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This thesis deals with a common drawback that is often encountered in self-assembled nanostructured
soft matter. Even though spontaneous self-assembly can be used to create diverse nanostructures, the
structures, as such, are typically polydomain, consisting of locally ordered small domains that lack mutual
orientation and/or long range correlation. As a result, the material remains macroscopically isotropic and
disordered. The aim here is to explore feasible ways, on one hand, to control the assembly and, on the
other hand, to obtain macroscopically anisotropic materials and functions.

We show the first example of how charge-transfer complexation between C60 fullerenes and electron-
donating units of block copolymers can enable control of the morphology and properties of fullerene
based materials. We also study the alignment of randomly oriented domains of nanostructured material
over macroscopic length scales by using a real-time rheo-optical apparatus in combination with more de-
tailed ex-situ structural characterization. Alignment of randomly oriented domains is not only useful for
obtaining macroscopically anisotropic materials and functions but it can also be a prerequisite for detailed
characterization of the local structures. This aspect is demonstrated for hierarchical liquid crystalline (LC)
diblock copolymer structures which, upon inducing shear alignment, exhibit coexistence of two orthogo-
nal orientations of the LC phase within the copolymer lamellae. Furthermore we demonstrate that ionic
complexes forming a columnar LC phase can be efficiently aligned within polymer blends upon shearing,
taken that the matrix polymers have sufficiently high molecular weight. This concept allows a simple route
for macroscopically aligned nanocomposites with conjugated columnar LC functional additives. Finally,
control of the nanoscale morphology in polymer/fullerene nanocomposite thin film devices is shown to
allow tuning of the electrical switching that can enable construction of a memory unit. The working prin-
ciples of such thin film organic memory devices have remained debated and the first systematic approach
is here undertaken to tailor the active material composition and to study the morphology vs. functionality
relationship.
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Tämä väitöskirja käsittelee itsejärjestyville pehmeille materiaaleille tyypillistä ongelmaa: spontaania itse-
järjestymistä voidaan käyttää moninaisten nanorakenteiden valmistukseen, mutta muodostuvat rakenteet
ovat tyypillisesti vain paikallisesti hyvin järjestyneitä ja rakennealueiden keskinäinen orientaatio on satun-
naista. Tämän seurauksena materiaali on makroskooppisessa skaalassa isotrooppista ja epäjärjestynyttä.
Työn tavoitteena on kehittää menetelmiä, joilla voidaan ohjata nanorakenteiden muodostumista sekä saa-
da aikaan makroskooppisessa skaalassa anisotrooppisia materiaaleja ja ominaisuuksia.

Työssä osoitetaan ensimmäisen kerran, miten C60-fullereenin ja elektroni-donoreita sisältävän lohkopoly-
meerin välistä varauksenvaihtoreaktiota voidaan käyttää fullereenipohjaisten materiaalien morfologian
ja ominaisuuksien hallintaan. Lisäksi työssä tutkitaan erilaisten paikallisten nanorakenteiden orien-
toimista virtauskentässä käyttämällä hyväksi työssä kehitettyä reo-optista mittauslaitteistoa. Raken-
nealueiden orientoiminen ei ole tärkeää pelkästään anisotrooppisten materiaalien ja ominaisuuksien
saavuttamiseksi, vaan se on usein myös edellytys paikallisten nanorakenteiden yksityiskohtaiselle
tutkimiselle. Tätä näkökulmaa havainnollistetaan nestekiteisillä lohkopolymeerirakenteilla, joissa vir-
tauskenttäorientaation osoitetaan johtavan kahteen ortogonaaliseen nestekidefaasirakenteeseen. Työssä
esitetään lisäksi menetelmä ionisesti itsejärjestyvien, kolumnaarisen nestekidefaasin muodostavien ra-
kenteiden orientoimiseksi perustuen ionisten kompleksien ja korkean molekyylipainon polymeerin muo-
dostaman seoksen orientointiin virtauskentässä. Menetelmää voidaan yleisesti käyttää konjugoituja
kolumnaarisia nestekiteitä sisältävien nanokomposiittien orientoimiseksi. Lopuksi osoitamme, kuinka
nanoskaalan morfologiaa muokkaamalla voidaan hallita polymeeri/fullereeni nanokomposiitista valmis-
tettavien ohutkalvolaitteiden sähköisiä ominaisuuksia. Tällaisten muistiyksiköiksi soveltuvien laittei-
den toimintaperiaatteet ovat yhä kiisteltyjä ja tässä työssä pyritäänkin esittämään menetelmiä laitteiden
toiminnan ohjaamiseen ja kartoittamaan morfologian ja toiminnallisuuden välisiä riippuvuussuhteita.
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– when we have some control of the
arrangement of things on a small
scale we will get an enormously
greater range of possible properties
that substances can have –

Richard P. Feynman (1918-1988)1
Introduction

In the past decades, Feynman’s vision of controlling the arrangement of things on
a small scale has been fulfilled and, to some extent even exceeded. The strate-
gies to assemble the structures on the small scale can be divided into two classes:
top-down and bottom-up as depicted in Figure 1.1. The former strategy typically
utilizes lithographic techniques in which a beam of e.g. electrons is scanned in
a predetermined pattern over a surface that has been coated with an electron-
sensitive resist film. Once the exposed or non-exposed areas are chemically re-
moved, a mask forms that serves as a platform for miniaturized electronics. The
smallest feature size depends strongly on the used wavelength and currently,
dimensions just below 100 nanometres can be reached with photolithography.
Smaller wavelength X-ray and electron beam lithographies can provide patterns
down to about 10 nanometres but they are impractical in an industrial setting.
Top-down strategy includes also e.g. nanoimprinting and stamping techniques
where a pattern is transferred onto a surface by mechanically stamping with a
master that has been prepared using high-resolution techniques such as electron
or X-ray beam lithography. Features down to 10 nm have been demonstrated in
nanoimprint lithography1 and the technique holds a promise but is still in the
research stage. Though effective at the microscale, all top-down techniques suf-
fer common drawbacks: It becomes increasingly difficult and expensive to utilize
them at the nanoscale and additionally arbitrary three-dimensional patterns are
difficult to obtain by using the above-mentioned planar techniques.

On the other hand, why not let the molecules do all the work? If a right
set of molecules are placed in a suitable environment, the molecules will as-

1Å 1nm 10nm

100nm

100nm

1 mm 10 mm 100 mm
TOP DOW

N

B
O

T

TOM UP

Lithography (E-beam, X-ray, UV, Vis)

Molecular self-assembly

Atoms

Human
hair

Red
blood
cells

Liquid crystals

Block copolymers

Nanoparticles

C60

Imprinting, stamping and molding

Figure 1.1. Bottom-up and top-down strategies to assemble structures on the nanoscale
can be combined to achieve control - both at the molecular level and macroscopic dimen-
sions.
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semble themselves into sophisticated architectures at the molecular level. This
bottom-up strategy of molecular self-assembly utilizes the energetically favor-
able weak physical interactions† that interconnect the molecules, to control and
direct the assembly from molecular level to macroscopic scale.2 Inspiration for
the approach is found in nature where basically everything starting from the for-
mation of the famous DNA double helix, is governed by physical interactions.
Recently, several efforts have been made to combine the two strategies (Fig. 1.1)
by using self-assembly to generate the nanoscale features and traditional micro-
electronics processes to construct the nanoscale elements.3 Even though at some
point it will become cost-effective to employ the bottom-up self-assembly in ever-
increasing miniaturization, the potential of self-assembly is not in small size but
in complex organization and collective operation.2 Moreover, self-assembly is
the only feasible method for creating a diverse set of nanostructures and nano-
objects. Ensuring that the molecules assemble correctly is, however, difficult and
due to the weak physical interactions, the formed structures are typically only
local and contain large amount of defects.

1.1 An outline of the thesis

In this thesis we strive to explore feasible ways, on one hand, to control the for-
mation of nanoscale polymeric structures and, on the other hand, to align the lo-
cally ordered structures to macroscopic dimensions in order to obtain anisotropic
materials and functions.

In Chapter 2, we show the first example of how charge-transfer complex-
ation between C60 fullerenes and electron-donating units of block copolymers
can be used to control and direct the self-assembly of fullerene based materi-
als. The alignment of randomly oriented domains of nanostructured material
over macroscopic length scales is the topic of Chapter 3. We present details of
a rheo-optical instrument design that we have constructed to shine light on the
alignment dynamics of soft matter. Alignment of randomly oriented domains
is not only useful for obtaining macroscopically anisotropic materials and func-
tions, but it can also be a prerequisite for characterization of the local structures.
This aspect is demonstrated for liquid crystalline (LC) diblock copolymers which,
upon inducing flow alignment, are shown to exhibit coexistence of two orthog-
onal orientations of the LC phase within the copolymer lamellae. Furthermore,
we demonstrate that ionic complexes forming a columnar LC phase can be effi-
ciently aligned within polymer blends upon shearing, taken that the matrix poly-
mers have sufficiently high molecular weight. This concept allows a simple route
for macroscopically aligned nanocomposites with conjugated columnar LC func-
tional additives. Finally, in Chapter 4, control of nanoscale morphology in poly-
mer/fullerene nanocomposite thin film devices is shown to allow tuning of the
electrical switching which can enable construction of a memory unit. The work-
ing principles of such thin film organic memory devices have remained debated
and the first systematic approach is here undertaken to tailor the active material
composition and to study the morphology vs. functionality relationship.

†Donor-acceptor, ionic, π-π and metal coordination interactions as well as hydrogen bonds and
van der Waals forces.
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Publication I

2
Assembly of Small Molecules in Block
Copolymer Domains

2.1 Block Copolymer Self-Assembly

Block copolymers are well-known to self-assemble into a large variety of mi-
crophase separated superlattices with characteristic dimensions in the range 10-
100 nm.4–8 The formed nanoscale structure depends on the molecular weight,
segment size, strength of the interaction between the constituent blocks and the
composition of the copolymer i.e. the volume fraction of one of the blocks.9 For
AB diblocks, in addition to the classical morphologies shown in Figure 2.1, bicon-
tinuous gyroid morphology is known to be stable as confirmed by both theory10

and experiment.4, 11

More recently, several efforts have been made to combine block copolymer
self-assembly with nanoparticles to design materials that possess desirable prop-
erties of the two components. The nanoparticles often aggregate to larger clusters
which diminishes the benefits of the nanoscopic dimension. The assembly of the
nanoparticles within the block copolymer domains can, however, be controlled
and directed by careful selection of the ligands that are attached to the surface of
the nanoparticles and interact with the polymer. It has been shown that, in ad-
dition to being plain scaffolds to nanoparticles,12–14 block copolymers can have
a much more complex interplay with the nanoparticles leading to alteration of
both the orientation15–17 and the morphology18–24 of the copolymer domains.

Even though research on block copolymer self-assembly to control the ag-
gregation, size and arrangement of inorganic nanoparticles has been particularly
active during the past five years,25 research on their organic counterparts e.g.
fullerenes 26 has been very limited despite their wide range of applications.

Figure 2.1. Schematic of the classical body-centred cubic, hexagonal-packed cylinder,
and lamellar morphologies of diblock copolymers.

3



2.2 Pushing and pulling polymers around fullerenes

Figure 2.2. C60

resembles a
football one
nanometre in
diameter.

Fullerenes are hollow spherical, ellipsoidal or tubular cage-like
carbon molecules that constitute a class of carbon allotropes. The
first experimental observation of fullerenes was made in 1985
by Harold Kroto, James Heath, Yuan Liu, Sean O’Brien, Robert
Curl and Richard Smalley when they found evidence that a C60

molecule self-assembled spontaneously in a hot nucleating car-
bon plasma.27 The discovery of the fullerenes is one remarkable
example of scientific breakthrough,28 although unbeknown to the
discoverers at that time, essential theoretical work preceded the
discovery.29–31 The C60 molecule consists of 60 carbon atoms that
are arranged into a roughly spherical cage with 32 faces, 12 of
which are pentagonal and 20 hexagonal. Similar objects are com-
monly encountered as footballs (see Fig. 2.2) or architectural
structures and it was this connection that inspired the discover-
ers as they named the molecule Buckminsterfullerene after an architect Richard
Buckminster Fuller whose geodesic dome the molecule resembles.† The field of
fullerene science finally exploded after Krätschmer et al. succeeded in extract-
ing macroscopic quantities of C60 and led the way in the bulk production of the
fullerenes.32–35 The fascinating electronic, magnetic and physicochemical prop-
erties of C60 arise from its closed-shell configuration that consists of 30 bond-
ing molecular orbitals with 60 p electrons.36, 37 The high degree of symmetry
in the arrangement of the molecular orbitals has provided the basis for the in-
triguing optical,38, 39 semiconducting,40 conducting,41 superconducting42, 43 and
magnetic44–47 behavior of the underivatized C60. However, the potential appli-
cations are often limited due to the difficult processability of the fullerenes. To
be more precise, C60 is usually insoluble or in the best case sparingly soluble
to most known solvents and due to its high aggregation tendency it becomes
even less soluble.48 Various fullerene derivatives have been synthesized to over-
come this obstacle.49–56 Another approach that has turned out to be particularly
feasible is to utilize the ease of processing of polymers. The simplest way to
combine polymers with fullerenes, is to mix the two components in a common
solvent and then remove the solvent via evaporation. Better control of the fi-
nal product is often achieved by using covalent bonds to chemically connect the
fullerenes to the polymers and this can be done in several different ways: through
reaction between the fullerenes and the polymer during the polymerization,57–59

through favorable reaction between a preformed polymer and the fullerenes,60–62

through polymerization of a fullerene containing monomer63, 64 or by growing a
dendrimer from the fullerene65, 66. In further effort to improve the solubility, to
control the assembly and aggregation and also to provide further functionalities
to fullerene-based materials, fullerenes have been combined with block copoly-
mer self-assembly.67–72 In addition to covalent interactions,73–75 complementary
physical interactions, e.g. acid-base76 and hydrogen bonding26 have been used
to connect the fullerenes to specific chemical groups of block copolymers. Be-
cause fullerenes are known to form noncovalent donor-acceptor complexes with

†Other alternatives had similar connection: ballene, spherene, soccerene, carbosoccer, ...
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various low molecular mass species,77–83 a question arises as to whether charge-
transfer interaction can also be used to connect the fullerenes to block copoly-
mers.

In Publication I we answer to this question and describe a particularly facile
method for controlled self-assembly of underivatized fullerenes in block copoly-
mer domains via formation of charge-transfer complexes between the electron-
accepting C60 molecules and electron-donating moieties of poly(styrene-block-4-
vinylpyridine), PS-P4VP (Fig. 2.3(a)). Let us first discuss the solution properties
of C60 mixtures. The ultraviolet-visible (UV-Vis) spectrum of C60 in xylene shows
a broad and only weakly structured absorption band as shown in Figure 2.3(b).
If pyridine is used as a solvent instead of xylene, the spectrum initially resembles
that of C60 dissolved in xylene (Fig. 2.3(c)). Upon aging, however, the color of
the C60/pyridine solution changes from purple to brown, which manifests in the
UV-vis spectra as an increase in the absorbance in the region 450-550 nm (Fig.
2.3(c)). Such an observation agrees with the formation of charge-transfer com-
plexes between the electron-donating pyridine solvent and the electron-accepting
fullerenes.77–79, 83 A binary mixture of C60/xylene and a ternary mixture consist-
ing of PS/C60 in xylene show roughly similar absorption spectra, and they do
not change notably even during an aging time of 8 months (Fig. 2.3(b)). How-
ever, the situation is different if PS-P4VP/C60 is dissolved in xylene. The freshly
prepared micellar PS-P4VP/C60 block copolymer solution is purple, and its ab-
sorption spectrum is qualitatively similar to that of PS/C60 in xylene (Fig. 2.3(c)).
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Figure 2.3. (a) Polystyrene (PS) and poly(styrene-block-4-vinylpyridine) (PS-P4VP). (b)
UV-Vis spectra of PS-P4VP, C60, PS/C60 and PS-P4VP/C60 dissolved in xylene. (c) UV-
vis spectra at different aging times for PS-P4VP/ C60 dissolved in xylene. The spectra
are shown for a freshly prepared purple solution as well as for the aging times of 10
days and 3 months, leading to brown solutions. The inset shows the spectra for C60

dissolved in pyridine solvent. The aging times in this case are 1 h, 16 h, 2 days, and
5 days. Reproduced with permission from Publication I. c©2006 American Chemical
Society.
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Upon aging, however, the absorbance in the region ca. 450-550 nm increases, and
the solution becomes brown, similar to the solutions of C60 in pyridine. The in-
creased absorbance and color change in aged PS-P4VP/C60 xylene solutions can
therefore be explained based on charge-transfer complexation between C60 and
the pyridine units of the block copolymer which is also supported by infrared
spectroscopy.

Next, bulk and thin film samples were prepared from the PS-P4VP/C60 mix-
tures. An unexpected morphological change from cylinders (prepared from fresh
xylene solutions) to spheres (prepared from aged xylene solutions) was observed
both in bulk and thin films (Fig. 2.4) as evidenced by transmission electron
microscopy (TEM) and small angle X-ray scattering (SAXS). The morphologi-

(a) (b) (c)

Figure 2.4. Transmission electron micrographs of thin films: (a) pure PS-P4VP, (b) PS-
P4VP/C60 prepared from a fresh purple xylene solution, and (c) PS-P4VP/C60 prepared
from an aged 3 months old brown xylene solution. The P4VP domains appear dark due
to I2 stain. Reproduced with permission from Publication I. c©2006 American Chemical
Society.

cal change is unexpected because according to block copolymer theories,4 se-
lective incorporation of small molecular species or nanoparticles within the mi-
nority block of hexagonally self-assembled cylindrical diblock copolymer system
should render the morphology toward lamellar structures. This feature can be
depicted with Figure 2.1 where the initial state is the second morphology from
the left.† If the volume fraction of the blue P4VP domain increases due to e.g.
selective addition of small molecules, the change in the morphology should be
toward the blue arrow and lamellar morphology and not toward the red arrow
and spherical P4VP morphology as was observed. However, this discrepancy
can be explained by the formation of the charge-transfer complexes between the
C60 molecules and pyridines in the core of PS-P4VP micelles (Fig. 2.5). In freshly
prepared xylene solutions (< 2 wt%) the block copolymer forms spherical mi-
celles with PS corona and P4VP cores because xylene is a poor solvent for P4VP,
and it is thus expelled from the xylene. As a result the C60 molecules are more
likely to be found in the PS domains and not in the P4VP micellar cores. Ac-
cordingly, thin films or bulk samples prepared from the fresh solutions, show
swelling of the PS domains. However, upon aging, the UV-Vis and infrared spec-
troscopy showed interaction between the pyridines of the PS-P4VP and the C60

†The blue and red chains refer to P4VP and PS chains, respectively
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molecules. This suggests that, with time, part of the C60 molecules penetrate into
the P4VP cores of the PS-P4VP micelles and form charge-transfer complexes with
the pyridines (see Fig. 2.5). As C60 can accept up to six electrons84, 85 and thus in-
teract simultaneously with up to six pyridine groups, the C60 molecules can bind
several P4VP chains together via charge-transfer interaction. Such multiple inter-
actions combined with the strong tendency of C60 molecules to aggregate render
the morphology toward spherical structures even though the volume fraction of
P4VP domain increases and the theories4 suggest a change toward lamellar mor-
phology.

Related morphological change but due to different types of interactions and
materials has been reported in polystyrene-block-poly(ethylene oxide) (PS-PEO)
block copolymer thin films upon addition of cadmium sulfide (CdS) nanoparti-
cles.86 The morphological change from PEO cylinders to CdS/PEO spheres was
explained by the presence of multiple hydrogen bonds between surface-hydrox-
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Figure 2.5. Schematic representation of the self-assembled PS-P4VP/C60 structures
formed through charge-transfer complexation. The strong tendency of C60 molecules to
aggregate combined with the possibility that each C60 molecule can bind multiple P4VP
chains together through charge-transfer interarction is suggested to cause the morpho-
logical change from P4VP cylinders to C60-containing P4VP spheres. Reproduced with
permission from Publication I. c©2006 American Chemical Society.
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ylated CdS nanoparticles and PEO. Furthermore, Fujita et al. reported spherical
morphologies of PS-P4VP micelles in the presence of carboxylic acid-functionalized
C60 molecules.26 An explanation was suggested that the underlying mechanism
could be due to the formation of hydrogen bonds between pyridine and C60-
COOH. However, our present work suggests that charge-transfer interaction may
have played a role also in their work, in particular as they reported a similar
color change to brown that was also observed in our aged PS-P4VP/C60 xylene
solutions. Additionally, we have demonstrated that underivatized C60 without
additional functional groups is able to interact with block copolymers and can
control the self-assembly via charge-transfer complexation.
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Publications II, III and IV

3
From local to global order

3.1 Background

Molecular self-assembly typically leads to locally ordered domains with a large
number of defects in the local structure. The local randomly oriented domains
often lack mutual alignment and therefore the material remains macroscopically
disordered and isotropic which limits potential applications in the fields of elec-
tronics and optics in particular. The objective is to extend the local structures to
macroscale and, quite often, also to control the orientation of the domains. As
an example, in filtering and separation applications, control of the orientation of
small pores that travel through the membrane is required whereas control of the
exact position of an individual pore is not needed.87, 88 On the other hand, for
position sensitive applications such as memory devices, control of both orienta-
tion and long range order are often required.3, 89 Spatial restrictions in confined
systems e.g. in thin films may already as such enable control of ordered struc-
tures over macroscopic dimensions. Spin coating a thin film from a block copoly-
mer solution will lead to randomly oriented small domains but upon thermal
or solvent annealing of the films the domain size can drastically increase due to
decrease in the amount of energetically costly grain boundaries and defects.90–95

The local anisotropic domains can be aligned over macroscopic length scales
and the number of defects can be considerably reduced through post-processing
by using e.g. graphoepitaxy,90, 96 electric,97–100 magnetic101–104 or flow fields. In
graphoepitaxy, predefined surface relief patterns are used to bias the epitaxial
growth and orientation of the microdomains of block copolymer thin films.90

The alignment of block copolymers under an influence of an electric field has
been explained based on the difference between the dielectric constants of the
constituent blocks. The dielectric breakdown of the material, however, limits the
maximum field strength that can be used for the alignment, especially in thin
films. In terms of magnetic fields, it is the spatial variation of the magnetic per-
meability of the constituent blocks that determines the free energy of the system
under magnetic field and directs the alignment of the microdomains similarly as
variation in the dielectric constant does in the case of the electric field. Use of a
magnetic field for alignment purposes has one advantage over using an electric
field, namely, the risk of dielectric breakdown is not as probable. The reported
values for the strength of the magnetic field to align a block copolymer system are
typically in the range of 1-10 T and this requirement undoubtedly leads to techno-
logical limitations.101–104 Furthermore, all the systems that have been reported to
date contain crystalline or liquid crystalline moieties that are responsible for the
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alignment whereas there are no reports on the alignment of simple amorphous-
amorphous block copolymers by using magnetic fields. The analogy between the
magnetic and electric fields, nevertheless, suggests that similar alignment by us-
ing either magnetic or electric field should be possible in completely amorphous
systems as well.

3.2 Flow-induced alignment

Flow or mechanical deformation is by far the most efficient technique to align
block copolymer melts in bulk.105–131 The possibility of using a flow field to align
the copolymer microdomains was first pointed out by Keller and coworkers in
extruded rods of poly(styrene-block-butadiene-block-styrene) (PS-PB-PS).105 The
hexagonally arranged cylinders of PS were found to align parallel to the stretch
direction in the extruded rods. Keller and coworkers deduced that the extruded
macroscopic crystals would have a pronounced directionality in property leading to
anisotropic elastomers and different mechanical properties.105 However, rheo-
logical conditions could not be easily controlled and monitored in extrusion pro-
cesses and a significant advancement in this perspective was provided by Hadzi-
ioannou and coworkers when they introduced a parallel plate shear device.107

When a cylindrical structure of poly(styrene-block-isoprene-block-styrene) (PS-PI-
PS) triblock copolymer was subjected to an oscillatory shear flow field in the
molten state, Hadziioannou and coworkers observed that the cylinders aligned
parallel to the flow direction.107 Koppi et al. introduced another substantial tech-
nological improvement which allowed simultaneous small-angle neutron scat-
tering (SANS) experiments under the influence of the flow field.110–112 The im-
proved shear apparatus led the way for the discovery of a so-called flipping phe-
nomenon where the final aligned state of the block copolymer lamellae could be
changed from parallel to perpendicular (see Fig. 3.1) by controlling the oscilla-
tion frequency and temperature.110 Control of the orientation of the block copoly-

1

2

3 1

2

3 1
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3

ω

a) c)b)

sample

Figure 3.1. Schematic illustration of the possible shear-induced macroscale orientations
of lamellar block copolymer system, namely a) parallel; b) perpendicular and c) trans-
verse orientation. Reprinted with permission from II. c©2007 American Institute of
Physics.
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mer lamellae offers a feasible means to obtain macroscopically different materials
from the same polymer by simply tuning the processing conditions. This discov-
ery finally opened the floodgates for research on block copolymer melt dynamics
and to date, all block copolymer morphologies have been subjected to exten-
sional or shear flow field and their flow behavior has been studied as a function
of various processing parameters.

The final aligned state of a lamellar block copolymer is governed mainly by
four critical processing parameters:132

i) shear rate, γ̇

ii) strain amplitude, γ0

iii) temperature with respect to order-disorder transition temperature

iv) the initial morphological state of the sample.

Powerful material characterization techniques are required to clarify which type
of flow best induces macroscale order and which processing parameters deter-
mine the direction, perfection and rate of the alignment for a particular copoly-
mer system. These techniques can be divided into two groups: those that are per-
formed in-situ during shear deformation and those that are applicable only after
alignment (ex-situ) and involve additional processing. In-situ SAXS125, 133–135 and
SANS109–112, 136 can be used to follow the alignment dynamics in detail without
disturbing the sample under shear. Rheo-optics115–117, 119, 137, 138 is especially ap-
plicable to follow fast alignment processes but it cannot provide detailed struc-
tural information unlike the scattering techniques. Viscoelastic response of the
aligned sample121, 127 or analysis of the higher harmonics in the torque response139, 140

can also be used to follow the alignment dynamics but most probably due to the
non-trivial connection between the viscoelastic response and the final aligned
state, they have remained less popular. Unfortunately, no one technique alone is
adequate for providing all of the necessary structural information. For instance,
in-situ scattering techniques suffer from relatively poor time resolution and must
typically be conducted in large-scale e.g. neutron or synchrotron radiation facil-
ities to obtain high enough intensity. Even so, scattering measurements can be
performed simultaneously in only one direction which limits drawing conclu-
sions on the three-dimensional structure. Kornfield and coworkers have shown
that combination of the real-time rheo-optical methods with the more detailed ex-
situ structural characterization techniques (SAXS, SANS and/or TEM) can pro-
vide a powerful technique to elucidate the alignment dynamics of lamellar block
copolymer systems in particular.115, 116, 138

3.3 Rheo-optics as a tool to follow the pathways to
macroscale order

Birefringence of lamellar block copolymer melts can be used to follow the direc-
tion, rate and degree of alignment under shear.115 This variable has two distinct
contributions which arise from the anisotropy in the polymer monomer (intrin-
sic birefringence ∆ni) and block copolymer microstructure (form birefringence
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∆nf ). Even though the latter contribution is related to larger length scales and
thus follows the overall alignment dynamics better, rheo-optics has been success-
fully applied to systems where the refractive indices of the constituent blocks are
either significantly different117 (∆nf >> ∆ni) or nearly equal137 (∆ni >> ∆nf ).

Experimental setup

In Publication II we introduce a rheo-optical setup where the dynamic birefrin-
gence is measured by utilizing polarization modulation technique (Fig. 3.2).
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Figure 3.2. Schematic illustration of the apparatus: (L) laser; (H) half-wave plate; (P)
polarizer; (PEM) photoelastic modulator; (Q) quarter-wave plate; sample in the shear
cell; (BS) beamsplitter; (Dd) detector for dichroism path; (Db) detector for birefringence
path; (LPF) low-pass filter; (LI) lock-in amplifier. Reprinted with permission from II.
c©2007 American Institute of Physics.

The sample is subjected to an oscillatory shear flow field by placing the sample
pellet between two quartz teeth the lower of which is set into oscillatory mo-
tion and the upper of which senses the torque that is applied to the sample. Af-
ter polarization modulation by a photoelastic modulator (PEM), a light beam is
directed through the quartz teeth and the sample in between. If the sample is
birefringent, the light beam will undergo retardation which is then converted to
change in the light intensity by using the optical components following the flow
cell and the associated electronics. Besides being birefringent, materials can also
be dichroic which means that light is absorbed differently depending on the ro-
tation and polarization state of the incoming light. The instrument can be used
to measure low level linear birefringence and/or dichroism as well as their ori-
entation angles and next we will discuss the optics, electronics and mechanics of
the experimental setup.

Let us begin with the fundamentals of polarized light and its interaction with
anisotropic media. A pure x- and y-plane polarized light with an amplitude E0
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and wavelength λ can be expressed as follows:

Ex(z, t) = E0 cos k(z − ωt)x̂ (3.1)
Ey(z, t) = E0 cos[k(z − ωt) − φ]ŷ, (3.2)

where x̂, ŷ are unit vectors, ω is the frequency, φ is a relative phase angle and the
wave vector k is given by k = 2π/λ. The net effect of the x- and y-plane polar-
ized light is simply the sum of equations 3.1 and 3.2 since the light waves obey
the superposition principle. This sum depends strongly on φ as illustrated in Fig-
ure 3.3 which shows a schematic of different polarization states. As an example
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p/4
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Figure 3.3. Schematic illustration of (a) plane polarization, φ = 0, (b) elliptical polar-
ization, φ = π/4 and (c) circular polarization, φ = π/2. The light gray and dark gray
surfaces depict the x and y components of the polarized light, respectively, and the solid
curve is the amplitude of the resultant.

circularly polarized light (φ = π/2) can be considered as a sum of two orthogonal
linearly polarized waves with equal amplitudes which are φ = π/2 out of phase
with each other (Fig. 3.3(c)). In practice such a circularly polarized light can be
obtained from unpolarized monochromatic light by using a linear polarizer and
an optical element called quarter-wave plate or retarder. After passing through
the linear polarizer the light beam is directed through the quarter-wave plate
at 45◦ angle between the polarization plane of the light beam and the fast and
slow axis of the wave plate. The polarized light beam can now be divided into
two orthogonal parts: the x-axis (slow) and y-axis (fast) component. As the light
beam passes through the quarter-wave plate, the former component is retarded
by δ = π/2 rad or one-quarter of a wave (λ/4) and the resultant beam becomes
circularly polarized as illustrated in Figure 3.3(c). The quantity δ is called the
retardance and it is related to birefringence ∆n by

δ =
2πn1d

λ
− 2πn3d

λ
=

2π∆n13d

λ
, (3.3)

where n1 and n3 are the refractive indices of the material along two orthogonal
axis 1 and 3 (Fig. 3.1), λ is the wavelength and d is the thickness of the material.
In rheo-optics or birefringence measurements in general it is the retardance, δ
that is being measured.
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The analysis of the optical trains consisting of various polarizing elements
and anisotropic media can be carried out in a straightforward manner by using
Mueller calculus.141, 142 An optical component or anisotropic sample is described
with a Mueller matrix M ∈ R

4×4 whereas a Stokes vector S ∈ R
4 is used to

represent the polarization state of the light beam. As an example, a sample that
exhibits linear and circular dichroism and birefringence can be expressed in the
limit of small anisotropies via the following Mueller matrix

MS =









1 −δ′′ cos(2θ′′) −δ′′ sin(2θ′′) δ′′c
−δ′′ cos(2θ′′) 1 δ′c −δ′ sin(2θ′)
−δ′′ sin(2θ′′) −δ′c 1 δ′ cos(2θ′)

δ′′c δ′ sin(2θ′) −δ′ cos(2θ′) 1









, (3.4)

where δ′ and θ′ are the linear retardation and its orientation angle, δ′′ and θ′′

are linear extinction and its orientation angle, δ′c and δ′′c are circular retardation
and extinction, respectively. The polarization state of the incoming light beam
before (S0) and after (S1) it has passed through all the optical components and
the sample can be written using the following Stokes vectors

S1 = MPSAMSMPSGS0, (3.5)

where MPSG
† and MPSA

‡ are the products of Mueller matrices of the optical
components that are placed before and after the sample, respectively. The first
element of the Stokes vector gives the intensity of the light beam (S1(1) = I)
and it has two different expressions depending on the branch of the optical train,
namely dichroism (Dd) or birefringence (Db) (Fig. 3.2)

IDd
= ST

PSAd
MSSPSG =

I1

2
[1 − δ′′J0(∆0) cos(2θ′′)

−2δ′′J1(∆0) sin(2θ′′) sin(ωt)

−2δ′′J2(∆0) cos(2θ′′) cos(2ωt)] (3.6)

=
I1

2
[Id

DC + Id
ω sin(ωt) + Id

2ω cos(2ωt)] (3.7)

IDb
= ST

PSAb
MSSPSG =

I1

4
[1 − δ′′c − J0(∆0)(δ

′′ cos(2θ′′) + δ′ sin(2θ′))

−2J1(∆0)(δ
′′ sin(2θ′′) − δ′ cos(2θ′)) sin(ωt)

−2J2(∆0)(δ
′′ cos(2θ′′) + δ′ sin(2θ′)) cos(2ωt)] (3.8)

=
I1

4
[Ib

DC + Ib
ω sin(ωt) + Ib

2ω cos(2ωt)] (3.9)

where Jk(x), k = 0, 1, 2 are Bessel functions of the first kind, ω is PEM’s modula-
tion frequency and ∆0 is PEM’s retardation amplitude, ∆ = ∆0 sin(ωt). ∆0 can
be chosen so that I

b/d
DC terms in Equations 3.7 and 3.9 become independent of δ

and θ i.e. J0(∆0 = 2.405) = 0. The DC-terms (Ib/d
DC) can be directly measured by

passing the signals from the detectors through low pass filters whereas the first
and second harmonics (Ib/d

ω and I
b/d
2ω ) can be measured by using lock-in ampli-

fiers that are referenced to the PEM’s modulation frequency. The latter two terms
†Polarization State Generator, PSG
‡Polarization State Analyzer, PSA.
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are further normalized with the DC terms in order to cancel any effects related
to the fluctuations in the intensity of the light source. Finally, I

b/d
DC , I

b/d
ω and I

b/d
2ω

are used to solve δ′, θ′ and δ′′, θ′′ by using Equations 3.6 and 3.8. Finally, linear
birefringence (∆n′) and dichroism (∆n′′) can be obtained from δ′ and δ′′ by using
Equation 3.3. To perform the signal processing and the above mentioned calcu-
lations, a measurement program was written with LabVIEW software (National
Instruments).

Alignment of a lamellar diblock: A rheo-optical study

To test the performance of the experimental setup, we studied the flow align-
ment dynamics of a well-known lamellar diblock copolymer system comprising
of poly(styrene-block-isoprene) (PS-PI, see Fig. 3.4(a)). Based on SAXS, the di-
block copolymer was known to self-assemble into a lamellar morphology with
a d-spacing of 22 nm. The birefringence of PS-PI is dominated by the form
birefringence143, 144 and therefore ∆n13 is directly related to the orientation dis-
tribution of the lamellae.119 As an example, a perfectly aligned parallel state (Fig.
3.1) would give zero birefringence whereas perpendicular or transverse orienta-
tion would lead to a non-zero value |∆n13| > 0.

The diblock copolymer sample was subjected to large amplitude oscillatory
shear flow at two different working temperatures, namely 115 ◦C and 145 ◦C and
the evolution of the dynamic moduli and birefringence under shear were moni-
tored in situ (Fig. 3.4). Both moduli show a fast initial drop which is followed by
a slower gradual decay typical for diblock copolymers undergoing a transition
from randomly oriented local domains toward macroscopically aligned state.
Additionally, Figure 3.4(b) shows that birefringence follows two distinct trajec-
tories depending on the processing temperature. When the diblock copolymer is
subjected to shear at 115 ◦C, birefringence shows a fast initial increase followed
by a slower decay. At 145 ◦C, on the other hand, birefringence first increases
rapidly and then gradually flattens. Kornfield and coworkers have extensively
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Figure 3.4. (a) Evolution of the dynamic storage G′ and loss modulus G′′ of PS-PI during
oscillatory shear at 115◦C. Oscillation frequency ω = 1 rad/s, shear strain amplitude
γ0 = 0.42. (b) Evolution of the birefringence during shear alignment. Reprinted with
permission from II. c©2007 American Institute of Physics.
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studied the flow alignment dynamics of PS-PI by using rheo-optical approach.
By comparing the different trajectories observed in this study and reported by
Kornfield and coworkers115–117, 138 we can notice that the curve obtained at 115
◦C (Fig. 3.4(b)) resembles the route to perpendicular orientation and at 145 ◦C
(Fig. 3.4(b)) the route to parallel orientation. However, more detailed structural
characterization is required to verify these conclusions.

After finishing the alignment process, the samples were cooled down to room
temperature and removed from the rheometer for more detailed ex-situ analy-
sis. Two-dimensional SAXS patterns together with the corresponding azimuthal
scans are shown in Figure 3.5. The scattering patterns support the conclusions
drawn from the trajectories of the birefringence, i.e. at lower temperature (115
◦C) the material progresses toward parallel and at higher temperature (145 ◦C)
toward perpendicular orientation.
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Figure 3.5. Two-dimensional SAXS patterns of the first order Debye rings in normal,
tangential and radial views for (ref) a reference sample and for samples subjected to
oscillatory shear flow (ω = 1.0 rad/s, γ0=42%) at (par) 115◦C and (per) 145◦C. Azimuthal
scans from the first order Debye rings are shown at the bottom of the figure. Reprinted
with permission from II. c©2007 American Institute of Physics.
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3.4 Side chain liquid crystalline block copolymers

Liquid crystalline materials cannot be simply categorized as solid, liquid or gas
as they possess mechanical and symmetry properties between those of a liquid
and a crystal.145, 146 Due to this reason they are often said to exhibit intermediate
or mesomorphic phases. Following the more precise definition by de Gennes, liquid
crystals are systems in which a liquid-like order exists at least in one direction of space
and in which some degree of anisotropy is present.145 A variety of phases, transitions
and phenomena can be observed in liquid crystalline materials depending on
external conditions and the type of the molecular building blocks i.e. mesogens
of the liquid crystals.145–148

The rich diversity of liquid crystalline mesophases can furthermore be com-
bined with block copolymer self-assembly to form various hierarchical structures
of e.g. side chain liquid crystalline block copolymers.149–151 Recently, understand-
ing the interplay between the two structural hierarchies has been of particular
scientific interest.102, 152–154 Lamellar-within-lamellar morphologies, where meso-
gens form smectic layers within block copolymer lamellae, can be obtained for
a wide range of volume fractions of the copolymer (Fig. 3.6). The smectic lay-
ers typically align perpendicular to the copolymer lamellae (Fig. 3.6(b)) indepen-
dently of the type of the mesogen (e.g., azobenzene, biphenyl, or cholesteryl).155–158

However, parallel orientation (Fig. 3.6(c)) has also been observed and was first re-
ported by Hammond and coworkers.159, 160 They found that diblock copolymers
bearing a hexyl spacer between the mesogen and the polymer backbone exhib-
ited perpendicular orientation of the smectic layers whereas copolymers bearing
a longer decyl spacer led to parallel orientation in roll-cast films. In melt-drawn
fibers, on the contrary, only perpendicular orientation was observed. Hammond
and coworkers concluded that the length of the alkyl spacer determines the ori-
entation of the smectic layers due to difference in the decoupling of the mesogens
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Figure 3.6. (a) Chemical structure and schematic model of the poly(styrene-block-2-
cholesteryloxycarbonyloxy ethyl methacrylate) i.e. PS-PChEMA diblock copolymer.
Schematic representation of (b) perpendicular and (c) parallel orientation of the LC
PChEMA subphase. LBCP = 280 Å and LLC = 45 Å

17



from the polymer backbone.160, 161

In Publication III we study the morphology of a side chain liquid crystalline
diblock copolymer in which only a short oxycarbonyloxy ethyl spacer couples
the mesogenic cholesteryl unit to the polymer backbone (Fig. 3.6(a)). Based
on SAXS and TEM the block copolymer is known to self-assemble into a hier-
archical lamellar-within-lamellar morphology as shown in Figure 3.7. To deter-
mine whether the smectic layers align parallel (Fig. 3.6(c)) or perpendicular (Fig.
3.6(b)) to the copolymer lamellae, the local isotropic structures shown in Figure
3.7 should be extended over macroscopic length scales so that the orientation of
the smectic layers becomes observable.
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Figure 3.7. Combined SAXS profile of the PS-PChEMA in the low- and high-q region
shows five intensity maxima which arise from the lamellar BCP structure (qBCP ) and
three intensity maxima arising from the LC subphase (qLC ). The corresponding TEM
micrograph is shown in the inset where PS regions appear darker due to RuO4 staining.

We used oscillatory shear flow and real-time monitoring by rheo-optics to
align the hierarchical structures beyond the local order. The two-dimensional
SAXS patterns of the aligned PS-PChEMA pellet recorded in three orthogonal
directions are shown as a three-dimensional representation in Figure 3.8b. The
lamellar copolymer structure is uniaxially aligned with the lamellae normal point-
ing along the shear gradient direction as evidenced in the meridional intensity
maxima in radial and tangential scattering patterns as well as the low inten-
sity in the isotropic normal scattering pattern (Fig. 3.8b). The smectic layers,
on the other hand, have two orthogonal orientations with respect to the uniaxi-
ally aligned copolymer lamellae where the normal of the smectic layers is aligned
either parallel or perpendicular with respect to the copolymer lamellae normal.
This schizophrenic nature of the smectic mesophase is more evident in the az-
imuthal scans of Figure 3.8c which shows intensity maxima at roughly 180◦ and
270◦ arising from the perpendicular and parallel orientation, respectively. The
analysis of the azimuthal scans offers a means to estimate the relative occurrence
of the different orientations. Numerical integration of the areas corresponding to
the parallel and perpendicular orientation in Figure 3.8c gives an estimate that
roughly 19 % of the smectic layers are aligned parallel with respect to the copoly-
mer lamellae, the remaining 81 % exhibiting perpendicular orientation. Interest-
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ingly, the fraction of the parallel orientation (20 - 35 %) was found to depend on
the processing conditions. Increase in either oscillation frequency and/or shear
strain amplitude promoted an increase in the relative occurrence of the parallel
orientation. Direct imaging with TEM offers another powerful technique to visu-
alize the hierarchical structures162–164 as shown in Figure 3.8d which confirms the
coexistence of the two orthogonal orientations of the smectic layers. The preced-
ing results suggest coexistence of parallel and perpendicular orientations even
though on the basis of previous reports157–161 the smectic layers of PChEMA were
expected to align perpendicular to the BCP lamellae. Two questions arise: Why
do the parallel and perpendicular orientations coexist? And what is the role of
the flow field? Answering these questions is challenging because one should be
able to exclude the effect of the flow field and study the orientation of the pris-
tine LC phase but to accomplish this, the material should be well ordered which,
on the other hand, requires use of external alignment fields. To overcome these
obstacles and to study the material close to thermal equilibrium, a well-aligned
sample pellet was further thermally annealed in a high vacuum oven. Upon an-
nealing, the intensity associated with the parallel orientation of the LC phase was
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Figure 3.8. (a) Schematic illustration of the flow cell together with the corresponding axis
of coordinates. The light beam used for measuring the birefringence travels in the normal
direction through the sample and the quartz teeth. (b) SAXS patterns from an aligned
sample pellet recorded in normal, tangential and radial direction. (c) Azimuthal scans
obtained from the radial SAXS pattern for the first order peaks arising from the liquid
crystalline subphase (solid curve, qLC = 0.1395 Å−1) and block copolymer structure
(dashed curve, qBCP = 0.0221 Å−1). (d) TEM micrograph from an aligned sample pellet
showing both the block copolymer structure as well as the liquid crystalline structure
(white scale bar, 50 nm) and higher magnification TEM micrographs (black scale bars, 10
nm) together with the schematic of perpendicular and parallel orientation of the smectic
subphase.
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found to decrease slightly whereas that of perpendicular orientation increased.
These observations suggest that the distribution between the parallel and per-
pendicular orientation is a result of the competition between the coupling of the
cholesteric mesogens to the methacrylate backbone (perpendicular orientation)
and the shear induced alignment (parallel orientation).

3.5 Ionic self-assembled complexes

In the preceding section, we discussed the hierarchical structures formed in side
chain liquid crystalline block copolymers in which the mesogens were cova-
lently bound to the polymer chain. An alternative and feasible approach which
uses non-covalent physical interactions besides the covalent bonds, is termed
supramolecular chemistry.2 As an example, a simple supramolecular counter-
part to the previous case is a diblock copolymer in which the mesogens or am-
phiphiles are bound to the polymer backbone via non-covalent interactions such
as electrostatic,165–167 coordination,168 hydrogen bonding163, 169, 170 or a combina-
tion of different physical interactions162, 171, 172 to form related hierarchical struc-
tures. One of the main advantages of using non-covalent interactions over the
covalent ones, is that the bonds may be opened and reformed reversibly2, 172 thus
enabling e.g. thermally responsive materials and applications.162, 169, 173

The synthetic route of ionic self-assembly (ISA) is a branch of supramolec-
ular chemistry which uses electrostatic interactions to couple various molecular
building blocks or tectons together to create diverse nanostructures.174 The ISA
route allows facile combination of various functionalities in a modular fashion by
complexing different charged functional moieties with ionic surfactants. The sur-
factants not only allow tuning of the assembly and packing and introduce plasti-
cization, but can also lead to liquid crystallinity.174 Perylenes which are important
organic electron-accepting semiconducting moieties,175 have been successfully
combined with ionic surfactants to form various ISA complexes and nanoscale
structures.176, 177 The formed structures, however, are only local and alignment
of the n-type semiconducting perylene moieties is especially desirable, as pery-
lene derivatives are attractive for supramolecular materials,175 photovoltaics,178

molecular electronics,179 liquid-crystalline materials176, 177, 180 and optical com-
ponents.177 However, alignment of ISA materials has turned out to be surpris-
ingly difficult even though shear-induced alignment has been successfully used
to align related self-assembled hydrogen-bonded polymer-amphiphile structures
over macroscopic length scales.181–189 A wide variety of different local ISA struc-
tures have been reported174, 176, 190–203 but despite multiple attempts to achieve
common macroscopic alignment beyond the local order, none of the tried meth-
ods has turned out to be particularly feasible to align ISA complexes that contain
aggregated units with strong π-π interactions.177, 204 Recently, photo-orientation
of charged azobenzene-containing ISA complexes has been shown to lead to
macroscopic order.204, 205 Such alignment strategy is, however, only applicable
to materials containing photo-active units and therefore cannot be fully general-
ized.

In Publication IV we introduce a facile scheme that can allow overall align-
ment of the ionic self-assembled complexes beyond the local polydomain-like
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order. The scheme is based on blending the ISA complex with a high molecu-
lar weight inert polymer, such as polystyrene, and then aligning the ISA com-
plexes within the polymer matrix by subjecting the blend to shear flow at el-
evated temperatures. The ISA complex used is a cationic N,N’-bis(ethylenetri-
methylammonium)-perylenediimide (Pery) bearing an ionically bonded anionic
bis(2-ethylhexyl) phosphate (BEHP) surfactant (Fig. 3.9).
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Figure 3.9. N, N ′-bis(ethylenetrimethylammonium)-perylenediimide/bis(2- ethylhexyl)
phosphate complex, i.e., Pery-BEHP.

The structure of the pure Pery-BEHP complex is first explored by using TEM,
SAXS and wide-angle X-ray scattering (WAXS). WAXS results suggest that the
planar perylene units exhibit π-stacking with a d-spacing of 3.4 Å (Fig. 3.10(a)).
The SAXS pattern, on the other hand, shows several distinct intensity maxima
(Fig. 3.10(b)) which can be indexed to a two-dimensional oblique columnar phase,
the columns of which constitute of the stacked planar perylene units (Fig. 3.10(d)).
This conclusion is also supported by TEM where elongated objects having closely
similar d-spacing are observed (Fig. 3.10(c)).

Even if, SAXS and TEM showed well-defined order at the mesoscale, the
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Figure 3.10. (a) WAXS and (b) SAXS intensity patterns from Pery-BEHP, where the po-
sitions of the reflections for the fitted structure are indicated (a = 39.8 Å, b = 23.9 Å,
γ = 62◦). (c) TEM micrograph from Pery-BEHP. (d) Scheme of the proposed oblique
columnar structure. Reproduced with permission from IV. c©2008 Wiley-VCH Verlag
GmbH & Co. KGaA.
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material remained isotropic on the macroscopic length scale despite multiple
attempts to achieve common macroscopic alignment by using oscillatory and
steady shear flow. This characteristic is evidenced by the isotropic two-dimen-
sional SAXS pattern in the inset of Figure 3.10(b). The degree of alignment can
also be quantified by using the approach of Hermans206 where an orientation
factor fz is calculated according to

fz = 1 − 3
∫ π/2
0 I(φ) sin3 φdφ

2
∫ π/2
0 I(φ) sin φdφ

, (3.10)

where I(φ) is the intensity along the azimuthal angle φ. The orientation factor
fz = 1 for a perfectly oriented structure and fz = 0 for an isotropic Debye-ring
arising from a randomly oriented structure. The orientation factor obtained from
Figure 3.10(b) is fz ≈ 0.06 which means that the columns of Pery-BEHP are nearly
randomly oriented and the material is macroscopically disordered and isotropic.
One potential reason for the difficulty in obtaining mutual alignment in ISA ma-
terials might be the presence of the large number of charges in the ionic com-
plexes that strongly suppress the structural reorganizations (required during the
alignment process) due to the strong long-range Coulomb interactions. Therefore
our hypothesis was that "dilution" of the charges in the ionic complexes through
addition of nonpolar material could promote structural reorganizations during
shear and could open practical routes toward overall alignment of the ISA ma-
terials. To test the hypothesis, the Pery-BEHP complexes were blended with dif-
ferent molecular weight polystyrenes (Table 3.1). Based on polarized optical mi-
croscopy and SAXS on the Pery-BEHP/PS blends, the Pery-BEHP was concluded
to disperse in the PS matrix so that at least some of the dimensions of the Pery-
BEHP aggregates are at the mesoscale. To align the Pery-BEHP columns, pellets
of Pery-BEHP/PS blends were subjected to steady shear flow. Prior to shearing,
the SAXS intensity patterns (Fig. 3.11) resembled those of the pure Pery-BEHP
(Fig. 3.10(b)) i.e. possessed no macrocopic alignment. However, upon shearing,
the alignment of the Pery-BEHP/PS blends systematically improves as a function
of the molecular weight of the PS (Fig. 3.11). This improvement can once again
be quantified using the approach of Hermans (Eq. 3.10) and the values of the ori-
entation factor fz for Pery-BEHP/PS blends constituting of different molecular
weight PS are listed in Table 3.1.

The anisotropy of optically active materials is often expressed as a ratio in
absorbance of polarized light at two different angles. To determine the values of

Table 3.1. Details of the polystyrenes used and values of the orientation factor fz for
shear aligned Pery-BEHP/PS samples as determined from the intensity patterns shown
in Figure 3.11.

Sample Mn(PS) [g mol−1] Mw(PS)/Mn(PS) fz

Pery-BEHP/PS1 6000 1.06 0.04
Pery-BEHP/PS2 24000 1.03 0.17
Pery-BEHP/PS3 50000 1.04 0.48
Pery-BEHP/PS4 115000 1.04 0.51
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Figure 3.11. a) Scheme of the plate/plate geometry where the lower plate is fixed and the
upper plate is rotated to produce shear flow to the sample between the parallel plates.
The sample slice shows the corresponding coordinate axes where qx is the direction of
the flow field (v) and qz shows the direction of the incident X-ray beam. SAXS inten-
sity patterns for b) Pery-BEHP/PS4 sample prior to shear alignment showing also the
azimuthal angle φ and SAXS intensity patterns for shear aligned c) Pery-BEHP/PS1, d)
Pery-BEHP/PS2, e) Pery-BEHP/PS3 and f) Pery-BEHP/PS4. Reprinted with permission
from IV. c©2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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GmbH & Co. KGaA.

23



this dichroic ratio for the aligned sample pellets, the absorbance of the plane po-
larized light was measured perpendicular (A⊥) and parallel (A‖) with respect to
the flow direction (directions qy and qx, respectively, in Fig. 3.11). The dichroic ra-
tios (D(λ) = A⊥(λ)/A‖(λ)) increase systematically as a function of the molecular
weight of the blended PS in full agreement with the SAXS analysis (Fig. 3.12).

The alignment scheme is summarized in Figure 3.13. Blending Pery-BEHP
with PS leads to high aspect ratio aggregates with mesoscale lateral dimensions,
showing internal columnar LC order. Selecting PS with sufficiently high molec-
ular weight, shearing leads to efficient alignment of the elongated LC aggregates
at the mesoscale. As the LC aggregates, in turn, have well-defined internal self-
assembled order, the shearing leads to high alignment of the perylenes at the
molecular level, with macroscopic optical properties. Therefore, rather than try-
ing to order the perylene molecules directly, we sooner shear align extended
liquid-crystalline aggregates within a polymer matrix which better couples with
the flow field.

Figure 3.13. At the mesoscale the entangled matrix polymer chains align the elongated
columnar liquid crystalline Pery-BEHP aggregates due to the flow field. The columnar
liquid-crystalline aggregates, in turn, have well-defined internal columnar order, which
leads to alignment of the optically active perylenes at the molecular level. Reprinted
with permission from IV. c©2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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Publications V and VI

4
Nanocomposite memory elements

4.1 Background

One of the key objectives of today’s information society is to provide quick and
easy access to information - anywhere, anytime. Ubiquitous information re-
quires development of unparalleled information storage technologies which pos-
sess such advantages as low cost and simplicity in fabrication and high me-
chanical flexibility of the devices but do not suffer from the limitations of con-
ventional semiconductor electronics. A promising and rapidly emerging field
that could answer to this challenge is organic electronics.207–209 The potential of
the field arises from the possibility to define the functionality at the molecular
level and deposit the organic compound and therefore the electronics on a va-
riety of surfaces from plastics to textiles and metal foils to form devices that
are completely flexible.208, 209 Although significant progress has been made in
organic light-emitting diodes,210–212 thin film transistors,213–216 and photovoltaic
cells,217–219 the research on organic memory elements is still in its infancy.220 A
great number and variety of organic electronic devices have been reported to ex-
hibit electrical switching and therefore proposed as the basis of organic memory
elements.221–234 Switching behavior alone, however, is insufficient and the de-
vices must fulfill a full set of other demands associated with e.g. on-off ratio,
write/read/erase time and cycling endurance in order to be fully exploited as
memory elements.220 In a recent critical review article, Scott and Bozano classi-
fied the materials and the proposed mechanisms that have been used in organic
switching devices and they arrived at a conclusion that none of the reported de-
vices satisfy the full set of demands.220 To fully explore and exploit the potential
of organic memory elements, the research must focus on clarifying the micro-
scopic mechanism of switching and transport mechanism, optimizing the pro-
cesses and materials and on excluding the effects that limit the reliability.220, 235

In Publications V and VI we strive to develop understanding of the working
principles of organic nanocomposite memory elements and explore ways to tune
the functionality of the devices by controlling the device morphology.

4.2 Electrical behavior

The design of the memory cells is a two-electrode sandwich structure in which
the active nanocomposite layer of PS and a fullerene-derivative [6,6]-phenyl-C61

butyric acid methyl ester (PCBM, see Fig. 4.1(a)) is located between two parallel
metal electrodes and deposited by solution coating. Figure 4.1(b) shows the typ-
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ical electrical behavior of a PCBM/PS thin film device. In the first voltage scan
(solid line in Fig. 4.1(b)), the current density increases by two orders of magni-
tude from the initial low current OFF state to high current ON state at Vth which
is followed by negative differential resistance (NDR). In the subsequent voltage
sweeps (dashed line in Fig. 4.1(b)) the device remains at the high current state.
Absence of PCBM in the devices lead to completely different behavior with sev-
eral orders of magnitude smaller current densities and absence of Vth and NDR
as shown in Figure 4.1(b).
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Figure 4.1. (a) Fullerene-derivative [6,6]-phenyl-C61 butyric acid methyl ester i.e. PCBM.
(b) Absolute value of the current density as a function of voltage for 5 wt% PCBM/PS
(solid line for the first scan and dashed line for the subsequent scans) and 0 wt%
PCBM/PS i.e. pure PS device (squares: �). The active layer thicknesses are 250 nm
and 210 nm for 5 wt% and 0 wt% PCBM/PS devices, respectively.

These results are against the recent argumentation which states that the elec-
trodes in two terminal organic memory elements are the source for reversible
switching whereas the organic material in between serves merely as a passive
current limiting series resistance.225, 236 In such studies, the switching and trans-
port mechanism were explained based on presence of an oxide layer at the elec-
trode and transport through filaments. This kind of filamentary conduction237, 238

can take place when a metallic bridge connects the electrodes but local align-
ment of the storage medium can also lead to formation of high-mobility path-
ways which will give rise to the filamentary conduction. Furthermore, Tang et al.
proposed that switching and NDR can be due to presence of metal nanoislands
that form during the evaporation of the top electrode in the crevices of dust par-
ticles or other impurities present on the bottom electrode.

To clarify whether Al can penetrate into the active PCBM/PS layer during
the evaporation of the electrodes and explain the observed electrical behavior,
detailed knowledge of the device morphology is required.

4.3 Device morphology

Extensive TEM analysis were carried out on both unused and used Al-PCBM/PS-
Al devices to answer whether Al can penetrate into the active PCBM/PS layer
and to obtain a deeper understanding of the microscopic mechanism of switch-
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ing and NDR. Figure 4.2 shows a plan view and cross-sectional TEM micrograph
of a used 5 wt% PCBM/PS device. The micrographs do not show penetration
of Al into the active medium and in addition the PCBM molecules seem to be
homogenously dispersed in the polymer matrix as they do not show aggrega-
tion. Additionally, we performed energy dispersive X-ray spectroscopy (EDX)
on the device cross-sections to determine conclusively the existence of Al in the
active layer of the devices (Fig. 4.2). These results together with X-ray photo-
electron spectroscopy239 verify that the slow evaporation rate of Al (1.0-1.2 Å/s),
used to fabricate the electrodes, does not lead to penetration of Al into the ac-
tive PCBM/PS layer. In conclusion, the observation of the consistent NDR in the
Al-PCBM/PS-Al devices (Fig. 4.1(b)) is less likely to be due to deliberate or un-
intentional inclusion of metal nanoparticles from the thermal evaporation of the
Al electrodes and furthermore, introduction of the PCBM molecules into the PS
matrix is a prerequisite for switching and NDR.
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Figure 4.2. (a) Plan view TEM image of a used 5 wt% PCBM/PS device close to an edge
(the thin film is on the left hand side of the image). (b) Cross-sectional TEM image of
the same device consisting of a 250 nm thick 5 wt% PCBM/PS film sandwiched between
the top and bottom Al electrodes. The spots used for the quantitative energy disper-
sive X-ray spectroscopy (EDX) analysis are indicated as circles in the cross-section and
the corresponding results from the EDX analysis are shown in (c)-(h). Reprinted with
permission from V. c©2008 Institute of Physics Publishing.

The above example shows that in order to understand the electrical behav-
ior in thin film devices, it is relevant to study not only the plan view but also
the cross-sectional morphology as the interfaces can have an effect on the mor-
phology and therefore on the device characteristics. Most often, a combination
of different experimental techniques is required to clarify conclusively the three-
dimensional (3D) morphology of the thin films (Fig. 4.3). Knowledge of the 3D
morphology will then form the basis for the models that can explain the cor-
responding device working mechanism. Atomic force microscopy (AFM) and
scanning electron microscopy (SEM) offer excellent spatial resolution but they
are sensitive only to surface features and incapable of detecting subsurface fea-
tures, excluding some limiting cases.240 TEM also lacks depth sensitivity as the
two-dimensional transmission micrographs are averaged through the thickness
of the 3D specimen even if 3D transmission electron tomography is applicable in
some cases.241
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Schematic model

AFM

SEMPlan view TEM

Cross-sectional
TEM

Figure 4.3. Nanocomposite structure and state of aggregation in annealed (120 ◦C) 40
wt% PCBM/PS thin films as evidenced by atomic force microscopy (AFM), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). AFM image
courtesy of Antti Soininen (TKK).

(a) (b) (c)

(d) (e) (f)

Figure 4.4. Sample preparation for plan view and cross-sectional TEM. For plan view
TEM (a) the thin film (red) is first floated onto water surface and as a result the NaCl
substrate (green) dissolves. (b) the thin film is then collected onto a TEM grid and (c) fi-
nally imaged with TEM. For cross-sectional TEM (d) the thin film (red) is first embedded
and sandwiched between two epoxy layers (blue) and thereafter (e) ultra-microtomed to
obtain thin sections transparent for (f) TEM imaging.
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Combination of plan view and cross-sectional TEM, however, can provide the
full 3D information required to build a complete model of the 3D structure (Pub-
lications V and VI). The sample preparation for plan view and cross-sectional
TEM is summarized in Figure 4.4. For plan view TEM, the thin films are first
spin coated onto NaCl substrates and subsequently floated off from the substrate
onto water surface (Fig. 4.4(a)). Next the thin films are collected onto TEM grids
(Fig. 4.4(b)) and finally imaged by TEM (Fig. 4.4(c)). We developed a correspond-
ing sample preparation technique for cross-sectional TEM in which the thin film
is embedded in epoxy and sectioned with an ultra-microtome (Fig. 4.4(d)-(e)) to
yield TEM transparent thin sections (Fig. 4.4(f)).

4.4 Tuning the electrical behavior by control of
morphology

In Publication V we studied the morphology of PCBM/PS thin films at low
PCBM concentrations (<10 wt%) and reported well controlled morphology with-
out visible aggregation at the resolution of TEM. In Publication VI we take this
approach a step further and show that the device morphology can be controlled
by the PCBM concentration and annealing which allows tuning of the electrical
switching in PCBM/PS thin film devices.

In equilibrium, PCBM is expected to be prone to macroscopically phase sep-
arate from PS in PCBM/PS blends due to its high aggregation tendency. How-
ever, during a rapid spin coating process, the extent of phase separation within
the glassy matrix can be limited by kinetic effects. Compositions that contain
10 wt% or less of PCBM with respect to PS are observed to lead to surprisingly
homogenous films without a trace of aggregation (Fig. 4.5(a),(b)) within the res-
olution of the present TEM investigations where the smallest detectable particle
size is ca. 20 nm. However, when the PCBM concentration exceeds ca. 20 wt%,
TEM starts to indicate nanoscale phase separation of PCBM via nucleation and
growth of spherical clusters as shown in Figure 4.5(c). Interestingly, the clusters
systematically grow in size upon increasing the PCBM concentration.

The phase separation and formation of PCBM clusters depends strongly on
the selected solvent for spin coating. Use of a low boiling point solvent like chlo-
roform leads to nanoscale clusters (Fig. 4.5(c),(d)) whereas use of higher boiling
point solvents such as toluene, chlorobenzene, and xylene led to phase separa-
tion at micrometer scale. Obviously the fast evaporation of low boiling point
solvent during spin coating hinders large scale reorganization of the polymer
chains before the glassy structure is frozen and thus phase separation occurs only
at nanoscale. Note that the phase separation of PCBM in polymer matrices has
already been widely investigated in the context of conjugated polymer/fullerene
bulk heterojunction solar cells (for a recent review see242). We emphasize, how-
ever, that therein the matrix polymers are conjugated polymers, typically under-
going crystalline packing and PCBM clusters are much larger, and therefore such
studies are of limited use in the present case with amorphous glassy polystyrene
with nanoscale PCBM clusters.

In order to explore methods to control the PCBM aggregation, as well as the
robustness of the process vs. the PCBM aggregation, the influence of thermal
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Figure 4.5. TEM micrographs showing the plan view (top) and cross-sectional view (bot-
tom) for (a) 5 wt% (b) 10 wt% (c) 20 wt% (d) 40 wt% PCBM/PS thin films annealed at
80 ◦C for 90 minutes i.e. below Tg of PS and (e) 5 wt% (f) 10 wt% (g) 20 wt% (h) 40 wt%
PCBM/PS thin films annealed at 120 ◦C for 90 minutes i.e. above Tg of PS. The top in-
terface in the cross-sections is the air/film and the bottom film/substrate interface and
to differentiate them better a thin layer of carbon has been evaporated onto both sides of
the thin films. All scale bars are 200 nm. Reproduced with permission from VI. c©2008
American Institute of Physics.
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Figure 4.6. (a) TEM micrograph from 120◦C annealed 40 wt% PCBM/PS and (b) the cor-
responding size distribution. (c) Mean cluster diameters in PCBM/PS thin films before
(open symbols) and after thermal annealing at 120◦C (closed symbols) as determined
from the TEM micrographs. The error bars indicate the standard deviation. The smallest
detectable particle size was ca. 20 nm. Reproduced with permission from VI. c©2008
American Institute of Physics.
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treatment to the PCBM aggregation was studied by annealing the spin coated
PCBM/PS thin films above the glass transition temperature of PS (Tg,PS ≈ 100
◦C). Annealing at 120 ◦C leads to increase in the cluster size as shown in Figures
4.5(e)-(h). The growth of the clusters is most clearly observable in the 10 wt%
composition: prior to annealing (Fig. 4.5(b)) aggregation is not observed at the
resolution of TEM, whereas annealing above Tg,PS leads to appearance of clusters
of roughly 90 nm in diameter (Fig. 4.5(f)).

Figure 4.6(c) shows mean cluster diameters together with the associated stan-
dard deviations for each PCBM/PS composition that have been determined from
the plan view TEM micrographs using image processing and data analysis soft-
ware. One can conclude from the figure that the average size of the clusters can
be systematically controlled by merely changing the PCBM concentration and/or
via thermal treatment. An important corollary is that if the high temperature an-
nealing promotes growth of large PCBM clusters due to increased mobility of
PCBM above the glass transition of PS, the fraction of finely dispersed PCBM, as
not resolved in TEM, must decrease. Therefore the mutual distance of finely dis-
persed PCBM is expected to grow, which is expected to cause reduced electrical
tunneling.

Having understood how to control the state of aggregation of PCBM in PS
matrix, i.e. that fine dispersion of PCBM is promoted by low PCBM concentra-
tion, low boiling point solvent in spin coating, and low temperature processes,
we next discuss the impact of the aggregation control on the electrical characteris-
tics in devices where the active layer of PCBM/PS thin film has been sandwiched
between two parallel aluminum electrodes. In the absence of PCBM, the pure PS
devices exhibit only small leakage current without switching or NDR as shown
in Figure 4.7(a). By contrast, adding only a small portion of PCBM (2 wt%) leads
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Figure 4.7. (a) Absolute current density as a function of voltage for pure polystyrene
(PS, layer thickness d = 200 nm) and 2-6 wt% PCBM/PS compositions (d = 250 − 260
nm). (b) Vth as a function of PCBM concentration. (c) Current density as a function of
voltage for 10-40 wt% PCBM/PS compositions (d = 250 nm), showing ohmic behavior.
All devices have been annealed at 120 ◦C. Reprinted with permission from VI. c©2008
American Institute of Physics.

to switching of the current by 6-7 orders of magnitude from the initial low cur-
rent off state to high current on state at ca. 9 V (Fig. 4.7(a)). This switching is
followed by NDR in the subsequent voltage sweeps. Increasing PCBM concen-
trations up to 5 wt% allow to tune the switching voltage from ca. 9 to 5 V (Fig.
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4.7(b)). Above ca. 7 wt% Ohmic I-V curves are observed instead of switching or
NDR, starting from the first voltage sweep at voltages as low as 1 mV, indicating
that the device is short circuited (Fig. 4.7(c)). The electrical behavior above ca.
7 wt% PCBM concentration receives a natural explanation if we take a look at
the underlying morphology (Fig. 4.5(f)-(h)). The PCBM clusters can now form
electrically connected chains of clusters from one electrode to the other and thus
short circuit the aluminum electrodes. Moreover, the current levels scale linearly
with the area of the overlap between the electrodes as shown in Figure 4.8(a).
This is further evidence against the local filamentary conduction243 as being the
reason for the electrical behavior in such PCBM/PS devices.
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Figure 4.8. (a) Current vs. voltage curves for 10 wt% PCBM/PS composition with dif-
ferent device areas. (b) Absolute current densities as a function of voltage for the same
devices.

We will next propose a model to explain the switching behavior below 6 wt%
PCBM/PS concentration. Let us model the aggregated PCBM/PS system with
two homogenous dielectric spheres (ǫPCBM = 3.9, Ref. 244) that are placed into
another dielectric medium (ǫPS = 2.6). The problem is to solve the strength of
the electric field in the vicinity of the two spheres when an initially uniform and
constant electric field (E0) parallel to the axis of the two spheres is introduced.
This problem is most easily expressed in a bispherical coordinate system245

x =
a sin α cos φ

cosh η − cos α
(4.1)

y =
a sin α sin φ

cosh η − cos α
(4.2)

z =
a sinh η

cosh η − cos α
, (4.3)

where the parameter a is the length of a tangent from the origin to one of the
spheres, a =

√
l2 − R2, R is the radius of the spheres and z0 = ±l is the position

of the centers of the spheres. The solution to this electrostatic problem is given
by solving the corresponding Laplace’s equation in the bispherical coordinate
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system

∇2V =
(cosh η − cos α)3

a2 sinα
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∂V
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+
1
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]

= 0. (4.4)

The general solution to equation 4.4 is given by

V =
√

cosh η − cos α
∞
∑

n=0

(Mne(n+ 1

2
)η + Nne−(n+ 1

2
)η)Pn(cos α), (4.5)

where Pn(cos α) is Legendre function of the first kind. Incorporation of the bound-
ary conditions† to equation 4.5 leads to a set of difference equations which can be
solved by using the approach of Goyette and Navon.246 The corresponding elec-
tric field (E) is then given by the negative gradient of the potential, E = −∇V
and finally, the graphical representation of the solution is shown in Figure 4.9(a).
The polarization of the PCBM clusters obviously leads to increase in the strength
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Figure 4.9. (a) Strength of the electric field in the vicinity of two dielectric spheres where
an initially uniform electric field (E0) is applied. (b) Combination of a TEM micrograph
and a schematic illustration showing the polarization between the PCBM clusters, sepa-
rated by the PS matrix. Reproduced with permission from VI. c©2008 American Institute
of Physics.

of the electric field between adjacent clusters which can explain the observed de-
vice behavior. Though the origin of Vth might be explained by the model that as-
sumes the presence of a thin insulating oxide layer at the semiconductor/metal
interface,236 that model is unable to explain the presently observed shift of Vth

(Fig. 4.7(b)) and absence of switching for 0 wt% (Fig. 4.7(a)) and > 7 wt%
(Fig. 4.7(c)). However, the polarization of the PCBM clusters and generation
of a stronger electric field between adjacent clusters along the direction of the
electric field could account for these effects as schematically shown in Fig. 4.9(b).

Furthermore, in Publication VI we suggest that the NDR is an outcome of the
tunneling process between the PCBM clusters. The NDR is similar to what has
been observed in electroformed devices by Simmons and Verderber247 and later

†Continuity of the potential and dielectric displacement across the interface of the spheres, and
limz→∞ V = V0, where V0 = −E0z is the potential due to the external field.
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by Thurstans and Oxley248 where inclusion of metal into the dielectric or semi-
conductor material under the influence of electric field has been clarified as the
reason for this phenomenon. Since we have shown the absence of metal inclu-
sion in the PCBM/PS devices, the PCBM clusters in the PS matrix must act as
the formed islands and give rise to the NDR with the added advantage that the
PCBM aggregation can be controlled by the PCBM concentration and annealing,
unlike the field-induced formed metal. Finally, we have shown strong evidence
that breakdown of the native aluminum oxide layer cannot solely explain the ob-
served device behavior. The results on different device morphologies and their
relation to the electrical behavior suggest, on the contrary, that PCBM/PS layer
does not merely act as a passive current limiting series resistance but it also has
a strong influence on the device behavior and allows tuning of switching and
NDR.
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5
Conclusions

In this thesis, we have presented novel pathways, on one hand, to control the for-
mation of nanoscale polymeric structures to obtain further functions and, on the
other hand, to align the locally ordered structures over macroscopic dimensions.

In Publication I we demonstrated how supramolecular chemistry and block
copolymer self-assembly can be used in a facile way to direct the assembly of C60

fullerenes. Incorporation of the C60 molecules into block copolymer systems led
to unexpected self-assembled morphologies in both bulk and spin coated thin
films, when the copolymer contained electron donating moieties that can form
charge-transfer complexes with the electron-accepting C60 molecules. We further
proposed that charge-transfer complexation may become essential to understand
some of the self-assembled structures of C60, and they can, when used in a ratio-
nal way, lead to novel pathways for the construction of self-assembled fullerene
containing materials and tuning of the functions.

Publications II-IV dealt with the alignment of randomly oriented domains of
nanoscale structures over macroscopic length scales - a common issue often en-
countered in self-assembled but only locally ordered soft matter. Construction
of a real-time rheo-optical apparatus and the use of rheo-optics to elucidate the
alignment dynamics of block copolymer systems was demonstrated. Alignment
of randomly oriented domains is not only useful for obtaining macroscopically
anisotropic materials and functions, but it can also be a prerequisite for detailed
characterization of the local structures. This was further indicated in Publication
III where we reported coexistence of parallel and perpendicular orientation of
smectic layers within copolymer lamellae in a side chain liquid crystalline block
copolymer. Parallel orientation of the smectic layers has earlier been thought
to exist in bulk only if long alkyl spacers connect the mesogens to the polymer
backbone, whereas we showed that parallel alignment can be achieved in a shear
aligned system bearing only a short ethyl spacer. Moreover, the fraction of the
parallel orientation could be controlled by oscillation frequency and shear strain
amplitude. Use of supramolecular chemistry and ionic self-assembly (ISA) was
shown to allow facile combination of various functionalities in a modular fash-
ion by complexing charged functional moieties with ionic surfactants. In spite of
the promise of ISA as a source of modular materials for, e.g., optical and electri-
cal applications, their overall alignment has remained a challenge, in particular
when aiming at a technically feasible and straightforward process. In Publica-
tion IV, we introduced a facile scheme that can allow overall alignment of the
ISA complexes beyond the local polydomain-like order. The scheme was based
on blending the ISA complexes with a high molecular weight inert polymer and
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then aligning the ISA complexes within the polymer matrix by subjecting the
blend to shear flow at elevated temperatures. Selecting a polymer with suffi-
ciently high molecular weight, shearing was shown to lead to efficient alignment
of the elongated liquid crystalline aggregates at the mesoscale. As the aggregates,
in turn, have well-defined internal self-assembled order, the shearing leads to
high alignment of the ISA complexes on the molecular scale, with macroscopic
optical properties.

In Publications V and VI, control of nanoscale morphology was shown to al-
low tuning of the electrical switching in polymer/fullerene nanocomposite thin
film devices that could be used as organic memory elements. The working prin-
ciples of such thin film organic memory devices have remained debated and tun-
ability has been less presented. Also encouraged by a more general need to pro-
mote materials scientific understanding of nanocomposite thin film devices, the
first systematic approach was undertaken to tailor the active material compo-
sition and to study the morphology by TEM specifically in the cross-sectional
direction in relation to the devices. The electrical behavior of the devices was
found to fall into three different categories: i) switching from a high resistance state
to a low resistance state at Vth in the first voltage sweep. The position of Vth could
be tuned by varying the PCBM concentration. Vth was suggested to result from
the polarization of the PCBM clusters and generation of a stronger electric field
between adjacent clusters. ii) Negative differential resistance (NDR) in subsequent
repeated voltage cycles. Unintentional inclusion of Al into the active nanocompos-
ite layer during the evaporation of the electrodes and its possibility of explain-
ing the observed NDR could be excluded based on the electrical measurements
on pristine polymer devices and quantitative elemental analysis from the device
cross-sections. The NDR was associated to similar effects observed in "electro-
formed" devices with the added advantage that the PCBM clusters play the role
of "formed" metal electrodes and can be controlled by the PCBM concentration
and annealing, unlike the field-induced "formed" metal. iii) Ohmic behavior. High
PCBM concentration led to short-circuiting due to formation of cluster chains or
single large clusters that could couple the electrodes. Finally, we showed strong
evidence that breakdown of the native aluminum oxide layer at the electrodes
cannot solely explain the observed device behavior. The results on different de-
vice morphologies and their relation to the electrical behavior suggest, on the
contrary, that the nanocomposite layer does not merely act as a passive current
limiting series resistance but it also has a strong influence on the device behavior
and allows tuning of switching and NDR.
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Abstracts of Publications I-VI
I Self-assembly allows new opportunities to control the morphology and prop-

erties of fullerene based materials. By using the electron-accepting un-
derivatized C60 and electron-donating pyridine groups of a polystyrene-
block-poly(4-vinylpyridine), PS-block-P4VP, we here show the first example
that charge-transfer complexation between fullerenes and block copoly-
mers can essentially modify the self-assembled structures. The morphol-
ogy of C60/PS-block-P4VP mixture is studied in both bulk and thin films
by transmission electron microscopy (TEM) and small-angle X-ray scatter-
ing (SAXS) upon casting from freshly prepared or differently aged xylene
solutions. Selecting PS-block-P4VP that leads to hexagonal self-assembly
with P4VP cylindrical cores, closely similar cylindrical structure is observed
upon adding a small amount of C60, when freshly prepared xylene solu-
tions are used to cast solid bulk or thin film samples. In this case the C60

molecules swell the PS matrix. By contrast, spherical morphology is ob-
served if aged xylene solutions have been used where C60 has slowly pene-
trated into the P4VP micellar cores due to charge-transfer complexation, as
evidenced by UV-vis and FTIR spectroscopy. This morphological change is
unexpected, as according to simple block copolymer theory selective incor-
poration of a small molecular species or nanoparticles within the minority
block of hexagonally self-assembled cylindrical diblock copolymer system
should render the morphology toward lamellar structures. This suggests
that charge-transfer complexation can be relevant in considering the self-
assembled structures of block copolymers and fullerenes.

II In soft materials, self-assembled nanoscale structures can allow new func-
tionalities but a general problem is to align such local structures aiming at
monodomain overall order. In order to achieve shear alignment in a con-
trolled manner, a novel type of rheo-optical apparatus has here been de-
veloped that allows small sample volumes and in situ monitoring of the
alignment process during the shear. Both the amplitude and orientation
angles of low level linear birefringence and dichroism are measured while
the sample is subjected to large amplitude oscillatory shear flow. The ap-
paratus is based on a commercial rheometer where we have constructed a
flow cell that consists of two quartz teeth. The lower tooth can be set in
oscillatory motion whereas the upper one is connected to the force trans-
ducers of the rheometer. A custom made cylindrical oven allows the oper-
ation of the flow cell at elevated temperatures up to 200 ◦C. Only a small
sample volume is needed (from 9 to 25 mm3), which makes the apparatus
suitable especially for studying new materials which are usually obtainable
only in small quantities. Using this apparatus the flow alignment kinetics
of a lamellar polystyrene-block-polyisoprene diblock copolymer is studied
during shear under two different conditions which lead to parallel and per-
pendicular alignment of the lamellae. The open device geometry allows
even combined optical/x-ray in situ characterization of the alignment pro-
cess by combining small-angle x-ray scattering using concepts shown by
Polushkin et al. [Macromolecules 36, 1421, (2003)].
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III Parallel orientation of smectic layers within block copolymer lamellae is
thought to exist in bulk only if long alkyl spacers are used to couple the
mesogens to the polymer backbone. We report here a counter example
where parallel and perpendicular orientations of smectic A layers coexist
in a shear aligned side chain liquid crystalline diblock copolymer bearing
a short ethyl spacer. The copolymer consists of a polystyrene block and
a block of poly(methyl methacrylate) with a chiral cholesteryl mesogen
as a side group i.e. poly(styrene-block-2-cholesteryloxycarbonyloxy ethyl
methacrylate). The fraction of the parallel orientation can be controlled by
oscillation frequency and shear strain amplitude as evidenced by small an-
gle X-ray scattering and transmission electron microscopy.

IV Ionic self-assembled (ISA) surfactant complexes present a facile concept for
self-assembly of various functional materials. However, no general scheme
has been shown to allow their overall alignment beyond local polydomain-
like order. Here we demonstrate that ionic complexes forming a columnar
liquid-crystalline phase in bulk can be aligned within polymer blends upon
shearing, taken that the matrix polymers have sufficiently high molecular
weight. We use an ISA complex of N,N’-bis(ethylenetrimethylammonium)-
perylenediimide/bis(2-ethylhexyl) phosphate (Pery-BEHP) blended with
different molecular weight polystyrenes (PS). Based on X-ray scattering
studies and transmission electron microscopy the pure Pery-BEHP com-
plex was found to form a two-dimensional oblique columnar phase where
the perylene units stack within the columns. Blending the complex with
PS lead to high aspect ratio Pery-BEHP aggregates with lateral dimension
in the mesoscale, having internal columnar liquid-crystalline order similar
to the pure Pery-BEHP complex. When the Pery-BEHP/PS blend was sub-
jected to a shear flow field, the alignment of perylenes can be achieved but
requires sufficiently high molecular weight of the polystyrene matrix. The
concept also suggests a simple route for macroscopically aligned nanocom-
posites with conjugated columnar liquid-crystalline functional additives.

V We report a simple memory device in which the fullerene-derivative [6,6]-
phenyl-C61 butyric acid methyl ester (PCBM) mixed with inert polystyrene
(PS) matrix is sandwiched between two aluminum (Al) electrodes. Trans-
mission electron microscopy (TEM) images of PCBM:PS films showed well
controlled morphology without forming any aggregates at low weight per-
centages (<10 wt%) of PCBM in PS. Energy dispersive x-ray spectroscopy
(EDX) analysis of the device cross-sections indicated that the thermal evap-
oration of the Al electrodes did not lead to the inclusion of Al metal nanopar-
ticles into the active PCBM:PS film. Above a threshold voltage of <3 V, in-
dependent of thickness, a consistent negative differential resistance (NDR)
is observed in devices in the thickness range from 200 to 350 nm made
from solutions with 4-10 wt% of PCBM in PS. We found that the thresh-
old voltage (Vth) for switching from the high-impedance state to the low-
impedance state, the voltage at maximum current density (Vmax) and the
voltage at minimum current density (Vmin) in the NDR regime are constant
within this thickness range. The current density ratio at Vmax and Vmin is
more than or equal to 10, increasing with thickness. Furthermore, the cur-
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rent density is exponentially dependent on the longest tunneling jump be-
tween two PCBM molecules, suggesting a tunneling mechanism between
individual PCBM molecules. This is further supported with temperature
independent NDR down to 240 K.

VI The working principles of thin film organic memory devices remain de-
bated and tunability has been less presented. We show that the nanostruc-
ture of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and polystyrene
(PS) allows facile tuning of switching behavior for low PCBM concentra-
tions upon annealing above the glass transition temperature of PS. By in-
creasing the PCBM concentration from 2 to 6 wt%, the switching voltage
from OFF to ON-state during the first voltage sweep systematically de-
creases. In subsequent voltage sweeps negative differential resistance ef-
fect is observed. Above ca. 7 wt%, chains of PCBM clusters couple the
electrodes which leads to ohmic behavior.
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