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SUMMARY
The work outlined in this thesis covers the many aspects of carbon nanotubes
and polymers by combining the two into nanocomposite materials of macro and
nano size. The issues of producing and combining the two are explored and results
are provided.
There are four major aspects to this work;

1. Polymer Brushed Carbon Nanotubes: multi-walled carbon nanotubes
(MWCNT) are surface functionalized with polymer brushes produced by
activators regenerated by electron transfer (ARGET) atom transfer radical
polymerization (ATRP). A “grafting from” approach was used as a higher
grafting density would result and therefore it was necessary to functionalize the
carbon nanotubes surface with hydroxyethyl-2-bromoisobutyrate (HEBI). This
acted as the haloalkane (i.e. tertiary bromide) initiator sites in ARGET ATRP
of styrene and methyl methacrylate. The successful growth of the polymer
brushes were characterized for their chemical, kinetic and physical properties.
In addition, polymer brushes of 2-hydroxyethyl methacrylate (HEMA) was
grown by non-living means by attaching the HEMA monomer via the hydroxyl
group to a carboxylic acid surface functionalized MWCNT and subsequently
polymerized.

2. Macro-sized Composites: a composite of carbon nanotubes with
homopolymers as the matrix, requires surface modification of the MWCNT to
prevent nanotube aggregation. A homogeneous dispersion is necessary in order
to produce improved properties for the composite. The ‘macro’ composite
research involved the incorporation of polymer brush carbon nanotubes in
concentrations of 0.1w/w% to 1w/w% (e.g. poly(methyl methacrylate) polymer

brush carbon nanotubes in a poly(methyl methacrylate) matrix). The most
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improved composites obtained used polystyrene brushes in a polystyrene
matrix, which was due to m-mt stacking interactions. The composite material
possessed improved mechanical strength, increased glass transition temperature
and increased processability. Furthermore, the dispersion was maintained after
processing with shear forces.

3. Pyrene as a Model System: 1-pyrenecarboxylic acid has a very similar
architecture to MWCNT and for this reason was used to model the chemical
synthesis of aspects ‘1’ and ‘2’ with polystyrene. The work showed similar
enhancements in terms of mechanical strength, increased glass transition
temperature and increased processability. Compared to polystyrene polymer
brush carbon nanotubes the improvement was not as great, however the pyrene
material did not exhibit limits of dispersion like the carbon nanotubes filler.

4. Nano-sized Composites: This research utilized a hexagonal-packed cylindrical
phase of a di-block copolymer melt, in an attempt to align the carbon
nanotubes to the cylindrical phase. To ensure their affinity for the cylinder
phase, polymer brushes of polystyrene were used for a 30/70 poly(styrene-b-
methyl methacrylate) melt. However, the nanotubes were found to disrupt the
segregation process, and the phases did not form appropriately. This ultimately
did not provide strong enough forces to align the carbon nanotubes, but
indicates that because of their relative massive size, greater forces are required.
Future work has been recommended with alternative polymer brush carbon

nanotubes as fillers and using electric fields, as they have shown to better orientate

a hexagonal-packed cylindrical phase from a parallel orientation to a perpendicular

orientation. This is a suggested technique that might be able to align the carbon

nanotubes.
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CHAPTER SUMMARY

Chapter 1: Carbon Nanotubes and Polymers — an Introduction

What is a carbon nanotubes, what is a polymer, how are they made, and what
are they used for? This first chapter is a detailed review of carbon nanotubes,
polymers and combining the two.

Chapter 2: Synthesis of Homopolymers and Diblock Copolymers

Reports the findings and procedures used in this PhD research project to
synthesize homopolymers of polystyrene and poly(methyl methacrylate) by
activators regenerated by electron transfer (ARGET) atom transfer radical
polymerization (ATRP). The chapter then extends to the synthesis of di-block
copolymers of poly(styrene-b-methyl methacrylate) using polystyrene as the macro-

initiator.

Chapter 3: Polymer Brushes: Surface Initiated Polymerization (SIP)

In this chapter the purification of carbon nanotubes and subsequent surface
functionalization with a tertiary bromide initiator is discussed. A model system is
also discussed, which uses 1-pyrenecarboxylic acid, as the chemical structure is
very similar to a carbon nanotube. This model system was necessary to help verify
the general functionalization procedure.

The work then extends to the use of the tertiary bromide functionalized carbon
nanotubes in the synthesis of ARGET ATRP polymer brushes of polystyrene and
poly(methyl methacrylate). In addition, poly(2-hydroxyethyl methacrylate) brushes
were produced by a different synthetic route to the above. Further work was also
performed on the pyrene model system, polymerizing one polystyrene polymer
brush per pyrene molecule.

Chapter 4: Polymer Brushes as Nanofillers (Macro-Sized)

The brushes produced in Chapter 3 were used as a filler in the corresponding
polymer (i.e. polystyrene brushes in polystyrene). Composite concentrations as high
as 1w/w% of the polymer brush carbon nanotubes were introduced and the physical

characteristics were analyzed.
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Chapter 5: Formation of Block Copolymer Microdomains and Hybrid Materials

(Nano-Sized)

Chapter 4 discusses the formation of macro-sized composite material, whereas

this chapter takes it to the nano-sized composite material. Using block copolymer
melts of a 30/70 ratio, the cylindrical phase is formed and during formation the
carbon nanotube polymer brushes were added. These brushes have a stronger
affinity for one of the two domains and hence it was expected to align within that

phase.

Chapter 6: General Conclusions, Recommendations and Future Work

This chapter summarizes the entire work of the thesis and in particular how to
optimize the composite material properties. In addition, the chapter discusses future

directions the research can head towards.
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1. INTRODUCTION: CARBON NANOTUBES & POLYMERS

Preface

This chapter reviews the current level of research that has been reported in peer
reviewed journals in the fields of carbon nanotubes and polymers, more
specifically carbon nanotube functionalization with long alkyl chain molecules
and polymers. Furthermore, different polymerization techniques have been
explored to determine the optimal technique for diblock copolymer formation and
their application in thin films.

These two fields of research are to be combined to form nanocomposite materials

in a macro (bulk matrix) and a nano (thin film) application.

CARBON NANOTUBES

1.1 Introduction

Carbon Nanotubes were firstly discovered in 1991 by Sumio lijima when he was
studying the material deposited on a cathode from arc-evaporation synthesis of
fullerenes,” since then due to their remarkable properties, the research in this field has
considerably grown. These carbon nanotubes have very appealing properties because
they are highly anisotropic; graphene cylinders of approximately 1nm in diameter for
single-walled (i.e. pictured Figure 1. 1) or could be multiple tubules packed within
one another for multi-walled (diameter around 20nm), both of lengths around 1-
10um.? They also express exceptional mechanical properties and strength, low
density, and have extremely high electrical conductivity making them the ultimate
carbon fibre.® Nanotubes have also been described as one-dimensional molecules due
to their high aspect ratio; diameter of tens of nanometres and lengths that can be as

long as several microns.*
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Figure 1. 1: A single-walled nanotube.®

1.2 Production & Synthesis

In the production of carbon nanotubes, three basic components are required; a
source of heat, a source of carbon, and the presence of certain metals that act as a
catalyst,® with the exception of Multi-Walled Carbon Nanotubes (MWCNT).
MWCNT under the right conditions can be produced without the presence of a
catalyst.” The most commonly used catalysts are iron, nickel, and cobalt.®

In the manufacturing of carbon nanotubes there are many techniques and the most
popular ones have been discussed here. Each have there own advantages and
disadvantages, but ultimately no procedure has been defined as the industry standard.

Plasma Arc Discharge

Plasma arc discharge was the first known technique to produce carbon nanotubes®
and is the most commonly used method today. However, this process also produces
graphitic impurities such as carbon soot containing amorphous carbon, onions and
fullerene molecules.” In comparison, it can be seen as an unfavorable technique when
compared to chemical vapor deposition (CVD) due to the yield of impurities formed
(see section below) particularly for commercial production of carbon nanotubes.
Although, the amount of graphitic impurities produced can be controlled to an extent
by the conditions under which the nanotubes are formed, this ultimately affects the
plasma’s stability to provide optimal reaction conditions.®

In order to produce plasma arc discharge nanotubes, plasma is produced by using

an electric discharge between two graphite electrodes, which are held within a
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chamber of inert gas (He, Ar, etc...) at controlled pressure and composition. The
discharge causes the carbon to vaporize from the anode and creates a plasma that
surrounds the arc discharge. This plasma then deposits itself onto the facing cathode,
which is usually of larger size to the anode. The deposit forms a rod shape structure
and inside this rod lies the graphitic impurities and carbon nanotubes that are formed
within the interelectrode plasma region; average temperature of the region is in the
order of 4000K. A separation gap between the water cooled electrodes of 1mm is held
while the anode is consumed and the rod grows at approximately 1mm/min. The
potential applied can be either A.C. or D.C. with the electric current being dependent
on the electrode’s size, separation, gas pressure and anode purity; typically ~100A is

used.>*® A setup of this process can be seen in Figure 1. 2.

Cathode ol Anode

discharge

—]mm—

- +
@AC or DC@®

Figure 1. 2: Plasma arc discharge setup.™

Hard-shell
Cathode . Soft-core

!, (containing nanotubes)
JI' ﬁ'.-!?

Figure 1. 3: Anode deposit, demonstrating the microstructures formed in plasma arc

discharge.
The cathode deposit contains two distinct microstructures (see Figure 1. 3). Firstly
the outer hard-shell composed of a pyrolytic graphite mass and secondly the inside
core, loosely packed columns that are aligned in the axial direction to the deposit. The

nano-porous columns are composed of straight, stiff carbon nanotubes and graphitic
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impurities. The best yield of carbon nanotubes for these columns is 25% of the
evaporated anode material.’

To produce MWCNT, at its optimal conditions, a ~20V potential between the
electrodes is required with a current density of 150A/cm?, and a helium gas pressure
of 500Torr.? In order to create Single-Walled Carbon Nanotubes (SWCNT) a metal
catalyst is required and this was first achieved in 1993 by Bethune and coworkers.*®
By using a typical carbon anode, they placed a small percentage of cobalt catalyst
inside the system and then found SWCNT were produced within their soot material.*®
This was the first successful method that was capable of producing substantial

amounts of SWCNT by arc-discharge.’

Chemical VVapor Deposition (CVD)

This surface deposition technique uses a transition-metal catalyst that has been
deposited on to a substrate and positioned inside a reactor to grow carbon nanotubes
from a gaseous carbon source. For MWCNT growth, iron, nickel, or cobalt is often
used as the catalyst because at high temperatures these metals have finite solubility

® or even silicon

for carbon.™* Substrates such as quartz, glass,** alumina, silica,’
carbide'® have been used, where the growth position of the nanotubes can be
controlled by patterning the catalyst on to the substrate.!” Temperatures of between
500-1000°C are used with a hydrocarbon gas (i.e. the carbon source) at a controlled
concentration, in an inert atmosphere. This gas is blown through a tubular reactor for
a controlled time and the carbon product is collected at room temperature.'* A setup
of this process can be seen in Figure 1. 4.

The nanotube grows by the dissociation of hydrocarbon molecules catalyzed by

the transition metal, and dissociation and saturation of carbon atoms in the metal

nanoparticle. The carbon precipitates from the saturated catalyst to form a tubular
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carbon sp? structure, as this form is favored over the other forms of carbon and is of
lower energy by comparison (i.e. no dangling bonds). Two growth modes can be seen
in Figure 1. 5. The first being “base growth mode,” which has the catalyst attached to
the substrate and the nanotube grows from the base. The second being “tip growth
mode,” which has the catalyst attached to the end of the grown nanotube and travels

with the growing end.**

Catalyst Particles

; XH y Nanotube deposits
rgon ———> N

Furnace

Figure 1. 4: CVD setup with inset showing the catalyst particles deposited on the reactor
substrate before nanotube growth.
a) b)

CnHm
\

C H

n m

CnHm CnHm
\ et/
Substrate

Figure 1. 5: Growth modes for CVD, a) base growth mode, and b) tip growth mode.™
The end product is a well-aligned, uniform mat of nanotubes on a substrate with a
narrow distribution in nanotube lengths. These nanotubes are larger in diameter than
that of arc discharge nanotubes because the diameter size is dependent on the catalyst

particle size, growing to a maximum length, typically 50um.***® This form of
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nanotube production favors the creation of MWCNT,? but under specific conditions
SWCNT can be produced (i.e. temperature, gas, and catalyst composition).? It also
favors the production of semi-conducting carbon nanotubes over metallic.?
Furthermore, despite producing aligned nanotubes the major problem with this

procedure is that the nanotubes produced can be highly defective.”®

Figure 1. 6: SEM image of a CVD deposit on a 1nm Fe film, using methane/nitrogen-
ammonia plasma to generate the carbon nanotubes.?

Laser Ablation

Laser ablation uses an intense laser pulse to vaporize a carbon target, which also
contains 0.5 atomic percent of nickel and cobalt, and is placed in a tube furnace at
around 1200°C. As the target is ablated, inert gas is passed through the chamber
carrying the grown nanotubes to a cold finger for collection. A setup of this

technique can be seen in Figure 1. 7.

LASER ‘4 Carbon Target

Figure 1. 7: Laser Ablation setup.**

The SWCNT product is in the form of ropes; nanotubes close-packed into
hexagonal crystals due to van der Waals interactions (Figure 1. 8) and the by-products

are the same as that produce in the arc-discharge technique.**
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Figure 1. 8: SWCNT produced by laser ablation, demonstrating the close-packing.*
1.3 Chirality & Conductivity

One of the simplest ways to describe a carbon nanotube is to describe it as a rolled
up sheet of graphene and depending on which direction the sheet is rolled will
determine its conductivity.”® The direction of rolling is characterized by the two
chiral indices n and m, which are related to the chiral vector, Cy = na; + maz = (n,m).
It can also be characterized by what is called the chiral angle 6, and the relationship
between Cp, and 6 can be seen in Eq. (1).

cos 0 = Cp, - a1/|Ch|ay] (1)%

When rolling, depending on the combination of n and m or magnitude of 4, a
specific class of nanotube is formed. There are three different classes of nanotubes;
armchair and zig-zag are achiral nanotubes with a mirror image that is identical, and
chiral, with the axially chiral nanotube having spiral symmetry that has a non-
superimposable mirror image.?> These are presented in Figure 1. 9.

In this model whenever 2n + m = 3q, where q is an integer, the nanotube exhibits
metallic conductive properties, otherwise it is semi-conducting. This calculates that
all armchair nanotubes (n,n) are metallic and one third of all zig-zag nanotubes (n,0)
are metallic, with the remaining two thirds being semi-conducting (refer to Table 1.

1).25
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Figure 1. 9: a) Tube rolling vectors into b) armchair, c) zig-zag, or d) chiral nanotubes,

with a) demonstrating a (5,3) chiral carbon nanotube.??’

Type 0 Ch Cross Section Shape
Armchair 30° (n,n) Cis /~ " "/
Zig-Zag 0° (n,0) Trans / /" \/

Chiral 0°< 0] <30° (nm) Mixture of cis and trans

Table 1. 1: n and m vector conformations where 0 < |m| <n.”®

1.4 MWCNT & SWCNT Modification

Structure vs. Reactivity

The carbon nanotube is composed of four different sites, all of which have a
different degree of reactivity. These sites are the end caps, open ended tubule sites,
defect sites, and the nanotube sidewall, pictured in Figure 1. 10.% This is important
when chemically modifying the nanotube as any structural integrity damage that may
occur on the sidewalls can result in a loss of mechanical strength and

conductivity.?**°

i
OPEN 11" a. T xm
END E'i}f}é’ilp . v :

SSSsasy

Figure 1. 10: A carbon nanotube indicating the various components of a nanotube, where

a defect site is an irregularity from the above structure.?®
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The amorphous carbon impurities have the highest degree of reactivity and
because of this are the easiest and the first impurity to be removed. Fullerenes and
onion impurities, which are concentric fullerenes inside one another, exhibit similar
properties to the nanotubes end caps, as the curved nature of the end caps is of similar
structure to these impurities; the end caps have high strain on their hexagon-heptagon
pairs like the onion and fullerene. When treating a crude sample of carbon nanotubes,
at this level, simultaneously the impurities are removed and closed nanotubes are
opened. Extended treatment shortens the nanotube as the ends are consumed, which is
also known as “cutting” the nanotube. Increasing the strength of the treatment causes
defects to form along the sidewalls, which can lead to larger openings and eventually
nanotube destruction. Finally the sidewalls have the lowest reactivity as it is in the
lowest energy form, similar to that of a graphene sheet.

If, in the production of the carbon nanotube, a catalyst particle was used, acid
treatment removes such particles. Often nitric acid, or a combination of nitric and
sulphuric acid is used.®?3® There have even been reports of hydrofluoric acid being
used.*

Purifying and Cutting Technigues

The varying degrees of reactivity can allow the simultaneous consumption of
graphitic impurities and the cutting of carbon nanotubes into smaller lengths.*! As a
result it can be a one step treatment, however in most treatments not all impurities
result in a gaseous state (i.e. CO,) and require filtration or centrifuging to remove the
remaining impurities. As most treatments rely on oxidation, the surface oxygenated
species (i.e. hydroxyl groups, carboxylic acid groups, quinone, etc...) aids in the

filtration or centrifuge process.*
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Thermal annealing is one such treatment that has the capacity to remove
amorphous carbon by essentially burning off the impurities. Temperatures of between
600-1000°C are sufficient to turn the impurities into gaseous products such as carbon
monoxide, carbon dioxide, hydrogen and methane. In a controlled atmosphere
however, a lack of oxygen would only result in hydrogen and methane.®*3" This
technique is seen as being unfavorable for mass production, as the yield of high purity
nanotubes is less than 1% and significant oxygenated moieties required for some
further functionalization techniques does not occur.” However if the sample is rolled
while heated then the expected yield can be as high as 40%.% The reaction
mechanism for this treatment can be seen in Scheme 1. 1.

c + 0O, —» CO,
2C + O, —» 2CO
Scheme 1. 1: Thermal decomposition reaction.*®

Nitric acid, a mild oxidant, is sufficient to oxidize/remove the impurities of
graphitic carbon and metal catalyst particles with minimal damage to the nanotubes
structural integrity. The nitric acid refluxing is unable to attack 6-6 ring boundaries
and therefore sidewall defect generation does not occur. It can only attack the areas
that express large strain, such as heptatomic rings, and -CH, and —CH groups. This
technique is particularly useful for opening closed nanotubes, as the end caps have
large strain and cannot generate abundant functionalities (i.e. nanotube sidewalls are
preserved). This process however, needs long-time refluxing as the reaction is
particularly slow.*

Similar in nature to nitric acid refluxing, a combination of sulphuric acid and
nitric acid (3:1) is one of the most well known and most popular form of carbon
nanotube purification and cutting. This simple technique of sonication or refluxing
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has the capacity to cut carbon nanotubes and tailor their length, since the consumption
of the nanotube is dependent on reaction time.3"

Ozonolysis, another technique, is used to break carbon-carbon double bonds at
low temperatures, as the excess Oz simply evolves back into gas and leaves no
residual by-product such as the MnO, in the potassium permanganate procedure
discussed below. The ozonation process produces oxygenated functional groups such
as carboxylic acids, esters, and quinone moieties that can be removed by thermal
annealing at temperatures of 600-800°C. This harsh oxidant readily functionalizes the
end caps and defect sites to carboxylic acids, followed by the remaining rim sites.*®
This technique is largely dependent on the capability of the ozone to be dissolved into

the reaction medium (i.e. solvent) and for this reason is often performed at low

temperatures.*®*" The reaction mechanism for this treatment can be seen in Scheme

1. 2.
0] 8] HO
R—LC=—C—R + 0 — R—E—E—R — R—C/ﬁ +  *HC—R — = R—C/ﬁ + \C—R
t i Sy J
\O/
o — R
>c—c< T ——— o Do — \/O O\/—)— /C:O
P

| Y FoN AN g

; Y
A melozonide An ozenide

Scheme 1. 2: Chemical oxidation by ozone treatment.*>*3

Potassium permanganate, a milder oxidant, can be used to purify carbon
nanotubes in alkaline or acidic conditions. In this technique the potassium
permanganate has a controllable oxidation degree, as it is dependant on the reaction
time. It has the capacity to create new defect sites along the nanotube sidewalls as the
quinone groups formed are an intermediate towards carboxylic acids in a later step.®
In this process however, the by-product of manganese oxides are extremely difficult

to remove, as the solid MnO; deposits onto the nanotube and requires hydrochloric
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acid washing for removal.** It has however been reported that this deposit can be
beneficial as it increases the dispersion stability of purified nanotubes.** A vyield of
<40% by weight is produced for SWCNT, which is extremely high for a solution
phase purification.? This oxidant also has the ability to cut the nanotubes, but requires
a long reaction time.” The reaction mechanism for this technique can be seen in
Scheme 1. 3, where it is noted that sodium hydroxide is required to oxidize the double

bond and remove the permanganate ion from the nanotube.*®

~ e |

c=—¢] —w» —Cc—C——» —C—C——
- “hg f \ H,0 |
g O\ Y ) ) OH OH
O O
N Mn
\\M{// = N N
e MnO,

MOy + 4HCl(ggy— Mo g+ 20 g+ Clog)* 2HOg,

Scheme 1. 3: Reaction mechanism of potassium permanganate oxidation treatment. In
this technique the hydroxyl groups formed can be oxidized further to carbonyl groups
and hydrochloric acid is used to remove the MnQ,.**4’

There are many other purification techniques that have not been discussed in this
chapter, such as size-exclusion chromatography,“® but this is not the main focus of the
work detailed in this thesis.

Differences in Properties

The main structural difference between a MWCNT and SWCNT is that
MWCNTSs are essentially many SWCNTs encased within one another. This structural
difference has many benefits for future applications.?

It has been reported that in SWCNTSs, the defect sites are often generated by
chemical purification and/or functionalization, which hinders the high conductivity

and mechanical strength, as the chemical procedures degrade the helical shell walls
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with oxygenated functionalities.?® This property has been observed in SWCNT self-
assembled monolayers (SAM),?° however for MWCNT this is not the case. The inner
nanotubes of MWCNT are preserved in such treatments and maintain their high
conductivity and mechanical strength.*® Just to name a few other advantages,
MWCNTSs are excellent electron emitters like SWCNT,* they degrade ten times
slower than SWCNTs, and the outer tubules protect the inner tubules from
bombardment and radiation.”® The most important factor being that the outer tubule
can be readily modified while leaving the inner nanotubes untouched and therefore its

properties effectively unaffected.
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CARBON NANOTUBE FUNCTIONALIZATION

1.5 Introduction

Carbon nanotubes have a tendency to aggregate into bundles of varying size and
shape limiting wider applications, however upon surface modification the nanotubes
altered state can prevent these bundles from forming, increasing their dispersion
stability. 2

Literature papers to date have reported numerous ways in which to functionalize
carbon nanotubes, often beginning with an oxidative procedure to create hydroxyl,
quinone and carboxylic acid functionalities.*> Using these groups, anything from
alkyl chains®® to nano-particles® have been attached through various synthetic means.
A common technique is to use amide groups, either from a coupling agent® or acid

® and in the ionic method, by zwitterions (i.e. R-NH5;" ions with the

chlorides,®
negatively charged carboxylate ions).>”*® Other functionalization techniques have
been used, with a set of sub groups that include non-covalent functionalization, w-7t

stacking, endohedral functionalization, sidewall functionalization and defect

functionalization (see Figure 1. 11).>®

¥ r-stacking sidewall functionalization
.

endohedral functionalization

Figure 1. 11: The various types of nanotube functionalization.*®
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Often, when functionalizing carbon nanotubes, the main goal is to increase
dispersion stability, because once that issue has been resolved it opens up a wider
possibility for nanotube applications, such as nanotube composites.®® However,
research to date has been unsuccessful in dispersing large quantities of carbon
nanotubes into solution. Quantities in the order of mg/mL is the highest recorded to
date® and so we are yet to see any applications of such high concentrations of carbon
nanotubes.

1.6 Micelle Formation
Principle

The main component of micelle formation is to use a surfactant or polymeric
molecule to form a molecular aggregate that constitutes a colloidal particle.®? The
surfactant has a hydrocarbon tail with an ionic component at the other end or head,
which is a sub-unit to the overall micelle structure. In the case of a polymeric
molecule a similar structure to the surfactant can be used such as an amphiphilic
homo-polymer or a amphiphilic copolymer, which is often a di-block copolymer with
a hydrophobic tail and a hydrophilic head.®

In micelle formation, a loose solution (i.e. often aqueous) of surfactant and
hydrophobic molecules forms the micelle from its emulsion. The hydrophobic
molecule interacts with the hydrophobic hydrocarbon end of the surfactant, while the
ionic component interacts with the aqueous solution. Upon dissolution, the entropic
forces are lowered, and the regions align to form an aggregate with the tails directed
inwards, the ionic end facing outwards, and the hydrophobic molecule contained
within. Micelles can form many shapes including spheres, disks, oblate or prolate
ellipsoids, long cylinders, and even bilayers.®* Some of these formations can be seen

in Figure 1. 12.
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(a) linear (b) disk-like (c) spherical
Figure 1. 12: Some of the micelle shapes that can be formed (the circles represent the
hydrophilic ends and the tails represent the hydrophobic ends).®

Application & Synthesis

Ideally, when applying the micelle principle to carbon nanotubes, the micelle
formed can wrap around the carbon nanotube forming a cylindrical shape rather than
the hemispherical or disordered shape (see Figure 1. 13).°®" This is beneficial for
nanotube dispersions, as each individual nanotube is encased in an ionic field which
prevents other nanotubes from coming closer and forming aggregated bundles of
nanotubes. It also disrupts the van der Waals interactions, further inhibiting bundle

generation.®”®

P IS Yal\y V) et ¥
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Figure 1. 13: a) Ideal micelle nanotube formation, and cross section (right), b)

hemispherical micelle adsorption, and c) disordered adsorption.®®
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Kang and Taton® reported a process by which they formed micelles containing
SWCNTSs by using an amphiphilic poly(styrene)-block-poly(acrylic acid) (i.e. PS-b-
PAA) copolymer (see Scheme 1. 4). The unique feature from this article comes from
the fact that they then cross-linked the hydrophilic ends with one another, forming
hard-shell micelle-encapsulated carbon nanotubes. This significantly improved the
nanotube’s dispersion capabilities in a wide variety of polar to non-polar solvents and

in polymer matrices.

DMF ~2.__ DMF/H,0
'}3 )ff % hydr:p;‘:i-‘!c
L SWNT e
Ry o M) |
AT A Y%
2 B,
m n )‘/ﬁ" b3 'ng
oo hydrophobic Bt 00l
PS-b-PAA core | |

Scheme 1. 4: The Kang and Taton®® mechanism for forming the micelle-encapsulated
SWNT (TEM right). Note: EDC was the coupling agent required to catalyze the cross-

linking.

Toluene

Figure 1. 14: A model representation of the end product reported by Shin et al.”® Note:

P4VP = poly(4-vinylpyridine).
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Shin et al” reported a non-destructive way to disperse SWCNTSs from bundles, in
both polar and non-polar solvents. This was attempted in a similar way to Kang and
co-workers, but in this research the amphiphilic block copolymer micelles were used
as a dispersant that adhered to the nanotube surfaces rather than encapsulating them
(see Figure 1. 14). The use of this amphiphilic copolymer prolonged the dispersion
stability achieving greater than two months, while using a homo-polymer provided
only six hours of stability. Without any polymer, the carbon nanotubes would
instantly aggregate.

The use of micelles is not limited to only nanotube dispersions. It has also been
used for templates that produce catalysts for nanotube growth. Bennett et al’
reported the use of a poly(styrene-block-acrylic acid) amphiphilic block copolymer
that was capable of forming micelles and self-organizing into an ordered structure on
a substrate upon spin-coating. They then utilized the poly(acrylic acid) domains in an
ion-exchange protocol to selectively sequester iron ions. The end result was iron-
containing nanoclusters patterned on a substrate of nearly uniform size. These
nanoclusters could then be used for thermal CVD as the iron-containing nanoclusters
act like catalyst particles. An element of diameter control and spacing also exists in
this technique, as the iron-containing nanocluster size and spacing could be controlled
by altering the block copolymer molecular weight and composition. In addition, the
iron-containing nanocluster formation was also altered for different metal species.

Stewart et al’® composed a way of using the micelle principle to construct self-
assembled block copolymer nanotubes, using the triblock copolymer, polyisprene-
block-poly(2-cinnamoylethyl methacrylate)-block-poly(tert-butyl acrylate). They

were able to produce cylindrical micelles with a diameter of 22nm, which could be
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hollowed out to form nanotubes by photo-crosslinking the middle polymer, and

degrading the core polymer, polyisoprene, through ozonolysis (see Figure 1. 15).

F §F B

5 - .:"- J

100 nm

Figure 1. 15: A TEM image of the copolymer nanotubes produced by Stewart and Liu."
1.7 Polymer Wrapping Nanotubes and Polymer Brush Nanotubes

Polymer wrapping is the process of attaching a polymeric chain to carbon
nanotubes by covalent (i.e. polymer brushes) or non-covalent means, where the
polymer wraps itself around the carbon nanotube (i.e. enveloping the surface,
increasing dispersion and preventing aggregation). This “wrapping” occurs due to an
electrostatic interaction, but in the absence of chemical functionalization, van der
Waals forces are the main contributors. The strength of the interaction depends on the
structural architecture of the polymeric chain and it has been reported that polymers
with a flexible backbone comprising of aromatic rings are excellent candidates for
polymer wrapping, due to n-r stacking.”

Many researchers have reported various polymers to wrap and the means of
covalent polymer wrapping/brushes can occur by one of two synthetic techniques; the
growth of the polymer from the carbon nanotube (i.e. “graft from™), or the attachment
of an already grown polymeric chain (i.e. “graft to”). Polymers such as nylon 6,

140

76 nolyaniline,”” polyurea,” poly(n-butyl methacrylate),**® among

polystyrene,

others have been used, including amphiphilic copolymers.” Furthermore, the “graft

Page 20



T. J. Aitchison 2010

to” compared to the “graft from” technique has increased difficulty in purification,
attachment by other forces, and a lower grafting density.®
1.8 Carbon Nanotube Applications

The carbon nanotube has very appealing properties that fall into three categories,
which are electrical, mechanical, and chemical. These properties have been explored
in many potential applications, such as conductive composites,® high strength
composites,®* energy storage,®%* field emission displays,®® radiation sources,®
probes,®” and many more.

Many patents and issuances have been filed in the area of synthesis and
processing of carbon nanotubes (41%), but in terms of the application of carbon

nanotubes, electron emission (25%) and composite materials (9%) has had the

greatest interest (Figure 1. 16).%

Figure 1. 16: Patent filings and issuances of carbon nanotubes in 2002.%

Nanotubes Used as a Nanofiller in Polymer Composites

Composites made from carbon nanotubes and polymers offer the promise of
materials with high electrical, thermal, optical and mechanical properties. A
significant amount of literature has been published on the mixing of pristine and acid

89,90,91,92

treated carbon nanotubes into various polymer matrices. However, a
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common problem is experienced with the production of the composites as the
nanotube possesses a limited solubility that results in aggregated bundles of the
carbon nanotubes.

To improve the nanotubes dispersion many novel techniques have been developed
that are usually post treatments of the composite.*®** The alternative is to chemically
treat and hence functionalize the nanotube’s surface, thus increasing the solubility of
the nanotube.®™ " Furthermore, Frankland et al® has predicted by molecular
simulations that in order to strengthen the matrix mechanically ~0.3%
functionalization density is required. This has been supported experimentally with a
150% increase in the storage modulus with only a 1wt % loading of the carbon

nanotube, 991%

500 nm

Figure 1. 17: Nanotube-polystyrene composite (non-covalent interaction), demonstrating
a thermal stress fracture resulting in nanotubes pulling out of the polymer matrix (e.g. A,
B, C, and D).'*

A high strength interaction is necessary for producing good composite materials
otherwise unsuccessful load transfer across nanotube-to-polymer occurs, creating

mechanical fractures, with pullout of the nanotubes (see Figure 1. 17).2%2 |n this
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case a non-covalent regime is preferred, as loss of mechanical strength occurs for
SWCNT upon covalent functionalization as a result of lower structural integrity.'%®
However, MWCNT do not have this problem as the inner tube is preserved when
covalently functionalized.

One of the common reasons to increase the solubility of the carbon nanotube is to
have a high concentration of evenly dispersed carbon nanotubes so that the
percolation threshold is reached (i.e. becomes conductive by producing a nanotube
pathway between the interfaces). %> Composites of this kind also possess increased
mechanical strength from the incorporation of the carbon nanotubes, but literature so
far has proven this is at the cost of increasing the viscosity and hence decreasing the
processability. Mitchell et al'® found in their work, that upon the addition of un-
functionalized carbon nanotubes to PS, the complex viscosity increased, but these
composites were produced with pre-formed polymer. In comparison, work performed
by Sung et al'*®” found an increase in viscosity with acid treated carbon nanotubes in
poly(methyl methacrylate) (PMMA). This was produced by a suspension of
nanotubes in monomer that was initiated by 2,2’-azobis(isobutyronitrile) (AIBN).

However, polymer brushes of carbon nanotubes used as a nanofiller has not been

published in literature.
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HOMOPOLYMERS, COPOLYMERS & THEIR

BEHAVIOR

1.9 Introduction

A polymer is a large molecule composed of repeating simple units called
monomers. The polymerization processes that form these polymers can be divided
into two goups; condensation or step-reaction polymerization, and addition or chain-
reaction polymerization.

A newer third alternative also exists, known as living polymerization, which has
many different unique properties that separates it from the previously mentioned
other forms. % This can be further sub-divided into living ionic, living covalent and
living free radical mechanisms. **

1.10 Polymerization

Step-Reaction Polymerization

In the condensation reaction two or more polyfunctional molecules react to form a
larger polyfunctional/polymer molecule, often with the expulsion of a smaller
molecule (e.g. water, thus a condensation reaction). The reaction continues until
nearly all of one of the reagents has been consumed. An example of a condensation
polymerization can be seen in Scheme 1. 5.2 Both linear polymers can be formed
from difunctional monomers, or crosslinked polymers when overall monomer’s

functionality exceeds two.

X HO—R——O0OH + x HOOC——R'—COOH ——>
O

HOF—R—C—0—R'—C00—],H + (2x - HH,0

Scheme 1. 5: Step-reaction polymerization of a polyester.*®
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Chain-Reaction Polymerization

This process uses chain or addition reactions, making use of an ion or free radical
(i.e. reactive unpaired electron) for its chain carrier. The free radicals are formed from
thermal, UV, or other induced degradation of an initiator. A radical initiator is an
unstable material that decomposes to form free radicals. These free radicals are then
used to open the double bond of a vinyl monomer, which adds to the chain and still
leaves the free radical at the end of that chain. This successive monomer addition

occurs relatively quick until two free radicals meet in a termination reaction. An

example of a chain-reaction polymerization can be seen in Scheme 1. 6.1%

H,

H

H,C=—=CH ——> —C—CH——CZ—CH—— and so on...

X

Scheme 1. 6: Chain-reaction polymerization of a polyviny

For comparison,

the distinguishing features

X X

| 108

between step and chain

polymerization have been summarized in Table 1. 2.1%

Chain Polymerization

Step Polymerization

Adds one monomer unit at a time to
limited number of growing chains.

Any two functional groups that can react
will react and requires no initiator.

Steady decrease in monomer
concentration.

Monomer  concentration  disappears
quickly, with < 1% when N = 10.

Fast reaction, large molecular weight,
with little change for the remainder of the
reaction.

Slower reaction, steady increase in
molecular weight.

Long reaction times = high yields, but
minimal affect to molecular weight.

Long reaction times = high molecular
weights and are necessary in order to
create them.

Reaction mixture is composed of
monomer, polymer, and growing chains.

Each components concentration, at any
stage, can be calculated (i.e. predictable).

Chain terminating steps are involved.

No termination step, ends are still
reactive.

Initiation and propagation steps are
different.

Polymerization rate steadily decreases
until all of the monomer has been
consumed.

Table 1. 2: Comparison of chain and step polymerization ("degree of polymerization

) 108
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1.11 Living Polymerization

Firstly defined by Szwarc,™**! “living polymerization” is known to be a chain
growth process that has no chain breaking reactions such as transfer or termination.
To inhibit the chain breaking reactions, catalysts, and sometimes chain-end stabilizers
are used instead of only the initiators and monomers. In the “living” system the
initiators begin the chain growth process and can be attached to a hon-growing chain
end (i.e. can be a polymer chain for the synthesis of block copolymers). The catalyst
is used for initiation and propagation, while chain-end stabilizers slow down the
polymerization rate. It is essential for molecular weight control, that the initiation step
be of equal or greater rate than the propagation rate, otherwise the chains initially
formed will be longer than the chains formed later on. Furthermore, due to these
differences in rates the polymer chains are generally all of similar lengths.'%°

In this model initiation occurs simultaneously with all chain ends growing at the
same rate and for this reason Flory noted that the molecular weight is dependent on
the amount of initiator to monomer used (i.e. Eq (2).*?

Degree of polymerization (N) = [monomer]/[initiator] (2)

where N denotes the number of monomer units per chain. Since the chain ends grow

at a constant rate it also results in a very narrow molecular weight distribution with a

Poisson distribution for its polydispersity (D) (i.e. Eq (3)).'*

D=My/M,=1+1/N>1 (3)
1.0<D<15 (4)
200 < M, < 200,000 (5)

where M,, is the weight average molecular weight, and M, is the number average

molecular weight. This number is used to determine the distribution of molecular
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weights; the closer to 1 the more uniform in chain length the polymer is and for living
. . . .. 113,114
polymerizations this number is in the range of 1 to 1.5.

The term living (i.e. “alive”) comes from the fact that by controlling the reaction
conditions, the polymerization can be stopped at anytime, giving the freedom to
change the monomer for block copolymer synthesis, controlled polymer chain length,
and changing its end functionalities by selective termination with the appropriate
reagents.’® Using these factors a whole range of polymer architectures can be

formed, which are pictured in Figure 1. 18.

Topology Composition Functionalization
o 0000000000 X
li
asear homopolymer end-functional polymer|
block copolymer telechelic polymer
Bl polym
|~—|—|—|—|—l t 00" 9 ¢ ¢ 08 Q
random copolymer . .
s site-specific
functional polymer
o
macromonomer
network
G Vg T ™ x
. tapered / gradient X X
dendrimer / copolymer multifunctional
hyperbranched

Figure 1. 18: Some of the structural architectures possible using living polymerization.**

By drawing a graph of the polymer’s molecular weight against conversion, living
polymerization can be distinguished from a free radical polymerization (chain) and a
condensation polymerization (step). In Figure 1. 19 it is clear to see that in living
polymerization the molecular weight is directly proportional to conversion, while for

free radical polymerization, high molecular weight polymers are formed rapidly from
Page 27



the onset of initiation of a polymer chain, and in condensation polymerization, the

molecular weight progressively increases as conversion increases, reaching a

maximum as conversion approaches 100%.'%

Polymer molecular weight

0 100%
Monomer conversion

Figure 1. 19: Molecular weight conversion curves for a) living, b) free-radical, and c)
condensation polymerizations.'%°

The most important factor about “living” polymerizations is once the monomer is
consumed the growing end of the chain is still “alive”, and remains “alive” until more
monomer is added, allowing further growth of the polymeric chain, or if a terminating
agent is introduced.***
1.12 Atom Transfer Radical Polymerization (ATRP): Living Polymerization

Atom transfer radical addition (ATRA) is a process by which an atom transfers
from an organic halide to a transition-metal complex in order to create the necessary
reacting radicals for addition. It is then terminated by back transfer from the
transition-metal complex resulting in the final product. A schematic of the reaction
mechanism can be seen in Scheme 1. 7. Metal catalysts such as copper (1) halide with
2,2’-bipyridyl,**>° or Ni,**” Pd,**® Ru,**® Fe,'?® among others have been used for the
one-electron oxidation with removal of the halogen atom from the initiator.**

In the ATRA process, if the reactivity of the resulting product possessed a very

similar reactivity to the starting initiator-halide cleavage, then the transition-metal
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catalyst could then effectively re-start the process of ATRA (i.e. activation-addition-
deactivation) again and again and again. This would continue until all of the
monomer is consumed, forming the chain growth polymerization process known as
ATRP.™ In this process complexes of Cu(1)*#, Ni(11)*??, Ru(11)/Al(OR)s'*® and Fe'?

have been used. A schematic of this reaction can be seen in Scheme 1. 8.

X K, . ,
)\R LM? ———  _~p o+ LM®X

+

/:“R + T X — \(\.’Rb

R

R' R’
\(\., + LMK \(\r + LM
X

R R

Scheme 1. 7: Reaction mechanism of ATRA.***

Initiation:

R—X + LM™ — Re  +  LMM*x
[X=Cl,Br]
Kp
R + _\R — Py
Propagation:
K
P—X + +i _eq- +z+1)
n LM, Py + LM, X
B kp
Py + R — Py®
Termination:
ky -
Pt + Py ——— Py o+ (Pn‘ * Pm“)

Scheme 1. 8: ATRA extended to ATRP reaction mechanism.***
The termination step in Scheme 1. 8 is highly un-probable, as the propagating
radicals have a very low concentration. It is low because the radicals are capable of

reverting back to their dormant organic-halide species.'**
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Polymers formed by ATRP

5

Styrene: Metal catalysts used for this monomer are copper,’*® iron,***

126 thenium,*®” or molybdenum,*?® with the majority of the work focused

ruthenium,
on copper. The polymerization is conducted at 110°C for bromide-mediated and
130°C for chloride-mediated polymerization. When the polymerization rate is slowed,
such as in dilute conditions, the termination process is observed. This is more distinct
for bromide reactions than it is for chloride-mediated reactions.*® The most common
initiator for copper mediated reactions, being 1-phenylethyl halide.™****! However

others can be used, such as benzylic halides, allylic halides, a-haloesters, %

polyhalogenated alkanes,*® and arenesulfonyl chlorides.™*

5 6 7 | 138
1

Acrylate: Catalysts such as copper,’®* ruthenium,** iron,** nicke and
rhenium based systems have been reported, with copper being the most efficient (i.e.
low polydispersities, well-defined polyacrylates). The polymerization temperature to
be used is catalyst specific, but is open to a whole range of temperatures (e.g.
poly(methyl acrylate), CuBr/Me6TREN {Me6TREN = tris[2-
(dimethylamino)ethyl]amine} is performed at room temperature).’®* A typical

initiator for bulk polymerization is performed with an alkyl 2-bromopropionate.

Monomer T Ref.
-CHjs 138

-(CH,)sCHs 140

iﬁro_T -(CH2)2N(CHs) i
g -(CH,),0H 142
-(CH,),0Si(CHj3)3 143

Table 1. 3: Homopolymers produced by ATRP and their corresponding transiton-metal
catalysts.
Methacrylate: Metal-catalysts such a ruthenium,**® copper,*** nickel,™*® iron,**
palladium,** and rhodium® have been reported for methyl methacrylate, with such a

large list due to the highly reactive carbon-halide bonds formed from methacrylates
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(i.e. high equilibrium constants). As a result, methyl methacrylate requires more
dilution and lower catalyst concentrations in comparison to styrene and methacrylate
to control excessive termination or side reactions from occurring. Temperatures
ranging from 70°C to 90°C are typically used for methyl methacrylates.**’ Other
methacrylic esters have also been successfully polymerized and have been listed in
Table 1. 3.

ATRP is not restricted to styrene, methacrylates, and acrylates. It can also
polymerize acrylonitrile, acrylamides, (meth)acrylamides, (meth)acrylic acids, and

vinyl pyridines, among others 47148

Forms of ATRP

Method | M/R-X/Cu(X/Cu(IDX | L | RA | AIBN
Normal 200/1/1/- 1 - -
Reverse 200/-/-/11 1 - 0.5

SR & NI 200/1/-10.2 0.2 - 0.1
AGET 200/1/-10.2 0.2 | 0.18 -

ARGET 200/1/-/<0.01 0.1 | <0.1 -
ICAR 200/1/-/<0.01 0.01 - <0.1

Table 1. 4: Various types and conditions of ATRP.*91%0

There are many forms of ATRP and they have been tabulated in Table 1. 4.
Comparing these forms it is easy to see that simultaneous reverse and normal
initiation (SR & NI) and activators generated by electron transfer (AGET) are
techniques involving the generation of Cu(l) catalyst from the more stable Cu(ll)
species.** Initiators for continuous activator regeneration (ICAR) and activators
regenerated by electron transfer (ARGET) are similar to the other two, but differs
because the catalyst uses lower reducing agent ratios, they continuously regenerate
the Cu(l) catalyst throughout the polymerization and small amounts of catalyst need

d'150

to be use As for normal ATRP, the process requires the removal of all oxidants to

prevent the Cu(l) catalyst from oxidizing to Cu(l1)."! Furthermore, the techniques
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involving AIBN creates additional issues for the generation of block copolymers, as
the AIBN can also initiate new chains resulting in a mix of homo and block
copolymer when generating the second block.**?

1.13  Other Living Polymerization Techniques

Nitroxide Mediated Polymerization (NMP)

NMP is a very similar process to ATRP, except in this case the organic-halide
dormant species and transition-metal catalyst used is replaced with an organic-
nitroxide. Development in this field was pioneered by Moad and Rizzardo™® with
their 2,2,6,6-tetra-methyl- piperidinyl-1-oxy (TEMPO) nitroxide compound, which

was further refined by Georges et al*>* with work on polystyrene.

e
n 3

N | |

o e

Scheme 1. 9: PS formed by NMP, using TEMPO(2).%*

R1

. /N—R2
Figure 1. 20: A general nitroxide compound used in NMP.
In this technique the carbon-oxygen bond of the dormant alkoxyamine (1) is
homolytically unstable whereby thermal fragmentation occurs, typically at 100°C or

greater, forming a stable nitroxide (2) and a polymeric radical (3). The polymeric
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radical undergoes monomer addition forming a similar polymeric radical, thus
increasing polymer molecular weight (4). This is followed by the stable nitroxide
recombining with the polymeric radical, and resulting in the dormant species that this
process initially started with (5) (see Scheme 1. 9). This cycle of homolysis-monomer
addition- and recombination is repeated again and again until all of the monomer is
consumed or a terminating reaction has occurred.™>**®*" For a more general
mechanism of NMP, the nitroxide (2) can be replaced with Figure 1. 20.

This process has its limitations and is not as versatile as ATRP and RAFT (see
next section) based systems. The choice of nitroxide compound and initiator (i.e.
bimolecular/1:2 radical formation, provides poorly defined initial conditions due to
unknown radical formation efficiency or unimolecular/1:1 radical formation) greatly
affects the possible polymers that can be grown in a “living” fashion, as well as its
controllability.™™® Hawker et al*® have comprised a detailed list of nitroxide
structures that can be used for living free radical polymerizations and the various
block copolymers that can be formed from NMP.

Reversible Addition-Fragmentation Chain-Transfer (RAFT)

This extremely versatile process is very similar in nature to both ATRP and NMP.
In this case however, there is no organic-halide or organic-nitroxide, instead there is
an organic-sulphur interaction. In this mechanism (see Scheme 1. 10) initiation and
radical-radical termination occurs like it does in conventional radical polymerizations,
however the propagation of the growing chain uses/adds a thiocarbonylthio
compound (1). Its addition is followed by fragmentation to form the polymeric
thiocarbonylthio compound (4) and the new radical R (i.e. the reversible chain
transfer step). This new radical then undergoes monomer addition forming a new

propagating radical (i.e. reinitiation). This results in a rapid equilibrium between the
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dormant polymeric thiocarbonylthio compound and the active propagating radical
(i.e. chain equilibration). The equilibrium formed gives equal probability for chain
growth, and therefore generates a polymer with a narrow polydispersity. Once the
monomer has been entirely consumed or the polymerization terminated, most of the

polymeric chains retain their thiocarbonylthio end groups. ™%

Initiation

Initiator ¥ P,

Reversible chain transfer
P, +SYS—R ks p-s ., sR _%_ p—s

K i j K. ' \f
3

z

y 1

Ky

Reinitiation
M

R" —— R—M — ——= P_
i

Chain equilibration

piS SYS—PH Pm—S\i/S—Pn Pm—SY s
M/ 4 5 4 M.k

Termination
: .k
Pn + Pm — ! » Dead polymer

Scheme 1. 10: RAFT polymerization mechanism.

Q,
5~|—< > SJ—< > Q
s s 3—2_ A
cumyl phenyldithioacetate 1-phenylethyl 2-methoxy-1-methyl-2-oxoethyl

{CPDA) phenyldithioacetate (FEPDA) dithiobenzoate (MADB)

40 20 -

s s 2

cumyl dithiobenzoate 1-phenylethyl 2-cyano-2-propyl
(CDB) dithiobenzoate (PEDB) dithicbenzoate (CPDB)

Scheme 1. 11: Some examples of RAFT agents.*®
The choice of RAFT agent is largely dictated by what polymer is to be formed.

An incorrect choice of RAFT agent only leads to difficulties of retardation, and a

Page 34



T. J. Aitchison 2010

decrease in molecular weight control. The defining features of the agent, which also
relates to its effectiveness as a RAFT agent, is the functionality of component Z and
R of its structure (see Scheme 1. 10).*** Compounds of dithioesters, trithiocarbonates,
xanthates, dithiocarbamates have all been successfully used.™® A detailed list of
polymer to suitable RAFT agent has been reported by Moad et al.™™® Examples of
some RAFT agents can be seen in Scheme 1. 11.%°

Living lonic Polymerization & Living Covalent Polymerization

For living ionic polymerization well defined polymers of low polydispersity are
possible, however in order for the generation of such polymers, very strict reaction
conditions are required and the polymerization reaction is limited to only a few
monomers. Such conditions of the absence of water, sometimes the absence of light,
and low reaction temperatures of -80°C to 25°C to inhibit side reactions, among
others are necessary, otherwise polydispersity increases, and molecular weight
control is lost. Cationic polymerization is more complex than anionic, as the
carbonium ion chain ends created by this process readily transfers their B-protons in
the creation of a new polymeric chain. As a result the chain, the proton transferred
from, dies and molecular weight control is lost with a polydispersity of higher than
1.5 and a molecular weight of less than the theoretical value.'®?

Less popular to the other forms of living polymerization, living covalent
polymerization uses a nucleophile or an electrophile to initiate and propagate the
chain ends with the monomer.*® It is a more commercially attractive procedure than
living ionic polymerization, due to the group transfer polymerization operating at
temperatures (~80°C) that are more desirable by industry. 61

The most popular techniques though are living free radical polymerizations (i.e.

ATRP, NMP, RAFT), since it is more practical for industrial manufacturing; it has
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less stringent processing conditions by comparison, and can polymerize a very large
range of vinyl monomers. In addition ATRP is the more popular technique in
comparison to NMP and RAFT for similar reasons to above (i.e. versatility and ease
of execution), and is more suitable for block copolymer synthesis.
1.14 Homopolymer Mixtures

A homopolymer is a polymer that consists of only one species of monomer. Upon
mixing two or more different homopolymers, a new material is formed with new
properties (examples of homopolymer mixtures can be seen in Figure 1. 21). The
miscibility/polymer-polymer phase behavior of a binary linear homopolymer mixture
depends on four factors; choice of monomers, molecular architecture, composition,
and molecular size. At equilibrium the mixture can be in either one or two phases, but
upon phase separation the formation of macrophase separation, and microphase
segregation occurs. This is due to interfacial tension favoring a reduction in surface
area. However, the formation of defined phase separation is largely dependent on the
polymers mobility (i.e. viscosity).*®® Branching for example, disrupts the polymers

capability to move, resulting in increased viscosity.'®’

ﬁ + ‘3..-. Branched
'l
Figure 1. 21: Homopolymer mixtures (line and dotted represent two different
polymers).1%
Using mean field theory, which neglects spatial fluctuations in composition, the
theoretical phase diagram can be calculated (see Figure 1. 22). The diagram

represents the phase behavior of a symmetric (i.e. N of polymer A = N of polymer B)
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binary linear homopolymer mixture at constant temperature and pressure.*® It

depends on three factors; degree of polymerization (N), the Flory-Huggins segment-
segment interaction parameter (y), and composition/volume fraction (®). The
parameter  derives from the choice of monomers, as it is used to approximate the
sign and magnitude of the energy of mixing. In its simplest form y (see Eq. (6)) is
dependent on temperature, and composition; coefficients o and [ determined
166,168

experimentally, representing enthalpy and excess entropy.

x=oT" + (6)

6 T

T.\.NO phases

5¢
r Equilibrium
. Stabilit
aff W
.0
z:* 3 L A

= :
Critical/ l
oA B

point

Figure 1. 22: Theoretical phase behavior of a symmetric binary mixture of polymer A

and B, predicted by mean field theory, where @, is the volume fraction of polymer A.*%
In the phase diagram (see Figure 1. 22), the solid curve represents the points of
equilibrium with everything outside of it forming one phase and everything inside the
curve forming two phases. Between the solid curve and dashed line,
thermodynamically metastable mixtures are formed, while inside the dashed curve,

thermodynamically unstable mixtures are formed. The critical point (i.e. where the
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two curves meet) for a symmetric mixture occurs for when (yN); = 2 and @, = 0.5.

The critical point temperature (T;) however, can be varied by altering N, and the

critical composition can be varied by adjusting Na and Ng (see Eq. (7) and Eq. (8)).

As a result, the phase diagram can be adjusted to prevent any interfering factors from
occurring, such as thermal decomposition temperatures.*®

D, = NA1/2/(NA1/2 + NBllz) (7)

Yo = (NA1/2 + NBllz)Z/(ZNANB) (8)

Nucleation and growth

Spinodal decomposition /& /[ *
P~ @& g G

Figure 1. 23: Nucleation and growth (B — B’ of Figure 1. 22) and spinodal
decomposition (A— A’ of Figure 1. 22) as time progresses.'¢®

Nucleation®®

occurs when small droplets, composed of the minor phase, are
formed in a homogeneous mixture that has been thrusted into the metastable region
(B — B’). Over time these droplets grow from the saturated mixture and when an
equilibrium is established, Ostwald ripening continues the growth (i.e. consumption
of smaller droplets to the larger droplets).®® Spinodal decomposition*” on the other
hand (A — A’), although similar in formation, spontaneously forms in an
uncontrolled fashion, generating a disordered bicontinous two-phase structure. As
time proceeds, the interfacial tension forces the surface area to reduce by increasing

“d”, the size of the spinodal structure.'®® See Figure 1. 23 for a visual representation

of the two phase growth methods.
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1.15 Copolymers

Copolymers are composed of at least two different polymeric monomers within
the one chain. Many structural architectures can result from this conformation such as
diblock, triblock, and starblock (Figure 1. 18 and Figure 1. 24),* but the main focus

of this work is diblock-copolymers.

N -
ned \—p/l‘_;’ ’,’ ' diblock
% (.
) — _

,’ N 1) tribl
n=2 S ‘-0 \ riblock
N G starblack
2

Figure 1. 24: (A-B), block copolymer structural architectures (solid and dashed line

represent two different polymers).*"

Statistical Copolymers

Statistical copolymers are either random or alternating in nature, and in order to
form such polymers both monomers are mixed together and allowed to polymerize at
the same time. The nature of the polymer to be random or alternating can be
determined by the copolymer equation. Using Scheme 1. 12 and a steady-state
treatment the copolymer equation can be derived, Eq. (9), where [M;] and [M,] are
the initial concentrations of the two different monomers. The reactivity ratios, Eq.
(10), demonstrates the monomers tendencies to either self propagate (r > 1) or
copolymerize (r < 1). For the “ideal” polymerization rir, = 1, which means the
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propagating chain does not have a preference to add to either monomer. This creates a

random copolymer (e.g. AAABBABBBBAAAA etc...). For an alternating

copolymer (e.g. ABABABABABA etc...) r1 = r; = 0 and therefore the propagating

chain prefers to react with the other monomer. However when r; = r, — oo, there IS no

preference to copolymerize and two homopolymers are formed instead (e.g.
AAAAAA etc... and BBBBBB etc...).*?

M, + M, —— M,
Scheme 1. 12: Monomer addition (n and m represent two different monomers), self
propagation occurs when n = m, and cross-propagation occurs when n # m.***
d[M1)/d[M;] = [M1](r1[M1] + [M2])/([M2]([M4] + r2[M2])) €
where r; = Kii/kiz and ry = Kao/kog (10)

Chain Extension/Block Copolymers

A"’(n.

Polymerization
of monomer A

o

Polymerization
+B fof monomer B

. ¢ ®
PN
A

Polymerization AB diblock copolymer

of monomer A / wnng agent X
+A +X -,
-
>SN
ML
P X
4 a4

Lp— s

ABA triblock copolymer ABA friblock copolymer

Scheme 1. 13: Block copolymer synthesis, formed from a controlled/living polymerization
to maintain a low polydispersity.'’

In this technique the polymerization of a homopolymer is carried out, however the

chain’s end needs to be still “alive”, such as in living polymerizations. This is due to

the fact that a new/different polymer chain can be grown from that end (or attached)
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and thus a block copolymer is formed (see Scheme 1. 13).'"> Morphologies such as
AB diblock, cyclic AB diblock, ABC triblock, mixed arm star block, ABA triblock,
(AB), star block, and (AB), multiblock are possible.!”® As a result of this versatility
and their hybrid properties, many applications are open to block copolymers.

Halogen Exchange

Block copolymer polymerization requires efficient initiation on the first and
second block so that a low polydispersity polymer is formed. After the first block has
been polymerized, it is used in a subsequent polymerization of a different monomer
as a macroinitiator, but now the initiator has chemically changed too and in turn its
efficiency. It has been found for ATRP the equilibrium constants are of the following
order - acrylonitrile > methacrylates > styrene ~ acrylates > acrylamides > > vinyl
chloride > vinyl acetate. This order must be obeyed to produce a well initiated
polymerization and hence growth from the macroinitiator (i.e. PMMA must be
extended by PS and not the reverse). In addition, this does not only apply to block
copolymers, but to polymers of many blocks (i.e. ABC, BAB, ABCD, etc...).*®

Researchers have found that to alter the above order, so that a less reactive
monomer could be extended by a more reactive monomer in ATRP, halogen
exchange could be used.’*'® This method involves using an alkyl bromide
macroinitiator and using a CuCl-based catalyst complex to polymerize the more
reactive monomer. The system is now initiated by R-Br, propagated by the monomer
and then deactivated, forming R-P,-Cl dormant polymer chains. The halogen
exchange works because the Katrp Of R-Cl species is smaller to that of an R-Br
species (i.e. Katre ki > Karre™™'k,), hence initiation is favored over
propagation. This is because the R-Br species are firstly propagated to either R-P-Cl

or less probable, as CuCl is in a large excess to R-Br species, R-P-Br. Afterwards the
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remaining R-Br (including R-P-Br) species is more reactive than the R-P-CI,

therefore the R-Br species propagates preferentially and eventually all R-Br is

consumed/initiated to propagate polymer chains of R-P,-Cl (see Figure 1. 25).*°

da
CuBr/ dNbpy + P-Br
I/ \\ No Halogen Exchange
/ \ . ]
L] & T L
42% conv  » \\ - Q CuBr Cubr
L =— - ¢ a i 2
- ~| CANRRIRRYE ., cusr
. . (B0  cubr Q :m . .‘.“(("((“‘g CuBr
10% conv CuBs
10° 10* 10°
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CuCl / dNbpy + P-Br
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Figure 1. 25: Tsarevsky et al*”” GPC plots of PS-Br extended with MMA and their
graphical representation of the polymer chains. a) no halogen exchange and b) with
halogen exchange, which demonstrates efficient initiation when using the halogen
exchange technique.

1.16 Phases & Transitions of Di-Block Copolymers

Similar to the homopolymers mean field theory calculation, the self consistent
field theory can predict the phase diagram of a diblock copolymer. In this system
however the two polymers cannot phase separate into its constituents as they are
covalently joined. Instead local segregation occurs by using block-block joints at the
interfaces and stretching the polymeric chains to maintain a uniform density.*"*%®
Once again the product of yN determines the state of segregation, however in

comparison to the homopolymers ordered phases, they are quite unique. When the

product yN << 10 the system exists as a spatially homogeneous state, however
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increasing either x or N results in the development of local composition fluctuations
that is proportional to the polymers radius-of-gyration (i.e. Ry® = Rga” + Ryg?).1%1"
However, if the product N = 10 then at this point the curved and disordered system
changes to an ordered periodic structure and is known as the order-disorder transition
(ODT). Increasing the product yN further results in sharper micro-domain boundaries
and when yN >> 10 narrow interfaces with well defined/separated compositions exist
(see Figure 1. 26).'"*% This ordering occurs due to a dominancy in the systems

entropic factors being overcome with energetic factors, and when yN = 10 these

factors are balanced creating the ODT.'®®

LN <<10 IN<10 aNz10 AN>>10

Dizordered - ODT - Ordered

FWWM

.F‘

<r>
Figure 1. 26: The variation in architectural structure as the product yN increases. The

graphs of ® vs r demonstrates the strength of segregation as the product yN increases.'®®

The above discussion however, only relates to f = 0.5 (i.e. f is the volume fraction,
and therefore 0.5 is equal portions of polymer A and B). If f is varied, different
morphologies occur, as it affects the shape and packing symmetry of the ordered
microstructure. Seven ordered phases exist; gyroid, hexagonal-packed cylinders, and
body-centered cubic, with all of these in a positive or negative regime, with the
seventh being lamellae. These phases have been predicted by the self-consistent mean
field theory (SCFT) (see Figure 1. 27 and example Figure 1. 28), which can also

predict domain spacing (i.e. ~ 5 to 500nm).*#"%2
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Figure 1. 27: Phase diagram of a diblock copolymer predicted by the SCFT (Note: bcc =

body-centered cubic, hex = hexagonal, gyr = gyroid, lam = lamellae, dis = disordered),

and the morphologies it can create.

Figure 1. 28: An example of a hexagonal phase. SEM, birds-eye (top), and side-view
(bottom) of a polystyrene-block-poly(methyl methacrylate) copolymer, aligned normal to

a gold substrate,*®
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1.17 Polymer Melts

Polymers exist in two different geometrical arrangements, one being
“configurations” and the other *“conformations.” Configuration polymers have an
arrangement that is fixed by the chemical bonding in the polymer chain and cannot be
altered unless chemical bonds are broken and reformed. These polymers exhibit
properties normally associated with typical rubbers, however with increased rigidity,
by crosslinking, the polymer becomes thermosetting (i.e. a hard rubber).
Conformation polymers have arrangements that form from a linear arrangement of
single bonds with secondary bonds, such as the interaction between polar groups.
These secondary bonds are capable of breaking and re-forming as the temperature is
raised or lowered, giving a limpness and flexibility to the polymer.'®®

These polymers can have a glass transition temperature (Ty) and/or a
crystallization temperature (T¢) (e.g. poly(ethylene terephthalate) exhibits both).*** A
Ty can occur for a polymer, such as PS,'®> where lowering the temperature of a
polymer melt (e.g. PS) causes a change in the properties to resemble ordinary
inorganic glass (i.e. hardness, stiffness, brittleness, and transparency). This is due to a
lack of thermal energy that is required to move segments of a polymer chain with
respect to another chain. The T, can occur for polymers, such as polyamides,*®® that
have a geometrically regular structure or has some level of ordered structure within
the polymer’s backbone. Crystalline polymers are generally strong, tough, stiff and
more resistant to solvents and chemicals than non-crystalline polymers. These
polymers are also usually opaque due to the presence of crystalline regions with sizes
that are in the order of the wavelength of light. Such properties can be improved by
increasing the intermolecular forces and using stiff polymer chains (i.e. engineering

polymers). It can also be improved by processing the polymers orientation or drawing
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the polymer into a fiber. Furthermore, a diagram of these states of bulk polymer and

their possible transitions can be seen in Figure 1. 29.'%

High
Rubber
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forces

Figure 1. 29: The states of bulk polymer, where the arrows indicates the transitions from
one state to another that are possible.

In this work all polymers used are conformation polymers and will exhibit a T.
This is vital as a polymer melt is extremely viscous and is important in forming the
phases discussed in the previous section. The rigidness of a polymer melt, once
cooled, is required in order to maintain the phase segregation for long periods of time,
as the formation of strong inter-chain forces develop during cooling.'®®

Alignment Techniques

The domains generated by phase segregation are defined by the molecular weight
of the copolymer and the strength of segregation. However, in order to develop any
real application, the orientation and lateral ordering must be controlled, but is largely
only a concern for the lamellae and hexagonal-packed cylinder phases as the other

phases are highly symmetrical.®” To achieve the orientation, previous research has

shown the use of external fields are very affective, such as electric fields,'®® %

0 1 192 193

graphoepitaxy,*® shear,'®! crystallization,'*> temperature gradients,’® chemically

194195 controlled interfacial interactions,*® and droplet

patterned substrates,
pinning.**’
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Solvent evaporation is also another technique that is quite simple and easy to
implement. Kim et al**’ have reported for the hexagonal phase that by controlling the
rate of solvent evaporation or annealing, the ordering of a copolymer matrix
essentially grows from the surface to the entire film (see Figure 1. 30). The solvent
gives an additional benefit, as it increases the mobility of the copolymer, resulting in
the removal of irregularities in the phase ordering. In addition, by swelling the
copolymer in a solvent vapor, the polymer Ty is effectively lowered and the material
becomes flexible once again. Upon the second solvent removal, a significant
improvement was noted. What is experienced overall is a disordered film that upon
solvent evaporation forms a highly ordered hexagonal-packed cylindrical phase,

oriented normal to the surface.

Solvent
Evaporation

DISORDERED ORDERED
Figure 1. 30: A model of the surface induced growing order of a thin block copolymer
film. (right) is the solvent gradient that helps demonstrate the concept that the
concentration of solvent at the surface is low/ordered, and as the depth r increases so
does the solvent concentration and so does the disorder. As the solvent evaporates from
the interior, the ordered front propagates the order through the film (Note: &5 = solvent

concentration).™®’

The ordering observed also experienced a time dependency, where the number of

defects decreased with longer solvent annealing times. An exponential decay type
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relationship was determined, meaning the majority of the defects were removed
within the first couple of hours, with only a few defects remaining after 48 hours.

In order to achieve the normal orientation on a substrate previous research by Xu
et al*® found that a neutral surface was required, otherwise one of the blocks is
preferential to the surface and a parallel orientation would result. Mansky et al'*®
found that a random/statistical copolymer tethered to the surface could create a
neutral surface and hence formed the normal orientation. In the case of a PS and
PMMA block copolymer volume fractions of 0.58/0.42 is required for the normal
alignment.*®
1.18 Applications of Block Copolymers

Many applications for block copolymers exist, simply due to the structural and
molecular weight diversity the copolymers can provide.

One such application was explored by Lu et al,?*** who developed a way to
produce a regular array of Fe catalyst particles for CVD carbon nanotube growth
using, either the body-centered cubic or hexagonal copolymer phases. They used a
block copolymer with one of the blocks composing of a polyferrocenylsilane, which
degrades upon annealing to form nano-iron clusters. These clusters were then utilized
to grow SWCNT, which can be seen in Figure 1. 31.

Another use saw the removal of one of the blocks in the hexagonal phase to
produce a nanoporous material or cylindrical pillars. This was achieved through

204205 and thermal cleavage.”® Furthermore, the

chemical etching,?%%?% UV-cleavage,
research has even extended to cross-linking the non-degradable block of the diblock
system. Usually PS, a benzocyclobutene group can be used to crosslink the PS

domain upon thermal activation to the ring-opening reaction. This cross-linking

resulted in higher dimension stability and after the removal of the other block, the
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205

stability remained for both solvent and thermal treatments.”> Many other applications

exist and have been represented pictorially in Figure 1. 32.

20

Figure 1. 31: SEM images of the carbon nanotube mat produced by the iron clusters from

a block copolymer. As can be seen in the above image the nanotubes are localized in

certain spots (i.e. where the iron clusters are and growth occurred).?*
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Figure 1. 32: The various applications of block copolymers in the nanotechnology

field.?%
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RESEARCH AIMS & SCOPE

The aim of the work in this thesis is to produce nanocomposite materials of macro
and nano size dimensions using MWCNT and polymers. Many issues arise in
producing such materials such as the nanotubes tendency to aggregate into bundles,
creating a non-homogenous mixture, thus reducing the transference of properties
from the incorporation of carbon nanotubes.?”’

In order to prevent the nanotube aggregation that occurs for un-functionalized
carbon nanotubes, surface modification is required. The best form of modification is
to alter the nanotubes surface to resemble its new surroundings and in this case that is
a polymeric matrix. This infers that the nanotubes will need to be purified and
functionalized with polymeric chains to produce a high degree of entanglement with
its surroundings. To do this literature has shown that CVD MWCNT have less
impurities than the other methods and will require less extensive treatment for
purification. Furthermore, simultaneous functionalization of the carbon nanotube’s
walls with carboxylic acids will also occur.

Having produced oxygenated carbon nanotubes the carboxylic acids can then be
used as a means to attach polymeric chains. “Grafting from” and *“grafting to” are two
different options, but attaching a pre-formed polymer has its own issues such as
increased difficulty in purification, attachment by other forces, and low grafting
density, which therefore leads to the “grafting from” technique. * Techniques such as
ATRP, 28209 NMP, #9211 and RAFT?2 have been utilized in the past for their ease of
production, low polydispersity, the ability to re-initiate and controllability of
molecular weight. However, these techniques do possess their own complications and
hence ARGET ATRP provides a novel opportunity to enact such grafting reactions

due to the less stringent conditions and its ability to not initiate new polymer chains
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(i.e. new polymer chains can be initiated in reverse, SR & NI, and ICAR because it
uses AIBN).?® An ARGET ATRP initiator will need to be attached to the carbon
nanotube via esterification of the carboxylic acids and subsequently polymerized.
Polymers of PS, PMMA, and poly(2-hydroxyethyl methacrylate) (PHEMA) are to be
explored for the compatibalization of carbon nanotubes with their bulk polymer
counterpart (i.e. using the polymer brush carbon nanotube as a filler).

In using the polymer brush carbon nanotube as a filler in a composite, previous
research has shown that these composites can be formed by either mixing with pre-
formed polymer?* or from a polymerized solution of monomer.?>?27 A
polymerized solution of monomer was chosen as the polymer brush carbon nanotubes
will disperse more easily in a solution phase delivery (i.e. sonication and more
soluble) and will create better entanglement as the polymer chains are more likely to
be outstretched from the nanotube. Furthermore, increased solubility is vital to obtain
enhanced properties because if the nanotubes settle out by gravity a non-
homogeneous mixture will form with a varying concentration of nanotubes across the
two interfaces. Li et al?*® found this in their work of a nanotube-ester dispersed in a
polysulfone matrix, but the complications with their work came from the fact that the
nanotube-ester did not provide a significant improvement of solubility in the
monomer; the functionalization did not possess a high level of architectural similarity
to the matrix environment. However, using the polymer brush carbon nanotubes in
their counterpart bulk matrix monomer should provide a higher level of architectural
similarity and hence will not settle out by gravity.

This is to be the macro size work, but heading to the nano size work will possess
its own unique chemistry. The idea is to produce a polymeric thin film that

incorporates the carbon nanotubes in an effort to explore the nanotubes alignment in a
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di-block copolymer melt. The hexagonally-packed cylindrical phase was chosen as it
was thought to be a suitably supportive network due to the structural similarities to a
carbon nanotube. Having produced the polymer brushes in the macro sized work,
these polymer brushes will be used in the nano size work as they will have an affinity
for a particular phase (i.e. lowering the entropic factors). Similar work by Chiu et
al®™® used poly(styrene-b-2 vinyl pyridine) as a means to demonstrate the position of
polymer brush gold nanoparticles could be controlled in a di-block copolymer melt.
However, nanoparticles are zero dimensional and carbon nanotubes are one
dimensional. The massive size of the carbon nanotube could have issues in the
positioning as greater forces could be required.
Significance

The work detailed in this thesis reports never before published research of
polymer brush carbon nanotubes used as a nanofiller in polymer composites.
Literature has proven that use of carbon nanotubes as a filler in polymer composites
can improve the physical and electrical properties of the matrix. However, due to the
carbon nanotubes limit of dispersion difficulties in creating an even dispersion can
arise in their manufacture. Furthermore, a high strength interaction is necessary for
producing good composite materials otherwise unsuccessful load transfer across
nanotube-to-polymer occurs, creating mechanical fractures and the pullout of the
nanotubes.’®™ %% Using the polymer brushes as a means to aid in the nanotubes
dispersion will also help in the load transfer as the polymer brushes will enhance the
entanglement with the matrix.

An extensive search on the chemical synthesis of polymer brush carbon nanotubes
finds polymerization techniques using “graft to”, and “graft from” by living and non-

living means. For the first time polymer brushes produced by ARGET ATRP will be
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formed, which is a technique that is non-air sensitive, and only requires parts per
million (ppm) catalyst concentrations, thus is more industry ready than the alternative
techniques. Materials of this nature have been used for the production of amphiphilic

0

copolymer brushes,?® increasing the carbon nanotubes dispersability in common

221222 and as a vehicle for drug delivery.?*® Producing them by using

solvents,
ARGET ATRP will make polymer brush carbon nanotubes more easily accessable for
a commercial application. In addition, PHEMA was researched and is known as a
hydrogel that was invented by Drahoslav Lim for use in soft contact lenses.?** Using
high concentrations of carbon nanotubes in a composite will make the polymer
opaque and inadequate for a contact lens application. However, other uses have been
found since its invention in the medical field such as artificial skin’® or gene
delivery.?® The use of polymer brush carbon nanotubes may find similar uses in the
medical field as the carbon nanotubes make the polymer conductive and has an
increased glass transition temperature. Furthermore, Kumar et al®*’ have published

their findings on producing PHEMA polymer brush carbon nanotubes, which has

been enhanced, in the thesis work, by developing a one-pot reaction.

(@]

6 )

Figure 1. 33: (left) a carbon nanotube, and (right) 1-pyrenecarboxylic acid,

demonstrating the architectural similarities.
To model the carbon nanotube research, 1-pyrenecarboxylic acid has been used
due to the similarities in architectural structure (see Figure 1. 33). The work covered

explores its use in functionalizing with a tertiary bromide for ARGET ATRP, and
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further used as a nanofiller for a polymer matrix. Furthermore, the work has proven to
enhance the properties of the matrix without a concern for the limit of dispersion, and
has never been reported in literature as used this way.

Other significant results of this work found that ARGET ATRP is a poor
technique for producing block copolymers when using a less reactive monomer as a
macroinitiator. Another result was a better understanding of the necessary forces
required to orient the carbon nanotube normal to the surface.

Characterization Technigues

Gel permeation chromatography (GPC), using a linear polystyrene standard and
tetrahydrofuran (THF) as the moving phase, was used to determine the molecular
weights and the polydispersity of the polymer samples. Samples were prepared by
dissolving 5mg in 1mL of anhydrous THF (Aldrich), which was subsequently filtered
using a PTFE membrane. These samples were recorded with the assistance of Dr
Suresh Valiyaveettil at the National University of Singapore (NUS).

The living kinetic plots were determined by terminating the polymerization at
regular intervals and performing gravimetric analysis on the resultant polymer. From
the weights the In([M]o/[M]) and conversion values could be determined and plotted.

Fourier transform infrared spectroscopy (FT-IR) was recorded using a Thermo
Nicolet Nexus 870 from the Thermo electron corporation, and was used to verify and
determine chemical alterations in the samples. The smart orbit attenuated total
reflectance (ATR) accessory was used in absorbance mode (4000-400cm™, resolution
4cm™, and 128 scans) with the DTGS TEC detector and air as the background, but
due to the carbon nanotubes having a high level of absorbance, the carbon nanotube
sample spectra were recorded using a dilute concentration in a transmission disc. The

discs were prepared using high purity, dried potassium bromide that was
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mechanically pressed under vacuum. Data analysis was carried out using the Omnic
7.1 software to subtract the background from the sample spectra and to analyze the
subsequent IR spectra.

Thermogravimetric analysis (TGA) was performed on a TGA 2950
thermogravimetric analyzer from TA instruments, using a conventional mode heating
at 10°C/min in air (i.e. flow of 50mL/min) from room temperature up to 1000°C,
using platinum pans. This technique was used to determine degradation temperatures
as well as the polymer content by the weight loss concentration of the polymer
degradation step. The Curie-Point method with nickel was used to perform the
temperature calibration.

Differential scanning calorimetry (DSC) was carried out on a TA-DSC 2920,
equipped with liquid nitrogen cooling accessory. Approximately 5mg of sample was
weighed into a aluminum hermatic DSC pan and lid. First scans were heated from as
low as 0°C to as high as 200°C at 10°C/min in a 50mL/min air atmosphere. Second
scans were recorded under the same conditions but at 20°C/min. This technique was
used to determine the T, of the polymeric samples, and in some samples, the presence
of an exotherm, which indicated a post-curing reaction. The instrument was calibrated
using a sample of pure indium.

High resolution transmission electron microscopy (HRTEM) was performed with
the assistance of Dr Martin Saunders at the Australian Microscopy & Microanalysis
Research Facility at the Centre for Microscopy, Characterization & Analysis, at the
University of Western Australia (UWA). Images were recorded on a Jeol 2100 at
120kV with a Gatan Orius camera, and an elemental mapping attachment. Samples
were prepared from ethanol solution evaporations on carbon coated copper mesh

discs. The microscope was used to record images of the polymer brushes that were
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present on the carbon nanotubes as well as determining if localized regions of copper
and tin were present in the sample.

Energy-dispersive x-ray spectra (EDX) were measured on a Philips TEM CM200
with an EDAX DX4i energy dispersive x-ray spectrometer at Adelaide Microscopy,
Adelaide University, and was used to determine the atomic percentage of copper and
tin in the living polymer brush samples.

Transmission electron microscopy (TEM) was performed at Flinders Microscopy
& Image Analysis Facility with the aid of Kerry Gascoigne. Images were recorded
using a Jeol 1200ex, with a Soft Imaging System mega View camera attached. The
samples were prepared by microtome, and in the case of the block copolymer melt,
stained with iodine.

Nuclear magnetic resonance (NMR) was performed on a Bruker 600MH,
Ultrashield, using the Bruker TOPSPIN 2.1 software. Samples were prepared in
deuterated chloroform and used for the chemical structure verification of the
synthesized compounds.

The degree of tertiary bromide attachment was determined by elemental analysis,
at the Campbell Micro-analytical Laboratory, University of Otago.

Raman spectroscopy was performed with the assistance of Associate Professor
Peter Fredericks at the Queensland University of Technology (QUT). Spectra were
collected on a Reinshaw Model 1000 using He-Ne excitation at 632.8nm. The spectra
was used to verify the covalent attachment of polymer brushes to carbon nanotubes
and in the case of PS, chemical verification.

The polymer brush carbon nanotubes electrical conductance was determined

using the apparatus designed by Dr Gerard Seytre of the Laboratory of
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Macromolecular Materials — Institut National des Sciences Appliquees de Lyon
(LMM-INSA-Lyon) in France.

Contact angle measurements were carried out using a sessile drop apparatus,
using both Milli Q water and diiodomethane as the liquids. The angles recorded, were
averaged over ten samples and the calculations for surface energies was determined
using the Windrop++ program.

Dynamic mechanical analysis (DMA) was performed on a TA DMA Q800 series
instrument, with a single cantilever attachment and fastened at 10in-Ib. Samples
(13mm wide, 36mm long and averaging 7mm thick) were recorded at 2°C/min
starting from as low as 0°C and recording as high as 150°C.

The rheology of the polymer composites was determined using TA instruments
Advanced Rheometer 2000, with an environmental temperature control (ETC)
attachment, using the 25mm diameter parallel plate. Nitrogen gas was used and
flowed at 10L/min. Conditions of 190°C (100Pa), 280°C (100Pa), and 200°C
(1000Pa) (i.e. temperature and oscillation stress) was used for PS, PMMA, and
PHEMA, respectively.

Optical Rheology was performed at Cambridge University, England with the
assistance of Dr Anson Ma. The apparatus models a rheometer, but has a microscope
and JVC camera attached, which can view the carbon nanotube filler during
measurements. A photograph of this apparatus can be seen in Figure 1. 34.

Ellipsometry was performed using a Beaglehole imaging ellipsometer, which used
a 600nm light filter and Dalsa-CCD image capture technology. Measurements were
performed to determine the layer thicknesses of the thin film samples.

Atomic force microscopy (AFM) was performed using a Veeco Multimode

Nanoscope 1V in tapping mode. NSC15/A1BS AFM probes were used and supplied
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by Mikromasch. This apparatus was used to determine the surface phase images of

the block copolymer thin films.

Figure 1. 34: Optical rheology apparatus that can take images of the samples while it
models the affects of a rheometer.
In all of the characterization techniques, all scans and images were replicated a

number of times to ensure reproducibility.
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2. SYNTHESIS OF HOMOPOLYMERS AND DIBLOCK

COPOLYMERS

Preface

This chapter discusses the polymerization technique employed for producing

living free radical polymer by ARGET ATRP. Homopolymers and di-block

copolymers of PS and PMMA have been investigated.
2.1 Introduction

Polymers are long chain molecules composed of many repeating units called
monomers. As each unit attaches the chain becomes longer, but the rate at which the
monomer attaches to one chain can be different to another, which can increase the
polydispersity (i.e. the measure of chain length uniformity).??® This was why
controlled free radical polymerization was developed and over the years has grown
into a variety of techniques such as ATRP,??°> NMP,?*° and RAFT,** to name a few.
These techniques however are very sensitive and are not convenient for industrial
production. Activators regenerated by electron transfer for atom transfer radical
polymerization (ARGET ATRP) was invented to counteract the sensitivity, which
uses a reducing agent often ascorbic acid?*? or tin(Il) 2-ethylhexanoate (Sn(EH),),?*®
to consume the oxygen impurities that can inhibit the polymerization. The ease of
polymerization creates low polydispersity polymers that will have many uses in
future applications.?®*%%

Although ARGET ATRP produces controlled polymers, the initiation efficiency
has not been explored for block copolymer formation. The first part of this chapter
will explore the initiation efficiency of the monomers styrene and methyl

methacrylate and their homopolymer properties. A macro-initiator will then be
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chosen from the best homopolymer (i.e. lowest polydispersity) and explored further
in the production of diblock copolymers.
2.2 Synthetic and Preparation Procedures
Materials

Styrene and MMA were firstly dried over calcium hydride and purified by passing
them through a column of basic alumina. Formic acid (88%), formaldehyde (37%),
tris(2-aminoethyl)amine (TREN), sodium hydroxide, diethyl ether, sodium sulphate,
Ethyl 2-bromoisobutyrate (EBiB), copper(ll) bromide, copper(ll) chloride, tin(Il) 2-
ethylhexanoate (Sn(EH),), anhydrous anisole, and methanol were used as received
and obtained from Aldrich.

The macro-initiator/polystyrene, PS-Br (polydispersity 1.076, Mn 10,424g/mol)
and PS-Br-2 (polydispersity 1.22, Mn 20,700g/mol) was synthesized using the
procedure outlined below (ARGET ATRP of Styrene and MMA).

Synthesis of Tris(2-(dimethylamino)ethyl)amine (Me;TREN)

A mixture of formic acid (16mL) and formaldehyde (14mL) was stirred at 0°C.
To this mixture 5mL of TREN was added drop-wise over an hour. The mixture was
then allowed to come to room temperature, followed by refluxing overnight at 120°C.
The mixture was cooled to room temperature and the volatile components removed
by rotary evaporator. A saturated solution of sodium hydroxide was added to the
remaining mixture and an oily layer formed, which was extracted into diethyl ether
and dried using sodium sulphate. Following this, the mixture was filtered using
Watmann paper and the diethyl ether was removed by nitrogen flow.

ARGET ATRP of Styrene and MMA

CuBr; (2.17umol) with 1mL of anisole, MesTREN (21.7umol), styrene

(43.49mmol), Sn(EH), (21.7umol) with 0.5mL of anisole, and a magnetic stirrer were
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added to a nitrogen purged vial. The polymerization was initiated by the addition of
EBiB (0.142mmol) with 1mL of anisole. The polymerization was carried out at 110°C
and stopped at regular intervals by exposure to the air. In addition, the polymer was
purified by precipitation in cold methanol.?*

A similar procedure was carried out for the polymerization of MMA with some
minor changes. The changes were the ratio MMA/EBIB/CuBr,/MesTREN/Sn(EH), =
200/1/0.01/0.1/0.1 and the polymerization was carried out at 90°C.*’

The polymerization of styrene and MMA was stopped at regular intervals for the
kinetic gravimetric analysis.

Chain Extension of PS-Br with PMMA

PS-Br (76.8umol) with 3.5mL of anisole, CuCl;, (2.34umol) with 1mL of anisole,
MesTREN (23.4umol), Sn(EH), (11.7umol) with 0.5mL of anisole, and a magnetic
stirrer were added to a nitrogen purged vial. The polymerization was initiated by the
addition of MMA (46.74mmol), as there was nothing to polymerize until the
monomer was added. The polymerization was carried out at 90°C and stopped at
regular intervals by exposure to the air. In addition, the polymer was precipitated with
cold methanol. The polymerization was stopped at regular intervals for the kinetic
gravimetric analysis.

Chain Extension of PS-Br-2 with P(MMA-co0-S)

PS-Br-2 (86.6umol) with 4mL of anisole, CuCl, (2.60umol) with ImL of anisole,
MesTREN (26.0umol), Sn(EH); (13.0umol) with 0.5mL of anisole, and a magnetic
stirrer were added to a nitrogen purged vial. The polymerization was initiated by the
addition of MMA (46.74mmol) mixed with St (5.19mmol), as there was nothing to
polymerize until the monomer was added. The polymerization was carried out at

90°C and stopped at regular intervals by exposure to the air. In addition, the polymer
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was precipitated with cold methanol.?” The polymerization was stopped at regular
intervals for the kinetic gravimetric analysis.
Results and Discussion
2.3 Synthesis of Mes TREN

In an ATRP system the copper catalyst works in the presence of a ligand (i.e. the
formation of a complex) and therefore the choice of ligand is vital to produce a well
initiated and low polydispersity polymer. Typically in ATRP, ligands such as
phenanthroline and its derivatives,?®?*° substituted 2,2’,6’,2"-terpyridine,**® and

pyridineimines?*-2+

are used, however in ARGET ATRP a more stable copper
catalyst-ligand system is required.>** MesTREN and tris[(2-pyridyl)methyl]Jamine
(TPMA\) produce a strong system and are commonly used in ARGET ATRP.?*® These
compounds are not commercially available and therefore due to the ease of
production, MesTREN was chosen for this work.

The synthesis of MesTREN was verified by NMR. *H NMR (CDCls) §: 2.58
(dd,12H); 2.36(dd,12H); 2.21(s,18H)ppm (80% yield).**®
2.4 Synthesis of PS and PMMA Homopolymers

The livingness of the polymerization technique was explored using the kinetic
plot shown in Figure 2. 1 for a) polystyrene and b) PMMA. The graphs show a
straight line which is typical of a living polymerization however, one thing to notice
is that in Figure 2. 1a) the plot does not pass through the origin and appears to initiate
approximately an hour after the reaction was started. This demonstrates the simplicity
of ARGET ATRP as a plot of this nature occurs when oxygen impurities are present
and then the polymerization initiates once all oxygen is consumed by the Sn(EH)..

Similar findings were reported by Jakubowski et al*** that polymerization had started,

with good living control, once the oxygen impurities had been consumed by the
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Sn(EH), (i.e. “short induction period”). It is important to note that if the
polymerization technique was “normal ATRP” the styrene would never initiate as the
catalyst would be dead/oxidized to Cu(ll) by the oxygen.”* As for PMMA (i.e.
Figure 2. 1b)) the plot starts at the origin indicating the absence of oxygen impurities
by sufficient nitrogen purging and hence is not delayed in its initiation.

05 |
g 041
=
=03
=)
£ 024

0.1 1

0

0 50 100 150 200 250 300 350
Time (mins)

b) 08
0.7 -
0.6 -

g 0.5 -

=

<04

g

£ 03
0.2 -
0.1

0 20 40 60 80
Time (mins)

Figure 2. 1: a) Kinetic plot for ARGET ATRP of styrene (R*=0.994), b) Kinetic plot for
ARGET ATRP of MMA (R?=0.994).

The livingness can further be explored by plotting the molecular weight against
conversion. From Figure 2. 2a) it is noticed that the controlled polymerization of PS
was unaffected by the *“short induction period” as a linear plot and a polydispersity
close to 1 was produced. As this plot is time independent the “short induction period”
can not be determined from this graph, however the plot passes through the origin and
indicates good polymer chain initiation.

In contrast the linear plot for PMMA does not pass through the origin (Figure 2.
2b)). Mueller et al**® observed the same phenomenon when polymerizing

homopolymers of PMMA by ARGET ATRP, due to very poor initiation; all the
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polymer chains were not initiated at the same time. In addition, as the initiation was

poor for PMMA, the resulting polydispersity was larger than the well initiated PS;

1.29 for 42% conversion compared to PS with 1.08 for 47% conversion (see Table 2.

1 for the summarized results). Furthermore, the polydispersity of PS tends towards 1

as the conversion increases (i.e. 1.22 decrease to 1.08), but for PMMA the opposite

occurs (i.e. 1.22 increase to 1.29). PS was therefore chosen to be the macro-initiator

for the di-block copolymer synthesis (i.e. section 2.5).
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Figure 2. 2: Molecular weight and polydispersity as a function of conversion in ARGET
ATRP for a) PS (R? = 0.996) and b) PMMA (R*=0.936) using a polystyrene calibration.
An additional result comes from Table 2. 1 as it reveals that MMA has a higher

reactivity than styrene; a reaction time for MMA of 70mins results in 42% conversion

compared to styrene of 360mins to reach 47% conversion. This is a five times

difference in reaction time and hence reactivity, which is supported by literature.*
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Sample Time (mins) M, (x10°)° | Conv. (%) | PDI
PS 90 2.9 7 1.22
150 4.7 15 1.17

210 8.5 29 1.11

270 10.2 35 1.10

360 13.6 a7 1.08

PMMA 10 12.4 8 1.22
30 13.3 21 1.24

50 16.2 30 1.23

70 17.7 42 1.29

Table 2. 1: Properties of PS and PMMA prepared by ARGET ATRP. ° determined by
GPC in THF, polystyrene standard: StEBiB/CuBr,/MesTREN/Sn(EH), =
300/1/0.015/0.15/0.15 and MMA/EBIB/CuBr,/MesTREN/Sn(EH), = 200/1/0.01/0.1/0.1
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Figure 2. 3: FT-IR spectra of polystyrene produced by ARGET ATRP.
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Figure 2. 4: FT-IR spectra of poly(methyl methacrylate) produced by ARGET ATRP.
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The chemical structures of the living polymers were verified using Fourier
Transform Infrared Spectroscopy (FT-IR). The spectra for PS and PMMA can be
seen in Figure 2. 3 and Figure 2. 4, respectively. The measured PS and PMMA
spectra exhibited the characteristic FT-IR peaks such as 2000-1700, 1601, 1493,
1452, 749 and 696cm™ for PS**®*7 and 2952, 2866, 1730, and 1147cm™ for
PMMA:?* the peak assignment is given in Table 2. 2. Some noise is present around
the 2000 to 2300cm™ mark and is associated to carbon dioxide. This is commonly

seen in ATR-FT-IR due to the CO, concentration fluctuations in the air.

Sample | Wavenumber (cm™) Assignment
PS 2000-1700 Benzene ring overtones
1601, 1493, 1452 Benzene ring carbon-carbon stretch
749, 696 Mono substituted benzene
PMMA 2952 -CH;
2866 -CH;
1730 C=0 stretch
1147 Ester

Table 2. 2: FT-IR homopolymer peak assignment.*

The polymers thermal stability properties were explored using thermogravimetric
analysis (TGA). It was found that in the presence of air at a ramp rate of 10°C/min
that the T4 (decomposition temperature) averaged for PMMA was 289°C and for PS
354°C. Compared to literature, PMMA is in the region of 300°C*%?* and PS is
395°C, %2 which is different from the living polymers T4 and has occurred due to the
large difference in molecular weight (i.e. living M, is in the thousands, compared to
free radical/non-living in the 100,000’s).

2.5 Diblock Copolymer Formation

Block copolymers consist of homopolymer fragments within a chain that is
connected end to end to create a larger chain. In the case of diblock copolymers, two
blocks/fragments make up the chain. For the purposes of this research a diblock

copolymer of PS and PMMA was required for the final application (see Chapter 5).
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The resultant polymer must have a polydispersity near 1 in order for the block
copolymer phases to form and therefore good initiation of polymer chain growth is
required.?®® As experienced in Section 2.4, ARGET ATRP of PMMA did not initiate
well when compared to PS and the lowest polydispersity recorded was 1.22 and 1.08,
respectively (see Table 2. 1). Clearly ARGET ATRP of PS produces a better
homopolymer for the first block of a diblock copolymer of PS and PMMA (i.e.
macro-initiator).

As we are going from styrene, a less reactive monomer, to MMA, a more reactive
monomer, the halogen exchange technique must be used in order to obtain efficient
initiation of the second block (i.e. PS-Br/CuCl, system instead of PS-Br/CuBr,).%*
Many researchers have already shown that the halogen exchange technique works for
ATRP,®>20237 byt no reported literature has explored its use in ARGET ATRP.
2.5.1 Chain Extension of PS-Br with PMMA

The livingness of the polymerization technique was explored by using the Kinetic
plots shown in Figure 2. 5. From the Figure 2. 5a) a straight line is present indicating
the polymerization has progressed in a living fashion, however the line does not pass
through the origin as seen in section 2.4, but this is due to the use of the macro-
initiator altering the initial In([Mo]/[M]) value. The plot of Mn versus Conversion
(Figure 2. 5b)) does not pass through the origin and is a better indicator of how well
the polymerization was initiated. However, the M, at zero conversion is the M, of the
macro-initiator and in this case the plot should then pass through approximately
10,424g/mol (i.e. PS-Br), which it does when extrapolating the graph.

The initiation of the second block was further explored using GPC and the results
are summarized in Table 2. 3. A polydispersity of the P(S-b-MMA) sample reached

as high as 2.01 for a conversion of 48%. A value of this magnitude is typically
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experienced with non-living free radical polymerizations and indicates a loss of
control (i.e. the polymerization was not living). This strengthens the concept that
MMA has poor initiation in ARGET ATRP systems as seen in the PMMA

homopolymer results (i.e. section 2.4).
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Figure 2. 5: a) Kinetic plot for ARGET ATRP of PS-b-PMMA (R?=0.987), and b) the
molecular weight and polydispersity as a function of conversion, using a polystyrene
calibration (R*> = 0.978).

Sample Time (mins) M, (x10°° | Conv. (%) | PDI
PS-Br 360 10.4° 32 1.08
P(S-b-MMA) 33 16.6 20 1.74
83 20.5 33 1.84

138 23.1 41 1.93

192 23.9 48 2.01

Table 2. 3: Properties of PS-Macro extended with PMMA by ARGET ATRP. "determined
by GPC in THF, polystyrene standard: St/EBiB/CuBr,/MesTREN/Sn(EH), =
300/1/0.015/0.15/0.15 and MMA/PS-Br/CuBr,/MesTREN/Sn(EH), = 600/1/0.03/0.3/0.15.
‘the Mn is lower than the sample in Table 2. 1, which indicates oxygen was present in the
PS-Br polymerization (i.e. a **short induction period”).

To get a better picture of the polymerization of the second block (MMA), the

GPC traces were overlaid to monitor the developing block copolymer with time (i.e.
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Figure 2. 6). The initial macro-initiator (PS-Br) is shown in black and has a sharp
peak at 10,400g/mol as expected (i.e. M, of PS-Br). With the start of the
polymerization, a second peak evolves and shifts to higher molecular weights as time
progressed. This was not expected, as the 10,400g/mol macro-initiator peak remained
and decreased with time, indicating that not all macro-initiator chains initiated at the
beginning leaving some chains for later initiation, during the progress of the

polymerization (i.e. poor initiation).

— PS-Macro
— 33mins
— 83mins
138mins
—192mins "
1000 10000 100000 1000000

Molecular Weight

Figure 2. 6: GPC traces of PS-Macro before and after chain extension with MMA for

polymerization of 33 to 192mins, using a polystyrene calibration.

In contrast to ATRP, Tsarevsky et al®*®

showed that by using halogen exchange
for the second block polymerization, efficient initiation occurred. In their results at
10% conversion a similar macro-initiator peak/shoulder was observed in the GPC
trace, however the intensity of this shoulder with respect to conversion was much less
intense than the results reported here for ARGET ATRP of a similar conversion.
Likewise to the above results, as the conversion increased the macro-initiator peak
reduced to the baseline at approximately 37% and these results can be seen in Figure
2. 7. This suggests that halogen exchange at low conversion polymerizations does not

work for either polymerization process, but is effective for higher conversions of

ATRP and to a much lesser extent ARGET ATRP. Furthermore, similarly to ATRP,
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if the ARGET ATRP was allowed to continue, then eventually all PS-Br chains
would initiate and hence the mix of PS-Br and diblock copolymer would eventually
result in pure diblock copolymer. A downside to this is expected as the molecular
weight of the second block was already six times the molecular weight of the first
block after 192mins and not all of the PS-Br chains had initiated (see Figure 2. 6).
That would mean in order to create a diblock copolymer of P(S-b-MMA) by ARGET
ATRP, the PMMA second block would need to be extremely large in comparison to

the first block so that all of the PS-Br chains could initiate.

No Halogen Exchange Halogen Exchange
CuBr/ dNbpy:+ P-Br CuCl / dNbpy + P-Br
X I
LA /o
4 \ ’ \
42% conv ! ; 3 :
L8 O 4 A 37% conv/ \
e & e g
macroinitiator
10% conv 10% conv
10? 10* 10° 10 10¢ 10°
MW, g/mol MW, g/mol

|256

Figure 2. 7: Tsarevsky et al”>> GPC traces of no halogen exchange (left) and halogen

exchange (right). The presence of the macro-initiator peak at low conversion and the
disappearance at higher conversion when using halogen exchange.
2.5.2 Chain Extension of PS-Br-2 with P(MMA-co-S)

The results of section 2.5.1 suggested that a diblock copolymer of PS-b-PMMA
with a polydispersity near 1 by ARGET ATRP was near impossible to produce due to
the poor initiation of the second block (i.e. MMA). Charleux et al,*®?° however
found a way to improve the initiation efficiency of MMA, as a second block, by
adding a small percentage of styrene as a comonomer in nitroxide mediated
polymerization (NMP). The idea was that it would change the reactivity of the
propagating chains to a comparable reactivity to the macro-initiator, thereby

increasing the probability of initiation. Mueller et al,*** thought this concept could be
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applied to ARGET and ICAR systems with poor initiation efficiency and found that
by adding 10% styrene, efficient initiation occurred. This was attempted and the
research extended to get a better understanding of the process.

The typical plots to show evidence of living growth is presented in Figure 2. 8 and
as expected by the report of Mueller et al**® the results show efficient initiation. The
kinetic plot a) is a straight line passing through the origin and plot b) is a straight line
passing through the molecular weight of the macro-initiator (i.e. PS-Br-2
20,700g/mol). However, unexpected changes in polydispersity with conversion were
detected; starting at 1.18 at 10% and ending with 1.52 at 56% conversion (Table 2. 4).
In addition, Figure 2. 8 depicts that the polydispersity increases with respect to

conversion in a linear type fashion and shows no evidence of reaching a limit.
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Figure 2. 8: a) Kinetic plot for ARGET ATRP of PS-b-P(S-co-MMA) (R?=0.999), and b)
the molecular weight and polydispersity as a function of conversion using a polystyrene
calibration (R* = 0.980).

Although the polymerization appears to be living/controlled, the GPC traces

suggested something else was occurring. Mueller et al**® reported that their GPC

Page 72



T. J. Aitchison 2010

traces (Figure 2. 9) showed good initiation, however they only show the results of one
chain extension length, which is increased from 19,500g/mol to 38,200g/mol (i.e.
doubled in size). This study reflects an extension of their work for longer chain

extensions of five times the macro-initiator M,, where the additional affects are more

pronounced.

Sample Time (mins) | M, (x10%" | Conv. (%) | PDI

PS-Br-2 360 20.7° 58 1.22
P(S-b-(S-co-MMA)) 34 273 10 118

83 32.3 19 1.25

138 38.6 30 1.35

192 43.6 39 1.38

249 46.1 49 1.49

300 48.1 56 1.52

Table 2. 4: Properties of PS-Br-2 extended with PMMA and 10% PS by ARGET ATRP. °
determined by GPC in THF, polystyrene standard: St/EBiB/CuBr2/Me6TREN/Sn(EH)2 =
300/1/0.015/0.15/0.15 and MMA/St/PS-Br/CuBr2/Me6TREN/Sn(EH)2 =
540/60/1/0.03/0.3/0.15. “the Mn is higher than PS(360mins) and PS-Macro, which

indicates sufficient de-oxygenation occurred and that no ““short induction period™

occurred.
——t= 0.0 h, Mn=18500, PDI = 1.09 ——1t= 0.0 h, Mn= 19500, PDI = 1.09
= = t=14.0h, Mn = 38200, PDI = 1.48, p=98%| |= = t=17.3 h, Mn = 38100, PDI = 1.30, p = 86%
r
;N
;

N st~

PSt-H-PMMA L
macroinitiator

l‘\

PSt-b-P(MMA-co-St)

\ N
10* 10° RS 10°
Molecular Weight Molecular Weight

Figure 2. 9: (left) showing poor initiation and (right) demonstrating efficient initiation,

from Mueller et al paper.?*
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Figure 2. 10: GPC traces of PS-Br-2 before and after chain extension with MMA and
10% styrene for polymerization of 34 to 300mins, using a polystyrene calibration. Note
the development of a shoulder.

In this work, the GPC traces of Figure 2. 10 show the macro-initiator has a good
polydispersity by its sharp peak. Upon chain extension this peak does move to a
higher molecular weight appearing with no shoulder like Figure 2. 9, but the
propagating peak begins to broaden also like Figure 2. 9. The subsequent results
continued moving the peak to larger molecular weights, but at approximately 30%
conversion a shoulder appeared and became more prominent as the polymerization
continued. This suggested that some of the PS-Br-2 chains were initiated and
extended with the MMA, however the remaining PS-Br-2 chains continued their
growth with the added 10% styrene. As the polymerization continued the block
copolymer continued to grow and more of the lengthened, with styrene, PS-Br-2
chains were extended with MMA. Eventually all of the styrene was consumed in
lengthening PS-Br-2, but not all of the lengthened PS-Br-2 had a chance to switch
monomer (i.e. extend with MMA), leaving un-initiated macro-initiator chains; a
graphical representation of this explanation can be seen in Figure 2. 11. Furthermore,

this was evident by the increasing polydispersity with conversion (Table 2. 4) and
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only when all of the styrene was consumed by the PS-Br-2 growth, the residual
lengthened PS-Br-2 chains appeared as a shoulder. This was a similar result to the
GPC traces seen in section 2.5.1, except the PS-Br/macro-initiator does not increase
in molecular weight by any presence of styrene monomer. In addition this would
mean that the samples produced are actually a mixture of lengthened PS-Br-2 and
P(S-b-MMA) of unknown PS/first block chain length and not the expected P(S-b-(S-

co-MMA)) (see Figure 2. 11).
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Figure 2. 11: A representation of the polymeric material produced using halogen
exchange and adding 10% styrene to the subsequent chain extension polymerization. a)
the expected polymer of P(S-b-(S-co-MMA)) and b) the produced polymeric mixture of

PS-Br-2 and P(S-b-MMA).

The physical properties, such as the Ty and Ty of the polymeric samples were
determined using Differential Scanning Calorimetry (DSC) and TGA. In the DSC
results, presented in Table 2. 5, the lower molecular weight polymeric samples (i.e.
P(S-b-(S-co-MMA)) for 34 and 83mins) express one Ty that starts at 97.5°C and
increases to 107.6°C. This is an increase of 19.6°C from the PS-Br-2 sample, and is
attributed to the increase in molecular weight. This finding demonstrates and supports
that PS-Br-2 of lower molecular weight produces a lower Ty compared to
Commercially Available PS (CA-PS, purchased from Aldrich) having a larger

molecular weight producing a higher T, (i.e. 88°C increased to 102.2°C). This is
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supported by the work of Fox et al,?®°

as they too found that with increasing
molecular weight the T, also increased.

At 138mins of polymerization, the DSC results show the already present Ty at
approximately 107°C, which remains and persists for the rest of the samples, but as
the polymerization progressed a second T, emerges at 119.1°C (see Figure 2. 12). The
107°C T, is associated to the PS block and is supported with the CA-PS sample,
however the second T4 at 119.1°C is associated with the second block/PMMA, which
is supported with the PMMA (70mins) sample. In addition, after 138min when the
conversion reached 30%, the material expressed the two Tg’s, which was also the
point of where the shoulder appeared in the GPC traces and was an indication that a
mixture of homopolymer and copolymer was present. In comparison to the work by
Holoubek et al®" they found for a similarly sized molecular weight that their block
copolymer of PS-b-PMMA expressed only one T4. However, when the sample was
mixed with a shorter molecular weight block copolymer, two T4s were observed. This

further supports the concept that the block copolymer produced by ARGET ATRP is

a mixture of two different molecular weight polymers.

Sample T4 (°C) T4 (°C) T4 (°C)
CA-PS 102.2 - 400
PS-Macro-2 88 - 346
PMMA (70mins) 120 - 295

P(S-b-(S-co-MMA))

34 97.5 - 343
83 107.6 - 339
138 107.2 119.1 331
192 108.3 121.3 310
249 107.9 121.3 298
300 107.6 122.1 304

Table 2. 5: physical properties of P(S-b-MMA) and their homopolymers. The Ty was
measured at 20°C/min second heating, and T4 was measured at 10°C/min in air.
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Figure 2. 12: A typical DSC curve of P(S-b-(S-co-MMA)) with CA-PS and PMMA

(70mins) for comparison
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Figure 2. 13: TGA thermograms of P(S-b-MMA) mixture with PS homopolymer,
measured at 10°C/min in air, demonstrating a shift in T, towards lower temperatures as
the polymerization time increased and a shoulder.

The TGA results demonstrated an initial T4 of 346°C, however as the block
copolymer polymerization progressed the T4 decreased to 304°C (see Table 2. 5).
This suggests that the thermal stability of the samples decreased, but as the extension
was with MMA then the Ty, originally 346°C for PS-Br-2, was expected to decrease
towards the PMMA’s Ty of 300°C*%%! and therefore the results are in good
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agreement with literature. In addition, the thermograms of the block copolymers in
Figure 2. 13 show that the lower polymerization times produce a shoulder in the peak,
which becomes more dominant at higher polymerization times. This shoulder proves
the existence of a heterogeneous material, as a pure material would have a sharper
peak with no shoulders.

2.6 Conclusion

The results showed that ARGET ATRP of styrene produces an efficiently
initiated homopolymer, however produces a poorly initiated PMMA homopolymer.
When this research was extended to block copolymers, the well initiated PS was used
as a macro-initiator, but upon chain extension with MMA many chains did not
propagate. As the conversion increased these un-initiated chains started to propagate,
but in order for all the macro-initiator chains to eventually initiate the second block,
the polymerization time needs to be large and hence an extremely large second block
results.

To increase the efficiency of chain extension, halogen exchange was used, but had
proven to be ineffective for ARGET ATRP. A new technique was employed to add
10% styrene into the subsequent block polymerization to aid in the initiation.
However, upon higher conversions this technique showed new qualities, which were
not seen in the referred paper as only lower conversions were presented.?*> From this
it was determined that the technique produced a mixture of PS and P(S-b-MMA).

In summary, halogen exchange at low conversion polymerizations does not work
for ATRP or ARGET ATRP, but is effective for higher conversions of ATRP and to a
much lesser extent ARGET ATRP. Upon adding 10% styrene for the second block

ARGET ATRP polymerization the appearance of a well initiated polymer was
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observed, however at greater conversions the results clearly demonstrated the

production of a homo/copolymeric mixture
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3. POLYMER BRUSHES: SURFACE INITIATED

POLYMERIZATION (SIP)

Preface

This chapter discusses the purification technique employed to remove
carbonaceous impurities from the carbon nanotube wall. In addition, the
formation of hydroxyethyl-2-bromoisobutyrate (HEBI) is discussed and how this
chemical is used to functionalize the multi-walled carbon nanotube (MWCNT)
further with tertiary bromides in preparation for use as an initiator for ARGET
ATRP. Furthermore, the research explored in this chapter, has shown that the
extent of functionalization is in the low percentile and so 1-pyrenecarboxylic acid
has been used to model the MWCNT work due to its chemical similarities

(Scheme 3. 1).

OH

Scheme 3. 1: (Left) A MWCNT, which is composed of many aromatic groups and the
defects are functionalized with oxygenated species, primarily in the form of a carboxylic
acid. (Right) 1-pyrenecarboxylic acid, which is chemically similar to a MWCNT.

This chapter then discusses the synthesis of polymer brushes on carbon
nanotubes; polystyrene (PS) and poly(methyl methacrylate) (PMMA) have been
synthesized by ARGET ATRP using an adapted method from chapter 2, and poly(2-
hydroxyethyl methacrylate (PHEMA) has been produced by free radical

polymerization (FRP). Each method produced a polymer layer that surrounded the

Page 81



outside of the carbon nanotube and was observed using high resolution transmission
electron microscopy (HRTEM). In addition, Pyrene-HEBI was used in the production
of one PS polymer brush per pyrene molecule.

The chemical and physical properties of the polymer brushed carbon nanotubes
and the polymer brush pyrene were also explored.
3.1 Introduction

Carbon nanotubes have been considered as the ultimate carbon fiber due to their
high aspect ratio, high tensile strength, excellent mechanical and electrical properties.
They appear in two primary morphologies: single and multi-walled carbon
nanotubes.?®®> Their extraordinary properties have stimulated extensive interest in
their use as reinforcing nanoadditives for polymers.?®® However, the poor dispersion
and poor interfacial bonding of the carbon nanotubes limit their full utilization for

reinforcing polymeric media.

Figure 3. 1: A model drawing of polymer brushes attached to a carbon nanotube.
There are generally four methods used in modifying carbon nanotubes for

dispersion in polymer matrices: (i) solution mixing carbon nanotube suspensions into

264

dissolved polymers;=>* (ii) mechanical mixing of carbon nanotubes into polymer

265286 (jji) in situ polymerization of monomer-carbon nanotube mixtures®’ and

melts;
(iv) emulsion polymerization to generate polymer-wrapped carbon nanotubes.?®®

Functionalized carbon nanotubes, and in particular polymer brushed carbon
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nanotubes (see Figure 3. 1), allow a synthetic “bottom-up” approach to the creation of
nanomaterials; their organic functional groups being manipulated to be compatible
with polymer matrices, thus ensuring the good dispersion and strong interfacial
interactions needed in nanocomposite applications. Materials of this nature have been

269
t

used for the production of amphiphilic copolymer brushes on carbon nanotubes,“™ to

270,271 as a VethIe fOF dl’ug de“very,272 as

increase the dispersity in common solvents,
well as conductive fillers in nanocomposite films.?"

Controlled/living radical polymerization, in which the polymerization process
occurs by the propagation of radicals, has previously been used for the production of
nanotube polymer brushes. A variety of synthetic techniques such as atom-transfer

radical polymerization (ATRP)2%0:274275.276.277

nitroxide mediated polymerization
(NMP),2"® reversible addition-fragmentation chain transfer (RAFT),2”*?® and non-
covalent attachment®®! have all previously been reported for the creation of such
polymer brushes. Although, ATRP is well suited for surface modification, it has to be
carried out in the complete absence of oxygen and generally uses a relatively high
Cu(l) catalyst concentration of 10,000ppm, making the subsequent removal of the
catalyst a non-trivial process.?*

In this chapter ARGET ATRP was used for the first time on carbon nanotubes in
the formation of dense polymer brushes, based on a “grafting-from” approach. An
important aspect of this process (compared to normal ATRP) is that a substantially
lower amount of copper catalyst was used (i.e. 10-50ppm, compared to 10,000ppm),
and this is particularly important in that previous research has shown the removal of

transition metal ions from nanotubes to be very difficult.”® Additionally, the

polymerization can be carried out in the presence of limited amounts of air.
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In a controlled radical polymerization the polymer chains start at the
initiator/alkyl bromide and continue to propagate uniformly (i.e. polydispersity of 1,
and greater than 2 for uncontrolled polymers).?®* The reaction can be terminated by
air exposure, but can reinitiate when a sufficient amount of reducing agent is added,
thereby allowing polymer extension or the production of block copolymers.?® The
alkyl bromide end functionality can also be displaced using electrophilic,
nucleophilic, and radical transformations, changing the polymer end group.?®®

Previous research reported the importance of a “sacrificial initiator” in surface-
initiated polymerizations in order to evaluate the molecular weight of the covalently
bonded polymer® and to assist in controlling the initiation from the surface for
styrene, MMA and HEMA graft ATRP.?#>#7.288.28 1 contrast, Matyjaszewski et
al®® reported that the addition of the “sacrificial initiator” creates unnecessary
complexity and also the presence of unwanted, unattached polymers on a silicon
wafer surface. The necessity of a sacrificial initiator is explored and whether it leads
to any additional benefits.

In this chapter, high purity chemical vapor deposition (CVD) nanotubes (i.e. the
purity is greater than 95%) are functionalized in a series of simple steps to produce an
alkyl bromide terminal group, which then was used as the macro-initiator in ARGET
ATRP. This work focuses on the polymerization of styrene and methyl methacrylate
to carbon nanotubes and systematically investigates the structural and chemical
properties that such polymer modified MWCNTSs afford. Furthermore, HEMA was
polymerized using a non-living polymerization technique in the formation of PHEMA
polymer brush carbon nanotubes and pyrene was explored as a model system in

forming living brushes.
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3.2 Synthetic and Preparation Procedures
Materials

CVD-MWCNT used in this work were purchased from NTP Shenzhen Nanotech
Port Co., LTD; the purity is > 95% with a diameter of 40-60nm. Two types were
purchased for this work L-MWCNT with a length of 5-15um and S-MWCNT with a
length of 1-2um. The L-MWCNT were used for all the work reported in this chapter
and chapter 4. S-LMWCNT were used in chapter 5 for the block copolymer hybrid
materials. The concentrated sulfuric acid, concentrated nitric acid, anhydrous ethylene
glycol, 2-bromoisobutyryl bromide, chloroform, magnesium sulphate, thionyl
chloride, dimethylformamide (DMF), triethylamine (TEA), diethyl ether, 1-
pyrenecarboxylic acid, toluene, copper(ll) bromide, copper(ll) chloride, tin(Il) 2-
ethylhexanoate (Sn(EH),), anhydrous anisole (99%), and methanol were obtained
from Aldrich and used as received. The PTFE membranes were obtained from the
Pall corporation. Styrene (Aldrich, 99%) and methyl methacrylate (MMA) (Aldrich,
99%) were dried over calcium hydride and passed through a column filled with basic
alumina. Tris(2-(dimethylamino)ethyl)amine (MesTREN) was synthesized following
a previously reported procedure, but dried over sodium sulfate instead (for full details
see chapter 2).%°! 2-hydroxy ethyl methacrylate (HEMA) (Aldrich) was purified by a

previously recorded procedure®”

to remove impurities such as dimethacrylates and
methacrylic acid.

Nanotube Purification

In the production of carbon nanotubes many carbonaceous impurities are formed.
Arc discharge produced nanotubes creates the greatest amount of impurities whereas
CVD produced nanotubes have impurities as low as 5%.2%*?** CVD nanotubes were

chosen because of this.
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Although CVD has the highest purity, further purification is required which
typically involves an acid mixture of sulphuric and nitric (3:1).2>%% This results in
an increase in carboxylic acid functionality and creates opportunities for further
functionalization, as the carboxylic acids can be manipulated to form ester
linkages.”®® In addition, using a strong acid technique creates additional problems as
the reaction temperature and time play a key role in the purification technique. Too
high of a temperature would result in exfoliating the MWCNT and the destruction of
SWCNT, rather than just removal of the carbonaceous material. It can also result in
the opening of the nanotube ends and cutting/shortening the carbon nanotubes.?* In
this case we have used an ice bath to avoid these issues and have experienced
minimal damage.

In this process 2g of L-MWCNT were mixed with a 100mL 3:1 acid mixture of
sulfuric acid to nitric acid. This mixture was sonicated for 7hrs in an ice bath. The
reaction was stopped by the addition of a liter of distilled water and filtered with a
PTFE membrane until a neutral pH was reached. Dried at 20°C at 100mbar. In
addition, care was taken in filtering the acid solution as a low pH could destroy the

membrane.

Svynthesis of Hydroxyethyl-2-bromoisobutyrate (HEBI)

45mL of anhydrous ethylene glycol was added to a flame dried round bottom
flask filled with nitrogen. This was cooled to 0°C and while vigorously stirring, 4mL
of 2-bromoisobutyryl bromide was added slowly. The mixture was stirred for a
further 3hrs and then quenched with 40mL of distilled water. The product was
extracted using chloroform and the organic phase was dried over magnesium

sulphate, followed by filtration with Watmann paper. The solvent was removed by

Page 86



T. J. Aitchison 2010

nitrogen flow and purified by distillation (85°C, 30mTorr) yielding approximately
90%.%

Carbon Nanotube Functionalization with HEBI

250mg of acid treated L-MWCNT were sonicated for 20mins in 25mL of thionyl
chloride, followed by 20 drops of DMF to help catalyze the reaction (a white gas
evolved during its addition). This mixture was then refluxed at 70°C for 24hrs in a
nitrogen atmosphere. After this period the thionyl chloride was removed by vacuum
and a catalytic amount of TEA (0.1g) and 20mL of HEBI was injected. Once again
the mixture was refluxed at 70°C for six days under nitrogen. Excess HEBI was
removed by filtration and washed thoroughly with diethyl ether. The reaction scheme

can be seen in Scheme 3. 2.
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Scheme 3. 2:Mechanism to CNT-Br formation.

Model system: 1-Pyrenecarboxylic acid Functionalization with HEBI

250mg of 1-pyrenecarboxylic acid was sonicated for 20mins in 25mL of thionyl
chloride. 20 drops of DMF was also added to help catalyze the reaction (a white gas
evolved during its addition). This mixture was then refluxed at 70°C for 24hrs in a
nitrogen atmosphere. After this period the thionyl chloride was removed by vacuum
and a catalytic amount of TEA (0.05g) and 10mL of HEBI was injected. Once again
the mixture was refluxed at 70°C for six days under nitrogen. Excess HEBI was
removed by vacuum and the product was washed with toluene/water. The toluene was

removed by nitrogen flow and dried at 40°C, 100mbar for 24hrs.
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CNT-Br as the Initiator: Polystyrene Brushes

15mg of CNT-Br with 1mL of anisole, and a magnetic stirrer were added to a
nitrogen purged vial. Following this, CuBr, (2.17umol) with 1mL of anisole,
MesTREN (21.7umol), and styrene (43.49mmol) were added to the vial. The
polymerization was initiated by the addition of Sn(EH), (21.7umol) with 0.5mL of
anisole. The polymerization was carried out at 100°C and stopped at regular intervals
by exposure to the air. In addition, the nanotube-polymer was filtered using the PTFE
membranes and washed with room temperature methanol (CNT-PS).

Polystyrene Polymer Brush Hydrolysis

10mL of a 1M KOH/ethanol solution was added to 20mg of CNT-PS in 40mL of
THF. The mixture was refluxed at 80°C for 72hrs, followed by filtration and then re-
dissolved into THF. The resultant polymer was precipitated by the addition of
acidified methanol.

CNT-Br as the Initiator: Poly(methyl methacrylate) Brushes

15mg of CNT-Br with ImL of anisole, and a magnetic stirrer were added to a
nitrogen purged vial. Following this, CuCl, (2.34umol) with 1mL of anisole,
MesTREN (23.4umol), and MMA (46.74mmol) were added to the vial. The
polymerization was initiated by the addition of Sn(EH), (23.4umol) with 0.5mL of
anisole. The polymerization was carried out at 90°C and stopped at regular intervals
by exposure to the air. In addition, the nanotube-polymer was filtered using the PTFE
membranes and washed with room temperature methanol (CNT-PMMA).

Acid Treated MWCNT: Poly(2-hydroxyethyl methacrylate) Brushes

250mg of acid treated MWCNT were sonicated for 20mins in 25mL of thionyl
chloride. 20 drops of DMF was also added to help catalyze the reaction (a white gas

evolved during its addition). This mixture was then refluxed at 70°C for 24hrs in a
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nitrogen atmosphere. After this period the thionyl chloride was removed by vacuum
and the resultant acid chloride nanotubes were chilled in an ice bath with the addition
of 10mL of purified HEMA and 50mL of diethyl ether. The mixture was refluxed at
50°C for 24hrs, followed by filtration using a PTFE membrane and washed with
diethyl ether.

Model System, Pyrene-HEBI: Polystyrene Brushes

15mg of Pyrene-HEBI with 1mL of anisole, and a magnetic stirrer were added to
a nitrogen purged vial. Following this, CuBr, (2.17umol) with 1mL of anisole,
MesTREN (21.7umol), and styrene (43.49mmol) were added to the vial. The
polymerization was initiated by the addition of Sn(EH), (43.4pumol) with 1mL of
anisole. The polymerization was carried out at 100°C and stopped at regular intervals
by exposure to the air. In addition, the nanotube-polymer was precipitated with cold
methanol and captured by filtration using the PTFE membranes (Pyrene-PS).
Results and Discussion
3.3 Nanotube Purification

High resolution electron microscopy (HRTEM) was used to observe the removal
of the carbonaceous impurities along the carbon nanotube wall. As can be seen in
Figure 3. 2 the successful removal of the carbonaceous material from the carbon
nanotube wall has occurred after acid treatment without damaging the exterior walls.

Fourier Transform Infrared (FT-IR) spectroscopy was performed on the L-
MWCNT to observe the chemical changes when acid treated and from what can be
seen in Figure 3. 3 only minor changes have occurred from the original material. In
the spectra, three distinct peaks can be seen; 1380cm™, 1460cm™, and 1630cm™,
corresponding to the C-H bend, -CH; vibrations, and the stretching mode of the

quinone groups, respectively.’®®
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Figure 3. 2: HRTEM images, Left: L-MWCNT starting material, Right: after acid

treatment, showing the removal of the carbonaceous impurities from the nanotube wall.

The peak at 1380cm™, corresponding to a C-H bend, has a lower intensity in CVD
nanotubes when compared to pristine arc-discharge nanotubes.?®®* This is expected
due to the lower concentration of carbonaceous impurities found in CVD nanotubes
and furthermore decreases upon acid treatment purification, as shown in Figure 3. 3.
In addition, the absorbance band at 1460cm™ follows similar intensity changes, as it is
similar in nature to that of the 1380cm™ peak.

The 1630cm™ peak has a small decrease in intensity, which is a result of the 0°C
acid treatment. The low temperature used in the purification process is not strong
enough to generate a significant increase in new defect sites on the sidewalls, such as
the quinone species.® This means the acid treatment attacks the already present
quinone species and changes their chemical structure to carboxylic acids. This has
resulted in a small decrease in the peaks intensity.

A shoulder also appears at 1580cm™, which corresponds to the stretching mode of
carbon-carbon double bonds near oxygenated carbon atoms.?*® Only a small peak can
be seen for the L-MWCNT, however this peak increases when acid treated and is a
clear indication that an increase of oxygenated species has occurred.

The peak at 1730cm™ supports the results found for the 1580cm™ peak and

1630cm™ peak, as it is assigned to the v(C=0) of carboxylic acid groups and

Page 90



T. J. Aitchison 2010

symbolizes an increase in oxygenated species,?*® which will be subsequently used for
further functionalization. The greater this peak, the greater the possibility to

functionalize by forming ester or amide bonds with the carboxylic acid groups.

— MWNT
= Acid Treated

1630

ﬂ

Absorbance

800 1600 1400

Wavenumbers {cm-1)

Figure 3. 3: FT-IR spectra of L-MWCNT and acid treated L-MWCNT, demonstrating an
increase in carboxylic acid functionality.

3.4 Synthesis of Hydroxyethyl-2-bromoisobutyrate (HEBI)

The hydroxyl terminated HEBI (Scheme 3. 3) was used in the later synthetic steps
for esterification of carbon nanotubes, turning them into a macroinitiator with tertiary
bromide functionality. The tertiary bromide acts as an initiator for any ATRP process
and as it is tertiary, it is a more stable species than primary or secondary bromides.**

O

/\/OH
(@)

Br

Scheme 3. 3: Chemical structure of HEBI.

The chemical structure was verified using *H NMR (200MHz, CDCls) and the

same signals as Jakubowski et al*®* were observed (i.e. Scheme 3. 4). In addition, the
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residue after distillation was also characterized by *H NMR (200MHz, CDCls) and it
is clear from the signals that the hydroxyl group of HEBI also underwent
esterification with 2-bromoisobutyryl bromide resulting in the chemical structure of
Scheme 3. 5.

1-1.95ppm (s, 6H) 0

2 -3.21ppm (s, 1H) L 4 oL

3 - 3.87ppm (t, 2H) Br O/\3/

4 - 4.41ppm (t, 2H) 1

Scheme 3. 4: NMR signals of HEBI.

1 - 1.95ppm (s, 12H) o 1
L 2 o B
2 - 4.41ppm (s, 4H) ]
i O/\z/ 1
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Scheme 3. 5: NMR signals of residual product.

3.5 Carbon Nanotube Functionalization with HEBI

The detection of functionalization was extremely difficult as the extent of
functionalization was quite low. No signals relating to the HEBI was detected in FT-
IR, or Thermogravimetric analysis (TGA) therefore samples were analyzed by
microanalysis. Each carboxylic acid that was functionalized with the HEBI has one
bromine atom and therefore the atomic bromine concentration was measured as a way
to see the extent of functionalization.

Firstly the oxygen content for the L-MWCNT and the acid treated nanotubes were
measured and an increase from 2.37% to 6.70% was observed. When functionalized
with the tertiary bromide, readings as high as 5.19% of atomic bromine were

observed. This translates to a 77% yield of the HEBI to oxygenated species.
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3.6 Model system: 1-Pyrenecarboxylic acid Functionalization with HEBI

The synthetic route to functionalizing 1-pyrenecarboxylic acid with HEBI
(Pyrene-HEBI) is similar to the functionalization route of the acid treated L-MWCNT
with HEBI (CNT-Br). The major difference between the systems is the ratio of
carboxylic acids to aromatic groups is higher in the Pyrene-HEBI than that of the
CNT-Br. As a result the signals of characterization have been a lot stronger for the

Pyrene-HEBI.

| HEBI

| 1-pyrenecarboxylic acid

Absorbance

! Pyrene-HEBI

1800 1600 1400 1200 1000
Wavenumbers (cm-1)

Figure 3. 4: FT-IR spectra of HEBI, 1-pyrenecarboxylic acid, Pyrene-HEBI.

The chemical modification of 1-pyrenecarboxylic acid to Pyrene-HEBI was
verified using FT-IR and the spectra can be seen in Figure 3. 4. Firstly the spectra of
HEBI and 1-pyrenecarboxylic acid was recorded to find their distinctive peaks and
typically these peaks appeared between 1800-1000cm™. In the HEBI spectra three
distinct peaks can be seen; 1730cm™, 1270cm™, and 1160cm™, which can be assigned
to the v(C=0) of an ester group, -COO- stretch, and an ester group respectively. Two
additional peaks, not shown in Figure 3. 4, 3400cm™ and 2950cm™, are also present
and are responsible for bonded hydroxyl groups and —-CH,, -CHj; stretch,

respectively.?® In addition, the 1-pyrenecarboxylic acid spectra had many peaks, all
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relating to the main aromatic structure (i.e. 1625cm™ and 1510cm™) and the
carboxylic acid group (i.e. 1660cm™, 1600cm™, and 1390cm™).?%:3%

When the Pyrene-HEBI spectrum was recorded two specific changes to the FT-IR
spectra of the reacting components were expected. One of these changes was the loss
of the bonded hydroxyl peak at 3400cm™ as the functionalization with HEBI occurs
by esterification (i.e. forms by using the hydroxyl groups). The second change was
the appearance of a new ester vibration around 1730cm™, which would indicate the
esterification functionalization reaction proceeded. These two changes were observed
in the Pyrene-HEBI spectrum; the loss of the 3400cm™ peak and the generation of a
new ester vibration at 1713cm™ (i.e. in addition to the already present ester peak of
HEBI at 1740cm™). In addition, the peak at 2950cm™, responsible for the —CH,, -CHs
stretch was enhanced in strength and three peaks were resolved (i.e. 2950cm™,
2922cm™, and 2853cm™). This has occurred because of the increased concentration of

aliphatic carbons from the HEBI.

25

1-Pyrenecarboxylic acid
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Pyrene-HEBI
201
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£
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@
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Figure 3. 5: Thermograms of the model system: 1-pyrenecarboxylic acid

functionalization.
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The thermal decomposition of HEBI, pyrene and Pyrene-HEBI were studied in
air, using TGA. The overlay of the related Differential Thermogravimetric Analysis
(DTGA) curves are presented in Figure 3. 5. From the DTGA curves the temperature
of decomposition of HEBI occurs at 166°C while the decomposition temperature of 1-
pyrenecarboxylic acid was found to be 329°C. In the HEBI functionalized pyrene
thermogram two broad peaks at 250°C and 329°C were observed, which are related to
the decomposition of the ester bonded HEBI groups and pyrene, respectively.

The extent of functionalization was determined using the Pyrene-HEBI
thermogram. Using the weight percentage step losses, the calculation found that
0.1629mol of HEBI at 250°C and 0.1978mol of pyrene at 329°C had degraded. This
corresponds to a 82% attachment, and indicates that 18% of un-functionalized 1-
pyrenecarboxylic acid is present in the material. However, 1-pyrenecarboxylic acid
will not act as an initiator in an ARGET ATRP living polymerization as the molecule
does not possess the alkyl bromide functionality and therefore will not affect the
reaction. Furthermore, after the Pyrene-HEBI has been used in a polymerization, the
remaining 1-pyrenecarboxylic acid will be removed by subsequent polymer
purification steps.

3.7 CNT-Br as the Initiator
3.7.1 Polystyrene

HRTEM was used to visualize the extent and thickness of the polymer coverage
on the MWCNT (see Figure 3. 6). Here it is clear that the amorphous graphitic layer
was removed by acid treatment and successful polymerization has subsequently
occurred on the exposed nanotube wall. A 10nm thick layer was observed on

polymerization for 2640mins. As the polymerization was living, the thickness of the
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layer can be altered by the reaction time, or by a subsequent polymerization for chain

extension and/or addition of a new monomer to produce copolymer brushes.

Figure 3. 6: HRTEM images, Left: acid treated nanotubes, Right: CNT-PS, showing the
approximately 10nm PS layer.

The extent of polymer attachment was subsequently studied using TGA in an air
environment. Polymers have lower decomposition points than MWCNTSs so the
amount of polymer attached to MWCNTSs can be readily determined by the controlled
increase in temperature while carefully monitoring the weight loss in the TGA. A
typical thermogram of L-MWCNT, CNT-Br, and CNT-PS5 can be seen in Figure 3.
7.

CNT-PS5 decomposes in two steps with the first step (step 1) involving the
decomposition of PS, and the second (step 2) the carbon nanotubes themselves. The
amount of polymer at approximately 360°C (step 1) increased with polymerization
reaction time, achieving results as low as 9.5% for 420mins and as high as 84.7% for
3000mins. The complete set of data is summarized in Table 3. 1 and clearly shows an
increase in polymer content with reaction time, further supporting the concept that the
polymerization is indeed living.?®® An additional step, representing the decomposition
of the ester linkage group between the polymer and the nanotube, was not able to be
detected. The thermogram of CNT-Br also does not exhibit a separate step for the

ester linkage group because the weight percentage contribution of this material is very
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small compared to the other components. As the TGA resolution is less than 1%, the

signal to noise ratio also made detection impossible.
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Figure 3. 7: a) Thermogram of L-MWCNT, CNT-Br and CNT-PS5 and b) DTGA of the

thermograms, measured in air at 10°C/min.

i 0,

Sample (-rl;:ir;f) M, (x10%)® Conv. Polydispersity” F’Tod“(’?(‘:‘;r Pol){omer
Homo-PS1 90 2.9 0.07 1.22 338 100
Homo-PS2 150 4.7 0.15 1.17 350 100
Homo-PS3 210 8.5 0.29 1.11 353 100
Homo-PS4 270 10.2 0.35 1.10 362 100
Homo-PS5 360 13.6 0.47 1.08 365 100

CA-PS* - 140 - 1.64 400 100
CNT-PS1 420 - 0.0045 - 306 9.5
CNT-PS2 600 - 0.0043 - 334 114
CNT-PS3 1140 - 0.0102 - 340 60.4
CNT-PS4 2640 - 0.0157 - 343 72.3
CNT-PS5 3000 94.8 0.0250 1.78 361 84.7

Table 3. 1: Polymerization for ARGET ATRP of styrene ® determined by GPC in THF,
polystyrene standard. Homo-PS(1 to 5) StEBiB/CuBr,/MesTREN/Sn(EH),
(300/1/0.015/0.15/0.15) and CNT-PS(1 to 5) St/CuBr,/MesTREN/Sn(EH),

(300/0.015/0.15/0.15) with 15mg of CNT-Br. © Commercially available polystyrene was

purchased from Aldrich.

In order to study the amount of homopolymer non-covalently attached to the
carbon nanotubes surfaces, a control experiment was conducted, where all the
components of the polymerization were again mixed, with the exception that acid
treated L-MWCNT was added instead of the CNT-Br. This created a mixture that was

not initiated by living polymerization. After heating for 12hrs and
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purification/filtration, the TGA thermogram showed 12% polymer content (see Figure
3. 8 Left). This 12% did not change with the reaction time, and therefore clearly
demonstrates that under these experimental conditions some spontaneous polymer
growth can still occur. It also shows that the 12% free polymer produced is
independent of reaction time. Now in the polymer brushed material, the amount of
non-covalently bound polymer is expected to be less than 12%. When a CNT-PS
material is formed, the attached polymer would preferentially n-m stack to the
nanotube walls due to the restricted freedom and proximity, than to free polymer
chains. In addition, any free polymer chains are likely to be washed away during the
filtration process leaving only the covalently-bound chains attached to the isolated
MWCNTSs. In addition, acid treated L-MWCNT was also mixed with CA-PS in
heated anisole for an extended period of time, and this too resulted in a 12% polymer
content (see Figure 3. 8 Right), further supporting the finding that a maximum of 12%
of PS can associate with carbon nanotubes through the physical mixing of the

components.
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Figure 3. 8: thermograms of the controlled experiments, Left: a mixture of styrene and
acid treated nanotubes and Right: a mixture of CA-PS and acid treated nanotubes. Each
thermogram shows 12% polymer content.

The decomposition temperatures (Tq4) are shown in Table 3. 1. The Ty increases
with increasing molecular weight; the homo-PS1 showing a T4 of 338°C, which

increases to 365°C for the higher molecular weight homo-PS5, and increases further
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for commercially-available PS (CA-PS) (i.e. 400°C), having the highest molecular
weight. Due to the living nature of the polymer-brush nanotubes, they too have an
increasing molecular weight with increasing polymerization time that then leads to
the higher polymer content (see Table 3. 1). It was therefore expected that the T4 of
the CNT-PS series (1,2,3...5) would also show an increasing trend for T4 with
increasing molecular weight. The thermograms of the polymer brush nanotubes
exhibited two Tgs, one relating to the decomposition of carbon nanotubes at
approximately 600°C, which remains unaffected by the polymer content, and the
lower T4 corresponding to the polymer. The polymer T4 occurs at approximately
306°C for CNT-PS1 and increases to 361°C for CNT-PS5. This supports the trend
found for the homopolymer, and also suggests that by growing the chains longer, the
T4 becomes closer to the T4 of the CA-PS.

The polydispersity and molecular weight was studied using gel permeation
chromatography (GPC) and can also be seen in Table 3. 1. From Table 3. 1, the
polydispersity for the homopolymers falls in the range 1.08-1.22; however the
polydispersity of the polymer brushes reaches 1.78 (i.e. after cleavage from the
MWCNT by basic hydrolysis). Generally polydispersities of 1.78 are considered large
for living free radical processes. However, in previous research by Kong et al®®
where polymer brush carbon nanotubes were produced using conventional ATRP, a
polydispersity of 1.77 was found, and similarly other reports, where surface initiation
of ATRP is used, have recorded values as high as 3.08.2%%" Typically EBIB is used
as the initiator in ARGET ATRP due to the stability of the tertiary bromide creating
well initiated and controlled living polymers as evident by the GPC results in Table 3.
1.%% It was thus expected that the polymer brush polydispersity would also be in the

range of 1.1, as the chemical structure of HEBI was similar to that of EBiB. The key
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difference that accounts for the increase is the HEBI is being anchored to the
nanotube, and is no longer mobile like EBIB in solution. This would suggest that the
polymerization acts more like surface initiated (SI) ARGET ATRP, rather than non-
SI ARGET ATRP. Previous research by Matyjaszewski et al®® has shown that SI
ARGET ATRP on planar surfaces (i.e. Si wafer) leads to polymers with a higher than
normal polydispersity due to the restricted movement of the tertiary bromides and the
high reactant ratios. The nanotubes large amount of cylindrical surface area then
produces a similar affect in this case, but with a lesser degree of this restricted
movement as the CNT-Br has some dispersion through the solution. Although
polydispersity has increased, the benefit comes from the ease of polymerization and
with the resulting polymer having no catalyst contamination, makes this approach of
considerable commercial benefit. The living nature of the polymerization was then
further explored using the kinetic plot shown in Figure 3. 9, where the linear trend in

the graph shows that the polymerization was indeed living.
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Figure 3. 9: Kinetic plot for ARGET ATRP of styrene using a CNT-Br initiator (R? =
0.9946).

The benefits of the ARGET ATRP procedure are (i) a reduced amount of copper
catalyst is required (i.e. the resultant polymer lacks the green tinge commonly seen in
normal ATRP-produced polymers) and (ii) with the use of Sn(EH), as a reducing
agent, less sensitivity to air is encountered. As the molar ratio of Sn used is quite low,

its removal should be relatively easy like that for the trace amounts of copper.
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TEM/Energy Dispersive X-ray (EDX) spectroscopy was used to see if any residual
tin was still present in the polymer brush samples. An extremely weak tin signal was
barely visible above the background noise. Elemental mapping of this signal indicated
that no localized regions of elemental tin, or for that matter copper, existed. These
results demonstrate that although the elemental catalysts are there, they are not in

significant quantities to allow ready detection.

i 1630  —— MWNT bl - CNT-PS
4 — Acid Treated | - Homo-PS
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Figure 3. 10: FT-IR spectra of a) as received MWCNT and acid treated MWCNT. An

increase in the 1730cm™ peak can be seen indicating an increase in carboxylic acid

functionality. b) CNT-PS and Homo-PS. The spectra of CNT-PS does not exhibit any
peaks of the nanotube.

Using FT-IR, the carbon nanotubes and polymer brush chemical composition
were examined. The typical peaks associated with carbon nanotubes were observed at
1380cm™, 1460cm™, and 1630cm™ corresponding to the C-H bend, -CH, vibrations,
and the stretching mode of quinine groups respectively.**®® Upon acid treatment, an
increase of the peak at 1730cm™ was observed (Figure 3. 10a)) and is related to
carboxylic acid functionality that results from the oxidation of the carbon nanotubes

283 Once polymer growth occurred from the CNT-Br surface,

during acid treatment.
these characteristic carbon nanotube peaks were no longer seen as the signal was too

weak to detect in comparison to the strong PS spectra seen in Figure 3. 10b). This
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strong PS spectra arises from the PS polymer brushes that are clearly seen in the
HRTEM images (Figure 3. 6 Right).

Carbon nanotubes alone show no melting (T.,), crystallization (T¢), or glass
transition temperature (Tg). However upon addition of polymer chains to the carbon
nanotubes, a Ty is observed using differential scanning calorimetry (DSC) (see Figure
3. 11). The T, recorded for the CA-PS was measured to be 102.2°C, whilst for CNT-
PS3, the T, increases to 116.2°C and another 1-2°C as the molecular weight/content of
the brushes increased for CNT-PS4 and CNT-PS5. Both CNT-PS1 and CNT-PS2
samples showed no detectable T4 as the polymer brush content was too small (i.e.
9.5% and 11.4%, respectively). Overall this represents a 14.0°C increase in T4 and
defines the nanotube as a reinforcing agent in long polymer brush carbon nanotubes.
The carbon nanotubes here not only reduce polymer chain mobility on attachment,’

but also promote new =n-m stacking between the nanotube and the aromatic

polymer.?®®
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Figure 3. 11: The first detectable T4 in the CNT-PS samples, which did not change
significantly when increasing the polymer chain length.
The presence of the PS produces additional, weak peaks in the Raman spectra (see
Figure 3. 12 and Table 3. 2) of these functionalized nanotubes at 1000cm™, 1029cm™,
and 3056cm™ corresponding to ring out-of-plane deformation, ring in-plane CCH

bend, and CH ring stretching respectively.**® The main focus however, of the Raman

Page 102



T. J. Aitchison 2010

measurements remains on the typical D and G modes of carbon nanotubes; (i) the D
mode (disorder mode) at 1330cm™ is caused by sp>-hybridized carbon atoms (e.g.
COOH) in the nanotube sidewalls or defects that break the translational symmetry,
and (ii) the G mode (tangential mode) at 1580cm™ corresponds to the movement in
opposite directions of two neighboring carbon atoms in a graphitic sheet.3%®310:311
Barros et al*'? found that in SWCNT, an upshift to the Raman peaks occurs due to the
charge transfer from the nanotube to its carboxylic acid functional group, and was
similarly observed as an increase of approximately 2cm™ for the G band upon acid
treatment occurred (i.e. an increase due to carboxylic acid functionalization).
However, once the CNT-Br were polymerized, the long polymer chains effectively
neutralized this charge transfer affect causing a downshift (see Table 3. 2). In
addition, like Wu et al,®* it was found that the 1o/l intensity ratios increased when
functionalized with oxygen moieties (i.e. upon acid treatment) yet alter again when
functionalized with PS. In the Raman spectra of Figure 3. 12, the Ip/l¢ ratio increased
from 0.65 to 1.28 upon acid treatment, and had changed again once the PS chains had
grown, providing further evidence for covalently bound PS.

In comparison to the control reaction, a charge transfer affect occurred as well,
but was then neutralized by the =-n stacked, non-covalently bound, polymer chains
physically associated with the nanotube (see Table 3. 3). The charge transfer affect
can be neutralized by covalently bound alkyl chains as short as six carbons long.?
This would indicate that the charge transfer affect can be neutralized by covalently

bound species as well as other additional forces.
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Figure 3. 12: Raman spectra of L-MWCNT, acid treated L-MWCNT, and CNT-PS. The

CNT-PS spectra has additional peaks typical of a polystyrene spectra.

Sample G band Gband D band
L-MWCNT 2663 1582 1332
Acid treated 2662 1584 1332

CNT-Br 2663 1585 1334

CNT-PS 2660 1583 1332

Table 3. 2: Raman Peak Positions (cm™).

Sample G’band Gband D band
L-MWCNT 2663 1582 1332
Acid Treated 2662 1584 1332
CNT-Br 2663 1585 1334
Controlled® 2660 1582 1333
Table 3. 3: Raman Spectra results of controlled styrene experiment. *Produced by

heating a mixture of CA-PS with acid treated nanotubes in anisole.
The polymer brush-MWCNT electrical conductance was measured by obtaining
IV curves of mechanically pressed samples. These curves can be seen in Figure 3. 13
where the polymer brush nanotubes had a shiny film appearance that could be
stretched by hand. The L-MWCNT and acid treated L-MWCNT samples measured

0.020S and 0.016S, respectively, which decreased further to 1uS for CNT-PS5. This
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was in line with the previous work by Curran et al,*** who found that pristine
MWCNT are better conductors than acid treated L-MWCNT; the acid treatment
generates defect sites, which disrupt the electron ballistic transport of carbon
nanotubes, and therefore decreases their conductance. Furthermore, the concentration
of nanotubes within a polymer matrix affects conductance, as CNT-PS5 has 84.7%
polymer in the sample compared to no polymer in the L-MWCNT and the acid
treated L-MWCNT, the conductance is lower in the CNT-PS5. While the polymer
interrupts the flow of electrons, it can be readily pressed into films and so possible
applications still exist in making electrically or thermally conductive films/coatings,
depending on the nanotube concentration that can be attained.

Contact angle measurements of the representative sample CNT-PS5 are
summarized in Table 3. 4. Due to the very low mismatch of surface energies between
Homo-PS5 and CNT-PS5 it is expected that the CNT-PS samples will be well
dispersed in a PS matrix. Despite the fact that the total surface energies of Homo-PS5
and CNT-PS5 are very similar, the polar components and non-polar components of
the polymer brushes decreased by 1.5 and 3.6mN/m, respectively. From Table 3. 4 it
is clear that the non-polar components of the total surface energy are dominant in the
samples, indicating that the CNT-PS has now developed an affinity for the non-polar

PS matrix.
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Figure 3. 13: IV curves for a) L-MWCNT, b) acid treated L-MWCNT, and ¢) CNT-PS5.

Polar Non-Polar  Total Surface
Sample Water Angle  CHal, Angle  Component Component Energy”
(mN/m) (mN/m) (mN/m)
Homo-PS5 83.70° +4.32° 24.63° + 2.60° 1.5

46.3 47.8
CNT-PS5 98.91°+1.27° 31.66°+1.78° 0 42.7 42.7

Table 3. 4: Sessile drop contact angle measurements. * calculated using Windrop++.
It is clear from these results that the properties of the PS polymer brush carbon
nanotubes are greatly benefited by the n-m stacking capabilities and hydrophobic

nature. However, not all polymers possess this ability and therefore PMMA has been

explored as a polymer brush in the next section.
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3.7.2 Poly(methyl methacrylate)

In contrast to PS as a hydrophobic polymer, MMA was used to create PMMA
polymer brushes. The chemical differences in this particular monomer were that it has
no aromatic groups and is a more polar monomer than styrene. This should produce a
material that can not n-m stack with the carbon nanotubes graphene aromatic walls
and would have a tendency to repel from the much less polar nanotube walls.

The evidence of polymeric growth was observed by HRTEM, which was also
used to determine the thickness of the polymer coverage. It is clear in Figure 3. 14
that after the successful removal of the amorphous graphitic layer and tertiary
bromide functionalization, MMA can be successfully polymerized, using ARGET
ATRP, from the nanotube wall just like styrene in section 3.7.1. A layer as thick as
15nm has been observed after 480mins.

It is important to note that a much thicker layer is produced in the CNT-PMMA
samples in only a fifth of the CNT-PS reaction time. The increase in the polymeric
layer is due to the higher reactivity of MMA in ATRP systems.*®® Furthermore,
PMMA on its own is naturally a more dense polymer than PS, indicating longer
PMMA polymer chains for the same thickness (i.e. PMMA 1.17g/cm® PS

1.05g/cm®).3%

Figure 3. 14: HRTEM image, CNT-PMMAL, showing the approximately 15nm PMMA

layer.
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The livingness of the polymerization was explored using the kinetic plot shown in
Figure 3. 15. The Kkinetic plot is linear and provides evidence of a living
polymerization occurring. However, the results of Chapter 2 indicated that using
ARGET ATRP to polymerize MMA with EBIB, provided poor initiation and due to
the similar chemical structure of the HEBI, used for the polymerization to CNT-
PMMA, a similar result is expected. This would also result in a higher polydispersity

than the result found for the CNT-PS and is recommended as a future study.
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Figure 3. 15: Kinetic plot for ARGET ATRP of MMA using a CNT-Br initiator (R* =
0.9995).

The glass transition temperatures presented in Table 3. 5 were determined using
DSC, and no noticeable pattern with respect to molecular weight was observed. The
average T4 found for the Homo-PMMA(1,2,3,4) was approximately 122°C, for the
CA-PMMA it was 117°C and for CNT-PMMA(1,2) it was 134°C. These results show
that the samples produced by ARGET ATRP (i.e. living polymerization) exhibited a
polymer with a higher T, than the commercially, free radical polymerization,
produced polymer (CA-PMMA). This represents a 12°C increase for the
homopolymers and a 17°C increase for the polymer brush material. The large increase
in the CNT-PMMA T, was also experienced for the CNT-PS (i.e. 14.0°C increase)
and infers that the increase is independent of the type of attached polymer; whether it
is polar or non-polar, or if it has n-n stacking capabilities. Furthermore, the results

indicate that for PMMA the increase is due to the living polymerization technique,
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which increases further when covalently attached to carbon nanotubes (i.e. the

nanotubes ability to act as a reinforcer).®"’

Time b . .. Polymer %
Sample (mins) M, (x10%)" Conv. Polydispersity T,(°C) Polymer (°C)
Homo-
PMMAL 10 124 0.08 1.22 282 100 117
Homo-
PMMA?2 30 13.3 0.21 1.24 286 100 124
Homo-
PMMA3 50 16.2 0.30 1.23 293 100 126
Homo-
PMMA4 70 17.7 0.42 1.29 295 100 120
CA-PMMA® - 120 - - 303 100 117
CNT-PMMA1 480 - 0.013 - 338 75 134
CNT-PMMA2 600 - 0.016 - 339 78 134

Table 3. 5: Polymerization for ARGET ATRP of MMA ° determined by GPC in THF,
polystyrene standard. Homo-PMMA(1 to 4) MMA/EBIB/CuCl,/Mes TREN/Sn(EH),
(200/1/0.01/0.1/0.1) and CNT-PMMA(L to 2) MMA/CuCl,/MesTREN/Sn(EH),
(200/0.01/0.1/0.1) with 15mg of CNT-Br. ¢ Commercially available poly(methyl
methacrylate) was purchased from Aldrich.

The decomposition temperatures reported in Table 3. 5 were determined using
TGA. The average T4 for the homo-PMMA(1,2,3,4) was 289°C (note: the Ty
increases with increasing molecular weight), and for the CNT-PMMA(1,2) the T4 was
approximately 338°C. The CA-PMMA was 303°C, which shows a good agreement
with the homo-PMMA(1,2,3,4) samples. However, these results are at a minimum
35°C lower than the CNT-PMMA(1,2) samples and demonstrates that the carbon
nanotube thermally stabilizes the PMMA. This is a similar result found by

Chowdhury et al**®

where they experienced a 37°C increase in thermal stability upon
adding 0.5wt% of SWCNT to PMMA.
In addition, the polymer content was determined from the thermograms and in the

CNT-PMMA1 sample the polymer content was 75% for 480mins, which increased to

78% for the CNT-PMMAZ2 at 600mins. This increase with reaction time was expected
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as the polymerization was living, which supports the results found in the kinetic plot
of Figure 3. 15, and was a similar affect found in the CNT-PS samples. However, the
CNT-PS samples produced a smaller polymer content in comparison to the CNT-
PMMA samples of similar reaction time; for a reaction time of 600mins CNT-PS
creates 11.4% polymer content compared to CNT-PMMA creating 78%. This
supports the concept that MMA is a more reactive monomer than styrene in an

ARGET ATRP polymerization.*®
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— CNT-PMMA
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Figure 3. 16: FT-IR spectra of CNT-PMMA and Homo-PMMA. The spectra of CNT-
PMMA does not exhibit any peaks of the nanotube, only the PMMA signals.

The chemical composition of the CNT-PMMA samples were studied using FT-IR,
and as can be seen in Figure 3. 16 the characteristic peaks of carbon nanotubes were
not observed, only the signals of PMMA. This has been discussed before in section
3.7.1, which deduced that the concentration of carbon nanotube functional groups is
significantly small to detect by FT-IR, and therefore only the polymer signals can be
detected.

It is clear that the properties of a living polymer brush can be affected by its

hydrophobicity and by its ability to n-r stack. To extend on this work PHEMA has
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been studied in the next section as a non-living polymer brush that can not n-w stack.
In addition, it is comparable to PMMA as they are both of the same polymer family
(i.e. methacrylates).
3.8 Acid Treated MWCNT: Poly(2-hydroxyethyl methacrylate) brushes

In addition to the materials produced in section 3.7, a FRP polymer brush
nanotube was produced. In this technique the nanotube was not synthetically
modified into a “macroinitiator” by functionalizing it with tertiary bromides, instead
the nanotube was functionalized with vinyl groups turning the nanotube as a whole
into a poly-monomeric unit. This was accomplished by firstly creating acid chloride
nanotubes, followed by the addition of HEMA. The hydroxyl group of the HEMA
creates an ester bond to the nanotube resulting in a vinyl group functionalized
nanotube, which can then be polymerized. The synthetic route of vinyl functionalized

nanotubes can be seen in Scheme 3. 6.

COO(CHZ)ZOOC%
— COO(CHZ)ZOOC%
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Scheme 3. 6: The synthetic route to vinyl functionalized nanotubes.
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The use of a hanotube monomer to create polymer brushes has some chemical and
structural differences in comparison to using the nanotube “macroinitiator” in living
polymerizations. As the technique for using the nanotube monomer is an uncontrolled
free radical polymerization, this would create a material with a high polydispersity
(i.e. greater than 2) and an uncontrolled polymer chain length independent of reaction
time.>'” Furthermore, when compared to the living technique the end of the polymer

chain is “alive”, can be reinitiated, but in the PHEMA brushes the material is “dead”,
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can not be reinitiated, which also creates a non-distinctive chain end for further
functionalization or block copolymer formation.*!®

Chemically the HEMA nanotube acts differently in the polymerization as the
nanotube has many vinyl groups. Each vinyl group is a possible site for
polymerization, which can propagate to produce a material of highly cross-linked
nanotubes having more than one nanotube within a polymer chain or contain no
nanotubes within a chain (refer to the model diagram in Figure 3. 17). In an attempt to
avoid nanotube cross-linking the polymerization was carried out at low temperatures
to favor terminating reactions, as well as using low concentrations of nanotubes to
decrease the probability of the nanotubes aggregating.®'® However, in the attempt to
avoid nanotube cross-linking, the probability of homopolymer creation increases,
which can be difficult to separate from the brushes due to the strong hydrogen

bonding from the hydroxyl groups. Matyjaszewski et al*®

also reported this problem
in his work of removing free homopolymer from a polymer brush silicon wafer
surface and therefore is seen as an unavoidable outcome in the PHEMA polymer

brush nanotubes.

Figure 3. 17: A model drawing of how PHEMA could react in this system. Some
polymeric chains have more than one nanotube.
The carbon nanotube sample increased in weight due to the growth of PHEMA
brushes on the carbon nanotube wall and the production of free PHEMA polymeric

chains. These brushes were observed using HRTEM and can be seen in Figure 3. 18.
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The image shows an approximately 5nm thick coating of PHEMA polymer around
the nanotube. This thickness was not dependent on reaction time like in the previous
section (i.e. section 3.7: living brushes) nor could it be increased by a subsequent

polymerization.

Figure 3. 18: HRTEM image of CNT-PHEMA, showing the approximately 5nm PHEMA
layer.

The polymer content was study using TGA and a typical thermogram can be seen
in Figure 3. 19. In the thermogram it is clear that the first step is due to the PHEMA
polymer and the second was produced by the degradation of the carbon nanotube.
However, the FRP procedure for producing CNT-PHEMA is uncontrolled and
therefore the polymer content would also change between samples (i.e. the height of
the first step). The results seen in Table 3. 6 are therefore a representation of what
was observed for many samples and typically the polymer content ranged from 50 to
80%. This polymer content further supports the HRTEM results that polymer brushes
were formed on the carbon nanotube.

The decomposition temperatures were determined and the results are displayed in
Table 3. 6. What is observed is a reduction by 4°C of the T4 and this particular affect
was also seen previously in the CNT-PS samples (section 3.7.1). When these results
are compared, it is clear that the PHEMA is also a polar polymer like PMMA and

could experience similar repulsion properties to the non-polar nanotube walls.
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PHEMA also has an inability to n-x stack as it is not an aromatic polymer. Overall the
CNT-PS decreases by approximately 40°C when compared to CA-PS, CNT-PMMA
increases by 35°C when compared to CA-PMMA, and CNT-PHEMA decreased by
4°C. However, structurally PHEMA has many similarities to the nanotube in terms of
oxygenated moieties,*° which therefore has the greatest attraction and was unlikely
to hinder the T4 compared to the chemically dis-similar PS or PMMA. Furthermore,
the large decrease in the CNT-PS sample was due to the large difference in molecular
weight. The difference in the Ty is expected to decrease with an increase in molecular
weight (i.e. following the trend exhibited in the results, until comparable to the CA-

PS molecular weight).
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Figure 3. 19: Thermograms of PHEMA and CNT-PHEMA produced by FRP.

Sample PO'{Dg Ta Ty (°C) % Polymer
PHEMA? 276 96 100
CNT-PHEMA 272 113 50-80

Table 3. 6: Thermal properties of PHEMA and CNT-PHEMA. # The PHEMA was
produced using purified HEMA, benzoyl peroxide (1000:1) and light in a bulk
polymerization.

The CNT-PHEMA samples also exhibited a Ty as other polymer brush nanotube
samples have done in the previous sections when there was sufficient polymer

content. These results are tabulated in Table 3. 6, which exhibit a Ty of 96°C for the
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bulk polymerized PHEMA and a T4 of 113°C for the CNT-PHEMA. Overall this
represents a 17°C increase in the Tg. Similarly the PMMA T, increased by 17°C,
which has a comparable chemical structure to PHEMA and hence the similar
increase. In addition, PS increased to a lesser extent by 14°C. These increases were
attributed to the stronger hydrogen bonding forces in the PHEMA and PMMA
polymers, compared to the n-7 stacking capabilities of the PS,****? creating a more
rigid structure in the hydrogen bonded polymers.

Using FT-IR, the chemical structure was determined and as previously seen, no
signals of the carbon nanotubes were detected due to the low concentration/ratio of
carbon nanotube functional groups to polymer functional groups. An overlay of CNT-
PHEMA and PHEMA spectra are shown in Figure 3. 20 with significant similarities
in the peaks, however two particular peaks have greatly changed in intensity. These
peaks are 1710cm™ and 3430cm™ corresponding to ester vibrations, and hydroxyl
groups respectively.®* A cross-linking reaction can occur between the hydroxyl
groups and in this case these two peaks are related to one another; the more cross-
linking that occurs the lower the hydroxyl peak and hence the greater the ester
peak.*?* It is noticed that in the PHEMA material, produced by bulk polymerization, a
greater extent of cross-linking has occurred compared to the CNT-PHEMA brushes
produced in a solution based polymerization. This happened because the solution
based polymerization has low concentrations of nanotubes, which lowered the
probability of cross linking,*® whereas in bulk polymerization no solvent is used,
hence the cross-linking occurred. In addition, the strong presence of hydroxyl groups
allow for future functionalization, previously thought impossible when compared to

the distinct living tertiary bromide end of ARGET ATRP polymer brush nanotubes.*®
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Figure 3. 20: FT-IR spectra of CNT-PHEMA and PHEMA. The spectra of CNT-PHEMA
does not exhibit any peaks of the nanotube.

The polymer brush electrical conductance was measured by obtaining an IV curve
of the mechanically pressed sample (see Figure 3. 21). From this curve it was found
that the CNT-PHEMA sample had a conductance of 3uS and in comparison to section
3.7.1 the conductance result of CNT-PS5 was 1uS. This is a three times increase in
conductance and was expected due to the difference in polymer content. In the CNT-
PS5 sample the polymer content was 84.7%, however in the CNT-PHEMA sample
the polymer content ranged from 50-80% between samples; the content is lower and
therefore less polymer to impede the flow of electrons thus the increase in
conductance. Furthermore, the conductance is lower than the L-MWCNT, and the
acid treated L-MWCNT as those samples contain no polymer to impede the flow of
electrons. Similar to the CNT-PS5 sample, this material can also be pressed into films
and therefore possible applications exist in the area of conductive films/coatings

provided a high enough concentration of nanotubes is achieved.
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Figure 3. 21: IV curve of CNT-PHEMA.
3.9 Model System, Pyrene-HEBI: Polystyrene Brushes

In section 3.6, 1-pyrenecarboxylic acid was used as a model system, as it is
comparable to MWCNT, in the functionalization with HEBI. Successful attachment
was achieved and the product, Pyrene-HEBI, was formed. This product was used
further to create Pyrene-PS brushes, using ARGET ATRP to model the similarities
with creating CNT-PS brushes.

Although the end product has many similarities in terms of chemical structure,
during ARGET ATRP some differences do exist that could affect the efficiency of the
polymerization. One of these differences is the solubility of the Pyrene-HEBI, which
is much greater than that of the HEBI functionalized carbon nanotubes (i.e. CNT-Br).
To combat this difference the same weight of CNT-Br used in section 3.7.1 was used
in the living polymerization of Pyrene-HEBI. This is different to the molar ratio that
would typically be used in EBIiB initiated homopolymer type reactions (see Chapter
2). Another difference is the ratio of initiation points in Pyrene-HEBI is one initiation
point to each molecule, whereas the HEBI functionalized carbon nanotubes have
many initiation points to each nanotube. In this situation the polymer chain of the
Pyrene-HEBI propagates in one direction, whereas the polymer chains attached to the

nanotube propagate in all directions (i.e. many propagating polymer chains from the
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one carbon nanotube). Such a difference could not be adjusted without changing the

original starting material, however in the solution polymerization, the pyrene

structure will exhibit similar n-n stacking capabilities as the carbon nanotube, due to

the molecular structure similarity.
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Figure 3. 22: a) Kinetic plot for ARGET ATRP of styrene using Pyrene-HEBI as the

initiator (R? = 0.9775), and b) the molecular weight and polydispersity as a function of

conversion, using a polystyrene calibration (R?> = 0.9966).

The efficiency of polymerization was determined using the kinetic plot presented

in Figure 3. 22a). From the graph a straight line is revealed indicating living

polymerization has occurred. The graph also begins at the origin, which demonstrates

that successful purging of oxygen with nitrogen had occurred, unlike the PMMA

results of Chapter 2 requiring a “short induction period” (i.e. consumption of oxygen

with Sn(EH),).**
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GPC results confirm that the polymerization was living as a polydispersity of 1.16
was achieved (Table 3. 7 and the kinetic plot of Figure 3. 22b)). Erdogan et al®®
found a similar result using a similar pyrene initiator, however in ATRP, to achieve a
polydispersity of 1.15-1.18. In comparison to the Pyrene-PS work, Erdogan and
coworkers did achieve higher conversions of 30-67% compared to the 6-16% by
ARGET ATRP. However, Erdogan and co-workers used a monomer to initiator ratio
of approximately 100/1 unlike the ratio used here of approximately 1300/1.
Furthermore, as the ratio was higher, higher molecular weights resulted (i.e.

46,900g/mol compared to 8,760g/mol by Erdogan and co-workers).

Sample (Inlms) M, (x10%® Conv. Polydispersity” let_)dh(/grée)r (;ré)
CA-PS¢ - 140 - 1.64 400 102.2
Pyrene-PS1 210 15.3 0.06 1.15 352 101.5
Pyrene-PS2 300 28.4 0.11 1.16 357 106.1
Pyrene-PS3 570 46.9 0.16 1.16 361 108.1

Table 3. 7: Polymerization for ARGET ATRP of styrene ° determined by GPC in THF,
polystyrene standard. Pyrene-PS(1 to 3) St/CuBr,/MesTREN/Sn(EH);
(300/0.015/0.15/0.3) using 15mg of Pyrene-HEBI. © Commercially available polystyrene
was purchased from Aldrich.

When comparing the GPC results to the results of the CNT-PS samples it is clear
that some element of control is lost. The carbon nanotube brushes have a higher
polydispersity of 1.78 compared to the Pyrene-PS samples of approximately 1.16.
This loss in polymerization control has occurred due to the carbon nanotubes limited
dispersion and limited mobility capabilities in the solution polymerization. The
Pyrene-HEBI does not possess a limit of dispersion, nor does it have limited mobility
and therefore has shown good initiation and growth in the kinetic plots of Figure 3. 22
with a near 1 polydispersity. Furthermore, for a similar conversion, higher molecular
weights are formed for the CNT-PS samples than the Pyrene-PS samples, which
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indicates that the ratio of monomer to initiator is higher in the CNT-PS reaction; the
tertiary bromide initiator sites are more dense in the Pyrene-HEBI compared to the
CNT-Br.

The decomposition temperature of Pyrene-PS(1,2,3) was determined using TGA.
The thermograms showed a similar trend seen in section 3.7.1. In section 3.7.1 the
CNT-PS and Homo-PS material demonstrated a trend of increasing T4 with
increasing molecular weight and this was also observed for the Pyrene-PS samples
(Table 3. 7). The T4 of Pyrene-PS1 occurs at 352°C for 210mins with a molecular
weight of 15,300g/mol, which increased to 361°C for 570mins with a molecular
weight of 46,900g/mol for Pyrene-PS3. Furthermore, the Ty is tending towards the Ty
of the CA-PS, which is a similar result to the Homo-PS samples.

In previous measurements of T, determined using DSC, an increase in the carbon
nanotube polymer brushes T4 compared to the homopolymers T4 was observed due to
the rigidity of the carbon nanotubes reinforcing the material and the n-n stacking
capabilities. However, as the pyrene structure is significantly smaller than a nanotube
the strength of this effect was not seen (Table 3. 7). The trend observed in this case
was still an increase in the T, but only by a maximum of 5.9°C for Pyrene-PS3 when
compared to CA-PS. In comparison to the results of section 3.7.1, an increase of 14°C
was detected for the CNT-PS samples, which is more than double the increase of the
Pyrene-PS samples. This result was due to the effectiveness in the m-n stacking
capabilities of the pyrene structure compared to the carbon nanotube. In the carbon
nanotube the chains are anchored to the nanotube and coat that particular nanotube
making a very rigid structure, whereas in the Pyrene-PS material the n-n stacking
pyrene structure is significantly smaller and planar in shape. It would therefore

exhibit similar properties to graphite, which is layered planar graphene sheets that can
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slide over one another,®’ and hence the Pyrene-PS samples have less rigidity than
carbon nanotubes, making them less effective reinforcing agents.

The chemical structure was re-affirmed using FT-IR, and is presented in Figure 3.
23. The spectra of Pyrene-PS has the same characteristic absorption peaks to that of
Homo-PS and does not exhibit any signals of the pyrene structure. The small
concentrations of pyrene is overwhelmed by the high concentration of PS functional
groups, resulting in only the detection of the PS signals by FT-IR, which is a similar
result obtained with CNT-PS brushes as well as the other polymer brush materials of

this chapter.
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Figure 3. 23: FT-IR spectra of Pyrene-PS and Homo-PS, showing no noticeable
differences in the absorbance peaks.
3.10 Conclusion
In conclusion, it was shown that the polymerization technique of ARGET ATRP
can be used to produce polymer brushes of polystyrene on multi-walled carbon
nanotubes with polymer coverage as high as 84.7%. This technique proved to have
many benefits over existing techniques such as normal ATRP and other more

sensitive living polymerization techniques. Benefits such as low catalyst
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concentration, ease of polymerization technique, and the living capacity to reinitiate
polymer growth. In addition, a polydispersity of 1.78 was determined and found to be
of similar magnitude to previous research using normal ATRP.

This research was explored further by the production of PMMA polymer brushes
on carbon nanotubes by ARGET ATRP (living polymerization) and PHEMA polymer
brushes on carbon nanotubes (free radical polymerization). Physical differences
occurred due to the technique used to produce them, and PHEMA'’s capability to
crosslink. A comparison was then made between controlled living polymer brushes to
uncontrolled polymer brushes on carbon nanotubes and many differences and
similarities occurred. One of these differences came from the reactivity of the
monomer and hence the polymer layer thickness or content was affected. In the living
polymerizations this thickness depended on the reaction time and it was found that
the PS was much less reactive compared to the PMMA,; the same approximately 80%
polymer content of PMMA in the CNT-PMMA was achieved in a fifth of the time to
produce the CNT-PS. When compared to un-controlled polymer brushes, CNT-
PHEMA, the polymer content was anywhere between 50 and 80%, which could not
be controlled by reaction time. Generally the polymer layer of the three different
types of brushes was in the range of 10nm. However, this did not reflect the
molecular weight as PS, PMMA, and PHEMA all have different densities and
therefore for the same thickness of PMMA as to PS, the molecular weight of PMMA
is much greater than PS (i.e. similarly to PHEMA).

In addition, for the living polymerizations, living plots were created to re-affirm
that the ARGET ATRP of CNT-Br did in fact polymerize in a living fashion. Linear
plots were obtained, however more study is needed in the areas of molecular weight

and polydispersity to establish the efficiency of initiation. As a guide, what was
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observed in Chapter 2 was a well initiated polymer of PS and poorly initiated polymer
of PMMA, meaning a similar trend in the CNT-PS and CNT-PMMA materials could
have been expected.

An increase in T4 with respect to the molecular weight was noticed only in the
CNT-PS material and was not observed in the other polymer brush materials.
Although this trend was not observed in the other materials, changes did occur to the
Ty for the three types of brushes synthesized in this chapter; CNT-PS decreased
approximately 40°C and CNT-PMMA increased by 35°C when compared to the
commercially available products, and CNT-PHEMA decreased by 4°C. However,
structurally PHEMA has many similarities to the nanotube in terms of oxygenated
moieties, therefore has the greatest attraction and was unlikely to significantly alter
the T4 compared to the chemically dis-similar PS or PMMA.

The T, of the material acted to increase the temperature, by 14°C for CNT-PS, by
17°C for CNT-PMMA and also 17°C for CNT-PHEMA. This increase was attributed
to the rigidity of the carbon nanotube and hence it acted as a reinforcing agent.

The chemical structure of the brushes was determined using spectroscopy
techniques. FT-IR was used, however the nanotubes could not be detected due to the
extremely low concentration of specific nanotube groups that were covered by the
thin layer polymer coating. Raman spectra of the CNT-PS material was used to
determine if a charge transfer affect could be detected and then not detected, to prove
the covalent attachment of the polymer brushes. This was observed, and therefore the
brushes were covalently attached instead of solely due to additional forces, such as =n-
n stacking.

Electrical conductance measurements found that the polymer brush carbon

nanotubes were less conductive than pristine or acid cleaved nanotubes and that the
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strength of conductance was dependent on the polymer content (i.e. more polymer,
less conductive). In addition, the preparation technique found that the polymer brush
carbon nanotubes can be formed into films and hence applications exist in conductive
coatings or films.

The model system of Pyrene was also used to produce polymer brushes using
ARGET ATRP with Pyrene-HEBI as the initiator. What was observed was a well
initiated polymer, a 5.9°C increase in the Ty, and the Tq increased as the molecular
weight increased. These properties resembled the properties of the CNT-PS and

demonstrated that the pyrene is a good model system for carbon nanotubes.
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4. POLYMER BRUSHES AS NANOFILLERS (MACRO SIZED)

Preface

This chapter discusses the application of polymer brushes as re-inforcers in

polymer matrices. The concentration of polymer brushes was varied from 0 to

1w/w% and the composite materials were characterized for their physical

properties.
4.1 Introduction

Nanocomposites made from carbon nanotubes and polymers offer the promise of
composites with substantially improved material properties, such as high electrical,
thermal, optical and mechanical properties. A large amount of literature has been
reported on the mixing of un-functionalized or acid treated carbon nanotubes into
polymer matrices.*?®32%330.331 4owever, in these reports they all experience problems
with the nanotube’s limited solubility in the liquid polymer matrix, therefore resulting
in aggregated bundles of nanotubes inside the composite instead of an even
dispersion. To combat this they have reported various procedures for
mixing/processing in an attempt to get an even dispersion.**?*® The alternative is to
chemically treat the nanotubes surface increasing solubility of MWCNT,33433%5:3%
hence the research undertaken to develop polymer brushes, reported in Chapter 3.

The reason for increasing the solubility of the carbon nanotubes in the molten
polymer matrix is to create a material with a high dispersion of nanotubes so that the
percolation threshold is able to be reached at relatively low carbon nanotube

387.3%8 It s seen as

concentrations, thus making the composite conductive.
advantageous to not only mix the nanotubes into the material to strengthen it, but to

also utilize the nanotube’s property of conductivity. Extending these two properties of
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the nanotube into the material can only increase the possible applications when it
comes to commercialization of the composite.

An additional application of one composite can also be created that has these two
properties (i.e. strength and conductivity), which depends on the nanotube
concentration. When the concentration of nanotubes are higher than the percolation
threshold then the composite becomes conductive, and when it is lower the composite
IS non-conductive. This therefore creates two materials; one that is conductive, which
can be used to conduct a current in a circuit and the other can act as a barrier to
impede electron flow. Essentially a circuit can be produced using and supported by
the one composite material.

In this work polymer brushes on carbon nanotubes have been used to create
composite materials. This was done to increase the limit of solubility of carbon
nanotubes in polystyrene (PS), poly(methyl methacrylate) (PMMA), and poly(2-
hydroxyethyl methacrylate) (PHEMA), by employing like polymer brushes, on
carbon nanotubes, of PS, PMMA, and PHEMA, respectively. Concentrations of
between 0 to 1w/w% were produced then characterized to identify the physical
properties of the composites. Furthermore, the model system of pyrene has also been
investigated as a potential nanofiller using the Pyrene-PS developed in Chapter 3 in a
PS matrix.

4.2 Synthetic and Preparation Procedures
Materials

Styrene (Aldrich, 99%) and methyl methacrylate (MMA) (Aldrich, 99%) were
dried over calcium hydride and passed through a column filled with basic alumina. 2-
hydroxyethyl methacrylate (HEMA), and dibenzoyl peroxide were obtained from

Aldrich and used as received. The polymer brushes on the carbon nanotubes were
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synthesized using the procedures outlined in Chapter 3; CNT-PS5, CNT-PMMAZ2,
and Pyrene-PS3 of Chapter 3 were chosen due to their high polymer content, which
would have a greater solubility than the lower polymer content polymer brush carbon
nanotubes.

General Composite Formation Procedure

Purified styrene or methyl methacrylate was mixed with dibenzoyl peroxide in a
1000:1 ratio, followed by the addition of the corresponding polymer brush carbon
nanotube (i.e. CNT-PS5 in styrene to make CNT-PS5 in PS) in 0.00, 0.10, 0.25, 0.50,
and 1.00w/w% concentrations. The mixture was then mixed for 30mins, followed by
10mins sonication. Once the brushes were evenly dispersed into the solution, the
mixture was transferred to Teflon moulds and polymerized in an oven at 80°C for
24hrs.

The procedure for polymerizing HEMA is similar to the above procedure and was
repeated, but with some minor changes. The polymerization temperature was reduced
from 80°C to 60°C, and during the 24hr reaction time the mixture in the moulds was
exposed to a constant incandescent light source.

For comparison, four additional composites were produced using the above
general procedure for the PS and PMMA composites. 0.25w/w% of as received (AR),
also known as pristine carbon nanotubes and 0.25w/w% acid cleaved (AC) nanotubes
were used as a filler in a PS and PMMA matrix, as well as un-filled PS and PMMA.
This was performed as a control in the following experiments to observe the
differences occurring between polymer brushed nanotubes, non-polymer brushed
carbon nanotube, and un-filled polymer composite materials.

THE TEFLON MOULDS: Teflon moulds, as pictured in Figure 4. 1, were

constructed to the dimensions required for the dynamic mechanical analysis (DMA) —
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single cantilever attachment (13mm wide, 36mm long and averaging 7mm thick) and
in the dimensions for the 25mm diameter parallel plate attachment for the Rheometer.
As the composite was polymerized into the shape required for characterization, no

post-cutting was required.

Figure 4. 1: digital photos of the Teflon moulds used; separated and stacked, held
together with nuts and screws, (left) is the DMA — single cantilever mould, and (right) is

the 25mm discs required for the parallel plate rheometer.

NOTE

Some values in the following results may appear different to those found in
common literature. The composites have had no post-curing and therefore contains a
small percentage of unreacted monomer due to the bulk polymerization procedure.
This was deliberate as literature does not explore the efficiency of the polymerization
in similar materials and was determined using DSC (i.e. exotherms), and NMR. In
addition, as the composites were polymerized into their desired shapes, the possibility

as a ready-made material that requires no post-moulding was explored. However
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some characterization procedures, such as rheology, were pre-heat treated, which
ultimately removed the unreacted monomer.

Another item to note is that the polymers are amorphous polymers which are
typically transparent, however the photograph images of the un-filled composites are
not, due to the polymer forming/moulding to the rough surface of the Teflon.

Results and Discussion
4.3 AR and AC Nanotubes as Fillers in PS and PMMA

The initial observation in the storage modulus, measured using DMA, found that
upon adding AR nanotubes the storage modulus of the material decreased and
decreased further when using AC nanotubes. As can be seen from Figure 4. 2 at 0°C
the storage modulus of PS drops by 200MPa from 1800MPa unfilled to 1600MPa
when 0.25w/w% AR nanotubes is added to the polymer. Similarly for PMMA the
storage modulus reduces by about 400MPa from 3200MPa unfilled to 2800MPa
when 0.25w/w% AR nanotubes is incorporated into the polymer. The situation was
worse when AC nanotubes were incorporated into these polymers. In PS the storage
modulus reduced by 500MPa from 1800MPa to 1300MPa when 0.25w/w% AC
nanotubes was added to the polymer. Similarly for PMMA a reduction of 450MPa
was seen, with the storage modulus reducing from 3200MPa for the unfilled polymer,
down to 2750MPa when 0.25w/w% AC nanotubes was included.

These changes in storage modulus were attributed to the nanotubes limited
dispersability within a polymer matrix, which decreased further when AC nanotubes
were used, because they are more polar, due to oxygen moieties (i.e. the most
chemically dissimilar from the matrix when compared to AR). In the case of inclusion
in PS, the nanotubes have an additional aromatic n-n stacking attraction that is not

possible in the PMMA composite material and therefore the initial decrease of adding
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AR nanotubes is less for the PS. The PS polymeric chains have a capability to n-n
stack with the nanotubes graphene type walls increasing the dispersability, whereas
PMMA does not possess such a capability and is in fact a more polar polymer which
lowers the dispersability limit of the nanotubes. Furthermore, Andrews et al**° and
Velasco-Santos et al,®* found a similar trend in their work with the PMMA storage

modulus changing more greatly than with a PS matrix.
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Figure 4. 2: DMA results of AR and AC nanotubes as nanofillers in PS and PMMA.

The polymerization was a bulk technique and when compared to literature,

215,216,341 342

solution polymerizations and preformed polymer,** tend to create composite
materials of increased storage modulus. However, these techniques have post
processing steps to remove excess monomer, which can act as an impurity weakening
the polymer. Upon removal by heating, the polymer chains can reorganize into the
most thermodynamically stable state, producing a harder, stronger material, and
hence the increased storage modulus.®**3* Compared to the technique seen here,
which has no post processing or post curing (i.e. trapped monomer), the
reorganization has had no chance to form and trapped monomer is still present, hence

the decrease in storage modulus. Furthermore, modeling work performed by Odegard

et al** found that these increases in storage modulus only occur when the nanotubes
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are evenly dispersed. With the support of Odegard and coworkers work it implies that
to have an increase in storage modulus the trapped monomer must be removed and
the nanotubes must be evenly dispersed.

Differential scanning calorimetry (DSC) was performed on the composite
materials to determine the change in the glass transition temperature (Tg) with the
incorporation of AR and AC carbon nanotubes. The results are shown in Table 4. 1.
From the table it is obvious that in the first heating cycle Ty decreases following the
trend, PS then AR in PS, followed by AC in PS. Overall the most significant decrease
in Ty occurred for the AC composite with a decrease of 2.48°C. In addition, within
this first heating run an exotherm at 110-180°C was observed for all samples (i.e. the
heat of the post curing reaction). This exotherm was attributed to trapped unreacted
monomer, which subsequently polymerized when sufficient heat was supplied. The
unfilled PS, displayed an exotherm of 30.4J/g, which was significantly lower for the

AR composite with 0.62J/g and was higher for the AC composite with 35.33J/g.

T T Exotherm 0
Sample g 9 a3 (110-180°C) s« Polydispersity”

(1% run)(°C) (2™ run)(°C) (1st run)(J/g) (x107)
AR in PS 54.26 76.54 0.62 57.40 2.86
AC in PS 52.52 Not 35.33 71.20 2.94

detected

PS 55.00 72.00 30.40 24.40 2.86
AR in PMMA 108.40 103.80 2.94 82.06 5.62
AC in PMMA 108.40 99.23 2.38 102.79 577
PMMA 105.77 104.04 8.26 90.60 3.60

Table 4. 1: DSC and GPC results of AR and AC nanotubes (0.25%) in PMMA and PS
matrix. "Mn and polydispersity is of the PS or PMMA matrix with no post treatments
from specified experimental of section 4.2, PS calibration.

The formation of these exotherms is a common phenomenon in bulk
polymerizations due to the production of trapped radicals and trapped

monomer.3#¢:347:3%8:349 T4 remove the trapped monomer the sample needs to be heated
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above the Ty, increasing the mobility of the free monomer, whereby it is removed
from the sample. The removal occurs by a combination of evaporation of unreacted
monomer and polymerization on heating in a post curing reaction. This observation
was confirmed when for the second DSC heating of the samples, virtually no
exotherm was observed. This removal of the monomer increased the T4 to 72°C and
76.54°C for PS and AR in PS, respectively (AC in PS did not show a Tg). The
increase in Ty of 20°C in the second run suggests that unreacted monomer acts like a
plasticizer. It is important to note that the smallest exotherm and increase in Ty, is
found for the AR in PS, which is due to its -7 stacking capabilities pulling the chains
closer together and decreasing the free volume.**® Furthermore, trapped monomer and
its concentration was verified with *H-NMR by comparing the vinyl group protons of
the styrene monomer with the methylene protons of polystyrene.*®* A monomer
concentration of 3.5% was calculated for the unfilled PS (Figure 4. 3). It is assumed
that the exotherm/post curing reaction is a reflection of concentration, which therefore

implies the AC in PS has a higher concentration of trapped monomer.

T T T T T T T T T T T T T T T T T T T T
5 4 3 2 [ppm]

Figure 4. 3: NMR spectra of a) bulk PS with free monomer and b) bulk PS, after the first
DSC heat treatment, with no free monomer. The arrows indicate the styrene monomer

NMR shifts.
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The PMMA material exhibited different characteristics to the PS material as the
carbon nanotubes surface chemistry is more dissimilar to that of the PS. The T, of the
PMMA material was found to be 105.77°C and when compared to the AR and AC in
PMMA an increase of 2.63°C occurs for each sample, however upon second heating
the Ty decreases by 4.6°C and 9.17°C for the AR and AC, respectively when
compared to the first heating. Furthermore, the presence of a post curing reaction was
observed again, like the PS composites, however the addition of either AR or AC
nanotubes substantially decreased the exotherm from 8.26J/g for the PMMA (i.e.
0.81% by *H-NMR, Figure 4. 4), to approximately 25%.%* The fact that the exotherm
has decreased upon addition of carbon nanotubes for both the PS and PMMA
samples, with the exception of AC in PS, indicates that the nanotube acts to aid in the
polymerization reaction, preventing the termination reactions occurring so that higher
conversions are reached.

a) |

6 4 2 [ppm]

b) ]

i : ‘ ; | . : ; | ; ,
6 4 2 [ppm]

Figure 4. 4: NMR spectra of a) bulk PMMA with free monomer and b) bulk PMMA, after
the first DSC heat treatment, with no free monomer. The arrows indicate the MMA
monomer NMR shifts.

When the PS and PMMA samples are compared, it is clear to see that two

competing factors are affecting the T4. The first factor is the presence of trapped
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monomer, as the results indicate that for PS the trapped monomer acts like a
plasticizer, lowering the Tg, but in the PMMA samples the trapped monomer
increases the Ty (i.e. the difference between first and second heating). The second
factor is the carbon nanotube as a filler. In the PS composites the nanotubes act to
increase the Ty, whereas in PMMA the carbon nanotubes act like a plasticizer
lowering the Ty (i.e. the difference between filled and unfilled of second heating,
which has no trapped monomer). These variations in the T4 are due to the composite’s
changes in free volume where an increase in the Ty indicates a decrease in the free
volume and vice versa.*® Furthermore, this indicates that the trapped monomer
increases the free volume in the PS and lowers the free volume in the PMMA.
Similarly carbon nanotubes lower the free volume in the PS and increase the free
volume in the PMMA.

It is interesting to note that the normal Ty literature value for PS is 95°C and for
attactic PMMA is 105°C.%® The fact that the observed Tgs for unfilled PS is still
approximately 20°C lower than the literature value upon removal of the trapped
monomer, suggests that additional polymer properties are affecting the Ty However,
literature has also shown that the Ty is affected by low molecular weights due to more
free volume at the chain ends. A relationship was determined by Fox and Flory that
relates an infinitely large molecular weight polymer to a smaller molecular weight
polymer Eq. (11).%**

Ty=Ty"-KM* (11)
where T4 is the Ty of an infinitely large molecular weight polymer and Ty is the glass
transition temperature at molecular weight M and constant K.** Using this equation,
it predicts the unfilled PS polymer of 24,400g9/mol to have a Ty of approximately

88°C, but the calculation overestimates the T,.*° However, the results of
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compared the calculated to the observed T4 and found that for a
calculated result of 88°C the observed was approximately 73°C, which is in good
agreement with the unfilled PS gel permeation chromatography (GPC) result of 72°C.

The GPC results of the PS samples are shown in Table 4. 1, which demonstrates
an approximate two times and three times increase in Mn upon addition of AR and
AC, respectively for the PS material (the polydispersity was unaffected). These
results indicate that the nanotubes aid in the polymerization of styrene to increase the
Mn. In comparison to the PMMA results, shown in Table 4. 1, a much higher Mn to
the PS results has occurred due to MMA having a higher reactivity than styrene (see
Chapter 2 and 3). The AC nanotubes ability to aid in the polymerization (i.e. increase
in Mn) was also present in the PMMA like the PS, however the addition of AR
nanotubes to MMA does not act to increase the Mn, instead the Mn decreases. In the
AR composites, the PS creates n-n stacking with the nanotubes, whereas PMMA does
not possess this ability and when the two are mixed, the non-polar AR nanotubes do
not disperse well in the MMA creating a resistance to blending, therefore in this
mixture it has inhibited longer chain growth. In contrast, the AC nanotubes have polar
oxygenated species, and therefore is better at blending with the polar MMA. In
addition, the presence of the carbon nanotubes in the polymerization of MMA
decreases the level of control in the polymerization as the polydispersity increased
from 3.6 to as high as 5.77.

Sung et al®®® @ Parketalds7 £5,nd a similar trend in their work of an increased Mn
upon the addition of acid treated carbon nanotubes to the polymerization of MMA.
However, they attributed the increase in Mn as a result of the vinyl groups, present on
the carbon nanotube, consuming the radical intiator 2,2’-azobis(isobutyronitrile)

(AIBN) and therefore increasing the ratio of monomer to initiator (i.e. forming a
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higher Mn). Although in the results of Table 4. 1 this is possible with benzoyl
peroxide as the initiator, the increased Mn trend should occur for all samples and
monomers as the AR and AC nanotubes possess the vinyl groups. Contrary, Mn of
AR in PMMA has decreased, indicating that additional properties such as the
blending capabilities with the monomer must also affect the Mn.
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Figure 4. 5: Rheological results of AR and AC nanotubes in PS and PS.

The composite materials have shown that the nanotubes aid in the polymerization,
increasing the Mn and in some composites reaching higher conversions. The
nanotubes have also affected the physical properties, such as T4 and the storage
modulus. It was therefore expected that additional affects in the processability of the
material would occur. This was explored using a 25mm parallel plate ETC rheometer

setup and the results of the PS samples can be seen in Figure 4. 5. It is clear from the
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complex viscosity plot that the addition of 0.25w/w% of either AR or AC nanotubes
has a significant affect in lowering the viscosity at low shear rates and the difference
decreases with increasing shear rate. At the initial measurements of 0.1s™ the
decrease is approximately to 11% for the AR composite and to 4.5% for the AC
composite when compared to un-filled PS. At the higher shear rates this difference
decreases approximately to 30% for both the AR and AC materials of the un-filled PS
result. The rheology also demonstrates that the unfilled PS has a shear thinning effect
in contrast to filled composites behaving almost like a Newtonian fluid. Mitchell et
al®® found in their work that upon addition of the carbon nanotubes to the PS, the
complex viscosity increased, which is the opposite affect of the results found above.
However, some differences exist between Mitchell and co-workers samples to the
samples reported here. One such difference is that Mitchell’s polymer was pre-formed
before mixing, and therefore contained no trapped monomer. However, in the AR and
AC rheology tests, the operating temperature was higher than the post curing reaction
temperature (i.e. the exotherm) experienced in the DSC results, indicating that the
samples tested did not contain trapped monomer (i.e. see Figure 4. 3). This therefore
leaves the conclusion that the pre-formed polymer creates a different material to when
the composite is formed from the monomer. These two techniques would have a
difference in dispersion as the nanotubes solubility limit is higher for the styrene
monomer, than the PS polymer. Furthermore, the AR and AC in PS samples were

sonicated compared to no-sonication in the work of Mitchell and co-workers.
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Figure 4. 6: Rheological results of AR and AC nanotubes in PMMA and PMMA.

In the PMMA material, the complex viscosity difference was significantly less
than the PS material, which was expected due to the resistance to blending of the two
mediums. The complex viscosity plot of Figure 4. 6 shows an approximate decrease
to 72% for the AR composite and increase to 144% for the AC composite when
compared to un-filled PMMA. This difference decreases with increasing shear rate to
a point where viscosity is the same for all materials. The AR nanotubes are highly
non-polar and upon mixing with the polar PMMA, the material acts to lower the
viscosity, which was a similar affect seen for the AR in PS composite. The extent of
the AR composite changes is a result of the differences in polarity. The non-polar
nanotube is more easily incorporated into the non-polar PS compared to the polar

PMMA, hence the change in viscosity is higher for the PS than the PMMA. For the
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AC composite, Sung et al®**® found in their work an increase in viscosity with
increasing acid treated carbon nanotube concentration. This is similar to the results
found above as the AC in PMMA also increased in viscosity, but Sung and co-
workers used 2,2’-azobis(isobutyronitrile) (AIBN) as the initiator. This created a
matrix of a higher Mn, which is a more viscous substance; at 1% nanotube filler,
Sung obtained 110500g/mol, whereas AC in PMMA was lower at 102790g/mol.

In contrast to the AR in PMMA composite, the AC in PMMA composite
demonstrates an increase in viscosity, therefore the AC nanotubes act as a thickener
in PMMA. Previous research has shown that to thicken water, which is a very polar
liquid, the use of high viscosity polar substances such as hydrophilic polymers of

polyethyleneoxide 3%

are needed. These are used in industry and are very effective
in small concentrations. In referring to the AC composite the PMMA is acting like the
water and the highly viscous thickening agent is the AC nanotubes. Chemically the
affect has occurred due to increased hydrogen bonding effects from the carboxyl
groups on the AC nanotubes causing an increase in the viscosity of the composite.
This also explains why the affect is not seen in the AR in PMMA composite as the
AR nanotubes do not possess the hydrogen bonding due to having very little carboxyl
group functionality.

Typically in literature the complex viscosity increases when incorporating carbon
nanotubes into a polymer matrix,*®%? but this was not the case for the above results
(except for AC in PMMA). Additional affects must be interacting in the system to
lower the complex viscosity that otherwise is not seen in literature. Some of these
affecting factors could be explained by the work of Fangming et al.**® In their work

they found that a rheological percolation threshold could be reached, which was the

point where the nanotubes start to impede the flow of the polymer chains. Fangming
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and co-workers also found that the alignment and dispersion of the carbon nanotubes
also had an affect on the rheological properties. These results indicate that the above
composites had not reached the rheological percolation threshold (except AC in
PMMA), the dispersion was poor, and that some form of alignment had occurred. A
poor dispersion was expected, as previously mentioned, because un-functionalized
carbon nanotubes are well known for their limits of dispersion in various common
solvents and matrices.

A strong decrease in complex viscosity, upon the addition of carbon nanotubes to
a PS matrix, could also explain why higher Mn values were achieved in the GPC
results. This was due to lower viscosities increasing the propagating chain end
mobility, and lowering the probability of terminating reactions. Similarly, solvent is
used in living polymerizations to lower the viscosity and in turn higher Mn values are
achieved by reaching higher conversions.**

These composites must be explored further for their unique viscosity properties,
but is recommended as a future study. In this chapter they have been used as a
comparative composite for the polymer brush carbon nanotube composites explored
in the following sections.

4.4.1 Polystyrene Brushes in a Polystyrene Matrix

In section 4.3 it was found that PS composites produced by the method stated in
this chapter created a material with improved properties. These properties are
increased Mn, increased processability and higher Ty, however the material had a
lower storage modulus attributed to the nanotubes limited dispersion. To increase
dispersability and hence improve the storage modulus, polymer brush carbon
nanotubes were utilized. In these materials, the nanotube wall would no longer be a

graphene wall, but instead have been functionalized to have the same polymer chains
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as the polymer matrix, thus increasing the dispersability in the composite. For a PS
composite, m-m stacking occurs between the carbon nanotube and the PS polymer, but
with the addition of the polymer brushes the increase in architectural similarity leads
to their better interaction with the matrix and hence a uniform dispersion results. The
photograph in Figure 4. 7 is of CNT-PS (refer to Chapter 3) in PS and to the naked
eye demonstrates no aggregated particles. In addition, conductivity measurements
were performed and the results found that the percolation threshold had not been

reached for the concentrations tested (i.e. insulating material).

0.0% 0.1% 0.25% 0.5% 1.0%
Figure 4. 7: CNT-PS in PS of various w/w concentrations. The composite becomes

opaque at 0.25w/w%.

Although by appearance the limits of dispersion had not been reached, the
polymer brushes were expected to change the physical properties. Therefore the
storage modulus of the composite was measured by DMA. The results are shown in
Figure 4. 8 and shows an improvement to the previous composites of AR and AC in
PS discussed in section 4.3. In this series of experiments the composite has not
suffered a decreased storage modulus like before, but rather has shown an increased
storage modulus of at least 200MPa. The plot in Figure 4. 9 shows the relationship
between concentration and the storage modulus, and it is clear from the graph that the
most significant result comes from the 0.25w/w%. This critical concentration reflects

a peak in the storage modulus, which subsequently decreases and begins to plateau
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around 1w/w%, providing a storage modulus of 2000MPa. This trend occurred
because as the concentration of nanotubes increased, the attraction to the neighboring
nanotubes become a stronger force than the polymer brushes ability to prevent
nanotube aggregation. Hence the nanofiller condensed, creating the observed peak in
the storage modulus. The plateau that follows heads towards the storage modulus of
the original PS material because of the condensed affect, but still maintains an
improvement in the storage modulus. This indicates that at higher concentrations,
greater than 1w/w%, the storage modulus is higher than the PS material. Essentially it
is ‘like’ a limit of dispersion, but still maintains an improvement to the composites

properties.
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Figure 4. 8: DMA results of CNT-PS in PS of various w/w concentrations.
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Figure 4. 9: The storage modulus at specific temperatures and concentrations of CNT-PS
in PS. What is noticed is an increase in strength with 0.25w/w% filler concentration

obtaining the maximum.
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In contrast to literature, Frankland et al®® predicted from molecular simulations
that the strength of the matrix could be increased with only ~0.3% grafting density,
which has been supported experimentally by others with an approximate increase of
150% in the modulus with 1wt % loadings.**®*" Compared to the CNT-PS in PS it
too possessed an increased modulus, however to obtain the 150% increase in this
research only a 0.1w/w% of functionalized nanotubes was required. In addition, at
0.25w/w% the storage modulus increased by 180%, which is higher than the results

of Frankland and coworkers.

T T Exotherm "
g g _ 0 . - - *
Sample (A% run)°C) (2™ run)(°C) (110&3(:;3(3/9) (x10°) Polydispersity
0.00% 55 72 30.4 24.4 2.86
0.10% 65 77 10.6 25.0 2.76
0.25% 70 83 11.9 82.6 2.97
0.50% 65 85 25.5 28.9 3.03
1.00% 56 74 1.2 26.0 3.05

Table 4. 2: DSC and GPC results of CNT-PS in PS. "Mn and polydispersity is the PS
matrix, PS calibration.

From the DMA curves seen in Figure 4. 8, the Tand peak depicts the Ty, which
shows a T4 around 70-75°C for all materials. To verify this DSC was performed and
the results can be seen in Table 4. 2. In the first heating the T of PS is 55°C, which is
increased upon the addition of the CNT-PS; the greatest increase was to 70°C for the
0.25w/w% and the smallest increase was to 56°C for 1w/w%. Upon second heating
and hence the removal of the unreacted monomer (i.e. the post curing reaction), the
same trend is observed, but occurs at higher temperatures with the PS increasing to
72°C and even higher for the CNT-PS composites. This supports the concept that the
unreacted monomer acts as a plasticizer, previously seen in the AR and AC in PS
composites. It is important to note that the values of the DMA Tys are comparable

with the DSC Tgs during the second heating ramp. In the DMA results, the heating
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rate is significantly lower than the DSC rate, giving time for the monomer to
evaporate or react and hence depicts a Ty of an un-plasticized PS composite. In the
second heating of DSC the monomer has been removed (i.e. the exotherm or the heat
of post curing polymerization) and hence this too depicts a T4 of an un-plasticized PS
composite, hence the similarities to the DMA. Furthermore, the presence of trapped
monomer in a sample after a DMA run was not detected by NMR, which supports the
findings that the Ty is of an un-plasticized polymer.

Increases in Ty can also reflect an increase in Mn, which was observed in the GPC
results (Table 4. 2). The PS material has an Mn of 24,400g/mol and increases by a
few thousand upon the addition of the CNT-PS, which indicates that the polymer
brush carbon nanotubes aid in the polymerization, also seen in the AR and AC
composites. One particular result is very unique with an Mn of 82,600g/mol for
0.25w/w% and indicates an optimum concentration. This was also the material that
exhibited the highest storage modulus and is thought to be the critical point where the
CNT-PS gives the greatest affect. In addition, like the previous materials of AR in PS
and AC in PS, no loss of polymerization control was experienced; the polydispersity
remained relatively constant. Furthermore, these results support the concept that the
Mn does not increase solely due to the carbon nanotube consuming the vinyl groups,
thus altering the ratio of initiator to monomer (i.e. previously thought by Sung et al**®
and Park et al®"). This is an improbably affect in the composite as the nanotubes
surface is coated in PS, protecting any vinyl groups on the nanotubes surface from

reacting.
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Figure 4. 10: Complex viscosity plot of CNT-PS in a PS matrix. The graph shows a

decrease in viscosity upon adding as little as 0.10w/w% of CNT-PS.

In section 4.3 a decrease in the complex viscosity was observed upon the addition
of carbon nanotubes to the PS matrix. This decrease was also observed for the CNT-
PS composites and the rheological plots can be seen in Figure 4. 10. At the low
angular frequencies the data plots demonstrate a decrease to 4.5% in the complex
viscosity for all concentrations except 1w/w% with a decrease to 11% when
compared to un-filled PS (i.e. difference due to limited solubility). This difference
becomes less significant as the angular frequency increases due to a shear thinning
effect of the PS and the filled composites almost acting like a Newtonian Fluid. When
comparing this plot with Figure 4. 5, which is the complex viscosity versus angular
frequency plot of AR and AC in PS, there is a strong similarity between them. The

curve of AC in PS has the same complex viscosity trend as the CNT-PS in PS, except
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the 1w/w% composite matching the AR in PS composite. This affect has occurred
because although the surface of the carbon nanotube is now functionalized, the PS
brushes are composed of aromatic rings, which are architecturally similar to the PS
matrix thus increasing the limit of dispersion.*®® It was therefore expected that the
processability would not change significantly compared to the AC or AR in PS
composites, which appears to decline only when the concentration exceeds 1w/w%
(i.e. approaching the limit, but still produced an increase in processability).
Furthermore, the limit of dispersion has increased beyond 1w/w% as an increase in
storage modulus was observed in the DMA results. The PS brushes on carbon
nanotubes also do not disrupt the processability, which further supports the concept
that they are a better filler than AR or AC nanotubes.

The composite so far has shown remarkable properties, providing an increased
storage modulus, and an increase in processibility, but when the composite is
moulded into a specific form using shear forces, the carbon nanotubes collide and
could start to aggregate. For this reason an optical rheometer was used to model the
affect of shear forces. This work utilized an optical microscope to observe the
dispersed nanotubes. A series of images from the machine can be seen in Figure 4.
11, which clearly shows the filler is evenly dispersed within the matrix and remains
evenly dispersed after shear forces have been applied. A previous study by Ma et
al®* showed that upon applying shear forces to a composite of MWCNT in an epoxy
matrix the formation of ribbons occur, which are also described as helical bands.
These helical bands formed because of increased inter-particle collision, which is
otherwise known as orthokinetic aggregation.®”® Studies with colloidal suspensions
have also shown this property and is seen as an unfavorable trait as the end product

does not have an even dispersion.>’*" It occurs because as the nanotubes collide
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they become interlocked with one another and gradually grow in size as they collect
more nanotubes. The key property of the CNT-PS filler that prevents this from
happening is the polymer brushes ability to repel the other nanotubes, lowering the
aggregation forces and hence once they collide, no interlocking occurs. The fact that
the dispersion is maintained demonstrates an improvement in the field of intricate
molding, where otherwise the build up of aggregated nanotubes would occur during

processing, forming weak points in the structure.

Increase in time

Before Forces

> After

Figure 4. 11: Optical rheology of 0.25w/w% CNT-PS in PS with 100s™ shear rate,
downward forces. The images show that the dispersion is maintained after shear forces
have been applied.

4.4.2 PMMA Brushes in a PMMA Matrix

In section 4.4.1, CNT-PS were used as a filler in a PS matrix. This material had
improved properties, which were mainly attributed to the architectural similarities
between the polymer brush carbon nanotube and the polymer matrix. In this section
the effect of PMMA polymer brush carbon nanotubes on the properties of a PMMA
composite material was studied.

To observe the production of any optically sized bundled nanotubes, the
composites were photographed on a light table (Figure 4. 12). Clearly seen is a
decrease in optical transparency as the concentration of CNT-PMMA increases,
which becomes completely opaque at 0.5w/w%. At 0.1w/w% the composite already
shows visible signs of aggregation, which was previously not seen in the CNT-PS in

PS composite material (Figure 4. 7). In addition, the presence of aggregation is an
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indication that the properties of the composite may not improve upon the addition of

the CNT-PMMA filler into a PMMA matrix.

Figure 4. 12: CNT-PMMA in PMMA (left to right — 0.00, 0.10, 0.25, 0.50, 1.00w/w%).

To verify the above statement DMA was performed on the composite materials to
determine the CNT-PMMA affect on the storage modulus. As can be seen in Figure
4. 13 the composite does not show an improvement in the storage modulus. The
initial un-filled PMMA matrix shows a storage modulus of 3100MPa, which
subsequently begins to decrease upon the addition of the filler with the greatest
decrease for 1w/w% to 2500MPa (i.e. at 0°C). This decrease can clearly be seen in the
plot of storage modulus versus specific temperature and concentration (Figure 4. 14).
In this graph, as the concentration increases the storage modulus decreases, however a
localized peak develops at 0.5w/w%, which has occurred due to similar interactions
seen between the CNT-PS in PS material. In the PS material architectural similarity
increased the storage modulus and peaked at 0.25w/w%. This peak was the attraction
to the neighboring nanotubes becoming stronger than the polymer brushes ability to
repel them, and hence the nanofiller was condensed creating adverse affects.
Comparing this phenomenon to the PMMA material, the architectural similarity is
strong between the brushes and the matrix, however the similarity between carbon
nanotubes and the brushes is low, causing the decrease in storage modulus when
compared to un-filled PMMA. However, compared to the AC in PMMA (i.e. Figure

4. 2, and 0.1w/w% and 0.5w/w% of AR in PMMA), the CNT-PMMA in PMMA
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composites are stronger for concentrations less than 0.5w/w%, which was due to the
polymer brushes. In addition, the 0.5w/w% was the critical concentration where the
carbon nanotube forces of attraction and repulsion were balanced (i.e. the localized
peak). These results indicate that the PMMA polymer brushes of the CNT-PMMA
sample show an increase in the carbon nanotubes limit of dispersion in a PMMA
matrix, but more research is required to increase the limit of dispersion further so that

the composite is stronger than un-filled PMMA.
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Figure 4. 13: DMA results of CNT-PMMA in PMMA of various w/w concentrations.
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Figure 4. 14: The storage modulus at specific temperatures and concentrations of CNT-

PMMA in PMMA. The graph exhibits an overall decrease in strength.
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Previous research found that to obtain a 150% increase in the modulus a 1wt%
loading was required.®*3"* However, the CNT-PS in PS increased by 150% at only
0.1w/w% achieving the greatest result at 0.25w/w% (i.e. ~180%). In the CNT-PMMA
in PMMA, the 150% increase in the modulus was not achieved, but literature has
shown with post processing a nanotube PMMA composite can increase with as little
as 1wt% loading (i.e. 167% increase)?'® and as high as 10wt% loading (i.e. 137%).%"
This indicates that with post processing the storage modulus would increase, and due
to the polymer brushes presence achieve stronger results at lower concentrations.
Furthermore, longer polymer brushes would aid in increasing the architectural
similarity, and entanglement with the matrix, which would help to increase the carbon
nanotubes limit of dispersion.

From the DMA curves in Figure 4. 13 the Tand peaks determined the Ty to be
105°C for PMMA and increased to a maximum of 115°C for 0.25w/w%. DSC was
used to verify these results and to determine the heat of post curing that formed due to
the release of trapped monomer in the composite. The Table 4. 3 shows the results of
the thermograms for the first and second heating. The Tys determined by DSC are
very similar to the Ty results obtained by DMA with 105°C for the PMMA, which
increased to 119.38°C for 0.25w/w% and 1.00w/w%.

In the first heating run, an exotherm forms in the DSC thermogram, which is the
heat of the post curing reaction. Upon addition of the CNT-PMMA the exotherm
decreases from 8.26J/g (i.e. un-filled PMMA) to 5.34J/g for 0.10w/w% and further to
0J/g for higher concentrations. The reduction of the exotherm was previously seen in
Table 4. 1 of AR and AC in PMMA, which was attributed to the nanotubes ability to
aid in the polymerization. This exotherm is not detected for 0.25w/w% and higher

concentrations, which means no trapped monomer was found. In these cases the

Page 151



CNT-PMMA must act as an efficient means to aid the polymerization so that no
trapped monomer is formed. In addition, the T4 of the CNT-PMMA in PMMA is
higher than the addition of AR, AC or no nanotubes. CNT-PMMA therefore is acting
as a re-enforcing agent in the PMMA matrix, which is a similar affect to that
observed in the CNT-PS in PS composite. Furthermore, this affect was observed in
Chapter 3 as the polymer brush nanotubes also exhibited a higher Ty (i.e. when not in
a polymer matrix). This was attributed to the nanotubes ability to reduce chain

mobility®°

as well as the n-m stacking capabilities between the nanotube and the
aromatic polymers.*”’

Upon second heating the Ty of all the PMMA composites (i.e. with and without
CNT-PMMA) decreased, which correlated to the removal of trapped monomer, as
previously seen in section 4.3. However the 0.25w/w% and higher concentrations do
not possess an exotherm and hence no trapped monomer. For these materials a
decrease in the T, was observed due to a re-organization of the polymer chains when

heated above the Tq. This therefore means the removal of excess monomer and/or

heating above the T, causes the T, to decrease.

T T Exotherm
Sample g g 110-180°C)(J/
p (1St run)(OC) (2nd run)(Oc) ( (1st run;( g)

0.00% 105.77 104.04 8.258
0.10% 109.83 103.75 5.343
0.25% 119.38 111.56 0

0.50% 118.80 104.04 0

1.00% 119.38 104.62 0

Table 4. 3: DSC results of CNT-PMMA in PMMA.
The Ty was not the only property to decrease, as the rheometer measurements
showed a decrease in complex viscosity. In section 4.3 the addition of AR nanotubes
decreased the complex viscosity, however when the AC nanotubes were used as a

filler it acted to thicken the composite mix due to polar interactions.®**3% The results
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of the CNT-PMMA in PMMA, presented in Figure 4. 15, show no evidence of
thickening, instead at low angular frequencies the complex viscosity decreased to
approximately 59% and to as low as 40% for 0.25w/w% when compared to unfilled
PMMA. This change from acting as a thickening agent has occurred due to the loss of
carboxylic acid groups on the nanotube. The once polar nanotube, aiding in restricting
flow, has had its carboxylic acid groups replaced with long PMMA chains that mimic
the free polymer chains surrounding it. This results in the CNT-PMMA acting very
similar to the AR filler in processability, but can possess a stronger storage modulus

and a higher Ty than AR in PMMA.
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Figure 4. 15: Complex viscosity plot of CNT-PMMA in a PMMA matrix. The viscosity

decrease approximately by half upon adding as little as 0.10% of CNT-PMMA.
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The large change in rheological properties indicates that the percolation threshold
is higher for the polymer brushed carbon nanotubes compared to the AC nanotubes
due to a decrease in the interfacial tension (i.e. the loss of carboxylic acid surface
functionality). Similarly to literature, Gelves et al*"® found using copper nanowires
functionalized with 1-octanethiol that the rheological threshold could be increased by
decreasing the interfacial tension between the nanowire and the polymer matrix.

4.5 PHEMA Brushes in a PHEMA and a PMMA Matrix

In the previous section the filler used had un-cross-linked polymer chains
produced by ARGET ATRP. In this section, the filler has been replaced with CNT-
PHEMA that can contain some cross-linkages, and is dispersed into a PHEMA matrix

that can also cross-link."

A PMMA matrix was also investigated due to the large
similarity in chemical structure.

The research on the CNT-PHEMA was performed so a comparison could be made
between a free radical polymerization (FRP) and a controlled radical polymerization
(CRP) filler. The results of the CRP filler (CNT-PS and CNT-PMMA) has shown
increased processability, and with a high architectural similarity, the storage modulus
also increased. The FRP was investigated to determine if these properties are a result
of the polymerization technique employed or if it is due to the addition of a CRP

polymer brushed nanotube; a CRP polymer brush nanotube contains linear chains

unlike the cross-linked FRP polymer brush nanotube.

0.0% 0.1% 0.25%  0.5% 1.0%

Figure 4. 16: CNT-PHEMA in PHEMA of various w/w concentrations.
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0.1% 0.25% 0.5%

Figure 4. 17: CNT-PHEMA in PMMA of various w/w concentrations.

0.0%

In the photographs of Figure 4. 16 and Figure 4. 17, it is clear that the CNT-
PHEMA disperses better in the PHEMA matrix rather than the PMMA. This was due
to the CNT-PHEMA filler having a higher polarity than PMMA, which comes from
the hydroxide groups along the polymer chain. Further investigation using microtome
slices of the matrix in transmission electron microscopy (TEM) found that the CNT-
PHEMA were more abundant in the lower portion of the matrix (Figure 4. 18). This
demonstrated that the CNT-PHEMA did not disperse well in the monomer/MMA and
hence settled by gravity before the polymer matrix was formed. The end result is a
material with a concentration gradient of filler that creates different physical
properties to the lower and upper portions of the matrix (i.e. heterogeneous
composite). This was a similar result to that found by Li et al.*® In their results they
found that some of their nanotube-ester products did not disperse well in a
polysulfone matrix and hence settled out by gravity. This created varying degrees of
electrical properties through the composite as well as across the two surfaces (i.e.
bottom and top). Relating to the CNT-PHEMA in PMMA, this therefore indicates

that varying properties across and through the composite might be expected.
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Figure 4. 18: Microtome TEM images at the top (left) and at the bottom (right) of CNT-
PHEMA in PMMA. Due to the limited solubility in PMMA the filler aggregates and
settles out by gravity.

The CNT-PHEMA in PHEMA showed a lesser degree of limited dispersion than
when it was in PMMA. The 0.1w/w% filler loading of Figure 4. 16 does show some
visibly sized aggregated particles, but as the concentration increases the uniformity of
the filler appears to increase. This was associated to higher concentrations creating a
greater supportive network for the cross-linked nanotubes and the PHEMA’s

capability to change its polarity by chain rearrangement;

evenly spaced filler due to
equal forces of attraction and repulsion to the other nanotube-polymer chains. Too
low a concentration favors aggregation and the nanotubes within the single polymer
chain come together, while higher concentrations favors relaxation of the filler with
PHEMA chain rearrangement, and hence the nanotubes in the chains stretch outwards
to neighboring nanotubes/filler creating a better dispersion. It is important to note that
this phenomenon only occurred in the CNT-PHEMA and not the CNT-PS or CNT-
PMMA as their chemical structure is different containing only one nanotube per
chain, compared to many nanotubes per chain in the CNT-PHEMA. Furthermore,

microtome slices of the CNT-PHEMA in PHEMA of the top and bottom showed no

identifiable difference in nanotube concentration (i.e. has not settled by gravity). This
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indicates that the CNT-PHEMA in PHEMA will exhibit different properties to the

heterogeneously dispersed CNT-PHEMA in PMMA.

3500 - 4000

—_— = 0.00% + Storage Modulus at -20C
—_— = 0.10% m Storage Modulus at 0C
3500 A Storage Modulus at 25C
20007 # Storage Modulus at 50C
*
3000 u +
_ 2500 _ + ‘ |
g £ " i
= = 2500 A
;’ w ‘ A
&£ 2000 4 3
= =
3 S 2000 1 ®
2 = ® ® [ ]
o 1600 4 o
g £ 1500 -
2 2
o 2]
1000 4 o
500 + 500 4
0 T y T T T T 0 y J
-20 0 20 40 60 80 100 120 140 0 0.5 1
Temperature (°C) wiw% of CNT-PHEMA

Figure 4. 19: DMA results of CNT-PHEMA in PHEMA, which demonstrates an overall
decrease in the strength, however a localized peak occurs for 0.25w/w%.

As the composite of CNT-PHEMA in PHEMA aggregates at low concentrations
and disperses in high concentrations the storage modulus should increase at the
critical point. DMA was performed on the composites of CNT-PHEMA in PHEMA
and CNT-PHEMA in PMMA to observe this change. Figure 4. 19 shows the CNT-
PHEMA in PHEMA curves and it was clear to see that upon addition of the filler the
storage modulus decreased, but then increased. This was to be expected as poorly
dispersed fillers degrade the storage modulus and well dispersed fillers can increase
the storage modulus. Referring to Figure 4. 16, the 0.1w/w% composite is poorly
dispersed and the 0.25w/w% composite is well dispersed corresponding to decreased
storage modulus and increased storage modulus, respectively. As the concentration
increased further, the strength of the modulus lowered, indicating the effective
concentration had been reached with the production of the condensed affects (i.e.

aggregation forces were stronger than repulsion forces). This same trend was
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observed for the CNT-PS in PS (Figure 4. 9), except the introduction of the CNT-PS
filler in PS is favored creating an overall positive affect when compared to the un-
filled PS. In addition, both localized peaks occur at 0.25w/w%, which could reflect a
nanotube polymer brush optimal concentration that relates to the volume it occupies.
Further studies on different monomers are required to determine the validity of this
concept.

DMA curves of Figure 4. 20 show a similar trend to that observed in Figure 4. 14,
which is of CNT-PHEMA in PMMA and CNT-PMMA in PMMA, respectively. This
decreasing trend on the storage modulus was expected due to the presence of visibly
sized aggregates, as observed in Figure 4. 17, which was a result of the architectural
dis-similarity between PHEMA and PMMA. Although the main difference between
PMMA and PHEMA is a hydroxyl group, Holly et al®* found in their work that
PHEMA possesses an ability to increase or decrease its polarity by the reorientation
of the polymer side chains, depending on the nature of the adjacent phase. However,
in this material the phenomenon experienced by Holly and coworkers must be
retarded by the large nanotubes in the polymer brush chains, as the PHEMA would
otherwise adjust the polarity to disperse the nanotubes uniformly in the PMMA.
However, the results of section 4.4.2 suggested that post processing the PMMA
composites would increase the storage modulus and is suggested as future work.
Furthermore, the localized peak of the CNT-PHEMA in PHEMA, presented in Figure
4. 19, corresponds to the increase in dispersion upon the 0.25w/w% loading, observed
in the photograph of Figure 4. 16. These changes in the DMA and the observable
dispersion further supports the concept that the CNT-PHEMA in PHEMA can

disperse more easily at concentrations between 0.25w/w% to 1w/w%. This was
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associated to the affect seen by Holly and coworkers, and the architectural similarity

between brush and matrix.
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Figure 4. 20: DMA results of CNT-PHEMA in PMMA. These results show an overall
decrease the in strength of the material with the greatest decrease for 1.00w/w%.
The T4 of the composites were determined from the DMA Tand peaks, which

showed that when the CNT-PHEMA was in PHEMA the Ty decreased and in PMMA
it was unchanged (exception of 0.5w/w%). DSC analysis complimented this and the
results can be seen in Table 4. 4 and Table 4. 5. The CNT-PHEMA in PHEMA
decreased by approximately 40°C upon the addition of the filler, but after the second
heating run the Ty fluctuated about the un-filled PHEMA Tg. This is similar to the
other composites presented in this chapter and was associated to a loss of trapped
monomer in the first heating. However, in the un-filled PHEMA when the trapped
monomer was removed the Ty remained constant. An affect such as this would
indicate that the un-filled PHEMA matrix is already a very rigid structure, which
strengthens the concept that the un-filled PHEMA is highly cross-linked as
determined in chapter 3.%%? In addition, the filled PHEMA composites do not exhibit
an exotherm, which verifies that the trapped monomer is not the only property to
affect the Ty The increase occurred due to relaxation/reorientation of the matrix

polymer chains when heated to high temperatures; the free volume lowered in the
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polymer chain re-organization, increasing the T4. This indicates that the filled
PHEMA matrix was cross-linked to a lesser extent when compared to un-filled

PHEMA, as the matrix polymer chains had some freedom for reorientation to occur.

Exotherm
Sample T, (1*run)(°C) T, (2™ run)(°’C) (110-180°C)(J/g)
(1% run)
0.00% 105.6 105.6 4.2
0.10% 65.0 109.0 0
0.25% 62.4 101.9 0
0.50% 60.9 104.9 0
1.00% 58.7 108.6 0
Table 4. 4: DSC results of CNT-PHEMA in PHEMA.
Exotherm
Sample T, (1*run)°’C) T, (2™run)(°C) (110-180°C)(J/g)
(1% run)
0.00% 105.77 104.04 8.258
0.10% 111.27 103.17 0
0.25% 114.70 102.89 0
0.50% 111.56 104.04 3.895
1.00% 108.96 102.01 3.109

Table 4. 5: DSC results of CNT-PHEMA in PMMA.

The results of CNT-PHEMA in PMMA showed for the first heating the same
trend as seen in Table 4. 3 (CNT-PMMA in PMMA), but in the second heating run
the T, of all the concentrations decreased to approximately 103°C. This was attributed
to the removal of trapped monomer, but as 0.10w/w% and 0.25w/w% do not possess
an exotherm it suggests relaxation/reorientation of the composites occurred as well.
This could indicate that in all of the composites, a change in the Ty could be a
combination of the removal of trapped monomer and relaxation/reorientation of the
polymer chains.

Literature concerning PHEMA composites found that the Ty increases when
paired with an equally polar substance. Caykara et al*®® found in their work that upon

the addition of silica particles to a PHEMA matrix the T, increased by 26°C
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regardless of the concentration. This was attributed to a decrease in mobility of the
chains near the filler particles. Mohomed et al®** found that when they dispersed
[(DMSO)(methanol)Cu,(benzene-1,3-dicarboxylate-5-OH);]1» nanoballs into
PHEMA, the Ty increased due to similar reasons that Caykara and coworkers found.
In this work, the CNT-PHEMA composites did not experience an increase in the Ty
as carbon nanotubes are not an equally polar substance to the PHEMA matrix.
However, as the PHEMA can adjust its polarity by chain reorientation,®®! the
PHEMA brushes should have counteracted the nanotubes presence. This indicated
that the structure of the polymer brushes were cross-linked, which hindered this
affect.

In the previous sections, the composites containing nanotubes or polymer brush
nanotubes decreased the viscosity upon the addition of the filler, but in AC in PMMA
an increase occurred due to hydrogen bonding, which retarded the polymer flow. A
similar affect was observed for the CNT-PHEMA in PHEMA, as evident from the
rheology curves of Figure 4. 21. These plots show an increase in viscosity to
approximately 119% when compared to the un-filled PHEMA, but for 0.25w/w% the
complex viscosity is the same as the un-filled PHEMA. Comparing these results to
the photograph of Figure 4. 16 the 0.25w/w% concentration is also the point when the
filler becomes evenly dispersed, which occurred due to a structural expansion of the
filler and also coincides with the localized peak of the DMA results. As in this
concentration the filler is more out stretched the affect of the filler does not act as a
thickening agent. Instead the CNT-PHEMA has been more easily incorporated into
the mix and as a result the matrix is unchanged. However, increasing the
concentration changed the volume which the filler could occupy, creating the

condensed affects and increasing complex viscosity. Similarly El-Tahlawy et al*®*
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found in their work that upon the addition of chitosan-PHEMA, the viscosity

increased.
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Figure 4. 21: Complex viscosity plot of CNT-PHEMA in a PHEMA matrix.

The rheological plots of CNT-PHEMA in PMMA (Figure 4. 22) showed different
results to the CNT-PHEMA in PHEMA. This is because the filler is not evenly
dispersed, and the matrix is weaker in its hydrogen bonding capabilities. Previously
hydrogen bonding was found to increase the complex viscosity (i.e. AC in PMMA)
and hence the filler acted like a thickening agent. In this case the strength of hydrogen
bonding between the two mediums is not as strong and the filler acts to decrease the
complex viscosity. All concentrations showed some increase in processability, with
0.25w/w% complex viscosity decreasing approximately to 50% at the low angular
frequencies (note: 0.50w/w% complex viscosity is higher at low angular frequencies

and lower at high angular frequencies when compared to the un-filled PMMA). These
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changes showed no observable trend, but overall a decrease in the complex viscosity

occurred.
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Figure 4. 22: Complex viscosity plot of CNT-PHEMA in a PMMA matrix.

4.6 Pyrene-Polystyrene brushes in a Polystyrene Matrix

Pyrene-PS was used previously to model the effects of growing polymer brushes
on carbon nanotubes. This work was extended further to a Pyrene-PS in PS composite
to determine the affect it would have on the PS. As the CNT-PS is similar in chemical
structure, similar changes in the properties were expected, but does possess one
structural difference. The Pyrene-PS possesses one polymer chain to every one
pyrene group, whereas the CNT-PS has many polymer chains to every one nanotube.
This ultimately changes the effective volume the filler occupies and greatly increases

the limit of dispersion.
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Figure 4. 23 is a photograph depicting the increasing concentration of the Pyrene-
PS in PS. What is observed is no change in its transparency when previously the
addition of polymer brush carbon nanotubes resulted in visibly sized aggregates or
semi to complete opaque composites. Although the filler appears uniformly dispersed
there is no visual change to verify the finding. However, work in this chapter has
indicated that measurements using DMA, when the filler was poorly dispersed, would
result in a decrease in the storage modulus, due to it acting like an impurity. What
was found from this research is that the DMA curves of Figure 4. 24 do not show a

decrease, but instead show an increase in the storage modulus. This indicates that an

even dispersion was formed in the composite.

Figure 4. 23: Pyrene-PS in PS.

The plot of Figure 4. 25 examines the DMA curves more closely in relation to the
filler concentration. What can be seen is an increase in concentration, creates an
increase in storage modulus. Within the first 1w/w% of filler addition to the
composite there appears to be a steady increase until a maximum is reached. As there
appears to be no limit of dispersion this maximum could be the storage modulus of
pure Pyrene-PS and would become more evident with significantly higher
concentrations of the filler. Overall the storage modulus increased to a maximal 130%
with the addition of 1w/w% Pyrene-PS, which showed no sign of it acting as an

impurity.
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Figure 4. 24: DMA results of Pyrene-PS in PS of various w/w concentrations.
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Figure 4. 25: The storage modulus at specific temperatures and concentrations of
Pyrene-PS in PS. What is noticed is an increase in strength with increasing filler
concentration.

Comparing these results to the CNT-PS in PS a localized maximum occurred at
0.25w/w%, which was associated to the limit of dispersion and was not observed in
the Pyrene-PS in PS. This difference occurred due to the presence of the carbon
nanotubes and ultimately the chemical structure. In the case of the CNT-PS it
occupied more volume and had stronger m-m stacking capabilities, but the most

significant property was the transference of mechanical strength. The carbon
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nanotube on its own possesses a very high mechanical strength,*®® but the pyrene
does not possess an equal strength and as a result the greatest storage modulus
increase observed was 180% at 0.25w/w% and 130% at 1w/w% for CNT-PS in PS
and Pyrene-PS in PS, respectively (i.e. a 500MPa difference). This demonstrates that
the CNT-PS is a better filler due to the lower concentrations required for a greater
storage modulus improvement. This also indicates in conjunction with the results of
Figure 4. 2 (i.e. AC in PS composite) that the polymer brushes are covalently
attached. If they were not attached they would disperse during the matrix
polymerization and the nanotubes would decrease the storage modulus due to their

limited dispersibility.

Exotherm
Sample Ty (2% run)(°C) T, (2" run)(°C) (110-180°C)(J/qg)
(1% run)

0.00% 55 72 30.4
0.10% 87.83 94.49 5.066
0.25% 84.36 90.72 2.184
0.50% 85.22 95.64 1.926
1.00% 86.67 93.91 0

Table 4. 6: DSC results of Pyrene-PS in PS.

The results of the DSC, presented in Table 4. 6, demonstrated a similar trend to
that observed for the CNT-PS in PS (see Table 4. 2). In the previous results, upon
addition of the CNT-PS fillers the T, generally increased by 10°C, however in the
Pyrene-PS filled material a larger increase in the Ty was observed. In the first run the
Pyrene-PS in PS composites increased by approximately 30°C, which is three times
greater than the CNT-PS in PS. The reason for this increase is obviously due to the
absence of the carbon nanotube, as the Pyrene-PS, being smaller than the MWCNT,
significantly decreases the free volume in the PS matrix and hence increases the

observed T,.**°
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Further study of the DSC results in Table 4. 6, found that the heat of the post
curing reaction was lower for the Pyrene-PS. This is obviously associated to the
release of trapped styrene monomer, but indicates that Pyrene-PS is a better filler than
CNT-PS in a bulk polymerization (see section 4.4.1). In addition to this finding,
comparing only the results of the second heating, it is clear that the T4 does increase
upon the addition of either filler. For the CNT-PS filler this increase does not
significantly change the Ty, but the Pyrene-PS increases the Ty by a minimum of
18.72°C. This difference is not associated to trapped monomer as it was vaporized in

the first heating and so these results are solely due to the filler acting only on the PS

matrix.
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Figure 4. 26: Complex viscosity plot of Pyrene-PS in a PS matrix. The graph shows an

increase in processability upon adding as little as 0.10w/w% of Pyrene-PS.
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As previously found in section 4.4.1 the presence of the CNT-PS significantly
increased the processability with an average decrease in complex viscosity to 4.5%
when compared to the un-filled PS. In comparison to the Pyrene-PS the average
decrease in complex viscosity was to 36%, except 0.50w/w% decreasing to 16%,
when compared to un-filled PS. However, results from section 4.3 found AR in PS to
have the same decrease in complex viscosity as the CNT-PS (i.e. 4.5%). From these
results it is clear that the nanotube is a vital component in significantly reducing the
complex viscosity, and the presence of the polymer brushes aid in increasing the limit
of dispersion.

4.7 Conclusion

The results of this chapter indicate that the carbon nanotube is an excellent filler
for a composite material, however due to the chemical structure and hence the limit of
dispersion, it often leads to an increase in properties of one characteristic and a
corresponding decrease in another. Typically this was an increase in processability,
which resulted in a decrease in the storage modulus. To combat this, polymer brushes
were covalently attached to the carbon nanotube to increase the nanotubes
architectural similarity with the polymer matrix.

Polymers such as PS, PMMA, and PHEMA were produced and generally the
properties of the PS material gave better results due to the presence of the aromatic
groups (i.e. m-w stacking capabilities). The methacrylate polymers did not possess -1t
stacking capabilities, but experienced greater affects due to a difference in polarity
between the nanotube and the polymer. This led to a decrease in the storage modulus
of the PMMA and PHEMA composites, but did not affect the T4 of the materials and
still produced an increase in processability in the PMMA composites. Furthermore,

localized peaks in the DMA results often occurred at the low concentrations and
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indicated, in the PS composites, an optimal concentration for the CNT-PS to be most
affective.

In comparison to PS, the model system of Pyrene-PS did not exhibit a limit of
dispersion for concentrations less than 1w/w%. The results showed that the storage
modulus continued to increase with increasing concentration to a final increase of
130% for 1w/w%. In addition, the T increased by approximately 20°C and the
complex viscosity decreased to 36%. These property changes were very similar to the
CNT-PS composites, but a limit of dispersion was reached at 0.25w/w%. This did not
create an issue as at 0.25w/w% the increase in the storage modulus was 180%, which
was 500MPa greater than that experienced with Pyrene-PS. In addition, the
processability also increased more than the Pyrene-PS. Overall the nanotube played
an important part in increasing the storage modulus and increasing the processability
that was not matched by the Pyrene.

Ultimately the carbon nanotube was found to be an affective filler. However,
polymer brushes are required and to observe the greatest enhancements, aromatic
groups within the chains are essential. This helps in fostering its strengths into the

matrix due to the n-7 stacking capabilities.
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5. FORMATION OF BLOCK COPOLYMER
MICRODOMAINS AND HYBRID MATERIALS

(NANO SIZED)

Preface

This chapter details the procedures employed to obtain successful di-block

copolymer lamellae and hexagonal cylindrical phase segregation. The

technique was altered to include the polymer brush carbon nanotubes and the

final orientation of the nanotubes were determined.
5.1 Introduction

Block copolymers, with contiguous sequences, sufficiently incompatible,
spontaneously self-assemble in order to minimize interactions between incompatible
components. Depending on the structure considered, the block copolymers and the
incompatible segments could have a different contrast such as compositional contrast
(i.e. hydrophilic/hydrophobic, polar/non-polar, etc...). The chemical link between
different blocks prevents phase separation in macroscopic length scale and the phase
separation leads to regular structures with periodicity in the nanometre range, whereas
dilution with solvent produces highly associated, but disordered phases. Depending
on the composition of the block copolymers and the interaction between constituent
segments, different packaging (i.e. spherical, cylindrical, gyroid, lamellae) and
morphologies of typical domain size in the nanometre range emerge.**’

The clever manipulation of this architectural contrast and self-organization has
lead researchers to create different nanomaterials with various applications in
nanotechnology. The cylindrical packing phase has received considerable interest in

the generation of nanoporous templates or in the generation of cylindrical pillars. This
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was achieved by chemical etching,**®**° UV-cleavage,**** and thermal cleavage®®
of the second block with subsequent washing for its removal.

In this work hexagonal-packed cylindrical and the lamellae phase of PS-b-PMMA
was used as a template for exploring the alignment of carbon nanotubes on a silicon
wafer surface.

In order to achieve perpendicular orientation of block copolymer phases on a
silicon wafer surface, previous research by Xu et al*** found that a neutral surface
was required, otherwise one of the blocks align preferentially to the surface and a
parallel orientation would result. Mansky et al**® found that a random/statistical
copolymer tethered to the surface could create a neutral surface and hence formed the
perpendicular orientation.

However, due to the high viscosity of block copolymers the formation of the
phases do not occur unless the temperature is raised above the order-disorder
transition (ODT) temperature for long periods of time. This is typically above the
glass transition temperature (T4) as the polymer segments can move more freely and
segregate themselves to lower the entropic forces; the copolymer block junctions

align at the phase boundaries in the lowest energy form (see Figure 5. 1).*%°
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Figure 5. 1: The block copolymer junctions aligning at the phase boundaries and the

orientation of the domains as the block copolymer is brought into the ordered phase. **°
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Literature to date has not combined the two fields of carbon nanotubes with block
copolymers, except in patterning a surface with catalytic particles for the generation
of chemical vapor deposition (CVD) nanotubes.>***%® This chapter therefore explores
for the first time the merging of the two fields in an effort to explore the nanotube’s
orientation in a cylindrical phase melt.

Some difficulties arise in merging the two materials as their surface energies do
not match and the nanotubes tend to aggregate.**® To combat this in a “30/70”
hexagonal cylindrical phase melt, a polymer brush of the “30” polymer was used to
create the composite. The “30” polymer was targeted specifically as the cylindrical
morphology it creates is similar to that of a carbon nanotube and hence will not
interfere with the long range ordering of the polymer cylinders. Furthermore, in the
polymer melts effort to lower the entropic forces the polymer brush carbon nanotube
will have an affinity to orient within the *“30” phase, which is orientated
perpendicularly to the surface, making the “70” polymer the supportive matrix.

Using the results of the previous chapters, it is clear that a polymer brush of PS
will be more suited for this application. As seen in Chapter 4 the CNT-PS disperses
better than the CNT-PMMA, due to the PS n-n stacking capabilities to the carbon
nanotube enhancing the dispersion properties. This makes the CNT-PS ideal for this
application, as a CNT-PMMA would be attracted to the PMMA phase, but as the
carbon nanotube is still present in the core of the structure, it could express some n-n
stacking capabilities and still have an affinity to enter the PS domain. This would
ultimately interfere with the melt and it is probable that no segregation would occur.

Previous research has shown that when surface functionalized nanoparticles are

mixed into a block copolymer phase melt, the nanoparticle position could be
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controlled.**” Compared with carbon nanotubes, the nanoparticle is very small and
hence could require stronger forces than what the polymer segregation can provide.
Foreseeable applications of this composite are, but not limited to, conductive
materials, solar cells, and membranes. A perpendicular alignment is particularly
favored as the carbon nanotube could traverse both the top and bottom interface of the
thin film. This would create a channel for electrons to pass through the composite (i.e.

398

ballistic transport through the nanotube and hence conductive)®™" or a small molecule

39 in desalination membranes.

such as water
5.2 Synthetic and Preparation Procedures
Materials

Styrene and MMA was dried over calcium hydride then purified by passing
through a column of basic alumina. 2-hydroxy ethyl methacrylate (HEMA) was
purified by a previously recorded procedure.*®® MesTREN was synthesized as
previously discussed in Chapter 2. (100)-oriented single-crystal silicon (Si100) was
obtained from Mick Bjelopavlic at Monsanto, St Lewis. Anionic polymerized di-
block copolymer was purchased from Polymer Source Inc. P(S-b-MMA) lamellae
Mn: 105,500g/mol and PS cylinder Mn: 187,800g/mol. CNT-PS(Short) was prepared
using the procedures outlined in Chapter 3 to produce CNT-PS with reaction time
1440mins, but S-MWCNT were used (1-2um in length), which are comparable in
length to the thickness of the thin films produced. Ethyl 2-bromoisobutyrate (EBiB),
copper(ll) bromide, tin(ll) 2- ethylhexanoate (Sn(EH),), anhydrous anisole,

methanol, sulphuric acid, hydrogen peroxide, and anhydrous toluene were obtained

from Aldrich.
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Preparation of Neutral Surface

- Copolymerization of Styrene and HEMA

CuBr, (6.54umol) with 1mL of anisole, MesTREN (65.4umol), styrene
(25.28mmol), HEMA (18.30mmol), Sn(EH), (32.7umol) with 0.5mL of anisole, and
a magnetic stirrer were added to a nitrogen purged vial. The polymerization was
initiated by the addition of EBIB (0.218mmol) with 1mL of anisole. The
polymerization was carried out at 90°C and stopped at regular intervals by exposure
to the air. In addition, the polymer was purified by precipitation in cold hexane (PS-
co-PHEMA).

- Tripolymerization of Styrene, HEMA, and MMA

CuBr; (2.06pumol) with 0.5mL of anisole, MesTREN (20.6umol), styrene
(23.09mmol), HEMA (1.65mmol), MMA (16.49mmol), Sn(EH), (30.9umol) with
0.5mL of anisole, and a magnetic stirrer were added to a nitrogen purged vial. The
polymerization was initiated by the addition of EBIB (0.206mmol) with 0.5mL of
anisole. The polymerization was carried out at 90°C and stopped at regular intervals
by exposure to the air. In addition, the polymer was purified by precipitation cold in
methanol (PS-co-PHEMA-co-PMMA).

- Silicon Wafer Surface Functionalization with Polymer

Si100 was cut into squares measuring 4cm x 4cm. The organic residues on the
surface of the silicon substrate were removed by submersing the wafer in “Piranha”
solution (i.e. 70vol% sulphuric acid, 30vol% hydrogen peroxide) for 15mins at room
temperature.*”® After being rinsed with copious amounts of distilled water and blown
dry by nitrogen flow, the newly produced hydrolyzed surface (Si-OH) had a 0.1w/v%

(0.8vol% THF, 0.2vol% methanol) solution of the PS-co-PHEMA spin coated onto
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the surface at 1000rpm. The wafer was then heated in a vacuum oven at 170°C for
48hrs followed by rinsing with THF and blown dry by nitrogen flow.

The above procedure was repeated for the PS-co-PHEMA-co-PMMA polymer,
but used a 0.1w/v% toluene solution and was rinsed with toluene.

Lamallae and Cylindrical Phase Di-Block Copolymer Melt

A 10w/v% solution of the commercial PS-b-PMMA (lamellae and cylindrical) in
toluene was spin coated onto the PS-co-PHEMA-co-PMMA polymer brush wafer at
1000rpm and subsequently heated at 200°C for 48hrs.*®

Cylindrical Phase Di-Block Copolymer Melt with CNT-PS(Short)

A 10%w/v solution of the commercial PS-b-PMMA mixed with 3%w/v of CNT-
PS(Short) in toluene was spin coated onto the PS-co-PHEMA-co-PMMA polymer
brush wafer at 1000rpm and subsequently heated at 200°C for 48hrs.*%

Results and Discussion
5.3 Random Polymer Synthesis for Silicon Wafer Polymer Brushes

To form a lamellae or cylindrical block copolymer melt with perpendicular
alignment the first step was to change the surface tension of the silicon wafer so that
there was no preference for either the PMMA or PS block during a polymer melt.
Previous research has shown that this neutral surface can be formed by a random
copolymer brush that is composed of PS with a fraction of between 0.42 to 0.58 with
PMMA as the other monomer.*®® Typically these polymer brushes are made by
controlled polymerizations as the end functional group used in the polymerization is
later changed into a hydroxyl group (e.g. NMP, ATRP, etc...). These polymer chains
terminated by a hydroxyl group then undergo a reaction with the hydroxyl groups on
the silicon wafer, tethering them to the surface, creating a neutral polymer brush

surface (Figure 5. 2).403404
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Figure 5. 2: The formation of the neutral silicon wafer polymer brush surface.

In this chapter a different style of brush to that described above was attempted.
The brush was not composed of PMMA and PS, but instead is composed of PHEMA
and PS. The use of HEMA was considered an excellent substitute to MMA due to the
architectural similarities, but also due to the hydroxyl group that is present in the
monomer creating a one pot process for forming ready to attach polymer brushes. In
addition, the higher polarity of the HEMA hydroxyl groups is thought to decrease
during the random copolymer attachment, as cross-linking can also occur (i.e.
stronger adhesion to the wafer surface).*®® This therefore increases the similarities to
a PS-co-PMMA polymer brush silicon wafer surface.

As the reactivity of styrene and HEMA is not equal, one will react faster than the
other, which could create a copolymer that favors the more reactive monomer. In

406

these types of situations the copolymer equation (Eq. 12)™” is used to determine the

composition of the final polymer, however this only predicts the average composition

407,408 is more

of the polymer formed. The integrated copolymer equation (Eg. 13)
accurate in this case as it takes into consideration the overall polymer composition
with respect to the conversion.

F _ 1.lflz + f1f2
Y TR TRk

(12)
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where e = (1 -r1)/(2 -1, +1,) (13)

The variables r, f, and M represent the monomer reactivity ratios, mole fractions in
the monomer feed, and moles of monomer respectively.

Eqg. 13 was therefore used to calculate the PS volume fraction and hence its
capability to create a neutral surface.

Random Copolymer (PS-co-PHEMA)

Absorbance

300 2000
Wavenumbers (cm-1)

Figure 5. 3: FI-IR spectrum of PS-co-PHEMA.

The chemical structure of the random copolymer was tested using fourier
transform infrared (FT-IR) spectroscopy. As the polymer is composed of styrene and
HEMA monomeric units the FT-IR spectrum should show absorption peaks of both
polymers. As can be seen in Figure 5. 3 there are many strong peaks that are
characteristic to PS such as 1601, 1493, 1452, 749, and 696cm™ **** similarly
HEMA peaks are also exhibited in the spectrum (i.e. 1710cm™ and 3430cm™).*"
However, the most vital peak to observe is an absorption peak at approximately

3400cm™, which is ascribed to hydroxyl groups and it is a very strong peak in the
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spectrum. Essentially a random copolymer of styrene and HEMA has been
successfully made while maintaining the hydroxyl groups, which are to be used as the
anchoring group to a silicon wafer.

It has been proven that the necessary functional groups are present to
functionalize the surface of a silicon substrate, however as previously mentioned
above, literature has shown that in order for it to create a neutral surface, the PS
fraction has to be between 0.42 to 0.58.“°? To determine this fraction the integrated
copolymer equation (Eqg. 2) was used, which relates the polymer composition to
conversion and these results can be seen in Table 5. 1. These results show that for a
reaction time of 83mins and 193mins, the PS fraction is within the necessary
requirements to create the neutral surface. It also shows that a reaction time between
83mins and 193mins will also create a compatible PS fraction. In addition, the gel
permeation chromatography (GPC) results show a low Mn, which is required to
produce the dense brushes needed for the neutral surface and the polydispersity of the

samples are typical for a living polymerization.**?

Reaction Time (mins) | In([Mo}/[M]) ‘ (HEI\IZZ;:;It?/rr]ene)* ‘ Mn ‘ Polydispersity
83 0.09406 0.48/0.52 1878 1.383
193 0.17237 0.54/0.46 2741 1.363

Table 5. 1: PS-co-PHEMA monomeric fractions and GPC measurements. Calculated
using the reactivity ratios from the Polymer Handbook. "3
For the polymer to act successfully as a neutral surface for a phase separation
polymer melt, a specific PS fraction is required, but as the random copolymer consists
of styrene and HEMA, it may not act well as a neutral surface for PS-b-PMMA. To
verify the suitability, contact angle measurements using milli Q water and
diiodomethane were taken. The samples were prepared by using a mechanical press

of 10,000 pounds of pressure and the results are tabulated in Table 5. 2. It is clear
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from the results that the PS-co-PHEMA has shown strong repulsion to polar and non-
polar liquids whereas the PS-b-PMMA has shown a greater affinity for the polar and
non-polar components. This ultimately has resulted in a total surface energy (TSE)
that is not similar (i.e. a difference of 27.3mJ/m?) and therefore due to this dis-
similarity the polymer is unlikely to produce a neutral surface. In addition, due to the
chemical similarities between the two polymers, the difference in TSE can be
attributed to the abundant hydroxyl groups and hence decreasing the amount of

hydroxyl groups, decreases the difference in the TSE.

Sample | Water | diiodomethane |  TSE
PS-co-PHEMA™ | 100.7° 70.37° 23.8mJ/m?
PS-b-PMMA® | 67.45° 32.02° 51.1mJ/m?

Table 5. 2: Contact Angle and surface energy measurements determined using the Owens
Wendt theory.** “the 193min sample was measured. “Averaged from the samples
produced in Chapter 2.

Random Tripolymer (PS-co-PHEMA-co-PMMA)

The random copolymer did not show a compatible result to create a neutral
surface for a perpendicular alignment, which was attributed to the abundant hydroxyl
groups of the PHEMA. To improve the TSE the polymerization was carried out with
styrene and HEMA, but also with MMA. The concept was to use a small ratio of
HEMA to the styrene and MMA, which would create a copolymer of PS and PMMA,
with some monomeric units being HEMA. These HEMA units are not abundant,
therefore the polarity of the material would reduce to that of a PS-co-PMMA polymer
and similar to the TSE of PS-b-PMMA, while maintaining the ability to covalently
bond to a silicon wafer.

In the previous results the copolymer has shown that a combination of monomeric
units within a polymer chain produces an FT-IR spectrum that exhibits vibrations

from both polymers. Vibration peaks characteristic to PS as well as characteristic
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peaks of PHEMA were present in the FT-IR spectra (Figure 5. 3). In this case, there
are three different monomeric units, styrene, HEMA, and MMA, therefore the
spectrum should exhibit characteristic peaks of all three. The FT-IR spectrum of
Figure 5. 4 clearly demonstrates this concept, showing the characteristic peaks of
PMMA (i.e. 2952, 2866, 1730, and 1147cm™),*® in addition to the previously
described PS and PHEMA peaks. The crucial hydroxyl functional group that has an
absorption at approximately 3400cm™, is still present, but weaker than that observed
in Figure 5. 3. This was expected as the peaks of an FT-IR spectrum can reflect
concentration, therefore the spectrum has also shown the intended successful
reduction in the concentration of hydroxyl groups (i.e. functional group used to

anchor the polymer to a silicon wafer).

Absorbance

4000 ' 3000 ' 2000
Wavenumbers (cm-1)

Figure 5. 4: FT-IR spectrum of PS-co-PHEMA-co-PMMA.
Although the polymer has reduced polarity by decreasing the amount of hydroxyl
groups, the polymer still needs to create a neutral surface. The primary aspect which
should be satisfied was the PS polymer fraction needs to be between 0.42 and 0.58,

and was calculated using the integrated copolymer equation (Eg. 2). In this situation,
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using the equation creates an issue because there are more than two different
monomers. There are three monomers in the reaction, but due to the large structural
similarity between the MMA and HEMA, and the low concentration of HEMA, the
HEMA was considered negligible in the calculation. The results have been tabulated
in Table 5. 3 and clearly shows that a polymerization time of 360mins creates a
polymer with the desired PS fraction. In addition, the GPC results indicate that the
polymerization occurred in a living fashion as the polydispersity is near 1, and the Mn
is small, which is typically desired in the production of such brushes (i.e. thin

monolayers are formed when attached to a wafer).**?

: : . Fraction . .
Reaction Time (mins) | In([Mo}/[M]) ‘ (MMA/Styrene)” ‘ Mn ‘ Polydispersity
240 0.15080 0.26/0.74 4867 1.39
360 0.21406 0.42/0.58 5748 1.11

Table 5. 3: PS-co-PHEMA-co-PMMA monomeric fractions and GPC
measurement. Calculated by using the integrated copolymer equation and the reactivity
ratios from the Polymer Handbook*"® with PHEMA considered a negligible component in

the calculation due to the comparatively low amount used.

Sample | Water | diiodomethane | TSE
PS-co-PHEMA-co-PMMA” | 80.83° 21.75° 49.3mJ/m>
PS-b-PMMA®* 67.45° 32.02° 51.1mJ/m?

Table 5. 4: Contact Angle and surface energy measurements determined using the Owens
Wendt theory.*** “the 360min sample was measured, “averaged from the samples
produced in Chapter 2.

The other factor the polymer needs to satisfy in order to create that neutral
surface, is it requires a similar TSE. This was determined by contact angle
measurements with milli Q water and diiodomethane. The samples were prepared in a
mechanical press with 10,000 pounds of pressure and the results have been tabulated
in Table 5. 4. The results demonstrate that the PS-co-PHEMA-co-PMMA produces a

polymer that differs by approximately 10° in the contact angle, and a very small
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difference of 1.8mJ/m? in the TSE. This is an improvement to the previous results,
which had a difference of 30-40° and a TSE difference of 27.3mJ/m? (i.e. PS-co-
PHEMA). This decrease in the difference was attributed to the reduction in the
hydroxyl group concentration, seen in the FT-IR results. Due to these improved
factors, the PS-co-PHEMA-co-PMMA would create a more suitable neutral surface
for a PS-b-PMMA di-block copolymer melt.
5.4 Attachment of Random Polymers to Silicon Wafers

As previously discussed a neutral surface is required for a lamellae or cylindrical
polymer melt that has perpendicular alignment on a silicon wafer. The results of
section 5.3 clearly show that the tripolymer formed of PS, PMMA, and PHEMA is a
better material for this application. This was due to a similar TSE, which creates the

neutral surface required for the polymer melt.

Sample | Layer Thickness (hm) | Surface Roughness (nm)“
Si-OH ~500" 4.46
PS-co-PHEMA ~1000 6.95
PS-co-PHEMA-co-PMMA ~100 6.86

Table 5. 5: Ellipsometry and AFM results of the copolymer and tripolymer that is
anchored to a silicon substrate. " Is the thickness of the native silicon layer. * determined
by AFM.

The wafers were characterized by ellipsometry and AFM for the layer thickness
and surface roughness, respectively. These results have been summarized in Table 5.
5 and it clearly demonstrates that the PS-co-PHEMA-co-PMMA creates the most
suitable substrate for the di-block copolymer melt. The thinner layer produced by the
PS-co-PHEMA-co-PMMA creates a surface that is unlikely to show porous
properties as it is approximately 100nm thick and is limited in the number of groups

that can cross-link. In the PS-co-PHEMA, due to the highly abundant hydroxyl
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groups and hence strong cross-linking ability, the polymer has cross-linked many
times creating a thicker layer, which could exhibit porous properties. This would
interfere with the copolymer melt as the di-block would flow into the PS-co-PHEMA
layer and result in an uneven coverage affecting phase formation. Furthermore, there
is no significant change in surface roughness compared to the PS-co-PHEMA.
5.5 Spin Coating Di-Block Copolymer Melt (With and Without Nanotubes)
From section 5.3 and 5.4 it has been determined that a PS-co-PHEMA-co-PMMA
polymer brush silicon wafer will create a neutral surface for perpendicular orientation
of a PS-b-PMMA polymer melt. This section explores its potential in producing thin
films of PS-b-PMMA that has a lamellae or hexagonal cylindrical packed polymer

melt, orientated perpendicular to the surface.

Figure 5. 5: AFM phase image (1.25x1.25um) of lamellae PS-b-PMMA polymer melt on
a PS-co-PHEMA-co-PMMA polymer brush silicon wafer.

The use of PS-co-PHEMA-co-PMMA as a neutral surface for a block copolymer
melt was verified using a P(S-b-MMA) of 50/50 volume fractions. It is expected that
this block copolymer will create a lamellae phase segregation that is orientated
perpendicularly to the surface. Otherwise a preference to the surface will occur with

parallel alignment. As can be seen in the AFM phase images of Figure 5. 5 strong
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vertical alignment has occurred, indicating the successful production of a neutral
surface for P(S-b-MMA). The melt expresses an average domain size of 30nm.
Furthermore, ellipsometry found that the polymer layer thickness was approximately

Ipum.

Figure 5. 6: Xu et al*'® AFM Phase images (1um x 1um) of P(S-b-MMA). Note: the

numerical values refer molecular weight (K=1000).

Successful vertical alignment has occurred using a novel approach to producing
neutral polymer brush wafer surfaces, however to align the carbon nanotubes to the
phases, comparable domain sizes are required. The S-MWCNT used in the synthesis
of CNT-PS(Short) have a thickness of 40-60nm, therefore the “30” domain of a 30/70
cylindrical melt must be at least 60nm in size to fit the nanotubes. Xu et al**® found in
their work that in order to achieve these large domain sizes high molecular weights
are required. Using their results a Mn between 103,000g/mol and 295,000g/mol

would create the large domains required, however within this region the regular array
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of hexagonal-packed cylinders starts to deform (see Figure 5. 6). Furthermore, at
103,000g/mol it is clear that the cylinders are still present, but has no hexagonal-
packed distribution.

In this work a high molecular weight of 187,800g/mol was used and the melt can
be seen in the AFM phase image of Figure 5. 7. The cylinder domains are still
present, but are not hexagonally-packed, which is in agreement with Xu and
coworkers research.**® The domain size was found to be averaged at 80nm, which is

suitable to contain the CNT-PS(Short) filler.

Figure 5. 7: AFM phase image (2um x 2um) of 30/70 polymer melt.

When the above melt was incorporated with CNT-PS(Short) the resultant
morphology was disrupted and CNT-PS(Short) aggregation occurred (note:
aggregation was observable under an optical microscope as well as to the naked eye).
The material formed this distribution of nanotubes because the matrix is not purely
PS and hence did not disperse uniformly creating weak entanglement towards the PS
phases. This ultimately created the aggregated bundles of CNT-PS(Short) due to the
greater affinity for one another over the PS and PMMA chains within the matrix.
Furthermore, the relative massive size of the nanotubes also presented a problem as

MWCNT can settle out by gravity within a matrix.**’
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Figure 5. 8: 30/70 ARGET ATRP P(S-b-(S-co-MMA)) bulk polymer melt. Stained with
lodine.

The disruption was further explored using a bulk polymer melt of the same
procedure, but a 30/70 ARGET ATRP P(S-b-(S-co-MMA)) of 249mins from Chapter
3 that has a lower molecular weight and hence has stronger packing (see Figure 5. 8).
As can be seen in the microtome TEM image of Figure 5. 9, the formation of the
phases has still occurred, however in the localized region of the nanotubes the phases
are disrupted (i.e. smaller concentration of CNT-PS(Short) was used to lower
probability of aggregation). In the TEM image of Figure 5. 10 the arrows help to
clearly indicate that the alignment of the phases is essentially cut off at right angles,
by the nanotube. This is a result of the block copolymers high viscosity, present
during the polymer melt, which lowered the mobility of the nanotube. It is clear that
the segregation forces of a polymer melt is not strong enough to change the
orientation of the carbon nanotubes and therefore greater forces are required to aid in
the alignment with the cylindrical phases. Furthermore, the results indicate that the

reverse affect has occurred. Instead of the block copolymer phase formation
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orientating the carbon nanotube, the results demonstrate that the nanotube orientated
the block copolymer’s localized domain. Essentially the nanotube is encased by the

PS block of the block copolymer in an effort to lower the systems entropic forces.

Figure 5. 9: 30/70 ARGET ATRP P(S-b-(S-co-MMA)) bulk polymer melt with CNT-

PS(Short). Stained with lodine.

Figure 5. 10: 30/70 ARGET ATRP P(S-b-(S-co-MMA)) bulk polymer melt with CNT-
PS(Short), demonstrating the alignment of the phases around the nanotube. Stained with

lodine.
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Compared to literature the positioning of particles by a block copolymer

1*7 was able to

segregation melt has been achieved with nanoparticles. Chiu et a
control the position of gold nanoparticles in a poly(styrene-b-2 vinyl pyridine) melt.
This was achieved when the particles were coated with either PS or poly(2 vinyl
pyridine) and the system, in an attempt to lower the entropy, positioned the particles
in the corresponding phase. Further work found that by coating the nanoparticles with
both PS and poly(2 vinyl pyridine), the nanoparticles positioned themselves along the

interfaces. Similar results were achieved by Bockstaller et al,*®

using gold
nanoparticles and silica nanoparticles in a poly(styrene-b-ethylene propylene) system

(pictured in Figure 5. 11).

Figure 5. 11: Bright field electron micrograph showing the controlled position

capabilities of nanoparticles in a block copolymer melt.*8

On the other hand, in the reverse fashion, Lacier et al**® found in their work that
the orientation of a bulk block copolymer melt could be controlled by coating a gold
nanorod with dodecanethiol (i.e. orientation controlled by the particle). The nanorod
was found to be in the centre of the cylindrical domain, but long range order was not
achieved. It is suggested in the article that they are looking into using externally
applied fields to combat this. In contrast to carbon nanotubes, nanorods are less rigid

and have weaker inter-particle forces, hence the nanotube disrupting the block

Page 189



copolymer phase formation. However, a similar result was found in Figure 5. 10, as
the nanotube disrupted and altered the localized orientation of the block copolymer.
Furthermore, due to structural differences between nanorods and carbon nanotubes,
an externally applied field for long range nanorod orientation may not be sufficient
for carbon nanotube orientation.

5.6 Conclusion

The results of this chapter has clearly demonstrated a new technique in the
production of neutral surfaces for a P(S-b-MMA) polymer melt. Thin films of
lamellae and hexagonal-packed cylindrical phases were orientated perpendicularly to
a silicon wafer surface by using a tripolymer neutral surface.

The hexagonal-packed cylindrical phase was then manipulated to incorporate
polystyrene polymer brushes on carbon nanotubes, in an attempt to explore the
resultant nanotube orientation. The resultant material found that the segregation
forces of the di-block copolymer melt were not strong enough to move and hence
orientate the nanotubes within the cylindrical phase. This concept was further verified
using a bulk di-block copolymer melt. Furthermore, the TEM images demonstrated
that the phase formation was disrupted by the presence of the nanotubes and hence

greater forces were required.
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6. GENERAL CONCLUSIONS, RECOMMENDATIONS AND

FUTURE WORK

Preface
This chapter summarizes the work of the entire thesis, discussing the key
outcomes and possible future directions to enhance the research.

6.1 General Conclusions and Recommendations

Polymer Brush Carbon Nanotubes

Polymer brushed carbon nanotubes were successfully synthesized using a *“graft
from” approach in a new polymerization technique called ARGET ATRP.***? This
technique proved to have many benefits over existing methods such as normal
ATRP,*? and other more sensitive living polymerization techniques.*?®*** Benefits
were obtained such as low catalyst concentration, ease of polymerization, and the
living capacity to reinitiate polymer growth. Brushes of PS and PMMA were grown
using this technique reaching a polymer coverage as high as 84.7% and 78%,
respectively. In addition, a polydispersity of 1.78 for the PS brushes was determined
and found to be of similar magnitude to previous research using normal ATRP.*?

Living plots were created to re-affirm that the ARGET ATRP of CNT-Br did in
fact polymerize in a living fashion. Linear plots were obtained, however more study
is needed in the areas of molecular weight and polydispersity (i.e. GPC
measurements) to establish the efficiency of initiation. As a guide, in Chapter 2, well
initiated polymer of PS and poorly initiated polymer of PMMA was observed when
using EBIiB, thus indicating a similar trend in the CNT-PS and CNT-PMMA
materials and verified using the pyrene model system.

This research was explored further by the production of PHEMA polymer brushes

on carbon nanotubes using free radical polymerization. Physical differences occurred
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due to the different technique used, and PHEMA'’s capability to crosslink; a
comparison was discussed between controlled living polymer brushes to uncontrolled
polymer brushes on carbon nanotubes. One of these differences resulted from the
reactivity of the monomer and hence the polymer layer thickness or content was
affected. In the living polymerizations research, this thickness depended on the
reaction time. It was found that the PS was much less reactive in comparison to the
PMMA. Approximately 80% polymer content of PMMA was achieved in a fifth of
the time to produce the PS. In contrast to the PHEMA brushes, the polymer content
ranged between 50 to 80%. This was independent of reaction time as the free radical
polymerization had terminating reactions that stopped the propagating chain end,
unlike the ARGET ATRP procedure, which has a living end. The polymer layer
thickness of the three different types of brushes was in the range of 10nm, but this did
not reflect the molecular weight as PS, PMMA, and PHEMA all have different
densities (e.g. for the same thickness of PMMA and PS, the molecular weight of
PMMA is much greater than PS).

Decomposition temperatures were determined and the results of the PS brush
carbon nanotubes exhibited a trend, which was an increase in the decomposition
temperature with respect to the molecular weight. Overall the CNT-PS decreases by
approximately 40°C when compared to CA-PS, CNT-PMMA increases by 35°C when
compared to CA-PMMA, and CNT-PHEMA decreased by 4°C when compared to un-
filled PHEMA. Furthermore, structurally PHEMA has many similarities to the carbon
nanotube in terms of oxygenated moieties. This similarity generates the greatest
attraction to the nanotube walls and was unlikely to hinder the decomposition

temperature compared to the chemically dis-similar PS or PMMA.
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The glass transition temperature increased for all the brushes synthesized, by 14°C
for the PS brushes, 17°C for the PMMA brushes and 17°C for the PHEMA brushes.
This increase was attributed to the rigidity of the carbon nanotube which was acting
as a reinforcing agent.

Spectroscopic techniques were used to determine the chemical structures of the
synthesized materials. In particular, FT-IR was used verify the presence of the various
polymers, however the nanotubes could not be detected due to the low concentration
of specific nanotube functional groups. Raman spectra was used to determine the
presence of a charge transfer affect. This affect occurs when unfunctionalized
carboxylic acids are present on carbon nanotubes and when functionalized the affect
does not occur.*”?® It was observed and used to verify the covalent attachment of the
polymer brushes. Furthermore, it indicates attachment occurred by covalent means
and not solely due to additional forces, such as n-x stacking.

The polymer brush carbon nanotubes are also electrically conductive so the
electrical conductance was measured. The results found that the polymer brush
carbon nanotubes were less conductive than AR or AC nanotubes and that the
strength of conductance was dependent on the polymer content (i.e. more polymer,
less conductive). In addition, the preparation technique found that the polymer brush
carbon nanotubes can be pressed into films and hence applications exist for
conductive coatings or films.

Macro-sized Composites

Using the polymer brush carbon nanotube as a filler in a polymer matrix of the
same brush (i.e. PS brush carbon nanotubes in a PS matrix) found that it could

enhance the properties of the matrix. Limitations existed as AR nanotubes have a low
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limit of dispersion, but due to the presence of the polymer brushes, this increased its
architectural similarity to the polymer matrix, increasing the limit of dispersion.

Composites of PS, PMMA, and PHEMA with the corresponding filler in
concentrations of 0.10w/w% to 1w/w% were produced. Generally the properties of
the PS material gave enhanced results due to the presence of the aromatic groups and
hence n-n stacking capabilities. The methacrylate polymers did not possess the n-n
stacking capabilities, but experienced greater effects due to a difference in polarity
between the nanotube and the polymer. This resulted in a decrease in the storage
modulus, however did not affect the glass transition temperature of the materials
while still producing an increase in processability. Ultimately for a carbon nanotube
to be most affective as a filler that has been functionalized with polymer brushes,
aromatic groups within the chains are necessary to help foster its attraction with the
matrix (i.e. aided by the n-x stacking capabilities).

Pyrene as a Model System

The model system of Pyrene was used to produce polymer brushes using ARGET
ATRP with Pyrene-HEBI as the initiator. The results found that a well initiated
polymer of 1.16 polydispersity, produced a 5.9°C increase in the glass transition
temperature, and the decomposition temperature increased with respect to increasing
molecular weight. In comparison to the PS brush carbon nanotubes, similar physical
changes in the properties occurred (i.e. increased or decreased) and therefore implied
that the CNT-PS was also well initiated.

Using the Pyrene-PS material as a filler in a PS matrix found that it did not exhibit
a limit of dispersion for concentrations less than 1w/w%. It displayed an increased
storage modulus that continued to increase with increasing concentration; at 1w/w%

the increase was 130%. Other properties such as glass transition temperature and
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processability increased by approximately 20°C and to 64%, respectively. These
property changes were very similar to the PS brush carbon nanotube composites, but
a limit of dispersion was experienced in the nanotube composite which was not
detected in the pyrene composite. This limit occurred at 0.25w/w% PS brush carbon
nanotube concentration, but the properties were much more enhanced than for pyrene.
0.25w/w% of PS brush carbon nanotubes in PS had an increase in storage modulus of
180%, 500MPa greater than that experienced with Pyrene-PS, the complex viscosity
reduced to 4.5%, and without significantly changing the glass transition temperature.
Overall the nanotube played an important part in increasing the storage modulus and
increasing the processability that was not matched by the Pyrene.

Nano-sized Composites

In order to produce perpendicularly aligned 30/70 block copolymer melt thin
films, a neutral surface was required. Previously, pre-formed living polymer brushes
were used, as the specific end functionality (i.e. the living end) could be chemically
altered to a hydroxyl group for a “graft to” attachment to silicon wafers,*"428:429
However, the work in this thesis produced a neutral surface by a new method. Instead
of altering the end functionality, a random tripolymer of styrene, MMA and HEMA
was produced, with the HEMA monomeric unit supplying the hydroxyl groups. A
low concentration of HEMA was used within the polymer chain, which was
necessary to avoid significantly disrupting the comparable surface energy to a P(S-b-
MMA) polymer. These neutral surfaces successfully produced thin films of lamellae
and hexagonal-packed cylindrical phases with perpendicular alignment of P(S-b-
MMA).

The hexagonal-packed cylindrical phase was then manipulated to incorporate

polystyrene polymer brushes on carbon nanotubes with comparable nanotube length
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to the thickness of the film. The resultant material found that the segregation forces of
the di-block copolymer melt were not strong enough to orientate/align the nanotubes
within the cylindrical domain. This concept was further verified using a bulk di-block
copolymer melt. Furthermore, TEM found that the phase formation was disrupted by
the presence of the nanotubes and forced the PS phase to align with the carbon
nanotube in the systems effort to lower the entropic forces; the carbon nanotubes
controlled the orientation, not the polymer melt and had no long-range order.

6.2 Future Work

Macro-sized Composites and Pyrene

The work of this section found that even with polymer brushes the aromatic
groups of the carbon nanotube wall can still interfere with the dispersion in
methacrylate polymers. It was therefore recommended that polymer brushes
containing aromatic groups would be ideal candidates for this application.

To create further understanding of polymer brush carbon nanotubes as fillers
more study is required in using other aromatic polymers such as poly(etherether
ketone) or the many other styrene derivatives. Further work could also extend to
increasing the polymer brush content to near 100% in an attempt to increase the
degree of architectural similarity. In addition, the electrical percolation threshold
could simultaneously be explored if a high load of polymer brush carbon nanotubes
were used.

The complex viscosity plots of AR and AC in a polymer matrix were lower than
expected. Usually in the literature it is reported that upon the addition of carbon
nanotubes the complex viscosity increases,”® but has instead decreased. These
composites were not explored at great depth as they were used as a

controlled/comparative material for the other composites (i.e. polymer brush carbon
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nanotube composites). Further research is required to obtain a full understanding as to
why the complex viscosity decreased and it is suggested to explore the molecular
weight, concentration, and carbon nanotube length dependence. Furthermore, it was
also suggested to perform post-processing to the PMMA composites as previous
research had shown that this was a technique to increase the dispersibility, storage

modulus, 3432

and in turn could increase the complex viscosity.

The pyrene work found that there was no limit of dispersion when used as a filler
for concentrations less than 1w/w%. A limit could be experienced, but at much higher
concentrations and therefore to extend on this work, greater concentrations above

1w/w% should be explored to determine the full extent of the property enhancements.

Improvement of Carbon Nanotube Alignment

The nano-sized work found that a block copolymer melt did not create strong
enough forces to align a carbon nanotube within the cylindrical domain. To increase
these forces an improvement on the carbon nanotubes affinity for a particular phase
will be necessary. Di-block copolymer brush carbon nanotubes could enhance this
ability, with PS as the first block as PS has proven to be an efficient first block in
polymer brush carbon nanotubes, and di-block copolymer chemistry. Using a di-block
copolymer brush would aid in the segregation process and limit the disruption as the
PS brush nanotube would not solely be surrounded by the PS, but also PMMA,
creating a stronger architectural similarity with its surrounding environment. In
addition, the molecular weights of the polymer blocks should match that of the di-
block copolymer matrix to further increase the architectural symmetry.

It was also recommended that additional forces were necessary to aid in the
alignment as the carbon nanotube is a macro-sized molecule that can settle out by

gravity. Previous research has shown that a uniform electric field can orientate a
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hexagonal-packed cylindrical phase from a parallel orientation to a perpendicular
orientation during a polymer melt.***%*%% This might be a suitable technique that
could be used to effectively stand the nanotubes perpendicularly at the same time as
when the PS phase aligns to the electric field lines. Furthermore, the carbon nanotube
is encased by the PS brushes, which would also align to the electric field. Research by
Martin et al**® has already shown that multi-walled carbon nanotubes can be aligned
using electric fields in epoxy composites, but a regular array was not achieved. In
addition, Piao et al**’ found that they could produce carbon nanotube alignment using
a modulated magnetic field of 2.4 to 12T. The alignment was oriented parallel or
perpendicular from a suspension that was either solidified by polymerization or
evaporation of a solvent, but had no regular spacing between each nanotube. The use
of a block copolymer would help in producing a regularly spaced array of nanotubes

aided by either an electric or magnetic field.
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Figure 6. 1: A representative diagram of a) the conductive pathways when the
percolation threshold has been reached (each red line is a carbon nanotube) and b) when
the thickness of the substrate is smaller than the carbon nanotubes length.

Once the perpendicular alignment of the carbon nanotubes has been established,
an additional property that would occur due to the physical dimensions of the
composite, is conductivity. Typically the electrical percolation threshold needs to be
reached, which is the critical concentration when a carbon nanotube conductive
pathway can be found through a composite.****** However, when the composite is
thinner than the length of the carbon nanotubes used the threshold can decrease
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significantly (see Figure 6. 1). This occurs because the nanotube traverses the matrix
creating a conductive pathway between the surfaces.
UV Exposure

Once the perpendicular alignment of the carbon nanotubes has been established
further structural work could be carried out that leads towards forming pillars.
Previous research has shown that in a P(S-b-MMA) polymer melt, UV exposure can
degrade the PMMA phase and leave, while strengthening, the PS phase to create a

nanoporous film.*

With the phases reversed, UV exposure would remove the
PMMA and leave the PS pillars with the carbon nanotube inside. A problem could
result from pillars being too tall and falling over, but with a carbon nanotube as its
backbone, the pillar could remain standing. Futhermore, Leiston-Belanger et al**
produced a thermally stabilized matrix by using a block copolymer melt with the PS
phase re-enforced with monomer units of 3-vinylbenzocyclobutene. This would
thermally cross-link and strengthen the PS phase for nanoporous film production
when subsequently exposed to UV. In the case of forming pillars, using the 3-

vinylbenzocyclobutene would increase the strength of the PS pillar and aid in it

standing up after the UV treatment.
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