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Abstract

The topics of this thesis are self-organized templates, hierarchical structure-within-structure
morphologies and induced chirality in solid state assemblies of dendritic molecules. They all
contribute to our understanding of the mechanisms of structure formation in the nano- and
mesoscale which is key to new materials with unparalleled properties and adaptive
functionalities.

In Publications I and II, the microphase separation of diblock copolymers is utilized to template
anovolac-type resin to obtain porous carbonaceous material or flakes depending on the initial
amount of resin in the mixture. The porous material readily exhibits mesoscale pores which
enhance mass transportation while the amount of micropores and thus the total surface area
can be controlled by pyrolyzation time. The flakes have high aspect ratio and may have either
a solid surface or be covered by polymer brushes ("hairy” flakes) depending on the preparation
method.

In Publications ITI and IV, a second level of structural order is achieved by introducing side-
chains to a diblock copolymer. These structures are studied in fixed lamellar morphology on the
block copolymer level in bulk and in submicrometer particles. With low side-chain content,
side-chains form a single layer sandwiched in the middle of the side-chain block lamellae. This
structure changes gradually to liquid crystalline smectic layers ordered perpendicularly to the
block domain interfaces as the side-chain content is increased. In the particles, the lamellae
form an onion-like morphology except for the high side-chain content block copolymer where
the onion-like structure breaks down due to increased splay deformation energy.

Publication V explores the induction of chirality in solid state. Addition of chiral side-chains
to three generations of three different types of dendritic molecules leads to nine homologous
supramolecules. Structural and optical studies on these cases reveal that the final structures
are indeed chiral and that the "strength” of the chirality depends on the quality of the
structures. The low generation supramolecules with simpler structures result in better ordered
and optically higher-quality morphologies than the higher generation and more complex
molecules.
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Tiivistelma

Taman vaitoskirjan aiheina ovat itseorganisoituneet muotit, hierarkkiset sisékkéiset
rakenteet sekéa kiraalisten rakenteiden ilmeneminen dendristen supramolekyylien kiintean
olomuodon rakenteissa. Tdma tutkimus auttaa ymmaéartaméain paremmin nano- ja mesoskaalan
rakenteitten syntya, mikéa on erityisen tarkeda suunniteltaessa uusia, ominaisuuksiltaan
parempia ja mukautumiskykyisempid materiaaleja.

Julkaisuissa I ja IT kiytetadn kaksilohkokopolymeerien mikrofaasierottuneita rakenteita
novolac-tyyppisen hartsin muottina. Muotilla tuotetaan hiilipohjaista huokoista materiaalia
tailastuja riippuen hartsin ja kopolymeerin sekoitussuhteesta. Huokoinen lopputuote sisaltda
mikro- ja mesohuokosia. Mesohuokoset parantavat diffuusiota materiaalissa. Mikrohuokoset,
joiden méaara voidaan saatad valmistuksessa halutulle tasolle, vuorostaan maaraavat
materiaalin kokonaispinta-alan. Lastuilla puolestaan on korkea sivusuhde ja niilld on joko silea
tai polymeeriketjujen peittdmaé pinta (ne ovat "karvaisia”) riippuen valmistusmenetelmasta.

Julkaisuissa III ja IV kaksilohkokopolymeerien lamellirakenteisiin siséllytetdén toinen,
pienemman mittakaavan rakenne lisddmaélla lohkoihin sivuketjuja. Tatd pienempéd rakennetta
tutkitaan sekd makroskooppisissa ainemaéarissa etté alle mikrometrin kokoisissa hiukkasissa.
Sivuketjut muodostavat yksittdisen kerroksen sivuketjulohkon lamellin sisdén, kun sivuketjuja
on vahan. Tama rakenne muuttuu sivuketjuja lisdttdessa asteittain smektisiksi tasoiksi, jotka
ovat kohtisuorassa kopolymeerin lamelleja vastaan. Pyoreissa hiukkasissa kopolymeeri
muodostaa aluksi sipulimaisia rakenteita, joissa lamellit ovat taipuneet pallokuoriksi.
Sivuketjuja lisattdessa sipulirakenne kuitenkin hajoaa smektisten tasojen kasvattaessa
lamellien taivuttamiseen tarvittavan energian liian suureksi.

Julkaisu V tutkii kiraalisuuden indusoitumista kiintedssa olomuodossa. Liittamalla kiraalisia
sivuketjuja kolmen eri generaation kolmeen eri tyyppiseen dendriseen molekyliin saadaan
yhdeksan samansyntyistd supramolekyylia. Optiset mittaukset ja rakenneanalyysi osoittavat,
ettd syntyvéit rakenteet todellakin ovat kiraalisia ja ettd kiraalisuuden "voimakkuus” riippuu
siitd kuinka hyvin rakenteet ovat jarjestyneet. Yksinkertaisemmat alhaisen generaation
supramolekyylit tuottavat paremmin jirjestyneita rakenteita kuin korkeamman generaation
monimutkaisemmat molekyylit.
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1. Introduction

New materials with improved properties and novel functionalities are
emerging as alternatives to the conventional materials used today. For
these materials to be competitive with the conventional ones, they need
to provide exceptional performance while being economically viable. Eco-
friendliness and sustainability throughout their life cycle from production
to disposal is highly desirable as well.

Nature offers several intriguing materials which can be used as inspi-
rational models in the design of new materials. Many materials pro-
duced by biological organisms are superior to the ones we conventionally
use in terms of their mechanical and physical properties. These materi-
als exhibit multiple properties such as high tensile strength and tough-
ness|[1, 2] simultaneously optimized for their function. This is usually
hard to achieve by ”"simple” materials alone. Thus, multicomponent ma-
terials with complex structures are commonly found in nature. Some bi-
ological structures alone provide specific functionalities such as the anti-
fouling surface patterns of lotus leafs[3] or the color creating structures
on butterfly wings [4].

Complex structures involving several length scales are a distinguish-
ing feature of many high performance or functional materials. Because
of this, establishing relationships between these structures and the prop-
erties they bring is of great importance. This knowledge enables the de-
sign of unprecedented materials. Special traits tailored directly into the
materials such as self-healing, embedded sensory and adaptation to envi-
ronment, may some day revolutionize the way we think of the normally
inanimate matter around us.

A throughout understanding of the forces and interactions driving the
formation of structures on different length scales is therefore the key to

the realization of new materials with desired properties and functionali-
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ties. This thesis contributes to this end by experimentally exploring how
different structures result from the properties and interactions of start-
ing materials and how these structures can be used as templates for other
materials. The phase separation phenomenon of block copolymers called
microphase separation and liquid crystalline ordering are used here as
the forces driving the structure formation. These processes lead to struc-
tures on the nano- and mesoscopic length scales. Because the formation
of these structures does not require external interference to proceed the
resulting structures are often termed as self-organized or self-assembled.
The self-organization process can be controlled by external parameters
such as temperature or by internal parameters such as lengths of poly-
mer chains. Here, reversible non-covalent bonding is utilized to enable
easy control over some of the internal parameters and further to more
extensively probe the parameter space available.

This is a compilation thesis which combines the contributions of five
different publications. The whole subject is split into three parts which

are covered as follows:

Creating flakes and porous materials from block copolymer templates is

the topic of Chapter 2 and covers Publications I and II.

Adding complexity to the block copolymer structures by structure-within-
structure assembilies in bulk and in spherical submicrometer sized particles

is discussed in Chapter 3 and covers Publications IIT and IV.

The manifestation of chirality of molecular building blocks in higher level
structures is the topic of Chapter 4 and covers the last publication, Pub-

lication V.

The building blocks used in each topic and the molecular and higher
level assemblies they lead to are presented in Figure 1.1. The block
copolymer templates and hierarchical structures of Publications I-IV
(Chapters 2 and 3) utilize chemically identical diblock copolymers and
thus the same microphase separation phenomenon. The end results are
different, however, as in the former case the block copolymer is used
to shape a curable resin in the mesoscale while the latter case ends up
with self-organized hierarchical structures. Very similar cholesteryl side-
groups as used for these hierarchical structures are utilized in Publica-
tion V (Chapter 4) as well, but this time the side-groups induce chiral-
ity to assemblies of dendritic molecules instead of introducing structural

complexity.
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2. Self-organized templates

In this chapter, we will discuss how block copolymers can be used as tem-
plates for structures and objects in the mesoscale, that is, in the size range
of 10—-1000 nm. This subject is covered by Publications I and II. Publica-
tion I studies the creation of 20 —30 nm thick and a few micrometers wide
flakes from block copolymer templated resin. The same templating pro-

cess is utilized in Publication I to make hierarchically porous materials.

2.1 Microphase separation of block copolymers

Block copolymers are macromolecules consisting of one or more blocks of
different polymers linked together. In this chapter and later in Chapter 3
we restrict the meaning of the term “diblock copolymer” to a block copoly-
mer which consists of two amorphous coil-like blocks A and B which are
linked together from their ends.

Macroscopic phase separation of the polymer blocks is impossible be-
cause of covalent bonding between the blocks. Instead, the blocks may
phase separate in much smaller length scale leading to mesoscopic do-
mains which are rich in one block. This phenomenon is known as mi-
crophase separation. Typically the characteristic size of the microphase
domains is from ten to a few hundred nanometers.

The size and shape of the microphase separated domains depends on
the mutual interactions of the blocks and their relative occupied volumes
(volume fractions!). A phase diagram showing the most common mi-
crophase separated structures (or morphologies) of diblock copolymers are

presented in Figure 2.1. As can be seen from the figure, there will be no

IIn this thesis, weight fraction w is frequently used because the densities of
the constituents are not always known. However, since the densities of organic
molecules are usually close to each other, the correspondence between the two is
generally quite good.
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Figure 2.1. Phase diagram showing the most common morphologies found in AB type
diblock copolymers (A gray, B white).

microphase separation if there is not enough incompatibility between the
blocks or if the A block is significantly shorter or longer than the B block
(volume fraction of A is close to zero or unity). Microphases with curved
interfaces (spheres or cylinders), on the other hand, are encountered when
the lengths of the A and B blocks are somewhat asymmetrical. Close to
symmetric block chain lengths (volume fraction around 0.5) alternating A
and B lamellae are found.

The polymer chains need to be mobile for the microphase separation to
take place. Sufficient mobility can be provided by keeping the tempera-
ture above the glass transition temperatures of the blocks. Another option
is the addition of a solvent which acts as a plasticizer. The solvent can be

evaporated which essentially freezes the morphology?.

2.2 Block copolymers as self-organized templates

Additives can be included selectively to the microphase separated do-
mains which allows exact tailoring of the final morphology. Molecules
miscible with the A block but not with B concentrate in the A rich do-
mains increasing the volume fraction of these domains. This may lead to
change in the overall morphology if the phase boundaries are crossed.
The additive adapts the shape of the microphase separated domains it
is included in. Essentially, the block copolymer acts as a self-organized

template giving a shape to the additives. For example, Wiesner and his

20ften called evaporation induced self-assembly (EISA).
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group have utilized this phenomenon to template mesoscopically struc-
tured inorganic objects and materials. [5, 6, 7] By controlling the amount
of precursor mixed with the template block copolymer, they could produce
most of the morphologies shown in Figure 2.1 (except for A spheres in
B matrix, in which case a worm-like morphology was observed instead).
Subsequent polycondensation of the precursor formed inorganic networks
inside the block copolymer domains. Figure 2.2 shows some of the dif-
ferent objects and porous materials which could be obtained this way. If
the precursor was confined in spherical, cylindrical or lamellar domains,
inorganic spheres, cylinders or flakes could be produced by dispersing the
material in a solvent or by pyrolyzation of the block copolymer at high
temperatures. In the case of objects dispersed in a solvent, the objects
were covered with a layer of the block immiscible with the precursor and
were termed “hairy” objects. Pyrolyzation, on the other hand, removed
the block copolymer template completely. If the precursor was confined in
the matrix domain, pyrolyzation resulted in a porous inorganic material.

As can be seen from the examples above, block copolymer templates
offer versatile and easy way to produce mesoscale objects and pores.
The shapes of the objects can be controller directly by the volume frac-
tions of the different constituents while their sizes are determined by
the total molecular weight of the block copolymer. The microphase sep-
aration of block copolymers is part of so called ”soft” templating meth-
ods.[8, 9, 10] The advantage of soft templating over the alternative "hard”
templates[11] which are conventionally used in mesoporous inorganic
materials is that presynthesizing a sacrificial template is not required.
In the following section, applications of the block copolymer templating
method in general and experimental results regarding to this thesis in

particular are discussed in detail.
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2.3 Templated pores and flakes

Membranes with low gas permeation rates are important in many appli-
cations. For example, controlling oxygen diffusion in food packing ma-
terials ensures long shelf life. Additionally, special properties such as
transparency are desirable for packages intended for consumers. For sus-
tainability, renewable and biodegradable materials should be preferred.
One such widely used packaging material is poly(lactide), but it is brittle
and has poor gas barrier properties. Fortunately, a plethora of innovative
filler particles are being developed which enhance the gas barrier proper-
ties and sometimes even robustness of the materials.[12, 13, 14]

The most important mechanism which prevents gas from diffusing
through a composite gas barrier membrane is the tortuous path the gas
molecules have to take to get around the filler particles according to mod-
els and simulations.[15, 16, 17] To maximize this effect, the aspect ratio
of the particles has to be high, that is, they need to be plate-like flakes.
These flakes in turn need to be oriented in plane with the membrane, they
need to be imbricated and be impenetrable to the gas molecules.

Some of the more widely studied gas barrier fillers are clay flakes in
clay/polymer composites®.[18] Being only 1nm thick but around 100—
1000 nm wide they pass the first criteria for gas barrier fillers: high as-
pect ratio. Further, they are inexpensive, non-toxic and relatively easy
to exfoliate. In addition to food packaging, clay/polymer composites have
shown increased barrier properties in protecting organic solar cells[19],
preventing crossover of hydrogen and methane in the proton exchange
membranes of fuel cells[20, 21] and in blocking air leaking out of nat-
ural rubber tires[22]. Also, carbon and carbon based materials have
recently gained attention as prospective alternative to their inorganic
counterparts due to their unique properties.[23, 10] Emerging applica-
tions for carbonaceous materials include gas separation [24, 25] and cap-
ture[26, 27] and energy conversion [28] and storage [29, 30].

If the filler flakes were porous, and the pores would selectively let only
certain gas molecules to pass, a membrane would function as a gas sep-
arator instead of barrier. Different types of fillers (also granular-shaped)
are currently under development.[31, 32] The selective layer in indus-
trial separation membranes is usually only a few hundred nanometers

thick because high gas permeation rate is essential for economically viable

3Sometimes referred to as mixed matrix membranes (MMM).
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products. Therefore, the size and shape of the fillers needs attention and
mesoscopically thin flakes, such as porous aluminophosphate [33], seem
to be the perfect candidate.

Porous materials have also a plethora of other uses. Many significant
phenomena such as adsorption of gas molecules, catalysis and charge
separation take place at surfaces. The area of the surface directly in-
fluences the efficiency and rate of such phenomena. Therefore, materials
with high specific surface areas are needed for practical applications. To
date, surface areas of 2000 m?/g are routinely reached the record being as
high as 7000 m?/g in a metal-organic framework material [34]. The high
surface area materials have very high microporosity (pore diameter less
than 2nm). However, the small pore size may limit diffusion and the
pores are prone to clogging. These problems can be overcome by introduc-
ing meso- (pore diameter 2—50nm) and macropores (pore diameter over
50 nm) which promote diffusion. [35] Thus, the key for successful high sur-
face area materials is hierarchic porosity with a mixture of micropores
giving large surface area and larger pores for enhanced mass transporta-
tion.

Here, the templating method based on block copolymer microphase sep-
aration introduced by Kosonen et al.[36] is employed to create carbon
based high aspect ratio flakes and porous materials with controllable
micro- and mesoporosity. A poly(styrene)-block-poly(4-vinylpyridine) di-
block copolymer (PS-P4VP) is used as a template and a novolac-type Resin
as a cross-linkable carbon source. The Resin is essentially miscible with
the P4VP blocks only with which it forms hydrogen bonds.

The amount of Resin added defines the weight fractions of the PS and
P4VP(Resin) phases and thus the final morphology. The templating pro-
cess is schematically shown in Figure 2.3. The starting point of the flakes
is the lamellar morphology. The flakes can be ”exfoliated” from the tem-
plate after curing* of the resin by two different ways (Figure 2.3a): They
can be separated either by dispersing in a solvent which leaves a layer of
PS on the surface of the flakes leading to "hairy” flakes or by pyrolyzation
which turns the Resin into carbonaceous material and removes the PS
domains by thermal degradation. For the porous materials, a morphology
with cylindrical PS domains is required (Figure 2.3b). Heating the cured
template to the pyrolyzation temperature removes the sacrificial PS cylin-

ders leading to mesopores. Intriguingly, prolonged heat treatment at the

4Also called hardening or cross-linking.
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Figure 2.3. a) Block copolymer templated high aspect ratio flakes can be separated by
two methods: dispersing in a solvent results in “hairy” flakes while pyrolyza-
tion leads to carbonaceous flakes. b) Mesoporous carbonaceous material can
be pyrolyzed from Resin templated by block copolymer with cylindrical mor-
phology.

P1
PS P4VvP
’
|
N
/ j
|
A o
Hydrogen
bond

Cured Resin

Figure 2.4. Chemical structures PS-P4VP diblock copolymer P1 and Resin molecules.

final pyrolyzation temperature removes the PAVP chains as well resulting
in micropores in the pyrolyzed Resin phase. This enables control over the
microporosity of the material.

The molecular structures of the templating PS-P4VP diblock copolymer
P1 and the novolac-type resin are shown in Figure 2.4. The initial PS
weight fraction (wpg) in the pure P1 is 0.88. The TEM image of this
copolymer shown in Figure 2.5a shows that its microphase separated
structure consists of spherical PAVP domain in PS matrix. This mor-
phology is due to the asymmetric block lengths (see the schematic phase
diagram in Figure 2.1).

The addition of Resin which mixes with P4AVP decreases the weight frac-
tion of PS. At wpg = 0.60, the lamellar morphology shown in Figure 2.5b

10
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AR A i i
Pure P1 - 88% PS P1-60PS P1-40PS

Figure 2.5. TEM images of PS-P4VP diblock copolymer P1 with different Resin contents.
a) The pure P1 has spherical PAVP domains in PS matrix. Addition of Resin
leads to b) lamellar morphology and c) hexagonally packed PS cylinders in
P4VP(Resin) matrix. Iodine staining renders the domains containing P4VP
dark. Parts of the figure reprinted with permission from Publication I. Copy-
right 2007 American Chemical Society.

can be observed. This material will be called P1-60PS hereafter, and it is
the starting material for the flakes. Further addition of Resin until the
weight fraction of PS decreases to 0.40 results in P1-40PS with hexago-
nally packed PS cylinders as the TEM image in Figure 2.5¢ shows. In
the ideal case, one would expect a lamellar morphology at this PS weight
fraction. However, the cylindrical morphology of P1-40PS is not unusual
since the interaction between the blocks and additives also play a major
role in the microphase separation and the phase boundaries may become
asymmetrical compared to the ideal model phase diagram shown in Fig-
ure 2.1.

The Resin phase in the PS-P4VP(Resin) templates is cured step-wise at
different temperatures the last (and highest temperature) step being two
hours at 190 °C. During the curing, the Resin is cross-linked which also
fixes the macroscopic shape of the material. If desired, the pyrolyzation
proceeds from here by heating the material at a rate of 1°C/min until
the final pyrolyzation temperature of 420°C is reached. No protective
atmosphere is used.

The lamellar morphology of the template material for the flakes, P1-
60PS, is rather well-ordered as the TEM image in Figure 2.6a shows. The
morphology is also confirmed by the equally spaced SAXS peaks shown
in Figure 2.6b. The position of the first order peak, ¢, at 0.136nm™"
gives a lamellar period of 46nm. Even the seventh order peak can be
distinguished from the SAXS data which is also a sign of long coherence
length in the material.

The well-ordered morphology of the template results in flakes with lat-

11
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Figure 2.6. a) TEM image of the lamellar morphology of the diblock copolymer templated
Resin material P1-60PS. b) SAXS intensity curve of the same material shows
several equally spaced scattering peaks. c¢) TEM image of a “hairy” flake
produced by dispersing cured P1-60PS into a solvent. d) TEM image of a car-
bonaceous flake produced by pyrolyzation of cured P1-60PS. In the TEM im-
ages, iodine staining renders the domains containing P4VP dark. The scale
bar is common to all three TEM images. Adopted with permission from Pub-
lication I. Copyright 2007 American Chemical Society.

eral dimensions of several micrometers. Figures 2.6¢c and d show TEM
images of flakes produced from the P1-60PS mixture by the two meth-
ods: dispersing in solvent and by pyrolyzation. Figure 2.6¢ shows a single
“hairy” flake which results from dispersing P1-60PS in toluene after cur-
ing of the Resin. Toluene detaches the PAVP(Resin) lamellae whose shape
is fixed by the curing step leaving them covered with a layer of PS blocks.
The PS layer can be seen as the blurry edges of the flake in Figure 2.6¢.
The thickness of the "hairy” flakes should be close to the lamellar period of
46 nm. Pyrolyzation of P1-60PS, on the other hand, results in flakes such
as the one shown in Figure 2.6d. This flake consists only of cured and
pyrolyzed P4VP(Resin). The lack of PS around the flake is evident from
the sharp edges of the flake compared to the "hairy” flake in Figure 2.6c.
In the case of the P1-40PS mixture with the cylindrical morphology, py-

12
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Temperature (°C)

After curing ‘ 390 °C

at 420 °C

Figure 2.7. TEM images of the progress of pyrolyzation of the diblock copolymer tem-
plated Resin material P1-40PS. a) Temperature profile of the pyrolyzation
process after the last curing step at 190°C. b) In the cured template, PS
forms hexagonally packed cylinders in PAVP(Resin) matrix. ¢) Heating the
material to 390 °C leads to partial removal of PS. d) At 420 °C, most of the
PS is removed. e) After 120 minutes at 420 °C, the material shows signs
of collapsing as the dimensions of the mesoscale structure shrink visibly. In
the TEM images, iodine staining renders the domains containing P4VP dark.
Parts of the figure reprinted with permission from Publication II. Copyright
2008 World Scientific.

rolysis at 420 °C after the curing of the Resin removes the cylindrical PS
domains leaving pores of 20—30nm in diameter according to TEM. The
progress of the pyrolyzation is illustrated in the series of TEM images in
Figure 2.7. The images in the series are taken from samples whose py-
rolyzation process was discontinued at different points of the temperature
profile shown in Figure 2.7a. The first TEM image in Figure 2.7b shows
the yet intact cylindrical PS domains in a cured P4VP(Resin) matrix. At
390 °C, part of the PS domains are already removed (Figure 2.7c) and, at
420 °C, almost all PS is gone (Figure 2.7d). Keeping the material at 420°C
for 120 minutes leads to partial collapse of the structure (Figure 2.7¢). Ac-
cording to Valkama et al.[37], the structure stays intact until 60 minutes
at 420 °C. Thus, the collapse takes place between 60 and 120 minutes at
this temperature.

The porosity of P1-40PS can be analyzed using gas adsorption tech-
niques. Nitrogen adsorption isotherms of the material after heating to
390°C and to 420°C, and after 30 and 120 minutes at 420 °C are shown

in Figure 2.8a. The sharp increase in adsorbed volume near the relative
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Figure 2.8. a) Nitrogen adsorption isotherms of the P1-40PS mixture after different py-
rolysis conditions. b) Micro- and mesopore surface areas of P1-40PS after
different pyrolyzation times at 420 °C.

pressure of 1.0 in all isotherms is indicative for multilayer nitrogen ad-
sorption at the pore walls and hints to meso- and macroporosity. This
porosity is due to the mesopores left by the removal of PS. The final ad-
sorbed volume is relatively low in the 390°C and 420°C samples com-
pared to the samples which received longer heat treatment at 420 °C. This
is because PS is not completely removed from the less pyrolyzed templates
which results in partially filled and inaccessible pores. The samples py-
rolyzed for 30 and 120 minutes at 420 °C show also an adsorption plateau
in the intermediate relative pressure range 0.2—0.8 which is a sign of
microporosity. This plateau is missing in the less heat-treated samples.
The surface areas of micro- and mesopores can be deduced from the ni-
trogen adsorption isotherms by the BET method. The evolution of the
surface areas during the pyrolysis at 420 °C are compiled in Figure 2.8b.
As can be seen, a total surface area of over 500 m?/g can be achieved. The
surface area of mesopores reaches maximum after 30 minutes of pyrolyza-
tion at 420 °C. At this point all the PS is removed from the sample. After
that, the mesopore area starts to decline. This is most certainly due to the
collapse of the material (see Figure 2.7¢). The micropore area, on the other
hand, increases until the maximum pyrolyzation time of 120 minutes. Ac-
cording to Valkama et al., the micropores are due to removal of the P4VP
chains from the P4AVP(Resin) matrix.[37] Thus, the PAVP(Resin) matrix
is also degraded during the pyrolyzation ultimately leading to the collapse

of the material.
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2.4 Summary

The morphology of the PS-P4VP diblock copolymer P1 can be changed
from spherical to lamellar and further to cylindrical by adding Resin
which is selectively incorporated into the P4VP phase. After curing the
Resin, flakes from P1-60PS can be exfoliated by dispersing the cured ma-
terial in a solvent or by removing the sacrificial PS lamellae by pyrolyza-
tion. The resulting high aspect ratio flakes could be used, for example,
in gas barrier membranes. The final porosity of pyrolyzed P1-40PS, over
500 m?/g, is in the league of similar materials. The microporosity can be
safely tuned from 0 m?/g to approximately 400 m?/g before the mesoporous
structure starts to collapse. If the collapse and shrinkage of the material

are not issues, even higher specific surface areas may be achievable.
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3. Hierarchical self-organization

Self-organized structures are not limited to a single length scale. Nested
structures with multiple length scales are ubiquitous for example in bio-
logical systems. In this chapter an additional level of structural complex-
ity is added to the microphase separated morphologies of block copolymers
presented in the previous chapter. The subject is covered in part by Publi-
cation III which studies these hierarchical structures in bulk and in part

by Publication IV which explores them in spherical particles.

3.1 Supramolecular side-chain polymers

Non-covalent bonds, such as the hydrogen bond, enable reversible bind-
ing of molecular building blocks into larger entities called supramolecules
without tedious chemical reactions. Probably the most famous supramole-
cules are DNA molecules which consist of two macromolecular strands
bonded together by non-covalent hydrogen bonds.

The reversibility of the non-covalent bonds is one aspect which makes
them so intriguing in the application point of view. As their binding ener-
gies are of the order of the thermal energy at room temperature, the bonds
can be relatively easily broken by mild external stimuli such as a change
in temperature. This allows design of “smart” materials with prominent
or even unconventional responses to changes in their environment which
further enables dynamic control over the properties of the material. [38]

There are basically two types of supramolecular polymers: either the
repeat units themselves are non-covalently linked [39, 40] or molecules
are non-covalently attached to a host polymer backbone as side-chains[41,
42, 43]. Here, we will focus on the non-covalent side-chain type also shown
in Figure 3.1a.

In bulk, side-chain polymers usually stack in alternating layers of back-
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Figure 3.1. a) Non-covalent attachment of side-chains to a polymer backbone. b) Smectic
stacking of resulting side-chain polymers.

bones and side-chains as Figure 3.1b schematically shows. This liquid
crystalline smectic ordering is a result of packing of the side-chains and
partial stretching of the backbones and it may occur even if none of the
components were liquid crystalline. [44, 45] With non-covalent attach-
ment, one can control the density of side-chains along the backbone. This

enables for example the control over the smectic layer spacing. [45, 46]

3.2 Confined microphase separation

Generally in block copolymers, the block with the lowest surface energy
concentrates at the surface of the material. [47, 48, 49] This surface effect
will direct the self-organization process orienting the microphase sepa-
rated domains along the surface. However, the orientation is usually lost
far from surface since the correlation length is relatively short in block
copolymers due to defects caused by polydispersity and incomplete equili-
bration caused by slow chain dynamics.

The surface effects take over the self-organization process when the
characteristic size of a piece of a material is smaller than the coher-
ence length of the self-organized structure. In this regard, thin films
can be thought as one-dimensional confinement. [50] In thin films, the mi-
crophase separated structures may be perfectly oriented in the direction
normal to the film surfaces while in the lateral direction where the film
extends to macroscopic length scales the structure is "polycrystalline”.
For example, the lamellae of block copolymers with the lamellar morphol-
ogy orient parallel to the film surfaces. Two-dimensional confinement can
be realized, for example, in cylindrical spaces.[50] Inside a cylinder, the

lamellar morphology bends to concentric circular shells along the cylin-
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Figure 3.2. The development of the onion-like morphology of symmetric AB diblock
copolymer inside spherical confinement as a function of sphere diameter.

der axis. The most interesting case considering this thesis is, however,
the three dimensional confinement within spherical space.

In the spherical confinement, the lamellar morphology bends along the
surface of the confinement creating a series of concentric spherical shells,
resulting in an onion-like structure.[50] Figure 3.2 shows schematically
the theoretical development of the onion-like morphology as the diameter
of the spherical confinement increases according to simple volumetric ar-
guments. In the case of diblock copolymers, the thickness of the outermost
shell is only about half of that of the inner shells since there is only half
of the amount of polymer blocks compared to the inner shells. The thick-
ness of the inner shells, on the other hand, should be close to the lamellar
thickness in bulk. Every time the diameter of a spherical confinement
grows approximately by the lamellar thickness, a new domain of differ-
ent polymer block emerges at the center of the confinement as Figure 3.2

shows.

3.3 Hierarchical self-organization in bulk and in spherical
confinement

Substructures can be embedded into the microphase separated domains
of block copolymers by adding side-chains to the copolymer blocks as ex-
plained in Section 3.1. In these systems, the whole block polymer mi-
crophase separates in the 10—100nm scale while the side-chain blocks
make liquid crystalline structures in the 1-10 nm scale. [51, 52, 53] How-
ever, as discussed in Section 3.1, when side-chains are added to a polymer

they do not have to be liquid crystalline to achieve smectic structures.
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There are several examples of self-organization where non-covalently at-
tached side-chains form smectic layers perpendicular to the block domain
interfaces. [54, 55, 56, 57, 58, 59, 60, 46]

The reversibility of the non-covalent bonds can be utilized in the side-
chain block copolymers as well. [61, 62, 63, 64] It is possible, for example,
to use the side-chains as fillers which can be washed away from the block
copolymer structure leaving empty pores. [65] Porous thin films made this
way could be used as photolitographic masks, for instance.[66, 67] This
technique will be used here later to produce mesoporous submicrometer
particles. Additional applications of non-covalently attached side-chains
could include, for example, photonic band gap materials with reversibly
switchable gap. Thermal triggering of such materials has been already
demonstrated. [68, 69]

Although there has been a lot of research in the hierarchical structures
of side-chain block copolymers, no studies have been published on the de-
velopment of the liquid crystalline substructure as a function of side-chain
content in a constant morphology on the block copolymer level. This is
because usually the block copolymer morphology changes as the volume
fractions of the blocks are changed (see Section 2.1). Here, the relative
lengths of the copolymer blocks in the backbone are chosen such that
the morphology stays lamellar throughout the different amounts of side-
chains used.

Also, this far side-chain block copolymers and hierarchical self-organiza-
tion within spherical confinement have not received much attention. [70]
Specifically, the liquid crystallinity of the side-chain substructures has not
been addressed at all. To remedy the situation, in addition to hierarchical
structures in bulk, the self-organization phenomenon inside the spherical
confinement is studied here as well.

The PS-P4VP diblock copolymer used in this part of the thesis is chem-
ically the same as the one used to template the Resin in Chapter 2.
However, the molecular weights of the PS and P4VP blocks are different
and thus the copolymer is called P2. Further, cholesteryl hemisuccinate
(CholHS) is used as hydrogen bonding side-chains. Chemical structures
of both P2 and CholHS molecules as well as their bonding are presented
in Figure 3.3.

The amount of CholHS in the studied supramolecules is represented by
z, the ratio between CholHS molecules and P4VP repeat units. Three

different ratios are used here. The main properties of the structures of
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Figure 3.3. Chemical structures of the PS-P4VP diblock copolymer P2 and CholHS side-
chains and their mutual hydrogen bonding.

the copolymers in bulk are compiled into Table 3.1.

SAXS and TEM were used to pin down the microphase separated struc-
tures and lattice parameters of the materials. SAXS intensity curves
and corresponding TEM images of the pure PS-P4VP diblock copolymer
P2 and its supramolecular counterparts P2-25CholHS, P2-50CholHS and
P2-75CholHS are shown in Figure 3.4. The position of the first order
SAXS peak for P2 (Figure 3.4a) gives a (01) lattice plane distance (d(o1))
of 37.4nm. The weight fraction of PS, wpg, in P2 is 0.71 which suggests
cylindrical morphology. Indeed, in TEM (Figure 3.4b), P4VP cylinders in

Table 3.1. Structural properties of the pure PS-P4VP diblock copolymer P2 and the side-
chain PS-P4VP(CholHS) samples. Adopted with permission from Publica-
tion III. Copyright 2012 American Chemical Society.

Copolymer r  wps Morphology (TEM) dy;) (SAXS) (nm)
P2 0.00 0.71 Hexagonal 374

P4VP cylinders
P2-25CholHS 0.25 0.53 Lamellar 29.5
P2-50CholHS 0.50 0.42 Lamellar 29.5 and 36.0
P2-75CholHS 0.75 0.35 Lamellar 36.0
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Figure 3.4. SAXS intensity curves and TEM images of a) and b) the pure PS-P4VP di-
block copolymer P2, c¢) and d) P2-25CholHS, e) and f) P2-50CholHS and g)
and h) P2-75CholHS. Iodine staining renders the PAVP domains dark. Parts
of the figure reprinted with permission from Publication III. Copyright 2012
American Chemical Society.

PS matrix are observed. The cylinders seem to be in hexagonal lattice
even though some characteristic SAXS peaks for hexagonal packing are
missing, for example at v/3 or /7 times the position of the first-order peak.
The absence of these peaks is probably due to minima in the form factor
of this particular structure at these scattering vector magnitudes.

All of the supramolecular PS-P4VP(CholHS) samples are lamellar ac-
cording to both SAXS and TEM, as expected. The (01) lattice plane dis-
tance (d()) of P2-25CholHS given by the first order SAXS peak at ¢}, cor-
responds to the total lamellar period of 29.5 nm (Figure 3.4c). A closer look
at the TEM image of P2-25CholHS in Figure 3.4d, reveals an exceptional
organization of the P4AVP(CholHS) blocks. In P2-25CholHS, the CholHS
molecules are packed in a single layer sandwiched between P4VP-rich

domains. This layer manifests itself as the thin white stripe inside the
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dark P4VP lamellae in TEM. This structure does not originate from lig-
uid crystalline packing of P4AVP(CholHS) blocks. Rather, it resembles the
triple lamellar microphase separated morphology found in some triblock
copolymers.[71, 72, 73, 74]

The single layered CholHS structure found in P2-25-CholHS appears
only when the amount of CholHS side-chains attached to the poly-
mer backbone is sufficiently low. Additional side-chains will gradually
shift the structure towards the ”conventional” smectic packing. In P2-
50CholHS this change is already evident. The SAXS intensity curve of
P2-50CholHS shown in Figure 3.4e comprises of peaks from both P2-
25CholHS and P2-75CholHS. P2-75CholHS has exclusively the smectic
P4VP(CholHS) structure as will be discussed later. Also, the TEM im-
age of P2-50CholHS in Figure 3.4f shows a mixture of features from both
P2-25CholHS and P2-75CholHS. The SAXS peak between 1.1-1.2nm™!
originates from the smectic P4AVP(CholHS) layers and its position gives a
spacing of 5.3 nm for the layers.

The shift to the smectic PAVP(CholHS) packing is complete in P2-
75CholHS. The position of the first-order SAXS peak at ¢; gives a period
of 36.0 nm on the block copolymer level (Figure 3.4g). The TEM image in
Figure 3.4h confirms the lamellar morphology. In the TEM image, smec-
tic layers of PAVP(CholHS) perpendicular to the block domain interfaces
appear exclusively. The pronounced SAXS peak at qopoms = 1.20nm ™! in
Figure 3.4g, corresponding to smectic layer period of 5.2nm, originates
from this structure. The magnitude of the smectic period indicates a
double-layered packing of the CholHS molecules. [46] The period is also
slightly smaller than in P2-50CholHS. This is expected, since the addi-
tional side-chains stretch the P4VP blocks which decreases the thickness
of the P4VP layers in the smectic packing.[46]

To study how these hierarchical structures manifest in spherical con-
finement, particles of each block copolymer were produced using an
aerosol method. In the aerosol method, a solution of a block copolymer
is dispersed in air as small droplets. The solvent evaporates from the
droplets quickly leaving solid spherical particles. While some particles
with diameters up to a few micrometers are produced, the majority of the
particles are in the 100—200nm range. The particles are then floated
through a heated reactor which enables thermal annealing of the parti-
cles. The annealing step removes the effects of the solvent evaporation on

the morphology. After the reactor, the particles are cooled down quickly

23



Hierarchical self-organization

which may trap the block copolymer morphology to the state it was in the
reactor. This allows some morphologies only present at elevated temper-
atures to be studied and utilized at room temperature.

The same hierarchical structures found in bulk of the block copolymers
P2, P2-25CholHS, P2-50CholHS and P2-75CholHS, occur also in the par-
ticles prepared using the aerosol method and an annealing temperature
of 160°C in the reactor. Figure 3.5 shows TEM images of typical exam-
ples. In the particles, the hexagonal P4VP cylinders of the pure P2 block
copolymer turn out as the worm-like structures seen in Figure 3.5a. Also
in these particles, PS concentrates on the surface because it has lower
surface energy than P4VP.

In the supramolecular side-chain block copolymer P2-25CholHS, the
spherical shape of the particles bends the single-layered CholHS structure
to the so-called onion-like structure (Figure 3.5b). The CholHS molecules
also function as surfactants concentrating the P4AVP(CholHS) on the sur-
face of the particles.

With P2-50CholHS as the starting material, particles with both the
single-layered CholHS and the perpendicular smectic substructure in the
P4VP(CholHS) domains are produced. The overall structure of the parti-
cles is onion-like, as well, as Figure 3.5¢ shows.

Strikingly, the onion-like structure of the particles breaks down in the
case of P2-75CholHS. As Figure 3.5d shows, the P4AVP(CholHS) domains
extend inwards from the surface of the particle. The increased amount of
CholHS side-chains in P2-75CholHS compared to P2-50CholHS increases
the splay deformation energy of the P4AVP(CholHS) domains rendering
the bending of the P4VP(CholHS) lamellae into the onion-like morphology
energetically too expensive. This forces the self-organization process to
find less bent and thus energetically more favorable configurations which
results in the breakdown of the onion-like structure.

If the disappearance of the onion-like structure is driven by the liquid
crystalline organization of PAVP(CholHS), then the onion-like structure
should be reestablished if the liquid crystalline organization was sup-
pressed above the isotropization temperature of the P4AVP(CholHS) do-
mains. The isotropization temperature of a similar PS-P4VP(CholHS) di-
block copolymer with the lamellar microphase morphology was 162 °C for
CholHS to P4VP repeat unit ratio z = 0.75 and 172°C for = = 1.00 in
a previous study by Korhonen et al.[46] Thus, a reactor temperature of

200°C was deemed to be sufficient to test this hypothesis. The results
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Figure 3.5. TEM images of a) the PS-P4VP diblock copolymer P2, b) P2-25CholHS, c¢) P2-
50CholHS and d) P2-75CholHS particles at the edge of a carbon support film.
Logarithm of intensity has been used to enhance the contrast while iodine
staining renders the PAVP domains dark. Parts of the figure reprinted with
permission from Publication IV. Copyright 2012 American Chemical Society.
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Figure 3.6. TEM images of a) the PS-P4VP diblock copolymer P2, b) P-25CholHS, c)
P-50CholHS and d) P2-75CholHS particles produced in aerosol reactor at
200 °C. Logarithm of intensity has been used to enhance the images while
iodine staining renders the PAVP domains dark. Parts of the figure reprinted
with permission from Publication IV. Copyright 2012 American Chemical
Society.

are shown in Figure 3.6. There is no marked difference between the pure
P2 particles produced at 160 °C (Figure 3.5a) and at 200 °C (Figure 3.6a),
as expected. The same should be true for the P2-25CholHS particles, but
the morphology changes unexpectedly when the particles are produced at
200°C.

Comparison of the P2-25CholHS particles in Figure 3.5b (160 °C) and
3.6b (200 °C) shows that the overall morphology changes from onion-like
to cylindrical when the particles are produced at 200°C. This behavior
is probably due to CholHS molecules becoming more soluble into the PS
domains or partly evaporating into the aerosol reactor. Indications of
CholHS dissolving into the PS domains are also reported by Korhonen
et al., who suspected that CholHS molecules migrated into the PS do-
mains of PS-P4VP(CholHS) diblock copolymers during repeated heating
and cooling cycles. [46] In the PS-P4VP(CholHS) particles, due to CholHS
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Figure 3.7. a) SEM and b) TEM images of the PS-P4VP(CholHS) side-chain diblock
copolymer P2-75CholHS particles after selective removal of CholHS side-
chains by ethanol. Adopted with permission from Publication IV. Copyright
2012 American Chemical Society.

migrating into the PS domains or evaporating into the aerosol reactor,
the volume fraction of P4AVP(CholHS) decreases leading to the observed
change in the morphology. Similarly to the single CholHS layer sand-
wiched between the P4VP rich domains in bulk, a core consisting of
CholHS molecules can be observed inside the P4VP(CholHS) cylinders
under TEM.

The morphology of the P2-50CholHS particles, on the other hand, does
not change significantly when the aerosol reactor temperature is in-
creased to 200°C. As expect, both the single CholHS layer and smectic
P4VP(CholHS) domains are found in the particles as shown in Figure 3.6c¢.

Lastly, in the P2-75CholHS particles, the morphology indeed changes
back to onion-like when the particles are produced at 200 °C. However, it
remains undecided whether this change is due to the isotropization of the
P4VP(CholHS) blocks or the partial evaporation or mixing of CholHS into
the PS domains. The decreasing amount of CholHS in the P4AVP(CholHS)
domains can explain the onion-like morphology alone as the bending of
the domains becomes energetically less expensive allowing the onion-like
morphology to reappear.

Subsequent selective removal of CholHS side-chains from the particles
proved to be possible. Figure 3.7 shows SEM and TEM images of P2-
75CholHS particles produced at 160 °C after ethanol treatment. Unfor-
tunately, the remaining PS "skeleton” is too soft to support the voids in-
side the particles which leads to crumpling. The ethanol treatment of P-
25CholHS and P-50CholHS particles with the onion-like structure leads
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to concentric P4VP-covered PS shells with voids.

3.4 Summary

The hierarchical structures found in the PS-P4VP(CholHS) samples in
bulk and in the submicrometer particles are shown schematically in Fig-
ure 3.8. As expected from the volume fractions of PS and P4VP(CholHS),
a lamellar morphology on the block copolymer level is found in bulk with
all CholHS to P4VP repeat unit ratios (x) used. However, an interest-
ing change in the packing of the side-chain P4VP(CholHS) blocks is ob-
served as z is increased from 0.25 to 0.75. The packing changes grad-
ually from the single CholHS layer sandwiched between P4VP rich do-
mains at x = 0.25 to the smectic layers perpendicular to the copolymer
block interfaces at « = 0.75. At low amount of CholHS side-chains, the
P4VP(CholHS) blocks remain relatively flexible and allow the CholHS
side-chains to microphase separate into their own phase inside the P4VP-
(CholHS) domains resulting in the observed triple lamellar structure.
When the amount of CholHS side chains is increased, the smectic stacking
of P4VP(CholHS) block starts to dominate and the orthogonal lamellar-
within-lamellar structure results.

In the submicrometer particles produced with the aerosol method at
160 °C, the lamellar bulk morphologies turn out as onion-like structures
except for the P2-75CholHS particles. In the P2-75CholHS particles the
copolymer domains orient perpendicularly to the particle surface. This
surprising breakdown of the onion-like structure can be attributed to
the increased splay deformation energy of the smectic P4AVP(CholHS) do-
mains and resulting “stiffness” of the copolymer lamellae.

When the particles are produced at 200 °C, the amount CholHS side-
chains in the P4AVP domains decreases by partial mixing with the PS do-
mains or by evaporation into the aerosol reactor. This leads to change
from the onion-like to the cylindrical morphology in the P2-25CholHS
particles due to decrease in the volume fraction of P4VP(CholHS). Also,
the P2-75CholHS particles have the onion-like structure when produced
at this temperature but it remains undecided whether this is due to
isotropization of the P4VP(CholHS) domains or due to the decreased
amount of CholHS in the P4VP domains.

Additionally, CholHS was successfully removed from the particles by

ethanol. No significant porosity in the particles was achieved, though,
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Figure 3.8. Schematic summary of the different morphologies found in the PS-
P4VP(CholHS) samples in particles and in bulk. Adopted with permission
from Publications III and IV. Copyright 2012 American Chemical Society.

since the remaining PS-P4VP skeleton was too soft to support the struc-

tures resulting in crumpling of the particles.
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4. Induced chirality in supramolecular
structures

The shapes of building blocks and their mutual interactions define the
structure of a solid-state system. Sometimes, a single structural prop-
erty of a building block directs the whole assembly process. This chapter
and Publication V contemplates this topic, namely how chirality of con-
stituents induces chirality into the self-organized structures of dendritic

supramolecules.

4.1 Dendritic molecules

Dendritic molecules have well defined branching structures. This distin-
guishes them from hyperbranched polymers which have random branch-
ing and are polydisperse. The generation of a dendritic molecule tells how
many levels of branches it has. With each generation, dendritic molecules
became bulkier and the number of termini groups at the outer rim grows
exponentially. The most basic of dendritic molecules are dendrons which
have a tree-like wedge-shaped structure. Two or more dendrons con-
nected from their focal points gives a dendrimer. Building dendrimers
from different types of dendrons results in Janus-like molecules with
intriguing properties. [75] Dendrons can also be polymerized into den-
dronized polymers which combine features from both dendritic molecules
and linear polymers. [76, 77, 78, 79]

The well-defined structure of dendritic molecules allows them to orga-
nize in the molecular level, in some cases creating objects which can be
called “supramolecules” in a broader meaning of the term. [80, 81, 82, 83,
84, 85] These supramolecular structures of can further self-organize into
periodic lattices in the mesoscale.

Additional molecules can be attached as side-groups to the termini

groups of dendritic molecules using the non-covalent methods discussed in
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Chapter 3. The resulting dendritic supramolecules yield unconventional
mesoscale structures in which the morphology and periodicity can be fine
tuned by the dendritic generation or by the size of the side-groups. [86, 87,
88, 89, 90, 91] Some of these materials have anomalous "inverted” struc-
tures where the side-chains are confined in domains whose curvature con-

flicts with the natural shape of the supramolecules. [88, 89, 90, 91]

4.2 Induced chirality in dendritic supramolecules

Chiral molecules are not superposable on their mirror images. The dif-
ferent mirror images are often called enantiomers and pairs of chiral
molecules referred to as ”left” and "right handed”. Chirality plays a cen-
tral role in many applications. In biological systems, for example, certain
types of molecules are almost always of the same handedness.

Chiral components may induce chirality to conformations of molecules
or molecular assemblies. [92] Even small excess of one handedness may
drive the whole system to a single chiral state in a phenomenon known
as chirality amplification.[93, 94] Yashima et al. pioneered the study of
memorization of the chiral state.[95] They showed that in solutions, a
chiral conformation of a host polymeric molecule induced by chiral guests
was retained after the guests were changed to achiral ones. Since then
the effect has been shown to work with a variety of hosts such as small
molecules [96], several polymers[97, 98, 99, 100, 101, 102, 103, 104, 105]
and other supramolecular assemblies[106].

Chirality can be introduced into supramolecular assemblies of dendritic
molecules by including chiral elements to the dendritic building blocks.
Percec et al. have studied the relationship between molecular architecture
and the resulting structures by synthesizing extensive series of dendritic
molecules.[107, 108, 109, 110, 79, 111, 112] Among other things, they
found that the molecules self-organized into chiral columns or spheres or
into lamellar morphologies depending on their effective shape.

In this part of the thesis, we study how guest molecules induce chiral-
ity to dendritic hosts in the solid state. Homochiral cholesteryl sulfate
molecules (CholSO, Figure 4.1) are ionically bonded to the termini groups
of three generations of different dendritic molecules shown in Figures 4.1
and 4.2: dendrons D1-D3, dendronized polymers DP1-DP3 and den-
drimers M1—M3. The dendritic molecules share exactly the same branch-

ing unit with each other creating a homologous series of nine cases of

32



Induced chirality in supramolecular structures

CholsO, Cholso .
® ]

© )
CholSO ® H<N\H Ajwm \H A)/Nm

H\Q J) CholSO
o

] o 9 )
CholSO ®H'N\/\/OW£P)LN/\/\0©\/(O Oﬁ/GMMN)‘\QO\/\/W
)f H A)) D2 k
Ha D3 ™
o® D1 % )

Cholso CholSO

CholSO

N

Ch0|SOe CholSO CholSO

T S S
b4 b
"\

CholSO
[SX:] o 0 P
CholSO W@AM o o /\/\)‘\@rw
))/ H H/N DP2 °\H
o E DP3 g
CholsO . °
lj\Jr CholSO

:,:,) DP1

Figure 4.1. Chemical structures of dendrons D1, D2 and D3, dendronized polymers DP1,
DP2 and DP3 and cholesteryl sulfate CholSO and their ionic bonding. Only
the third generation molecules are entirely drawn. The corresponding first
and second generations (excluding ammonium charges) are highlighted in
black for first and in purple for second generation.
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cholesteryl sulfate-dendritic host supramolecules. The CholSO molecules
bind non-covalently to the amine-terminated termini groups of the den-
dritic molecules by exchanging the proton of the sulfuric acid group. Com-
pared to Chapter 3 where the amount of the CholHS side-chains in the PS-
P4VP(CholHS) diblock copolymers was varied, here the CholSO to termini
group ratio of 1.00 is always used.

Some features common to all of the dendritic supramolecules stud-
ied here are present in the supramolecular dendrons as well. Fig-
ure 4.3 shows SAXS intensity data and TEM images of the dendritic
supramolecules D1-CholSO, D2-CholSO and D3-CholSO. The morphology
of the first generation D1-CholSO is lamellar as evident from the equally
spaced SAXS peaks in Figure 4.3a and the TEM image in Figure 4.3b. The
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Figure 4.3. a) SAXS intensity curve and b) TEM image of the solid state structure of
supramolecular dendrons D1-CholSO, ¢) SAXS curve and d) TEM image of
D2-CholSO and e) SAXS curve and f) TEM image of D3-CholSO. The thin
solid line in e) is a simulated scattering intensity. Ruthenium tetroxide stain-
ing renders the branching units dark in the TEM images. Adopted with per-
mission from Publication V. Copyright 2010 American Chemical Society.

position of the first-order scattering peak (q;) is 1.31 nm ™! giving a lamel-
lar spacing of 4.8 nm. In the second generation dendron supramolecule
D2-CholSO, the morphology changes to columnar as the TEM image in
Figure 4.3d shows. SAXS data, shown in Figure 4.3c, has scattering peaks
at 1 : /3 :2:+/7:3:+/13 times the first order peak at ¢;. This is
characteristic for hexagonal packing of the columns. The position of the
first order peak gives a lattice parameter of 8.8 nm for the structure. The
structure of the the third generation D3-CholSO seen in the TEM image
in Figure 4.3f resembles the columnar structure of D2-CholSO. However,
compared to the second generation dendron, D3-CholSO is less ordered.
This can also be observed in the SAXS data in Figure 4.3e where the po-
sitions of the scattering peaks do not match with the common hexagonal
pattern. To find the correct packing of the columns, parameters of an
oblique columnar packing model were fitted to the measured SAXS data
resulting in the simulated scattering curve shown in Figure 4.3e. The fit
gives an almost hexagonal lattice for the columns with lattice parameters
a=99nm, b =8.8nm and v = 124°.
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Figure 4.4. Proposed packing of dendritic supramolecules into the columnar honeycomb-
like structure. a) TEM image of the columns in D2-CholSO. b) The columns
consist of CholSO walls which form a honeycomb-like pattern and dendritic
core in which the focal points of the dendritic molecules are in the center of
the column. c) Along the column axis, the dendritic supramolecules stack
around a chiral helix. Parts of the figure reprinted with permission from
Publication V. Copyright 2010 American Chemical Society.

A careful look at the TEM images of the supramolecular dendrons D2-
CholSO and D3-CholSO shown in Figures 4.3d and f shows a bright elec-
tron intensity spot in the center of the each column. As the ruthenium
tetroxide staining turns the dendron parts of the supramolecules dark in
the TEM images, we expect the bright parts of the TEM images to cor-
respond to the CholSO molecules or voids. However, the latter case can
be ruled out as gas adsorption measurements did not show any signs of
porosity in the samples. Molecular packing and volume fraction consider-
ation do not support the idea of the spots consisting of CholSO molecules.
Even the size of the spots appears too small to accommodate them. Thus
it seems that the CholSO molecules occupy the continuous honeycomb-
like walls of the columns while the centers of the columns consist of the
focal points of the dendrons. When the chirality of the columns discussed
later is taken into account, the molecular packing schematically shown in
Figure 4.4 can be proposed. In the proposed packing, the focal points of
the dendron supramolecules point to the center of the columns while the
CholSO molecules point outward. The molecules stack around a helical
path on top of each other. This stacking is the source of the supramolecu-

lar chirality.
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Figure 4.5. a) SAXS intensity curve and b) TEM image of the solid-state structure of
the supramolecular dendrimers M1-CholSO, ¢) SAXS curve and d) TEM im-
age of M2-CholSO and e) SAXS curve and f) TEM image of M3-CholSO. The
thin solid lines in a) and c) are simulated scattering intensities. Ruthe-
nium tetroxide staining renders the branching units dark in the TEM im-
ages. Adopted with permission from Publication V. Copyright 2010 American
Chemical Society.

The a and b lattice parameters of the supramolecular dendron D3-
CholSO are surprisingly close to D2-CholSO despite the larger size of the
D3-CholSO molecules. Also parameters of similar magnitude are encoun-
tered in the columnar structures of M1-CholSO and M2-CholSO as will be
shown later. These similarities in the lattice parameters can be explained
by the increased tilt of the dendron molecules or branches of dendrimers
along the helical columns.

The columnar packing can be found from some of the supramolecular
dendrimers, as well. The host dendrimers M1, M2 and M3 consist of three
dendrons of the corresponding generation bonded together from their focal
points by a linker group. Their shape makes dendrimers more bulky and
they have less degrees of freedom than their dendron building blocks. This
has direct consequences in the ordering of the self-organization process
of their supramolecular counterparts M1-CholSO —M3-CholSO as shown
by the SAXS data and TEM images in Figure 4.5. The structure of M1-
CholSO and M2-CholSO resembles the columnar structure of D2-CholSO
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Figure 4.6. a) SAXS intensity curve and b) TEM image of the solid-state structure of
the supramolecular dendronized polymers DP1-CholSO, ¢) SAXS curve and
d) TEM image of DP2-CholSO and e) SAXS curve and f) TEM image of DP3-
CholSO. The thin solid lines in the SAXS graphs are simulated scattering
intensities. Ruthenium tetroxide staining renders the branching units dark
in the TEM images. Adopted with permission from Publication V. Copyright
2010 American Chemical Society.

and D3-CholSO. As in the case of D3-CholSO, the packing of the columns
in M1-CholSO and M2-CholSO is not purely hexagonal. Fitting to the
oblique columnar model gives lattice parameters of ¢ = 10.2nm, b = 9.0 nm
and v = 124° for both M1-CholSO and M2-CholSO. The self-organization
of the largest dendrimer, M3-CholSO is even more crippled. There is a
single clear peak in the SAXS intensity curve in Figure 4.5 which in-
dicates that a structure exists in the material. The position of the peak
at 1.27nm~! corresponds to a period of 4.9nm. However, the single dif-
fuse shoulder peak at 2.0—3.0nm™~! makes it difficult to assess a lattice.
Also, the TEM image shown in Figure 4.5f shows only a rather disordered
structure. Thus, even though the M3-CholSO molecules self-organize into
periodic structures, the ordering is so poor that a definitive structure can-
not be determined.

The most restricted in degrees of freedom of the dendritic molecules
covered here are the dendronized polymers DP1, DP2 and DP3. Conse-

quently, it is no surprise that the self-organization of their supramolecular
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counterparts DP1-CholSO —DP3-CholSO is even more constrained than of
the dendrons or dendrimers. Figure 4.6 shows the SAXS data and TEM
images of DP1-CholSO —DP3-CholSO. The two scattering peaks which ap-
pear in all three samples make it evident that the supramolecules self-
organize into periodic structures. In the TEM images a structure is seen
as well. However, the irregular positions of the SAXS peaks or the dis-
ordered structures seen under TEM do not give out the exact structure
readily. To remedy the situation, simulated scattering intensity peaks of
tetragonal structures were fitted to the SAXS intensity data from all of
the supramolecular dendronized polymers. The fitted data is shown in
Figures 4.6a, ¢ and e and the lattice parameters extracted from the fits
are a = 5.4nm and b = 3.3 nm for DP1-CholSO, ¢ = 5.6 nm and b = 3.8 nm
for DP2-CholSO and a = 7.4nm and b = 4.3 nm for DP3-CholSO.

Chirality and optical properties of the supramolecules are investigated
in the solid state by circular dichroism (CD) and by spectroscopy cover-
ing the ultraviolet and visible light wavelengths (UV-Vis). All the differ-
ent types of dendritic molecules have similar, generation-dependent be-
havior. Thus, only the measurements taken from the dendrons D1-D3,
from their supramolecular counterparts D1-CholSO —D3-CholSO as well
as from pure CholSO are shown in Figure 4.7. As can be seen from the
Figures 4.7a, ¢ and e, the pure dendrons D1-D3 do not show chirality
in the investigated wavelength range even though two of them absorb in
the ultraviolet wavelengths (Figures 4.7b, d and f). On the other hand,
pure CholSO shows a chiral response as expected (Figure 4.7a). Also, all
the dendron supramolecules D1-CholSO —D3-CholSO show nonzero circu-
lar dichroism signals. However, these signal differ from that of the pure
CholSO. Therefore, the molecular structures responsible for the circular
dichroism must be different from that of pure CholSO suggesting the pres-
ence of supramolecular induced chirality. The CD signal is stronger for
the lower generation supramolecules as well as for the lower molecular
weight dendritic molecules. This indicates that molecular mobility dur-
ing the self-organization process leads to more ordered structures which
is important to macromolecular chirality. According to the CD analysis,
the helical arrangement of the dendritic molecules shown in Figure 4.4c
seems to be a reasonable interpretation of the columnar structures found
in D2-CholSO, D3-CholSO, M1-CholSO, and M2-CholSO.
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Figure 4.7. a) CD signals and b) UV-Vis spectra of pure CholSO, dendrons D1 and D1-
CholSO and c) CD signals and d) UV-Vis spectra of D2 and D2-CholSO and
e) CD signals and f) UV-Vis spectra of D3 and D3-CholSO. All measurements
were taken from solid-state samples. Adopted with permission from Publica-
tion V. Copyright 2010 American Chemical Society.
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Table 4.1. The self-organized structures of the supramolecular dendrons D1-CholSO—
D3-CholSO, dendrimers M1-CholSO —M3-CholSO and dendronized polymers
DP1-CholSO —DP3-CholSO.

generation
molecule type 1st 2nd 3rd
dendrons lamellar  hexagonal oblique
dendrimers oblique oblique  not assessed

dendronized polymers tetragonal tetragonal tetragonal

4.3 Summary

The different structures the dendritic supramolecules self-organize into
are summarized in Table 4.1 while their lattice parameters are collected
into Table 4.2. Structure-wise the supramolecules can be divided into

three groups:

1. Lamellar (D1-CholS0O). The supramolecular D1-CholSO dendrons pack
into alternating lamellae of dendritic cores and CholSO molecules. The
CD signal, which is the most intense of all of the dendritic supramolecules
studied here, may be due to undulations in the lamellae caused by the

induced chirality effect.

2. Hexagonal or oblique columnar (D2-CholSO, D3-CholSO, M1-CholSO and
M2-CholSO). These dendritic supramolecules self-organize into columns
with the focal points in the center and the peripheral CholSO molecules
in the rim, as schematically shown in Figure 4.4. The columns, in turn,
are arranged into hexagonal (D2-CholSO) or close to hexagonal lattices.
The bulky nature of D3-CholSO, M1-CholSO and M2-CholSO seems to
cramp the packing of the columns thus leading to the "frustrated” oblique
structures. Also, the lattice parameters do not change much with the
generation or the type of dendritic supramolecule which may be caused

by tilting of the molecules in the columns.

3. Tetragonal columnar (DP1-CholSO, DP2-CholSO, DP3-CholSO). The re-
stricted degrees of freedom of the polymers leads to rather poorly ordered
packing of the self-organized columns. Further, the actual columns are
different from the ones found in the supramolecular dendrons and den-
drimers discussed above. Unfortunately, the precise self-organization of

the columns cannot be clarified from the data available.
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Table 4.2. Solid-state structures and lattice parameters of the supramolecular den-
drons D1-CholSO-D3-CholSO, dendrimers M1-CholSO-M3-CholSO and
dendronized polymers DP1-CholSO —DP3-CholSO. Adopted with permission
from Publication V. Copyright 2010 American Chemical Society

supramolecule structure lattice parameters

dendrons

D1-CholSO lamellar 4.8nm

D2-CholSO hexagonal a=b=9.0nm, v =120°
D3-CholSO oblique a=99nm, b =8.8nm, v = 124°
dendrimers

M1-CholSO oblique a=10.2nm, b = 9.0nm, v = 124°
M2-CholSO oblique a=10.2nm, b =9.0nm, v = 124°

M3-CholSO not assessed 4.7nm

dendronized polymers

DP1-CholSO tetragonal a=54nm, b =3.3nm
DP2-CholSO tetragonal a=5.6nm, b =3.8nm
DP3-CholSO tetragonal a="T74nm,b=43nm

It has been shown here that chirality of constituents can be induced
into the solid-state structures the dendritic supramolecules self-organize
into. The strength of the chiral effect to optical signals depends on the
ordering of the structures which in turn depends on the size and available
degrees of freedom of the supramolecules. The level of ordering decreases
with increasing dendritic generation and in the sequence of dendrons —

dendrimers — dendronized polymers.
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5. Conclusions

The subjects of self-organized templates, hierarchical structure-within-
structure morphologies and induced chirality in solid state supramolecu-
lar systems were discussed in this thesis. These are examples of utilizing
and controlling the self-organization processes to achieve complex struc-
tures on the molecular level and in larger length scales.

The self-organized templating method discussed in Chapter 2 exempli-
fies the ways to control these processes. The final morphology of the block
copolymer template, that is, whether flakes or porous material will be
produced, is decided by the amount of Resin added. The thickness of the
flakes or the size of the mesopores, on the other hand, is decided by the
total length of the templating PS-P4VP chains. An additional processing
parameter is the pyrolyzation time at 420 °C which controls the ratio be-
tween micro- and mesopores. There are also functional groups at the sur-
faces of the final carbonaceous materials which allow further functional-
ization. [36, 37] These properties enable precise tailoring of the templated
materials for the application at hand.

In the future, it would be interesting to expand the hierarchy of pore
sizes to include macropores to further enhance mass transportation. This
could be achieved, for example, by infiltrating PS colloidal crystals with
the templating copolymer and Resin. Removal of the colloids during
the pyrolyzation may then lead to macropores in the size range of 100 —
1000 nm.

Also, the hexagonal cylindrical morphology may not be the most opti-
mal for mass transportation due to low interconnectivity of the resulting
mesopores. This could be improved using bicontinuous morphologies, for
instance.[113] However, these morphologies appear usually at narrow pa-
rameter spaces in the phase diagrams of microphase separated systems

and thus may be difficult to realize.

43



Conclusions

As a gas barrier additive, the flakes studied in this thesis may have al-
ready been superseded by another emerging material, namely graphene.
Graphene seems to be the perfect candidate for this application: it is
atomically thin, can be produced in large sheets and it has superior bar-
rier properties. [114] The functionalization of graphene makes compatibi-
lization with the separation membrane matrix feasible.

However, using another exotic morphology, perforated layers, as a tem-
plate to the flakes may allow them to be used as selective gas separation
additives instead of plain barrier additives. Finding the correct Resin/PS-
P4VP ratio to achieve the perforated morphology may prove to be difficult,
though.

The complexity of the microphase separated structures can be in-
creased by attaching side-chains to the copolymer blocks as discussed
in Chapter 3. In the case of CholHS attached to PS-P4VP backbone,
the P4VP(CholHS) domains pack in two distinct ways depending on the
amount of CholHS. With low amount of CholHS, a novel single layer
structure sandwiched between P4VP rich domains is found. Addition of
CholHS side-chains gradually transforms the structure to the more con-
ventional smectic layers perpendicular to the block domain interfaces.
These morphologies are basically repeated in submicrometer particles
with a strong surface effect. The spherical shape of the particles bends the
block copolymer lamellae into concentric shells resulting in an onion-like
domain structure. However, the onion-like morphology breaks down with
high enough amount of CholHS side-chains as the bending of the block
copolymer lamellae becomes energetically too expensive due to increased
splay deformation energy of the smectically packed P4VP(CholHS) do-
mains. In this case, the PAVP(CholHS) domains orient perpendicularly
to the particle surface.

The triple lamellar structure with the single CholHS layer inside P4VP-
(CholHS) lamellae reported for the first time in Publication III is an in-
triguing morphology. It may be used, for example, to precisely position
nanoparticles within the block copolymer morphology.

The block copolymer morphology perpendicular to a surface found in the
high CholHS content particles may affect how molecules diffuse in and out
of the particles compared to the onion-like morphology. This effect is key
to applications such as drug release and needs to be addressed in further
studies.

One may also ask how the PS-P4VP templated Resin behaves in par-
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ticles discussed above. Because the cured Resin and the carbonaceous
material resulting from the pyrolyzation process are hard, they may not
crumple as the PS-P4VP(CholHS) particles after selective removal of
CholHS as reported in Chapter 3. In fact, this idea has been already
put to test. Preliminary results show that curing of the particles needs to
be thought out carefully as the residence time in the reactor is too short
for curing and heating the particles after collection leads to melting.

A different aspect of the influence of non-covalently attached molecules
to the formation of solid-state structures was explored in Chapter 4: in-
duced chirality. The study underlines the importance of unhindered mo-
bility and available degrees of freedom of the building blocks to achieve

well-organized supramolecular assemblies.
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