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ABSTRACT
Effects of Patterning and Spatial Confinement on Order in Self-Assembling Systems

Albert Melvin Hung

Supramolecular chemistry has proven to be an effective strategy for bottom-up
fabrication of monodisperse, functional nanostructures. However, most applications require
these nanostructures to be spatially or orientationally ordered. This thesis investigates patterning
and spatial confinement as tools for controlling order in self-assembling systems.

We first look to improve the ordering of polar, mushroom-shaped supramolecular
aggregates through surface chemistry and addition of small molecule guests. Monolayer and
bilayer films are 1 nm/layer thicker on hydrophilic oxide versus hydrophobic surfaces,
suggesting more normal orientation and tighter packing of the molecules. By FTIR, 4-
cyanobiphenyl incorporated into these films align normal to the surface with an order parameter
fg=0.38. fyof the host also increases from 0.2 to 0.7, possibly due to occupation of free volume
and release of strain about the mushroom “stems” by the guest.

We next develope methods for patterning and aligning 1D, supramolecular peptide-
amphiphile (PA) nanofibers. Microcontact printing can directly pattern nanofiber arrays of
submicrometer resolution. The features size increases with stamping time and glycerol
concentration. Depending on the molecule, PA is deposited by direct contact or fluid transport
through a water meniscus. By another method, sonication-assisted solution embossing, we
achieve the simultaneous self-assembly, alignment and patterning of nanofibers over large areas.
Alignment is due to steric confinement within submicrometer channels and a lyotropic liquid

crystalline transition. Nanofibers can also be guided around turns by this technique. FTIR gives



3
nanofiber orientation parameters of 0.2 to 0.4 and confirms that the nanostructures consist of

axially aligned B-sheets. Neural progenitor cells show preferential alignment of cell bodies
parallel to these aligned nanofibers, hypothetically due to integrin clustering about the nanofibers
leading to a restructuring of the cytoskeleton.

Lastly, we examine the morphology of thin films of an oligothiophene amphiphile that
assembles into 2D lamellae. Films thinner than the bulk d-spacing of 13.0 nm exhibit regular
dotted and striped surface textures of 18 nm periodicity. These monolayer textures depend on
the conformation, extended or amorphous, of the poly(ethylene glycol) segments that frustrate
the packing of the hydrophobic segments. Friction-transferred Teflon™ substrates show promise

for controlling the alignment of these textures.

Thesis Advisor: Prof. Samuel 1. Stupp
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Chapter 1:  Introduction
1.1 Objectives and Significance

Since Feynman first pronounced in 1959 that “there’s plenty of room at the bottom,”
nanotechnology has blossomed into an expansive and promising field of study.! The drive to
both observe and create material systems on ever shrinking dimensions has been led by the
discovery of unique properties that arise specifically as a consequence of confining matter to
small volumes.” As such, nanotechnology today has been touted to hold the promise of changing
everything from the clothes we wear to the computers we use to how we treat diseases. Efficient
methods of synthesizing structures on the nanometer scale are crucial to this research effort.
Supramolecular chemistry and self-assembly have emerged as promising routes to the bottom-up
fabrication of unique nanostructures.”” These strategies rely on tailoring non-covalent
interactions through chemistry, leading to the parallel assembly of molecules into tunable,
nanometer-scale objects, often with complex structures and low polydispersity.

However, for many of the sophisticated applications that have been envisioned, it is
desirable that these functional objects be micro- or macroscopically ordered.” *°
Nanostructures can be highly anisotropic and, as a result, exhibit unusual and interesting
properties. Without intervention, such systems may display short range order, but defects and
grain boundaries often result in long range disorder, effectively neutralizing the anisotropic
nature of the component objects.'' Achieving a common orientation over large length scales
could result in a net polarity that extends useful properties over the whole of the bulk material.
Higher levels of order may also allow for coupling between individual objects, magnifying
properties such as in magnetic materials.'> "> However, more advanced applications such as

high-density data storage requires not only controlled orientations but controlled placement over
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large areas. In this case, the need to be able to individually address specific elements requires

that each element be registered at a known location. At a more fundamental level, increasing the
degree of order in a material also improves the specificity with which their internal structures can
be determined and leads to a better understanding of structure-property relations.

The following research is an exploration into the ways that micrometer and nanometer-
scale patterning may be employed to alter and potentially enhance properties of selected self-
assembling systems synthesized within our laboratory. Lithographically-defined features on
these size scales may induce a specific orientation in these systems locally.® '* Repeating the
features could extend short range order over large areas, imitating long range order in a manner
that may amplify useful anisotropic properties commonly neutralized by local disorder. Of
particular interest is whether or not spatial confinement or patterned surface chemistry can
improve ordering of the mesogens without the need to apply an external field. Toward this end,
a number of lithographic patterning techniques are adapted for use on self-assembling, organic
soft matter. We study the effect of these techniques on the degree of order and subsequent
properties of selected self-assembling systems. The various ways in which increased order may
be achieved and the forces responsible for inducing order are discussed. While other means of
controlling alignment exist, a recurring theme of this work is that limiting the spatial freedom of
a supramolecular system may alter its behavior in a predictable fashion. It is a philosophy
similar to that which drives research on nanotechnology, which is that novelty can arise from

simply shrinking the system.
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1.2 Self-Organized Organic Materials

1.2.1 Forces Governing Organization Behavior

Self-organization and self-assembly describe the behavior of certain molecules or
mesogens to spontaneously arrange themselves under specific conditions into higher order
structures through the use of non-covalent interactions.” ®”'> A representative set of these
interactions are listed in Table 1.1 along with their characteristic energies. Organic chemists,
building on decades of expertise and more recently taking inspiration from biology, are
becoming more and more adept at designing synthetic molecules that exploit these forces to
exhibit unique behaviors. In general, any one force only acts in one direction, resulting in either
precipitation or dispersion of the molecules. In order to achieve organization of a higher level,
multiple competing or complementary interactions must be designed into the molecule, such as

by stitching together two or more compounds that are otherwise immiscible.>”

Table 1.1. Typical energies of molecular interactions and how they scale with distance.” " '¢'®
Interaction or bond Strength (kJ/mol) Energy scaling with separation r

Single covalent bond | 100-400 Complicated, short range

Coulomb 250 r!

Hydrogen bond 10-65, sometimes >100 | Complicated, roughly r>

Ton-dipole 50-200 r? (fixed dipole), r* (free)

Dipole-dipole 5-50 r? (fixed dipole), r (free)

Cation-nt 5-80 Roughly r", n<2

T 0-50 Dispersion-related, r™"

van der Waals forces | <5 r®, longer range for large bodies
Hydrophobic effects | Difficult to assess Empirically, "%, A =1-2 nm for r < 10 nm
Metal-ligand 0-400 Complicated
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These forces can act in a hierarchical manner, leading to multiple levels of organized

structure. For example, the amino acid chains that form proteins initially fold into secondary
structures dictated by hydrogen bonding and hydrophobic collapse, but those structures are
further distorted and assemble together into tertiary and quaternary structures to form the final
protein.'® It is not only the strength of a given interaction that determines the length scale at
which it is influential but the specificity of the interaction and how the strength scales with size
and distance. While strong, selective binding interactions may dictate the shape of an assembled
nanostructure, it is often the more general, long-range interactions that determine if the
nanostructures arrange themselves in an ordered array.”*>*

A review of all the forces governing molecular aggregation would extend far beyond the
scope of this thesis. However, in discussing control of order in dense arrays of nanostructures on
the size scales of 10 nm or greater, two interactions are worth mentioning: van der Waals or
dispersion forces and steric hindrance or excluded volume interactions. Dispersion forces arise
from induced polarization of an atom’s electron cloud by other atoms. While difficult to solve
exactly, the interaction energy due to dispersion between two atoms at relatively large separation
distances r (greater than the atomic radius) is approximated closely to decay as r°.'® However,
the effect is compounded as the system increases in size, so the interaction between two larger
objects can be stronger and extend much farther, up to r'. This force can be attractive or
repulsive, contributing to separation and other phase behaviors, but it is always attractive among
like objects and pushes the system toward a more condensed phase.'®

The attractive force is balanced by steric repulsion, moving nanostructures to smooth out
fluctuations in packing density. Alternately, it may be more instructive to think of sterics in

terms of an excluded volume interaction wherein mesogens restrict the motion of other
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mesogens.””?' Translational entropy is at a premium in the condensed phase, so the mesogens

cooperatively arrange themselves to make the most efficient use of space and maximize freedom
of movement. For spherical particles, this usually translates to an ordered, close-packed
structure. This model is most applicable to particles that are relatively rigid and interact by
“hard” steric repulsion. Some systems may behave as “soft” particles when solvated, in which
case Ziherl and Kamien proposed that a minimum area rule such as in the packing of soap
bubbles would be more appropriate and lead to non-close-packed architectures.”” Implicit in this
discussion is the fact that, in the absence of any anisotropy in its shape, the mesogen must be
monodisperse in size in order to avoid packing defects and realize an ordered structure.

Depending on the system of interest, other long-range forces must be considered.
Coulomb interaction energies are very strong and scale as r', and electrostatic repulsion is
commonly used to control size or dispersion of nanostructures.” % However, some modeling
and experimental work suggests that systems of mixed charge can display ordered phases,
balancing charge compensation with mixing and hydrophobic collapse.”** Solvation forces
such as hydrophilic/hydrophobic interactions in aqueous solutions appear to decay as an
exponential function, acting at even longer ranges and often play a critical role in the assembly
of nanostructures.'® ' Lastly, interactions at surfaces and interfaces can nucleate order in the

vicinity of the interface, offering several possible methods for controlling order.*” 2 3%

1.2.2 Block Copolymers, Liquid Crystals, and Colloidal Crystals

Three different self-organized systems are useful to review: block copolymers, liquid
crystals, and colloidal crystals. Each system tends to exhibit a high degree of short-range order,

often out to the micrometer scale. They have been extensively studied, and many attempts have
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been made to extend the order observed in these systems over macroscopic distances. For

these reasons, they may be useful to consider as analogous to more complex, self-assembled
systems.

Block copolymers are polymer chains that consist of two or more segments or blocks of
different chemistry covalently linked together.”” **** The blocks are most commonly linked in

series, but they can also be synthesized in comb-like, branched, and radial star-like architectures,

V.V VVAVAVAV, P V.V VVAVAVAY,

Linear Diblock Linear Triblock
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Figure 1.1. (A) Schematic illustrations of possible chemical architectures of block copolymers.
(B) Diblock copolymers can organize into different ordered mesophases depending on the
relative length and interaction parameter y of each block (reproduced from ref. 36, copyright

American Chemical Society).
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as shown in Figure 1.1. The different blocks tend to phase separate, but because they are

convalently attached, they are limited to separating into nanometer scale structures. The balance
between surface energy and conformational entropy of the chains determines the size and shape
of these micelles.”* In diblock copolymers, these micelles are most often spheres, cylinders, or
lamellae depending on the relative lengths of each block,** *® but triblock copolymers can
organize into a plethora of different architectures.®>*"> If the copolymer is monodisperse, then
the micelles are monodisperse and tend to arrange in well-ordered, close-packed arrays mediated
in part by the entropic elasticity of the chains.

Liquid crystals are materials which, under a certain range of temperatures and
concentrations, can exist in a phase that is fluid yet still retains some measure of long range

order.””***!' Most often, these systems consist of rigid, non-spherical moieties that are not fixed
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Figure 1.2. Schematic depiction of different liquid crystalling phases.
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in place but cooperatively orient with respect to each other, spontaneously aligning in one

general direction represented by the liquid crystal director. The mesogens are commonly rod-
shaped or disc-shaped and can organize into different types of liquid crystals characterized by
their dimensions of ordering as shown schematically in Figure 1.2.

The loss of rotational freedom or entropy due to alignment is compensated for primarily
by one of two different factors. For thermotropic liquid crystals in which the liquid crystalline
phase is temperature-dependent, this factor is the enthalpic payoff from more intimate
intermolecular interactions.””*' For lyotropic liquid crystals wherein the liquid crystalline phase
depends on concentration, this factor is greater translational freedom. Thermotropic liquid
crystals usually consist of small molecules for which enthalpic interactions such as van der
Waals forces between mesogens are comparatively strong. The lyotropic phase is more relevant
to this discussion as it most often applies to liquid crystals composed of larger inorganic particles
or supramolecular structures in which inter-mesogen forces are relatively weak.””*' Onsager
proposed a lyotropic model in the extreme case in which the mesogens were rigid rods that only

20,42

interacted by repulsive steric forces. This model approximates virial coefficients and is most

applicable to dilute solutions. Flory proposed a lattice model on similar principles but which

434 This model is more

could also include “soft” interactions between the rods and the solvent.
applicable for higher concentration solutions and tends to be more accurate in predicting the
concentration at the transition but overestimates the order parameter. One last model proposed
by Khokhlov and Semenov is geared more towards semi-flexible polymers and predicts much
lower order parameters than the previous two treatments.*"* All three models are based on the

same basic principles and predict a first order transition from the isotropic to a more

concentrated nematic phase, as well as an increase in the order parameter with increasing
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concentration and mesogen aspect ratio. Typical predictions of the models are compared in

Table 1.2.

Table 1.2. Predictions of the order parameter and the concentration ¢ of the isotropic and

nematic phases relative to the aspect ratio L/D at the phase transition in different models of a

lyotropic liquid crystal.*!

Model Isotropic ¢*L/D Nematic ¢,*L/D Order parameter S¢
Onsager 33 4.2-4.5 0.79-0.84

Flory 7.89 11.57 0.92

Khokhlov, Semenov 10.48 11.39 0.49

Colloids are micrometer or sub-micrometer scale solid particles suspended in a fluid

medium.**® They are usually spherical, and if they are made with sufficiently low

polydispersity, they tend to deposit out of solution in well-ordered, close-packed structures

analogous to atomic crystals. Colloids are useful to discuss because some similarities can be

drawn between them and suspensions of discrete, self-assembled nanostructures. Close-packed

order is a result of convective flow, excluded volume effects, and surface tension or capillary

forces acting on the particles as they deposit from solution.”"*” Colloids and nanoparticles of

different shapes, sizes, and materials have been shown to exhibit liquid crystalline behavior*® or

assemble into a wide variety of binary superlattices.”"*' Other forces such as electrostatics,

dipole-dipole interactions, and the surface functionality of the particles may influence the

aggregated structure.

52,53
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1.2.3 Applications of Self-Organized Systems and the Need for Long Range Order

The natural order that arises from these self-organized systems can lead to unique
properties and has garnered significant attention as a facile means to template order in other
materials or create useful devices. For example, block copolymers have been used to template

3455 or nanowires>® that are of interest for

the growth of arrays of inorganic quantum dots
applications such as magnetic storage and integrated circuits. Liquid crystals are already used in
display technologies as a light polarizing material whose orientation can be easily switched.*’
Their structure and orientational order have also been exploited to template such materials as

60, 61

. . 57-59 : 62 .
mesoporous inorganics,”’ >’ conducting polymers, and carbon nanotubes.’” Colloidal

crystals are interesting lithographic templates®

and as photonic band gap materials capable of
trapping and guiding light of wavelengths on the same order as the particle diameter.®> Binary
superlattices of inorganic nanoparticles may also exhibit unique behaviors due to electrostatic or
magnetic coupling,'* > 6668

However, the fact is that ordering is governed by relatively weak, non-specific, non-
covalent interactions, so defects in the ordered structure occur frequently and are difficult to
eliminate completely. Defects can take several forms, including grain boundaries, point defects,
and disclinations, and they are almost always disruptive to material properties. With respect to
the examples above, imperfections in block copolymer micelle packing make it more difficult to
locate and individually address each feature, a necessary ability for data storage. Packing defects
in photonic crystals act as scattering centers and lead to light leakage.®® Disclinations in liquid

crystals disrupt uniaxial alignment and limit the ability of liquid crystals to polarize light. Long-

range order in unperturbed films of these materials is commonly limited to micrometer-scale
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domains depending on the specific system. This length scale is too small for some

applications, so an effective means of extending long range order is highly desirable.
1.3 Supramolecular Self-Assembly

1.3.1 Common forces involved in self-assembly

Self-assembly takes advantage of very specific intermolecular interactions to control

aggregation, and thus has proven useful for generating nanostructures of complex shapes, such as

69-71 72-75

three-dimensional networks, two-dimensional structured layers, one dimensional fibers,

9, 76-83

helices, ribbons, and tubules, and zero-dimensional particles, boxes, and mushroom-shaped

6-8488% Three commonly used interactions are hydrophobic effects, hydrogen bonding,

aggregates.
and n—m stacking. Along with cation-m interactions, these forces are exploited extensively in
biology, influencing protein folding, DNA hybridization, receptor-ligand recognition, and other
processes.” Indeed, many synthetic self-assembly schemes are biologically inspired or directly
employ biological compounds.

Hydrophobic interactions are responsible for the assembly character of amphiphilic
surfactants or soaps, molecules that have a hydrophobic and hydrophilic segment covalently
bonded together. In aqueous solutions, the hydrophobic portions tend to collapse and aggregate
together, exposing the hydrophilic components on the surface. In certain non-polar solvents, the
reverse may occur. This effect is thought to arise from the complex structure that water
molecules adopt around the amphiphile in aqueous solution, making the interaction significant
out to a long range and the primary initiator of aggregation.'® The competition between surface

energy, conformational entropy, and hydrophobic collapse determines the size and shape of the

assembly.
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Hydrogen bonding is a strong but very directional, short-ranged interaction in which a

hydrogen proton that is covalently linked to an electronegative “donor” atom, usually oxygen or
nitrogen, binds to other electronegative “acceptor” atoms. The highly directional nature of this
interaction makes it ideal for molecular recognition, and multiple hydrogen bonds can be used to

5,73,78, 84

create very specific linkages and structures. n—7 interactions describe the affinity of

opposing 1t orbitals of highly conjugated molecules to associate, resulting in the ordered stacking
of molecules. This interaction is attributed to the high polarizability of the electron cloud in the
n orbitals and can be loosely thought of as an enhanced dispersion force.™ '’ '® While extended
n—n stacking primarily results in the formation of one-dimensional objects, the structural
diversity of the assemblies discovered so far that utilize this interaction has not been lacking.” *°
Employing these interactions and more, synthetic chemists can create compounds that
assemble into nanostructures that have a high degree of molecular order. However, the forces
that generate these structures are strong and specific while the forces that dictate how these
discrete objects interact and pack can be weaker and long range, so it is often possible to treat
each of them independently of each other. A discussion of self-organized systems as well as
self-assembling systems is useful because common forces are at work in both cases, and

strategies that improve order in one may also be applicable in the other.

1.3.2 Brief introduction to self-assembling systems of interest

Materials that are composed of one or more types of supramolecular units of highly
regular shape, size, and chemistry are of technological interest because unique material
properties may arise not only from the arrangement and chemical nature of the molecules but of

the larger nanostructures as well.*> As a general strategy, molecules termed “rod-coils” that
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consist of one or more rigid rod-like segments covalently bonded to one or more flexible coil-

like segments have the potential to assemble into many interesting structures as a result of

6.91-93 A class of rod-coil molecules

preferential aggregation and collapse of the rod segments.
synthesized by Stupp, et al. consisting of a rigid biphenyl rod segment and a flexible
oligo(isoprene)-co-oligo(styrene) tail are known to self-assemble into mushroom-shaped clusters
with the rods crystallizing together as the stem and the coil segments flaring out at one end as the
cap.®”* The mushrooms have dimensions of about 10nm and stack head-to-tail to form a polar

smectic liquid crystal. This behavior is shown schematically in Figure 1.3 and is proposed to

arise from a specific level of competition between van der Waals and dipole-dipole
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Figure 1.3. Chemical structure of a rod-coil molecule that self-assembles into mushroom-
shaped nanostructures, and schematic depiction of the stacking of the nanostructures into a polar

film (reproduced from ref. 6, copyright AAAS).
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95-% Tt was one of the first demonstrations of the ability of supramolecular

interactions.
chemistry to design molecules that can assemble into regular, discrete, nanometer-scale objects
with an aggregate mass of 100 kDa or more. These particular structures are interesting because
they are non-centrosymmetric, meaning they lack a center of inversion symmetry, and they
exhibit a permanent dipole related to their particular architecture. As a result, the material
exhibits properties characteristic of polar materials including second harmonic generation
(SHG)**7 and piezoelectricity.”

Many variations on rod-coil molecules use conjugated oligomers such as oligothiophene
and oligo(p-phenylene vinylene) as the rigid rod segment because they tend to show a strong

99-107

affinity to pack regularly with each other due to n—n stacking. More importantly, highly

conjugated compounds often exhibit useful optical and electrical properties that are of interest

for many technological applications including organic electronics, sensors, photovoltaics, and

108-112

photonics. The addition of coil segments serves the dual purpose of introducing competing

interactions to drive self-assembly and improving the solubility of the conjugated molecules.

Tajima and coworkers''* 4

reported the synthesis of amphiphiles based on oligophenylene-
vinylene such as the one shown in Figure 1.4 that are soluble in polar solvents and self-
assembled into lamellar structures. The conjugated rod segments pack together in a mesophase
through which energy transfer or charge conduction may occur. In one example, the amphiphile
templates the mineralization of silica into a hexagonal phase with the organic confined to

114

cylindrical pores.” ™ This material displays remarkable Forster resonance energy transfer (FRET)

properties as a result of confinement of the organic within the ordered, nanostructured
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environment. Controlling molecular aggregation at this length scale has the potential to

greatly improve material performance in optoelectronic devices.

Figure 1.4. Chemical structure of an oligo(p-phenylene vinylene) amphiphile that assembles
into a lamellar structure and organizes as a liquid crystalline phase as seen from the polarized

optical micrograph (reproduced from ref 113, copyright American Chemical Society).

Hydrogen bonding and hydrophobic collapse are also effective means of controlling self
assembly and are employed extensively in biology to control the folding of proteins. Peptide-
amphiphiles (PAs) are a class of molecules that consist of an aliphatic tail linked to an
oligopeptide segment. They have been investigated in recent years and shown to assemble into a
wide range of one- and two-dimensional supramolecular structures.''>"''® Hartgerink and
coworkers®' extended this work by synthesizing PAs that were more cone-shaped on the theory
that the smaller packing parameter'® would result in the assembly of one-dimensional
nanostructures. These PAs self-assemble into cylindrical nanofibers from aqueous solution by
burying their alkyl segments in the core of a nanofiber and displaying their peptide sequences on
the surface as shown in Figure 1.5.*' Self-assembly is mediated by a balance between

hydrophobic collapse and electrostatic repulsion. Conditions that limit electrostatic repulsion
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such as the addition of salt, changing pH, and increasing concentration tend to induce

nanofiber formation.®"'"*'?* The nanofibers intertwine into networks that have been studied in
our laboratory as three-dimensional tissue scaffolds for a variety of applications in regenerative
medicine, including biomimetic hydroxyapatite mineralization,®' neural progenitor cell

differentiation'*’ and blood vessel formation.'”® The peptide segments exposed on the periphery

Figure 1.5. (A) Chemical structure and (B) space-filling model of a self-assembling peptide-
amphiphile molecule consisting of an aliphatic tail (1), cross-linking segment (2), flexible spacer
(3), and functional head group (4, 5). (C) Schematic depiction of self-assembly of the molecule
into nanofibers, and (D) transmission electron microscopy images of the nanofibers.

(Reproduced from ref 81, copyright AAAS)
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of the nanofibers can be modified to match known, bioactive sequences, endowing the

nanofibers with the potential capacity to provide critical cell signaling. The advantage of such a
network is that it mimics many aspects of the extracellular matrix, the complex scaffold that

supports cells in normal tissue.

1.3.3 Difficulties in Aligning Self-Assembled Nanostructures

Self-assembled systems are often plagued by the same issues that limit the application of
self-organized systems, most notably high defect densities.'" Thus, controlling the placement
and orientation of self-assembling materials over macroscopic distances may dramatically
improve function. In addition, the molecular architecture self-assembled nanostructures can be
quite complex. Large-scale ordering of these nanostructures would make it easier to study and
determine their architecture by X-ray or spectroscopic techniques. This information is useful
both for understanding the properties of the supramolecular system and for designing new
molecules.

However, alignment of self-assembled materials is not without particular difficulties.
The wide variety of supramolecular systems currently known makes any one technique unlikely
to be universally successful. Also, methods of alignment generally involve the application of a
controlled force on the material. These forces can be weak, such as steric repulsion from a
surface, or very strong, as with mechanical shearing. Because the nanostructures are held
together by non-covalent bonds, there is a danger of the objects being disassembled by the
applied force.'**

Molecules that self-assemble into discrete, nanometer-scale entities present a unique set

of challenges. If the nanostructures are small, thermal energy alone may disrupt any induced
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order due to Brownian motion unless the objects are tightly bound. The opposite problem

arises if the nanostructures are large, that is, the objects may be difficult to orient in the first
place because their mobilites are so low. In the kinetic theory of thermal energy, the velocity of
a particle scales as the square root of the mass.'® Depending on the system, supramolecular
nanostructures may reach 1 to 100 MDa or more in mass. Using thermal energy to increase
mobility is not often desirable because it is a harsh condition and may lead to unwanted
reactions. Solvating the nanostructures is a milder treatment, but it also brings up additional
complications associated with the introduction of another component to the system, such as a

disruption of the applied forces and disassembly of the aggregates.
1.4 Alignment and Patterning of Self-Organized and Self-Assembling Systems

1.4.1 Alignment by External Fields and Interface Sweeping

One of the easiest ways to induce alignment in self-organized systems is to apply an

external field or gradient to the material. Long range order in block copolymers has been

56, 125-127 129-131

achieved to some extent by applying electric, magnetic,'* or mechanical shear
fields. Similar fields are also used to align liquid crystals, and in fact, the rapid response of
liquid crystals to an applied electric field is necessary for proper function in display
applications.” Supramolecular polymers and liquid crystals have been aligned by external
fields,'**"** but discrete, self-assembled nanostructures tend to be more difficult to align by this
method because of the necessary presence of solvent. Some success has been shown in aligning
4,136,137

certain one-dimensional, self-assembled nanostructures by the use of an electric fiel

Because liquid crystal phases are easily aligned by applied forces, another strategy has been to
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mix 1-D, supramolecular nanostructures into a liquid crystal host.”**'*’ In this manner,

alignment of the nanostructure is controlled by the alignment of the liquid crystal.

For this method to be applicable, the material must have an inherent anisotropy defined
by a director that will respond to the force field in a manner that reduces the field energy. This
condition is satisfied in most self-organized systems of interest, making the technique more
materials general than most, even if the mechanism of alignment differs. For example, most
liquid crystals have a permanent or easily induced dipole that will orient parallel to the applied
potential gradient.** "' But striped phases of block copolymers will align under an electric field
only if there is sufficient contrast in the dielectric constant between the two blocks.'*® One-
dimensional nanostructures might even align under a third mechanism in which dielectrophoretic
motion of the object during deposition out of solution results in parallel alignment due to
shear.'*

Strong forces can also exist at the interface between phases, and controlling the
movement of the interface may result in alignment of one of the phases. This concept is
commonly applied in Langmuir Blodgett techniques, where the solution-air interface line is
carefully dragged across a substrate surface either by slow removal of the substrate or by gradual

142

evaporation of solvent. "~ Material is drawn from solution to the drying front by capillary and

convective forces where it deposits onto the substrate. During deposition, the material is acted
upon by surface tension forces, resulting in alignment and close-packing. Drying front combing

and related techniques such as zone casting have been used to align a variety of one-dimensional

143-147

nanostructures as well as deposit aligned block copolymer films'*® and well-ordered

colloidal crystals."*"'*° While this method has proven effective in aligning some supramolecular

76, 151-155

liquid crystals and one-dimensional assemblies, its applicability to other self-assembling
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Figure 1.6. Schematic illustrations of nanometer-scale ordering by (A) zone casting of discotic
graphene molecules (reproduced from ref. 154, copyright American Chemical Society) and (B)
directional solidification of a polyethylene-polystyrene block copolymer (reproduced from ref.

156, copyright Nature Publishing Group).

systems is dependent on the assembly behavior of each system in solution. The concept of
interface sweeping can also be applied to a solid-melt interface by carefully controlling the
movement of a temperature gradient. De Rosa et al. demonstrated the alignment of the
hexagonal phase of a block copolymer by this method of directional solidification, shown

schematically in Figure 1.6.156 157
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One drawback of these techniques is that while it is easy to align large areas, one is

most often limited to uniaxial alignment. Another disadvantage of external fields is the fact that
the self-organized and self-assembled components must have sufficient mobility to rearrange
themselves in response to the field, but at the same time, if the phase is too fluid, relaxation times
are fast and the alignment does not persist after the field is turned off."** '** For block
copolymers, the material is often annealed while the field is applied. Most liquid crystals require
a different influencing force to achieve persistent alignment. Discrete nanostructures must be
deposited out of suspension or solution during patterning, which means that the nature of the
material and its response to the applied field may vary with solvent evaporation. Lastly, while
the methods discussed above can be very effective in aligning self-organized and self-assembled
systems, they generally cannot control the spatial placement and patterning of the material

without the aid of additional lithographic steps.

1.4.2 Surface Patterning and Graphoepitaxy

Because of the concerns regarding alignment by external fields, it may be preferable to
employ a method of ordering that is permanently defined by the substrate or the material so that

the effect is persistent. For systems that are deposited on a substrate, patterned surface

160, 161 31,32, 162-164

interactions or topologies show promise in controlling order in this regard.

Surface treatments are already employed commercially to induce large-scale, stable alignment of
liquid crystals in display technologies.* Even without patterning, liquid crystal mesogens

165 The interface can be with

inherently orient themselves near a surface at least on a small scale.
any other phase of matter including air, and the liquid crystal can orient parallel, perpendicular,

or at a tilted angle to the interface depending on the specific nature of the intermolecular forces



Figure 1.7. Tristable liquid crystalline orientation achieved by surface rubbing with a scanning

probe tip and imaged by polarized optical microscopy (reproduced from 168, copyright Nature
Publishing Group).

present.'®®” Rubbed polymer surfaces are known align certain nematics over large areas in the
direction of rubbing, theoretically due to grooving of the surface and anchoring of the mesogens
to aligned polymer chains.*” '®*!'”" Smectic phases can also be aligned in this manner with the
mesogens parallel and the lamellae perpendicular to the grooving direction.'®”'’? Rubbing of a
polymer surface is most often performed by the controlled application of shear with uniaxial
orientation over large areas. But shearing can also be performed at sub-micrometer length scales
with arbitrary orientation by the application of a scanning probe tip. Kim et al employed this

method to fabricate a substrate that induces tristable liquid crystalline orientations as shown in
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Figure 1.7.'%® However, this versatility in orientation comes at the cost of being able to

efficiently pattern large areas.

Creating patterns of different surface chemistries on the micrometer scale or smaller has
also been employed to influence the order of self-organized systems.'** '®"173 Spatial patterning
of different chemical functionalities can be achieved by conventional photolithography or
electron-beam lithography, although more unconventional methods such as scanning probe
lithography and soft lithography are very popular and will be discussed in the following section.
A wide variety of chemistries have been studied for this purpose including directionally
crystallized aromatic hydrocarbons,' ™" thiol- and silane-based SAMs, """ 17 and
polyelectrolytes.'” ¥ In the simplest case, different functionalities are deposited that either
attract or repel the nanostructures resulting in selective adsorption to the substrate. This method

has been used to control the deposition of colloidal particles,'®” ' block copolymers,'®® '¢!- 174

182 183

176 liquid crystals,'® and supramolecular mushroom aggregates,'® to name a few. The surface
interactions may also be tailored to favor adsorption of a selected segment or conformation of the
molecule of interest. Reinhoudt et al. employed supramolecular interactions to selectively
deposit adamantine-functionalized molecules on molecular printboards of cyclodextrin SAMs

with controlled orientation relative to the surface normal ® '8

Kim et al. patterned stripes of
different surface chemistries with a resolution of tens of nanometers by EUV interference
lithography and showed that the pattern could effectively control the orientation of block
copolymer lamellae.'® Beyond the latter example, however, demonstrating in-plane ordering of

adsorbed, self-organized systems solely by patterned surface chemistry is rare, let alone

demonstrating order more complex than uniaxial alignment.
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Micrometer-scale topological patterns can be easily fabricated over large areas with

arbitrary designs on rigid substrates by conventional photolithograpy and etching techniques.
Steric hindrance of nanostructures near surfaces and interfaces can result in close-packing, so
while the patterned features may be much larger than the self-organized unit cell, they may act as
nucleation sites for the growth of larger domains of controlled orientation. Segalman et al.
dubbed this phenomenon “graphoepitaxy” and demonstrated how topological surface patterning
even at length scales much longer than the micelle periodicity can induce ordering and
orientation in a monolayer of spherical micelles in a block copolymer film.*"** Single grains of
preferred orientation nucleate at the vertical sidewalls of microfabricated silicon nitride mesas
and extend to span a gap of up to 4.5 um, at least five times wider than non-patterned grains as
shown in Figure 1.8. Topologically patterned substrates have also been used to align liquid

133,185

crystals and colloidal crystals."®'® The geometry of the features can be tailored to induce

Figure 1.8. AFM image of a single, large block copolymer domain ordered by graphoepitaxy on

a topographically patterned surface (reproduced from ref. 32, copyright Wiley Interscience).
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the colloidal crystals to display non-close-packed facets or crystal structures,'® " an

important goal for photonic applications.

Surface patterning is not always the best choice for creating order in some applications as
the processing steps may be incompatible with the materials or the surface pattern itself could
interfere with other functions. In addition, ordering at the surface may not extend very far into
the bulk. However, the latter point becomes less of an issue as devices continue to shrink, and it
is still quite attractive to be able to generate persistent order in a material simply by casting it on
a prepared substrate. Graphoepitaxy in particular demonstrates how one can manipulate steric
forces and free volume effects, the same factors governing order in many self-organized systems,
to extend nanometer-scale order over micrometers without the need for high-resolution

lithography.

1.4.3 Scanning probe and Soft Lithographic Techniques

Because conventional methods of lithography and etching may not be compatible with
many organic soft matter systems or desired substrates, significant attention has been focused in
recent years on unconventional lithographic techniques including scanning probe lithography and
soft lithography.'**'** Scanning probe lithography involves the use of a sharp probe tip to
pattern a surface either by direct mechanical contact, localized transport of a fluid (as in dip-pen
nanolithography, or DPN),'** '* or focused application of energy (as in electrical current or
light),">"** as shown in Figure 1.9. Scanning probe techniques excel at being able to directly
write arbitrary patterns with high resolution, but they are serial processes and cannot efficiently
pattern large areas. Still, DPN may be an effective means of directly drawing patterns of

supramolecular “inks.” One limitation is that because the volume of fluid being manipulated is
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small, larger supramolecular structures may not be able to assemble properly or to sufficient

sizes.
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Figure 1.9. Schematics of methods for pattering chemical monolayers by (A) DPN (reproduced
from ref. 194, copyright AAAS) and (B) electro-oxidation by a scanning probe tip (reproduced
from ref. 195, copyright Wiley Interscience).

Soft lithography is another general term that encompasses the many ways in which a
topographically patterned, elastomeric stamp can be used to physically replicate a pattern over a
large area.””’ The stamp is most often made of polydimethylsiloxane (PDMS) that is molded
from a rigid, patterned master. Although high resolution features may need to be drawn on the
master in a time-consuming process such as electron-beam lithography, this step need only be
done once. The elastomeric stamp molded from the master is can then used to rapidly replicate
the pattern in a parallel fashion. The most commonly employed soft lithographic methods are
microcontact printing, micromolding in capillaries (MIMIC), solvent-assisted micromolding, and
microtransfer molding.* Figure 1.10 gives a schematic outlining the basic steps involved in

each technique, although the general idea of all of them is to use the topographically patterned
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stamp to define the feature shape and placement of a fluid or granular phase of matter by

direct physical contact. The mechanical flexibility of the stamp allows for conformal contact and
the patterning of non-planar surfaces.”’' These techniques are attractive as versatile, low-
temperature means of patterning a wide variety of soft matter, although their applicability is
limited somewhat by the need for the material of interest to be moldable and by the potential for
unwanted deformations due to contact stress and adhesion. The latter point is most concerning
for supramolecular systems as it means that proper assembly is not guaranteed. However,
embossing techniques are attractive as a means of reversibly applying 3-D spatial confinement

on a self-assembling system without the need to alter the substrate.

A) REM _:450 ”l_r:_ B) U™ prepolymer C) MIMIC PDMS mold D) SAMIM PDMS mold
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Figure 1.10. Schematic illustration of four different soft lithographic processes (reproduced
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* cure, remove maold

Eﬂ@-‘— support
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from ref. 200, copyright Wiley Interscience).

In contrast to the other methods mentioned so far, scanning probe and soft lithographic
techniques have the ability to deposit the material of interest directly onto an unmodified

substrate with precise control over the spatial pattern and potentially high resolution. The ability
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to pattern material from a fluid phase is particularly useful for discrete, nanometer-scale

objects. However, application of these techniques to directly deposit self-organized and self-
assembled systems is limited, partly because the forces involved may be disruptive to assembly.
Direct patterning of a number of self-organized systems by microcontact printing has been
reported, including 2-D colloidal particle arrays,”** polyelectrolytes,'® layered
bionanocomposites,””” and phase-separating, binary alkanethiol mixtures.”>* MIMIC has been
used to pattern arrays of 3-D colloidal crystals.””> Trau et al. also used MIMIC to align and
mineralize the cylindrical phase of a surfactant, although alignment was aided by the application
of an electric field.**® Sgarbi et al. reported the self-assembly of microcontact printed laminin-1
into two-dimensional physiological networks.””” Lastly, Jiang et al. demonstrated direct
patterning of self-assembling peptide-amphiphile nanofibers by DPN and reported limited

alignment of the fibers along the scanning direction.””®

1.4.4 Other routes to spatial confinement and control of order

It is hypothesize that because translational freedom is often a strong driving force for
order in self-organized systems, spatial confinement may be an effective means of controlling
and enhancing that order. Surface patterning and soft lithography have been reviewed as means

of achieving this end, but they are not the only methods available. For instance, block

209 210,211

copolymers have been infiltrated into colloidal crystals™ and pores of anodic alumina,

yielding ordered structures of different shapes. Liquid crystals have also been confined in

droplets and anodic alumina pores and shown preferential a.lignment.zlz'215

Encapsulation not in
rigid templates but in the cores and interstices of other supramolecular systems might also be

considered a form of confinement. But the methods need not be so complex, as simply
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decreasing the thickness of a film may yield unique behaviors due to the spatial limitation in

one dimension.”'® Confinement effects may take on many forms, just as there are many more
methods for aligning self-assembled and self-organized materials than the ones presented here.
However, the examples given highlight some of the basic principles and considerations of

controlling order in supramolecular systems.
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CHAPTER TWO
Patterning and Molecular Order of Substrate-Supported Thin Films

of Supramolecular Mushroom-Shaped Aggregates
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Chapter 2:  Patterning and Molecular Order of Substrate-Supported Thin Films of

Supramolecular, Mushroom-Shaped Aggregates

2.1 Introduction

Molecular alignment in materials is desirable because it often leads to the enhancement
of functional properties along the axis of alignment.'* '*** 272" Materials that are not only
macroscopically aligned but possess a permanent dipole are especially interesting because they
tend to exhibit unique and useful properties that are otherwise absent in non-polar systems.'*!
Our laboratory reported the synthesis of a class of rod-coil molecules that assemble into
mushroom-shaped nanostructures with the rod portions crystallizing together as the stem and the
coil segments expanding outward as the cap.®** These nanostructures in turn stack head-to-tail
in layers to form a polar smectic liquid crystalline structure. On a local level, films made of
these supramolecular constituents exhibit a net polarity, which is expressed in its piezoelectric
behavior’ and nonlinear optical (NLO) properties.>*’ This system is also interesting because it
is uncommon for polar materials to be achiral, and understanding the nature of assembly in this
system may lead to new insights into the development of ferroelectric liquid crystals.'*! 222!

However, it is thermodynamically more feasible for the material to exist as a
polycrystalline structure of microscopic grains of different orientations, reducing the anisotropic
nature of the bulk material. On clean silica or other oxides, the mushrooms prefer to align stem
down because the phenolic groups of the rod segments can hydrogen bond to the surface.>*” As
a result, the film still exists in equilibrium as a polydomain structure but with a small net
polarization perpendicular to the plane of the glass. It is conceivable that if the material can be

divided into a microscopic array of single, isolated domains on silica, the domains may be biased
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adopt the same orientation. The resulting material would be macroscopically polar and might

demonstrate unique properties. Previous work was done using a focused ion beam to etch glass
substrates into an array of shallow, square mesas.”*> Second-harmonic generation measurements
performed on films deposited on the patterned glass suggested that patterning might indeed
enhance polar orientation normal to the substrate.””” AFM studies have also shown preferential
adsorption to clean, hydrophilic silica surfaces as opposed to silane-functionalized, hydrophobic
surfaces.'®® This observation suggests another means of patterning surface interactions or
controlling spatial segregation of the material.

One way of patterning the supramolecular material is by solution embossing. This
method is a simple and versatile soft lithographic technique for patterning materials from a fluid
phase or suspension”” and involves using an elastomeric stamp with a patterned surface relief to
mold the material of interest directly on the substrate with the aid of solvent. Upon removal of
the stamp and solvent, the material is imprinted as a negative of the surface relief of the stamp.
This technique can be applied to generate an array of isolated mounds of the supramolecular
material on many different surfaces. If more rigid spatial confinement is required, another
possibility is to etch deep topological features into the substrate itself by conventional
microfabrication techniques. The higher aspect ratio of these features compared to those used in

2 may have a stronger effect upon the orientation of the mushroom-shaped

the previous study
nanostructures when the material is cast onto the substrate.

Polarized optical microscopy (POM) can be used to look for distinctive patterns of
birefringence within the film, which would give some indication of the effectiveness of the

patterning techniques. However, the resolution of POM is limited by diffraction, and the sample

birefringence may be convoluted by the polarizing effect of surface topology. Near-field
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scanning optical microscopy (NSOM) can therefore be a useful tool as it obtains optical

information below the diffraction limit through the use of a sharpened fiber optic probe tip
coupled to a laser.””>*** The tip illuminates the sample locally, and a photomultiplier tube
(PMT) collects the reflected or transmitted light while the tip is scanned across a selected area.
Since the probe tip is brought into tapping contact with the surface, it can also be used as a crude
atomic force microscope (AFM) to simultaneously give topographical information, which
becomes important when imaging patterned films. In addition, because the light intensity decays
exponentially with increasing distance from the tip, the illumination is only sensitive to roughly
the top 50 nm of the sample surface.

Second harmonic generation (SHG) measurements are a simple way of probing polar
order, either in the bulk or at a surface.””” Under high intensity laser irradiation, multiple
photons can be absorbed by a material and re-released as single photons of higher frequency in a
process known as optical parametric generation.”® This is represented mathematically by
expanding the equation for polarization P in the dipole approximation:

P =2VE, + y2E,Eq + O E,E(E, +.. 2.1
where E is the applied electric field and )((”) is the nth order susceptibility. In the case of SHG

wherein two photons are converted to a single photon of double the frequency, 7 is non-zero.

Because of symmetry arguments in the equation for polarization potential energy, all even order
harmonics can only be seen in materials that are non-centrosymmetric or possessing a permanent
dipole.

It is also of interest to ask if the supramolecular system can act as a host phase to align
small molecule guests. Controlling the orientation of small molecule dyes is desirable because

the dipole moment per molecule in some cases can be quite large, and alignment would enhance
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NLO activity.”?***” This has been achieved to some degree by stretching polymers***>' or

liquid crystals®****

that are mixed or functionalized with the dye. In comparison, a
supramolecular host may be more functional because it would present a more complex and
structured environment to the guest molecule. A number of supramolecular structures have been
synthesized that exhibit NLO behavior.”*>**’ Hulliger and coworkers showed that NLO
molecules could form polar inclusion-compounds with perhydrotriphenylene.”** In the ideal
case, both host and guest would contribute to the NLO signal while at the same time
cooperatively ordering into a polar structure.

Fourier transform infrared (FTIR) spectroscopy may help elucidate the molecular
orientation of each species in a host-guest system. While most commonly used for
compositional analysis, this technique can also be used to determine the orientation and degree
of order in materials on the molecular level.*** In transmission IR spectroscopy, only the atomic
vibrations or transition dipole moments (TDMs) oriented within the plane of the film are excited.
By comparison, polarization modulation-infrared reflection-absorption spectroscopy (PM-
IRRAS) only probes the TDMs oriented normal to the substrate due to surface selection rules
that govern the reflection of s and p-polarized light from conductive metal surfaces.**! Together,
the two methods give complementary information on the orientation of molecules on a surface.

In this chapter, we discuss the patterning of the supramolecular film by soft lithographic
solution embossing. NSOM and SHG measurements are used to study the polydomain structure
of the film and probe the degree of polar order. The results suggest that micrometer-scale
features are yet too large to affect the domain morphology of the film. We also study the effect

of different surface treatments on the structure of monolayer and bilayer films. AFM images

show that the molecule preferentially adsorbs to and may pack more tightly on hydrophilic oxide
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surfaces. Films on hydrophobic surfaces appear to be more disordered. Finally, the

effectiveness of the supramolecular material as a host phase for aligning small molecule guests is
explored by FTIR. The addition of a small molecule guest to thin films appears to result in the

molecular alignment of both the guest and the mushroom nanostructures into an orientation more
normal to the surface, possibly due to the guest acting to relieve strain associated with packing of

the nanostructures.

2.2 Materials and Methods

2.2.1 Materials

HO

2.2. Disperse red 1 (DR1) 2.3. 4-cyanobiphenyl (CB)

SiCl,
2.4. Octadecyltrichlorosilane (OTS)

Figure 2.1. Chemical structures of molecules of interest

The structure of molecule 2.1, or 3BPOH, is given in Figure 2.1, and its synthesis has
been previously detailed. Disperse red 1 dye (95 %) and 4-cyanobiphenyl (95 %, 4-

bromobiphenyl 5 %) were obtained from Aldrich. The isoprene blocks of 2.1 are capable of
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cross-linking over time, so the material is generally stored at —10 °C when not in use. Unless

otherwise stated, films of molecule 2.1 and mixtures with the two guest molecules were spin-

coated onto substrates from dilute chloroform solution at 3000 rpm for 40 sec.

2.2.2 Substrate Preparation

Undoped (111) silicon (n-type, resistivity: 1500 Qcm, University Wafer) was used as a
substrate for transmission FTIR and AFM studies. Samples for PM-IRRAS measurements were
prepared on conductive metal films evaporated onto borosilicate glass slides (Fisherfinest
premium plain glass microscope slides, Fisher Scientific). Slide glass was also cleaned for use in
fabricating micropatterned substrates. Borosilicate glass or silicon substrates were first cleaned
by immersion in a hot piranha mixture of H,O, (30 %) and H,SO4 (98 %) at 1:3 by volume
(CAUTION: strong oxidizer) for 1 hr at 120 °C. They were then rinsed in deionized (DI) water,
immersed in a mixture of H,O, and NH,OH (29 %) at 1:4 by volume for 15 min at 100 °C,
rinsed in DI water a second time, and finally stored in 18.2 Qcm water (Milli-Q A10, Millipore).
Before use, the substrates were blown dry by an industrial grade nitrogen gun and incubated in a
dessicator with Drierite dessicant (W. A. Hammond) for 10 hrs to remove adsorbed water.

For PM-IRRAS substrates, a thin metal film was evaporated on clean glass in a BOC
Edwards Auto 306 electron-beam evaporator. An adhesion layer of 15 nm of titanium was
evaporated first, followed by 35 nm of gold capped with a 1 nm layer of titanium on top of the
gold to produce a hydrophilic oxide surface. Evaporated metal substrates were cleaned prior to
use by ultrasonication for 10 min each in acetone, isopropanol, and Milli-Q water, followed by
exposure to oxygen plasma in a Plasmalab 80 reactive ion etcher (Oxford Instruments) for 3 min

(50 scem O, 150 mtorr, 100 Watts).
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2.2.3 Surface Treatments

The cleaning process described above yields substrates with hydrophilic surfaces (contact
angles approaching 0 °). To investigate the effects of different surface chemistries, two other
surface treatments were applied. In the first treatment, silicon substrates were immersed for 3
min in a solution of hydrofluoric acid (HF, 39 %) diluted 1:50 by volume in water. After rinsing
the substrates in DI water and drying under nitrogen, the treatment resulted in weakly
hydrophobic (contact angle ca. 80 °) silicon surfaces with no native oxide.

Hydrophobic surfaces (contact angle ca. 130 °) were obtained by functionalizing the
cleaned substrates with octadecyltrichlorosilane (OTS) (C;sH37Cl13Si; 95 %, Acros Organics).
The substrates were briefly dipped into isopropanol and then into toluene before being immersed
in a I mM solution of OTS in toluene for 25 min. Addition of a 15 puL drop of DI water to the
solution appeared to improve the uniformity of the silane layer by limiting the polymerization of
a silane scum at the air-solution interface. After immersion, the substrates were briefly rinsed

with toluene, isopropanol, and Milli-Q water (in sequence) and dried with N,.

2.2.4 Soft lithography

Contact photolithography is used to make square or circular islands of photoresist on a
glass substrate for use as a topological master for soft lithography. The piranha-cleaned glass
was spin-coated with a layer of positive photoresist (AZ-1518, Clariant Corp.) and soft-baked in
a convection oven at 90 °C for 30 min. The substrate was mounted onto a Quintel Q-2000 mask
aligner and exposed to 365 nm UV light through a chrome mask on quartz. The mask is

patterned with either a square array of circles 3-50 um in diameter and spaced 3-50 pum apart or

an array of squares 10 um on a side. After development in AZ-400K developer (Clariant Corp.,
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1:5 dilution with deionized water), an array of square or circular posts of photoresist remained,

1-2 um in height.

Sylgard 184 PDMS (Dow Corning) was then prepared by mixing the prepolymer with
crosslinker in a 10:1 w/w ratio, and the mixture was cast over the photoresist pattern. The
PDMS is cured at 50 °C for at least 2 hrs, after which the stamp was removed. A small drop of
3BPOH in 3 wt % chloroform solution is pipetted onto a clean, hydrophilic glass slide, and the
stamp is immediately placed over the drop. The stamp is left in place for up to 1 min as the
solvent absorbs into the PDMS or evaporates. Upon removing the stamp, patterned mesas of
material 1-2 pum tall remain on the substrate, mimicking the original photolithography pattern. In
most cases, the film was annealed in a convection oven at 155 °C under nitrogen for at least 4

hrs.

2.2.5 Micropatterned silica substrates

A layer of SiO; roughly 1 um in thickness is first deposited onto glass slides by plasma-
enhanced chemical vapor deposition (PECVD) in a Plasmalab 80 (Oxford Instruments).
Photolithography was performed as described in section 2.2.4, followed by electron-beam
evaporation of a 20 nm thick nickel film. Liftoff by sonication in acetone yields a metal film
with a patterned array of circular holes suitable for use as an etch mask. The substrates are then
place in the reactive ion etching (RIE) chamber and exposed to CF4 plasma to etch the CVD
oxide in areas not protected by nickel. One advantage of RIE is that the etching is directional,

2 The borosilicate slide glass itself was used as an

resulting in features with vertical sidewalls.
etch stop because it was found to be resistant to dry etching, possibly because an oxygen leak in

the RIE. The nickel is removed by immersion in nitric acid (70 %) for 5 min, resulting in a glass
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substrate with a pattern of wells about 1 um deep etched into the surface. Posts instead of

wells can be obtained evaporating the nickel onto the CVD oxide before photolithography, then
using the photoresist as a wet etch mask, etching the exposed metal in nitric acid to yield an
array of metal circles. Films of molecule 2.1 were spin-coated at 1000 rpm from 3 wt % solution
in chloroform directly onto these substrates and then annealed in a convection oven at 155 °C
under nitrogen for at least 4 hrs. These substrates are also quite useful as durable masters for

molding PDMS stamps for soft lithography.

2.2.6 SAXS and DSC

Small angle X-ray scattering (SAXS) was performed on a small amount of molecule 2.1
in powder form in a polycarbonate holder. Diffraction was performed in transmission geometry
using a Rigaku CuKa source (A = 1.542 A, 30 kV, 17 mA) and a 2D Bruker CCD detector. The
20 scale was calibrated with silver behenate, and the spectrum was collected for 2000 sec. The
baseline was substracted and the peaks fit using a mixed Gaussian-Lorentzian fitting algorithm.
To examine phase transitions, differential scanning calorimetry (DSC) was done using a TA
Instruments 2920 DSC using at least 5 mg of material hermetically sealed in aluminum pans.
Mixtures of materials were dropped into the pans as highly concentrated solutions and dried
under vacuum. Samples were cycled at 5 °C/min, and transition temperatures were determined

from the second or third heating cycle.

2.2.7 Near-field scanning and polarized optical microscopy

Films of 2.1 deposited on transparent substrates were imaged by POM between crossed
polarizers on a Leitz Laborlux 12POL polarizing microscope. Birefringence photographs were

captured on a 35 mm film camera. To confirm the liquid crystalline phase transitions suggested
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by DSC, the samples were imaged while heated on a Linkam THM 600 thermostatic heating

stage.

NSOM was performed in illumination transmission mode with a Multiview 1000™
(Nanonics Imaging Ltd.) scanning stage mounted on an optical microscope. Cr/Al-coated
cantilevered fiber optic probes (Nanonics) with 100 nm apertures were coupled to an Ar-ion laser
emitting at 514.5 nm (10 mW output power). Images in “constant-amplitude” mode were
obtained with the normal force feedback loop to maintain constant tip distance from the surface,
and the NSOM intensity was collected by a PMT while the tip. The microscope was enclosed in

box to limit ambient light and dampen noise, and the entire setup rests on a vibration-isolation

table.

2.2.8 Characterization of the substrate and film morphology

The substrate morphology and composition was studied by secondary ion mass
spectrometry (SIMS), atomic force microscopy (AFM), and scanning electron microscopy
(SEM). To confirm the surface composition of metal substrates for PM-IRRAS, SIMS was
performed using a Physical Electronics PHI TRIFT III ToF-SIMS operating in positive ion mode
and sputtering with Ga+ ions from a liquid source. The etched silicon masters were sputter
coated with 5 nm of gold-palladium alloy (99.99% Au:Pd, 60/40 ratio) in a Desk III sputter
coater (Denton Vacuum) and imaged using a Hitachi S4500FE scanning electron microscope.
AFM images of the microcontact printed samples were aquired on a JEOL 5200 scanning probe
microscope as well as a Park DI SPM, both operating in tapping mode. Applied Nanostructures
ACT silicon cantilevers (300 kHz resonant frequency, 40 N/m spring constant) were used for

AFM imaging. Film thicknesses were determined using a Tencor P10 profilometer.
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2.2.9 Second harmonic generation

SHG measurements are performed using a Q-switched Nd:YAG laser emitting at 1064
nm and a repetition rate of 10 Hz with a 5 ns pulse width. An optics table shown schematically
in Figure 2.2 is set up in transmission mode with a rotating sample stage to vary the incident
angle €. Some measurements were done on electrically poled films. Poling electrodes were
sputter coated onto clean glass with a 0.6 mm wide strip of electrical tape masking a gap between
the electrodes. The material was poled directly from a drop of 1 wt % chloroform solution as it

dried under an applied DC voltage of 1.2 kV.

Reference PMT Polarizer ip) Sample
and /2 sage Analyzer (p)
Md¥AG 1064nm |T| |_| ﬂ
u—| |_| U Sample PMT
(A) Beam splitter Lens 532nm filter
-polar Sample
1 film
. 2@
R

s-polar

(B)
Figure 2.2. (A) Schematic of SHG setup, and (B) illustration of sample stage with polarization

geometry. @ is the incident angle and p and s are polarizations parallel and perpendicular to the

incident plane.
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2.2.10 FTIR

Samples made on undoped silicon substrates were characterized by transmission FTIR
using Thermo Nicolet Nexus 870 FTIR spectrometer. Bulk spectra of the materials could also be
obtained by performing transmission IR on samples ground with KBr and pressed into pellets.
Samples made on thin film metal substrates were studied by PM-IRRAS using the same
instrument in grazing-incidence reflection mode with an attached tabletop optics module. Order
parameters were calculated from peak areas obtained by integrating the spectra (see Appendix

A).
2.3 Microscale patterning of 3BBPOH

2.3.1 Characterization of 3BPOH

SAXS spectra of compound 2.1 given in Figure 2.3 show a lamellar peak around 7.4 nm
as is expected for the material.”* Results of DSC measurements of 2.1 are also consistent with
previous work,”* showing shallow, reversible first order peaks at around 125 °C and 150 °C
corresponding to smectic liquid crystal transitions. At 250 °C the film becomes isotropic, and
shortly above that temperature a broad exothermic peak appears due to polymerization of the
isoprene blocks. The transitions are confirmed using a microscope heat stage to observe changes
in birefringence with temperature. Films of 3BPOH spin-coated at 1000 rpm from 3 wt %
solution in chloroform onto the clean glass are about 400-500 nm thick and are not birefringent,
possibly because the solvent evaporates too fast to allow the formation of larger domains. When
the film is heated above 125 °C, a fine-grained birefringent structure appears as shown in Figure
2.4 and is persistent on cooling. In subsequent experiments, annealing of the films is generally

performed at 155 °C, just above the second liquid crystal transition, for at least 4 hrs in order to
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Figure 2.3. SAXS diffraction pattern of 2.1 in powder form and scaped off a film cast from

chloroform solution (courtesy of Dr. James Hulvat).

Figure 2.4. Birefringent optical micrograph of 3BPOH film drop-cast onto clean glass, annealed
at 155 °C for 5 hrs, and imaged between crossed polarizers. Non-annealed films are not

birefringent. Scale bar is 50 um.
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avoid cross-linking of the isoprenes or decomposition of the esters that may occur at higher

temperatures.

From the optical micrograph in Figure 2.4, grain sizes appear to be 1-5 um at most, close
to the resolution limit of the microscope. NSOM was employed in an attempt to obtain higher
resolution optical images. Figure 2.5 shows NSOM images of non-annealed and annealed spin-
coated films illuminated by 514.5 nm polarized light. The non-annealed film is not birefringent
and thus shows mostly noise under the NSOM. The annealed film shows light and dark patches
that may be due to grains of different orientations, each about 500 nm in size. The topological

images show no significant difference between the two samples. However, the fiber optic tip is

Figure 2.5. Transmission NSOM images of (A) non-annealed and (B) heat annealed 3BPOH

films spin-coated onto clean glass. The contrast in B is theoretically due to polarized absorption
of 514 nm illumination by randomly oriented liquid crystal grains, each on the order of 300-500
nm in size. The dark spot in the center of A is sample damage due to the idle probe when the

laser is turned on before the scan is started.
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100 nm in width and may miss finer surface features that would also contribute to the optical

contrast. Regardless, the images show that thick films of 2.1 exist as a polydomain structure and
are likely to have a minimal net polarity. Although the domains appear to be less than one
micrometer in size, if the effect of spatial confinement is strong enough, it may not be necessary

to lithographically define features that small.

2.3.2  Solution Embossing of 3BPOH

An optical micrograph of a micromolded 3BPOH film is shown in Figure 2.6. A scratch
made in the film with a razor blade reveals the presence of a residual film covering the entire
substrate surface beneath the patterns ranging in thickness from 50 nm to 1 pm as measured by
profilometry. This residual layer is persistent in all samples and is difficult to control due to the
speed with which the solvent is absorbed into the PDMS. Upon annealing, the patterned features
partially melt, resulting in a decrease in pattern height and definition, particularly for smaller
features. While not birefringent initially, the stamped films show periodic birefringent patterns
after the heat treatment. Figure 2.7 shows optical micrographs of stamped films (square arrays
of circular mounds) that are annealed and imaged through crossed polarizers. In the 10 um
diameter features, individual birefringent grains similar to those seen in a bulk film can be
observed within each mound. Around the edge of each island, strong birefringence is also
observed indicative of radial orientation of the mesogens due to either surface or flow-induced
alignment. In the 3 um diameter features, this radial orientation seems to dominate resulting in a
birefringent pattern similar to what might be seen around a liquid crystal disclination defect of

strength 1.
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NSOM images of the stamped (3 um circles), annealed films are given in Figure 2.8.

Height images show significant melting of the structures to less than 200 nm tall, and the
presence of the underlying residual film can be seen as evidenced by the appearance of domains
between the mounds. While the locations of the 3 pum circles can be roughly determined in the
NSOM image, there appears to be little change in the domain orientation near the surface. This
suggests that the far-field birefringent image in Figure 2.7 is either a result of subsurface

domains or an artifact of the optical microscope near its resolution limit.
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Figure 2.6. Optical micrograph of micromolded 3BPOH film after removal of the stamp. The

pattern consists of 10 um square mounds, each 1-2 um tall, equal to the depth of wells in the

PDMS stamp. A scratch down the center made by a razor blade reveals the presence of an

underlying residual film.
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Figure 2.7. Birefringent micrographs of micromolded 3BPOH films post-annealing: (A) 10um
and (B) 3um circular features, scale bars are 50 um. Inset: a closeup of B shows radial
birefringence pattern and what appears to be liquid crystal disclinations. The dotted red circle

indicates the location of the original circular mound. Scale bar is 6 um.
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Figure 2.8. (A) AFM and (B) transmission NSOM of micromolded 3BPOH films with 3 pm
feature size. Heights of the pattern are shown to be roughly 175 nm and correspond to areas of
increased domain contrast in the NSOM image. Slight indications of shading in the NSOM

image may be due z-motion artifacts.****°
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2.3.3 3BPOH films on micropatterned silica substrates

Surface relief patterns can also be etched directly into the substrate itself by conventional
micromachining methods. This strategy suffers from the fact that a separate substrate must be
fabricated for each desired sample, however it allows for more rigid physical confinement than
micromolding by soft lithography. Figure 2.9 shows SEM images of arrays of posts and wells
etched into a CVD silica layer and exhibiting vertical side walls. The aspect ratios approach a
value of 1 and can be increased by deposition of a thicker silica layer. The top surface of the
CVD silica layer appears smooth, and the roughness of the etched surfaces can be reduced by the
use of an etch stop such as a layer of nickel underneath the deposited silica.

Birefringent textures and NSOM images of thick films of 2.1 spin-coated and annealed
on these pre-patterned surfaces are shown in Figure 2.10. The textures observed are similar to
those observed in films of 2.1 patterned by solution embossing. From the NSOM images, it can
be seen that the material does fill much of the micrometer-scale wells. However, the domain
structure of the film cannot be clearly identified as the contrast from the glass patterns drowns
out much of the contrast from the liquid crystal. SHG measurements can’t be reliably performed
because the array of substrate features tends to diffract the laser beam, reducing the signal to an

unacceptable level.

2.3.4 Nonlinear optical measurements

As shown in Figure 2.11, when the film is electrically poled directly from solution
between two gold electrodes deposited onto a single glass slide, the film is uniformly
birefringent and gives a strong SHG signal suggesting polar alignment of the aggregates parallel

to the electric field. The intensity | can be fit to the rough functional form:
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(D

Figure 2.9. SEM images of surface features etched by RIE into a CVD SiO; layer deposited on
glass slides. Square arrays of (A) 10 um circular wells and (B) 3 um circular posts. The
roughness of the etch surface can be smoothed out by etching through the oxide layer to an etch

stop, either (C) an underlying metal film or (D) the original slide glass.
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Figure 2.10. Birefringent optical micrographs of 3BPOH films spin-coated and annealed on

micromachined glass substrates consisting of (A) 3 um circular wells or (B) posts. Scale bars in
A and B are 50 pum, and the scale bar in the inset is 3 pm. (C) Simulaneous height and (D)
transmission NSOM images of the sample in A shows partial filling of some of the wells and a

strong contrast due to the substrate features.
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Figure 2.11. (A) POM images of electrically poled films of 2.1 showing uniform birefringence
that is extinguished when the sample is rotated 45 °. The scale bars are 250 um. (B) The
electrically poled film shows a strong SHG signal suggesting alignment of the optic axis parallel

to the electric field (in the plane of the substrate). For the fit, r’=0.61.
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where T, and T, are Fresnel transmission factors, p(6) is a projection factor compensating for

the change in beam spot area with &, sin¥ is a function dependent on the coherence length and &

that accounts for thickness fringes, and yers is the effective second order susceptibility for the
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assumed dipole orientation.””® The film thickness is ca. 20 um but varies several micrometers

as material is drawn into the gap between the electrodes and preferentially deposits nearest to the
electrode edges. This fact may account for some of the deviation of the signal from predicted
values.

SHG signals from non-poled annealed films are weak, which makes it difficult to draw
definitive conclusions due to noise and day-to-day fluctuations in instrument performance, but a
non-zero signal is observed the majority of the time. Films patterned by solution embossing
didn’t appear to give a signal any greater than spin-coated films. Figure 2.12 gives results of

SHG measurements on spin-coated and solution embossing patterned films of 3BPOH.

I P fundamental
0.10 [ S fundamental

Intensity (a.u.)

Unannealed Annealed Annealed* Stamped*

Figure 2.12. SHG signal from spin-coated films, both annealed and unannealed, taken at a fixed
incident angle of 60° over 2000 pulses gives a slight signal above noise for the p-polarized
fundamental beam but not the S-polarized. Similar data of annealed films, stamped and
unstamped, taken on a different day (*) at 45° incident angle shows significant variation in noise,

whether due to laser performance or systematic error.
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It is believed that the patterned films are too thick and the features are too large to have

a significant impact on the polydomain structure of the film. It may thus be profitable to reduce
the patterned feature width to at most 1 um, closer to the domain sizes observed by optical
microscopy. Reducing the film thickness by an order of magnitude may also limit the formation
of the polydomain structure. There is a concern that smaller features are more likely to melt
away under annealing or diffract light more strongly, limiting the usefulness of spectroscopic

measurements. However, reducing the aspect ratio of the features should mitigate both effects.

2.4 Effects of surface treatments on film morphology

2.4.1 Substrate characterization

Figure 2.13 shows SIMS data of the OTS-coated and non-coated metal surfaces on glass.
The TiO peak confirms the presence of a thin layer of titania at the substrate surface. The gold
peak is very weak, indicating that the 1 nm layer of titanium is not significantly cracked and

covers the gold layer with good uniformity. Analysis of the OTS-coated surface reveals both
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Figure 2.13. SIMS spectra of evaporated titanium-gold-titanium substrates (A) with and (B)
without OTS treatment (courtesy of Dorothea Greishaber).
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alkyl and silica fragments, which confirms the presence of the silane on the surface. While

this data does not give direct evidence of covalent attachment of the silane to the titania surface,
the fact that the silane is still present after vigorous solvent washing indicates that it is at least
bound to the surface strongly enough to withstand subsequent sample preparation steps without
significant desorption.

Table 2.1 lists the RMS roughness as determined by AFM for each of the different
surfaces employed in this study. Both silicon and glass are quite smooth, with roughnesses on
the order of 3 A. The evaporated metal film is rougher due to the grain structure of the metal,
but the roughness is still under 1 nm. Silanization of the surfaces with OTS results in a slight
increase in roughness for all cases. Generally, all values of roughness are an order of magnitude
less than the supramolecular layer spacing and thus are believed to have a minimal impact on the

film morphology.

Table 2.1. RMS roughness of different substrates.

Substrate RMS roughness (A)

Undoped silicon 3
Borosilicate glass 3
OTS-treated glass or silicon 6
Evaporated metal 7
OTS-treated evaporated metal 9

2.4.2 Film textures

Films obtained from spin-coating a 1 wt % solution of 2.1 at 3000 RPM were 84 + 8 nm

thick. An AFM image of the surface texture of a multilayer film deposited on an OTS-coated
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Figure 2.14. AFM image of 1 wt % 3BPOH on OTS. Height differences in line section: (red)
11.84 nm, (green) 10.81 nm, and (black) 9.81 nm (courtesy of Dorothea Greishaber)

substrate is shown in Figure 2.14. The film thickness did not appear to vary with surface
treatment, and the surface texture appeared to be only slightly smoother on clean silicon
substrates. Even at film thicknesses below 100 nm, a surface morphology can be seen that is
suggestive of a polydomain structure. The features on the film surface appear elongated and are

ca. 500 nm in width, consistent with the earlier NSOM images. The depth of the features is ca.
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10 nm, suggesting that these are multilayer grains and that disorder is nucleated at some point

deeper within the film. The elongated structure and corresponding striations may be due to
smectic layering of the mushroom nanostructures.

In order to get a better impression of the effect of surface treatment on film morphology,
more dilute solutions were used to achieve monolayer or sub-monolayer films. Figure 2.15
shows AFM images of films of 2.1 spin-coated from 1 mM and 2 mM solutions in chloroform,
resulting in sub-monolayer and sub-bilayer coverage, respectively, after annealing. Films
deposited on piranha and HF-treated silicon appear to be very smooth with little structure
apparent in the height contrast image. However, the phase contrast image sometimes shows a
striated texture to the monolayer. The striations have a period of 10.6 nm and are not always
observed if the quality of the AFM tip is poor. These images suggest that the mushroom
nanostructures in the first layer immediately adsorbed to the substrate may pack into a more one-
dimensional structure than as individual mushrooms. A possible explanation for this observation
is discussed in the next section.

Films deposited on OTS-coated surfaces are apparently rougher and are likely to be more
disordered. Before full monolayer coverage is achieved, bilayer structures can already be seen,
demonstrating that the mushroom nanostructures do not prefer to adsorb to the OTS surface. The
layers also show a distinct surface texture that is reminiscent of that of thicker films and likely

leads to nucleation of the polydomain structure.
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Figure 2.15. AFM height and phase contrast images of 2.1 on piranha-cleaned silicon cast from
(A) 1 mM and (B and C) 2 mM solution in chloroform. The striations visible in the phase image
in C have a regular period of 10.6 nm as shown by the inset FFT.
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Figure 2.16. AFM images of 2.1 cast from (A) 1 mM and (B) 2 mM solution onto OTS-coated
silicon. Height differences in the line section of A: (red) 8.28 nm, (green) 8.56 nm, (black) 8.17

nm (courtesy of Dorothea Greishaber).



2.4.3 Layer thickness and implied molecular orientation
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The thicknesses of 3BPOH layers deposited and annealed on various surfaces are listed in

Table 2.2. All observed layer thicknesses are greater than the bulk periodicity obtained by

SAXS. Crystallization of the rod segments is known to create some excess free volume around

the region of the mushroom stems. It was hypothesized that in the bulk, this free volume is

partially filled by a slight interdigitation of the flexible caps between the stems, leading to a

lamellar spacing that is less than the full height of a mushroom as shown schematically in Figure

2.17. However, on a substrate, this mechanism is unavailable, so one may be more likely so

observe the full height of the mushroom structure. In addition, the excess volume around the

stems would likely lead to strain in the film and may be compensated for either by tilting of the

rod segments or compression of the coil segments. In the former case, the monolayer thickness

is reduced, but it is increased in the latter case. Both tilting of the rods and compression of the

coils may occur and compensate for each other, but the results suggest that the latter is more

prevalent.

Table 2.2. Thicknesses of layers of 2.1 deposited on various surfaces as measured from AFM of

sub-monolayer and sub-bilayer films.

Surface Layer thickness (nm)

First layer Second layer
HF treated Si (Si-H) 8.28 +0.17 838 +0.12
Piranha treated Si (Si-OH) 9.35+0.12 8.8+0.3
OTS treated Si 7.78 £0.13 8.07+0.16
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Figure 2.17. Schematic representation of the packing of supramolecular mushroom-shaped
aggregates near a surface. In the bulk, free space (orange) between the “stems” can be partially
filled by interdigitation of coil segments. However, free space (red) between surface-adsorbed
nanostructures must be limited by other mechanisms, such as compression of the “caps” or tilting

of the rods.

The thickest monolayers are observed on piranha-cleaned silicon, with the next thickest
observed on HF-cleaned silicon and the thinnest on OTS silanized surfaces. This trend may be
attributed to a greater affinity for the phenolic end of molecule 2.1 to hydrogen bond to the
native oxide. The oxide surface likely exhibits a high density of possible binding sites, favoring
a tighter packing of the rod segments and greater compression of the coils, leading to a more
extended conformation of the molecule. In addition, the rod segments may prefer to pack more

tightly along one axis due to favorable n—m interactions, creating more elongated structures.
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This is one possible explanation for the striated textures observed in Figure 2.15¢. The

subsequent layer deposited on the monolayer also appears to retain some extended molecular
conformation, suggesting that the structure of the previous layer affects the structure of the next
layer and that the effect of substrate interactions may be felt at least through the second layer.

The thickness of the monolayer may also be used to establish an estimate for the average
tilt angle & of the molecules. This may be done by assuming that the molecules are in a fully
extended state but pack together at some angle away from the substrate normal, such that

d =lcosé (2.3)

where d is the layer thickness and | is 9.5 nm, the extended length of the molecule. Tilt angles
obtained in this manner are plotted in Figure 2.18. The tilt of the rod segment is of particular

interest, as it is the portion that is expected to contribute the most to the dipole moment of the
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Figure 2.18. Molecular tilt angles calculated from equation 2.3 of layers of 2.1 deposited on

various surfaces.
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molecule. These values for the tilt angle may underestimate the actual tilt of the rod segment

in one way because the molecule can bend and the tail segment may extend at a shallower tilt
angle than the rod. However, the tail segment is also likely to coil, which would suggest an
overestimation of the tilt angle. Both errors cancel each other to some degree, and the numbers

for the tilt angle obtained may not be unreasonable.

2.5 Supramolecular host-guest system

2.5.1 Characterization of the guest molecules
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Figure 2.19. FTIR spectra of molecules 2.1 — 2.3 with select peaks of interest labeled.
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Table 2.3. IR vibrations of interest and their observed wavenumbers for 2.1 — 2.3.246: 247

Vibration Wavenumber (cm™)
2.1 (3BPOH) 2.2 (DR1) 2.3 (CB)
U OH) 3475 (aromatic) 3282 (aliphatic)
Aromatic CH) 3104, 3070, 3026 3100 - 3020 3110 -3025
vas(CH3) and v,(CH») 2964 and 2926 2966 and 2926
15(CH3) and v(CH>) 2872 and 2854 2873 and 2850
v(C=N) 2225
Ester C=0) 1734
Vinyl (C=C) 1643
Aromatic ring stretch 1603, 1495 1601 1606, 1483
Vas(NO2) 1516
CH, scissor 1452
UN=N) 1390
o(CH3) 1375 1378
(NO») 1342
Ester 1,5(COC) 1273
Phenol 1,(CO) 1190
Aliphatic amine YCN) 1143
Aliphatic v,(CCC) 1072 1066
Aromatic in-plane X CC) 1005 1001 1007

Aromatic in-plane {CH)
Vinyl out-plane wag (CHa)

Phenyl out-plane &CH) near
NO,, COO

Para disubstituted phenyl out-
plane {CH)

Monosubstituted phenyl out-
plane &(CH)

Phenyl in- and out-plane ring
deform

1210 — 1000 (weak)
887
858

833

768, 698

550, 517

1200 — 990 (weak)

860

823

755, 690

538,513

1180 — 1000 (weak)

849

771, 698

565,519

Yellow = parallel to axis

Blue = perpendicular to axis
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FTIR spectra of molecules 2.1 — 2.3 dispersed in KBr pellets are shown in Figure 2.19.
Table 2.3 lists the major vibrations of interest and their observed wavenumbers for each
molecule. Molecule 2.2 is a common non-linear optical functionality known as disperse red 1
(DR1) dye. Molecule 2.3 is 4-cyanobiphenyl (CB) and is used as a starting material for the
synthesis of some common nematic liquid crystals. DSC measurements give melting points of

161 and 86.5 °C for DR1 and CB, respectively.

2.5.2  Preliminary results with disperse red 1

It was thought that molecule 2.2, when added to the mushroom system, might align
parallel to the liquid crystal director and thus serve as a tool to amplify the SHG signal. SHG
intensities of dye-doped films are given in Figure 2.20. DR1 is added in 1:3 molar concentration
of dye to 3BPOH (1:21 by weight), dissolved into a 3 wt % solids solution in chloroform, and
spin-coated onto clean glass substrates. These films are not annealed as it is found that the dye
readily evaporates from the films upon heating. DSC shows no indication of significant phase
separation as the melting peak of DR1 is absent. The liquid crystalline transition of 2.1 at 150
°C disappears or shifts to a lower temperature, combining with the transition around 125 °C. A
strong SHG signal is seen indicating some orientation normal to the surface. However, equal
weight percent mixtures of 2.2 in polymethylmethacrylate (PMMA, M,,=120K, Aldrich) and in
polystyrene (PS, M=280K, Aldrich) give comparable signals. When 2.2 is diluted to 1:10
molar (1:70 by weight) the 3BPOH film seems to give a stronger signal despite being slightly
thinner than the PMMA or PS films, suggesting that the supramolecular structure may influence

the molecular orientation of DR1.
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Alignment of the dye was found to be due in part to an interaction with the substrate.

Thin films of pure DR1 deposited on clean glass give a weak SHG signal, while those deposited
on OTS-functionalized (hydrophobic) glass give little or no signal. Transmission FTIR of DR1

both in pellet form and cast onto a clean substrate of undoped silicon is shown in Figure 2.21. It
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Figure 2.20. (A) SHG of spin-coated films doped with DR1 dye (1:21 dye to host by weight)
show signals indicative of a net orientation normal to the substrate in all cases (r* > 0.97 for both
fits). (B) For 1:70 by weight mixtures, the signal for 3BPOH taken at a fixed angle of 45° over
1000 pulses appears to be slightly larger than for other films (label numbers indicate film
thicknesses). (C) Thin films of pure disperse red cast from 0.1wt% solution in chloroform onto
clean glass show an SHG signal while those cast onto glass treated with OTS show little signal.
(D) DSC scans of 1:21 DR1:3BPOH mixtures show a slight shift in the liquid crystal transitions
of 3BPOH.
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is obvious that the hydrophilic oxide surface leads to preferential orientation of the molecule

normal to the surface. Results obtained for DR1 are also complicated somewhat by the fact that
it undergoes a trans to cis conformational change upon irradiation with UV light. Because of
these factors, it was decided that a simpler small molecule guest, while not as optically active,

may be more suitable for studying supramolecular host-guest interactions.
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Figure 2.21. Transmission FTIR spectra of a KBr pellet and spin-coated film of DR1. The film
shows a molecular orientation normal to the substrate as vibrations parallel to the molecular axis

decrease and those perpendicular increase.

2.5.3 Molecular order of 4-cyanobiphenyl mixed in a supramolecular host

4-cyanobiphenyl (CB, molecule 2.3) was chosen as a suitable model for the study of

supramolecular host-guest interactions. It was hypothesized that the biphenyl portion would
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interact favorably with the rod segment of molecule 2.1. In addition, the C=N stretching

vibration, C=N) absorbs at 2227 cm™, providing an outstandingly clear handle for probing
molecular orientation. Films of 2.1 mixed with CB were studied in molar ratios of 1:1, 3:1, and
10:1 of guest to molecule 2.1. DSC measurements shown in Figure 2.22 of the mixed material
reveal a decrease in temperature of the liquid crystal transitions of molecule 2.1 with increasing
CB. The data suggests that the addition of the small molecule at these relatively high
concentrations does alter self-assembly behavior slightly, lowering the temperature of the liquid
crystal transition. This makes sense as small molecules are often used as polymer plasticizers,
and the liquid crystal transition is likely due to melting of the oligomer coils. However, what is

telling is that the isotropization temperature related to melting of the rigid rods is not depressed
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Figure 2.22. DSC scans of 3BPOH and 1:1, 3:1, and 10:1 molar mixtures of CB to 3BPOH
(exotherm up). Depression of the liquid crystal transition temperatures of 3BPOH is observed,
although the isotropization temperature, originally 250 °C, was never observed to go below 240
°C. The 10:1 mixture shows significant phase separation, although the melting temperature of

CB is also depressed.
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Figure 2.23. (A) Transmission IR and PMIRRAS spectra of films of 3:1 and 10:1 molar
mixtures of CB to 3BPOH. The intensity of C=N) is observed to decrease in transmission,
suggesting orientation of the molecule normal to the substrate. No vibrations attributable to CB
are observed above noise in the more dilute mixtures. (B) Transmission IR and PMIRRAS

suggest that films of pure CB alone exhibit minimal net molecular orientation.
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Figure 2.24. (A) Transmission IR and PMIRRAS spectra of films of 0:1 and 10:1 molar
mixtures of CB to 3BPOH. The increased intensity in PMIRRAS of the phenyl ring stretching
vibrations at 1603 cm™ and 1495 cm™ (note that for CB, the later is shifted to 1483 cm™), the
ester COC antisymmetric stretch at 1273 cm™, and the phenol CO stretch at 1190 cm™ suggest a
more normal orientation not only of the guest but of the host molecule as well. (B) The
transmission spectra of the mixed films show a slight increase in the intensity of the phenyl CH

out-of-plane deformations, also suggestive of a more normal orientation.
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into the temperature range of interest. This suggests that the CB is either tightly bound and

incorporated intimately within the crystal structure of the stems or, more likely, is excluded
entirely from them. Ata 10:1 molar ratio there is some phase separation of the excess CB,
resulting in the presence of the large melting peak.

Figure 2.23 and Figure 2.24 show representative FTIR spectra mixtures of 2.1 and 2.3
spin-coated into thin films on hydrophilic oxide surfaces. Spectra of (1) are normalized to the
sum of the CH; and CH3 symmetric and antisymmetric stretch vibrations between 2970 cm™! and
2850c m™. In the mixed films of 10:1 molar ratio, C=N) appears more prominent in the PM-
IRRAS spectra than in the transmission spectra. In comparison, films of pure CB showed minor
variation between the reflectance and transmission spectra. This result suggests that CB is
oriented more normal to the substrate when mixed with 2.1 and cast from solution.

Other characteristic vibrations of CB corroborate this model. The ring stretching
vibrations at 1606 cm™ and 1483 cm™ do overlap the same vibrations in 2.1. However, the
relative contribution to the height of those peaks by CB, while quite apparent in PMIRRAS, is
not as prominent in transmission. The phenyl CH out-of-plane deformation vibrations are
perpendicular to the long axis of CB appear qualitatively to behave in a manner opposite to the
ring stretching vibrations, increasing in relative intensity in transmission mode. However, the
CH deformations are difficult to compare because they are at wavenumbers where the signal-to-
noise ratio is high. Other vibrations perpendicular to the molecular axis are generally too weak
to see.

The C=N peak is only observed in films of the 10:1 molar mixture. This is not only
because the concentration of CB in the 3:1 and 1:1 mixtures is more dilute, but because the small

molecule is slightly volatile and sublimes from the film. All films are examined by IR
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spectroscopy exactly 20 min after spin-coating in order to minimize differences in

concentration. This is additional evidence that CB is not assembled within the stem of the
mushroom nanostructures or otherwise intimately associated with the host material.
Absorbance values for particular vibrations are obtained from the peak areas and
normalized against the total peak area for the CH, and CH3 symmetric and antisymmetric
stretching vibrations. The linear dichroic ratio, d, is calculated as the ratio of the transmission

240

absorbance to the reflection absorbance. The order parameter™ quantifying orientation of the

molecule relative to the substrate normal may be calculated as

¢ 1-d
 2d+1

(2.4)

Based on the C=N) peak, the small molecule guest aligns normal to the substrate with an order
parameter of 0.40 = 0.13. We hypothesize that preferential orientation of CB in the mixture is a
result of favorable n—n stacking interactions with the rigid biphenyl segment of 2.1. In this case,
CB would orient parallel to the rigid segment of 2.1 which is believed to be itself oriented close
to normal or slightly tilted relative to the substrate. CB may also be aligned relative to the rod
segment of 2.1 through dipole-dipole interactions. Such interactions might result in orientation
of CB not only normal to the substrate but antiparallel to the rod segments. The IR data does not
give any evidence for or against polar order of the guest molecule, but it could be possible to
answer that question with SHG measurements.

The alignment of CB in the host system is not perfect, but the mixture of CB and 2.1 in a
10:1 molar ratio results in an excess of CB that is not mixed homogeneously into the film as
evidenced by DSC. This excess quantity is likely not preferentially oriented and would

contribute a significant isotropic signal. There is also the likelyhood of some mixing of CB with
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the coiled portion of 2.1 where the oligostyrene segment would offer limited n—n stacking.

Examining mixtures of CB and 2.1 at molar concentrations between 3:1 and 10:1 may yield films

that contain less excess guest molecule and thus show greater orientational order.

2.5.4 Molecular order of supramolecular host mixed with 4-cyanobiphenyl

The spectra in Figure 2.24 also suggest that not only is CB preferentially oriented when
incorporated as a guest in films of 2.1, but that 2.1 is itself oriented more normal to the substrate
when mixed with the guest. In pure films of 2.1, a minimal difference is observed between the
PMIRRAS and transmission spectra. However, in mixed films of 2.1 and CB, significant
differences in peak intensities are observed at 1190, 1273, 1495 and 1603 cm™, corresponding to
the phenol UC-O) stretch, the ester v,3(C-O-C) antisymmetric stretch, and two aromatic ring
vibrations, respectively. The peaks in question are enhanced in the PMIRRAS spectra and
diminished in the transmission spectra. Those vibrations are generally associated with TDMs on
the rigid rod segment that are aligned more parallel to the molecular long axis.

Figure 2.25 outlines the space coordinate system and angles describing orientation of the
rod segment of 2.1. A more detailed description of the equations and assumptions used to
calculate the order parameters and orientation angles is given in Appendix A. We begin by
calculating a lower bound for the orientational order parameter using equation 2.4 which
assumes no tilt of the TDM off the axis of the rod (e = 0). Values obtained in this manner based
on the ester 1,5(COC) of 2.1 are plotted in Figure 2.26. Spin-coated films of 2.1 alone show
some degree of orientation normal to the substrate. Surprisingly, annealing the film doesn’t
appear to improve the orientation, but the addition of CB in molar ratios of 3:1 or greater results

in a significant increase in the order parameter.
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Figure 2.25. Schematic of the space coordinate system and relevant angles describing

orientation of the rod segment of molecule 2.1.
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Figure 2.26. Order parameter fy of the 3BPOH molecule calculated from the absorption

intensities of the ester 1,,(COC) using equation 2.4.
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A maximum value for the average tilt angle #max of the rod segments can be calculated
from the order parameters. In actuality, a # 0 and the real order parameter is larger than the
values plotted. We may try to obtain more representative values of & and the order parameter by
assuming a value for . We start by assuming that the condition which exhibits the lowest order
parameter (the 10:1 mixture) is in fact perfectly oriented and the observed tilt is due to a non-
zero value of a, which would give a value of =27 + 2 °. Maintaining the assumption of a
uniform distribution of the molecular twist angle v, a “corrected” value of the order parameter

fy is calculated simply from

£ = ‘% 2.5)
6, min

where fomin is the value of fy for the 10:1 mixture. From this value of fg*, a “corrected” value of
the tilt angle & can also be calculated.

The assumption of a uniform distribution of the twist angle y may also be invalid as it is
possible that the rod segments crystallize during self-assembly. We therefore looked at the
extreme case in which y was not random but fixed at a value of 0. This model results in an
upper bound value for the order parameter and a lower bound value of the tilt angle Gnin = Gmax —
a. Calculated values of G.x, &, and G, are listed in Table 2.4. What is most interesting is the
fact that the value of @ obtained earlier from AFM measurements of the thickness of annealed
films is still lower than &,;,. This may suggest that the model assuming = 0 is valid and that

the ester COC bonds in the “stem” of the supramolecular mushroom nanostructures have a

specific orientation angled farther from the surface normal than the rest of the rod segment.
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Table 2.4. Possible values of the tilt angle & for the rod segment of 2.1 calculated from

spectroscopic data.

)

Molar concentration of initial | @ from AFM (°) Omax (°) g (°) Onmin (°)
solution (CB:3BPOH)

0:1 44 + 4 40+ 6 18+5
0:1%* 10+4 45+ 3 41+5 18+4
0:2 49 +2 46 + 4 22 £3
1:1 48+ 5 45+ 8 21£6
3:1 35+2 26 +4 9+3
10:1 27+2 0 0
10:1%* 39+£5

*Film annealed at 155 °C for 4 hrs.

**Tilt angle for 2.3

We theorize that the alignment effect of CB on films of 2.1 is due to the ability of the
small molecule to fill up free volume and relieve strain at the surface layer as outlined previously
in Figure 2.25. At a surface, it is difficult for the mushroom aggregates to pack efficiently, and
the strain that results from excess free volume around the stem may be alleviated by compression
of the caps, tilting of the rigid rod segment, or both. Introduction of a small molecule guest that
preferentially interacts with the rigid segment might be able to take up that free volume and
release the strain, allowing 2.1 to adopt a more normal orientation. The normal orientation also
allows for the most efficient packing of molecules per unit area over the surface, which is
desirable if there is a favorable interaction between the rigid rod terminus and the substrate. In
turn, if the guest exhibits a preferred alignment parallel to the rigid segment, then the guest

would also be oriented normal to the substrate. This is an exceptional case in which the whole is
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greater than the sum of the parts: mixing of a guest into a supramolecular host results in

improved ordering of both components.

2.5.5 Discussion of validity and errors in the spectroscopic model

The values of fy calculated above are useful as figures of merit by which the effects of
different experimental parameters may be compared within the realm of the posited molecular
model. The calculated values of @serve a similar purpose, restating fy as a more tangible,
physical quantity. However, when judging the accuracy of these values for quantifying
molecular order in this self-assembling system, it must be recognized that the model is a
simplified one. The IR data alone is insufficient to solve the system of equations exactly, so we
attempted to establish a range of possible values for the order parameter by assuming specific
molecular structures and TDM orientations. While the range of values may appear quite wide,
some structural assumptions often are more likely than others, and one can reasonably focus on a
smaller, more probable range of values.

Two major assumptions made in this model are that the material is optically isotropic and
that variations in reflectance and refractive index with wavelength are negligible.”*® **°
Dispersion of the real refractive index is known to result in distortion of the spectral line shape
for non-normal angles of incidence and is seen most prominent in highly crystalline materials. In
our case, no noticeable distortion is observed, and the signal-to-noise ratio appears to be a more
significant hindrance to quantitative evaluation. The effect of birefringence in the material on
the spectra is also of concern as the effect becomes stronger with increasing molecular order.

Neglecting birefringence can lead to over- and underestimation of the absorptions of vibrations

oriented perpendicular and parallel, respectively, to the optic axis.*'***" For the 3BPOH/CB
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system studied, this suggests that the order parameters calculated above underestimate the

true order parameter of the material.

2.6 Summary and Outlook

NSOM images show that films of molecule 2.1 exist as a polydomain structure with
individual grains on the order of 500 nm in size. Solution embossing was successfully employed
to pattern the film into micrometer-scale features, however, NSOM images showed that the
domain structure was mostly unaltered, and no improvement in the SHG intensity was observed.
It was hypothesized that thinner films would be less likely to show a polydomain structure and
would be more responsive to surface treatments. Indeed, monolayer and bilayer films deposited
and annealed on hydrophilic oxide surfaces showed greater layer thicknesses than those
deposited on hydrophobic surfaces, suggesting that the oxide presents more opportunities for
hydrogen bonding of the phenol group, leading to tighter packing of the molecules and a
molecular orientation more normal to the substrate. Films deposited on hydrophobic surfaces
were also more textured and suggested a greater degree of disorder. Patterning a hydrophilic
oxide surface with a regular array of hydrophobic features may be one possible way to control
the domain structure of the film, although the features would likely need to be sub-micrometer in
size. It remains to be seen whether such surface treatments retain their effect on film
morphology beyond the first few layers.

When these films are mixed with a small biphenyl molecule, the supramolecular host
appears to align the small molecule guest more normal to the substrate as seen by FTIR. In
addition, the supramolecular host appears to be aligned more normal as well by the addition of

the guest. It is hypothesized that this effect is due to the small molecule guest taking up excess
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free volume around the stems of the mushroom-shaped aggregates, relieving strain within the

film and allowing the mushroom-shaped aggregates to adopt a more normal conformation
without undue compression of the caps. DSC shows limited mixing of two components and little
effect on phase behavior. There is promise that the supramolecular film may be used to align

other small-molecule guests that are optically active.
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Chapter 3:  Microcontact Printing of Self-Assembling Peptide-Amphiphile

Nanofibers

3.1 Introduction

Controlling the placement and orientation of nanometer-scale objects is essential for
many of the technological applications envisioned for supramolecular self-assembly.*'® Most
self-assembling materials are macroscopically disordered which can limit their bulk properties
and potential uses. Patterning on the microscale may extend order in a predictable manner over
large areas, dramatically improving performance and enabling new functions.'! 3% %0 21-233

A class of molecules known as peptide-amphiphiles (PAs) that consist of an aliphatic tail
linked to an oligopeptide segment have been investigated in recent years and shown to assemble
into a wide range of one- and two-dimensional supramolecular structures.'>""” In our
laboratory, PAs have been designed that self-assemble into cylindrical nanofibers from aqueous
solution by burying their alkyl segments in the core of a nanofiber and displaying their peptide
sequences on the surface.®' Previous studies suggest that B-sheet formation is a strong
determinant of the cylindrical architecture of the supramolecular assemblies.''” >**°® The
nanofibers intertwine into three-dimensional networks that have been studied in our laboratory
for a variety of applications in regenerative medicine, including biomimetic hydroxyapatite
mineralization,® neural progenitor cell differentiation'** and blood vessel formation.'*

One reason we are interested in being able to control the placement and orientation of
these nanofibers is that it may offer a handle for controlling templated mineralization or cell

behavior over macroscopic distances by tuning interactions at the nanometer scale. Effects of

nanofiber alignment on cell behavior in will be discussed in more depth in Chapter 5. Dip-pen
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nanolithography (DPN) has shown limited success in patterning PA molecules, but it cannot

effectively pattern large areas and has yet to be extended to more than one type of PA.?*®
However, it did demonstrate that the PA could be transferred to a substrate and even self-
assemble into nanofibers from the confined water meniscus that condenses at the probe tip.
Microcontact printing has proven to be a versatile technique for the low-temperature,
parallel patterning of a wide variety of soft matter systems.'”” 2% 2**2! Often, this method is
used to indirectly pattern a material system by first patterning a selective surface chemistry on
the substrate. However, the application of this technique to directly print systems that self-
assemble into discrete, nanometer-scale objects has been limited. Direct patterning of a number

202 holyelectrolytes,'”

of self-organized systems has been reported, including colloidal crystals,
layered bionanocomposites,”” and phase-separating, binary alkanethiol mixtures.”** Sgarbi and
coworkers®"’ demonstrated the surface assembly of microcontact printed laminin-1 into
physiological polygonal networks. The primary danger in attempting to contact print
supramolecular nanostructures is disassembly due to mechanical compression and strong
adhesion to the stamp and substrate surfaces. An analogous case is observed in the deformation
of some proteins patterned by microcontact printing.*®* 2%

This chapter details research on the direct microcontact printing of two different PA
nanofibers. Polydimethylsiloxane (PDMS) stamps cast from anistropically etched silicon
masters are used to pattern the nanofibers in arrays of lines or dots with sub-micron resolution.
We study what effect the specific PA molecule, the stamping time, and the amount of glycerol
added to the solution have on the deposition mechanism and the resolution of the printed

features. Disassembly can occur in underneath the contact area, but the nanofibers may

reassemble if the volume of water left by the meniscus is sizable enough.
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3.2 Materials and Methods

3.2.1 Fabrication of anisotropically etched Si masters.

The masters were fabricated from silicon (100) wafers by conventional contact
photolithography followed by anisotropic wet etching in a procedure similar to one previously

188, 189
reported

to achieve sharp [011] ridges. The bare silicon substrate was spin-coated with a
layer of positive photoresist (AZ-1518, Clariant Corp.) and soft-baked on a hotplate at 90 °C for
2 min. The wafer was mounted onto a Quintel Q-2000 mask aligner and exposed to UV light
through a chrome mask with a patterned square array of circles 3 um in diameter and spaced 3
um apart. After development in AZ-400K developer (Clariant Corp., 1:5 dilution with deionized
water), a square array of circular posts remained. Any photoresist scum was removed by brief
exposure to oxygen plasma in an Oxford Instruments Plasmal.ab 80 reactive ion etcher (RIE).
An etch mask of 15 nm titanium followed by 100 nm gold was evaporated onto the wafers using
a BOC Edwards Auto 306 electron-beam evaporator. Ultrasonication in acetone resulted in
liftoff, opening the circular holes in the metal etch mask. The silicon was etched in a solution
containing 12.5 g of KOH dissolved in 40 mL of Millipore water and 10 mL of isopropanol at 80
°C for ca. 1 to 2 hr or until sufficient undercutting of the mask had been achieved, as determined
visually by increased bubble evolution and visible lift-off of the gold film. The etched masters
were ultrasonicated in deionized water briefly to rinse off the basic solution and remove the bulk
of the gold etch mask. The remainder of the gold was removed by dipping in a solution of 1 g I,,

4 ¢ KI, and 40 mL of Millipore water, followed by dipping in a solution of HNO3 (69.8 wt %),

HF (49 wt %), and Millipore water in a volume ratio of 4:1:50 to remove the titanium.
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100nm Au

Anisotropically etched
(100) silicon wafer

Cast a negative replica mold in
polyurethane or PDMS

Cast a positive replica mold in
PDMS or polyurethane

Figure 3.1. Schematic detailing the geometry of the anisotropically etched silicon masters and

the fabrication of polymer replica molds.
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Silanizing the surface of the master with a hydrocarbon silane aided in the release of

the master from the polymer mold during replica molding. If the wafer was not silanized
immediately after etching, the wafer was first cleaned in a hot piranha mixture of H,O, (30 wt
%) and H2SO4 (98 wt %) at 1:3 by volume (caution: strong oxidizer), rinsed in distilled water,
briefly immersed in a mixture of H,O, and NH4OH (29 wt %) at 1:4 by volume, and rinsed in
water again. The etched masters were dipped in dry isopropanol and dry toluene before soaking
for 15 min in a I mM solution of octadecyltrichlorosilane (Aldrich) in toluene. The masters

were then rinsed in toluene and isopropanol to remove unreacted silane.

3.2.2 Polymer replica molds

Positive or negative surface relief replica molds of the etched silicon masters could be
fabricated from PDMS or UV-curable polyurethane (NOA-61, Norland Products). NOA-61 was
first drop cast on to the anisotropically etched Si master, backed with a glass slide separated by
spacers, and cured under a 365 nm UV lamp for 20 min. to create a negative relief replica
(square pyramids) in polyurethane. A negative relief replica in PDMS could also be cast off the
Si master, or a positive relief replica could be cast off the polyurethane negative. To improve the
fidelity and mechanical stability of the PDMS replica mold, a composite structure was employed
in which the surface features were cast in a stiffer material’** (h-PDMS) and supported with a
thick backing of soft PDMS (Sylgard 184, Dow Corning). The h-PDMS prepolymer was mixed
from 2.3 g vinylmethylsiloxane copolymer (VDT-731, Gelest), 6 uL Pt catalyst (SIP-6832.0,
Gelest), and 1.0 g hydromethylsiloxane copolymer (HMS-151, Gelest). This mixture was spin-
coated onto the appropriate mold at 4000 RPM for 50 sec to yield a film 30 to 40 um thick. The

film was lightly cured in a convection oven at 50 °C for 20 min. until solid but tacky. Sylgard
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184 PDMS was then prepared by mixing the prepolymer with crosslinker in a 10:1 w/w ratio,

and the mixture was cast over the h-PDMS in a thick layer to form the bulk of the stamp. The
ensemble was fully cured at 50 °C for at least 2 hr and removed from the mold. The replicas are

trimmed into stamps of 0.25 cm” area.

3.2.3 PA molecules and microcontact printing
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Figure 3.2. Chemical structures of PA molecules 1, 2, and 3.

The PDMS replica molds were used as stamps to micro-contact print two different PA
molecules. The chemical structure of PA molecules 1 — 3 employed in this study are given in
481119,

Figure 3.2. Solid-phase synthesis and cell studies of 1 — 3 have been previously reported.

120" The PA was applied to the stamp as an aqueous inking solution of 0.1 wt % PA with varying



109
amounts of glycerol added in order to retain some of the moisture upon drying. The stamps

were first exposed to oxygen plasma in the RIE very briefly (10 s duration, 50 sccm O, flow rate,
150 mtorr throttle pressure, 50 Watts RF power) in order to render the surface hydrophilic and
allow for uniform spreading of the ink. 2 pL of the solution was pipetted onto the stamp and
allowed to dry for 6 hr at room temperature and relative humidity (22.3 °C and 30 %,
respectively). (100) silicon was used as a substrate for the micro-contact printing and was
cleaned in piranha and NH4,OH as detailed above. The inked stamp was then brought into
contact with the substrate and held in place for 15 to 60 sec while a load of 400 g/cm® was

applied. The stamps were removed and the samples were imaged by AFM.

3.2.4 SEM and AFM

The etched silicon masters and polymer replica molds were sputter coated with 5 nm of
gold-palladium alloy (99.99% Au:Pd, 60/40 ratio) in a Desk III sputter coater (Denton Vacuum)
and imaged using a Hitachi S4500 scanning electron microscope. AFM images of the
microcontact printed samples were aquired on a JEOL 5200 scanning probe microscope
operating in tapping mode. Applied Nanostructures ACT silicon cantilevers (300 kHz resonant

frequency, 40 N/m spring constant) were used for AFM imaging.

3.2.5 Force-displacement measurements

Force-displacement measurements were performed using an axisymmetric adhesion
apparatus designed by Shull et al.**> An inchworm stepping motor is coupled to a 100 g load cell
(k= 1000 N/m) and drives the PDMS stamp into a rigid glass substrate. A fiberoptic
displacement sensor is used to directly measure the displacement due to compression of the

elastomer while a light microscope images the deformation in real time.
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3.3 Anisotropically etched Si masters and polymer replicas

3.3.1 Resolution of the etched silicon master

Figure 3.3. SEM images of (A) a patterned (100) silicon master anisotropically etched with a
grid pattern of sharp ridges, (B) a negative relief replica cast in PDMS showing sharp pyramidal
tips, and (C) a positive relief replica cast in polyurethane off of the PDMS replica demonstrating
that the resolution of the features is mostly retained. SEM images (D) of a negative PDMS
replica loaded against a flat surface shows deformation of the pyramidal tip and gives an idea of

the contact area. The inset scale bars for B and D are 6 um and 2 pum, respectively.
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Figure 3.3 shows SEM images of an anisotropically etched Si master and the polymer

replicas molded from it. Anisotropic etching with undercutting of the etch mask can achieve
[011] ridge features that are as sharp as 15 nm at the vertex. Being a bench-top method, there is
significant variation in the feature width, but tighter controls over the etching conditions and
improving the uniformity of the photolithography and metal deposition can reduce that variation
greatly. The etch times required are commonly 1 to 2 hr which is an order of magnitude shorter
than one might expect if only the bulk (111) face of the Si was being etched in the undercutting
process.”* Most likely, the Ti adhesion layer is being etched at a faster rate, exposing a fresh
(100) Si ledge that is rapidly etched down. The benefit of fabricating sharp line features by

undercutting the etch mask is that all the line features are guaranteed to be coplanar, a necessary

aspect for patterns such as grids and networks that are interconnected.

3.3.2 Elastic contact mechanics and resolution of the polymer replica molds

Figure 3.4 shows schematics of the geometric parameters involved in the indentation of a
wedge and a cone against a rigid, flat surface. Starting with the case of very low deformations,
we assume fully elastic behavior, frictionless surfaces, and, for the wedge geometry, plane strain.
Given an applied load P, the width of the contact area 2a for an indenting wedge and cone are

expected to vary as:

a‘wedge = PA (31)
2tan ¢
2 =_TA (3.2)
2rtan @
g2
A= 21-v?) (3.3)
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where ¢ is the angle of the indenter, E is the Young’s modulus of the PDMS, and v is the

Poisson’s ratio.”®® The vertical displacement A follows the same scaling laws as a. The scaling
laws for the deformation of a square pyramid are expected to be the same as those for an
axisymmetric cone. At higher loads, lateral deformations will change the shape of the cone or

wedge into one that more resembles a vertical punch, for which case a would scale linearly with

P.

Cone -P
=

Figure 3.4. Schematic detailing the geometric parameters involved in the indentation of a wedge

and an axisymmetric cone.

The negative and positive relief replicas cast from PDMS and polyurethane duplicate the
high-resolution features with significant fidelity. The SEM image in Figure 3.3 shows how the
square pyramidal PDMS tips deform when loaded against a rigid surface. Equation 3.2 shows
that for a pyramidal or conical indenter, the contact width and resulting feature resolution is
expected to vary with the square root of the applied pressure.*® Thus, the contact area is seen to
be much wider than the undeformed tip radius. By contrast, the contact width of the wedge-
shaped features is expected to vary linearly with applied pressure and should be capable of

producing high-resolution features more easily.
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Figure 3.5 shows force-displacement curves of stamps with wedge features and

pyramid features loaded in compression against a rigid surface. The thickness of the stamps is 2
mm, giving a value of 3 MPa for the Young’s modulus of the PDMS. The plot shows that the
equations for low deformations given above are applicable out to a load of 0.4 N/cm? at most,
only one tenth of the load applied during microcontact printing. This is not unexpected as the
equations given are best suited for the case of low ¢ and minimal transverse strains. For the
experimental conditions of interest, the stamp features are already in a regime of relatively high
deformation in which case the width of the contact area in both the wedge and pyramid
geometries may be expected to vary only weakly with respect to the applied load. The vertical

displacements for the stamps with pyramid-shaped features are quite large, although this may be

, — Pyramids (negative relief)
Wedges (positive relief)
>

154 |

-
o
1

Load (N/cm?)

T T | T | T
-0.2 -0.1 0.0 0.1 0.2 0.3
Displacement (mm)

Figure 3.5. Load versus displacement in compression of PDMS stamps with negative (square

pyramids) and positive (wedges) surface reliefs.
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attributed to asperities and protrusions in the negative-relief pattern that must be compressed

first before the majority of the pyramid features can make contact to the substrate. These defects
can be limited by fabricating a silicon master with less undercutting of the etch mask and
dedicated to replicating only the negative relief.

As seen in Figure 3.6, exposure to oxygen plasma does tend to reduce the feature
resolution of the replica molds. For this reason, the exposure time is chosen to be as short as
possible. Even so, due to significant deformation of the stamp features upon loading, the slight

smoothing of the stamp topology by the oxygen plasma likely has a negligible effect on the

resolution of the microcontact printed patterns.

Figure 3.6. SEM of a negative relief PDMS stamp after 10 sec exposure to oxygen plasma in
the RIE showing slight rounding of the feature tip.
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3.4 Micro-contact printing of PA 1 nanofibers

3.4.1 Dot and line features

Figure 3.7 shows AFM images of PA 1 micro-contact printed using the negative relief
stamp of square pyramid tips, demonstrating that the material can be deposited in this manner to
yield a square array of dots. The contact area appears to be 600 nm in diameter on average under
a load of 40 KPa. With an inking solution of pure PA, the material deposited shows no
discernable fiber morphology, and at 2 to 3 nm in height, the deposits are only half the expected
thickness of a nanofiber. No material is deposited when there is no ink on the stamp, and SEM
images show that there is some fiber formation on the stamp itself, suggesting that disassembly is
occurring as result of contact. As glycerol is added to the inking solution in greater quantities,
the printed dots of PA increase in diameter, but they remain at 2 to 3 nm in thickness and
showing little evidence of nanofiber morphology until we get above a glycerol:PA ratio of 1:1
w/w. At that point, the printed dots expand to 1 um in diameter and show definite nanofiber
morphology with a thickness greater than 5 nm.

AFM images of PA 1 micro-contact printed with a positive relief stamp of linear ridge
features are shown in Figure 3.8. A similar sudden transition from minimal deposition to large-
scale spreading of the PA ink over the substrate is also observed. In this case, even at low
glycerol concentrations there is no significant deposition other than a residual small molecule
layer that can only be discerned in the phase contrast image. At a glycerol:PA ratio of 4:5 w/w,
we finally see significant fiber deposition along the grid pattern of the stamp used. The line

widths are 700 nm, larger than the purported contact area of the stamp, again likely due to the
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Figure 3.7. AFM height images of micro-contact printed dots of PA 1 using different ratios of
glycerol to PA in the inking solution: (A) 0:1, (B) 1:1, and (C) 3:1 by weight, respectively.
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Figure 3.8. AFM images of micro-contact printed lines of PA 1 using different ratios of glycerol
to PA in the inking solution: (A) 1:5, (B) 1:1, and (C) 4:5 by weight, respectively. All images

are height profiles except for A which is a phase image.
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formation of a water meniscus on stamping. Increasing the glycerol concentration further

results in extensive spreading of the ink over the sample.

3.4.2 Effect of glycerol concentration and stamping time

Figure 3.9 plots the printed dot diameter and height of the material deposited versus the
relative glycerol concentration. The fact that at low glycerol concentrations, material is printed
by the dot patterns but not the line patterns suggests that the material is transferable by
mechanical contact but only if the applied pressure is high enough. The compressive stress
underneath each contacting pyramidal tip is estimated to be ca. 5 MPa assuming that the contact

diameter is 600 nm. By constrast, the contact pressure beneath the wedge features is estimated to
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Figure 3.9. Plot of (m) the width of the microcontact printed dots and (o) the height of the
deposited material or nanofibers versus the concentration of glycerol in the inking solution of PA

1. The stamping time was 60 sec.
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be less by an order of magnitude. This value may also hint at the order of magnitude of the

ultimate compressive strength of the nanofiber assembly.

In addition, there is a kinetic component to the deposition and spreading of the PA ink by
micro-contact printing. Figure 3.10 plots the width of the lines printed while varying the
duration for which the stamp is held in contact with the substrate. By shortening the contact time
from 60 sec to 15 sec, it is seen that the quantity and area of fiber deposition is greatly reduced.
This time dependence is likely due to a gradual expansion of the water meniscus that is limited

by diffusion of water vapor under the stamp and the viscosity of the ink.
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Figure 3.10. Plot of the width of the microcontact printed lines measured at the thinnest point
versus stamping time for inking solutions of PA 1 with glycerol:PA ratios (w/w) of (m) 4:5 and

(o) I:1.
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The increased water content retained by the glycerol seems to allow for both easier

transport of the molecules to the surface and self-assembly of the nanofibers. The perceived
transition from a monolayer thickness of 2 to 3 nm to a thickness closer to the diameter of a
nanofiber may occur at a point where there is enough water to solubilize the molecule, allowing
it to escape the adhesion force on the surface and settle into a more favorable self-assembled
structure. Increasing the glycerol content also increases the area of nanofiber deposition,
demonstrating that the PA 1 is quite hydrophilic and travels to the very edges of the water

meniscus. The AFM images and previous DPN studies®”®

show that self-assembly of the
nanofibers does occur upon drying out of the water meniscus, but whether the molecule is
transported mostly as monomer in solution or as pre-formed aggregates is still under
investigation. If the molecules were highly soluble in water, one might expect a more
continuous trend of material deposition with respect to glycerol concentration, whereas
aggregates may need a large, critical degree of fluidity in the ink to become mobile. The lack of
nearly any material deposition along the line patterns at lower glycerol concentrations may be

due to the molecule favoring the assembled state, not dissociating fast enough, or being repelled

by the negatively charged substrate.

3.4.3 Nanofiber alignment

Although the PA fibers may be micro-contact printed in a line pattern, the fibers do not
align along the pattern direction. However, for some samples the nanofibers appear to align in a
uniform direction independent of the pattern orientation over a significant area such as in Figure
3.8c. This alignment may be due to either a small amount of lateral shear generated underneath

the stamp or the movement of the contact line between the stamp and the substrate. The latter
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case is analogous to the molecular combing observed at the receding edge of the water

meniscus in the case of DPN and has been exploited before to align contact printed proteins.”®’
Any possible shearing would be small given the lack of complete smearing of the original
pattern, but we have yet to rule out the possibility. If shear alignment of the PA nanofibers is

feasible, it would be attractive as a means of aligning three-dimensional gels.
3.5 Micro-contact printing of PA 2 and PA 3 nanofibers

3.5.1 Printing of PA 2 nanofibers and the effect of hydrophobicity

Figure 3.11 and Figure 3.12 show AFM images of PA 2 micro-contact printed in patterns
of dots and lines, respectively. While the printed dots of PA 2 also display no discernable
nanofiber structure at low glycerol concentrations, the height of the deposits remains closer to
the nanofiber diameter of 8 nm or greater. This difference suggests that PA 2 doesn’t
disassemble as easily as PA 1 which may be due to a difference in mechanical properties of the
two nanofibers. A plot of the printed line width versus glycerol concentration comparing PAs 1
and 2 is given in Figure 3.13. While increasing the glycerol content does aid slightly in
transferring the nanofibers, PA 2 does not spread to the edges of the water meniscus but remains
localized around the contact area. PA 2 is known to be qualitatively more hydrophobic and less
soluble in water than PA 1, so it may be expected that dissolution and transport of PA 2
monomer by the water meniscus would be minimal. Instead, most of the deposition is a result of
mechanical contact as pre-assembled nanofibers on the stamp are physically transferred to the
substrate, and the resolution of the printed patterns is less dependent on the glycerol

concentration.
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Figure 3.11. AFM height images of micro-contact printed dots of PA 2 using different ratios of
glycerol to PA in the inking solution: (A) 1:1 and (B) 2:5 by weight, respectively.
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Figure 3.12. AFM height images of micro-contact printed lines of PA 2 using different ratios of
glycerol to PA in the inking solution: (A) 2:5, (B) 4:5, and (C) 1:1 by weight, respectively.
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Figure 3.13. Plot of the width of the microcontact printed lines measured at the thinnest point
versus glycerol:PA ratios (w/w) for (m) PA 1 and (o) PA 2.

No uniaxial alignment was observed in any of the patterned samples of PA 2, however,
the nanofibers did tend to deposit in thick mats that increased in thickness with increasing
glycerol concentration. In contrast to PA 1, PA 2 did deposit some material even at low glycerol
concentrations. One possible explanation for this observation is that because PA 2 is more
hydrophobic and less negatively charged than PA 1, the electrostatic repulsive force from the

silica surface is weaker, and the energetic barrier for physisorption of PA 2 nanofibers is smaller.

3.5.2 Preliminary results of printing of PA 3 nanofibers

Figure 3.14 shows AFM images of PA 3 microcontact printed in patterns of lines and
dots using an inking solution of 1:1 w/w PA:glycerol. PA 3 may be seen to show some

patterning behaviors of both PA 1 and PA 2, with significant deposition in the middle of the line
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pattern but also lines of deposition at the edges of the water meniscus. While the resolution

of the printed patterns of PA 3 was not quantified, the images do show that the patterning

technique is versatile and can be applied to almost any PA system.

Figure 3.14. AFM height images of micro-contact printed (A) lines and (B) dots of PA 3 from
an aqueous inking solution of 1:1 by weight of glycerol to PA. Scale bar of the inset

magnification in (b) is 500 nm.

3.6 Summary and Outlook

We have shown that a PA system that self-assembles into discrete nanofibers can be
directly patterned on a substrate by microcontact printing. Anisotropic etching of silicon is a
simple and parallel method of fabricating a master mold with sub-100nm features that can be
used to cast high-resolution PDMS stamps. PA 1 is easily transported to the substrate through
the water meniscus, and the resolution and morphology of the printed features are highly

dependent on the glycerol concentration in the solution and the stamping time. In contrast, PA 2
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is transferred primarily by physical contact, and the resolution of the printed features is

mostly independent of glycerol concentration. The difference in deposition behavior is
hypothesized to result from a difference in hydrophilicity between the two molecules. It may be
possible to exploit this difference to print features of two different PAs simultaneously with the
more hydrophobic PA segregated to the center of the feature and the more hydrophilic PA
around the edges. The nanofibers appear to disassemble with sufficient mechanical compression
underneath the contact areas of the stamp, but they can reassemble if a sufficient volume of
water is left behind by the meniscus. There is also the possibility of uniaxially aligning PA
nanofibers within a microcontact printed pattern by careful control of the contact edge or the

application of mild shear.
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CHAPTER FOUR
Simultaneous Self-Assembly, Orientation, and Patterning of

Peptide-Amphiphile Nanofibers by Soft Lithography
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Chapter 4.  Simultaneous Self-Assembly, Orientation, and Patterning of Peptide-

Amphiphile Nanofibers by Soft Lithography

4.1 Introduction

Self-assembly has proven to be a viable strategy for the bottom-up fabrication of complex

6, 15,268, 269

and useful nanostructures. However, for their full functionality to be realized, it is

often desirable to control the placement and orientation of such nanostructures over macroscopic

length scales.®"**"

Toward this end, physical patterning of micrometer and submicrometer
features may be a useful strategy. If these features induce a specific orientation locally,
repeating the features could extend short range order over large areas. Imitating long range order
in this manner may amplify useful anisotropic properties that are commonly not accessible due to
local disorder. Increasing the degree of order in self-assembling systems also improves the
specificity with which their internal structures can be determined.

Many strategies have been investigated for controlling order in materials, and some of

200, 206, 271,272

these, including graphoepitaxy™~ and soft lithographic micromolding, rely on the

effects that spatial confinement have on the behavior of materials. These techniques take
advantage of the strengths of top-down fabrication such as materials generality and facile control
of feature shape and pattern and apply them to a bottom-up system. The idea of using spatial

confinement to guide micro- or nanoscale ordering has been extensively applied to self-

32, 34,209, 253,273 186, 187

organized systems, including block copolymers, colloidal crystals, and liquid

133, 185,212,213
crystals. ”> "o

However, systems that assemble into discrete, nanoscale objects from
dilute molecular solution present a unique challenge because they often have poor mobility in the

neat phase and therefore must be patterned while solvated. Some of these materials have been
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aligned by electric fields,'*® *"2°® Langmuir-Blodgett techniques,
liquid crystals,'** #*'%° but these methods are limited in the patterns and molecular orientations
they can produce. To our knowledge, the possibility of patterning such systems by spatial
confinement as the molecules self-assemble from solution into supramolecular structures has not
been reported.

Our interest in patterning is in its application to self-assembling systems for the
development of novel materials that are useful, tunable, and easily processed. In the previous
chapter, we introduced a specific class of peptide-amphiphile (PA) molecules synthesized in our
laboratory that self-assemble into nanofibers out of aqueous solution upon the evaporation of
solvent. These nanofibers have proven to be potentially useful for a variety of target applications
in regenerative medicine. We demonstrated the ability to pattern nanofibers of different PAs on
a surface with sub-micrometer resolution by a microcontact printing method. This technique is a
rapid, parallel process that is also versatile both in terms of the materials it is able to pattern and
the features it is able to produce.

Unfortunately, microcontact printing was mostly ineffective in controlling the orientation
of the nanofibers. While work on patterning surfaces with proteins and epitopes is extensive,**"
27427 the one-dimensional structure of the PA nanofibers adds another level of order that may be
exploited to control cell behavior or templated mineralization. Alignment of the PA nanofibers
would also enable more detailed investigations of their internal structure. The nanofibers
assemble readily upon solvent evaporation but are difficult to manipulate when completely dry.
Collagen fibrils have been aligned in arrays created by electron-beam lithography**” and DPN.**!

Similarly, we have shown that DPN can produce a low degree of orientation of PA nanofibers

but only in small areas.””®
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Soft lithography techniques have proven to be inexpensive and versatile methods for

low-temperature patterning of soft matter. 2" 206 260-271. 272279 N ficromolding and liquid
embossing using grooves cast from diffraction grating masters allows for facile patterning and
confinement of material in dense arrays of sub-micron lines.”**>** In the present work, we
achieve long-range order of PA nanofibers starting from solution prior to their self-assembly and
using only spatial confinement. We demonstrate the simultaneous self-assembly, alignment and
patterning of PA nanofibers over an area approaching 1 cm” by a sonication-assisted solution
embossing technique. The technique is shown not to be limited to unaxial alignment but can be

used to guide the nanofibers around corners.
4.2 Materials and Methods

421 PA molecules

The chemical structures of PA molecules 1 and 2 employed in this study were shown
earlier in Figure 3.2. PA 1 is terminated with the tripeptide RGD, a well-known epitope that
among other things can promote cell adhesion.”?*® PA 2 displays the pentapeptide IKVAV

found in laminin-1 that has been demonstrated to promote process outgrowth in neurons.?*”

Solid-phase synthesis and in vitro studies of PA 1 and 2 have been previously reported.®"- ''* 12

234,236 pA 2 is of interest for its ability to promote and guide neurite outgrowth in the

regeneration of the nervous system or in the creation of in vitro assays for neuroscience.

4.2.2 PDMS grating stamps

Optical diffraction gratings (Edmund Industrial Optics) with groove densities of 1200,

2400, and 3600 lines/mm (line periods of 833 nm, 416 nm, and 278 nm, respectively) were used
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as master molds to cast patterned PDMS stamps following procedures reported by Roman et

al.*® To improve the fidelity and mechanical stability of the PDMS replica, a composite
structure was employed in which the surface features were cast in stiffer PDMS (h-PDMS) and
supported with a thick backing of soft PDMS.*** The h-PDMS prepolymer was mixed from 2.3
g vinylmethylsiloxane copolymer (VDT-731, Gelest), 6 uL Pt catalyst (SIP-6832.0, Gelest), and
1.0 g hydromethylsiloxane copolymer (HMS-151, Gelest). This mixture was spin-coated onto
the diffraction gratings at 4000 RPM for 50 sec to yield a film 30 — 40 pum thick. The film was
lightly cured in a convection oven at 50°C for 20 min. until solid but tacky. Sylgard 184 PDMS
(Dow Corning) was then prepared by mixing the prepolymer with cross-linker in a 10:1 w/w
ratio, and the mixture was cast over the h-PDMS in a thick layer to form the bulk of the stamp.
The ensemble was fully cured at 50 °C for at least 2 hrs and removed from the mold. Prior to
use, the stamps were cleaned of dust and debris by ultrasonication in isopropanol and then in

deionized water.

4.2.3 Substrate cleaning

Borosilicate glass or silicon substrates (0.5 mm thick, (111), 1500 Qcm, University
Wafer) were cleaned in a hot piranha mixture to render them hydrophilic. Briefly, the substrates
were soaked in a 120 °C piranha mixture of H,O, (30%) and H,SO4 (98%) at 1:3 by volume
(CAUTION: strong oxidizer) for 1 hr, rinsed in deionized water, immersed for 10 min in a 80 °C
mixture of HO, and NH4OH (29%) at 1:4 by volume, and finally rinsed again before being
stored in 18.2 Qcm water (Milli-Q A10, Millipore). Before use, the substrates were dried by a

nitrogen gun.
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4.2.4 Micromolding in capillaries

Micromolding in capillaries (MIMIC) is applied to the PA solutions by a procedure
similar to those reported previously. A schematic outlining both MIMIC and solution embossing
techniques is given in Figure 4.1a. Briefly, the stamp is placed patterned-side down onto a clean
glass substrate so that the grooves in the stamp act as sub-micrometer scale capillaries with two
open ends. 2 puL ofa 0.1 to 1.0 % by weight aqueous solution of PA is pipetted at one of the
open ends of the channels. The solution is allowed to wick into the channels by capillary action

and left to dry overnight before the stamp is removed.

4.2.5 Sonication-assisted solution embossing

The stamp was placed patterned-side-up on a piece of glass that served as a rigid backing,
and a circular weight was used to apply a load on the stamp of roughly 30 g/cm”® as shown in
Figure 4.1b. The circular weight is affixed to the opposite side of the glass backing with carbon
tape. A substrate was placed in the bottom of an empty glass beaker immersed in an ultrasonic
bath. The bottom of the beaker is lined with a thin layer of PDMS that is scored in order to hold
the sample in place yet allow the sample to be removed with reasonable force. 4 uL of 1-5% by
weight PA solution in water was pipetted onto the substrate, and the weighted PDMS stamp
brought down on top of the solution. The circular weight was sized to fit snugly within the glass
beaker and prevent excessive translational movement of the stamp. Rotational of the weight was
hindered by lining the sides of the beaker with Parafilm (American Can Co.). The entire setup
was sonicated for 1 hour at 40 kHz in a Branson 1510 ultrasonic cleaner and allowed to dry for a

day without any further agitation before the stamp was removed.
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Micromolding in Sonication-assisted
capillaries (MIMIC) ~\¥>Iution embossing

Apply stamp Drop-cast solution

L7 /7 4

Apply solution Apply stamp, load,
Allow to wick into channels ultrasonication

Allow to dry Allow to dry
(A) Remove stamp Remove stamp

Figure 4.1. (A) Schematic briefly detailing the two patterning methods employed and (B)

photographs of the setup used for sonication-assisted solution embossing.
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Solution embossing without the aid of sonication is performed by first placing a 4 uL

drop of 1-5 % by weight PA solution in water onto a clean glass or silicon substrate. The
patterned PDMS stamp is then brought down directly on top of the drop, and a weight of 30
g/em?” is placed on the stamp. The solution is allowed to dry overnight before the stamp is

removed.

4.2.6 AFM, SEM, and polarized optical microscopy

Samples and stamps were imaged primarily by tapping mode AFM using a JEOL 5200
scanning probe microscope and Applied Nanostructures ACT silicon cantilevers. SEM images
of samples and stamps were collected on a Hitachi S4500 scanning electron microscope.

Birefringence photographs were taken on a Minolta X-300 35mm film camera attached to
a Leitz Laborlux 12 Pol optical microscope. Concentrated PA gels were mixed and sandwiched

between two glass slides separated by Parafilm in order to limit the evaporation of water.

4.2.7 Electron-beam lithography

Microchem A3 950K polymethylmethacrylate (PMMA) resist was spin-coated onto a
silicon wafer with a 100 nm thermal oxide layer (University Wafer). Electron-beam lithography
was performed with a FEI Quanta ESEM to draw patterns in the PMMA resist film, and the
topological pattern was transferred into the oxide layer by dry etching with CF4 gas in a
Plasmalab 80 reactive ion etcher. The silicon master was silanized by immersion in a 40 mM
solution of octadecyltrichlorosilane (Aldrich) in toluene to prevent adhesion to PDMS. It was
then employed in a similar manner as the commercially available diffraction gratings to mold

PDMS stamps for use in solution embossing.
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4.3 Patterning nanofibers by MIMIC

4.3.1 Characterization of the diffraction grating stamps

0.0nrm

Figure 4.2. SEM micrographs and AFM height contrast image of PDMS stamps molded from
diffraction grating of (A) 1200 lines/mm, (B) 2400 lines/mm, and (C) 3600 lines/mm.
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Figure 4.2 shows AFM and SEM images of the PDMS stamps molded from the

diffraction grating masters. The 1200 lines/mm grating is fabricated by a mechanical blazing
method, which yields a triangular groove profile. The 2400 and 3600 lines/mm gratings are
fabricated by UV interference lithography in which a resist layer is exposed to the interference
pattern of two incident laser beams. This method results in a sinusoidal topology with grooves
that are thinner but also much shallower than those made by mechanical blazing. The aspect
ratio of the grooves can be seen to decrease with increasing line density, a fact which must be
taken into account when considering the mechanism of nanofiber patterning by MIMIC or

solution embossing.

Table 4.1. Geometric parameters of diffraction grating masters.

Line  density | Groove period | Groove Depth | Aspect ratio Fabrication method
(lines/mm) (nm) (nm)

1200 833 626 + 17 0.752 Mechanical blazing
2400 417 128+ 4 0.307 UV interference
3600 278 63+3 0.23 UV interference

Images of the PDMS stamps after being used to pattern PA nanofibers by MIMIC or
solution embossing are shown in Figure 4.3. While some PA material does appear to adsorb to
the stamp, liftoff of thick bundles of nanofibers by the stamp is very rare. This occurrence is
more common for the larger channels of 833 nm periodicity, but it is almost never seen for the
two smaller channel sizes. One may safely assume that almost all of the PA material is left on

the substrate when the stamp is removed.
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Figure 4.3. (A) SEM and (B) AFM images of a 2400 lines/mm PDMS stamp after being used
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for sonication-assisted solution embossing of PA 1. While the PA did appear to coat the stamp,

the grooves were very rarely seen to be filled with nanofibers.
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Figure 4.4. (A) AFM images (phase and height contrast, respectively) and (B) SEM images of
nanofibers of PA 1 patterned by MIMIC in capillaries of 833 nm period. Inset in B is a

magnification of the center of the image.
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4.3.2 Effect of channel width

Figure 4.4 shows AFM and SEM images of nanofibers of PA 1 patterned by MIMIC in
capillaries of 833 nm periodicity. Qualitatively, the nanofibers appear to deposit in disordered
mats within the channels with bundles of nanofibers aligned along the edges of each channel.
Alignment in this case is suspected to be due to a drying mechanism. As water evaporates, the
remaining solution favors the edges of the channels due to capillary and surface tension forces.
At the edges of the channels, the nanofibers are forced to deposit flat against the PDMS
sidewalls, making them appear aligned with the groove direction when the stamp is removed.

Despite putting the stamp down first, the solution does appear to get underneath the
stamp, and nanofibers are seen bridging the space between the capillaries. The thickest material
deposition is observed closest to the open end of the channels where the drop of solution was
initially placed. Although the solution travels down the full length of the channels, the
nanofibers did not appear to deposit in any significant quantity farther than 1 mm from the open
end.

AFM and SEM images of PA 1 nanofibers patterned by MIMIC in capillaries with
periods of 278 nm are shown in Figure 4.5. The grooves in this case are much shallower, so the
nanofibers don’t deposit as thickly or travel as far as they do in the larger channels. The smaller
channels do appear to guide nanofiber alignment better than the larger channels, but only in very
small, selected areas. The irregular objects seen in Figure 4.5 are suspected to be salt or material

deposited by the PDMS stamp.
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M Nem

Figure 4.5. (A) SEM and (B) AFM height contrast images of nanofibers of PA 1 patterned by
MIMIC in capillaries of 278 nm period. Inset in (A) is a magnification of the center of the

image.
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4.3.3 Mechanism of patterning

The solution is clearly seen to be drawn down the full length of the channels, at least the
larger ones. The PA acts as a surfactant, and if the concentration of the solution is too low, there
is not enough surfactant to overcome surface energy forces and the solution doesn’t travel down
the channels at all. However, while the solution fills the channels, the nanofibers are only
deposited in any significant quantity very close to the end where the drop is placed. Attempts to
increase the area of nanofiber deposition by reducing the evaporation rate or increasing the
solution concentration failed. What we believe occurs is that the initial drop of solution dries
first into a concentrated gel while the solution in the channels remains dilute. However, the
nanofibers in that concentrated gel become entangled and are extremely slow to diffuse,
eventually plugging the open end of the channels and preventing any more material from moving
down them. As a result, patterning of the nanofibers by this method is ineffective. For this
reason, solution embossing was investigated as an alternate method that might yield more

uniform area coverage.

4.4 Patterned, aligned nanofibers by sonication-assisted solution embossing

4.4.1 AFM of patterned, aligned PA nanofibers

Figure 4.6 shows AFM images of nanofibers of PA 1 embossed from a 5 wt % solution in
capillaries with periods of 416 nm and 278 nm. Qualitatively, the supramolecular nanofibers
conformed to the pattern of the grating and appeared to be very well aligned in long bundles
along the direction of the grooves. For the 416 nm lines, most of the bundles were, as in Figure
4.6a, cleanly separated from each other with no residual layer of nanofibers coating the substrate

in between. For the 278 nm lines, there was a ubiquitous residual layer of nanofibers between
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(B)é 11111

Figure 4.6. AFM height and phase images of aligned supramolecular nanofibers of PA 1. The
fibers were embossed from a 5 wt % solution into lines with periods of (A) 417 nm and (B) 278
nm (height scales 106 nm and 99.8 nm, respectively). In (A), the widths of the nanofiber
bundles were ca. 200—300 nm, and the average height of the lines was 55.1 £ 0.7 nm. The inset
shows a fast Fourier transform (FFT) of the phase image, revealing the periodicity of the grating
pattern (brightest spots toward the center) and the nanofibers within each line (diffuse bands to
the outside). In (B), the widths were ca. 150 nm, and the average height of the lines was 33.3 £+
1.0 nm. The FFT of the phase image shows similar alignment along the channels as well as

some off-axis orientation of the underlying residual layer of nanofibers.
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Figure 4.7. AFM height and phase images of aligned supramolecular nanofibers of PA 2. The
fibers were embossed from a 1 wt % solution into lines with periods of (A) 417 nm and (B) 278
nm (height scales 44.7 nm and 25.4nm, respectively). In A, the widths of the nanofiber bundles
were ca. 150 nm, and the average height of the lines was 23.1 £ 0.7 nm. The inset FFT of the
phase image clearly shows the periodicity of the nanofibers within each bundle oriented nearly
parallel with that of the overall line pattern. In B, the widths were ca. 50-100 nm, and the
average height of the lines was 13.4 + 1.2 nm. Overall, the degree of alignment and uniformity

of deposition was poorer for the 278 nm lines than for the 416 nm lines.
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the nanofiber bundles, but excellent alignment within the bundles was still observed and the

uniformity of deposition was very good.

AFM images of PA 2 nanofibers embossed in capillaries with periods of 416 nm and 278
nm from a 1 wt % solution are shown in Figure 4.7. For the 416 nm lines, the degree of order
appeared to be comparable to that of PA 1 with nanofibers aligned in neatly spaced bundles.
However, the deposition was not as uniform, with some lines completely lacking nanofibers.
This characteristic was more pronounced for the finer lines (Figure 4.7b). In some areas, good
alignment was observed for cleanly spaced bundles of small numbers of nanofibers, but in other
areas the nanofibers were poorly aligned or completely absent. It is possible that in this case, the

channels were too shallow and actually hindered the mobility of the nanofibers.

4.4.2 Mechanism of patterning

For the 2400 lines/mm grating, the heights of the lines produced using 5 wt % and 1 wt %
solutions were 50 = 9 nm and 23 + 6 nm, respectively. The finer grating yielded line heights of
32 £2 nm and 17 + 9nm, respectively. Differences in line height between PAs 1 and 2 were not
significant. While the difference in line height due to concentration was not surprising, the
overall magnitude of the heights was larger than expected, suggesting that the nanofibers
collected within the channels at concentrations of roughly 20% to 50% by volume. If the stamp
was in contact with the substrate during the entire process, achieving these concentrations would
require extensive mass transport down the length of the channels. This seems unlikely given that
PAs 1 and 2 begin to form self-supporting gels at concentrations of 1-2% by weight.

Previous studies that applied capillary micromolding techniques most often involved

positioning the stamp onto the substrate first, then placing a drop of solution at one of the open
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ends of the channels and allowing the solution to wick in by capillary action.?’! 27> 282-284

This method was initially attempted with PA 1, but while the solution traveled the full length of
the channels, nanofibers were only deposited about one millimeter into the channel, regardless of
the initial conditions. This likely occurred because as the size and number of nanofiber
aggregates increased with solvent evaporation, their diffusivity decreased. Given this
observation, it is improbable that the lines deposited with the current method could result from
diffusion down the confining channels. More likely, the stamp does not actually sit in contact
with the substrate initially but instead on a thin film of solution several hundreds of nanometers
thick. As the water evaporates, this fluid layer decreases in thickness until the stamp finally
contacts the substrate, trapping a high concentration of PA nanofibers within each channel.

This mechanism also helps to explain the presence of the residual layer in Figure 4.6b.
By AFM and SEM, the depths of the channels were 128 + 4 nm and 63 £ 3 nm for the 2400 and
3600 lines/mm gratings, respectively. The smaller volume in the 278nm channels meant that less
material could be collected in them, and any nanofibers that could not be moved out from under
the stamp remained as a residual layer. Furthermore, while the stiffer h-PDMS layer on the
patterned surface of the stamp should reduce compression of the channel, some deformation is
still expected. As such, the stamp-substrate contact area between each bundle of nanofibers was
larger for the 3600 lines/mm grating, which may have decreased the actual pressure underneath

the contact area.
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MIMIC Solution embossing

Dilute solution enters channels Stamp sits on layer of solution

Solvent evaporates and solution
concentration increases

Solution outside of channel dries.
Nanofibers plug opening, preventing
further diffusion down channels

Stamp contacts substrate trapping
nanofibers in channels.

Figure 4.8. Schematic of the proposed mechanisms of nanofiber patterning by MIMIC and by

solution embossing.
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4.4.3 Effect of ultrasonication and initial solution concentration

Including an ultrasonication step in the procedure improved the overall alignment and
uniformity of deposition, especially for nanofibers of PA 2. Non-sonicated samples tended to
have a thicker residual film between the channels and a greater occurrence of defects in line
deposition. We suspect that mechanical agitation during the initial stages of drying imparted
kinetic energy to the system, enabling the nanofibers to adopt a more equilibrium packing
geometry. Ultrasonication could act on large length scales by smoothing out concentration
gradients and on smaller length scales by increasing the mobility of both the supramolecular
aggregates and the molecules themselves, accelerating the process of dynamic assembly and
disassembly of the nanofibers.

Because the sample is not rigidly attached to the beaker during ultrasonication, the higher
frequency vibrations are likely damped and not felt by the sample. In further optimizing the
process, it may be profitable to explore ways to secure the sample more tightly in order to allow
these higher frequency vibrations to be felt. In addition, while ultrasonication was limited to one
hour, the samples remain wet for much longer. Given the mechanism of patterning proposed
earlier, ultrasonication for longer periods or started at later times may improve nanofiber
alignment. The ultrasonic bath does heat up from room temperature to 50 °C after 1 hr of
operation, but separate experiments applying thermal energy alone did not appear to benefit
nanofiber alignment.

Increasing the concentration of the initial PA solution also appeared to improve the
nanofiber alignment and uniformity of deposition. Whether or not a given concentration was
“too low” depended on the specific PA molecule and is likely related to solubility. A possible

reason for the concentration dependence is discussed in the next section.
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4.4.4 Mechanism of alignment and lyotropic liquid crystalline behavior

Nanofibers of both PAs have persistence lengths greater than 600 nm as estimated by
TEM, SEM, and AFM images.*"***#*° This length is longer than the dimensions of the
confining capillaries, which are 416 nm wide and 128 nm tall at the largest. Because of this fact,
steric hindrance likely plays a role in the alignment of the nanofibers within the channels. It is
also possible that the system undergoes a phase transition to a lyotropic liquid crystalline phase
as the concentration increases. Lyotropic liquid crystal models such as those put forth by
Onsager’ are particularly applicable for high aspect-ratio mesogens with limited interactive
forces other than steric repulsion. While more complex models such as those proposed by
Khokhlov and Semenov™® are likely more accurate in predicting the nanofiber concentration and
order parameter at the liquid crystal transition, the basic priniciples of both models are the same
and may be applied in a general discussion of the mechanism of alignment.

Figure 4.9 shows optical microscopy images of aqueous gels of both PAs 1 and 2 at
concentrations of roughly 15% and 7% PA by weight between crossed polarizers. Both gels
displayed birefringent textures that suggest self-organization of the nanofibers into nematic
phases at higher concentrations. The scattering contrast and coherence length of the
concentrated gels appears to be quite low as Figure 4.10 shows SAXS of a gel of 20% PA 1 by
weight, with only a weak, broad peak at 7.2nm being visible. Drop cast films of both molecules
showed only very limited long-range orientational order, indicating that the liquid crystalline
phases are slow to organize. A liquid crystal phase is not necessary to achieve good alignment
with adequate spatial confinement, however, in our systems the cooperative effect of both

phenomena would improve the degree of order.
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(B)

Figure 4.9. Polarized optical microscopy images of concentrated aqueous gels of PA nanofibers.
Both scale bars are 100 um. (A) PA 1 at roughly 15 wt % shows bright birefringence suggestive
of a hexagonal liquid crystalline phase and possible phase separation from an isotropic phase. At
higher concentrations, fingerprint textures indicative of a cholesteric phase can be seen, similar
to those reported previously.** (B) PA 2 at roughly 7 wt % is more weakly birefringent but does

display a texture that suggests the formation of a nematic phase.

If the system indeed entered a lyotropic phase, it might be possible to observe a
difference in behavior depending on solution concentration. At an Onsager transition, the
material would be expected to phase separate into a dilute isotropic phase and a more
concentrated nematic phase.”’ This behavior can be seen in concentrated gels of PA 1 (Figure
4.9a) where strongly birefringent needle-like domains on the order of tens of micrometers
precipitate from a disordered medium. The “empty” lines such as those in Figure 4.7a and
observed in samples of patterned nanofibers of both PA 1 and 2 may be due to phase separation
during patterning, resulting in lines of nematic and isotropic phases. Alignment in the former

would be dominated more by liquid crystalline behavior while alignment in the latter might be
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Figure 4.10. SAXS of a 20 wt % aqueous gel of PA 1 with peaks fit to a mixed Gaussian-
Lorentzian form (courtesy of James Hulvat).

affected more by drying effects. When the initial solution concentration is increased from 1 wt
% to 5 wt % as shown for PA 1 in Figure 4.6, very few “empty” lines were seen, presumably
because all of the material in solution collapsed into the condensed phase within the channels.
AFM and SEM of used stamps revealed that liftoff of entire lines of nanofibers with the stamp
was extremely rare, and even so, liftoff would not explain the concentration dependence.

The effectiveness of this method depends not only on the degree of order of any liquid
crystalline intermediate but the dynamics of self-assembly as well. Instead of being a detriment,
self-assembly during the patterning process may in fact improve the degree of order. Alignment
of a covalently cross-linked fiber requires the full rotation of the whole fiber, whereas self-

assembled nanofibers can break and reform, effecting alignment with a minimum of mass
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transport. Differences in the degree of orientation between PA 1 and PA 2 may reflect

differences in self-assembly kinetics. Despite these differences, alignment is observed in both
PAs, demonstrating the promise of this method for the alignment of other self-assembling one-

dimensional nanostructures.

4.4.5 Guiding PA nanofibers through complex paths

Having found that it is possible to align PA nanofibers within parallel channels, we were
interested in determining whether we could arrange the nanofibers in more complex patterns.
Toward this end, we fabricated a rigid master with a topological pattern of channels by electron-

beam lithography. While electron-beam lithography was time-consuming, it was required

(A)

Figure 4.11. (A) SEM image of the complex grating pattern master used in the present study.
The master was fabricated by electron-beam lithography and dry etching a 100 nm oxide layer
on a silicon wafer. The pattern consists of lines ca 200 nm wide with a periodicity of 400 nm.
The lines turn corners of angles 135°, 90°, and 45°. A magnified image of the 135° corner is

shown in (B).
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only once to create the rigid master from which the pattern could be replicated multiple times by
soft lithography. SEM images are shown in Figure 4.11 of a custom-drawn channel pattern
etched into a 100nm thermal oxide layer on silicon. The pattern consisted of parallel lines 200
nm wide and spaced 200 nm apart similar to a diffraction grating, except the lines turned sharp
corners periodically at angles varying from 45° to 135°.

Figure 4.12 shows SEM images of nanofibers of PA 1 embossed in the electron-beam
defined capillaries. The nanofibers aligned along these channels just as they did in the
diffraction grating-molded channels. When the nanofibers reached a corner, they would either
bend or break and then continue traveling parallel to the new channel direction. Ata 135 ° turn
in the channel, the nanofibers appeared to bend but remain intact as they round the corner. At

sharper angles of 90 ° or 45 °, the nanofibers usually terminated before taking up the new channel

(A)

Figure 4.12. SEM images of nanofibers of PA 1 aligned in capillaries defined by electron-beam
lithography. (A) At a 135° corner, the nanofibers were able to turn the corner without breaking.
(B) At a 45° corner, most nanofibers broke before continuing in the new direction but otherwise

remained aligned within the channels.
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direction. The minimum radius of curvature of the nanofibers was generally observed to be

about 400 nm. This is perhaps the most definitive proof that alignment in these sub-micron
capillaries is due to spatial confinement and not due to any shear force generated between the
stamp and the substrate. Such shear forces would likely have resulted in uniaxial alignment of

the nanofibers over the substrate regardless of channel orientation.

4.5 Summary and outlook

Self-assembled nanofibers of peptide-amphiphile molecules have been of great interest
because of their bioactivity both in vitro and in vivo. These nanofibers can be patterned on a
substrate by micromolding in capillaries or solution embossing. We demonstrate the controlled
alignment of these nanofibers over large areas within arrays of submicron channels by a novel
technique termed sonication-assisted solution embossing. In this soft lithographic technique, the
nanostructures self-assemble by solvent evaporation while under the influence of ultrasonic
agitation and confinement within the topographical features of an elastomeric stamp. The
nanofibers orient parallel to the channels as they assemble out of disordered solution, yielding
bundles of aligned nanofibers on the substrate after the stamp is removed. Alignment is likely a
result of steric confinement and possibly a transition to a lyotropic liquid crystalline phase as
solvent evaporates. This technique is not limited to uniaxial alignment and is shown to be able to
guide nanofibers around turns. It is also versatile enough to be used in the alignment of other
self-assembling supramolecular systems starting from solutions of small molecules. The ability
to align nanostructures by this method introduces the possibility of controlling macroscopic
cellular behavior or material properties by tuning the directionality of interactions at the

nanometer scale.
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CHAPTER FIVE
Infrared Spectroscopy and Preliminary Cell Studies on Peptide-
Amphiphile Nanofibers Patterned and Aligned by Solution

Embossing
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Chapter 5:  Infrared Spectroscopy and Preliminary Cell Studies on Peptide-

Amphiphile Nanofibers Patterned and Aligned by Solution Embossing

5.1 Introduction

Discrete, one-dimensional supramolecular nanostructures are particularly interesting for
the anisotropic properties inherent in their shape. The ability to control the orientation of such
structures would be useful but is difficult given their poor mobility in non-solvated states as a
result of their large mass. The previous chapter described work on creating large-area, aligned
patterns of self-assembled nanofibers of PA molecules by sonication-assisted solution
embossing.”*’ This soft lithographic technique involved assembling the nanofibers from aqueous
solution within confining sub-micron channels while under the influence of ultrasonic agitation.
Self-assembly was triggered by solvent evaporation, and the nanofibers were forced by steric

repulsion to orient parallel to the channel direction. Unlike previous alignment techniques,® >

139, 151, 152, 208 g5 nication-assisted solution embossing is a parallel process that is not limited to
creating uniaxially aligned patterns but can be employed to guide nanofibers around turns and
through complex paths. This method may also be applicable to a wider range of supramolecular
systems.

Alignment of PA nanofibers enables more in-depth studies of the self-assembled
structure and its interaction with ions, molecules, and cells. Electron microscopy shows that the
molecules assemble with their peptide sequences on the periphery of the nanofiber exposed to
water and their alkyl segments sequestered in the core.®' Circular dichroism (CD)>*2°7-2%0- 291

120, 255, 257,291

and Fourier transform infrared (FTIR) spectroscopy show the formation of 3-sheet

secondary structure among peptide segments in these assemblies, and molecular dynamics
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simulations suggest that these B-sheets orient along the long axis of the nanofiber and may be

121,122

critical to the formation of the cylindrical structure. However, the outermost peptide shell

of the nanofibers remains highly solvated as demonstrated by fluorescence quenching
experiments.”®

Recent investigations of neat nanofiber films by transmission and reflectance IR
spectroscopy support the model of internal B-sheet structures aligned along the nanofiber axis.
Paramonov et al showed previously that the innermost amino acid residues in the peptide
sequence of PA molecules most strongly influence 3-sheet formation and nanofiber self-
assembly.”’ Jiang et al also showed that the outer peptide sequence influences the degree of
internal order in the nanostructure which may in turn strongly affect the nanofiber’s
bioactivity.”> This work reported molecular order within the alkyl core of the nanofibers, which
seems to be linked to order in their peptide shell. However, neither analysis can identify
vibrations that are perpendicular to the nanofiber axis, and the possibility that the observed
structure is a result of adsorption to the substrate is only briefly addressed.

All previous studies of the PA nanofibers were performed on disordered films or aqueous
solutions. Alignment of the nanofibers now makes polarized transmission FTIR a useful tool for
obtaining higher order information. Polarized IR spectroscopy is frequently used to determine

292294 and other materials,240 but

the orientation state and degree of alignment in peptides
transmission IR can only excite vibrations oriented within the plane of the film. Polarization
modulation-infrared reflection-absorption spectroscopy (PM-IRRAS) is thus useful as a
complementary tool because of surface selection rules that allow it to discriminate between

241

transition dipole moments (TDMs) oriented normal and parallel to the substrate surface.”” In

the first part of this chapter, we study the aligned nanofiber samples by both polarized



157
transmission FTIR and PM-IRRAS in order to generate a three-dimensional picture of

average TDM orientations. The measurements prove the effectiveness of the soft lithographic
technique in aligning the nanofibers over macroscopic areas, and the effects of ultrasonication
and size of the confining channels on nanofiber alignment are quantitatively compared. The
previously proposed structural model is confirmed, and because the nanofibers are aligned, we
are able to identify vibrations oriented perpendicular to the nanofiber. We also see an increased
degree of -sheet ordering within the patterned nanofibers, possibly due to the slower solvent
evaporation rate.

Alignment of the PA nanofibers also enables studies on the nature of cell-substrate
interactions at the nanometer scale and their influence on cell behavior. The ability to align cells
is not only useful for controlling and studying cellular behavior and processes, it is necessary for
the morphologically correct regeneration of many tissue types.”>*”’ Patterned topologies and
surface chemistries on the micrometer scale have shown some success in controlling cell shape,

orientation, and limited functions.?”*>!

However, more recent work suggests that patterns with
nanometer-scale features may be more effective because they more closely mimic the
extracellular matrix and can influence a wider range of behaviors beyond cell morphology and
adhesion.”””***?1% Self-assembly can easily access this length scale, and it may be possible to
direct cell behavior through the controlled placement and orientation of self-assembled
nanostructures. In the second part of this chapter, we show preferential orientation of cell bodies
and processes of primary mouse neural progenitor cells (NPCs) cultured on substrates of
patterned, aligned PA nanofibers. Cell alignment is not observed on any of the control substrates

and is hypothesized to result from a mediation of integrin clustering by the nanofiber, leading to

a restructuring of the cytoskeleton.
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5.2 Materials and Methods

5.2.1 PA molecules

The chemical structure of PA molecules 1 and 2 employed in this study are given in
Figure 5.1 along with a schematic of the hypothesized structure of the nanofiber in which the
molecules form B-sheet “fins” (pink) with the direction of hydrogen bonding aligned parallel to
the long axis of the nanofiber. Solid-phase synthesis and cell studies of 1 and 2 have been
reported previously.®" "> '?° The pentapeptide IKVAV displayed on PA 2 is found in laminin-1
and has been demonstrated to promote process outgrowth in neurons.”®”*** PA 1 displays the

tripeptide RGD, a well-known epitope that among other things can promote cell adhesion.” 2%
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Figure 5.1. Chemical structures of PA 1 and PA 2 including a schematic of the molecular

structure of the nanofibers into which they assemble.
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5.2.2 Soft lithography

Optical diffraction gratings (Edmund Industrial Optics) with groove densities of 1200,
2400 and 3600 lines/mm (833 nm, 416 nm, and 278 nm period, respectively) were used as
master molds for casting line patterned PDMS stamps. These stamps were employed to create
uniaxially aligned patterns of nanofibers of 1 and 2 by sonication-assisted solution embossing.
The procedure for casting the stamps, cleaning the substrates in piranha solution, and patterning
the nanofibers was detailed previously.”® Samples prepared for polarized transmission FTIR
were patterned on piranha-cleaned undoped (111) silicon (n-type, resistivity: 1500 Qcm,
University Wafer). Samples for PM-IRRAS measurements were required to be on conductive
metal substrates. For this purpose, a thin metal film was evaporated on slide glass in a BOC
Edwards Auto 306 electron-beam evaporator. An adhesion layer of 5 nm of titanium was
evaporated first, followed by 30 nm of gold capped with a 1 nm layer of titanium on top of the
gold to produce a hydrophilic oxide surface. Evaporated metal substrates were cleaned in

oxygen plasma in a Plasmalab 80 reactive ion etcher (Oxford Instruments) prior to use.

5.2.3 FTIR and determination of direction cosines and orientation parameters

Samples made on undoped silicon substrates were characterized by polarized
transmission FTIR. A Thermo Nicolet Nexus 870 FTIR spectrometer was set up in transmission
mode with a polarizer in the beam path ahead of the sample. FTIR spectra of the samples were
collected for polarization angles ranging from 0° to 90° relative to the grating line direction.
Samples made on thin film metal substrates were studied by PM-IRRAS using the same

instrument in grazing-incidence reflection mode with an attached tabletop optics module.
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Selected peaks in the spectra were fit to Lorentzian forms so that the peak areas could

be obtained and the quality of alignment between samples could be quantitatively compared. In
the amide I region (1700-1620 cm™), a rigorous deconvolution of each of the non-p-sheet peaks
was not attempted, rather, the peak fitting was performed to the extent to which we were able to
reliably determine the area of the B-sheet peak at 1630 cm™. The amide A band (3310 — 3270

11312 and even more difficult to deconvolute,

cm’™) is much less sensitive to secondary structure
so orientation parameters obtained for the amide A band were used only to qualitatively confirm
observed trends.

The peak areas were used to calculate the direction cosines for select TDMs, and the
direction cosines were used to calculate order parameters and tilt angles. A derivation of the
equations involved is given in Appendix A.

For comparison, AFM images of aligned nanofibers were analyzed to yield estimates of
the orientation parameter. One method to do this is to record the length and orientation angle
with respect to the grating angle of as many fibers as convenient in each image in order to
calculate a length-weighted average value of cos’6. Another, method to determine the

distribution of cos@is to take the FFT of the image and integrate the intensity for several

orientation angles over a range of spatial frequencies from 0.02 to 0.2 nm™.

5.2.4 Cell studies

To probe the effect of nanofiber alignment on cell behavior, three types of samples were
prepared as outlined in Figure 5.2 on piranha-cleaned glass substrates. In treatment A, 4 uL of
PA 1 was dropped onto the glass substrate and allowed to dry with no further intervention. In B,

the stamping procedure was followed with the omission of the ultrasonication step. This resulted
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in nanofibers that were molded into a grating pattern of 2400 lines/mm but not aligned as in

ultrasonicated samples. In C, the full stamping procedure was used, resulting in patterns nearly
identical to B samples except the nanofibers are aligned with an orientation factor of roughly
0.25.2**?% Samples of PA 2 and laminin-1 were also prepared under treatments A and C.
Duplicate samples were prepared for each case. Samples were encoded so that the experimenter
was blind to which treatment had been used and to the direction of patterning.

Murine neural progenitor cells were harvested and prepared as described previously.'*"
313 Briefly, second-passage cells were grown for four days as neurospheres, after which the cells
were dissociated and diluted to a concentration of 10* cells/mL in DMEM/F12 medium
supplemented with bFGF. Samples were placed in separate wells of a six-well plate and 3 mL of
cell suspension was added to each well. After incubation for three days at 37 °C and 95%

humidity, samples were viewed using a Nikon microscope.

Dropcast solution Apply stamp Ultrasonicate

WS -_4..'./

y &

Allow to dry Allow to dry
Allow to dry Remove stamp Remove stamp
(Treatment A) (Treatment B) (Treatment C)

Figure 5.2. Schematic of the three treatments used to pattern the nanofibers.
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5.3 Characterization of Nanofiber Structure

5.3.1 Comparison to the previously proposed structure

Figure 5.3 shows polarized transmission FTIR spectra of 1 well aligned along capillaries
of 278 nm period. Table 5.1 lists the peaks of interest and their vibrational assignments. The
intensities of the amide I B-sheet (1629 cm™), amide A (3292 cm™), and CH, symmetric stretch
(2849 cm™) peaks all decreased relative to the intensity of the amide I random coil, B-turn, or
alpha helix peak (1660 cm™) as the polarization of the incident beam was rotated from 0° to 90°
relative to the fiber alignment direction. In some cases, the amide II (1544 cm™) and CH,

antisymmetric stretch (2920 cm™) peaks also increased in intensity relative to the random coil

peak.
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Figure 5.3. Polarized transmission FTIR spectra of nanofibers of 1 aligned in gratings of 278
nm period. Spectra are normalized to the intensity of the residual silane Si-CHj; peak at 1261 cm’
!, Transition dipole moments oriented parallel (*) and perpendicular (+) to the fiber structure can
be readily identified as the incident polarization is rotated from 0° to 90° relative to the

alignment direction.
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Polarized transmission FTIR spectra of 2 well aligned along capillaries of 416 nm are

shown in Figure 5.4. The intensities of the 3-sheet and amide A peaks also decrease as the
incident polarization was rotated from parallel to perpendicular to the fiber alignment direction,
although the difference was less pronounced than in 1. The higher number of CHj3 groups in 2
was evident from the more intense CH; antisymmetric stretching peak (2964 cm™), but
orientation of the CH, groups was minimal or non-existent as any change in the symmetric and
antisymmetric stretch intensities could not be discerned from noise. Structurally, the B-sheet
character of 2 appears to be greater than for 1.

The spectroscopic data are consistent with the hypothesis that the peptide portion of the

molecules assemble in B-sheet “fins” oriented mostly parallel to the long axis of the fiber. In
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Figure 5.4. Polarized transmission FTIR spectra of nanofibers of 2 aligned in gratings of 416
nm period. Spectra are normalized to the intensity of the residual silane peak at 1261 cm'.
Transition dipole moments oriented parallel (*) and perpendicular (+) to the fiber structure can
be readily identified as the incident polarization is rotated from 0° to 90° relative to the

alignment direction.
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Table 5.1. Absorption peaks analyzed and their assignments.*''-*'?
Assignment | Description Observed Observed
Wavenumber Wavenumber
(cm™) for 1 (cm™) for 2
Amide A Amide N-H stretch 3292 3289
Amide B Fermi resonance of amide A and amide II 3071 3074
Vas(CH3) CHj; antisymmetric stretch 2963 2964
Vas(CHy) CH; antisymmetric stretch 2920 2923
Vs(CH3) CH; symmetric stretch 2866 2872
Vs(CH») CH, symmetric stretch 2849 2850
Amide | Non-B-sheet C=0 stretch ~1660 1670
B-sheet C=0 stretch 1629 1630
Amide II Amide C-N stretch and N-H bend 1544 1543

such a structure, the TDMs of both the C=0 and N-H stretching bands that comprise the bulk of
the amide I B-sheet and amide A peaks, respectively, would orient mostly parallel to the fiber.”>
237.311.312 The intensity of the random coil peak demonstrates that much of the peptide segment,
likely the head group, does not participate in this B-sheet structure. Based on this model and
previously reported AFM studies,”*” we attribute the observed difference in the polarized spectra
to nanofibers that have been uniaxially aligned by sonication-assisted solution embossing.
Figure 5.5 shows PM-IRRAS spectra of nanofibers of 1 and 2 patterned in grating
channels of 416 nm period. There is little difference in PM-IRRAS spectra of nanofibers
patterned in difference channel sizes. The sharp decrease in the B-sheet peak relative to the
transmission spectra is consistent with the proposed structural model. The possibility that the -

sheets are not perfectly parallel with the nanofiber but twist instead around the nanofiber axis is

difficult to rule out entirely. However, the reflectance data shows that if this twist is present it is
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small and may vary with the specific peptide sequence. The fact that the TDM of the parallel

-sheet amide I vibration does not lie parallel to the plane of the B-sheet but at an angle tilted out

of the plane will also contribute to the intensity of the band in the reflectance spectra and must be

taken in to account.?> 3!
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Figure 5.5. PM-IRRAS spectra of PAs 1 and 2 patterned in gratings of 416 nm period.

These spectra are consistent with previously reported data on nanofiber monolayers™”
except for the seemingly larger B-sheet peak for 2. While the thicker multilayer films make it
more likely for nanofibers of 2 to be oriented at an angle out of the plane of the substrate, that
angle is expected to be very small. Also, PM-IRRAS of unpatterned films of comparable
thickness do not show as large a 3-sheet peak, so the difference in intensities cannot be solely
due to this factor. Another possibility is that the slower evaporation rate during patterning leads
to greater 3-sheet character and less random coil structure. This hypothesis is supported by the
fact that the random coil peak is shorter than is observed for drop cast films, making the peak at

1630 cm™ seem more intense. One final possibility is that patterned nanofibers of 2 are shorter
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than drop-cast ones as observed qualitatively by AFM, giving rise to a greater number of

end-caps that may have some randomly oriented 3-sheet structure. Consistent with this
hypothesis is the fact that patterned nanofibers of 1 are longer than nanofibers of 2 and do not
show as large a difference in PM-IRRAS spectra when compared to monolayer films.

Previous FTIR studies of PA fibers do not completely exclude the possibility that the
perceived nanofiber substructure is due to reconstruction of the nanofiber when adsorbed to a
surface.”>> " This data is addition evidence that the molecular structure observed is not solely a
product of rearrangement on the substrate surface. Both the PM-IRRAS spectra and the
polarized transmission spectra are consistent with the proposed model that the 3-sheet hydrogen
bonds are oriented primarily along the axis of the nanofiber. The films studied are at least 30 nm
thick, the equivalent of five or more nanofiber layers, suggesting that this architecture is a

property of the bulk condensed phase.

5.3.2 Vibrations perpendicular to the nanofiber

The amide II peak arises primarily from the C-N stretch and N-H bend vibrations.>'": 2

In a B-sheet structure, dipole coupling results in the TDM being oriented parallel to the axis of
the peptide backbone and perpendicular to the nanofiber axis.*”>*'* Indeed, some spectra show
an increase in the amide II peak as the incident polarization is rotated from parallel to
perpendicular to the fiber alignment direction. This effect is not consistently seen because the
peak is insensitive to secondary structure, so the polarization effect is diluted by randomly
oriented vibrations of non-f-sheet structures. However, the ability to identify potential

vibrations oriented perpendicular to the nanofiber is a novel aspect of this analysis.
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For 1, the vs(CH;) peak is observed to decrease in intensity in both the PM-IRRAS

spectra and the transmission spectra in which the beam is polarized perpendicular to the grating

233 and suggest that the plane the

lines. The data are consistent with previously reported data
carbon backbone of the aliphatic tail is oriented mostly parallel to the fiber axis. Ordering of the
aliphatic tail is thought to be a result of both the compression of the nanofiber core under
Laplace pressure and the structural constrains imposed by B-sheet ordering of the peptide
segment. Arrangement of the CH, groups of the four glycine residues in a 3-sheet configuration
is not enough to generate the polarization effect observed. Orientation alone does not translate to
crystallinity, however the peak location of the stretching vibration is slightly red-shifted from
values reported for amorphous chains, suggesting that the aliphatic groups are tightly packed.
This model also predicts that va,5(CH>) is perpendicular to the nanofiber axis. Similar to the
amide II vibration, the asymmetric vibration is sometimes seen to increase in intensity when the
incident beam is polarized perpendicular to the nanofiber. This polarization effect is not
regularly observed because both the peak intensity and the degree of order of the CH; groups are

weaker than the amide groups, but it would not be seen at all without alignment of the

nanofibers.
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5.4 Determination of Order Parameters and &max

5.4.1 Orientation parameter f, and quantifying the alignment of PA 1 nanofibers

Figure 5.6. Schematic of the space coordinate system and relevant angles describing nanofiber

orientation.

The tilt angle € denotes the angle between the nanofiber long axis and the surface normal
or the z axis. Taking the projection of the nanofiber long axis into the plane of the substrate, the
azimuthal angle ¢ is the angle of the projection relative to the channel direction or the X axis. A
third angle « is required to describe the orientation of the TDM relative to the nanofiber long

axis. A more thorough description of the space coordinate system employed and derivation of
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the equations for the orientation parameters is given in Appendix A. Briefly, Stein®'>*'¢

introduced two orientation parameters, fypand f,, to describe alignment in biaxially oriented films:

- 3<cos229>—1 5.0)
f, =2(cos’ p)~1 (5.2)

where <cos’@> and <cos’¢> are the mean values of cos” @ and cos’¢ for a distribution of TDMs
in the film. f, can be thought of as a two-dimensional order parameter quantifying the in-plane
alignment of directors along the channel direction. While it cannot be calculated exactly, upper

and lower bounds to f,, can be obtained from the values of the direction cosines:

f Ky (5.3)
oK+ K,
K, -K,
(5.4)

f(p max
’ K, +K, 2K,
The upper bound value is closer to the real value because it assumes that the nanofibers are lying
perfectly flat against the substrate, which is not unreasonable. Additional insight into the

structure of the nanofibers is also gained by calculating the maximum value of « for a given

TDM from the smallest value of K;:
A, = arcsin(w/2KZ ) (5.5)
This value of « is due to a combination of tilt of the nanofiber out of the plane of the substrate,

inherent tilt of the TDM out of the plane of the parallel B-sheet, twist of the 3-sheet about the

nanofiber axis, and disorder in the self-assembled structure.
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The upper and lower bound values of the orientation parameter f,, of the nanofibers

with respect to PA, channel size, and vibration band are plotted in Figure 5.7. Table 2 lists the
values obtained for the direction cosines and the value of amax calculated for the amide I and
Vs(CH,) band. Based on the B-sheet amide I vibration, fibers of 1 align well in confining
channels of 833 nm, 416 nm and 278 nm period, with values of f, approaching 0.4 for the amide
I 'and amide A bands. This is equivalent to having 40% of the nanofibers perfectly aligned along
the X axis with the remainder oriented randomly in the Xy plane. The vs(CH;) band also gives
sizable values of f, around 0.3. The maximum value of & obtained for the -sheet amide I band
is 19°, which is very close to the value calculated for a monolayer of nanofibers.>> This
observation suggests that nanofibers of 1 do not tilt far out of the plane of the substrate, at least
in the 278 nm period channels. It is also more evidence that the reported self-assembled

structure is a property of the bulk material.

5.4.2 Effect of patterning on the alignment and structure of PA 2 nanofibers

Nanofibers of 2 do not align as well as those of 1, but do show some degree of order,
yielding values of f, > 0.14 within channels of 416 nm period and a maximum of 30% alignment
of the nanofibers. These data support qualitative observations derived from AFM images. One
explanation for the observed difference is that 2 is more hydrophobic than 1, leading to stronger
interactions between fibers and kinetic trapping. While 2 appears to have greater [3-sheet
character than 1, the speed of nanofiber reorientation and -sheet formation rather than the
degree of B-sheet formation is more critical for alignment. The difference in self-assembly
character between 1 and 2 is highlighted by the value of am.x = 25° calculated for the 3-sheet

amide I vibration of nanofibers of 2, which is significantly lower than that reported for a
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Figure 5.7. Upper and lower bound values of the orientational order parameter f, calculated
from selected IR bands for nanofibers of (A) PA 1 and (B) PA 2 aligned in grating channels of

different periodicities.
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Table 5.2. Calculated direction cosines and @ax for TDMs of 1 in different channel sizes.

IR band | Channel Kx Ky K. Olmax Ofmax (ref
period (nm) 255)
Amide I | 278 0.65+0.03 | 0.29+0.02 0.06 = 0.02 19°+4° | 20°
416 0.63+£0.05 | 0.30+0.04 0.07 £0.05
416%* 0.58+0.03 | 0.33+0.03 0.09 £ 0.04
833 0.58+£0.03 |0.291+0.019 | 0.13+0.04
Vs(CH,) 278 0.58+£0.05 | 0.35+0.05 0.071 £0.017 | 22°+3° | 25°
416 0.59+£0.05 |0.34+0.04 0.08 £0.05
416* 0.58+£0.04 | 0.31+0.03 0.11 £0.04
833 0.57+£0.05 |0.29+0.05 0.14 +0.04
Amide A | 278 0.53+£0.03 | 0.32+0.03 0.16 £0.03
416 0.54+£0.06 |0.31+0.05 0.15+0.08
416* 0.48+£0.05 |0.33+0.04 0.19+0.07
833 0.48+0.04 |0.31+0.03 0.21 +£0.06

* No ultrasonication

nanofiber monolayer.”>> One explanation for this discrepancy is that the slower evaporation rate

due to the patterning method results in nanofibers of 2 with greater B-sheet character and more

ordered [-sheets than those deposited by Langmuir-Blodgett techniques. This argument was

also put forth earlier when attempting to explain the difference in PM-IRRAS spectra.

The values of amax offer an indication of the degree of B-sheet twist in the nanofibers.

The twist angle cannot exceed amax and is likely much lower. That is because the calculated

value of amax 1s due to a combination of four factors: disorder in the B-sheet arrangment, tilt of
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Table 5.3. Calculated direction cosines and @ax for TDMs of 2 in different channel sizes.

IR band | Channel Kx Ky K Olmax Otmax (ref
period 255)
(nm)
Amide I | 278 0.47 +£0.02 0.43 +£0.02 0.10 £ 0.04
416 0.53+£0.04 0.35+0.04 0.12+0.03
416* 0.450+0.007 | 0.430+0.007 | 0.120+0.010
833 0.521+£0.016 | 0.389+£0.013 | 0.09 £0.02 25°+4° | 34°
Amide A | 278 0.45+0.03 0.44 +£0.02 0.11 £0.04
416 0.50 £ 0.04 0.34 +0.03 0.16 £0.05
416* 0.450+0.008 | 0.437+0.007 | 0.112+0.009
833 0.512+0.016 | 0.384+0.013 | 0.10£0.02

* No ultrasonication

the nanofiber out of the Xy plane, twist of the B-sheet, and tilt of the TDM out of the plane of the
B-sheet. The average tilt of the nanofiber is not expected to be much more than a few degrees, a
minimal contribution to0 Gmax. Assuming cylindrical symmetry, disorder in the -sheet
arrangement cannot be distinguished from a regular twist, but it is also speculated to be minimal
given the slower evaporation rate. Tilt of the TDM out of the B-sheet plane varies slightly
depending on the peptide sequence but is generally 5 © to 10 °. If there is limited disorder in the
b-sheet arrangement, the twist angle would thus be 10 ° to 15 °.  For antiparallel 3-sheet
structures, dipole coupling results in splitting of the amide I band into in-plane and out-of-plane
components, eliminating the tilt of the TDM at 1630cm™.%*3!* Addition of “reverse” PAs''®>*
may convert the parallel B-sheet to an antiparallel B-sheet and allow for a more precise

determination of the degree of twist.
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5.4.3 Effect of channel width and ultrasonication on alignment

Spectral data show no significant difference in alignment between nanofibers of 1 aligned
in any of the three channel widths. Conversely, spectral data of 2 show the best alignment of the
nanofibers in the 416 nm period channels, but almost negligible alignment in the smaller
channels. This observation is corroborated by AFM images®®’ and suggests a lower bound to the
length scale in which the supramolecular assemblies prefer to align under confinement while yet
having the mobility to do so. 2 is more hydrophobic than 1 and may thus interact more strongly
with the PDMS surface of the stamp, hindering the ability of nanofibers of 2 to reorient at high
degrees of confinement. The alignment in the 833 nm channels appears to be less than in the 416
nm channels, although not to a significant degree. The order parameter is expected to drop
continuously as the size of the channels is increased further. However, this point cannot be
definitively proven within the range of channel widths studied here. The fact that alignment of
both 1 and 2 can be observed within channels approaching 833 nm in period and ca. 700 nm in
width suggests that the method may be effective even for micron scale channels. Achieving
alignment in larger channels is desirable because the pattern masters can then be made by
photolithography rather than electron-beam lithography or interference lithography.

Inclusion of the ultrasonication step during patterning appears to have minimal impact on
the degree of order in nanofibers of 1. There is only a small improvement in the absorption
anisotropy when the ultrasonication step is added. In contrast, without ultrasonication there is
effectively no alignment of nanofibers of 2. The extra energy imparted by mechanical agitation
appears to drive the nanofibers of 2 to find a more stable aligned state. PA 1 readily finds the
ordered state without the aid of ultrasonication possibly because it is more water soluble and

tends to organize in a more ordered liquid crystalline phase. Ultrasonication can speed up
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reorganization of the nanofibers, but it cannot force them to align more than is energetically

favorable. The insignificant difference with and without the extra patterning step may mean that
nanofibers of 1 are already near their optimal degree of alignment at this temperature. However,
there is a chance that nanofibers of 2 have yet to reach an energy minimum in these samples, and
alignment may be improved further by adjusting the parameters of the patterning method.
Ideally, if the alignment can be optimized and the scattering contrast in the material increased,

this technique could be used to make aligned samples suitable for study by x-ray diffraction.

5.4.4 f,derived from AFM images and discussion of the validity of the calculated values

Some limitations of using such a simplified spectroscopic model to determine molecular
structure was briefly discussed in Section 2.5.5. With respect to the PA nanofibers, no
dispersion of the spectral line shape is observed likely due to the lack of significant crystallinity.
The birefringence of the oriented films will affect the spectra, possibly resulting in a reduction of
the measured orientation parameter assuming that the optic axis is aligned parallel to the
nanofiber axis. There is also the potential for scattering of the incident radiation by the
topological grating pattern, however, this effect appears to be negligible as unpolaraized spectra
of unpatterned and patterned films are almost identical.

Given the concerns regarding the validity of the spectroscopic model, it might be useful
to compare the values of the orientation parameter calculated from the IR data with those that
may be collected from analysis of AFM images. Values of f, obtained from selected AFM
images of aligned PA nanofibers are listed in Table 5.4. The two analysis methods outlined in
Section 5.2.3, tracing of individual nanofibers and integration of the FFT, were each performed

on the same images in order to compare their respective merits. FFT integration was
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implemented on a total image area of 8 pm”. Manual tracing of individual fibers was limited

to 2 pm® of that image area due to time constraints. Even within that limited area, the values of
f, obtained by this method are comparable to those calculated from the IR spectra. While faster,

integration of the FFT is not as accurate because scanning artifacts in the AFM images severely

impact the calculated numbers.

Table 5.4. Values of f, obtained by two methods of image analysis.

PA Channel period (nm) f, by line tracing f, from FFT
1 278 0.75 0.42

416 0.50 0.19
2 278 0.04 0.11

416 0.27 0.33

416* 0.05 0.13

* No ultrasonication

While the accuracy of the tracing method is limited by the minimal sampling area, the
inability to count nanofibers buried underneather other nanofibers, and the possibility of
systematic error, the values given in Table 5.4 do suggest that the spectroscopic analysis is not
invalid. At the very least, the trends suggested by the IR data are confirmed, including the

differences between PAs 1 and 2 and the positive impact of ultrasonication.




177
5.5 Effect of nanofiber alignment on cellular morphology

5.5.1 Results with murine neural progenitor cells

Alignment of cells and processes was observed in treatment C of PA 2 and not in any
other condition. Representative optical micrographs are shown in Figure 5.8. In addition, the
blinded experimenter correctly deduced the orientation of the nanofibers along the direction of
the grating lines based on the orientation of the cells. The cells adhered and survived but
displayed no noticeable alignment on A and B samples of PA 2 and on all samples of laminin-1.
The fact that no cellular alignment was seen on patterned but non-aligned substrates of PA 2
rules out the larger surface topology as a significant factor. This result also suggests that the
cells can detect and respond to even modest alignment of the nanofibers. Cell survival was poor
on plain glass and all samples of PA 1, whereas on samples of laminin-1 and PA 2 the cells

adhered to the surface and survived. This observation demonstrates that the sequence of the

peptide coating the surface is important for cell adhesion and viability.

Figure 5.8. Optical micrographs of NPCs cultured on substrates of (A) aligned and (B) non-
aligned nanofibers of PA 1.
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Perhaps more importantly, the fact that no cellular alignment was seen on control

substrates patterned with laminin-1 protein suggests that nanofiber structure itself is not only
seen by the cell but can exert significant influence on cell behavior. Clustering and patterning of
receptors on the cell surface have been shown to be important in determining aspects of cell
adhesion, structure, and mobility.>'”*"® We hypothesize that the IKVAV epitopes displayed on
the nanofiber surfaces bind to receptors on the cell surface, and the nanofiber structure forces the
receptors to cluster and arrange themselves in a specific manner. Receptor clustering in turn

affects neurite outgrowth and leads to changes in the shape of the cytoskeleton.

Figure 5.9. SEM micrograph of a patterned sample of PA 1 recovered and lyophilized after 7

days in cell culture showing persistence of the topographical grating pattern.
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5.5.2 Resilience of the substrate pattern and the alignment effect

While it is possible that the nanofibers reorganize slightly when immersed in media, the
previous results suggest that some semblance of both the nanofiber structure and alignment are
retained. In fact, the patterns are surprisingly robust in physiological media. Figure 5.9 shows
SEM images of samples that were recovered and lyophilized after seven days of cell culture.
The patterned topology is seen to persist for the duration of the experiment. Whether the
nanofibers remain or are replaced by cellular proteins is still under investigation.

As might be expected, the positive effect of the aligned nanofiber substrates is very
sensitive. No cell alignment was observed on samples that were not dipped briefly in ethanol.
Gently rinsing the patterned nanofiber substrates in ethanol generally leads to sharper AFM
images as shown in Figure 5.10. This step is thought to remove much of the silane and siloxane
residue deposited by the PDMS stamp. While the cells still adhere to the non-rinsed samples, the

PDMS residue likely interferes with the ability of the cells to sense the nanofiber structure.

5.6 Summary and Outlook

FTIR spectroscopy proves that the orientation of one-dimensional supramolecular
assemblies can be controlled by sonication-assisted solution embossing, extending molecular
order to macroscopic length scales. PA nanofibers were aligned within microchannels
approaching ca. 700 nm in width, suggesting that this technique might be effective up to the
micrometer length scale where patterned masters could be easily fabricated by photolithography.
In the cases where nanofiber mobility is hindered by strong interfiber interactions, ultrasonic
agitation helps drive the system to a more equilibrium aligned configuration, making this a

viable technique for aligning a wide range of different PA systems. The spectroscopic data also
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(A)

Figure 5.10. AFM height and phase images of PA nanofibers patterned by sonication-assisted

solution embossing, (A) before and (B) after brief immersion in ethanol.
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support the structural model of the nanofibers being composed of B-sheet fins oriented

mostly parallel to the nanofiber. Reducing the rate of solvent evaporation may increase the
degree of internal B-sheet ordering in the nanofibers. The proposed structure is a property of the
bulk condensed phase and not simply a result of reconstruction on the substrate surface.

We demonstrate preferential orientation of the cell bodies and processes of murine NPC
cultures on substrates of aligned, patterned IKVAV-bearing nanofibers and present preliminary
evidence that suggests the nanoscale orientation of the fibers may play a role as well as the
epitope itself. The effect is noticeable even if the alignment of the nanofibers is modest, and the
patterned substrate topology persists through seven days of cell culture. These results are also an
important demonstration of how nanometer-scale structure can influence cell behavior and may

have significant implications for biomedical applications including spinal cord injury repair.
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CHAPTER SIX
Morphological Study of Thin Films of Thiophene-Based

Amphiphiles
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Chapter 6:  Morphological Study of Thin Films of Thiophene-Based Amphiphiles

6.1 Introduction

In recent years, environmental and political concerns have fueled intense interest in the

319 .
However, in order to

development of alternative sources of energy, including solar power.
make solar energy economically viable, significant gains must be made in terms of efficiency or
affordability. Organic and hybrid photovoltaic materials are of interest in this regard because
they are often easily processed, tunable to specific wavelengths, and can be deposited on a

320322 Unfortunately, their efficiencies as of yet are too low to warrant

variety of substrates.
widespread adoption.’” Self-assembly offers one possible strategy for improving the energy
conversion properties in these systems. Ideally, the material would self-assemble on the
nanometer scale into an ordered mesostructure of separate p- and n-type phases. Such a structure
would exhibit an extraordinary amount of available interface for exciton splitting, and that
interface would be within the exciton diffusion length, 5 to 10nm, of most of the bulk material.***
On their own, most conjugated polymers are insoluble and must be functionalized with
solubilizing groups in order for them to be processed. However, functionalization results in a
disruption of conjugation and a reduction in conductivity.””**® Another strategy is to synthesize
amphiphilic molecules consisting of blocks of conjugated oligomers with solubilizing groups at

d.%%-105.109.327. 338 The conjugated blocks preferentially associate with each other

either en
through n—n interactions, creating a path for charge conduction and resulting in self-assembly of
the molecules into a variety of nanostructures. Our group recently reported the synthesis and

self-assembly of amphiphilic molecules based on oligo(p-phenylene vinylene).'* ''* These

molecules could be used to template the mineralization of mesoporous silica and exhibited
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remarkable energy transfer properties. While self-assembly strategies can lead to the

discovery of novel materials that spontaneously form nanostructured phases, there remains no
guarantee that the phase will exhibit structural order or a net orientation at macroscopic scales.
With respect to photovoltaic systems, photoexcited charge pairs must not only be separated, but
the individual charges must be able to travel to opposite electrodes to be collected. Optimal
charge conduction requires continuous pathways that connect to either electrode.”’”*** This
condition is automatically satisfied if the system self-assembles into a bicontinuous phase, but
such phases are rare and often difficult to realize. Cylindrical and lamellar phases are more
common, but the order and orientation of these phases must be controlled in order to generate
continuous charge-conduction pathways to either electrode.

Micrometer- and nanometer-scale patterning of surface interactions or of the active
material itself is one possible method for controlling the orientation and order of mesostructured
photovoltaic materials. It is conceivable that the morphology of the active material immediately
adjacent to a surface could be altered by careful control of the chemical nature or topology of the
surface, and the alteration of structure may extend to some degree into the bulk. Spatial
confinement may also induce a preferred orientation in the mesophase and is most often achieved
by physical patterning of the active material itself. Patterning on the length scales similar to the
wavelengths of the incident radiation can also lead to coherent scattering of an enhancement of
absorption through photon trapping.”®**°

Our laboratory has since synthesized a number of variants on the original phenylene
vinylene molecule. One particular variant replaces the phenylene vinylene block with an oligo-
thiophene block and uses a long poly(ethylene glycol) (PEG) chain to make the molecule

amphiphilic and water-soluble. X-ray studies suggest that the molecule assembles upon
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evaporation of solvent into a lamellar phase with the hydrophilic PEG segments segregated

from the hydrophobic blocks. This molecule is also of interest for the development of hybrid
photovoltaic systems where inorganic, semiconducting materials could be infiltrated or
mineralized within the PEG phase. While thick films of this material are birefringent, suggesting
orientation of the lamellae perpendicular to the substrate, the lamellae nearest the surface are
likely oriented parallel, forming a barrier to direct charge transport to the electrode. Thus, it is
desirable to find a method of coaxing the molecules to orient themselves parallel to the surface
thereby nucleating lamellae aligned normal to the substrate.

One possible strategy for achieving normal orientation of the lamellae is to pattern the
surface with alternating lines of hydrophobic and hydrophilic chemical functionalities. Similar
strategies have been successfully applied to align block copolymer phases. A very simple
method for creating such surface patterns is through friction transfer of polytetrafluoroethylene
(PTFE)."” Briefly, a solid PTFE rod or block is dragged across a heated substrate, resulting in
deposition of aligned, nanometer-scale polymer fibers. These substrates have been previously
used to control molecular orientation in films of liquid crystals®*” and conjugated oligomers.**"
332 While the spacing between the fibers is not regular, lithographically defining a periodic
pattern on similar length scales requires significantly greater effort and resources.

In this chapter, we study the morphology of substrate-supported thin films of the
thiophene-PEG amphiphilic molecule. Periodic surface textures are observed when the thickness
of the film is reduced below the equilibrium bilayer spacing. We hypothesize that the textures
are a result of incomplete surface coverage disrupting the association of the hydrophobic blocks.
The periodicity of the textures is very consistent, suggesting that they are metastable states of

assembly. Preliminary experiments on deposition of thiophene-PEG films on friction-transferred
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PTFE show displacement of the PTFE fibers and no noticeable effect on the orientation of

whole lamellae. However, the method does show some promise in being able to control order of

the sub-bilayer film textures.
6.2 Materials and Methods

6.2.1 Synthesis

The chemical structure of molecule 6.1 and a schematic of the reaction steps required are
given in Figure 6.1. Low temperature synthesis of anatase TiO, nanorods was accomplished

following a procedure reported by Cozzoli et al.**
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Figure 6.1. Synthetic scheme for molecule 6.1 (courtesy of David Stone).
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6.2.2 Material characterization

SAXS spectra were collected on small amounts of 6.1 in dry form and concentrated
aqueous gels. The material is contained in a polycarbonate holder and diffraction was performed
in transmission geometry using a Rigaku CuKa source (A = 1.542 A, 30 kV, 17 mA) and a 2D
Bruker CCD detector. The 26 scale was calibrated with silver behenate, and the spectra were
collected for 2000 sec. The baseline was substracted and the peaks fit using a mixed Gaussian-
Lorentzian fitting algorithm. DSC was performed to determine phase transitions of the material.
At least 5 mg of 6.1 was hermetically sealed in aluminum pans, and samples were cycled at 5
°C/min using a TA Instruments 2920 DSC. Transition temperatures were determined from the
second heating cycle. Films of 6.1 deposited on glass substrates were examined between crossed
polarizers on a Leitz Laborlux 12POL polarizing microscope. POM images were captured on a
35mm film camera. The samples were imaged while heated on a Linkam THM 600 thermostatic

heating stage to confirm the liquid crystalline phase transitions suggested by DSC.

6.2.3 Film patterning

Parallel fibers of PTFE were deposited on piranha-cleaned glass by a friction-transfer
method.'”® A piece of microscope slide glass wrapped in Teflon tape was used as a source. The
substrate was placed on a hotplate at 200 °C and the Teflon source was hand-drawn across the
the surface with a force of ca. 10 N and speed of ca. 1 mm/sec. Thin films of 6.1 were deposited
by spin-coating from a 0.3 wt % solution at 3000 rpm. The samples were annealed at room
temperature in a saturated chloroform atmosphere for 4 to 12 hrs by suspending them above a

pool of solvent within a covered crystallization dish.
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Solution embossing was performed following a procedure similar to that given in

section 4.2.5. Briefly, a 4 uL drop of 1.5 wt % 6.1 in ethanol solution is dropped onto a piranha-
cleaned glass substrate. A PDMS stamp with a 2400 lines/mm diffraction grating relief is
brought down on the drop of solution. The sample is allowed to dry for a day before the stamp is
removed.

Thick films of 6.1 could also be patterned by a related technique termed hot embossing.
In this case, a 170 nm thick film is spin-coated onto a substrate from 1.5 wt % solution in ethanol
at 750 rpm. The diffraction grating-patterned PDMS stamp is brought in contact with the film
and a load of 20 g/cm?2 is applied. The film is then softened by heating to 60 °C under nitrogen

atmosphere, and the film is imprinted with the PDMS stamp topology.

6.2.4 Characterization of film thickness and morphology

AFM images were aquired on a JEOL 5200 scanning probe microscope operating in
tapping mode. Applied Nanostructures ACT silicon cantilevers (300 kHz, 40 N/m) were used
for AFM imaging. Heights of thicker films were determined using a Tencor P10 profilometer

with a 2 um tip radius to measure the depth of scratches made in the film.

6.2.5 Characterization of optical properties

Absorption spectra of films and solutions of 6.1 were collected using a Cary 500
UV/VIS/NIR spectrophotometer (Varian, Inc.) operating in double beam mode allowing for
simultaneous subtraction of the absorption of a reference sample. Fluorescence spectra of films
of 6.1 were measured using a Horiba Jobin-Yvon Nanolog-3 fluorimeter with a double
excitation-side and a single emission-side monochromator and a liquid nitrogen cooled InGaAs

detector.
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6.3 Characterization of thiophene-PEG films

6.3.1 Material characterization

SAXS of molecule 6.1 in the dry form suggests that the molecule organizes into a
lamellar phase with a bilayer spacing of 13.0 nm. The fully extended length of the molecule is
21 nm with the PEG block being 17 nm. The d-spacing suggests that the molecule is in a
partially extended state with significant interdigitation or folding of the PEG segment. DSC
shows transitions at 50 °C and 85 °C with a loss of birefringence of the film at the lower
transition temperature. It is believed that this transition originates from the melting of the PEG
block and results in a phase that is either homeotropically aligned or mostly disordered with
some aggregation of the thiophene blocks. The higher transition temperature is likely due to
dissociation into a completely isotropic phase. POM of thick films of 6.1 are given in Figure 6.2
and show birefringent patterns indicative of spherulites, which suggests that the long PEG

segment dominates the film morphology. The material is seen by UV-vis measurements to

L T

Figure 6.2. POM images of thick films of 6.1 showing radial patterns of birefringence
suggestive of spherulitic structures. These structures grow larger and more disordered upon

annealing at room temperature under saturated solvent atmosphere (right image).
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exhibit a broad absorption peak around 377 nm as a gel in water, and 415 nm dissolved in

THF. The corresponding fluorescence emission peaks in water and THF are 545 and 510 nm,
respectively. The blue shift in absorbance and red shift in emission indicate that the thiophenes

form H-aggregates (stacks) in water.***

6.3.2 Thin film morphology

Thin films of molecule 6.1 spin-coated from 1.5 wt% solution out of ethanol at 3000 rpm
appear to be mostly featureless. Layer steps are observed that are 12.4 £ 1.4 nm in height, close
to the d-spacing observed in SAXS. In some cases, a faint texture may be seen on the surface of
the layers, but it is difficult to deconvolute from imaging artifacts. This is especially true given
that the films are very soft and can be indented by the cantilever tip if the reference amplitude is

set too low.

FATAAGE

Figure 6.3. AFM height and phase contrast images of a film of 6.1 showing a lamellar step of

12.4 £ 1.4 nm and a surface texture possibly indicative of an underlying molecular structure.
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When the material is spin-coated at lower concentrations of 0.3 to 0.5 wt % at 3000

rpm, the films obtained are ca. 10 nm thick on average. After annealing the films at room
temperature in a saturated chloroform atmosphere, a variety of different surface textures are
visible. The dotted textures shown in Figure 6.4 appear to have a height contrast of 1 nm and a
lateral periodicity of 18 nm. While mostly disordered, there does appear to be some very short
range hexagonal order in the placement of the dot structures with domain sizes on the order of
100 nm. In some areas, the dotted texture appears to evolve into a more striped morphology
shown in Figure 6.5. Indeed, some AFM images show the elongation and fusion of dots while
others show strip structures breaking into shorter segments. The striped textures have a similar

height contrast and periodicity as the dotted textures. In all samples, some areas with little or

Figure 6.4. AFM height and phase images of a thin film of 6.1 showing a dotted surface texture.

Assuming the “hole” in the middle of the height image reaches the underlying substrate, the
thickness of the film is ca. 5 nm. FFT (inset) of the phase image shows that the pattern is

periodic with a characteristic period of 18 nm.
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Figure 6.5. AFM height and phase images of thin films of 6.1 showing a striped surface texture.
The film thickness is ca. 8 nm. The striped texture appears to evolve from a coalescence of the
dotted texture observed earlier. FFT (inset) of the phase image shows that the 18 nm periodicity

in the texture remains.

no surface structure are also observed. The film thickness in these areas is often greater than that

in the textured areas.
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Partial dewetting of the film from the substrate occasionally allows us to determine

the localized film thickness. Areas with the hexagonal texture are also areas where the film is
the thinnest, ca. 4 — 5 nm. The striped textures are usually observed with film heights of ca. 7 —
8 nm. Areas the film with little or no texture are ca. 10 — 14 nm thick, closest to the original d-
spacing. This observation leads us to believe that the textures are a result of differences in film
thickness and area density of molecules that arise upon solvent annealing. Effects of thin film
confinement on block copolymer structure have been observed before by Knoll and
coworkers.”'® Confinement of compound 6.1 into a film 10 nm thick is likely to be unstable
given its equilibrium d-spacing of 13 nm. Upon annealing by solvent vapor, the material is
allowed to migrate and partially dewets from some areas, resulting in portions of the film that are
closer to the equilibrium thickness of 13 nm. This mass transport also results in some areas of
the substrate that are not coated or covered with only a thin layer of molecules. In these areas,
there are not enough molecules to assemble into a complete lamellar bilayer. The thiophene and
alkyl segements still prefer to associate together, so they aggregate into smaller, individual
structures. In the thinnest areas, the structures they may form are limited to zero-dimensional
islands, but as the area density of molecules increases, the aggregate structures become larger,

evolving first into stripes and then complete layers.

6.3.3 Theory of thin film structure

The periodicity and thickness of the textures is very consistent between samples,
suggesting that this may be a metastable state. As a first approximation, we may imagine the

PEG segments as polymer brushes end-grafted to a thiophene “substrate.” In the condensed
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phase at lower grafting densities, the polymer brush behaves as ideal chains, giving a brush

thickness of

Ay =1 N2 (6.1)

ideal
where ly is the Kuhn length (the length of the chain that may be modeled as being a single,
freely-jointed segment) and Ny is the number of Kuhn segments in the chain.”>> The Kuhn length
is equal to twice the persistence length in semiflexible polymers, and using 0.38 nm as the
persistence length of PEG>%¢ gives a value for digea; 0f 3.6 nm. This value matches reasonably to
the observed thickness of the films that display the dotted textures. While the conformation of
the PEG segment is unknown in these textured films, it is suspected that the chains are
amorphous and not crystallized, at least in the case of the dotted patterns, due to a low area
density of molecules and disruption of the structure by interactions with the substrate and
assembly of the thiophenes. What may happen is that ideal chain statistics of the PEG segment
first determines the thickness of the monolayer as well as the area density of molecules. Fixing
of the latter the value thus limits the size and structure of the assemblies of the hydrophobic
blocks, yielding a periodic texture that is consistent between different samples.

The observation of the striped textures is suggestive of another stable or metastable
monolayer structure at higher area densities of molecules. Returning to the grafted polymer
analogy, as the grafting density increases, the brush transitions into a “dry brush” regime where
the chains become more extended due to excluded volume interactions. In this model, the brush

thickness scales as

d,, =N, (6.2)

dry

where s the grafting number density normalized to the cross-sectional area of the chain (I%).**

This transition is expected to occur at a value of o~ N2, corresponding to an area density of



195
molecules of 0.38 nm™. With respect to the dotted textures, this is equal to 160 molecules

per “dot.” The thickness of the stripe films are close to half the bulk d-spacing and suggest that,
in this case, the conformation of the molecule is more akin to that seen in the bulk where the

PEG chains are slightly extended and possibly crystallized.

6.3.4 Preliminary examination of hybrid mixtures

When mixed with TiO, nanorods, the nanorods are not visible through thick layers of
organic. In some areas, the film appears thinner, and the nanorods are visible by AFM, but they
appear not to be evenly dispersed. This is not necessarily a detriment as it is preferable that the
Ti0, nanorods be in close enough contact to allow percolation of charge carriers. However, it is
apparent that a higher concentration of nanorods is necessary in order to increase degree of

percolation and the chances of an exciton generated in the organic being able to diffuse to a TiO,

Figure 6.6. AFM height and phase images of films of 6.1 mixed with TiO, nanorods.
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interface. At the moment, AFM cannot determine if the TiO, nanorods prefer to associate

with any particular block of compound 6.1.
6.4 Patterning of thiophene-PEG films

6.4.1 Deposition on friction-transferred PTFE

AFM images of friction-transferred PTFE on a silicon substrate are shown in Figure 6.7.
The well-aligned strips of PTFE are small as 10 nm in width and 3 to 10 nm in height. Polarized
transmission FTIR spectra given in Figure 6.8 show that the CF, antisymmetric (1207 cm™) and
symmetric (1151 cm™) stretching modes orient perpendicular to the stripes while the CF,
wagging mode (625 cm™) orients parallel. This is consistent with previously reported data
showing that the PTFE chains are aligned along the length of the strips.**”***

Figure 6.9 shows AFM images of molecule 6.1 spin-coated or drop-cast onto a substrate
of friction-transferred PTFE on glass. After annealing at room temperature in a saturated
chloroform atmosphere, the film is seen to adopt a morphology to that shown previously in
which most of the substrate is covered with a thin monolayer of material with scattered large
islands of full bilayers. Yet, the PTFE strips are highly visible, even over thicker portions of the
film, and they appear less well aligned than they are in Figure 6.7, often curving around larger
obstacles. These observations suggest that the PTFE strips lift off the substrate either during
spin-coating or solvent annealing and are displaced slightly by migration of the material. The
film actually seems to get underneath the PTFE, possibly to decrease surface energies by

allowing the PEG groups to associate with the glass and exposing the fluorine groups to the air

interface.
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Figure 6.7. AFM height and phase images of friction-transferred PTFE fibers on glass.
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Figure 6.8. Polarized transmission FTIR spectra of friction-transferred PTFE on silicon shows

molecular alignment of the polymer chains parallel to the direction of drawing.
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Figure 6.9. AFM images of 6.1 (A) spin-coated or (B) drop cast on friction-transferred PTFE on

glass and annealed under saturated solvent atmosphere. Phase contrast images (all except image
on right in A) show weak ordering of the dot texture adjacent to the PTFE fibers. The scale bar

in the inset in A is 150 nm.



199
The dotted texture of the monolayer is very faint in Figure 6.9a due to the poor

quality of the scanning probe tip, but the same periodicity as before is observed. In some
locations, the PTFE fibers do seem to influence the ordering of the dotted texture with lines of
dots running parallel to the fibers. However, the sizes of the ordered domains appear to vary
widely from hundreds of nanometers to only the line of dots immediately adjacent to a PTFE
fiber. The weak contrast of the texture as well as disorder in the alignment of the PTFE strips
makes it difficult to draw definitive conclusions. However, controlling the order of
nanostructured thin films of these thiophene-based amphiphiles through the use of friction-
transferred PTFE is promising, particularly because there is significant room for improvement.
The AFM images show that the area density of the transferred PTFE fibers is low and may not be
enough to adequately improve the order of the film, especially since the intrinsic order of the
nanostructured film is low to begin with. The quantity of PTFE deposited can be increased by
increasing the temperature of the hotplate or the pressure applied during transfer. Reducing the
concentration of the solution used to cast the film may reduce the occurrence of thicker islands
and material migration that can displace the PTFE strips At the same time, uniform deposition
of a very thin film of material by spin-coating becomes difficult due to the dewetting of the
solution from the PTFE surface. Thus the deposition procedure needs to be altered, either by
switching to a dip-coating method or by exposing the friction-transferred PTFE surface very
briefly to oxygen plasma to render it hydrophilic enough to be wetted by the solution.
Displacement of the PTFE fibers from the substrate surface is troublesome primarily because the
alignment of the fibers is disrupted. The mechanism of this displacement is still under
investigation, but it requires desorption of relatively large objects and is therefore suspected to be

slower than the evolution of the dotted film texture. If so, displacement of the PTFE strips may
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be limited by shortening the time given for annealing the film in saturated solvent

atmosphere. The original time of 4 hrs was chosen arbitrarily and can likely be shortened while
at the same time still yield the dotted texture. The striped textures, however, are more often
observed after longer annealing times, so a different strategy would be required in order to limit

PTFE displacement in that case.

6.4.2 Preliminary work on soft lithographic embossing of thick films

AFM images of solution embossed films of compound 6.1 are shown in Figure 6.10. The
lines of material do mimic the grating periodicity, but are shallower than the grooves in the
original stamp, indicating that the presence of solvent doesn’t allow the material to completely

fill the channels. The patterned lines do exhibit a layered surface texture indicative of a lamellar

Figure 6.10. AFM height and phase contrast images of 6.1 patterned by solution embossing into

diffraction grating lines of 416 nm period. The ridge heights are 74 + 10 nm.
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Figure 6.11. (A) AFM height and phase contrast images of 6.1 patterned by hot embossing a
170 nm thick film into diffraction grating lines of 416 nm period. The ridge heights are 105 + 3
nm. (B) POM of the edge of the embossed area showing that the grating pattern polarizes light,

as the transmitted illumation is extinguished when the sample is rotated 45 °.

phase, but no controlled orientation of the layered structure is evident. Breaks in the lines are
believed to be due to drying effects as very little material is observed to lift off with the stamp.
AFM and POM images of thick films of molecule 6.1 molded into diffraction grating

patterns by hot embossing are shown in Figure 6.11. The heights of the lines are closer to the
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depth of the original grooves, and the fact that the patterned film effectively polarizes light

indicates that the grating topology is replicated very well. Unlike with solution embossing, no
breaks in the lines are observed, but definitive indications of a lamellar structure are also largely
absent as the film more closely adopts the surface texture of the PDMS stamp itself.

UV-vis absorption spectra shown in Figure 6.12 of the patterned and non-patterned films
display a higher overall absorption by the patterned films. If photon trapping does occur, a peak
in absorption is expected to be seen when the waveguide mode, K, of the incident radiation for a
given material and incident angle matches the wave vector of the diffraction grating, kg. The

wavelength, A, of this scattering peak is given by>>’

k, =+27/A (6.3)

k=2 /2 (6.4)

2=27500 _ ) +sin6) (6.5)
k—k,|

where A is the grating wavelength, @1is the incident angle, and nefs is the effective refractive
index. For the solution embossed films, no peak is observed, and the increase in absorption
extends over all wavelengths, indicating that the perceived absorption is due to incoherent
scattering by the noticeably rough film. By comparison, the film patterned by hot embossing
also shows increased absorption over a wide wavelength range, but an additional shallow peak is
observed around 594 nm.

Fluorescence measurements may be used to determine if the patterning actually increases
absorption by the film. Figure 6.13 shows emission spectra of non-patterned and hot embossed

films of 6.1 excited at 545 nm. The embossed films show photoluminescence intensity similar to



203

0257 355 nm -5.0x10° 1
Unpatterned film
0.20 Hot embossed pattern 1
— \/ Solution embossed pattern ©
=] >
& 0151 5 0.04
@ 2
g @
s o
8 0.10- s
s c
2 ] Unpatterned film
<C .05 B 50x10° 4 Hot embossed pattern
13 point Savitsky-Golay
Derivative Smoothing
0.004
T T T T T T T 1 T T T T T T T
300 400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 6.12. Absorption spectra of 170 nm thick films of 6.1 either unpatterned or patterned
with a 2400 lines/mm grating topology. The solution embossed pattern shows an increase in
signal due to incoherent scattering over the entire wavelength range. Second derivative fine

structure enhancement shows an extra peak in the spectra of the hot embossed sample at 594 nm.

that of unpatterned films, indicating that the pattern scatters incoherently or the coherently
scattered radiation is not absorbed by the material before it escapes. Both cases are possible
given that A appears to be significantly displaced from the absorbance peak of the material. This
issue can be resolved simply by decreasing A. More importantly, however, it has yet to be
shown that the goal of controlling structural orientation can be achieved. The former issue may
be addressed by increasing the aspect ratio of the patterned features, resulting in a more
prominent pattern that scatters more effectively. The latter issue may simply be due to the
limitations of using AFM to probe bulk mesoscale order, in which case X-ray diffraction
techniques would offer more insight. Altering the procedure to limit the use of PDMS or
employing a more rigid form of spatial confinement such as topologically patterned substrates

are other options for controlling and observing orientational order in these systems.
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Figure 6.13. Fluorescence excitation spectra of unpatterned and grating patterned films of 6.1.

The emission intensity at 545 nm differs little between the two samples.

6.5 Summary and outlook

We have studied the morphology of thin films of a self-assembling, thiophene-based
amphiphile by AFM. As thick films, the material self-assembles into a lamellar phase dominated
by crystallization of the PEG block. However, as the average film thickness goes below the
equilibrium d-spacing of 13 nm, striped and hexagonal dotted textures can be observed. It is
hypothesized that the dotted texture is a result of assembly of the thiophene and alkyl units in the
monolayer regime in which ideal chain statistics determine the morphology of the PEG segment
and the area density of molecules. The striped textures are observed in films whose thicknesses
are close to half the bulk d-spacing. In this case, it is thought that the PEG segments are more
extended and possibly crystallized, and the area density of molecules is greater, so the thiophenes

are capable of packing into larger structures. Deposition of thin films of 6.1 on friction-
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transferred PTFE shows promise for controlling the degree of order of the surface textures.

Demonstrating control over the morphology of the monolayer is a desirable first step toward
controlling the bulk film morphology and achieving direct charge conduction pathways to an
electrode surface. In addition, hot embossing of thicker films of 6.1 into diffraction grating
topologies shows promise for improving absorption properties by photon trapping. Pattering of
the bulk may be a complementary strategy for controlling the orientation and order of the self-

assembled structure.
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Appendix A Determination of molecular orientation by polarized IR spectroscopy

A.1 Quantifying alignement and structure of PA nanofibers

The orientation of a TDM (M) of a single molecule may be described with respect to a
fixed space coordinate system (X, Y, Z) by using the Euler angles as shown in Figure A.1. The
molecular coordinate system is described by the u, v, and w axes, where W denotes the main axis
of the molecule or supramolecular structure. The z axis is chosen to be normal to the substrate
while the X and y axes are chosen to lie in the substrate plane. In the case of the PA nanofibers,
w denotes the long axis of the nanofiber structure, and the X axis is chosen to be parallel to the

direction of the patterned channels. The tilt (#) and azimuthal (@) angles describe the orientation

Figure A.1l. Fixed space coordinate system (X, Y, z), nanofiber or molecular coordinate system

(u, v, w), and the angles (6, ¢, v, «) used to describe the orientation of the nanofiber and TDMs
(M).
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of W with respect to the space coordinate system. The orientation of the TDM with respect to

the nanofiber coordinate system is described by a tilt (&) and a twist (i) angle.

The direction cosines Ky, Ky, and K; are the square of the components of the unit vector of
the TDM along each axis of the spatial coordinate system and are related to their respective
extinction coefficients by a constant of proportionality.**® Given the absorption intensities Ey,

Ey, and E; for a given vibration obtained experimentally from spectra polarized along each fixed
space axis, the direction cosines can be calculated from K; = Ei/ZE, where ZE = E; + Ey + E,.
The function of K; with respect to « and the three Euler angles 6, ¢, and i is determined by
straightforward geometric arguments as shown by Zbinden.*”’ The components of the TDM
along each axis of the space coordinate system (M, My, and M,) are related to the components of

the TDM along each axis of the molecular coordinate system (M, My, and My as follows:

M, cosy cos@cos@ +sinysing siny cosdcosp—cosysing cosesinf (M,
M, | =| cosy cos@sing—siny cosgp siny cos@sing +cosy cosp singsind | M, |(A.1)
I\/IZ

—sin@cosy —sin@siny cosd M,

The components of the TDM with respect to the molecular coordinate system are related to the

absolute magnitude of the TDM M and the angle o by simple relations:

M, M sin
M, |= 0 (A.2)
M, M cosa

Inserting equations A.2 into A.1 yields expressions for My, My, and M; in terms of &, 6, ¢, and y.
Knowing that the direction cosines are proportional to the square of the components of the TDM
as Kj = (Mi/M)?, we obtain:

K (coswcosHCOS(psina + siny sin @ sin @ + cos ¢ sin & cos a)2 (A.3)

X =
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. . . . . . 2
K, = (cos  cos @sin ¢ sin @ —sin i cos @ sin & + sin @ sin € cos a) (A.4)

K, = (~sin@cosy sina +cosfcosa )’ (A.5)
The nanofibers are assumed to have cylindrical symmetry about their long axis, so the

distribution of yis taken to be uniform. Cylindrical symmetry allows us to integrate the

expressions for the direction cosines over the angle y to yield:

K, = %cos2 Ocos’ psin® o +%sin2 psin® a +cos” psin® fcos” a (A.6)
K, = %cos2 Osin’ psin’ a +5COSZ @sin’ a +sin” psin® fcos’ o (A.7)
K, = %sin2 @sin’ o +cos’ Ocos’ a (A.8)

The patterned nanofibers can be thought of as a biaxially oriented film where the

nanofibers preferentially align perpendicular to the z axis and parallel to the x axis within the xy

315,316

plane. Stein introduced two orientation parameters, foand f,, to describe alignment in

biaxially oriented films:

- 3<cos2 9> -1 (A9)
2
f, =2(cos’ p) -1 (A.10)

where <cos>@> and <cos’@> are the mean values of cos*@and cos®¢ for a distribution of TDMs
in the film. fyis equal to the space-averaged second order Legendre polynomial P, or Saupe
order parameter S, describing alignment along the z axis out of the substrate plane.**** f, can
be thought of as a two-dimensional order parameter quantifying the in-plane alignment of

directors along the x axis. Pelletier and coworkers®*' rewrote the expressions for K; given by
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Zbinden in terms of these two parameters assuming cylindrical symmetry about the w axis,

resulting in the following:

(1. 1 1]
K, = _(Esmza—gJ(fg +f,f, - f¢)+§_ (A.11)
(1. 1 1]
K, = _(Esmz o —gj(fg —f,f, + f¢)+§_ (A.12)
K —_(cosza—ljf +l (A.13)
ol 3)7°3 '

For the patterned nanofibers, @is close to 90° and fy approachs -0.5. We choose to
concentrate our quantitative evaluations on the amide I and amide A vibrations known to be
aligned mostly parallel to the nanofiber long axis (a approaching 0). While the orientation
parameters cannot be determined exactly from the three polarized spectra alone, upper and lower
bound values of f, can be calculated assuming specific values of @ and 6. The lower bound is
obtained assuming that the TDM is oriented parallel to the nanofiber long axis (= 0) and that
the non-zero value of K; is due to tilt of the nanofiber out of the Xy plane (fy> -0.5). Solving for
f, from equations A.11 — A.13 gives

A (A.14)
oK, K '
Considering a different idealized case in which all of the nanofibers are lying perfectly parallel to
the substrate (fy=-0.5), any observed non-zero value of K; is attributable to an average tilt of the

TDM off the axis of the nanofiber (o> 0). This scenario yields an upper bound value for f,

given by
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K, —K,
f o= (A.15)
oK, 4K - 2K,

Assuming cylindrical symmetry, it is impossible to distinguish whether this value of « is due to
inherent tilt of the TDM out of the plane of the parallel B-sheet, twist of the B-sheet about the
nanofiber axis, or disorder in the self-assembled structure. We can at least obtain a maximum
value of a by selecting the smallest value of K; for each molecule and each vibration and solving

for fg=-0.5:

a.. = arcsin(\/m ) (A.16)

Selected peaks in the spectra were fit to Lorentzian forms so that the peak areas could be
obtained and the quality of alignment between samples could be quantitatively compared. In the
amide I region (1700-1620 cm™), a rigorous deconvolution of each of the non-p-sheet peaks was
not attempted, rather, the peak fitting was performed to the extent to which we were able to
reliably determine the area of the B-sheet peak at 1630 cm™. The amide A band (3310-3270 cm

311,312 .
2 and even more difficult to deconvolute, so

" is much less sensitive to secondary structure
orientation parameters obtained for the amide A band were used only to qualitatively confirm

observed trends.

A.2 Quantifying order in films of supramolecular mushroom-shaped nanostructures

In the case of the mushroom nanostructures, W is chosen to represent the long axis of the
rod segment of each molecule. If it is assumed that there is no preferred orientation to the twist
of the molecule, the distribution of the twist angle  may be taken to be uniform and equations
A.6 through A.13 remain applicable. Although this may not necessarily be the case for the

mushroom molecule, the assumption of cylindrical symmetry can still be instructive as a first
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approximation. Films of the supramolecular mushroom nanostructures are believed to have

uniaxial order relative to the surface normal which may be quantified by the order parameter fy

given in equation A.9. The value of f,, is taken to be 0, and solving for fyin terms of &, Ky, and

K; gives:
2 1-d 1-d
f, = = ing =0 A.17
¢ (3cosza—lj(2d+lj 2d 4 omRE A &.17)
d Y (A.18)
= _

where d is the dichroic ratio. If the value of « is not known exactly, it can be taken to be 0, and
the value of fy calculated would be a lower bound. Corresponding values of the tilt angle &
calculated from these values of fy can be taken as upper bound values, @.x. The assumptions
listed may be overly simplistic for the molecule 2.1 but are not unreasonable for the guest
molecule 2.3. Thus, values for the order parameter of the guest molecules calculated using
equation A.17 are considered valid estimates.

An upper bound for the value of « can be obtained by assuming that the condition that
yields the lowest value of d is perfectly aligned (fy= 1), and that the non-zero value of d is

entirely due to tilt of the TDM off the main axis of the molecule.

A = arctan(Jdein ) (A.19)

The original value of fy obtained for this particular condition from equation A.17 is denoted fgmin,

and “corrected” values of fy taking into account amax can be calculated for each other condition:

£ = f% (A.20)
0, min
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o' 200511/2f93+1 (A21)

Removing the assumption of cylindrical symmetry entirely would complicate the model
by adding another variable into the equations. Instead, we chose to examine a different idealized
case where the twist angle yis fixed at a value of 0. In this case, the angle « tilts the TDM
farther from the surface normal and the value of fy given by equation A.17 would be a severe
underestimation. Returning to equations A.3 — A.5, we implement this idealized case by setting

=0 and integrating over a uniform distribution of the angle ¢ to yield:
1.,
K, =K, =sin 0+a) (A.22)

K, =cos’(0+a) (A.23)
In essence, a becomes indistinguishable from the molecular tilt angle 6. We can again correct

for the value of aax obtained from equation A.19 by calculating a reduced value of the

molecular tilt angle 6

0. = arccos{ 2 f; *l j —a,,, (A.24)
2
Kok o 1
fo = 308" Onip =1 ;9 i (A.25)

Because amax overestimates the value of ¢, values of fg** obtained in this manner overestimate
the order parameter and should be considered upper bounds. The corresponding value for the tilt
angle Gnin can be considered a lower bound. By comparing these values to the values for the

order parameter and tilt angle gathered by other techniques, we can formulate a better picture of

the orientation and packing of the molecules within the film.
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