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Abstract

Carbon nanotubes have broken through the barriers of our imagination and are cur-
rently being investigated for various nano-electronic device applications. Successful imple-
mentation in these applications however, often requires strict control of their properties
and orientation. As such, post-synthesis processing must be performed prior to any device
fabrication. These processing techniques often aim to either address the challenges associ-
ated with sorting and alignment individually. A novel method called the alignment relay
technique aims to address both of these issues simultaneously. As the introduction of this
process was merely a proof of concept, focus must be put in place to enhance the perfor-
mance and efficacy. In an attempt to improve this technique, we alter the temperature,
liquid crystal, iptycene design as well as means of alignment as attempts to accomplish
this. At the same time, mechanistic details are revealed to gain a better insight of the
nanoscopic dynamics.

Preparation of preliminary materials and apparatuses are initially performed. We first
build a Polarized Optical Microsope (POM) in order to observe the liquid crystal dynamics.
Despite its frequent use in a research setting, the cost can be upwards of thousands of
dollars. As only qualitative observations are required, we decided to build our own model.
In this section, we provide a blueprint for the construction of an economical POM with a
heating stage and digital connection for facile recording of data, totaling about $150-$200.
We subsequently demonstrate its effective application in visualizing liquid crystals. After
the microscope is made, various molecules are synthesized to gain the chemical resources
needed for the alignment. In an attempt to circumvent some of the hazards asssociated
with the original synthesis, an alternate route to create iptycene (5) is first explored.
Despite having success in the initial parts of the synthetic sequence, an inability to replicate
literature conditions causes the final step to produce only a 2% yield. Thus, we are forced
to abandon this procedure and revert to using the original route to making the molecule. A
smaller iptycene molecule (9) is subsequently made through attaching the anchoring group
directly to one of the intermediates appearing in the synthesis of iptycene (5). Finally,
a separate liquid crystal (11) is synthesized through two nucleophilic additions with 4-
hydroxy-4-biphenylcarboxylic acid. These materials provide us the necessary grounding to
perform experiments with the alignment relay technique.

After the preliminary materials are gathered, the effects of changing the temperature,
liquid crystal and iptycene on CNT depositions are observed. An increase in temperature
from 25 oC to 70 oC with a nematic liquid crystal (ZLI-1185) do not yield great results as
standard deviations are over 45 o. Attempts at using a more ordered smectic A liquid crystal
mixture do not aid results either. In fact, we obtain no CNT deposition at all with these
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attempts. From this, we gather that controlling both the alignment and functionalization
of iptycenes at higher temperatures prove to be a challenging task. As a result of the
unknown parameters of both functionalization and alignment kinetics, higher temperature
experiments are abandoned. Next, iptycene (9) is used to probe the sorting effects of the
alignment relay technique. As the size of the cavity on this molecule is significantly smaller
in comparison to the original iptycene (5) we expect smaller CNT’s to be deposited onto
the surface. Unfortunately, alignment of this molecule in liquid crystal media is a potential
issue due to the smaller size. Consequently, no CNT’s are spotted on the surface. Valuable
mechanistic insights are obtained from these changes in variables in the alignment relay
technique.

Finally, magnetic fields are explored as a viable method for alignment. From these
experiments, we find that the performance is positively associated with the magnetic field
strength. The standard deviation in alignment between a 0.6 T field and 0.9 T field are
55 o and 24 o respectively with also a clear Gaussian distribution found in the latter
condition. Trends for selectivity however, are unconfirmed as Raman spectroscopy using
532 nm and 633 nm lasers show conflicting information. The 532 nm laser show the
best selectivity under a 0.9 T field while the 633 nm laser suggested that the 0.6 T has
the better selectivity. Despite needing further data to establish a pattern between field
strength selectivity, general patterns remain congruent with previous reports as the same
diameter CNT’s (1.44 nm and 1.59 nm) are present on the substrate surface. These positive
results allow the use of magnetic fields to be the basis of future alignment experiments and
processes. Benefits as a result of this change include limiting exposure of the substrate to
dust, adjustable alignment and reusability.
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Chapter 1

Introduction

1.1 Organic Chemistry

Organic chemistry consists of manipulating structures derived from the upper right sector
of the periodic table, revolving around carbon. Historically, organic chemistry has yielded
many useful innovations in the fields of medicine and consumer plastics.

In the field of medicine, the development of antidepressants added another dimensionality
to our previous hypotheses of depression and gave a better insight into the human psyche.
Among a few theories for the cause of depression in the early 20th century, are Sigmund
Freud’s theory of objective loss (i.e. death of a loved one or romantic breakup) and Viktor
Frankl’s theory of a lack of personal meaning (i.e. the presence of an existential vacuum).1,2

From these hypotheses, humanistic approaches such as logotherapy emerged, which em-
phasized the pursuit of silver linings in times of adversity.3 Meanwhile, in the realm of
practical neuroscience, lobotomies and electric shock therapies were becoming common-
place to tackle this enigmatic disorder. Previous approaches of understanding and treating
depression came from humanistic avenues or from top down approaches.4 It was only in the
1950’s that a possible biochemical explanation for depression came to light when doctors
noted strange side effects from patients taking the drug, Isoniazid (Figure 1.1). Isoniazid
was initially a drug used to treat tuberculosis, however, it was noted that some users ex-
perienced an increased feeling of well-being and increased appetite.5 This lead to further
exploration for the drug but unfortunately, inconsistent results from various independent
doctors prevented this lead from taking off.6 Despite the poor results, the method of modi-
fying internal biochemistry became a route that many researchers began taking seriously as
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Figure 1.1: Chemical structure of Isoniazid

drugs specifically targeting the treatment of depression began to materialize.7-10 The rest is
history as this subsequently inspired studies to explore the influences of neurotransmitters
on mood, which then paved way for the development of drug classes like selective serotonin
reuptake inhibitors (SSRI’s) and mono-amine oxidase inhibitors (MAOI’s). With the de-
velopment of better and more complex molecules, some important neurological pathways
implicated during the pathology of depression were soon elucidated.11,12 Thus, without
organic chemistry, our understanding of the biochemical contribution to the human psyche
would be insufficient.

Polymers are widely abundant in biological matter. Glycogen acts as an energy storage
medium in the muscles.13 Cellulose acts as a protective barrier and as a source of rigid-
ification for plants.14 Deoxyribonucleic acid (DNA) is the basis for the genetic coding of
life. For living organisms, enzymes catalyze these reactions allowing a wide variety of
these biochemical materials to be easily manufactured within the confines of their own
cells. Manipulating matter outside of this realm to make polymers however, proved to
be challenging. One of the first synthetic polymers was introduced only in 1907, when
the Belgian-American chemist, Leo Baekeland exploited the condensation between phenol
and formaldehyde to make Bakelite. This polymer would be commercialized in plethora of
consumer products from radios to firearms.15

Despite the introduction of synthetic polymers in the early 1900’s, what they were and the
mechanism by which they were formed remained relatively unknown until the late 1920’s.
This was when Harvard researcher Wallace H. Carothers began his publications about poly-
condensation and its comparison to polyaddition. Most importantly, he outlined that poly-
mers were high molecular weight species and not special aggregates of smaller molecules.
From this, came simultaneously his initial publications on synthesizing polyester, which
would be widely adopted today in clothing and various forms of packaging.16 In 2016,
polyester dominated the global fiber trade, owning over 55% of the total market share.17

Polycondensation proved to be the basis of many futuristic materials at the time. Applying
this principle to monomers with multiple aromatic components, yields high performance
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polymers such as aramids (aromatic polyamides). One of the most notable examples in
this class being Kevlar, which possesses high structural rigidity, flame-tolerance and overall
toughness per unit area. These qualities make this material suitable for bulletproof vests,
tires and ropes.18

Figure 1.2: Synthesis of Kevlar through polycondensation

The polymer industry would face another wave of momentum moving into the 21st century
when advancements in organometallic chemistry yielded, what were otherwise, impossible
transformations.19 Stille and Suzuki couplings, for example, allowed for facile formation
of biaryl motifs through direct C-C bond formation. As a result, extended conjugated
systems could be made, thus providing steam to the field of conjugated polymers.20 These
materials would be implemented in OLED (organic light emitting diodes) , solar and thin
film transistor technologies.21 Palladium catalyzed transformations did not simply stop
here however. Direct arylation carried this torch forward by improving efficiencies of ma-
terial synthesis in various fronts, enhancing synthetic control and doing this all in an
eco-friendly fashion. An example of this would be the enhancement in the synthesis of
poly(3-alkylthiophene)s (P3AT) .21 Prior to direct arylation, one of the methods to make
P3AT’s was through the oxidative coupling of alkyl thiophenes via the FeCl3 catalyst.
These reactions had maximum yields in the 50% range due to uncontrollable regioselec-
tivity during the polymerization process, forming head-head, head-tail and tail-tail species
(Figure 1.2).22-24 Direct arylation, like its predecessors, only stitches together specifically
activated regions, thus allowing regioselectivity to be tightly controlled. As a result, it is
not uncommon for desired P3AT’s to be synthesized with yields of 99%.25,26 Thus, not only
has palladium cross coupling given birth to countless new materials, it has also been able
to increase the efficiency in the ability to mass produce pre-existing ones. Thus, consumer
products like plastic packaging and displays have all benefited in some way shape or form
due to developments in organic chemistry.
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Figure 1.3: a) Head to head, head to tail and tail to tail polymer formation of P3AT with
oxidative polymerization b) Controlled head to tail regioselectivity via direct arylation
polymerization

Organic chemistry prove to be a powerful catalyst to continuously usher improvements to
our health and leisure. Our goal is to continue this trend and use these molecules to help
us innovate in the realm of nanotechnology.

1.2 Nanotechnology

Nanotechnology focuses on the very small and has many grandiose goals. Some of which
include: perfecting the construction of the basic building blocks of various forms of matter,
elucidating their unique properties, integrating them into technological applications and
the ability to preserve and replicate the nanoscopic features of promising candidates to
the commercial scale. This field has experienced an exponential boon in the past decade.
In fact, according to a recent report by StatNano, the number of nanotechnology research
publications increased from 19,754 in the year 2000 to 141,663 in 2015.27 Whether it is
finding a way to create monodisperse conjugated polymers to enhance uniformity in opto-
electronic properties, or finding the perfect mixture of components for a new composite,
our newly developed thirst for understanding the world of the small contains great promises
of ushering the world into a new era of technology and innovation.
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One area that has caught a lot of attention is the field of thin films. Thin film electronic
materials have a wide variety of applications including touch screens,28 solar cells,29 flexi-
ble circuits30 and implantable biological sensors.31 Technological evolution over time in this
area has made it possible to precipitate new features, increase performance or decrease the
cost of production to adapt to consumer demands. One example for which this has hap-
pened is the introduction of OLED’s. This technology has allowed for the production of
astonishingly thin displays previously inaccessible by liquid crystal display (LCD) tech-
nology while simultaneously improving other features such as viewing angle and response
time.32,33 The culmination of these desirable traits in a commercial product lead to the
successful development of a market worth an expected $30.3 billion in 2019.34 Another
example for which technological innovation has accommodated to changing economic de-
mands is the development of perovskite solar cells. Global energy consumption is expected
to increase by 28% from 2015 to 2040.35 At the same time, the vast supply of technology
from tractors to smartphones across the globe has caused an accelerated rate of carbon
dioxide emissions.36,37 As a result, perovskite solar cells have emerged as an energy resource
to tackle the economic and environmental burdens faced by the world. It is emerging as the
fastest improving solar technology ever realized with power conversion efficiencies reaching
over 20% in the latest improvements.38,39 Furthermore, their facile means of production
coupled with its flexibility is congruent with the current theme of portability and conve-
nience in today’s market. Technological evolution in various thin film products has taken
part in the drastic change of people’s lives with bigger disruptions incoming for the future.

The emergence of new nanomaterials has created an attractive niche for the field of opto-
electronics. Carbon nanotubes (CNT’s), quantum dots and perovskites are among some of
the contenders for the next generation of sensors and thin film devices. CNT’s possess a
slew of attractive physical and electrical properties, as well as stability making it a highly
competitive option in this broad ecosystem. Among some of CNT’s physical attributes
are their high Young’s modulus (450 Gigapascals (GPa))40 and high decomposition tem-
perature (525 oC) for dense, vertically aligned films.41 In the following segments, we will
discuss the attractive electronic properties of CNT’s in various device settings.

1.3 Carbon Nanotubes

CNT’s can be conceptualized as a sheet of graphene rolled into a cylindrical tube. Atoms
comprising the lattice structure are characterized as being approximately sp2 hybrids
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throughout. The pristine surface and geometry of carbon nanotubes makes these materials
difficult to solubilize. As a result, there are always impurities or imperfections added for
successful dispersion in solution. Surfactants like sodium deoxycholate and various poly-
mers are typically used as a non-invasive means of enhancing the solubility of this material.
The pristine structure can also be partially disrupted in order to add functional groups that
enhance solubility.42,43 This is often done by adding CNT’s to H2SO4 or HNO3 to carboxy-
late the surface, improving its dispersive ability in aqueous solutions.44,45 Unfortunately,
this covalent functionalization also deteriorates optoelectronic properties.46 Thus, the ad-
dition of elements to solvate this material is viewed as a necessary evil at this point in time.

Figure 1.4: (a) Schematic plot of the chiral vector (Ch) in a graphene 2-D lattice. (b)
The relationship between integers (n,m) and the metallic or semiconducting nature of
nanotubes. (c) The structure of “armchair”, “zigzag” and “chiral” nanotubes. 47

CNT’s exist in many different structures: they can be single walled, double walled or
multi-walled.48 For the purpose of this project, we will be focusing on single walled car-
bon nanotubes (SWCNT’s). SWCNT’s can be geometrically identified with a set of two
dimensional indices, m and n. These values correspond to the exact manner by which it
is theoretically folded from an origin on graphene and is illustrated in Figure 1.4. These
indices are important as different folds produce CNT’s of different diameters and chirali-
ties, leading to variations in electronic properties.49-51 As a general rule, if the difference
between m and n is equally divisible by three, the CNT behaves like a metal, whereas all
other scenarios yield semiconducting behavior. Further, it can be said that the bandgap
scales inversely proportional to the diameter of the CNT.52-54
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The perfection in lattice structure of this material gives rise to unparalleled thermal
and conductive properties. Some of which include: ballistic transport,52,55,56 low power
consumption,57,58 high tensile strength40,59,60 and exceptional stability.61,62 To further high-
light some of these attributes, we will walk through some application examples.

1.3.1 Field Effect Transistors

Field effect transistors (FET’s) are high performance electrical switches used in computer
processors. CNT’s possess ideal characteristics to make the functionality of existing FET’s
even better. Figure 1.5 provides a visual of these novel CNTFET’s. Electronically, CNT’s
possess quasi-ballistic transport, providing faster charge transport, while at the same time,
reducing the energy emission in the form of phonons.63-65 A recent demonstration evalu-
ating the performance of a 10 nm CNTFET showed an operational voltage of 0.4 V, in
comparison to 0.7 V by a state of the art 14 nm metal oxide semiconductor field effect tran-
sistor (MOSFET) normalized for a CNT density of 125 CNT/μm2.66 On/Off current ratios
indicate how well the device can distinguish a signal between its on and off state. High
On/Off ratios of 1 x 108 have been reported for individual devices,67 while a ratio of 1 x
107 was attained for a network.57 Despite demonstrating excellent properties, some of these
qualities can only be maintained for homogeneously aligned and sorted batches of CNT’s.
In contrast, the carrier mobility can be up to 40 times lower in a random network.68,69

Whereas, On/Off ratios can be decreased by up to three orders of magnitude if there is
even a 1% increase in metallic CNT content.70 Thus, CNT’s have incredulous properties
that are suitable for FET applications but must overcome fundamental challenges of sorting
and alignment for widespread adoption.

1.3.2 Solar Cells

Due to the semiconducting (sc) nature of CNT’s, it is only natural to evaluate the use of this
as a light harvesting material. There are many different solar cell architectures based off
of CNT’s. The most promising of which has been the hybrid CNT/Si solar cells, reaching
efficiencies of 17% for p-CNT and 4% for n-CNT.72 The manufacturing process of these
carbon nanotube solar cells can play a huge role in dictating the efficiency of these devices.
Firstly, purity of the material used is an important consideration as increasing the purity
of the sc-CNT’s from 95% to 97% nearly doubles the efficiency of a solar cell.72 Secondly,
vertical alignment is crucial for the fabrication of this technology as the CNT’s doubles
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Figure 1.5: CNTFET Modelled After a Traditional MOSFET71

as a surface passivation layer to prevent recombination.74 Thus, while the performance for
carbon nanotube based solar cells lags behind some of the other options like perovskites,
efforts to improve the purity and alignment will ultimately yield better efficiencies.

1.3.3 Sensors

CNT’s exhibit the ideal geometric and electronic qualities for sensor applications. Due to
the one-dimensional nature of the material consisting of only surface atoms, any molec-
ular adsorbate will cause a perturbation to its resting electronic state.58,75 Not only this,
specifically, CNT’s have an unusually high affinity for gasses like NO2 and NH3. In fact, Li
et al. demonstrated a CNT sensor with a detection limit of 44 parts per billion (ppb) for
NH3.

76 Chemical modifications can further be done on CNT’s to improve detection limits
and to sense other chemical species. In 2003, Qi et. al. built a similar sensor to the one
from Li et al, except, the CNT’s were coated with polyethylenimine.77 The result was a
device in which the detection limit for NH3 was lowered to 1 ppb. To sense other chemical
species, CNT’s functionalized with the amino acid, cysteine, were able to detect Pb2+ and
Cu2+ at levels of 1 ppb and 15 ppb respectively.78 Much like the previous cases, CNT’s
must also be sorted and aligned for high performance sensor assemblies. Unsorted, aligned
networks of CNT’s exhibit a dramatic decrease in response signals.79 Thus, as the evolution
of technology progresses into the future, CNT’s are highly likely to play a significant role
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in our ever-changing atmosphere.

1.3.4 Production and Processing

Significant effort has been made in an attempt to bring these next generation electronic
devices to life. Unfortunately, numerous challenges still exist regarding their production
and processing, preventing the materialization of CNT based devices. Recall that different
CNT’s have different electronic properties; any minor deviation on this nanoscopic scale
will carry forward to the macroscopic. Therefore, to extract the maximum potential of
CNT based devices, we would ideally need to consistently produce monodisperse batches
in-situ or from ex-situ processing.

Methods aimed at addressing the sorting issue include using rationally designed nanopar-
ticles for CVD growth and ex-situ sorting methods like voltage breakdown and ultracen-
trifugation. A CVD chamber consists of an inlet for feeding in reactant gases, an outlet
for removing exhaust and a tube furnace for pyrolysis. Its operation involves controllably
pyrolizing the reactant gases being fed into the chamber to yield product structures on a
substrate surface. In the case of CNT formation, the reactant gases consists of hydrogen
(reducing agent) and various forms of carbon (e.g. ethanol) diluted by an inert carrier
gas such as helium or argon. To enhance the yields for CNT production, metal catalysts
are used to as general pyrolysis can yield plethora of different allotropes like fullerenes
and amorphous carbon. Specific catalysts like cobalt and nickel can further control CNT
nucleation and dictate CNT chirality as a result of varying contact energies between the
catalyst and each CNT chirality.54,80 It is important to note however, that state of the art
technology can only realize a 57% yield for synthesizing SWCNT’s of a single chirality and
99% yield for synthesizing general SWCNT’s with most processes yielding outcomes far
worse than that.81,82 Results are highly dependent on many factors. Some of which include:
the purity of reactants used, catalyst lifetime, substrate quality (purity and topography).
The preparation required to produce high quality results is both intensive and expensive.
As a result, research focusing on the qualitative separation of CNT’s post-growth is also
an important undertaking in today’s time. Voltage breakdown is a low cost method to sep-
arate CNT mixtures. This method involves patterning a transistor design around a CNT
sample. The semiconducting CNT’s are turned to their “off state” by applying a positive
gate bias. This is as a result of the intrinsic p-type nature of the CNT under an oxygen
rich environment (otherwise, it would be negative for n-type). An electrical pulse is then
passed through the source and the drain. This causes the electron carriers in the sample
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(especially from the conductive metallic CNT’s) to excite and generate a lot of heat. This
heat concentrates generally in the middle of the CNT and promotes an oxidation process
that effectively destroys the channel of the CNT. As a result, metallic CNT’s, they are
removed, leaving pure semiconducting CNT’s behind. The benefit of this method is that
this purification step can be built on top of the device manufacturing process, saving time
and effort. Unfortunately, if further separation of semiconducting CNT’s is needed, then
another method must be consulted as the separating CNT’s of different band remains a
challenge with voltage breakdown.83-85 Ultra-centrifugation is another promising technique
which involves wrapping the CNT’s in surfactant mixtures, then subjecting the samples to
centrifugation at speeds of 40,000 RPM+.86 The principle behind this is that upon interact-
ing with the surfactant mixture, the CNT’s would possess different buoyancies which can
be exploited via centrifugation. This technique has been demonstrated to separate CNT’s
of different sizes even directly from a wide mixture of carbon allotropes.87 Unfortunately,
much like the CVD method, cost is an issue and as a result, this method is difficult to
scale. Due to challenges that many examples for sorting face for large scale applications,
sorting is still an important task being investigated in various stages of CNT procurement.

Another major challenge associated with producing CNT devices is alignment. High qual-
ity devices cannot be patterned onto CNT’s directly as most techniques used for mass
production result in randomly oriented bundles. As such, CNT’s must be delineated into
organized arrays to expose their unique properties. It has been shown that organized ar-
rays results in carrier mobility differences of up to 40 times while the on/off ratio can be an
entire order of magnitude off.88-89 Current methods of alignment include dry shearing,90 gas
flow,59 filtration91,92 and magnetic fields. Dry shearing uses an aligner and uses frictional
force to shear a thin film of CNT deposited on the surface of a substrate.90 The results are
dependent on the size of the CNT with performance being inversely proportional to diame-
ter. This method is non-invasive meaning that it will not negatively alter the properties of
the raw material. However, this also means that it will not be able to positively affect the
sample either. Contaminants that are found in the original sample like residual catalysts
are spotted on scattered electron micrographs. Thus, this method requires that starting
materials be relatively pure. Slow filtration is another non-invasive alignment technique in
which an aqueous CNT suspension is filtered through a porous membrane. Results, as al-
ways when handling various forms of nanomaterials, are dependent on a variety of stringent
factors. In this case, these factors include surfactant choice, surfactant concentration, CNT
concentration and speed of filtration and CNT production method. Controlling every one
of these parameters yield the possibility of achieving crystalline levels of alignment across
a wide domain in which the range of Gaussian distributions are within +/- 5 o.92,93 Fi-
nally, we can take things back to the CVD chamber and control the inlet gas flow amongst
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other parameters to dictate alignment directly during the germination process. Mecha-
nistic studies have shown that short CNT’s are unable to interact with the gas flow as
well as long CNT’s. Thus, This focus yields only long but uniformly aligned CNT’s.94,95

Commercialization of this is again, yet to be realized as CNT’s must be grown on expensive
substrates such as quartz or sapphire and require laborious preparation.64, 96-98

1.4 Alignment Relay Technique

As sorting and alignment processes are often independent, it can be an inconvenience to
perform each process separately. One unique approach of processing CNT’s is to address
both of these challenges simultaneously.99 The Alignment Relay Technique (ART) devel-
oped by the Schipper group is an example of that. It involves a rubbed polyimide alignment
layer passing information onto a layer of liquid crystal. The liquid crystal then passes this
information onto iptycene molecules. These molecules finally pass both this as well as sort-
ing information onto CNT’s, thus completing the relay. The following paragraphs describe
the main components involved in this process.

1.4.1 Liquid Crystals

Liquid crystals are compounds that possess physical states exhibiting qualities of both the
solids and liquids. The solid-like qualities manifest as areas of orientational and positional
order, forming domains that can be seen on a polarized optical microscope (POM) . The
liquid-like properties come in the form of mobility as molecules are not completely fixed
in a solid lattice.100 Combining various degrees of positional and orientational orders yield
the different mesophases that liquid crystals can exhibit; these include the nematic state
and smectic states. The nematic phase is defined as having orientational order but lacking
positional order (Figure 1.6a). Thus, thread like defects can be seen as a result disclina-
tions within ordered domains.101 The smectic phases are found at temperatures lower than
the nematic and can be separated into many sub-phases. They possess both orientational
and positional order.

Liquid crystals in both the nematic and smectic phases possess the unique attribute to be
able to undergo uniaxial alignment with an alignment interface. One method is through
the use of a physically rubbed alignment layer. When subjected to this interface, liquid
crystal molecules on the surface interact with the trenched arrays and relays the alignment
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information through the bulk of the medium. Figure 1.6b demonstrates alignment through
a physical interface.102-104 Other forms of alignment include the using electric and magnetic
fields. Liquid crystals have electric dipoles in which one end is partially positive and the
other, partially negative. This contrasting feature allows them to align with electric field
flux, with the degree proportional to liquid crystal’s electric susceptibility. Further, as a
consequence of the electric charge separation, there is a dynamic circulation of electrons
between the two dipoles which subsequently creates a perpendicular magnetic field. This
allows the medium to interact with magnetic field flux with the degree proportional to the
liquid crystal’s magnetic susceptibility.105-108

Figure 1.6: a) Nematic phase of liquid crystal exhibiting colorful patterns called Schlieren
lines b) Same sample in the smectic A phase that has undergone uniaxial alignment under
a magnetic field

1.4.2 Iptycenes

Iptycenes are a general class of organic compounds characterized by fused arenes bonded
to a barellene centre. A few physical characteristics of this class of compound include good
thermal stability, rigidity and large pockets formed between the “arms”.109 An interesting
aspect of these molecules is that liquid crystals are able to interact with the structure and
minimize the free space created by the ”arms”. As a result, they have the possibility to
orient the molecules depending on how the liquid crystals are aligned (Figure 1.7b).110 As a
molecule with many localized areas of aromaticity, the π system throughout can participate
in π-π interactions like many similar systems. In fact, their curved structure allows them
to interact with the π system in CNT’s and can provide a scaffold for which they can be
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bound to (Figure 1.7c).111 This is the basis of the selection principle as iptycenes with
varying degrees of concavities and sizes would preferentially bind to CNT’s of a given size.

Figure 1.7: a) Example iptycene structure b) Minimization of free space by liquid crystals
c) Illustration of accumulated π stacking from iptycene arrays

1.4.3 Anchoring Groups

Referring back to what was said previously, the iptycenes follow suite of the liquid crystal
undergoing uniaxial alignment. However, this configuration is not solidified as any per-
turbation to the system will destroy its orientation. As such, the molecules need to be
anchored onto the the substrate surface in order to set the desired orientation in place.
This can be done by attaching anchoring groups on the molecule. One preliminary require-
ment for this group is that it must form multiple bonds in order to prevent rotation of
the iptycene after functionalization. As this requirement is mostly design related, multiple
options are available at our disposal. One example is to use silane groups. Silanes read-
ily form covalent bonds on surfaces like silicon dioxide, alumina and titanium dioxide.112

Unfortunately this group is not practical as installation is quite tedious on our iptycene
system. Another example at our disposal are thiols. This group however, forms strong
bonds only with gold interfaces.113 Given these additional constraints, the best candidate
we have at our disposal are phosphonate esters. They readily form rigid covalent bonds
on a wide variety of metal and metalloid oxide surfaces such as silicon oxide and indium
tin oxide.114-116 The groups are relatively easy to install through a Diels Alder attachment.
There has also been precedence of using this element in an optoelectronic setting further
reinforcing its adoption.117 Figure 1.8 illustrates how these anchoring groups attach to the
surface.
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Figure 1.8: Attachment configurations of phosphonate esters to metal oxide surfaces112

1.4.4 Assembly

The Alignment Relay Technique for sorting and aligning CNT’s is illustrated in Figure 1.9
and goes as follows:

1. A mixture of liquid crystal and iptycene is made and a drop of the mixture is sand-
wiched in between a silicon shard and a polyimide alignment substrate. As the liquid
crystal aligns with the rubbed polyimide film, so will the iptycene molecules through
the minimization of free space.

2. The mixture is left for 24 hours for the iptycene molecule to chemisorb onto the
silicon surface via condensation.118

3. Finally, the excess mixture is washed off with solvent and the silicon shard is im-
mersed in a carbon nanotube solution. CNT’s would only bind to areas with a high
abundance of π- πinteraction.

4. Excess CNT’s are washed off with MilliQ water and samples are analyzed via atomic
force microscopy (AFM) and Raman spectroscopy.
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Figure 1.9: ART schematic for aligning and sorting SWCNT’s99

Instead of requiring separate processes to sort and align CNT’s, the ART provides a pow-
erful framework to simultaneously perform both steps. The tools needed to implement
this process are low-cost and readily available. Further, results so far have been obtained
solely from performing the process on a chemistry lab bench-top without needing to enter a
clean room. A synopsis of these results include Gaussian distributed alignment histograms
as well as a clear demonstration of selective CNT removal. The versatile nature of the
ART demonstrates not only the ability to control alignment and sorting but attributes like
length as well.99,126,134 This unorthodox selection feature could yield unexpected benefits
in the realm of device manufacturing in the future as this sets a uniform channel length for
transistor manufacturing. The advantages of using the ART for CNT processing is clear.
However, adjustment still needs to be made in order to optimize results. Limitations that
this process currently face include low CNT density, non-uniform alignment and a lack
of precedence demonstrating adjustable diameter sorting results. The process would also
benefit from additional modifications to further enhance economic viability. In the fol-
lowing correspondence, we discuss attempts to address these limitations by modifying the
temperature used for functionalization, changing the liquid crystal, altering the iptycene
design and replacing the disposable alignment layers with a magnetic alignment apparatus.

15



Chapter 2

Results and Discussion

2.1 Low Cost Polarized Optical Microscope

2.1.1 Construction

A POM was first constructed to aid in the analysis of some liquid crystal mixtures.

The microscope setup was constructed using a Plugable USB microscope, purchased from
Amazon, capable of 250x magnification (Figure 2.1a). The microscope came with a clear
plastic housing (Figure 2.1b) that protrudes out from the end with the lens preventing focus
of a 250x magnification. To make use of the full magnification, the protruding plastic was
first ground off with a dremel tool and then sanded so the maximum focal plane can be
easily accessed (Figure 2.1c). Next, a piece of aluminum was milled into a stage using an
end mill following dimensions found in Figure A.17. Next, polarized filters were affixed to
both the microscope (Figure 2.1c) and stage. The filters employed were obtained from a
pair of movie theatre 3D glasses. The starting orientation of the filters must be orthogonal
and this was ensured by putting two filters on top of one another first to see which relative
position provided a maximum destructive wave interference as indicated by a darkening of
the light passing through. It is important to note that not all 3D movie glasses might work
as some may use circular polarizing filters instead of linear filters. Thus, it is important
to perform this task to also determine if the correct type of filter is in the glasses. Upon
distinguishing the correct orientation for the filters, one filter was glued onto the end of the
microscope and the other was put into the carved 13 mm well in the stand. Dimensons for
this stand can be found in Figure A.8. Finally, an LED circuit was built with the following
materials: breadboard, light emitting diode, copper wires, and a 10kΩ resistor. The wiring

16



of the circuit can be depicted in Figure 2.1e with the schematic diagram found in Figure
A.19. The LED was suspended through the 3 mm hole in the stand with the fitting being
snug enough for the LED to hold its own weight. If desired, the 10kΩ resistor can be
replaced with a 20kΩ potentiometer to add the feature of a tunable light source. The fully
assembled apparatus including the computer, microscope, stage, housing and electronics,
is shown in Figure 2.1f.

Figure 2.1: a) Commercial Plugable Digital Microscope Kit b) Microscope housing needed
to be removed c) Microscope after removing plastic cover and affixing polarized filter d)
Teflon wrapped stage e) Stand setup f) Fully assembled apparatus. A milled aluminum
stage is shown in this picture instead of a wooden one

2.1.2 Liquid Crystal Observation

Liquid crystals are compounds that exhibit physical states with characteristics of both
solids and liquids. For thermotropic examples, these phases can be precipitated by adding
or removing heat. These compounds are ideal candidates to be analyzed in a polarized
optical microscope as they produce different birefringent characteristics depending on the
phase the liquid crystal is in. As a result, a plethora of different images can be seen to
evaluate the quality of our setup. Figure 2.2 shows an image taken from the simple micro-
scope setup on a sample of 4-Octyl-4-biphenylcarbonitrile (8CB). 8CB can vary between
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a nematic and smectic A liquid crystalline phase depending on the temperature.119 The
image shows 8CB in smectic A phase at room temperature, which is the more organized
of the two liquid crystalline states. Visible in the image are randomly orientated grains of
liquid crystals giving a “snowy” texture with each grain representing a group of molecules
orientated in a particular direction.

Figure 2.2: 8CB at room temperature in the smectic A phase. This image was directly
taken from the low-cost microscope setup

2.1.3 Addition of a Heating Element

The addition of a heating element allows optical properties of thermotropic liquid crystals
to be explored. However, as a result of the heating, the polarized filters from the 3D
glasses will no longer work as they degrade under high temperatures. Instead, heat resis-
tant polarized filters were purchased from Amazon as a suitable replacement. Under room
temperature, 8CB exhibits a smectic A phase, while at 35 oC, it transitions to a nematic
phase. Figure 2.3b shows the same 8CB sample from Figure 3 but in the more disordered
nematic phase. The nematic state is characterized as having domains with molecules or-
ganized in parallel but loses the layered configuration as seen in smectic phase shown in
Figure 2.2.120 This increased disorder is observed macroscopically as a colorful canvas.
Microscopically, this can be explained by the different wavelengths of polarized light un-
dergoing numerous refractions and interference patterns through the different organized
domains of the material before reaching the microscope.121
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Figure 2.3: Polarized optical microscope setup along with silicon heating pads and alu-
minum stage b) Nematic 8CB heated to 35 oC. This image was taken directly from the
low-cost microscope setup

Our efforts in constructing the POM proved successful and was ready for evaluating the
qualities of various liquid crystal mixtures.

2.2 Synthesis

As the ART that was outlined in the introduction was merely a first iteration, there is
much room for optimizing the characteristics of the deposited nanotubes like density and
selectivity as well as gaining better understanding of the process’s underlying mechanics.
In order to perform these alterations, we must first gather all the molecules we wish to
use. We wish to perform alterations on temperature, liquid crystal and iptycene. Thus,
in this section, we outline the procedures that were taken to make two different iptycene
molecules along with a liquid crystal that was not available commercially.

2.2.1 Iptycene (5)

Our process began with the synthesis of the iptycene molecule used for the alignment trials.
Originally, the synthesis was based off of a procedure from Hart, illustrated in Scheme 1
below.99
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Scheme 1: Synthesis of iptycene (5)

In this route, cis-1,4-dichlorobutene was reacted with anthracene at 200 oC to obtain a
Diels Alder adduct in a 65% yield. This adduct was subjected to a double elimination by
potassium t-butoxide to give the subsequent intermediate in an 80% yield. Another set
of Diels Alders were performed with 1,2,4,5-tetrabromobenzene via a benzyne mechanism
to yield the general iptycene scaffold in a 58% yield. This scaffold was aromatized with
10% palladium on carbon followed by a final Diels Alder to add the anchoring group to
the molecule. NMR spectra for these species can be found in Figures A.1-A.5.

As this method involves the handling of cis-1,4-dichlorobutene, an expensive and potent
lachrymator under a high pressure environment, an alternative method was investigated
to enhance the safety of this process. A literature search showed that (4) could be created
through another set of Diels Alder reactions followed by a dehydration.122. If this process
was successful, not only would safety be enhanced but two synthetic steps could also be
saved to improve efficiency. Scheme 2 outlines this proposed method.
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Scheme 2: Synthesis of iptycene molecule (5) using an alternate route

Despite successfully reacting furan with 1,2,4,5-tetrabromobenzene to make the diendoxide
in a 54% yield followed by another set of Diels Alders with anthracene to yield the following
intermediate in a 70% yield, the last dehydration proved to be challenging enough to
eliminate this path as a viable alternative for synthesizing our iptycene. It seems that the
equipment used could not prevent hydrochloric acid from evaporating out for the duration
of the eight hours. Multiple attempts were made to try and contain the acid such as using
an ice bucket to cool the water in the condenser and performing the reaction at a lower
temperature. Further, transitioning the reaction to a sealed microwave vial yielded a green
sludge with no indication of product present. As a result, this method was abandoned and
the method illustrated in Scheme 1 was still used to make (5) NMR spectra for this set of
species can be found in Figures A.6-A.7.

2.2.2 Iptycene (9)

The synthetic route used to make iptycene (9) is an offshoot of iptycene 1 and is shown
in the figure below:
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Scheme 4: Synthesis of iptycene molecule (9)

In this scheme, intermediate (2) from before was directly reacted with the bis(diethoxyphorsphoryl)acetylene
to provide the general scaffold in a 50% yield. This was then subjected to 2,3-Dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) oxidation to give iptycene 2 in an 80% yield. NMR
spectra for these species can be found in Figures A.8-A.14.

2.2.3 Liquid Crystal (11)

The synthesis of liquid crystal compound (11) is laid out in Scheme 3. This process in-
volves a set of nucleophilic additions by 4́-hydroxy-4-biphenylcarboxylic acid. The first
nucleophilic addition was to n-bromopentane to yield an intermediate in 48% yield. Sub-
sequently, this product performed a nucleophilic addition to n-bromodecane to give the
liquid crystal in an 88% yield. NMR spectra for these species can be found in Figures
A.15-A.16.

Scheme 3: Synthesis of liquid crystal (11)

22



2.3 Elevated Temperatures for Functionalization

Higher density is required for maximizing the number of devices we can pattern per unit
area. We attempt to improve the density compared to previous trials by elevating the
temperature for functionalization. The increased rate of reaction would yield molecule
deposition to further completion. With more molecule density on the surface, we hope to
see an increase in nanotube deposition.

Originally, the functionalization was performed at room temperature while an arbitrary
temperature of 70 oC was chosen for functionalization in these trials. To accommodate
the change in temperature, another variable in the process must be changed –the liquid
crystal. Previously, 8-CB and 4’-pentyl-4-biphenylcarbonitrile (5-CB) were used however,
they only exhibit smectic A and nematic phases between 21.5 oC - 40.5 oC and 24 oC -
35 oC respectively.123 Thus, we must also find a liquid crystal with these phases in the
temperature regime we are interested in. 4’-Pentyl-bicyclohexyl-4-carbonitrile (ZLI-1185)
exhibits a nematic mesophase between 63.5 oC and 83 oC, making it a suitable candidate for
our endeavour.124 A temperature that avoids the top of that range is picked as the iptycene
impurity is added into the liquid crystal, which lowers the transition temperatures.124

Figure 2.4: AFM images of a silicon shard after ART alignment with ZLI-1185. The full
set of images can be found in Figure A.23
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Figure 2.5: a) Angular deviations of individual nanotubes yielded from 8-CB126 b) Angular
deviations of individual nanotubes yielded from 5-CB99 c) Angular deviations of individual
nanotubes yielded from ZLI-1185
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Figure 2.6: a) Length distributions of CNT’s obtained using 8-CB and 5-CB126 b) Length
distributions of CNT’s obtained using ZLI-1185

The results obtained with ZLI-1185 at an elevated temperature were generally worse com-
pared to both 5-CB and 8-CB trials at room temperature. The density saw an increase
from 0.39 CNT/μm2 to 0.53 μm going from 5-CB to ZLI-1185, however these results still
lagged behind those obtained with 8-CB where an average value of 0.81 CNT/μm2 was ob-
tained. The nature of the liquid crystal could have had an impact in these results as both
5-CB and ZLI-1185 exhibit only nematic phases whereas 8-CB exhibits the more ordered
smectic A phase. This would have had an effect on the molecular order of the iptycene
molecules which would have relayed imperfections onto the deposited CNT’s. Comparing
the lengths of CNT’s selected between the 5-CB, 8-CB and ZLI-1185 experiments in Figure
2.6, it was shown that the ZLI-1185 (1.13 μm) selected for an intermediate length between
5-CB (1.83 μm) and 8-CB (0.81 μm).

Table 2.1: Compilation of experimental data between different liquid crystals used
8-CB 5-CB ZLI-1185

Density (CNT/μm2) 0.81 0.39 0.53
Std. Dev. in Alignment (o) 29 33 45

Length (μm) 0.81 1.83 1.13

Given how close the distribution in length is in the ZLI-1185 trials as with previous 5-CB
and 8-CB reports, it can be assumed that liquid crystal selection plays an impact on the
length selectivity. Density and lengths aside, alignment is where ZLI-1185 trials took the
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most notable hit as illustrated in Figure 2.5. The standard deviation in the alignment
using ZLI-1185 (45 o) was the largest in comparison to 5-CB (33 o) and 8-CB (29 o) trials.
Further, the histogram belonging to ZLI-1185 lost its Gaussian distribution. It has been
documented that 8-CB produces enhanced alignment in comparison to 5-CB as a result
of the more ordered smectic A phase being used126 and it seems ZLI-1185 made that
juxtaposition even more drastic. ZLI-1185 proved to be a disappointment in providing
supportive data for the case of using elevated temperatures for enhancing the ART.

Seeing that the nematic nature of ZLI-1185 might have interfered with the results obtained
at an elevated temperature a second attempt was performed with a different liquid crystal.
Pentyl 4’-(decyloxy)-[1,1’-biphenyl]-4-carboxylate (11), unlike ZLI-1185, exhibits a smectic
A mesophase between 53 oC and 82 oC.127

Unfortunately, multiple trials using this liquid crystal did not provide any nanotube de-
position on the surface of the silicon substrates after synthesis as shown in Figure A.24.
Despite the use of a more ordered liquid crystal, the intrinsic ability for this liquid crystal
to align (5) might not be as great as the previous liquid crystals employed. Further, it was
realized that the time at which functionalization occurs could also be quite important. If
the molecules functionalize onto the surface prior to precipitation of the ordered smectic
A phase, then there would be a lack of anisotropic ordering. From previous experiments, a
silicon control in which no alignment method was used during the functionalization yielded
no nanotube deposition.99 This could perhaps be an analogous situation, especially since
the kinetics of the functionalization is not known. With multiple unknown parameters pre-
sented simultaneously, the endeavor to explore functionalizations at higher temperatures
was abandoned.

2.4 Iptycene Alteration

Selectivity is important to enhance homogeneity within the electronic properties of manu-
factured devices. One of the tenants that the ART suggests is that CNT diameter selec-
tivity can be controlled by modifying the size of the iptycene pockets.99 We explore the
validity of this proposal by designing a second generation iptycene molecule with a smaller
pocket.

A liquid crystal mixture was made with 8-CB and iptycene (9). Iterations of the ART were
subsequently performed. Disappointingly, no CNT’s were present on the surface after AFM
analysis. Images of these trials were identical to the ones shown in Figure A.24. Puzzled
by this outcome, literature was consulted to see if there were any clues as to why this came
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about. An indication appeared while searching through Swager’s work as he had suggested
that alignment of the iptycene in liquid crystal media is directly proportional to the size
of the pockets.99 Since the size of (9) was effectively shrunk by more than 50% laterally
in comparison to (5), effective alignment of these molecules in the liquid crystal medium
is a valid concern. As a result, efforts to continue with this molecule were abandoned.

2.5 Magnetic Field Alignment

Up until now, alignment layers were used align the liquid crystal mixtures. Despite achiev-
ing success, these alignment layers possess intrinsic degrees of alignment, are non-reusable
and expose the active area of the substrates to dust through physical contact.128,129 Switch-
ing to a non-contact form of alignment such as magnetic or electric fields would negate all
of the aforementioned crutches and thus, advance the ART through improved performance
and device fabrication compatibility while reducing cost in the long run. Figure 2.7 shows
a schematic of the altered ART process.

Figure 2.7: Schematic of the ART with magnetic fields
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Figure 2.8: a) AFM image of a silicon shard using 0.6 T alignment apparatus after the
modified ART. The full set of images can be found in Figure A.6 b) AFM image of a silicon
shard using 0.9 T alignment apparatus after the modified ART. The full set of images can
be found in Figure A.7. White dots are artifacts that appear sometimes while using the
AFM

Prior to performing any functionalization, the (1.3 mol%) 8-CB/iptycene (5) mixture was
first analyzed on an in-house polarized optical microscope130 setup to confirm homogeneity
in the smectic A phase of the 8-CB mixture in a magnetic field (Figure A.22). Spots of
imperfection were found in the 0.6 T image while complete homogeneity was found in the
0.9 T trial. Once a working knowledge of the surface was identified, he modified ART
process began by depositing a thin layer of liquid crystal/iptycene mixture onto a silicon
shard which was subsequently placed inside a 0.6 T magnetic alignment apparatus. After
a two day functionalization at room temperature, the shard was then rinsed with solvent
and placed in a CNT solution for deposition. Initial results obtained were below expec-
tations as tube density was low at 0.11 CNT/μm2 as shown in Figure Figure 2.8a. The
performance of the alignment was also poor with tubes scattered in all directions with no
organized distribution (Figure 2.9). Optimism for the altered ART process increased when
the magnetic field strength was increased to 0.9 T (Figure Figure 2.8b) as tube density
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Figure 2.9: Combined alignment histogram of 0.6 T and 0.9 T experiments

tripled to 0.3 CNT/μm2 with a clear Gaussian distribution in Figure 2.9. Quantitatively,
90% of CNT’s can be found in within one standard deviation of the mean.

Imperfections in homogeneity in the 0.6 T environment proved to be a decisive factor in
dictating CNT density and alignment. Functionalization kinetics could have also played
a role since the time required to establish the uniform smectic A phase is also important.
As there is a parallel process of iptycene functionalization occurring while the mixture is
aligning, molecular order can be compromised depending on when this occurs. Thus, it is
imperative for the smectic phase to precipitate as quickly as possible to achieve maximum
order. Since molecular alignment occurs much quicker in a higher field environment,141

the molecules are much more likely to be attached in an ordered fashion and relay the
alignment information to the CNT’s. A positive correlation can be established between
alignment and density with magnetic field strength.

Performance from magnetic field alignment were slightly lower in comparison to the results
obtained from the alignment layer. This conclusion is solely based off of the density ob-
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Table 2.2: Combined Alignment Trials with 8-CB

Method
Alignment Length

Centre of
Distribution (o)

Std. Deviation
(o)

Mean (μm)
Std. Deviation

(μm)
Density

(CNT/μm2)
0.6 T 0 55 0.57 0.22 0.11
0.9 T 0.53 24 0.38 0.14 0.3

Alignment
Layer

0 29 0.68 N/A 0.81

tained as the value from the 0.9 T magnetic field (0.3 CNT/μm2) was still less than half of
that from the alignment layer (0.81 CNT/μm2). Given that density saw an improvement
after increasing the magnetic field from 0.6 T to 0.9 T, an even greater enhancement might
be seen if an even higher magnetic field strength is used.

Figure 2.10: Combined length histogram of 0.6 T and 0.9 T experiments

A trend can also be identified in Figure 2.10 between magnetic field strength and the length
of the selected CNT’s. The average length of the CNT’s for the 0.6 T trial was 0.57 μm
+/- 0.22 μm, whereas the 0.9 T trial measured 0.38 μm +/- 0.14 μm, which suggests that
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field strength has an inverse relationship to CNT length. This can possibly be attributed
to stronger magnetic fields creating shorter segments of aligned molecules to preserve the
thermodynamic state of the aligned liquid crystal. What is interesting to note is that this
average length (0.38 μm) is almost half the size of the average length obtained from using
the alignment layer (0.68 μm). In the original report, 8-CB was observed to select for
shorter CNT’s in comparison to 5-CB (0.68 μm vs 1.53 μm).126 The use of magnetic fields
seemed to have enhanced the intrinsic length selectivity of the 8-CB liquid crystal even
further. As a comparison, standard deviation in the alignment was 5 o lower between the
0.9 T magnetic field and alignment layer but that is easily within a margin of error. Thus,
magnetic fields plays a significant role in selecting for lengths of the CNT’s.

A dropcast of the commercial CNT mixture probed under a 633 nm laser in Figure Figure
2.11b reveals the (17,4) fold to be the predominant chirality while the (15,8) and (12,5)
folds are the next two in abundance. After subjection to the modified ART condition
under a 0.6 T magnetic field, the (17,4) and (12,5) folds decreased dramatically in relative
intensity, leaving the (15,8) fold to be the predominant type of CNT deposited. In addition
to the aforementioned folds, it was revealed that peaks corresponding to (16,6), (14,7),
(15,3), (16,1) and (9,9) were found on the surface as removal of other folds improved the
definition of the peaks in the spectrum. Magnetic alignment under a 0.6 T magnetic field
proved to be effective in sorting out the CNT’s. Upon subjection to a 0.9 T magnetic
field however, the performance had unexpectedly decreased. Referring to Figure Figure
2.11b once again, the peaks had decayed in definition. This is indicative of decreased
selectivity as the presence of other nanotube folds can broaden individual signals much
akin to the original dropcast sample. Nevertheless, the (17,4) and (12,5) folds to be
the major discernible peaks remaining. An anomalous trait that is shared between the
sets of Raman data is that the peaks are offset by varying degrees between the different
samples. This error seems systematic as each peak within the same sample is offset by
a standard value. Literature suggests that environmental factors play a significant role
in the discrepancies in the radial breathing mode (RBM) scattering frequencies between
different samples.132,133 Results from this modified ART are consistent with selectivity
results from previous reports as the (15,8) and (17,4) folds correspond to 1.59 nm and 1.44
nm respectively in diameter.93,134

The spectrum in Figure Figure 2.11c obtained with the 532 nm laser reveals a sorting
relationship more in line with our expectations with an increasing magnetic field. A broad
shoulder was revealed between 160 – 185 cm-1 upon subjection of the unprocessed drop-
cast sample to the laser, indicating a rich mixture of chiralities. After an iteration of the
magnetic alignment under a 0.6 T field, peaks, though still broad, corresponding to (17,6),
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Figure 2.11: a) 633 nm Raman spectra of original ART trials with 8-CB and 5-CB126 b)
Combined Raman spectra using 633 nm incident laser. Sloping towards the end of the
spectrum is caused by the onset Raman peak of iptycene 1 c) Combined Raman spectra
using 532 nm incident laser. Asterisks (*) indicate the fold matching closest to the peak as
there are others very close in proximity. Alternatively, the (20,0) could be a (19,2), while
the (18,1) could also be (17,3) or (13,8)
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(18,1) and (13,6) were exposed indicating that some folds were eliminated by the built-in
sorting function of the ART. A subsequent increase in magnetic field strength to 0.9 T
suggests enhancement of sorting action with the 532 nm laser. This is demonstrated by
the decrease in intensity from the (17,6) fold as well as other chiralities leading to fur-
ther increased definition of the RBM peaks. As a result, folds that were revealed include:
(20,0), (14,6) and (16,0). The demonstration of sorting is achieved using magnetic align-
ment albeit, the relationship between strength of magnetic field and its effect on sorting
remains inconclusive. This may have to do with the relative positioning of the iptycene on
the surface as slight misalignment may create a different preference for certain folds.
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Chapter 3

Conclusion

In conclusion, we successfully prepared the preliminary tools needed to enhance the ART.
We first built a POM in order to observe the dynamics in our liquid crystal mixture. In this
section, we constructed an economical POM with a heating stage and digital connection
for facile recording of data, totaling about $150-$200. Demonstrations were performed on
liquid crystals under magnetic fields and at different temperatures to verify its versatility.
We then made target molecules used to probe various aspects of the ART. Initial diffi-
culty was encountered in trying to improve the synthetic route for the original iptycene
(5). Despite seeing success in the inital two Diels Alder steps, the last dehydration was
unsuccessful as a result of an inability to recreate literature conditions. This setback was
overshadowed however with the successful synthesis of subsequent liquid crystal and ip-
tycene molecules. Liquid crystal (11) was made through two nucleophilic additions using
4-Hydroxy-4-biphenylcarboxylic acid, while the second generation iptycene (9) was made
through a direct attachment of the phosphonate ester anchoring group to an intermediate
that occurred during the synthesis of the original iptycene. These preparations allowed us
to proceed with ART experimentation.

We used the molecules we made to change various elements of the ART, allowing us
to gain mechanistic insights during the process. Specifically, we altered the liquid crys-
tal/temperature and iptycene size parameters of the process. Initial trials of using ZLI-1185
at 70 oC did not yield better performance in comparison to results obtained at room tem-
perature with both 8-CB and 5-CB. Standard deviations in the alignment were the highest
in ZLI-1185 while density only improved a modest amount in comparison to 5-CB but
lagged behind the results from 8-CB. CNT lengths obtained through ZLI-1185 were in
between 8-CB and 5-CB indicating that liquid crystal selection does indeed play a role
in length selectivity. The nematic nature of ZLI-1185 was hypothesized to interfere with
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the results obtained at a higher temperature. However, this hypothesis was not able to be
verified as conducting the elevated temperature experiment with a smectic A liquid crystal
(11) did not yield any CNT deposition. It was at this point that we realized that elevated
temperatures might actually be working against us since iptycene functionalization and liq-
uid crystal alignment were occurring simultaneously. Thus, if the former occurs before the
latter, no order would be established and thus no CNT deposition would occur. Another
attempt was made to better understand the mechanism by altering the iptycene design.
The size of the iptycene pockets was shrunk in iptycene (9) to see if it had an impact
on CNT diameter selection. This effort came with an unexpected result in which again,
no CNT deposition was observed. Consulting with literature, this observation seemed
consistent with a decreasing ability to align iptycene molecules in liquid crystal media as
the size of the iptycene pockets shrunk. Thus, attempts to improve the performance of
the ART failed but valuable insight was obtained regarding the mechanistic underpinnings.

In addition to the mechanistic insights, low strength magnetic fields were used to success-
fully align and sort CNT’s. We have qualitatively outlined positive relationships between
magnetic field strength and properties such as density, alignment and length selectivity.
Diameter selectivity based on field strength is inconclusive as data from the 532 nm and 633
nm lasers show conflicting information: the 532 nm showed best selectivity was achieved
under a 0.9 T field while 633 nm suggested that the 0.6 T was the most optimal condition.
Regardless, despite needing further data to establish a pattern between field strength and
diameter selectivity, general selectivity patterns remain congruent with previous reports.
Despite having lower performance in comparison to the alignment layer, magnetic field
integration can be thought of as an evolution of the ART. This is due to the potential in
further enhancing the results through increased magnetic fields and noticeable advantages
such as reusability of the alignment apparatus improving economic viability. Further, as
this technique does not rely on physical contact of the active area with potentially dusty
surfaces, nano-electronic processing compatibility is preserved. Adequate development of
this process can potentially yield a low cost solution to a challenging task facing the future
of nano-electronic processing.
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Appendix A

Supplementary Information

Solvents used in synthesis were high performance liquid chromatography grade. Toluene
that was used was taken from a solvent purification system. Solvents used for column
chromatography were reagent grade and used as purchased. All solvents and reagents used
were purchased from Sigma-Aldrich Co. with the exception of bis(diethoxyphosphoryl)
acetylene, which was purchased from STREM Chemicals, Inc. 90% surfactant coated, 90%
semiconducting polymer wrapped single-walled carbon nanotubes were purchased from
NanoIntegris Inc while the rubbed polyimide alignment layers were purchased from Instec,
Inc.

1H-NMR experiments were performed at room temperature on a Bruker AVANCE300 (300
MHz) with an internal standard reference to CDCl3. 13C-NMR spectra were obtained on
a Bruker AVANCE300 (75.5 MHz) NMR spectrometer with the same internal standard.
31P-NMR was taking on a Bruker AVANCE300 (121.5 MHz) with 85% phosphoric acid in
water as the internal standard. The following abbreviations were used for the NMR peak
multiplicities: s, singlet ; t, triplet ; dd, doublet of doublets ; m, multiplet . Chemical
shifts were reported in parts per million (ppm) relative to CDCl3; δ= 7.26 ppm as the
calibration peaks for 1H-NMR and δ= 77.0 ppm for 13C-NMR. 31P signal was measured in
reference to 0 ppm for phosphoric acid for compound (5).
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A.1 Synthetic Procedure and NMR Spectra

Figure A.1: 1H NMR Spectra of (1)

Procedure was followed according to literature.99 An off-white powder was obtained in a
65% yield.

1H-NMR (300 MHz, CDCl3) δ: 7.33 ppm (m, 4H), 7.17 ppm (m, 4H), 4.44 ppm (s, 2H),
3.32 ppm (dd, 2H, 5.1 Hz, 9.8 Hz), 2.99 ppm (dd, 2H, 9.2 Hz, 10.9 Hz)
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Figure A.2: 1H NMR Spectra of (2)

Procedure was followed according to literature.99 A yellowish-white solid was obtained in
a 80% yield.

1H-NMR (300 MHz, CDCl3) δ: 7.32 ppm (m, 4H), 7.11 ppm (m, 4H), 5.29 ppm (s, 2H),
5.13 ppm (s, 2H), 4.87 ppm (s, 2H)

Figure A.3: 1H NMR Spectra of (3)

Procedure was followed according to literature.99 A white solid was produced in a 58% yield.

1H-NMR (300 MHz, CDCl3) δ: 7.28 ppm (m, 8H), 6.95 ppm (m, 8H), 4.84 ppm (s, 4H),
3.55 ppm (s, 8H)
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Figure A.4: 1H NMR Spectra of (4)

Both procedures were followed according to literature.99,120 A white solid was obtained in
a 70% yield for the Pd/C route, while a 2% yield was obtained for the elimination route.

1H-NMR (300 MHz, CDCl3) δ: 8.07 ppm (s, 2H), 7.82 ppm (s, 4H), 7.43 ppm (m, 8H),
7.03 ppm (m, 8H), 5.51 ppm (s, 4H)
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Figure A.5: 1H NMR Spectra of (5)

Procedure was followed according to literature.99 A white solid was obtained in a 30% yield.

1H-NMR (300 MHz, CDCl3) δ: 7.30 ppm (m, 8H), 7.21 ppm (m, 4H), 6.96 ppm (m,
4H), 6.82 (m, 4H), 5.57 ppm (t, 2H, 6.7 Hz), 5.24 ppm (s, 4H), 3.94 ppm (m, 8H). 1.13
ppm (t, 12H, 7.2 Hz).
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Figure A.6: 1H NMR Spectra of (6)

Procedure was followed according to literature.137 Both diasteromers resembled an off-
white solid and were obtained in a combined 54% yield.

1H-NMR (300 MHz, CDCl3) δ: 7.33 ppm (s, 2H), 7.10 ppm (s, 4H), 5.70 ppm (s, 4H)
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Figure A.7: 1H NMR Spectra of (7)

Procedure was followed according to literature.120 Preparation from the anti-isomer pro-
vided a white powder in a 70% yield.

1H-NMR (300 MHz, CDCl3) δ: 7.24 ppm (m, 4H), 7.17 ppm (m, 4H), 7.12 ppm (m,
4H), 6.97 ppm (m, 4H), 6.90 ppm (s, 2H), 4.81 ppm (s, 4H), 4.37 ppm (s, 4H), 2.13 ppm
(s, 4H)
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Figure A.8: 1H NMR Spectra of (8)
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Figure A.9: 13C NMR Spectra of (8)
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Figure A.10:31P NMR Spectra of (8)

Bis(diethoxyphosphoryl)acetylene (130 mg, 0.434 mmol), (2) (100 mg, 0.434 mmol) and 4
mL of toluene were added to a 8 mL microwave tube equipped with a magnetic stir bar.
The microwave tube was capped and the solution was heated with stirring at 120 oC for
24 h. The solution was purified by flash chromatography on silica gel using 90% ethyl
acetate/10% methanol as the eluent system to give the product as a white solid in a 50%
yield. Rf = 0.3 in 90% ethyl acetate/10% methanol. m/z (calc.) = 528.18307, m/z (found)
= 528.18730.

1H-NMR δ: 7.30 ppm (dd, 4H, 3.17 Hz, 5.23 Hz), 7.00 ppm (dd, 4H, 3.16 Hz, 5.27 Hz),
4.80 ppm (s, 2H), 4.12 ppm (m, 8H), 3.88 ppm (s, 4H), 1.34 ppm (t, 12H, 7.07 Hz)

13C-NMR δ: 145.6 ppm, 137.8 ppm (t, 4.60 Hz), 137.2 ppm (d, 3.25 Hz), 124.7 ppm,
122.9 ppm, 62.4 ppm (t, 3.00 Hz), 53.6 ppm, 33.4 ppm (t, 13.51 Hz), 16.5 ppm (t, 3.18 Hz)

31P-NMR δ: 13.9 ppm (d, 3.33 Hz)
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Figure A.11: 1H NMR Spectra of (9)
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Figure A.12: 13C NMR Spectra of (9)
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Figure A.13:31P NMR Spectra of (9)
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Figure A.14:31P NMR Spectra of (9)

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (118 mg, 0.520 mmol) and (5) (250 mg,
0.473 mmol) and 4 mL of 1,4-dioxane were added to a 8 mL microwave tube equipped with
a magnetic stir bar. The microwave tube was capped and the solution was heated with
stirring at 65 oC for 3 h. The solution was purified by flash chromatography on silica gel
using 90% ethyl acetate/10% methanol as the eluent system to give the product as a white
solid in an 80% yield. Rf = 0.3 in 90% ethyl acetate/10% methanol.

m/z (calc.) = 526.16742, m/z (found) = 526.16505.

1H-NMR δ: 8.20 ppm (m, 2H), 7.40 ppm (dd, 4H, 3.21 Hz, 5.33 Hz), 7.03 ppm (d, 4H,
3.14 Hz, 5.41 Hz), 5.53 ppm (s, 2H), 4.12 ppm (m, 8H), 1.32 ppm (t, 12H, 7.07 Hz)

13C-NMR δ: 149.3 ppm (t, 5.99 Hz), 144.2 ppm, 130.8 ppm (t, 12.53 Hz), 130.1 ppm,
127.5 ppm (d, 10.36 Hz), 125.8 ppm, 124.2 ppm, 62.7 ppm (t, 2.90 Hz), 54.0 ppm, 16.5
ppm (t, 3.21 Hz)
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31P-NMR δ: 16.5 ppm (Note: The phosphoric acid internal standard seems to be very
reactive with the product and degrades upon exposure, hence two spectra are included:
one by itself, and one that has (5) mixed in. By comparing the 31P spectra with the one
pertaining to (5), we can deduce that the peak at 16.5 ppm does indeed belong to (6).

Figure A.15: 1H NMR Spectra of (10)

Procedure was followed according to literature.135 A yellow solid was obtained in a 48%
yield.

1H-NMR (300 MHz, CDCl3) δ: 8.08 ppm (d, 2H, 8.66 Hz), 7.60 ppm (d, 2H, 7.99 Hz),
7.52 ppm (d, 2H, 7.96 Hz), 6.93 ppm (d, 2H, 8.45 Hz), 5.03 ppm (m, 1H), 4.32 ppm (t,
2H, 6.70 Hz), 1.78 ppm (m, 2H), 1.41 ppm (m, 4H), 0.94 ppm (t, 3H, 6.85 Hz)
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Figure A.16: 1H NMR Spectra of (11)

Procedure was followed according to literature replacing n-iodopentane with n-bromodecane
and NaH with KOtBu.135 A yellow solid was obtained in a 88% yield.

1H-NMR (300 MHz, CDCl3) δ: 8.07 ppm (d, 2H, 8.25 Hz), 7.61 ppm (d, 2H, 8.34 Hz), 7.55
ppm (d, 2H, 8.65 Hz), 6.99 ppm (d, 2H, 8.71 Hz), 4.33 ppm (t, 2H, 6.68 Hz), 4.00 ppm (t,
2H, 6.51 Hz), 1.80 ppm (m, 4H), 1.35 ppm (m, 18H), 0.93 ppm (m, 6H)

A.2 Polarized Optical Microscopy

The following materials were purchased from the supplier in brackets: Plugable USB Mi-
croscope (Amazon), Polarized Lens Filters (Movie Theatre), Breadboard Electronics Kit
(Amazon), Scrap Wood, Battery Holder (Digikey), 10 kΩ Resistor Digikey, Aluminum
Block (University Machine Shop), Heat Resistant Polarized Light Filters (Amazon), Sil-
icon Heating Station (Jiangyin Mengyou Electronic Heating Appliances Co., Ltd. – Al-
ibaba), 15 kΩ Potentiometer, Digikey, 1.90” x 0.95” x 0.5” N52 Rare Earth Magnets (KJ
Magnetics, Inc), Model D256A Polyimide Alignment Layers (Instec)
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Figure A.17: Dimensions of stage used for POM analysis

Figure A.18: Dimensions of POM housing
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Figure A.19: POM Circuitry

Upon completion, a thin film of liquid crystal was deposited on glass in a similar manner
as found in the functionalization procedure. The samples were put into the magnetic
alignment apparatus at room temperature, allowed to equilibrate and imaged directly.

A.3 Construction of the Magnetic Alignment Appa-

ratus

The platforms were milled out of aluminum initially as a rectangular block in the following
dimensions: 1 cm x 8 cm x 4 cm for the 0.6 T design and 0.5 mm x 8 cm x 4 cm for the
0.9 T design. In both blocks, cutouts with dimensions 4 cm x 1 cm were removed from the
centre. Two holes were drilled out: one in the centre of the block using a 2 mm drill bit so
that polarized optical microscopy could be performed, the other on the side using a 3 mm
drill bit for space to insert a thermometer. The resulting platforms were each sandwiched
between four N52 magnets of dimensions 1 1/2” x 3/4” x 3/4” (KJ Magnetics, USA) to
yield the final apparatus. Magnetic field readings were performed using a Gaussmeter
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Model GM2 paired with the standard 0-30 Kilogauss probe attachment (AlphaLab, USA).
The measurement was taken with the probe lying flat on the surface of one of the magnets
exposed in the pocket.

Figure A.20: Conjoined 0.9 T and 0.6 T magnetic alignment apparatus

A.4 Raman Spectroscopy

Characteristic nanotube stretches in the radial breathing region were found using laser
light (533 nm, green 25% laser filtering) with a He-Ne laser using a Horiba Jabin Yvon
HR800 Raman spectrometer with Olympus BX41 Microscope in the backscattering config-
uration, with a spectral resolution of 0.3 cm-1. All measurements were performed at room
temperature in ambient atmosphere with a laser power of 1 mW and spectra were recorded
with an exposure time of 5 s and summed over 5 accumulations. Mapping was performed
over a 30 μm x 30 μm with a step size of 1.6 μm (x and y). The beam was focused on the
samples with a 20x microscope objective and a numerical aperture of 0.4. The minimum
power for which a signal could be measured was limited by the signal to noise resolution of
the detector in the spectrometer. Non-weighted Lorentzian modelling was used to process
all spectral data followed by smoothing with a Savitzky-Golay filter. All processing and
visualization of data were performed on Python v3.6 using the matplotlib library.
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CNT folds/chiralities were determined through Kataura plot analysis. The reference plots
generated (Figure A.1) contain the following parameters: γo= 2.9 eV, C-C bond length
= 0.144 nm, and ωRBM= 248/dCNT. Full mapping of the CNT’s can be found on the
Maruyama group website.136

Figure A.21: a) Kataura map of CNT’s close in resonance energy to 2.33 eV laser b)
Kataura map of CNT’s close in resonance energy to 1.96 eV laser
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A.5 Functionalization via Alignment Layer

10 mm x 5 mm silicon (100) (Pure Wafer, USA) shards were treated with a steady stream
of hydrogen plasma at a rate of 100 sccm for 15 minutes on an LFC 150 G (Samco,
Liechtenstein).5 μL of the liquid crystal mixture comprising of an iptycene molecule (1.3
mol%) dissolved in liquid crystal was pressed between the polished side of a shard of silicon
and a planar polyimide alignment layer rubbed along the x-(long) direction of an indium tin
oxide surface (Instec Inc, USA). The sample was left in an oven set to 75 oC for one day (for
liquid crystal (4)) and room temperature for two days (for iptycene (6)). The substrate
wafer was removed from the alignment layer, rinsed with HPLC grade dichloromethane
(Millipore-Sigma, CA) and dried with N2. The functionalized silicon surfaces were placed
polished side up in 10 mL of 90% pure sc-SWNTs solution (1 mg/100 mL) (NanoIntegris
Technologies Inc, CA) for 48 hours. The SWNTs solution was sonicated before the sample
was put in to avoid nanotube agglomeration – making for a homogenous solution. Samples
were rinsed with Milli-Q water and dried with N2, and their surface was analyzed with
AFM and Raman spectroscopy.

A.6 Functionalization via Magnetic Fields

10 mm x 5 mm silicon (100) (Pure Wafer, USA) shards were treated with a steady stream of
hydrogen plasma at a rate of 100 sccm for 15 minutes on an LFC 150 G (Samco, Liechten-
stein). 5 μL of the liquid crystal mixture comprising of iptycene (1) (1.3 mol%) dissolved in
8-CB (Millipore-Sigma, CA) was pressed between two shards of silicon. The top shard was
slowly peeled from the bottom shard and immediately placed in the magnetic alignment
apparatus. The apparatus was placed in a room set to 20 oC for two days. The substrate
wafer was removed from the alignment layer, rinsed with HPLC grade dichloromethane
(Millipore-Sigma, CA) and dried with N2. The functionalized silicon surfaces were placed
polished side up in 10 mL of 90% pure sc-SWNTs solution (1 mg/100 mL) (NanoIntegris
Technologies Inc, CA) for 48 hours. The SWNTs solution was sonicated before interacting
with the sample to avoid CNT agglomeration. Samples were rinsed with Milli-Q water
and dried with N2, and their surface was analyzed with AFM and Raman spectroscopy.
The drop-cast sample was prepared by placing one drop of homogeneous 90% sc-SWNT’s
solution onto a glass substrate pre-cleaned with pirahna solution and left to dry in the
fume hood.
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A.7 Images

Figure A.22: Polarized optical microscope images of 8-CB mixture in 0.6 T environment
(left) and 0.9 T environment (right). Mild imperfections can be seen on the left as dots.
Darker image on the right arises from a rotated stage to spot any imperfections; none

were spotted

Figure A.23: Full set of AFM images from analysis on ZLI-1185 ART trials
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Figure A.24: Representative images from ART trials with liquid crystal (11)

Figure A.25: Full set of AFM images from analysis on 0.6 T modified ART trials
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Figure A.26: Full set of AFM images from analysis on 0.9 T modified ART trials. White
spots are artifacts as a result of an unknown interference with the probe tip

Figure A.26: Full set of modified AFM images from analysis on 0.9 T modified ART
trials. White noise artifacts from the AFM were removed during this retouch while
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maintaining all the features on the surface

A.8 Image Retouching

Editing was performed on Adobe Photoshop CS6 with the following conditions:

Filter -100 Saturation +300 Contrast Erase any points that are not clusters of 3+ ”Color
Range” 200 Fuzziness Select the clusters and expand by 1 pixel Use selection on original
to select point Colorize at 25 saturation

+500 Contrast +300 Brightness ”Color Range” 200 Fuzziness Select the clusters and ex-
pand by 1 pixel Use selection on original to select point Colorize at 25 saturation -50 to
Lightness
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