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Abstract

In the past decade, the use of self-assembling systems for the fabrication of materials
on the nanometer scale has been an active area of research. Block copolymer thin films are a
subclass of self-assembling systems that have received considerable attention due to their
intrinsic nanometer feature size, their ease of synthesis, and their rich phase behavior. While
block copolymer thin films have been utilized in a variety of applications, including the
nanofabrication of substrates, the modification of surface properties, and the synthesis of
photonic structures, this thesis will focus on using the self-assembling properties of block
copolymer thin films to synthesize inorganic nanocluster arrays. These arrays have a wide
range of possible applications in fields such as catalysis, data storage, and nanofabrication.

This thesis demonstrates a general route for using block copolymer micellar thin films
as templates to synthesize tunable inorganic nanocluster arrays. The approach utilized
amphiphilic block copolymers, such as poly(styrene-block-acrylic acid) and poly(styrene-
block-2-vinylpyridine), to create micelles in solution that could be selectively loaded with
metal ions and deposited onto a substrate to create quasi-hexagonal arrays of nanoclusters.
Various strategies were successfully developed to tune the size and areal density of the
nanoclusters, thereby affording a level of control that is unique relative to the standard routes
for synthesizing inorganic nanocluster arrays. The strategies included the variation of the
block copolymer molecular weight, the addition of polystyrene homopolymer into the
micellar solution, and the mixing of different micellar solutions.

The block copolymer micellar system was utilized to create iron oxide nanoclusters,
which were catalytically active in the thermal chemical vapor deposition growth of carbon
nanotubes (CNTs). Through appropriate selection of the substrate and the reaction
conditions, vertical CNT growth was achieved. By uniformly varying the areal density of iron
oxide nanoclusters on the substrate surface, the morphology of the CNT films was
manipulated from a tangled and sparse arrangement of individual CNTs, through a transition
region with locally bunched and self-aligned CNTs, to rapid growth of thick vertical CNT
films. Through a microcontact printing approach, nanocluster arrays were patterned on a
micron scale to synthesize patterned vertical growth of CNTs. To demonstrate the generality
of this approach, the block copolymer micellar system was also used to synthesize gold
nanocluster arrays for fabricating DNA arrays via Supramolecular Nano-Stamping (SuNS).

Thesis Supervisor:  Robert E. Cohen, St. Laurent Professor of Chemical Engineering
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Chapter 1 Introduction

1.1 Block Copolymers and Their Properties

Block copolymers are generally defined as macromolecules that contain two or
more polymer chains that are bound together through covalent bonds. The simplest block
copolymer is the diblock copolymer, which consists of two different polymer chains
covalently attached at their ends. More complicated architectures include triblock
copolymers and mixed arm block copolymers, where more than three polymer chains are
covalently attached at a common branching point.

The block copolymer field originated with the discovery of termination-free
anionic polymerizations, which allowed for the sequential addition of monomers to
“living” polymer chains, thereby leading to block copolymers!. Many different synthesis
routes are now used to produce a wide variety of block copolymers?. In the last decade
the main advance in block copolymer synthesis has been the discovery of living radical
polymerization techniques such as atom transfer radical polymerization’, which has
allowed for the synthesis of many new block copolymer species.

Block copolymers have received significant attention over the last few decades
because of their ability to self-assembly on the nanometer length scale*S. This self-
assembly is caused by both the incompatibility of the two polymer blocks and their
covalent connectivity. The phase behavior of bulk block copolymer films has been

d7-10

extensively studied”™", and the three primary morphologies of lamellae, hexagonally-
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packed cylinders, and body-centered cubic spheres are now well established. The phase
behavior of these systems can be controlled by varying: the overall degree of
polymerization of the block copolymer, the fraction of each component within the block
copolymer, and the segment-segment (Flory — Huggins) interaction parameter’, ,

In order to take advantage of the self-assembly of block copolymers to create
nanoscale structures, block copolymer thin films have often been used. In the seminal
work by Park et al."!, a self-assembled block copolymer thin film was utilized to create
dense periodic arrays of holes and dots on a substrate on a nanometer length scale. Since
then considerable research has been performed using block copolymer thin films as

12-14

templates for the production of various nanoscale features including nanowires <",

magnetic storage media'’, nanopores'®, and silicon capacitors'’.

1.2 Micellar Behavior of Block Copolymers

An interesting subclass of block copolymers are amphiphilic block copolymers, in
which one of the polymer blocks is hydrophilic and the other polymer block is
hydrophobic. When amphiphilic block copolymers are added to an organic solvent, the
block copolymer forms micelles with hydrophilic cores and hydrophobic shells in a
manner similar to low molecular weight surfactant molecules'®. Research has shown that
the micellization of these block copolymers in an organic medium is an enthalpically-
driven process'®. Although there is an unfavorable entropic contribution due to the
micelle formation, this is outweighed by the favorable enthalpic contribution due to
replacing hydrophilic polymer/solvent interactions with hydrophilic polymer/hydrophilic

polymer and solvent/solvent interactions. While block copolymer micelles and small
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molecule surfactant micelles both show narrow size distributions, block copolymer
micelles have a significantly lower critical micelle concentration and have considerably
slower exchange kinetics relative to small molecule surfactant micelles?®. On a
reasonable time scale, the block copolymer micelles don’t have a dynamic equilibrium
with the single chains in solution and can be regarded as “frozen” structures. The slow
exchange kinetics will prove to be crucial in utilizing block copolymer micelles to create
thin films.

Another valuable feature of block copolymer micelles is the ability to
systematically vary the size of the micellar core over a wide range. Experimental studies
using small angle x-ray scattering (SAXS) have shown that the block copolymer micellar

core scales as N> in organic media?®?

, where N is the number of repeat units of
the block copolymer segment that constitutes the core of the micelles. This scaling
relationship has been corroborated by theoretical work on the size variation of block

copolymer micelles®*?,

COOH

Poly(styrene-block-acrylic acid)
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Poly(styrene-block-2-vinyl pyridine)

Figure 1-1. Structure of repeat units for poly(styrene-block-acrylic acid) (PS-b-PAA) and

poly(styrene-block-2-vinyl pyridine) (PS-5-P2VP).

The unique properties of block copolymer micelles have led to a wide range of
possible applications for these systems. There has been strong interest in using block
copolymer micelles as controlled drug delivery systems for diagnostic agents and in gene
therapy”®>*. Considerable research has also focused on using block copolymer micelles

for surface modification**>*

and for the synthesis of inorganic nanoclusters™ . This
thesis will focus on utilizing the unique capabilities of block copolymer micelles to create
tunable inorganic nanocluster arrays using the amphiphilic block copolymers

poly(styrene-block-acrylic acid) (PS-b-PAA) and poly(styrene-block-2-vinylpyridine)

(PS-b-P2VP). The repeat units for these block copolymers are shown in Figure 1-1.

1.3 Patterning of Inorganic Nanoclusters via Block Copolymers

Inorganic nanoclusters are simply small aggregates of inorganic atoms or

molecules with diameters less than 100 nm. These inorganic nanoclusters have a very
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large surface area to volume ratio, and they have been shown to exhibit properties that are
characteristic of neither atoms nor bulk material®’. These nanoclusters have been shown
to exhibit interesting catalytic, non-linear optic, magnetic, and semiconductor
properties®,

Block copolymers are ideal templates for the production of inorganic nanocluster
arrays™ >, The approaches used to synthesis the inorganic nanoclusters can be separated
into two basic routes. The first involves binding inorganic species to a monomer prior to
polymerization or micellization®’, while the second involves binding the inorganic
species into pre-formed block copolymer domains****, The disadvantages for the former
route include the lack of monomers containing inorganic species and the difficulties in
polymerizing these monomers using a living polymerization method. Because of these
disadvantages, this thesis will focus primarily on loading the inorganic species into pre-
formed block copolymer domains.

The initial demonstration of the loading of inorganic species into pre-formed

block copolymer domains was used to create silver**®

, gold*, and zinc*” nanoclusters
within a bulk block copolymer substrate. This procedure for producing inorganic
nanoclusters relied on free carboxylate groups within one domain of the block copolymer
to sequester inorganic ions from an aqueous inorganic salt solution***. Further work
demonstrated the generality of the approach by synthesizing other inorganic nanoclusters,
including palladium, platinum, copper, and lead®. More recently other chemical
functional groups, such as pyridine, have been used to sequester inorganic species to

dS()-SZ

create gold**?, cobalt™, rhodium™, and platinum® nanoclusters.
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Although the above routes demonstrated a route for synthesizing patterned
inorganic nanoclusters, the uses of the resulting nanoclusters are limited because of their
sequestration within a three-dimensional matrix of block copolymer. Recently the
procedures developed for inorganic nanocluster synthesis have been combined with
amphiphilic block copolymer micelles to create two-dimensional patterned arrays of
inorganic nanoclusters on a substrate®*”®, Two main routes have been developed:
nanocluster formation within the block copolymer micelles in solution®*®, and the
selective loading of inorganic ions into specific domains within a pre-formed block
copolymer micellar thin film®, These routes have led to the synthesis of “quasi’-
hexagonal arrays of silver’, lead®, gold**®’, and titanium oxide® nanoclusters on a
substrate surface. The applications for these block copolymer micellar-based nanocluster

arrays have included ZnO nanowire synthesis™, protein binding®, and nanolithography*S.

1.4 Applications for Inorganic Nanocluster Arrays

1.4.1 Catalysts for Carbon Nanotube Synthesis
Carbon nanotubes (CNTs) have received considerable attention since their

1%, and their unusual set of mechanical, electrical, and thermal

discovery in 199
properties have led to possible opportunities in a wide range of applications including
nanoelectronics®, field emission®, and hydrogen storage®®. While there are several
different routes to synthesize CNTs, this review will focus on synthesis via chemical
vapor deposition (CVD) because of its flexibility and its suitability for a wide range of

applications”’. In general, the CVD synthesis technique requires: a carbon feedstock,

catalytic nanoclusters, and heat®”. Although the mechanism for growth is still unclear, it
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is believed that the general mechanism involves the carbon feedstock decomposing and
dissolving into the metal nanoclusters at high temperature, followed by the precipitation
of the carbon from the nanocluster to form the CNT®. Because each nanoparticle
catalyzes one CNT, the ability to control the size and patterning of surface-bound
inorganic nanoclusters is an essential task.

The most common route for synthesizing metal nanocluster arrays for CNT

growth involves sputtering or evaporating a thin metal film onto a substrate®®"

, which
subsequently dewets to form nanoclusters at an elevated growth temperature prior to
growth’' ", While these catalysts are easily prepared, these approaches are not easily able
to create nanoclusters with monodisperse diameters and quantifiable areal densities.
Many approaches have been utilized in order to synthesize nanoclusters with

monodisperse diameters or controllable areal densities’

%0 but none of the approaches
offer the ability to create monodisperse diameter nanoclusters with independently tunable

diameters and areal densities.

1.4.2 Templates for Synthesizing DNA Nanoarrays
DNA microarrays are an increasingly important biological tool that have been
used for a host of applications including examining gene expression®’, fundamentally

studying cancer and genetic diseases®>®

, and for the screening of drugs based on their
interactions with DNA®. The two commercial routes for creating DNA microarrays
involve either in situ synthesis or ex situ spotting®>*. In situ synthesis involves the
addition of a nucleotide to a growing oligonucleotide that has been spatially arranged on

a substrate via a photolithographic mask®. This process has the advantage of design

flexibility, but the synthesis cycle consists of multiple steps and the length of the
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oligonucleotide is limited to approximately 60 basepairs®**’. The other alternative is to
spot pre-synthesized oligonucleotides to a substrate using either contact printing or by
projection via nozzles®®. The ex situ method doesn’t limit the size of the oligonucleotides,
but the cost of creating the DNA microarrays scales with the size of the substrate. Both of
these routes are subject to an accumulation of errors due to their sequential processing
and are not suited for creating more complex microarrays®®.

Recently Stellacci and coworkers®

presented a novel printing technique, known
as Supramolecular Nano-Stamping (SuNS), that replicated single-stranded DNA
(ssDNA) arrays through a hybridization — contact — dehybridization cycle. The SuNS
method generally relies on modified DNA to form bonds with the target substrate. To
illustrate the technique, a lithographically-patterned gold substrate was used to bind
hexylthiol-modified DNA before printing onto a gold substrate®. By combining the
tunable gold nanocluster arrays synthesized from block copolymer micellar thin films

with the SuNS technique, significant advances in DNA array synthesis may be

achievable.

1.5 Thesis Outline

Based on the discussions outlined in this chapter, the goal of this research is to
demonstrate that block copolymer micellar thin films can usefully facilitate the synthesis
of tunable inorganic nanocluster arrays for a variety of possible applications. Chapter 2
first demonstrates the capability of creating iron oxide nanocluster arrays using block
copolymer micellar thin films. These iron oxide nanocluster arrays are then used as

catalysts for the growth of CNTs in a CVD reaction. Chapter 3 focuses on demonstrating
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the tunability of arrays synthesized via block copolymer micellar thin films. A variety of
routes are used to tune the size and spacing of the inorganic nanoclusters, including the
variation of the block copolymer molecular weight, the variation of the metal salt added
to solution, the addition of PS homopolymer, and the mixing of different micellar
solutions. Chapter 4 combines the progress from Chapters 2 and 3 to demonstrate that the
morphology of CNT thin films can be controlled by varying the properties of the
inorganic nanocluster arrays synthesized via block copolymer micellar thin films.
Chapter 5 demonstrates a route for patterning block copolymer micellar thin films on a
micron-length scale via a micro-contact printing procedure. The patterned inorganic
nanocluster arrays are then shown to be effective catalysts for producing patterned CNT
structures. To demonstrate the generality of the block copolymer micellar approach,
Chapter 6 shows that tunable gold nanocluster arrays synthesized using this approach can
be used to create DNA nanoarrays. Finally, this thesis closes with conclusions and

recommendations for future work in Chapter 7.
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Chapter 2 Using Block Copolymer Micellar Thin
Films as Templates for the Production of

Catalysts for Carbon Nanotube Growth*

2.1 Introduction

Carbon nanotubes (CNTs) have been the focus of intense research since their
discovery in 1991', and many potential applications, such as field emission?, hydrogen
storage®, and microelectronics®, seek to exploit the unusual set of mechanical, structural,
and electronic properties that CNTs possess. Although there are multiple methods for
synthesizing CNTs, chemical vapor deposition (CVD) is the most widely used because of
its ease of operation and its scale-up capability. In CVD, metal nanoparticles (namely
iron, cobalt, and nickel) are required to catalyze the growth of CNTs, so the ability to
control the size and patterning of surface-bound metal nanoparticles is an essential task.

One of the most common routes for creating the surface arrays of metal
nanoparticles involves, as a first step, depositing a thin layer of metal on a surface using
magnetron sputtering or evaporation®. Upon heating, the metal thin film forms metal
nanoparticles, which are then capable of catalyzing the growth of CNTs. Although this
method is straight forward, it offers little control over the size or spacing of the metal
nanoparticles, and patterned nanoparticle arrays are not achievable.

Alternative procedures for creating metal nanoparticles have been developed

recently in an attempt to gain better control over the size and spacing of the metal
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nanoparticles. Ren and co-workers® have used polystyrene nanosphere masks to deposit
large periodic arrays of nickel nanoparticles with diameters between 50 — 100 nm. Ren
and co-workers® have also used electrochemical deposition to create Ni nanoparticles
with controlled site density between about 10° — 10® nanoparticles per cm?, although the
nanoparticles are randomly located and have diameters ranging from less than 50 nm to
greater than 200 nm. Lieber and co-workers'® created nearly monodisperse diameter iron
nanoclusters with diameters between 3 — 13 nm in organic solvents by thermal
decomposition of iron pentacarbonyl, and then deposited the nanoparticles onto a silicon
substrate. In another approach, Dai and co-workers'' created iron oxide nanoparticles
with diameters of 1 — 2 nm by soaking silicon oxide substrates in a solution of
hydroxylamine and FeCls. Dai and co-workers'? have also used the iron-storage protein,
ferritin, to create discrete iron oxide nanoparticles which are catalytically active towards
single wall CNT growth. Hinderling ef al'* used a specially synthesized polystyrene-
block-polyferrocenyldimethylesilane diblock copolymer to produce 30 nm iron oxide
nanoparticles on silicon substrates that could be subsequently used to catalyze carbon
nanotube growth.

In this chapter we demonstrate a simple approach that uses block copolymer
micelles as a template to create large area arrays of metal nanoclusters capable of
catalyzing the growth of multi-wall CNTs. Our route for producing metal nanocluster
arrays relies on the ability of amphiphilic block copolymers, such as poly(styrene-block-
acrylic acid) (PS-b5-PAA), to form micelles in solution which are capable of self-
organizing into partially ordered structures on surfaces'*. Owing to the slow exchange

kinetics in block copolymer micelles, we are able to transfer the micelles from colloidal
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solution onto a substrate using a spin-casting process. This allows for the creation of
quasi-hexagonal arrays of PAA spheres within a PS matrix. As shown previously'* '°, by
submerging the polymer thin films in an aqueous metal salt solution, the carboxylic acid
groups in the PAA domains can be utilized in an ion-exchange protocol to selectively
sequester a variety of metal cations. The polymer can then be removed using thermal
degradation or oxygen plasma etching, resulting in arrays of metal-containing
nanoclusters that are nearly monodisperse in size and patterned at a density of
approximately 10'! particles per cm? In principle, this route for synthesizing metal
nanoclusters offers the capability of tuning the size and spacing between the metal
nanoclusters by altering the molecular weight of the block copolymer'®, which would
lead to control over the size and spacing of the CNTs formed. Appropriate masking or
stamping transfer techniques allow for the straightforward production of patterned arrays
of the micellar block copolymer templates and, therefore, of the CNTs produced
subsequently.

In this chapter we examine the effectiveness of block-copolymer-templated metal
nanocluster arrays in catalyzing the growth of multi-wall CNTs in a thermal CVD
process. We present scanning electron microscope (SEM) and transmission electron
microscope (TEM) images of the as-grown CNTs still attached to their growth substrate,

as well as high resolution TEM images of the multi-wall CNTs.

2.2 Experimental Section

2.2.1 Materials
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Poly(styrene-block-acrylic acid) (PS-b-PAA) (Mn(PS) = 16,400 g/mol, My(PAA)
= 4,500 g/mol, PDI = 1.05) was used as received from Polymer Source, Inc. The
following chemicals were also used as received: anhydrous iron(IIl) chloride (FeCls)
obtained from Sigma-Aldrich Co., lead(Il) acetate trihydrate (PbAc;) obtained from
Sigma-Aldrich Co., sodium hydroxide (98.9%) (NaOH) obtained from Mallinckrodt,
toluene (HPLC grade, 99.8%) obtained from Sigma-Aldrich Co. The silicon nitride
membrane window substrates were purchased from Structure Probe, Inc. Each substrate
(surface area ~ 4.5 mm?) consists of a 100 nm thick amorphous, low-stress SizN4
membrane supported on a 0.2 mm thick silicon wafer that has been back-etched in the
center to create the electron transparent SisNy window (surface area ~ .2 mm?) The use of
the electron-transparent silicon nitride substrates allows for direct TEM characterization
without disturbing the spin-cast films. Polished silicon wafers of <100> orientation from
Nestec, Inc. were also used as received. Each substrate was rinsed with toluene prior to
film casting. All aqueous solutions were made using deionized water (>18 MQ cm,
Millipore Milli-Q). Lacey carbon films were used as received from Electron Microscopy

Sciences.

2.2.2 Sample Preparation

The sample preparation follows a procedure developed previously', with
adjustments (discussed below) to improve substrate wetting and consequently, the surface
coverage of the metal nanoclusters. The block copolymer was mixed with toluene at a
concentration of 12.5 — 15 mg/mL, resulting in a slightly cloudy solution. By heating the
solution to ~ 145°C for 20 min, the solution became clear, and remained clear after

cooling to room temperature. Previous work'* demonstrated that this transition in solution
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optical properties corresponds to a change from cylindrical to spherical block copolymer
micelles. Thin films were then created by spin-casting the micellar solution onto the
substrates. The resulting morphology can be seen in Figure 2-1. The film thicknesses
were approximately 20 nm, as determined by atomic force microscope (AFM). Residual

toluene was then removed under vacuum.

Figure 2-1. AFM height image of non-cavitated PS-b-PAA thin film on a silicon nitride

substrate.

Two different methods were used to load the metal species into the polymer thin
films. In the first, the polymer thin films were submerged in a 0.007 M NaOH,q solution
for 16 hr (subsequently referred to as a “cavitated” template). When the thin film is
exposed to the NaOH4q) solution, the PAA domains swell”, and because this can not be
accommodated by the glassy PS matrix, the swelling leads to the rupture of the PAA

domains to the surface. This cavitation step is illustrated in Figure 2-2, and was discussed
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in detail previously by Boontongkong et al'*. These cavitated polymer thin films were
then rinsed in deionized water for 1 min, submerged in a 0.5 mM FeCl; solution for 5
min, and then rinsed in deionized water for 2 min. The second route bypassed the
cavitation step; the spin-coated films (subsequently referred to as a “non-cavitated”
template) were submerged directly into 0.5 mM FeCl; for 60 min, and then rinsed for 2
min in deionized water. For the cavitated thin films, the Fe** ions in solution exchange
directly with the Na" ions of the carboxylic acid groups, while in the non-cavitated thin
films the Fe** ions diffuse through a thin PS layer before exchanging with the H' ions
from the carboxylic acid groups. After the metal loading steps, the substrates were heated
in air at 550°C for 20 min to degrade the polymer and to convert the iron ions into iron
oxide nanoclusters. The resulting nanocluster arrays were then characterized using TEM
and AFM. A control substrate was also created by following the sample preparation steps

listed above while omitting the iron ion loading step.

PAA Domains Cavﬂated PAA Damains
Q{ t) - €3 ==X, @ @ @
o s Malnx v Matm;‘ o
[ Substratp } Substrate

Figure 2-2. Diagram illustrating the cavitation step caused by submerging the PS-5-PAA

thin films in NaOH4q) solution.

The nanocluster arrays were then used as catalytic substrates for the synthesis of
CNTs using thermal CVD in a quartz-tube reactor. The chamber was pumped down to
0.1 Torr before raising the temperature to 750°C. Once the reactor reached 750°C, NH3

gas was delivered to the reactor at 80 sccm for 10 min, and then C,H, (feed gas) was

32



added at 20 sccm for the duration of the growth. Growth times of 10, 30, and 60 min
were used. After the growth, the samples were allowed to cool to 250°C under vacuum,
and then removed from the reactor. Specimens for high resolution TEM were prepared by
sonicating the substrates containing CNTs in isopropanol for 20 minutes, and then

solvent casting the CNTs onto lacey carbon films.

2.2.3 Microscopy

TEM was performed on a JEOL 200CX operating at 200 kV, a JEOL 2000FX
operating at 200 kV, and a JEOL 2010 operating at 200 kV. SEM was performed on a
JEOL 6320 FEG-SEM operating at 5 kV. AFM was performed on a Digital Instruments
Dimension 3000 Nanoscope IIIA scanning probe microscope operating in Tapping mode

using a silicon cantilever (nominal tip radius of 5 — 10 nm).

2.3 Results

2.3.1 Catalytic Substrates

The AFM image of Figure 2-1 shows the nanoscale surface topology that results
when the PS-b-PAA solution is spin-coated onto a silicon nitride substrate. This image
shows the presence of spherical objects with an average diameter of 18 nm. As illustrated
in Figure 2-2, the PAA domains are expected'* to have a somewhat smaller diameter than
the AFM image suggests. This was confirmed by staining the PAA domains using a
PbAc; solution, as shown in the TEM image in Figure 2-3. The stained PAA domains

have diameters of approximately 12 — 14 nm. Figure 2-3 also demonstrates the quasi-
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hexagonal array of the PAA domains within the PS matrix. This spatial arrangement is

maintained over >95% of the substrate surface.

Figure 2-3. TEM image of Pb nanocluster array created from a non-cavitated thin film,
Scale bar = 200 nm. Lead was used in place of iron because it offers enhanced contrast in
the TEM. In addition, it demonstrates the general receptivity of the PS-b-PAA block

copolymer to a variety of metal cations'*'>.

In this work, nanocluster arrays for CNT growth were produced using both
cavitated and non-cavitated thin films as templates. In both of these synthesis routes,
similar iron oxide nanocluster arrays were produced. Figure 2-4a shows a TEM image of
an iron-containing nanocluster array produced by loading a cavitated thin film with iron
and then thermally degrading the polymer in air at 550°C for 20 min. The heating step
removes the polymer and leaves behind iron-containing nanoclusters with diameters of

7.5 £ 0.8 nm and center-to-center spacings of 30 — 35 nm. The areal density is
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approximately 10'" nanoclusters per cm? and the nanocluster patterning is retained over
nearly the entire substrate during the heating step. For the iron oxide nanocluster arrays
synthesized from non-cavitated arrays, it should be noted that approximately 75 — 80 %
of the substrate surface shows nanoclusters arranged in the quasi-hexagonal array similar
to Figure 2-4a, while 20 — 25 % of the substrate has nanoclusters which are completely
disordered, as shown in Figure 2-4b. For reasons not yet understood, this loss of ordering
on the substrate surface is seen only in the nanocluster arrays produced using the 550°C
heat treatment on non-cavitated thin films, and not in the nanocluster arrays created using

cavitated thin films.

Figure 2-4. TEM images of iron oxide nanoclusters synthesized using: a) cavitated

templates, Scale bar = 150 nm; b) non-cavitated templates, Scale bar = 200 nm.

Oxygen plasma etching is an alternative route to thermal degradation to remove
the polymer from the substrate surfaces. In the plasma etched samples, the nanoclusters
retained their quasi-hexagonal packing over the entire sample surface in all cases. The

average diameter of the nanoclusters on the plasma-etched substrates was 10 £ 0.7 nm,
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the center-to-center spacing was between 29 — 36 nm, and the density was approximately

10" nanoclusters per cm’.

2.3.2  Carbon Nanotube Growth

We carried out CNT growth experiments to determine the catalytic activity of our
iron-containing nanocluster arrays in multi-wall CNT (MWCNT) synthesis. Growth
times of 10, 30, and 60 min were used. SEM images from the growth process are shown
in Figure 2-5 (30 min growth) and Figure 2-6 (60 min growth). In many of the samples,
the density of CNT varies on the substrate, so both high and low density regions of CNTs

are shown for each sample.
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Figure 2-5. SEM images of 30 min CNT growth on an iron oxide nanocluster array
created from a cavitated template: a) area of low CNT density on substrate, scale bar = 1

um; b) area of high CNT density on substrate, scale bar = 500 nm.
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Figure 2-6. SEM image of 60 min CNT growth on an iron oxide nanocluster array
created from a cavitated template: a) area of low CNT density on substrate, scale bar =

500 nm; b) area of high CNT density on substrate, scale bar = 500 nm.

Figure 2-7 shows TEM images of the iron-containing nanoclusters and the MWCNTs
as grown on the substrate surface. Figure 2-8 shows a high resolution TEM image of a
MWCNT synthesized from iron oxide nanoclusters that were created using the block
copolymer micellar thin film template on a silicon wafer. After using high resolution
TEM to image a random sampling of the synthesized MWCNTs, we determined that the

MWCNTs have ~ 8 graphitic layers.
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b)
Figure 2-7. TEM images of 60 min CNT growth on an iron oxide nanocluster array
created from a cavitated template on a silicon nitride substrate. In a) the Scale bar = 200
nm. In b) circles emphasize examples of nanoclusters with increased diameters after
CVD growth (12 — 14 nm), while squares indicate nanoclusters with diameters similar to

the pre-CVD nanocluster diameter (7 — 9 nm). Scale bar = 250 nm.
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Figure 2-8. High-resolution TEM image of a multi-wall CNT grown from an iron oxide

nanocluster on a silicon substrate, Scale bar = 10 nm.

2.4 Discussion

2.4.1 Catalytic Substrates

As mentioned in the sample preparation procedure, alterations were made to the
original procedure developed by Boontongkong' in order to improve the thin film
surface coverage and the subsequent surface coverage of the nanocluster arrays. One
adjustment involved increasing the concentration of the block copolymer solution from
2.5 mg/mL to 12.5 mg/mL. By increasing the block copolymer concentration, samples

with complete surface coverage were created. Other adjustments were reducing the
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molarity of the NaOH solution and decreasing the time the sample was submerged,
thereby creating a thin film that retained near complete surface coverage after cavitation.

As shown in Figure 2-4b, some areas of the nanocluster arrays produced from
non-cavitated templates contain iron oxide nanoclusters that lose their quasi-hexagonal
order. This occurs during the 20 minute 550°C heating step that is used to degrade the
organic material of the cluster-containing block copolymer template. Evidently for the
case of non-cavitated templates, the elevated temperatures allow for increased surface
mobility of the iron-containing nanoclusters, but do not lead to significant amounts of
coalescence or ripening of the clusters. The surface densities in Figure 2-4a and 2-4b are
both equal to ~ 10! particles per cm? and the mean diameter is ~ 7.5 nm in both cases. As
mentioned previously, oxygen plasma etching is an alternative route to remove the
polymer without the loss of the nanocluster order on the surface.

Figure 2-3, a TEM image of a lead-decorated block copolymer template, serves as

a reminder of the useful generality'*"’

of the metal cation loading scheme for the case of
our PS-b-PAA block copolymer templates. The same templates employed in the present
Fe-based study can be loaded with Ni, Co, and with any combination of these three
magnetic metals. There is no need for synthesizing a new metal-containing block

copolymer' to study catalytic behavior of these various metals and alloys in CNT

growth.

2.4.2 Carbon Nanotube Growth
After characterizing the substrates using both SEM and TEM, it is evident that the
proposed block copolymer approach to synthesizing iron-containing nanoclusters,

including the use of both cavitated and non-cavitated thin films, is a viable route for the
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production of catalysts for CNT growth. We discovered very similar results in the CNT
growths using the nanoclusters created from both the cavitated and non-cavitated thin
films, so for the remainder of this chapter, the discussions will apply to either synthesis
route.

To verify that the catalytic activity of the iron oxide nanoclusters is required to
enable CNT growth in our experiments, we attempted to grow CNTs on our control
substrate, which was identical to all others except for the omission of the iron loading
step. By characterizing the sample using both TEM and SEM (images not shown), we
found a total absence of CNT growth, demonstrating the need for iron-containing
nanoclusters in our CNT synthesis protocol.

The SEM images show that the average length of the CNTs increase as the growth
time is increased. From images of the substrates subjected to a 10 min CNT growth, the
average CNT length was estimated to be ~ 100 nm. By examining a substrate after a 60
min CNT growth, shown in Figure 2-6b, it is clear that the CNTs have an average length
that is considerably greater than that achieved in 10 minutes of growth. In each of the
growth times employed, the CNTs exhibit a broad distribution of lengths, which is
common for thermal CVD growth processes'>.

The density of CNTs on the substrate surface also increases with increased CNT
growth time. This was qualitatively determined by translating over the substrate surface
using SEM. Figure 2-5a (image of low CNT density from the 30 min growth) is
representative of about 40% of the substrate surface. The low density areas of the 30 min
growth sampies correspond to approximately 1 CNT per 100 nanoclusters on the

substrate surface, while the higher density areas correspond to approximately 1 CNT per
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10 nanoclusters. In contrast to the 30 min growth, Figure 2-6a (image of low CNT
density from the 60 min growth), represents less than about 25% of the substrate surface.
In the 60 min growth, the particles lose their hexagonal arrangement (as demonstrated in
the TEM image of Figure 2-7), and therefore it is exceedingly difficult to estimate the
ratio of CNTs to nanoclusters.

Based on a variety of SEM images similar to Figures 2-5 and 2-6, the average
CNT diameter is 11.9 # 1.5 nm, which is larger than the nanocluster diameter of 7.5 + 0.8
nm determined from TEM. This is an unexpected result, because previous research'® has
shown that CNTs have diameters slightly smaller than the diameters of the nanoclusters
from which they are catalyzed.

Although the SEM images allow for determining trends in the CNT growths, the
TEM images of the substrates give a clearer view of the CNT growth and allow for a
better quantification of the size of the CNTs relative to the catalytic iron oxide
nanoclusters. From the TEM images in Figure 2-7, the average CNT diameter is 11.8 +
0.7 nm, which agrees closely with the data from the SEM images. The TEM image also
reveals polydispersity in the post-CVD iron-containing nanocluster diameters that was
not seen in the originally-templated nanocluster precursors. As illustrated in Figure 2-7b,
there is a population of noticeably larger nanoclusters (some are labeled with circles in
Figure 2-7b) with diameters of ~ 12 — 14 nm, scattered among the smaller nanoclusters
(some are labeled with squares in Figure 2-7b) with diameters between ~ 7 — 9 nm.
Examining numerous TEM images like Figure 2-7 leads to the conclusion that very few
of the smaller nanoclusters have successfully catalyzed CNT growth, and most of the

CNTs have diameters closely matched to the larger nanocluster diameters. The process
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by which these larger nanoclusters form is currently unclear, but a possible mechanism
might involve the precursor (7.5 nm diameter) nanoclusters initially increasing in size by
absorbing carbon atoms to create larger nanoclusters ( 12 - 14 nm diameter), followed by
carbon precipitation and CNT growth. We do not believe that the smaller nanoclusters
fuse to form larger nanoclusters during the high temperature CNT growth process
because the absence of any change in the number of nanoparticles per unit area does not
support this latter idea.

From the TEM images in Figure 2-7, it is clear that the catalytic iron-containing
nanoclusters lose their quasi-hexagonal array over time while exposed to the growth
conditions. For the 10 min CNT growth, the TEM image in Figure 2-9 clearly shows that
the iron-containing nanoclusters remain in their quasi-hexagonal arrays. After the growth
time is increased to 60 min, the nanocluster quasi-hexagonal arrays appear to be
disrupted, as seen in Figure 2-7. It is unclear at this time whether the disruption of the
nanocluster arrays is caused explicitly by the CNT growth process, or if the exposure to

high temperature (750°C) in the CVD growth process plays a central role.
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Figure 2-9. TEM image of a 10 min CNT growth using iron oxide nanoclusters

synthesized from a cavitated template on a silicon nitride substrate, Scale bar = 100 nm.

From examining both the SEM and TEM images, we are unable to determine
conclusively whether the growth mechanism is tip-growth or base-growth. For a base-
growth mechanism to dominate, the iron nanoclusters must interact strongly with the
substrate and the nanoclusters must remain on the substrate throughout the growth
process. We believe that this growth is catalyzed from the tip of the CNT because the
nanoclusters do not appear to be strongly bound to the surface, as demonstrated in Figure
2-7, where the iron-containing nanoclusters lose their quasi-hexagonal array during the

60 minute growth process.
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In future work, we plan to examine more closely the possible distinctions between
the CNTs produced using nanoclusters created from either cavitated or non-cavitated thin
films. We also plan on using scanning transmission electron microscopy and energy
dispersive X-ray analysis to determine the elements present within the iron-containing
nanoclusters after growth, which will help us to better understand the mechanism for the
increase in nanocluster diameter. A distinct advantage of this synthesis procedure is the
ability to synthesize arrays of different metal-containing nanoclusters from a single block
copolymer precursor template. As mentioned above, we plan to utilize this capability to
create arrays of other metals known to be catalytically active in CNT growth, such as Ni
and Co. We also plan to use these templates to create gold nanocluster arrays for possible

applications in the synthesis of zinc oxide nanowires.

2.5 Conclusion

In this chapter, we have demonstrated the ability to create iron-containing
nanoclusters with near monodisperse diameters in partially-ordered lateral arrays using
block copolymer micellar thin films. By varying the spin-casting variables and the
concentration of the block copolymer solution, we succeeded in producing a micellar thin
film, and subsequently an iron-containing nanocluster array covering more than 90% of
the substrate surface. After synthesizing these iron-containing nanoclusters on both
silicon nitride and silicon substrates, we used a thermal CVD process to demonstrate their
catalytic activity in MWCNT synthesis. By using silicon nitride membrane window grids
as substrates, we were able to characterize the as-grown carbon nanotubes and the

catalytic metal nanoclusters while still attached to the substrate surface using TEM. The
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block copolymer template offers the possibility of tuning the size and spacing of the

metal nanoclusters by altering the block copolymer chain length and composition. It is

also straightforward to create nanocluster arrays of different metal species.
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Chapter 3 Strategies for Controlling the Planar
Arrangement of Block Copolymer Micelles

and Inorganic Nanoclusters*

3.1 Introduction

In the past decade, the use of self-assembling systems for the fabrication of
materials on the nanometer scale has been an active area of research', with possible
applications in areas such as data storage, electronics, and molecular separation”. Block
copolymer thin films are nano-scale self-assembling systems>*® that have been exploited
due to their intrinsic nanometer feature size, their ease of synthesis, and their rich phase
behavior'°. Block copolymer lithography® is an example that uses the heterogeneous
morphology of block copolymer thin films to transfer periodic arrays of features onto a
substrate on a nanometer length scale. Generally, solvent cast block copolymer films are
annealed on the substrate to generate an equilibrium morphology and to reduce the
occurrence of unwanted grain boundaries and other defects.

A related but different route for patterning on the nano-scale utilizes amphiphilic
block copolymer micellar solutions to produce ultra-thin nanostructured films. These
micellar systems, which have frequently been based on poly(styrene-block-2-
vinylpyridine), have been utilized for various applications, including nanolithography

based on gold-loaded micelles'’, deposition of gold nanocluster arrays for ZnO nanowire
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growth'?and protein binding"*, and deposition of iron oxide nanocluster arrays for carbon
nanotube growth'*. Previous work in our research group used block copolymer micellar
thin films based on poly(styrene-block-acrylic acid) to create arrays of PAA domains that
could be cavitated to expose free carboxylic acid groups'”. These systems have been used
to generate planar arrays of various inorganic nanoclusters' including iron oxides
suitable for catalyzing carbon nanotube growth'®. One advantage of the micellar route to
generate such planar nano-arrays arises from the fact that these systems are often trapped
in a non-equilibrium state, facilitating the opportunity to vary structural parameters such
as the characteristic shape, size, and spacing of the array features.

In this chapter, we focus on strategies to vary the size and spacing of spherical
block copolymer micellar domains on planar surfaces, as well as routes that allow for
nanocluster synthesis within the spherical domains. Our specific approach capitalizes on
the ability of the amphiphilic block copolymer, poly(styrene-block-acrylic acid) (PS-b-
PAA) to form quasi-hexagonal planar arrays of PAA spheres in a matrix of PS. As shown

1316 it is possible to exploit the metal-binding properties of the carboxylic acid

previously
groups in chemical synthesis schemes that are confined to nanometer-scale reaction
zones. Application of these nanoreactor synthesis protocols idéally requires a measure of
control over the size, spacing, and packing arrangement of these reaction zones on the
planar substrate. The present chapter addresses some of these issues using a variety of
strategies, including: varying the block copolymer molecular weight, adding

homopolymer of PS into the micellar solution, and also by the combination of different

micellar solutions.
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This chapter also presents a novel route for creating metal nanocluster arrays
containing more than one inorganic species, with each nanocluster containing either one
or all of the inorganic species, depending on the conditions of the synthesis. This route
focuses on the time-dependent inter-diffusion of inorganic species following mixing of
micelle solutions that have been previously loaded with different inorganic species. These
arrays are characterized using energy dispersive x-ray (EDX) analysis on a scanning

transmission electron microscope (STEM).

3.2 Experimental Section

3.2.1 Materials
Three PS-b-PAA copolymers were used in this work, with molecular weights and
nomenclatures as follows: PS-b-PAA (16.4/4.5) [M,, (PS) = 16 400 g/mol, M, (PAA) =
4 500 g/mol, PDI = 1.05]; PS-b-PAA (66.5/4.5) [M, (PS) = 66 500 g/mol, M, (PAA) =
4 500 g/mol, PDI = 1.07]; and PS-b-PAA (11.0/1.2) [M, (PS) = 11 000 g/mol, M,
(PAA) =1 200 g/mol, PDI = 1.11]. The copolymers were used as received from Polymer
Source, Inc. A homopolymer of polystyrene (PS) (M, = 8 500 g/mol, PDI = 1.06) was
used as received from Polymer Source, Inc. The following chemicals were also used as
received: anhydrous iron(IIl) chloride (FeCls) obtained from Sigma-Aldrich Co., lead(Il)
acetate trihydrate (PbAc;) obtained from Sigma-Aldrich Co., sodium hydroxide (98.9%)
obtained from Mallinckrodt, and toluene (HPLC grade, 99.8%) obtained from Sigma-
Aldrich Co.
The silicon nitride membrane window substrates were purchased from Structure

Probe, Inc. Each substrate (surface area ~ 4.5 mm?®) consisted of a 100-nm-thick
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amorphous, low-stress SisN4 membrane supported on a 0.2-mm-thick silicon wafer that
had been back-etched in the center to create the electron transparent SizNs window
(surface area ~ 0.2 mm?). The use of the electron-transparent silicon nitride substrates
allows for direct TEM characterization without disturbing the spin-cast films. Each
substrate was rihsed with toluene prior to film casting. All aqueous solutions were made

using deionized water (> 18 MQ cm, Millipore Milli-Q).

3.2.2 Sample Preparation

To produce the metal-loaded micellar arrays we employed a variety of synthesis
procedures that capitalize on the micellar organization of PS-b-PAA in toluene solution.
A summary of the processing routes is shown in Figure 3-1 and outlined below.

In route i), three different molecular weights of PS-5-PAA (listed in the Materials
section) were mixed with toluene at a concentration of 12.5 — 15 mg/mL, all of which
resulted in a slightly cloudy solution. After heating these solutions to ~ 145 °C for 20
min, the solutions became optically clear, and they remained clear after cooling to room
temperature. Previous work'> has shown that this transition in solution optical properties
is the result of a change from (equilibrium) cylindrical to (kinetically trapped) spherical
block copolymer micelles. The PAA micelle cores were then selectively loaded with the
chosen metal by adding the metal species to the micellar solution at a ratio of 5.4 metal
ion equivalents per carboxylic acid group (metal loading ratio). Thin films were then
created by spin-casting the metal-loaded micellar solutions onto the planar substrates at
between 6000 — 8000 rpm for one minute at room temperature.

In route ii), PS-b-PAA (16.4/4.5) was mixed with toluene at a concentration of

12.5 — 15 mg/mL. The chosen metal was then added at three different metal loading
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ratios (0.3, 5.4, and 15). Thin films of each solution were then produced by spin-casting
the solution onto the substrates.

In route iii), PS homopolymer (M, = 8 500 g/mol) was added to the micellar
solutions (metal loading ratio 5.4) based on the PS-5-PAA (16.4/4.5) system.
Homopolymer was added in quantities leading to solutions. in which the molar ratio of
molecules of PS homopolymer to PS-5-PAA block copolymer [PS : PS-b-PAA] was
equal to 4 and 10, respectively. To reduce the viscosities of these solutions to acceptable
levels for spin-casting, the solutions were diluted with toluene from 13 mg PS-5-PAA
/mL toluene to 5 mg PS-b-PAA /mL toluene. Thin films were then produced by spin
casting these solutions onto substrates.

In route iv), metal-loaded micellar solutions were combined with either an
unloaded micellar solution (micelle solution that bypassed the metal loading step) or a
micelle solution that had been loaded with a different metal species. In the first example,
a micelle solution of PS-5-PAA (16.4/4.5) with a metal loading ratio of 5.4 was mixed in
a 1:1 volume ratio with an unloaded micelle solution of the same PS-5-PAA copolymer.
After the combined solutions had been mixed for 1 min, a thin film was spin-cast onto a
substrate. In the second example, a micelle solution of PS-5-PAA (16.4/4.5) with an
FeCl; loading ratio of 0.3 was mixed in a 1:1 volume ratio with a micelle solution of PS-
b-PAA (16.4/4.5) with a PbAc; loading ratio of 0.9. Thin films were then created by spin
casting this mixed micellar solution onto a substrate after mixing the solutions for a short
time (2 min) and an extended time (120 hr).

In each of the routes above, there exists the possibility of bypassing the metal

loading step (step ii in Figure 3-1) to create arrays of PAA domains within a PS matrix.
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From previous research it is known that treating these films in a basic solution containing

a monovalent cation results in significant swelling of the PAA domains", which

eventually leads to localized cavitation that exposes the interior of the PAA domains to

the surface.

In each of the routes listed above, the polymer thin film was removed by oxygen

plasma etching (RF plasma, 8 — 12 MHz) for 15 min, leaving only the inorganic species

remaining on the substrate. The inorganic nanocluster arrays were then characterized

using TEM, atomic force microscopy (AFM), and STEM.
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Figure 3-1. Diagram of synthesis procedures for modification of block copolymer

micellar thin films.

3.2.3 Microscopy and Spectroscopy

TEM was performed on a JEOL 200CX operating at 200 kV and a JEOL 2000FX
operating at 200 kV. STEM was performed on a VG HB603 operating at 250 kV. AFM
was performed on a Digital Instruments Dimension 3000 Nanoscope IIIA scanning probe
microscope operating in tapping mode using a silicon cantilever. Dynamic Light
Scattering (DLS) was performed on a BI-9000AT Digital Autocorrelator (Brookhaven
Instruments Corporation) using a 514 nm laser, at 6 = 90° and a temperature of 25°C. X-
~ ray photoelectron spectroscopy (XPS) was performed with a Kratos AXIS Ultra Imaging

Spectrometer.

3.3 Results and Discussion

The TEM images in Figure 3-2a through 3-2¢ show nanocluster arrays that have
been created by spin-casting a micellar solution with different metal loading ratios onto a
planar substrate followed by oxygen plasma etching to remove the polymer thin film.
These images illustrate the effect of the metal loading ratio on the size and spacing of the
metal nanocluster arrays. In each of these images, PS-5-PAA (16.4/4.5) was the block
copolymer and FeCl; was the selected metal salt. In Figure 3-2a, FeCl; was added to the
block copolymer micellar solution at a loading ratio of approximately 0.3, leaving an
excess of carboxylic acid groups relative to the amount of iron cation. In Figure 3-2a, the

iron oxide nanoclusters have diameters of 8 + 0.7 nm, a center-to-center spacing of
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approximately 40 £ 4 nm, and an areal density of 8 x 10" nanoclusters per cm® In

Figure 3-2b, the FeCl; loading ratio is increased to approximately 5.4, i.e. there is a
significant excess of iron compared to the available carboxylic acid groups. In this image,
the iron oxide nanoclusters have diameters of 16.0 + 1.6 nm, a center-to-center spacing of
approximately 45 + 4 nm, and an areal density of approximately 6 x 10" nanéclusters per
cm’. The diameter of the iron oxide nanoclusters approximately doubles as a result of the
increased FeCls loading ratio. The center-to-center spacing increases only slightly due to
the increased metal loading ratio, and the variation roughly corresponds to the increase in
the diameter of the nanoclusters. In Figure 3-2c, the FeCls loading ratio is increased to
approximately 15, and the iron oxide nanoclusters have diameters of 16.2 + 1.1 nm, a
center-to-center spacing of approximately 45 + 4 nm, and an areal density of roughly 6 x
10'® nanoclusters per cm®. By comparing the nanocluster arrays formed from an FeCls
loading ratio of 5.4 vs. an FeCls loading ratio of 15, it is clear that very little change
occurs in the size or spacing of the metal nanocluster arrays, owing to the saturation of
the loading capacity of the micelles. This result is supported by our observation of
undissolved FeCls precipitate remaining in the solutions with a metal loading ratio of 15,
while no FeCls; precipitate remains in the solutions with a metal loading ratio of 0.3. A
summary of the data for Figures 3-2a through 3-2c is shown in Table 3-1. By varying the
metal loading ratio in solution, we have demonstrated the ability to exhibit a degree of
control over the diameter of the metal nanoclusters that are formed at essentially constant

spacing.
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Figure 3-2. TEM images of iron oxide nanocluster arrays synthesized from micellar thin

films using PS-b-PAA (16.4/4.5) with a FeCls loading ratio of: (a) 0.3; (b) 5.4; (c) 15.

Scale bar = 100 nm.

Metal Loading C-to-C spacing Areal
PS PAA Ratio Diameter (Measured)?|(FFT)" Density
(gimol)  (g/mol) (nm) (nm) (nm)  (particm?)
16 400 4 500 0.3 8+07 39641 358 8.2E+10
16 400 4500 54 16.0+16 449+40 395 6.0E+10
16 400 4500 15 16.2+1.1 448142 381 6.3E+10

Table 3-1. Effects of varying metal loading ratio on diameter, center-to-center spacing,

and areal density of iron oxide nanocluster arrays.

*From TEM images. "Determined from Fast Fourier Transform (FFT) of TEM image.

From the TEM images in Figure 3-2, it is apparent that the nanoclusters have a

higher contrast around the exterior and considerably less contrast within the center of the
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nanocluster. We feel confident that this effect is caused by phase contrast in TEM
imaging and is not representative of the actual structure of our nanoclusters. Because
these nanoclusters offer very little amplitude contrast, we are forced to take steps to
increase the contrast in order to produce useful images. We accomplish this by under-
focusing our sample in order to image the nanoélusters using phase contrast. When the
nanoclusters are over-focused, the center of the nanoclusters appear dark and the exterior
appears bright, which is a common indicator of phase contrast effects. When the
nanoclusters are in focus, this effect is eliminated, but the images are extremely difficult
to view due to the lack of contrast. This explanation is also confirmed by the annular dark
field (ADF) image of the nanoclusters, which is shown subsequently in Figure 3-6b. If
the nanoclusters were hollow, we would observe a bright ring with a dark center for each
nanocluster in the ADF image; however, it is clear from Figure 3-6b that each
nanocluster appears as a uniform bright circle. We also imaged these nanoclusters using
AFM (image not shown), which confirmed that the nanoclusters were approximately
spherical in shape, and did not contain a cavity as the TEM images in Figure 3-2 might
suggest.

We also characterized the substrates using x-ray photoelectron spectroscopy
(XPS) to determine the chemical composition of the nanoclusters. As shown in Figures 3-
3 and 3-4, the nanoclusters exhibited a Fe (2p */2) peak at approximately 711.7 eV and an
O (1s) peak at approximately 530.7 eV. Comparing these values to literature values for
various iron oxides, we are able to conclude that the nanoclusters are either Fe;Os [ Fe
(2p /) ~ 710.9 — 711.6 eV and O (1s) ~ 529.6 — 530.3 eV] or FeOOH [ Fe (2p /) ~

711.0 — 711.8 €V and O (1s) ~ 530.1 — 530.5 for the oxide oxygen, O (1s) ~ 531.4 —
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531.8 eV for the hydroxide oxygen]'’, or a combination of the two species. Because our
nanoclusters are on silicon oxide, the O (1s) peak caused by the Si-O bond makes it
extremely difficult to examine more closely the O (Is) peak associated with the

nanoclusters to determine if there are two different oxygen peaks.

Fe 2p
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Figure 3-3. Fe 2p XPS spectra for iron oxide nanocluster arrays synthesized from

micellar thin films using PS-b-PAA (16.4/4.5) with a FeCls loading ratio of 5.4.
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Figure 3-4. O 1s XPS spectra for iron oxide nanocluster arrays synthesized from micellar

thin films using PS-b-PAA (16.4/4.5) with a FeCl; loading ratio of 5.4.
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The TEM images in Figure 3-5a through 3-5¢ demonstrate the effect of the
molecular weight of PS-b-PAA on the size and spacing of the PAA domains, and
consequently on the size and spacing of the resulting nanoclusters. In Figure 3-5a,
micelles formed from PS-5-PAA (11.0/1.2) with a FeCl; loading ratio of 5.4 led to iron
oxide nanoclusters With diameters of 4.7 + 0.6 nm, a center-to-center spacing of 13 + 1.7
nm, and an areal density of approximately 3 x 10'" nanoclusters per cm”. Figure 3-5b
shows iron oxide nanoclusters with diameters of 16 + 1.6 nm, a center-to-center spacing
of approximately 45 + 4 nm, and an areal density of approximately 6 x 10" nanoclusters
per cm’ that resulted from similar processing conditions for the case of the PS-b-PAA
(16.4/4.5) copolymer. At constant loading ratio, decreasing the molecular weight of the
PAA block leads to smaller nanoclusters, while decreasing the length of the PS block
leads to smaller center-to-center spacing. Micelles of PS-b-PAA (66.5/4.5), again using a
loading ratio of 5.4, were used to create iron oxide nanoclusters with diameters of 11.2 +
1.1 nm, a center-to-center spacing of 57.6 + 82 nm, and an areal density of
approximately 4 x 10" nanoclusters per cm? Increasing the PS segment of the block
copolymer four-fold enlarged the center-to-center spacing of the PAA domains by
approximately 30% (Figures 3-5b and 3-5c¢), and even though the PAA block length
remained constant (M = 4500 g/mol), the cluster size also decreased (from 16 nm to 11
nm). These trends result from a decrease in aggregation number of the micelles caused by
the increase in the molecular weight of the PS segment, a result that has been previously
shown by Khougaz et al'®. The three TEM images in Figure 3-5 demonstrate a method
for controlling the size and spacing of the PAA micellar domains, which leads to control

over the size and spacing of metal nanocluster arrays, as summarized in Table 3-2.
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©)

Figure 3-5. TEM images of iron oxide nanocluster arrays synthesized from micellar thin
films with a FeCls loading ratio of 5.4 and PS-b-PAA with a molecular weight of: (a)

11/1.2; (b) 16.4/4.5; (c) 66.5/4.5. Scale bar = 100 nm.

Hydrodynamic C-to-C spacing Areal
PS PAA Radius (R,) Diameter (Measured)al(FFT)b Density
{(g/mol)  (g/mol) (nm) (nrm) (nm)  (particm?®)

11000 1200 27 nm 4706 13x17 12 30E+11
16 400 500 44 nm 16.0+16 449+40 395 6.0E+10
66 500 4500 96 nm 1122171 Ble282 56  4.3E+10

Table 3-2. Effects of varying the molecular weight of PS-b-PAA on diameter, center-to-

center spacing, and areal density of iron oxide nanocluster arrays.
*From TEM images. ®Determined from Fast Fourier Transfrom (FFT) of TEM image.

The variation of center-to-center spacing between the metal nanoclusters caused
by the alteration of the block copolymer molecular weight also correlated with changes in

the size of the micelles in solution, as verified by DLS. An average hydrodynamic radius
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was determined for each micellar solution and results are shown in Table 3-2. The
average hydrodynamic radii were 27 nm, 44 nm, and 96 nm, for the PS-5-PAA (11/1.2),
PS-b-PAA (16.4/4.5), and the PS-b-PAA (66.5/4.5) systems, respectively. A scaling
relationship for the total micellar radius, specific to the regime where micelles have
corona segments much longer than core segments, was previously developed by
Halperin'®. This scaling relationship shows that the total micellar radius (R) scales as
(NPAA)“/ 2 (I‘Ips)y 5 where Npaa denotes the number of repeat units of the PAA segment,
and Nps denotes the number of repeat units of the PS segment. Our hydrodynamic radius
data from DLS agree very closely with this scaling law. However, this theory also
predicts that the aggregation number and the core radius of the micelles should be
independent of the PS segment length in this regime, whereas we observed a decrease in
the size of the core radius with increasing the PS segment length at constant PAA
segment length.

Although the areal density of the PAA domains can be tailored by variation of the
molecular weight (as shown in Figure 3-5), there is an unavoidable coupling of areal
density with the size of the nanoclusters. Therefore, a more general approach allowing
independent control of these two parameters was sought. By adding PS homopolymer
(M, (PS) = 8 500 g/mol) to our micellar solution, as illustrated in route iii) of Figure 3-1,
we were able to vary the areal density over an order of magnitude, as demonstrated in the
TEM images in Figure 3-6. In all three TEM images in Figure 3-6, the PS-5-PAA
(16.4/4.5) copolymer was used and the FeCls loading ratio was constant at 5.4. In Figure
3-6a, no PS homopolymer was added to the solution, and a density of 6 x 10'° particles

per cm® was achieved. In Figure 3-6b, PS homopolymer was added to the micellar
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solution at a ratio of 4 molecules of PS homopolymer per molecule of PS-5-PAA block
copolymer ([PS : PS-5-PAA] = 4). This addition of PS homopolymer decreased the areal
density by 83% to 1.1 x 10" particles per cm®. By further increasing the PS
homopolymer to block copolymer ratio ([PS : PS-5-PAA] = 10), as shown in Figure 3-6c¢,
the density decreased to 6.5 x 10° particles per cm® These results, which are
summarized in Table 3-3, indicate that the addition of PS homopolymer was a successful
methodology for varying the areal density over nearly an order of magnitude. At the same

time, there is a clear loss of packing regularity in the resulting nanocluster arrays.
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c)
Figure 3-6. TEM images of iron oxide nanocluster arrays synthesized from micellar thin
films using PS-b-PAA (16.4/4.5) with a FeCls loading ratio of 5.4 and a [PS : PS-5-PAA]

equal to: (a) 0 (no PS homopolymer); (b) 4; (c) 10. Scale bar =250 nm.

Concentration Areal
PS PAA  of PS/PAA  Ratio [PS : PS/PAA]  Density
(@mol)  {g/mol)  (mg/mL toluene) (particm?)
16 400 4 500 13 No PS homopolymer 6.0E+10
16 400 4500 5 4 1.1E+10
16 400 4 500 5 10 6.5E+09

Table 3-3. Effects of varying the ratio of PS homopolymer molecules per PS-b-PAA
molecule ([PS : PS-b-PAA]) on the areal density of iron oxide nanocluster arrays
synthesized from micellar thin films using PS-5-PAA (16.4/4.5) with a FeCls loading

ratio of 5.4.
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As mentioned in the Experimental section, the addition of PS homopolymer into
the micellar solution increased the viscosity of the resulting solutions significantly, and
toluene dilutions were employed to facilitate processing. As a control experiment to
determine whether or not the dilution itself somehow affected the resulting micellar array
spacing, a 5 mg/mL toluene solution of PS-5-PAA (16.4/4.5) without PS homopolymer
was spin-cast onto a substrate to create a micellar thin film to compare with the 13
mg/mL results shown above in Figure 3-6a. The resulting TEM images (not shown)
revealed nanocluster arrays that had diameters and a center-to-center spacing that were
identical to the arrays in Figure 3-6a.

Another useful strategy is to combine different micellar solutions, as shown in
route iv) from Figure 3-1. This novel procedure can allow for controlling the spatial
density of loaded nanoreactors on the substrate or for the synthesis of multiple species
metal nanocluster arrays, as described below.

Variations in the areal density of metal-loaded micelles on a substrate were
achieved by combining a PbAc,-loaded micelle solution (loading ratio ~ 5.4) with an
unloaded micelle solution in a 1:1 volume ratio for 1 min and then spin casting the
solution onto a substrate. The resulting TEM image is shown in Figure 3-7. It is apparent
from the TEM image that the areal density of the metal nanoclusters has decreased due to
the inclusion of unloaded PAA domains within the micellar thin film. By analyzing the
image, we estimated the ratio of metal-loaded micelles to unloaded micelles in the thin
film to be roughly 1:1, which is equal to the ratio in our initial mixture. It is interesting to
note that when the PbAc;-loaded micellar solution was combined with the unloaded

micellar solution for an extended period of time (1 — 2 days), the thin films lacked
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unloaded micelles and contained only Pb-loaded micelles (image not shown). This
demonstrates that there is significant diffusion and exchange of the metal species within
the micellar solution, and that the holding time following the combination of these

micellar solutions is an important factor.

Figure 3-7. TEM image of Pb-containing nanocluster array formed from combining a
PbAc;-loaded micelle solution with an unloaded micelle solution in a 1:1 volume ratio

for 1 min and then spin casting onto a substrate. Scale bar = 100 nm.

The procedure for combining different micellar solutions can also be used to
create nanoclusters arrays consisting of more than one inorganic species. To characterize
the nanocluster arrays with multiple metal species, we used STEM equipped with EDX
analysis, which identifies elements through the detection of the characteristic energies of
x-rays that are emitted from a specific atomic species when bombarded by the electron

beam. The results from a typical analysis of a nanocluster array are shown below in
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Figure 3-8. Using these techniques, we are able to capture an annular dark field image of
the nanoclusters (shown in Figure 3-8b), and then create corresponding elemental maps
for specific elements, shown for the case of Fe in Figure 3-8c. Comparing Figures 3-8b
and 3-8c, it is clear for this sample that each nanocluster contains Fe molecules. We also
acquire EDX spectra for single nanoclusters by focusing the beam on each nanocluster
individually, as shown in Figure 3-8d. This allows us to determine the composition of
individual nanoclusters in a more quantitative manner. It should be noted that the large Si
and N peaks seen in Figure 3-8d are expected and due to our use of Si3N4 as the substrate;
an O peak is not observed because it is located within the large N peak. For each of the
nanocluster arrays discussed below, an analysis similar to the example shown in Figure 3-

8 was performed.
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Figure 3-8. Characterization of a nanocluster array formed from PS-b-PAA (16.4/4.5)

copolymer with a FeCl; loading ratio of 5.4: a) Bright field TEM image (scale bar ~ 100
nm); b) Annular dark field image obtained using STEM; c) Elemental Fe map obtained

using EDX analysis with STEM; d) EDX spectra from nanocluster obtained using STEM.

As mentioned above in the context of combining PbAc,-loaded micellar solutions

and unloaded micellar solutions, the contact time before spin-casting is a critical factor.
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To study this effect in more detail, we created a mixed micellar solution from a FeCls-
loaded micellar solution (loading ratio ~ 0.3) and a PbAc,-loaded micellar solution
(loading ratio ~ 0.9) in a 1:1 volume ratio. Two nanocluster arrays were then created
from this combined solution; one was spin-cast 2 min after the solutions were combined
and the other 120 hr after combination. The annular dark field image obtained from the 2
min sample is shown in Figure 3-9. By analyzing the elemental maps and the EDX
spectra for each nanocluster (shown in Figure 3-9), it is evident that the nanoclusters with
the higher contrast are Pb-containing nanoclusters, and that the nanoclusters with lower
contrast are Fe-containing nanoclusters. By examining the EDX spectra, it is also clear
that each of the nanoclusters contain only one metal species; there has been no noticeable
inter-diffusion of metal species between micelles. In this image, 45% of the nanoclusters
are iron-containing, corresponding closely to the expected value of 50% for a 1:1 volume

ratio.
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pectrum 1 &3 Spectrum 2 & 4

Figure 3-9. Annular dark field image of multi-species nanocluster array formed by
combining an FeCls-loaded micellar solution (loading ratio ~ 0.3) with a PbAc,-loaded
micellar solution (loading ratio ~ 0.9) for 2 min, along with spectrums from EDX
analysis. The spectrum on the left was acquired while focusing the electron beam on the
nanoclusters labeled 1 & 3 in the dark field image. The spectrum on the right was
acquired while focusing the electron beam on the nanoclusters labeled 2 & 4 in the dark

field image. Scale bar = 100 nm.

The resulting annular dark field image from the nanocluster array that was spin-
cast 120 hr after the solutions were combined is shown in Figure 3-10. The elemental
maps as well as the EDX spectra (shown in Figure 3-10), reveal some nanoclusters whose
compositions are nearly all one species (Fe or Pb), in addition to nanoclusters that contain
both iron and lead. Figure 3-11 compares the nanocluster populations obtained from the 2
min and 120 hr samples. Increasing the contact times for the combined micelle solutions
facilitates considerable inter-diffusion of Fe’* and Pb*" ions, resulting in nanoclusters

containing multiple metal species.
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Figure 3-10. Annular dark field image of multi-species nanocluster array formed by

combining an FeCls-loaded micellar solution (loading ratio ~ 0.3) with a PbAc,-loaded
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micellar solution (loading ratio ~ 0.9) for 120 hr, along with EDX spectrums from

individual nanoclusters.

0.6
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% Pb in Nanoclusters
Figure 3-11. Comparison of the composition of multi-species nanocluster arrays formed
by combining an FeCls-loaded micellar solution (loading ratio ~ 0.3) with a PbAc,-

loaded micellar solution (loading ratio ~ 0.9) for 2 min vs. 120 hr before spin-casting.

The compositions of these nanocluster arrays can also be controlled by varying
the volume ratio of the combined micellar solutions. In this case, we created three
separate mixed micellar solutions where an FeCls-loaded micellar solution (loading ratio
~ 0.3) was combined with a PbAc,-loaded micellar solution (loading ratio ~ 0.9) in
volume ratios of 1:9, 1:1, and 9:1, where the volume ratio is defined as the mL of FeCls-
loaded micelle solution per mL of PbAc,-loaded micelle solution. The solutions were
then spin-cast onto a substrate 120 hr after they were created. After analyzing each

substrate using EDX analysis, we can compare the composition of nanoclusters as a
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function of the initial volume ratio of the combined micellar solution, as shown in Figure
3-12. Variation of the volume ratio of the combined micelle solutions has a significant
effect on the nanocluster composition distribution. When the volume ratio was 1:1, we
observed approximately an equal percentage of Fe-containing, Pb-containing
nanoclusters, and Fe- and Pb-containing nanoclusters. .When the volume ratio was
changed to 9:1, we observed that nearly all of the nanoclusters were Fe-containing. When
the volume ratio was 1:9, we observed approximately 5% of the nanoclusters were Fe-
containing, 40% of the nanoclusters were Pb-containing, and 55% of the nanoclusters
contained both Fe and Pb. We believe this observation is a result of the higher solubility
of FeCl; in toluene compared to PbAc,, which allows for higher loadings of the FeCls-
loaded micelles compared to the PbAc,-loaded micelles. When the micelle solutions are
combined, the increased loading of the Fe-containing micelles facilitates increased
exchange of the Fe** ions into Pb-loaded micelles. This results in an increased percentage
of nanoclusters containing both Fe and Pb and a decreased percentage of Pb-containing

micelles, as seen in the data in Figure 3-12.
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Figure 3-12. Comparison of the composition of multi-species nanocluster arrays formed
by combining an FeCls-loaded micellar solution (loading ratio ~ 0.3) with a PbAc;-
loaded micellar solution (loading ratio ~ 0.9) in a volume ratio of 1:9, I:1, and 9:1, where
the ratio is mL of FeCls-loaded micelle solution per mL of PbAc,-loaded micelle

solution. The solutions were spin-cast onto a substrate 120 hr after they were created.

To help understand the inter-diffusion issues of these inorganic species, we used a
two-step loading process to create inorganic nanocluster arrays. In this system, we
created PbAc,-loaded micelles (loading ratio ~ 0.9) using the PS-b-PAA (16.4/4.5)
copolymer, and after allowing sufficient time for the Pb*" ions to load, we added FeCls
(loading ratio ~ 2.1) directly into the micelle solution. After waiting 24 hr, the solution
was spin-cast onto a substrate to create a nanocluster array, which was characterized
using EDX analysis and is shown in Figure 3-13. The EDX analysis showed that all of
the nanoclusters contained only Fe, indicating that Fe*" ions have a higher affinity for the

carboxylic acid groups than Pb** ions in this system.
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Figure 3-13. Annular dark field image (scale bar = 70 nm) of multi-species nanocluster

array formed by adding FeCls (loading ratio ~ 2.1) directly into a previously PbAc,-
loaded micellar solution (loading ratio ~ 0.9), along with EDX spectrums from individual

nanoclusters.

3.4 Conclusion

We have demonstrated the ability to vary the size, center-to-center spacing, and
density of spin-cast 2-D arrays of spherical PS-b-PAA micelles and the subsequent
inorganic nanoclusters synthesized therein. The strategies used to vary the arrays include
alteration of the block copolymer molecular weight, addition of PS homopolymer,
variation of the metal loading ratio in solution, and the combination of different micellar
solutions. We have also demonstrated routes for the creation of metal nanocluster arrays
containing multiple metal species, in which each nanocluster contains one or more of the
metal species, depending on the synthesis conditions. These routes are based on the

inter-diffusion and exchange of different inorganic species within micellar solutions. The
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strategies discussed in this work could have useful applications in the synthesis of carbon
nanotube catalysts and in the construction of nanopatterned substrates for the

investigation of cell attachment and function.
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Chapter 4 Controlling the Morphology of Carbon
Nanotube Films by Varying the Areal
Density of Catalyst Nanoclusters Using

Block Copolymer Micellar Thin Films*

4.1 Introduction

In spite of much research progress in the science and synthesis of carbon
nanotubes (CNTs)', control over the location and orientation of CNTs on substrates
remains a major challenge. A key breakthrough was the synthesis of vertically-aligned
CNT (VA-CNT) arrays using thermal chemical vapor deposition (CVD)*7 and plasma-
enhanced CVD?®, where the CNTs self-orient perpendicular to the substrate surface due to
initial crowding and continue to grow upward in this direction. These CNT arrays have
wide-ranging applications including membranes, heat dissipation, electrical
interconnects, and nanoelectronics’. The catalysts for synthesis of vertically-aligned
CNTs are commonly prepared by sputtering or evaporating a thin metal film onto a

14,15

substrate”™ °, which dewets to form catalyst nanoparticles at an elevated temperature

prior to growth'®'®, While these catalysts are easily prepared and patterned by shadow

7,14

masking or lithography ™", these approaches are not easily able to create nanocluster

catalysts having monodisperse diameters and quantifiable areal densities. In thin metal
films, both the nanocluster size and areal density are coupled to the film thickness, and

the annealing procedure affects the size, density, and the chemical state of the

80
* Portions of this chapter have been previously published in Bennett, R.D., Hart, A.
J., Cohen, R.E. Advanced Materials 2006, 18, 2274 - 2279.



nanoclusters. Recently Huh ef a/'® demonstrated a route for controlling the density of
CNT growth using varying densities of colloidal cobalt nanoparticles; however, due to
nanoparticle coalescence their route does not enable precise quantification of nanocluster
areal density and leads to a broad distribution of CNT diameters. Zhang et al®® also
recently demonstrated the control of CNT growth by varying the density of Co-Mo
nanoparticles, although their route is unable to independently vary the diameter and the
areal density of nanoparticles.

We employ a methodology for synthesizing iron oxide nanoclusters that utilizes
micelles formed by the amphiphilic block copolymer, poly(styrene-b-acrylic acid) (PS-b-
PAA)?"*, This catalyst system has significant value because it enables the creation of
nanocluster arrays of a chosen metal species, with independent control of the nanocluster
diameter and areal density”®. In previous chapters, nanocluster diameters were varied
between 5 nm and 16 nm and the areal density was varied from 6.0 x 10'° cm™? to 1 x 10°
cm’, although variation outside of these ranges is easily accessible. At higher areal
densities, the nanoclusters are hexagonally ordered. Further, as we will present in the
subsequent chapter, the nanoclusters arrays can be patterned on the micron length scale
using microcontact printing®.

In this chapter we utilize this system to create arrays of uniform-diameter iron
oxide nanoclusters, having quantifiable areal densities that can be varied over more than
an order of magnitude. We achieve vertical CNT growth from our catalyst system
through appropriate selection of the substrate, catalyst preparation procedure, and
reaction conditions. To the best of our knowledge, our work is the first example of

vertical growth of CNTs from a block copolymer based catalyst. Because this catalyst
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system allows for precise quantification of the nanocluster areal density, we can estimate
the percentage of nanoclusters that nucleate the growth of a CNT. By uniformly varying
the areal density of iron oxide nanoclusters on the substrate surface, we manipulate the
morphology of the CNT film from a tangled and sparse arrangement of individual CNTs,
through a transitioh region with locally bunched and self-aligned CNTs, to rapid growth

of thick vertical CNT films.

4.2 Experimental Section

4.2.1 Materials

Poly(styrene-block-acrylic acid) (PS-b-PAA) [M; (PS) = 16 400 g/mol, M, (PAA)
=4 500 g/mol, PDI = 1.05] and polystyrene (PS) homopolymer (M, = 8500 g/mol, PDI
= 1.06) were used as received from Polymer Source, Inc. The following chemicals were
also used as received: anhydrous iron(III) chloride (FeCls) obtained from Sigma-Aldrich
Co., and toluene (HPLC grade, 99.8%) obtained from Sigma-Aldrich Co. The substrates
were clean silicon wafers (p-type, Silicon Quest International) coated with a 1 pm layer
of thermally-grown SiO,, or a 15 nm layer of ALO; deposited by electron beam
evaporation in Temescal VES-2550 with a FDC-8000 Film Deposition Controller. The
silicon nitride membrane window substrates were purchased from Structure Probe, Inc.
Each substrate (surface area ~ 4.5 mm?) consisted of a 100-nm-thick amorphous, low-
stress SisN4 membrane supported on a 0.2-mm-thick silicon wafer that had been back-
etched in the center to create the electron transparent SisNs window (surface area ~ 0.2
mm?). The use of the electron-transparent silicon nitride substrates allows for direct TEM

characterization without disturbing the spin-cast films.
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4.2.2 Preparation of Carbon Nanotube Growth Catalysts

Details about synthesizing iron oxide nanocluster arrays have been discussed in
previous chapters??>**, In brief, PS-b-PAA was mixed with toluene at a concentration of
10 mg/mL and heated to 145 °C for 20 min in a sealed vial to create a spherical block
copolymer micellar solution. The PAA micelle cores were selectively loaded with iron by
adding FeCl; to the micellar solution at a ratio of 5.4 metal ion equivalents per carboxylic
acid group. Thin films were then created by spin casting the metal-loaded micellar
solutions onto the planar substrates at 2000 — 8000 rpm for 1 min at room temperature.
The micellar thin film was removed by oxygen plasma etching (rf plasma, 8 — 12 MHz)
for 20 min, leaving only the inorganic iron oxide nanocluster arrays remaining on the
substrate. To create iron oxide nanocluster arrays with lower areal densities, PS
homopolymer (M, = 8500 g/mol) was added to the micellar solutions with a PS-5-PAA
to PS homopolymer ratio of 3:1, 4:1, and 50:1 prior to spin casting. To reduce the
viscosities of these solutions to acceptable levels for spin casting monolayers, the
solutions with a 3:1 and 4:1 ratio were diluted with toluene from 10 mg PS-5-PAA / mL
of toluene to 5 mg PS-5-PAA / mL of toluene, while the solution with a 50:1 ratio was

diluted to 1 mg PS-5-PAA / mL of toluene.

4.2.3 Carbon Nanotube Growth Procedure

CNT growth is performed in a single-zone atmospheric pressure quartz tube
furnace (Lindberg), having an inside diameter of 22 mm and a 30 ¢cm long heating zone,
using flows of Ar (99.999%, Airgas), C;H; (99.5%, Airgas), and H; (99.999%, BOC).

The substrate sample is rested in the furnace tube, at a location starting 40 mm
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downstream of the control thermocouple. The furnace temperature is ramped to the set
point temperature in 30 minutes and held for an additional 15 minutes under 400 sccm
Ar. The flows of Ar and H; used during growth are established 1 minute prior to
introducing C;Hy, and then the C;Ha/Hy/Ar mixture is maintained for the growth period
of 15 — 60 minutes. Finally, the H, and C;H,4 flows are discontinued, and 400 sccm Ar is
maintained for 10 more minutes to displace the reactant gases from the tube, before being

reduced to a trickle while the furnace cools to below 100 °C.

4.2.4 Characterization

Transmission electron microscopy (TEM) was performed on a JEOL 2000FX
operating at 200 kV. Scanning electron microscopy (SEM) was performed on a JEOL
6320FV field-emission high-resolution microscope operating at 5 kV. High-resolution
TEM (HRTEM) was performed on a JEOL 2010 operating at 200 kV.
Thermogravimetric analysis (TGA) was performed on a Perkin Elmer TGA7
Thermogravimetric Analyzer. Spectroscopic ellipsometry was performed using an
ellipsometer (model M-2000D) manufactured by J. A. Woollam Co. Atomic force
microscopy (AFM) was performed on a Digital Instruments Dimension 3000 NanoScope
ITIA scanning probe microscope operating in tapping mode using a silicon cantilever. The
images were analyzed using NanoScope III software (version 5.12r3, Digital

Instruments).

4.3 Results and Discussion
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The procedure for synthesizing the iron oxide nanocluster arrays utilized spherical
micelles formed by PS-b-PAA in toluene, which were loaded with FeCls, and then spin-
cast onto a substrate>"?>**. The polymer thin film was then treated in oxygen plasma to
remove the organic components, leaving an iron oxide nanocluster array as shown in
Figure 4-1. Previous studies have demonstrated that the iron oxide nanocluster structure
is Fe,032%%°. The molecular weight and metal loading ratios of Figure 4-1 led to iron
oxide nanocluster arrays with diameters of 16 + 1.6 nm, that were arranged in a quasi-
hexagonal array with an areal density of 6.0 x 10'° ¢cm2 22, The root-mean-square (rms)
roughness of the nanocluster arrays was 2.2 nm, as determined from atomic force

microscopy (AFM).

Figure 4-1. TEM image of iron oxide nanoclusters on a Si;N4 window grid prior to CNT

growth.
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We first synthesized CNTs using our iron oxide nanocluster catalyst on a SiO-
substrate, via a CVD process with 100/500/200 sccm of CoH4/Hy/Ar at 750 °C’. The
resulting CNTs were short (generally 1 um in length), tangled and sparsely-distributed on
the substrate. To improve the CNT yield, we synthesized iron oxide nanoclusters on a Si
substrate coated with Al,O3 deposited by electron beam evaporation. Figure 4-2 shows
the growth results for the nanoclusters on an AlOs-coated Si wafer using identical
growth conditions as used for the SiO,-supported nanoclusters. The Al,Os; support
improved the activity of our iron-based catalyst and increased the CNT growth density, in
agreement with previous reports studying the effect of Al,Os-coated substrates on CNT
growth'>?, The inset of Figure 4-2 clearly demonstrates that the iron oxide nanoclusters
on AlOs-coated Si do not migrate and coalesce at the high growth temperature. To
further improve the CNT yield, the gas flow rates for the CNT growth were
systematically varied. Figure 4-3 shows the effect of doubling the C;H4 flow rate while
keeping the Ar and H; flow rates constant (C;Hs/Hz/Ar flow rates of 200/500/200 sccm at
750°C). The increased carbon supply significantly increased the CNT yield, causing
sporadic regions of CNTs to grow vertically from the substrate surface. Results similar to

Figure 4-3 were also observed using 200/500/0 sccm C,H4/Hy/Ar at 750°C.
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Figure 4-2. SEM image of a CNT growth using 16 nm diameter iron oxide nanoclusters
on Al,Os-coated Si with a flow rate of 100/500/200 sccm of C;Ha/Hy/Ar at 750°C, where
the inset shows a higher resolution SEM image demonstrating that the iron oxide

nanoclusters do not coalesce during the growth process.
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Figure 4-3. SEM image of a CNT growth using 16 nm diameter iron oxide nanoclusters
on Al,Os-coated Si with a flow rate of 200/500/200 sccm of C,H4/Hy/Ar at 750°C (45°

tilt).

Because of the flexibility of this catalyst system, we were also able to synthesize
iron oxide nanocluster arrays with diameters of 8.0 + 0.7 nm and an areal density of 8.2 x
10" cm™. We observed that the 8 nm diameter iron oxide nanocluster arrays catalyzed
significantly fewer CNTs than the 16 nm diameter iron oxide nanoclusters at each of the
growth conditions shown in Figures 4-2 and 4-3, and vertical CNT growth from the 8§ nm
diameter nanoclusters was not observed. Thus, for a given CVD growth condition,
nanocluster diameter has a direct effect on the density and the uniformity of the resulting

CNT growth. The increased activity of the 16 nm diameter nanoclusters (producing
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CNTs with 12 £ 2 nm o.d., discussed later) versus the 8 nm diameter nanoclusters
reinforces the notion of a catalyst particle “size window” for growth at a certain CVD
condition?”. Our previous study of CNT growth from a thin film catalyst at identical
CVD conditions demonstrated growth of 8 nm o.d. CNTs with a much broader diameter
distribution. Further characterization would enable assessment of surface and support
effects that may govern the precise relationship between nanocluster size and CNT
diameter, and determine the suitability of a particle for growth. Because this catalyst
system enables the synthesis of iron oxide nanoclusters with diameters smaller than 5 nm,
we believe that this approach will also be applicable for growing smaller diameter CNTs
such as single-walled CNTs (SWCNTs) and double-walled CNTs (DWCNTS). Future
research will involve optimizing CVD growth conditions to facilitate the growth of CNTs
having tailored diameters and a specific number of walls, along with controlling the film
morphology and packing density as suggested by our results here. For the remainder of
this chapter, we focus on MWCNT growth from the 16 nm diameter micellar-templated
nanoclusters.

During the spin casting of polymer thin films, non-uniformities at the edge of the
substrate lead to polymer films that are thicker at the substrate edge than in the center of
the substrate®®. Depending on the shape of the substrate and other experimental variables,
these non-uniformities can extend substantially from the substrate edge. The substrates
from Figures 4-2 and 4-3 were created by spin-casting the micellar solution ontoa 1 x 1
cm ALQOs-coated Si substrate, followed by oxygen plasma etching prior to CNT growth.
While these substrates had a monolayer of iron oxide nanoclusters in the center of the

substrate, the edge regions had a substantially higher areal density of nanoclusters as a
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result of the spin-casting non-uniformities. For the 1 x 1 cm Al;Os-coated Si substrates,
denser CNT growth was always observed along the substrate edges, which was consistent
with the higher areal density of nanoclusters at the edges. We have previously observed
that the yield is affected by the local areal density of catalyst on the substrate, and that
under limiting CVD conditions the reactant supply can be depleted at the edges of the
substrate surface’; therefore it was important for the micellar-based catalyst system to
have a uniform micellar film thickness over the entire substrate surface.

To eliminate the non-uniformities in the thickness of the micellar thin film, the
micellar solution was spin cast onto 2.5 x 2.5 cm Al,Os-coated Si substrates. The edges
of the substrates were then removed to leave a 1 x 1 cm substrate. This process led to
substrates with uniform micellar film thicknesses and to uniform areal densities of iron
oxide nanoclusters over the entire substrate. Figure 4-4 shows CNTs grown from a
uniform density nanocluster array on Al,Os-coated Si using CVD with 200/500/0 sccm
C,H4/Hy/Ar at 750 °C. The activity of the catalyst and the density of the CNT growth
substantially increased compared to the CNT growth shown in Figure 4-3. The dense
uniform vertical CNT growth, which is caused by the high density of CNTs
simultaneously growing from the nanoclusters, was observed over the entire substrate

surface.
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Figure 4-4. SEM image (85° tilt) of vertical CNT growth from 16 nm iron oxide
nanocluster arrays created from a micellar monolayer of uniform thickness on Al,Os-

coated Si after Co,Ha/Hy/Ar flow rates of 200/500/0 sccm at 750°C.

The capability to systematically vary the areal density of iron oxide nanoclusters
on the substrate is one of the key advantages of this catalyst system. By adding varying
amounts of polystyrene (PS) homopolymer into the PS-5-PAA micelle solution prior to
spin casting, the areal density of iron oxide nanoclusters can be systematically decreased
over more than an order of magnitude?’. Because the areal density of the iron oxide
nanoclusters can easily be varied and quantified, the morphology of CNT films can be
controlled and studied using this catalyst system. The results from our catalyst system are

shown in Figure 4-5, which demonstrates the effects of uniformly varying the areal
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density of the iron oxide nanoclusters on CNT growth. All of the substrates in Figure 4-5
were cut from a larger initial substrate to remove the non-uniform edge regions. In each
level of the figure a TEM image of the catalytic nanoclusters is shown on the left, with
the corresponding SEM image of the resulting CNT growth on the right. As discussed
previously, an iron oxide nanocluster areal density of 6 x 10" cm™ results in a dense
vertical growth of CNTs (Figures 4-5b and 4-5g). By decreasing the spin-casting speed to
2000 rpm, thicker micellar thin films with multilayers of iron oxide nanoclusters were
created. These films had a thickness of 50 nm, as measured by ellipsometry, and resulted
in an iron oxide areal density of 1.5 x 10!! cm™ (Figure 4-5a). The CNT growth using this
catalyst (Figure 4-5f) resulted in a uniform and dense film of vertically grown MWCNTSs
that was similar to the CNT growth from the catalyst with an areal density of 6 x 10" cm
% (Figure 4-5g). By decreasing the areal density of nanoclusters to 2.5 x 10" cm?
(Figures 4-5c and 4-5h), the uniform vertical growth of CNTs was replaced with a more
irregular vertical growth, where the average thickness of the CNT thin film was
significantly reduced compared to the thickness in Figure 4-5g. These results suggest that

the minimum areal density of iron oxide nanoclusters required to grow uniform and thick

CNT films is in the range between 2.5 x 10'° cm™ and 6.0 x 10'® cm™ for this system.
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TEM Image of Catalyst SEM Image of CNTs

Figure 4-5. Effects of varying iron oxide nanocluster areal density on morphology of
CNT films. The left column (a, b, ¢, d, €) shows TEM images of the iron oxide
nanocluster arrays with varying areal density prior to CNT growth. The right column (f -
45° tilt, g - 85° tilt, h - 70° tilt, i - 0° tilt, j - 0° tilt) shows SEM images of CNT growths
using iron oxide nanocluster arrays with a specified areal density on Al,Os-coated Si with
C,H4/Hy/Ar flow rates of 200/500/0 sccm at 750°C. The figures correspond to the
following iron oxide nanocluster densities: Figures a) and f) — 1.5 x 10" em™; Figures b)

and g) - 6 x 10™° cm?; Figures ¢) and h) - 2.5 x 10" cm™; Figures d) and i) - 1.1 x 10"
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cm™ (Inset shows a higher magnification image of one vertically-grown CNT column);

and Figures ¢) and j) approximately 1 x 10° cm™.

When the areal density was further decreased to 1 x 10'° cm™ (Figures 4-5d and
4-5i), the overall density of the CNT growth decreased significantly. This sample showed
sporadic columns of vertical CNT growth (inset of Figure 4-5i) surrounded by large areas
with considerably less growth. The columns of vertically grown CNTs can be explained
by a local variation in the iron oxide nanocluster areal density that results from the loss of
hexagonal order of the nanoclusters as the PS homopolymer is added. These results
suggest that when the critical local areal density of nanoclusters is exceeded, free volume
constraints cause the MWCNTSs to grow vertically from the substrate, leading to columns
of vertically-grown MWCNTs held together by van der Waals forces.
Alternatively, when the local areal density of nanoclusters is below the critical value, the
growing MWCNTs do not grow vertically due to an increase in the free volume
available, leading to tangled MWCNT growth. When the areal density was decreased to 1
x 10° cm (Figures 4-5¢ and 4-5j), no vertical growth of CNTs was observed. Comparing
Figures 4-5i and 4-5j shows that the density of the CNT growth was significantly reduced
and the average distance between CNTs increased noticeably. For the sample in Figure 4-
5j, the areal density was low enough that the local variations in the areal density did not
exceed the critical local areal density; therefore the vertical growth of MWCNTSs was
prevented altogether. The distributions of CNT diameters were nearly identical for each
of the nanocluster areal densities tested, with CNT diameters of 12 + 2 nm o.d. This
result was expected because the diameters of the iron oxide nanoclusters remained

constant as the areal density was varied.
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Figure 4-6. HRTEM image of a typical MWCNT grown from the micellar thin

catalysts.
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Figure 4-7. Diameter distribution of CNTs grown from 16 nm iron oxide nanoclusters
with an areal density of 6 x 10'® cm™ on ALOs-coated Si in 200/500/0 sccm CoHy/Hy/Ar

at 750°C.

Because the areal density of iron oxide nanoclusters created using our micellar
route is readily available, the catalyst activity can be estimated for these vertically-grown
CNT thin films. The catalyst activity is defined as the ratio of the CNT areal density to
the areal density of the iron oxide nanoclusters. Because the iron oxide nanoclusters do
not coalesce during the CNT growth process (demonstrated in the inset of Figure 4-2),
the only unknown quantity is the CNT areal density. To calculate the CNT areal density,
we determined the mass of the CNT film using thermogravimetric analysis (TGA). The
average CNT diameter was 12 (+ 2) nm, as determined from high-resolution TEM
(HRTEM), which is shown in Figure 4-6. A histogram illustrating the distribution of
CNT diameters is shown in Figure 4-7. The length of each CNT was estimated by
observing the height of the bulk CNT film (Figure 4-4) and the side view of the
vertically-grown MWCNT thin film (Figure 4-8) using SEM imaging. Figure 4-8 clearly
demonstrates that the MWCNTSs are not highly aligned, and are therefore longer than the
height of the bulk MWCNT thin film. From the curvature of the CNTs in Figure 4-8, we
estimate the length of the MWCNTs to be approximately 50% longer than the bulk
thickness of the MWCNT thin film. By combining the length of the CNTs with the
diameter and the number of concentric walls of the CNTs, the mass of an individual CNT
can be estimated. The ratio of the mass of the CNT film to the mass of an individual CNT
gives the number of CNTs, which can be converted to the CNT areal density by dividing

by the substrate area. By using this analysis for the CNT growth substrate containing a
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monolayer of iron oxide nanoclusters with uniform density (as shown in Figures 4-5b and
4-5g), we obtained a CNT areal density of 2.2 x 10° cm™ (0.363 mg cm). By comparing
with the known iron oxide nanocluster density of 6.0 x 10" cm, we obtained a catalyst
activity of approximately 4%. This catalytic activity is very reasonable compared to the
few percent catalyst activity observed in normal CVD growth, while considerably less
than the 84% activity calculated for highly efficient water-assisted CNT growth'®, as
expected. Using this analysis for a CNT thin film grown from a nanocluster array created
from a multilayer micellar thin film (as shown in Figures 4-5a and 4-5f), we obtained a
CNT areal density of 5.2 x 10° cm™ (0.879 mg cm™). By comparing the CNT areal
density with the nanocluster areal density of 1.5 x 10" cm™, the catalytic activity for the
multilayer nanocluster catalyst.was determined to be approximately 4%. This suggests
that while the areal density of the CNTs grown on the substrate varies as a function of the
areal density of iron oxide nanoclusters, the percentage of nanoclusters catalyzing the

growth of a CNT remains approximately constant.
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Figure 4-8. SEM image (85° tilt) of the side view of a vertical CNT film grown from 16
nm iron oxide nanoclusters with an areal density of 6 x 10'° cm™ on Al;03-coated Si in

200/500/0 sccm CoH4/Hy/Ar at 750°C.

The yield of the catalyst can also be quantified as the ratio of the mass of
MWCNTs produced to the mass of iron in the catalyst nanoclusters. We can estimate the
mass of iron in the nanoclusters by using a micelle aggregation number of 150 and
assuming that the ratio of carboxylic acids groups to iron ions within the micelles was
3:1. For the iron oxide nanocluster array with an areal density of 6.0 x 10'° cm™, there
was 1.7 x 10 mg cm™ of Fe. By comparing this to the mass of MWCNT per area, the
yield of the nanocluster array was 2.1 x 10* mg MWCNT / mg Fe. This yield can also be
determined for an evaporated iron thin film catalyst subjected to identical CNT growth
conditions’. The thickness (1.2 nm, as measured by Rutherford Backscattering
Spectrometry) of the iron thin film was used to determine that the catalyst contains
approximately 9.4 x 10 mg cm™ of Fe after deposition. From the measured mass of
MWCNT and the substrate area, the yield of the iron thin film was determined to be 1.2 x
10> mg MWCNT / mg Fe. Comparing the yield of the nanocluster array versus the
evaporated thin film suggests that the micelle-based nanocluster array more efficiently
utilizes the iron molecules present on the substrate surface to convert the feed gases into

MWCNTs.

4.4 Conclusion

In conclusion, our novel carbon nanotube catalyst system derived from spin-

coated, iron-loaded PS-b-PAA micelles has significant advantages over other catalyst
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systems. This block copolymer micellar catalyst system combines a unique ability to
control the diameter, the areal density, and the composition of the nanoclusters, along
with the ability to pattern the catalyst on a micron scale using microcontact printing
techniques (presented in Chapter 5). Through the variation of substrates and growth
conditions, as well as the removal of spin casting non-uniformities, we demonstrated the
ability to catalyze vertical CNT growth from these iron oxide nanocluster arrays. Because
these iron oxide nanocluster arrays have an easily quantifiable areal density, we were able
to estimate that the catalyst activity for the vertical CNT growths was approximately 4%.
The catalytic activity was approximately constant over the range of iron oxide
nanocluster areal densities from 6 x 10'®cm™ to 1.5 x 10" cm™. Furthermore, by varying
the areal density of the iron oxide nanocluster arrays while maintaining a constant
nanocluster diameter, we were able to control the morphology of the resulting CNT
growth from dense vertical CNT films to an arrangement of sparse individual CNTs on
the substrate surface. In our system, the critical areal density for growing a uniform
vertical CNT film was between 2.5 x 10'® cm™ and 6.0 x 10'° cm™.

The control afforded by this micellar catalyst system could be promising for both
CNT applications as well as for improved understanding of the combination of chemical
and mechanical conditions necessary for growth of uniform CNT films. Using this
micellar catalyst system, we can create multi-component nanocluster arrays of interest in
CNT growth, such as iron / molybdenum containing particles. Particularly, we expect
that the critical density for vertical growth depends on the catalyst composition and the
CVD reaction conditions. Our approach could also be used to synthesize various other

nanotubes and nanowires which grow from catalytic nanoparticles, including carbon
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nitride nanotubes® that are produced in alternative CVD atmospheres. Our micellar

catalyst system is a step toward precisely engineering the position, orientation, and

density of nanostructures on substrates.
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Chapter 5 Patterning of Block Copolymer Micellar
Thin Films Using Microcontact Printing
and Their Applications in Carbon

Nanotube Synthesis*

5.1 Introduction

Reliable and facile patterning of substrates is an important technological
challenge. Patterning using soft lithography'®, which relies on using an elastomeric
polymer to replicate a hard master, has successfully emerged as a fast, inexpensive, and
straightforward route for patterning substrates”.

Microcontact printing (uCP) is a powerful soft lithographic patterning technique
that has received much attention since its development roughly a decade ago®®. While
HCP was originally utilized to pattern self-assembled monolayers of alkane thiols on
gold’, this technique has also been shown to be effective in patterning polymeric thin
films> ", In general, this approach consists of wetting or “inking” a
poly(dimethylsiloxane) (PDMS) stamp with a polymer solution, followed by transferring
the polymeric thin film to the substrate. Harnessing the competitive interplay of surface
energies and wetting behavior of the components is central to successful printing using

this technique.
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Amphiphilic block copolymer micelles in organic solvents represent a novel type
of polymer solution from which micelles are capable of self-assembling into nanoscale
ordered structures when deposited onto a surface'*'S. These block copolymer micellar
systems have been utilized for various applications, including creating inorganic

417 and zinc oxide nanowire growth'’, protein

nanoclusters for: carbon nanotube
binding'®, and magnetic applications®. For many of the applications of these systems, it
would be very useful to pattern these block copolymer micellar thin films on a micron
length scale or smaller to complement the inherent nanostructure of the thin films. In
previous work, block copolymer micellar thin films have been patterned using both

21-23

electron beam lithography and photolithography” . While these routes have been

effective for patterning on length scales as small as 100 nm, these routes are time-

I*® developed a soft-

consuming, expensive, and equipment intensive. Recently Yun et a
lithographic method for patterning polystyrene-block-poly(4-vinylpyridine) (PS-6-PVP)
micelles onto a substrate utilizing 4CP. In this apprbach, a toluene-based solution of PS-
b-PVP micelles loaded with FeCl; was spin-coated onto a PDMS stamp and then
transferred to a silicon (Si) substrate through 4CP. This route achieved micron-scale
patterning of PS-5-PVP micellar thin films, which were subsequently oxygen plasma
etched to create a monolayer of iron oxide nanoclusters.

In this chapter we present a soft-lithographic route for fabricating patterned block
copolymer micellar thin films that utilizes dip-coating to ink the PDMS stamp prior to
MCP. In our approach we utilize the amphiphilic block copolymer, poly(styrene-block-
acrylic acid) (PS-b-PAA), which forms spherical micelles when added to a toluene

solution and heated'*'®, After inking a PDMS stamp with this micellar solution using dip
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coating, we allow the toluene to evaporate before uansferring the patterned block
copolymer thin films onto a substrate through #CP. We demonstrate the ability to control
the size, periodicity, and characteristic shape of the patterned areas through variation of
the PDMS stamp geometry. While confirming the results of Yun e al*> by demonstrating
the ability to transfer i’S-based block copolymer micellar thin films from a PDMS stamp
to a Si substrate, we also identify interesting wetting behavior that we believe is due to
the inhomogeneous swelling of the PDMS stamp in toluene during dip-coating. This
swelling causes the patterned micellar thin films to have feature dimensions that are
smaller than the corresponding PDMS stamp dimensions, while the periodicity of the
patterned micellar thin films corresponds to the PDMS stamp periodicity. This behavior
allows us to pattern stripes and circles of micellar thin films on submicron length scales.
We also demonstrate the effect of varying the removal velocity of the PDMS stamp from
the micellar solution, which alters the deposition of the micellar thin film onto the PDMS
stamp. By varying the removal velocity we are able to create both positive and negative
replications of the PDMS stamp with micellar thin films. We characterize these patterned
substrates using optical microscopy as well as atomic force microscopy (AFM). Using
the latter technique we also confirm that the PS-b-PAA thin films maintain their micellar
nanostructure upon printing.

We further utilize our 4CP approach to pattern PS-5-PAA micellar thin films as
organized catalyst templates for carbon nanotube (CNT) growth. In previous work, CNT
growth catalysts have primarily been patterned using lithographic methods following

24,25

physical deposition of metal thin films“™*, although some work has been done using

block copolymers containing covalently-bound iron molecules to create catalysts?*?’.
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Using our uCP approach, we pattern a PS-5-PAA micellar thin film using a block
copolymer micellar inking solution that had been previously loaded with FeCl; onto a Si
wafer coated with aluminum oxide (AL O3). Oxygen plasma etching is utilized to remove
the organic components of the micellar thin film to leave a patterned iron oxide
nanocluster array. We then utilize the catalytic function of these patterned iron oxide
nanocluster arrays, along with our previous knowledge of growth conditions for these
catalyst systems®®, to synthesize patterned arrays of vertically-grown multi-wall carbon
nanotubes (CNT) that are characterized using scanning electron microscopy (SEM). We
observe that the fidelity of the pattern is maintained as the CNTs grow vertically from the
substrate to heights that are two orders of magnitude larger than the characteristic pattern

width.

5.2 Experimental Section

5.2.1 Materials

Poly(styrene-block-acrylic acid) (PS-b-PAA) [M, (PS) = 16 400 g/mol, M, (PAA)
=4 500 g/mol, PDI = 1.05] was used as received from Polymer Source, Inc. PDMS
stamps were synthesized by pouring a two-component curable siloxane (Sylgard 184,
Dow Corning) over a silicon master with the desired pattern. The following chemicals
were also used as received: anhydrous iron(IIl) chloride (FeCls) obtained from Sigma-
Aldrich Co., and toluene (HPLC grade, 99.8%) obtained from Sigma-Aldrich Co.
Polished, single crystal silicon (Si) wafers (p-type) were used as received from WaferNet,

Inc. Carbon nanotubes were synthesized on clean silicon wafers (p-type, Silicon Quest
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International), which were coated with a 15 nm film of ALO; by electron beam
evaporation using a Temescal VES-2550, with a FDC-8000 Film Deposition Controller.
CNT growth®® was performed in a conventional single-zone atmospheric pressure quartz
tube furnace having an inside diameter of 22 mm and a heating zone of 30 cm. Argon
(Ar, 99.999%, Airgas), ethylene (CyHs4, 99.5%, Airgas), and hydrogen (Hj, 99.999%,

BOC) were used as received.

5.2.2 Sample Preparation

PS-b-PAA was mixed with toluene at a concentration of 5.5 mg/mL and heated to
145 °C for 20 min in a sealed vial to create a spherical block copolymer micellar solution.
Details about the formation of spherical block copolymer micelles in solution have been
presented in previous publications'*'®. The £CP procedure is illustrated schematically in
Figure 5-1. Two stamp geometries were utilized: channeled PDMS stamps had a constant
feature height of 400 nm (variable aspect ratio from 2.5 to 20), while the cylindrical post
PDMS stamps had a constant aspect ratio of 1. The untreated PDMS stamps were inked
by dipping the stamps into the micellar solution with the patterned surface oriented
vertically. Maintaining this orientation, the PDMS stamps were submerged in the solution
for 3 s, and then removed at a rate of .5 — 2 mm s™'. The PDMS stamps were then allowed
to dry for 4 min with the patterned surface oriented vertically, and then rotated to dry for
1 min with the patterned surface oriented horizontally. The PDMS stamps were then
placed in contact with an untreated Si substrate for 3-5 min and a mechanical pressure
was applied. For the channeled PDMS stamps, the applied pressure for a stamp with a
feature width of 8 um was approximately 40 kPa, while the applied pressure for the stamp

with 1 um diameter posts was approximately 180 kPa. An excessive stamping pressure
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caused the entire stamp (both the raised and recessed features) to contact the substrate
(which was easily observed visually during stamping), in which case the applied pressure
was reduced for proper stamping. The stamps were slowly peeled from the substrate to
leave a patterned block copolymer micellar film on the substrate.

For the preparation of iron oxide nanocluster arrays, FeCl; was added to a 5
mg/mL spherical PS-b-PAA micellar solution at a ratio of 5.4 metal ion equivalents per
carboxylic acid group'>. The 4CP printing procedure was then used to pattern the iron-
containing PS-b-PAA micellar thin film onto an Al,O3-coated Si wafer. Al,O3-coated
substrates have been previously shown to be effective supporting layers for CNT growth
using Fe-based catalysts”>. The patterned substrate was then oxygen plasma etched (rf
plasma, 8-12 MHz) for 15 — 20 min to remove the polymer thin film, leaving only iron
oxide nanoclusters remaining on the substrate'®. Details about our procedure for
synthesizing vertically-grown CNTs have been discussed previously’®. In brief, the
substrate was placed in a quartz tube reactor, covered by a silicon wafer shield, and
ramped to 750 °C under a 400 sccm flow of Ar for 30 min. The substrate was held at 750
°C under Ar for 14 min; then Ar was reduced to 200 sccm and 500 sccm H; was
introduced for 1 min. Ar was then reduced to 0 sccm and 200 sccm C,Hy4 was introduced
with 500 sccm H; for 15 min. Following growth, the furnace was flushed with Ar and

cooled to room temperature.
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Figure 5-1. Schematic illustration of the pCP of block copolymer micellar thin films
using a PDMS stamp. The dimensions of the inked regions on the stamps are shown to be
smaller than the characteristic size of the stamp feature dimensions, consistent with
microscopic observations presented below. Unless excessive stamping pressure is used,
only the micellar regions from the raised features are transferred to the substrate, as

shown here.

5.2.3 Characterization
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The patterned films were examined using a Leica optical microscope equipped
with a Nikon digital camera (DXM 1200F) using Nikon imaging software (ACT-1,
Version 2). Images were obtained in reflectance mode. Atomic force microscopy (AFM)
images were obtained using a Digital Instruments Dimension 3000 Nanoscope IIIA
scanning i)robe microscope operating in tapping mode using a silicon cantilever.
Scanning electron microscopy (SEM) images were obtained using a JEOL 6320FV field-

emission high-resolution microscope operating at 5 kV.

5.3 Results and Discussion

5.3.1 Microcontact Printing of Block Copolymer Micellar Thin Films

The optical microscope images in Figure 5-2 demonstrate the effectiveness of
using #CP to pattern PS-b-PAA micellar thin films. The results observed in Figure 5-2
are quantified in Table 5-1, which shows that by varying the width of the raised PDMS
features from 1 um to 8 um, we can vary the width of the PS-b-PAA patterns from 0.5 to
1.5 um. The data in Table 5-1 also indicate that the patterned PS-5-PAA stripes had a
width that was considerably smaller than the original width of the PDMS stamp. We
believe that this effect was caused by the inhomogeneous swelling of the PDMS stamp.
Because the edges of the PDMS channel have more surface area exposed to toluene, the
edges achieved a higher degree of swelling than the inner region. This inhomogeneous
swelling of the PDMS in toluene caused the micelle solution to collect towards the
centerline of the PDMS features (See Figure 5-1). This effect has been documented

previously in the #CP of a poly(styrene-alt-maleic anhydride)/tetrohydrofuran system’. In
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the present case, once the toluene evaporated, the PS-b-PAA micellar thin film was

kinetically trapped on the surfaces of the stamp features because the continuous PS

matrix has a glass transition temperature that is well above room temperature.

Figure 5-2. Optical microscope images of PS-b-PAA micellar thin films patterned using
HCP with a PDMS stamp with a feature width and periodicity of: (a) 1 um and 2 um, (b)

4.5 um and 9 um, and (c) 8 um and 16 um. Scale bar = 10 um.

Feature width of PDMS  Periodicity of PDMS stamp | Width of patterned PS-b-PAA  Periodicity of patterned
stamp {um) {um) thin film {um) PS-b-PAA thin film {um)
1.0 20 05 20
45 9.0 098 89
8.0 16.0 15 158

Table 5-1. Effects of varying the feature width and periodicity of the PDMS stamp on the

width and periodicity of the resulting PS-5-PAA micellar thin film features.

The optical microscope images in Figure 5-3 demonstrate the effect of using
excessive stamping pressure. The patterns in this image were created using a PDMS
stamp with 5 um wide features and a periodicity of 10 um using an applied pressure of

600 kPa. The regions of the patterned micellar thin films labeled “A” in Figure 5-3
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correspond to material that was located on the top of the PDMS features prior to
contacting the substrate, and these were the areas that transferred to the substrate with
moderate applied pressures, as shown in Figure 5-2. The patterned areas labeled “B” in
Figure 5-3 represent the micellar material that resided in the troughs between the raised
features on the PDMS stamp. The light regions correspond to bare substrate. With lower
applied pressures the troughs did not make contact with the substrate and were not
printed, as demonstrated in Figure 5-2. When excessive pressure was applied, the
micellar thin films located in the troughs contacted the surface and were transferred to the
substrate. The inset in Figure 5-3 shows the region of the substrate that was patterned by
the end of the raised features of the PDMS stamp. This image shows that the regions
labeled “B” in Figure 5-3 continuously connect with the polymer thin film regions
patterned where the raised features have ended, confirming that the regions labeled “B”
were transferred from the troughs of the PDMS stamp. The width of the films labeled “B”
in Figure 5-3 correspond exactly to the width of the troughs of the PDMS stamp, giving
more evidence for the proposed mechanism. The regions labeled “A” were transferred
from the raised features of the PDMS stamps, and these patterned areas end where the
raised features of the PDMS stamp end. The inset in Figure 5-3 also corroborates the
inhomogeneous swelling mechanism by showing that the patterned thin films from the
top of the raised features do not extend to the end of the PDMS raised features, due to the
higher swelling at the end of the raised features. The regions labeled “B” in Figure 5-3
exhibit a distinct three-fold structure along their edges; we are unsure of the mechanism

for its formation.
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Figure 5-3. Optical microscope image of a PS-5-PAA micellar thin film patterned using
LCP with an applied pressure of 600 kPa and a PDMS stamp with a channel width of 5
um and a periodicity of 10 um. The narrow patterned films labeled “A” in the image
correspond to the micellar thin films that originally were located on the raised PDMS
features prior to stamping. The regions labeled “B” in the image correspond to micellar
thin films that were originally located in the troughs of the PDMS prior to stamping. The

inset shows the patterned substrate at the edge of the PDMS stamp. Scale bar = 5 um.

Figure 5-4 shows the AFM characterization of the PS-b-PAA micellar thin films
patterned by using a PDMS stamp with a channel width of 7 um and a periodicity of 14
um and an applied pressure of 40 kPa. Figure 5-4a shows an AFM height image of the

substrate after stamping. The thickness of the patterned micellar thin films is
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demonstrated in Figure 5-4b, which shows an individual scan line between the two
triangles shown in Figure 5-4a. This shows that the patterned stripes are approximately
100 nm thick and are uniform in shape. To confirm that the micellar substructure
persisted in the patterned areas, we examined the areas indicated by the white squares in
Figure 5-4a at higher resolution. Figure 5-4c shows the AFM phése image of the
patterned micellar thin film that is located in the square labeled “c)” in Figure 5-4a. The
observed structure is identical to previous AFM images of micellar thin films'*'® of this
same block copolymer, and verifies the nanoscale sub-structure of the patterned thin
films. Figure 5-4d shows the AFM phase image of the area indicated by the square
labeled “d)” in Figure 5-4a and corresponds to the smooth structure of the bare Si
substrate. From these AFM results we are able to conclude that our uCP procedure
enables the creation of substrates with well-defined patterns of PS-b-PAA micellar thin
films. The thickness of the patterned stripes suggests there are 4 - 5 layers of micelles, as
compared to the micellar monolayers that could be created using a spin casting
approach'>'®. The cracks observed in Figure 5-4a are believed to arise from stresses that
are imparted to the glassy polymer thin films during handling of the PDMS stamp during
the stamping procedure. We have found that these cracks can be minimized by delicately

handling the PDMS stamps during the stamping procedure.
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Section Analysis

d)
Figure 5-4. AFM characterization of a PS-b-PAA micellar thin film patterned using a
PDMS stamp having a channel width of 7 um and a periodicity of 14 um. (a) AFM height
image (50 um by 50 um scan) showing a patterned PS-b-PAA micellar thin film on a Si
substrate; (b) Plot of individual scan line along the line connecting the two white triangles
in (a); (¢) AFM phase image (0.6 um by 0.6 um scan, 50° scale) from the square denoted
“c)”; (d) AFM phase image (2.5 um by 2.5 um scan, 50° scale) from the square area

denoted “d)”.
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The optical microscope images in Figure 5-5 demonstrate the capability of using
this 4CP procedure to pattern PS-b-PAA micellar thin films in other geometries. The
micellar thin films observed in Figure 5-5 were obtained using a PDMS stamp with
cylindrical post features and a removal velocity of 1 mm s, The results are quantified in
Table 5-2. Figures 5-5a — 5-5¢ demonstrate the ability to vary the periodicity of the
resulting PS-b-PAA micellar thin film patterns from 6.1 um to 17.5 um. In these images
the diameters of the patterned micellar areas varied between 0.5 um and 0.6 um, which is
much smaller than the diameter of the cylindrical posts on the PDMS stamp and similar

to the result that was observed for the PDMS stamp with linear features (see Figure 5-2

and Table 5-1).

b) ! c)
Figure 5-5. Optical microscope images of PS-b-PAA micellar thin films patterned using
HCP with a PDMS stamp of cylindrical posts with a removal velocity of 1 mm s and

with a diameter and periodicity of: (a) 4 um and 6 um, (b) 4 um and 10 um, and (c) 3 um

and 18 um. Scale bar = 10 um.
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Diameter of posts on Periodicity of posts on Diameter of patterned PS-b-  Periodicity of pattemed

PDMS stamp {um) PDMS stamp {um) PAA thin film (um) PS-b-PAA thin film {um)
40 6.0 06 6.1
40 10.0 06 96
30 18.0 05 175

Table 5-2. Effects of varying the diameter and periodicity of cylindrical posts on a
PDMS stamp on the diameter and periodicity of the resulting patterned PS-b-PAA

micellar thin film.

Although the u4CP of stripes of micellar thin films was relatively insensitive to the
removal velocity of the PDMS stamp from the inking solution, 4CP using PDMS stamps
with cylindrical posts was quite sensitive to the PDMS stamp removal velocity. For the
results in Figure 5-5, a removal velocity of 1 mm s™ caused micellar thin films to deposit
onto the tops of the cylindrical posts and subsequently transfer to the Si substrate. When
the removal velocity of the PDMS stamp with cylindrical posts was lowered to 0.2 mm s~
! the micellar thin films did not deposit onto the tops of the cylindrical posts, as
demonstrated in Figure 5-6a. Figure 5-6a shows an optical microscope image of a PS-b-
PAA micellar thin film patterned using #CP with an applied pressure of 600 kPa using a
PDMS stamp of cylindrical posts with diameters of 4 um and a periodicity of 8 um.
Because of the large applied pressure, inked material from both the top of the raised
features and the troughs should transfer from the PDMS stamp to the substrate. In this
image, however, the well-defined circles correspond to bare substrate indicating that the
cylindrical posts did not have micellar thin films deposited on their top surfaces due to
the slower removal velocity. In Figure 5-6b, an optical microscope image shows a PS-b-
PAA micellar thin film patterned using an applied pressure of 600 kPa using a PDMS

stamp of cylindrical posts with a diameter of 4 um and a periodicity of 10 um and a
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removal velocity of | mm s, In this image the PS-b-PAA micellar thin film did ink the
tops of the cylindrical posts, and was subsequently transferred to the substrate along with
the micellar thin film from the trough. Thus by varying the removal velocity of the
PDMS stamp from the micellar solution and the applied pressure, we were able to create
positive, negative, and mixed representations of the PDMS stamp using a PS-5-PAA

micellar thin film.

b)
Figure 5-6. (a) Optical microscope image of a PS-b-PAA micellar thin film patterned
using 4CP with an applied pressure of 600 kPa using a PDMS stamp of cylindrical posts
with diameters of 4 um and a periodicity of 8 um and a removal velocity of 0.2 mm s
The lighter areas correspond to bare substrate, while the darker areas correspond to PS-b-
PAA micellar thin film. (b) Optical microscope image of a PS-b-PAA micellar thin film
patterned using #CP with an applied pressure of 600 kPa using a PDMS stamp of

cylindrical posts with diameters of 4 um and a periodicity of 10 um and a removal

velocity of 1 mm s, Scale bars = 10 um.
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5.3.2 Carbon Nanotube Growth from Patterned Catalysts

In previous research we successfully exploited micellar thin films in a scheme that
first led to a full-area-coverage of planar arrays of substrate-bound iron oxide
nanoclusters, followed by their use as catalysts for the synthesis of multi-wall carbon
nanotubes (MWCNTSs)'. We also showed that iron ions added to a solution of spherical
PS-b-PAA micelles will selectively load into the core of the micelles, thereby permitting
the creation of iron oxide nanocluster arrays via spin casting'. Using this PS-b-PAA
micellar system, we also demonstrated the ability to create iron oxide nanocluster
catalysts for vertical growth of MWCNTSs?®, This was accomplished by varying the CVD
growth parameters, the substrate, and the uﬁiformity of the micellar thin film, in order to
discover a set of conditions that yielded dense growth of MWCNTSs. In this chapter we
patterned iron-loaded PS-5-PAA micellar thin films onto Al;Os-coated Si substrates
using our #CP procedure. Oxygen plasma etching was used to remove the organic
component of the micellar thin film, leaving patterned iron oxide nanocluster arrays.
These patterned inorganic nanocluster arrays were examined in the context of nanotube
catalysis and growth using our knowledge of conditions for CNT synthesis using this

catalyst system.
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c)i’

Figure 5-7. SEM micrographs of vertically-grown MWCNT structures grown from an
FeCls-loaded PS-b-PAA micellar thin film patterned onto an Al,O3-coated Si substrate
using a uCP approach with a channeled PDMS stamp with a width of 5 um and a
periodicity of 10 um. The CNT synthesis used 200/500 sccm of C,H4/H; at 750 °C for 15
min. a) Overhead view (0° tilt); b) Side view (70° tilt); ¢) Higher magnification image of

side of vertically-grown MWCNT structures (45° tilt).

The SEM micrographs in Figure 5-7 show the result for a CNT growth using an
iron oxide nanocluster array patterned using a channeled PDMS stamp with a width of 5
um and a periodicity of 10 um. The images show dense “walls” of MWCNTs that have
grown vertically from the substrate. It is clear that these CNTs, which were grown from a
patterned strip of catalyst nanoclusters, retain the individual shape of the underlying
pattern even though the height of these structures is roughly two orders of magnitude

larger than the width of the patterns. Similar results have been observed for vertical
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growth of CNTs using thin metal films patterned by electron beam evaporation®*?. It is
believed that strong van der Waals forces between the CNTs cause the CNT structures to
retain the shape of the patterned nanocluster catalysts as the structures grow vertically
from the substrate.

The SEM micrographs in Figure 5-8 show the result of a CNT growth using an
iron oxide nanocluster array patterned using a PDMS stamp of cylindrical posts with
diameters of 4 um and a periodicity of 8 um using a removal velocity of 0.2 mm s and
an applied pressure of 600 kPa. These conditions resulted in a transferred micellar thin
film that was the negative of the original PDMS stamp, as shown in Figure 5-6a. The left
image in Figure 5-8 shows a representative result from the growth, while the right image
in Figure 5-8 shows the edge of the patterned area to demonstrate the vertical aspect of
the growth. As in the CNT growth from channeled catalysts, it is clear from Figure 5-8
that the CNTs were catalyzed only from the patterned areas of the substrate. The CNTs
also clearly maintain the patterned structure as they grow vertically from the substrate,
even though the aspect ratio of the cylindrical columns is approximately 100. The
MWCNT structures grown from the continuous circular pattern in Figure 5-8 appear to
more accurately maintain the dimensions of the patterned catalyst as compared to the
MWCNT structures grown from strips of patterned catalyst in Figure 5-7. We are
currently unsure of the explanation for this observation and we plan to continue to

investigate this topic in the future.
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Figure 5-8. SEM micrographs of vertically-oriented MWCNT structures grown from an

FeCls-loaded PS-b-PAA micellar thin film patterned onto an Al,Osz-coated Si substrate
using a pCP approach with a PDMS stamp with cylindrical posts having diameters of 4
um and a periodicity of 8 um. The PDMS stamp was removed from the micellar solution
at 0.2 mm s™' and stamped using 600 kPa of pressure to create the inverse pattern on the
substrate. The CNT synthesis consisted of 200/500 sccm of C;H4/H, at 750 °C for 15

min. a) Overhead view (0° tilt); b) Side view (45° tilt).

5.4 Conclusion

We have demonstrated a simple, effective, and easily accessible route for
patterning PS-b-PAA micellar thin films using a p#CP approach. We demonstrate the

ability to create patterned features, while also varying their characteristic length,

periodicity, and their characteristic shape. We also used AFM to characterize the
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structure of our patterned substrates as well as to verify that the patterned thin films
maintain their micellar structure. Because these micellar thin films are capable of acting
as both templates to create inorganic nanoclusters and as nanoreactors, we believe that
the ability to pattern these block copolymer micellar thin films will have many useful
applications. We demonstrated one possible application by creating patterned iron oxide
nanocluster arrays that were able to catalyze vertical growth of carbon nanotubes
selectively on the patterned regions of the substrate. We are continuing our investigation
of pCP-patterned PS-b-PAA micellar thin films; studies of carbon nanotube and zinc
oxide nanowire synthesis, as well as the templating of biologically-active molecules for

modifying cell attachment and function will be pursued.
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Chapter 6 DNA Printing Using Au Nanocluster
Arrays Synthesized via Block Copolymer

Micellar Thin Films

6.1 Introduction

DNA microarrays are an increasingly important biological tool that have been
used for a host of applications including examining gene expression', fundamentally
studying cancer and genetic diseases™, and for the screening of drugs based on their
interactions with DNA®. The two commercial routes for creating DNA microarrays
involve either in situ synthesis or ex situ spotting™®. In situ synthesis involves the addition
of a nucleotide to a growing oligonucleotide that has been spatially arranged on a
substrate via a photolithographic mask’. This process has the advantage of design
flexibility, but the synthesis cycle consists of multiple steps and the length of the
oligonucleotide is limited to approximately 60 basepairs®’. The other alternative is to
spot pre-synthesized oligonucleotides to a substrate using either contact printing or by
projection via nozzles®. The ex situ method doesn’t limit the size of the oligonucleotides,
but the cost of creating the DNA microarrays scales with the size of the substrate. Both of
these routes are subject to an accumulation of errors due to their sequential processing
and are not suited for creating more complex microarrays®.

Recently two independently developed techniques for replicating DNA

microarrays have been discovered. In the first, Stellacci and coworkers™' presented a
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novel printing technique, named Supramolecular Nano-Stamping (SuNS), that replicated
single-stranded DNA (ssDNA) arrays through a hybridization — contact — dehybridization
cycle. Their method generally relied on modified DNA to form bonds with the target
substrate. In their case, a thiol — gold interaction was used to bind hexylthiol-modified

DNA to a gold substrate’. A second route, developed by Crooks and coworkers' "2

, USes
a similar approach but relies on the binding of streptavidin — biotin to fabricate the DNA
microarrays.

In this chapter, the capabilities of synthesizing tunable gold nanocluster arrays via
poly(styrene-block-2-vinylpyridine) (PS-b-P2VP) will be combined with the SuNS
printing route to create DNA nanoarrays. PS-5-P2VP micellar systems have previously
been utilized for various applications, including nanolithography based on gold-loaded
micelles'®, the deposition of gold nanocluster arrays for ZnO nanowire growth™ and
protein binding'®, and the synthesis of micellar nanoreactors for nanoparticles synthesis'®.
This chapter will demonstrate the feasibility of using gold nanocluster arrays synthesized
via PS-5-P2VP micellar thin films as templates for printing DNA nanoarrays via SuNS.
This chapter will also demonstrate the tunability of the gold nanocluster arrays

synthesized via PS-5-P2VP micellar thin films and discuss possible routes for creating

more complex DNA nanoarrays utilizing this tunability.

6.2 Experimental Section

6.2.1 Materials
Three PS-5-P2VP copolymers were used in this work, with molecular weights and

nomenclatures as follows: PS-5-P2VP (81/21) [M, (PS) = 81 000 g/mol, M, (P2VP) =
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21 000 g/mol, PDI = 1.16]; PS-6-P2VP (16/3.5) [M, (PS) = 16 000 g/mol, M, (P2VP) =
3 500 g/mcl, PDI = 1.05]; and PS-5-P2VP (325/92) [M, (PS) = 325 000 g/mol, M,
(P2VP) = 92 000 g/mol, PDI = 1.07]. The copolymers were used as received from
Polymer Source, Inc. A homopolymer of polystyrene (PS) (M, = 115 000 g/mol, PDI =
1.04) was used as received from Polymer Source, Inc. The following chemicals were also
used as received: hydrogen tetrachloroaurate(Ill) trihydrate (HAuCly) obtained from
Sigma-Aldrich Co. and toluene (HPLC grade, 99.8%) obtained from Sigma-Aldrich Co.
All modified DNA strands were purchased from Integrated DNA Technologies. Hexyl
thiol modified DNA strands (purchased as disulfides) were reduced before use.

The silicon nitride membrane window substrates were purchased from Structure
Probe, Inc. Each substrate (surface area ~ 4.5 mm?) consisted of a 100-nm-thick
amorphous, low-stress SisNs membrane supported on a 0.2-mm-thick silicon wafer that
had been back-etched in the center to create the electron transparent SisN; window
(surface area ~ 0.2 mm?). The use of the electron-transparent silicon nitride substrates
allows for direct TEM characterization without disturbing the spin-cast films. Each
substrate was rinsed with toluene prior to film casting. The substrates were clean silicon
wafers (p-type, Silicon Quest International) coated with a 5 nm layer of Chromium
deposited by electron beam evaporation in Temescal VES-2550 with a FDC-8000 Film

Deposition Controller.

6.2.2 Sample Preparation
PS-5-P2VP was mixed with toluene at a concentration of 4 mg/mL and stirred
until the polymer had dissolved within the solution. The P2VP micelle cores were then

loaded with Au by adding HAuCl, to the micelle solution at a predetermined loading
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ratio'®. The loading ratio was defined as the number of AuCly ions relative to the number
of pyridine rings within the toluene solution. In this work, loading ratios of 0.1, 0.35, and
1.0 were used. After the addition of HAuCl,, the solutions were mixed for 16 — 24 hours.
Thin films were then created by spin casting the metal-loaded micellar solutions onto
planar substrates at 6000 — 8000 rpm for 1 min at room temperature. The micéllar thin
film was then removed by oxygen plasma etching (rf plasma, 8 — 12 MHz) for 12 min,
leaving only the gold nanocluster arrays remaining on the substrate. To increase the
center-to-center spacing of the gold nanoclusters, PS homopolymer (M, = 115 000 g/mol)
was added to the gold-loaded micellar solution to achieve a molar ratio of PS
homopolymer to PS-5-P2VP equal to 20. To reduce the viscosities of these solutions to
acceptable levels for spin casting, the solutions were diluted with toluene from 4 mg/mL

toluene to 1 mg/mL toluene.

6.2.3 DNA Printing Procedure

Details about printing DNA via Supramolecular Nano-Stamping (SuNS) were
described elsewhere'®. In brief, the gold nanocluster arrays were immersed into a
solution of 5’-hexylthiol-modified DNA (4 uM in 1.0 M Potassium Phosphate buffer) for
at least 72 hours. The substrates were then cleaned with water to minimize nonspecific
adsorption of DNA. The substrates were then immersed in a solution of 5’-hexylthiol-
modified complementary DNA (cDNA) (1 pM in 1.0 M NaCl in TE buffer) for 3 hours
followed by rinsing in deionized water. A gold substrate was then quickly placed on the
master substrate so that a meniscus would form between the two substrates. If necessary,
a small mechanical force was applied to maximize contact between the substrates. The

substrates were often observed to be bonded together after 5 — 10 hours. The bonded
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substrates were then placed in an oven between 80 — 100 °C for 20 min. A 0.1 M
NaCl/TE buffer solution kept at the oven temperature was added dropwise on the
substrates within the oven until the substrates separated. The samples were then rinsed
with water. A schematic of the SuNS process on gold nanoclusters is shown in Figure 6-

Is

Hybridization

»

~10 nm
P

Dehybridization

<
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Figure 6-1. Diagram of DNA printing using block copolymer templated Au nanoclusters

via SuNS.
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6.3 Results and Discussion

Figure 6-2 shows a TEM image of a gold nanocluster array created from PS-b-
P2VP (81/21) with a HAuCl, loading ratio of 0.35 after plasma etching on a Si3N4
substrate. As shown in previous chapters, the SisNy substrate offers a convenient route for
analyzing the resulting inorganic nanocluster arrays using TEM. In this case, the gold

nanoclusters had diameters of 8.6 + 1.9 nm and center-to-center spacings of 95 + 14 nm.

Figure 6-2. TEM image of a gold nanocluster array created from PS-5-P2VP (81/21)

with a gold loading ratio of 0.35.

While Si;Ny4 substrates were useful for nanocluster characterization, Si was the
initial substrate chosen for creating DNA nanoarrays. After synthesizing the gold
nanoclusters on Si using the standard procedure, the Si substrates were immersed into a

solution of 5’-hexylthiol-modified DNA for at least 72 hours. AFM characterization of
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the Si substrates after this step demonstrated that very few of the gold nanoclusters
remained on the Si substrates. It is believed that the gold nanoclusters dissociated from
the substrate during this step due to the lack of strong interactions between the gold and
Si. To increase the interactions between the gold nanoclusters and the surface, a 5 nm
Chromium layer was deposited onto a Si substrate'’. The standard synthesis procedure
was then utilized to create a gold nanocluster array. In the next step, the Cr-coated
substrate containing gold nanoclusters was immersed in the 5’-hexylthiol-modified DNA
solution, and subsequently immersed in the 5’-hexylthiol-modified cDNA solution. The
resulting AFM image is shown in Figure 6-3a. The results demonstrate that the Cr layer

prevented a significant portion of the previously observed dissociation of gold

nanoclusters from the Si substrate surface.

Figure 6-3. AFM height image of: a) DNA hybridized gold nanoclusters made from PS-

b-P2VP (81/21) on a Cr-coated Si substrate (height scale = 20 nm), and b) printed DNA

strands on a gold substrate following dehybridization (height scale = 5 nm).

The substrate in Figure 6-3a was then brought into contact with a gold substrate

for 5 — 10 hours. The two substrates were then placed in an oven to dehybridize the DNA.
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After removing the substrates from the oven, an AFM image of the resulting DNA-
printed gold substrate is shown in Figure 6-3b. The image shows that features of similar
size to the original gold nanoclusters have been transferred to the new substrate. The
height of the features in Figure 6-3a and 6-3b decreased from 20 nm to 5 nm, which was
expected because gold nanoclusters are no longer on the substrate in Figure 6-3b.
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Figure 6-4. Radial distribution function of DNA hybridized gold nanoclusters on a Cr-
coated Si substrate (left image) and printed DNA strands on a gold substrate following

dehybridization (right image).

The graphs in Figure 6-4 show the radial distribution functions (RDF) for the
AFM images in Figure 6-3a and 6-3b, respectively. By comparing the two images, it
appears that the first order peak is consistent for the two samples, but the printed DNA
strands don’t maintain the longer range order that is characteristic of the higher order

peaks.
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Figure 6-5. Diagram of a possible route for synthesizing more complex DNA nanoarrays

using block copolymer templated gold nanocluster arrays.

The value of using PS-5-P2VP templated gold nanocluster arrays in DNA printing
is derived from the tunability of the micellar thin film system. A possible route for using
this tunability to create more complex DNA nanoarrays is shown in Figure 6-5. The top
line of the diagram shows the standard printing procedure shown in Figure 6-1, along
with a typical overhead view of the DNA-printed substrate. The bottom line of Figure 6-5
shows using a gold nanocluster array with larger diameters and larger center-to-center
spacings to print a second DNA strand onto the original substrate. This route would lead
to a substrate with different size spots of different DNA species and could allow for more
advanced analysis applications.

In order to achieve more complex DNA nanoarrays, control of the size and
spacing of the gold nanocluster arrays must be achieved. As was demonstrated in
previous chapters, block copolymer micellar thin films offer considerable opportunities

for tuning the properties via variation of the block copolymer molecular weight, the
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variation of the metal loading ratio, and the addition of PS homopolymer. Figure 6-6
demonstrates the effects of varying the gold loading ratio from 0.1 to 1.0 using the PS-b-
P2VP (325/92) micellar system. In Figure 6-6a, the loading ratio of 0.1 leads to gold
nanoclusters that have diameters of 5.3 + 0.3 nm with a center-to-center spacing of 170 +
30 nm. By increasing the gold loading ratio to 0.35 (Figure 6-6b), the gold nanoclusters
increase in diameter to 9.2 £ 0.6 nm, while the center-to-center spacing decreases to 145
+ 23 nm. An additional increase in the gold loading to 1.0 (Figure 6-6¢) causes the gold
nanoclusters to increase to 16.3 + 1.3 nm in diameter, while the center-to-center spacing
decreases to 107 + 18 nm. Through variation of the gold loading ratio, the diameter was
increased by a factor of three. Interestingly, the center-to-center spacing of the arrays
decreased as the gold loading ratio increased. This could only occur if the aggregation
number of the micelles decreased as the metal loading ratio increased, although the

explanation for why this occurs is still unclear.
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Figure 6-6. TEM images of gold nanocluster arrays created from PS-b-P2VP (325/92)

with a gold loading ratio of: a) 0.1, b) 0.35, and ¢) 1.0. Scale bars = 100 nm.

Figure 6-7 demonstrates the effect of varying the molecular weight of PS-56-P2VP
while maintaining a constant gold loading ratio of 0.35. In Figure 6-7a, the PS-b-P2VP
(16/3.5) system leads to gold nanoclusters with diameters of 2.8 + 0.7 nm and a center-to-
center spacing of 36 + 6 nm. The PS-5-P2VP (81/21) system shown in Figure 6-7b leads
to gold nanoclusters with diameters of 8.6 + 1.9 nm and a center-to-center spacing of 95

+ 14 nm. The PS-5-P2VP (325/92) system shown in Figure 6-7c leads to gold
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nanoclusters with diameters of 9.2 & 0.6 nm with a center-to-center spacing of 145 + 23
nm. The variation of the PS-h-P2VP molecular weight led to significant variation in the
center-to-center spacing of the nanocluster arrays, but the diameters of the nanoclusters
were less affected. This is most obviously observed in comparing the PS-b-P2VP (81/21)
system with the PS-5-P2VP (325/92) system. A fourfold increase in the PS block length
led to a 50% increase in the center-to-center spacing of the nanocluster arrays; however, a

similar fourfold increase in the P2VP block length led to an increase in the diameter of

less than 10%.
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Figure 6-7. TEM images of gold nanocluster arrays created from: a) PS-5-P2VP (16/3.5),
b) PS-5-P2VP (81/21), and c) PS-b-P2VP (325/92) with a gold loading ratio of 0.35.

Scale bars = 100 nm.

Figure 6-8 demonstrates the ability to control the areal density of the gold
nanoclusters through the addition of PS homopolymer into the micellar solution. Figure
6-8a shows a TEM image of a gold nanocluster array synthesized from PS-5-P2VP
(325/92) with a gold loading ratio of 0.35 and no PS homopolymer added. The gold
nanoclusters in this image have an areal density of 3 x 10° cm™ and a center-to-center
spacing of 170 + 30 nm. Figure 6-8b shows a TEM image of a gold nanocluster array
synthesized from PS-5-P2VP (325/92) with a gold loading ratio of 0.35 and a PS
homopolymer loading ratio of 20:1 (where the PS homopolymer loading ratio is defined
as the molar ratio of PS homopolymer to PS-5-P2VP block copolymer [PS: PS-5-P2VP]).
After the addition of PS homopolymer, the gold nanoclusters have an areal density of 1.5
x 10° cm™ and a center-to-center spacing of 275 + 60 nm. The unique feature of the
addition of PS homopolymer into the block copolymer micellar system is the ability to
vary the areal density of the resulting nanocluster arrays while maintaining a constant

diameter.
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Figure 6-8. TEM images of gold nanocluster arrays created from PS-b-P2VP (325/92)
with a gold loading ratio of 0.35 and a PS homopolymer (M, = 115k) loading ratio of: a)

No homopolymer added, and b) 20:1 [PS: PS-5-P2VP]. Scale bars = 100 nm.

To demonstrate the possible variation of the printed DNA nanoarrays using the
tunability of the micellar thin film system, gold nanocluster arrays synthesized from PS-
b-P2VP (325/92) were used to create DNA nanoarrays. Figure 6-9a shows the AFM
image of the gold nanoclusters on a Cr-coated Si substrate after having been immersed in
a solution of 5’-hexylthiol-modified ss-DNA for 72 hours. Figure 6-9b shows the printed
DNA strands on a gold substrate after completing the contacting and dehybridization
steps. By comparing Figures 6-3 and 6-9, it is clear that the PS-6-P2VP (325/92) system
led to printed DNA nanoarrays with a larger center-to-center spacing compared to the PS-

b-P2VP (81/21) system.
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Figure 6-9. AFM height image of: a) ssDNA-hybridized gold nanoclusters on a Cr-
coated Si substrate (height scale = 20 nm), and b) printed DNA strands on a gold

substrate following dehybridization (height scale = 7 nm).

As demonstrated in Figure 6-5, differentiation of the gold nanoclusters via size or
morphology variation could lead to the ability to create more complex analysis devices.
In Figure 6-5, variation of the diameter of the nanoclusters was illustrated as one possible
route to achieve nanocluster differentiation. Another possible route involves varying the
morphology of the nanoclusters through the addition of a second solvent into the micellar
solution prior to spin casting. Figure 6-10a shows a typical TEM image of a gold
nanocluster arrays created from PS-5-P2VP (81/21) with a gold loading ratio of 0.35.
Figure 6-10b shows the TEM image of a gold nanocluster array created from PS-6-P2VP
(81/21) with a gold loading ratio of 0.35 and a H,O loading ratio (defined as the molar
ratio of H,O to pyridine rings in solution) of 100:1. In the higher magnification image
shown in Figure 6-10b, it was observed that the morphology of the gold nanoclusters was

clearly altered due to the addition of H,O, which sequesters within the interior of the
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micelles. This could lead to another possible route for differentiating gold nanoclusters in

more complex analysis applications.

Figure 6-10. TEM images of gold nanocluster arrays created from PS-5-P2VP (81/21)
with a gold loading ratio of 0.35 and H,O loading ratio (number of H,O molecules

relative to the number of pyridine rings) of: a) No H,O added, and b) 100:1.

6.4 Conclusions

This chapter demonstrated the feasibility of using gold nanocluster arrays
templated from PS-A-P2VP micellar thin films as substrates for synthesizing printed
DNA nanoarrays via the SuNS procedure. Initially the capability of creating gold
nanoclusters arrays using PS-5-P2VP micellar thin films was demonstrated via TEM
characterization. The gold nanocluster arrays were then used in the SUNS procedure to
synthesize DNA printed gold substrates that were characterized using AFM. Experiments
showed that a 5 nm Chromium layer evaporated onto the original Si substrate was
necessary to prevent the dissociation of the gold nanoclusters from the Si substrate in the

DNA solutions. Routes for creating more complex DNA nanoarrays that take advantage
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of the tunability of the block copolymer micellar thin film template were also discussed.

The methods for tuning the gold nanocluster arrays, such as the variation of the block

copolymer molecular weight, the variation of the gold loading ratio, and the addition of

PS homopolymer, were also demonstrated by TEM characterization.
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Chapter 7 Conclusions

7.1 Summary of Thesis Contributions

The work presented in this thesis demonstrated that block copolymer micellar thin
films can be utilized as templates to synthesize tunable and patternable inorganic
nanocluster arrays. The work further demonstrated that these tunable nanocluster arrays
can be exploited in a variety of applications, including creating catalysts for chemical
vapor deposition (CVD) growth of carbon nanotubes (CNTs) and as templates for
synthesizing DNA nanoarrays using Supramolecular Nano-Stamping (SuNS).

The work presented in Chapter 2 demonstrated that a block copolymer micellar
template could be used to create large-scale arrays of iron oxide nanoclusters capable of
catalyzing carbon nanotube growth. This was not a trivial task because of the distinct
possibility that the degraded polymer film would coat the underlying metal nanoparticle,
thereby deactivating the catalyst particle. The successful growth allowed this work to be
one of the first results demonstrating the production of CNT catalysts via block
copolymer templating. In this chapter a unique ability to characterize the as-grown CNTs
and the iron oxide nanoclusters directly on the catalyst substrate was demonstrated by
utilizing SizNs window grids. This led to the interesting observation that the
agglomeration of iron oxide nanoclusters at high CNT growth temperatures led to CNT

diameters that were larger than the initial iron oxide nanocluster diameters.

145



The work presented in Chapter 3 demonstrated the tunability of inorganic
nanocluster arrays created from block copolymer micellar thin films. This work
demonstrated the ability to control the diameter and the areal density of the inorganic
nanoparticles through the straight-forward approach of varying the molecular weight of
the block copolymer, as well as by the two novel approaches of adding polystyrene
homopolymer and mixing different micellar solutions. This work also presented a route
for creating mixed species inorganic nanoparticles via the mixing of different micellar
solutions.

The work in Chapter 4 set out to combine the catalytic abilities of the iron oxide
nanoclusters arrays with the tunability demonstrated in Chapter 3. The initial section
focused on optimizing the CNT growth protocol to improve the catalytic activity of the
inorganic nanoparticle arrays. This led to vertical growth of CNTs from the substrate
surface, which was the first demonstration of vertical CNT growth from a catalyst
synthesized via a block copolymer system. These CNT thin films could have possible
applications in nanoelectronics, heat dissipation, and composites. This work also utilized
the capability of tuning the diameters of the nanoparticles to reinforce the notion that
optimal growth conditions occur at different conditions for different sizes of catalyst
particles. This work also demonstrated that the morphology of a CNT thin film could be
manipulated from a thick vertical growth of CNTs to a sparse and tangled arrangement of
individual nanotubes through variation of the areal density of the nanoparticle catalyst
arrays. The development of this catalyst system is noteworthy because of the unique

ability to control the catalyst properties relative to traditional CNT catalyst systems.
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The work in Chapter 5 demonstrated the ability to pattern inorganic nanoclusters
created by block copolymer micellar thin films on the micron length scale via
microcontact printing (#CP). In this chapter, the block copolymer micellar thin films are
printed into patterns of various shapes and sizes to demonstrate the versatility of this 4CP
approach. The patterned nanoparticle arrays were then used as catalysts to synthesize
patterned CNT structures that maintained the fidelity of the pattern to form high aspect-
ratio standing structures. This procedure could be very useful in the development of CNT
devices using this block copolymer catalyst system in the future.

Finally, Chapter 6 provides a demonstration of the generality of the block
copolymer micellar approach by creating gold nanoparticle arrays for use in synthesizing
DNA arrays for sensing applications. This work initially verified that tunable gold
nanocluster arrays can be synthesized from micellar thin films of PS-5-P2VP;
subsequently, the ability to print thiol-terminated DNA molecules with a spacing of tens
of nanometers via SuNS onto a gold substrate was demonstrated. These DNA arrays
could have useful applications in creating low cost DNA diagnostic tools for detecting

certain forms of cancer and predicting the likelihood of certain genetic diseases.

7.2 Recommendations for Future Work

There are a variety of interesting topics from this thesis that could be pursued
further. A discussion of the possibilities for future work is included in the following
paragraphs.

The first general area for future work focuses on the use of different species of

block copolymers. In this research, all of the work was done using only two varieties of
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block copolymers, PS-b-PAA and PS-6-P2VP. This work found that in certain cases,
such as the synthesis of Au nanoparticles, PS-5-P2VP was considerably more effective
than PS-b-PAA. Considering the large number of possible inorganic species that could be
used in these systems and their different affinities to specific block copolymer segments,
future research in block copolymer micellar thin film arrays would be well served by
attempting to utilize the large number of possible block copolymer species commercially
available.

This thesis focused exclusively on the formation of spherical micelles in order to
create spherical inorganic nanoclusters. It would be interesting to investigate the
feasibility of using block copolymer micelles of different assemblies (cylinders, vesicles)
to create inorganic features on substrates. By using cylindrical micelles, the creation of
inorganic nanowires might be relatively straightforward. As evidenced from
Boontongkong’s work [Macromolecules 2002, 35, 3647] on PS-b-PAA, these cylinders
will likely form overlapping structures; however, through gentle solvent or thermal
annealing aligned inorganic nanowires might be possible.

In Chapter 3 of this thesis, we discussed the ability to create multi-species
inorganic nanoclusters through the mixing of micellar solutions. It might be interesting to
more thoroughly study the mixing of micellar solutions and the resulting inorganic
nanoclusters. In this work, only two metal species (FeCl; and PbAc,) were used in these
experiments. It would be intriguing to study the effects of using different pairs of metal
salts in these mixing experiments. Other possible studies include: mixing solutions with
different metal loading ratios (as opposed to the identical loading ratios used in this

work), mixing solutions of different polymers (e.g. PS-5-PAA loaded with FeCl; mixed
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with PS-b-P2VP loaded with HAuCly), mixing three solutions loaded with different metal
salts, and the simultaneous loading of two different metal species into one polymer
solution. Another interesting idea would be to allow longer mixing times to determine if
the system had truly equilibrated, because in this work the mixed solutions only
equilibrated for 120 hrs.

In Chapter 4 of this thesis, the optimization of the MWCNT growth by varying
the reactor growth conditions focused on using the 16 nm iron oxide nanoclusters. It
would be interesting to do a systematic study of the optimal growth conditions for a
variety of iron oxide nanoclusters with different diameters. This could lead to interesting
insights as to why the optimal growth conditions change as a function of the catalyst
diameter. For certain conditions that yielded vertical growth of CNTs, the catalyst
efficiency could be calculated using the quantifiable areal density of the iron oxide
nanoclusters and used to compare different growth conditions. Another interesting
possibility would be to combine the ability to create mixed metal nanocluster arrays via
micelle solution mixing with CNT growth to determine the effect of multi-species
nanoclusters. Some possible candidates to combine with Fe include Mo and Al, which
have been shown to improve iron oxide catalyst activity.

The work in this thesis focused on the applications of iron-loaded and gold-loaded
micellar thin films. There are many other interesting applications that could be
investigated by loading different metal species. This includes the synthesis of solid
lubricant nanoclusters such as molybdenum disulfide and the creation of other catalytic

species such as platinum, molybdenum, and titanium, for inorganic nanowire growth.
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This thesis relied almost entirely on spin-casting as a route to create the block
copolymer micellar thin films needed for inorganic nanocluster synthesis. Although spin
casting has been an effective technique, it would be useful to also consider using dip-
casting as a route for creating uniform micellar thin films. This technique was utilized by
Kastle et al [Adv Func Mater 2003, 13, 853] to create uniform thin films, although work
during this thesis using a suboptimal experimental setup was unable to replicate those

results.
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Appendix A Characterization of Carbon Nanotube Thin
Films Synthesized from Block Copolymer
Micellar Thin Film Catalysts using Small
Angle X-Ray Scattering*

Carbon nanotube films have shown great promise for use in a wide variety of
applications, including membranes, heat dissipation, nanoelectronics, and superhydrophic
surfaces!™®. In all of these proposed applications, it is important to understand the bulk
morphology of the CNT thin films. Traditionally this has been accomplished through
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). TEM
characterization allows for resolution of the CNT diameter down to the angstrom level,
but it is inherently a local measurement. Another disadvantage of TEM is the inability to
image the as-grown CNT thin film, thereby preventing characterization of different
regions of the CNT thin film. SEM provides characterization on a larger length scale, but
the resolution of CNT diameters is exceedingly difficult and quantification of CNT
alignment requires subjective image analysis.

In this appendix, small angle x-ray scattering (SAXS) was used to characterize
both the CNT diameters as well as the orientation of the CNTs within the thin film. The
value of SAXS as a CNT characterization tool is due to the fact that millions of CNTs are
sampled to give a “locally averaged” measurement. In previous work SAXS has been

used to study single-wall CNT bundles”®, the effect of sonication on CNT bundles’°,

and to determine CNT diameters' "2,
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The setup for the SAXS characterization of the CNTs thin films is shown below
in Figure A-1. The x-rays were passed edge-on (along the z axis) through the CNT thin

film.
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Figure A-1. Diagram of the experimental setup for analyzing CNT thin films using

SAXS characterization.

In this work two different CNT thin films were synthesized using different
catalyst systems and characterized using SAXS. Sample 1 consisted of a 1.5 millimeter
tall film of MWCNTSs grown by thermal CVD of ethylene at 750 degrees Celsius, using a
catalyst film of ALO; and Fe (10/1.2 nm thickness, respectively) supported on a Si
substrate. Sample 2 was a 0.5 millimeter tall film of MWCNTSs grown by thermal CVD
of ethylene at 750 degrees Celsius, using catalytic iron oxide nanocluster arrays that were
templated by a PS-b-PAA micellar film onto an Al,Os-coated Si substrate. SAXS data
was then collected for each of the substrates at various values of h, where h = 0

corresponds to the substrate surface. Figure A-2 and A-3 contain azimuthally integrated
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SAXS intensities versus scattering vector q extracted from the 2-D SAXS images for
Sample 1 and 2, respectively; the intensities were obtained for conical slices around 180
+ 10 degrees. In this notation @ = 0 deg corresponds to the x-axis and increases in a

counter-clockwise rotation.
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Figure A-2. SAXS intensities as a function of scattering vector for Sample 1 obtained by

integrating over +/- 10 degree conical slices around ¢ = 180 deg.
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Figure A-3. SAXS intensities as a function of scattering vector for Sample 2 obtained by

integrating over +/- 10 degree conical slices around ¢ = 180 deg.

The SAXS intensities for Sample 1 shown in Figure A-2 show a feature in the
range of q ~ 1.0 that corresponds to the characteristic outer diameter of the CNTs. As h is
increased, the peak shifts to smaller q values, suggesting that the CNT diameter is larger
at the top of the CNT thin film. The SAXS intensities for Sample 2 shown in Figure A-3
show a more diffuse peak in the range of q ~ 0.6 — 0.8. The broadening of the peak is
likely caused by the increase in polydispersity of CNT diameters in Sample 2 as h is
increased.

The CNT diameters can be extracted from the SAXS data by defining the
intensity as a combination of the intra-particle form factor and the inter-particle structure
factor. The results are shown in Figure A-4. For Sample 1, it is clear that the CNT
diameter increases by approximately 10% from the bottom to the top of the thin film. The
same trend is observed for the CNT diameter in Sample 2. In both cases, the CNT
diameters determined from SAXS match very closely with the CNT diameters

determined using TEM.
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Figure A-4. Summary of the mean and standard deviation of CNT diameters at varying
distances above the substrate (4) as measured by SAXS and compared against TEM

measurements.

The orientation of the CNT thin films can be quantified by calculating the
Hermans’ orientation parameter. The limiting values of f =1, f= 0, and f = -1/2
correspond to perfect vertical alignment, random orientation, and perfect horizontal
alignment, respectively. Figure A-5 plots the Hermans’ orientation parameter (f) as a
function of distance from the substrate for Sample 1 and 2. It is clear that Sample 1 shows
considerably more alignment than Sample 2, which appears to show only slight vertical
alignment. In particular, Sample 1 shows a significant increase in the vertical alignment
of the CNTs in the middle of the thin film, but lower orientation at the bottom and top of
the film. To confirm these results, SEM was used to characterize the different regions of

the film. The resulting SEM images are shown in Figure A-6. Figure A-6 shows SEM
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images from the: a) bottom, b)middle, c) top of the CNT thin film for Sample 1 as well as
an SEM image of representative of the entire thin film for Sample 2. Clearly Figure A-
6b) shows more vertical aligment than Figure A-6a) and Figure A-6¢), confirming the
SAXS results. By comparing the SEM micrographs for Sample 1 and 2, it is also clear
that Sample | has significantly more vertical alignment than Sample 2, as demonstrated

using SAXS characterization.
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Figure A-5. Hermans’ orientation parameter (f) as a function of distance from substrate

(h).
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Figure A-6. Representative SEM micrographs of MWCNT films taken edge-on. Figure
(a) is a micrograph of Sample 1, close to the substrate (2 = 0.2 mm). Figure (b) is an
image of Sample 1, taken from the middle of the film (2 = 0.9 mm). Figure (c) is an
image of Sample 1, taken near the top of the film (2 = 1.4 mm). Sample 2 is shown (h =
0.4 mm) in Figure (d). HRTEM micrographs are shown inset reflecting typical CNT

diameters.

In conclusion, this work has demonstrated that SAXS can be a very effective tool
in studying the morphology of CNT thin films. This work demonstrated that SAXS is
capable of quantifying both an average CNT diameter as well as the orientation of the
CNTs within the thin film. In continuing work, SAXS will be used to study the
mechanical manipulation of CNT thin films via uniaxial compression and solvent

evaporation.
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Appendix B Synthesis of Zinc Oxide Nanowires from
Au Nanoparticle Arrays Created Using PS-

b-PAA Micellar Thin Films

Recently there has been considerable progress in the synthesis of nanowires due
to the novel properties that these one-dimensional nanoscale materials possess. ZnO
nanowires have been demonstrated to exhibit room-temperature ultraviolet lasing, which
could have substantial applications in fields such as optical computing, information
storage, and microanalysis’. ZnO nanowires are commonly synthesized via the vapor-
liquid-solid (VLS) mechanism. In this mechanism, a Au thin film is placed in a reactor
downstream of an alumina boat containing ZnO and graphite powder. A constant flow of
argon between 800 - 1000 °C is then added to the reactor. The proposed mechanism for
the reaction is explained elsewhere’. By using (110) sapphire substrate to support the Au
thin film, vertical orientation of ZnO nanowires can be achieved through epitaxial
growth’,

Because of the generality of our micellar approach for synthesizing arrays of
inorganic nanoclusters, PS-5-PAA micellar thin films can be utilized to create Au
nanocluster arrays for ZnO nanowire growth. This was achieved using the same
procedure as described in Chapter 2 of this thesis, with a few minor adjustments. To
create gold nanoclusters, the AuCl; was added to a solution of PS-b6-PAA micelles in
toluene. Because the loading of the micelles relies on the electrostatic interaction between
the metal ion and the carboxylic acid group of the PAA unit, it is necessary to perform

the loading in dark conditions to prevent the light-induced reduction of Au®* to Au’. The
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PS-b-PAA micellar thin film was submerged in a 7 mM AuCls aqueous solution for
between 18 — 24 hours. The thin film was then rinsed for 1 min in deionized water.
Following rinsing, the film was reduced in H; at 80 °C for 24 — 72 hours. The film was
then oxygen plasma etched for 12 minutes to remove the polymer thin film. The resulting

Au nanocluster array is shown in Figure B-1.

Figure B-1. TEM image of Au nanocluster arrays created from PS-b-PAA micellar thin

film submerged in a 7 mM AuCls aqueous solution.

The resulting Au nanocluster arrays were created on both a Si substrate and a
sapphire (110) substrate. The substrates were then placed in a reactor and subjected to the
ZnO nanowire growth conditions described previously. The resulting ZnO nanowires on

a Si substrate are shown in the SEM image in Figure B-2.
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Figure B-2. SEM image of ZnO nanowires grown from PS-b-PAA templated Au

nanoclusters on a Si substrate.

Through SEM characterization, the average diameter of the ZnO nanowires was
determined to be approximately 50 nm. This is considerably larger than the original
nanocluster diameter of approximately 10 nm prior to growth. It is well known that Au
nanoclusters have considerable mobility at high temperatures, so it is likely that the Au
nanoclusters coalesced during the growth to give larger Au nanoclusters that catalyzed
ZnO nanowire growth. The apparent planes observed in Figure B-2 are referred to as
“nanowalls”, and are also likely due to the rearrangement of the Au nanoclusters on the

substrate.
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In an attempt to create vertically aligned ZnO nanowires, the same growth
conditions were applied to Au nanocluster arrays that were created on a sapphire (110)
substrate. As shown in Figure B-3, the ZnO nanowires grow epitaxially from the sapphire

substrate, resulting in primarily vertically-aligned ZnO nanowire arrays.

Figure B-3. SEM image of ZnO nanowires vertically grown from PS-5-PAA templated

Au nanoclusters on a sapphire (110) substrate.
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Appendix C Patterning of Block Copolymer Micelles
and Inorganic Nanoclusters via the Self-

Assembly of PS-b-PMMA

As demonstrated in this thesis, block copolymer micellar thin films can be used as
templates to create quasi-hexagonally patterned inorganic nanocluster arrays. This system
allows for the possibility of using the self assembly of a second block copolymer to
pattern the original block copolymer micelles on a second length scale. The introduction
to this approach was provided through work by Wang et al', where PMMA
homopolymer was added to a PS-5-PAA micellar toluene solution and then spin cast onto
a substrate. Initially the PMMA homopolymer is fully miscible in the toluene solution.
When the solution is spin cast and the toluene evaporates, the PMMA and the PS-b-PAA
micelles phase separate to create an irregular and uncontrollable pattern of PS-5-PAA
micelles on the micron length scale. In contrast, the idea for our work was to add PS-b-
PMMA block copolymer, rather than PMMA homopolymer, to the PS-5-PAA micellar
toluene solution. In this case, both blocks of PS-5-PMMA are soluble in toluene initially.
Once spin casting occurs, the toluene will evaporate and the PS-b-PMMA will begin to
phase separate. In this case, as opposed to the PMMA homopolymer case, the blocks of
PS-b-PMMA are covalently bonded and will therefore exhibit traditional block
copolymer self assembly. Because the PS-5-PAA micelles only expose PS units in
toluene, the iron-loaded micelles should be sequestered in the PS region of the PS-b-

PMMA morphology. This is demonstrated in the diagram in Figure C-1.
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<“— PMMA from PS-b-PMMA

PS spherical domains formed from PS-b-PMMA
self assembly containing PS-5-PAA micelles

Figure C-1. Diagram illustrating the proposed utilization of the self assembly of PS-b-

PMMA to pattern PS-b-PAA micelles on a nanometer length scale.

Figure C-2. AFM height image of a PS(170k)-6-PMMA(168k) thin film after spin

casting onto a Si substrate.

The first PS-b-PMMA block copolymer used was PS(170k)-6-PMMA(168k). An

AFM image of the resulting block copolymer thin film after spin casting is shown in
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Figure C-2. The PS-b-PMMA thin film was then annealed in acetone vapor for 3.5 hours

and 19 hours as shown in Figure C-3.

Figure C-3. AFM height image of a PS(170k)-6-PMMA(168k) thin film after spin

casting onto a Si substrate and annealing in toluene for: a) 3.5 hours, b) 19 hours.

A solution of PS-5-PAA micelles in toluene (FeCls loading ratio of 0.3) was then
added to a PS-b-PMMA toluene solution. The molar ratio of [PS-b-PMMA / PS-b-PAA]
was used to control the number of micelles within the block copolymer micellar thin
films. In this experiment [PS-5-PMMA / PS-b-PAA] ratios of 25, 10, and 5 were used.
After spin casting the solutions on a Si substrate, the films were characterized using AFM
prior to acetone annealing. Figures C-4, C-5, and C-6 show AFM images of the as-cast

films with [PS-5-PMMA / PS-b-PAA] ratios of 25, 10, and 5, respectively.
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Figure C-4. AFM height (a) and phase (b) images of a PS(170k)-b-PMMA(168k) thin
film loaded with PS-5-PAA iron loaded micelles with a ratio of [PS-6-PMMA / PS-b-

PAA] = 25 after spin casting onto a Si substrate.

167



b)

Figure C-5. AFM height (a) and phase (b) images of a PS(170k)-b-PMMA(168k) thin
film loaded with PS-b-PAA iron loaded micelles with a ratio of [PS-5-PMMA / PS-b-

PAA] = 10 after spin casting onto a Si substrate.
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Figure C-6. AFM height (a) and phase (b) images of a PS(170k)-5-PMMA(168k) thin
film loaded with PS-b-PAA iron loaded micelles with a ratio of [PS-5-PMMA / PS-b-

PAA] =5 after spin casting onto a Si substrate.

From Figures C-4, C-5, and C-6 it is clear that the circular dots on the AFM
image are the iron-loaded PS-b-PAA micelles. This is supported by the following two
observations: 1) the PS-b-PAA micelles are all sequestered within the PS phase of the
PS-b-PMMA block copolymer, which appears red on the AFM images, and 2) as the ratio
of [PS-b-PMMA / PS-b-PAA] is decreased the density of the dots clearly increases in the
AFM images.

The next step of the experiment was to anneal the PS-b-PMMA thin films loaded
with the PS-5-PAA micelles to create patterned arrays of PS-b-PAA micelles using the
self assembly of PS-b-PMMA. Unfortunately the results we observed after annealing did
not match our expected outcome. Figure C-7 shows an AFM image of the PS-5-PMMA
film with a [PS-5-PMMA / PS-b-PAA] =5 after acetone annealing for 3.5 hours. While
the PS-b-PMMA self assembled into an equilibrium structure, there are very few iron
loaded PS-5-PAA micelles in the image. We are unsure of the explanation for this and we
suspect that through optimization of the annealing procedure the final goal could still be

attained.
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Figure C-7. AFM phase image of a PS(170k)-6-PMMA(168Kk) thin film loaded with PS-
b-PAA iron loaded micelles with a ratio of [PS-b-PMMA / PS-b-PAA] = 5 after spin

casting onto a Si substrate and annealing in acetone for 3.5 hours.
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Appendix D Effects of Block Copolymer Micellar Thin
Film Thickness on Inorganic Nanocluster

Morphology

The thickness of the micellar thin film plays a critical role in the shape of the
resulting nanoclusters. This effect is demonstrated using a PS-b-PAA micellar thin film
loaded with a FeCls loading ratio of 0.3 that was oxygen plasma etched for 12 — 15
minutes. In this appendix, PS-b-PAA will refer to PS(M, = 16,400)-b-PAA(M, = 4,500).
Figure D-1 shows an area of the substrate where the micellar thin film was a monolayer
prior to oxygen plasma etching. This leads to a quasi-hexagonal array of iron oxide

nanoclusters on the substrate surface.
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Figure D-1. TEM image of iron oxide nanoclusters synthesized from a monolayer of PS-

b-PAA with a FeCls loading ratio of 0.3.

As the thickness of the PS-b-PAA micellar thin film increases, the quasi-
hexagonal arrangement is lost and the areal density of nanoclusters increases noticeably,
as shown in Figure D-2. In this image the areal density has approximately doubled, which
suggests that the PS-b-PAA micellar thin film was approximately twice the thickness of a

PS-b-PAA monolayer (approximately 20 nm).

Figure D-2. TEM image of iron oxide nanoclusters synthesized from a bilayer of PS-b-

PAA with a FeCls loading ratio of 0.3.

When the thickness of the PS-b-PAA micellar thin films increases further,

aggregation of the nanoclusters occurs and leads to the creation of large iron oxide
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formations. This result is observed in the TEM image in Figure D-3 shown below. It is
believed that the individual iron oxide nanoclusters fuse together to form aggregate

structures as the PS-b-PAA micellar thin film is degraded by oxygen plasma etching.

Figure D-3. TEM image of iron oxide nanoclusters synthesized from a PS-b-PAA
micellar thin film with a thickness of at least four monolayers and a FeCls loading ratio of

0.3.

This effect has also been observed using the PS-b-P2VP micellar system loaded
with HAuCl,. Figure D-4 shows the typical gold nanocluster array created from a PS-b-
P2VP monolayer thin film with a HAuCls loading ratio of 0.35 after oxygen plasma
etching. All PS-5-P2VP films in this appendix will be referring to PS(M, = 81,000)-b-

P2VP(M, = 21,000).
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Figure D-4. TEM image of gold nanoclusters synthesized from a PS-5-P2VP monolayer

micellar thin film with a HAuCly loading ratio of 0.35.

Just as with the PS-b-PAA case, when the PS-5-P2VP micellar thin film becomes
considerably thicker than the monolayer thickness the gold nanoclusters appear to fuse
during the oxygen plasma etching process to form large gold aggregates. This is

demonstrated in the TEM image in Figure D-5.

175



Figure D-5. TEM image of gold nanoclusters synthesized from a PS-5-P2VP micellar
thin film with a thickness greater than four monolayers and a HAuCls loading ratio of

0.35.
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Appendix E Comparisons Between the Loading of PS-
b-PAA Micelles in Aqueous or Toluene
Solution

In Chapter 2 of this thesis, inorganic nanocluster arrays were created by spin
casting PS-b-PAA micellar thin films onto a substrate. The micellar thin films were then
submerged into an aqueous 0.5 mM FeCls solution for 60 min, as described in Section
2.2.2. The resulting iron oxide nanoclusters were characterized using TEM as shown in

Figure E-1.

.

Figure E-1. TEM image of iron oxide nanocluster synthesized by submerging a PS-b-

PAA micellar thin film into 0.5 mM FeCls for 60 min.

When the PS-b-PAA micellar thin films were submerged into an aqueous 5 mM
FeCls solution for approximately 19 hours, large iron oxide aggregate structures were
observed on the surface of the polymer thin film. The resulting TEM image of the iron

oxide aggregates is shown in Figure E-2. It is believed that these iron aggregates are
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formed in the aqueous FeCl; solution and then adsorb to the polymer surface. The
formation of iron aggregates was found to be minimized by decreasing the concentration

of FeCls and by decreasing the dipping time of the substrate.

Figure E-2. TEM image of iron oxide nanocluster synthesized by submerging a PS-b-

PAA micellar thin film into 5.0 mM FeCls for 19 hours.

The composition of the aggregates was determined to contain iron using a
scanning transmission electron microscope (STEM) with energy dispersive x-ray
analysis.

Because of the difficulties associated with loading iron into the micellar thin films
using aqueous FeCls, beginning in Chapter 3 the FeCls was loaded directly into the PS-b-
PAA toluene solution prior to spin casting. This prevented the formation of iron
aggregates and also allowed for controlling the size of the iron oxide nanoclusters by

varying the metal loading ratio.
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Appendix F Contrast of Various Metal Salts Loaded in
PS-b-PAA Micellar Thin Films in TEM
Imaging Using SisN4 Substrates

Throughout this thesis the inorganic nanocluster arrays were synthesized on Si3N4
window grid substrates and then characterized using TEM imaging. It was observed that
there were often differences in the contrast between different metal salts, and this
appendix serves to highlight these observations. Lead acetate trihydrate (PbAcy) was
found to be a very effective metal salt for generating contrast in TEM imaging. This is
not altogether surprising considering the atomic number of Pb relative to other common
metal salts used. PbAc; was found to be effective for creating Pb-containing nanoclusters,
as well as for staining the PAA region of the micellar thin film for TEM on the as-cast
micellar thin films. In contrast, it was observed that while FeCl; is effective for the
synthesis of iron oxide nanoclusters, it offers no contrast in TEM imaging for an as-cast
micellar thin film. This can be explained by noting that the nanoclusters exposed to an
oxygen plasma etch are converted to iron oxide, while the as-loaded micellar thin prior to
oxygen plasma etching contains only Fe** ions. From our work using HAuCly, it appears
that Au also offers significant contrast both as Au nanoclusters and within a micellar film
prior to oxygen plasma etching.

It should also be noted that differences were observed between the various SizN4
substrates that are commercially available. Throughout this thesis we primarily used the
Si3Ny substrates with 200 pm thick frames, 0.5 mm window size, and membrane window

thickness of 100 nm. At certain points throughout the thesis we also used SizN4 window
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grids that were identical to the previously mentioned substrates except for a membrane
window thickness of either 50 nm or 20 nm. As expected, as the membrane window
thickness decreases, the number of scattered electrons from the beam decreases and the
potential quality of the resulting TEM image increases. On the other hand, as the
membrane window thickness decreases, the membranes become considerably more-
fragile, although still manageable. It was also observed that the membrane film thickness
affected the spin casting process. Spin casting conditions that created reasonable micellar
thin films on the SisNj substrates with 100 nm film thicknesses did not create acceptable
micellar thin films on Si3N; substrates with 20 nm film thicknesses. This cause of this
disparity is unclear, but it might involve the differences in surface roughness or inherent

stresses within the different SisNy film thicknesses.
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