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Summary

Block copolymers containing incompatible blocks are a well-known example that
forms ordered nanodomains with typical dimensions of 10 - 100 nm. Similar to
crystalline structures, isotropic grain morphology is typically obtained characterized
by a random distribution of nanodomain orientations. Complexation of polymer
chains with low molecular weight amphiphile molecules via non-covalent interactions
is a tool for the construction of nanostructured macromolecular materials. It is
demonstrated that through the selective complexation of one of the blocks of the
copolymer, a defined nanodomain orientation can be achieved in thin films. In this
work we address systematically the influence of different structural parameters on the
morphology formation of block-copolymer / amphiphile complexes and the
application of well-oriented nanostructures as templates for the preparation of
functional materials.

Firstly, we show that the growth of structurally perfect and electrically connected
organic monolayers as active semiconductor component of a field effect transistor
(FET) remains an important challenge. Here we report on two new asymmetrically
substituted sexithiophenes (6T) that form a monolayer on SiO, surfaces. Molecule 1
consists of 6T with at one end a branched alkyl chain, and is crystalline. Molecule 2
has the same end group as 1, and additionally at the other end a linear alkyl chain. It
shows thermotropic liquid crystalline (LC) behaviour. Full monolayer coverage is
achieved before the start of growth of a multilayer. LC properties promote pre-
ordering near the interface as well as exchange of molecules between the growing
domains, regulating the domain sizes and their distribution. As a result, the LC
compound 2 forms single-molecule islands with a monomodal distribution leading to
large domain sizes compared to the non-LC compound 1. Structural investigations
with X-ray reflectivity and grazing-incidence wide-angle X-ray scattering reveal tilted
6T cores in the monolayers. The tilt angle relative to the surface normal is as large as
54° for 2 compared to 28° for 1. Evidently, interfacial constraints and packing
requirements cause rather loosely packed structures. Nevertheless, after annealing
monolayers of 2 support a field effect mobility of 1x107 cm?*/Vs.

A commercially available amphiphile 1,4-bis (2-ethylhexoxy)-1,4-dioxobutane-2-

sulfonic acid (AOT) is used to complex PS-P4VP block-copolymers of different
iii



composition and molecular weight. It is demonstrated that the nanostructure
formation could be controlled by not only the composition and molecular weight of
the block copolymers, but also by the degree of protonation. Microphase-separated
morphologies with vertically aligned cylinders or lamellae are observed in thin films.
By varying the composition of the blocks and the molar ratio of AOT/pyridine, a
structural transition is observed: cylinder of (AOT/P4VP) to lamellae to PS cylinder.
Furthermore, the orientation of the nanostructure is also propagated to thick films.
The film can be used for nanofabrication. The AOT/P4VP domain can be loaded with
gold precursor and converted to gold nano-pattern by plasma treatment.

The surfactant molecules can be removed easily by shortly washing them in basic
solution. Different nanoporous structure can be obtained because of the shrinkage of
the complex domain. These thin films can be used to direct the self-assembly of gold
nanorods with different PEG coating via specific interaction between PEO/P4VP. The
orientation of the gold nanorods is controlled by the morphology of the thin films, the
cylinder leads to perpendicular orientation and the lamellaec leads to parallel
orientation. Time dependent adsorption of the gold nanorods is confirmed by the
FESEM and UV-Vis spectra. The optical properties can be tuned by changing of the
immersion time in the nanorods solution, and it can be described by a single
component exponential decay model.

A fast non sol-gel technology for the preparation of the nanostructured TiO; pattern
is developed. The block copolymer complex is mixed with TiO, polymeric precursor
in solution, the precursor is selectively miscible with AOT/P4VP via coordination.
During processing, they co-assembly and ordered nanostructure forms after the
processing. These nanopatterns can be converted into TiO, by using of soft
technology, like plasma. Thermal stable nanostructures with different morphologies
can be obtained. The key issues controlling the morphology are the amount of the
precursors and the degree of complexation, and the composition of the block
copolymer. The crystallinity can be tuned by thermal annealing. After plasma
treatment rutile form with very low crystallinity is obtained, and it is converted to
anatase form after annealing under 400°C for 4h.

We present a simple and convenient method to self-assemble block copolymer
lamellae in thin films uniformly. This is done by exploiting the supramolecular liquid-

crystalline ordering of the block copolymer in combination with PTFE rubbing

v



technology. In this way uniform alignment of the block copolymer is obtained in both
the vertical and lateral directions. Wedge-shaped mesogens control the self-assembly
of the block copolymer, rendering vertical orientation of the microdomains. In
addition the vertical lamellae orient parallel to the friction-deposited PTFE layer,
leading to long-range lateral ordering.

The functionality can be easily introduced into the thin film via supramolecular
approach. A new asymmetric oligothiophene molecule is complexed with P2VP-PEO
via hydrogen bond. LC ordering forms after complexation, similar to that of wedge-
shaped molecules, it also enhances the microphase separation, controls the
morphology and orientation, and tunes the crystallization of PEO. The optical
properties of the complexes are discussed in both of the solution and thin films.

Finally we investigate the self-assembly of these complexes in water. The hydrogen
bonding between carboxylic acid/pyridine and ionic bond between sulfonic
acid/pyridine group are strong enough to generate stable complex in water, and the
structure of the vesicles depends on the degree of complexation, the length of PEO
chain, and the geometry of the ligand. A unique onion type vesicle is obtained from
the complex of P2VP-b-PEO/wedge-shaped ligand in a wide composition region of
PEO. The wall of the onion type vesicle is made from alternative close packing of the
P2VP and ligand bilayer, where the hydrophilic P2VP backbone is parallel to the wall
and contact with water. The second block PEO forms well defined nanostructure on
the wall when there are enough PEO chains in multilamellar vesicle, or disordered
structure in the unilamellar vesicle. Actually the packing of the P2VP/wedge-shaped
ligands is similar to that of phospholipids in liposome, the packing parameter of the

three wedge-shaped ligands is between 0.7-0.9.



Chapter 1 Introduction

1.1. Introduction.

1.1.1 Hierarchical ordering from self-assembly.
Versatile biological systems exist in nature and provide complicated models for
functional and responsive materials. Such systems form in aqueous environments via

(121 ysing both competing hydrophobic/hydrophilic interactions and

self-assembly,
complementary physical interactions, thereby leading to the formation of hierarchical
structures, which are progressively rendered at different length scales.” * The
combination of self-assembly and hierarchy is extended to synthetic materials science
to tune the properties.”'” Switching and responsive properties are achieved by
properly choosing the competing and complementary interactions.’®’ A well-known
example is a block copolymer having two or more covalently bonded blocks with
which a rich variety of structures and hierarchies can be obtained and tuned by
mediating the degree of polymerization, composition, and the Flory-Huggins
parameter.[m’ Hl

However, the attractive interactions involved in self-assembly are not necessarily
covalent bonds (i.e., permanent interactions), as in coil-coil block copolymers.!"® ' In
practice, the weaker secondary interactions are systematically used in supramolecular

]

chemistry,'” these interactions can be used to design mesomorphic polymeric

B3] Bigure 1 summarizes

structures, that are typically on a nanometer length scale.!
the possible routes for the bottom-up construction of nanostructures based on self-
assembly via supramolecular chemistry.'” Through the systematic combination of
construction units with different sizes, increasingly higher levels of structural
hierarchy at different length scales can be rendered for the target system. Because the
interactions between host and guest are physical bonds (e.g., hydrogen bonds and
ionic bonds), they can be opened and reformed under certain conditions, which
provides an important tool for designing responsible materials and mimicking

biological systems.!®!



Hierarchy level progressing

mesogens

T N b

homopolymers

¢

block copolymers

144
—_— \/\\ic‘l T
Q/ﬁ ‘;’ e et

Building unit size increasing

: 4

-

{

Components Supramolecule Hierachical structures

Figure 1. A potential scenario for the hierarchical construction of self-assembled
polymeric structures. The images are reorganized based on ref. [7]. Reprinted with
permission, Copyright 2002 American Association for the Advancement of Science

(AAAS).

In principle, any sufficiently strong secondary interaction can be used for self-
assembly.['” The most commonly employed secondary interactions to create solid
supramolecular materials are ionic bonding (electrostatic interactions between
charged species), metal-ligand coordination, hydrogen bonding, z-7 interactions, and
van der Waals forces.'” Figure 2 shows the approximate bond energies and other
relevant information for different types of bonds.!'” The bond energy of the ionic
bond is the highest among other non-covalent bonds and the closest in energy to the
permanent covalent bond; the hydrogen bond is weaker, approximately one order of
magnitude lower than the ionic bond, and the van der Waals interaction is the weakest.
Therefore, it is reasonable to expect different materials properties when different non-
covalent bonds are chosen. Another important issue in the supramolecular approach is
the loss of entropy in the polymer backbone when the mesogen is introduced. The
chain is stretched and becomes stiff. However, the energy released from the formation
of secondary interactions (mostly ionic bonding, metal-ligand coordination, and

hydrogen bonding) is strong enough to compensate for the loss of chain elasticity

(kD)
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Figure 2. Bond energies and relevant characteristics for different bonding interactions;

the values are in absolute terms.['”!

The combination of supramolecular chemistry and block copolymers opens a new
era for modern nanotechnologies.'” The poor long-range order of microphase-
separated microdomains limits their application in nanotechnologies. The block
copolymer/mesogen complex seems to be a good solution,'”! especially in thin

20, 21

films.** ! There are enormous potential applications for thin films made of a block

copolymer/mesogen complex in nanotechnologies related to bulk block

[22] (23]

copolymers,”~ such as the fabrication of nanostructured metal(oxide) patterns,

. . 24
nanostructured organic semlconductor,[ Vetc.

1.2. Contents of the thesis

The objective of this thesis is to understand the phase behaviour of block
copolymer/mesogen complexes in thin films and the possible applications of these
thin films in nanotechnologies. Most of the secondary interactions used in this thesis
are ionic bonds between pyridine and sulfonic acid and hydrogen bonds between
carboxylic acid and pyridine. This work begins with the self-assembly behavior of

small molecular mesogens.



Chapter 2 gives a short literature review about the self-assembly of block
copolymer/mesogen complexes in thin films and the techniques for investigating the
thin film structure.

Chapter 3 shows the growth of structurally perfect and electrically connected
organic monolayers from two new asymmetrically substituted sexithiophenes. The
types of substituents dominate the phase behavior of these two molecules.

Chapter 4 presents the thin film morphology of the block copolymer and the
space-demanding surfactant complex via ionic interactions. Factors such as the
composition of the block copolymer, the molecular weight, and the degree of
protonation are discussed. The potential applications of such thin films in
nanotechnology are shown as well.

Chapter 5 shows the template assembly of gold nanorods on the thin films shown
in Chapter 4. The surfactant is removed, and self-assembly of gold nanorods on the
template is directed by specific interactions between PEO and P4VP.

Chapter 6 investigates the co-assembly behavior of the block copolymer/surfactant
complex (shown in Chapter 4) and the TiO; precursor in thin films. The effects of the
composition of the block copolymer complex and the ratio between the polymer and
precursors on the morphology are discussed.

Chapter 7 presents a new way to enhance the lateral orientation of the block
copolymer/ligand complex in a thin film. The combination of liquid crystalline
ordering and PTFE rubbing technology allows for the large-scale alignment of
microdomains both vertically and laterally.

Chapter 8 shows the seclf-assembly  behaviour of the block
copolymer/oligothiophene complex in thin film. The morphology of the thin film is
controlled by the oligothiophene, and the optical properties of the thin film are
investigated.

Chapter 9 investigates the self-assembly of the block copolymer/ligand complex in
water. By properly tuning the ligand and composition of the block copolymer, the

formation of a unique onion-type giant vesicle is possible.
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Chapter 2 Literature Reviews

2.1. Phase behavior of coil-coil block copolymer in bulk and thin films

2.1.1. Bulk structure

Block copolymers are polymers comprising more than one chemically distinct
block via covalent bonding. The number of the blocks defines the molecular
architecture of block copolymers: diblock (two distinct blocks), triblock (three distinct
blocks), and multiblock (more than three distinct blocks) copolymers. In most cases,
block copolymers are prepared by living polymerization technology and possess a
varied molecular structure and molecular weight, having a typical polydispersity
index between 1 and 1.2.1" In the present thesis, we focus mainly on the diblock

copolymer; therefore, in the following chapters, the block copolymer is referred to

diblock copolymer.
The thermodynamics of a polymer mixture can be described by Eq. 2.1:?
AGp,
e = g, + B Ingg + 0a0px 2.1)

where R is the gas constant; 7 is the absolute temperature; N4, Np, ¢4 and ¢p are the
degree of polymerization and volume fraction of components A and B, respectively;
and y is the Flory-Huggins interaction parameter. For polymers, the contribution of
entropy (the first two terms on the right side) is limited. Therefore, the miscibility of a

mixture largely depends on the value of y, which is defined in Eq. 2.2:™

1 1
X= [eap — 2 (€44 t €pp)] (2.2)

where ¢; is the constant energy between the i™ and jth components and k is the
Boltzmann constant. In this equation, y is temperature dependent (y ~a+b/T);
therefore, two components are miscible when y is <0.05 or at very high temperatures.
Covalent bonding in block copolymers is different from that in polymer mixtures in
which macrophase separation is prevented; instead, nanostructures with a periodicity
of 10-100 nm are always observed due to microphase separation of the two blocks.

Microphase separation is defined by the strength of the repulsion as characterized by



the product of yN (where N is the degree of polymerization).”! Two regimes are
discernible based on the value of yN as follows:

xN <10: the interaction between blocks is sufficiently weak, and individual chain
statistics are unperturbed; therefore, the interface is broad. This regime is referred to
as the weak segregation limit (WSL).

xN >100: the interaction is strong, and the interface is narrow; the system wants to
minimize the total area of the interface under the constraint of incompressibility and
with the entropic penalty of a stretched chain, thereby leading to perturbed chains and
domains. This regime is referred to as the strong segregation limit (SSL).

The change in volume fraction of the two blocks alters the morphology. As shown
at the bottom of Figure 1, when block A is the minor phase, a body-centered cubic
spherical structure is observed; a slight increase in A switches the morphology to a
hexagonal packed cylinder. A lamellar phase exists in symmetric copolymers for
which a further increase in A reverses the change observed in the morphology. A
gyroid phase is observed between the cylinder and lamellar phases. Such phase
behavior is successfully predicted by self-consistent mean field theory (SCMF), and it

is proven experimentally."!

(]

Figure 1. Phase behaviour of block copolymer: equilibrium morphology predicted
by SCMF theory (left) and experimental phase diagram of poly (styrene-b-isoprene)./¥
Reprinted with permission, Copyright 1996 American Chemical Society.



2.1.2. Thin film structure

When the block copolymer is confined to a thin film on a surface, the morphology
is generally similar to that of the bulk, but two new factors need to be considered: the
film thickness and the preferential interaction of one block with the air/polymer
interface and the polymer/substrate interface.”’ The reduced film thickness suppresses
the formation of certain bulk morphologies (e.g., gyroids), whereas preferential
wetting of distinct blocks on the interface has the important consequence of affecting
the orientation of the microstructure. For example, the lamellar domains of poly
(styrene-b-methyl methacrylate) (PS- PMMA) on silicon oxide are parallel to the
surface, with PMMA and PS wetting the substrate surface and air interface,
respectively. Such an asymmetric wetting is because of the different affinity of
different blocks with interfaces: the polar PMMA block wets the hydrophilic silicon
oxide surface, and the nonpolar PS block segregates at the air interface to reduce the
surface energy./®® Another important consequence of preferential wetting is the
topographical structure of the thin films: a series of lamellae of alternating blocks join
the two interfaces if the film thickness is commensurate with the block copolymer
periodicity (Lg), but when the film thickness is incommensurate with the periodicity
(thickness #(n+1/2) L), islands (holes) form on the top to minimize the total energy
by quantizing the local film thickness.!*™

In thin films, the morphology and orientation of microdomains depend on the film
thickness (Figure 2). The equilibrium bulk morphology of this SBS triblock
copolymer is cylindrical; however, surface effects can cause significant deviations
from the predicted bulk structure. On the thinnest part of the film, a disordered
structure (dis) is observed, which might be caused by the wetting layer or by
suppression of microphase separation due to confinement. Increasing of the film
thickness facilitates phase separation, with a morphology sequence that proceeds from
a perpendicular cylinder (C | ) — parallel cylinder(C, ;) — a perforated lamellae (PL)
—> parallel cylinder (C,,;) with an elongated cross-section and necks —
perpendicular cylinder (C;) — two layers of parallel cylinder (C,,). Such a

morphology sequence is confirmed by simulation technology.”!
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Figure 2. (a) and (b) Tapping mode scanning force microscopy phase images of thin

H=3 1

poly(styrene-b-butadiene-b-styrene) (SBS) films on silicon substrates after annealing
in chloroform vapor; (c) Schematic height profile of (a) and (b); (d) Simulation results
with film thickness increasing from left to right.””) Reprinted with permission,

Copyright 2002 by The American Physical Society.

2.1.3. Directing self-assembly of block copolymers in thin film
The preferential wetting of the distinct blocks on the interfaces leads to parallel

orientation of the microdomains mostly,**

which limits the application of block
copolymers in one of the important fields - nanolithography.'* 'l Strategies have
been devised to overcome interactions with the surface and to induce a perpendicular

[10]

orientation of cylinders or lamellae relative to the substrate." ' Some success has been

achieved through techniques such as a neutral brush,'? solvent annealing,'"*! zone

[14]

casting,!'¥ electric field alignment,!">! optical alignment,!'® topographical or chemical

substrate patterning,!'”! and surfactant-"'® and nanoparticle-assisted orientational
order.!"”!

A neutral brush is widely used to achieve vertical orientation of the block
copolymer.!'"* 2?2 Random copolymers with chemical structures similar to that of
block copolymers (e.g., poly (styrene -r- methyl methacrylate) for PS-PMMA) are
used to formulate neutral surface layers on a SiO, surface. To enhance adhesion

between the random copolymer and the substrate, reactive groups are introduced in

the side chain or to the end group for purpose. The neutrality of the surface is

10



controlled by the composition of the random copolymer brush. The optimal condition
for the neutrality is a mole fraction of PS in poly (styrene -r- methyl methacrylate) for
PS-PMMA of 0.64 and 0.55 for cylindrical and lamellar microdomains,
respectively.l*!! However, the vertical orientation of the microdomain obtained from
this method is quite sensitive to the film thickness; at the neutral wetting point, the
orientation of the lamellar domain changes from a random orientation (1.5Ly) ->
perpendicular orientation (1.75Ly) -> random orientation (2Ly) -> perpendicular
orientation (2.25Ly) -> random orientation (2.5L), where L, is the periodicity of the

lamellae.?!

2.2. Hierarchical ordering in block copolymers thin film
Hierarchical ordering with more than one characteristic length scale has been found
in copolymers whose macromolecules consist of more than two types of monomer

(23271 A well-known example is a copolymer with side chain liquid crystal (LC)

units.
units, wherein ordering of the mesogenic moieties concurs with microphase
separation. In such a system, the LC field will affect mesophase formation and
domain orientation, whereas in thin films, thermally stable morphologies can be
generated that consist of either lamellae or cylinders oriented perpendicular to the

surface.*”!

2.2.1. Hierarchical ordering in thin films of side chain liquid crystalline block
copolymers with covalent bonded mesogen

The common way to prepare the side chain liquid crystalline block copolymers is
via living copolymerization of two or more monomers with at least one monomer

2281 The mesogen is bonded to the polymer backbone with

bearing mesogenic group.!
covalent bond. By proper choosing of the amount and type of the mesogen, different

type of LC behavior (i.e., nematic, smectic) can be introduced into the block

[29 27]

copolymer,”*”) and also the morphology (such cylinder, lamellae) can be varied.!
Similar to that of the coil-coil block copolymers, morphologies of cylinder and
lamellae are predicted by simulation®® and are observed experimentally,*” but some

other moprhologies, such as spherical phase is supressed by the confinement of the

11



smectic LC field. In addition the lamellar phase dominates the phase dirgram, which
is believed to be the effect of the smectic ordering.****

In most of the cases the mesogen is amphiphilic, therefore it can wet both of the
substrate and air interfaces, and the parallel oriented layers (smectic) drive the block

(2328 However, it is also found

copolymer microdomains vertically to the substrates.
that the microdomains can orient parallel to the substrate if the mesogen is sparse on
the side chain (Figure 3), the normal vertical orientation is achieved when the graft
density reach 100%. This means that the orientation of the microdomains is
determined by the interactions of the mesophase with the interface of the LC
block/coil block and the substrate. Higher graft density of mesogen leads to stronger
preferences for the anchoring of the LC relative to LC block/coil block and the

substrate. By essentially manipulating the strength of these interactions the

morphology of the thin film can be controlled, allowing a transition of poorly oriented

cylinder (55%) —> parallel cylinder — perpendicular cylinder (100%)
[26]

morphologies.

a) 04 02 00 02 04

q, (nm")

100% LC attachment

04 02 00 02 04
b) o

Figure 3. Comparison of the parallel cylinder morphology (55% LC attachment) and
the perpendicular cylinder morphology (100% LC attachment). GISAXS images of (a)
55% LC attachment and (b) 100% LC attachment; GIWAXS of (c) 55% LC
attachment and (d) 100% LC attachment; SFM images of (e) 55% LC attachment and
(f) 100% LC attachment; schematics of the observed morphologies with the cylinder
axis and the smectic layer normal parallel (g) and perpendicular (h) to the substrate.!*®!

Reprinted with permission, Copyright 2008 American Chemical Society.
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2.2.2. Hierarchical ordering in thin films of side chain liquid crystalline block
copolymers with non-covalently bonded mesogens

Polymer chemistry allows for tuning of the molecular structure of the side chains of
liquid crystalline block copolymers by varying the type and volume ratio of

[23.25-28] However, this method encounters several problems:

monomers and mesogens.
1) complicated chemistry to synthesize the mesogen monomer because not all of the
monomer is available; 2) not all of the monomer can be (co)polymerized with normal
living polymerization techniques, and more efforts are necessary to find appropriate
living polymerization techniques to synthesize well-defined block copolymers; and 3)
each composition must be freshly synthesized, which is a difficult and inflexible
requirement. The combination of block copolymer and supramolecular chemistry is a
good solution: 1) a block copolymer with only one composition is necessary because
the morphology is tuned by the amount of ligand and by the interaction between the
ligand and block copolymer; 2) the LC phase is introduced by supramolecular
chemistry, thus avoiding complicated synthetic chemistry; and 3) functionality is

B31-33) The focus of this chemistry has initially been on

easily introduced by the ligand.
the bulk structure of the block copolymer/ligand complex,**** but it is gradually
turning to the structure of thin films because of the promising applications of thin
films in nanotechnology.***!

The most widely used mesogens in the literature are simple linear surfactants (e.g.,
3-pentadecylphenol (PDP)).** ** %1 PDP bonds to the polymer backbone via
hydrogen bonding between the hydroxyl group of the phenol and the pyridine group
of poly (4-vinylpyridine). In the solid state, the complex forms a smectic phase, and
the periodicity of the smectic layer is approximately 4 nm depending on the degree of
complexation (x) as x.1*! The same organization of PDP in thin films of PS-
P4VP(PDP) is observed. P4AVP(PDP) forms layers with a periodicity of ~4 nm, and
orients itself parallel to the surface, thus driving the vertical orientation of block
copolymer domains (with a periodicity of ~40 nm). The most promising result is that

different hierarchical structures can be obtained with the same block copolymer

simply by adjusting of the ratio of PDP to P4VP.[*4
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Figure 4. Hierarchical ordering of complex thin films: SFM topographic images of
(a) 0.25 of protonation and (b) 0.50 of protonation; (c) X-ray reflectivity data 0f 0,
0.25, 0.5, and 1.0 of protonation (from top to bottom), open circles represent
experimental data and solid lines the fits; (d) density profiles corresponding to the fits
shown in (c), the curves are displaced by 135 ¢ /nm’ for clarity; schematics of the

[40]

observed morphologies of (e) 0.25 and (f) 0.50 of protonation in thin films.
Reprinted with permission, Copyright 2008 American Chemical Society.

The wedge-shaped ligand with a sulfonate group (top of Figure 4) at the tip is an
interesting example that forms a complex with block copolyrner.[m The pyridine salt
of the ligand (which mimics the monomer) has a lamellar phase at low temperature,
which transforms into a columnar phase at higher temperatures.”*® This ligand has
been complexed with P2VP via ionic bonding;*® *! here, the contour length of the
homopolymer chain defines the shape of the complex (either spheres or rods),
whereas the degree of protonation determines the morphology (either smectic or
columnar). In addition, incorporation of such a ligand into a miscible diblock
copolymer, such as P2VP-PEO,"*" greatly increases the segregation between blocks.
In thin films (Figure 4), smectic ordering of the ligand occurs in layers that are
orthogonal to the interfaces of a block (Figure 4a-d). This allows for effortless
alignment of the block copolymer microstructure, e.g., cylinders or lamellae,

perpendicular to the air/substrate interfaces.
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2.3. Techniques to investigate hierarchical ordering in block copolymer thin

films

2.3.1. Optical Microscopy (OM)

OM is a very old technology™”

that is limited by the type of probe used (i.e.,
visible light), and the resolution is limited to the micrometer scale; therefore, its use in
detecting the nanostructure in microphase separation is limited. However, OM is very
powerful when visualizing the structure of late-stage islands (i.e., holes) in thin films
via interference OM.PY In addition, this technique can be used to identify the LC

phase in the block copolymer/ligand complex by using cross-polarized light.*® #%->2!

2.3.2. Scanning Force Microscopy (SFM)

The most popular method for imaging the structure of surfaces is SFM operating
under the tapping mode.>*! Figure 5 shows the generic scheme of tapping mode SFM.
Generally, a sharp probe is driven by a piezoelectric system and oscillates just above
the surface of a sample. The tip tracks the topography of the surface, and its
oscillation frequency changes with the properties of the material (e.g., relatively
harder or softer features on the surface), thereby generating so-called phase contrast
images. This technique provides a unique advantage for simultaneous detection
hierarchical ordering (e.g., LC ordering and phase separation). As shown in Figure 4,
a terrace is observed on the topographic images, which has a height of approximately
5.9 nm that corresponds to the periodicity of the smectic ordering. Meanwhile,
features corresponding to microphase separation are visible on the same image. PEO
forms a cylindrical microstructure with a long-range distance of approximately 46 nm,
perpendicular to the substrate.[*”

Another merit of this technique is that the tip can penetrate the surface and reveal
the morphology beneath the surface. For example, there is no feature corresponding to
microphase separation in the complex thin film under soft tapping mode, but a clear

contrast is obtained using the hard tapping mode.[*"

The ligand forms a thin,
amorphous top layer, which prevents imaging of the morphology at lower force;
however, this structure is visible if a large force is applied, and the thin layer is
penetrated. The strong phase contrast originates from the contrast between amorphous

PEO at room temperature and the P2VP/ligand, which has an LC nature.
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Figure 5. Generic scheme of SFM with its main components.”*! Reprinted with

permission, Copyright 2000 John wiley &Sons.

2.3.3. Scanning Electron Microscopy (SEM)

— b —
@ 150 nm o 100 am

Figure 6. SEM micrograph of perpendicular PS-PMMA lamellac on: (a) an
unpatterned substrate and (b) a chemically patterned substrate with L, = Lo.m]

Reprinted with permission, Copyright 2003 Nature Publishing Group.

SEM is also used to image the surface morphology of block copolymer thin films.
However, this method is limited by the weak contrast between blocks, whose
components are always carbon and hydrogen; therefore, additional sample preparation
techniques, e.g., selective etching, are required.”” For example, in PS-PMMA, the PS
domains remain intact while the PMMA block is etched by exposure to UV light and
by washing in acetic acid; the topographic contrast is drastically enhanced, and
observation of the morphology is possible (Figure 6).!'”! The most promising feature
of this technique is the directly visualization of the orientation of the microdomains.
As shown in Figure 6, the perpendicular orientation of the lamellae is clear visible on

the cross-section of the thin film, after removing of PMMA block.!"”
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2.3.4. Transmission Electron Microscopy (TEM)

TEM is another popular electron microscopy technique in block copolymer science.
Instead of using the secondary electrons for the signal as in SEM, TEM instead uses
the transmitted electrons as the source of the signal. The contrast of the images are
formed directly by the occlusion and absorption of electrons by the sample. As with
SEM, additional sample preparation techniques are necessary (e.g., staining) to
enhance the contrast.”” Samples can be prepared by floating thin films from the
substrate to a water surface or by obtaining cryo-microtome sections of the thin film
with the substrate; in both cases, the sample is transferred to copper grids for imaging.
The former method is always used to observe the morphology of the thin film,'**! and

the later can be used to identify the orientation of the microdomains in thin films.>"

2.3.5. Grazing incidence small (wide) angle X-ray scattering (GISAXS/GIWAXS)
and X-ray Reflectivity (XRR)
Reflection involves the presence of an evanescent wave parallel to the interface,

136571 Depending on the signal used, different

both below and above the critical angle.
X-ray diffraction techniques are named: XRR uses the reflection X-ray beam, while
GISAXS/GIWAXS use the evanescent wave.

Briefly, XRR reflects an X-ray beam from a flat surface to measure the intensity of
the reflected X-ray in the specular direction (Figure 7, when a,=a;). The deviation of
the reflected intensity from the value predicted by the Fresnel reflectivity law can be
used to analyze the electron density profile of the interface normal to the surface!®.
To detect the hierarchical ordering in block copolymer thin films, XRR provides
information about the layers parallel to the substrate, which correspond to the

40. 351 As shown in Figure 4, the average

alternate stacking of smectic layers..
periodicity of smectic layers (~5.6 nm) is detected by XRR, which is very close to the
periodicity detected by SFM in thin films (5.9 nm).*” In addition, this technique
provides information about the thickness of the layer of the block copolymer lamellae

parallel to the surface.l>®
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Figure 7. General X-ray diffraction geometry. For XRR, a, and a; are varied together
while setting a,=a; for ¥=0, which results in ¢ =¢.. For GIWAXS and GISAXS, a; is
set either below or close to the critical angle of total reflection. As a result, an
evanescent wave is generated, and 2D surface diffraction can be performed by
varying ¥ for specific values of a,."”) Reprinted with permission, Copyright 2005

American Chemical Society.

In GISAXS and GIWAXS, the X-ray beam is incident on the surface of a sample at
a small grazing angle below the critical angle of total reflection. Under these
conditions, only an evanescent wave is generated that propagates along the film/air
interface and penetrates into the film. The penetration depth can be varied by
changing the incident angle. The evanescent wave can be considered to be the
incident beam for 2D X-ray diffraction, and the geometry of GISAXS and GIWAXS
techniques is shown in Figure 7.°° The scattering vector is given by g = (2/)
(cos¥cosa, — cosay), g,= (2n/A) (sin¥ cosay), and g.= (2n/4) (sina; + sina,).””

GISAXS and GIWAXS provide information about both the lateral and normal
ordering inside a thin film. Different lateral ordering generates signals on different
positions of a 2D pattern: when the structure is parallel to the substrate (i.e., the
smectic layer laying down), intensive stripes with regular spacing along the g¢.
direction are expected, whereas a perpendicular structure generates a rod-shaped
signal normal to the surface. Combining these two techniques provides unique
information about the structure and orientation of the hierarchical ordering in block
copolymer thin films. In Figure 3, when the LC attachment is approximately 55%,
GISAXS shows a typical pattern of a flat hexagonal packed cylinder (Figure 3a), and
rods normal to the surface appear on GIWAXS pattern (Figure 3c¢), indicative of the

perpendicular orientation of the smectic phase, which confirms the observations from

SFM (Figure 3e).[26]
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2.3.6. Ellipsometry

Ellipsometry is an optical technique which can be used to determine the thickness
of block copolymer thin films. Upon analysis of the change in the polarization of light,
this technique can detect both the amplitude and phase shift of reflected waves.
Measurements at different wavelengths with spectroscopic ellipsometry enables

probing of complex refractive indices.”™™

2.4. Applications of block copolymer complex thin films
In general, block copolymer complex thin films can be used in all of the same
applications as normal coil-coil block copolymer thin films, as a template, mask,

[

porous media, etc.!'” ' Here, several applications that reflect the unique properties of

block copolymer complex thin films are illustrated.

2.4.1. Nano-objects
The ligand in block copolymer complex thin films can be easily removed by

#1-31 Depending

washing in a selective solvent without disturbing the nanostructure.!
on the initial morphology of the thin film and the orientation of the microdomains,
different types of nanostructures can be generated.l*"! For example, the LC complex
forms a cylinder embedded in an amorphous matrix; removing the ligand leads to the
formation of a nanoporous block copolymer thin film, with channels vertically
oriented throughout the film, which is promising for ultrafiltration® and control

releasing.["

2.4.2. Nanofabrication

This application is based on the formation of nano-objectives with various
morphologies.”” These nanostructures can be used to template functional inorganic
nanostructures.'®”! Beginning with PS-P4VP(PDP) thin films, removal of PDP results
in nanorods with a PS core and a P4VP corona; amorphous PbTiOj; is coated to this
template using a pulsed laser deposition technique. The template is removed by
heating to above 565°C, and nanostructured crystalline PbTiO; forms, which
possesses ferroelectric properties.”” Various metal nanopatterns can be fabricated

using this technology.
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2.4.3. Organic Thin Film Transistors (OFETs)

Recently it was found that the concept of a block copolymer/ligand supramolecular
complex can be used to fabricate OFETSs, which can solve the dewetting problem in
the organic semiconductor industry.'®”! For example, a quaterthiophene oligomer is
attached to the side chains of P4VP via hydrogen bonding. In thin films, the
quaterthiophenes self-assemble into microdomains tens of nanometers in size and
orient themselves normal to the surface. Such supramolecules exhibit the same field-

effect mobilities as that of the quaterthiophene alone (10™* cm®/(V-s)).
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Chapter 3 Structural and Electrical Properties of

Asymmetrically Substituted Sexithiophene Monolayers

3.1. Introduction

During the last decades, functionalized oligothiophenes have attracted much
attention as active components in organic electronic devices. Applications include
organic light-emitting diodes (OLEDs),""? organic thin film transistors (OFETs),*”!

sensors,™ *! and electrochromic devices.!"" ') These possibilities are directly related

to the transverse n-m coupling between neighboring thiophene molecules.!'”
Therefore the well-established chemistry of oligothiophenes with their physical and
chemical properties is crucial for application in OFETs and organic photovoltaics
(OPV). I Considerable structure variation of oligothiophenes is possible, allowing
fine tuning of the electronic and optical properties over a wide range. The structure of
oligothiophenes in the solid state is controlled by chemical details of the oligomers
(e.g. the type of substituents, the number of the thiophene rings) and the processing

. 14-17
conditions.!'*!”]

Upon deposition by vacuum evaporation or from solution,
oligothiophenes form polycrystalline films lead to a fairly good performance in
OFETs.!"" To improve OFET properties, proper alignment of the molecules is desired,
either directly in the crystalline state or via a mesomorphic intermediate state.

The problems of polycrystalline thin films arise from structural defects as well as
from grain boundaries. Both act as trap for the charge carriers and reduce the
performance of the device. Introducing liquid crystalline (LC) ordering into
oligothiophenes potentially provides a solution to circumvent structural defects. An
LC structure can provide self-healing of structural defects leading to the formation of
large ordered domains."¥ In this context, smectic LC order is most appealing due to
the anisotropic two-dimensional (2D) charge transport within the layers, which
depends mainly on the lateral molecular distance. ') Unsubstituted oligothiophenes
are usually crystalline and the magnitude of the z-coupling between cofacially aligned
thiophene rings essentially depends on the intermolecular distance of about 3 A.''" In

order to obtain LC phases, different substituents have been introduced symmetrically

at a, o positions of the rigid thiophene core. The interplay between rigid core and
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flexible substituents directly influences the self-assembly of the oligomers. The phase
behaviors, including the transition temperatures determining the LC window,
originate from a balance between length and structure of the core and length of the

)14 20221 By proper tuning the structure of the

substituents (linear vs. branched
substituents, LC ordering has been introduced into long oligothiophenes, and
excellent charge carrier mobilities up to 0.18 cm?/V/s have been reported in
septithiophenes.!'¥

Asymmetry can be introduced into an oligothiophene system by attaching different
kinds of substituents at the o, ® positions.[23-26] Asymmetric oligomers compared to
symmetric oligomers leads to additional frustration in the packing of the molecules,
promoting LC phases over crystalline ones. Thus the LC temperature window can be
extended, as desired for fabrication of high-performance OFETs. By carefully tuning
the type of substituent, smectic ordering has been obtained at room temperature and
for an asymmetrically substituted quaterthiophene mobilities have been achieved up
to 0.1 cm®/V/s.? On the other hand, any asymmetry should not be too large as
otherwise the molecular ordering - crucial for the mobilities of charge carriers - could
be hindered.

Compared to symmetrically substituted oligothiophenes, work on asymmetric ones

has so far been limited to relatively short oligomers (< 6 thiophene rings)***”)

as
chemistry of oligothiophene with long thiophene cores is difficult.’! In contrast,
solution-processable symmetric oligomers up to 13 thiophene rings have been
reported.”™™ Hence it is challenging to prepare asymmetric oligothiophenes with a
long thiophene core. In particular, obtaining smectic ordering in combination with
solution processability requires a carefully designed balance between the influence of
the rigid core and the asymmetric substituents.

Previously we have shown that LC ordering can be obtained by introducing a
specially designed branched alkyl substituent, 2-octyldodecyl, at a, @ positions of
septithiophene, abbreviated as 7T.*% The solubility of 7T in various organic solvents
is relatively high, resulting in good processability from solution. In submonolayers as
well as monolayers, the molecules self-assemble into domains with rectangular

symmetry. Interestingly, inside these domains supramolecular fine structure is found

with a periodicity of 250 A. The formation of additional layers on top is suppressed
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until completion of the first monolayer. The performance of a monolayer OFET built

from 7T has been investigated; the resulting mobility was 0.01 cm?/V/s.

1:Rv-6T
ar /' N s U N s U N\ _s
N/ Y NS Y Y

2: Rv-6T-C11

25 3.9A

Scheme 1. Molecular structure of compounds 1 and 2: the length of sexithiophene is
22.2 A when taking into account the van der Waals radius of the terminal H atoms.
The octyldodecyl chain has a length of 15.3 A when taking into account the van der
Waals radius of the terminal CH; groups. Molecule 1 has a total length of about 37.5
A compared to 52.8 A of molecule 2. The van der Waals diameter of a compact alkyl

chain is of about a1~ 4-5 A while it is 3-5 A for oligothiophenes.

Note that the van der Waals diameter of a compact thiophene is about 3 to 3.5 A
while alkyl is of about 4 to 5 A per chain. The packing frustration due to the branched
aliphatic chains could be alleviated in a 3D-crystal by interdigitation of the alkyl
chains and tilting of the oligothiophene core. However, in two-dimension, the lack of
interdigitation give rise to a monolayer of tilted molecules different from the bulk
phase. Despite that, a physisorbed monolayer of 7T showed electrical connectivity
and a mobility of charge carriers with similar magnitude as covalently bound
monolayers of the “SAMFET”. "' Here we present two new asymmetric
oligothiophenes with a sexithiophene core, at one side substituted with the 2-
octyldodecyl group just mentioned and at the other side by H or a linear C;; alkenyl
chain, respectively (abbreviated as compound 1 and 2, see Scheme 1). The design
principle is based on the established properties of the 2-octyldodecyl group (enhanced
solution processablity, unique monolayer formation) observed in symmetric

systems.""!

Obviously, due to the asymmetry, frustration increases and the
compromise between the effects of the rigid thiophene core and the flexible alkyl

chains leads to reduced phase transition temperatures. Thus versatile LC phases are
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found in these new oligothiophenes, which is a prerequisite for potential high
performance. The experimental work presented here seeks to understand: (i) the
impact of end groups on the formation of monolayer (wetting) and (ii) the role of the
mesophase on the growth of the monolayer (domain size). Therefore, we use two
molecules with identical conjugation length (6T) with different terminal groups. In the
following we discuss the phase behavior of these new asymmetric oligomers in bulk,
monolayer formation, as well as structural analysis, optical properties, and finally the

field effect mobility in a monolayer transistor.

3.2. Experimental section

3.2.1. Materials.

a-(2-octyldodecyl)-sexithiophene (denoted as compound 1) was prepared according
to the procedure given in a previous publication.”") The synthesis of molecule 2 is
described in detail in the supporting information. Chlorobenzene (99.9%,

CHROMASOLV) was purchased from Sigma-Aldrich.

3.2.2. Film preparation.

Silicon wafers (Si-Mat GmbH, Germany) were cut into pieces of about 1x1 cm?,
cleaned by sonication in isopropanol for 5 min, and dried with air. The silicon
substrates were used immediately after activation in UV/O; for 12 min. the compound
was dissolved into chlorobenzene by stirring in the brawn GC vial overnight, and
filtrated through a 0.2 um PTFE syringe filter. In some cases the solution was heated
up to 40°C to improve the solubility of the oligomer. Samples were spin coated at a
spinning rate of 500 rpm for 5 min (Convac 1001S, Germany). The surface coverage
was controlled by changing the concentration of the solution. For the optical

measurements films were prepared on quartz following the same procedure.

3.2.3. Characterizations.
Differential scanning calorimeter DSC measurements were performed using a
Netsch DSC 404 instrument purged with N,. For each measurement, a sample of

about 5 mg was sealed in an aluminum pan while an identical pan was used as
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reference. Each sample was heated into the isotropic phase and kept for 2 minutes to
erase any thermal history. Subsequently each Compound sample was cooled and
reheated between 0 and 300°C (for Compound 1 between 0 and 240°C) at a rate of
10°C/min. To obtain the enthalpy of transitions for overlapping peaks, deconvolution
was performed with the peak fit module of Origin 7.5. The peaks were fitted by
Gaussians while the number of peaks and their positions were determined from the
second derivative.

Polarized Optical Microscopy (POM) was done using a Carl Zeiss Axioplan-2
imaging polarizing microscope equipped with a Mettler Toledo FP 82HT hot stage
and a FP 90 processor. The micrographs were recorded with a Carl Zeiss AxioCam
MRc digital camera.

Field Emission Scanning Electron Microscope (FESEM) experiments were
performed using a Hitachi S4800 high resolution Field Emission Scanning Electron
Microscope (accelerating voltage 1.5kV). Data analysis was performed by using
Image J, version 1.38.

The Scanning force microscopy (SFM) was done by tapping mode (NanoScope V,
Digital Instruments Veeco Instruments, Santa Barbara, CA) under ambient conditions.
Standard silicon cantilevers with a spring constant of 5~37 N/m and an oscillation
frequency of ~75 kHz were used. Data were processed using of Digital Instruments
software: NanoScope Analysis, version 1.12.

X-ray reflectivity (XRR) was performed at JCNS-2 and PGI-4, Forschungszentrum
Jilich using a D8 Advance x-ray reflectometer from Bruker AXS (Karlsruhe,
Germany). A Cu X-ray tube with a line source (focal spot 12x0.04 mm?) provided Cu
K, radiation with A=0.1542 nm. A parabolic graded multilayer system (Go6bel mirror)
converted the divergent beam into an almost parallel beam (divergence <0.03°) and
suppressed the Cu Kjp radiation. The scattering plane was vertical and the sample
remained horizontal. After reflection at the sample stage the intensity was collected
by a Nal scintillation detector. The intensity was measured as a function of the
scattering vector g. = (4n/A)sind, in which 26 was the scattering angle. The latter was
fixed at twice the incident angle 6, which sets g. along the film normal. The measured
intensity was corrected for the footprint of the X-ray beam, which overilluminates the

sample below 6=0.8°. The experimental data were fitted to a multilayer model

29



representing the internal structure of the monolayer using the recursive Parratt
formalism.**!

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements were
performed at the synchrotron beamline BW4 of the DORIS III storage ring
(HASYLAB at DESY) in Hamburg. The sample-detector distance and the incident
angle were set to 110 mm and 0.2°, respectively. The scattering signal was recorded
by a 2d detector (MARCCD, 2048x2048 pixels) and the small angle scattering
blocked by a rod-like beam stop. Detailed GIWAXS setting description can be found
elsewhere.”*! The absorption spectra of asymmetric substituted sexithiophene were
measured in both of solution and thin films on a JASCO V-610 UV-Vis spectrometer
(JASCO GmbH, Germany). For solution the concentration was 10> mmol/L.
Fluorescence emission spectra in solution were measured with a FLUROMAX-4P
Spectrometer (HORIBA Jobin Yvon GmbH). The solutions were excited at the
wavelength of the respective UV/Vis absorption maxima. Electrical characterization
of the field effect transistors all carried out in a probe station under high vaccum (107

mbar) with a Keithly 4200-SCS Semiconductor Characterization System.

3.3. Results and discussions

3.3.1. Phase behavior in bulk

The thermal transitions of compounds 1 and 2 have been investigated by
differential scanning calorimetry (DSC) (Figure 1); the extracted parameters are listed
in Table 1. As shown by both experiment and theory, non-substituted a-sexithiophene
displays versatile phase transitions including a crystalline phase and at least two

(29:34] Introducing a branched 2-octyldodecyl group at

mesophases at high temperature.
the oa-position of the sexithiophene drastically reduces the possibility of phase
transitions while the highest transition temperature is now below ~200°C. The phase
behavior of the mono-substituted compound 1 is simple: during cooling and reheating
to the isotropic state only a single peak is observed (Figure 1a). The value of the
enthalpy is large (Table 1), which is typical for crystallization. Hence, we conclude
that only a phase transition crystalline-isotropic (melting) is present. When the w-

position of sexithiophene core is substituted with a 11-undecen-1-yl group (compound

2), the highest transition temperature is further reduced to ~30 °C below the melting
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point of 1. In addition a rich pattern of reversible phase transitions is observed upon
heating and cooling (Figure 1b). Not surprisingly, in the double substituted
asymmetric compound the balance between the effects of the rigid sexithiophene core
and the flexible alkyl groups differ from the mono-substituted one. Upon cooling 2
down from the isotropic state four peaks are observed, indicating multiple phases.
When heated back to the isotropic state, two peaks are clearly seen while two other
ones appear only as shoulders which show again four transitions. To obtain the
enthalpy of each transition, peak deconvolution was applied, based on the second
heating curve (see supporting information, Figure S1). The extracted parameters are
summarized in Table 1. The transitions are thermally reversible and show limited
undercooling, indicating fast transformations from one mesophase to another. Upon
cooling down from the isotropic melt, the enthalpy values for the first three transitions
are between 3-10 kJ/mol, signifying the formation of three different LC phases. The
much larger enthalpy associated with the last peak indicates most probably
crystallization. From polarized optical microscopy (POM), these transitions appear to
be between different smectic phases (see supporting information Figure S2).
Tentatively we assign the following phase sequence upon cooling: I—-Sm-B—Sm-
E—Sm-H—Cr. The transition temperatures observed with POM are consistent with

the DSC measurements.
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Figure 1. DSC thermograms of (a) molecule 1 and (b) molecule 2.
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Table 1. Transition temperatures and attendant enthalpies of the
asymmetricexithiophene oligomers (Cr=crystalline phase; LC=liquid-crystalline

phase; I=isotropic phase).

Compound Process  Transition peak temperature (°C) and (enthalpies (kJ/mol))

cooling 1227 (-32.9) Cr

heating Cr232(31.4)1

cooling 1201 (-3.9) LC 198 (-7.0) LC 193 (-9.4) LC 187 (-17.1) Cr
heating Cr 191 (17.5) LC 196 (6.1) LC 200 (4.8) LC 201 (12.7) 1

1

Ino

3.3.2. Monolayer growth and morphology

The solubility of oligothiophenes in different organic solvents - crucial for
convenient processing - is enhanced by the introduction of bulky branched
substituents to a,® positions.”” In fact, even one branched substituent is enough to
increase the solubility of the sexithiophenes in chlorobenzene. Compound 1 has a
saturation concentration of 0.7 g/L at room temperature and about 1.4 g/L at 40 °C
which is higher for both non-substituted insoluble sexithiophene and for
symmetrically substituted sexithiophenes (e.g. dihexylsexithiophene, almost
insoluble). Introducing a linear 11-undecen-1-yl group at the @ position increases the
solubility further: 2 saturates at 0.9-1.0 g/L at room temperature sufficient for
monolayer formation.

Thin films of compounds 1 and 2 were prepared by spin casting solutions in
chlorobenzene onto a silicon wafer. Figure 2 shows representative (sub)monolayers
morphologies of each compound. Both form unique elliptically shaped crystals
(Figure 2- 1a, 1b, 2a and 2b) that are not connected. Such type of morphology has not
been observed in symmetric di-substituted oligothiophenes with either linear or

30- 351 For these molecules mostly square crystals have been

branched alkyl groups.
found with a broad size distribution. Obviously, the new morphology must be
attributed to the asymmetric substitution of the oligothiophene, which leads to an
increased mismatch between the volume of the bulky branched alkyl substituent and
the rigid thiophene core. This, in turn, induces an anisotropic stress in the domains,

leading to different growth rates of the crystals along dissimilar directions. The

presence of the branched tail suppresses any 3D growth of the crystals until the

32



surface coverage reaches a full monolayer. At earlier stages still 3D nuclei are formed
but they do not grow into crystals. At this stage we do not have a more detailed

explanation of this unique property.

Figure 2. Field-emission scanning electron (FE-SEM) micrographs depict the
morphology of 1 and 2 through the growth of a monolayer. (7op) Morphology of 1
depending on the concentration: (1a) 0.3 g/L, (1b) 1.0 g/L, and (1c) 1.2 g/L; (bottom)
Morphology of 2: (2a) 0.3 g/L, (2b) 0.7 g/L, (2¢) 1.0 g/L. Figure 2c is an image of a
monolayer of 2 on a large scale, notice the homogeneity and the relatively large
domain sizes. In contrast, 1 forms a monolayer with a high density of grain
boundaries. The difference can be appreciated by comparing images of the same scale

1.e. the insert of Figure 2c and Figure 1c.

The uniform contrast of the elliptic islands seen in the FE-SEM images indicates a
homogeneous height distribution of the crystals. As probed with SFM, the height
values are slightly different for 1 and 2. For 1 the height of the islands is about 38 + 4
A (Figure 3- 1a), for 2 the value is about 35 + 4 A (Figure 3- 2b). XRR has the same
tendency but gives somewhat larger values of 46.1 and 42.8 A, respectively (see next
section). The difference between SFM and XRR height values can be understood by
an oil-like layer on the film/air interface formed by the branched tails. Due to such
soft layer the force applied by the SFM cantilever during tapping is sufficient to
penetrate the topmost layer, this can be the reason to underestimate the thickness."

Reducing the force during tapping causes somewhat larger thickness values, however

this effect cannot be eliminated completely due to the softness of the oil-like layer.
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For 1 the layer thickness is approximately 1.2 times the molecular length assuming a
fully extended linear structure. The difference can be explained by an interdigitated
anti-parallel packing arrangement. The branched tails orient alternatively up and
down, adhered to a central thiophene sublayer stabilized by strong m-m interactions.
For asymmetric molecules this_ stacking model is energetically favorable due to
reducing steric hindrance between branched tails. Meng et al. reported a similar way
of packing for asymmetrically substituted quaterthiophene.”* This model will be
further refined in the next section in combination with results from x-ray reflectivity
(XRR) and grazing-incidence wide angle x-ray scattering (GIWAXS) data. A model

for the structure of the monolayer of compound 2 will be proposed as well.
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Figure 3. Scanning Force Microscopy (SFM) height image of 1 (1a) and 2 (2a) of
submonolayer coverage the graph below each image is a cross section profile along
the horizontal line as indicated. Graphs (1b) and (2b) are plots of the surface coverage
as function of the solution concentration respectively for 1 and 2. Cs indicates the
concentration and temperature at which the solution saturates. Graphs (1c) and (2c)
are the size distribution of the long axis of the elliptical islands depending on the

concentration.

As expected, increasing the concentration leads to a larger surface coverage. The

monolayer grows linearly with concentration (Figure.3- 1b and 2b). In both cases a
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good linear fit is obtained (R’=0.99). However, the slope of 2 is roughly three times
larger than for 1, indicating a much faster growth of compound 2. As in 2 the w
position is substituted by a linear C;; alkenyl chain whose physical nature is similar to
the branched tail, it is less asymmetric than 1. Therefore any stress induced by the
asymmetry will be smaller, packing the molecules will be easier, and the growth rate
Increases.

Interestingly, the distribution of the long axes of the elliptical crystals is bimodal
when deposited from solution at low concentration (Figure 3- 1c and 2c¢). For 1 at
highly diluted solution, the long axes of the two types of islands are 0.8+0.2 pym and
2.8+0.3 um, respectively. Upon increasing the concentration, both maxima shift to
larger values while the smaller islands start to disappear (Figure 3- 1¢). Compound 2
starts in a similar way, but at high concentration islands with homogeneous size
distribution (centered on 8 pum) are found. Moreover, this peak value is somewhat
smaller than the largest size at lower concentration (Figure 3- 2c, circles and filled
circles)

Finally, after formation of a complete monolayer, 3D growth is observed in both
compounds. However, some details of the 3D layer are different for 1 and 2.
Compound 1 forms 3D layers over the whole area, some of layers follow the direction
of grain boundaries in the monolayer (line-like structure in Figure 2- 1c), but most of
the layers nucleate and grow on the top of the grains. Compound 2 is different
because the 3D crystals develop mainly at the grain boundaries of the monolayers.
Line-like structure and the curvature of the lines following the shape of the elliptical

domains boundaries can be deduced from (Figure 2- 2c¢).

3.3.3. X-Ray investigations of the layer structure
X-ray reflectivity (XRR) provides information on the thickness and the electron

1,17 which is not

density profile of the monolayer averaged along the surface norma
directly accessible with SFM and/or FESEM. Figure 4 shows the measured XRR data
together with a model fit and the resulting density profile both for compound 1 and 2.
The films have been modeled as a sandwich structure with three sublayers: a middle
thiophene layer with the highest electron density between two layers of alkyl
substituents with a lower electron density at the silicon/film and the film/air interface.

Each sublayer is characterized by three parameters: thickness, electron density and
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interface roughness. The thickness and electron density of the native SiO; film on the
Si wafer were predetermined and kept constant during the fitting process. With this
model, good agreement with the experimental data is obtained for the parameters
listed in the supporting information (Table S1). The sublayer thicknesses of the alkyl
tails at the silicon/film interface and at the film/air interface are close to each other, all
about 10 A. This suggests similar surface structures, presumably consisting of the
branched alkyl group. As the thickness is substantially smaller than the length of the
chain (about 15 A), there must be either considerable disorder or a strong tilt. The
thicknesses of the central layers are also not very different: 24.0 A and 23.4 A for 1
and 2, respectively, slightly larger than the length of a 6T molecule (about 22 A).*”)
This situation can be contrasted with symmetrically substituted 7T for which the

thickness of the central oligothiophene layer was found to be 20.5 A, smaller than the
length of 7T itself.”"
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Figure 4. Plots of reflected intensity vs. scattering vector ¢, and corresponding
profiles along the surface normal for films of compound 1 (R,-6T-H) (a, b) and 2 (Ry-
6T-C11) (c, d). In (a, c) dots are data points while the red curve represents the fit
(model details in Table S1). In (b, d) vertically the scattering length density 7.p is
plotted, in which r, is the Thomson scattering length and p the number density; z is

the distance from the film surface.
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Figure 5. Thickness and electron density of the sublayers as extracted from XRR and

possible model interpretation.

In Figure 5 a possible model in presented in which for both compounds the outer
layers consist of the bulky branched alkyl chains is presented. For molecule 1 the
necessary space required to pack these chains is obtained by interdigitation of the
central 6T core which is in agreement with a value of the middle layer thickness
larger than the length of 6T. Some tilt must be involved in order to accommodate for
the difference in cross sections of the different groups. According to the results from
grazing-incidence wide-angle x-ray scattering (GIWAXS) the tilt angle of the 6T core
is about 28°. For molecule 2 a similar surface packing of the branched alkyl chains
can be obtained if the linear alkyl chains at the other end of the molecules are
incorporated in the middle layer. This construction can account for the similar model
results for the outer layers. As in 2 the combination linear C;;+6T (about 15+22 A) is
considerably larger than only 6T in the case of 1, the tilt angle in the middle layer
must be larger, as confirmed by GIWAXS. In addition, inclusion of the linear alkyl
chains in the thiophenes of the middle layer would reduce the electron density of 2
compared to the pure thiophene packing in 1. This is reflected an overall lower
electron density of 2 as observed by XRR.

Though the overall picture from the XRR seems to be reasonable, there are some
problems in the details. First the model so far is symmetric. However, for both
compounds the bottom layer is somewhat expanded compared to the top layer, in
combination with a slightly larger electron density. An obvious solution is to assume
that the branched alkyl chain is more stretched and closer packed in the bottom layer,
due to the smaller affinity to the SiO, substrate as compared to the air interface.
Second, the length of a 6T molecule of about 22 A, would allow the 6T in the middle
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layer to organize homeotropically. We conclude that the packing between the central
6T cores depends in a complicated way on the interaction with the branched alkyl

chains, which is not fully incorporated in the model.
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Figure 6. Two-dimensional GIWAXS data of sample 1 (a) and 2 (b), respectively,
including the assignment of the various peaks. The peak positions are summarized in

Table S2 added to the supplementary information.

To obtain detailed information on molecular ordering of organic molecules such as
conjugated polymers or monolayers GIWAXS can be used advantageously especially,
the arrangement regarding the substrate is probed by GIWAXS.”® Two-dimensional
GIWAXS data are shown in Figure 6 in reciprocal space with ¢. being along the
surface normal and g, in the sample plane. The interpretation of the various peaks -
attributed to the packing of the central 6T layer - is also indicated. The outer layers of
alkyl chains are expected to be largely disordered and to contribute only to the general
background. The general scattering features can be understood in analogy to the
interpretation of scattering data of hexagonal Langmuir monolayers of fatty acids by
Kaganer et al.°’”) However, we assumed a centered rectangular packing with two
molecules per unit cell, similar to the known centered orthorhombic structure of

8]

oligothiophenes.” For compound 1 we calculate from

tanf = q_}l/: 1 7
v(al) - (5ai)

2 a tilt angle of 28° and for compound 2 from
I /
tanf = 20
qx

» a value of 54.5°.*") For 1 the lattice vectors are given by ¢=7.6 nm

and b=9.5 nm, leading to an area per molecule of axb/2=19 A%. For 2 we find in a

similar way a xb/2=38.4 A’. In agreement with the previous discussion we find that

38



compound 2 is much looser packed than 1. Using n= 252, the number of electrons of
6T, and the thickness of the 6T middle layer from XRR, for 1 an electron density of
0.55 ed can be calculated for 1. Projected on the layer normal this gives 0.49 ed~,
in agreement with the electron density of 0.46 e4~ from XRR.

For compound 2 the situation is somewhat more complicated. If we use the
suggested model of Figure 5b, including the electron density of C;; in the middle
layer leads to n=252+89=341 electrons. Using again half of the area per unit cell and
the thickness of the middle layer from XRR, the electron density would be 0.37 ed .
Projected on the layer normal this leads to 0.21 ed~, considerable smaller than the
value 0.32 ed” from XRR. As a consequence, the model shown in Figure 5b must be
oversimplified and thus somewhat too extreme.

We conclude that the X-ray results - including the anisotropy of the GIWAXS
peaks not touched upon yet - deserve a more extensive discussion that exceeds the
scope of this article and thus will be given elsewhere. For the present purpose the
most important result is the GIWAXS provides proof of a tilted ordered 6T core in the
center of the monolayer. This structure deviates from earlier results for bulk** and

thicker layers*® of substituted oligothiophenes.

3.3.4. UV-Visible Spectroscopy

In Figure 7 the absorption spectra of a monolayer and in solution of molecules 1
and 2 recorded at room temperature are presented. In solution, the position of the
strong absorption band is centered on 443 nm (2.79 eV) and it is rather independent
on the substituents.””’ The monolayers reveal distinct absorption spectra with an
intense band followed by one or two less pronounced shoulders at long-wavelength
side. The strong absorption band of molecule 1 is centered on 373 nm (3.33 eV) while
for 2, it is at 422 nm (2.93 eV). Apart from the difference in the absorption maximum,
the optical spectra are similar with a blue shift compared to the solvated molecules.*"
2 The shift of the intense peak is determined by the intermolecular coupling strength.
Indeed, thin films of unsubstituted sexithiophene in which the long molecular axis is
perfectly aligned along the surface normal shows an intense absorption band at 364
nm (3.4 eV) and it is polarized parallel to the long axis of the molecules. Therefore
misalignments such as tilting the molecules relative to the surface plane, which is the

case here, loosen the packing and reduce the intermolecular coupling causing a red
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shift of that band relative to the densest packing.*®) We note that the shoulders at the
long wavelength side retain their spectral position. These peaks are found in the
optical spectra of sexithiophene irrespective of the substituents and were attributed to
the (0-0) transition of an isolated molecule.”” This observation can account for the
absorption spectrum of the monolayer acquired at normal incidence. A red shift with
respect the monolayer of 1 is accompanied with enhanced absorption consistent with
the structural analysis of the monolayer in which molecule 1 is less tilted and more

densely packed than 2 (see above).

Solution

Absorbance a.u

300 350 400 450 500 550 600
Wavelength nm

Figure 7. UV/Vis spectra of compound 1 and 2, in chlorobenzene solution and on a

monolayer, recorded at room temperature at normal incidence.

3.3.5. OFET Performance

We investigated the electrical transport of 1 and 2 in monolayer field-effect
transistors. The molecules are oriented parallel to each other with the long molecular
axes more or less perpendicular to the substrate plane. This configuration is highly
favorable for charge transport, because it favors the overlap between n-orbitals.

Transistors were fabricated by spin coating of compound 1 or 2 on electrodes at
concentrations that give full monolayer surface coverage. A ring geometry was
chosen to prevent parasitic leakage currents. The pristine transistors exhibited very

little hysteresis and a mobility of about 3x10™ ¢cm?®/Vs. Scaling of the mobility with
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channel length shows only a small contact resistance, which is confirmed by the linear

mobility that is comparable to the saturated mobility.
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Figure 8. Linear and saturated transfer characteristic of spin-coated monolayer field-
effect transistor of compound 2 after annealing for an hour at 140 °C. The channel
length is 40 um and channel width is 1000 pm. The inset shows the linear and the

saturated mobility.

The transistors were subsequently annealed for an hour to remowe any residual
solvent. Upon annealing at 80 'C, the mobility of molecule 1 decreases and a
significant increase in contact resistance is observed. There is hardly any change in
transfer characteristics for molecule 2. The transistors were subsequently annealed
for an hour at 140 'C. The charge transport of the transistors of molecule 1
deteriorates. In most transistors the current was orders of magnitude lower than before
annealing. The transfer curve of 2, presented in Figure 8, shows no hysteresis, a
threshold voltage of 0 V and a current modulation of six decades. The inset shows that
the linear mobility is equal to the saturated mobility. The value increases with gate
bias up to about 1x10? cm?/V/s at a gate bias of -20V. The saturated mobility is
comparable to the linear mobility. The transport is bulk dominated, the contact
resistance can be disregarded. The mobility value of compound 2 is similar to that of
5T monolayer SAMFETSs (2x10 ¢cm?/V/s) and of 7T spin-coated monolayer (1x107
cm?/V/s).
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The mobility is thermally activated. The activation energy has been extracted as 80
meV for 1 and 100 meV for 2. The activation energies are similar to those extracted
for a 5T SAMFET of 80 meV and for a 7T spin-coated monolayer of around 60-90
meV. The values obtained might indicate that the charge transport in all compounds is

limited by grain boundaries.

3.4. Conclusions

We have investigated the electric behavior of monolayers of two new
asymmetrically substituted sexithiophene (6T). Both molecules have at one thiophene
end a branched alkyl chain. For molecule 1 this is all; molecule 2 the bifunctional 6T
has at the other end additionally a linear alkyl chain. In the latter case the asymmetry
of the substituents and a mismatch in the cross-sectional area (thiophene/alkyl)
induces LC behavior. Growing a monolayer from solution leads to anisotropic
domains (ellipsoids) attributed to the asymmetry and bulkiness of the tails.
Furthermore full monolayer coverage is achieved before a multilayer starts to develop.
This can occur if the interaction adsorbate/substrate is somewhat larger (or
comparable) than the intermolecular interactions. This seems to be the case here - at
least for the first layer - and is attributed to the end groups decoupling the two-
dimensional lateral growth from that perpendicular to the substrate. The thermotropic
LC 6T (2) forms islands with a monomodal distribution that leads to large
monodomain sizes compared to non-LC compound (1). This is attributed to the
importance of the LC properties near the interface that promote preordering and
exchange of molecules between growing domains, thus regulating the domain sizes
and their distribution.

XRR and GIWAXS on monolayer samples reveal tilted central thiophene cores.
The tilt angle relative to the surface normal is 54° for 2 compared to 28° for 1. The
interfacial constraints and packing requirements cause the formation of a tilted
monolayer with loosely packed oligothiophenes. Still the monolayer supports a field-
effect mobility as high as found in SAMFET’s of 5T or 6T. However, comparing
device performance of 1 and 2 the field-effect mobility is substantially lower than in

an unsubstituted 6T with small tilt angle.
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Chapter 4 Thin Film Structure of Block Copolymer-
Surfactant Complexes: Strongly lonic Bonding Polymer

Systems

4.1. Introduction

A distinctive feature of block copolymers (bep) is their ability to self-assemble into
mesophases whose structure and periodicity are defined by the Flory-Huggins
Parameter y, the composition, and the molecular masse of individual blocks.!' This
property has been extensively explored to tailor thin films, allowing to generate dense
periodic arrays with sub-100 nm features.” Such an attribute can be considered as an
alternative to e-beam lithography, and has been successfully integrated in
manufacturing processes of microelectronic devices such as high-density storage
media, plasmonic devices, nanowire polarizer grids, silicon capacitors, etc.”! The thin
films used for these applications require a certain degree of control of the
orientational and positional order of the mesostructures.* ® Because of the large
interfacial area of thin films, the orientation of the domains depends largely upon the
relative surface energies of the blocks as well as -in case of incommensurability- upon
the structural frustration between the intrinsic periodicity of the bulk structure and the
film thickness.””) These confinement and surface effects can result in morphologies
that are absent in the bulk. [

Morphologies of bep’s can be controlled rather well for solution-cast thin films.
However, to obtain a uniform orientation of the microdomains normal to the film
surface - as required in certain applications - remains a challenge.* ® Strategies have
been devised to overcome the surface interactions and induce perpendicular
orientation of cylinders or lamellae relative to the substrate.[ ) Some success has
been achieved through techniques such as solvent annealing,!'”’ zone casting,!'"" '
electric field alignment,'” optical alignment.!""! topographical or chemical substrate
patterning,!”! and surfactant'® or nanoparticle-assisted orientational order.!"”
Hierarchical structures with more than one characteristic length scale have been

found in copolymers whose macromolecules consist of more than two types of

monomer units."®*? A well-known example is a copolymer with side chain liquid
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crystal (LC) units, wherein ordering of the mesogenes moieties concur with
microphase separation. In such a system, the LC field will affect mesophase formation
and domain orientation, whereas in thin films thermally stable morphologies can be
generated consisting of lamellae or cylinders oriented perpendicular to the surface. 2

An interesting example of a copolymer with mesogenic side chains is provided by
specific interactions between an oligomer or a surfactant and a block of a diblock
copolymer. These have been neatly used to generate a variety of mesomorphic
structures characterized by two periodic scales (structure-within-structure).”>**! The
copolymer self-assembles and sets a large period of about 100 nm, while the LC
organization of the surfactant occurs at a much smaller scale of a few nm. The
obvious advantage of such bep-complex systems is that the composition of one of the
blocks can easily be adjusted by varying the amount of side chains. An additional
peculiarity is that a non-covalent bond of the side groups can be used with a strength
variable from very strong (ionic bond), to very weak (hydrogen bond).***"
Complexes based on hydrogen bonding are particularly interesting since the binding

[23, 24

is thermally reversible, selective and directional. I Such interchangeable physical

interactions can play a crucial role in the formation of mesophases and in the

[29]

occurrence of an order-disorder transition. Unlike hydrogen bonds, ionic

interactions are stronger and the oligomers are tightly bound to the polymer backbone.

Mesostructure based on ionic interactions are thermally stable and in some cases the

2933 Qurfactants with

[27, 28,

complex even decomposes before reaching the isotropic phase.!
sulfonic acid head group have been widely combined with poly (vinylpyridine)s.
3133 I that case the nitrogen in the pyridine ring acts as a weak base and charge
transfer takes place from acid to one electron pair. For diblock copolymers,

incorporation of sulfonated oligomers such as dodecylbenzene sulfonic acid,**>

71 resulted in the formation of

eventually combined with a wedge-shaped mesogen,
mesophases with a hierarchical order at two different length scales.

Ionic bonding of a sterically demanding mesogen to a polymer backbone provides
an additional degree of control over the macromolecular conformations and their

% 31 Recently, we have complexed Poly (2-

subsequent  self-assembly.?”
vinylpyridine) (P2VP) with a wedge-shaped ligand consisting of a sulfonated group at
the tip and a large non-polar body."* **! In that situation the contour length of the
homopolymer chain defines the shape of the complex (spheres or rods) while the

degree of protonation sets the morphology (smectic or columnar). In addition,
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incorporation of such a ligand to a miscible diblock copolymer, Poly (2-vinylpyridine-
b-ethylene oxide) (P2VP -b- PEO),**! greatly increases the segregation between
blocks.””! In thin films, smectic ordering of the ligand takes place with the layers that
are orthogonal to the block interfaces. This allows effortless alignment of the bcp
microstructure, e.g. cylinder or lamellae, perpendicular to the air/substrate interfaces.

In this work we extend the above ideas to ionic bonding of a widely studied
surfactant, sodium bis (2-ethylhexyl) sulfosuccinate (AOT), with the diblock
copolymer poly (styrene - b- 4-vinylpyridine) (PS-b-P4VP). The solid state structure
of pure AOT has been established only recently: it self-assembles in a hexagonal
columnar phase with three molecules in a column cross-section.””! Furthermore,
unlike the ligands discussed so far,'?> 20%% 3% 331 AQOT has two branched aliphatic
chains that prevents crystallization. The binding strength of the sulfonate head to the
pyridine is still essential the same as described above. Furthermore, the bcp-AOT
complex does not support uncomplexed ligands because AOT acid form (AOT-H)
contains ester groups that are labile (easily cleaved). Consequently, the system bcp-
AOT is appealing because it alleviates (1) any difficulties associated with
crystallization of the side chains, and (2) the presence of free ligands. Still, the
truncated wedge-tail is appropriate to study the impact of steric hindrance on the
organization of the bcp-AOT complex.

In the following, we show that protonation of the P4VP homopolymer or the
diblock copolymer PS-b-P4VP with AOT leads to a mesomorphic multilayer structure
in which the surfactant determines the layer thickness. In thin films the segregation
between the blocks generates nanostructures with an in-plane periodicity defined by
the molecular masse of the copolymer and by the stoichiometry of the complex. By
varying the composition of the blocks and the molar ratio AOT/pyridine, the
following structural transitions are observed: cylinders of (AOT/P4VP) — lamellae
— PS cylinders. Interestingly, in all morphologies, the bcp microdomain structure
stays orthogonal to the air substrate interface. Finally, we show that hydrolysis of
AOT results in pores with a variable geometry useful for templating a two-

dimensional inorganic structure.
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4.2. Experimental section

4.2.1. Materials.

Four PS-b-P4VP diblock copolymers were investigated: PS399-P4VP 49 (PDI=1.08),
PS350-P4V Py (PDI= 1.07), PS199-P4VP1o9 (PDI=1.12), PS;20-P4VPsy (PDI=1.03), in
which the subscript indicates the degree of polymerization of each block. They were
synthesized via sequential anionic polymerization, as described elsewhere.”® Sodium
bis(2-ethylhexyl) sulfosuccinate (98%), iodine beads (>99.9), hydrazine hydrate
(reagent grade, NoH4 50-60%), diisopropyl ether (p.a.), chloroform (p.a.), benzene
(p.a.), isopropanol (p.a.), ion-exchange resin (Amberlyst 15, acid form), and Gold(III)
chloride hydrate (HAuCly, p.a., Au > 49%), were purchased from Sigma-Aldrich.
Silicon wafers (100) were supplied by Si-Mat GmbH. Copper grids, 200mesh, with
silicon oxide coating, and naked copper grins, 100mesh, were supplied by Plano

GmbH, Germany.

4.2.2. Polymer complex and thin film preparation.

The procedures for preparation of polymer complex were similar as discussed in a
previous paper.””! 100mg of AOT-Na was dissolved into 10ml of diisopropyl ether
and stirred with 1g of Amberlyst 15 for 1h; after this treatment, AOT-Na converted to
its sulfonic acid form (denoted as AOT-H) with a yield of ~100%.5"*! The desired
amounts of P4VP homopolymer or PS-b-P4VP block copolymer were dissolved into
chloroform according to the desired degree of neutralization (DN, nominal ratio
between AOT-H molecules versus 4-vinylpyridine repeat units). The solution of
AOT-H was filtrated through a 1um PTFE syringe filter, and the ion-exchange resin
was washed at least three times with 10 ml of diisopropyl ether. While stirring, the
AOT-H solution was added to PS-b-P4VP solution. The total concentration of the
mixed solution was controlled to within less than 1mg/ml, and stirred overnight.
Subsequently, the solvent was removed by a rotor evaporator at 60°C. The complex
was dissolved into chloroform again to make a stock solution of 30 mg/ml.

Silicon wafers or glass substrates were cleaned by sonication in isopropanol for 5
min, dried in an air stream, and activated in UV/O, for 12 min. These treatments
provided a clean silicon surface with a water contact angle of < 5°. Before spin
coating, the stock solution was diluted to the desired concentration and filtered

through a 0.2 um PTFE syringe filter. Thin films of the complexes were prepared by
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placing drop of 50 puL onto a cleaned silicon wafer and spin coated at a spinning rate
of 2500 rpm for 30s (Convac 1001S, Germany). The film thickness was controlled by
the concentration of the solution. All films had approximately the same thickness (300
A), as determined by ellipsometry (MM-SPEL-VIS, OMT GmbH, Germany). Vapor
annealing was performed by exposing the films to saturated benzene vapor in a closed
vessel at room temperature. After the solvent annealing, the solvent was allowed to

evaporate slowly.

4.2.3. Fabrication of nanoporous film.

Nanoporous film or nano-objects was prepared by washing of the polymer films in
0.33 mol/L NHj3 solution for 30 s. Subsequently, the films were rinsed with MilliQ
water and dried in an air stream. Free-standing films were prepared by floating thin
film on 0.1mol/L KOH solution, rinsing the film with Milli Q water, and then

transferring onto a copper grid.

4.2.4. Gold salts deposition.

To load the complex with gold salts, the polymer film were coated on a glass
substrate and immersed into 1 g/L of aqueous HAuCly solution for 3 h. Subsequently,
the films were thoroughly rinsed with Milli Q water, and dried in an air stream.
Reduction of the gold salt was performed by either exposing the film to hydrazine
vapor in a closed vessel for 1 min, or in oxygen plasma (Plasma System 100, PVA

Tepla AG). Typical conditions were: 100 W, 0.89 mbar, and 30 min.

4.2.5. Thin film characterization.

IR spectra (resolution 4 cm™) were recorded using a Nicolet NEXUS 670 Fourier
Transform IR spectrometer. Samples were prepared by drying several droplets of 30
g/L solution onto KBr plates at room temperature. For each spectrum more than 200
scans were averaged to enhance the signal to noise ratio. The morphology of the film
was investigated by a tapping model SFM (NanoScope V, Digital Instruments Veeco
Instruments Santa Barbara, CA) under ambient conditions. Commercial available
standard silicon cantilevers (PPP-SEIH-W from Nanosensors) with a spring constant

of 5~37 N/m and an oscillation frequency of ~125 kHz were used. The data were
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processed using NanoScope software Analysis, v-1.10. Transmission Electron
Microscopy (TEM) images were acquired using a Zeiss Libral20 with an accelerating
voltage of 120 kV. For TEM studies, a droplet of the polymer complex solution was
put onto a copper grid. The excess of the solution was absorbed by a filter paper.
Subsequently, grids plus sample were annealed in benzene. In order to enhance the
contrast the films were stained in iodine vapor for about 2 h. Scanning Electron
Microscope (SEM) experiments were performed using a Hitachi S4800 high-
resolution Field Emission Scanning Electron Microscope with an accelerating voltage
of 1.5kV. The optical properties of the gold patterns on glass support were measured
with a JASCO V-610 UV-Vis Spectrometer.

Small and Wide Angle X-Ray scattering was recorded by a powder diffractometer
(STADI MP vertical from STOE, Darmstadt, Germany) with a focusing Ge-
monochromator (Johansson-type) and a position-sensitive detector. The experiments
were performed on flat samples in a transmission geometry. X-Ray Reflectivity
(XRR) experiments were performed using a Bruker-Axs D8 Advance. The X-ray
intensity was corrected for sample size effects at small incidence angles. The data
were analyzed using an iterative matrix formalism derived from the Fresnel equations.
During fitting to the multilayer model thickness, electron density, and interface
roughness were allowed to vary for each layer."”) The thickness, electron density, and
roughness of the native SiO, layer were predetermined from a bare Si wafer and left

fixed for the later fits.

4.3. Results and discussions

We first present the results of the FTIR, which substantiate complexation of the
pyridine with the sulfonic acid (AOT-H). Second, on the basis of the X-ray scattering
data we discuss the impact of the degree of protonation on the bulk organization of
the homopolymer and a copolymer. Subsequently, a structural characterization of the
different thin films morphologies is presented based on scanning force microscopy
and X-ray reflectivity. The discussion ends with a practical example in which the

structure has been used to produce a template with pores of defined geometry.
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4.3.1. Bulk organization
4.3.1.1. FTIR.
The transformation of AOT-Na to AOT-H, and the formation of the PAVP(AOT)

complex have been characterized by FTIR. As shown before,?” *' +]

ion-exchange
resin is very effective for the preparation of molecules with sulfonic acid group. The
yield is very high, close to 100%. Results of FTIR measurements (see Supporting
Information, Figure S1) show that AOT-Na has two characteristic peaks at 1051 cm’™
and 1247 cm™, corresponding to symmetric and asymmetric stretching vibrations of
SOs in the sulfonic acid sodium salt. After stirring with ion-exchange resin for 1 h,
these two peaks disappear, while two new peaks appear at 1038 cm™ and 1166 cm™.
These are identified as the symmetric and asymmetric stretching vibration of SOs in
sulfonic acid. Further increase of the treatment time does not change the spectra,
which means that AOT-Na has completely transformed to AOT-H.”® P4VP and PS-
P4VP have an absorption band at ca.1599 cm™, assigned to the aromatic carbon-
carbon stretching vibration of the phenyl group (1600-1601 cm™), and a carbon-
nitrogen stretching vibration of the unprotonated pyridine ring (1596-1597 cm™).*™
After incorporation of AOT-H, the intensity of the latter band decreases, and a new
distinct band corresponding to the protonated pyridine ring appears at 1637 cm™.*”!
Increasing the DN increases the intensity of the later band and decreases the intensity
of the one at 1599 cm™. In addition, a small shift of this band from 1599 em™ to 1601
cm’ is observed. At DN=1.0, only one band at 1601 cm™ is found corresponding to
the aromatic carbon-carbon stretching vibration of phenyl group, indicating that at this
condition all the free pyridine rings are protonated. (See Supporting Information,
Figure S2-S5) However, quantitative analysis of the FTIR spectra is difficult, because
it requires curve fitting while the needed adsorption cross sections of pyridine before
and after protonation are unknown. Moreover, for the band at about 1599 cm™, it is
difficult to separate the contribution from the aromatic carbon-carbon stretching

vibration of the phenyl group from that of the carbon-nitrogen stretching vibration of

the unprotonated pyridine ring.

4.3.1.2. X-ray Scattering.
The X-ray scattering of the fully neutralized homopolymer P4AVP(AOT) (DN=1.0)
displays in the small-angle region a peak at scattering vector ¢*=0.216 A’,

corresponding to a periodicity of 29 A, and a much weaker second-order one at
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g=0.43 A™!. If the DN is reduced to 0.5, the g *-value shifts to a slightly larger number.
Further decreasing the DN does not change the position of the first-order peak, but the
second-order one become weaker and vanishes at DN=0.25. In all cases the scattering
is rather weak and even at typical measurement times of a couple of hours the
intensity is still quite small. This can be attributed to the limited contrast in electron
density. The mass densities of AOT and P4VP are 1.13"% and 1.11 g/em’,*!
respectively, and differ only little. In addition we note that the X-ray peak is broader
at low DN-values. We fitted the peaks to both a Gaussian and a Lorentzian lineshape.
In all cases - apart from DN=1.0 - the Lorenzian fit is significantly better. The
corresponding correlation lengths are 22, 25 and 29 A for DN= 0.5, 0.33 and 0.25,
respectively. From these correlation lengths we can conclude that structure extends
over a relatively small range. For DN=1.0 a Gaussian fit is somewhat better than a
Lorentzian one, which in principle indicates that the corresponding close packing
leads to enhanced ordering.

As example of a complexed diblock copolymer the composition PS399-P4VP 40
(DN=1.0) has been selected. The organization of the P4VP4(AOT); o complex in the
bep is very similar as in the corresponding homopolymer, as shown in Figure 1a. The
period is slightly larger than that of the corresponding homopolymer-complex.
Interestingly the X-ray peak of the block copolymer with DN=1.0 is broader than for
the homopolymer. The quality of the data does not allow a full lineshape analysis, but
evidently introduction of the PS block leads to some interruption of the order.

The simplest interpretation compatible with the data is a lamellar (smectic)
mesophase. However, due to the limited contrast only a faint second-order peak is
observed. Hence we cannot fully exclude the presence of weak peaks at other
positions like q*V3, which would be evidence of a hexagonal (columnar) structure.
Such structures have been observed in related surfactant-polymers complexes.!*?!
From Figure 1b, the smectic mesophase has a lamellar period L=27/¢" around 28-29
A for the homopolymer and slightly larger for the block copolymer (around 31 A). At
large angles the scattering data show regardless of the DN a broad peak at g=1.6 A™,
indicative of liquid-like order inside the smectic layers. Evidently the ligands do not
display strong lateral positional correlations.

AOT has a small ionic head group with a diameter of about 5 A and relatively short
(about C6) but bulky hydrocarbon tails of fully stretched length 12 A1 Hence the
thickness of a bilayer of free AOT is about 35 A, which is comparable, but somewhat
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larger, than the lamellar period of the homopolymer complex. Evidently the AOT
self-assemble into layers with a partial interpenetration of side chains. Furthermore,
Figure 1b shows that L increases slightly from 28.0 A for DN = 0.25 t0 29.3 A at full
protonation. This behavior differs from conventional LC side chain polymers.** In
that situation the lateral smectic interactions are dominant and increasing the number
of side groups leads to a decrease of the layer spacing due to stretching of the polymer
backbone. We assume that in our situation at low degree of protonation the ligand is
evenly distributed along a Gaussian conformation of P4VP chains. For high DN,
further stretching of the side chains may reduce interpenetration and enhance the
inter-smectic order, leading to a slightly larger period. This would compensate for the
reduction of L due to backbone stretching. The delicate balance of two interacting
effects can be expected to depend on the overall morphology. Hence one would not
expect L to be exactly the same for bcp and homopolymer.

An alternative explanation” of the absence of a decreasing smectic period with
increased DN - heterogeneity in the complex composition - cannot apply in our
situation. As discussed above, in the present case a dynamic complexation
equilibrium drives the system to an identical degree of complexation of all polymer
chains.””) Note that any entropic penalty associated with stretching of the P4VP
backbone becomes significant only at saturation.”* Rigorous modeling would require

knowledge of the bilayer thickness for ligands including the pyridine salt.
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Figure 1. (a) Room temperature WAXS of P4VP;¢(AOT)pn complex and PS39o-
P4VP140(AOT); 0. (b) the long period depending on the degree of neutralization (See
SI S7 for details).
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4.3.2. Thin film morphology

Thin films PS-P4VP(AOT)py (about 300 A) with different degree of neutralization
were deposited on silicon oxide from a chloroform solution, and annealed in benzene
vapor for 24h. The films were optically smooth and homogenous before and after
annealing, except for the low molecular weight sample, which started to dewet from
the Si0, support. Though we focus on thin films, for consistency also thicker films up

to three fold the bcp periodicity were checked. No difference in morphology was

found.
Table 1. Summarization of the morphology of thin films
bep DN Seomp (Y0)* Morphology
0 27 CYL
0.25 44 Mixed
PS399-P4VP 4 0.33 47 Comp-CYL
0.5 54 LAM
1 66 LAM
0 51 LAM
0.25 62 LAM
PS350-P4V Py 0.33 65 LAM
0.75 76 LAM
1 80 PS-CYL
0 30 CYL
PS150-P4VPs, 0.75 65 LAM /Comp-CYL
1 70 LAM
0 0.36 LAM
PS199-P4 VP 0.5 64 LAM/Comp-CYL
1 73 LAM
¢ =—Noavp Mayp + DN Nogyp Magy , Where Myyp, Ms, Maor, are molar masse of 4-

comp ~
Nps Mg + Npgyp Mayp + DN Npgyp Maor

vinylpyridine, styrene, and AOT-H, respectively.

Depending on the composition of the bcp(AOT) complex, two morphologies are
identified: cylinders of the PAVP(AOT) complex in a matrix of PS for weight fraction
Jeomp=0.45 and the inverse for f.,,,=0.8, whereas a lamellar structure is observed for
0.55 < feomp < 0.77. Interestingly, the lamellae or cylinders are consistently orthogonal

to the air/Si0O, interface.
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We shall proceed with a detailed account of the thin films morphology of bcp-
complex, in dependence of the degree of protonation and molecular weight. Table 1
summarizes the composition of the studied copolymers: The subscript indicates the
degree of polymerization of each block, DN is the degree of neutralization, f,m, the
weight fraction of the P4AVP(AOT), and the last column list the observed thin film

morphologies.

4.3.2.1. PS399-P4VP140(AOT)pn.

Without AOT the bep self assembles into a structure with P4AVP cylinders parallel
to the SiOy/air interface. The bep-complex is different, Figure 2 depicts the film
morphology depending on mass fraction of the PAVP(AOT)pn. For a weight ratio of
44% of the complex, three structures coexists “sphere”-like or “cylinder”, lamellae
and, featureless domain in between (Figure 2a). Most likely, the low degree of
protonation leads to structures with different orientations relative to the surface plane.
For higher weight ratios, i.e. 47%, a hexagonally ordered structure evolves with a
mean spacing of 420 A (c.f. Figure 2b). The mass ratio suggest cylinders of the
P4VP(AOT) complex embedded in a PS matrix. Two observations support this
assumption: the cylinders exhibit a well-defined depth of 25 A, inferred to the
organization of the AOT(P4VP)y3; complex. The absence of steps with a height
commensurate with the bcp periodicity suggests a perpendicular orientation of the
cylinder relative to the substrate plane. Furthermore, increasing the weight fraction of
the complex to 54% leads to interconnected lamellae with few PAVP(AOT) cylinders
normal to the substrate plane. For this bep, the highest weight fraction of the complex
1s 66% corresponding to DN=1.0. In that case the lamellar structure is preserved while
contour length and branching are reduced. This is clearly seen by comparing the
surface morphology of 54% in Figure 2c and 66% in Figure 2d. The average height
distribution indicates that the lamellae or cylinders have a fairly well-defined surface

profile of 24 + 5 A (cf. cross-section profile, and SI S8).
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Figure 2. AFM height images of PS399-P4VP14(AOT)pn (a) weight fraction of the
P4VP(AOT)o.5 iS feomp= 0.44 in this case each fourth 4VP monomer is protonated
DN=0.25; (b) correspond to feomp= 47% and DN=0.33; (c) correspond to feomp= 54%
and DN=0.5; (d) correspond to fcomp= 66% and DN=1.0. The average periodicity
assessed from the power spectral density over 3x3 pm® was 420 A, 470 A and 500 A,
for DN=0.33, 0.5, and 1.0, respectively. The scan size is 3x3 um?, and the graph

below each image is a cross section profile along the horizontal line as indicated.

WAXS data indicate for the 100% protonated copolymer a smectic structure with a
period of about 31 A. This bulk period is somewhat larger than the depth of the
surface profile. The difference may be due to the indenting force of the SFM probe
which reduces the height. Thus, the surface profile is the result of a layer structure of

P4VP (AQOT) at the air / film.

4.3.2.2. PS350-P4VP50(AO0T)p.

The bep, without AOT forms lamellae parallel to the air/Si0, interface. The surface
morphology of such films often shows islands or holes with a depth commensurate
with the bep periodicity.!"! This is not case for the present bep-AOT complex. SFM
investigations summarized in Figure 3 show that, regardless of the fraction of the
complex, the films display an in-plane periodicity without holes or islands. This
suggests that the bcp microdomains are orthogonal to the air/SiO, interface.

Increasing the weight fraction of the complex from 60% to 76% affects mainly the
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connectivity between the lamellae. This can be appreciated qualitatively by
comparing Figure 3a or 3b to 3c in which the numbers of junction between lamella
and their contour length are reduced. Further increasing of the complex weight
fraction to 0.8 leads to hexagonally ordered isolated dots, which we assign to PS
cylinder embedded in PAVP(AOT);y layer (Figure 3d). The common feature is the
height distribution, which shows a well-defined depth of 24 £ 5 A (cf. cross-section
profile and S8). Interestingly, this value is somewhat smaller than L the bulk period.
Thus, again this observation enforces the peculiar organization of PAVP(AOT), at

the air/film surface (see X-ray reflectivity section below).
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Figure 3. AFM height images of PS350-P4VP250(AOT)py; (a) corresponds to foomy=
0.6, in this case each fourth 4VP monomer is protonated DN=0.25; (b) corresponds to
Jeomp= 65% and DN=0.33; (c) corresponds to f.omy= 76% and DN=0.75; (d)
corresponds to feomy= 80% and DN=100%. The average periodicity assessed from the
power spectral density over 3x3 pm? is 490 A, 510 A, 470 A, 460 A, for DN=0.25,
0.33, 0.75, and 1.0, respectively. The scan size is 3x3um?, and the graph below each

image is a cross section profile along the horizontal line as indicated.

4.3.2.3. PS120-P4VPs5o(AOT)pn.
Irrespectively of the AOT composition, these films of low molecular masse are
unstable and dewet upon vapor annealing (cf. Figure 4). Because the weight fraction

of P4VP in the neat bep is 30%, P4VP forms cylinders embedded in a PS matrix. In
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thin films, the surface structure starts to evolve only for weight fractions of the
complex above 64%. Below this value the films exhibit a localized structure which
might indicate mixed orientation (not shown). The bep with 64 % of the complex
shows an ill-defined morphology, it might be coexisting lamellae and cylinder, but it
is difficult to assign. The phase image indicates that the system is microphase
separated with an average period of 290 A. A higher weight fraction of the complex
of ca. 70% leads to a lamellae structure orthogonal to the SiO,/air interface. The

structure has a mean periodicity of 250 A.

Figure 4. Height and phase SFM images of PS;20-P4VPso(AOT) (a) topography and

(b) phase for a bep-complex with weight fraction of 64% equivalent to protonation of
three 4VP unit out of four i.e. DN=0.75; (c) topography and (d) phase for f.om= 70%
and DN=1.0. The scan size is 2x2 pm?, and the graph below each image is a cross

section profile along the horizontal line as indicated.

4.3.2.4. PS1990-P4VP1900(AOT)p.
This composition shows a lamellae structure, but the total molecular weight is
almost twice as low as the previous bcp PS3so-P4VPag. If the weight fraction of the

complex is smaller than 63%, the surface morphology exhibit localized structures
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coexisting with a featureless layer. Most likely this indicates a mixed orientation.
Ordered structures evolve only at 63% weight fraction of PAVP(AOT), for which the
dominant structure is lamellae coexisting with cylinders (cf. Figure 5a). Rather well-
defined lamellae with improved ordering are observed for 73 wt% (cf. Figure 5b). In
contrast to previous films, the surface profile is smooth, suggesting a specific
organization of P4AVP(AOT) complex. This observation will be discussed in more

detail in the next section.

Figure 5. AFM height images of PS;99-P4VP;0o(AOT)py; (a) corresponds to feomp=
63% in this case each second 4VP monomer is protonated DN=0.5; (b) correspond to
Jeomp= 13% and DN=1.0. The average periodicity assessed from the power spectral
density over 2x2 pm” is 380 A, 300 A, for DN=0.5, and 1.0, respectively. The scan

size is 2x2 umz.

4.3.3. Intermediate conclusions

To elucidate the influence of interfacial constraints on the surface structure, let us
first consider the surface energy of each component in the system. Both pyridine and
AOT have a high affinity for the silanol groups present at the surface of silicon
oxide.[* %) On the other side, at the air interface, PS and AOT have a similar critical

[48]

surface tension, yps ~ 33 mN/m;[47] v40r~ 34 mN/m,""" which ensures non-selective

wetting of the air interface. To exclude any effect related to the confining interfaces,™
*1 thicker films have also been studied. Up to threefold the block copolymer
periodicity the surface structure turns out to be identical regardless of thickness (see
SI, Figure S9). Second, WAXS provides clear evidence of bulk mesomorphic
behavior of the P4AVP(AOT) complex. Furthermore, the in-plan periodicity and the

cross-section profile assessed by SFM imply smectic organization of the AOT-

complex orthogonal to the PS interface. Finally, the question arises whether the
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layering persist over the film depth. This issue has been addressed by X-ray

reflectivity (see below).

Regarding the structural transition of the bcp-complex, we note that, a comb
architecture requires more space compared to a coil, which tends to curve the
interface away from the comb region. For the present bcp-AOT complex, the comb
blocks form cylinders at a nearly symmetric mass fraction i.e. feomp=45%. A
cylindrical phase for such a composition is unusual. In bulk, for a copolymer with a
symmetric composition, curving of the interface requires a conformational asymmetry
of the blocks.”” In principle, steric stiffening due to complexation provides such a

(511 However,

conformational asymmetry that may introduce spontaneous curvature.
incorporation of AOT will also reduce the interfacial tension and thus the effective
interaction parameter between PS/P4VP(AOT)."* **! In summary, steric stiffening
may induce extra P4VP stretching which is partly compensated by lowering the
interfacial tension at the coil/comb interface. In our experiments, the lamellae of the
high molecular mass bep-complex show a remarkable connectivity and short contour
lengths. This suggest that it is energetically favorable (less costly) to curve the
interface to create junctions between the lamellaec. We attribute this behavior to a
balance between interfacial tension reducing the interfacial area between the blocks
and chain stretching favoring domains of uniform thickness in order to avoid packing
frustration. However, at present, it is neither clear how effectively the surfactant
(AOT) reduces the incompatibility between the blocks, nor to what extend it affects
the conformational asymmetry between P4VP(AOT) and PS. Furthermore, our

observations were made for thin films, in which additional interfacial interactions

come into play.

4.3.4. X-Ray Reflectivity.

The XRR intensities for two representative morphologies, PS cylinders and
lamellae, are shown in Figure 6a and b, respectively, as function of the scattering
vector g. The Kiessig fringes at low g-values correspond to the total film thickness
which is similar for both samples: 299 A for the cylindrical forming bep-complex (a)
and 276 A for the lamellar forming one (b). For the first sample (Figure 6a) the solid

line represents a fit to a three-layer model leading to the density profile shown in the
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inset. The essential elements are an ordered top and bottom layer of high density and a
homogenous middle layer. Two aspects are remarkable. First, inclusion of a separate
bottom layer is essential to fit the change in slope of the reflectivity curve around
¢=0.2-0.3 A™'. The additional top layer has a minor influence on the quality of the fit
and its incorporation hardly affects the conclusions from the model. Second, replacing
the homogeneous middle layer by a stack of layers of alternating density (smectic
period), does hardly improve the quality of the fit. In fact the two densities converge
to very close values with a small difference that cannot be considered to be significant
within the given accuracy. Hence we conclude that no conclusive evidence for
smectic layers parallel to the substrate is found. Given the small density contrast
between P4VP and AOT (as also concluded from the bulk X-ray intensities), this
cannot be considered as evidence of the absence of such a structure. The dense bottom
layer with a thickness of ca. 12 A is assigned to a monolayer of predominantly comb-
like PAVP(AOT). The comb polymer is forced (constrained) to be ordered on the
substrate surface, with polar parts contacting SiO, and alky] tails oriented towards the
bulk of the sample. The thickness of the bottom and top layer are commensurate with
the bulk smectic period and also in agreement with the height profile from SFM.
Films of other compositions with a lower DN have been also measured by XRR. The
results are very similar to Figure 6a and the analysis shows that regardless the film
morphology the data can be rationalized with the model described above for DN=1.0.
We now come to Figure 6b, describing the block copolymer PSigo-
P4VP;0o(AOT), o with a low molecular weight, which behaves somewhat differently.
Similar as in Figure 6a the slope of the curve changes in the ¢ range of 0.2-0.3 A™,
leading again to an adsorbed bottom layer in the model. However, in addition,
irregular changes of the fringes occur in the same region. To fit this part of the curve
now a stack of alternating layers is required, representing smectic ordering of the
P4VP(AOT); o complex parallel to the substrate. The full model requires an absorbed
bottom layer, ten smectic layers parallel to the substrate, and a special ‘top stack’ of
two layers. The results are listed in Table 3. The smectic layer period is 25.9 A, close
to the bulk value, and the thickness of the adsorbed bottom layer is again about half
the smectic period. The top layer is clearly different from that of the previous block
copolymer with high molecular weight. The resulting two separate top layers are
somewhat ill defined, while each of the two layers has a thickness close to half the

smectic period. They are needed to fit the rather gradual decrease of electron density
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upon approaching the air interface. The model agrees with the results of AFM that
indicate a fuzzy morphology without well-defined height values of the smectic

system.
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Figure 6. XRR intensity plotted as function of the scattering vector g. (a) PS3so-
P4VP,60(AOT), o (PS cylinder) and (b) PS;99-P4VP50(AOT); o (lamellae). The solid
red lines are fits to the data points using a three layer model for (a) and a multilayer
stack for (b). The inset gives the fitted density profiles normal to the substrate. The

results of the fits are summarized bellow in Table2 and 3.

Table 2. Structural details inferred from the fit of XRR data of film of PS;s¢-

P4VP260(AOT) 0.
Model Thickness/ A Roughness/ A Electron density/ eA™
Top layer 26.5 12.4 0.19
Middle layer 237 19.9 0.29
Bottom layer 12.2 0.1 0.54
Si0, 29 2.6 0.66

Regarding the difference between Figure 6a and 6b, we note that in general in
smectic block copolymers the smectic layers have a tendency to be perpendicular to
the block interfaces.”! Due to the comb geometry this situation leads to a natural
continuity of the backbone polymer at the block interfaces. For films of PSjg-
P4VP;0(AOT), o (Figure 6b) this situation is realized with PS lamellae along the film
normal. For the other case of Figure 6a any orientation of smectic layer is unclear as

discussed above.
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Table 3. Layered structure details of PS;99-P4VPo0(AOT); o from fitting the XRR

data.
Electron density/ eA”

Model Thickness/ A Roughness/ A \

Top layer 15.5 12.4 0.12
Second layer 12.2 7.4 0.19
Smectic layer 1 } 7.8 7.9 0.30
layer stack  layer 2 18.1 7.5 0.25
Bottom layer 11.9 0.1 0.52
Si0, 29 2.6 0.66

4.3.5. Templating from PS-P4VP(AOT)pn.

The present complexes with low a molecular weight surfactant allow controlled
orientation of microdomains structures, which may provide ideal templates. Indeed,
the selective dissolution of AOT with NHj3 solution allows to generate porous polymer
films. Three morphologies, PS cylinder, lamellae, and P4VP/AOT cylinder have been
selected to demonstrate the process. Figure 7 shows the film structures after simple
dipping the samples for 30s in a NH3 solution.

For films in which the complex forms cylinders in a PS matrix, dissolution of the
AOT lead to ca. 200 A cylindrical pores connecting the two side of the film (cf.
Figure 7a). Stripping the film from the Si support gives freestanding films that can be
transferred on a bare TEM cupper grid. Figure 7b shows the TEM image, in which the
contrast is reversed compared to unwashed sample (Supporting Information, S10).
This indicates that the cylinder cores have a lower electron density compared to the
situation before NHj treatment. Similarly for a lamellae morphology, dissolution of
AOT leads to interconnected lamella or a labyrinth-like structure (cf. Figure 7¢). The
insert in Figure 7c confirms the orthogonal orientation of the lamellae relative to the
Si0O,/air interface. For films in which the complex constitutes the continuous matrix,
dissolution of AOT leads to PS pillars (cf. Figure 7d). The insert in Figure 7d shows
an area where the film has been scratched mechanically to inspect the profile of pillar.
Because polystyrene is glassy, the hydrolysis of AOT does not affect the periodicity

of the structures. Therefore any change in the inter-polystyrene structure is
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exclusively associated with a contraction (collapse) of the P4VP chains. For a given

morphology such as pillars, we can estimate a contraction of the chains of about 65%.

Figure 7. Morphology of PS-P4VP(AOT) complex thin films after NH; solution
washing: (a) AFM topography the scan size is 3x3um” and (b) TEM images of PS3o0-
P4VP 40(AOT)o33; (¢) FESEM image of PS399-P4VP140(AOT)os; (d) FESEM image
of PS350-P4VP,40(AOT); o The inset is a magnified view with a scale bar representing
100 nm.

It is interesting to note that the P4AVP chains are bounded to the glassy PS and the
properties of the nanostructure is pH sensitive.”” In addition, other functionalities can
be easily introduced by incorporating other species, susceptible to specifically interact
with P4VP chain such as, anionic dyes !

If films of PS-P4VP(AOT)pn are immersed in a aqueous solution of HAuCls, the

or inorganic salts, as illustrated below.

P4VP is protonated and forms a complex with auric acid AuCly" ions through
coordination and electrostatic interaction.”®! This allows a high amount of gold
precursor to be incorporated. Subsequently, treatment of the sample with O, plasma
converts the salt to gold while striping-off the polymer templates. This results in a

well-defined array of gold dots.
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Figure 8. Morphology and optical properties of gold patterns from PS-P4VP(AOT)
supramolecular template: (a) AFM and (b) SEM images of gold dots prepared by
templating PS399-P4VP140(AOT)g 33; (¢) UV-Vis spectra of the gold patterns, the insert
shows the SPR peak of gold with a diameter of ca.100 A and a periodicity of ca. 800
A prepared through solution loading of gold salt-block copolymer micelles.’” The

scan size of the AFM image is 2x2 pm”.

Figure 8 shows a two-dimensional pattern of gold dots obtained after plasma
treatment. AFM and SEM micrographs (Figure 8a and b) allows to assess the
regularity and uniformity of the pattern. The gold dots have an average periodicity of
about 440 A, with a mean diameter and height of about 200 A, and 300 A,
respectively. However, if one takes the radius of the AFM tip into account (~ 100 A),
the diameter of the gold dots is of the order of 100 A, in agreement with the size
inferred from SEM micrographs. Accordingly the pattern consists of gold pillars with
an aspect ratio of ~3. Additional information might be gained by recording the surface
plasmon resonance (SPR) of such an array. Figure 8c shows the UV-Vis spectra of the
gold dots prepared on a glass substrate. The pattern displays a pronounced SPR peak
around 547nm. Spherical gold nanoparticles with a diameter of 100 A made from
PS1350-P2VPago/HAUCL, °lon a glass substrate have an SPR peak at 474nm. The red

shift of 70nm is most likely due to the size increase of gold nanoparticles. If a
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lamellae morphology is loaded, removal of the polymer and reduction the gold yield

interconnected gold nanoparticle (see SI, Figure S11).

4.4, Conclusions

In the solid state AOT—sodium salt is known to form a hexagonal columnar phase.
Ionic bonding of AOT-acid and monomers of a P4VP backbone retains the
mesomorphic properties. However, instead of a columnar phase, PAVP(AOT)pn
complexes form a layered smectic structure. Formation and stability of the complex is
provided by a large heat of protonation that overcomes the elasticity of the chain. The
steric requirements of the complex impose a comb-like chain structure.

Incorporation of AOT in a diblock copolymer PS-b-P4VP has a minor effect on the
smectic structure. However, incompatibility between the blocks drives the system to
microphase separate. In such a situation, the degree of neutralization determines the
morphology of the blocks and alleviates the interfacial constraints present in thin
films. This allows to generate lamellar or cylindrical structures whose orientation is
perpendicular to the air/substrate interface.

Thin films of the complex can be used as template for nanofabrication. Various
structures like gold rods or nanowires can be made via simple post loading method
and plasma treatment or gold-bcp hybrid films can be made via simple loading

without any additional treatments.
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Chapter 5 Specific Interaction Induced Precise Deposition of
Gold Nanorods on Supramolecular Block Copolymer Thin

Film

5.1. Introduction.

Block copolymer/nanoparticle composites attract intensive attention because of
their interesting properties and various potential applications.™® The ability to
organize the nanoparticles into ordered 2D arrays greatly extends the range of the
nanoparticle-based nanocomposites. Depending on the composition and molecular
weight of the block copolymer, and the Florry-Hygenious interaction parameters,
block copolymers spontaneously organize into long range ordered periodic nanoscale
structures with a variety of promising morphologies (e.g., lamellae, cylinders, and
spheres),!”) providing suitable template to direct the 2D nanoparticle assemblies.”! In
order to control the selectivity of the nanoparticles toward one of the blocks, the
surface properties of the nanoparticles or block copolymer thin films need to be
carefully tuned to introduce some interactions (i.e., chemical forces,
hydrophobic/hydrophilic interaction), and some successes have been achieved in the
literature.*"*) The driving forces are mainly chemical interaction and capillary forces,

and the nanoparticles are introduced via co-assembly of nanoparticles/block

[14-16] [12, 18, 19

copolymer, in situ synthesis,!'”! and post loading. ! For example, Son et al.

reported a simple method to control the location of the nanoparticles on block

copolymer thin film.!"?

The topographical contrast of the block copolymer is
enhanced by surface reconstruction of the thin films in selective solvent. By
combination of the surface topography and capillary force, various types of
nanoparticles and nanorods can be incorporated into grooves selectively, the particles
oriented along the block copolymer grooves, and the anisotropic shape of the
nanoparticles can enhance the alignment of the particles.

Another important issue in nanoparticle/block copolymer composite thin film is the
controlling of the orientation of the microdomains of block copolymers, for which the

vertical orientation is required. However, the strong preferentially interaction of one

block with substrates and air interface leads to the parallel orientation of the
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microdomains.!”! Various methods are developed to achieve vertical orientation of the
block copolymer microdomains.****! Liquid crystalline ordering (LC field) can also
be used to direct the vertical orientation of the microdomains. In such a system, the
LC field will affect mesophase formation and domain orientation, whereas in thin
films thermally stable morphologies can be generated consisting of lamellae or

[23-25

cylinders oriented perpendicular to the surface. ] Recently it has been shown that

block copolymer/small molecular mesogens complex*® %"

via secondary interactions
can also be used to control the vertical orientation of the microdomains./**"! In thin
films, smectic ordering of the ligand takes place with the layers that are orthogonal to
the block interfaces. This allows effortless alignment of the block copolymer
microstructure, e.g. cylinder or lamellae, perpendicular to the air/substrate interfaces.
To date, most of the researches about block copolymer/nanoparticles are

[12, 16, 19, 32]

concentrated on spherical particles, and the size of the particles are mostly

less than that of the size of block copolymer domains,” less attention has been paid

[12.14.18. 341 a1though it has particular importance. The

to the block copolymer/nanorods,
difficulty comes from the anisotropic shape of the nanorods, especially when the sizes
of both of the longitudinal and transverse directions are comparable to that of block
copolymer domain size.['* #1834

Gold nanorods are especially attractive because of its anisotropic profiles, which
introduced unique optical properties. Two different resonance modes are observed:
longitudinal SPR and transverse SPR corresponding to resonance parallel and
perpendicular to the long axis, respectively.””! The longitudinal SPR always locates at
the region closed to that of near infrared region, and it can be finely tuned as a
function of aspect ratio, the distance between two particles, the size, and the physical
environment. In addition, gold nanorods also have the ability to assemble into aligned
configurations, a property, which gives rise to optical anisotropies that provided
useful to a number of potential applications.

In this paper we describe a new way to direct the assembly of the gold nanorods on
the surface of the block copolymer thin films. The thin film templates are prepared
from poly (styrene-b-4-vinyl pyridine)/Aerosol OT complex (PS-P4VP (AOT)py, DN
denoted the molar ratio between pyridine units and sulfonic acid group). The
morphology and orientation of the block copolymer thin films are directed by the

hierarchical ordering of the block copolymer/ mesogen complex. The ligand can be

washed out in a basic solution, without disturbing the nanostructure. Such a porous
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template is perfect for the directing the assembly of the poly (ethylene glycol) (PEG)
coated nanorods. The selectivity between the nanoparticles and blocks is tuned by the
specific interaction between P4VP/PEG, and the orientation of the nanorods in the
template is controlled by the morphology of the templates. This method circumvents
the unexpected aggregation of the nanorods, leading to high surface coverage of the

gold nanorods in the thin film.

5.2. Experimental section.

5.2.1. Sample preparation.

The procedures for the preparation of the block copolymer thin films are reported
elsewhere. (Chapter 4) Generally, the thin films were spin casted from 0.6wt% of PS,-
P4VPL(AOT)py (n, m and DN are the degree of polymerization of PS, PAVP and
molar ratio of AOT/pyridine, respectively) chloroform solutions under 2000rpm,
annealed in benzene vapor for 24h, washed in 0.3mmol/L NH; water solution for 30s,
and thoroughly rinsed with MilliQ water for several times, dried with compressed air.
The treatment did not change the morphology of the block copolymer thin film, but
removed the AOT, and made the P4VP exposed to the surrounding environment. The
thickness of films used in this research is 30nm, and three block copolymer templates
are used: vertically oriented cylindrical holes from PS399-P4VP14(AOT)g33, the
diameter of the hoes is 25+2nm, the period is 4Inm; PS399-P4VP4(AOT)gs,
vertically oriented lamellae holes, the width of the P4VP domains is 18+1nm, and the
period is 47nm; and PS7;0-P4VP349(AOT)y s, vertically oriented lamellae, the width of
the P4VP domains is 28+1nm, and the period is 71nm. The PEG modified gold
nanorods are prepared in our lab, and the details are published elsewhere.”! The
molecular weight of the PEG is 3000, and the end groups are varied to obtain different
surface properties. The properties of these nanorods are listed in Table 1.

The nanorods are loaded into the block copolymer template via spin coating or
adsorption. The spin coating (Convac 10018, Germany) are done by putting a drop of

the gold nanorods solution on the thin film after removing of the AOT, the speed is
2000rpm and time is 60s. The adsorption is done by immersing the polymer thin films
into the gold nanorods solution for desired time, after that taking the film out, washing

thoroughly in MilliQ water immediately, and dried with compress air.
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Table 1. Properties of the gold nanorods®®

Surface Modification =~ Dimension LxD nm  Aspect Ratio  Zeta Potential /mv Iy spr/ITspr

CTAB +49.6
PEGCOOH -23.2
50x15 3.3
PEGNH, +21.3
PEGOH -4.5
PEGOH 65x13 5.2 -6.1 15

5.2.2. Sample characterization.

Scanning Force Microscope (SFM) was performed on a tapping model SFM
(NanoScope V, BrukerAXS) under ambient condition. Commercial available standard
silicon cantilevers (POINTPROBE FM-W, Nanoworld) with a spring constant of ~2.5
N/m and an oscillation frequency of ~75 kHz were used. Field Emission Scanning
Electron Microscope (FESEM) experiments were performed on a Hitachi S4800 high
resolution Field Emission Scanning Electron Microscope with an accelerating voltage
of 1 or 1.5kV. The films were without any coating of metal, which may generate
artifacts. FESEM image analysis was processed with a freeware, Image J (1.38X). As
showed in Figure 1, the images were firstly smoothed in order to reduce the noise,
manually threshold to define the area interested, and then binary and integrated. The
adsorption of the gold nanorods in thin films was measured with a JASCO V-610 UV-
Vis Spectrometer (JASCO GmbH, Germany). Thin films on glass were used, and the

illuminated area is about 10x8mm.

Figure 1. Represented image process: (a) original image; (b) smoothed; (c)
threshold; and (d) binary.
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5.3. Results and discussions.

5.3.1. Effects of post loading methods.

The chosen of the deposition technology is crucial step to realize the selective
deposition of the nanorods. We firstly try with the spin coating technology, which
gets great success in the literature.”) However, in our case this method does not work
out. As showed in Figure 2a, no selectivity towards to PS or P4VP is observed, the
nanorods randomly spread over the whole area investigated by FESEM. Although the
depth of the P4VP domains is around 30nm, and the diameter of the nanorods is less
than that of the width of P4VP domains, the capillary force is still not enough to drive
the loading of the nanorods into the gap during the spin coating process. In this case,
another method, which is called site specific adsorption method, is employed. We
know that the PEG/P4VP is fully miscible because of the special interaction between
PEG/P4VP.PY If the block copolymer films with P4AVP domain are immersed into the
solution containing PEG modified particles, the particles are expected to adsorb onto
P4VP domains because of the specific interaction. As showed in Figure 2b, we
achieve great success with this method. After dipping the same film into the same
solution for 30 min, the PEGOH coated nanorods selectively adsorb onto P4VP
domains. The selectivity towards to P4VP is ~100%, enlarged view of the sample
shows that the nanorods self-assembly on the P4VP domains, its longitudinal
direction orients parallel to that of the lamellae (Figure 2b, insert picture). The 3D
view of SFM topographical image (Figure 2c) proves that almost all of the nanorods
submerge into P4VP gaps. In this method we can exclude the contribution of the
capillary force, since the loaded samples are rinsed immediately after they are taken
from the solution: all of particles which are not adsorbed are removed immediately.
The only driving force is the specific interaction between PEG/P4VP, which is
probably hydrogen bond.""
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Figure 2. Morphology of PS399-P4VP49(AOT)g 5 thin films loaded with PEGOH

modified gold nanorods: (a) spin coating technology; (b) adsorption technology, insert
picture is the enlarge view; (c) 3D topographical image, scan size 1x1um; and (d)
optical properties of the PEGOH modified gold nanorods on PS399-P4 VP 4¢; aspect

ratio 3.3.

Another interesting thing is the selectivity of P4VP domains toward the spherical
particles and nanorods. Limited amount of spherical particles is observed by FESEM
and SFM, in strongly contrast to that of the mother solution, where ~30% of spherical
particles is expected, indicating that nanorods adsorb onto that of the P4VP domains
preferentially than that of the spherical particles. This is supported by UV-Vis spetra
of the gold naoparticles loaded thin films. The optical property of the adsorbed
nanorods is the change of the intensity ratio between the longitudinal (/) and
transverse (Iyqns) SPR peaks. The [jone/lirans 0f the adsorbed nanorods is 7, which is
larger than that of the nanorods in water ([iong/lirans =3, data extrapolated from
literature®®), indicating more nanorods adsorb. This can be understood by the size
effects. For our process, it is reasonable to expect that the adsorption/de-adsorption of
the particles on the template take place at the same moment. When the polymer
template is immersed into the solution, both of the spherical particles and nanorods
can absorb onto it. The diameter of the spherical particle is around 30nm, which is
much larger than that of the width of the P4AVP domains, and the diameter of the
nanorods is around 15nm, which is smaller than that of the block copolymer domains.
When the particles adsorb onto the template, the nanorods can diffuse into the P4VP
domain deeper, because it is smaller than that of the gap and larger contact area

between PEG/P4VP can be achieved, which is energy favourable. However, the
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spherical particles can adsorb onto the P4VP domains but cannot diffuse into the
P4VP domains, since they are larger than that of the P4AVP gap size. This is supported
by the SFM, which showed that the nanorods come deeper into the P4VP gap, but the
spherical particles are only on the surface. Therefore de-adsorption of the spherical

particles is faster than that of nanorods.

5.3.2. Effects of surface modification of gold nanorods.

Another possible factor is the surface property of the gold nanorods. By changing of
the end group of PEG, gold nanorods with same aspect ratio but with different
functional group and surface charge can be fabricated easily.*®’ The morphology of
the template adsorbed with gold nanorods with different functionality is shown in
Figure 3. The original CTAB coated gold nanorods have no adsorption on the
template even after a long immersion time (5h), which can be ascribed to two reasons,
the first reason is the missing of interaction between CTAB/P4VP, and the other is
that the free CTAB in the solution adsorb onto PS-P4VP when the thin film is
immersed into the solution, this adsorption layer blocks the adsorption of nanorods on
the template. The PEGNH, coated nanorods is strong positively charged, and the
amino group has no interaction with P4VP. It can selectively adsorb onto P4VP
domains, (Figure 3b) with its longitudinal direction parallel to that of the lamellae
wall, and the nanorods connect with an end-to-end configuration inside the P4VP
domains. The surface coverage is estimated to be 31.8+5.5%. The PEGOH coated
nanorods are weakly negatively charged, and the hydroxyl group has weak interaction
with P4VP, which enhances the adsorption of the gold nanorods on P4VP.
Surprisingly, the adsorption of the PEGOH modified nanorods does not show clear
difference compare with PEGNH, coated nanorods (Figure 3c), similar orientation of
nanorods in the P4VP domains with similar surface coverage (30.2+2.3%) are
observed. This surface coverage is higher than that of the same gold nanorods with
short immersion time (Figure 2b), indicating that the adsorption is strongly time
dependent, which will be discussed in detail later in this paper. The adsorption can be
enhanced if strong interaction is introduced, i.e. strong hydrogen bonging between
carboxylic group and pyridine units.®” As shown in Figure 3d and e, multilayer
adsorption is observed in PEGCOOH coated nanorods with same immersion time.

The gold nanorods lose the orientation towards to that of the lamellae wall, although
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all of them still selectively go to P4AVP domains. (Figure 3e). Well oriented nanorods
pattern from this type of gold nanorods can be obtained, if the immersion time is
reduced (i.e. Smin), the surface coverage is 30.1£1.0% (Figure 3f), which is closed to
that of the same template immersed into PEGNH, and PEGOH modified nanorods
solution for 80min.

It is very important to clarify the situation of P4VP in the nanorods solution.
Changing of the surface functionality of the nanorods surface might change the pH
value of the solution, too, which influences the status of the P4VP domains. P4VP is a
polyelectrolyte, which responses to the pH of the solution. It is reported that the

isoelectric point of P4VP is about pH=4,""

it is positively charged and swollen if the
pH is <4, and above that value the P4AVP domains is neutral and clasped. In our case,
it is extremely difficult to determine the pH values of the gold nanorods with different
surface functionality, because of the disturbance of colour coming from the gold
nanorods. It is estimated that the pH of all of the solutions used in this study is
estimated to be close to 6-7, because the solution is extremely diluted (<Img/ml),
indicating that in all of the cases, the PAVP are clasped, which is supported by in-situ
SFM, no changes are observed between the dry PS-b-P4VP thin films and PS-b-P4VP
thin films in the nanorods solution (results not shown here). Therefore we can
conclude that the specific interaction between the PEG/P4VP is the crucial driving
force for directing the assembly of the nanorods. The end group of the PEG can

enhance the adsorption if strong interaction is introduced, but this is not the crucial

condition in the process.
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Figure 3. Morphology of PS399-P4VP49(AOT)y s thin films loaded with gold
nanorods modified with: (a) CTAB, 5h; (b) PEGNH;, 80min; (¢)PEGOH, 80min; (d)
PEGCOOH, 80min, (e) enlarged view of (d); and (¢) PEGCOOH, 5min; aspect ratio

3.3.

Last important issue is the selectivity of P4VP toward to that of nanosphere and
nanorods. In all of the areas investigated, limited amount of nanophsere is observed,
the ratio between the sphere/nanorods is much lower than that of the solution
(~30%,%)), indicating that in respect of the end group and surface charge, the P4VP
has clearly selectivity to that of nanorods, which most probably comes from the size
confinement effect. This size confinement effect is also believed to be the origin of
the end-to-end configuration observed by FESEM. The width of the P4VP gap is
18nm, therefore the maximum deviation angle of the longitudinal direction from the
lamellae wall is estimated to be 20°. In addition, such kind of end-to-end
configuration and parallel alignment of the nanorods to that of the lamellae wall leads
to the maximum contact area between PEG and P4VP, which maximized the
interaction between PEG/P4VP. It also limits the number of the nanorods adsorbed on

one side, only one nanorod is allowed to adsorb onto one domain.
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5.3.3. Effects of P4VP domain size.

The size of the P4AVP domains, especially the width of the P4VP, influences the
adsorption of the gold nanorods. In this case, another template based on PS7o-
P4VP340 (AOT)g 5 is used, the width of the P4AVP domain is about 28nm, which is
about 2 times of the diameter of the gold nanorods. The results of PEGNH, or
PEGCOOH modified nanorods on this template are shown in Figure 4. As can be seen,
similar to situation on the PS39p-P4VP 49 (AOT)os (Figure 3b), both of the nanorods
can selectively adsorb onto P4VP domains in the template from PS7,9-P4VPs4
(AOT)os, the PAVP domains can be covered totally with the nanorods, depended on
the immersion time and surface modification. The difference mainly comes from the
configuration of nanorods inside the P4VP domains. On PS399-P4VP 49 (AOT) 5 only
an end-to-end configuration is observed for PEHNH, modified nanorods, but it is
versatile on PS7;9-P4VP349 (AOT)s. On some areas, the end-to-end configuration is
observed, the nanorods follow the direction of the lamellae wall, but also other
configurations, such as side-to-side or tilted end-to-end configurations, are also
observed. Because of the strong interaction between the PEGCOOH and P4VP, the
adsorption is fast, and a full coverage of the PEGCOOH modified nanorods has been
achieved during the same immersion period, in general the longitudinal direction of
the nanorods is parallel to the direction of the lamellae wall. High resolution FESEM
image shows that in each domain the gold nanorods organize into buddle with the
side-to-side configuration, these buddle structures assemble onto the PAVP domains
and follow the direction of the lamellae with an end-to-end configuration. The gold
nanorods form monolayer on the template, no second layer is observed in the deeper

part of the template (Figure 4e).
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Figure 4. Morphology gold nanorods with different coatings on PS7;¢-
P4VP340(AOT)y 5 thin films (a) PEGNH; (b) enlarged view of (a); (c) PEGCOOH:; (d)
enlarged view of (c); (¢) FESEM cross-section view of (c), 45°; aspect ratio 3.3,

80min.

5.3.4. Effects of the aspect ratio of the nanorods.

Figure 5 shows the results of PEGOH coated gold nanorods with an aspect ratio of
5.2 assembled on the block copolymer thin films. As can been seen, this gold
nanorods have the similar behavior like that of the nanorods with an aspect ratio of
3.3. It selectively adsorbs onto the P4VP domains in the thin films, the nanorods take
the end-to-end configuration, and the longitudinal axis of the nanorods oriented
parallel to that of the lamellae wall. The difference between the nanorods on two
different polymers is that locally a side-to-side configuration is observed on the
template of PS;19-P4VP34(AOT)gs, and this side-to-side aggregated nanorods go to
the P4AVP domains, and with their longitudinal axis parallel to that of the lamellae

wall.
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5.3.5. Effects of immersion time.

The amounts of the adsorbed gold nanorods strongly depend on the immersion time.
Figure 6 shows the results of PEGNH; coated nanorods adsorbed onto PS399-P4VP 40
(AOT)ps with different immersion time. The PS390-P4VP14 (AOT)ps has a
morphology of lamellae oriented perpendicular to that of the silicon wafer (Figure 6a),
removing of AOT leads to the formation of gap like structure, the cross section view
of the same sample proves that this structure goes through the whole film. The surface
coverage of this P4AVP gap is 35+1%. When this template is immersed into gold
nanorods solution, the nanorods start to adsorb onto this template. The density of the
gold nanorods is growing with increasing immersing time (Figure 6b-e and Figure 3b).
At 10min, little amount of nanorods together with some spherical particles is adsorbed
randomly on the template; locally the nanorods take the end-to-end configuration, and
form line structure. Increase of the immersion time from 10 to 60min leads to higher
amount of adsorption, and the nanorods have the end-to-end configuration on more
areas, at 80min (Figure 3b), almost all of the PAVP domains are covered with end-to-
end connected nanorods, with small amount of gold spheres, increasing of the
immersion time further does not enhance the adsorption and ordering of gold
nanorods, instead, on some areas the aggregation of the nanorods is observed. The
surface coverage of the gold nanorods obtained from these FESEM pictures is shown
in Figure 6f. It shows an exponential recovery behaviour, the adsorption rate of the
gold nanorods decreases with increase adsorption time, a saturated region is observed
around an immersion time of 80min. At the point, the surface coverage of the gold

nanorods is 30.1£2.7%, which is closed to that of the surface coverage of P4VP
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(36.2+0.5%,), indicating that on this template the gold nanorods can reach the
maximum adsorption.

The exponential recovery behaviour of the adsorption can be understood as
following, at the very beginning, there is no gold nanorods adsorbed onto the template,
the template has the maximized active site (P4VP domains), therefore the gold
nanorods adsorb onto the template very fast, with increasing of immersion time, more
nanorods adsorb onto the template, and the active sites decreases, which reduce the
adsorption rate, at the full coverage, the steric hindrance between PEG chain and the
static electric repulsion between nanorods prevents the adsorption of more nanorods,

therefore a plateau is expected.

20 40 60 80 100 120
Time /min

Figure 6. Morphology gold nanorods coated with PEGNH; on PS399-P4V P14
(AOT)y s with different time: (a) Omin, insert showed the 45° view of cross section; (b)
10min; (c) 30min; (d) 60min; (e) 120min; (f) surface coverage extrapolated from

FESEM images; aspect ratio 3.3.
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5.3.6. Optical properties.
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Figure 7. (a) UV-Vis spectra of adsorbed PEGNH, modified nanorods on PS39-
P4VP40(AOT)gs; (b) optical density (OD) vs. time; (c) red shift of the LSPR (44) vs.
time; (d) 44 as a function of average distance (s), the solid line is a fitting of the
model 4A=y;+aexp(-s/), yielding a decay length of 54.1+26.1nm (R’=0.982); ()
fractional shift vs. average distance (s)/nanorods length (L), the solid black line is
fitted by a model of 4A/A;=kexp(-(s/L)/ 7), the red dash line is simulated with gold
nanorods of aspect ratio=3, 7=0.24, k=0.208".

FESEM is a local method, in order to get the kinetics of the adsorption process in a
large scale, UV-Vis spectra of the samples immersed into the nanorods solution for
various times are measured and the results are showed in Figure 7. As expected,
increasing of the immersion time leads to a higher amount of adsorption, and the
optical densities (ODs) of both longitudinal and transverse SPR peaks increase with
increased immersion time (Figure 7a), ODs of both LSPR and TSPR show an

exponential recovery behaviour (Figure 7b): the increase rate of the ODs decreases
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with the increased immersion time, same behaviour is observed from the samples
have same immersion time by FESEM (Figure5f).

Another interesting phenomenon is the red shift of both of LSPR and TSPR peaks
with the longer immersion time (Figure 7a and c), compared to that of the single
particle situation in solution (4=740nm). The LSPR and TSPR shift to high
wavelength region gradually with the immersion time (Figure 7a). The red shift of
LSPR is much more obvious than that of the TSPR, a maximum absolute red shit of
130nm for LSPR, leading to 4 of LSPR closing to 900nm, is observed, when the
P4VP covers fully with the gold nanorods (Figure 7c). It is known that the coupling of
the SPR of nanorods is depended on the distance between nanorods and the

394] The end-to-end configuration leads to red

configuration of the multiparticles.
shift, while the side-by-side configuration leads to blue shift of the SPR. As showed in
FESEM section, on this template, the nanorods orient nearly end-to-end inside the
P4VP domains, and on each position only one nanorod is possible. From these images
the average end-to-end distance (s) can be estimated, and the absolute values of SPR
red shift (44) is plotted against the average distance (s), and the result is showed in
Figure 7d, the data can be described by an exponential decay model,” and the decay
length is 54.1£26.1nm.
The red shift of the SPR peaks with decreased inter-particle distance can be
described by an one component exponential decay model (Eq. 5.1) for dimmer:**-**!
AM Ao =kxexp(-(s/L)/ t) (5.1)
where 44/A¢ 1s fractional shift, which is defined by the scaling of absolute red shift (44)
to that of the SPR at single particle situation (4y), 7 is the exponential coupling decay
length, describing the length over which the combined field decays as the pair moved
away from each other, k is a amplitude, its physical mean is maximum fractional shift
which occurred at zero separation of the pairs, and is proportional to the maximum
overlapping field of the two particles, and L is the length of the nanorods. This
method describes the plasmonic coupling as a near-exponential function of separation,
and is an attempt to simplify the convoluted coupling that occurred between not only
plasmonic dipoles (which theoretically coupled as a function of separation such as s°)
but also higher order multipoles as the separation decreases. This method cannot only
describe the size scaling of the symmetric nanoparticle (such as sphere), but also

asymmetric particles (e.g. nanorods, spheroids), and an exponential decay length

~0.2L is found to be universal for all shapes of nanoparticles in both of theoretical
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[45] This model also can be used to describe our

calculation and experiments.
experimental data, as showed by Figure 7e (solid line), the fitting is good and gives a
value of 4=0.19+0.01 and 7 = 1.00+ 0.12 (R’=0.981). Compared with the literature
which investigated gold nanorods dimmers with same aspect ratio®” (red dash line in
Figure 7e), the amplitude & value is close to the literature value, indicating that at zero
separation the gold nanorods have similar maximum fractional shift, therefore similar
maximum overlapping field in both of dimmers and lines with end-to-end
configuration. However, the exponential coupling decay length 7 deviates obviously
from the literature value; the fractional shift decayed almost 1 time over the length of
the nanorods, meaning that length over which the combined field decays as the pair
moved away from each other is larger than that of sphere or nanorods dimmer. One
needs to keep in mind that this empirical equation is developed to describe the
coupling between dimmer of nanoparticles initially, and it is extended to describe the

431 . .
39431 in these cases a universal

situation of trimmer of the symmetric nanospheres,
scale of 7 ~0.2 time over the length of the particles is found, however, this value can

be varied in some shapes, large values are also reported for nanoprisms (z ~0.4). ¢!

5.3.7. Nanorods in cylindrical holes.

Above we show that the lamellae domains of block copolymer can be selectively
adsorbed by nanorods and align nanorods parallel with an end-to-end configuration.
Another important issue is to control of the orientation of the nanorods in vertical
direction. Block copolymer thin film templates with cylinder hole are ideal candidates.
Figure 8 shows the morphology of the gold nanorods coated with PEGOH on PSs39-
P4VP,49(AOT)p 33, which has cylindrical holes after removing of AOT.*" As can be
see, the gold nanorods selectively adsorb onto the P4VP domains, but it is difficult to
achieve the perfect vertical alignment of gold nanorods in the cylindrical holes in
larger scale. Locally some of the nanorods align perpendicularly to that of the silicon
wafer (or parallel to that of the axis of cylinders), where only dot like morphology
with a size of about 15nm is observed. In most of the areas the gold nanorods decline
with various angles towards to that of the axis of the cylindrical holes, in this case the

elongated nanorods are observed.
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Figure 8. 3D topographical image of PEGOH modified gold nanorods on PS39o-
P4VP40(AOT)g 33 thin film, scan size 1x1pm.

5.4. Conclusions.

The selective adsorption of nanorods onto one domain of block copolymer porous
thin film templates is realized by using of the specific interaction between the
particles and block copolymer. The porous thin film templates are prepared by
washing out of ligand from the supramolecular PS,;-P4VP,(AOT)px thin films in
basic solution. The hydrogen bonding between PEG/P4VP is crucial for the selective
loading of the gold nanorods into P4VP domains. The orientation of the gold
nanorods is controlled by the morphology of the templates: the lamellae holes lead to
the parallel orientation, while the cylindrical holes induce perpendicular orientation.
The morphology of the nanorods is defined by the size confinement from that of the
block copolymer. When the width of the lamellae is comparable to that of the
nanorods diameter, single gold nanorod aligns parallel to that of the lamellae wall
with an end-to-end configuration, when the width of the domains is larger than that of
the particles diameter, the nanorods can assemble with a side-to-side configuration,
and such kind of buddle self assemble inside the block copolymer domains with an
end-to-end configuration, with their long axis parallel to that of the lamellae domains.
Time dependent adsorption of the gold nanorods is confirmed by the FESEM and
UV-Vis spectra. The optical properties can be tuned by changing of the immersion
time in the nanorods solution, and it can be described by a single component

exponential decay model, and a new decay scale of ~1L is obtained.
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Chapter 6 Nanostructured TiO, Thin Films Templated from
Co-assembly of Fully Miscible Block Copolymer

Complex/Polymeric Precursors

6.1. Introduction.
Titanium dioxide (TiO,) has attracted extensive research interests because of its
oxidation strength, high photo-stability, and nontoxicity.!""?! These properties make

B-71 Porous

the TiO, widely used as a pigment, protective coating and as a catalyst.
TiO; coatings and membranes are also desirable for photovoltaic, as separators and as
catalysts. Different routes have been developed for the preparation of TiO,

[8-17]

nanostructures, among them block copolymers (BCP) templates, in which

microphase segregation directs the growth of the inorganic phase, are the most

19171 Generally, the block copolymer is dissolved in a selective solvent,

popular routes.
at a concentration exceeding the critical micelle concentration (CMC).[ISJ
Subsequently, the TiO, precursor is added so that it is partitioned inside the core or
selectively “binds” to the periphery of the micelles. Controlled pre-condensation of
the precursor through a sol-gel process leads to nanostructured TiO, powders or films
featuring mesostructure of the parent block copolymer. Thermolysis sinters the TiO,
and removes the organic template. The morphology of inorganic material generated
during this process is defined by the property of the block copolymer aggregation in
solution. For instance, micelle structure will lead to spherical nanoparticle. Varieties
of block copolymers have been successfully used for the preparation of

10, 13, 14, 16, 19, 20
02.[ , 13,

nanostructured Ti ! As a drawback, it is difficult to fine-tune the

morphology.t'® "]

Another issue is related to the nanostructure of a thin film, which often requires
control of the orientational order. It is well-known that block copolymer lamellae or
cylinders orient preferentially parallel to the substrate plane.*"! Tremendous effort
was dedicated to control the wvertical alignment of the block copolymer

nanostructures.””) In the recent works, it has been shown that incorporation of

mesogens through supramolecular interactions (complex) in block copolymer results
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in a hierarchical structure — a feature which originates from the interplay between a

(23271 In particular, the microdomains

liquid crystal state and microphase separation.
can be controlled by the stoichiometry of the complex, while liquid crystalline (LC) -
ordering acts on the orientational order of the domains. In thin films, smectic layers
tend to align near the interface, which orients block copolymer interphase
perpendicularly to the air/substrate interface. In one of our recent study, we have
shown that sodium bis(2-ethylhexyl) sulfosuccinate (AOT) form ionic bonds with
pyridine containing block copolymer, i.e. poly (styrene — b — 4-vinylpyridine) (PS-
P4Vvp).*

The last issue is related to the chemical stability of the TiO, precursors. In principle,
TiO, precursors are highly sensitive to moisture, as it reacts with traces of water to

16, 17]

produce ill-defined titanium-oxo/hydroxo precipitates.! The high reactivity

originates from the low-electronegativity of Ti atom and a coordination number that is
higher than its valence, this results in the so-called “coordination expansion".!* %
Recently, a non-aqueous sol-gel technology has been developed to improve the

stability of silicon dioxide precursors.*!!

The precursor is hyper-branched
polyethoxysiloxanes, proved to be stable in the ambient atmosphere for months. This
concept was extended to the synthesis of TiO, precursor through polycondensation of
titanium isopropyl oxide with acetic anhydride. The resulting educts is poly (titanium
isopropyl oxide) (PAOT), a yellowish powder readily soluble in organic solvents. The
precursor is stable in solution for several days while the monomer is several minutes
in the same solvent.

Compared to silica precursor, “* the morphology of blends based on TiO,
precursor is more difficult to control due to the weak interaction with the block
copolymer.'”! The sulfonate or sulfate groups have a Lewis base property, and are

33,34

able to coordinate with titanium (IV) to form a stable complex.**** Such interaction

is useful to make compatible blends of TiO,-precursor and block copolymer complex,
a prerequisite for influencing the mesostructure of inorganic thin films. %%

In the present contribution we report on a new non sol-gel route for the preparation
of a thin nanostructured TiO; film by co-assembly of a block copolymer complex and
PAOT. The structure directing agent is a complex of PS-P4VP and AOT.* First, we
discuss the thin film property of PAOT and the resulting titanium dioxide. Second, we

make use of the ionic complex P4VP(AOT) to prepare miscible blends of PAOT and
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block copolymer complex. We demonstrate the key roles of the ligand (AOT) in (i)
defining the morphology and orientational order of the block copolymer template, and
(i1) enhancing compatibility of the block copolymer with TiO, precursor. As such, the
molar ratio R of titanium to pyridine (Ti/Py), and the degree of protonation DN
defined by the ratio of AOT to pyridine enable morphological control of the thin films

structure.

6.2. Experimental sections.

6.2.1. Materials.

The block copolymer complex was PS,-P4VP,,(AOT)py; in which the subscripts n,
m denote degree of polymerization and DN denote the molar ratio of AOT/pyridine,
respectively. The complex was prepared according to literature.*®! All the chemicals
including solvents are analytical pure and purchased from VWR GmbH. Silicon wafer
(100) was purchased from CrysTec GmbH, and the SiOx coated TEM grids were
purchased from Plano GmbH.

PAOT is synthesized in our lab, it is a new TiO, precursor. It is a yellowish powder,
which can be dissolved into organic solvents, i.e. chloroform, toluene, hexane, etc., at
any concentrations without precipitation or gelation. The solid content of the PAOT
was measured as following: the PAOT was weighted into a ceramic pan in a glove
box, and then it was hydrolysed with an ethanol/HCI/H,O mixture. The solvent was
evaporated under room temperature for 3 days. All of the possible organic residuals
were removed by calcination at 400°C for 4h. The solid content was the ratio between
the weight of final TiO, and initial PAOT. In order to get good accuracy the
measurements were done at least three times and the average was reported. From the
solid content of PAOT one can easily calculate the molar ratio of the titanium in the
PAOT. The blend composition was defined by the molar ratio of titanium to the

pyridine.

6.2.2. Sample preparation.
In separate vials, the PS,-P4VP,(AOT)py and PAOT were dissolved in chloroform,
a good solvent for both of the compounds, the concentration was fixed at 1 wt%. The

solutions of the BCP-complex and PAOT were prepared by mixing a desired volume
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of the respective solutions. Before use, the solutions were filtered through 0.2um
PTFE syringe filters. For TEM investigations, the solution was drop-cast directly onto
the SiOy -coated copper grids and the excess was soaked with filter paper below. The
silicon wafers were cleaned by sonication in isopropanol for 5 min, dried with an air
stream, and activated in UV/O, for 12 min. These treatments lead to a hydrophilic
SiOx having water contact angle of less than 5°. The films were prepared by spin-
coating equipped with a homemade chamber to produce coating in an atmosphere
saturated with chloroform. The spinning speed was 3000 rpm, and the time was 2 min.
The film thickness was 30 nm measured by ellipsometry (MM-SPEL-VIS, OMT
GmbH). The films were treated with hydrogen (H;) plasma (Plasma System 100, PVA
Tepla AG) to remove the organic moieties and convert the precursor to TiO,. The
typical plasma treatment conditions were: 200W, 1 mbar, and 30min. The calcination
was done in a Muffle furnace. The plasma treated thin films were placed in the
furnace and heated to 400°C under a heating rate of 2°C/min, then kept at that
temperature for 4h, finally the furnace was cooled down to ambient temperature with
a cooling rate of 2°C/min. For FT-Raman experiments, in order to minimize the
influence of ambient moisture, the samples were sealed in the glove box in an
aluminium pan with glass windows. For FTIR experiments, samples were prepared by
spin coating the solution onto KBr plates and subsequently treated with hydrogen

plasma.

6.2.3. Characterization methods.

Transmission Electron Microscopy (TEM) images were acquired using a Zeiss
Libral20 with an accelerating voltage of 120 kV. Scanning Electron Microscope
(SEM) experiments were performed using a Hitachi S4800 high resolution Field
Emission Scanning Electron Microscope with an accelerating voltage of 1.5kV.
Tapping model SFM experiments were performed on a NanoScope V multimode
AFM (Digital Instruments Veeco Instruments, Santa Barbara, CA) under ambient
conditions. Commercial available standard silicon cantilevers (PPP-SEIH-W from
Nanosensors) with a spring constant of 5~37 N/m and an oscillation frequency of
~125 kHz were used. FT-Raman spectra were recorded by using a Bruker RFS 100/S
FT-Raman Spectrometer with a Nd:YAG laser (wavelength 1064nm). The power of

the laser was 200 mW and the resolution was 4 cm™. 500 scans were performed for
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each spectrum. IR spectra (resolution of 4 cm™) were recorded by using a Nicolet
NEXUS 670 Fourier Transform IR spectrometer. For each spectrum more than 200
scans were averaged to enhance the signal to noise ratio. Crystal structure of thin TiO,
film (~150nm) was characterized by Grazing Incidence Wide Angle X-Ray scattering
(GIWAXS). The experiment was carried out on a Powder Diffractometer with a
focusing Ge- monochromator (Johann-type) PSD detector (Co-radiation) (STADI MP
vertical from STOE, Darmstadt, Germany). Cobalt K,; radiation was used as the X-
ray source and the experiments were done in Bragg-Brentano-Geometry. The focused

beam was directed on the sample at an angle w of 0.75°.

6.3. Results and discussions

First we discuss the film-forming properties of PAOT. Second, based on
morphological studies by TEM, we demonstrate the miscibility of the pair block
copolymer complex and PAOT. Third, the result of the plasma treatment is presented
and discussed on the base of SFM investigation. The report ends with a discussion on
the origin of the miscibility based on FT-Raman spectroscopy and on the analysis of

the structure parameters.

6.3.1. Film properties of PAOT.

Figure 1a shows that the film thickness increases linearly with the concentration of
PAOT in the solution. The coatings are uniform with the exception of films cast from
a high concentration (> 200 g/L), wherein cracks evolves. This indicates that residual
stress develops during the casting process, which becomes increasingly important
with the film thickness. Such effect is ascribed to partial transformation of the
precursor to TiO, by ambient humidity, and results in a volume contraction. However,
in thin films, it is essentially a reduction in thickness. Hydrogen plasma treatment
converts the precursor to TiO, and eliminates the organic fragments, these results in
an extra contraction of the thickness of about 60%. Because the precursor contains
48.5+2.1% of TiO,, films treated with plasma are denser (20%), as compared to
untreated ones. Annealing the film at 400°C for 4h resultants in a further reduction of

the thickness of about 18%, indicating the increase of the crystallinity. Furthermore,

97



FT-IR (Figure 1b) shows that after plasma treatment, the conversion is incomplete

and traces of the organic residue are still present.
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Figure 1. (a) Relationship between the film thickness and concentration of PAOT,
before (circle) and after H, plasma (star); (b) FTIR spectrum of PAOT films: before
conversion clearly indicates that spectra is dominated by the organic moieties and the
TiO; is hardly visible; after H, plasma (upper spectra), Ti-O-Ti bands at 1350 and
780cm™ become visible with some organic residue®*®!. (¢c) SEM height image of
Ti0, after exposure to H; plasma; (d) GIWAXS patterns of the H, plasma treated film

(lower curve) and after thermal annealing for 4h at 400°C (upper curve).

FESEM (image not showed here) and SFM shows that the films are uniform and
smooth over relatively large area with a mean roughness of about 0.78 nm (Figure 1c).
Actually the crystallinity of the film is low, only a broad peak in the ¢ range of 1.6-2.4
A (Figure 1d), which can be assigned to the (110) reflex of the rutile form (JCPDS
88-1175). After thermal annealing, the film is well crystalline, which is proved by the
pronounced GIWAXS diffraction peaks. The peak position (Figure 1d) proves the
formation of anatase phase further (JCPDS 84-1286).
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To conclude, PAOT can be processed to form smooth thin films, crack develops
above certain thickness. Treatment with H, plasma eliminates the organic moieties,
leading to TiO, with very low crystallinity. Sintering the film at high temperature

leads to crystalline TiO, films with anatase phase.

6.3.2. Co-assembly of PS,-P4VP,,(AOT)pn and PAOT.

The thin film morphology of block copolymer complex PS,-P4VP.,(AOT)px has
been studied in details.”® Here, we explore the morphology of block copolymer
complex as a template for preparation of nanostructured TiO, films. This requires a
selective miscibility of PAOT with one of the blocks. Below we show that the degree
of protonation largely controls the partitioning of PAOT within the P4VP/AOT

domains.

6.3.2.1. PS300-P4VP140(AOT);/PAOT.

In thin films, the block copolymer complex self-assembles into lamellae coexisting
with PS-cylinders.*® Figure 2 shows the morphology of the blends depending on the
molar ratio of Ti/Py. The dark contrast is due to the high electron density of PAOT
together with P4VP(AOT). Increasing the concentration of PAOT reduces the mass
fraction of PS and leads to morphological change: PS lamellae gradually transforms
into circular domains (gray) delimited by PAOT/P4VP(AOT) as the continuous phase
(Figure 2a-c). Further increase of R from 10 to 20 widens the interspace between the
PS domains without altering the domain morphology (see Figure 2c-d). It is essential
to note that the molar ratio of Ti/Py, can be as high as ca. 20 without precipitation or

gelation. This will be discussed later based on FT-Raman spectroscopy.
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Figure 2. TEM-micrographs of blends of PS390-P4VP4(AOT); 0/ PAOT with
different molar ratio R= (a) 1.3; (b) 5.1; (c) 10.2; (d) 20.3, the insert are the

corresponding FFT images.

6.3.2.2. PS399-P4VP40(A0T).s/PAOT.

With 50% protonation the neat block copolymer complex forms lamellae, in which
the width of the P4VP4(AOT)ys is about 21 nm and the periodicity is 47 nm. 2%
Figure 3 shows the morphology of the blends depending on R. Apparently, for R <
15.2, the inter-lamellar space increases with PAOT concentration. Structural transition
occurs when R is close to 30, leading to PS cylinders having a diameter and

periodicity of about 25.1 £+ 0.8 nm and 36 nm, respectively.
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Figure 3. TEM-micrographs of a drop-cast solution of the mixture of PS39o-
P4VP40(AOT)os/PAOT with different molar ratio R= (a) 1.9; (b) 7.6; (c) 15.2; (d)
30.5; the insert is the corresponding FFT images.

6.3.2.3. PS399-P4VP140(AOT).33/PAOT.

In thin films, such a low degree of protonation leads to the lamellae coexisting with
cylinders of P4VP 40(AOT)j 33. (281 Addition of a small amount of PAOT, i.e. R=2.6,
reduces the mass fraction of PS to 0.42 and most likely lamellae morphology evolve
(see Figure 4a). The variation of R from 2.6 to 20.4 only increases the inter-lamellar
space (Figure 4a-c and 4e). For R= 40.9, a structural transition is observed, the PS
domains (gray) are now delimited by the continuous phase (dark) (Figure 4d). This
new structure has a periodicity of 32 nm, in which the diameter of the PS domain is of
about 23.7+1.7 nm. Knowing that the mass fraction of PS is of about 0.11, it is

probably a spherical morphology.
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Figure 4. Morphology of PS390-P4VP140(AOT)33/PAOT with different molar ratio
R=(a) 2.6; (b) 10.2; (c) 20.4; (d) 40.9; the insert are the corresponding FFT images.

6.3.3. Nanostructured TiO; thin films.

In this section, films of defined thickness were prepared from a solution containing
the mixture. The films were treated with hydrogen plasma (H, plasma), enabling
transformation of PAOT to TiO, and simultaneously removing organic residues. For
the sake of clarity and to avoid redundancy, we describe the morphologies of the films

where the PAVP was fully protonated, we refer to SI for other compositions.

6.3.3.1. PS399-P4VP49(A0T); o/PAOT.

Figure 5 summarizes the films morphology depending on R after H, plasma
treatment. For R= 1.3, Figure 5a shows that the film morphology consist of a fine
TiO; nanoparticle (~10nm) which cluster in a wire-like pattern with an average height
of about 4nm. FFT-image gives a characteristic distance of about 49 nm. Increase of R

to 5.1, leads to wire-like pattern and pores with an average period of about 45 nm and
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a depth of 8 nm. For R = 10.2 or 20.3, the pores are well defined with a periodicity of
about 42 nm and 38 nm respectively. An estimate of the pore diameter from the SFM
images leads to a value of 24 nm, with a depth close to the film thickness, i.e. between
10 and 13 nm. Figure 5e shows a SEM image of the film cross section, which clearly
indicates that the pores goes through the whole film. It is important to note that
regardless of the composition, all films present a fine TiO, nanoparticle with an
average diameter of about ~10 nm (cf. SI). In contrast, films of pure PAOT were

smooth after plasma treatment (Figure 1).

Figure 5. SFM height images of a thin film after treatment with H, plasma. The films
were prepared from a mixture of PS399-P4VP49(AOT); o and PAOT with a molar ratio
1.3 (a), 5.1 (b), 10.2 (¢), and 20.3 (d); (¢) FESEM edge-view of a mechanically
fractured films; the insert pictures in a-d are the corresponding FFT images, the scan

size is 3x3um’.
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6.3.4. Thermal stability of TiO, thin film.
The thermal stability of the TiO; films prepared by soft transformation (H, plasma)
is an issue. In particular, porosity reduces resistance to stress generated by thermal

expansion, or by thermal annealing induced post-crystallization. Often, the porous
[32]

structure collapses at high temperature, which limits their application.

(a)

Figure 6. Morphology of TiO, templated from PS350-P4VPy(AOT); o/PAOT: (a)
topography image (3x3 pum?); (b) enlarged view of (a) (1x1 um?); (c) FESEM images
of an edge-view of a mechanically fractured films fractured; (d) topography image of

(a) annealing at 400 °C for 4h (1x1 umz); the inserts are the corresponding FFT.

To investigate the stability of the nanostructure against the high temperature
treatment e.g. 400°C, we chose a composition in which polystyrene form cylinder in a
P4VP(AOT)/PAOT matrix. Based on our previous report, PS3s-
P4VP,60(AOT); o/PAOT fits this requirement. Figure 6 a-c show the film morphology
after H, Plasma treatments. Indeed, the structure is porous with a pore diameter and a
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periodicity of about 20 nm and 40 nm respectively. The pore depth is 10 nm, close to
the film thickness.

The crystallinity of TiO, film is low when it is converted by H, Plasma, and
thermal annealing leads to a transition of the low crystallinity TiO, to anatase phase
(Figure 1d). After annealing at 400°C for 4h, the porous film remains optically
homogenous without any cracks. Furthermore, the regular porosity of the film is
preserved. Representative SFM height image is shown in Figure 6d, which indicates a
periodicity of 40 nm, similar to the value before annealing. It also reveals the fine
structure of the TiO; film after thermal annealing. Apparently, thermal treatment does
not affect the fine nanoparticle, the morphology appears clearer and the average size
is slightly larger, which is 12 nm. In addition, the pores depth and the film thickness
are comparable, of about 8 nm. This value is 2 nm less than the thickness before
annealing, indicating 20 % volume reduction. Similar reduction is found for TiO, thin
film (18%) annealed in the same condition, meaning that the thermal annealing leads

to more condensed TiO, film.

6.3.5. Miscibility mechanism.

o]

” Stirrin i IS
R—ﬁ‘OH + Z ‘ —»g R—Q—o SN@%
: S, -

Scheme 1. Scheme of coordination interaction between the P4VP oo (AOT); o
complex and PAOT.

It is well-known that interaction between the pyridine units and titanium is weak,

and limited amount of TiO, precursor can be incorporated into P4VP domains.!'* 2"

105



Here we attempt to show that miscibility of precursor is due the supramolecular
interactions while the polymeric structure is a key to enhance partitioning capacity of
the template. Scheme 1 shows that the sulfonic acid group form ionic bond with
pyridine units by proton transfer (compound 1). The later can partially dissociate in
polar solvent, like chloroform, into negatively charged ions (AOT-sulfate) and
positive charged protons P4VP-H. The sulfonate, AOT-sulfate is a Lewis bases, can
coordinate with PAOT through titanium (IV) and eventually form a giant stable
complex (giant refer to macromolecule like precursor). Therefore we anticipate that
complexation of the pyridine via a Lewis acid - Lewis base interaction take places,
similar interaction has been reported for a complex of tetramethanesulphonate
titanium (IV) and pyridine.”*! Such a complex is strong enough to account for the
miscibility of the blend in the present system.”?

FT-Raman is used to probe the supramolecular interaction between a P4VP
homopolymer and PAOT complex. Figure 7 shows Raman spectra of the blend in the
solid state with a mass ratio of 1:1. In the wavenumber range form 1570-1680 cm™,
PAOT is Raman inactive, and P4VP shows a peak at 1597 cm™, assigned to the free
pyridine ring. This peak is well-known to be sensitive to the environment, for instance,
in case of ionic interaction, it shifts to 1637 cm™,*® for a metal coordination it shifts
to ca.1620 cm™,®”! or for hydrogen bonding it shifts to ca.1600 cm™.*" *'! In the
present study a shift from 1597 cm™ to 1637 cm™, indicating the formation of ionic
bond between sulfonic groups of AOT and pyridine units. In addition, presence of a
shoulder at 1600 cm™ suggests some hydrogen bond between AOT and P4VP. In a
binary mixture of a non-protonated P4VP and PAOT, the peak position of the
pyridine ring in the Raman spectrum is not affected at all. However, as discussed
earlier, blends containing P4VP(AOT) shows two peaks characteristic of ionic and
hydrogen bonding. Besides that, a new peak appears at 1620 cm™', which strongly
indicates some interaction between sulfonate / PAOT group and pyridine. Yet
sulfonate group of the complex P4VP(AQOT), o coordinates with Ti(IV) of the PAOT,
such a complex is positively charged and it is susceptible to bind with a negatively

charged pyridinium, in a similar way to metal coordination interaction.
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Figure 7. FT-Raman spectra of PAVP(AOT); o complex and PAOT mixture with a
weight ratio of 1:1.

6.3.6. Morphology diagram.

Based on the TEM investigations, a diagram of the morphology of the blends is
shown in Figure 8. The horizontal axis represents the ratio of the total mass of
complex P4VP,, (AOT)pn, denoted as feomp, and the vertical axis represents the molar

ratio of Ti/pyridine, denoted as R.

o LCCyl
4019 # PSlam
A CyllLam
304 o PS-CYL o PSCyl
o 204 % T o
G
10{% ' o
* .
% M A &
040"~ _ 3 Q B O
05 0,6 0,7 0.8
comp

Figure 8. Tentative morphological of PAOT and PS399-P4VP40(AOT)pn as a

function of the mass fraction of the complex (f.omp) and the molar ratio R.

So far, regardless the compositions of the mixtures, the solution does not show
precipitation, nor a macrophase separation in films, even at very high molar ratio
(R>40). Accordingly, morphological control of the blend becomes accessible because
of the selective incorporation of PAOT guided by the microdomains structure. In
principle variety of morphology are accessible, which is an advantage over the well-
established sol-gel technology. Because the partitioning of the inorganic precursor is
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limited to low molar ratio, and often, the high selectivity of the solvent results in
precipitation/gelation of the block copolymer template.'” It should be noted that the
morphology are well-defined in particular at high protonation degree and
concentration of PAOT. This is supported in the thin film investigation, in particular

after removal of the organic moieties.

S150-8VP, 4 o(AOT), o/PAOT @
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Figure 9. Summary of the variation of the ratio L/L as a function of R, where L is the
structural period of the blends and L is the natural period of the pure block

copolymer complex.

It is useful to plot the variation of the period depending on the composition of the
blend. Figure 9 shows the variation of the ratio L/L as a function of R, where L is the
structural period of the blends and L, is the natural period of the pure block
copolymer complex.”® The graph demonstrates that, (i) L/Ly is smaller than 1,
suggesting that the miscibility is due to specific interactions of PAOT and
P4VP(AOT), in agreement with FT-Raman analysis. Note that a different behaviour is
observed in the case of swelling of block copolymer lamellae with a solvent or a
homopolymer, in that case, the ratio is always greater than 1.1 (ii) Monotonic
increase of the period with R, ensue from incorporation of PAOT around the P4VP
chain and assisted by AOT;**! (iii) Structural change leads to a net reduction of the
period whose occurrence depends strongly on the degree of protonation. For instance,
at high degree of protonation a low amount of PAOT is required to alter the structure
which clearly support the importance of the protonation on the localization of PAOT;
(IV) Above the transition the long period depends weakly on R, this may indicate
homogenous incorporation of PAOT within PAVP(AOT) domains.
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The last issue is related to the structure of the films after H, Plasma. Regardless of
the blend composition, presence of the complex generates a fine TiO, nanoparticle
(~10nm). Since films prepared from pure PAOT are smooth, we assume that the
complex catalyses or partially precondenses the PAOT. However, the origin of the
well-defined size remains unknown and requires further investigations. Furthermore,
to templates the block copolymer nanostructure requires a high degree of protonation,
while the pattern morphology is defined by the PAOT concentration. For low
protonation degree, a sparse pattern consisting of 10 nm TiO, particle is formed
ordered structure evolve only for high concentration of PAOT. This is in agreement

with the influence of PAOT on the periodic length as discussed above (cf. Figure 9).

6.4. Conclusions.

We have studied the properties of a poly(titanium isopropyl oxide) (PAOT) in thin
films as a new precursor for TiO,. We demonstrated that such a precursor can be
processed with conventional spin-coating technique. H, plasma treatment leads to
films that are smooth with a thickness ranging from a few nm to 100 nm, cracks
develop for thicker films. High temperature annealing transforms the low crystalline
TiO; rutile phase to highly crystalline anatase phase.

We have demonstrated a new way to prepare a nanocomposite from a miscible
mixture of PAOT an ionic complex of a block copolymer containing pyridine and
sulfonated surfactant AOT. The surfactant synergistically influences the morphology,
orientational order of the template, enhances miscibility and selectivity of PAOT with
P4VP(AOT) via coordination interaction between sulfonate/titanium(I'V). Elimination
of the organic moieties enables preparation of nanostructured TiO, thin films, such as
discontinues or percolated nanoparticle, and nanopores, which replicates the

morphology of block copolymer templates.
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Chapter 7 Biaxial Alignment of Block Copolymer - Complex

Lamellae

7.1. Introduction.

Unidirectional sliding of a rod of polytetrafluoroethylene (PTFE) against a smooth
and rigid surface (e.g. glass), results in a friction-deposited layer of single-crystalline
PTFE oriented along the sliding direction.!'! The properties of the resulting surface
are well documented and enable uniaxially oriented growth of organic material.l*”!
However, reports addressing the orientation of a coil-coil block copolymer (bcp) on
such a transferred layer are still scarce. The difficulty is related to the physical
properties of the block (coil structure) which is only weakly sensitive to the crystal
structure of the underlying substrate. In this work this problem is mitigated by
introducing small molecules (ligands) selected (i) to interact specifically with one of

8- %1 and (ii) to physically adsorb onto PTFE-

the blocks through hydrogen bonds,
rubbed substrate.”) The interaction of the ligands with the substrate, i.e. the PTFE
layer, controls the in-plane orientation of the microdomain structure, while the
stoichiometry of the complex defines the block copolymer morphology. This
possibility is of considerable interest. While orientation of block lamellae in a film

11t is still difficult to obtain

along the substrate normal is by now well established,!
in addition azimuthal (in-plane) uniformity.

Two structurally different ligands were selected with a terminal carboxylic acid
group to form a complex with the polybase P4VP, while as second block PS was used.
In thin films, a degree of complexation of 0.75 generates lamellae. Because the
ligands form stacks parallel to the SiO, substrate, the block copolymer lamellae orient
perpendicularly to the film."'” However they lack of azimuthal order in the plane of
the film, resulting in a fingerprint texture. The friction-deposited PTFE layer consists
of periodic stripes with an average height of about 4 nm. On such a substrate, the
lamellae of the block copolymer complex remain orthogonal to the interfaces but
additionally align uniaxially along the PTFE stripes.

In the following we give a comprehensive account of the results obtained. First, we

discuss the morphology and orientational order of the lamellar ligands. We combine
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Scanning Force and Field-Emission Electron Microscopy (SFM and FESEM) to
assess the homogeneity and surface structure of films with a thickness of 40-100 nm.
FE-SEM also provides side observation allowing a view of the internal structure of
the lamellae and their orientation relative to the support. In the second part, we
present the grazing-incidence small and wide angle X-ray scattering results (GISAXS
and GIWAXS) for one of the samples. The combination of these techniques allows

presenting a full quantitative model of the uniform film structure.

7.2. Experimental section

7.2.1. Materials.

Two block copolymers were investigated PS330-P4VP;30 (My/My=1.07) and PS,9o-
P4VPp0 (My/M,=1.12); in which the subscripts denote degree of polymerization.
They were synthesized by living anionic polymerization, as described elsewhere.*"!

All the chemicals and solvents are analytical pure and purchased from Sigma-Aldrich.

7.2.2. Synthesis of ligands.

The synthesis of ligand L1 was described previously.!'? L2 was prepared according
to the following procedure. To a solution of 5-(2-octyldodecyl)-2,2’-bithiophene!*”
(0.50 g, 1.5 mmol) in 100 mL dry THF »-BuLi (1.6 M, 0.95 mL, 1.52 mmol) was
added dropwise at 0 °C. After 1 h the reaction mixture was cooled down to -78 °C and
CO, was led into the solution over a period of 5 h. The mixture was then warmed up
to room temperature and stirred overnight. 1M HCIl was added dropwise, and the
mixture was diluted with dichloromethane. The organic phase was dried over MgSO,.
After evaporation of the solvents the crude mixture was purified by column
chromatography (SiO,, n-hexane:ethyl acetate, 3:1 (v:v)) resulting 5’-(2-
octyldodecyl)-2,2’-bithiophene-5-carboxylic acid (L2) as a brownish solid (0.16 g,
22%). 'H NMR (400 MHz; CDCl3):  [ppm] =7.74 (1 H, d, J = 4.0 Hz, H4), 7.12 (1
H, d,J=3.6 Hz, H3"), 7.07 (1 H, d, J = 4.0 Hz, H3), 6.68 (1 H, d, J = 3.6 Hz, H4’),
2.72 (2 H, d, J= 6.8 Hz, CH-CH,-T), 2.72 (1 H, bs CH-CH,-T), 1.32-1.20 (32 H, m,
alkyl CH,), 2.72 (6 H, t, J = 6.8 Hz, CH;). MS m/z (CI): 491 [M']. Anal. Calcd. for
C29H4602S2: C 70.97, H 9.45%. Found C 70.79, H 9.46%.
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7.2.3.Complex preparation.

The complexes were prepared according to the literature procedure.!'! In brief, the
block copolymer and the ligand were dissolved in chloroform and stirred in the dark
overnight. Subsequently, the solvent was evaporated by rotary evaporation under
reduced pressure. The solid was collected, re-dissolved in chloroform, and filtered
with a 0.2 um PTFE syringe filter. The final concentration of the solutions was
controlled to 0.5wt% and stored in brown GC vials. Hydrogen bonding between the
block copolymer and the ligand was assessed with infrared spectroscopy, for details
see the supporting information. All solvents used were of analytical grade and bought
from VWR GmbH, Germany. Silicon wafers (100) were purchased from Si-Mat
GmbH.

7.2.4. Film preparation.

The films were prepared by spin coating a solution of the block copolymer complex
in chloroform onto a pre-cleaned silicon wafer or onto a PTFE rubbed surface. The
unidirectional rubbing was done manually at 300 °C. Annealing of the thin films was

carried out in a closed vessel containing a small amount of benzene.

7.2.5. Characterization methods.

The morphology of the thin films was investigated by tapping mode SFM
(NanoScope V, BrukerAXS) under ambient conditions. Scanning Electron
Microscopy (SEM) was performed using a Hitachi S4800 high-resolution Field
Emission Scanning Electron Microscope with an accelerating voltage of 1-1.5 kV. In
order to avoid any artifacts no metal coating was used. To enhance the contrast the
ligand was removed by washing the thin film in ethanol, a good solvent for the ligand
but a bad one for PS. After washing the morphology of the micro-phase separation
was still the same, though shrinking occurred of the domains in which the ligand was
originally present.'® Grazing incidence wide and small angle X-ray scattering
(GIWAXS and GISAXS) measurements were performed at the synchrotron beamline
BW4 of the DORIS III storage ring (HASYLAB at DESY) in Hamburg. The sample-
detector distances were set to 107 and 2088 mm, respectively. In GIWAXS the
incident angle was 0.2° and in GISAXS 0.4°. The scattering signal was recorded by a
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2D detector (MARCCD, 2048x2048 pixels). The specular peak or the small angle
scattering were blocked by a rod-shaped beam stop. Detailed GISAXS and GIWAXS
setting description can be found elsewhere."**” IR spectra were recorded using a

Nicolet NEXUS 670 Fourier Transform IR spectrometer at a resolution of 4 cm™.

7.3. Results and discussions.

7.3.1. Structure of pure ligands and block copolymers
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Scheme 1. Structure of the ligands 4°-(3"",4"",5" -tris(octyloxy) benzamido)
propanoic acid denoted as L1 and 5'-(2-octyldodecyl)-2,2'-bithiophene-5-carboxylic
acid denoted as L2 with hydrogen bonds between P4VP and the ligands (a).
Schematic illustration of the lamellar microphase-separated structure in the block

copolymer complex (b), d is about 4 nm and L is about 40 nm.

The ligands are denoted as L1 and L2 (see Scheme 1). Both compounds crystallize
in bulk with a melting temperature around 114 and 45 °C, respectively. In thin films
the ligand self-assembles into dimers that in turn form cylinder (columnar) (L1)""*! or
lamellar stacks (L2) (refer to Figure S1 and S2 in Supporting Information,
respectively). The copolymer is poly (styrene- b -4-vinylpyridine) (PS-P4VP). The
ligands readily bind to the pyridine unit through hydrogen bonds (refer to Figure S1

) (8,9, 13

and S2 in Supporting Information I However, depending on the strength of the

hydrogen bonds, steric interaction limits the degree of complexation and phase
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separation might occur at high degree of complexation."" A degree of complexation
of 0.75 ensures that the block copolymer self-assemble in lamellae while the ligands
form a smectic layer orthogonal the block copolymer interface. Here 0.75 is the
number of ligand per P4VP unit, thus specifying the ligand/monomer ratio in the

system. Scheme 1 illustrates schematically the hydrogen-bonded structure.

7.3.2. Morphology of block copolymers complex thin films on silicon wafer

Figure la shows an SFM height image of a thin film of the bcp complex PSsso-
P4VP;30 (L1)o7s (subscribe denoted as the degree of polymerization) on bare SiOs.
The 2D-FFT of the height image is a halo indicating a short range orientational order
with a lamellar period of about 45 nm. In addition, the side view on the edge of a
fracture in Figure 1b clearly indicates that the lamellae are perpendicular to the
substrate plane. The film thickness is about 80 nm, almost twice the bcp period. This
also holds for another block copolymer complex PS;y-P4VPipo(L1l)o7s with a
lamellar period of 26 nm (see supporting information S4). For the present thicknesses
confinement effects due to the surface field can be excluded: the perpendicular
orientation of the lamellae is solely associated with the ligand organization.!">'® The
false color orientation map of Figure lc indicates an average domain size of about

500-700 nm.

Figure 1. Thin film morphology of PS330-P4VP139(L1)0.75. (a) SFM height image,
insert showed the 2D FFT which indicates an interlamellar spacing of about 45 nm;
(b) tilted cross-sectional FESEM image (45°); (c) The false color orientation map of

(a) indicates an average domain size of about 500-700 nm.
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7.3.3. Morphology of block copolymers complex thin films on PTFE rubbing silicon
wafer

Unidirectional sliding of a PTFE rod against a silicon substrate causes the transfer
of regular lines having an average height of about 4 nm and a periodicity of about 65
nm (Figure 2). The structure of the resulting PTFE films has been well studied.!" "]
Such a surface has no effects on the orientational order of the pure block copolymer.
Figure 3a shows that the pure block copolymer forms P4VP cylinders that are
randomly oriented in the PS layers. Obviously, without the ligand the microdomain
structure is insensitive to the underlying PTFE-lines. However, for the block
copolymer complex remarkable alignment is observed. Figure 3b and 3c display
uniaxial orientation of the lamellae parallel to the PTFE stripes. The 2D-FFT (inset in
Figure 3c) shows well-defined peaks orthogonal to the rubbing direction. The peak
position indicates a periodicity of 43 nm, the interlamellar period is not influenced by
the underlying PTFE stripes. Moreover, a cross-sectional view of the film shows that
the lamellae maintain their vertical orientation (Figure 3d). This will be made more

quantitative below in the discussion of the GISAXS and GIWAXS data.

height distribution

Hesght [nm]
4

Hmighi [ren]

Figure 2. SFM height image of the friction-transferred PTFE stripes. The height
distribution and the cross-section profile indicate a mean height and a periodicity of

about 4 nm and 65 nm, respectively. The drawing illustrates the transfer process.
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Figure 3. SFM height and phase image of a thin film deposited on PTFE stripes after
annealing for 24 h in benzene vapor. (a) Cylindrical morphology of PS339-P4VP3
without ligands showing a random orientation insensitive to the underlying PTFE

stripes. (b) Phase SFM image of the block copolymer complex PS330-P4VP 30 (L1)o75

on PTEE (scan size 10x10 pm? in 4480x4480 lines). The inset shows the
corresponding 2D-FFT. (c) Enlarged view of (b) (scan size 3x3 um” in 512x512
lines). (d) FESEM image of a cross-section viewed at a tilt angle of 45°. The arrow

indicates the rubbing direction.

For the second compound PS339-P4VP30(L2)0.75 (see Scheme 1) again a degree of
complexation of 0.75 is required to form a lamellar phase. In thin films, the lamellae
are orthogonal to the SiO»/air interface without in-plane orientational order as for
PS330-P4VPi30(L1)o.75. As expected, on a friction-deposited PTFE layer the lamellae
align along the PTFE stripes (Figure 4) while the 2D-FFT (Figure 4, insert) indicates
arcs orthogonal to the rubbing direction. The peak position indicates a periodicity of

about 46 nm.
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Figure 4. SFM phase images of PS339-P4VP;30(L2)o.75 on PTFE (scan size 6x6 umz
in 4096x4096 lines), PTFE-lines, respectively. The arrow indicates the rubbing
direction. Insert shows a 2D FFT of a 20x20 um?” images.

7.3.4. GISAXS and GIWAXS

(18 and

Grazing-incidence wide and small angle X-ray scattering (GIWAXS
GISAXS!" was performed on films (about 40 nm thick) of PS330-P4 VP 30(L2)o.7s at
beamline BW4 at HASYLAB (Hamburg, Germany).*” Both an unoriented sample
and a sample aligned by PTFE were probed. In the latter case the X-ray beam was
either parallel or perpendicular to the alignment direction (long direction of the PTFE
fibers). The 2D GISAXS data and line cuts are shown in Figure 5 in the two
directions parallel and perpendicular to the preferred long axis. The simplest feature is
the peak corresponding to 41-43 nm, the block copolymer lamellar period (compare to
about 45 nm from SFM). At larger angles we find two x-ray peaks/features at g-
values corresponding to 3.4 and 4.4 nm, respectively. As both values occur
simultaneously in the unaligned samples, none of them can originate from PTFE. The
length of the L2 ligand in a fully stretched conformation is about 1.8 nm. Hence, the
first dimension is close to the length of a free ligand dimer (about 3.6 nm). The
second dimension of 4.4 nm can be attributed to a double layer of two ligands
attached in opposite directions to the P2VP chain. Indeed at the relevant 0.75 average
complexation, free ligands can be expected to form a dynamic equilibrium with

21, 22

ligands bound to the polymer.*" **! Smectic demixing (without macroscopic phase

separation) has been proposed earlier to explain the X-ray features of another system
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with a hydrogen-bonded polymer with mesogenic side chains.'*’! In that case the two
proposed components are the combination of the polymer with bound mesogen and

the 'solvent' composed of the mesogens in the liquid state.
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Figure 5. Top: 2D GISAXS data of PS330-P4VP,30 (L2).75 for an unoriented sample
(a) and for oriented samples with the X-ray beam parallel (b) and perpendicular (c) to
the preferred PTFE direction, respectively. Bottom: Detector cuts (d) and out-of-plane
cuts (e). Curves with a bar, cross and circle symbols are for parallel PTFE orientation,

perpendicular PTFE orientation and unoriented, respectively.

Regarding the orientation of the ligand lamellae we note that in the aligned sample a
signal (corresponding to 4.4 nm, the smectic layer period) is only observed when the
X-ray beam is perpendicular to the preferred PTFE direction. From this observation
we can conclude to a rather simple structure, depicted in Figure 6 for a single block
period. Both the block lamellae and the smectic layers are perpendicular to the
substrate and mutually orthogonal. The origin of the ordering of the block copolymer
lamellae is due to the ligands that want to be parallel to the PTFE stripes. Such an
alignment of the ligands is very similar to the alignment of the nematic director to
grooves in the substrates of liquid-crystal displays.** ! This process in turn forces
the block lamellae to align azimutally.
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Figure 6. Model for the structure of PS330-P4VP30(L2)o.75s on a PTFE covered

substrate.

2 21 4 7 0
By (nm™)

Figure 7. (a) 2D GIWAXS data of an unoriented sample of PS330-P4VP130(L2)0.75. (b)

4

Corresponding slice-integrated over 80-100°.

To determine the internal structure of the ligand lamellae GIWAXS is used (see
Figure 7). For the unaligned sample the only feature is a broad ring with a maximum
corresponding to 0.47 nm. The lineshape can be represented by a Gaussian with a
FWHM of about 4 nm"'. However, the limited dynamic range and complicated
background do not allow much meaning to be assigned to this observation. Bulk
WAXS on the strongly related homopolymer (P2VP(L2), not shown) give a similar
strong broad ring at 0.46 nm. The obvious interpretation is a smectic-like structure
consisting of stacked liquid layers. In the GIWAXS pattern of aligned samples (either
with the X-ray beam parallel or perpendicular to the preferred direction, see
supporting information Figure S5) we still observe the broad ring. In addition a
multitude of discrete peaks is found that can be assigned to the underlying PTFE
structure by comparing with GIWAXS data for a pure friction-deposited PTFE film.!""

There is no evidence for crystallinity inside the smectic layers of the ligands.
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7.4. Conclusions.

We present a simple and convenient method to align block copolymer (bcp)
lamellae perpendicular to the air/substrate interface with additionally a long-range in-
plane orientational order. This is achieved by a combination of supramolecular liquid
crystalline (LC) ordering in the block copolymer complex and a PTFE thin layer
produced by the well-known friction-deposition techniques. Remarkably, the
thickness of the aligning PTFE layer is only ca. 4 nm while the block copolymer film
thickness is of about 100 nm. Wedge-shaped mesogens control the self-assembly of
the block copolymer rendering vertical orientation of the microdomains. In addition
the vertical lamellae orient parallel to the friction-deposited PTFE layer leading to
long-range lateral ordering. This technique has the advantages of simplicity as
compared to other approaches and creates new opportunities for manufacturing
nanoscopic device components. Additional asset is the easy introduction of
functionality by altering the structure of the ligand or by the selective disruption of
hydrogen bonds; all this provides unique possibilities for block copolymer

nanotechnology.

7.5. References

[1] J. C. Wittmann, P. Smith, Nature 1991, 352, 414.

[2] J. K. Kriiger, M. Prechtl, P. Smith, S. Meyer, J. C. Wittmann, J. Polym. Sci. .
B: Polym. Phys. 1992, 30, 1173.

[3] J. K. Kriiger, B. Heydt, C. Fischer, J. Baller, R. Jiménez, K. P. Bohn, B. Servet,
P. Galtier, M. Pavel, B. Ploss, M. Beghi, C. Bottani, Phys. Rev. B 1997, 55, 3497.

[4] A. M. van de Craats, N. Stutzmann, O. Bunk, M. M. Nielsen, M. Watson, K.
Miillen, H. D. Chanzy, H. Sirringhaus, R. H. Friend, 4dv. Mater. 2003, 15, 495.

[5] D. E. Hooks, T. Fritz, M. D. Ward, Adv. Mater. 2001, 13, 227.

[6] P. Dietz, P. K. Hansma, K. J. Ihn, F. Motamedi, P. Smith, J. Mater. Sci. 1993,
28, 1372.

[7] C.Y.Yang, Y. Yang, S. Hotta, Mol. Cryst. Lig. Cryst. 1995, 270, 113.

[8] J. Ruokolainen, R. Mikinen, M. Torkkeli, T. Mikel4, R. Serimaa, G. t. Brinke,
O. Ikkala, Science 1998, 280, 557.

[9] O. Ikkala, G. ten Brinke, Science 2002, 295, 2407.

[10] W.H.delJeu, Y. Séréro, M. Al-Hussein, Adv. Polym. Sci. 2006, 200, 71.
123



[11] I W.Hamley, Prog. Polym. Sci. 2009, 34, 1161.

[12] D. V. Anokhin, J. Lejnieks, A. Mourran, X. Zhu, H. Keul, M. Méoller, O.
Konovalov, N. Erina, D. A. Ivanov, ChemPhysChem 2012, 13, 1470.

[13] J. T. Korhonen, T. Verho, P. Rannou, O. Ikkala, Macromolecules 2010, 43,
1507.

[14] C. O. Osuji, C.-Y. Chao, C. K. Ober, E. L. Thomas, Macromolecules 2006, 39,
3114.

[15] K. Albrecht, A. Mourran, X. Zhu, T. Markkula, J. Groll, U. Beginn, W. H. de
Jeu, M. Moeller, Macromolecules 2008, 41, 1728.

[16] J. Wang, W. H. de Jeu, P. Miiller, M. Méller, A. Mourran, Macromolecules
2012, 45, 974.

[17] D. W. Breiby, T. I. Selling, O. Bunk, R. B. Nyberg, K. Norrman, M. M.
Nielsen, Macromolecules 2005, 38, 2383.

[18] J. Perlich, J. Rubeck, S. Botta, R. Gehrke, S. V. Roth, M. A. Ruderer, S. M.
Prams, M. Rawolle, Q. Zhong, V. Korstgens, P. Miiller-Buschbaum, Rev. Sci. Instrum.
2010, 81, 105105.

[19] P. Miiller-Buschbaum, Anal.Bioanal. Chem. 2003, 376, 3.

[20] S. V. Roth, R. D6hrmann, M. Dommach, M. Kuhlmann, I. Kroger, R. Gehrke,
H. Walter, C. Schroer, B. Lengeler, P. Miiller-Buschbaum, Rev. Sci. Instrum. 2006, 77,
085106.

[21] W.-T. Chuang, H.-S. Sheu, U. S. Jeng, H.-H. Wu, P.-D. Hong, J.-J. Lee, Chem.
Mater 2009, 21, 975.

[22] X. Zhu, U. Beginn, M. Mdller, R. I. Gearba, D. V. Anokhin, D. A. Ivanov, J.
Am. Chem. Soc. 2006, 128, 16928.

[23] M. Gopinadhan, E. S. Beach, P. T. Anastas, C. O. Osuji, Macromolecules
2010, 43, 6646.

[24] D. W. Berreman, Phys. Rev. Lett. 1972, 28, 1683.

[25] Y. Kawata, K. Takatoh, M. Hasegawa, M. Sakamoto, Lig. Cryst. 1994, 16,
1027.

[26] S. Mdssmer, Vol. PhD, University of Ulm, Ulm 1999.

[27] S. Ellinger, U. Ziener, U. Thewalt, K. Landfester, M. Moller, Chem. Mater.
2007, 19, 1070.

124



Chapter 8 Blue Light Emitted Thin Films from
Supramolecular Assembly of Oligothiophene/Poly (2-

vinylpyridine-b-ethylene oxide) Complex

8.1. Introduction

Oligothiophenes is an interesting family of functional materials because of its
outstanding physical and chemical properties.'! The well-established thiophene-
chemistry renders them versatile structures, and provides unique opportunities to tune
the properties in a wide range. Oligothiophenes can be used in organic light-emitting
diodes (OLEDs),* °! organic thin film transistors (OFETs),"" sensors, ® and
electrochromic devices,'”! which directly relate to the transverse n-n coupling between
neighbouring thiophene rings. The challenges are their strong tendency to crystallize
and the dewetting in thin films, which are problematic for the applications, where
uniform films are required. One important issue for the real applications like
optoelectronics is the proper controlling the ordering of the oligothiophene molecules

(10, 11} effectively transport

and the orientation of the microdomains in thin films.
the charges between the microdomains and the electrodes, the vertical orientation of
the microdomains is preferential.!'” Most important, the geometry of the device has
drastic impact on the performance of the device. For example, for the organic
photovoltaic’s (OPVs), after photo-excitation and charge separation the electrons and
holes are transported back to the appropriate electrodes. The accepting and donating
domains have strict geometrical requirements: the periodicity of the interface between
the donor-acceptor must be prevalent (~10 nm), in addition, the donor and acceptor
domains must form continues pathways to the electrodes."” ' Such kind of ~10 nm
pattern is also crucial for high performance OLEDs, which reduce the charge injection
barriers and quenching at the electrodes."! However, it is difficult to obtain 10 nm
length scale pattern with conventional lithographic technology but is possible with the
self-assembly of the block copolymer.!' Block copolymer bearing two or more

incompatible blocks can form well-defined versatile microdomains (e.g. sphere,
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cylinder, lamellae), with typical size about tens of nanometers."* The rod-coil block
copolymer are indeed well known to self assemble into highly ordered nanostructures

[14-16

with lateral periodicity of 1-10 nm. ] The vertical orientation of the microdomains

517181 heutralization of the

is successfully achieved by applying of external fields,'
surface energy,'"” and liquid crystalline (LC) field.”*"
Supramolecular approach in block copolymers pioneered by Ikkala and his

21-231 §5 used to control the lateral ordering of the microphase separation and

coworkers!
the orientation of the microdomains in thin films.***” In this approach, the small
molecular mesogens are grafted to the polymer backbone via secondary interaction
(i.e. hydrogen bond, ionic interaction, metal ligation), form comb-coil block
copolymers. The addition of the small molecular mesogen changes the conformation
of the polymer backbone™ and increases the volume ratio of the complex part. Thus,
the morphology transitions of the block copolymer complex occur. The comb-coil
complex forms well defined microstructures similar to that of coil-coil block
copolymer. The small molecular mesogens order into smectic structure inside one of
the domains, form hierarchical structure-within-structure morphology (typical size 1-
10 nm). This type of LC field can be used to manipulate the orientation of the
microdomain in thin films. The LC filed generated by smectic ordering of the
mesogen takes place with layers orthogonal to the block interfaces, allowing effortless
alignment of the block copolymer microstructure, e.g. cylinder or lamellae

25, 28, 29

perpendicular to the air/substrate interfaces.! ! This concept can be extended to

control the self-assembly of the semiconductor molecules into nanostructures in the

thin films. The benefit of this approach is that it circumvents the difficulties

[31]

associated with the synthesis of monodispersed conjugated block copolymers™ ' and

tailing of the properties without synthesizing new block copolymers. Recently this

approach has been employed in the literature to control the ordering of the rod-coil

33] BY In both cases,

[34]

block copolymer®* and coil-coil block copolymer,

nanostructured thin films can be obtained. Xu and co-workers attached a
quarterthiophene to the side chain of poly (4-vinylpyridine) via hydrogen bonding
between pyridine group and hydroxyl group on one side of the quarterthiophene,
which acts as p-type semiconductors in field-effect transistors. In thin films, the
quaterthiophenes complex assembles into microdomains with tens of nanometers in

size, oriented normal to the surface. Such nanostructured thin films exhibit the same
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motilities as that of the quaterthiophene mesogen (1074 cm?/(V+s)). Compared with the
complex between coil-coil block copolymer and normal mesogen (i.e. 3-
pentadecylphenol, PDP)** 2> ! or surfactant (dodecylbenzenesulfonic acid,
DBSA)*®! limited attention had been paid to this field”*>* and less is known about
the complex of the block copolymer/semiconductive molecules, although, this
supramolecular approach is a promising method for the fabrication of functional
nanostructured organic semiconductor thin films.

The present work is focused on the nanostructure formation and optical properties
of the block copolymer/oligothiophene complex in thin films. Similar to previous

81 a fully miscible block copolymer poly (2-vinylpyridine-b-ethylene oxide)

study,!
(P2VP-PEO) is used. A new asymmetric oligothiophene molecule is synthesized
(Scheme 1, denoted as R,-2T-COOH), it has bithiophene as core. One side of the
molecule is substituted with a branched 2-octyldodecyl group and the other side with
a carboxylic group, which proves the hydrogen bonding with pyridine. The reason
why we chose the branched 2-octyldodecyl group is based on the previous publication:
introducing of 2-octyldodecyl into the oligothiophenes give good solubility oligomers
with up to seven thiophene rings and had a great impact on the packing properties of
the molecules in bulk and thin film.”*! It renders the oligomers good properties for
monolayer formation and very good mobility in monolayer (1072 cm?(V's)). In
addition, the bulky alkyl tail is hydrophobic, which is incompatible with PEO and will
enhance the separation strength of the blocks after complexation. Structure-within-
structure with different morphologies are observed by combination of scanning force
microscope (SFM) and X-ray reflectivity (XRR). The optical properties of the thin
films are investigated with the UV-Vis spectrometer and fluorescence spectrometer.
As complementary, the bulk structure of the complex is also investigated by wide

angle X-ray scattering (WAXS) and polarized optical microscope (POM).
g y g ( p p p

8.2. Experimental section.

8.2.1. Materials.
P2VP homopolymer with an M,, of 37500 and PDI of 1.07 was purchased from
Sigma-Aldrich. P2VP-PEO block copolymer with a monomer ratio of 180/560 and a

PDI of 1.06 was synthesized by sequential anionic polymerization described
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elsewhere.”®! The ligand R,-2T-COOH (Scheme 1) was prepared in lab. Silicon
wafers (100) were purchased from Si-Mat GmbH (Germany), and optical polished
quartz was supplied by Heraeus Quarzglas GmbH (Germany). All of the solvents used
were analytical grades and purchased from VWR GmbH (Germany).

8.2.2. Sample Preparation.

The preparation of the complex is similar to the literature.” In general, P2VP-PEO
block copolymer or P2VP homopolymer and R,-2T-COOH were dissolved into
chloroform, stirred in the dark overnight, and dried by using a rotor evaporator under
reduced pressure. The solid was collected and re-dissolved into chloroform, and
filtrated with a 0.2 um PTFE syringe filter. The final concentration of the solutions
was controlled to 0.5 wt% and stored in brown GC vials. The complex was denoted as
P2VP(R,-2T-COOH),-PEO or P2VP(R,-2T-COOH), for the block copolymer and
homopolymer, respectively, x was the molar ratio between carboxylic group and
pyridine group. Thin films were prepared by spin casting (Convac 1001S, Germany)
of the solutions onto freshly cleaned silicon wafer at a speed of 2000 rpm for 30 s,
resultant in a film thickness of 40 nm (ellipsometry, MM-SPEL-VIS, OMT GmbH,
Germany). Before spin coating the silicon wafer was cleaned by sonication in
isopropanol for 5 min, dried with air stream, and activated in UV/O, for 12 min.
Thermal annealing of the films was performed under vacuum (2x10mbar) at 60°C
for 2 days. After thermal annealing, the films were allowed to cool down to ambient
temperature slowly. This temperature was chosen because both of the PEO and
P2VP(R,-2T-COOH), were molten, and had enough mobility for reorganization to
reach thermal dynamic stable state, and this temperature was also not too high to
destroyed the hydrogen bonding between carboxylic group and pyridine group, and
prevented the possible degradation of the ligand. Thin films used for optical
properties were prepared on the quartz substrates and went through the same

treatment as those on the silicon wafer.

8.2.3. Characterizations.
IR spectra (resolution of 4 cm™) were recorded by using a Nicolet NEXUS 670

Fourier Transform IR spectrometer. Samples were prepared by drying several droplets
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of 0.5wt% solution onto KBr plates at room temperature. For each spectrum more
than 200 scans were averaged to enhance the signal to noise ratio. DSC measurements
were performed on a Netsch DSC 404 instrument purged with N, stream. For each
measurement, ~5 mg of sample was sealed in an aluminum pan using an identical pan
as a reference. Both of the samples were heated to isotropic temperature and kept at
that temperature for 2 minutes to erase the thermal history, after that the sample was
cooled and reheated with a rate of 10 °C/min. Polarized Optical Microscopy (POM)
was done on a Carl Zeiss Axioplan 2 imaging polarizing microscope equipped with a
Mettler Toledo FP82HT hot stage connected to a Mettler Toledo FP90 processor. The
micrographs were recorded with a Carl Zeiss AxioCam MRc digital camera. The
Small Angle and Wider Angle X-Ray scattering experiments were done on a powder
diffractometer (STADI MP vertical from STOE, Darmstadt, Germany) with focusing
Ge-monochromator (Johann-type) PSD and cobalt anode. The experiments were
performed on powder samples under transmission geometry. The morphology of the
complex thin film was investigated by a tapping model SFM (NanoScope V, Digital
Instruments Veeco Instruments Santa Barbara, CA) under different temperature. The
temperature was controlled with a hot stage controlled by a MMHTRS High
Temperature Heater Controller (Digital Instruments, Veeco Instruments, Santa
Barnara, CA). Commercial available standard silicon cantilevers (PPP-SEIH-W from
Nanosensors) with a spring constant of 42 N/m and an oscillation frequency of ~320
kHz were used. The data were processed by using NanoScope software Analysis,
version 1.10. XRR was performed at JCNS-2 and PGI-4, Forschungszentrum Jiilich
using a D8 Advance X-ray reflectometer from Bruker AXS (Karlsruhe, Germany). A
Cu X-ray tube with a line source (focal spot 12x0.04 mm?) provided Cu K, radiation
with 4=0.1542 nm. A parabolic graded multilayer system (Gobel mirror) converted
the divergent beam into an almost parallel beam (divergence <0.03°) and suppressed
the Cu Kj radiation. The scattering plane was vertical and the sample remained
horizontal. After reflection at the sample stage the intensity was collected by a Nal
scintillation detector. The intensity was measured as a function of the scattering
vector ¢ = (4n/A)sinf, in which 20 was the scattering angle. The latter was fixed at
twice the incident angle 6, which sets g along the film normal. The measured intensity
was corrected for the footprint of the X-ray beam, which overflows the sample below

6=0.8°. The data were analysed using an iterative matrix formalism derived from the

129



Fresnel equations. Three parameters were allowed to vary during the fit: the thickness,
the electron density, and surface roughness. The thickness, electron density, and
roughness of native SiO, were predetermined and they were fixed for all of the fits.
Absorption spectra of the complex, both in solution and thin films were measured
with a JASCO V-610 UV-Vis Spectrometer (JASCO GmbH, Germany). The
concentration was 10” mmolL™. Fluorescence emission spectra in both of solution
and thin films were measured with a FLUROMAX-4P Spectrometer (HORIBA Jobin
Yvon GmbH), The spectra were excited at the wavelength of the respective UV/Vis
absorption maxima. The quantum yield of the complex thin films was measured on

the same machine with an integral sphere method under transmission model.

8.3. Results and discussions.

8.3.1. Complex formation.

The selective interaction between the carboxylic acid of the ligand and pyridine
units of P2VP is first investigated using FTIR. Figure 1 presents the spectra of
P2VP(R,-2T-COOH),-PEO in the region of 1550-1800 cm™. In this region, P2VP has
a distinct absorption band at 1589 cm™, corresponding to the stretching vibration of
free pyridine ring, and the free ligand has a main absorption band at 1649 cm™ and a
shoulder at 1658 cm™, which can be assigned to the dimmerized carboxylic group in
the pure ligand. Two peaks mean that two situations of the hydrogen bonding
formation in the pure ligand.*®! After mixing of the ligand with block copolymer, the
positions of the pyridine and carboxylic group bands change: the one at 1589cm’™
(pyridine) shifts to 1601cm™. Two bands from carboxylic group disappear and a new
broad band with a maxima of 1696cm™ appear, indicating that the dimmerization
between the ligand molecules is destroyed and dominated by the interaction between
the carboxylic group of the ligand and pyridine rings of P2VP.”® The position of the
complexed pyridine indicates that the interaction is mainly hydrogen bonding.!*” **!
Interestingly, the peak area at 1589cm™ decreases, and correspondently the peak area
at 1601cm™ increases gradually with increasing of the molar ratio between carboxylic
acid group and pyridine ring. However, the band at 1589cm™ does not disappear even
at the theoretical stoichiometric point, indicating that the real degree of complexation

(x’) deviates from the theoretical degree of complexation (x). The overlapped peaks
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can be separated by peak deconvolution. The areas of the two peaks under 1589 and
1601cm™ are obtained by fitting the experimental data with Gaussian function. Insert
of the Figure la shows the result of x=0.25 as an example. As it can be seen, the fit
fits the experimental data very well. The real degree of complexation (x’) can be
estimated using Eq. 7.1:5*!
x'= Ao (7.1)
Arsor+ 22 Lisso

1601
where A and o are the peak areas and absorption coefficients at respective
wavenumber. It is found that the hydrogen bonding formed between the carboxylic
group and pyridine rings of P2VP does not change the absorption coefficient

significantly. Therefore asgo/a1601 almost equals to 1.8

The real degree of
complexation (x’) estimated from Eq 7.1 is shown in Figure 1b. The x’ starts to
deviate from the x significantly at x=0.75, and a saturation of the degree of
complexation is estimated to be around x’=0.7. The saturation of x’ can be explained
as following. Despite the exact value of the ligand volume is not known, the closest
ligand distance can be estimated from the closed methyl group of the alkyl tails. The

3% therefore the minimal distance

van der Waals radius of methyl group is ca.0.2 nm,
between two ligands is ca.0.4nm, since it has two tails. The distance between two
consecutive pyridine units in the P2VP chain cannot exceed 0.25nm at the most
extended trans planar zigzag conformation.*” When the ligand is mixed with the
block copolymer, the selectively interaction between carboxylic acid group of the
ligand and the pyridine units of P2VP drives the ligand to the P2VP domain. At the
low degree of complexation, the density of the ligand along the P2VP backbone is
low, therefore the space is enough for all of the ligands attaching to that of the P2VP
backbone. The steric hindrance between the ligand can be avoided by stretching of the
P2VP backbone. However, at the high degree of complexation the situation is severe,
the space is not enough to let all of the ligands to attach to the backbone even when
the P2VP backbone is fully stretched and the ligands take up side and down
conformation in the smectic layers. Previously it has been found that the strong ionic
interaction can drive all of the ligands to the polymer backbone. **%*!! In case, the
ligand is not too bulky, such as AOT, which also has one branch tail, the smectic

ordering is kept, and mostly the ligand takes the conformation of upside and down.!*!
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If the ligand is too bulky (i.e. wedged shaped molecules) then it has to arrange around
the polymer backbone, forming columnar phase at high degree of protanation.!* *"
The same observation is reported by Ikkala’s group and Chuang et al., for small
molecules surfactant'* and a wedged shaped molecule!?!, respectively, where the

hydrogen bonding is involved, and the saturation concentration is about 0.7 in both

cases.
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Figure 1. (a) FTIR spectra of P2VP(R,-2T-COOH),-PEO in the region of 1550-
1800cm™, and (b) theoretical degree of complexation (x) vs. the real degree of
complexation (x’), the inserts show the peak deconvolution result of x=0.25 as an

example, the open circles is the experimental data and the red line is the fitting.

The status of the free ligand in the block copolymer is crucial for the structure
formation of the complex, either they dissolve in the block copolymer domain
together with the bonded ligand, or precipitate and crystallize inside the block
copolymer domain by themselves. These two situations can be discerned from the
position of absorption band of the carbonyl group of the ligand. Lacking of the bands
at 1649cm™ and 1658cm™ indicates that the ligands are in the dissolved state. In the

following discussion, the values of theoretical degree of complexation x is used.

8.3.2. Bulk structure.

The bulk structure of the pure ligand and complex are investigated with POM and
WAXS. Figure 2 and Table 1 present the results of the WAXS patterns of P2VP(R,-
2T-COOH),-PEO. In comparison, the results from the complex of P2VP

homopolymer are also listed in the Table 1. The corresponding WAXS patterns are
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shown in the support information (S.I. Figure S1a). The ligand shows lots of sharp
peaks in both of small and wide angle region, indicating that it is crystalline at room
temperature. The long period calculated from the most intensive peak at low angle
region is d=2.28nm, with a possible second ordering at d=1.14nm. The ratio between
the first and second ordering peaks is 1:2, indicating a possible layer structure in the
crystals. The length of the R,-2T-COOH in the fully stretched conformation is 1.8nm
(MM2, ChemOffice). Therefore, the length of the dimmer is about 3.6nm, which is
larger than the long period. It is reasonable to deduce that the ligand molecules tilt in
the bulk. However, it is very difficult to estimate the tilting angle accurately without
careful molecular simulation.

In general, the organization of the ligand in both of homopolymer and block
copolymers is similar, here we focus on the block copolymer complex. The structure
changes after complexation. All of the sharp peaks from the crystallization disappear
and a new broader peak located at lower angle region appears in all of the
compositions, indicating the formation of the liquid crystalline phase. In addition, a
small shoulder peak is also observed, if one checks the patterns carefully. The faint
second ordering peak means the low degree of ordering. The ratio between the first
two peaks is 1:2, indicating the formation of the smectic layer structure in the
complex. The d spacing of the first ordering peak is larger than that of the pure ligand,
indicating that the P2VP chain penetrates into the middle of the ligand layer and
swollen the double layer structures. The limited dependence of d on x means that the
stretch effect of the ligand is very limited. It is very difficult to discern the type of the
smectic ordering with the present 1D WAXS data. However, based on the primary
molecular modelling we can deduce that most probably a Smctic C structure forms
after complexation: the length of the P2VP segment is about 0.4nm (MM2), and the
length of hydrogen bond between carboxylic acid group and pyridine is about

0.3nm,**!

therefore the thickness of the double layer when the P2VP is fully stretched
conformation is about 4.2nm, which is larger than the measured thickness, therefore
the ligand must tilt in the complex. The formation of the Smectic C phase in the block
copolymer complex is proved by POM, from which schlieren texture with four arm
brushes is observed (S.I. Figure S1b).

The first ordering peak is fitted with both of Gaussian and Lorentzian function and

the latter gives better results. Interestingly, the smallest FWHM (largest domain size)
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is obtained in the lowest degree of complexation, which is not expected. This can be
explained by the existing of the free ligand in the samples with higher x, which has
strong tendency to crystallize and disturb the LC ordering. In an extreme case, the
crystallization of the ligand is observed in the P2VP homopolymer at x=1.0, and the
FWHM is almost one order of magnitude higher than x=0.25.
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Figure 2. WAXS patterns of P2VP(R,-2T-COOH),-PEO at room temperature.

Table 1. The parameters obtained from WAXS

P2VP(R,-2T-COOH), P2VP(R,-2T-COOH),-PEO
X ¥ y PEO/nm
d/mm  FWHM/mm~ d)ynm dynm d;/nm FWHM/nm d>/nm
0.25 3.66 0.0023 1.80 0.46 3.66 0.0028 1.74
0.50 3.35 0.0037 1.72 0.46 3.66 0.0034 1.64 0.46/0.38
1.0 3.34 0.0153 1.72 0.46 3.47 0.0043 1.70

The PEO crystallizes at room temperature in all of the compositions. Two main
peaks are observed at d=0.46 and 0.38nm, indicating that it crystallizes into a

monoclinic lattice. They can be assigned to the 120 reflection (at 0.46nm) and the

overlaid 132, 032, 112, 2 12, 124, 2 04, 004 reflections (at 0.38nm), respectively.*’!
The crystallinity of the PEO changes with x: at lowest x (0.25), the two main peaks
are sharp. Additional peaks from other reflections of the monoclinic lattice are
observed, meaning that the crystallinity of PEO is high. Increasing of x (0.5 and 1.0)
leads to decrease of the intensity of the reflections. The additional reflections

disappear, indicating that the crystallinity is decreased. However, the overlaying of
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the reflections from PEO and the reflection from the lateral ordering of the ligand
prevent the peak deconvolution. Therefore, it is difficult to determine the crystallinity

of PEO accurately.

8.3.3. Morphology of thin films.
The morphology of the thin films before and after thermal annealing was

investigated by using of SFM. Similar to the situation of our previous publications,**

*II the alkyl tail of the ligand preferentially wets the surface of the thin films. Due to
its lowest surface energy compared to that of PEO and P2VP, a thin layer exists at the
surface and blocks the direct observation of the morphology with SFM in the soft
tapping made. Thus, the hard cantilever (force constant ~42N/m) is used and hard
tapping mode is employed. In this situation, the tip can penetrate the thin layer and

resolve the morphology of the complex beneath.

8.3.3.1. x=0.25 and 0.33.

Figure 3 shows the morphology of the P2VP(R,-2T-COOH),-PEO at x=0.25. As
showed before, this block copolymer is miscible and only crystal of PEO was
resolved by SFM.*! After incorporating of small amount of the ligand into this block
copolymer (x=0.25), the PEO still crystallizes in the thin film, preventing the
observation of the morphology at room temperature (Figure 3a). Heating the thin film
above the melting point of the PEO helps to observe the microphase separation of the
block copolymer, as shown in Figure 3b and c. Nanostructure is resolved at 65°C on
both of the topography and phase images. However, the contrast is low on the phase
image, which can be ascribed to the reason that both of the PEO and P2VP(R,-2T-
COOH)) 15 are molten at this temperature, and the interaction between the tip and the
different blocks is similar. On both of the images, the worm-like structure and dots
like structure together with some feature-less areas are observed. Such kind of
structure lacks of long rang order, only a very broad peak is observed on the PSD
curve, which is very difficult to decide the periodicity of the structure. After thermal
annealing, the structure does not change too much, but the long range ordering of the
structure is improved, on PSD curve a sharp peak is observed, meaning that this
structure has a periodicity of 42nm. It is very difficult to assign this morphology

without further support information. The weight ratio of P2VP(R,-2T-COOH)y s
135



(denoted as fcomp) 1s 0.62, therefore it might be that the dots like structure is the PEO
cylinder oriented perpendicular to the surface and the worm like structure is the PEO
laying parallel to that of the surface. In addition, there is no feature related to the self-
assembly of the P2VP(R,-2T-COOH),s, from which the layer like structure is
expected. The morphology of the thin films at x=0.33 is very similar to that of Figure
3d and e (results not shown here). The difference between them is the long range
ordering of the nanostructure is enhanced, even at as cast film a sharp peak is
observed on PSD. The periodicity of the nanostructure is 45 and 43 nm before and

after thermal annealing, respectively.
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Figure 3. Morphology of P2VP(R,-2T-COOH), 25-PEO thin films: (a) topography, as

cast, at room temperature; (b) topography and (c) phase images of (a) at 65°C; (d)
topography and (e) phase images of (a) annealed at 60°C for 2 days and heated to
65°C; scan size 3><3;,Lm2; the right images of (c) and (e) were the PSD curves of them.

Another important issue is the crystallization of PEO in the thin film. It crystallizes

easily at room temperature from both solution casting and melt after long time
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annealing. Even though the PEO is the minor phase in this complex, this is in strong
comparison to the pure block copolymer. It is found that the crystallization of PEO
can be suppressed totally during cooling from the melt when the weight fraction of
PEO is less than 60%."%! This can be explained as following: the ligand enhances the
microphase separation because it has bulky alkyl tail, which is hydrophobic and
immiscible with PEO, at low degree of complexation. The strength of microphase
separation between P2VP(R,-2T-COOH)(,s and PEO can be low, since the graft
density of the ligand on the P2VP backbone is low. Therefore the ligand liberates the
PEO from the dilution of P2VP. In addition, although we do not know the LC
transition temperature of the complex at this composition, we can expect that there is
no big difference between the transition temperature at x=0.25 and 1.0, and therefore
the LC structure forms at room temperature. The ordering of the LC blcok and the
crystallization of PEO happen at the same temperature region. The strength of
microphase separation is not sufficient, therefore the nanoconfinement effects from
the microphase separation is not strong enough to suppress the crystallization. Thus,
PEO crystallizes freely at room temperature. This situation is similar to the so called
“soft confinement” effect. *”! The long range ordering of the microphase separation at

these two compositions is poor.

8.3.3.2. x=0.50 and 0.75.

Figure 4 presents the thin film morphology of P2VP(R,-2T-COOH), 50-PEO before
and after thermal annealing. At this degree of complexation, the weight ratio of the
P2VP(R,-2T-COOH)y 50 is 0.72. When the complex is casted from chloroform
solution, the microstructure from phase separation of the two blocks is already well
developed. The contrast on the phase image is clear, indicating that the crystallization
of the PEO is suppressed. A morphology of dots embedded in a continues matrix is
observed on both of the topography and phase images. Such structure can be assigned
to cylinder morphology perpendicular to that of the silicon surface. For some areas
elongated structure is also visible, which can be ascribed to that of the coalesce of
cylinders. The periodicity of the cylinder is 53nm. Another feature which can be seen
on the topography image is the fluctuation of the height. The cross-section of the
topography image shows that the fluctuation is the ill defined layer structure. The
height is about 1.8nm (bottom of Figure 4a), which is close to the half of the bulk
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period of the smectic layer. We believe that this feature comes from the organization
of the P2VP(R,-2T-COOH)j so.

Thermal annealing does not change the morphology too much, still the cylinder
morphology with perpendicular orientation together with some elongated domains are
resolved by SFM, and the periodicity of the microstructure is slightly reduced, which
is 49nm after annealing. The organization of the P2VP(R,-2T-COOH)y s is better
than that of before annealing. The topography image shows layer structure. The height
of the layer is about 1.8nm, similar to the one before annealing. Most interesting thing
is the contrast of the phase image after annealing. Now the contrast is very strong and
it is reverse to that of the before annealing. The PEO domain is black (Figure 4d)
instead of white (Figure 4b), indicating that the PEO domain is softer than that of
P2VP(R,-2T-COOH)y 50 at room temperature. At room temperature the P2VP(R,-2T-
COOH) 50 i1s in the mesogenic state. The softer properties of the PEO domains
indicate that PEO is amorphous or with very low crystallinity after thermal annealing.
The average size of the cylinder domains is similar before and after thermal annealing,
which is about 19nm. Therefore the confinement effect from the microphase
separation is similar. The only explanation is that the crystallization processes from
solvent casting and molten state are two different processes. During spin coating, a
transition of disordered state (solution) to ordered state (thin film) happens. The
solvent renders more mobility to the PEO, and the ill-defined microphase separation
structure during the process cannot suppress the crystallization totally. Therefore the
PEO can crystallize somewhat during the process. The crystallinity of the PEO
depends on the competition between the speed of disorder-ordered transition and the
crystallization kinetics of the PEO. However after thermal annealing, the cylinder
structure is well defined, when the PEO is cooled down from the melt, the cylinder
provides strong nanoconfinement towards to the crystallization, which suppresses the
crystallization mostly. It has been shown that the 2D confinement from the cylinder is
efficient to suppress the crystallization. Amorphous PEO is possible at room
temperature with this geometry in PS-PEO,**! PB-PEO™"! and a side chain liquid

1591 in bulk. This conclusion is supported by the

crystalline-PEO block copolymers
DSC in the powder samples. A melting of PEO is observed on the first heating run
after the sample is dried from chloroform, but it is difficult for PEO to crystallizes at

room temperature cooling from the melt with phase separation structure (the cooling

138



curve in Figure S2), only a very small peak at 19.3°C is visible, and the crystallization
mainly happens at -18.7°C. This indicates that not only the glassy polymer (e.g.
polystyrene) can provide the nanoconfinement environment, but also the hierarchical
ordering of supramolecular block copolymer complex can do the same. By
incorporating of the ligand into the block copolymer, the LC field is introduced,
which can not only control the orientation of the microdomain in thin film, but also
tune the crystallization of PEO. As showed in this paper, this method is more versatile,
different confinement environments can be introduced by changing the degree of
complexation. For example, the “soft confinement” effect is obtained in x=0.25 and

0.33, then it shifted to “hard confinement” at x=0.5.
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Figure 4. Morphology of P2VP(R,-2T-COOH), 50-PEO thin films: (a) topography
and (b) phase images of as cast film at room temperature; (c¢) topography and (d)

phase images of (a) films annealed at 60°C for 2 days; scan size 3x3um’.
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At x=0.75, the morphology (results not shown here) is similar to that of at x=0.5, a
cylinder of PEO vertically oriented to that of surface is observed. The periodicity of
the cylinder are 47nm and 49nm before and after thermal annealing, respectively. The
layer structure comes from the organization of the P2VP(R,-2T-COOH)y7s is
observed, the height of such layer is 1.8nm, half of the bulk period. The main
difference is the crystallization of PEO, the contrast of the phase images is strong in
both of as cast and annealed thin films, and the PEO is softer than that of the
P2VP(R,-2T-COOH), 75, indicating that the crystallization of the PEO is fully
suppressed, which can be ascribed to the stronger confinement from the P2VP(R,-2T-
COOH) 75, since its weight ratio increases to 0.78: less PEO in the cylinder domains
reduces the chance of nucleation further, and therefore suppresses the crystallization

more.
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Figure 5. Morphology of P2VP(R,-2T-COOH); ,-PEO thin films: (a) topography and
(b) phase images of as cast film at room temperature; (c) topography and (d) phase

images of (a) films annealed at 60°C for 2 days; scan size 3x3um’.

8.3.3.3. x=1.0.
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In this composition the weight ratio of P2VP(R,-2T-COOH), o is 0.81, morphology
of pure cylinder of amorphous PEO embedded inside the P2VP(R,-2T-COOH),
matrix is observed, and the cylinder orients vertically to that of the surface(Figure 5),
the periodicity of the cylinder are 43 and 44 nm before and after annealing,
respectively, which is slightly smaller than that of x=0.5 and 0.75. The organization of
the P2VP(R,-2T-COOH),, is more pronounced in this composition. On the
topography images for both of before and after thermal annealing terrace with defined
height (1.9nm) is observed (Figure 5a and c), the value is slightly larger than the
previous case. We know that there is free ligand inside the thin films from the FTIR,
but no feature corresponding to that of macrophase separation between the block
copolymer and free ligand is observed from both of the topography and phase images,
indicating that the free ligand dissolved in the P2VP(R,-2T-COOH), o domains in the

molecular state.

8.3.4. XRR investigations.

The XRR is used to determine the possible layer structure stacked along the normal
of the films. Figure 6 shows two XRR curves for two representative situations at
x=0.25 (Figure 6a) and x=1.0 (Figure 6b) after thermal annealing. The Kiessig fringes
at low g-values correspond to the total film thickness which is similar for both
samples: 429A for x=0.25 and 390A for x=1.0. At x=0.25 (Figure 6a), the solid line is
the fit of the experimental data with a three-layer model leading to the density profile
shown in the insert and the result is listed in Table 2. The key parameters are an
ordered top and bottom layer of high density and a homogenous middle layer. In this
model, the well ordered bottom layer is crucial to fit the change in slope of the
reflectivity curve around ¢=0.2-0.25 A", the top layer is not important for the fitting
of the slope change but it improves the quality of the fit for most of the fringes. Most
importantly, replacing the homogeneous middle layer by a stack of layers of
alternating density (smectic period) decreases the quality of the fit, especially at the
region ¢=0.2-0.25 A™'. Hence, we conclude that no evidence for smectic layers
parallel to the substrate is found in this film. The thickness of the bottom layer is
14.4A, which can be assigned to the monolayer of predominantly P2VP(R,-2T-
COOH)y 25 is forced to be ordered on the silicon surface, with polar parts contacting

Si0; and alkyl tails oriented towards the bulk of the sample. The thickness of the
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bottom and top layer are commensurate with or half of the bulk smectic period,

respectively. Films with x=0.33 has the similar situation and the result is not shown

here.
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Figure 6. XRR intensity plotted as function of the scattering vector ¢ (A)" of
P2VP(R,-2T-COOH),-PEO: (a) x=0.25 and (b) x=1.0. The inset was the density
profiles in A plotted as a function of film thickness A in the direction normal to the

sample surface.

Table 2. Structural details inferred from the fit of XRR data of film of P2VP(R,-2T-
COOH),,5-PEO.

Model Thickness/ A Roughness/ A Electric density/ A~
Top layer 38.9 17.4 6.8x10
Middle layer 376 14.8 75x10°
Bottom layer 14.4 33 1.6x1 O-5
Si0; 29 2.6 1.85x107

At the higher degree of complexation (x>0.33), the situation is somewhat different
from that of the low degree of complexation. The slope changes at around ¢=0.2-
0.3A'1, which is similar to that of low degree of complexation, however, the details of
the slope change is different. For low degree of complexation (e.g. x=0.25), the slope
changes at this region slowly, and the XRR curve is flatten after this area. However,
the change of the slope for x=1.0 is drastically and some details is visible at this

region. Afterwards, the Kiessig fringes are visible again, indicating that there is a
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Bragg peak corresponding to a periodicity of about 34 A presented in this sample
(Figure 6b). Therefore, the model is replaced by a top layer, the alternative smectic
layer, and the bottom absorption layers. The fit is given the Figure 6b (solid line), and
the variation of the electron density along the samples normal is shown in the insert.
The quality of the fit is moderated. The full model requires an absorbed bottom layer,
eleven smectic layers parallel to the substrate, and a top layer. The results are listed in
Table 3. The smectic layer period is 34A, close to the bulk value, corresponding to the
double layer of the ligand plus the P2VP chain in the middle. The small variation of
the electron density for the smectic layers comes from the electron density difference
between the thiophene plus P2VP (higher) and alkyl tail (lower). The thickness of the
alky tail is 20.1A, close to the thickness of the double layer (23A)"*! indicates that the
alkyl tail packed parallel in the thin films. The thickness of the top layer is 15.84,
which is the single alkyl tail in this model. It is thicker than that of the alkyl tail inside
the thin film, and the electron density is slightly higher, indicating a denser alkyl tail
on the surface. The situation of the bottom layer in this model is different. It is not
important for the fitting, just slightly improves the quality of the fitting. It is very thin
but with highest electron density, indicating that the absorption layer is extreme dense
and the interaction between the bottom layer and the silicon wafer is very strong. The

situation of x=0.5 and 0.75 are similar and the results are not shown here.

Table 3. Structural details inferred from the fit of XRR data of film of P2VP(R,-2T-

COOH), o-PEO.
Model Thickness/ A Roughness/ A  Electric density/ A™
Top layer 15.8 0.001 4.3x10°
Smectic Bithiophene 13.9 3.3 6.9x10°°
layer Alkyl 20.1 3.9 6.5x10°°
Bottom layer 0.51 54 1.4x107
Si0, 29 2.6 1.85x10”

8.3.5. Optical Properties.
The absorption and emission properties of the P2VP(R,-2T-COOH),-PEO in both
of the solution and thin films are measured, Figure 7 shows some of the spectra, and

Table 4 summarizes the results from Figure 7. The absorption peak position and
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emission spectra of the thin films are similar before. After thermal annealing, the only
change is the intensity of the photoluminescence. As we expected, the intensity
decreases after thermal annealing, because of the ordering of the P2VP(R,-2T-
COOH), is better. In the solution, R,-2T-COOH shows a single absorption peak at
wavelength of 347nm, coming from the bi-thiophene rings and corresponding to the
band gap transition derived from the lowest 7-z " molecular transition. In the thin film
state, it shows vibronic fine structure with two absorption peaks with the maximum at
the wavelength of 374nm. Compared with that of the single molecular state in
solution, the maxima of the absorption red shifts by 44=27nm. This is an indication
that the bi-thiophene core is packed into J aggregates. This is also supported by the
PL spectra. In the solution, it has an emission peak at 418nm, and the
photoluminescence is not quenched totally in the thin film, still an emission peak at
509nm is observed. However, the intensity is 1-2 orders of magnitude lower than that
of the single molecular state, meaning that the thiophene core has some organizations
in the thin film. The HOMO-LUMO energy gaps (E4q,) are determined from the onset
of the long-wavelength absorption part, and the results are shown in Table 4. As can
be seen, in thin film the Eg,, is smaller than that of the solution, proving that the
thiophene core is ordered in the thin film.

The presence of the block copolymer has limited effects on the adsorption and
emission properties of the ligand in solution. The complex has two absorption peaks

in the UV region. The weak one is at wavelength of about 260nm,>"’

coming from the
m-7 transition of the pyridine ring, and the absorption maxima appears at 345nm,
originating from the 7-7_ transition of the bithiophene core. The peak position is close
to that of the pure ligand. The HOMO-LUMO energy gap Eg,, is also very closed to
that of the single molecular state of the pure ligand, and the peak position and Eg,,
does not change with the degree of complexation (x). In addition, the absorption
increases with the increased degree of complexation (x), but it shows some kind of
saturation at higher x. Similar trend is observed from the emission spectra. All of the
complexes have the same emission maxima at 418nm, which is the same like the
single molecular state of the pure ligand. The intensity of the spectra saturates at
higher x, although more thiophene rings present in the higher x. The results of the

absorption and emission of the complexes indicate that the ligand has some ordering

in the solution, which reflects the structure of the ligand in thin films. It is proved by
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FTIR that the ligand attaches to the pyridine with hydrogen bonding, in the solution
this interaction still exists between the carboxylic acid group and pyridine, although it
is weaken by chloroform. The chloroform is a good solvent for both of the P2VP and
ligand, in the diluted solution the P2VP chain takes the conformation of the random
coil, because of the hydrogen bonding interaction between the carboxylic group and
pyridine, the ligand is absorbed to the surrounding of this random coil and forms
some ordered structure, most probably the conformation of “ligand surrounded
random coil morphology” exists in the solution, but the distance between the each bi-
thiophene core is still far away from each other to let them have conjugation
interaction. This can explain the quenching of the PL at higher degree of
complexation. At higher x, more ligand presents in the solution and attaches to the
surrounding of the P2VP backbone. Such kind of ordered structure leads the
transformation of the energy from one thiophene core to other easier, which quenches

(301 ordered structures are

the photoluminescence. From a previous publication,
observed in the solution of the complex of P2VP with complex 4-[3,4,5-
tris(dodecyloxy) benzoyloxy]| azobenzene-4-sulfonic acid or 4- [3,4,5-tris (octyloxy)
benzoyloxy] azobenzene-4- sulfonic acid via ionic interaction, in that case, the ionic
interaction between the ligand and P2VP or P4VP is so strong that well-ordered
structure presents in the solution, and the conformation can be changed from “ligand-
surrounded random coils” at lower degree of complexation into a true cylinder-shaped
complex at high degree of protonation in the solution.

In the thin films, interestingly the absorption and emission maxima are the same to
that of the solution, indicating that the molecular aggregation state of the ligand in the
thin films is similar to that of the solution. On the absorption curves, two absorption
peaks at 263 and 344nm are observed, originated from the z-7 transition of pyridine
and bi-thiophene core, respectively. In addition, The Eg,, is somewhat smaller than
that of the solution, indicating that the ordering of the bi-thiophene core is slightly
better in the thin films than that of the solution. The emission spectra of the complex
have only one maximum at about 420nm, which is again similar to that of the solution.
However, the PL intensity of the complex is 1-2 orders of magnitude lower than that
of the solution state. The intensity decreases with increasing of x. At low degree of
complexation (e.g. x=0.25), the thin film has the highest intensity, and the

photoluminescence is almost quenched by 2 order of magnitude at x=0.5 and 1.0.
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From the results of SFM and XRR, we know that at lower x, the ordering of the
P2VP(R,-2T-COOH); is poor, no clear evidence of the presence of smectic ordering is
observed, however, when the x reach 0.5, more ordered smectic structure forms, such

kind of structure change might response to the change of the PL intensity.
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Figure 7. Optical of properties of the P2VP(R,-2T-COOH),-PEO in (a) chloroform
solution and (b) thin films annealed at 60°C for 2 days; the solid lines and dot lines

were the absorption and photoluminences spectra, respectively.

Table 4. The optical absorption maxima (A.ss), fluorescence emission maxima (Azx)

and energy gap (Eg,p) of P2VP(R,-2T-COOH),-PEO

Aabs /M Arp/nm EqipleV
¥ Solution Films Solution Films Solution Films
Ligand 347 374, 404 418 509 3.13 2.76
0.25 345 344 418 417 3.18 3.11
0.5 345 344 418 420 3.18 3.11
1.0 345 345 418 420 3.18 3.11

For the application of the P2VP(R,-2T-COOH),-PEO thin films as the blue light
emitter, the quantum yield (Q.Y.) of the thin films are measured. Q.Y. reflects the light
emission efficiency of the thin films illuminated by a particular wavelength, which is

extremely important for the applications such as OLED. Here only the results of the
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thin films after annealing are reported, since it reflects more about the thermal
dynamic stable state of the thin films nanostructure. The Q.Y. of the pure ligand in
thin film is about 0.7%, complexation of the ligand with the P2VP-PEO increases the
Q.Y. somewhat, and it varies with the x slightly, the highest value is 1.2% at x=0.75,
which is 70% higher than that of the pure ligand state. The change of the Q.Y. with x
can be divided to three regions, corresponding to different organization state of the
P2VP(R,-2T-COOH), in thin film.When x <0.33 where no evidence of smectic
ordering of P2VP(R,-2T-COOH),, the Q.Y. decreases with increasing x. When x is
between 0.5 and 0.75, smectic ordering is observed. The Q.Y. increases with x, and
the maximum value is obtained in this region at x=0.75. Further increasing of x to 1.0
does not change the smectic ordering of the P2VP(R,-2T-COOH),. However, some
free ligands are present and they dissolve in the P2VP(R,-2T-COOH), domain. In this

situation the Q.Y. decreases, and the value is close to that of the pure ligand state.

8.4. Conclusions.

In the present study we report new asymmetric oligothiophene molecules with bi-
thiophene as a core, which is substituted by carboxylic group and a branced alky tail
on a and ® position, respectively. It crystallizes and no liquid crystalline phase is
observed. The carboxylic group works as active group and it forms hydrogen bond
with pyridine rings in the block copolymer of the P2VP-PEO. Thus, it provides the
chance to tune the structure of both the ligand and block copolymer microphase
separation, and introducing photoluminescence as functionality of the thin films. It is
shown that the complexation induces formation of the liquid crystalline phase of the
ligand. The structure depends on the degree of complexation. At high degree of
complexation, the smectic ordering parallel to the surface is observed by both of XRR
and SFM, but the structure is not clear at low degree of complexation in thin films.
The complexation enhances the strength of the phase separation between P2VP and
PEO. The parallel orientation of the smectic layer leads to effortless controlling of
vertical orientation of the microstructure.

Most interestingly, the crystallization of the PEO in thin films can be tuned by the
complexation. Depending on the degree of complexation, different hierarchical
ordering presents in the thin films and the nanoconfinement changes with the

hierarchical ordering. When x <0.33, the “soft confinement” effects is observed, the
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ligand liberates the PEO and let it crystallize freely, in spite of the PEO is minor
phase. At the higher x value, when the morphology of “PEO cylinders in LC matrix”
is observed, the crystallization of PEO is difficult in the cylinder domains and much
larger undercooling is necessary for the crystallization. At room temperature the
amorphous PEO cylinder domains with vertical orientation can be obtained with this
method, which is very interesting for some application like solid state electrochemical
devices.

The optical properties of the complexes are discussed in both of the solution and
thin films. The ligand alone shows a J aggregate behaviour, but it organizes to similar
structure in both of the solution and thin film when it complexes with the block
copolymer, although different structure is resolved by the SFM and XRR.
Complexation also increases the efficiency of the light emission illuminated by a
particular wavelength. The increase of the Q.Y. by 70% related to the pure ligand state
in thin films is reported. The research provides a practical way for tuning the optical
properties by using of the hierarchical ordering as a tool, which might provide another

solution for high efficiency optical-electric devices.
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Chapter 9 Morphological Investigation of Unique Onion-

type Smectic Polymersome from Supramolecular Approach

9.1. Introduction.

It is well known that the natural phospholipids have the ability to self-assemble into
vesicular structures (known also liposomes), in which the membranes are composed
of bilayer of the corresponding phospholipids (Scheme 1a).l"! The morphology of the
self-assembled objects is defined by the packing parameter: vesicular structure forms
when the packing parameter is between 0.5 and 1. This molecularly thin membrane

] leading to poorly controlled membrane

manifests itself a dynamic softness,
properties. Amphiphilic block copolymers have the same characters as phospholipids:
they form vesicles when the ratio of hydrophilic to total mass is about 35+10%."! The
model of block copolymer vesicles is shown in Scheme 1b: the hydrophobic blocks
folds and ties in the wall, while the hydrophilic block swell in the water, providing
large steric hindrance and stabilizing the vesicles.*® Introducing of the liquid
crystalline ordering (LC phase) to the hydrophobic block may change the self-
assemble behaviour in water. The distinct LC ordering on the wall leads to high
bilayer stiffness and high surface tensions, therefore giant vesicles form
spontaneously.l”! The benefits of the LC ordering include more stabilization of the
vesicles and highest ordering in membrane; the possible defects can self-heal because
of the LC field.”! LC vesicles can be obtained from different type of LC block

copolymers (e.g. main chain LC block copolymers,"™ side chain block copolymers?-

10, 13, 16]

1y and different topologic structures! within similar range of

hydrophilic/total mass ratio of 18~33%.!"% %1% A5 shown in Scheme lc, this type of
vesicle has the alternative packing of LC mesogen inside the wall, with the backbone
perpendicular while the direction of the mesogen parallel to the surface of the wall.

Interestingly the shape of the well order smectic vesicles (smecticsomes) shows

1tel

sharp-edged!"* or ellipsoidal*® morphology, which is believed to be the comprise

between the smectic ordering and the stiffness of polymer backbone.

Until now most of the vesicles made from block copolymers are unilamellae,'* '* '

1) the hydrated hydrophilic blocks generates long range steric repulsion, preventing a

153



dense multilayer structure.!"®! The onion type vesicles with closed packed layers are
ubiquitous for low molecular weight surfactant.!'”**! This type vesicle can be found
in block copolymer only when the steric repulsion is overcame by introducing of
strong interaction.”!! However the wall of the vesicles is still made from the
alternative packing of hydrophobic/hydrophilic layers and the situation is still similar

to Scheme 1b.

I

wug}-¢ ~p

wuQoL-04 ~p
wugo}-04 ~P

L~ 10-100nm

(a) (b) (c) (d)
Scheme 1. Structure of the different type of vesicles: (a) liposomes; vesicles from (b)
coil-coil block copolymers and (c) side chain liquid crystalline block copolymers; (d)

onion type smectic vesicles.

The real challenge is how to prepare the vesicles shown in Scheme 1d: the polymer
backbone on the wall orients parallel to the wall surface and contact with water
directly, the hydrophobic pedant side group packs and forms bilayer structure, the
alternative organization of parallel polymer backbone and side group composes the
wall of the vesicles. Actually this situation is very similar to that of the small
molecular surfactant, the repulsion with each other is very small, and therefore the
close pack of the bilayers is possible and forming the onion type vesicles. Another
hydrophilic block has to follow the conformation change of the hydrophobic block, it
is not the corona of the vesicles shown in Scheme 1b and ¢, but embedding inside the

wall. Depending on the aggregation number of the hydrophilic chain, it either forms
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disordered structures on the wall (in the situation of unilamellar vesicles) or well-
defined microphase separation structure (in the multilamellar vesicles).

In this paper, we provide a tailed way for the preparation of the onion type vesicles
from block copolymers with structure illustrated in Scheme 1d. The block copolymer
used is poly(2-vynyl pyridine-b-ethyl oxide) (P2VP-PEO), and the small molecular
mesogens graft to the P2VP via secondary interaction: ionic interaction between
sulfonic acid/pyridine, or hydrogen bonding between carboxylic acid/pyridine. By
choosing of hydrophilic P2VP backbone, the parallel orientation of the chain is
possible, and the complexation enhances the hydrophilicity of P2VP. The
hydrophobic tail of the ligand behaves like the small molecular surfactant, which can
form close packed structure. The PEO block is also hydrophilic and microphase
separated from the P2VP/ligand complex. The vesicle is prepared by using a phase
transfer method, which provides giant vesicles in the thermal dynamic stable state.
The morphology of the vesicles is investigated by Cryo-electron microscope and

optical microscope.

9.2. Experimental sections.

9.2.1. Materials.

4
Scheme 2. Chemical structure of the ligands.
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Three block copolymers P2VP;g0-PEOsq (PDI=1.18, numbers denote the degree of
polymerization), P2VP;s50-PEOssy (PDI=1.18), and P2VP,,7-PEO;s4 (PDI=1.18) are
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prepared by living anionic polymerization and the details is published elsewhere./*”

The ligands are three wedge-shaped molecules and one thiophene oligomers with bi-
thiophene core. The structure of the ligands is shown in Scheme 2, and the preparation
of the ligand is reported elsewhere.”>**1 All of the solvents used are analytical pure

grade and purchased from VWR GmbH (Germany).

9.2.2. Preparation of the vesicles.

The preparation of the block copolymer/ligand complex is reported elsewhere. The
complexes are identified as P2VP,(L)x-PEO,, n, L, x and m are the degree of
polymerization of PEO, the name of the ligand, degree of complexation and the
degree of polymerization of P2VP, respectively.*” The vesicles are prepared by using
a phase transfer method and the procedure is outlined in Scheme 3: 0.5ml of the block
copolymer/ligand complex solution (0.5wt%) was filled into a glass vessel and Sml of
MilliQ water was added into the same vessel immediately. The phase separation
happens between the organic phase and the water phase, and the organic phase stays
on the bottom of the vessel (below the water) because of the high density of the
chloroform (1.48g cm™). About 1h later a gel like layer forms between the water
phase and organic phase but each phase is still transparent, because of the slow
evaporation of the solvent and amphiphilic nature of the block copolymer complex,
the hydrophilic PEO contacts with water and is swollen by the water, and the
hydrophobic LC block contacts with the chloroform. The glass vessel is stored in a
dark hood, and the organic solvent is left to evaporate for long time without any
disturbance, and the block copolymer complex will be transferred to the water phase
slowly with the evaporation of the chloroform, after all of the organic solvent is
evaporated, two phases is obtained: the up part semitransparent solution with some of
the giant vesicles and the bottom white precipitation which is the sediment giant
vesicles, they can be redispersed into the water phase easily if one shakes the vessel.
The typical time range for this process is about 4 weeks, within such a long time
range there is enough time to let the block copolymer to reorganize and reach the

thermal dynamic stable state.
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Scheme 3. General procedures for the preparation of vesicles by phase transfer

method.

9.2.3. Characterization of the vesicles.

Cryo-TEM and Cryo-STEM were performed on a Philips CM 120 operated at 80
kV and Hitachi S-4800 Field Emission Scanning Electron Microscope at 30kV,
respectively. The samples were prepared by putting a drop of the vesicles solutions on
copper grid coated with hole-carbon film. The over excesses solution was absorbed by
filter paper. The grid was dropped into the liquid nitrogen and transferred to the
machine carefully to minimize the effects of the humidity. Cryo-FESEM was
performed on the Hitachi S-4800 equipped with a Gatan Cryo-stage. For the sample
preparation a drop of the solution was loaded into the copper holder, after that the
holder together with solution was dropped into the liquid nitrogen to freeze the
sample as fast as possible, after that the sample was transferred into the sample
preparation stage under vacuum, and the sample was freeze-fractured by a knife in the
vacuum, this freshly prepared surface was used for the observation, then the sample
was transferred to the work stage. In order to enhance the contrast, the samples were
sublimated under -90°C on the work stage for about 2min. The FESEM experiments
were performed under 1 kV without any metal coating. The differential interferential
contrast (DIC) optical microscopy was performed on a Zeiss Axioplan optical
microscope in reflection model, coupled with a Zeiss Axiocam digital camera (Carl

Zeiss Microlmaging GmbH).
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9.3. Results.

9.3.1. The pyridine salts of the ligand (L-Py).

Before we go to the morphology of the block copolymer/ligand complex vesicles,
we investigate the self-assembly of the monomer of the LC block, which is the
corresponding pyridine salt of the ligand. The pyridine salts of ligand 1, 2, 4 and 5 do
not form any visible structure in water, they precipitate after the evaporation of the
organic solvent. Only the 3-Py forms polydispersed giant vesicles (Figure 1), the size
of the vesicles vary between 2-120pum, and most of them are in the range of 20-40um.
Two types of the vesicular structure are visible: the unilamellar giant vesicles and the

giant vesicle-in-vesicle (multi-vesicle) structure.

Figure 1. The optical microscopic image of 3-Py in water.

9.3.2. Morphology of P2VP;50 (1)x-PEOss.

Figure 2 shows the typical morphology of fractured giant vesicles in ice. As can be
seen, at low degree of complexation, i.e. x=0.25 (the weight ratio of PEO wpgo is
0.41), two morphologies are observed: unilamellar giant vesicles with a typically
diameter of ca. 30-50um (Figure 2a), and multi-vesicles structure (Figure 2b). The
multi-vesicles structure is composed of giant vesicles with smaller size (1-2 pum)
encapsulated into one giant vesicle. Deep morphology investigation of the
encapsulated giant vesicles reveals that they have complex internal structures: the
normal unilamellar giant vesicles with similar morphology as that of Figure 2a but
smaller size (results not shown here), and multilamellar (or onion type) vesicles
(Figure 2c). The wall of onion type vesicles is composed of dense packed layer
structures, Figure 2c shows one of the onion type vesicles as an example, 8 layers

with similar wall thickness are clearly visible, limited by the resolution of the
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technique, the layer thickness is not clear yet. When the degree of complexation is
increased to 0.50 (wpgp=0.31), the situation is very similar to that of x=0.25: the
unilamellar vesicles co-exist with multilamellar vesicles, but the multilamellar
vesicles dominate the structure, in most cases, the onion type vesicles are obtained.
The structure of the unilamellar vesicles (pictures not shown here) is same as that of
x=0.25. The morphology of the onion type vesicles are more defined, dense packed
layer structure is observed from the outside to the centre of the vesicles (Figure 2d
and e), between the layers small nanostructure with size of ca. 50nm is observed
(Figure 2e), which is the self assemble of swollen PEO chains inside the wall of the
vesicles. Further increase of degree of complexation suppresses the formation of the

vesicles, only precipitation at the bottom of the vials is observed.

Figure 2. Cryo-FESEM micrographs of P2VP50(1)x-PEOsso: (a) x=0.25,
unilamellar vesicles; (b) x=0.25, multi-vesicles;.(c) multilamellar vesicles, black box

in (b); (d) x=0.50, multilamellar vesicles; and (e) enlarge view of the wall of (d).
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9.3.3. MOI‘phOlOgy of PZVP150(2)X-PEO55().

Figure 3. Cryo-FESEM micrographs of P2VP;50(2)x-PEOsso: (a) x=0.33,
unilamellar vesicles; (b) x=0.75, multilamellar vesicles; (c) enlarge view of (b); and (d)

x=0.75, Cryo-STEM image.

When the head of the 1 is modified with alanine, although the interaction between
the P2VP and ligand is not changed, which is still the hydrogen bonding, the self-
assembly behaviour can be different from that of 1 because of extra hydrogen bonding
between ligand is introduced. Figure 3 shows the typical morphology of P2VP;5¢(2)«-
PEOsso in water with different degree of complexation. In all cases, the unilamellar
vesicles co-exist with the onion type vesicles. The size of the unilamellar vesicles is
about 30um (Figure 3a), which is very close to that of the 1, and they dominate the
structure at low degree of complexation (x=0.25 and 0.33). When the degree of
complexation is increased to 0.50 or 0.75, the onion type vesicles dominate the
structure. As showed in Figure 3 b and c, the wall of the onion type vesicles are
composed of closed packed layers, at least 11 layers with uniformed thickness are
resolved by FESEM, between layers the protruded structures are observed, and on
some areas where the wall are parallel to the fractured surface the dots like structure
with a size of about 50nm is also observed, which can be assigned to the self assemble
of PEO in the wall of the vesicles. Such kind of microphase separation structure on
the wall of the vesicle is proved by Cryo-STEM, a morphology of white dots structure

embedded in the continues phase is observed (Figure 3d), the size of the white dots
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like structure is about 50nm. This structure can be assigned to the PEO phase, since it

is swollen in the water therefore the density is smaller than that of the P2VP;50(2)¢.75.

9.3.4. Morphology of P2VP,,7(2)x-PEOzsa.

The effect of the composition of the P2VP-PEO block copolymer is also considered.
Figure 4 shows the morphology of P2VP,7(2)s-PEO;s4 self assembled in water. As
can be seen, when x=0.25 (wpgo=0.14) the morphology is dominated by the onion
type vesicles (Figure 4a), and the size of these giant vesicles is about 5-10um. On the
wall of the onion type vesicles multi-layers adhere densely to each other, between the
close packed layers dot-like structure is observed, which can be the microphase phase
separation of PEO on the wall of the vesicle. Increasing of the degree of complexation

leads to precipitation only.

Figure 4. Cryo-FESEM micrographs of P2VP2,7(2)x-PEOzs4: (a) x=0.25,

multilamellar vesicles; and (b) enlarge view of (a).

9.3.5. Morphology of P2VP30(3)x-PEOsg0.

Figure 5 shows the morphology of onion type vesicles from another wedge-shaped
mesogen, which has sulfonic acid as the head. The interaction between the mesogen
and P2VP backbone is changed to ionic interaction between sulfonic acid/pyridine via
proton transfer. The morphology of this complex family in thin films has been
reported.”” The morphology and the orientation of the microdomains structure is
controlled by the degree of protonation. The wedge-shaped molecule forms smectic
layers parallel to the substrate interface while the block copolymer microdomains, i.e.
PEO lamellae or cylinders, are normal to the smectic plane. When it is self assembled
in water, the structure depends on the degree of protonation: they form giant vesicles

(when x<0.5) or precipitation (when x=1.0). Figure 5 shows x=0.25 as an example.
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The size distribution of the giant vesicles is very broad, which varies from several
micrometers to ~100um (Figure 5a). The freezing-fractured FESEM image shows the
multi-lamellar structure of this vesicle. On the wall the smectic structure parallel to
the wall is clearly visible, which are the clear evidence of the formation of the onion

type vesicles depicted in Scheme 1d.

Figure 5. Morphology of P2VP1g0(3)0.25-PEOse in water: (a) optical microscope
micrograph; (b) Cryo-FESEM micrograph; and (¢) Cryo-TEM micrograph.

However, until now all of the evidences for the formation of unique onion type
vesicles shown in scheme 1d are the close packing of the wall and the microphase
separation of the PEO on the wall. Cryo-TEM provides direct evidence of the
structure of the wall. As shown in Figure 5c, both of unilamellar and multilamellar
vesicles present in the solution. The remarkable feature is that the thickness of the
wall of the unilamellar vesicles is only 5nm, which agrees very well with the
thickness of smectic layer consisting bilayer of the mesogen and P2VP backbone
(5.6nm) in the solid state. If one checks the contrast of the Cryo-TEM micrograph
carefully one can find that the variation of the dark and gray contrast on the wall, the
dark contrast always appears on the water/wall interface and the body of the wall is
gray, such kind of contrast originates from the contrast between hydrocarbon and
sulphur, sulphur has slight higher electron density therefore it is dark, this directly
proves that protonated P2VP are hydrophilic and it exposures to the water phase. In
addition in the multilamellar vesicles variation of the dark and gray contrasts with a
period of about 5nm is observed, proving that the multilamellar wall comes from the

close packing of the smectic layers in a similar way to that of in the solid state.[***"]
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9.3.6. Morphology of P2VP5y(4)x-PEOsep and P2VP55(5)x-PEOsg0.

Two normal mesogens with carboxylic acid as head and thiophene rings as core are
chosen as ligands, and the self-assembly behaviour of their complex with P2VP-PEO
are investigated. The mesogen 4 forms stable complex with P2VP via hydrogen
bonding in the solid state, while the complex of 5 are not stable for long time in the
solid state at room temperature because of the strong tendency of the crystallization of
5. However the structure formed in the solution is stable, no unexpected precipitation
and structure change are observed during the investigation period (2-3 months),
indicating that the interaction between carboxylic acid and pyridine is strong enough
to prevent the crystallization of 5 in the vesicles. The self-assembly behaviour of the
P2VP30(4)x-PEOse 1s investigated. The complex of 4 forms smectic phase at room
temperature, and the morphology in the thin films and the orientation of the
microdomains are controlled by the degree of complexation. (Chap. 8)

Depends on the degree of complexation, different morphologies form: for 4, giant
vesicles form with phase transfer method when x<0.5, while for 5, until x=0.75 giant
vesicles form but with some yellow precipitation in the bottom of the vial. FTIR
results show that the saturated degree of complexation are between 0.5-0.75 and 0.33,
for 4 and 5, respectively (support information, Figure S1). Therefore the yellow
precipitation is assigned to the crystallization of free 5 after the evaporation of the
chloroform. Figure 6 shows the typical morphology of the giant vesicles from 4 and 5.
The size distribution of the giant vesicles are broad, it varies between 1-100um.
Different from that of mesogen 1 - 3, the morphology of the giant vesicles forms in 4
and 5 is dominated by unilamellar vesicles, mutil-vesicles, and occasionally
concentric vesicles. Another interesting feature is the shape of the vesicles. In the
cases of 1 - 3, the shapes of the vesicles are always round, the wall of the vesicles is
fluffy, which deform with the water flow stream during the optical microscope
observation. In the 4 and 5, the wall is robust, no deformation is observed with the
water flow stream. Some vesicles have the shaped edge (Figure 6a), which is similar
to the situation of smecticsomes reported by Li e al.'™ * '] This properties can be
ascribed to the presence of ordered liquid crystalline phase and stiff polymer

backbone as wall materials.['”]
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Figure 6. Morphology of P2VP,50(L)x-PEOs¢ in water: (a) 4, x=0.33 optical
microscope micrograph; CryoFESEM micrographs of (b) and (¢) 4, x=0.25; (d) 5,
x=0.33; and (e) 5, x=0.33, CryoSTEM.

Cryo-FESEM technique proves the observation of the optical microscope. The
unilamellar vesicles and multi-vesicles are clearly visible with this technique, and on
the wall there is no clear evidence of microphase separation. The buzzing situation is
from the concentric vesicles (Figure 6d), which is very close to that of multilamellar
vesicles (i.e. Figure 3¢ and Figure 4d). However, if we compare these two situations
carefully (Figure 6d and Figure 3c), two main difference can be found: (1) no
microphase separation on the wall (STEM image, Figure 6e¢), and (2) most
importantly the layers in the concentric vesicles are not close packed, and between
layers smaller vesicles (particles) are observed (Figure 6d). It is known that liquid

crystalline phase has a self-healing property,*

any defects like the curvature
generated by impurity (particle) will be eliminated by self-healing, leading to a wall
with perfect ordering. In the present case, big particles observed between different
layers, which can generate huge defects to the ordering of liquid crystalline phase, the

presence of structure similar to that of Figure 5c will prevent the formation of the
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particles between smectic layers. Therefore we can exclude the formation of onion
type vesicles from these two mesogens, and mostly they generate the smecticsomes

similar to Li’s situation (Scheme Ic).

9.5. Discussions.

Now we discuss the reason for the formation of unique onion type vesicles. As
shown in Figure 7, in a wide range of hydrophilic block ratio (wpgo~0.17-0.42),
vesicles form in water with the phase transfer method, this range is slightly broader
than that of normal coil-coil block copolymers, where vesicles are found in the
hydrophilic block ratio of 0.25-0.45.1%) In addition, depending on the surface area per
PEO chain, different type of vesicles are found even in the same range of wpgo:
normal vesicles (Scheme 1c) at low surface area per PEO chain and unique onion type
vesicles (Scheme 1d) at high surface area per PEO chain, indicating that this new type

of vesicle may follow another formation mechanism.

o P2vP (D -PEO,,

NE 80 o P2vP _(2)-PEO,,
£ | onion type .. A P2VP,, (2, PEO,,
£ 704 ~ °° v P2VP_ (3),-PEO,
] N

% 60 - v . 4 P2VP (@), -PEO,
O 50 N o |:|‘ . * P2VP,(8),-PEO,,
L J; .

o404 .

(<)) . Y.

o 301 Sl N v ° .

5 R I oo

L 204 PR

@®© « T

Q 104 Normal type ——> xod

8 0 e <

@ 0.100.150.20 0.25 0.30 0.35 0.40 0.45

Weight ratio of PEO, w,__

Figure 7. Morphology mapping of vesicles formed from P2VP,(L)x-PEO,.

As shown above, the P2VP chain shows unique parallel orientation in the wall and
contacts with water directly, and the bulk side group pack closely to form the wall,
this situation is very similar to that of the phospholipids:!"! the hydrophilic head group
contact with water, and the hydrophobic tail forms the wall, the alternative packing of

the bilayer forms the onion type vesicles. P2VP is hydrophilic, and it can response to
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[27] [28

water vapour,~'' or even water soluble if it is protonated. ' In the present case, the
ligand is attached to the P2VP either with hydrogen bond between carboxyl
group/pyridine (1, 2, 4, 5) or proton transfer between sulfonic group/pyridine, both of
them increase the hydrophilicity of the P2VP chain, enhance the compatibility
between the P2VP and water. Another issue is that if the P2VP/ligand complex wants
to form similar structure shown in Scheme 1a, the size of the hydrophobic part (tail of
the ligand) relative to the hydrophilic part (the P2VP and the head of the ligand) must
fit a requirement: the value of v/al need to be between 0.5 and 1. In order to calculate
the value, the interfacial area value of 0.64nm’ is used for ligand of 1, 2 and 3, and
0.18nm” (estimated from the diameter of the thiophene) for 4 and 5, respectively, the
length of the hydrophobic part is calculate from the molecular length (MM2), and the
volume of the hydrophobic tail is estimated by an assumption of the density of 1g/cm’
for all of the ligand. The results are listed in Table 1. As can be seen, the wedge-
shaped ligands 1-3 show a value between 0.5 and 1, indicating that they can form
similar structure like liposomes, namely the alternative close packing of P2VP and
ligand bilayer structure. Indeed onion type vesicles can form from the complex of
wedge-shaped ligand/homopolymer poly (4-vynyl pyridine) (P4VP). The alternative

[29] In

assembles of the P4VP and mesogens generate the multilayer structure.
comparison, the normal ligands used in the present research have packing
parameter >1, indicating that they are too hydrophobic to form the structure similar to
that of the liposome (Scheme 1a), therefore they cannot form the unique onion type
vesicle (Schemeld) but only the smecticsome (Scheme 1c), and the LC ordering on

the wall leads to the formation of shaped wedge on the vesicles (Figure 6a).

Table 1. Packing parameters of the ligands

Ligand [/nm v/nm’ P
1 1.6 0.84 0.82
2 1.7 0.96 0.88
3 2.8 1.27 0.71
4 1.7 0.81 2.80
5 1.9 0.95 2.94
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Table 2. Summarization of the mass ratio of P2VP-PEO/ligand, x,, area per PEO

chain, and squared Flory radius R, depending on the degree of protonation.

Samples Molar ratiox, X /nm’ R F2 R Fz/ )
P2VP;50(2)0.25-PEOss 0.027 24 238 10
P2VP;50(2)0.33-PEOss 0.020 32 238 7
P2VPi50(2)0.50-PEOsso 0.013 49 238 5
P2VP;50(2)0.75-PEOss0 0.009 71 238 3
P2VP2,7(2)0.25-PEO;s4 0.017 29 94 3
P2VPi50(4)0.25-PEOse0 0.022 8 243 30
P2VPi30(4)033-PEOse 0.017 10 243 24

Another point is the role of PEO in the formation of onion type vesicle and the
origin of microphase separation of PEO on the wall. Based on the model (Scheme 1d)
and on the molecular dimension, one may estimate the surface area per PEO chain for
different degree of protonation with different ligand. This can be done by the way that
the area per PEO chain (X) on the monolayer surface is set by the molar ratio x, of
P2VP-P2VP/ ligand, where ~(az/x,) nm’, ag is a nominal area per ligand: 0.64nm’
for wedge-shaped molecules and 0.18 nm’ for the thiophene oligomers. Table 2
summarizes the results of ligand 2 and 4 as examples. For the wedge-shaped ligand 2,
when x=0.25 the surface area is 24 nm” per PEO chain, and it is increased to 49nm’
when x is increased to 0.50. By comparison, the cross section (squared Flory radius,
RFz) of swollen this PEO chain in dilute aqueous solution is RFZZ (aNpEOO'6)2=238 nm’
when ¢=0.35nm and Npgo=550. Thus the average area per PEO chain is significantly
reduced to less than that of the squared Flory radius, indicating that the chain
configuration of PEO is significantly restricted and it locates in the highly strength
region."™ Compared the situation of x=0.25 to that of 0.50, one can find that high
degree of complexation increases the average area per chain, therefore the constriction
is less and repulsion is weaker, as a consequence, the formation of onion type vesicle
is facilitated at high degree of complexation. This is proved by factors that in the
ligand 1, and 2 onion type vesicle dominate at high degree of complexation. Reducing
the degree of polymerzation of PEO chain also enhances the formation of the onion

type vesicles, actually almost all of the vesicles observed in P2VP2,7(2)25-PEO;s4 are
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onion type vesicle, and as shown in Table 2, the RFZ/ ¥ is significantly reduced to 3 at
x=0.25.

In comparison, the thiophene oligomer with branched tail 4 shows much low value
of area per PEO chain, indicating that the PEO chain is in more interactive region and
therefore the repulsion between the PEO chain are much higher. It is almost 3 times
larger than that of the wedge-shaped ligands at the similar degree of complexation
with similar composition of original block copolymer. If one compares the value of
R FZ/Z, this is another reason that onion type vesicle cannot form in these two ligands.

We interpret the in-plan structure of the PEO on the wall as the results of the
osmotic pressure that arises from the local surface density of the PEO chains. Indeed,
different conformation of the grafted polymer on a surface is discernible: (1)
“mushrooms” when the mean distance between the grafting sites is larger than the
polymer size Rp, (2) crossover region when the mean distance is comparable to Rp,
and (3) highly strength region if the mean distance is smaller than Rz.!"*! The situation
(2) 1s also called mushroom-to-brush transition and is commonly used to signify the
brush-like behaviour of the grafted polymer layer. The situation in the bilayer is
slightly different from that of the solid surface, limited number of polymer chain can
be grafted onto the bilayer because of: (1) the total repulsive interactions must equal
to the water-oil surface tension, and (2) the lateral pressures of tethered polymers are
a very sharply increasing function of the surface coverage and may lead to unstable
films, i.e., induced micelle formation.”” In the present case, the conformation of the
PEO chain is in the situation of (3), in which they strongly interact with each other
(Table 2), therefore the phase separation is expected. Similar to that of block
copolymer in the solid state, two situations are observed: (1) PEO shows disordered
structure on the wall, where no phase separation is observed by the present technology,
e.g., Figure 2a and Figure 3a, in these situations, unilarmellar vesicles are observed,
the number of PEO chain is too low to form well defined structure, which is similar to
the situation of block copolymer in extreme thin film; and (2) well order phase
separation structure, e.g. Figure 3c and d, in these cases multilamellar vesicles with
close packed wall structure is observed. This situation is quite similar to that of block

copolymer in thin films."*"
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9.5. Conclusions.

In the present paper the onion type vesicle is prepared by the phase transfer method
and the morphology of them are investigated in detail by using of Cryo-Electron
Microscope. The block copolymer is constructed by grafting of ligand to the P2VP via
secondary interaction: hydrogen bonding between carboxylic acid/pyridine and ionic
bond between sulfonic acid/pyridine groups. These two types of interaction are strong
enough to generate stable complex in water, and the structure of the vesicles depends
on the degree of complexation, the length of PEO chain, and the geometry of the
ligand. A unique onion type vesicle is obtained from the complex of P2VP-
PEO/wedg-shaped ligand in a wide composition region of PEO. The wall of the onion
type vesicle is made from alternative close packing of the P2VP and ligand bilayer,
where the hydrophilic P2VP backbone is parallel to the wall and contact with water.
The second block PEO forms well defined nanostructure on the wall when there are
enough PEO chains in multilamellar vesicle, or disordered structure in the unilamellar
vesicle. Actually the packing of the P2VP/wedge-shaped ligands is similar to that of
phospholipids in liposome, the packing parameter of the three wedge-shaped ligands
is between 0.7-0.9, which is predicted to forms vesicles. In comparison, the thiophene
oligomers cannot form similar onion type structure even when the weight ratio of
PEO locates in the same region as the wedge-shaped ligand, because of the packing
parameter is far away from 1, which prevents the formation of the vesicle structure
from the P2VP/ligand alone, indeed they form normal smecticsome in the water with

PEO as corona.
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Supporting Information I: Chapter 3 Structural and
electrical properties of asymmetrically substituted

sexithiophene monolayers

Experimental section

Materials. Solutions of n-butyllithium (#-BuLi) in hexane (2.5 mole L), 2-
bromothiophene, N-bromosuccinimide (Acros), 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane, [1,1’-bis(diphenylphosphino) ferrocene]dichloropalladium(II)
Pd(dppf)Cl, and fetrakis(triphenylphosphine) palladium(0) Pd(PPhs)s (Aldrich) were
used as received. THF and diethyl ether were dried by distillation over calcium
hydride followed by distillation over lithium aluminum hydride. DMF was dried by
distillation over BaO. Compound 3 and 5 were obtained as described in literature.!'-!

Characterizations. '"H NMR spectra were recorded on a Bruker WP-250 SY
spectrometer (250.13 MHz) using a signal of CDCl; (6 = 7.25) as the internal standard.
C NMR spectra were recorded on a Bruker Avance II 300 spectrometer at 75.48
MHz, while ''B NMR spectra were recorded on a Bruker Avance II 300 spectrometer
at 96.31 MHz. GPC analysis was carried out on a Shimadzu series 10-AVP System
(Japan), equipped with a RID-10A refractometer and an SPD-M10AVP diode array
matrix served as detectors, Phenomenex column (USA, 7.8x300 mm in size packed
with the Phenogel sorbent with the pore size 500 A) and THF as the eluent at 40 °C.
All reactions, if not otherwise stated, were carried out under an inert atmosphere and
in anhydrous solvents. The solvents were removed by evacuation (down to 1 Torr) on
heating to 40 °C.

Synthesis. Synthesis of compound 2 was carried out according to Scheme S1. As a
key step for this purpose a Suzuki reaction was chosen,™ which was proved to be
very effective for preparation of unsymmetrical oligothiophenes.'* * Therefore,
bromo-containing terthiophene derivative 4 and borolane-containing terthiophene
derivative 7 have been prepared and sed in eth Suzuki coupling reaction. Compound 3
was used as the first initial compound,'’ which was brominated with N-
bromosuccinimide in DMF solution in 91% isolated yield similar as described in
literature.'” Compound 5 was used as the second initial compound, which was
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lithiated by n-butyl lithium in THF-hexane, followed by reacting with the MgBr,-Et,0
complex, prepared in situ from magnesium and dibromoethane in diethyl ether. The
resulting magnesium derivative of compound 5 was used in Kumada coupling
reaction with 2-bromothiophene in THF using [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (Pd(dppf)CLy) as a catalyst
similar as described in the literature,”) to yield compound 6 in 71% reaction and 58%
isolated yield. Compound 6 was lithiated with n-butyl lithium in THF-hexane mixture
followed by the reaction of the monolithium derivative thus formed with 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (IPTMDOB) to give compound
7 in 98.5% isolated yield. Compounds 4 and 7 were reacted under the Suzuki
conditions using 2M aq. Na,COs as a base and toluene-ethanol mixture as a solvent
similar as described in the literature.”®! After 54 h of reflux compound 2 was obtained
in 88% reaction and 64% isolated yield. Purification of this and previous compounds

was made by column chromatography (eluent - toluene) and recrystallization in

toluene.
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Scheme S1. Synthesis of 6T-oligomer with an undecyl spacer and a 2-octyldodecyl

terminal group.

Compound 4. A solution of 3 (1.15 g, 2.17 mmol) in a mixture of 20 mL of toluene
and 10 mL of DMF was cooled to -10 °C. In dark, a solution of N-bromosuccinimide
(0.41 g, 2.28 mmol) in 8 mL of DMF was added dropwise during 10 min. After 10
min of stirring the cooling bath was removed and the reaction mixture was stirred at
22 °C for 12 h. The mixture was then poured into 200 mL of water and 300 mL of
diethyl ether. The organic layer was isolated, washed with water and dried over
sodium sulfate (referred to as the standard isolation below). After that the solvent was
removed and the mixture was dried under vacuum (1 mbar) to yield 1.28 g of the

crude product. It was purified by column chromatography on silica gel (eluent —
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toluene : hexane mixture 1:3 v/v) to give pure compound 4. Yield: 1.19 g (91%). 'H
NMR (CDCl;, 250 MHz, & ppm): 0.87 (t, 6H, J = 6.7 Hz, -CHj;), 1.17-1.38
(overlapped peaks with a max. at 1.25, 32H, -CH,-CH,-CH;-), 1.61 (m, 1H, -CH,-
CH(CHz),-), 2.72 (d, 2H, J = 6.7 Hz, -thiophene-CH>-), 6.65 (d, 1H, J = 3.7 Hz,
thiophene-H), 6.87 (d, 1H, J = 3.7 Hz, thiophene-H), 6.86-7.05 (overlapped peaks
with a max. at 6.97, 4H, thiophene-H). Found (%): C, 63.19; H, 7.81; S, 15.79; Br,
13.10. Calc. for C3;H47BrS;5 (%): C, 63.23; H, 7.79; S, 15.83; Br, 13.15.

Compound 6. THF (15 mL) was added dropwise to a 2.5 M solution (6.28 mL) of
n-BuLi in hexane (15.7 mmol), maintaining the temperature below -10 °C. Then a
solution of 5 (5.00 g, 15.7 mmol) in THF (15 mL) was added slowly, maintaining the
temperature in the interval from -10 to 0 °C, after that the reaction mixture was heated
up to 23 °C. An etheral solution of the complex of magnesium bromide with ether
(freshly prepared from magnesium (0.456 g, 19 mmol) and dibromoethane (3.24 g,
17.3 mmol) in 20 mL of anhydrous ether) was poured to the obtained lithium
derivative. The resultant Grignard reagent was added dropwise to a solution of the
Pd(dppf)Cl, catalyst (0.057 g, 0.078 mmol) and 2-bromothiophene (2.82 g, 17.3
mmol) in THF (10 mL) at 10 °C. After heating to ~20 °C, the reaction mixture was
stirred for 4 h. According to the GPC analysis, after the standard isolation the reaction
mixture contained 71% of the product, purification of which was carried out by
recrystallization in hexane. The yield of pure product was 3.65 g (58%). '"H NMR
(CDCl3, 250 MHz, 8, ppm): 1.24-1.45 (overlapped peaks with a max. at 1.28, 14H, -
CH-CH>-CH;-), 1.67 (m, 2H, J = 7.3 Hz, -thiophene-CH,-CH,-CH,-), 2.03 (dt, 2H, J;
= 7.3 Hz, J, = 6.7 Hz, =CH-CH,-CH,-), 2.77 (t, 2H, J = 7.3 Hz, -thiophene-CH>-),
4.89-5.03 (m, 2H, CH,=CH-), 5.73-5.89 (m, 1H, CH,=CH-), 6.67 (d, 1H, J = 3.7 Hz,
thiophene-H), 6.97 (d, 1H, J = 3.7 Hz, thiophene-H), 6.99 (d, 1H, J = 3.7 Hz,
thiophene-H), 7.00 (dd, 1 H, J; = 3.7 Hz, J, = 4.9 Hz, thiophene-H), 7.04 (d, 1H, J =
3.7 Hz, thiophene-H), 7.15 (dd, 1 H, J; = 3.7 Hz, J, = 1.2 Hz, thiophene-H), 7.19 (dd,
1 H, J; =4.9 Hz, J, = 1.2 Hz, thiophene-H). Found (%): C, 69.11; H, 7.12; S, 23.92.
Calc. for Ca3HasS3 (%): C, 68.95; H, 7.04; S, 24.01. >C NMR (CDCls, 75 MHz, 8,
ppm): 28.91, 29.04, 29.11, 29.32, 29.44, 29.46, 30.16, 31.57, 33.80, 114.10, 123.31,
123.44, 123.65, 124.21, 124.65, 124.79, 127.80, 134.42, 135.44, 136.78, 137.26,
139.21, 145.55.
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Compound 7. 2.16 mL of a 2.5 M solution of n-BuLi (5.4 mmol) in hexane was
added dropwise to a solution of 2.0 g (5.0 mmol) of compound 6 in 250 mL of THF,
maintaining the temperature in the interval from -70 to -78 °C. The reaction mixture
was stirred for 30 min at -78 °C, then the temperature was increased to 0 °C after that
it was cooled down again to -78 °C and 1.18 mL (5.8 mmol) of 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane was added. After stirring the mixture for 30 min at -
78 °C, the cooling bath was removed and the stirring continued for additional 1.5 h.
After the completion of the reaction, 200 mL of diethyl ether and 100 ml of ice water
containing 5 mL of 1 N HCI were added to the reaction mixture. The organic phase
was separated, washed several times with water until pH = 7, and dried over
anhydrous sodium sulfate, after which the solvent was removed. According to the
GPC analysis, the isolated mixture contained 91% of the product. After purification
by column chromatography using a 1:3 mixture of toluene—hexane as the eluent 2.59
g of the pure product was obtained (yield 98.5%). '"H NMR (CDCls, 250 MHz, §,
ppm): 1.23-1.43 (overlapped peaks with a max. at 1.34, 24H, - CH,-CH,-CH;-, O-C-
CH;3), 1.66 (m, 2H, J = 7.3 Hz, -thiophene-CH,-CH,-CH,-), 2.03 (dt, 2H, J;, = 7.3 Hz,
J, = 6.7 Hz, =CH-CH»-CH;,-), 2.77 (t, 2H, J = 7.3 Hz, -thiophene-CH>-), 4.89-5.03 (m,
2H, CH,=CH-), 5.73-5.89 (m, 1H, CH,=CH-), 6.67 (d, 1H, J = 3.7 Hz, thiophene-H),
6.97 (d, I1H,J=3.7 Hz, thiophene-H), 6.99 (d, 1H, J = 4.3 Hz, thiophene-H), 7.10
(d, 1H, J = 4.3 Hz, thiophene-H), 7.20 (d, 1H, J = 3.7 Hz, thiophene-H), 7.51 (d, 1H,
J = 3.7 Hz, thiophene-H). Found (%): C, 66.18; H, 7.51; S, 18.15, B, 2.11. Calc. for
Ca9H39BO,S; (%): C, 66.14; H, 7.46; S, 18.27, B, 2.05. *C NMR (CDCls, 75 MHz, 8,
ppm): 24.54, 24.72, 28.89, 29.03, 29.09, 29.30, 29.43, 29.45, 30.15, 30.90, 31.55,
33.79, 84.15, 114.09, 123.49, 123.59, 124.61, 124.83, 124.93, 134.31, 135.26, 137.46,
137.94, 139.20, 143.93, 145.75. ''B NMR (CDCls, 96.3 MHz, 8, ppm): -22.28.

Compound 2. 226 mg (0.194 mmol) of Pd(PPh;)s was placed in a reaction flask
under an inert atmosphere, then degassed solutions of 1.19 g (1.96 mmol) of
compound 4 and 1.24 g (2.35 mmol) of compound 7 in 70 mL of toluene, 2.1 mL of a
2 M solution of Na,COs, and 2.1 mL of ethanol were added; the reaction mixture was
heated to boiling. After 54 h of stirring under reflux it was cooled down to 22 °C and
poured into 250 mL of water and 250 mL of toluene. The organic layer was rinsed
with water until pH = 7 and dried over anhydrous sodium sulfate; the solvent was

removed in vacuo. As a result, 1.75 g of the raw product in 88% purity (GPC) was
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obtained. The purification by column chromatography (eluent - toluene) followed by
recrystallization yielded 1.16 g (64%) of pure compound 2. "H NMR (CDCls, 250
MHz, §, ppm): 0.87 (t, 6H, J = 6.7 Hz, -CH,-CHj3), 1.16-1.45 (overlapped peaks with
a max. at 1.25, 46H, -CH,-CH»-CH,-), 1.61 (m, 1H, -CH,-CH(CH,),-), 2.72 (d, 2H, -
thiophene-CH,-CH(CH,),-), 2.78 (t, 2H, -thiophene-CH>-CH;-), 4.89-5.03 (m, 2H,
CH,=CH-), 5.73-5.89 (m, 1H, CH,=CH-), 6.66 (broad peak, 2H, Hz, thiophene-H),
6.94-7.09 (overlapped peaks with a max. at 7.06, 10H, thiophene-H). MALDI-MS,
m/z: 926.68 (M", calc. 927.59). Found (%): C, 71.16; H, 7.97; S, 20.92. Calc. for
CssH7Se (%): C, 71.22; H, 8.04; S, 20.74.

DSC peaks deconvolution.

d L

2™ derivative
180 190 200 210
Temperature/°C

Figure S1. Peak deconvolution of the second heating curve of 2

Figure S2. POM micrographs depicting the textures of molecule 2 upon cooling at
10 °C/min: (a) 200 °C; (b) 196 °C; (c) 195 °C.
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Table S1. Model parameters from XRR for the asymmetric substituted 6T monolayer

films.

Thickness/ Electron density =~ Roughness/
Compounds Model

A leA” A
Alkyl (top layer) 9.6 0.24 2.4
1 Thiophene core 24 0.46 2.4
Alkyl (bottom layer) 12.5 0.36 3.8
Alkyl (top layer) 9.6 0.15 1.6
2 Thiophene core 24.1 0.32 2.2
Alkyl (bottom layer) 11.4 0.24 4.2
Table S2. GIWAXS parameters
(hk) g, (nm*) exp g,, (nm?) theo g, (nm) exp (hk) g,, (nm?) exp Gy, (nm!) theo q, (nm!) exp
(01) 12.6 12.6 5.1 (11) 12.08 12.04 6.78
(20) 16.6 16.5 10.4 (20) 9.25 9.24 12.95
(11) 15.6 15.0 0 (21) 14.50 14.46 12.88
(21) 18.7 20.8 53

Lines width analysis. The profiles of the degenerate peaks [(01) for compound 1 and
(11) for compound 2] were fitted to a Lorentzian and a Gaussian. In the in-plane
direction a Lorenzian gives a better fit. This can be attributed to the well-know
absence of long-range position order in infinite two-dimensional systems (See, for
example, literature ). In that situation a Lorentzian function can serve to fit the
wings of the x-ray peak that decay algebraically as 1/q* ™, while the central part can
still be fitted to a Gaussian. Along the layer normal, the profiles clearly indicate a
Gaussian distribution with a width 6=1.15 nm for compound 1 and 6=1.2 nm for
compound 2, respectively. We assume that this distribution reflects the finite

orientational order of the elongated molecules around their equilibrium direction.
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Figure S3. Line width analysis of the background-subtracted intensity of the (01)
GIWAXS peak of sample 2 in (a) the longitudinal direction and (b) the transverse

direction. Red lines: Lorentzian fit; blues Lines: Gaussian fit.
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Supporting Information Il: Chapter 4 Thin Film Structure

of Block Copolymer-Surfactant Complex: Strongly lonic

Bonding Polymer Systems
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Figure S1. FTIR spectra of AOT and AOT-H
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Flgu re S3. FTIR spectra of PS350—P4VP260(AOT)DN
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Figure S6. FTIR spectra of PS120-P4VPso(AOT)pn
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Figure S7. WAXS spectra for each homopolymer and copolymer complex note the

faint second peaks (2q) which vanish at low protonation.
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Figure S8. Representative height distribution and the corresponding height images.
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Figure S9. FESEM cross section of 1500A thin films of PS399-P4VP40(AOT) 5. The
film was imaged after immersion in diluted NH3 solution for 30s, the viewing angle is

45°.
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Figure S10. TEM image of PS399-P4VP 40(AOT)y 33, before washing with NH;

solution.

Figure S11. SFM and FESEM images of gold nanowires from PSs39o-
P4VP4(AOT); 0. The scan size of the AFM image is 2><2um2. Interconnected gold
nanoparticles with a diameter of ~150 A, a height of ~200 A, and a mean periodicity

of 500 A, which is similar to similar to the parent BC-complex template.
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Supporting Information I11: Chapter 6 Nanostructured TiO,
Thin Films Templated from Co-assembly of Fully Miscible

Block Copolymer Complex/Polymeric Precursors

Figure S1. Morphology of PS350-P4VP,60(AOT); o/PAOT with Ti/Py molar ratio of
4.0/1; the insert pictures is the FFT of the same TEM image.

PS350-P4VP260(AO0T)10o/PAOT. The PS350-P4VP2(AOT);o has a invert cylinder
morphology, the PS cylinders are embedded inside the P4VP,50(AOT); o matrix, and it
orients perpendicular to that of silicon surface in thin films.'! Mixing with PAOT
does not change the morphology. As shown in Figure S1, at Ti/Py=4.0/1, a gray dots
embedded in dark matrix morphology is observed. Since the P4AVP,50(AOT); o/PAOT
mixture has high density, it is dark and the gray dots can be the PS cylinders oriented
vertically. The diameter of the PS domain is 24.2+1.0nm, and the periodicity is about

43nm.
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Figure S2. Topography images of TiO, templated from PS3q0-
P4VP 40(AOT)33/PAOT: Ti/Py= (a) 2.6/1(scan size 3x3um?); (b) 10.2/1(scan size
3><3um2); (c) 20.4/1(scan size 3x3 umz); (d) the enlarged view of (c) (scan size
1x1pum?); () 40.9/1(scan size 3x3pum?); and (f) the enlarged view of (e) (scan size

1x1pum®); the insert pictures are the FFT of the same images

PS390-P4VP149(AOT)033/PAOT. Figure S2 summarizes the films morphology
depending on the molar ratio R (Ti/Py) after H, plasma treatment. For R < 10.2, the
surface consists of a fine nanoparticle of TiO, (cf. Figure S2 a and b) with an average
diameter and height of about 10 nm and 4 nm, respectively. Larger molar ratio (R >
20) leads to surface pattern similar to the parent templates. For R=20.4, a nanowire-
like pattern (Figure S2 ¢ and d) with an average period of about 44 nm comparable to
TEM analysis (cf. Figure 4c). Figure S2 e and f show that the increase of R = 40.9

leads to a porous film with a depth comparable to the film thickness, i.e. 10 nm and an
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in-plane period of about 37 nm, similar to TEM results (cf. Figure 4d). Note that,
regardless of the composition the pattern is composed of fine-TiO, nanoparticles with

an average diameter of about 10 nm (Figure S2d, S2f).

Figure S3. SFM height images of a thin film after treatment with H-plasma. The
films were prepared from a mixture of PS399-P4VP149(AOT)o s and PAOT with a
molar ratio R= 1.9 (a), 7.6 (b), 15.2 (¢) and, 30.5 (d); the insert are the corresponding

FFT-images, the scan size is 3x3pum”.

PS390-P4VP140(AOT)050/PAOT. Figure S3a shows that for R=1.9, locally, fine
nanoparticles forming a wire-like structure with poorly defined pattern, as suggested
by the diffuse ring of the FFT-image. As R increase connected TiO, wire-like
structure is formed for 7.6 < R < 15.2. For R=7.6, the nanostructure exhibits a period
and a height of about 42 nm and 6 nm respectively. Higher PAOT content, i.e. R=15.2,
contour length of the wires-like increases, as shown in Figure S3 b and c. However,
for R=30.5 porous structure develops with a periodicity of about 39 nm. The mean
pore is of about 20 nm with a depth comparable to the film thickness, i.e. 10nm. High-
resolution SFM image shows that nanostructure is composed of fine nanoparticles

with a diameter of about 10 nm, similar to that of Figure S3d (image not shown here).
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Supporting information V: Chapter 7 Biaxial alignment of

block copolymer-complex lamellae

-—
-1 Cooling
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Figure S1. (a) Shows the thermogram of ligand L1 indicating that the compound
melts at around 114 °C and recrystallizes at around 69 °C with transition enthalpies of
about 54 J/g, and 47 J/g, respectively. However, at low temperature, at least two
thermal transitions are displayed, probably due to reorganization of the octyl-tails. We
also noticed that if the sample is quenched from the isotropic state to room
temperature and heated back, only one melting peak located at 105 °C with a
transition enthalpy of 54 J/g occurred (see insert Figure Sla). SFM investigation of a

thin film cast on SiO, shows that L1 self-assembles in two distinct coexisting
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morphologies. (b) Shows a layer-like structure with a depth of about 2.5 nm, as
indicated by the black rectangle and the corresponding height distribution. (C) is an
enlarged area indicated by the arrow in (b), the image shows a strip-like structure with
an in-plane periodicity of about 3.9 nm. Apparently, the ligand crystallizes in two
polymorphs, which may coexist depending on the thermal history of the sample. The
simplest model to explain the structure of the two polymorphs would be in one case
formation of a dimer forming stacks parallel to the substrate plane. Tilting of the long
axis of the molecule relative to the plane of the layers is required as the length of L1,
in the extended conformation (ca. 1.7 nm), is greater than the layer thickness, while
stripes result from formation of a columnar phase (possible formation of multiple H-
bonds) in which the in-plane periodicity corresponds to the diameter of the column
laying parallel to the substrate plane.l'! Note that it was not possible to prepare films
of the ligand on PTFE rubbed SiO; since the material spontaneously dewets on the

substrate.
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Figure S2. (a) Shows a typical thermogram of ligand L2 indicating a single melting
peak at around 45 °C and recrystallizes at around 29 °C with transition enthalpies of
about 31.2 J/g, and 30.8 J/g, respectively. (b) Optical micrograph of L2 recorded at
room temperature under cross-polarized light, the image shows a spherulitic texture
commonly observed for crystalline compounds. (¢) SFM height image of a thin film
of L2 on a silicon oxide support, L2 forms a layered structure with an average step

height of about 2.4 nm.
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Figure S3. FTIR of (a) PS330-P4VP30(L1)o75s and (b) PSs30-P4VP;30(L2)o75 in the
wavenumber region of 1520-1760 cm™. On both spectra the absorption band of
carboxylic groups (C=0) of the pure ligand shifts to higher wavenumber region (from
1720 cm™ to 1730 cm™ for L1, and from 1650 cm™ to 1690 cm™ for L2) and becomes
broader, while the absorption band associated to the free pyridine ring (C=N, 1597
cm™) shifts to ca. 1602 cm™, indicating the formation of hydrogen bonds between the
carboxylic groups and the nitrogen atoms of the pyridine units.!”) There is no hint for
the presence of free ligand in the complex within the accuracy of IR spectroscopy

although it cannot be excluded as the absorption band of the carboxylic groups is

quite broad. For a similar system, it has been reported that saturation is achieved for a
[3.4]

degree of complexation of about 0.7-0.75.

Figure S4. SFM phase images of a thin film deposited on rubbed PTFE stripes after
annealing in benzene vapor for 24h: (a) PS;99-P4VPg0 (L1)o.7s on PTFE (scan size 6
umz in 4096x4096 lines), insert of (a) shows the 2D FFT. (b) Enlarged view of (a)

192



(scan size 2x2 pm” in 512x512 lines). The film thickness is 80 nm and the lamellar

period is 26 nm. The arrow indicates the rubbing direction.
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Figure S5. Left: GIWAXS of PS330-P4VP30(L2)o.75s with at the right corresponding
slice-integrated results over 80-100°. Oriented samples with the x-ray beam parallel (a,
b) and perpendicular (c, d) to the preferred PTFE direction, respectively. The broad
band is due to the ligands, similar as in the non-oriented sample. The additional peaks
are attributed to the underlying PTFE structure, as highlighted by the hexagonal
structure in (a) and in the insert in (d). In (b) the positions of the center of the broad

peak and the narrow one from the PTFE structure are 13.6 and 12.8 nm ', respectively.
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Support informations 1V: Chapter 8 Blue Light Emitted
Thin Films from Supramolecular Assembly of

Oligothiophene/Poly (2-vinylpyridine-b-ethylene oxide)
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Figure S1. (a) The WAXS patterns of P2VP(R,-2T-COOH)y and (b) POM picture of
P2VP(R,-2T-COOH),; o-PEO at room temperature
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Figure S2. The DSC curves of P2VP(R,-2T-COOH) 50-PEO at a rate of 10°C/min
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Support Informations VI1: Chapter 9 Morphological
Investigation of Unique Onion-type Smectic Polymersome

from Supramolecular Approach
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Figure S1. (a) Peak decomvolution of FTIR spectra of P2VP;50(4)0.25-PEOs¢0 in the
region of 1570-1610cm™, and (b) theoretical degree of complexation (x) vs. the real
degree of complexation (x”), the circles are the experimental data and the red dash

lines are the fitting.

The overlapped peaks can be separated by peak decomvolution. The areas of the
two peaks under 1589 and 1601cm™ are obtained by fitting the experimental data with
Gaussian function. Insert of the Figure S1a shows the result of x=0.25 as an example,
as can be seen, the fit fits the experimental data very well. The real degree of
complexation (x’) can be estimated using Eq. S1:

Aieor

x'= (S1)
Aiso1 + a1 Aiss9

Q1601
where 4 and a are the peak areas and absorption coefficients at respective
wavenumber. It is found that the hydrogen bonding formed between the carboxylic
group and pyridine rings of P2VP does not change the absorption coefficient
significantly, therefore ajsso/aigo1 almost equals to 1. The saturated degrees of

complexation are 0.5-0.75, and 0.3-0.4 for ligands 4 and 5, respectively.
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