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Chapter 1

Introduction

Abstract. The thin film directed self-assembly of molecular building blocks into oriented
nanostructure arrays will enable next-generation nanomaterials for organic electronics,
nanoporous membranes, and ultra-fine nanolithography. A collective research effort is
being undertaken by chemists, physicists, material scientists, and engineers alike;
from the design of individual molecules to access increasingly dense features, to their
directed self-assembly into highly organized periodic nanoarrays, and importantly, the
application of the nanostructures for device fabrication. Here we highlight recent
progress towards functional thin film nanostructures at the sub-5 nm length scale and
outline the steps made in this thesis towards the “directed self-assembly of

oligo(dimethylsiloxane) liquid crystals for sub-5 nm patterning.”
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This chapter is based on:
K. Nickmans, A. P. H. J. Schenning, Adv. Mater (accepted)

1.1. General introduction

The last half-century has witnessed a systematic exponential increase in the
density of transistors on integrated circuits. This trend, commonly referred to as
“Moore’s law”, [1] has enabled the onset of personal computers and the advent of
today’s powerful mobile devices (Figure 1). With the onset of human-level artificial
intelligence, a data-driven society, and the internet-of-things, the hunger for further
scaling beyond the current state of the art remains insatiable.
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Figure 1. Graphical representation of exponential scaling of transistor count per device over time
according to Moore’s law. Data obtained from (21,

Photolithography has been the prevalent patterning method applied by the
semiconductor industry. In this process, a stack consisting of a substrate, oxide, and
photoresist is exposed to a specific wavelength of UV light through a mask (Figure
2). The latent image in the resist is then developed, for example by rinsing in an
appropriate solvent, and etched for transfer of the pattern into the underlying
substrate. To create a circuit, these basic steps are repeated multiple times in a
layered manner. Each new pattern printed on the wafer is alighed above the previous
patterns to systematically build up the final device, which consists of conductors,
insulators, and selectively doped regions. In this way, complex structures such as



transistors and the many wires connecting the transistors to make a circuit can be
created.

e

stack expose & develop etch & strip

Figure 2. General scheme of pattern creation by photolithography.

Traditionally, advances in photolithography have been the driver behind the
ability to print increasingly smaller features at a lower cost. According to the Rayleigh
criterion, the smallest feature that can be patterned with acceptable control, i.e. the
resolution, is proportional to the wavelength of the light used for imaging (1), and
inversely proportional to the numerical aperture (NA) of the projection lens. Over time,
there has been a continuous shift to shorter wavelengths, from visible wavelengths
(436 nm), to UV (365 nm), and deep-UV (248 nm & 193 nm). At the same time, the
NA has increased dramatically by placing a liquid medium in the air gap between the
lens and the wafer. Today, using a 193 nm immersion tool, minimum feature sizes
have shrunk down to approximately 36 nm3! (Figure 3). In order to facilitate the
production of even smaller features, extreme-UV (EUV) lithography, utilizing radiation
of wavelength 13.5 nm, is currently being pursued on a global scale, even though it
is tremendously complex and expensive. 45!
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Figure 3. Adapted with permission from [4], Copyright 2010, Nature Publishing Group

Considering the rising cost of optical lithography tools, alternative patterning
technologies must be considered to enable the manufacturing of next generation
integrated circuits. Electron beam lithography (EBL), which involves scanning a beam
of electrons in a controlled fashion across a resist, is not constrained by the optical
diffraction limit. Unfortunately, it is considered prohibitively slow and expensive.
Nanoimprint technology (NIL) is a contact rather than a projection-based technology
in which features are replicated directly onto surfaces using a stamp process.
However, the economical creation of an imprint template remains a challenge, in
addition to concerns associated with the physical contact process such as alignment
and contamination.[6]

The length scales attainable by top-down lithography are approaching that of
bottom-up self-assembly found in polymers and small molecules (Figure 3). For this
reason, bottom-up patterning technologies based on self-assembly are becoming
increasingly attractive.l’-111 The utilization of organic building blocks as self-
assembled etch masks is particularly attractive since the lithographic information is
contained in the self-assembling material itself, rather than provided in an exposure

step.



The International Technology Roadmap for Semiconductors (ITRS) has identified
the directed self-assembly (DSA) of block copolymers (BCPs) as a candidate for next
generation nanopatterning. BCPs form nanostructures through microphase
separation of incompatible blocks. Depending on the relative volume fractions of the
blocks (fa), lamellae, gyroid networks, hexagonally packed cylinders, and spheres
can be obtained (Figure 4). The periodicity of the features is typically in the 10-100
nm regime.
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Figure 4. Mesophase morphologies formed by diblock copolymers and rod-coil liquid crystalline
(LC) molecules. Abbreviations: Lam = lamellae, Gyr = bicontinous gyroid, Hex = hexagonally
packed cylinders, Sph = spheres. 3D renders reproduced from (121, Copyright 2007, Elsevier Ltd.

In block copolymer DSA, the morphologies are guided in thin films using top-
down processes, resulting in a regular and oriented nanostructure array!11.13.14]
(Figure 5). DSA is typically achieved using topologicall13! or chemicall4l guiding
patterns, known as graphoepitaxy and chemoepitaxy, respectively. The major
advantage of DSA techniques involving patterned surfaces, is that they allow the
generation of addressable features (i.e. the circuit elements) by precisely placing the
nanostructures across the wafer. Figure 5 depicts the process of graphoepitaxy. In
this process, a BCP thin film is deposited on a wafer inside topological guiding
channels of predetermined width and position. When the width of the channels
corresponds to a discrete multiple of the BCP lattice spacing, oriented features are
obtained at a multiple of the original spacing, otherwise known as a density
multiplication. Other alignment techniques, such as solvent annealing,[15.16] electric
fields,[17] and magnetic fields,[18] have also been applied. In recent years, BCP DSA
has emerged as a well-developed field, as exemplified by the appearance of
numerous recent review articles.[10-12,19,20]
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Figure 5. General scheme of pattern creation by directed self-assembly.

In order to fabricate circuit components such as inorganic nanowires!21.22] or
nanodots,[”l a BCP pattern must be confined in a monolayer and aligned (Figure 5).
Subsequently the layer is used as an etch mask to convert the organic pattern into
an inorganic one. For pattern transfer, ‘wet’ and ‘dry’ processes have been applied.
In the wet approach, one of the BCP blocks is degraded and removed by rinsing in a
selective solvent.[14.23.24] |n contrast to wet etching processes, ‘dry’ plasma etching
makes use of reactive gaseous species or physical ion bombardment to degrade
polymers into volatile segments. The etch contrast arises from the difference in etch
rates between constituent blocks to an appropriate plasma treatment, and the key
to obtaining a high etching contrast is the incorporation of inorganic components
into one of the blocks. There are two methods to achieving this. The first method
consists of selectively incorporating inorganic material after assembly. Different
approaches have been reported on the selective infiltration and controlled
deposition of inorganic materials into neat self-assembled BCP films.[25! The second
method relies on the use of hybrid organic inorganic building blocks with inherent
etch contrast. These materials are of particular interest since they can yield
patterned inorganic nanostructures in a single etching step.[19.26.271 Among hybrid
organic-inorganic BCPs, poly(styrene)-b-poly(dimethylsiloxane) (PS-b-PDMS), is the
most widely investigated.[15.28-33] For example, Ross and coworkers demonstrated
the fabrication of nanowires using a cylinder-forming PS-b-PDMS template. A
monolayer of planar PDMS cylinders in a PS matrix was deposited within topological
guiding features to provide a uniaxial planar alignment. In a subsequent plasma
etching process, the PS domains were degraded while the PDMS domains were
oxidized, resulting in an array of parallel lines of oxidized PDMS with a feature size
of 8 nm (Figure 6a). By sputtering tungsten onto the oxidized PDMS template, and
subsequently removing the oxidized PDMS, a nanostructured tungsten array of 9 nm
features was fabricated with the reverse image (Figure 6b). Since this process is
applicable to other metals including titanium, platinum, tantalum, cobalt, and
nickel,[34these PDMS based materials are excellent materials for device fabrication.
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Figure 6. a) SEM image of an oxidized PS-b-PDMS array in topological guiding channel of 1 ym. b)
Tungsten nanowires with 9 nm line width prepared using the PS-b-PDMS template. Reproduced
with permission.[301 Copyright 2010, American Chemical Society.

According to the ITRS, there are several issues currently preventing the
integration of DSA with microelectronics fabrication processes. The first is related to
concerns regarding the extendibility of the DSA process to smaller feature sizes. For
BCPs, the characteristic dimensions are controlled by the molecular weight of the
polymer. The inverse relationship between molecular weight and the Flory-Huggins
interaction parameter (x) required for self-assembly places a lower limit of
approximately 10 nm on the minimum periodicity that can be realized through typical
BCP self-assembly.[10] Second, an immediate challenge for DSA is to show low
enough levels of defects for manufacturing use (< 0.01 cm?). In contrast to top-down
fabrication methods, soft organic building blocks have the tendency to form
arbitrarily oriented poly-domain structures when left unguided, prohibiting their use
in the fabrication of addressable media. To date, work has been published showing
defect levels for pilot line processes (< 100 cm?2),[35.36] but defect levels are not yet
low enough for manufacturing.

The use of patterning materials consisting of liquid crystalline (LC) small
molecules could address both of the aforementioned challenges, which caused it to
recently attract attention of the scientific community.[37-39 LC phases are formed by
rod-coil molecules and are driven by a combination of molecular shape and
noncovalent interactions.[40-43] Similar morphologies to BCPs, but with significantly
smaller characteristic dimensions, can be achieved with these materials (Figure 4).
Most well-known for their use in the display industry,[44] LC materials are now finding
applications as functional nanostructured materialsi45-471 for lab-on-a-chip
systems, 48] responsive coatings,49! actuators,i50] nanoporous membranes,[51-55]
templated synthesis,[56:571  organic semiconductors,[585% and photovoltaic
devices.[60-62] |[n addition to self-assembly at smaller length scales, LCs are highly



customizable with regard to morphology and chemical functionality. Moreover, due
to their low molecular weight, LCs show a fast response to stimuli,[®3] and a
straightforward alignment over device length scales.l64 Importantly, the “soft”
nature of LCs makes them amenable to DSA processes involving (1) tailored
interfacial interactions, (2) topologically structured interfaces, and (3) external fields
(Figure 7).
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Figure 7. Schematic representation of directed self-assembly of LC small molecules, involving a)
tailored interfacial interactions, b) topologically structured interfaces, and c) external fields.

In this chapter, we discuss recent progress, opportunities, and challenges in the
field of sub-5 nm patterning using small molecules as building blocks. First, different
strategies in the preparation of organic building blocks which form sub-5 nm
patterns are discussed. Next, alignment techniques are highlighted which have
contributed significantly towards the directed self-assembly of LC patterns.
Examples are chosen from fields of organic electronics and nanoporous membranes,
and their implications for nanolithography are discussed. Finally, suitable fabrication
techniques for the conversion of organic sub-5nm patterns into inorganic
nanostructured arrays are considered.

1.2. Organic building blocks for sub-5 nm patterning
1.2.1. Limits of high-x block copolymers

While reservations were expressed in the introduction regarding the feature size
limitations of typical block copolymer self- assembly,[19 novel BCPs with high
interactions parameters are emerging that offer self-assembly beyond the current
scaling barriers, i.e. the sub-10 nm regime.[39.65.66] So-called “high-x” BCPs with
highly incompatible blocks typically consist of highly immiscible components, such
as inorganic and organic segments.[24.27.66-69] |n principle, a large supramolecular
toolbox is available to augment the block incompatibility though orthogonal non-
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covalent interactions that enhance phase separation.[70l For example, BCPs can be
doped with small molecules which interact selectively with one of the domains via
hydrogen bonding,[71-761 or ionic interactions.l®! Self-attractive non-covalent
interactions may also be engineered directly into the polymer blocks, which omits
the use of additives. For example, ABC triblock polymers have been synthesized in
which two of the blocks (eg. A and B) interact favorably through n-m stacking[”71 or
hydrogen bonding,[78] resulting in a single nanodomain. The second domain is
formed by the remaining non-interacting block (eg. C). Shape anisotropy, for example
through the incorporation of rod-like carbohydrate blocks, is another powerful means
to access ultra-dense BCP nanopatterns.[67.79]

Through the development of high-x BCPs, it is estimated that features as small
as 2 nm can be obtained.[39] At this length scale, the borderlines between polymers
and small molecules are convoluted. The molecules can no longer be considered
BCPs,139] but rather co-oligomers, the properties of which more closely resemble
small molecules such as low molecular weight lyotropic 89811 or thermotropic liquid
crystals.[82.83]

1.2.2. Small molecule self-assembly

Further lowering the molar mass of the soft building block brings one into the
field of small molecule self-assembly, where the intrinsic length scale is the
molecular length, between 2 - 10 nm. Remarkably, the phase behavior of lyotropic
and thermotropic liquid crystals is similar to that of AB diblock BCPs (Figure 4, Figure
8), albeit at a smaller length scale. Amphiphilic molecules [37:841 spontaneously form
lyotropic liquid crystalline phases of varying geometry depending on the solvent
concentration. It is noteworthy that only dense lyotropic phases, 371 in which limited
amounts of solvent are present, provide the necessary morphologies for long range
nanostructured materials (lamellae, cylinders). Molecules based on a rigid-flexible
motif [41-43] form thermotropic LC phases in bulk. In thermotropic phases, the distinct
molecular shape in combination with supramolecular interactions such as
electrostatic interactions, pi-pi stacking, and hydrogen bonding, results in
thermodynamically stable structures.[41l In contrast to BCPs, phase separation is no
longer a prerequisite. The degree of order varies; from nematic phases with
orientational order only, to higher order phases in which the periodicity of the
nanopattern is approximate to the molecular length.[85 The nematic phase does not
provide the necessary bulk morphologies for nanolithography.



Rod-like molecules (calamitics), classically consisting of an aromatic core and a
flexible tail, have the tendency to form lamellar structures (smectic mesophases,
Sm). However, bicontinuous gyroidal, columnar, cubic, and other three-
dimensionally ordered phases can be obtained by successively increasing the
volume fraction of the alkyl chains in calamitics,[40.41.86.87] similar to varying the
relative volume fractions in a diblock BCP (Figure 4). Disc-like molecules (discotics)
tend to stack perpendicular to the disc plane, generally resulting in columnar
structures (columnar mesophases, Col). Discotic compounds are also known to
exhibit lamellar and cubic phases.[43]

§=
)= ) 2 = -
Rod-like N SA
mesogen , _é
=
= L Block
Cuby, (/a3d) copolymer
= 5 o
Disc-like N O
mesogen B -

Low molecular
weight
= amphiphile

Cub; (/m3m)

Figure 8. Mesophase morphologoies formed by the self-assembly of rod-like and disc-like
molecules, low molecular weight amphiphiles, and AB diblock copolymers. Abbreviations: N =
nematic mesophase formed by rod-like molecules (N), disc-like molecules (Np) or columnar
aggregates (Nco), SMA = smectic A phase, Cubv = bicontinuous cubic phase, Colrex = hexagonal
columnar mesophase and Cub; = discontinuous (micellar) cubic mesophase. Reproduced with
permission from 401, Copyright 2001, Royal Society of Chemistry.

A distinct feature of LCs compared to BCPs is that their molecular shape can
lead to molecular order within the lamellar or columnar structures. Many subtypes
of Sm and Col phases have been allocated depending on the lattice and degree of
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positional and orientational order of the molecules. Figure 8 represents the most
simple Sm phase in which the rod-like molecules are on average perpendicular to
the lamellar structures (SmA), and the most simple Col phase (Colnex) in which the
disc-like molecules are on average perpendicular to the columnar structure and the
columns are packed in a hexagonal lattice. Higher order phases that include more
complex 2D lattices (eg. Colrec, Colsqu, Colob), and well-defined molecular tilt and
spatial organization (eg. SmC, SmB, SmE) can be achieved through specific
molecular design. Such complex phase morphologies are unobtainable by
amorphous BCP self-assembly,[4041]1 and they may offer both improved design
flexibility and an improved pattern fidelity from a nanopatterning perspective.

1.2.3. Small molecules based on hybrid organic/inorganic motifs

Owing to their small feature size and ease of alighment, small molecules make
excellent candidates for the extension of BCP DSA processes to enable sub-5 nm
patterning, provided they bear the necessary etching contrast. Since hybrid
organic/inorganic small molecules with high etch contrast have emerged only very
recently, an overview is provided below.

1.2.3.1. Polyhedral oligomeric silsesquioxanes (POSS)

Polyhedral oligomeric silsesquioxane (POSS) is a popular building block for the
preparation of hybrid organic/inorganic small molecules. POSS consists of a 3-
dimensional crystalline silicon-oxygen cage with the formula (RSiOs/2)n. The cubic
POSS cage has a size of 0.53 nm, and there are 8 available vertices on which to
place substituents. Wang et. al. obtained hybrid organic/inorganic layered structures
by mono-substituting a POSS cage with a varying number and length of alkyl tails
(Figure 9a).188.:89 These materials showed various crystal-crystal and crystal-isotropic
phase transitions, and formed crystalline structures at room temperature. By varying
the amount of alkyl tails and their lengths, lamellar structures were obtained in the
range of 3.4 - 5.3 nm, as shown by XRD (Figure 9b). Long range order was promoted
by slowly decreasing the temperature from the isotropic state to 30 °C at the rate of
0.1 °C min-t Under these thermal annealing conditions, long-range ordered
lamellar structures with sharp boundaries were observed (Figure 9c). The length of
this long-range ordered structure formed within a single grain was around 200 nm. 88!
Unfortunately, the crystalline nature of the reported phases will make the application
of DSA processes extremely challenging, for the tendency of crystalline materials to
nucleate and grow in into arbitrarily oriented domains. In order to grow single crystal
films in an epitaxial process, the substrate would require the same crystal structure



as the layer and a close match of lattice parameters. [90] For this reason, smectic
and discotic LC phases would be preferred for their mobility in combination with their
high order.
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Figure 9. a) Chemical structures of alkylated POSS derivatives (1-5). b) XRD profiles showing first

order d-spacings. c) TEM image of a thermally annealed sample (2). Reproduced with permission.

189] Copyright 2014, Royal Society of Chemistry.

Various LC phases utilizing POSS cages have been obtained by attaching
different mesogens of varying shape and spacer length, and by varying the number
of substituents on the POSS cage.[°1-941 For example, Wang et. al. reported a series
of octameric POSS-based LCs.[94 Smectic phases were achieved when the
mesogens were substituted with single flexible chains (R1 = R3 = H, R2 = -OC12H2s),
as exemplified by the formation of large birefringent domains under crossed
polarizers (Figure 10b). When the mesogens were substituted with two or three
flexible chains, no LC phases were formed, indicating the importance of the number
and length of flexible chains on the phase behavior.

While fully substituted (octameric) POSS materials are easy to synthesize, their
transition temperatures remain relatively high, with LC phases being achieved over
100 °C [#4], However, Kim et al. recently showed that smectic phases can be induced
by the addition of a nematic LC (4-cyano-4’heptyloxybiphenyl) (7OCB) to a POSS cage
mono-substituted with a cyanobiphenyl (POSS-CB) (Figure 10c). A 30/70 POSS-
CB/70CB composition induced a room-temperature smectic phase in which the
nematic LCs crawl into the space between the POSS cages. As evidenced by TEM
(Figure 10d), the layered structure had a periodicity of 5.2 nm. Unfortunately, the
composition range of the induced smectic phase was very narrow, and the phase
diagram was rather complex with several co-existing phases, including various
crystalline and nematic regions, which is highly undesirable from a processing
standpoint.
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Figure 10. a) Chemical structure of octameric POSS-based LCs. b) POM image of (a) under
crossed polarizers at 213 °C (R1 = R3 = H, R2 = -0C12H25). c) Chemical structure of monomeric
POSS-based LC. d) TEM image of the layered structure induced by a POSS-CB/70CB mixture of
30/70 composition. a-b) Reproduced with permission.[®4 Copyright 2011, Royal Society of
Chemistry ¢) Reproduced with permission. [95] Copyright 2014, American Chemical Society. d)
Reproduced with permission. [96] Copyright 2015, American Chemical Society.

1.2.3.2. Oligo(dimethylsiloxane) (ODMS)

Oligo(dimethylsiloxane) (ODMS),with the chemical formula (Si(CHs)20)n, can also
act as a precursor to inorganic silicon oxides through plasma oxidation, making it an
attractive etch mask.[30:38] In contrast to POSS, ODMS is a flexible silicon-containing
moiety, which makes it a favorable “coil” moiety in LC design.[40.43] Due to the
chemical incompatibility and large surface tension mismatch of ODMS with most
organic materials, nanophase segregation is promoted,[®7-99] which leads to the
formation of highly ordered nanostructured morphologies.l0411 In the case of rod-
coil motifs, smecticl100.101] discotic,[43.102] or more complex LC phases [103.104] gre
observed, rather than nematic phases,[40971 which is a requirement for the
preparation of sub-5 nm hybrid organic/inorganic patterns. Although many ODMS-



based LCs have been reported,[40.41,43,100-108] their ODMS content has been
generally restricted to 2-4 repeating units due to an unavailability of commercial
ODMS of longer lengths. For nanopatterning applications, higher ODMS fractions are
desirable (approximately 50% of the molecule).

Recent progress in the synthesis of discrete ODMS by the group of Meijer has
led to the generation of a range of ODMS block molecules with interesting self-
assembly behavior. For example, an ureidopyrimidinone (Upy) end-capped ODMS
was shown to follow a BCP-like self-assembly behavior, while benzyl-protected
derivatives always exhibit a lamellar organization, independent of the molecular
composition.[82] [t was hypothesized that crystallization of the benzyl-protected UPy
moiety in the UPy-ODMS conjugates was the reason for the generation of the lamellar
morphologies. Subsequent investigations of block molecules consisting of
naphthalenediimides (NDIs) and ODMS revealed that the synergy of high
incompatibility and crystallization of the NDIs drives the formation of
conformationally disordered crystal phases characterized by a crystalline-type order
and very low mobility.[1091 When a centrally placed NDI moiety was flanked by two
ODMS chains, granular textures were observed. Figure 11a-b shows the case where
the length of the ODMS chain consisted of 15 DMS units. According to XRD, this
material forms a Coluex phase with a lattice parameter of 6.6 nm. The grainy textures
(Figure 11b), together with the large number of sharp reflections observed in the
XRD scattering (beyond 4t order), indicate the combination of high order with low
mobility, typical for conformationally disordered crystal phases. When NDI moieties
were placed on the periphery of an ODMS bridge, this generally gave rise to low-
contrast birefringent textures, indicating limited order. An exception was seen for a
compound with limited ODMS content, (8 DMS units) (Figure 11c), which formed
lamellar crystallites (Figure 11d) with a lattice parameter of 4.4 nm. While the high
order observed in these materials is a suitable characteristic for nanolithography
applications, the high crystallinity and associated low mobility of conformationally
disordered crystal phases are likely undesirable for DSA processes.
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Figure 11. a) Chemical structure of Si15-NDI-Si15 which forms a Coluex phase. b) POM image of
Si15-NDI-Si15 showing granular texture. ¢) Chemical structure of NDI-Si8-NDI which forms a
lamellar morphology. d) POM image of NDI-Si8-NDI showing a spherulitic texture. POM images
obtained under crossed polarizers after slow cooling from the isotropic melt. Reproduced with
permission. [109] Copyright 2017, American Chemical Society.

1.3. Directed self-assembly of sub-5 nm patterns

To date, the thin film directed self-assembly of hybrid organic/inorganic small
molecules has not been explored, even though it is a crucial step for nanopatterning
applications. However, higher-order LCs can be envisioned for other applications,
including organic electronics, porous membranes, and templated synthesis. Figure
12 schematically depicts these applications and their alignment configurations for
discotic LCs (similar for smectics). Similar to nanopatterning applications, they
require the fabrication of thin film nanostructure arrays with sub-5 nm features, a
high level of perfection, and a unidirectional alignment over large areas. [47.110-113]

These functional thin films with sub-5 nm features provide their own
opportunities to be relevant for nanopatterning. In this part, we will discuss the



directed self-assembly of sub-5 nm nanostructured LCs for organic electronics
(Section 1.3.1), and nanoporous membranes (Section 1.3.2). To this end, we provide
a brief overview of LCs having sub-5nm patterns for these applications and highlight
suitable alignment methods for each case. We further highlight opportunities from a
nanopatterning perspective.
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Figure 12. Applications employing discotic LCs with uniaxial planar alignment (top) and vertical
alignment (bottom), include a) nanopatterning, b) organic electronics, ¢) porous membranes and
templated synthesis.

1.3.1. Organic electronics

For the design of higher-order LCs for organic electronic applications such as
organic photovoltaics, organic light emitting diodes, and organic transistors, the
reader is referred to many available reviews.[43.59,.114-118] |n brief, LC materials are
required with a high charge carrier mobility for selective 1D charge transport (Figure
12b). High charge carrier mobilities are achieved by using m-conjugated molecules,
such as triphenylenes, phthalocyanines,[119] and perylene bisimides.[120] Separation
between LC columns can be improved by using highly immiscible terminal tails, such
as oligo(dimethylsiloxane)s or a fluorinated alkyl tails.!43] For applications in organic
electronics, the alignment of the LC phases into large-area domains with minimal
structural defects is essential for efficient charge transport between electrodes.[59]
Both uniaxial planar and vertical alignments can be useful, depending on the
envisioned application (Figure 12b).
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Organic transistors require uniaxial planar alighment between source and
drain.[114] Scaling down of the uniaxial alignment of columnar n-n conjugated
systems to the nanometer range, and ultimately to single columns, would permit the
fabrication of high density organic transistors arrays. Mouthuy et. al. demonstrated
one of the earliest examples of uniaxial planar alignment using topological guiding
structures (Figure 13a-e).[121] The researchers studied a tetrasubstituted
phthalocyanine which forms a columnar LC mesophase at room temperature. For
the confinement, 200 nm wide guiding structures were fabricated by e-beam
lithography and subsequent etching into silicon oxide. After deposition of the LCs by
spin-coating and short thermal annealing, the LC phase was found to form in-plane
oriented multilayers with a periodicity of approximately 3 nm. AFM phase images
revealed that LC columnar axis was perpendicular to the long axis of the guiding
structures (Figure 13c), likely due to surface anchoring of the discotic core on the
hydrophilic guiding surfaces. A strikingly low level of defects was observed. The
researchers were also able to induce the parallel orientation of cylinders to the
guiding structures by using a crisscross pattern.[lzl] In subsequent work, the LCs
were deposited within tangentially alighed spiral networks with variable curvature
radii resulting in the controlled bending of the LC columns (Figure 13d-e).[122] For
this particular LC, tangential alignment of the LC columns was obtained down to a
curvature radius of approximately 1 um. At lower curvature radii, the LC columns
followed a random alignment with respect to the spiral network, indicating that the
bending energy of the columns overtakes the energy gain from the alignment at this
limit.

Zhang et al. studied the self-assembly of columnar LCs in anodized aluminium
oxide (AAO) pores.l123.124] The researched studied, amongst other LCs, a soft
dendronized carbazole which forms a hexagonal columnar phase at room
temperature with a lattice spacing of 3.9 nm. It was found that the LC prefers to align
parallel to substrate surfaces (Figure 13f), resulting in a circular concentric
alignment inside the AAO pore. Incredibly, curvatures approaching the lattice spacing
were tolerated for this ‘soft’ LC (Figure 13h), which illustrates the amenability of
these materials for directed self-assembly. Interestingly, axial alignhment could be
obtained over circular alignment by choosing an LC with a higher rigidity (Figure 13e).
This finding exemplifies the importance of molecular design towards achieving the
application-specific required orientation of the LC phase.

In the aforementioned studies, the confinement geometry was limited to several
hundred nanometers (i.e. the size of the pore). Cattle et. al. demonstrated the



alignment of a range of triphenylene and phthalocyanine-based discotic liquid
crystals with widely spaced topological guiding structures.[125  Using
photolithography, SU8 channels of width 2-25 um were fabricated on hydrophilic
substrates. Amongst other LCs, the researchers investigated a substituted
triphenylene which forms a Colhex phase at 85 °C, and a crystalline phase at room
temperature (Figure 13j). For the alighment, a small amount of crystalline material
was placed adjacent to the channels (Figure 13l, top left), heated to the isotropic
phase to enable capillary filling, and cooled into the Colnex phase (0.5 °C/min). As a
result, in-plane alignment was obtained, with the column director oriented across
the microchannel (Figure 13k). The same observation was made for all investigated
triphenylene and phthalocyanine compounds. The researchers concluded that the
cooling rate, the width of the channel, and the strength of the anchoring interaction
were critical for alignment. Under the investigated conditions, a slow cooling rate
(0.1 °C/min), and channels of limited width (< 5um), were optimal for the realization
of monolithically oriented columnar structures. Even though the alignment of the
sub-5 nm patterns was not investigated at the nanoscale, the results imply that the
influence of the guiding channels extends to several um, which is roughly 3 orders
of magnitude larger than the periodicity of the patterns themselves.

Organic photovoltaics require the vertical alignment between electrodes of
electron donor and acceptor moieties (Figure 12b, red and blue columns). Higher-
order columnar LC phases are ideally suited because the distance between the
columns should be no greater than the exciton diffusion length, approximately 5-15
nanometers.[60:126] The most straightforward way towards obtaining vertical
alignment for columnar LC phases is to confine them between parallel surfaces,
while slowly cooling from the isotropic melt.[121.127.128] |n this process, the vertical
alignment is driven by a nucleation and growth process which is initiated at the
interfaces. Hence, the process benefits from a slow cooling rate and depends on the
film thickness.
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Figure 13. Topological alignment of sub-5 nm patterns for organic electronics. a-c) In-plane
alignment of a tetrasubstituted phthalocyanine in topological guiding structures of 200 nm width.
d-e) Alignment of (a) in a tangentially aligned spiral network. f-h) Circular alignment of a soft
dendronized carbazole (f) in 400 nm circular anodized alumina pore showing extremely high
curvature (bar in inset = 8 nm). i) In the case of rigid LCs, axial rather than circular alignment is
generated. j-k) In-plane alignment of substituted triphenylene (j) in SU8 microchannels. ) POM
image of (j) in 10 um wide SU8 channels. The cross represents the polarizer axes. The arrow
indicates the filling direction. a-c) Reproduced with permission. (1211 Copyright 2007, American
Chemical Society. d-e) Reproduced with permission. [222] Copyright 2008, Wiley. f-g) Adapted with
permission.[124] Copyright 2015, American Chemical Society. j-k) Adapted with permission.[125]
Copyright 2013, Wiley.



Kwon et. al. recently demonstrated the general applicability of the confinement
method to a range of supramolecular materials.[229] The researchers investigated,
amongst other LCs, a fluorinated tapered dendrimer containing a crown ether (Figure
14a). Via the fluorophobic effect, this material forms cylindrical dendrimers which
pack in a hexagonal lattice with a spacing of ca. 4.5 nm (Figure 14b).[130] The crown
ethers can be replaced with a large number of other functionalities which become
part of the core of these supramolecular columns (i.e., donors, acceptors,
donor—acceptor complexes) to form complex electronic materials.[1311 A 150 nm film
of the fluorinated tapered monodendron was coated on a carbon substrate, covered
with a PDMS top surface, heated to the isotropic phase (78 °C), and slowly cooled
back to room temperature (Colxex phase) (Figure 14c). As indicated by TEM, a vertical
alignment was achieved with high order (Figure 14d). Large area, vertically oriented
domains were not only found with carbon substrates and PDMS top surfaces, but
also with any other combination of PDMS, Teflon, perfluoropolyether (PFPE),
polyethyleneimine (PEIl), and carbon. In contrast, polydomain structures were
observed when single substrates were used, with varying vertical or planar
orientation determined by the specific interaction between the dendrimer and
supporting substrate. Hence, the face-on orientation of the planar aromatic moieties
is likely due to contact at the top and bottom interfaces.
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Figure 14. Vertical alignment of sub-5 nm patterns by confinement. a) perfluorinated tapered
monodendron, b) cylindrical dendrimers formed by (a) with 4.5 nm lattice spacing. c) soft
confinement protocol. d) TEM image after annealing a thin film of dendrimer (a) between a
carbon bottom (carbon supported TEM grid) and a PDMS top surface while cooling from the
isotropic transition temperature (78 °C) to room temperature at a rate of 0.1 °C min-1.
Reproduced with permission.[129] Copyright 2015, American Chemical Society.

1.3.2. Nanoporous membranes

Nanofiltration membranes for the size-selective separation of small (<5 nm)
organic solutes and ionic species require narrow porous channels with sub-5 nm
features.[54l For the construction of sub-5 nm porous membranes, most often
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lyotropic LCs [132.133] gre utilised, but thermotropic LCs have also been employed.[53]
LC monomers are highly suitable as template molecules for the fabrication of porous
membranes since they can be cross-linked to form rigid polymeric materials. [134]
Selective removal of a specific molecular component in a following step yields hollow
channels with the dimensions of the template (1 - 2 nm). Given their monodispersity
and customizable chemical functionality, LC materials could overcome the
limitations of conventional membrane fabrication approaches with regard to pore
size distribution, tortuosity, and selectivity.[54] Furthermore, the porous channels
provide an opportunity to be filled with inorganic materials for the preparation of
hybrid organic/inorganic nanostructured materials (Section 1.4) which are
interesting from a nanopatterning perspective.

In order to produce through-film channels for nanofiltration membranes, the LC
columns must be vertically oriented and highly ordered with minimal defects
throughout the thickness of the membrane. Magnetic alignment is particularly well
suited for the alignment of LC mesophases.[51.135] The great advantage of magnetic
fields is their ability to penetrate homogenously into the bulk from a distance, which
allows the alignment of the entire sample in a noncontact manner. When LCs are
placed in a magnetic field, they align preferentially with their most magnetically
susceptible axis (‘easy’ axis) oriented parallel to the field. For calamitic LCs
consisting of mostly aromatic groups, the easy axis is along the long axis of the
molecule (positive diamagnetic susceptibility), resulting in the parallel alignment in
the magnetic field (Figure 7c). For discotic LCs, the easy axis is typically in the plane
of the aromatic rings (negative diamagnetic susceptibility), since the component of
the diamagnetic susceptibility perpendicular to an aromatic ring is greater than the
in-plane component.[42] For discotics in a static magnetic field, this results in a
degenerate scenario in which all azimuthal orientations of LC columns are

isoenergetic. The degeneracy can be lifted by use of a rotating magnetic
field.[51.136,137]

Feng et. al, investigated the magnetic alignment of a wedge-shaped amphiphilic
monomer (Figure 15a).[51 Structural “freezing in” of the LC order is promoted by the
use of multiple reactive groups per monomer. In this study, a dense lyotropic phase
was obtained with hexagonal symmetry and a lattice spacing of 3.6 nm by combining
the LC monomer with a small amount of water. For the magnetic alignment, the
material was slowly cooled in a rotating magnetic field (achieved by rotating the
sample in a static field). The mesophase was aligned such that the least
magnetically susceptible axis (‘difficult’ axis) was oriented parallel to the axis of
rotation (Figure 15b). By lifting the degeneracy, oriented structures were obtained



that are impossible to obtain by using a static field only.[51.1371 After cross-linking the
mesophase by polymerization, TEM images were obtained of the polymeric films
perpendicular (Figure 15c) and parallel (Figure 15d) to the rotation axis, providing
direct evidence of the long-range persistence of vertically aligned nanopores. The
resulting ionic channels had a diameters of ca. 1 nm. Remarkably, ion conductivity
measurements on the aligned membranes showed an 85-fold enhancement of
conductivity over nonaligned samples.[51]

The nondestructive nature of magnetic fields over longer time periods enables
their use in combination with slower self-assembly processes such as surface
alignment.[136] Feng et al. recently demonstrated the preparation of vertically aligned
nanopores based on conjugated linoleic acid (CLA) monomers. When combined in a
3:1 ratio with a 1,3,5-tris(1H-benzo[d]imidazol-2-yl)benzene (TBIB) core, these
materials form a thermotropic Colrex phase at room temperature (Figure 15e) with a
lattice spacing of 2.6 nm.[136] The LC phase is formed through triple hydrogen
bonding interactions by acid-base proton sharing, which leads to a partially ionic
character. For relatively thin films (<5 um), vertical alignment was achieved using a
polyelectrolyte poly(sodium 4-styrenesulfonate) (PSS) surface which shows a strong
affinity for the LC core. Therefore, anchoring of the core through ionic interactions
resulted in a vertical alighment. For relatively thick films (> 5 micrometer), surface
alignment alone was insufficient for obtaining through-film vertically oriented
channels. For this reason, the PSS surface modification was combined with a
rotating magnetic field (Figure 15f). The vertically aligned films exhibited optical
extinction under crossed polarizers, thereby confirming their vertical alignment
throughout the thickness of the film (Figure 15g). The TBIB core could be recovered
by crystallization from solution, and subsequent adsorption experiments performed
with model dye molecules demonstrated that the 1-1.5 nm ionic pores displayed size
and charge selectivity. However, pattern collapse was observed upon drying of the
films, which prohibits the use of these materials as an etch mask. Pattern collapse
during the wet-development of high aspect ratio features in lithography is a well-
established phenomenon in BCP lithography, and is due to large capillary forces.[138]
However, the filling of the ionic channels with inorganic precursors could be an
alternative route towards obtaining hybrid organic/inorganic sub-5 nm patterns.
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Figure 15. Fabrication of sub-5 nm porous membranes. a-b) Vertical alignment of a wedge-
shaped amphiphilic LC (a) by a rotating magnetic field (b). c-d) TEM image taken perpendicular
(c) and parallel (d) to the rotation axis, obtained after cross-linking. e-g) Vertical alignment of a
triple-hydrogen bonding columnar LC (e) using a combination of surface alignment and magnetic
field alignment. g) POM image of an aligned film of ~15 ym thickness. The crosses represent the
crossed polarizer axes. a-d) Adapted with permission. (511 Copyright 2014, American Chemical
Society. e-g) Reproduced with permission. [136] Copyright 2017, American Chemical Society.

LC-derived porous materials can be employed for direct templating of inorganic
materials by filling up the nanopores,!56:57.139,140] which could be an interesting route
towards lithographic etch masks. Our group has demonstrated the filling of porous
materials formed by smectic hydrogen bonding LCs. The smectic LC formulation
consisted of hydrogen bonding acrylate monomers which form hydrogen bonds
between the smectic layers by carboxylic acid dimerization, and 10% of a diacrylate
cross linker (Figure 16a). The interlayer crosslinks ensure that the structural integrity
of the polymer is maintained after breakage of the hydrogen bonds in a basic
solution (Figure 16b), which results in a stable polymer film, useful as a high capacity
adsorber material for cationic dyes.[53 The 2D smectic porous polymer network was
subsequently used to fabricate silver nanoparticles by the infiltration of silver nitrate
and subsequent reduction of the silver ions within the pores (Figure 16b).[571 The
diameter of the silver nanoparticles could be controlled by the covalent cross-linker.



Moreover, the process was amenable to other metal precursors, such as zinc ions.
Further investigation of the silver nanoparticle polymer film by peak force tapping
atomic force microscopy (PFT AFM) revealed a layered morphology over a large area
(Figure 16c¢). The periodicity of the hybrid organic/inorganic features was
approximately 4.3 nm.

Figure 16. Synthesis of silver nanoparticles in a nanoporous smectic LC polymer network. a)
Chemical structures of hydrogen-bonded LC dimer and covalent crosslinker. b) Schematic
representation of the fabrication method of the silver nanoparticles within a smectic LC polymer
network. c) Fourier transform refined image of a PFT ATM deformation map (500 x 500 nm) of a
cryomicrotomed silver nanoparticle polymer film. Reproduced with permission. [571 Copyright
2013, American Chemical Society.

1.4. Aim and outline

While lithography based on directed self-assembly can in principle offer higher
feature densities compared to optical lithography, three grand challenges remain for
its adoption by the semiconductor industry: (1) the scaling of the technology to sub-
5 nm feature sizes, (2) the directed self-assembly of the sub-5 nm patterns into
defect-free thin films with a predetermined orientation, and (3) the conversion of the
self-assembled morphologies into an inorganic array by selectively etching the
respective molecular components.

Recent progress towards functional thin film nanostructures at the sub-5 nm
length scale shows that thermotropic LC phases formed by small molecules offer
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self-assembly at the molecular length scale, i.e. sub-5 nm, and they are particularly
amenable to DSA processes due to the soft nature of the intermolecular interactions.
Hybrid organic/inorganic sub-5 nm LC patterns are especially attractive from a
nanopatterning perspective for their inherent etch contrast, but these materials, as
can be concluded from this review, have not been investigated for nanopatterning
purposes; their thin film directed self-assembly has not been explored, nor has their
selective etching been demonstrated.

This thesis explores the directed self-assembly of oligo(dimethylsiloxane)-based
liquid crystals for sub-5 nm patterning. Chapter two and three describe the synthesis
and characterization of ODMS LCs which form columnar and lamellar morphologies
respectively. We demonstrate that these hybrid organic-inorganic materials form thin
film nanostructures with ultrafine sub-5 nm dimensions. We further illustrate the
uniaxial planar alignment of the columnar LC nanopatterns using topological pre-
patterns. Chapter four describes the photo-alignment of the columnar LC
nanostructures by actinic light. Uniaxial planar alighment was achieved by exposure
to linearly polarized light, and the alignment process was investigated in detail.
Vertical alignment was achieved by exposure to unpolarized light. However, the
vertical morphology was unstable due to the surface energy disparity between the
ODMS and organic components of the molecules. Importantly, this result highlights
an important difference between BCPs and LCs; while the removal of defects is
facilitated by the low glass transition temperature of the LCs, the retention of the
metastable out-of-plane morphology is hampered. To address this issue, a series of
acrylate-terminated ODMS LCs was developed in chapter five. Cross-linking of the
smectic phase formed by these compounds resulted in stable nanostructured
polymers with retention of the structural order. An added benefit of these reactive
materials is the possibility for micropatterning by mask polymerization. An
alternative method to ‘lock-in’ LC order is proposed in chapter six. Novel hydrogen
bonding ODMS LCs were prepared and mixed with a glassy hydrogen-bond accepting
polymer to yield a range of glassy nanoscale morphologies. By mixing the LCs with a
block copolymer, hierarchical morphologies are generated. The synergistic co-
assembly phenomenon was used to realize a ‘sandwich’ structure in which the
smectic LC phase is vertically aligned. Finally, chapter seven gathers the current
challenges and opportunities regarding LCs for nanopatterning, and discloses a
class of azobenzene-containing hydrogen-bonding ODMS LCs for the photoalignment
of glassy, hierarchically oriented structures, thereby combining the concepts of
previous chapters.
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Chapter 2

Thin film directed self-assembly of columnar
oligo(dimethylsiloxane) liquid crystals

Abstract. This chapter describes the synthesis and characterization of a novel class of
monodisperse, oligo(dimethylsiloxane)-based (ODMS) liquid crystals which form
columnar morphologies at sub-5 nm periodicities (3.8 - 5.1 nm) in thin films. Highly
ordered nanopatterns were obtained by graphoepitaxial directed self-assembly. These
hybrid organic/inorganic liquid crystals are of high interest for nanopatterning
applications due to the combination of their ultrasmall feature sizes, high etching
contrast, and their ability to be directed into highly ordered domains without additional
annealing.

This chapter is based on:
K. Nickmans, J. N. Murphy, B. de Waal, P. Leclére, J. Doise, R. Gronheid, D. J. Broer, A.
P. H. J. Schenning, Adv. Mater. 2016, 28, 10068



2.1. Introduction

The sustained shrinking of device components is an embodiment of human
progress that has led to an explosion of micro- and nano-technologies. As discussed
in chapter 1, block copolymer (BCP)-based nano-patterning has paved a strong
foundation in nanotechnology including nano-porous membranes, patterned
magnetic media, and nanolithography. At the heart of the nano-patterning lies the
thin film micro-phase separation of chemically distinct and thermodynamically
immiscible polymer blocks into dense periodic structures (10 - 100 nm). To enable
pattern transfer, the respective blocks must contain sufficient etching contrast and
resistance, which is commonly achieved by introducing silicon into one block of the
copolymer.l1l Among these materials, poly(styrene)-b-poly(dimethylsiloxane) (PS-b-
PDMS) is the most widely investigated BCP in which the PS block is removed by
oxygen plasma resulting in a silica-rich nano-pattern.[23! The periodic structure
depends on the overall degree of polymerization of the polymer blocks (N), and the
Flory—Huggins interaction parameter (x). The additional requirement that xN exceed
10.5 for micro-phase separation to occur has led to a surge in so-called high-x, low-
N block copolymersl4 that target nano-patterns with minimum periodicities and
therefore maximum feature densities.l56] Unfortunately, an immiscibility-driven
approach will not suffice when sub-5 nm periodicities are desired,[# preventing
extendibility to smaller dimensions. In addition, although the assembly of block
copolymers can be directed within a photolithographic pre-pattern,[’! the formation
of defect-free periodic structures remains a challenge.[8l

For sub-5 nm periodicities, monodisperse small molecules such as liquid crystals
have been proposed (see chapter 1).[4] Liquid crystals (LC) can form similar phases
as reported for block copolymers, such as smectic (lamellar) or discotic (cylindrical)
morphologies.l®! Therefore, LCs could operate beyond the scaling limits of block
copolymers for nano-patterning applications, provided they can bear substantial
etch selectivity. Liquid crystals have the advantage that they can be easily alighed
into defect free structures, by for example shear,[10! photo-alignment layers,[11] and
mechanical alignment layers,[12] though these methods are not generally applicable
for thin films. As discussed in chapter 1, exciting work has been performed on the
confinement of liquid crystals in structures such as micro-channels,!*3] nano-
grooves,[14] or nano-pores,[15! but the directed self-assembly of thin films with sub 5
nm periodicities has not been reported.

In this chapter we explore oligo(dimethylsiloxane) (ODMS) liquid crystals(10. 16, 17]
as candidates for sub-5 nm nano-patterning. In these LCs the volume fraction of
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flexible inorganic ODMS has been systematically varied in comparison to the organic
mesogenic core, resulting in various sub-5 nm, hybrid organic/inorganic
morphologies. We further examine the LC self-assembly in thin fiims and
demonstrate the compatibility of the ODMS LCs with grapho-epitaxy, where ordered
nano-patterns are achieved without additional annealing,

A B
0
/\/\04©_< HOON\
OH N—QOH

DCC/DMAP
DCM

ofsi” n=5,9 0r13 DCM

5. LC-14Si
9: LC-22Si
13: LC-30Si

n
n
n

Scheme 1. Synthetic scheme for the preparation of the ODMS liquid crystals, where n represents
the length of the ODMS tail: LC-14Si (n = 5), LC-22Si (n = 9), LC-30Si (n = 13).

2.2. Results & Discussion

The synthetic scheme for the preparation of the ODMS liquid crystals is depicted
in Scheme 1. A four—ring rigid core (C) was synthesized by reaction of 4-
(butenyloxy)benzoic acid (A) with 4, 4'-dihydroxy azobenzene (B) in an esterification
reaction with dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP).11810ligo(dimethylsiloxane)s were prepared in the group of Meijer by coupling



a linear trisiloxane to a linear chlorotetrasiloxane in an iterative fashion,[1°]
producing a heptasiloxane monohydride (first cycle), an undecasiloxane
monohydride (second cycle), and pentadecasiloxane (third cycle). Subsequently, the
respective ODMS hydrides (D) were coupled to the core, using Karstedt’'s catalyst.
The conversion of Si-H bond to Si-C bond was examined by Fourier transform infrared
spectroscopy (FT-IR), by following the disappearance of the Si-H absorption band at
about 2130 cm- and C=C absorption at 1648-1640 cm-L. The molecular structure
of the ODMS liquid crystals is depicted in Scheme 1, where n represents the length
of the ODMS tail. ODMS tails consisting of 7 (n = 5), 11 (n = 9), and 15 (n = 13)
dimethylsiloxane units were used, resulting in liquid crystals LC-14Si, LC-22Si , and
LC-30Si, respectively. All LCs were purified and fully characterized.

To investigate the LC phase behavior, the LCs were analyzed by polarized optical
microscopy (POM) and differential scanning calorimetry (DSC).The POM images
(Figure 1) show birefringent multi-domains typical for liquid crystals and signify a
correlation length of the nanostructures contained within the domains that is on the
order of micrometers. DSC (Figure 2) shows the presence of mesophases marked by
sharp order-disorder transitions. None of the compounds are found to crystallize.
The room-temperature LC phases were further investigated by bulk X-ray diffraction
(XRD) in both wide-angle and medium-angle configurations (Figure 1). For each liquid
crystal, two broad peaks were observed in the wide-angle region (5 nm1< q > 20
nm1). The first, at g = 9 nm (d = 0.70 nm), is assigned to the mean distance
between siloxane units.l17] The second, at ¢ = 13.4 nm' (d = 0.45 nm), is assigned
to the mean distance between the aliphatic and aromatic parts of the molecule. The
presence of two distinct wide angle peaks evidences the nano-phase separation
between the ODMS and organic molecular components. The medium angle
reflections (1 nm1< g > 5 nm1) were used to assign the LC lattice parameters
indicated in Figure 1 . LC-14Si forms a rectangular columnar phase (a =3.8 nm, b =
7.4 nm) (plane group c2nm). LC-22Si also forms a rectangular columnar phase (a =
4.3 nm, b= 8.5 nm) with a comparatively larger lattice. LC-30Si forms a hexagonal
columnar phase (@ = 5.1 nm) (plane group p6nm). This finding indicates the
modularity of the LC approach, i.e. the pitch can be tuned by changing the length of
the ODMS tail.

Schematic representations of the liquid crystal phases are included in Figure 1.
In the columnar phases, the LC cylinder can be considered to consist of an
arrangement of rigid rods with a cross section of approximately 2.4 nm(29] (red), while
the matrix consists of flexible ODMS coils which fill the space between the
cylinders(2t] (blue). The absence of an ‘inter-disc distance’ in the wide-angle region



reveals that the rigid cores are relatively unordered within the LC cylinders. The
morphology change from the higher-order rectangular columnar phase to the lower-
order hexagonal columnar phase is considered a consequence of the increased coil-
to-rod volume fraction(21. 221 in the LC series.

T T T T T T T
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Figure 1. Room-temperature POM images of the ODMS liquid crystals and their corresponding
XRD spectra. The POM images were obtained under crossed polarizers (polarizer axes are
indicated in the images with a cross). All scale bars: 100 um. The XRD spectra were collected in
both wide- and medium-angle configurations (the transition is marked by a discontinuity atq ~ 5
nm-). The assigned Miller indices and the respective intermolecular scatterings are indicated, as
well as the corresponding lattices.
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Figure 2. DSC cooling curves of second cooling (10°C / min) of the ODMS liquid crystals.

In order to study the morphology of the LCs in thin films, solutions of LC were
spin-coated on Si wafers modified with a PDMS polymer brush.[83! Solutions of 1 wt %
in heptane resulted in 40 nm thin films on top of a 4.5 nm brush layer, according to
ellipsometry. AFM phase images of the thin films surface exhibit highly-ordered line
features indicative of a planar orientation of LC cylinders (Figure 3). Since the
surface energy of the ODMS tails is presumed to be very low (yroms = 20.5 mN/m),[23!]
the siloxane tails are anticipated to wet the air interface. Since the cylinder
structures are buried inside the film, the contrast in AFM height and phase images
is assumed to arise from the disparate mechanical properties of the rigid LC core
and flexible ODMS tails in tapping mode (core = light, ODMS = dark). The center-to-
center distances were determined by Fourier analysis. For the columnar rectangular
phases of LC-14Si and LC-228i, distances of 3.8 and 4.3 nm are found respectively,
corresponding to lattice parameter ‘a’ in each case. Lattice parameter ‘b’ was not
seen, suggesting a preferential orientation of the columnar lattice with ‘a’ parallel to
the substrate and ‘b’ perpendicular to the substrate. The defect density in these as-
cast, un-annealed films is remarkably low. At the same time, the orientation of the
micro-domains is preserved over large distances, indicating a naturally large
correlation length between the LC cylinders, in accordance with POM observations
of bulk material.
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Figure 3. Characterization of as-cast ODMS LC thin films of thickness 40 nm. Top: AFM phase
images exhibit line structures produced by in-plane LC cylinders (bright domains). Scale bars: 50
nm. Bottom: grazing-incidence x-ray diffraction data in wide-angle and medium-angle
configurations, measured around the critical angle.

Grazing-incidence x-ray diffraction (GIXRD) was performed in both wide-angle
and medium-angle configurations (Figure 3) to investigate the through-film
morphology of the thin films. In line with bulk measurements, the broad reflections
at 7 nm! < g < 14 nm? signify that the liquid-like nature of the respective
intermolecular interactions (siloxane-siloxane and organic-organic) is maintained in
the thin films. The medium-angle reflections were used to assign the LC lattice
parameters. The observed distinct Bragg spots confirm the LC cylinders are oriented
parallel to the substrate. For LC-14Si, the scattering data is fitted with a rectangular
lattice (a = 3.8 nm, b= 7.4 nm, plane group c2nm). For LC-22Si, the scattering data
is also fitted with a rectangular lattice (a = 4.3 nm, b= 8.5 nm, plane group c2nm).
The rectangular lattices are oriented with their short axis ‘a’ parallel to the surface,



in line with AFM observations. For LC-30Si, the scattering data is fitted with an
hexagonal lattice (a = 5.1 nm, plane group p6nm). In each case, the presence of
higher order reflections is a sign of the high lateral order and large correlation
lengths, in accordance with AFM. We argue that the LC nature of the film and
absence of polydispersity are responsible for the high lateral order. Interestingly, the
bulk and thin film periodicities correspond exactly. This finding stands in contrast
with thin block copolymer films, where the periodicity typically increases by
approximately 10 % from the bulk due to stretching of the polymer chains. [5 24]

We further investigated the directed self-assembly of the LC in grapho-epitaxial
trenches of approximately 100 nm in width, which were patterned with classical 193
nm immersion lithography and modified with a PDMS polymer brush. The patterned
wafers were coated with a 1 wt % heptane solution of LC-22Si. AFM reveals multi-
layers confined inside the trenches with the cylindrical long axis parallel to the trench
walls (Figure 4). The trench is subdivided into 24 smaller line structures with a 4.3
nm periodicity (obtained from Fourier analysis). The high order is remarkable
considering the absence of any annealing or further optimization of any kind, and
clearly demonstrates the potential of using liquid crystals for the production of
monolithic systems. However, the lithographic processes used to produce the
trenches are imperfect which results in local variations of the trench width on the
order of several nanometers.[25] Apparent defects result from confinement of the LC
by trench walls with nonzero roughness, which causes bending of the line structures,
in addition to a few disclinations, however these are largely limited to the edge of
each channel. [26] Given the low density of non-equilibrium defects in samples with
no directing features (ca. 2 defectsum2, based on Figure 3 and similar images), it is
unlikely that such defects are present within the trenches. Other apparent defects
are likely artefacts due to a combination of noise and row misalignment, given the
small periodicity (4.3 nm) relative to the AFM resolution (1 pixel / nm). Furthermore,
the LC periodicity does not fluctuate as it is fixed by the LC lattice parameters, and
hence, the placement error is on the order of the trench roughness.[271 For pattern
registration, further roughness reduction could be achieved with an optimized
photolithographic step or by a next generation extreme-UV lithographical tool.



Figure 4. AFM phase image of as-cast LC-22Si thin film within grapho-epitaxial trenches of
approximately 100 nm width. Highly-ordered line structures are formed with a period of 4.3 nm.
The inset corresponds to a 2x magnification. Scale bars: 50 nm.

The next steps toward liquid crystal based nanolithography are first, the casting
of single layer films, and then pattern transfer of the ODMS nano-patterns by etching.
AFM experiments show that uniform thin films can be prepared in which the LC
morphology is maintained by adjusting the spin-coating concentration (Figure 5). At
concentrations below 1.00 gL, islands are formed with uniform height of
approximately 7.2 - 8.0 nm. At 1.00 gL1, a near-complete layer is formed (coverage
95%). At higher concentrations, a second layer is formed alongside the first layer
(1.25 gl1, 1.50 gL1, 1.75 gL-1). The thickness of the second layer is approximately
3.3-3.9 nm. At 2.50 gL1, a third layer is formed. The thickness of the third LC layer
is approximately 4.3 nm, which is equal to the bulk periodicity.

These findings are confirmed by medium-angle grazing incidence x-ray
diffraction experiments (Figure 6). At a concentration of 1.00 gL, a single reflection
is present perpendicular to the substrate at g = 1.48 nm (4.25 nm), which is
identified as the scattering from a single layer of in-plane LC cylinders. This reflection
is referenced as the (2 0) reflection in the rectangular columnar lattice, although this
lattice cannot strictly be applied to a 1D system. At higher concentrations (1.25 gL-
1, 2.50 gL1), the out-of-plane (1 1), (O 2), and (1 3) reflections appear, indicative of
the formation of LC-multilayers, in accordance with AFM findings (Figure 5).
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Figure 5: AFM height images of LC-22Si thin films (top) spin-coated at varying concentrations,
with corresponding height profiles (bottom left) and height density maps (bottom right). The
height profiles are indicated by a white line in the AFM images.
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Figure 6. Medium-angle grazing incidence x-ray diffraction data of LC-22Si thin films cast at
various concentrations. The samples were measured at the critical angle with a sample detector
distance of 491 mm.

Preliminary oxygen plasma etching experiments on a multilayer film indicate that
the organics are etched away while the ODMS is oxidized (Figure 7), demonstrating
the potential of these liquid crystals for nanolithography. The etched sample was
exposed to 10 seconds of plasma produced by 20W RF (100% 02). The mass
concentration percentages of an un-etched and etched LC-22Si thin film were
determined via X-ray photoelectron spectroscopy. Upon etching, the carbon mass
concentration is decreased while the oxygen concentration is increased, signifying
the etching of organic material. Furthermore, methyl-bound silicon oxidizes into
oxygen-bound silicon, indicating the formation of silicon oxides. While the limited
aspect ratio of the in-plane cylinders in combination with the nanoscopic dimensions
will undoubtedly impose extensive optimization of etching parameters for pattern
transfer, the materials described in this chapter open up a promising avenue for the
production of sub-5 nm inorganic features.
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Figure 7. Mass concentration percentages of an un-etched and etched LC-22Si thin film
determined via X-ray photoelectron spectroscopy.



2.3. Conclusion

In this chapter, we have introduced oligo(dimethylsiloxane) liquid crystals as
candidates for sub-5 nm nano-patterning. The ease with which these materials align
by grapho-epitaxial templates bears witness to the benefit of using liquid crystals for
obtaining ultra-small, highly-ordered nano-patterns. In perspective, the use of liquid
crystals could provide a real advantage over block copolymers not only in feature
size, but also by the lack of variations in domain-size and periodicity in thin films
versus bulk and across a trench.[28!]

2.4. Materials & Methods

All reagents were used as received. The ODMS materials were received from the
group of Meijer. All solvents were of AR quality and purchased from Biosolve. Dry
DCM was tapped off a distillation setup which contained molecular sieves. Reactions
were followed by thin-layer chromatography (pre-coated 0.25 mm, 60-F254 silica gel
plates from Merck). The LC compositions were identified by tH NMR and 13C NMR
on a Varian Mercury Vx 400 MHz (100 MHz for 13C NMR) spectrometer. Deuterated
chloroform (CDCI3) and tetramethylsilane (TMS) were used as solvent and internal
standard, respectively. Matrix-assisted laser desorption/ionization mass spectra
were obtained on a PerSeptive Biosystems Voyager DE-PRO spectrometer or a
Bruker autoflex speed spectrometer using a-cyano-4-hydroxycinnamic acid (CHCA)
and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as
matrices. Temperature stability was evaluated by thermal gravimetric analysis (TGA).
For the POM measurements, a small amount of LC material was placed between
microscope slides, heated to the isotropic phase, and cooled (10°C / min) to room
temperature by a hot-stage (Linkam, THMS600) coupled to a polarized optical
microscope (POM) (Leica DM6000M), equipped with a DFC420C camera. X-ray
scattering measurements were performed on a Ganesha lab instrument equipped
with a GeniX-Cu ultralow divergence source producing X-ray photons with a
wavelength of 1.54 A and a flux of 1x108 phs. Scattering patterns were collected
using a Pilatus 300 K silicon pixel detector. The beam center and the q range were
calibrated using the diffraction peaks of silver behenate. Bulk XRD was performed
on samples sealed in a 1mm glass capillary. Grazing incidence XRD was performed
at the critical angle (~ 0.18°). The sample to detector distance was 91 mm for wide-
angle measurements and 441 mm for medium-angle measurements. The AFM data
were recorded in ambient conditions using a Dimension ICON atomic force
microscope (Bruker Nano Inc., Santa Barbara, CA) fitted with an NCHV silicon probe
(Bruker, spring constant 42 N/m and a resonance frequency 320 kHz). The AFM
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images were all captured on films without any etching, so a thin wetting layer of
ODMS is presumably at the air-LC interface. For thin film preparation, a hydroxy-
terminated PDMS homopolymer from Polymer Source with molecular weight 5
kg/mol was applied onto templated or untemplated silicon substrates from a 1-2
wt. % solution in heptane, baked at 150 °C for at least 24h, and rinsed with heptane.
The liquid crystals were subsequently spin-coated from 1 wt. % solution in heptane
(3000 RPM, 45s). For the fabrication of the trenches, spin-on carbon (SOC) HM710
and spin-on glass (SOG) ISX304 from JSR Micro were used with vendor
recommended process conditions. Negative tone development photoresist ANO2
from FUJIFILM was patterned on this stack using an ASML NXT:1950i ArF immersion
scanner with moderate off-axis illumination conditions (1.2NA, annular illumination,
0o/ 0i = 0.8/0.6). The resist patterns were transferred into the SOC using a TEL
Tactras™ dry etch system and the SOG was removed using 0.5% HF on a TEL
CELLESTA™ wafer clean system. Oxygen plasma etching was performed with an
Emitech K1050X RF plasma reactor operating in plasma ashing mode. The XPS
measurements were carried out with a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing hemispherical
analyzer with a 128-channel detector. The spectra were obtained using an
aluminium anode (Al Ka = 1486.6 eV) operating at 72W and a spot size of
400um.Ellipsometric measurements were acquired via nulling ellipsometry using a
spectroscopic imaging ellipsometer (Accurion Nanofilm ep4, Accurion GmbH,
Gottingen, Germany) fit with a 10x objective (~ 2 um lateral resolution). Data was
collected at angles from 50° to 70° at selected wavelengths from 350 to 1000 nm.
The data were modelled based on sequential measurements of the thermal oxide (~
2 nm) on Si(100), the PDMS brush (~ 5 nm), and various layers of LC-22Si.

2.5. Synthetic procedures

To a 100mL three-necked flask were added 1 eq. (750 mg) 4-butenyloxybenzoic
acid (A), 1.1 eq. of N,N-dicyclohexylcarbodiimide (DCC) and 0.07 eq. of 4-
dimethylaminopyridine (DMAP). After 30 min of stirring and purging with argon, 10
mL of anhydrous dichloromethane (DCM) were added. In a separate 25 mL flask, 0.5
eq. of (E)-4,4’-dihydroxy-azobenzene (B) was dissolved in 10 mL of anhydrous THF
under argon atmosphere, and the solution was transferred by canula to the first flask.
The reaction was stirred at room temperature for 5 h until TLC (SiO2, DCM) indicated
that reaction was complete. The urea derivative was filtered off, the reaction mixture
was diluted with 2 M KOH, and extracted with DCM. The combined organic layers
were dried over anhydrous magnesium sulphate, filtered and evaporated. The
residue was recrystallized from DCM to yield C. A Schlenk flask was charged with 1



eq. (100 mg) of C and 2.2 eq. siloxanemonohydride (D) and put under an Argon
atmosphere. Subsequently dry DCM (5 mL) and drop of Karstedt’s catalyst (1% in
xylene) were added. The solution was stirred overnight at room temperature. The
reaction was quenched in methanol and the reaction product was purified using
column chromatography (eluent: heptane/ethyl acetate) to offer the desired product.

(E)-diazene-1,2-diylbis(4,1-phenylene) bis(4-(but-3-en-1-yloxy)benzoate). (C)

Orange powder, yield: 40%; TH-NMR (400 MHz, CDCls): § 8.16 (d, 4H); 8.00 (d, 4H);
7.39 (d, 4H); 7.00 (d, 4H); 4,06 (m, 4H); 1.86 (m, 4H); 0.63 (m, 4H); 0.13-0.01 (m,
138H); 13C-NMR (100 MHz, CDCls): § 164.6, 163.7, 153.1, 150.1, 132.3, 124.1,
122.4,121.2,114.4,68.0, 32.6,29.7,19.7, 18.0, 1.82, 1.28; MALDI-TOF MS (m/z):
[M+H]* calcd for C3aH3oN20s 563.21, found 563.22.

(E)-diazene-1,2-diylbis(4,1-phenylene)bis(4-(4-(1,1,3,3,5,5,5-
heptamethyltrisiloxanyl)butoxy)benzoate) (LC-6Si)

Orange paste: yield 26%. 1H NMR (400 MHz, CDClz, & in ppm: 8.16 (d, 4H); 8.00 (d,
4H); 7.39 (d, 4H); 7.00 (d, 4H); 4,06 (m, 4H); 1.86 (m, 4H); 0.63 (m, 4H); 0.13-0.01
(m, 42H). 13C NMR (400 MHz, CDCls, 6 in ppm): 164.6, 163.7, 153.1, 150.1, 132.3,
124.1, 122.4, 121.2, 114.4, 68.0, 32.6, 29.7, 19.7, 18.0, 1.82, 1.28. MALDI-TOF
MS: [M+Na]* calcd for CagH7aN2010Sie 1029.39, found 1029.49.

(E)-diazene-1,2-diylbis(4,1-phenylene)bis(4-(4-1,1,3,3,5,5,7,7,9,9,11,11,13,13,13-
pentadecamethylheptasiloxanyl)butoxy)benzoate) (LC-14Si)

Orange paste, yield: 89%; tH-NMR (400 MHz, CDClz), § 8.16 (d, 4H); 8.00 (d, 4H);
7.39 (d, 4H); 7.00 (d, 4H); 4,06 (m, 4H); 1.86 (m, 4H); 0.63 (m, 4H); 0.13-0.01 (m,
90H); 13C-NMR (100 MHz, CDCls): § 164.6, 163.7, 153.1, 150.1, 132.3, 124.1,
122.4,121.2,114.4,68.0, 32.6,29.7,19.7, 18.0, 1.82, 1.28; MALDI-TOF MS (m/z):
[M+Na]* calcd for CeaH122N2018Si14 1621.54, found 1621.56.

(E)-diazene-1,2-diylbis(4,1-phenylene)bis(4-(4-
(1,1,3,3,5,5,7,7,9,9,41,11,13,13,15,15,17,17,19,19,21,21,21-
tricosamethylundecasiloxanyl)butoxy)benzoate) (LC-22Si)

Orange paste, yield: 84%; tH-NMR (400 MHz, CDCI3): § 8.16 (d, 4H); 8.00 (d, 4H);
7.39 (d, 4H); 7.00 (d, 4H); 4,06 (m, 4H); 1.86 (m, 4H); 0.63 (m, 4H); 0.13-0.01 (m,
138H); 13C-NMR(100 MHz, CDCl3): § 164.6, 163.7, 153.1, 150.1, 132.3, 124.1,
122.4,121.2,114.4,68.0, 32.6,29.7,19.7, 18.0, 1.82, 1.28; UV/Vis: Amax 330 nm;
MALDI-TOF MS (m/z): [M+Na]* calcd for CsoH170N2026Si22 2213.69, found 2213.71.
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(E)-diazene-1,2-diylbis(4,1-phenylene)bis(4-(4-
(1,1,3,3,5,5,7,7,9,9,41,11,13,13,15,15,17,17,19,19,21,21,23,23,25,25,27,27,2
9,29,29-hentriacontamethylpentadecasiloxanyl)butoxy)benzoate) (LC-30Si)

Orange paste, yield: 69%; 1H-NMR (400 MHz, CDCls), § 8.16 (d, 4H); 8.00 (d, 4H);
7.39 (d, 4H); 7.00 (d, 4H); 4,06 (m, 4H); 1.86 (m, 4H); 0.63 (m, 4H); 0.13-0.01 (m,
186H); 13C-NMR (100 MHz, CDCIs): 6 164.6, 163.7, 153.1, 150.1, 132.3, 124.1,
122.4,121.2,114.4,68.0, 32.6,29.7,19.7, 18.0, 1.82, 1.28; MALDI-TOF MS (m/z):
[M+Na]* calcd for CosH218N2034Si30 2805.84, found 2805.86.
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Chapter 3

Smectic oligo(dimethylsiloxane) liquid crystal for
sub-5 nm patterning

Abstract. A monodisperse oligo(dimethylsiloxane) liquid crystal is synthesized via
hydrosilylation and characterized. The formation of a tilted smectic phase with a
periodicity of approximately 3.0 nm is demonstrated via differential scanning
calorimetry, polarized optical microscopy, and x-ray diffraction. Wide-angle x-ray
diffraction was used to construct temperature dependent hypothetical packing models
for the smectic phase (21 - 137 ). We show that the layer spacing is relatively
temperature independent across the smectic phase (~1% variation), but the director
tilt is highly temperature dependent (20° - 70°). Finally, we show that the liquid crystal
forms lamellar sheets in thin films.

This chapter is based on:

K. Nickmans, A. P. H. J. Schenning, Proc. SPIE 10125, Emerging Liquid Crystal
Technologies XI1 2017, 1012513



3.1. Introduction

As discussed in Chapter 1, the directed self-assembly of block copolymers has
established itself as a powerful resolution enhancement technique to optical
lithography.[1.2] Block copolymers are known to form various phases depending on
their relative block lengths, such as lamellar or hexagonal. Lamellar phases can be
used to pattern dense line spaces,[12l while hexagonal phases are typically
employed for the patterning of contact holes.[3! Unfortunately, the minimum domain
spacing that can be obtained using typical block copolymer self-assembly does not
exceed 10 nm.1  For next-generation directed self-assembly, particularly in
combination with EUV, materials are required that can form ordered structures on
the molecular length scale (1-10 nm).

Chapter 2 describes the directed self-assembly of a series of ODMS based liquid
crystals (14 - 30 dimethylsiloxane units per molecule), which form columnar
hexagonal and columnar rectangular phases with periodicities between 3.7 and 5.1
nm. The formation of columnar phases was promoted by the large volume fraction
of bulky ODMS chains.[56! In contrast, short siloxane tails (2 - 5 siloxane units per
molecule) have been known to induce smectic phases.[7-131In this chapter, we report
on a novel liquid crystal, LC-6Si, which contains six dimethylsiloxane repeating units
(Scheme 1). Here we report the thermotropic phase behavior of LC-6Si and propose
a tilted lamellar (SmC) packing with a periodicity of 3.0 nm. We further demonstrate
that the liquid crystal forms lamellar thin films.

3.2. Results & Discussion

The oligo(dimethylsiloxane) liquid crystal LC-6Si was prepared by synthesizing an
alkyl-terminated azobenzene corell4 (Chapter 2) and coupling a commercially
available, monodisperse, linear trisiloxane monohydride (Scheme 1). The reaction
was carried out under standard hydrosylilation conditions using Karstedt’s catalyst.
After work-up and purification LC-6Si was fully characterized. The full synthetic
procedures and characterization are provided in the experimental section. A few mg
of LC-6Si were heated from room temperature to 800 °C in a TA 500 thermal
gravitational analysis (TGA) instrument, at a rate of 10 °C min3, using an air
atmosphere (Figure 1). At 800 °C, approximately 10 wt% of material remains which
suggest the formation of inorganic silicon oxides by calcination.
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Scheme 1. Synthetic scheme for the preparation of LC-6Si.
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Figure 1. TGA experiment in air of LC-6Si.

To investigate the thermotropic phase behavior, LC-6Si was analyzed by
differential scanning calorimetry (DSC), polarized optical microscopy (POM), and bulk
X-ray diffraction (XRD). Figure 2 shows the DSC data obtained from the second
cooling of the compound. The phase transition temperatures are |— 137.3 °C (4.59
Jgl)—>Sc—21.7 °C(L.14J g1) - K'— 3.35 °C (7.59 J g1) — K. Here, K, K, Sc,
and | denote the crystalline, pre-crystalline, smectic C, and isotropic phases,
respectively, and the associated enthalpy changes are given in parentheses. LC-6Si
has a broad smectic LC temperature window, most likely promoted by partial phase



segregation of the ODMS tails (vide infra).[10! Figure 2b shows POM images under
crossed polarizers, taken after cooling LC-6Si from the isotropic phase. Just under
the isotropic transition (137 °C), a fingerprint texture is observed. The birefringent
domains are large. This signifies a large degree of lateral order and is significant for
nanofabrication. The phase transitions into the K’ and K phases are marked by an
observable change in texture.

137.3 °C
4591 g

Heat Flow (W/g)
s
&

0 20 40 60 80 100 120 140 160
Temperature (°C)

Figure 2. Thermal characterization of LC-6Si: DSC trace upon second cooling (a) and selected
POM images taken between crossed polarizers at different temperatures (b). Scale bars: 200
pm.

In order to investigate the LC nanostructure and determine the lattice
parameters, temperature dependent X-ray diffraction experiments were performed.
To this end, LC-6Si was cooled in a magnetic field (1T) and a scattering profile was
obtained at various temperatures. Figure 3 shows representative 2D diffractograms
(a) and the associated reduced scattering profiles (b). In the isotropic phase (164 °C),
two broad diffraction peaks are found. The first, centered at g = 2.0 nm1(d = 3.2
nm) corresponds roughly to the molecular length and signifies the characteristic
correlation hole effect due to concentration fluctuations. The second, centered at q
= 11.1 nm?1 (d = 0.55 nm), corresponds to the mean intermolecular distance
between organic-organic, organic-ODMS, and ODMS-ODMS moieties, indicating the
molecular mixing of these components.
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Figure 3. 2D XRD diffractograms (a) and the reduced 1D data (b) for LC-6Si obtained in the
various LC phases: | (164 °C), SmC (135 °C), K’ (13 °C), K (0 °C). Sample to detector distance: 91
mm.

Below the isotropic transition (135 °C), the peak at small angles sharpens and
increases in relative intensity. The small-angle peak is centered at g = 2.1 nm-1, with
additional higher order peaks presentat g = 4.2 nm1and g = 6.3 nm1in the ratio q,
2q, 3q, signifying self-assembly into smectic layers with a periodicity of
approximately 3.0 nm. Interestingly, the wide angle peak has split into two distinct
peaks, centered at ¢ = 9.0 nm1(d = 0.70 nm) and g = 14.0 nm1(d = 0.45 nm).
These values are typical for ODMS-ODMS and organic-organic interactions,
respectively signifying the segregation between bulky ODMS and organic moieties
into separate layers.[10] At lower temperatures (13 °C), additional peaks appear in
the wide-angle region, demonstrating partial crystallization of the molecule. Since
this transition is associated with a limited enthalpy change (Figure 2a), this phase is
identified as lamellar pre-crystalline or soft-crystalline phase. Finally, at even lower



temperatures (0 °C), full crystallization occurs, as indicated by the appearance of
many peaks in the wide-angle region.

The smectic layer spacing varies in discrete steps at temperatures
corresponding to the phase transition temperatures (Figure 4a). Within the smectic
LC window, the layer spacing slightly decreases with decreasing temperature from
3.03 nm (135 °C) to 2.99 nm (40 °C), likely due to a temperature dependence of the
molecular tilt. To investigate this, the temperature-dependent tilt of the smectic
layers and molecular components was investigated.

The director n, which is the spatial and temporal average of the long molecular
axes, was defined as oriented perpendicular to the scattering intensity stemming
from the organic-organic intermolecular interactions. The director tilt Q, defined as
the angle between the scattering intensity originating from the lamellar layers and
the director n, was also extracted from the scattering data (Figure 4b). In this case
we consider only the dominant layer orientation of the two layer orientations with
opposite tilt normally found for tilted Smectics. The director tilt varies from 70° to
20° across the LC temperature range. This variation is extreme, considering the
limited changes in layer spacing (Figure 4a). If we assume perfectly ordered rodlike
molecules with director tilt Q, the observed layer spacing d is equal to d = | cos(Q),[15]
in which [ is the estimated molecular length | = 4.5 nm. According to this equation,
the expected director tilt 45° < Q < 50°. Hence, the molecules can be considered
as disordered within the smectic layers. Together with the limited reduction in layer
spacing across the temperature range, this suggests that the local molecular long
axis (the local director) is tilted through a finite angle, while azimuthally uniformally
distributed.[815] This behavior has been previously observed for siloxane liquid
crystals.[8.15-171 Furthermore, the siloxane tilt @ was extracted from the scattering
data as the angle between the scattering intensity corresponding to the organic-
organic intermolecular interactions (by definition perpendicular to n), and the
scattering intensity corresponding to the ODMS-ODMS intermolecular interactions.
Interestingly, when plotted together with the director tilt (Figure 4b), the values
correspond almost exactly. This indicates that the ODMS-ODMS intermolecular
interactions are on average perpendicular to the smectic layers regardless of the
director tilt, which suggests that the microphase separation between organic and
ODMS components drives a surface energy minimization that is responsible for the
lamellar morphology.[10]
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Figure 4. Observed smectic layer spacing (a) and calculated tilt angles (b) for LC-6Si in the SmC
phase. The angle definitions are shown for the extreme temperature cases of 135°C (c) and 40°C
(d). Corresponding proposed packing models of the dominant Smectic layer morphology at 135°C
(e) and 40°C (f). Red: rigid core; black: alkyl chains, blue: ODMS layer.

For nanopatterning applications, the liquid crystals must self-assemble in thin
films. To this end, a dilute solution of LC-6Si was spin-coated onto a PDMS-modified
silicon wafer.[14 The wafer was modified to ensure wetting of the LC. In order to study
the film morphology, grazing-incidence x-ray diffraction (GIXRD) experiments were
performed at room temperature (Figure 5). In the small angle region, significant
diffraction intensity was obtained perpendicular to the substrate plane, in the ratio
g, 29, 3q, 4q, revealing a lamellar sheet morphology which is oriented parallel to the
substrate. The primary scattering peak was centered at g = 2.1 nm-1, signifying the
presence of smectic layers with a periodicity of 3.0 nm. The periodicity corresponds
exactly with the data obtained in bulk. In the wide-angles of the diffraction pattern,
a complex combination of highly oriented reflections was obtained, indicative of a
(partially) crystalline morphology.
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Figure 5. GIXRD diffractogram of a 40 nm LC-6Si thin film at room temperature.

3.3. Conclusion

In this chapter, we reported on the synthesis, characterization, and self-
assembly behavior of novel oligo(dimethylsiloxane) liquid crystal LC-6Si. LC-6Si
forms tilted smectic lamellar structures with 3.0 nm periodicity in bulk and in thin
films. As observed by x-ray diffraction experiments, the director tilt is highly
dependent on temperature (20° - 70°), while the layer spacing relatively
temperature independent (2.99 - 3.03 nm). In order to employ the etch contrast
provided by the ODMS, the LCs must first be oriented perpendicular to the film
surface. This might be achieved with a neutral surface layer,[18.19] g suitable top-
coat,[20] or photo-alignment.[21] This type of material may be used to explore the
resolution limits of directed self-assembly of lamellar sub-5 nm patterns.

3.4. Materials & Methods

Heptamethyltrisiloxane was purchased from Fluorochem and used as received.
Dichloromethane (CH2CI2) was dried over aluminum oxide in a commercial Grubbs-
type system. The synthetic products were identified by 400 MHz NMR. Deuterated
chloroform (CDCI3) and tetramethylsilane (TMS) were used as solvent and internal
standard, respectively. Molecular weights were determined by MALDI-TOF MS.
Temperature stability was evaluated by thermal gravimetric analysis (TGA). Phase
behavior was evaluated with differential scanning calorimetry (DSC), polarized
optical microscopy (POM), and X-Ray diffraction (XRD). For POM analysis a small
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amount of product was placed in between two glass microscope slides. XRD spectra
were collected in a setup equipped with a Linkam hotstage for temperature control
and a sample holder featuring 1 Tesla permanent magnets. Grazing-incidence X-ray
diffraction (GIXRD) spectra were obtained at room temperature and around the
critical angle (0.18°). For thin film preparation, a hydroxy-terminated PDMS
homopolymer from Polymer Source with molecular weight 5 kg mol?1 was applied
onto silicon substrates from a 1-2 wt. % solution in heptane, baked at 150 °C for at
least 24h, and rinsed with heptane. The liquid crystals were subsequently spin-
coated from 1 wt. % solution in heptane (3000 RPM, 45s). The film thickness was
approximately 40 nm as estimated by ellipsometry.

3.5. Synthetic procedures

A 20mL Schlenk flask was equipped with a magnetic stir bar and charged with
1,4-bis[4-(4-butenyloxy)benzoyl] azobenzenel4 (170 mg, 0.30 mmol) and
heptamethyltrisiloxane (243 mg, 1.05 mmol), and put under an Argon atmosphere.
Subsequently dry DCM (10 mL) and drop of Karstedt’s catalyst (1% in xylene) were
added. The solution was stirred overnight at room temperature. The reaction was
qguenched in methanol and the reaction product was purified using column
chromatography (hexane/ethyl acetate 20/1) to yield LC-6Si as an orange paste
(yield 26%). 1H NMR (400 MHz, CDCls, 6 in ppm: 8.16 (d, 4H); 8.00 (d, 4H); 7.39 (d,
4H); 7.00 (d, 4H); 4,06 (m, 4H); 1.86 (m, 4H); 0.63 (m, 4H); 0.13-0.01 (m, 42H). 13C
NMR (400 MHz, CDClIs, 8 in ppm): 164.6, 163.7, 153.1, 150.1, 132.3,124.1, 122 .4,
121.2, 114.4, 68.0, 32.6, 29.7, 19.7, 18.0, 1.82, 1.28. MALDI-TOF MS: [M+Na]*
calcd for CagH74N2010Sis 1029.39, found 1029.49.
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Chapter 4

Three-dimensional orientational control in self-
assembled thin films with sub-5 nm features by
light

Abstract. While self-assembled molecular building blocks could lead to many next-
generation functional organic nanomaterials, control over the thin film morphologies to
yield monolithic sub-5 nm patterns with three-dimensional orientational control at
macroscopic length scales remains a grand challenge. We studied a series of
photoresponsive hybrid oligo(dimethylsiloxane) liquid crystals that form periodic
cylindrical nanostructures with periodicities between 3.8 - 5.1 nm (see chapter 2). The
liquid crystals can be aligned in-plane by exposure to actinic linearly polarized light and
out-of-plane by exposure to actinic unpolarized light. These results allow the generation
of highly-ordered sub-5 nm patterns in thin films at macroscopic length scales, with
control over the orientation in a non-contact fashion.

This chapter is based on:
K. Nickmans, G. M. B. Bogels, C. Sanchez-Somolinos, J. N. Murphy, P. Leclére, I. Voets,
A. P. H. J. Schenning, Small 2017, 13, 170143.



4.1. Introduction

Decades of soft matter research have yielded a plethora of building blocks, such
as block copolymers,[1-41 colloids, 5] surfactants,[l and molecules,[7-9 which can self-
assemble into a range of periodic nanostructures, such as lamellae, cylinders or
more complex geometries (chapter 1). Yet, the generation of defect-free thin film
nanostructure arrays remains a grand challenge due to the tendency of these
building blocks to self-assemble into arbitrarily oriented poly-domain structures.[]
Achieving a thin film monolithic alignment of these materials, across the molecule
to device length scales,[10.11] could help to realize compelling advanced applications
in areas such porous membranes,[12-14  organic electronics,/*% and
nanolithography.[16-18]

While traditional block copolymers (BCPs) have been the main driving force
behind self-assembled thin film applications,[2-4] sub-5 nm periodicities are more
readily formed by small molecules.[1920] In bulk, these self-assembled small
molecules have been aligned by for example shear,[21.22] aglignment layers,[23.24]
photo-alignment,[25-301 magnetic fields,[1431] and geometric confinement.[32-34 The
induction of long range order and orientational control in thin films is, however, a
critical step towards the application of these small molecule nanomaterials as
supramolecular templates.[”! In the sub-um regime, photo-alignment is a potentially
well-suited method as it is non-contact, free of complex surface modification, and
compatible with top-down microfabrication techniques.

The groups of Seki and lkeda revealed that thin film block copolymer (BCP)
morphologies consisting of amorphous phase segregated cylinders in an
Azobenzene (Az) liquid crystal (LC) matrix can be aligned with linearly polarized light
(LPL).[35-411 The rod-like trans Azs are isomerized most effectively when their
transition moments are oriented parallel to the electric vector (E) of light. In the case
of normally incident LPL, this leads to a statistical build-up of Azs moieties oriented
orthogonal to E,[2742-451 gnd the concurrent in-plane alignment of BCP
nanostructures.35-39 [t was shown that the in-plane alignment of cylinders proceeds
through subdomain rotation in a cooperative and synchronized manner.[46! In the
case of normally incident unpolarized light, the Azs orient parallel to the light
propagation direction minimizing their light absorption,47l which allows the on-
demand switching between in-plane and out-of-plane directions.

In chapter 2, we reported a series of monodisperse organic-inorganic Az-LCs
containing oligo(dimethylsiloxane) (ODMS) for etch contrast that form sub-5 nm
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patterns,i48] and showed that their self-assembly can be directed in-plane by
graphoepitaxy, in a manner analogous to BCPs. In this chapter we demonstrate by a
variety of techniques that the LC self-assembly can be directed both in-plane and
out-of-plane with light, and that the mobility of the LC phase is key to achieving a
rapid alignment. While it should be noted that photo-alignment is a well-established
method to align liquid crystals, both in terms of photo-alignment layers [26] and the
alignment of bulk material,[25.27.49] the 3 dimensional orientational control by light of
LC morphologies and pattern generation with sub-5 nm periodicities in thin films has
not been reported.

4.2. Results & Discussion

The molecular structure of the employed ODMS liquid crystals,[48] is depicted in
Scheme 1. The LCs consist of a photoresponsive trans azobenzene containing rigid
core flanked by flexible ODMS coils. Due to the bulkiness of the ODMS coils, the
molecules form columnar liquid crystalline phases in which the LC cylinder is
considered to consist of a stacked arrangement of rigid rods, while the matrix
consists of ODMS (chapter 2). The phase behavior and associated lattice parameters
are dependent on the length of the ODMS coil and temperature (Table 1). Dilute
solutions of the Az-liquid crystals with variant ODMS lengths displayed
indistinguishable UV-vis absorption spectra (Figure 1) with the characteristic m-m*
transition absorption band of the trans isomers with a peak at 330 nm and a weaker
n-m* transition absorption band with a maximum at 439 nm. The LCs isomerized
from trans to cis upon irradiation with 365 nm UV light, resulting in a decreased
absorbance at 330 nm, and an increase of the weaker n-m* band at 439 nm
indicating the formation of the cis isomer (Figure 2). Subsequent irradiation with 455
nm light, at the low energy side of the n-m* band, recovered the absorption spectra
to the initial state consisting of predominantly trans isomers.
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Scheme 1. Molecular structure of the ODMS liquid crystals, where n represents the length of the
ODMS tail: LC-14Si (n = 5), LC-22Si (n = 9), LC-30Si (n = 13).



Table 1. Phase behavior and lattice parameters of the ODMS liquid crystals (see chapter 2).[48]

n Phase behavior [°C] (Lattice parameters [nm])
LC-14Si 5 Colrec 109 (3.8, 7.4) Iso
LC-22Si 9 Colrec 49 (4.3, 8.5) Colnex 102 (4.5) Iso
LC-30Si 13 Colhex 95 (5.1) Iso
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Figure 1. Normalized UV-vis absorption spectra of LC-14Si, LC-22Si, and LC-30Si in chloroform.
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Figure 2. UV-vis absorption spectra of LC-22Si in chloroform prior to irradiation, after irradiation
with 365 nm light, and after subsequent irradiation with 455 nm light.
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The photoresponsive properties the Az liquid crystals were first studied in thin
untreated quartz cells (thickness = ~1.5 pym). Figure 3a shows a schematic
representation of the cylinder morphology, a polarized optical microscopy (POM)
image, and polarized UV-vis spectroscopy data of LC-22Si in the cell. The observed
birefringent texture under POM indicates that the optical axes of the domains (and
also the columnar axes) are oriented randomly. Compared to its corresponding
absorption in solution (Figure 2), the i-m* transition absorption peak exhibited some
broadening, indicative of aggregated Az moieties in the LC state. However, no shift
was observed, suggesting restricted Az aggregation in the LC state,[29 potentially as
an effect of the bulky ODMS matrix. Polarized UV-vis absorption spectroscopy of the
absorption at 330 nm further shows equal absorbance of Az trans isomers across
all polarization angles, signifying the random orientation of the Az in the plane of the
cell.

In order to see if the cylindrical domains could be oriented through photoinduced
trans-cis-trans isomerization cycles, the cell containing LC-22Si was subjected to
455 nm LPL (Figure 3b), while cooling (0.1 °C min-1) from the isotropic state to room
temperature and then, in a subsequent experiment, to unpolarized 455 nm light
(Figure 3c), under the same thermal cooling conditions. In the case of LPL, the POM
texture after irradiation was highly anisotropic, extinguishing light when E was
oriented at 0° and 90° relative to crossed polarizers. At 45° to the polarizers, the
sample exhibited a bright state, indicative of the preferential orientation of the
mesogens in a planar fashion. The corresponding polarized absorption
measurements were used to calculate a dichroic ratio (DR) as DR = (A, -Ay)/(AL +A)),
where A, and Ajrepresent the absorbance at the peak of the n-* transition band
(330 nm), measured with polarized light perpendicular and parallel to E. For
randomly oriented Azs, DR = 0, while for perfectly oriented Azs perpendicular to E,
DR = 1. In this case, DR = 0.51, indicating that the Az moieties are on average
oriented perpendicular to E,[4°] though the moderate value suggests that there is
disorder around the preferential orientation direction. XRD experiments (Figure 4)
reveal that the Az reorientation results in the alignment of the LC nanocylinders in a
planar fashion (a = 4.5 nm) with the cylindrical axis parallel to E.
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Figure 3. Schematic representations, room temperature POM images, room temperature
polarized UV-vis absorption spectra, and corresponding polar plots, of LC-22Si contained in a
quartz cell (~1.5 um) prior to photo-alignment (a), after exposure to linearly polarized light (b),
and after exposure to unpolarized light (c). The E direction is indicated by the arrow. The crosses
represent the transmission axes of the crossed polarizers. All scale bars: 200 um.

Next, the out-of-plane alighment was investigated (Figure 3c) by irradiating with
unpolarized 455 nm light. In this case, the POM texture no longer exhibited
birefringence (optically isotropic), and no in-plane dichroism was induced (DR = 0).
XRD experiments (Figure 4b) reveal a hexagonal symmetry in the scattering,
originating from the vertical orientation of LC nanocylinders (a = 4.5 nm) in an



essentially mono-domain fashion. The out-of-plane cylinder orientation is
characterized by a small decrease in the ni-i* transition absorption peak intensity
when compared to the unaligned state and a large increase in absorption when the
sample is tilted (Figure 5) which suggest the Azs have partially turned parallel to the
propagation direction of light in accordance to literature.l4347.541 However, the
significant remaining absorption intensity in the plane suggest that the effective
photoinduced alignment of the azobenzene moieties perpendicular to the light
polarization is compensated by a tendency of the Azs to align perpendicular to the
axis of the cylinder. Interestingly, this suggests that only limited differences in the
photoinduced Az orientation are responsible for the highly aligned LC mesophase
morphologies in 3 dimensions, both in plane (moderate DR), and out-of-plane
(limited deviation from horizontal). Overall these results show that light can be used
to align the cylindrical mesophase morphology horizontally and vertically in a cell in
a non-contact fashion. Furthermore, the photoinduced orientation, both at the
chromophore and morphology level, are stable at room temperature and may be
erased and reoriented.
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Figure 4. 2D medium-angle XRD of photo-aligned LC-22Si at 85 °C in a 1 mm capillary. The
propagation direction of light during the alignment step is perpendicular to the detector plane. In
the case of LPL (a), there is strong scattering perpendicular to E (indicated by the black arrow),
indicating that the LC cylindrical axis is in the detector plane and parallel to E. In the case of
unpolarized light (b), there is scattering with hexagonal symmetry, indicating the LC cylindrical
axis is oriented out-of-plane in an essentially mono-domain fashion. The sample to detector
distance is 441 mm.
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Figure 5. Tilted UV-vis spectra at room temperature of a LC-22Si cell before (a), and after (b)
exposure to unpolarized 455 nm light. The numbers in the legend represent the tilt angle.

For most nanotechnology applications, the LC morphologies must be directed in
sub-um thin films. Therefore, LC thin films were prepared by spin-coating dilute
solutions of liquid crystals in heptane onto PDMS-modified quartz substrates.[48.55] A
10 mg/mL solution of LC-22Si resulted in films of 40 nm thickness, as determined
by ellipsometry. The film surface consists of multi-layers of nanocylinders with a
period of 4.3 nm,[48] corresponding to the room temperature Colrec phase (Table 1).
Without an external driving force for alignment, the cylinders are planar oriented over
arbitrary azimuthal angles in a multi-domain fashion.

For the thin film photo-alignment experiments the films were heated up close to
the clearing temperature. Figures 6a-d show 2D grazing-incidence X-ray diffraction
(GIXRD) patterns of the LC-22Si thin film at 85 °C (Colrex phase, Table 1), before and
after exposure to unpolarized light and LPL of 455 nm (1h., 0.6 J cm-2 min-1). Before
photo-alignment (Figure 6a), periodic (q, \/3q, 2q) scattering peaks were observed at
g =1.68 nm1,2.90 nm<1, and 3.36 nm, corresponding to the Colnex phase (a = 4.5
nm). The primary scattering peaks corresponding to the {1 O} planes were observed
at azimuthal angles ¢ ~ 30°, @ ~ 90°, and ¢ ~ 150°, confirming the self-assembly is
exclusively in-plane.

After exposure to unpolarized light (Figure 6b), the periodicity remained at 4.5
nm, while the primary scattering peak appeared at azimuthal angles ¢ ~ 0°, ¢ ~
180°. The in-plane scattering greatly diminished. This data suggests that the effect
of unpolarized light is the re-orientation from in-plane cylinders to predominantly out-
of-plane cylinders. However, it should be noted that the out-of-plane morphology
could not be retained in thin films upon cooling to room temperature (vide infra).
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Figure 6. Thin film photo-alignment of LC-22Si: 2D GIWAXS profiles before photo-alignment (a),
after photo-alignment with unpolarized light (b), and after photo-alignment with LPL (c-d)
measured parallel (c) and perpendicular (d) to E; High-resolution phase-mode AFM image of a

planar aligned sample (e). The polarization direction of the LPL is indicated by the arrow. The
inset corresponds to a 2x magnification. Scale bars: 50 nm.



In contrast, Figure 6¢-d depicts GIXRD measurements recorded parallel (Figure
6¢) and perpendicular (Figure 6d) to the E direction of LPL. Parallel to E, the
diffraction pattern exhibits many higher order reflections corresponding to a
hexagonal columnar lattice with high positional order. The periodicity remained at
4.5 nm. Perpendicular to E, the diffraction exhibits the total absence of reflections
at ¢ ~30°and ¢ ~ 150°. Scattering intensity is preserved only at the azimuthal angle
of @ ~ 90°. Together, this is consistent with the presence of vertically stacked layers
of nanocylinders in which the cylinder axes are exclusively parallel to the E.

The aligned sample was subsequently cooled to room temperature (Colrec
phase), and high-resolution atomic force microscopy (AFM) was performed in tapping
mode. Figure 6e shows an AFM phase image, which exhibits a mono-axial array of
periodic line structures with a periodicity of 4.3 nm. The LC cylinders are oriented
parallel to the E direction, in accordance with the GIXRD data at 85 °C, indicating
that the aligned planar morphology can be retained upon cooling to room
temperature. Remarkably, there are no observable non-equilibrium defects that are
usually found in photo-aligned glassy BCP systems,[35.37.56] despite the value of DR
to achieve this (DR = 0.71) differs from that of a perfectly ordered Az system (DR =
1).39]

Polarized UV-vis measurements (Figure 7) confirm that the corresponding
alignment of Az moieties is perpendicular to the E direction (DR = 0.71), consistent
with the results found in bulk (Figure 3b). These findings suggest that the Az moieties
are on average perpendicular to the columnar axis and the effect of LPL is the net
orientation of LC cylinders parallel to E. Furthermore, optical microscopy (Figure 8)
reveals that the photoaligned thin films consist of large anisotropic domains which
extend hundreds of micrometers in the direction parallel to E. Together, these results
show that the alignment of LC cylinders can be achieved across large areas in sub-
5 nm patterned thin films, and their 3 dimensional orientation can be controlled.
However, in contrast to the behavior in a cell (Figure 3c), the out-of-plane morphology
could not be retained in thin films, indicating the prominence of surface energy
contributions to the free energy.[56!
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Figure 7. Room temperature polarized UV-vis absorption spectra of a LC-22Si thin film (thickness

40 nm) prior to (a) and after (b) exposure to polarized 455 nm light. The absorption parallel and
perpendicular to E are indicated.

Figure 8. Optical microscopy of an LC-22Si thin film (thickness 40 nm) prior to (a) and after (b)
exposure to polarized 455 nm light. The E is indicated by the arrow. Scale bars: 100 um.

In order to gain insight into the three-dimensional photo-alignment process,
thicker films were prepared (~ 150 nm), allowing combined time-resolved polarized
UV-vis absorption spectroscopy and GIXRD measurements to correlate the
orientation of photoresponsive azobenzene moieties with the alignment of the
cylinders in time. First the in plane orientation at regular intervals (1 min, 0.6 J cm2
min-1), during an initial alighment (5 min) and a subsequent orthogonal realignment
process (10 min) was studied. In each case, the photo-alighment was performed at
85°C. For UV-vis absorption spectroscopy, the samples were quickly cooled to room
temperature and at each interval, DR was calculated. In this case, the direction of E
in the second exposure was chosen as the reference direction.[371 For randomly
oriented Azs, DR = 0, while for perfectly oriented Azs along the first and second
alignment direction DR becomes -1 and +1 respectively.



Figure 9 shows the angular dependence of azobenzene absorbance at selected
times during the alignment procedure. No optical anisotropy was observed prior to
exposure to LPL (Figure 9a, DR = 0). After a 5 minute LPL exposure (3.0 J cm2), the
azobenzene absorbance became highly anisotropic; with increased absorbance
perpendicular to E and decreased absorbance in the parallel direction (Figure 9b,
DR =-0.56). The sample was subsequently subjected to a second LPL irradiation in
the orthogonal direction. After a 1 minute LPL exposure (0.6 J cm-2), the polar plot
regained its circular shape representing the almost complete loss of optical
anisotropy (Figure 9c) (DR = -0.12). After a 5 minute LPL exposure (3.0 J cm2), the
optical anisotropy was almost completely regained in the direction orthogonal to the
initial direction (Figure 9d, DR = 0.53). The change in sign is representative for the
change in orientation of the Az mesogens upon exposure in the orthogonal direction,
and demonstrates the feasibility of the alignment process in arbitrary directions.
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Figure 9. Room-temperature polarized UV-vis spectroscopic data for an LC-22Si thin film aligned
using linearly polarized light at 85 °C (0.6 J cm2 min-1). Polar plots are shown for the film before
irradiation (a), after the first 5 min LPL irradiation (b), after a short 1 min perpendicular LPL
irradiation (c), and after a 5 min perpendicular LPL irradiation (d). The electric field vector of the
LPL is indicated by the arrow.
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GIXRD was used to examine the time-course evolution of the orientation of LC
cylinders during the alignment and subsequent re-alignment process. Similar to the
UV-vis experiments (Figure 9), the sample was irradiated at 85 °C, and data was
collected over 1 min intervals (0.6 J mint cm-2). The measurements were performed
using two orthogonal X-ray incident directions (beam 1, beam 2), which were parallel
to the E of the LPL in the first and second exposure, respectively.
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Figure 10. Snapshots of the 2D GIXRD profiles for the LC-22Si thin film aligned using LPL at 0.6 J
min-1 cm-2, collected before irradiation (a), after the first 5 min. LPL irradiation (3.0 J cm-2) (b),
and after a second 5 min. perpendicular LPL irradiation (3.0 J cm-2) (c), obtained using two
orthogonal X-ray incident directions (beam 1, beam 2). The E is indicated by the arrow.

Figure 10 presents representative snapshots of the 2D scattering images
collected before irradiation (a), after the first 5 min. LPL irradiation (3.0 J cm-2) (b),
and after a second 5 min. perpendicular LPL irradiation (3.0 J cm2) (c). Before
irradiation, the scattering intensity was independent of the incident direction of the
X-rays, signifying the initial multi-domain state of the film (Figure 8a). During the
course of the first LPL irradiation, beam 1 resulted in increased scattering at
azimuthal angle ¢ ~ 30 ° and ¢ ~ 150 °, while beam 2 resulted in a fast loss of
scattering (Figure 10b). These features are indicative of the photoinduced mono-
axial alignment of hexagonally well-packed LC cylinders parallel to E. Subsequent
irradiation in the orthogonal direction resulted in the inverse situation (Figure 10c).



Scattering at azimuthal angle ¢ ~ 90 ° is maintained in all cases, consistent with the
preservation layers of nanocylinders stacked in the plane.

To further examine the correlation between the polarized UV-vis spectroscopic
data related to the azobenzene orientation (Figure 9), and the GIXRD measurements
related to the LC nanocylinder orientation (Figure 10), over the course of the initial
alignment (5 min) and subsequent orthogonal realignment (20 min) process, the
data are plotted together in Figure 11. For simplicity we now refer to the second
realignment process (beyond the dotted line in Figure 11). The DR, shown in Figure
11a, climbs exponentially from a negative to a positive value. The signal is almost
saturated after 5 min. No lag period was resolved, indicating that the photo-
stationary state is reached rapidly under these conditions (455 nm irradiation, 0.6 J
min1cm2),

The average GIXRD scattering intensities at azimuthal angle ¢ ~ 30° and ¢ ~
150°, which were obtained perpendicular (closed circles) (beam 1) and parallel
(open circles) (beam 2) to the incidence of the LPL in the second alignment step, are
plotted in Figure 11b. In the perpendicular direction (beam 1), the signal decays
immediately after irradiation, and is lost rapidly (approx. 5 min.). The loss in
scattering intensity rapidly follows the change in DR. In the parallel direction (beam
2), a short lag period is observed, and the signal continues to increase over a longer
period (approx. 20 min.). This observation is different from previously reported
observations for BCPs, 371 in which the GIXRD intensity rises only after the DR has
saturated. This finding suggests that the LCs are mostly re-oriented within the first
few minutes (approx. 5 min.), and that the subsequent rise in GIXRD intensity likely
corresponds to the fusion of separate re-oriented subdomains to form a mono-
domain. The faster dynamics in our system may be the result of the high mobility
and low viscosity of the low molecular weight liquid crystalline phase.

In order to more directly compare DR with the GIXRD intensities, an order
parameter of the cylinders was calculated as S = (I1 - I2)/ (11 + I2)/, with 11 and |2 the
average of the scattering intensities at azimuthal angles ¢ ~ 30 ° and ¢ ~ 150 °,
recorded with beam 1 and beam 2, respectively. Similar to DR, for randomly aligned
cylinders S = O, while for perfectly aligned cylinders along directions 1 and 2 the
order parameter becomes -1 and +1 respectively. Figure 11c shows that the trend
of Sis closely coupled to that of the DR. Hence, the change in order of the cylinders
is coupled to the change in Az orientation. It is indeed expected that the nanocylinder
order is more closely linked to the Az order (DR) than in the previously studied BCP
system for this purpose,37] since the Azs are directly contained within the cylinder



nanostructures, as opposed to forming part of the surrounding matrix material.[35-
411 In contrast to the DR, S reaches the theoretical minimum (-1) and maximum (1)
values, representative for a perfectly ordered system. In other words, despite the
fact that the Az moieties show a local disorder around the preferential orientation
direction (moderate DR), the degree of alignment of the self-assembled cylinders is
very high (maximum S).
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Figure 11. Time-course profiles of the dichroic ratio DR (a), average GIXRD scattering intensities
at azimuthal angles ¢ ~ 30 ° and ¢ ~ 150 ° measured perpendicular (closed circles) (beam 1)
and parallel (open circles) (beam 2) to the incidence of the LPL in the second exposure (b), order
parameter S of the cylinders (c), and schematic representations of the nanocylinder orientation
(d) at various times in the alignment procedure as a function of the irradiation time and exposure
dose, for the LC-22Si thin film aligned using LPL at 0.6 J min-2 cm-2. The E and beam directions
are indicated by the arrows.



It is expected that the temperature has a significant effect on the self-assembly
processes during the photo-alignment procedure. In order to further elucidate this,
the effects of temperature and the clearing temperature were investigated. Figure
12 shows the time-evolution of DR for LC-14Si, LC-22Si, and LC-30Si, exposed to
LPL at 0.6 J cm?2 min-1, at temperatures between 70 - 95 °C. In order to describe
the phenomena and allow comparison of the different experiments and materials,
the DR evolution was fitted to a single exponential saturation function DR = DRmax(1
- et/7), in which DRmax is the calculated dichroic ratio after infinite exposure, t is the
exposure time (min), and r is the characteristic time to reach saturation (min). In
order to more accurately compare the different LCs, the fitted alignment parameters
were also plotted as a function of the reduced temperature Tr = T/T¢, , with Tc the
clearing temperature of the (all-trans) liquid crystal (Figure 13).

For LC-14Si, no order is photoinduced for temperatures below 80 °C (DRmax= 0).
At 85 °C, there is a limited induction of order (= 0.31), and at 90 °Cand 95 °Ca
high degree of Az order is achieved around the preferential alignment direction
(DRmax = 0.84). In contrast, LC-30Si reaches saturation DR values which are not so
dependent on temperature, at the whole explored temperature range from 70 °C
(DRmax = 0.52) to 85 °C (DRmax = 0.70). LC-22Si represents the intermediate case.
The characteristic times (Figure 13b) are also a function of temperature, with very
fast alignment just under Tc (Tr > 0.85), and slower molecular order build up at lower
temperatures. Also in this case, the dependence is less marked in the large ODMS
chain material LC-30Si. For each of the LCs, dewetting of the film occurred close to
the clearing point (Tr > 0.9), which was observed by a decreased overall UV-vis
absorbance. Likely, the point of dewetting coincides with the effective clearing
temperature under irradiation, which is reduced by the presence of cis isomers in
the photo-stationary state and concurrent photo-fluidization by irradiation, to result
in a more mobile isotropic phase.

Together, it is observed that the highest degree of order (high DRmax) can be
achieved fast (low 7) just below the dewetting conditions (Figure 13), where the
system has the highest mobility, which suggests that the dominant energetic barrier
in the alignment process is the destabilization of the LC domains.[37.571 Moreover,
the processing window for an optimal alignment is broadened by increased ODMS
fractions (LC-14Si < LC-22Si < LC-30Si), which is in agreement with the observation
that higher ordered phases are more able to resist photo-induced perturbation.41]
Combined with the observations of a lower Tc and a lower DRmax (at the optimum T
conditions, just below the dewetting conditions) for increased ODMS fractions, this
suggests that the ODMS lowers the packing ability of Az moieties within each cylinder,



and hence, lowers the energetic barrier to domain destabilization required for
alignment. Perhaps counterintuitively, this means that the lower order of Az moieties
within the cylinders could be beneficial towards achieving a more effective alignment
of nanostructures on a larger length scale.
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Figure 12. Polarized UV-vis spectroscopic data for LC-14Si (a), LC-22Si (b), and LC-30Si (c) thin
films aligned at various temperatures using linearly polarized light at 0.6 J min-1 cm2. The
irradiation time and corresponding dose are indicated in the graphs. The lines correspond to
exponential saturation fits.
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Finally, the out-of-plane alignment process was investigated by GIXRD for a thin
film (~ 150 nm) of LC-30Si (Figure 14), which was selected for its comparatively
larger processing window (Figure 13). Prior to irradiation and at room temperature,
azimuthal integration around the primary reflection (1.45 nm?1 < g < 1.55 nm-1)
(Figure 14a), results in a strong signal at ¢ = 30°, stemming from the in-plane
oriented LC cylinders. The LC film was subsequently exposed to unpolarized light
(455 nm, 0.6 J min'1l cm2) at various temperatures and for extended periods (60
min) to ensure equilibrium was reached. At 75 °C, the reflections are broadened
(Figure 14b), suggesting that the in-plane domains are perturbed and their
orientation is less well-defined. This effect is further highlighted by the greatly
diminished diffraction intensity of the first order (1 0) (g = 1.51 nm1) and second
order (2 0) (g = 2.96 nm-1) reflections perpendicular to the substrate (qy = 0) (Figure
15a). At 80 °C, this effect becomes more pronounced, and additional reflections
appear at ¢ =0 ° (Figure 14e), where g: = O (Figure 15b). The reflections are situated
atg=1.51nm1,g=2.54 nm1 qg=2.93 nm?, which are indexed as the (0 1), (1 1),
and (0 2) reflections respectively, indicating unequivocally the presence of out-of-
plane orientated LC cylinder domains. [32. 58] These domains are present alongside
in-plane oriented domains (Figure 14e), and hence this state is intermediate. At
higher temperatures, the fraction of out-of-plane domains is increased. At 90 °C, the
intensity corresponding to the in-plane oriented domains is significantly diminished,
indicating that the domains are almost exclusively out-of-plane (Figure 14d). At 95
°C, a drop in scattering intensity from all reflections was observed, likely due to the
dewetting of the film (data not shown). Similar to the in-plane alignment, the optimal
temperature for out-of-plane photo-alignment is just under Tc. However, when
compared to the in-plane alignment of LC cylinders, it is clear that the processing
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window for obtaining out-of-plane oriented LC cylinders is much narrower.
Unfortunately, after halting the irradiation and cooling down to RT, the out-of-plane
alignment partially returned to the in-plane alighment (Figure 16), an interface effect
which has been observed in previous studies.5859 These finding suggests a strong
competition between the photo-induced out-of-plane orientation and the
thermodynamically stable in-plane orientation. It shows that obtaining the out-of-
plane orientation of cylinders is challenging due to the intrinsic surface energy
mismatch between the mesogenic core and ODMS coils. [48. 60]
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Figure 14. Out-of-plane alignment with unpolarized light: 2D GIXRD profiles of a LC-30Si thin film

before (a) and after photo-alignment with unpolarized light at various temperatures (b-d);
azimuthal integration over the primary (1 O) reflection (e).
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Figure 16. 2D GIXRD profile of a LC-30Si thin after photo-alignment with unpolarized light and
subsequent cooling to room temperature without irradiation.

4.3. Conclusion

Highly-ordered sub-5 nm nanocylinder arrays were obtained over large areas by
the photo-alighment of Az-containing liquid crystals. By using linearly polarized light,
in-plane oriented nanocylinders were obtained in thin films. The in-plane photo-
alignment was shown to proceed by a mechanism in which the nanocylinders are
rapidly oriented, followed by fusion and growth of the re-oriented domains into a
mono-domain. When performed just under the clearing temperature of the LC phase,
the photo-alignment was demonstrated to proceed most efficiently, reaching
completion within minutes. Since the Azs are contained directly in the cylinder
nanostructures, the dichroism and nanocylinder order follow the same trend and
appear closely linked. However, due to local disorder on the Az length scale, only a
moderate dichroism is required to achieve high order on the length scale of the
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nanostructures. Interestingly, while the local Az order decreases with increasing
ODMS content in the LC series, this broadens the temperature processing window
with which aligned nanostructures can be achieved.

Additionally, the LC nanocylinders could be oriented out-of-plane by exposure to
unpolarized light, which is a promising alternative to solvent annealing 6% or surface
layers.[263] However, while stable out-of-plane nanostructures were obtained in a
cell, the morphology was not retained in thin films. Obtaining stable out-of-plane
orientations remains challenging,[64] particularly for high-etch contrast small
molecules such as this. Chemical cross-linking 341 or cooling through a glass
transition 351 are possible solutions. Overall, these results pave the way for
generating defect-free sub-5 nm patterned thin films with three-dimensional
orientational control by light. For integrated circuit production in particular, the LC
mobility could be key to achieving both the low defect tolerance 4 and fast alignment
for high wafer throughput. Moreover, the planar photo-alignment could be extended
to the micro-patterning of distinct domain orientations, or be applied in combination
with other alighment methods to achieve the stringent lithography specifications
required at future technology nodes.[65.66]

4.4, Materials & Methods

The synthesis and characterization of the oligo(dimethylsiloxane) liquid crystals
can be found in chapter 2.148] For thin film preparation, a hydroxy-terminated PDMS
homopolymer from Polymer Source with molecular weight 5 kg/mol was applied onto
quartz substrates from a 1-2 wt. % solution in heptane, baked at 150 °C for at least
24h, and rinsed with heptane. The liquid crystals were subsequently spin-coated
from 10 g/L or 30 g/L solution in heptane (3000 RPM, 45s), resulting in film
thicknesses of approximately 40 nm and 150 nm, as determined by ellipsometry.
Linearly polarized light was obtained from a 455 nm LED (Thorlabs) equipped with a
dichroic polarizing sheet (Polarizer Sheet XP44 - Linear Polarizer; ITOS GmbH, Mainz,
Germany). The light intensity was 10.0 mW/cm2. For bulk photo-alignment, the
samples were heated to the isotropic phase and then slowly cooled (0.1 °C min-1)
under irradiation. In thin films, the photo-alighment was performed below the LC
clearing temperature to avoid dewetting. Unless otherwise indicated, the thin film
photo-alignment was performed at 85 °C. X-ray scattering measurements were
performed on a Ganesha lab instrument equipped with a GeniX-Cu ultralow
divergence source producing X-ray photons with a wavelength of 1.54 A and a flux
of 1x108 phs'1. Scattering patterns were collected using a Pilatus 300 K silicon pixel
detector. The beam center and the q range were calibrated using the diffraction



peaks of silver behenate. Bulk XRD was performed on samples sealed in a 1mm
glass capillary. GIXRD was performed at the critical angle (~ 0.16°). This may result
in shadow peaks at higher g due to reflection + diffraction events just above the
critical angle. The sample to detector distance was 91 mm for wide-angle
measurements and 441 mm for medium-angle measurements. Time resolved
measurements were the average of 60 s of exposure. The AFM data were recorded
in ambient conditions using a Dimension ICON atomic force microscope (Bruker
Nano Inc., Santa Barbara, CA) fitted with an NCHYV silicon probe (Bruker, spring
constant 42 N/m and a resonance frequency 320 kHz).
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Chapter 5

Reactive oligo(dimethylsiloxane) mesogens and
their micropatterned nanostructured thin films

Abstract. Oligo(dimethylsiloxane)-based reactive mesogens were prepared and shown
to form room-temperature smectic phases which were ‘frozen-in’ by
photopolymerization. Homeotropically aligned, nanostructured thin films were obtained
by spin-coating, and micropatterning was demonstrated. These hybrid reactive
mesogens are suitable for the preparation of aligned nanostructured polymer thin films
with potential applications ranging from stimuli responsive coatings to nanoporous
membranes.
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This chapter is based on:

K. Nickmans, P. Leclére, J. Lub, D. J. Broer, A. P. H. J. Schenning, Soft Matter 2017, 13,
4357.



5.1. Introduction

While flat panel displays were the initial driving force behind the development of
reactive mesogens (RMs), these materials are currently finding applications as
functional nanostructured materials,[2-3] for lab-on-a-chip systems,[4! responsive
coatings,[®] actuators,l® membranes,[7-91 and biosensors.[10 In general, these
applications rely on the self-assembly of reactive mesogenic precursors into an
ordered LC state, their alignment into macroscopically oriented nanostructures, and
the ‘freezing-in’ of the ordered state through polymerization to form temperature
stable nanostructured polymers.[11-14] In principle, the properties and functionality
of the polymers can be tuned by the modification of the structures of the reactive
mesogens.

Hybrid reactive mesogens containing organic and inorganic segments such as
oligo(dimethylsiloxane) (ODMS) are of interest for various reasons.[15] For example,
due to the incompatibility and large surface tension mismatch of ODMS with most
organic materials, nanophase segregation is promoted [16-18] which leads to gel
formation,[1°] and highly ordered nanostructured morphologies.[20-231 Since ODMS
can act as a precursor to inorganic silicon oxides through plasma oxidation, these
materials could act as templates in porous membranes or nanolithography (see
chapter 1).[20.241 Furthermore, the low glass transition temperature leads to self-
healing properties,[25] and advantageous thermoplastic behavior for polymeric
actuator materials requiring a large response.[26-291 While these materials are
typically prepared in cells using alignment layers,[6! the alignment and polymerization
in thin films is crucial for smart coating applications. ODMS has been incorporated
into calamitic-,[30-33! discotic-,[34-36] and bent-core mesogens,[21.37] but anisotropic
thin film coatings consisting of ODMS RMs have not been reported.

In this chapter, we prepared a mono-reactive liquid crystal with an ODMS end
group, and a di-reactive liquid crystal based on an ODMS bridge RM-3Si and RM-4S;,
respectively, (Scheme 1). The synthesis and characterization of the novel liquid
crystals is presented, as well as a characterization of the liquid crystalline behavior
of the mesogens and their derived polymers. The reactive mesogens were aligned in
thin films driven by the low surface energy of oligo(dimethylsiloxane), and photo-
polymerized into nanostructured polymer films.



Chapter 5

’O‘Si'O‘Si
NN

~
|

Q -~
o)
\@TO B
RM-4Si \Q s

Scheme 1. Molecular structures of the reactive ODMS mesogens RM-3Si and RM-4Si.

5.2. Results & Discussion

Reactive mesogens RM-3Si and RM-4Si (Scheme 1) were synthesized according
to Scheme 2. 4-(allyloxy)phenyl acetate 1 was prepared by acetatylation of 4-
(allyloxy)phenol.38 Protection of this phenol as an acetate was required for the
subsequent catalytic hydrosilylation reaction with siloxane hydrides. To prepare RM-
3Si, 1.1 eq of 1 was reacted with 1.0 eq. of 1,1,1,3,3,5,5-heptamethyltrisiloxane in
the presence of dichloro(1,5-cyclooctadiene)platinum(ll) in toluene, overnight at
60 °C in a Schlenk setup, to give 2a (yield 50 %). The acetate protecting group was
removed with ammonium hydroxide in methanol to obtain 3a as a clear viscous fluid
(yield 71%). Procedures described in the literature were used to obtain 4-(6-
acryloyloxyhexyloxy)benzoic acid [121 (60BA), which was reacted with 1.0 eq. of 3ain
an esterification reaction using dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) to obtain RM-3Si (yield 28%). For preparation of the
RM-4Si, 22 eg 1 was reacted with 1.0 eq. of 1,1,3,3,55,7,7-
octamethyltetrasiloxane under identical conditions as the preparation of 2a to obtain
2b (yield 67%). After deprotection 3b was obtained (yield 87%) which was reacted
with 2.0 eq. 60BA to form the desired product RM-4Si (yield 89%). The ODMS RMs
were purified by column chromatography and characterized by TLC, NMR, TGA, and
MALDI-TOF MS.
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Scheme 2. Synthetic routes for the preparation of reactive mesogens RM-3Si and RM-4Si.

To investigate the LC phase behavior, the LCs were analyzed by differential
scanning calorimetry (DSC), X-ray diffraction (XRD), and polarized optical microscopy
(POM). Figure. 1a shows the DSC data obtained on second cooling of the two
compounds. The phase transition temperatures of RM-3Si arel—» 31.7 °C(7.93 J g
1) - Sa — 0.39 C (36.79 J g1) - K. Meanwhile, the phase transitions for RM-4Si are
- 58.4 °C(11.22 Jg1) > Sa—=-4.5 °C (13.93 ) g1) —» K. Here, K, Sa, and | denote
the crystalline, smectic A, and isotropic phases, respectively, and the associated
enthalpy changes are given in parentheses. In both cases, the compounds are liquid
crystalline at room temperature. Compared to similar LCs without an ODMS segment,
crystallization is suppressed,®! an effect likely due to the high flexibility of the
siloxane oligomers. 3349 For the same reason, the isotropization temperature is
suppressed.['® Figure. 1b shows the room temperature X-ray diffraction (XRD)
spectra measured in both wide-angle and medium-angle configurations on kapton
tape (see methods). For RM-3Si, two sharp diffraction peaks are found at medium
angles (g = 1.58 nmt and g = 3.15 nm1), which corresponds to a periodic layered
structure with an interlayer distance of d = 4.0 nm. Since this value is approximately
equal to the molecular length (determined by MM2 molecular simulation), it follows
that the LC phase of RM-3Si can be assigned as a smectic A phase. For RM-48Si, two
sharp diffraction peaks are found at medium angles (q = 1.71 nm1 and q = 3.42
nm-1), corresponding to a layered structure with an interlayer distance of d = 3.6 nm.
Since the interlayer distance is approximately equal to half the length of the
extended dimer, the LC phase of RM-4Si is assigned as a smectic A phase, in which
the siloxane bridge and organic tail moieties are partially mixed.324%42 For both LCs,
a broad peak is observed in the wide-angle region, signifying a combination of
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siloxane-siloxane interactions at 0.70 nm,37! organic-organic interactions at 0.45 nm,
and intermediate organic-siloxane interactions at 0.55 nm. This indicates that there
is partial nanophase segregation between siloxane and organic units, which is
presumably the driving force behind the formation of the smectic layered
morphologies,[*®! rather than the lower-order nematic ordering.?® Schematic
representations of the liquid crystal phases are included in Figure 1c, in which the
mesogenic core (red) form layers with the partially phase separated siloxane (blue)
and reactive aliphatic tails (black).
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Figure 1. a) DSC thermographs and b) room-temperature x-ray diffraction spectra of the reactive
siloxane liquid crystals. The assigned Miller indices and the respective intermolecular scatterings
are indicated, as well as the assigned lattices. ¢) Schematic representation of the room-
temperature smectic phases formed by the liquid crystals; mesogenic core (red), ODMS (blue)
and reactive aliphatic tails (black).

To photopolymerize the reactive hybrid mesogenes, a cell (~ 7 um) was filled with
the LCs containing a small amount of photoinitiator. When observed under crossed
polarizers in a POM experiment (Figure 2a), the LCs exhibit a fan-shape texture
characteristic of the smectic A phase. The cell was subsequently exposed to UV for
20 mins at room temperature. Under these conditions, Fourier Transform Infrared
Spectroscopy (FTIR) indicated the complete conversion of reactive acrylate groups,
by the disappearance of the peak at 1635 cm-1 that corresponds to the C=C bond
of the acrylates (Figure 3). The birefringence is largely maintained in the polymerized
samples (Figure 2b), indicating the ‘freeze-in’ of the SmA phase in the polymeric



material. The polymerized samples were further heated under the POM to explore
the stability of the LC phase (Figure 2c). In this case, the thermal transitions of the
monomers were not observed. Instead, the linear RM-3Si polymer showed a
reversible isotropic phase transition at 175 °C, which represents a significant
increase compared to the corresponding monomer. The crosslinked liquid crystal
network of RM-4Si did not become isotropic within the studied temperature range (<
250 °C). However, it showed a reversible phase transition at 175 °C, accompanied
by a lower birefringence. DSC performed on the polymeric material further confirm
the stability of the polymerized films (Figure 4).

RM-3Si LS RM-3Si &FSEaasd RM-3Si
monomer ; A polymer ’ T J polymer at 175°C

1 -

\ .

RM-4Si AT HC e RM-4Si Rohde
monomer B il ; . U8 polymer at 1750C (USRS
"IN ’ Ay . S ‘ P2 28 ‘ % b

Figure 2. POM images obtained between crossed polarizers of the LCs in a cell a) before
photopolymerization, b) after photopolymerization, and c) after heating the samples. Crossed
polarizer axes are indicated with a cross. All scale bars: 100 um.
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photopolymerization the C=C bond of the acrylate groups at 1635 cm-1 disappears.
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In order to prepare nanostructured thin films, dilute solutions of RM-4Si were
spin coated on a Si wafer containing an Anti-Reflective Coating (ARC), and
subsequently polymerized (see experimental). The solution concentration was varied
between 0.25 wt.% and 1 wt. %, to yield film thicknesses after polymerization
between 11 nm (~ 3 smectic layers) and 60 nm (~ 17 smectic layers) (Figure 5).
Across the thickness range, the static contact angle (H20) of the polymerized films
was equal to 105° (Figure 5). Since this value is approximate to the contact angle
for PDMS (~ 107 °),*31 it suggests the predominant presence of siloxanes at the air
interface.
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Figure 5. Film thickness profiles and static contact angle of polymerized RM-4Si thin films, as
function of the spin-coating concentration (chloroform).

The polymerized film of 60 nm thickness was studied with wide-angle grazing-
incidence x-ray diffraction (GIWAXS) to determine the through-film morphology
(Figure 6a). In the small-angle region, scattering peaks are observed at g = 1.84 nm-
1 and q = 3.66 nm-, perpendicular to the substrate, corresponding to a layered
structure with a periodicity of 3.4 nm. Hence, the smectic LC phase is maintained in
the thin polymerized film, and organized preferentially in a homeotropic orientation.
Likely, the homeotropic orientation is driven by the low surface energy of PDMS
(yeoms = 20.5 mN/m),[#3! as previously reported for siloxane-based LC thin films.[2%
The broad reflections at 7 nm-1 < q < 14 nm1 signify that the isotropic nature of the
respective intermolecular interactions (siloxane-siloxane and organic- organic) is
maintained upon photopolymerization. Comparison to the sample prior to
photopolymerization (Figure 6b) reveals that the smectic LC order is maintained
upon photopolymerization.
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Figure 6. Grazing-incidence x-ray diffraction data, obtained before (a) and after (b)
photopolymerization, of a 60 nm RM-4Si thin film. The data was obtained around the critical
angle and at room temperature.

Low-resolution AFM height images of the 60 nm thin film show a layered hole-
island morphology (Figure 7a) with a step-height of approximately 3.5 nm, confirming
the presence of smectic layers at the film surface. Together, these findings
unequivocally demonstrate the presence of 1D layered structures with the
dimension corresponding to the length of the RM. A schematic representation of the
lamellar sheets is depicted in Figure 7b.
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Figure 7. a) Low-resolution AFM height image, obtained at room temperature, of a
photopolymerized 60 nm RM-4Si thin film. Scale bar: 5 um. b) Schematic representation of the
nanostructured thin film.

While the films are generally smooth (RMS roughness ~ 0.55 nm), holes of
approximately 10 - 100 nm diameter are present on the film surface. High-
resolution AFM images, obtained in peakForce tapping mode, further indicate the
presence of small defects (5 - 20 nm diameter) on the film surface (Figure 8).



Several areas are marked by a lower adhesion compared to the rest of the film, which
suggests they consist of a different chemical composition.
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Figure 8. High-resolution Peakforce tapping AFM data, a) height, and b) adhesion, for a
polymerized RM-4Si thin film of a thickness of 60 nm.

Finally, micropatterning was achieved by exposing a 60 nm film of RM-4Si
through a mask (25 ym diameter circular holes). After the mask exposure, the
nonpolymerized material was removed by developing the film in the casting solvent.
Optical microscopy revealed the presence of circular features corresponding to the
dimensions of the mask (Figure 9a). Interestingly, the features are surrounded by
an additional structure at the edges, observable as a yellow ring. Since the optical
contrast arises due to height differences in the film, the film was further
characterized by optical profilometry (Figure 9b). Here, the rings appear as
protrusions which rise up to 50 nm above the circular features, which is remarkable
considering the initial height of the film (60 nm). This phenomenon is likely due to
the diffusion of reactive mesogens to areas of low concentration during the
polymerization process.* A cross-section across the circular features (black line)
(Figure 9c) indicates that the height of the circular features is approximately 30 - 40
nm, which is lower than the initial height of the film (60 nm). This may be due to
(limited) polymerization in the unexposed areas due to diffuse light.



Height (nm)
I
=

0 10 20 30 40 550 60 70 80
Distance (pm)

Figure 9. Characterization of a micropatterned thin film of RM-4Si of 60 nm thickness. a) Optical
microscopy image. b) Optical profilometric image with cross-section (black line) c) Cross-section
profile corresponding to (b). Scale bars: 20 ym

5.3. Conclusion

In this chapter, an oligo(dimethylsiloxane)-based reactive monoacrylate and a
similar diacrylate were prepared and fully characterized. The room-temperature
smectic phases formed by these compounds were shown to be ‘frozen-in’ through
photopolymerization, resulting in the preparation of stable nanostructured polymers.
Aligned thin films were fabricated by spin-coating and subsequent
photopolymerization. These films exhibit smectic layers aligned parallel throughout
the film (GIWAXS) and at the surface (AFM), likely driven by the low surface energy
of the ODMS. Finally, the in-situ polymerization approach allows for micropatterning.
Hence, this fabrication method is highly suitable for the preparation of aligned
nanostructured polymers with applications as thin film actuators, well-defined
membrane materials, or nanolithography. For nanolithography, reactive ODMS
mesogens could be used to ‘freeze-in’ desirable morphologies or unstable alignment

5.4. Materials & Methods

The reactive LC mixtures used for the experiments contain the reactive
mesogens as well as 2 wt. % of photo initiator 1-hydroxy-cyclohexyl-phenyl ketone
(Irgacure 184, Ciba Speciality Chemicals). To make homogenous blends, the
components were dissolved in chloroform and the solvent was evaporated. For thin
film preparation, dilute solutions were spin coated at 3000 RPM for 45 seconds. For
photopolymerization, the LCs were irradiated while under nitrogen atmosphere for
20 minutes, at room temperature with 365 nm light from a Mercury lamp (~ 5 mW
cm=2). Film thickness was obtained using a Bruker DektakXT stylus profiler. Film
thickness was obtained from polymerized films only due to the very soft nature of
the as-deposited films. Polarized optical microscopy (POM) was performed with



crossed polarizers using a Leica DM6000M equipped with a DFC420C camera and
a Linkam THMSG600 hot-stage for temperature control. For characterization of the LC
textures, a small amount of LC material was placed between microscope slides,
heated to the isotropic phase, and cooled (5 °C min-1) to room temperature. Phase
transition temperatures of the reactive mesogens were determined using a TA
Instrument Q1000 differential scanning calorimeter (DSC). 3-4 mg of material was
hermitically sealed in aluminum pans. The heating and cooling rate was 5 °C min?
and the second cooling curve was used to determine the transition temperatures. X-
ray scattering measurements were performed on a Ganesha lab instrument
equipped with a GeniX-Cu ultralow divergence source producing X-ray photons with
a wavelength of 1.54 A and a flux of 1x108 phs. Scattering patterns were collected
using a Pilatus 300 K silicon pixel detector. The beam center and the q range were
calibrated using the diffraction peaks of silver behenate. Due to the sticky nature of
the LCs, XRD samples were prepared by placing a small amount of LC between
kapton tape, leading to a background signal at g = 0.39. The sample to detector
distance was 91 mm for wide-angle measurements and 441 mm for medium-angle
measurements, and the spectra were concatenated at g = 0.36. Grazing incidence
XRD was performed at the critical angle (~ 0.18°). The AFM data were recorded in
ambient conditions using a Dimension ICON atomic force microscope (Bruker Nano
Inc., Santa Barbara, CA) fitted with an NCHV silicon probe (Bruker, spring constant
42 Nm? and a resonance frequency 320 kHz). Fourier transform infrared
spectroscopy (FTIR) spectra were obtained using a FTS 6000 spectrometer from Bio-
Rad equipped with Specac Golden gate diamond ATR and were signal-averaged over
50 scans at a resolution of 1 cm-1. Optical profilometric measurements were
performed on a Sensofar Plu 2300 microscope equipped with a lens with 150x zoom
using blue light.

5.5. Synthetic procedures

4-(allyloxy)phenyl acetate (1)

To 1.8 g (12 mmol) of 4-(allyloxy)phenol in 20 ml of dichloromethane was added 1.8
ml of triethylamine. The reaction mixture was stirred under nitrogen atmosphere.
The solution was cooled in an ice-water bath. Subsequently 0.8 ml of acetyl chloride
in 10 ml of dichloromethane were added dropwise and the reaction mixture was
stirred for 10 minutes. The mixture was washed once with 30 ml of water and once
with 30 ml of 2 N HCI solution and dried over MgS0a4. The organic solution was
filtered through celite and the solvent was evaporated to yield 2 g of 4-
(allyloxy)phenyl acetate (1) as a yellow oil. Yield: 86.8%; 1H-NMR (400 MHz, CDCls):
6 7.00 - 6.89 (m, 4H); 6.09-5.96 (m, 1H); 5.41 (dq, 1H); 5.29 (dq, 1H); 4.51 (ddd,



Chapter 5

2H); 2.27 (s, 3H). 13C-NMR (100 MHz, CDCls): 6 169.82, 156.28, 144.33, 133.20,
122.32,117.67, 115.33, 69.18, 21.04.

4-(3-(1,1,3,3,5,5,5-heptamethyltrisiloxanyl)propoxy)phenyl acetate (2a)

1.3g (6.76 mmol) of 1 and 1.5g of heptamethyltrisiloxane (6.74 mmol) were brought
under Argon atmosphere and dissolved in 7 ml of dry toluene. To this 200 yLofa 1
mg/mL solution in dry DCM of dichloro(1,5-cyclooctadiene)platinum(ll) catalyst was
added. The mixture was heated to 60 °C and stirred overnight. After evaporation, the
compound was purified by column chromatography on silica gel (n-hexane/ethyl
acetate = 16:1 v/v) to yield 1.39 g (3.35 mmol) of the siloxane-acetate (2a) as an
oil. Yield: 50%; tH-NMR (400 MHz, CDCl3): § 6.95 - 6.81 (m, 4H); 3.85 (t, 2H); 2.27
(s, 3H); 1.76 (m, 2H); 0.61 (m, 2H); 0.09-0.05 (m, 21H).

4-(3+(1,1,3,3,5,5,5-heptamethyltrisiloxanyl)propoxy)phenol (3a)

1.05g (2.54 mmol) of 2a was dissolved in 60 mL methanol. 3 mL of ammonium
hydroxide (28%) in 10 mL water was added. The mixture was stirred under argon
atmosphere overnight at room temperature. Roughly 50 ml of water and 100 ml of
diethyl ether were added to the solution and the organic phase was separated. The
aqueous phase was extracted twice with roughly 50 mL diethyl ether. The organic
fractions were combined and the solvent evaporated. Water remained present, and
therefore the sample was extracted twice with 50mL DCM. The sample was dried
over magnesium sulfate and solvent removed in vacuo. Purification by column
chromatography on silica gel (n-hexane/ethyl acetate = 7:1 v/v) gave 676.4 mg
(1.81 mmol, 71%) 3a as a clear viscous fluid. tH-NMR (400 MHz, CDClz): § 6.80 -
6.74 (m, 4H); 3.87 (t, 2H); 1.79 (m, 2H); 0.64 (m, 2H); 0.09-0.05 (m, 21H); 13C-NMR
(100 MHz, CDCl3): § 153.18, 149.35, 116.02, 115.66, 71.30, 23.28, 14.15, 1.82,
1.28, 1.13.

4-3-(1,1,3,3,5,5,5-heptamethyltrisiloxanyl)propoxy)phenyl 4-(4-
(acryloyloxy)butoxy)benzoate (RM-3Si)

208mg (0.56 mmol) of 3a was added to 163 mg (0.56 mmol) 4-(6-
acryloyloxyhexyloxy) benzoic acid (60BA) and 1 mg of 4-dimethylaminopyridine
(DMAP) in a few mL dry DCM. The solution was put under Argon gas and placed in
an ice bath. After cooling for several minutes, 115.2 mg (0.56 mmol) of
dicyclohexylcarbodiimide DCC dissolved in dry DCM was added to the solution. The
reaction was kept for 5 hours, after which the solvent was removed. The crude
product was purified on column chromatography on silica gel (n-hexane/ethyl
acetate = 10:1 v/v), to yield 100 mg (0.155 mmol) RM-3Si. Yield: 28%; 1H-NMR (400
MHz, CDCls): § 8.13 (d, 2H); § 7.09 (d, 2H); § 6.97 - 6.91 (m, 4H); § 6.40 (d, 1H);



6 6.12 (m, 1H); 6 5.82 (d, 1H); § 4.18 (t, 2H); § 4.03 (t, 2H); § 3.92 (t, 2H); 6§ 1.87 -
1.69 (m, 6H); § 1.56 - 1.45 (m, 4H); § 0.67 (m, 2H); 0.12-0.04 (m, 21H); 133C-NMR
(100 MHz, CDCl3): 6§ 153.18, 149.35, 116.02, 115.66, 71.3, 23.28, 14.15, 1.82,
1.28, 1.13. MALDI-TOF ([M+Na]*: 669,23 g/mol). MALDI-TOF MS (m/z): [M+Na]*
calcd for C32Hs008Sis 669.27, found 669.23.

(((1,1,3,3,5,5,7,7-octamethyltetrasiloxane-1, 7-diyl)bis(propane-3,1-
diyl))bis(oxy))bis(4,1-phenylene) diacetate (2b)

1.47 g (7.66 mmol) of 1 and 1.03 g (3.64 mmol) of 1,1,3,3,5,5,7,7-
octamethyltetrasiloxane were dissolved in 5 ml of dry toluene. To this 500 yL of a 1
mg/mL solution in dry DCM of dichloro(1,5-cyclooctadiene)platinum(ll) catalyst was
added. The mixture was heated at 60°C and stirred under argon atmosphere for 7h.
Solvent was removed and the crude product was purified by column chromatography
on silica gel (n-hexane/ethyl acetate = 5:1 v/v) to yield 1.62 g (2.43 mmol, 67%) 2b
as a viscous fluid. tH-NMR (400 MHz, CDClz): § 6.99-6.82 (m, 8H); 3.89 (t, 4H); 2.27
(s, BH); 1.82 (m, 4H); 0.66 (m, 4H); 0.13-0.08 (m, 24H); 13C-NMR (100 MHz, CDCl3):
6 170.39, 157.32, 144.51, 122.76, 71.34, 23.73, 14.69, 1.76, 0.70.

4,4'(((1,1,3,3,5,5,7,7-octamethyltetrasiloxane-1,7-diyl)bis(propane-3,1-
diyl))bis(oxy))diphenol (3b)

1.33 g (1.99 mmol) of 2b was dissolved in 40mL methanol, and 3mL of ammonium
hydroxide (28%) in 10 mL water was added. The mixture was stirred under argon
atmosphere overnight at room temperature, after which 30 mL of water and 60 mL
of diethyl ether were added. The organic phase was separated, dried, and removed
in vacuo to yield 1.08 g (1.71 mmol, 85%) 3b as a viscous fluid. tH-NMR (400 MHz,
CDCl3): § 6.94 (br s, 2H); 6.79 (m, 8H); 3.89 (t, 4H); 1.83 (m, 4H); 0.68 (m, 4H);
0.18-0.10 (m, 24H); 13C-NMR (100 MHz, CDCls): § 152.85, 149.62,116.16, 115.76,
71.41,23.24,14.12, 1.23, 0.16.

(((1,1,3,3,5,5,7,7-octamethyltetrasiloxane-1, 7-diyl)bis(propane-3,1-
diyl))bis(oxy))bis(4,1-phenylene) bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (RM-4Si)
522 mg (0.89 mmol) of 3b, 525 mg (1.80 mmol) of 60BA, 20 mg (0.16 mmol) 4-
dimethylaminopyridine (DMAP), and 3 mg (0.01 mmol) butylated hydroxytoluene
(BHT) were dissolved in dry DCM, brought under Ar atmosphere, and cooled in an ice
bath. 370 mg (1.79 mmol) dicyclohexylcarbodiimide (DCC) was dissolved in dry DCM
and slowly added to the reaction vessel and the reaction was left overnight. The
solution was filtered, evaporated and purified through a silica column with
hexane/ethyl acetate (50:50) as the eluent to yield 905 mg (0.80 mmol) RM-4Si as
a clear paste. Yield: 89%. 1H-NMR (400 MHz, CDCI3): 6 8.13 (d, 4H); 6 7.08 (d, 4H);
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6 6.97 - 6.89 (m, 8H); § 6.24 (d, 2H); 6 6.13 (m, 2H); § 5.82 (d, 2H); § 4.19 (t,
4H); § 4.02 (t, 4H); § 3.92 (t, 4H); § 1.86 - 1.68 (m, 12H); § 1.53 - 1.43 (m, 8H); §
0.71 (m, 4H); 0.13-0.08 (m, 24H); 13C-NMR (100 MHz, CDCls): § 166.27, 165.27,
163.30, 156.74, 144.32, 132.20, 130.56, 128.54, 122.44, 121.76, 115.02,
114.20, 70.87, 68.02, 64.45, 28.98, 28.54, 25.72, 23.22, 14.18, 1.84, 1.30.
MALDI-TOF MS (m/z): [M+Na]* calcd for CssHg2015Sis 1153.46, found 1153.47.
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Chapter 6

Vertically aligned, hybrid organic/inorganic sub-5
nm structured thin films by hydrogen bonded
oligo(dimethylsiloxane) liquid crystals and
polymers

Abstract. This chapter describes the synthesis and characterization of a novel class of
hydrogen-bonding oligo(dimethylsiloxane)-based thermotropic liquid crystals (LCs).
Polymeric supramolecular assemblies were obtained when combined with poly(4-
vinylpyrine) homopolymer or poly(sytrene)-b-poly(4-vinylpyridine) block copolymer
(BCP). By adjusting the molar fraction of the LCs, glassy smectic and columnar
hexagonal morphologies were obtained with sub-5 nm features. The hierarchical self-
assembly afforded by LC/BCP complexes further resulted in the vertical orientation of
LC features in thin films.




6.1. Introduction

As discussed in chapter 1, small molecules are an emerging class of
nanomaterials for applications at the sub-5 nm scale, including organic
electronics,[1-3] nanoporous membranes,6-91 and ultra-fine nanolithographic
resists.[10.11] Unlike traditional block copolymers (BCPs), the self-assembly of small
molecules is not limited by an order-disorder transition at low molecular weight,
allowing the formation of sub-5 nm features.[11-13] Hybrid organic/inorganic small
molecules consisting of polyhedral oligomeric silsesquioxane (POSS)[14.15]1 or
oligo(dimethylsiloxane) (ODMS)[11.12] are highly advantageous, since their chemical
immiscibility leads to phase separation into highly ordered nanostructures, and a
high etch contrast between molecular components. In principle, these materials
could be used to fabricate inorganic nanostructure arrays with sub-5 nm features by
etching. However, there are still major challenges concerning this novel class of
materials; including control over the self-assembled nanostructured morphology, the
formation of defect-free patterns in thin films with a predetermined orientation, and
their conversion into functional materials and devices.

In previous chapters, we reported a series of ODMS liquid crystals (LCs) which
form columnar (chapter 2) and lamellar (chapter 3) morphologies with sub-5 nm
dimensions. The high mobility of LC phases makes these materials amenable to
directed self-assembly processes for the formation of large-area ordered
structures,811.16.171 gych as graphoepitaxy (chapter 2), and photoalignment (chapter
5). However, obtaining vertically oriented features remains challenging given the low
surface energy of ODMS (yroms ~ 20.4 mN m-1).[*8l Moreover, the low glass transition
temperature associated with these materials (Tg poms ~ -127 °C)[2°] leads to the
deformation of the patterns during processing,[20] and the ‘freezing-in’ of metastable
structures is hindered (chapter 5). To address these challenges, it would be
desirable to combine the sub-5 nm feature sizes of hybrid organic/inorganic small
molecules with the properties and processing of glassy polymeric materials.

Polymeric supramolecular assemblies (PSA) have been constructed through the
linking of small molecules to polymer side chains via noncovalent interactions such
as hydrogen bonding, electrostatic interactions, or metal ligation.[21-291 The main
advantage of PSAs is that they enable morphological control through a modular
mixing approach,[30-32] as opposed to cumbersome organic synthesis. Extensive
studies have been carried out on PSA systems consisting of n-alkylphenols in
combination with poly(4-vinylpyrine) (P4VP)3334 or poly(styrene)-b-poly(4-vinylpyrine)
(PS-b-P4VP).3135361 Early work by the group of Ikkalal242531 showed that
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pentadecylphenol (PDP) can form a smectic (Sm) LC phase in the microdomains of
PS-b-P4VP. A key aspect of the hierarchical self-assembly is that the BCP features
are oriented perpendicular to those formed by PDP on a smaller length scale.3!
Moreover, PDP could be removed by washing with selective solvent, providing
nanoscopic channels in the major component matrix.[371 Since this pioneering work,
other small molecules have been combined with P4VP to form PSA materials with
more complex morphologies,[38:391 or to embed specific functionalities.[3%] For
example, perfluorocarbons,[40! oligo(thiophenes),[41l and azobenzenes42-45] have
been incorporated. With the large range of materials that has been explored, hybrid
organic/inorganic PSAs have not been reported. Moreover, while most studies have
reported only bulk phase behaviour, the phenomenon of hierarchical self-assembly
provides opportunities for controlling the thin film orientation of features.[46]

In this chapter, we report glassy ODMS-based PSAs which are obtained by the
hydrogen bonding of ODMS LCs with PAVP and PS-b-P4VP. First, the synthesis and
characterization of the novel ODMS LC is discussed, followed by the hierarchical self-
assembly behaviour. By adjusting the molar fraction of the LCs within the PSA,
smectic and columnar hexagonal morphologies were obtained with sub-5 nm
features. Finally, the ultra-fine features were oriented vertically in thin films by using
the hierarchical self-assembly approach.

6.2. Results & Discussion

The synthetic scheme for the preparation of hydrogen bonding ODMS liquid
crystals (LC1, LC2) is shown in Scheme 1. Benzyl paraben was reacted with different
alkyl bromides in a Williamson ether synthesis to form intermediate 1. The alkyl
spacer length was varied by using 4-bromobut-l-ene (l1a, m=1) and
11-bromoundec-1-ene (1b, m = 8). Heptasiloxane monohydride was received from
the group of Meijer,”? and coupled to 1 using Karstedt's catalyst to yield
intermediate 2. Finally, intermediate 2 was deprotected using catalytic
hydrogenation with palladium on carbon to produce LC1 (m = 1) and LC2 (m = 8).
The full synthetic procedures and characterization are provided in the experimental
section.
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Scheme 1. Synthetic scheme for the preparation of hydrogen bonding ODMS liquid crystals,
where m represents the length of the alkyl spacer. LC1 (m = 1), LC2 (m = 8). The yields are
indicated in brackets.

The phase behaviour of compound LC1 and LC2 was investigated by
temperature dependent polarized optical microscopy (POM) and differential
scanning calorimetry (DSC). Figure 1a shows the DSC data obtained on second
cooling of the compounds (10 °C/min). LC1 shows a phase transition at 14 °C, with
an associated enthalpy of 4.3 J g'1. LC2 shows a phase transition at 49 °C, with an
associated enthalpy of 0.4 J g1, and an additional phase transition at 1 °C, with an
associated enthalpy of 9.8 J g-1. POM images obtained just under the isotropization
temperature show birefringent multidomains which are typical for liquid crystals
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(Figure 1b). Only LC2 was found to crystallize within the measured range (at 1°C).
We conclude that the longer alkyl spacer in LC2 is responsible for the crystallization
at lower temperatures and the higher isotropization temperature.
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Figure 1. DSC thermographs and POM images of the hydrogen bonding ODMS liquid crystals. The
POM images were obtained under crossed polarizers just under the isotropization temperature
(polarizer axes are indicated in the images with a cross). All scale bars: 50 ym

The LC phases of LC1 and LC2 were further investigated by temperature
dependent bulk x-ray diffraction (XRD) in both wide-angle and medium-angle
configurations (Figure 2). For each compound, two broad peaks were observed in
the wide-angle region (6 nm1 < g > 20 nm1), signifying nano-phase separation
between the ODMS (g =9 nm31, d = 0.70 nm) and organic (g = 13.4 nm'1,d =0.45
nm) molecular components. The medium angle reflections (1 nm-1 < g > 6 nm1) were
used to assign the LC lattice parameters indicated in Figure 2. LC1 forms a
rectangular columnar phase (Colrec) (plane group c2nm). At 10°C, the lattice
constants are: a = 6.32 nm, b = 3.43 nm. LC2 forms a hexagonal columnar phase




(Colhex) (plane group pé6mm). At room temperature, the lattice constant is: a = 4.69
nm. The formation of a lower-order Colrex phase in LC2 is likely a consequence of
the increased coil-to-rod volume fraction.[48!
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a=4.69nm

Log Scattering Intenisty (a.u.)

q (nm™)

Figure 2. Bulk x-ray diffraction data of the hydrogen bonding ODMS liquid crystals. The XRD
spectra were collected in both wide- and medium-angle configurations. The assigned Miller
indices and the respective intermolecular scatterings are indicated, as well as the corresponding
lattices.

LC2 was selected for subsequent mixing experiments with poly(4-vinyl pyridine)
(P4VP) and poly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP) given its accessible LC
temperature range and LC behavior at room temperature. To prepare polymeric
supramolecular assemblies, LC2 was first mixed with P4VP1sk (PDI=1.25) in various
molar ratios x of LC2:P4VP (0 <= x < =1). Figure 3 shows the example of a fully
complexed case (x = 1) in which LC2 is hydrogen bonded with the pyridine moieties
of P4VP.
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Figure 3. Chemical structures of the polymer supramolecular assembly of LC2 and P4VP, The
carboxylic group on LC2 associates with the pyridine group on P4VP via hydrogen bonding.
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To investigate the hydrogen bond formation, LC2, P4VP, and supramolecular
assemblies P4VP(LC2)x were characterised with Fourier transform infrared
spectroscopy (FTIR). Figure 4 shows the 1700 cm and 1400 cm- regions of the
FTIR spectra. LC2 exhibits a carbonyl stretch vibration at 1682 cm? which is
characteristic for the formation of hydrogen bonded benzoic acid dimers.[49.50] In the
supramolecular assemblies P4VP(LC2)x, the band shifts to 1695 cm-1, because the
C=0 groups are not involved anymore in hydrogen bonding (Figure 3).13351] The
characteristic band at 1414 cm-1 corresponds to the stretching mode of the free
pyridine ring on pristine P4VP. The vibrational mode is perturbed due to the
formation of hydrogen bonds, causing a decreased absorption intensity and a shift
to 1418 cm.1491 Therefore, as the degree of polymer supramolecular assembly is
increased, the intensity of the shifted peak at 1418 cm increases, while the
intensity of the original peak at 1414 cm-* decreases.
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Figure 4. FTIR spectra of LC2, P4VP, and PV4P(LC2)x samples.

The areas under the peaks and the peak positions were estimated by
deconvolution of the FTIR data using Voigt-type functions. The fraction of hydrogen-
bonded 4-vinylpyridines (f1s) was estimated using the formula:[50!



[1]

where A and o are the peak areas and absorption coefficients, respectively. As
shown by Lee et. al., the absorption cross sections of free and hydrogen bonded
P4VP bands do not change upon hydrogen bonding, 50 such that a1414/ 1418 = 1,
allowing fys to be calculated. Figure 5 shows fus in function of molar ratio x, obtained
using equation 1. For x <= 0.8, a linear 1:1 regime is observed. At x = 1.0, deviation
from the linear behaviour is observed, indicating a maximal complexation between
LC2 molecules and the pyridine moieties. Comparable results were obtained by
analyzing the absorption bands at 1682 and 1695 cm. The inability to attain a 1:1
stoichiometry deviates from behaviour seen in n-alkylphenols,?* and is likely due to
dimerization of LC2.[33!
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Figure 5. Fraction of hydrogen-bonded pyridines (fug) as a function of molar ratio x (LC2:P4VP) for
the P4VP(LC2)x supramolecular assemblies.

POM images of blends in the x <= 0.8 regime show grainy birefringent textures,
consistent with formation of homogenous blends of PVP and LC2 with LC behaviour
(Figure 6). DSC measurements show that the polymer supramolecular assemblies
are glassy at room temperature. For neat P4VP, Tg ~150 °C, in agreement with
literature.[19] For 0.2 <= x => 0.8, Tg is reduced to ~75 °C. None of the



Chapter 6

supramolecular assemblies are found to crystallize. For x = 0.4, 0.6, 0.8, an
isotropization temperature is observed which decreases with increasing x.

Figure 6. POM images of the P4VP(LC2)x supramolecular assemblies. a) x = 0.4. b) x = 0.6. The
POM images were obtained under crossed polarizers just below the isotropization temperature
(polarizer axes are indicated in the images with a cross). All scale bars: 500 um

The room temperature PSAs were further investigated using XRD (Figure 7). To
promote the formation of long range order, the materials were annealed at 85°C for
approximately 1h. Figure 7 shows the medium angle scattering data (1 nrm1<qg>5
nm-1) alongside the assigned miller indices and LC lattice parameters. As indicated
by the 1:2 peak ratio, a Sm phase is formed at x = 0.4 (a = 6.21 nm). At higher x,
Colnex phases are observed by the 1:43 peak ratios. The Sm to Colnex transition can
be understood by volumetric arguments,[30] and suggests that the vinyl(pyridines)
are at the center of the supramolecular cylinders. As can be seen in Figure 7, the
lattice parameter of the Colnex phase is dependent on x, and changes from 6.51 nm
(x=10.6)t0 6.43 nm (x = 0.8), and 6.41 nm (x = 1.0). At the maximum loading (x =
1.0), macrophase separation is observed by the presence of an additional scattering
peak at g = 1.5 nm1, which corresponds to the primary scattering vector of pure LC2
(indicated by the grey shadow in Figure 7). The observation of macrophase
separation is in agreement with FTIR, DSC, and POM. Together, the scattering data
reveals that the morphology and lattice spacing can be tuned by adjusting the molar
ratio x.
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Figure 7. Bulk x-ray diffraction data of the P4VP(LC2)x supramolecular assemblies. The XRD
spectra were collected in the medium-angle configuration. The assigned Miller indices and the
respective intermolecular scatterings are indicated, as well as the corresponding lattices. The
primary scattering peak of LC2 is indicated by a grey shadow.

Next, a PS3zzk-b-P4VPsk (frs ~ 0.8) (PDI=1.06) block copolymer was selected for
the preparation of hierarchical PSAs. This BCP hydrogen bonds selectively with LC2
via the PVP blocks (Figure 8). Neat PSssk-b-P4VPsk exhibits a hexagonal (HEX)
morphology in bulk (P4VP minority phase), but is expected to form a lamellar (LAM)
morphology upon addition of LC2, by the increase of volume fraction of the combined
P4VP(LC2)x block.[3¢] Hierarchical PSAs were prepared with molar ratios x = 0.3, x =
0.4, and x = 0.5. With FT-IR, comparable hydrogen-bonding behaviour was observed
as for the PVP PSAs. Using DSC, comparable thermal transitions were observed, with
the exception of an additional glass transition at 120 °C, which corresponds to the
PS domains.[191 The presence of distinct glass transition temperatures for PS (120 °C)
and PAVP(LC2)x (75 °C) already indicates the immiscibility of the blocks.
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Figure 8. Chemical structures of polymeric supramolecular assembly of PS-b-P4VP and LC2. The
carboxylic group on LC2 associates selectively with the pyridine group on P4VP via hydrogen
bonding.

The PS-b-P4VP(LC2)x materials were investigated by bulk XRD. To capture the
hierarchical multi-scale self-assembly, scattering data was obtained in small-angle
and medium-angle configurations. Figure 9 shows the combined data (concatenated
at g = 0.7 nm1) together with the assigned lattice constants and miller indices. For
x = 0.3, a smectic-in-lamellar (Sm-in-LAM) phase is observed (d =37.0 nm,a =5.81
nm). For x = 0.5, a (Colxex-in-LAM) phase is observed (d = 40.6 nm, a = 6.3 nm) and
at the intermediate molar ratio (x = 0.4) a combination of medium angle scatterings
are observed in addition to the LAM morphology of the BCP, indicating the co-
existence of Sm and Colnex morphologies (mixed-in-LAM). Overall, the lamellar
spacing increases slightly with increasing x, likely due to the increase in combined
molecular weight (d &< N2/3). The transition from Sm to Colnex morphologies agrees
with the behaviour observed in the homopolymer system, and similar lattice
spacings are observed. 2D XRD plots of shear-aligned samples further indicate the
orthogonal nature of the hierarchical self-assembly. Figure 10 shows an example 2D
plot for PS-P4VP(LC2)o.3,in which the BCP and LC scattering peaks are perpendicular
to each other, thereby validating the schematic representation of the lattices shown
in Figure 9.
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Figure 9. Bulk x-ray diffraction data of the PS-P4VP(LC2)x polymeric supramolecular assemblies.
The XRD spectra were collected in the small-angle and medium-angle configuration, and
concatenated at g = 0.7 nmL. The assigned Miller indices and the respective intermolecular
scatterings are indicated, as well as the corresponding lattices.
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Figure 10. Small-angle XRD data of PS-P4VP(LC2)o.3 complex. The assigned miller indices are
indicated in the figure.

To further investigate the hierarchical nature of the self-assembly, transmission
electron microscopy (TEM) was performed on a PSsskb-P4VPak(LC2)os thin film
(Figure 11). To this end, thick films were prepared by dropcasting on an epoxy
substrate, and solvo-thermal annealed with chloroform to promote ordering. Large
area TEM images of different unstained polymer sections (Figure 11a-b) reveal the
presence of alternating layered structures with high lateral order across the image.
Within the layers, smaller features are contained. Analysis of a zoomed in image
(Figure 11c) reveals that the layered structures have a periodicity of ca. 35 nm,
corresponding to the BCP lattice spacing. Perpendicular to these lamellae, features
with a periodicity of ca. 6 nm are observed, corresponding the LC phase of the
P4VP(LC2)o5 component. Interestingly the morphology at the interface between the
PSA and the epoxy substrate (Figure 11d) shows that the PSA is directed at the
substrate interface. The BCP lamellae are oriented parallel to the epoxy substrate,
and by extension, the LC features are oriented in a perpendicular fashion. Moreover,
the interface layer appears to consist of an LC layer.



Figure 11. a-c) Transmission electron micrographs of PSaak-b-P4VPak(LC2)o.5 on an epoxy
substrate. PS lamellae are light; ODMS side chains are dark. d) TEM image of the PSA at the
epoxy interface (inset = 4x magnification).

For nanofabrication purposes, thin PSA films are desired. In order to prepare
such films, dilute solutions of PSAs were prepared using PAVP1sk and PS3sk-b-P4VPsx
in combination with LC2 and spin-coated on Si wafers bearing an antireflective
coating. Solutions of 2 wt % in chloroform resulted in ca. 80 nm thin films, according
to ellipsometry. To promote lateral ordering of the features, the samples were
thermally annealed at 85°C for 1h. The annealing temperature was chosen to be
above the glass transition temperature of PAVP(LC2)x (75°C), but under the glass
transition temperature of PS (120°C).
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To investigate the through-film morphology of the annealed films, small-angle
grazing-incidence x-ray diffraction (GIXRD) was performed (Figure 12). Figure 12a
shows that the scattering data for P4VP(LC2)o.4 can be fitted assuming a smectic
phase (a = 5.8 nm), which is in line with bulk observations. For P4VP(LC2)o.4, the
scattering peaks are perpendicular to the substrate, indicating that the smectic
layers are oriented parallel to the surface. Since the surface energy of the ODMS
tails is presumed to be very low (yroms = 20.5 mN/m),[23] the siloxane tails are
anticipated to wet the air interface, driving the parallel orientation. In contrast, for
PS-P4VP(LC2)o0.3, (Figure 12b) the scattering peaks are oriented parallel to the
substrate, indicating that the smectic features are oriented normal to the surface.
The absence of diffraction rods originating from the BCP lamellae, indicate indirectly
that they are oriented planar to the surface.[€] For the LC cylinders in the Colnex
phase PSAs, similar observations are made (Figure 12c-d). For P4VP(LC2)o.6 (Figure
12c) the scattering data is fitted with a Colhex phase (@ = 6.8 nm) in which the
cylinders are oriented planar to the substrate. For PS-P4VP(LC2)o.5 (Figure 12c¢), the
primary scattering peak is oriented normal to the surface. Together, these findings
indicate that the presence of the PS block causes the vertical alignment for both Sm
and Colxex LC features.

The surfaces of the thin films were further characterized with atomic force
microscopy (AFM). Figure 13a shows the AFM height map for P4VP(LC2)o.4 which
shows the presence of plateaus. According to the cross-section (shown by the black
line, and plotted in the inset), the height of the plateaus are ca. 6 nm, which
corresponds to the smectic layer spacing expected for this material. This finding
indicates the presence of smectic layers which are oriented parallel to the surface,
in agreement with GIXRD observations (Figure 12a). In contrast, for PS-P4VP(LC2)o.3,
(Figure 13b) plateaus are observed with a height of ca. 37 nm, corresponding to the
BCP layer spacing. This finding implies the parallel orientation of BCP features, and
by extension, the vertical alignment of LC features inside the film, corresponding to
the GIXRD findings (Figure 12b). Together, the GIXRD and AFM data unequivocally
demonstrate that the vertical alignment of sub-5 nm smectic features.
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Figure 12. Grazing-incidence x-ray diffraction data in small-angle configuration for PSA thin films
of thickness ~ 80 nm, measured around the critical angle. a) PAVP(LC)o.4 (Sm), b) PS-PAVP(LC)o.4
(Sm-in-LAM), ¢) PAVP(LC)o.6 (Colnex), d) PS-P4VP(LC)o.5 (ColHex-in-LAM). Schematic representations
of the thin film structure from combined GIXRD and AFM observations are shown in the inset.
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Figure 13. Atomic force microscopy height images of annealed PSA thin films of thickness ~ 80
nm. a) P4VP(LC2)o.4 (Sm), b) PS-P4VP(LC2)0.3 (Sm-in-LAM). Cross-sections are indicated by the
line and are shown in the inset.

6.3. Conclusion

In this chapter, novel hydrogen bonding ODMS LCs were prepared, characterized,
and their thermotropic phase behavior was investigated. The LCs were subsequently
mixed with a glassy hydrogen-bond accepting polymer (P4VP) and selectively
hydrogen-bond accepting block copolymer (PS-b-P4VP) in various molar ratios. This
modular approach results in the formation of a range of glassy nanostructured
morphologies in which the phase behavior can be controlled by the mixing ratio. By



mixing the LCs with a block copolymer, oriented hierarchical structures were
generated, including Sm-in-LAM and Colrex-in-LAM morphologies. The synergistic co-
assembly was used to obtain vertical alignment of the sub-5 nm Sm and Colnex
features, which could lead to the fabrication of dense line spaces and contact holes,
respectively.

In perspective, the sandwiching of the sub-5 nm LC features between PS
lamellae has potential to eliminate not only the need for both a top-coat (to control
surface-air interactions)52-54], but also the need for a neutral brush layer at the
interface of the substrate. Shown here for orienting a low surface energy material, it
suggests that this novel approach of orienting is generally applicable to a broad
range of materials. Moreover, the method presents a facile approach towards the
preparation of monolayers, which is generally applicable, and less sensitive to spin-
coating conditions. Removal of the polymeric top layer by conventional dry etching
techniques would result in glassy resist material with sub-5 nm features and high
etch contrast.

6.4. Materials & Methods

Heptasiloxane monohydride was obtained from the group of Meijer. All other
solvents and standard chemicals were obtained from commercial sources and were
used as received. Reactions with air or moisture sensitive reagents were performed
under argon atmosphere with flame-dried glassware using standard Schlenk
techniques. Nuclear magnetic resonance spectra (NMR spectra) were measured on
a Varian Mercury 400Vx and a Bruker 400MR NMR apparatus at 300 K. Chemical
shifts are indicated as & values in parts per million (ppm) and are reported relative
to CHCIs.Mass spectra were measured on a Bruker ST-A2130 mass spectrometer
with matrix-assisted laser desorption ionization and a time-of-flight analyzer (MALDI-
TOF) wusing a 2kHz laser. Depending on the measured substance,
a-cyano-4-hydroxycinnamic  acid  (CHCA) or  2-[(2E)-3-(4-tert-butylphenyl)-
2-methylprop-2-enylidene]malononitrile (DCTB) in tetrahydrofuran (THF) were
applied as matrices. Substances were detected with a Bruker Flash Detector.
Polarized optical microscopy (POM) was performed with crossed polarizers using a
Leica DM6000OM equipped with a DFC420C camera and a Linkam THMS600 hot-
stage for temperature control. For characterization of the LC textures, a small
amount of LC material was placed between microscope slides, heated to the
isotropic phase, and cooled (5 °C min?) to room temperature. Phase transition
temperatures of the reactive mesogens were determined using a TA Instrument
Q1000 differential scanning calorimeter (DSC). 3-4 mg of material was hermitically
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sealed in aluminum pans. The heating and cooling rate was 5 °C min-1 and the
second cooling curve was used to determine the transition temperatures. X-ray
scattering measurements were performed on a Ganesha lab instrument equipped
with a GeniX-Cu ultralow divergence source producing X-ray photons with a
wavelength of 1.54 A and a flux of 1x108 phs. Scattering patterns were collected
using a Pilatus 300 K silicon pixel detector. The beam center and the q range were
calibrated using the diffraction peaks of silver behenate. The sample to detector
distance was 91 mm for wide-angle measurements, 441 mm for medium-angle
measurements, and 1041 mm for small-angle measurements. The spectra were
concatenated at g = 0.7 nm1and g =5 nm1. Small-angle grazing incidence XRD was
performed at the DUBBLE beamline at ESRF in Grenoble. Samples were measured
at the critical angle (~ 0.18°). The AFM data were recorded in ambient conditions
using a Dimension ICON atomic force microscope (Bruker Nano Inc., Santa Barbara,
CA) fitted with an NCHV silicon probe (Bruker, spring constant 42 Nm-1 and a
resonance frequency 320 kHz). Fourier transform infrared spectroscopy (FTIR)
spectra were obtained using a FTS 6000 spectrometer from Bio-Rad equipped with
Specac Golden gate diamond ATR and were signal-averaged over 50 scans at a
resolution of 1 cm-1. The degree of hydrogen bonding was generated using formula
1 with the inert FT-IR absorption at 1498 cm! as an internal reference.

6.5. Synthetic procedures
Benzyl 4-(but-3-en-1-yloxy)benzoate (1a)

A solution of 4.50 g of benzyl paraben (19.7 mmol, 1.0 eq.), 8.17 g of potassium
carbonate (59.1 mmol, 3.0 eq.), 2.65g of 4-bromobut-1-ene (19.6 mmol, 0.99 eq.),
and 0.010 g of potassium iodide (0.06 mmol, 0.003 eq.) in 100 mL of acetone is
stirred is refluxed under argon for 24h . The solution is washed with 1M NaOH and
brine, and dried over magnesium sulfate. Column chromatography (heptane: ethyl
acetate = 10:1, [UV]) was performed to give 22% of benzyl 4-(but-3-en-1-
yloxy)benzoate (1a) (1.22 g, 4.32 mmol) as a transparent liquid. tH-NMR (400 MHz,
CDCls, 300 K): 8 [ppm] = 8.07 - 7.98 (m, 2H), 7.48 - 7.29 (m, 5H), 6.95 - 6.87 (m,
2H), 5.90 (ddt, J = 17.1, 10.2, 6.7 Hz, 1H), 5.34 (s, 1H), 5.23 - 5.08 (m, 2H), 4.06
(t, J=6.7 Hz, 2H), 2.56 (qt, J = 6.7, 1.4 Hz, 2H). 13C NMR (100 MHz, CDCls, 300 K):
0 [ppm] = 166.15, 162.77, 136.30, 134.01, 131.71, 128.54, 128.12, 128.09,
122.48, 117.32, 117.31, 114.12, 77.33, 77.01, 76.69, 67.34, 66.37, 33.45.
(MALDI-TOF): m/z = calculated (C17H1603): 268.11; found: 268.35 [M+H]*.

Benzyl 4-(undec-10-en-1-yloxy)benzoate (1b)



A solution of 4.2 g of benzyl paraben (18.4 mmol, 1.0 eq.), 7.50 g of potassium
carbonate (54.3 mmol, 2.95 eq.), 4.30g of 11-bromoundec-1-ene (18.8 mmol, 1.02
€q.), and 0.010 g of potassium iodide (0.06 mmol, 0.003 eq.) in 100 mL of acetone
is stirred is refluxed under argon for 48h. The solution is washed with 1M NaOH and
brine, and dried over magnesium sulfate. Column chromatography (heptane: ethyl
acetate = 20:1, [UV]) was performed to give 71% of benzyl 4-(but-3-en-1-
yloxy)benzoate (1b) (4.95 g, 13.0 mmol) as a transparent liquid. tH-NMR (400 MHz,
CDCls, 300 K): & [ppm] =8.02 (dd, J =8.8, 1.7 Hz, 2H), 7.48 - 7.29 (m, 5H), 6.94 -
6.86 (m, 2H), 5.34 (s, 2H), 5.05 - 4.89 (m, 2H), 4.00 (t, J = 6.6 Hz, 2H), 2.10 - 1.99
(m, 2H), 1.79 (dt, J = 14.7, 6.6 Hz, 2H), 1.52 - 1.27 (m, 14H).13C NMR (100 MHz,
CDCls, 300 K): 0 [ppm] =166.20, 163.04,139.17, 136.34,131.70, 128.53, 128.07,
122.24,114.12,68.19, 66.33, 33.79, 29.47, 29.39, 29.32, 29.09, 28.91, 25.96.
(MALDI-TOF): m/z = calculated (C2sH3203): 403.23; found: 403.26 [M+Na]*.

Benzyl 4(4-(pentadecamethylheptasiloxanyl)butoxy)benzoate (2a)

Aflame-dried Schlenk flask is charged with 730 mg of compound 1a (2.59 mmol,
1.05 eq.), 1278 mg of 1,1,1,3,3,5,5,7,7,9,9,41,11,13,13-
pentadecamethylheptasiloxane (2.46 mmol, 1.0 eq.) and one drop of Karstedt's
catalyst (2% Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution
in xylene) in 1 mL of dry dichloromethane under argon. The reaction mixture is stirred
at room temperature for 3 hours under argon and then quenched with 40 mL of
methanol. The solvents are removed under vacuum. Chromatography (heptane:ethyl
acetate 20:1, [UV]) was performed to give 93% (1.84 g, 2.30 mmol) of 2a as a
colourless oil.1H-NMR (400 MHz, CDCls, 300 K): 8 [ppm] = & 8.08 - 7.96 (m, 2H),
7.51 - 7.29 (m, 5H), 6.99 - 6.80 (m, 2H), 5.34 (s, 2H), 4.01 (t, ) = 6.4 Hz, 2H), 1.83
(p, J=6.7 Hz, 2H), 1.59 - 1.44 (m, 2H), 0.70 - 0.51 (m, 2H), 0.14 - 0.02 (m, 45H).
13C NMR (100 MHz, CDCls, 300 K): 8 [ppm] = 166.21, 163.07, 136.33, 131.68,
128.53, 128.06, 122.22, 114.05, 67.81, 66.32, 32.58, 19.71, 17.91, 1.78, 1.17,
1.14, 1.06, 0.16. (MALDI-TOF): m/z = calculated (Cs3Hs409Si7): 800.29; found:
823.30 [M+Na]*.

4-((11-(Pentadecamethylheptasiloxanyl)undecyl)oxy)benzoate (2b)

A flame-dried Schlenk flask is charged with 704 mg of compound 1b (1.85 mmol,
1.00 eq.), 9088 mg of 1,1,1,3,3,5,5,7,7,9,9,41,11,13,13-
pentadecamethylheptasiloxane (1.90 mmol, 1.03 eq.) and one drop of Karstedt’s
catalyst (2% Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution
in xylene) in 3 mL of dry dichloromethane under argon. The reaction mixture is stirred
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at room temperature for 3 hours under argon and then quenched with 40 mL of
methanol. The solvents are removed under vacuum. Chromatography (heptane :
ethyl acetate 20:1, [UV]) was performed to give 90% benzyl 4-(4-
(pentadecamethylheptasiloxanyl)butoxy)benzoate (2b) (1.50 g, 1.67 mmol) as a
colourless oil.1H-NMR (400 MHz, CDCls, 300 K): 0 [ppm] = & 8.08 - 7.96 (m, 2H),
7.51 - 7.29 (m, 5H), 6.99 - 6.80 (m, 2H), 5.33 (s, 2H), 3.99 (t, J = 6.4 Hz, 2H), 1.79
(m, 2H), 1.52 - 1.27 (m, 16H), 0.53 (dd, J = 9.5, 5.7 Hz, 2H), 0.14 - 0.02 (m,
45H).13C NMR (100 MHz, CDCls, 300 K): & [ppm] = 166.21, 163.05, 136.33,
131.69, 128.53, 128.06, 122.22, 114.05, 68.21, 66.32, 33.45, 29.62, 29.58,
29.56, 29.38, 29.10, 25.98, 23.21, 18.25, 1.78, 1.14, 1.05, 0.18. (MALDI-TOF):
m/z = calculated (CaoH7809Si7): 898.40; found: 921.42 [M+Na]*.

4-(4-(Pentadecamethylheptasiloxanyl)butoxy)benzoic acid (LC1)

A 100 mL flask is charged with 1.47 g (1.63 mmol) of compound 2a, and 2 mL
of ethyl acetate. To this is added 100 mg Pd/C 30% in 6 mL of ethanol. The flask
is fitted with a rubber stopper and stirred overnight under H, atmosphere. The
solution is filtered over celite and solvents are removed under vacuum to yield
98% of LC1 (1.29 g, 1.60 mmol) as a transparent liquid.*H-NMR (400 MHz,
CDCls, 300 K): & [ppm] = 8.13 — 7.98 (m, 2H), 7.06 — 6.83 (m, 2H), 4.03 (t, J =
6.4 Hz, 2H), 1.84 (m, 2H), 1.52 (m, 2H), 0.68 — 0.55 (m, 2H), 0.13 — 0.02 (m,
45H).13C NMR (100 MHz, CDCls, 300 K): & [ppm] = 171.66, 163.68, 132.29,
121.34, 114.16, 67.88, 32.56, 19.72, 17.90, 1.77, 1.16, 1.13, 1.07, 1.05,
0.16.(MALDI-TOF): m/z = calculated (C2sHs800Si11): 733.24; found: 733.23
[M+Na]*.

4-((11-(Pentadecamethylheptasiloxanyl)undecyl)oxy)benzoic acid (LC2)

A 100 mL flask is charged with 1.47 g (1.63 mmol) of compound 2b, and 2 mL
of ethyl acetate. To this is added 100 mg Pd/C 30% in 6 mL of ethanol. The flask is
fitted with a rubber stopper and stirred overnight under Hz atmosphere. The solution
is filtered over celite and solvents are removed under vacuum to yield 98% of LC2
(1.29 g, 1.60 mmol) as a transparent paste.H-NMR (400 MHz, CDCls, 300 K): &
[ppm] = d 8.05 (m, 2H), 6.93 (m, 2H), 4.02 (t, J = 6.4 Hz, 2H), 1.81 (m, 2H), 1.52 -
1.27 (m, 16H), 0.54 (dd, J = 9.5, 5.7 Hz, 2H), 0.14 - 0.02 (m, 45H).23C NMR (100
MHz, CDCls, 300 K): & [ppm] = 171.91, 163.66, 132.30, 121.40, 114.15, 68.27,
33.45, 29.59, 29.39, 29.09, 25.98, 23.22, 18.26, 1.77, 1.16, 1.05, 0.18.
(MALDI-TOF): m/z = calculated (C33H7209Si7): 831.35; found: 831.35 [M+Na]*.
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7.1. Introduction

This thesis describes the development of a novel class of oligo(dimethylsiloxane)
liquid crystals that form ordered hybrid organic/inorganic thin film nanostructures
with ultrafine sub-5 nm dimensions, their directed self-assembly into
macroscopically oriented patterns by grapho-epitaxy and photoalignment, and
retention of the patterns by covalent photo cross-linking or cooling through a glass
transition. In this chapter, we provide an outlook for this novel class of materials in
the form of next challenges. We further reflect more broadly on the work described
in this thesis and discuss opportunities, with a specific focus on their use as self-
assembled resists for nanopatterning.

7.2. Future challenge of sub-5 nm patterning using liquid
crystals

With respect to feature sizes, the sub-5 nm features reported in this thesis are
far ahead of the scaling curve pursued by the semiconductor industry (Figure 1). This
observation suggests that several critical challenges must be overcome for these
materials to be integrated into existing patterning technologies. Most notably, the
critical challenges are related to the development of suitable pattern transfer
techniques, mechanical stability of the ultra-fine features, the application of
appropriate metrology tools, and the integration of the required processing
operations into fabrication facilities.

7.2.1. Integration

As shown in chapter 2, oligo(dimethylsiloxane) liquid crystals, and by extension all
liquid crystals, are highly compatible with graphoepitaxial processes, the most well-
established alignment and pattern registration technique in block copolymer
directed self-assembly.[t] In principle, this allows the integration of LC materials with
existing patterning techniques for their extension through directed self-assembly
(Figure 1). However, the graphoepitaxial features produced by optical lithography are
not perfect, but contain their own variations known as line edge roughness (LER).
LER is caused by a number of statistically fluctuating effects at small dimensions
such as photon flux variations, statistical distributions of chemical species in the
resist, and the nonzero size of polymers being dissolved during development. For the
precise registration of LC patterns within a trench of varying width, the LER must be
smaller than the feature size (<1 nm). Currently, the LER tolerance for logic
patterning (transistors) is approximately 1.5 nm (3 o), which is set to decrease t0 0.7
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nm by 2025. This would enable integration with LC materials.[2] As indicated in Figure
1, the LER requirement for extension of DSA to LC materials might be provided by
optical immersion lithography, EUV lithography, or e-beam lithography.

Half-pitch (nm)
\1s 16 | 14 | 12 | 10 | 8 6 4 2

Pitch (nm)
E":Z‘"e ::::;:::3 “as | 32 | 28 | 24 | 20| 16| 12| 8| 4
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Immersion LELE
Immersion SADP
Immersion SAQP - 1
EUV Single Patterning 18
EUV SADP 4 6
Immersion DSA [ps-b-pmma] 3 12 . .
ArF, EUV, E-Beam High Chi-DSA 11 . .
Nanoimprint Nanoimprint 13 " | s
High NA EUV Single Patterning 17
E-Beam Single Patterning” . 4% . . . 16
E-Beam DSA [ps-b-pmma]™* 9 10 12 . .

Consensus that technique has been used in production
Published demonstrations from potential deployable equipment show opportunity for production
Simulations, surface images, or research grade demonstration suggest potential for extendability

Figure 1. Demonstrated resolution of potential new patterning techniques, adapted from [2,
Possible applications of ODMS LCs are indicated with a circle.

7.2.2. Pattern transfer

Pattern transfer is by far the most widely recognized bottleneck for sub-5 nm
patterning. Common pattern transfer methods, such as plasma etching, become
more precarious at these length scales, since the processing requirements become
increasingly stringent and the processing windows are narrowed.[3] These processes
will have to be severely optimized to allow high fidelity pattern transfer, which
represents a formidable challenge. Fortunately, there is still room for etch



optimization of the self-assembled materials through molecular design, or through
the selective incorporation of inorganic precursors after the self-assembly.

For block copolymers, the latter method has established itself as a promising
technique to improve pattern transfer.3-71 The method, commonly referred to as
sequential infiltration synthesis (SIS), is related to atomic layer deposition (ALD). It
is a cyclic, gas phase process based on self-limiting chemical reactions of a metal
precursor with a specific domain after infiltration into a block copolymer thin film.
Darling et al. first demonstrated SIS on a PS-b-PMMA block copolymer film using
alternate cycles of tetramethylaluminium (TMA) and water vapor. TMA forms
localized AI-OH and AI-CHs sites on the PMMA carbonyl moieties, while water
produces layers of AloOs. After the SIS process, sufficient etch contrast was
embedded in the film to allow the production of high aspect ratio features by plasma
etching (Figure 2). More recent work by Hillmyer and coworkers demonstrated the
extension of the SIS process with a high-x BCP with sub-10 nm feature sizes.[®! To
date, SIS has not been demonstrated for sub-5 nm phases.
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Figure 2. a) Schematic description of sequential infiltration synthesis for the fabrication of
nanowires. The self-assembled nanodomains are selectively infiltrated with metals (by SIS) that
enhances the etch contrast, and subsequently used for pattern transfer to develop high-aspect
ratio features. b) Nanowires fabricated using SIS on a PS-b-PMMA block copolymer. Reproduced
from [7] with permission from The Royal Society of Chemistry.
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In order to obtain inorganic nanostructure arrays at the sub-5 nm scale, it is
essential for pattern transfer processes such as plasma etching and SIS to proceed
in a controlled fashion with high selectivity, and at defined positions within the self-
assembled building blocks. The key herein will be the preparation of well-defined
supramolecular architectures with a one-to-one registration of molecular
components or reactive sites, and extremely sharp interfaces.[®-11 LC materials are
ideally suited to address these challenges because, besides the sub-5 nm
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periodicities, control over the chemical functionality allows for site-selective
chemistry such as cross-linking, selective swelling or complexation.[12.13]
Supramolecular interactions such as hydrogen bonding may direct individual
reactive sites, positively impacting the processes of selective plasma etching or
inorganic material growth with sub-nanometer resolution. Moreover, the multiple
orthogonal supramolecular interactions at the root of the self-assembly, in
combination with a chemical monodispersity, result in highly ordered mesophases
with well-defined lattices and sharp interfaces. This stands in contrast with low
molecular weight BCPs which exhibit ill-defined interfaces due to composition
fluctuation effects in the weak segregation regime (xN ~ 10.5).114]

Mechanical stability of the sub-5 nm patterns is required for their utilization as
templates for pattern transfer. For LCs, this is typically achieved by chemical
crosslinking of reactive mesogens to form a nanostructured polymer, usually by UV-
polymerization, since it can be performed at the temperature corresponding to the
desired mesophase (chapter 5). For pattern transfer in nanolithography, the in-situ
polymerization of reactive LC monomers is highly challenging since defects can
originate from the multi-component nature of the reactive thin films (LC,
photoinitiator, inhibitor), and the polymerization shrinkage effect (chapter 5). An
alternate approach consists of engineering an appropriate glass transition into the
LC material through molecular design. Unfortunately, while glass transition behavior
is observed in some LCs, it is not well understood, and additional fundamental
research is required.l18] From this perspective, the complexation of LCs with glassy
polymers through supramolecular interactions could be a more practical method to
fabricate systems with tunable dimensions (chapter 6).[16:17]

7.2.3. Defect density & alignment

Defect densities are another major concern for the semiconductor industry.[18]
While defects like dislocations and disclinations become thermodynamically more
favorable with low molecular weight materials, the kinetic barrier associated with
defect annihilation is greatly reduced. In practice therefore, low molecular weight
materials display long range order, even when undirected, as typified by POM
birefringence experiments of thermotropic liquid crystals. In addition, low defect
densities are observed as a result of the improved ability to anneal away defects and
direct the self-assembly (see chapter 2). Particularly near the order-disorder
transition, where the barrier associated with defect annihilation becomes << kgT,
fast self-assembly dynamics are observed.[19! For liquid crystals, a common method
to obtain monolithically oriented samples is by transitioning through several phases



from a low to high order. The design of materials with nematic phases (orientational
order only), in addition to higher-order phases at lower temperatures, may therefore
aid in obtaining monolithic alignment. As demonstrated in chapter 4, photo-
alignment is a promising method to remove defects in a noncontact manner. The
extension of computer simulation methods currently applied to BCP systems, would
enable both further understanding of the mechanisms of defect annihilation and
optimal LC design for high order and minimal defectivity.

Having demonstrated the graphoepitaxy of planar-oriented LC cylinders in
chapter 2, it would be beneficial to develop this approach for the vertical orientation
of sub-5 nm features which would allow the maximization of etch contrast
throughout the thickness of the film. Studies show that control over the surface
energy of the template bottom and sidewall is crucial for achieving vertically oriented
features, which can be achieved by selectively modifying the surfaces with a polymer
brush.[20.21] Extension of the graphoepitaxy process explored in chapter 2 to these
vertically oriented systems would be highly interesting. As shown in chapter 6,
vertically oriented features could also be obtained by using the hierarchical self-
assembly of supramolecular LC/BCP systems. Obtaining vertically oriented features
becomes increasingly challenging for soft building blocks with highly immiscible
components, such as high-x, low-N BCPs or hybrid organic/inorganic LCs. Since the
respective surface energies are increasingly disparate, the development of
interfaces which are neutral to both components is increasingly difficult. The
development of surface active components, in the form of additives (22! or built-in
components, [23 may help to achieve this goal, although they will need to be tailored
to each supramolecular system. In this context, hierarchical materials produced by
block copolymer supramolecular assemblies present an exciting opportunity, since
these materials self-assemble with an inherent orthogonality (chapter 6). Modifying
a substrate surface to be attractive to a polymer block may therefore be a general
method by which to control the orientation of the liquid crystal mesophase contained
within the BCP layers.

It would also be worthwhile to combine the hierarchical materials explored in
chapter 6 with the photo-alignment processes developed in chapter 4, in order to
obtain vertically oriented monodomain structures by exposure to linearly polarized
light (Figure 3a). A light-responsive, hydrogen-bonding, ODMS-based liquid crystal
such as the one shown in Figure 3b would be suitable; for its combination of benzoic
acid moiety (hydrogen bonding), azobenzene moiety (photoalignment), and ODMS
(etch contrast).
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Figure 3. a) Schematic representation of photo-alignment of vertically oriented hierarchically
structured thin films using linearly polarized light. b) Chemical structure of a light-responsive
hydrogen-bonding ODMS-based liquid crystal. ¢) X-ray scattering data obtained at room
temperature. The assigned lattice and miller indices are indicated in the figure. d) Polarized
optical microscopy image obtained at room temperature under crossed polarizers. The polarizer
axes are shown in the image. Scale bar: 100 um. e-f) STM images of a self-assembled monolayer
at the solid-liquid interface (C = 1.0 x 104 M). The crosses represent the graphite symmetry
axes. g) Molecular model showing the arrangement of molecules in the self-assembled
monolayer, in which the ODMS chain is omitted for the sake of clarity. The unit cell is overlaid on
the STM image and the cell parameters are: a = 3.9+0.1 nm, b = 1.4+0.1 nm and o =
71.0+1.0°.

The material shown in Figure 3b was synthesized and investigated for its bulk
phase behavior. As indicated by bulk XRD (Figure 3c), lamellar features with a lattice
spacing of a = 5.04 nm are formed at room temperature. Since this value is




approximately double the molecular length, it is assumed that hydrogen bonded
dimers are formed. While there are some higher-order scatterings in the wide-angle
region (g > 10 nm1), the typical textures observed in polarized optical microscopy
(Figure 3d) indicate that the material is liquid crystalline. The additional reflections
are likely due to partial crystallization of the alkyl tail. The self-assembly of the
compound was further investigated at the solid-liquid interface of highly oriented
pyrolytic graphite (HOPG) using scanning tunneling microscopy (STM) (Figure 3e-f).
Large scale STM images (Figure 3e) indicate the formation of large domains (several
100 nm?2) consisting of lamellar features. Molecular resolution STM images such as
the one shown in Figure 3f reveal that the bright features arise from rows of rod
shaped structures, which always appear in pairs. These rod like features correspond
to the aromatic part of the molecules and their pairwise appearance indicates
presence of hydrogen-bonded dimers on the surface, as expected from the
molecular structure (Figure 3b).

7.2.4. Metrology

The need persists for appropriate metrology tools for the characterization of sub-
5 nm patterned thin films where near-atomic resolution is required to accurately
image features and defects. It is currently highly challenging to obtain structural
information at this length scale using common top-down imaging techniques such
as scanning electron microscopy (SEM) and atomic force microscopy (AFM). In brief,
SEM is limited by its ability to discriminate individual domains through lack of
contrast, while AFM is limited by the dimensions of the probe tip. Scanning tunneling
microscopy (STM), has an extremely high lateral resolution (~ 0.1 nm), enabling the
visualization of individual molecules (Figure 3) or even atoms,[24] but it is limited to
the imaging of conductive monolayers on extremely flat, conductive surfaces. Helium
ion microscopy (HIM) is a relatively new technique which could be of significant value
in the analysis of sub-5 nm patterns. HIM has a resolution between that of SEM and
TEM (~0.3 nm), and an improved material contrast. [25-27] The technique has been
applied to obtain high resolution BCP images (Figure 4),[271 but it has not been
applied to LC thin films.
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Figure 4. Comparison of SEM and HIM. a) SEM image of a cylinder forming PS-b-PEO. b) HIM
image of lamellar PS-b-PMMA showing increased contrast. Both systems have a similar domain
spacing (42 nm), and the magnifications are identical.

In order to fully understand the complexity of the thin film structures, it is
essential that the 3D morphology is quantified in addition to the 2D surface
arrangement. The indirect technique of grazing incidence x-ray diffraction (GIXRD)
can be used to probe the average domain structure over large areas (mm?2), but it is
relatively insensitive to defects, the domain interfaces, and structural deviations that
occur at specific locations within the film (such as at the substrate and air interface).
Direct 3D visualization can be achieved by transmission electron microscopy (TEM),
but this method is restricted by challenging sample preparation (such as embedding
and cross-sectioning). The reliable preparation of LC samples with low viscosity is
particularly challenging. From the standpoint of TEM, mechanically stable, glassy
morphologies are desirable (as presented in chapter 6).

7.3. Conclusion

In conclusion, the ODMS liquid crystals described in this thesis present unique
opportunities for obtaining highly ordered, hybrid organic/inorganic sub-5 nm
nanostructured morphologies. Coupled with directed self-assembly for 3D
orientational control and large-area alignment, this exciting class of materials could
lead to a broad range of impending nanotechnologies, most notably nanopatterning.
Given the impact of these technologies, it is foreseeable that this thrilling field will
continue to expand at a rapid pace.

7.4. References

[1] H. Hu, M. Gopinadhan, C. O. Osuiji, Soft Matter 2014, 10, 3867.




N

ITRS, 2013.

C. Cummins, T. Ghoshal, J. D. Holmes, M. A. Morris, Adv. Mater. 2016, 28, 5586.

H. C. Kim, S. M. Park, W. D. Hinsberg, Chem. Rev. 2010, 110, 146.

Q. Peng, Y. C. Tseng, S. B. Darling, J. W. Elam, Adv Mater 2010, 22, 5129.

Y.-C. Tseng, Q. Peng, L. E. Ocola, D. A. Czaplewski, J. W. Elam, S. B. Darling, J. Mater.

Chem. 2011, 21, 11722.

[71 M. Ramanathan, Y.-C. Tseng, K. Ariga, S. B. Darling, J. Mater. Chem. C 2013, 1,
2080.

[8] L.Yao, L. E. Oquendo, M. W. Schulze, R. M. Lewis, W. L. Gladfelter, M. A. Hillmyer,
ACS Appl. Mater. Interfaces 2016, 8, 7431.

[9] L. M. Pitet, A. H. M. van Loon, E. J. Kramer, C. J. Hawker, E. W. Meijer, ACS Macro
Lett. 2013, 2, 1006.

[10] A. Croom, K. B. Manning, M. Weck, Macromolecules 2016, 49, 7117.

[11] K. S. Lee, J. Lee, J. Kwak, H. C. Moon, J. K. Kim, ACS Appl. Mater. Interfaces 2017,
DOI 10.1021/acsami.6b15885.

[12] T. Rudolph, F. H. Schacher, Eur. Polym. J. 2016, 80, 317.

[13] D. J. Broer, C. M. W. Bastiaansen, M. G. Debije, A. P. H. J. Schenning, Angew. Chem.-
Int. Ed. 2012, 51, 7102.

[14] S. Kim, P. F. Nealey, F. S. Bates, Nano Lett 2014, 14, 148.

[15] S. H. Chen, J. C. Mastrangelo, T. N. Blanton, A. BashirHashemi, K. L. Marshall, Lig.
Cryst. 1996, 21, 683.

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

[17] J. Ruokolainen, R. Makinen, M. Torkkeli, T. Makela, R. Serimaa, G. ten Brinke, O.
Ikkala, Science 1998, 280, 557.

[18] M. Muramatsu, T. Nishi, G. You, Y. Saito, Y. Ido, N. Oikawa, T. Tobana, K. Ito, S.
Morikita, T. Kitano, in Proc SPIE 10144, 2017, p. 101440Q.

[19] W. Li, P. F. Nealey, J. J. de Pablo, M. Miller, Phys. Rev. Lett. 2014, 113, 168301.

[20] J. Bekaert, J. Doise, R. Gronheid, J. Ryckaert, G. Vandenberghe, G. Fenger, Y. J. Her,
Y. Cao, in Proc SPIE 9658, 2015, p. 965804.

[21] W. Bai, K. Gadelrab, A. Alexander-Katz, C. A. Ross, Nano Lett. 2015, 15, 6901.

[22] A. Vora, K. Schmidt, G. Alva, N. Arellano, T. Magbitang, A. Chunder, L. E. Thompson,
E. Lofano, J. W. Pitera, J. Y. Cheng, D. P. Sanders, ACS Appl. Mater. Interfaces 2016,
8, 29808.

[23] A. Vora, E. Hirahara, J. Cheng, D. Baskaran, O. Polishchuk, M. Tjio, M. Paunescu, D.
Sanders, G. Lin, Block Copolymers with Surface-Active Junction Groups,
Compositions and Processes Thereof, 2016, WO/2016/131900.

[24] G. Binnig, H. Rohrer, Rev. Mod. Phys. 1987, 59, 615.

[25] J. Vac. Sci. Technol. B Nanotechnol. Microelectron. Mater. Process. Meas. Phenom.
2014, 32, 020801.

[26] A. P. Bell, R. Senthamaraikannan, T. Ghoshal, A. Chaudhari, M. Leeson, M. A. Morris,

2015, p. 94241R-94241R-13.

,_,,_,,_,,_,,_,
o b
et e B i

[}



Chapter 7

[27] D. Borah, T. Ghoshal, M. T. Shaw, A. Chaudhari, N. Petkov, A. P. Bell, J. D. Holmes,
M. A. Morris, Nanomater. Nanotechnol. 2014, 4, 25.



136



Summary

Directed Self-Assembly of Oligo(dimethylsiloxane)
Liquid Crystals for Sub-5 nm Patterning

The exponential downscaling of transistor sizes on integrated circuits over the
last half-century, also known as “Moore’s law”, has enabled the onset of personal
computers and the advent of today’s powerful mobile devices. During further
progression towards a data-driven world with human-level artificial intelligence, the
hunger for further scaling according to Moore’s law remains insatiable. While
advances in top-down photolithography have traditionally been the driver behind the
ability to print smaller features, the design of new photolithography processes is
becoming increasingly complex and expensive. Complementary bottom-up
patterning technologies based on self-assembly are increasingly attractive avenues
by which to extend current processes and ensure the continuation of Moore’s law.

While self-assembly can in principle offer higher feature densities over device-
relevant length scales, three grand challenges remain for the adoption of these
materials by the semiconductor industry. The first challenge is the alignment of the
naturally multi-domain self-assembled patterns into in defect-free thin films with a
predetermined orientation. The second challenge is the pattern transfer of the self-
assembled morphologies into an inorganic array by selectively etching the respective
molecular components. The third challenge relates to the further scaling of the
technology in terms of minimum feature sizes. While numerous research groups
have focused on the development of novel block copolymer materials, these
materials typically run out of steam for self-assembly beyond 10 nm periodicities.

This thesis explores liquid crystals (LCs) as potential materials for sub-5 nm
patterning. Chapter one describes the current state-of-the-art with respect to the
aforementioned challenges surrounding self-assembly for nanopatterning. Chapter
two and three describe the synthesis and characterization of a novel class of
oligo(dimethylsiloxane) (ODMS) liquid crystals which form ordered columnar and



lamellar morphologies respectively, at sub-5 nm periodicities in thin films. These
materials are able to form inorganic silicon oxides in a single plasma oxidation step,
which opens the way to pattern transfer. For the first time, we illustrate the
graphoepitaxial alignment of liquid crystal nanopatterns inside topological pre-
patterns.

Chapter four describes the direct photo-alignment of the LC nanostructures by
actinic light. When exposed to linearly polarized light, an in-plane alignment was
achieved. High-resolution AFM imaging indicated the total absence of defects in
aligned samples. Time-resolved UV-vis spectroscopy and in-situ grazing-incidence x-
ray diffraction experiments revealed that the photo-alignment proceeds most
efficiently when performed just under the clearing temperature of the liquid crystal
mesophase. We also found that a larger ODMS fraction, while resulting in a lower
local order, resulted in a larger temperature window in which fully aligned phases
can be obtained. When exposed to unpolarized light, the nanocylinders are alighed
out-of-plane. Unfortunately, the out-of-plane morphology was unstable, likely due to
the surface energy disparity between the molecular components. Importantly, this
result highlights an important difference between BCPs and LCs; while the removal
of defects is facilitated by the low glass transition temperature of the LCs, the
retention of the metastable out-of-plane morphology is hampered.

Photopolymerization is a well-known method to ‘freeze-in’ LC order. Chapter five
discloses a series of acrylate-terminated ODMS LCs which form cross-linkable
lamellar phases. An added benefit of these reactive materials is the possibility for
micropatterning by mask polymerization. A second method to ‘lock-in’ LC order is by
cooling through a glass transition. In chapter six, novel hydrogen bonding ODMS LCs
are prepared and subsequently mixed with a glassy hydrogen-bond accepting
polymer. This approach yields a range of glassy nanoscale morphologies, in which
the phase behavior can be controlled by the mixing ratio. Moreover, by mixing the
LCs with a block copolymer, oriented hierarchical structures are generated.
Importantly, this synergistic co-assembly can be used to realize a ‘sandwich’
structure in which the LC phase is oriented out-of-plane. Finally, chapter seven
discusses the challenges regarding sub-5 nm patterning and discloses novel
azobenzene-containing hydrogen-bonding ODMS LCs for the photoalignment of
hierarchically oriented structures. By STM, we show that these materials form highly
ordered hybrid organic-inorganic monolayers at the solid-liquid interface.

In summary, this thesis describes a novel class of ODMS-based liquid crystals
that form ordered hybrid organic-inorganic thin film nanostructures with ultrafine
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sub-5 nm dimensions, their directed self-assembly into macroscopically oriented
patterns by grapho-epitaxy and photo-alighment, and retention of the patterns by
covalent photo cross-linking or cooling through a glass transition.
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