comb-coil diblock copolymers the self-assembly of polymer-amphiphile 
complexes is combined with block copolymers, provided that one block of the block 
copolymer is able to form comb-shaped polymer-amphiphile complex whereas the other is 
not. Such systems can lead to self-assembly at two different length scales: The larger length 
scale corresponds to the block copolymer structure (typically 20 – 200 nm) and the shorter 
length scale is determined by the length of the repulsive side chains within the comb block 
(typically 2 - 5 nm), see Figure 2. Depending on the volume fractions of the domains and 
temperature as well as the chemical nature of the side chain, different hierarchical structures 
are obtained, e.g. lamellar-within-lamellar, lamellar-within-cylinder, and lamellar-within-
spheres [51, 52, 72-74]. The low molecular weight amphiphiles can also act as selective 
solvent or plasticizer promoting faster structure formation and better local structures due to 
the increased mobility. 

 
 

 
Figure 2. Schematic presentation for a hierarchical self-assembly in supramolecular comb-coil 
diblock copolymers. The larger block copolymer structure and the smaller polymer-amphiphile 
structure are typically 20 - 200 nm and 2-5 nm, respectively.  

1.2. An outline of the Thesis 
 
In this Thesis self-assembly of comb-shaped supramolecules, i.e., polymer-amphiphile 
complexes (Figure 1) and hierarchical self-assembly of comb-coil supramolecules, i.e., block 
copolymer amphiphile complexes (Figure 2) are studied (Articles I – II). These materials can 
be used to prepare photonic bandgap materials (Articles III – V) or they can be used as a 
template to construct porous materials by extraction with a selective solvent (Article VI) or by 
controlled pyrolysis (Articles VII – VIII). The results are presented with a short overview of 
related work done in the field. 
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Article I describes hierarchical self-assembly and thermoreversible phase transitions in comb-
coil supramolecules consisting of hydrogen bonded side chains. The phase transitions depend 
on comb-coil diblock copolymer composition, reversibility of the hydrogen bonding, and 
polymer-solvent phase behavior which enables to achieve reversible transition sequences (in 
some cases even 5 consecutive phase transitions) that are not easily accessible only by 
changing the Flory-Huggins interaction parameter χ by temperature, i.e., for example 
transitions from lamellar to spherical structure. In Article II we show an example how 
different physical interactions can be combined to form cylindrical self-assembly of 
multicomb polymeric supramolecules, in which several alkyl chains are connected to each 
polymeric repeat unit using both coordination and ionic interactions. 
 
The comb-shaped architecture leads to stretching of chains and the amphiphilic side chains 
act as plastizicers providing better local structures even with high molecular weight samples. 
In Articles III – IV we describe that these concepts can be used to prepare photonic bandgap 
materials. Article V represents a system, which shows a reversible and large bandgap 
switching in a narrow temperature range. 
 
The use of physical interactions instead of covalent enables the cleavage of entities once the 
structure is formed, leading to porous materials. In Articles VI – VIII two template-assisted 
approaches towards functional porous polymeric materials are described, i.e., selective 
extraction of coordinated amphiphiles and controlled pyrolysis of block copolymer in the 
presence of phenolic resin. Figure 3 summarizes the physical interactions and their 
combinations used in this Thesis in order to prepare comb-shaped supramolecules and 
hierarchical self-assembly leading to e.g. photonic bandgap materials and porous materials.  
 

 
Figure 3. Schematics of the interactions used in this Thesis in order to prepare comb-shaped 
supramolecules and hierarchical self-assembly. These supramolecules can be used to obtain e.g. 
porous materials by cleaving the side chains or by controlled pyrolysis or photonic bandgap 
materials. 
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2. SELF-ASSEMBLED SUPRAMOLECULAR 
STRUCTURES AND PHASE TRANSITIONS  

Different routes to tune the self-assembled structures of polymers have been described [22, 
50, 75-78], where an important objective is to tune materials properties and functions to 
achieve functional materials. A rich variety of nanostructures has been obtained either using 
linear block copolymers [13, 16, 77] or covalently bonded dendritic side chains [78]. On the 
other hand, chemical moieties have been connected by hydrogen bonds or coordination to 
form polymer-like supramolecules [24, 48, 49, 56, 79-82]. In order to additionally achieve 
nanoscale structures by self-assembly, mutually repulsive moieties must be incorporated 
within the supramolecules [12, 25, 29, 53, 64, 83, 84]. This can lead to functional materials, 
as the structures, their phase transitions, and kinetics of the structure formation can be tailored 
[40, 50, 51, 85-87]. The comb-shaped architecture is particularly feasible as the physically 
bound “combs” also plasticize the structures, which leads to enhanced kinetics to promote 
well-developed order, which is especially useful for rigid polymers [86, 87] or for polymers 
of high molecular weight [88-90]. 

2.1. Hierarchical structures of comb-coil supramolecules and their phase 
transitions (Article I) 

In Article I the hierarchical self-assembly and thermoreversible phase transitions of comb-coil 
supramolecules are studied for two systems consisting of hydrogen bonded side chains. In 
these systems polystyrene-block-poly(4-vinylpyridine) (PS-block-P4VP) diblock copolymer is 
either hydrogen bonded with 3-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). Previously these kind systems have been shown to be useful to 
achieve thermal switching of electrical and optical properties [51, 90].  
 

 
Figure 4. Schematics of the interactions in PS-block-P4VP(PDP)1.0. a) At room temperature PDP 
is hydrogen bonded to P4VP and not soluble in PS. Upon heating the hydrogen bonds are gradually 
broken and b) at ca. T > 120oC PDP becomes also soluble in PS, i.e. it can diffuse into the PS 
domains. 

 
Figure 4 illustrates the interactions PS-block-P4VP(PDP)1.0 system: At room temperature PDP 
is hydrogen bonded to P4VP. Upon heating the hydrogen bonds are gradually broken and at 
ca. T > 120oC PDP becomes also soluble in PS, which enables diffusion of PDP molecules 
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into the PS domains leading to changes in volume fractions and concurrent order-order 
transitions. Figure 5 shows a representative example of the phase transitions upon heating:  

1) Sample PS-block-P4VP(PDP)1.0 with the P4VP(PDP)1.0 weight fraction 0.62 contains at 
room temperature a gyroid-in-lamellar (GYR-in-lam) structural hierarchy, consisting of 
gyroidal block copolymer structure and smaller length scale lamellar structure within the 
P4VP(PDP)1.0 matrix resulting from the lamellar self-assembly between the non-polar alkyl 
tails of PDP and the polar P4VP chains (Figure 5a).  

2) The order-disorder transition (ODT) of the smaller structure occurs at ca. T = 60 oC and 
only the gyroid structure remains. 

3) Upon further heating a lamellar structure is observed at T = 170 oC and hexagonally 
perforated layer (HPL) at T = 210 oC (Figure 5b and c). 

 
 

 
Figure 5. TEM micrographs of PS-block-P4VP(PDP)1.0 with the P4VP(PDP)1.0 weight fraction 
0.62 (Mn,PS = 31,900 g/mol, Mn,P4VP = 13,200 g/mol). a) At room temperature a gyroid-in-lamellar 
structure is formed. At ca. T = 60 °C lamellar structure of P4VP(PDP)1.0 undergoes an ODT and 
only the gyroid structure remains. b) At ca. T = 170 oC a lamellar structure and c) at ca. T = 210 oC 
a hexagonally perforated layer were observed. The normal and parallel projections of the HPL´ 
structure are illustrated in the scheme. The P4VP domains appear dark in the images due to the I2 
staining. 
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Figure 6. a) SAXS intensity patterns of PS-block-P4VP(PDP)1.0 with the P4VP(PDP)1.0 weight 
fraction 0.62 (Mn,PS = 31,900 g/mol, Mn,P4VP = 13,200 g/mol), as a function of temperature 
indicating a gyroid to lamellar transition at ca. T = 170 °C. b) The order-disorder transition of short 
length scale structure within P4VP(PDP)1.0 domains occurs at ca. T = 60 oC, which can be seen as a 
broadening of the intensity maximum. 

 
The phase transitions were also studied using small angle X-ray scattering (SAXS). Figures 
6a and b show the SAXS intensity patterns at different temperatures indicating the gyroid-to-
lamellar transition (Figure 6a) and ODT within the P4VP(PDP)1.0 domains at ca. T = 60 oC 
(Figure 6b) upon heating. The determination of the exact temperatures of the phase transitions 
is still in progress.  
 
Also several other order-order transitions were observed for the PS-block-P4VP(PDP)1.0 
system, such as lamellar-in-lamellar => lamellar => HPL or spherical-in-lamellar => 
cylindrical => HPL. A complete morphology diagram in heating is shown in Figure 7. All PS-
block-P4VP(PDP)1.0 samples showed at least two order-order transitions and some of them 
showed even four consecutive ordered phases. 
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Figure 7. Morphology diagram for PS-block-P4VP(PDP)1.0 upon heating as a function of the 
weight fraction of comblike block P4VP(PDP)1.0 (fcomb,1). For lamellar-in-HPL´ and gyroid-in-
lamellar morphologies the orientation of the smaller length scale structure within the P4VP(PDP)1.0 
domains is still unknown and therefore not drawn. The prime symbol (´) refers to phases where PS 
forms the matrix. Note that fcomb,1 is based on the nominal room temperature composition. 

 
In the other system, i.e. PS-block-P4VP(MSA)1.0(PDP)1.0, diblock copolymer is first 
protonated with methanesulphonic acid (MSA) and then hydrogen bonded to PDP. In this 
system the phase behavior is more complex owing to the additional phase separation of PDP 
at ca. T = 175 °C from the P4VP(MSA)1.0 domain into the PS domain [51], causing 
substantial increase in volume fraction of PS domain (Figure 8). Furthermore, the ODT of the 
smaller length scale structure within the P4VP(MSA)1.0(PDP)1.0 domains occurs at higher 
temperature than for PS-block-P4VP(PDP)1.0 system at T = 125 oC.  
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The observed order-order transitions upon heating for this system are collected in Figure 9. In 
some samples even five consecutive phase transitions are observed, e.g. lamellar-in-lamellar 
=> lamellar => HPL => cylindrical => spherical structure. As PDP is phase separated from 
the P4VP(MSA)1.0 domains into PS domains, only spherical structures were observed at T > 
175 oC. The order-order transitions in these materials are based on the changes in volume 
fractions, which enable to obtain reversible transition sequences that are not possible only by 
changing the Flory-Huggins interaction parameter χ by temperature, e.g. from lamellar to 
spherical structure.  

 
Figure 8. Schematics of the interactions in
PS-block-P4VP(MSA)1.0(PDP)1.0. a) At room
temperature, PDP is hydrogen bonded to
MSA, which is ionically attached to P4VP.
Upon heating the hydrogen bonds are
gradually broken and b) at 120 oC < T < 175
oC PDP is soluble in both PS and
P4VP(MSA)1.0, and c) at temperature T > 175
oC PDP is phase separated from
P4VP(MSA)1.0 and penetrates into PS
domain. 
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Figure 9. Morphology diagram of PS-block-P4VP(MSA)1.0(PDP)1.0 upon heating as a function of 
weight fraction of the comb block (fcomb,2) at different temperatures. The prime symbol (´) refers to 
phases where PS is matrix. Note that fcomb,2 is based on the room temperature compositions. 
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2.2. Multicomb polymeric supramolecules (Article II) 
 

Article I described how self-assembled structures can be controlled using hydrogen bonded 
side chains. In Article II we used a combination of different physical interaction, i.e. 
coordination and ionic interaction, to attach several alkyl chains to one repeat unit. This 
system is denoted as multicomb polymeric supramolecules, as there is a particularly dense set 
of side chains vs. each polymer repeat unit. Compared to dendron-modified polymers [78], 
where the synthesis can be challenging, this approach allows a facile concept to control the 
side chain crowding by attaching several side chains vs. each repeat unit of the polymer 
backbone. This enables a rational tailoring of the self-assembled structures as the length and 
number of the side chains is easily tunable. 
 
The multicomb polymeric supramolecules consist of poly(4-vinylpyridine) (P4VP), whose 
pyridine groups have been Zn(II)-coordinated to 2,6-bis-(n-octylaminomethyl)-pyridine 
bearing two octyl side chains. Importantly, the two dodecylbenzenesulfonate counter-ions 
also contain alkyl tails providing an enhanced side chain crowding (Figure 10).  
 

 
Figure 10. a) A concept to bond several side chains vs. one repeat unit of the polymer backbone 
based on coordinated alkylated ligands and alkyl-functionalized counter-ions. b) The starting 
materials: P4VP (1), Zn(DBS)2 (2), and 2,6-bis-(n-octylaminomethyl)-pyridine (3). c) The suggested 
complexation within the 1:1:1 molar mixture of P4VP, Zn(DBS)2, and 2,6-bis-(n-
octylaminomethyl)-pyridine to form polymeric supramolecules poly[(4VP)Zn(2,6-bis-(n-
octylaminomethyl)-pyridine)(DBS)2]. 
 

The formation of supramolecular entities was studied using Fourier Transformation Infrared 
spectroscopy (FTIR). Figures 11a and b represent FTIR data of the relevant bands near 1600 
cm-1 and 1000 cm-1, respectively. Bands of 2,6-bis-(n-octylaminomethyl)-pyridine at 1592 
cm-1 and 1577 cm-1 (curve 2) assigned to the uncomplexed nitrogens are observed to shift to 
higher wavenumbers (1606 cm-1 and 1585 cm-1, respectively) upon complexation with Zn2+ 
(curve 3). In the tricomponent mixtures of P4VP, 2,6-bis-(n-octylaminomethyl)-pyridine, and 
Zn(DBS)2 a new absorption band shoulder (label I) is formed at about 1620 cm-1 (curves 4 
and 5). Previously similar shifts have been observed when P4VP participates coordination 
bonding [44-46, 91]. Another evidence is provided by the reduced absorption at 993 cm-1 of 
pyridines upon complexation (label II) [44].  Based on FTIR spectroscopy as well as quantum 
chemical calculations using density functional theory, and sample homogeneity in optical 
microscopy, formation of supramolecular entities represented in Figure 10c is suggested. In 
these supramolecules the ligand, 2,6-bis(octylaminomethyl)pyridine, is attached to the P4VP 
via zinc coordination and also the DBS- counterions are now used as structure forming motifs 
(Note that counter-ions of the coordinated supramolecules are usually not paid much 
attention). 
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Figure 11. a) FTIR absorption spectra for 1) Zn(DBS)2, 2) 2,6-bis-(n-octylaminomethyl)-pyridine, 
3) mixture of 2,6-bis-(n-octylaminomethyl)-pyridine and Zn(DBS)2 (molar ratio 1:1), 4) 1:1:1 molar 
mixtures of P4VP, Zn(DBS)2, and 2,6-bis-(n-octylaminomethyl)-pyridine, 5) 1:0.5:0.5 molar 
mixtures of P4VP, Zn(DBS)2, and 2,6-bis-(n-octylaminomethyl)-pyridine, and 6) P4VP. Label I 
indicates the expected shoulder at ca. 1620 cm-1 due to coordination of the pyridine moieties in the 
vicinity of the phenyl group absorption (ca. 1600 cm-1). b) Label II indicates the absorption at 993 
cm-1 of the uncomplexed pyridines that become shifted upon complexation. c) SAXS intensity 
curves for Zn(DBS)2 (uppermost curve), 2,6-bis-(n-octylaminomethyl)-pyridine (curve in the 
middle), and 1:1:1 mol mixture of P4VP, Zn(DBS)2, and 2,6-bis-(n-octylaminomethyl)-pyridine 
(undermost curve). The latter shows narrow peaks with several higher orders, suggesting hexagonal 
order.  

 
Morphology of the multicomb polymeric supramolecules was characterized using SAXS 
(Figure 11c) and grazing incidence diffraction experiments (GIXD) (Figure 12). Both 
Zn(DBS)2 and 2,6-bis-(n-octylaminomethyl)-pyridine formed a lamellar structure with a long 
period of about Lp = 3.1 nm (two uppermost curves in Figure 11c). The amorphous P4VP, in 
turn, shows no peaks. However, the mixture of P4VP, Zn(DBS)2 and 2,6-bis-(n-
octylaminomethyl)-pyridine in the molar ratio 1:1:1 shows a particularly narrow and high-
intensity first order maximum at q3 = 0.30 Å-1 and higher order reflections at √3q3, 2q3, √7q3, 
and 3q3 (the bottom curve in Figure 11c), corresponding to cylindrical self-assembly in the 
tricomponent mixture. Hexagonal order was also confirmed from films using GIXD (Figure 
12), where the material was sheared at elevated temperature (ca. T = 150 °C) by drawing a 
microscope cover slip on a Si-substrate. Three discrete intensity maxima are observed at q3 = 
0.30 Å-1 indicating a six-fold symmetry. 



 - 12 -

 
Figure 12. GIXD intensity pattern for poly[(4VP)Zn(2,6-bis-(n-octylaminomethyl)-
pyridine)(DBS)2] showing a hexagonal structure in films that have been oriented by drawing a 
microscope cover slip on a Si-substrate. The inset shows a possible scheme of self-assembly.  
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3. PHOTONIC BANDGAP MATERIALS BASED ON 
COMB-COIL SUPRAMOLECULES 

The self-assembly and phase behavior of comb-shaped supramolecules were studied in 
Articles I-II. The comb-shaped architecture leads to stretching of chains and the amphiphilic 
side chains act as platizicers providing better local structures even with high molecular weight 
samples. In Articles III-V we demonstrate that these concepts can be used to prepare photonic 
bandgap materials and may even lead to switching properties. 

3.1. Photonic bandgap materials 
 

The detailed manipulation of the flow of light has become of great interest in the fields of 
optical communication, optical computation, sensing, optical limiting and coatings [92-101]. 
Photonic crystals are defined as ordered structures with a periodic variation the dielectric 
constant [95]. The photonic bandgap, i.e., the range of frequencies in which the propagation 
of the photons is prohibited, is determined by the periodicity, dimensionality, and dielectric 
contrast of the crystal [95]. Combined with controlled defect structures, a wealth of 
applications in photonics is expected: e.g. capability to trap, guide and control light. 
 
A variety of methods to construct photonic bandgap materials have been demonstrated. 
Lithographic, etching, and holographic techniques enable the preparation of detailed 
structures and defects with sufficient dielectric contrast [102-107]. These top-down 
approaches typically require many processing steps and for certain large area applications 
bottom-up techniques could be more proper. On the other hand, spontaneous self-assembly of 
colloids [108], synthetic opals [109-116], inverted opals [111, 117-119], and block 
copolymers [73, 88-90, 101, 106, 120-131] allows preparation of small enough structures 
based on competing interactions. Although self-assembly leads to a well-defined local order 
and offers a potentially low-cost method for the production of photonic crystals, it is 
challenging to achieve perfectly ordered structures over the macroscopic length scale 
combined with carefully engineered defects and large enough dielectric contrast. 
 
Block copolymers form a variety of self-assembled 1D, 2D, and 3D periodic structures and 
thus provide a platform for preparation of photonic crystals. However, it is challenging to 
achieve structures with well-defined macroscopic order approaching the optical wavelength 
λ/2n, where λ is the wavelength and n is the refractive index, as high molecular weight 
polymers would be needed, which leads to very slow relaxations and poor long-range order. 
This has been overcome by swelling the block copolymer domains with narrow molecular 
weight homopolymers, oligomeric plasticizers, physically bonded amphiphiles or liquid 
crystals [73, 88-90, 120-123, 132] (Figure 13). Another challenge is the inherently low 
dielectric contrast in most organic polymers (refractive index typically ca. 1.5). In order to 
increase the dielectric contrast, high-refractive index nanoparticles, such as Au, CdSe, and 
SiO2, have been selectively incorporated to the structures [120, 122, 133-135] (Figure 13). 
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Figure 13. Examples of block copolymeric systems towards photonic bandgap materials [73, 88-
90, 120-123, 132-135]. 

 
Recently, concepts for switching bandgaps have been demonstrated based on, e.g., liquid 
crystals [73, 136], hydrogels and colloids [109, 137-139], mechanical tuning of plastic opals 
[115], and thermochromism [113]. Block copolymer based photonic bandgap materials, in 
which the optical properties can be tuned or switched by applying various external fields, 
have also been constructed. Thermally switchable photonic bandgap materials have been 
prepared using comb-coil supramolecules, where the switching results from the changes in 
either refractive index [73] or the periodicity of the system [90]. The periodicity of the system 
can also be tuned by applying mechanical force, which has been demonstrated using block 
copolymeric gels [101, 115]. 
 



 - 15 -

3.2. One-dimensional photonic bandgap (Articles III – IV) 
 
In Articles III and IV we demonstrate that one-dimensional optical reflectors can be prepared 
using high molecular weight diblock copolymer PS-block-P4VP (Mn,PS = 238 100 g mol-1 and 
Mn,P4VP = 49 500 g mol-1) and dodecylbenzenesulfonic acid (DBSA). DBSA side chains are 
bonded to the pyridines by protonation and hydrogen bonding leading to comb-coil 
supramolecules PS-block-P4VP(DBSA)y, where y denotes the degree of complexation (Figure 
14a). They self-assemble in a hierarchical manner, where the larger structure corresponds to 
the block copolymer structure and the smaller length scale structure within the comb block 
(P4VP(DBSA)y) results from the self-assembly between the polar polymer backbone and 
alkyl tails of the DBSA molecules (Figure 14b). The structures were investigated using SAXS 
and TEM revealing a lamellar structure with a long period in excess of 100 nm (Figure 14c). 
The particularly large lamellar periodicity results from the comb-shaped architecture, which 
causes a considerable stretching of the polymer chains and allows long periods sufficient to 
serve as a one-dimensional optical reflector. In addition, DBSA molecules plasticize the 
material enabling better structure formation even without annealing or macroscopic 
alignment. 

 

 
Figure 14. a) The proposed scheme for the bonding between PS-block-P4VP and DBSA and b) 
structural hierarchy. Note that part of the DBSA molecules can be hydrogen bonded to P4VP 
instead of protonation. c) TEM micrograph of high molecular weight complex PS-block-
P4VP(DBSA)2.0 illustrating the lamellar structure with a long period ca. 140 nm. The 
P4VP(DBSA)2.0 phase shows dark in the image due to I2 staining. Thicknesses of PS and 
P4VP(DBSA)2.0 lamellae are almost equal, which qualitatively agrees with the P4VP(DBSA)2.0 
weight fraction w = 0.60. 
 

Figure 15 shows the transmittance and reflectance curves in the visible wavelength range for 
complexes PS-block-P4VP(DBSA)y. Sample PS-block-P4VP(DBSA)1.0 starts to show reduced 
transmission at ca. 400 nm and sample with  y = 1.5 has an incomplete and fairly narrow 
bandgap at ca. 460 nm (the relative width of the reflectivity peak, ∆λ/λ, is ca. 0.20). Also PS-
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block-P4VP(DBSA)2.0 shows a slightly broader bandgap (Figure 15a). The position of the 
mid-gaps qualitatively agrees with the long period of sample (λ/2n condition) based on TEM 
and X-ray scattering studies. Typically the refractive index n of these kinds of polymers is of 
the order 1.5 – 1.6, which partly explains the narrowness and incompleteness of gap. Figure 
15b shows the reflectance measurements for the complexes confirming the formation of 
photonic bandgap. The reflectance peaks were observed at 370 nm, 460 nm, and 470 nm for 
complexes y = 1.0, 1.5, and 2.0, respectively. The samples were predominantly blue 
pearlescent (Figure 15c), as represented in the photographs of the complexes with different 
degree of complexation y.  
 

 
Figure 15. UV-Vis a) specular transmission and b) diffuse reflectance measurements for 
complexes PS-block-P4VP(DBSA)y indicating the formation of bandgap at ca. 370 – 470 nm. c) 
Photograph of the samples with different degree of complexation y. 

 
Owing to the lamellar one-dimensional structure, also the angular dependence of the mid-gap 
position was studied for PS-block-P4VP(DBSA)1.5 by tilting different angles (θ) from the 
normal to the sample (Figure 16). The bandgap was blue-shifted to ca. 400 nm when the angle 
increased from 0° to 60° (Figure 16a). The position of the mid-gap with different incident 
angles of the light is plotted in the Figure 16b (black squares).  The solid line in Figure 16b 
illustrates calculated mid-gap position for an ideal multi-layer stack with average refractive 
index n = 1.6 and it coincides well with the measured values.   
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Figure 16. a) UV-Vis transmission graphs for PS-block-P4VP(DBSA)1.5 with different incident 
angles of the light (θ = 0 – 60o). b) A plot of the mid-gap position vs. the incident angle of the light 
(black squares). Calculated mid-gap position for an ideal multi-layer stack structure with different 
incident angle is drawn as a solid line (the average refractive index is approximated to be n = 1.6). 



 - 18 -

 

3.3. Temperature induced reversible photonic bandgap switching (Article 
V) 

 
The photonic bandgaps demonstrated in Articles III-IV did not show optically responsive or 
switching behaviour. In Article V, the additional temperature responsivity is gained by 
bonding alkyl combs (PDP) by weaker hydrogen bonding instead of strong ionic interaction, 
still keeping the protonation of P4VP(MSA)1.0 leading to supramolecules PS-block-
P4VP(MSA)1.0(PDP)1.5 (Figure 17a). The phase behaviour of the system was studied in 
Article I, but now the molecular weight of the diblock copolymer is considerable higher in 
order to obtain sufficient long periods required for photonic bandgap materials in the visible 
wavelength range. The interaction between PS-block-P4VP and MSA was studied using FTIR 
spectroscopy. Figure 17b shows FTIR absorption bands for MSA, PDP, and PS-block-P4VP 
as well as for the complex PS-block-P4VP(MSA)1.0(PDP)1.5 at different temperatures. Due to 
the protonation the stretching band of pyridine ring is shifted from 1597 cm-1 to 1637 cm-1 
confirming the protonation of P4VP [8]. The intensity of the absorption band of the 
protonated pyridine does not remarkable change as a function of temperature indicating that 
MSA molecules are attached to P4VP. Hydrogen bonding between P4VP(MSA)1.0 and PDP 
was, however, more difficult to deduce and the solubility changes between 
P4VP(MSA)1.0/PDP and PS/PDP, which were observed with optical microscope [51], could 
not be resolved with FTIR. 

 
 

 
Figure 17. a) Schematics for the interactions of PS-block-P4VP(MSA)1.0(PDP)1.5 at room 
temperature. b) FTIR spectra for MSA, PDP, and pure PS-block-P4VP at room temperature and for 
the complex PS-block-P4VP(MSA)1.0(PDP)1.5 as a function of temperature indicating a protonation 
between pyridine and MSA.  

The structure of the complex PS-block-P4VP(MSA)1.0(PDP)1.5 was examined using TEM 
(Figure 18c and f) and SAXS (Figure 19). Figure 18c shows a lamellar self-assembled 
structure having a long period of ca. 160 nm and the sample is green in reflection (Figure 
18b). Below T = 130 oC, the periodicity was larger than the available q-range of the 
synchrotron SAXS and no intensity maxima were observed (Figure 19a). Faint indication of 
the first intensity maximum starts to appear at ca. T = 130 oC and the sample turns uncolored 
(Figure 18e). Five equally spaced intensity maxima are observed at T = 170 oC, indicating a 
lamellar structure with a long period of ca. 117 nm. Figure 19b shows reversibility of the 
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lamellar long period as a function of temperature. The lamellar structure at high temperature 
was confirmed by quenching the sample from T = 170 oC to liquid propane, and the TEM 
micrograph showed lamellar structure (Figure 18f).  

 
Figure 18. Schematics for PS-block-P4VP(MSA)1.0(PDP)1.5 at room temperature and at T ≥ 125 
oC: a) At room temperature PDP is a selective solvent for the P4VP(MSA)1.0 and the sample has 
structural hierarchy. b) At room temperature the sample is green. c) The TEM shows the lamellar 
structure, with the long period of ca. 160 nm due to stretching of the chains. The smaller structure 
is not resolved. d) At T ≥ 125 oC, PDP becomes a non-specific solvent for PS and P4VP(MSA)1.0 
and there is no internal structure within the P4VP(MSA)1.0-containing domains. e) At T ≥ 125 oC 
the sample is uncolored. f) Rapid quenching of the sample from T = 170 oC shows a lamellar 
structure, as confirmed by SAXS. 

 

 
Figure 19. a) SAXS curves of PS-block-P4VP(MSA)1.0(PDP)1.5 at different temperatures. b) The 
long period of the lamellar structure as a function of temperature. 

 
At low temperatures material contains a smaller structure within P4VP(MSA)1.0(PDP)1.5 
domains, i.e., structure-within-structure hierarchy (Figure 18a) [72]. The smaller structure has 
an order-disorder transition (ODT) at ca. T = 125 oC, which can be seen as a stepwise 
broadening of the SAXS reflection at q = 0.147 Å-1 (corresponding to a long period of 4.3 
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nm). This was also observed as a sudden change in the square of half-width half-maximum, 
(h.w.h.m.)2 as a function of 1000/T (K-1) (Figure 20A; inset) and as a disappearance of the 
birefringent texture in optical microscope on passing T =  125oC [90].  
 

 
Figure 20. a) The order-disorder transition within the P4VP(MSA)1.0(PDP)1.5 -domains is observed 
at ca. 125 oC seen as a broadening of the peak and as a sudden change in the square of half-width at 
half-maximum, (h.w.h.m.)2, as a function of 1000/T (K-1), as represented in the inset. b) UV-Vis 
transmission measurements of PS-block-P4VP(MSA)1.0(PDP)1.5: Upon heating the position of the 
bandgap remains same up to ~ 117 oC. Further increase in temperature caused a large change of the 
position of the bandgap to the smaller wavelengths (> 100 nm) in very narrow temperature range. 
c) Similar response was observed in the reflectance measurements, where peaks were located at 
530 nm, 530 nm, 420 nm, and 370 nm corresponding temperatures 26 oC, 80 oC, 120 oC, and 134 
oC, respectively. d) Refractive indexes of PS, P4VP(MSA)1.0, and P4VP(MSA)1.0(PDP)1.5 as a 
function of temperature.  

 
Optical properties were determined using UV-Vis transmission and reflection measurements 
as a function of temperature (Figures 20b and c). At room temperature, UV-Vis transmission 
curve indicates a bandgap located at ca. 500 nm. Upon heating, the position of the bandgap 
remained approximately constant up to ca. T = 117 oC and further heating caused a large shift 
(> 100 nm) of the bandgap position to smaller wavelengths within a narrow temperature range 
(< 15 oC). The switching of the bandgap position was confirmed with reflection 
measurements (Figure 20c). Increasing the temperature from room temperature to ca. 80 oC 
decreases the intensity of reflection, while the position remained at ca. 530 nm. Further 
increase of temperature shifts the peak position to 420 nm and 370 nm corresponding to 120 
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oC and 134 oC, respectively. This was manifested as a major change in colour of the sample 
from green to uncoloured (Figure 18b and e). 
 
The mechanism behind the switching behaviour is the same as in Article I and our previous 
studies [51]: On heating hydrogen bonds between PDP and P4VP(MSA)1.0 are gradually 
broken and at ca. T = 120 – 130 oC PDP becomes soluble in PS. This induces a very strong 
decrease in the long period of the lamellar structure within a narrow temperature range, as the 
comb-shaped supramolecular architecture of the P4VP(MSA)1.0 chains is lost, thus allowing 
more compact coiling of the polymer.  
 
As the changes in the refractive indexes may also influence to the switching behaviour, their 
temperature dependence was studied using ellipsometry. Figure 20d represents the refractive 
indexes of PS, P4VP(MSA)1.0, and P4VP(MSA)1.0(PDP)1.5 separately as a function of 
temperature. They changed smoothly only few percents when heated up to ca. T = 140 oC 
suggesting that optical switching is due to the changes in the lamellar periodicity. 
Furthermore, as the order-disorder transition of the smaller structure within 
P4VP(MSA)1.0(PDP)1.5 domains occurred close to the photonic bandgap switching 
temperature for PS-block-P4VP(MSA)1.0(PDP)1.5, we wanted to study whether the order-
disorder transition of the smaller structure is coupled to the bandgap switching. The order-
disorder transition temperature of the smaller structure can be tailored by changing the 
concentration of PDP. Figure 21b shows the UV-Vis transmission spectra for PS-block-
P4VP(MSA)1.0(PDP)2.0 showing a similar photonic bandgap switching at ca. T = 125 oC but 
where the order-disorder transition occurs at ca. T = 60 oC (Figure 21a) clearly excluding the 
role of ODT in the switching. 

 

 
Figure 21 a) The order-disorder transition within the P4VP(MSA)1.0(PDP)2.0 -domains is observed 
at ca. 60 oC. b) UV-Vis transmission measurements of PS-block-P4VP(MSA)1.0(PDP)2.0 
representing a photonic bandgap switching at ca. T = 125 oC. 

In addition, several attempts to tune the switching temperature using different sulfonic acids 
instead of MSA has been investigated; such as p-toluene sulfonic acid (TSA), 
dodecylbenzene sulfonic acid (DBSA), chiral and rasemic camphor sulfonic acids (+/-
/±)CSA, and dinonylnaftalene sulfonic acid (DNNSA). They did not, however, show 
switching effects as a function of temperature owing to the stronger interaction, possibly due 
to an additional phenyl ring stacking between PDP and the acid, prohibiting the migration of 
PDP into PS domains [140] [141]. 
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4. TEMPLATE ASSISTED APPROACHES FOR 
FUNCTIONAL POROUS MATERIALS 

The self-assembly and phase behavior of comb-shaped supramolecules were studied in 
Articles I-II and preparation of photonic bandgap materials in Articles III-V. In photonic 
bandgap materials the use of physical interactions instead of covalent ones allowed switching 
effects. Physical interactions also enable the cleavage of entities once the structure is formed, 
leading to e.g. porous materials. In this chapter the results of the Articles VI-VIII are 
presented, where we describe two template-assisted approaches towards functional porous 
materials, i.e., selective extraction of coordinated amphiphiles and controlled pyrolysis of 
block copolymer in the presence of phenolic resin. 

4.1. Porous materials 
 
Biological systems provide several examples for porous materials, where a high density of 
pores with regular sizes and proper biochemical functionality lead to selectivity and 
functionality. Also synthetic functional membranes have major technological applications, 
e.g. in sensors, separation materials, filters, templates for catalysis, biomaterial engineering, 
electronics and optoelectronics [142-145]. Several concepts to prepare porous materials 
ranging from micro- or nanoporous (pores < 2 nm), mesoporous (< 50 nm) up to macroporous 
(> 50 nm) have been previously demonstrated [6, 9, 45, 47, 85, 112, 146-176]. The 
nanoporous materials are typically crystalline framework solids, such as zeolites, discotic 
molecular assemblies [147, 148, 161], or “robust” molecular crystals formed using 
supramolecular [24] design principles [83, 146, 150, 152, 154, 162, 168-170, 172, 177]. These 
materials can have large void volumes and high internal surface areas, but the supramolecular 
materials often tend to collapse upon emptying the pores. Several approaches have also been 
presented to prepare mesoporous and macroporous materials, such as “track-etching” [6, 159, 
163], using honeycomb structures [153, 158, 175], and emptying nanostructured templates 
(e.g., sol–gel processing of surfactants or block copolymers [151, 157, 160, 165], selective 
degradation of material with UV exposure [149, 174, 176], pyrolysis [155, 156, 171, 173, 
178, 179], chemical etching [180-183], and selective removal of low molecular- weight 
amphiphiles (combs) from hierarchically self-assembled polymeric comb–coil 
supramolecules [45, 85]).  
 
For optimal transport of fluids and gases, hierarchical porous materials are required, i.e. 
materials with pores on different length scales. Compared to the monomodal porous materials, 
hierarchical porous materials typically have enhanced properties due to increased mass 
transport through the material (macropores > 50 nm) combined with higher surface area 
facilitating higher activities and better-controlled selectivities (micropores < 2 nm and 
mesopores 2 - 50 nm) [184] like in e.g. bones, lungs, and wood. Several concepts to prepare 
hierarchical bi- or trimodal porous materials have been reported, including e.g. micro-
macroporous [185], micro-mesoporous [186, 187], meso-macroporous [188-192], bimodal 
mesoporous [193, 194], bimodal mesoporous–macroporous [195] and micro-meso-
macroporous materials [196-198].  
 
Among the various concepts for creating porous materials, the template-assisted approach 
provides a facile way to obtain well-defined structures on different length scale, a wide range 
of pore sizes, and chemical functionalities [9, 143, 191, 199, 200]. Examples of suitable 
structure-directing agents include molecular species [191, 199], surfactants or block 
copolymers [45, 85, 149, 151, 157, 160, 165, 174, 176, 178, 179], colloids [201, 202], 
emulsions [203], polymer gels [204], vesicles [205], foams [190, 206], solid particles, and 
bacteria [207]. By combining different structure-directing agents, the structures can be 
controlled over a hierarchy of different independent length scales in the same material. Block 
copolymers, in turn, provide ideal structures for templates, as they self-assemble into various 
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structures as a result of the repulsion between covalently bonded blocks; such as spherical, 
cylindrical, lamellar, and gyroid structures[13, 17, 76]. The advantage of polymers compared 
to e.g. molecular crystal based porous materials is that they can “lock” the porosity preventing 
structure from collapsing. In addition, polymers allow tunability in functionality and in pore 
size over a wide range. 

4.2. Removal of coordinated amphiphiles by extraction with selective 
solvent (Article VI) 

 
As already mentioned above, physical interactions enable the cleavage of entities once the 
structure is formed, leading to porous materials. Previously this concept has been 
demonstrated in hydrogen bonded comb-coil supramolecules in preparation of “hairy 
tubes”[85]. In Article VI we used stronger physical interaction between the amphiphiles and 
diblock polymer (coordination bonding), which allows using of higher molecular weight 
amphiphiles and offers a wider variety of amphiphiles (see e.g. Article II). This, in turn, could 
lead to higher porosity after selective removal of amphiphiles.  
 
Accordingly, we used a coordination complex consisting of zinc dodecylbenzenesulfonic acid 
[Zn(DBS)2] and PS-block-P4VP diblock copolymer (Figure 22a) and in order to demonstrate 
concepts for pores of different sizes, different molecular weights were used. The complex 
formation was confirmed using FTIR spectroscopy, which showed a shifted pyridine 
absorption at 1619 cm-1 corresponding to the complex formation between Zn2+ and P4VP [43, 
44, 46] (Figure 22b). The self-assembled structures were characterized using SAXS and TEM 
and they formed a lamellar-in-lamellar self-assembly, where the smaller structure within 
P4VP[Zn(DBS)2]y domains is formed by alternating polar polymer backbone and non-polar 
dodecyl alkyl chains (Figure 22a). As no efforts were made to align the lamellar structures, 
they do not have a common orientation and a relatively large number of defects were 
observed. 

 

 
Figure 22. a) Schematic picture of the proposed coordination bonding between PS-block-P4VP 
and Zn(DBS)2 and lamellar-in-lamellar structure of PS-block-P4VP[Zn(DBS)2]0.9. b) FTIR 
absorption bands for Zn(DBS)2, PS-block-P4VP[Zn(DBS)2]y, and PS-block-P4VP. The formation 
of coordination bond is seen as a shift of the aromatic carbon-nitrogen stretching band from 1597 
cm-1 to ca. 1619 cm-1 when the pyridine group participates in metal-ligand π-bonding. 

 
After structure formation, the amphiphiles were removed from the hierarchical structure by 
extracting with methanol, which is a selective solvent for P4VP and Zn(DBS)2. Figure 23a 
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represents the SAXS intensity patterns before (dots) and after (solid line) extraction. Due to 
the removal of Zn(DBS)2 the intensity maximum corresponding to the internal structure 
within the P4VP[Zn(DBS)2]y domain (ca. q = 0.20 Å-1) is disappeared. In addition, the long 
period was not affected by the methanol extraction and the higher order peaks corresponding 
to the block copolymer structure are resolved more clearly in the extracted sample, possibly 
due to the enhanced electron scattering density difference. The inset illustrates that the data is 
fitted remarkably well with the ideal lamellar model as given by the solid curve. The removal 
of Zn(DBS)2 was also observed as a contrast inversion between stained and unstained samples 
in TEM (Figure 23c and d). These results show that despite the relatively open lamellar 
structure, the glassy PS domains, the different orientations of the nonaligned lamellae, and the 
relatively high number of defects stabilize the structure and prevent it from collapsing, 
leaving at least partially open pores.  

 

 
Figure 23. a) SAXS intensity patterns for PS-block-P4VP[Zn(DBS)2]0.60 before (dots) and after 
(solid line) Zn(DBS)2 removal (Mn,PS = 41,400 g/mol, Mn,P4VP = 1,900 g/mol). The inset illustrates 
that the data is fitted remarkably well with the ideal lamellar model as given by the solid curve. 
This model features infinite parallel lamellae with a long period of ca. 210 Å.  b) TEM-micrograph 
for PS-block-P4VP[Zn(DBS)2]0.9 showing a lamellar structure. The P4VP[Zn(DBS2)]0.9 domain 
shows dark due to the I2 staining. c) The lamellar structure for the methanol extracted and 
unstained sample, where the electron deficient P4VP/air domain is now white. d) The extracted 
and I2 stained sample where the P4VP domain shows dark due to the increased electron density in 
that domain. It should be noted that if the amphiphiles were not removed the P4VP[Zn(DBS2)]0.9 
domain would always be dark in the images, with or without staining. (Mn,PS = 238,100 g/mol, 
Mn,P4VP = 49,500 g/mol). 
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4.3. Mesoporous phenolic resin by pyrolysis of block copolymer 
template (Article VII) 

Article VI described a method to construct mesoporous materials using extraction with 
selective solvent. In Articles VII and VIII we demonstrate another concept to prepare porous 
materials using self-assembled thermosets. Self-assembled thermosets have been prepared e.g. 
by curing thermoset precursors4 in the presence of block copolymers [208-220] or by 
polymerization of specific surfactant assemblies [221-225]. Furthermore, self-assembled 
structures have been demonstrated by polymerizing phenolic resin monomers in the presence 
of cationic surfactants [226] and block copolymers [227, 228].  
 
Phenols form relatively strong hydrogen bonds with pyridines [229]. In Article VII the self-
assembled thermosets are prepared using phenolic resin and PS-block-P4VP diblock 
copolymer complexes (Figure 24a). Owing to the hydrogen bonding between the pyridine and 
phenolic resin [218], self-assembled structures consisting of PS and P4VP/phenolic resin 
domains are formed (Figure 24b). The relative weight fractions of the domains are selected to 
obtain different morphologies, such as spherical, cylindrical, and lamellar. After structure 
formation the block copolymeric templates are degraded by controlled pyrolysis at T = 420 oC 
leading to mesoporous materials (Figure 24c).  
 

 
Figure 24. a) Phenolic resin, PS-block-P4VP and schematics of their mutual hydrogen bonding. b) 
Due to hydrogen bonding, the phenolic resin and P4VP are confined within the same self-
assembled domains as they microphase separate from the nonpolar PS domains. Cross-linking at 
elevated temperatures “locks” the structure. c) During the selected pyrolysis conditions, PS-block-
P4VP is essentially removed, leaving porous material with a narrow distribution of pore sizes, high 
surface area per volume unit, and hydroxyl groups at the porous matrix and the pore walls. 

 
The porous structures were characterized using FTIR spectroscopy, TEM, SAXS, and UV-Vis 
spectroscopy. Figure 25a shows the FTIR spectra for the cylindrical structure (PS weight 
fraction in the complex wPS = 40 %) before and after pyrolysis as well as for the reference 
samples. Pure PS-block-P4VP (curve 5) did not show absorption bands above 3200 cm-1, 
whereas all samples containing phenols had a peak at 3430 cm-1 and a shoulder at ca. 3500 
cm-1 corresponding to hydrogen-bonded and free phenolic OH-groups, respectively. This 
indicates that significant number of the hydroxyl groups remain after pyrolysis. The TEM 
image of the well-defined cylindrical porous structure is shown in Figure 25b. 

                                                            
4 Precursors are typically low molecular weight (Mn ~ 500 – 5000 gmol-1) epoxy or phenolic resins. 
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Figure 25.  a) FTIR absorption bands in the range from 2700 cm-1 to 3700 cm-1 for the HMTA-
cured PS-block-P4VP/phenolic resin complexes and PS-block-P4VP before and after pyrolysis. 
Samples are as follows; 1) wPS = 0 % after pyrolysis, 2) wPS = 40 % after pyrolysis, 3) wPS = 0 % 
before pyrolysis, 4) wPS = 40 % before pyrolysis, and 5) pure PS-block-P4VP. b) TEM image of 
wPS = 40 % after pyrolysis showing a well-defined cylindrical structure. 

 
The porous structure and hydroxyl groups at the matrix and pore walls (Figure 25a) are 
expected to lead to faster absorption rate and chemical selectivity. This was analysed using 
two different dye model compounds, i.e., Methylene blue hydrate (MB) and Rhodamine 6G 
(R-6G). MB is expected to have a stronger selective interaction owing to its nitrogen 
containing aromatic ring. Figures 26a and b show the UV-Vis absorbance as a function of 
time for cylindrical porous structure (Figure 25b) as well as for a reference sample 
(nonporous sample, i.e. pyrolyzed phenolic resin with wPS = 0 %) immersed in dye solutions. 
The nonporous reference sample (wPS = 0 %) hardly absorbs dye from the solution whereas 
the cylindrical porous sample (wPS = 40 %) absorbs much more rapidly and the absorbance 
approaches zero after ca. 400 hours, indicating that most of the MB molecules have been 
absorbed from the solution (Figure 26a). In contrast, in the case of R-6G, which is expected to 
have weaker interaction, the absorbance for cylindrical porous sample (wPS = 40 %) is leveled 
off to relatively high absorbance level, showing that a substantial amount of R-6G molecules 
still remains in the solution (Figure 26b). These results clearly support the expectations that 
the high absorption of MB molecules in the porous phenolic material results from the creation 
of porosity (as comparing the cases wPS = 0 % vs. 40 % for MB) and that the hydrogen 
bonding between the dye molecules and phenolic OH-groups also plays an important role in 
absorption (as comparing the cases between MB and R-6G). Figure 26c shows the images of 
the MB solutions (Figure 26a) after ca. 1000 hours for sample wPS = 40 % (transparent) and 
wPS = 0 % (blue) illustrating the complete absorption of the dye molecules from the solution 
for the cylindrical porous wPS = 40 % sample. 
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Figure 26. Methylene Blue hydrate (MB) and Rhodamine 6G (R-6G) concentrations in aqueous 
solutions as a function of time after addition of phenolic absorbents in the solutions. a) 
Concentration of MB based on its characteristic UV-Vis absorption at λ = 665 nm as a function of 
time.  b) Concentration of R-6G based on its characteristic UV-Vis absorption at λ = 277 nm as a 
function of time. Note that the absorbance depends on the concentration logarithmically. c) Images 
of the MB solutions (Figure 26a) after ca. 1000 hours for wPS = 0 % and wPS = 40 % illustrating the 
complete absorption of the dye molecules from the solution for the porous wPS = 40 % sample. 

 

4.4. Hierarchical porous materials (Article VIII) 
 

The aim of Article VIII was to prepare hierarchical porous materials and tune the porosity 
simply by controlling the post process conditions. Based on our previous results, the weight 
fractions of PS-block-P4VP and phenolic resin were selected to obtain cylindrical structure, 
i.e., wPS = 40 % (Figure 27a and b). The block copolymer template was selectively removed 
by varying pyrolysis conditions. Moderate pyrolysis conditions lead to monomodal 
mesoporous materials, as essentially only the PS block is removed, whereas during prolonged 
isothermal pyrolysis at T = 420 oC also the P4VP block is removed leading to hierarchical 
micro-mesoporous structures (Figure 27c). In addition, the controlled pyrolysis leaves 
phenolic hydroxyl groups at the pore walls, and matrix and these materials can be practically 
mold into any desired shape, which may increase the range of applications significantly. 
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Figure 27. a) Phenolic resin, PS-block-P4VP and schematics of their mutual hydrogen bonding. b) 
As a result of hydrogen bonding, the phenolic resin and P4VP are confined within the same self-
assembled domains as they microphase separate from the non-polar PS domains. Cross-linking at 
elevated temperatures “locks” the structure. c) During the selected pyrolysis conditions, PS-block-
P4VP is essentially removed, leaving hierarchically porous material with a narrow distribution of 
pore sizes, high surface area per volume unit and hydroxyl groups at the matrix and pore walls. 

 
The structures were analyzed using SAXS and TEM. Figure 28a shows the SAXS intensity 
patterns after different pyrolysis conditions and for the reference samples. Pure phenolic resin 
shows no intensity maximum in the measured q range, whereas cylindrical structure was 
obtained for the samples before and after pyrolysis. Well-defined cylindrical pores were also 
observed in TEM images, as illustrated in Figure 28b. For the sample pyrolyzed at 420 oC for 
120 minutes the first intensity maximum and its higher order reflections are shifted to slightly 
higher q values, probably owing to the partial collapse of the cylindrical pores at prolonged 
isothermal pyrolysis, which was also suggested in TEM (Figure 28c). 
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Figure 28 a) SAXS intensity patterns with different pyrolysis conditions as well as for the pure 
phenolic resin, pure PS-block-P4VP and for the sample before pyrolysis. b) TEM images after 
pyrolysis at 420 oC for 60 min and c) at 420 oC for 120 min.   

The existence of microporous structure resulting from the P4VP chains within the phenolic 
matrix could not be clearly verified by conventional TEM. Thus 3D transmission electron 
tomography (3D-TEM), positron annihilation lifetime spectroscopy (PALS) and surface area 
measurements were performed. Figure 29 represents a 3D-tomogram for the sample 
pyrolyzed at 420 oC for 60 minutes suggesting the microporous structure within the phenolic 
matrix. In addition, the porosity seems to be denser close to the mesopores, which is quite 
reasonable. 
 

 

Figure 29. a) 3D-tomogram of microtomed thin section (50 nm) for the sample pyrolyzed at 420 
oC for 60 minutes showing the surface roughness due to the microporous structure. b) 1 nm thick 
digital section of a selected area of tomogram rendered in solid mode. Figure reveals the 
micropores shown as black dots in the material. The scale bar is in both images 20 nm. 
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The strongest evidence for the formation of hierarchical porosity was provided by the surface 
area measurements (Figure 30a). Up to ca. T = 420 oC the surface area values remain 
relatively low resulting mainly from the mesoscale porosity. After 15 minutes isothermal 
pyrolysis at T = 420 oC the mesoscale surface area is leveled off to ca. 100 m2 g-1. However, 
the surface area owing to the microporosity increases drastically up to 500 m2 g-1 during the 
isothermal pyrolysis period, as P4VP chains are removed from the phenolic matrix, leading to 
a hierarchical micro-mesoporous material. The hierarchy of porosity was also reflected to the 
absorption properties, where the samples with high surface area values absorbed dye from the 
solution much faster and the absorption was not leveled off even after 6 months (Figure 30b). 
 

 
Figure 30. a) The BET surface area as a function of pyrolysis conditions. b) Methylene Blue (MB) 
concentration in aqueous solutions as a function of time upon addition to hierarchically porous 
phenolic absorbents in the solutions. Concentration of MB is based on its characteristic UV-Vis 
absorption at λ = 665 nm as a function of time.    
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5. CONCLUSION 
 

In this Thesis various physical interactions are used to prepare self-assembled comb-shaped 
supramolecules with functional properties. The hierarchical self-assembly and phase 
transitions of comb-coil supramolecules consisting of hydrogen bonded side chains are 
described in Article I. The phase transitions are based on changes in volume fractions induced 
by the reversibility of the hydrogen bonding and polymer-solvent phase behavior. This 
enables to achieve order-order transition sequences (in some cases even 5 consecutive phase 
transitions) that are not easily accessible only by changing the Flory-Huggins interaction 
parameter χ, i.e., for example transitions from a lamellar to spherical structure. Article II 
describes a method to combine different physical interactions to form cylindrical self-
assembly of multicomb polymeric supramolecules, in which several alkyl chains are 
connected to each polymeric repeat unit using both coordination and ionic interactions. As the 
counterions are also used as structure forming agents, this concept opens a possible platform 
to tune self-assembled morphologies in a rational manner.  

 
The comb-shaped architecture leads to stretching of chains and the amphiphilic side chains 
act as plastizicers providing better local structures even with high molecular weight samples. 
In Articles III – IV we describe that these concepts can be used to prepare photonic bandgap 
materials. Article V, in turn, represents a system, where the reversibility of hydrogen bonding 
and polymer-additive phase behavior are utilized to prepare a switchable photonic bandgap 
material. This material shows in solid state a reversible and large bandgap switching (> 100 
nm) in a narrow temperature range (< 15 oC) owing to the collapse of long period.  

 
The use of physical interactions instead of covalent enables the cleavage of entities once the 
structure is formed, leading to e.g. porous materials. Articles VI – VIII describe two different 
template-assisted approaches towards functional porous materials: selective extraction of 
coordinated amphiphiles and controlled pyrolysis of block copolymer in the presence of 
phenolic resin. A stronger physical interaction between the amphiphiles and diblock polymer 
(coordination bonding) is used in Article VI, which allows using higher molecular weight 
amphiphiles and offers a wider variety of amphiphiles. A lamellar mesoporous structure was 
observed after selective removal of amphiphiles, where the glassy polystyrene domains, the 
different orientations of the nonaligned lamellae, and the relatively high number of defects 
stabilize the structure and prevent it from collapsing, leaving at least partially open pores.  
 
In Article VII porous materials were prepared using controlled pyrolysis of templates of block 
copolymer and phenolic resin. The relative weight fractions of the domains were selected to 
obtain different morphologies, such as spherical, cylindrical, and lamellar. These materials 
showed a narrow distribution of pore sizes, high density of pores, relatively large surface area 
per volume unit, and selective absorption properties. 
 
In Article VIII we described an approach to prepare hierarchical porous materials and tune the 
porosity simply by controlling the post-process conditions. The block copolymer template 
was selectively removed by varying pyrolysis conditions: moderate pyrolysis conditions lead 
to monomodal mesoporous materials, as essentially only the PS block is removed, whereas 
during prolonged isothermal at 420 oC also the P4VP block is removed leading to hierarchical 
micro-mesoporous structures with high surface area values (560 m2 g-1). In addition, the 
controlled pyrolysis leaves phenolic hydroxyl groups at the pore walls and matrix and these 
materials can be practically mold into any desired shape, which may significantly increase the 
range of applications. 
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ABSTRACTS OF PUBLICATIONS I-VIII  
I Hydrogen-bonding amphiphilic low molecular weight plasticizing compounds to 

one block of diblock copolymers to form supramolecular comblike 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; Nat. Mater. 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) coillike block and a supramolecular comblike block based on poly(4-
vinylpyridine) (P4VP) are used, where the pyridines are either directly hydrogen 
bonded with 3-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 comblike block can be 
noncharged 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 comblike 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 in both 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. Coincidentally, 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 in both PS and P4VP(MSA)1.0 domains, but 
most interestingly at ca. T > 175 oC PDP becomes a nonsolvent for P4VP(MSA)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 types of 
responsive materials. 

 
II Several alkyl side chains are bonded to each polymeric repeat unit using both 

coordinated ligands and electrostatically bound counterions to directly control the 
interface curvature of the self-organized structures. 2,6-
Bis(octylaminomethyl)pyridine is Zn-coordinated to poly(4-vinylpyridine) (P4VP) 
with dodecylbenzenesulfonate (DBS) counterions, leading to multicomb polymeric 
supramolecules, poly[(4VP)Zn(2,6-bis(octylaminomethyl)-pyridine(DBS)2]. 
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Coordination is evidenced by infrared spectroscopy and visualized by quantum 
chemical calculations. The amorphous hexagonal self-organized structures are 
characterized using X-ray measurements. 

 
III We demonstrate that complexation of dodecylbenzenesulphonic acid, DBSA, to a 

diblock copolymer of polystyrene-block-poly(4-vinylpyridine), PS-block-P4VP, 
leads to polymeric supramolecules PS-block-P4VP(DBSA)y (y = 1.0, 1.5, and 2.0), 
which self-organize with a particularly large lamellar periodicity in excess of 1000 
˚A. The structures consist of alternating PS and P4VP(DBSA)y layers, where the 
latter contains smaller internal structure, probably lamellar. The DBSA side chains 
are bonded to the pyridines by protonation and hydrogen bonding and they 
effectively plasticize the material. In this way relatively well-developed structures 
are obtained even without annealing or macroscopic alignment. Transmission and 
reflectance measurements show that a relatively narrow and incomplete bandgap 
exists for supramolecules of high molecular weight block copolymer at ca. 460 nm. 

 
IV Polystyrene-block-poly(4-vinylpyridine) (PS-block-P4VP) diblock copolymer was 

complexed with dodecylbenzenesulfonic acid (DBSA), leading to comb–coil 
polymeric supramolecules PS-block-P4VP(DBSA)y (y = 1.0, 1.5, and 2.0). 
Complexes formed hierarchical lamellar structure with long period of ca. 1400 Å. 
Due to periodicity and refractive index contrast between the layers, transmission and 
reflectance measurements showed a relatively narrow incomplete bandgap at ca. 460 
nm. The angular dependence of the bandgap was also studied using different angles 
(θ) relative to the surface normal. The mid-gap was blue-shifted when the incident 
angle was increased indicating that the lamellar structure was partly oriented by the 
surfaces of quartz glasses. 

 
V In aqueous solutions the response of polymers and biological matter to external 

conditions, such as temperature and pH, is typically based on the 
hydrophobic/hydrophilic balance and its effects on the polymer conformation. In the 
solid state, related concepts using competing interactions could allow novel 
functions. In this work we demonstrate that polymeric self-assembly, reversibility of 
hydrogen bonding, and polymer–additive phase behaviour allow temperature 
response in the solid state with large and reversible switching of an optical bandgap. 
A complex of polystyrene-block-poly(4-vinylpyridinium methanesulphonate) and 3-
n-pentadecylphenol leads to the supramolecular comb-shaped architecture with a 
particularly long lamellar period. The sample is green at room temperature, as an 
incomplete photonic bandgap due to a dielectric reflector is formed. On heating, 
hydrogen bonds are broken and 3-n-pentadecylphenol additionally becomes soluble 
in polystyrene, leading to a sharp and reversible transition at ~125 °C to uncoloured 
material due to collapse of the long period. This encourages further developments, 
for example, for functional coatings or sensors in the solid state.  

 
VI 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 



 - 46 -

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 nonaligned structure. Compared to hydrogen bonding, coordination 
allows bonding of higher molecular weight amphiphiles due to the stronger 
attraction. 

 
VII Porous materials with controlled pore sizes have been investigated for different 

applications such as filters, separation, sensors, supports for catalysis, and controlled 
drug release. Proper selection of chemical groups lining the pore walls, as well as 
detailed control of the pore size and size distribution, can lead to selectivity and 
various functions. In this work we describe a facile method to construct porous films 
by crosslinking phenolic resin in the presence of a self-assembled block-copolymer 
template, followed by pyrolysis at moderate temperature. This enables us to transfer 
the ordered block copolymer self-assembly into porosity, with a fine control of the 
pore size and distribution. These materials have large surface area (in excess of 300 
m2 g–1), with a high number of phenolic hydroxyl groups at the matrix and pore 
walls, which can be used for, e.g., selective absorption or for further 
functionalization. 

 
VIII We show that self-assembled hierarchical porosity in organic polymers can be 

obtained in a facile manner based on pyrolyzed block copolymer/phenolic resin 
nanocomposites and show that a given starting composition can be post-modified in 
a wide range from monomodal mesoporous materials to hierarchical micro-
mesoporous materials with high density of pores and large surface area per volume 
unit (up to 500 - 600 m2 g-1). For that purpose we use self-assembled cured 
composites where phenolic resin is templated by a diblock copolymer poly(4-
vinylpyridine)-block-polystyrene (P4VP-b-PS). Mild pyrolysis conditions lead only 
to monomodal mesoscale porosity, as essentially only the PS block is removed 
(length scale tens of nm), whereas during more severe conditions under prolonged 
isothermal pyrolysis at 420 oC also the P4VP chains within the phenolic matrix are 
removed leading to additional microporosity (length scale less than nm). The 
porosity was analyzed using TEM, SAXS, 3D-TEM, PALS, and BET 
measurements. Furthermore, the relative amount of micro- and mesopores can be 
tuned in-situ by post modification. As controlled pyrolysis leaves phenolic hydroxyl 
groups at the pore walls and the thermoset resin based materials can be easily 
molded into desired shape, we expect that such materials could be useful for, e.g., 
sensors, separation materials, filters, and templates for catalysis. 
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