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Summary

Summary

Current available SWNT growth methods will inevitably produce mixture of various
structures and electronic properties while SWNTs with uniform electronic property or
species chirality are highly desired for many applications. Although many techniques for
SWNT species enrichment have been successfully developed and effectively applied, all
of them suffer from various disadvantages. Most approaches to chemical separation of
sem-/met-SWNTSs are based on small neutral molecules or conjugated aromatic polymers
which characteristically have low separation/dispersion efficiency or difficulty of post-
separation removal of the polymer, so that the resulting field-effect transistors (FETS)
have poor performance. Moreover, the insufficient unravel of separation mechanism

makes searching of new separating agents and enrichment improvement difficult.

This thesis is devoted to both development of new chemical approach for SWNT species
enrichment as well as deciphering of the mechanism underlying the selective processes.
With these aims, three similar amide-functionalized pyrene derivatives (N-methyl(18-
Crown-6)pyrene-1-acetamide, N-methyl(18-Crown-6)pyrene-1-butyramide and N-methyl
(18-Crown-6)pyrene-1-formamide), denoted as pa-18-C-6, pb-18-C-6 and pc-18-C-6
respectively, with different alkyl chain lengths between the amide groups and pyrene
moieties have been successfully synthesized and for the first time, their separation effects
on single walled carbon nanotubes (SWNTSs) according to their electronic structures
(metallic/semiconducting) and diameter have been demonstrated. Experimental results

have suggested that the side functional groups of pyrene moieties are quite critical for
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Summary
their species enrichment. However, the separation efficiency of pyrene derivatives was

severely limited by their poor dispersion ability.

To improve the dispersants’ dispersion ability so as to improve their separation efficiency,
three polymethacrylates with different pendant aromatic functional groups were
employed to separate CoMoCAT SWNTs according to metallicity and diameters.
Ultraviolet/visible/near infrared (UV-Vis-NIR) spectroscopy indicates that Poly(methyl-
methacrylate-co-fluorescein-o-acrylate) (PMMAFA) and Poly(9-anthracenylmethyl-
methacrylate) (PAMMA) preferentially disperse semiconducting SWNTs while Poly(2-
Naphthylmethacrylate) (PNMA) preferentially disperses metallic SWNTs, all in
dimethylforamide (DMF). The polymers’ different selective behaviors in different
solvents suggest that the diameter selectivity is resulted from the change of polymer
conformation. On the other hand, metallicity selectivity is presumably resulted from the
photon induced dipole-dipole interaction between polymeric chromophore and SWNTS.
The involvement of photon in the separation processes is first time identified and the
metallicity selectivity is tentatively ascribed to Resonance Energy Transfer induced

intermolecular pairing force.

The investigation of selective behaviors of more flexible polymers with similar chemical
structures has strengthened our conclusion. Also, the contribution of different building
blocks has been further identified. Moreover, with speculation based on some preliminary
results, the different role of radiative/non-radiative RET processes played in the

separation processes has been suggested.

To clarify the role of photon/Resonance Energy Transfer induced intermolecular pairing

force in the separation process, two conjugated polymers with distinct optical properties
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Summary
were employed in SWNT species enrichment. The involvement of RET induced
intermolecular pairing force was brought out by their different illumination responsive
behaviours. The magnitude of this kind of weak interaction scales with an external
stimuli parameter, i.e., illumination irradiance (I) and thus tuneable. This suggests a facile
technique to modify molecules/polymers’ selectivity towards some specific SWNT
species by altering the corresponding intermolecular interaction. The species selectivity
driven by this novel technique is dependent on SWNT interband transition (E;) energies
as well as dispersant’s fluorescent properties. Many fluorescent molecules/polymers with
appropriate fluorescent properties are thus suggested to be potential separating agents
towards certain species. RET induced intermolecular pairing force, which universally
existed between two entities between which RET can occur, was first time verified and
applied. The significant magnitude of this interaction suggests direct manipulation of
molecules/particles possible and paves its way in the application of molecular

engineering.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

Owing to their exceptional electronic, mechanical, optical, chemical and thermal
properties, single-walled carbon nanotubes (SWNTSs) have been envisioned as one of
the best candidates for many potential applications.'>** For nanoelectronic applications,
metallic SWNTs (met-SWNTSs) are exceptional nanoscale leads with ballistic electron
transport over several pm and current densities up to 10°A/m%* Semiconducting SWNTSs
(sem-SWNT) can be wired up to function as fast nanoscale transistors or sensitive
nanoscale sensors. For most electronic applications, pure metallic or semiconducting
SWNTs are highly desirable.**™” The poor growth selectivity of sem-SWNTs® and low
efficiency of destroying met-SWNTs make efficient post-synthesis separation schemes

necessary* .

Although the techniques of ac dielectrophoresis,?* anion exchange chromatography

2225 and density gradient centrifugation method?®?’

of DNA-wrapped carbon nanotubes,
etc. have been successfully employed in separation of met- and sem- SWNTSs, the

difficulty of scaling up limits their application.

As a promising alternative, chemical methods, on the other hand, are more easily
scalable and thus more attractive separation techniques. There are two main strategies for
the chemical methods, one is covalent functionalization®3? of SWNTs and the other is

noncovalent attachment®’

of functional groups to the sidewall of the SWNTs. Non-
covalent approaches are particularly attractive due to their ability of preserving nearly all

of the SWNTSs’ intrinsic properties as well as the mild operation condition. Normally,
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noncovalent attachment is controlled by thermodynamic criteria and it is called wrapping
for some polymers. Attachment of small molecules such as octadecylamine,® bromine®
and flavin mononucleotide® has been demonstrated to be effective in assisting SWNTSs
enrichment but these methods still achieve limited selectivity. The adhesion of all these
small molecules is substantially facilitated by weak linkage similar to hydrogen bond
between SWNTSs and adsorbents or intermolecular hydrogen bond. Selectivity towards
certain species is presumably resulted from the distinguished thermodynamic pairing
force of SWNTs/adsorbent for different SWNTSs species. It can be anticipated that other
forms of the weak interaction such as electrostatic interaction, Van der Waals interaction
and m-m stacking interaction may also contribute to the SWNTs/adsorbent pairing force
and modify the dispersants’ selectivity behavior.***® Experimental investigation has

#-4 or conjugated aromatic polymers*®

proved the feasibility of using pyrene derivatives
%8 to selectively suspend certain SWNTs species. The n- stacking interaction is believed
to be critical for the enrichment. However, increased dispersion is required for achieving
better separation with small neutral molecules and the notorious strong ©-m interaction is
highly unfavorable with respect to the post-separation removal of the polymer. Despite of
the above mentioned non-covalent strategies, understanding of separation mechanism is
still inadequate. As a result, further attempts aiming at developing new approach with

novel molecular design are formidable and the progress towards the improvement of

separation efficiency is slow.

1.2 Objective and work scope

The overall objective is to produce substantial quantities of suspensions containing

only metallic SWNTs or only semiconducting SWNTSs of pristine quality for applications.
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Also, the mechanism responsible for the selectivity will be investigated. To these ends, a
variety of chirality selective surfactants will be employed and their effects on SWNTSs
separation will be explored. A series of pyrene derivatives were synthesized and their
separation effects on SWNTSs based on the electronic properties and diameters have been
demonstrated. To overcome the problem enforced by the poor dispersion with the amide-
functionalized pyrene derivatives, a series of Polymethacrylates with pendant aromatic
functional groups were investigated for their selectivity in SWNTs separation. The
separation mechanism, whose origin may be traced to different forms of weak interaction,
was first time experimentally investigated. Different factors responsible for diameter and
metallicity selectivity were identified. The relationship between the chirality selectivity
and the chemical structures of the polymer may provide some instructive criteria for the
search and design of molecules/polymers with novel structure for the purpose of SWNTSs

separation.

1.3 Organization of the thesis

This report is divided into 7 chapters. The first Chapter covers the background and
objectives of this PhD project. Chapter 2 is a detailed literature review and discussion on
SWNTs and their properties as well as their preparative methods and various applications.
Chapter 3 lists the materials and characterization methods. Chapter 4 describes the
SWNTs separation with amide-functionalized pyrene derivatives. Chapter 5 focuses on
SWNTs species enrichment with a series of Polymethacrylates with pendant aromatic
functional groups. Chapter 6 elaborates the different role of the building blocks in
separation and building blocks’ contribution to selectivity is determined. Chapter 7
identifies the role of RET induced intermolecular pairing force in the separation process.

3
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Chapter 8 summarizes some important conclusions from the experimental results and

outlines some recommendations for future work.
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2.1 Structure

SWNTs were first discovered by lijima in 1991*° in fullerene soot.*>! It was
produced by the arc discharge method, which is similar to the method used for the
preparation of fullerenes. Due to its exceptional properties, Single-Walled Carbon
Nanotube (SWNT) has attracted much research attention and many interdisciplinary
fields aiming at exploring its extraordinary features has been established. Conceptually,
SWNTSs can be regarded as perfect seamless cylinder structures resulting from the rolling
up of small strips of single graphene sheets.®? Each carbon atom in the graphene plane
can be identified with a pair of integers (n, m) and a pair of graphene lattice primitive
vectors (as a,), with the roll-up vector being defined as: Cy, = na; + ma; (Fig. 2.1).>* The
translation vector T is perpendicular to the roll-up vector C, and directed along the

SWNT axis.
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Figure 2. 1 Models of SWNTs with different helicities showing the rolling of a graphene sheet
along different chiral vectors.
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Typically, the diameter of a SWNT ranges between 0.5 nm and 2 nm, whereas its
length reaches in the order of centimeters.> SWNTs’ critical parameters such as diameter
and chiral angle, are determined by the (n, m) indices. Conceptually, the magnitude of
translattion vector T corresponds to the length of the (n, m) SWNT unit cell while the
magnitude of the roll-up vector determines the SWNTs’ diameter, d = Cp/n.>>>’
Concretely, once (n, m) is specified, other structural properties, such as diameter (d) and
chiral angle (0) which is defined as the angle between the vector C,, and the zigzag
direction a; can be determined: d = (3"%x)ac.(m? + mn +n?Y? and 6 = tan[3"“m/(2n +
m)],>*> where a.. is the carbon-carbon bond length of 0.142 nm and n and m are the
indices that specify the chirality of SWNTs.®® Depending on the orientation of the
graphite sheet (the hexagonal lattice of carbon atoms) relative to the tube axis T, three
types of SWNTSs are obtained: “armchair,” “chiral,” and “zigzag” SWNTs.** Among
them, “zigzag” and “armchair” are two inequivalent high symmetry directions,

designated by (n, 0) and (n, n), respectively.'*®

The unique structure of SWNT, which is composed of slightly strained sp?
hybridized carbon that is highly stronger than the sp* hybridized counterpart,®* offers
them attractive chemical stability, outstanding tensile strength and fascinating elastic
Young’s modulus, making them extremely useful in material chemistry and highly
potential candidate for mechanical materials. ®
2.2 Properties
2.2.1 Electronic properties

SWNTs were endowed with unique electronic properties because of small

dimensions and high aspect ratio. Depending on the chiral vector in which the graphene
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was rolled up to form the SWNTSs, i.e., the (n, m) indices, SWNTSs can be either metallic
or semiconducting.”>>® SWNTs are metallic when n-m = 3k, where k is an integer, and
semiconducting otherwise.”° “Armchair” SWNTs are metallic since they satisfy the
criteria while SWNTSs with the other configurations, “chiral” and “zigzag”, can be either
metallic or semiconducting. Approximately 67% of SWNTSs are semiconducting while 33%

of SWNTs are metallic provided that the preparative method is not selective.

To some approximation, the band gap of semiconducting SWNTSs scales inversely
with the tube diameter. In the tight-binding theory, the band gap, Ega can be represented
by y(2d..c /dswnt), Where y stands for the hopping matrix element and d..c is the single
carbon bond length while dswr is the SWNT diameter.”® Figure 2.2 shows the typical

electronic band structures of metallic/semiconducting SWNTSs.
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Figure 2. 2 Schematic representations of the interband electronic structures of a typical metallic
and semiconducting SWNTSs. (reprinted from ref. 153 with permission)

At low-bias, charge transport in metallic SWNTSs can be ballistic over distance at the
scale of micrometer. This is presumably due to the extremely weak acoustic phonon
scattering in this unique one-dimensional structure as well as the ignorable defects which
will act as scattering centres. However, optical phonons of SWNTs will be strongly

excited at high bias, which will result in energy dissipation and current saturation®®.
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SWNT has promising application as a field effect transistor (FET), a device that uses
semiconducting SWNTs to switch. Associated with the SWNTs’ exceptional electronic
properties are the desirable properties such as high current density, carrier mobility and
on/off ratio as well as easy scalability™. It is superior to and compatible with the well
established silicon technology and makes fabrication of complementary logic devices

possible.
2.2.1.1 Metallic SWNTs

For most one-dimensional materials, there exhibit a Peierls instability that opens an
energy gap in their electronic band structures.®® As a consequence, it undergoes a metal-
insulator transition. The driving force of the Peierls instability is the release of the one
dimensional chain’s total energy by doubling the unit cell. However, due to the strong
carbon-carbon bond in graphitic materials and the cylindrical arrangement of the atoms in
SWNTSs framework, a Peierls instability cannot be observed for SWNTSs. Tight-binding
calculations indicate that achiral SWNTs (n=m) are indeed metallic while 2/3 of the
chiral SWNTSs are semiconducting [(n-m) mod 3 = 1 or 2] and the rest are semimetallic
with a small band gap on the scale of mev.>>® The semimetallic SWNTSs with small band
gap are included in metallic category in the following discussion because at room

temperature with k,T= 26 meV, the effects of the band gap is trivial.

Ballistic transport and current saturation
For one-dimensional conductors, their resistance is determined by the number of the
available conduction channels as well as the transmission efficiency at the contacts and is

independent of their length or composition.®”®® Specifically, for a conductor with single



Chapter 2 Literature Review
conduction channel and fully transparent contacts, the resistance (quantum resistance or
contact resistance) is given by

Ro=h/e’~26KQ.

This property is often referred to as ballistic transport since electrons travel between two
ends without scattering. It is noteworthy to point out that even though it is scattering free,
the resistance of a conductor cannot be zero. The contact resistance arises from the
mismatch between the large number of the modes in the contacts over which the current
is distributed and the few available modes in the conductor. Theoretical limit for the
resistance of a single metallic SWNTSs is represented by R = h/(4e®) = 6.5KQ."
Experimentally, low bias resistance of an individual metallic SWNTs was found to be
between 10KQ™ and 100KQ."* Chemical vapour deposition grown SWNTSs in contact
with Pd were found to show the best contacts with almost completely transparent

transmission. >

Scattering is substantially suppressed in SWNTs because there is no localized
surface state and large momentum transfer is needed for backscattering. (Small angle
scattering is unlikely to add up to 180° in a SWNT.) At low bias, acoustic phonon

7>76 and defects induced elastic scattering’’ are the two major scattering sources

scattering
in metallic SWNTs. At room temperature, acoustic phonon scattering dominates while
defects induced elastic scattering plays the leading role at low temperatures with the

mean free path on the order of several micrometers.
2.2.1.2 Semiconducting SWNTs

Field effect transistor (FET) is one kind of device uses semiconducting materials to

switch. Transistor is a kind of current-control device, and its generating current includes

9
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electron flow and hole flow. The most important feature of a FET device is on /off ration,
which defined as ratio of current at the on-state and off-state. It indicates the switch
capability of FET devices.”® Higher on/off ratio is desired for FET industrial application.
Another important feature of a FET device is the modulation of the source-drain current
by a gate voltage.””® An ideal MOSFET turns on at a gate voltage Vg = Vi, the so-called
threshold voltage. At this voltage, the inversion layer below the gate oxide that connects
source and drain with a current path is formed. However, in reality, the turn-on at Vg = Vi,
IS not instantaneous because even below the threshold voltage, thermally excited carriers
can carry a diffusion current. This subthreshold current is especially important for logic
devices, since it limits the switching speed of the transistor. One finds that the current in
the subthreshold region depends exponentially on the gate voltage and decays below Vi,
with a rate that is mainly dependent on temperature. Because of the exponential gate
voltage dependence of the current, the inverse subthreshold slope, defined as [d(log
1)/dVG]™, is a convenient measure for the switching.”® S can be easily determined
graphically when the current as a function of the gate voltage is plotted on a log scale. At
room temperature the subthreshold slope is typically between 70 and 100 mV/decade.”

The theoretical limit at room temperature is 60 mV/decade.™

The band gap of semiconducting SWNTSs scales inversely with their diameters and
can be expressed as Eq ~ 0.84eV/d[nm], where d stands for the SWNTs diameter. This
makes them as promising active material for FET device fabrication. Charge carrier
transportation through semiconducting SWNTSs is governed by the relative position of the

Fermi level with respect to the edge of conduction/valence band.

10
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Figure 2. 3 Schematic representations of the electronic band structures of typical metal,
semiconductor and insulator.

As a result, chemical or electrostatic doping which can shift the Fermi level of
SWNTs can be employed to tune their conductivity. The property of electrochemical
potential dependent conductivity of semiconducting SWNTs can be used to fabricate a
device that acts as a switch. It functions as a conductor if the SWNTs Fermi level is
shifted into the valance/conduction band by the gate potential while acts as an insulator
when the Fermi level lies in the band gap. In semiconductor industry, the device with this
kind of switch behaviour is well know and named as field effect transistor (FET).”®
Replication of silicon metal-oxide semiconductor based FET by replacing the silicon with
a semiconducting SWNT is conceptually straightforward.”® The first SWNT-FETs were
fabricated at Delft and at IBM in 1998.”° Laser ablation grown SWNTs were used by
both groups.®’ Singly dispersed SWNTs were deposited onto a Si/SiO, surface. A
conduction channel was formed with semiconducting SWNTs bridging the two
prefabricated electrodes. By tuning the applied back gate potential, modulation of the
channel conduction and the corresponding FET behaviour was achieved. Normally, the
SWNT-FETs fabricated show typical p-type characteristics, with on/off ratios of about
several orders. However, the resistance in the ON state is high, exceeding 1 MQ. In
addition, due to the thick dielectric layer, high gate voltages were required for switching.

11
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Moreover, the subthreshold slope is much higher as compared with the MOSFETSs
thermal limit. To some extent, thermal treatment can improve the contact conductive
property and resistance below 100KQ has been reported for SWNT-FET with titanium
contacts, in which the resistance decrease was ascribed to the formation of TiC/SWNT
contacts upon annealing.®* Improvement of the contact conductivity has also been
achieved by direct growth of SWNTSs such as Chemical VVapour Deposition (CVD) on the
substrate, presumably due to the clean surface of the as-grown SWNTSs as contrast to the
solution deposited SWNTSs, the surface of which will inevitably be covered by some
residue. Pd, as a metal with quite good wetting properties, comes to produce the best
contacts with SWNTs of diameter above 2nm. Almost unity transmission can be achieved
for holes travel in the ON state.”® However, formation of Schottky barrier at the contacts
can be reasonably anticipated for SWNTSs with diameters smaller than 2nm. The SWNT-
FETs performance can also be improved by optimizing the gate stack.®* Regarding this
approach, SWNTs are much more applicable than silicon because there is no dangling
bond on the surface of SWNTs and the associated surface scattering is thus ignorable.
Dielectrics with high dielectric constant k such as HfO,, Al,Os, SrTiOs and ZrO,,%%
have been successfully applied in SWNT-FETs. However, the most available SiO; is
employed in most research work on SWNTs. As a contrast, SiO, is the only choice for
MOSFETSs because the good interface between silicon dioxide and silicon is quite crucial
for achieving the optimal device performance. Silicon MOSFETSs with high « dielectrics
inevitably suffer from mobility decrease. In the FET device fabrication, SWNTs well
dispersed in solution can in principle be deposited at any stage provided that the solvent

can withstand the process condition. On the other hand, growth of SWNTs by CVD

12
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method onto the patterned and pre-deposited electrodes on an appropriate substrate may
offer many advantages. The metal needs to stand the high temperature of the growth
process. Two approaches have been advanced as solution for the temperature issue: the
first approach is to decrease the growth temperature, by using methanol as the carbon
source or by using methane as the feedstock gas with plasma-enhanced CVD method,

down to 600°C,% a temperature that most metals can stand. The second approach is to

limit the electrode material to the choice of metals that are stable and make good contacts
with SWNTSs at the normal growth temperatures. Tungsten-platinum and molybdenum
are appropriate for this purpose.?® With SWNTs’ nano-scale diameter, the scaling for
SWNT-FETSs has been proved much more efficient than conventional MOSFETSs even
though they look quite similar in schematic structure. With the contact conductivity
governed by the number of channels that contribute to semiconducting SWNTSs
conduction in FET devices, quantum effects are also involved in the function determining
the device current. As a consequence, the device current is much lower than that of the
MOSFETSs. On the contrary, their current densities, which are on the order of 10%A/cm?,
are substantially higher than that in silicon MOSFETSs. On the other hand, closely spaced
parallel SWNTSs arrays would be needed for the delivery of the high current in a SWNT-
silicon hybrid structure. With conduction path shorter than hundreds of nanometers,
semiconducting SWNTSs are also ballistic at low bias,®* which is similar to metallic
SWNTs in this respect. Decrease of the length scale below this critical value cannot
improve its conductivity. If the factor of flight time is taken into consideration, the device
will switch faster. If the conduction channel is longer than 10 um, the SWNT-FETSs show

characteristic behaviour similar to that of bulk MOSFETs. Both of them show current

13
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saturation behaviour because the channel resistance is much higher that of the contact
barriers. In this case, the transportation of charge carriers is dominated by drift through
the charge gradient inside the channel. Because of their cylindrical structure, the gate
capacitance of SWNTs in long channel scales inversely with the logarithm of the
thickness of the oxide Cox ~ 1/(Intyx). The SWNT depletion capacitance Cp = 0 and the
subthreshold S is theoretically 60mV/decade at R.T. since they are completely depleted.
However, due to the involvement of Schottky barriers, S decreases as the oxide thickness
decreases. The other benefit with increasing oxide thickness besides subthreshold
improvement is the low voltage operation of SWNT-FETs. When t, scales up, the
Schottky barriers decrease due to the SWNTSs’ one-dimensional structure. As a result,
tunneling through the barrier as well as ambipolar characteristics can be observed. The
tunable band gaps of SWNTs with various diameters produced by different synthetic

methods is the other advantage associated with SWNT-FETSs with respect to MOSFETS.

One interesting property for both metallic and semiconducting SWNTSs is that the
dominant interband transitions vary with diameter and chiral vector. Consequently, to
achieve uniform electrical properties, SWNTs need to be monodisperse in both their
diameter and electronic type because SWNTs with nearly identical diameters can have
different chiral vectors and thus different electronic properties. This makes chirality

enrichment inevitable for many applications.®”

A two dimensional network, often referred to as a thin film, of SWNTs can be
viewed as a novel transparent electronic material with good and tunable optical, electrical
and mechanical properties.®® The networks exhibit high conductivity, high mobility and

good optical transparency in addition to robustness, flexibility and environmental

14
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resistance. These characteristics coupled with ambient temperature spraying or printing
technology, indicate that this material will have a substantial impact on various emerging
technologies and markets, ranging from solid state lighting to macroelectronics, smart

fabrics and organic solar cells.®

The ability of SWNT to form networks with known length and density distributions
is of crucial significance to the development of various electronic materials that
incorporate this smart electronic component. Specifically, low density networks of
SWNTs are of substantial technological interest since they can be tuned from
semiconducting to metallic behaviour as the density of SWNTs increases. As a
consequence, a number of methods of forming such networks have been developed. High
temperature methods usually involve growth of SWNTSs in desired place using chemical
vapour deposition (CVD) method.7,8 Much more effort has been devoted to low
temperature, suspension-based deposition techniques because they makes usage of
various  kinds of substrates and incorporation of  distinct SWNT
purification/modification/enrichment techniques possible. As a result, many ambient
temperature deposition techniques for SWNT thin film formation have been developed.

Techniques have been demonstrated to be effective and wildly employed include dip-

89,91 92-93

coating,®® spray-coating,®*® suspension evaporation,”*® spin-coating,** and layer-by-
layer assembly.** While there are distinct utilities for each of these techniques, they all
suffer from the problem of SWNT bundle formation. Bundle formation will exclusively

result in metallic behaviour of SWNT networks.*®

In order to facilitate solution deposition of SWNTs for integration into electronic

devices, they need to be purified and well dispersed into solutions. Vigorous sonication is

15
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normally needed for the preparation of SWNT dispersion although this process inevitably
leads to cutting in SWNT length and introduction of defects on the sidewall of SWNTSs,
resulting in compromise of electronic properties. Understanding the sonication effects of
solution processing steps on network electronic properties thus has important
implications in the design and electronic applications of SWNT networks. Generally, as
sonication time increases, SWNTs are shortened. This will inevitably result in the
decrease of electrical current due to the increasing of the number of junctions as well as

introduction of more structural defects.®

Another important parameter which will strongly influence the device performance
is the concentration of SWNT networks.*** The increase of density of SWNT network
will ultimately result in the exhibit of metallic behavior of SWNT network. Alignment of
SWNT network also has quite significant implication on the network properties since
good alignment will surely result in the decrease in the number of intertube junctions

bridging the electrodes.®**

Besides all the above-mentioned parameters, SWNT intrinsic properties (metallic vs
semiconducting) are also quite crucial for the network properties.*® For example, pure
semiconducting SWNTs or even single chiral species are highly desired for the
fabrication of network transistors. This makes the enrichment of SWNTs according to

electronic properties or chiral species necessary for some electronic application.
2.2.2 Optical and Optoelectronic Properties

SWNTs with perfect crystal structures have direct band gaps in the momentum (K)
space and their band and subband structures are well defined, making them ideal

candidate for optical and optoelectronic applications.””® For direct band gap materials,
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no momentum transfer is needed to induce interband transitions and direct light
absorption and emission is possible since the minimal-energy state in the conduction

band and the maximal-energy state in the valence band coincide in terms of wavevector.

Absorption/emission of photons with suitable wavelength will excite/relax
substances with appropriate electronic band structures.>****% Depending on the detailed
electronic band structures, the wavelength and intensity of these optical transitions vary
from substance to substance. In a typical SWNT structure, each carbon bonds to three
neighbouring atoms by ¢ bond and the remaining pi electron contributes to the formation
of delocalized m electron system. Electronic states of SWNTs delocalize along the

periodic axis and are bound in the transverse direction.

Optical properties have been investigated for individual/bundled SWNTs with
Ultraviolet-Visible-Near infrared (UV-Vis-NIR) spectroscopy,”'®* Resonant Raman
Scattering’®*® as  well as Photoluminescence  maps.’%*%®  Moreover,

electroluminescence and optoelectronic properties such as photoconductivity have also

been explored.

For single dispersed SWNTSs, their optical band gaps slightly depend on their
microenvironment.’® However, SWNT photoluminescence is extremely susceptible to
microenvironment and quite sensitive to aggregation and chemical functionalization. The
characteristics of optical excitations in SWNTs as well as the microenvironment effects
are reflected in the absorption spectra/PLE maps, i.e. their wavelengths and shapes.*®*'%’
PLE maps investigation is nevertheless an efficient method for identification of chiral

species (n, m). In a typical Photoluminescence map, when the excitation energy matches

the secondary optical transition levels Ey,, the emission from SWNTSs’ primary electronic
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transitions E;1 will be resonantly enhanced. (with the schematic mechanism included in
the section 2.4 Characterization Methology) Also, when the excitation energy matches
higher electronic transitions such as Ess, E44, €tc. emission from the same Ej; bandgap
will also be resulted. This constitutes the theoretical foundation of the assignment of (n,
m) indices.'®!% Each of the peaks in a typical PLE map can be identified as an
individual semiconducting species by careful analysis of its intensity fluctuation with
varying excitation and emission wavelengths. The PLE map analysis offers a great deal
of information about the precise interband transition energies for a wide range of SWNTSs
species. Moreover, the PLE intensity of different species in a single PLE map works as
an effective proxy of their relative content in the mixed samples.’®'% |n addition, an
empirical “Kataura plot” of semiconducting SWNTs can be constructed from the
electronic band structures derived from the related optical properties.'® The near-infrared
emission from semiconducting SWNTs makes them promising candidates for optical

detection and imaging in complex environments.

SWNTSs’ optoelectronic properties make them highly promising for widespread
applications in electrically driven light emitting devices and light detectors."**** Current
generation from SWNTs upon photon excitation has been reported.** In previous studies,
SWNTSs bundles were used. Recently, individual SWNTSs in SWNT-FETSs have also been
investigated for photocurrent or photovoltage generation.**? Theoretical calculation
suggested that the quantum efficiency of photon to current conversion is about 10% in
SWNT-FETs.*? This makes SWNT-FETs promising in photodetector application. In
ambipolar SWNT-FETs devices**® with symmetric electrode structure, equal currents of

carriers (holes and electrons) are generated from their injection from the opposite ends of
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SWNTs provided Vg = Vg/2."* Due to the 1 D structure of SWNTSs, electron and holes
are localized transversely and travel freely along the axis direction. Under certain
circumstance which is governed by momentum and spin selection rules, etc. electron and
hole will recombine with generation of one photon. IR emission has indeed been
observed with ambipolar SWNT-FETs. When Vg = V¢/2, the maximum of the emission

intensity was observed, which is in good agreement with the theoretical anticipation.

In optical spectroscopy, the emission peaks coincide with the band gaps of the
SWNTs used in the devices. However, the dependence of the peak shapes in the
electroluminescence emission spectra on SWNT length was observed. Long SWNTSs
(>5um) resulted in sharp and symmetric peaks while short SWNTs (~200-300nm) gave
broad and asymmetric bands.'™® This phenomenon was explainable with the extent of
relaxation (completed or partial) of the excited carriers during the periods of their
residence in long or short SWNT channels. The energy distribution of the carriers can be
derived from the wavelength and peak shape of their electroluminescence band. Recently,
much information about the electrical transport process in a SWNT-FET was obtained by
investigation of the spatially resolved light emission from very long SWNTSs (~50um), i.e.
their dependence on the applied drain and gate voltage. As contrast to the LEDs where
doping modulate the light emission location, in ambipolar SWNT-FETS, the position of
the light emission is determined by the gate voltage. The spot of emission works as a

precise proxy of the location where the recombination of electron and hole occurs.****

2.2.3 Chemical and Electrochemical Properties
2.2.3.1 Covalent chemistry

SWNTs covalent functionalization
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Covalent chemistry focuses on the functionalization of the outside wall of SWNTSs.
It can be classified into two main categories. The first category is functionalization of the
defect sites on the sidewall or at the tube ends which are generated by ozonation or
oxidation.’®**® The generated functional groups can be converted to their corresponding
derivatives."**** The second category includes various addition reactions which result in
the direct covalent functionalization of SWNTs sidewall.”***** Fluorination and aryl
dizaonium are among the typical effective addition reagents. The most common effective
covalent functionalization of SWNTSs was carried out in oxidizing mixtures of sulphuric
acid and nitric acid/hydrogen peroxide under sonication.”® Besides purification, this
method also cuts SWNTs. Various kinds of functional groups such as carboxylic acids,
quinines, esters, and anhydrides, are generated on the sidewall as well as at the ends of
SWNTs by following this approach. Normally, the carboxylic acid groups are activated
by thionyl chloride treatment for further functionalization. Peptide, which is an extremely
important derivative, is also accessible from carboxylic acid. An obvious advantage of
this approach is that the bulk properties of the SWNTs are almost preserved upon
functionalization due to the limited defect sites introduced to the SWNTs sidewall
although the ends are destroyed more severely. In 1998, sidewall functionalization by
direct fluorination was reported by Mickelson et al and various spectroscopic techniques
were employed to confirm the substantial covalent functionalization.*® The presence of
covalently bound fluorine was corroborated by Infrared spectroscopy and the
characteristic Raman spectral properties of the pristine SWNTs were substantially
suppressed upon reaction. More importantly, the attached fluorine can be removed by

treatment with hydrazine, which makes the recovery of the spectroscopic properties of
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SWNTSs possible. The attached fluorine groups are also susceptible to the replacement
with other strong nucleophiles such as Grignard reagents and metal alkoxides.

Other reagents which functionalize SWNTs directly include dichlorocarbene,

143144 and azomethine ylides.***** Similar to oxidation

carbene derivatives, nitrenes
functionalization, the spectroscopic properties of SWNTSs are changed upon reaction with

these reagents.

Covalent chemistry, as an effective approach for SWNTSs’ structural modification,
provides many promising pathways for SWNTSs’ potential application in various fields.
The most severe problem with covalent functionalization is that SWNTs bundles are not
disrupted in most cases. However, covalent functionalization of singly dispersed SWNTSs
is desired for many applications. Structural modification of SWNTs with specific

chirality will probably be needed for their future application.

In order to enhance the degree of covalent functionalization of SWNTs and fully
utilize the unique properties of SWNTs, much effort has been devoted to developing
approaches for reproducible dispersions of individual SWNTs.**’ The thermodynamic
drive toward aggregation must be overcome to stabilize the singly dispersed SWNT
solution. A dispersion method, as a component step of the manufacture chain, has thus to

be developed according to the processing conditions of the SWNT based material.**’

There are two main approaches for SWNT dispersion: the mechanical approaches

and approaches that are developed to alter the surface energy of SWNTSs, either non-

covalently or covalently.**

Mechanical approaches such as ultrasonication can separate
SWNTSs from each other, but can also cut the nanotubes, decreasing their aspect ratio.*®

Chemical methods (either covalent or non-covalent) use surface modification of SWNT
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to improve their affinity to the dispersing medium.**® However, aggressive chemical
functionalization such as nitric acid treatment at high temperatures, may introduce
structural defects and compromise the properties of the SWNTs.'* Non-covalently
physical approaches have been proven capable of debundling SWNTs as well as
stabilizing individual tubes while maintaining SWNT integrity and intrinsic properties

and are thus quite attractive dispersion techniques.**

In the last dacade, the non-covalent functionalization by surfactants or polymers has
been widely employed in the preparation of SWNT dispersion in both aqueous and

organic solvents to obtain high fraction of individually dispersed species.**®

For the dispersion of SWNT in aqueous solvent, a notable achievement is the use of
the ionic surfactant sodium dodecylbenzene sulfonate (SDBS).**’ Further developments
indicate selective interactions with hence dissolution of semiconducting and metallic

SWNTs and SWNTs of different diameters.**’

Noncovalent functionalization of SWNTs with polymers was shown to enhance the
dispersion of SWNT in both water and organic solvents, as well as to facilitate separation
of SWNTs from metal and carbonaceous impurities.**® Two mechanisms were advanced:
“wrapping” which is believed to rely on specific interactions between a given polymer
and the SWNT species. Kinetic mechanism suggests that long ranged entropic repulsion
among polymer functionalized SWNTs acts as a barrier that stabilizes the SWNT

dispersion.’*®

The curvature for SWNT reactivity
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Generally, the reactivity of both Fullerene and SWNTSs depends strongly on their
structure and scales with their curvature of the carbon framework. SWNTs are less
curved than Fullerene while they are more curved with respect to graphene.®*****! As a
result, SWNTSs are anticipated to be more inert than Fullerene and more reactive than
graphene sheet.™®?™* Moreover, the reaction of a single carbon atom will facilitate the
reaction of the atoms in its vicinity. This is due to the fact that the relaxation of strain at

one point will increase the total strain among the remaining carbon atoms. Consequently,

the strain relaxation will accelerate the addition reactions in SWNTS.
Selective covalent chemistry of SWNTSs

For most of the application of SWNTSs in electronic devices, the most severe barrier
is the difficulties associated with the preparation of SWNTs with pure electronic
properties. All of the reported synthesis approaches will inevitably produce mixture of
metallic and semiconducting SWNTs. Although some preferential growth of certain
species has been partially achieved in some techniques, their selectivity is low and
improvement is highly desired before their widespread application. Some reported
SWNTs chemistry offers a unique and effective covalent functionalization of SWNTSs
and makes manipulation of SWNTs according to their electronic properties possible. In
most of these approaches, metallic SWNTSs are selectively functionalized and this allows
the separation of metallic SWNTs and semiconducting SWNTSs scalable. As a result,
electronic devices manufacture based on SWNTs with specific electronic properties is

feasible.

With SDS as the surfactant, SWNTs are well dispersed in aqueous solution. Upon

reaction with diazonium salt,?® the individually suspended metallic tubes show substantial

23



Chapter 2 Literature Review
higher activity as compared to their semiconducting counterparts. With the reaction
conditions carefully controlled, functionalization of SWNTSs with benzene diazonium salt
even shows discrimination between metallic and semimetallic SWNTSs. The reaction of
water soluble diazonium salts with SWNTSs proceeds via charge transfer intermediate
with electrons extracted from SWNTs by dizaonium moieties and covalent aryl bond
formed subsequently. The diazonium reagent participates in the charge transfer process,
acting as one component of the complex. Electron transfer from SWNTSs can stabilize the
transition states and covalent bond formation for electrons near the Fermi level (EF) is
thus highly preferred. As a consequence, metallic SWNTSs show higher reactivity due to
the more readily available electrons at the Fermi level. Due to the acceleration effects of
the defects on adjacent atoms, the selectivity is amplified once the reaction is initiated.
This trend continues until the complete reaction of the whole SWNTs.?® The selective
functionalization of SWNTSs was confirmed with UV-Vis-NIR absorbance spectra as well
as Resonance Raman Scattering spectra. After functionalization with dizaonium salt at
appropriate dizaonium salt/SWNTSs ratio, the characteristic interband transition bands of
metallic SWNTSs disappear while those of the semiconducting SWNTSs are preserved.
Resonance Raman Scattering spectra corroborated the conclusion that the
functionalization proceed with a prominent selectivity towards metallic SWNTs. The
intensity of disorder (D) band, a phonon mode at ~1330cm™ arises from the sp®
hybridized carbon, increases dramatically after reaction. This confirms the conversion of
sp?-hybridized carbon to sp*-hybridized carbon on the SWNTs sidewall during aryl-
SWNTs bond formation. The intensity of the D band indicates the degree of covalent

bond formation. It is thus easily understandable that the D band intensity scales with
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increasing reaction extent. On the contrary, the tangential mode decreases because of the
loss of electronic resonance upon functionalization. Moreover, covalent functionalization
of SWNTs destroys the symmetry of the Radial Breathing Mode (RBM) and will
eventually suppress the characteristic RBM features of the corresponding chiral species.
This kind of behaviour can’t be observed with non-covalent surface adsorption, which
decreases the resonance enhancement without complete removal of the RBM features.
PLE maps of the semiconducting SWNTs, which are quite sensitive to covalent

functionalization, also verified the metallic SWNTSs selectivity of the reaction.

The recovery of the SWNTSs’ spectroscopic features can be achieved by thermal
treatment of the reacted material at 300°C in an inert atmosphere.?® The cleavage of the
aryl moieties from the SWNTs sidewall is believed to be involved in and responsible for
their property restoration. Comparison of the Raman spectra obtained before reaction and
after thermal treatment indicated almost full recovery of the RBM mode, suggesting the
reversibility of the chemical functionalzation. Moreover, complete restoration of the
characteristic absorbance features after thermal treatment manifest the recovery of the
intrinsic electronic structure. The facts listed above suggest that selective covalent
chemistry can be employed as a reversible pathway for manipulation of SWNTs with
specific electronic properties which makes recovery of intrinsic electronic and optical
properties possible.

Other reported reagents which will selective functionalize SWNTs include

dichlorcarbene reactions, and osmylation, etc.*43%

2.2.3.2 Non-covalent chemistry

Molecular Adsorption and desorption
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Molecular adsorption was first discovered during the measurement of electrical
transport properties and was brought out by the difference between the resistance of

semiconducting SWNTSs in vacuum and that in air.*>®

Systematical investigation of the electrical properties of SWNTSs in various chemical
environments revealed that various small gas molecules adsorb onto SWNTSs and undergo
charge transfer.’® Exposure of semiconducting SWNTs to NO, at ppm level results in
10° times increase of conductance in a few seconds. On the contrary, decrease of the
conductance up to 2 orders can be observed if the SWNTSs are exposed to NH3. Similar
sensitivity of SWNT conductance to O, adsorption has been observed by Collins and co-
workers.™® These results suggested the potential application of SWNTs as chemical
sensors. O, and NO, are strongly adsorbed on SWNTs and desorption of them is quite
slow at room temperature. However, the physisorption of NH3; on SWNTs is weak and
desorption of NH3 can thus be easily achieved by pumping in vacuum. Density functional
theory (DFT) has been employed in the calculation of the binding energy between
SWNTSs and various molecules. Theoretical calculation suggested a binding energy of
~0.4eV to 0.9eV between NO, and SWNTs as well as ~e/10 electron transfer from
SWNTSs to NO,.»***8 For O,, DFT calculation yields a binding energy of ~0.25 eV and
~e/10 charge withdraw from SWNTs." However, DFT calculation suggests very trivial
binding energy between NH; and SWNTSs. It is thus advanced that they bind together via
Van der Waals interaction. In spite of the ignorable charge transfer, dramatic change of

SWNTSs electrical properties can be observed upon NH3 adsorption.

Photoinduced desorption of molecules from SWNTs was reported recently.'®

Thermal treatment at ~200°C can also assist in the molecular desorption.®®*** In the
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presence of Ultraviolet (250nm) light at low flux, rapid desorption of molecules can be

observed at room temperature.

This kind of photoinduced desorption is universal for various molecules.
Wavelength dependent results indicate that electronic excitation of SWNTSs is responsible
for this intrinsically nonthermal process. Electron-hole pairs are generated via Landau
damping following m-plasmon excitation by UV illumination.'®? As a result, desorption is
suggested to be due to the attachment of photon generated electrons/holes to the adsorbed

molecules.

The results highlighted the roles of photochemistry and surface chemistry in the
application of SWNTs as molecular wires. With SWNTSs as probes, surface science can

be explored.
Polymer adsorption and wrapping

With the assistance of wrapping with various polymers such as polyvinyl
pyrrolidone (PVP) and polystyrene sulfonate (PSS), SWNTSs solubilisation in water up to
g/l concentration has been reported by Smalley et al.*®® They also observed that there is
no dependence of the SWNTs/polymer association on the free (excess) polymer in
solution, which suggests the strong interaction between polymer and SWNTs. For the
purpose of the investigation of SWNTSs’ application in optoelectronic devices, conjugated
luminescent polymers such as poly-{(m-phenylenevinylene)-co-[(2,5-dioctyloxy-p-
phenylene)-vinylene]}(PmPV) and its derivatives,'®* poly{(2,6-pyridinylenevinylene)-co-
[(2,5-dioctyloxy-p-phenylene)vinylene]}  (PPyPV)'®  and  poly{(5-alkoxy-m-
phenylenevinylene)-co-[(2,5-dioctyloxy-p-phenylene)-vinylene] }(PAMPV),'®® have been

successfully employed in the dispersion of SWNTSs. The stabilization of the suspension is
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ascribed to the wrapping of the polymers around SWNTSs and n-n stacking interaction as
well as Van der Waals interaction between polymers and SWNTs is believed to be
involved. It is obvious that SWNTSs’ structure and properties can be preserved with
noncovalent functionalizations. Stilbenoid dendrimer, a branched variant of the PmPV
polymer has been successfully synthesized and the demonstration of it as an effective

dispersant of SWNTs has been reported.*®’

SWNTs dispersed with biological molecules such as nucleic acids and protein
peptides show great potential for bioengineering and nanotechnology application.'®®
DNA may wrap around or be encapsulated inside SWNTs due to the Van der Waals
interaction between DNA and SWNTs.*® Macromolecular structures have been
successfully build with SWNTSs dispersed with an amphiphilic a-helical peptide via the

interaction between adjacent peptides wrapping around SWNTs.'”

Individually
suspended SWNTs, possibly end to end connected, can also be successfully isolated
using amphiphilic a-helical peptide with specific structure.!™ Starch has also been
demonstrated to be an effective dispersant in the presence of iodine and starch/iodine
complex is believed to be involved.!”” Other macromolecules which have been
established as effective dispersant for SWNTs include Gum Arabic, another

polysaccharides, Potato and waxy corn amylopectins etc.”**"*

Doping

For SWNTs’ application in Field Effect Transistor (FET) devices, device
performance (p type or n type) is in principle determined by type of charge carrier
(electron or hole). This makes the control of the type of charge carrier extremely crucial

in devices application. Both SWNTs based p-type and n-type FETs are desired.®
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However, most preparative method will produce p-type SWNTs-FETs. Doping method
with alkali metal as the dopants has been reported to be effective for preparation of n-
type FETs.''® Nevertheless, the dopants are readily oxidable and the device
performance will drop significantly. Doping with an amine rich polymer,
polyethyleneimine (PEI), has been demonstrated to be effective for fabrication of n- type
FETs that are stable in air.”’ Analysis suggests that approximately 1 electron was
transferred from the wrapped polymer PEI to every 1000 carbon atoms on the SWNTSs.
As an alternative to alkali metals which ionized completely, functional groups on organic
material with partial electron donating and withdrawing capability can be efficiently used
to dope the SWNTs embedded in the devices and switch the charge carriers between

electron and hole.
Selective non-covalent chemistry of single-walled carbon nanotubes

A noteworthy aspect of noncovalent chemistry of SWNTs is that there are
approaches that show preferential reactivity toward metallic SWNTs over
semiconducting SWNTs or vice versa. Such selective surfactants include bromine,
amines and DNA.?****® This is important because it offers researchers the ability to
manipulate SWNTs by band gap and makes preparation of pure metallic or
semiconducting SWNTSs possible.

2.2.4 Mechanical Properties

o bond is the strongest among all kinds of chemical bonds. SWNTSs with structures
all o bonding are thus regarded as the ultimate fibre with strength in tube axis. Both
experimental investigation and theoretical calculations suggest that SWNTs are stiffer

than or at least as stiff as diamond with the highest Young’s modulus and tensile strength.
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Most theoretical investigations are performed for defect free structures and vyield
coincident results."”®*"® Generally, various SWNTSs with perfect structures are stronger

than graphite,>!80181

which is presumably due to the substantial increase of the axial
component of ¢ bonding upon rolling of a graphene sheet into a tube. Young’s modulus
is dependent on SWNTs’ diameter but independent on chirality. SWNTs with diameter
between Inm and 2nm show highest Young’s modulus, i.e. ~ 1TPa. In a SWNTSs bundle
or SWNTSs rope, the Van der Waals force induces a strong shearing among the SWNTSs
with Young’s modulus decreased. It has been demonstrated that the Young’s modulus
scales with decreasing bundle diameter. As the diameter of a bundle increases from 3nm
to 20nm, Young’s modulus decreases from 1TPa to 100GPa. The elastic property of
SWNTs is also marvellous. Because of dislocations and defects propagation, most hard
materials crack with a strain of 1% or even less. As contrast, theoretical and experimental
investigation both indicate that SWNTs can tolerate up to 15% tensile strain before

fracture.’® As a result, the tensile strength of individual SWNTs can be up to 150GPa

provided the Young’s modulus is 1TPa.
2.2.5 Thermal Properties

Diamond and graphite have exceptional heat capacity and thermal conductivity. In
parallel, SWNTs can be anticipated to have similar thermal properties at room or elevated
temperature. However, at low temperatures, some unusual behaviour can be observed for
SWNTs due to phonon quantization. Both experimental investigation and theoretical
calculation indicate that the coupling between tubes in SWNTSs bundles is weak at 100K
or above.’® In this temperature region, single SWNT or SWNT bundle shows heat

relation similar to that of graphite. Nevertheless, at lower temperature, a new
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phenomenon named quantum confinement effects arises for SWNTSs. As an example, the
heat capacity is 0.3(mJ/gK) for a (10,10) SWNT and 0 for graphite and SWNT bundle.***
18 The on-tube phonon structure is manifested by the thermal conductivity of SWNTSs,
independent on their stacking state, i.e. single or bundled. Thermal conductivity of bulk
SWNTs are quite different from that of graphite. A linear temperature dependent
characteristic can be observed for SWNTs at low temperature, which corroborate the
occurrence of one-dimensional phonons. As electrical conductivity, thermal conductivity
of SWNTs is one dimensional. Consequently, investigation yields a wide range of
thermal conductivity from 200W/mK to 6000W/mK with a prominent dependence on the
sample quality. Experimental measurements and theoretical investigation indicated that
the thermal conductivity of a SWNT rope at room temperature scales between

1800W/mK and 6000W/mK .11

2.2.6 Magnetic and Electromagnetic Properties

Normally, magnetic properties of SWNTs are investigated with electron spin
resonance (ESR), which applies widespread in the study of electronic properties of

conjugated materials and graphite. Although the experimental results'®

qualitatively
agree with theoretical conclusion, there is prominent deviation among different

experimental measurements, presumably due to the SWNTSs quality and alignment.

Theoretically, SWNTs magnetic properties such as susceptibility and anisotropic g-
factor are predicted to be close to those of graphite although SWNTs may show some

unique properties.

31



Chapter 2 Literature Review

SWNT electrical response to magnetic field has also been anticipated to be unusual.
Metal insulator transition and band gap change have been corroborated by both
experimental and theoretical investigation. Theoretically, the band gap of SWNTs under
uniform magnetic field parallel to the tube axis is given by the following expression in
which B = 3¢(h/e) where h/e is the magnetic flux quantum.*®’
For metallic tubes of n—m = 3q
Eq = Eqgof, 0<B<3/2
Eq = Eqgol3-P| 3/2<p<3
For semiconducting tubes
Eq = Eqgol1-p| 0<p<3/2
Eq = Egol2-P| 0<p<3/2
With Eg, defined as:>*%1%
E(kuky) = +7{1+4cos(Zkya)cos(kyal2) + dcos(kya/2)} 2
Where vy is the nearest neighbor-hopping parameter in the range of 2.5eV-3.2eV and a is
lattice constant with value of 0.246 nm. With the above expressions, metal insulator
transition can be predicted and the band gap variation under axis-parallel magnetic field
can be calculated. Similar behaviour can also be observed with a transverse magnetic
field.

A major characteristic of the theory is that the change of the band gap is

9

oscillatory™®® and SWNTs can be shifted between metallic and semiconducting by

application of an external magnetic field, which is called Aharonov-Bohm effect.
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2.3 Synthesis

Since its discovery, several preparative methods have been advanced for the large
scale production of high quality SWNTs. Laser ablation, electric arc discharge and
chemical vapour deposition are among the most successful and widely employed

approaches %9019

2.3.1 Laser Ablation
Laser ablation for SWNT production was established by Smalley and his colleagues

in 1996.1%4
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Figure 2. 4 Schematic of a laser ablation furnace. (reprinted from ref. 193 with permission)

In this method, ablation of a carbon target was conducted with a high power laser in
a hot inert (helium or argon) atmosphere. Once the temperature is elevated to 1200°C, a
pulsed laser beam is used to trigger the evaporation of carbon from the graphite target.
Carbon atoms are swept by the flowing gas from the hot area to a low temperature
collector on which SWNTs are formed by condensation. Impregnation of the carbon
target with catalysts, which are normally transition metals, is the prerequisite for the
generation of SWNTSs with laser ablation technique. Experimental investigation indicated
that the growth of SWNTs can be finished in a few milliseconds. Besides SWNTs

bundles, fullerenes, amorphous carbon as well as other carbon by-products are also
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produced by this technique. The properties of the produced SWNTSs are highly dependent
on various different parameters including furnace temperature, light intensity, type of
carrier gas and hydrocarbon as well as the gases flow rate. For instance, no SWNTSs
growth can be observed below 800°C. The most severe disadvantage of this technique is

its high cost due to the involvement of high quality graphite source and high power lasers.

2.3.2 Electric Arc Discharge

Electric are discharge is one of the first reported techniques for SWNTSs

growth 49,52,195
Anode
He, | Plasma
Ar T
Cathode
:::J]L - B *“5:_':
]l' -L fﬁ\J To Vacuum
N7 Pump

Figure 2. 5 Schematic of an arc discharge chamber. (reprinted from ref. 193 with permission)

In this technique, two graphite electrodes with diameters in the range of 6-12mm
and separating distance in the scale of 1-4mm are placed inside a chamber under the
protection of inert gas. With 50-100A current passing through the electrodes, carbon
atoms are ejected from the anode to the cathode, where they aggregate to form SWNTSs.
The length of the anode thus decreases as the SWNTs growth proceeds. From the
graphite anode is the carbon vaporized as crystallites and small clusters are generated

subsequently, with rearrangement of the clusters into a cylindrical structure forming
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SWNTs follows. The produced SWNTSs then drift towards and deposit on the cathode.
The unavoidable production of unwanted graphite crystallites which do not form SWNTs
limits the yield of this technique. SWNTs growth in arc discharge method are usually
catalyzed by various metallic nanoparticles such as Fe, Co, Ni, Cu, Ag, Al, Pd, Pt, Fe/Co,
Fe/Ni, Fe/Co/Ni, Co/Cu, Co/Ni, Co/Pt, and Ni/Cu, etc.”***® SWNTs with diameters in
the range of 1-5nm and length in the scale of 1mm are normally produced by this
method.™*®**® The production rate of this method is as high as several hundred mg of

pristine SWNTSs in every 10 minutes. However, high reaction temperature of 1500°C is

necessary for high yield production.

2.3.3 Chemical Vapour Deposition

As a relatively slow method, chemical vapour deposition (CVD) can produce long

SWNTs in large scale.'%%%%
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Figure 2. 6 Schematic of a CVD furnace. (reprinted from ref. 193 with permission)

The hydrocarbon source is elevated to 700°C-1000°C in a quartz tube in the
presence of catalyst. SWNTs growth follows the thermal deposition of the carbon
containing gas on catalyst. The catalyst on the substrate provides the nucleation sites for
SWNTs growth. At elevated temperature, the decomposition of hydrocarbon into

hydrogen and carbon is followed by the dissolution and diffusion of carbon atoms into
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the metal surface. Subsequently, rearrangement into a network consisting of carbon
atomic hexagons occurs and it finally precipitate out as SWNTs. When the metal surface
is covered by amorphous carbon, i.e. the catalyst is “poisoned”, the carbon atoms are
blocked from the contact with the catalyst and SWNTs growth is terminated.
Hydrocarbon used in the CVD method can be in either gas state, liquid state or solid state.
Acetylene, methane and ethylene are the widely used gaseous hydrocarbons and alcohol,
benzene and hexane are typical choices of liquid while naphthalene, camphor, etc. are
among the solid hydrocarbon sources. Typically, inert gas such as He or Ar is used to
flush the quartz tube in a thermal CVD setup for about 10 minutes. After that, hydrogen
is introduced to reduce the catalyst at about 400°C for ~30 minutes.’® The effect of
hydrogen on the catalyst size has been explored. Next, SWNTSs growth is initiated by the
introduction of the hydrocarbon source. The whole catalytic system is made up of two
parts: the metal catalyst and the metal support. Fe, Ni, Co or Mo is usually used as the
catalyst and MgO, Al,O3, Si or CaCO3; are among the choices of the metal support.
Catalytic systems consisting of two different metals are beneficial for their high yield
production and the ratio of the metal components is quite critical for SWNTSs yield and
morphology.”® Thermal evaporation is one of the most widely employed techniques for
preparation of catalyst as small particles. Theoretical calculation and experimental
investigation indicated that the SWNTs diameter is closely related to the particle diameter.
The size of the SWNTs diameter scales with that of the metal particle. Two growth
mechanisms, i.e. tip growth and base growth, are possibly involved in the growth. If the
interaction between the support and metal particles is strong, carbon atoms will

precipitate from the metal particles. This results in the growth of SWNTSs on top of the
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particles. On the other hand, weak interaction between support and metal particles will
facilitate the precipitation of the carbon atoms from the bottom of the metal. In this
circumstance, SWNTs growth occurs between the support and metal particles. This is

called the tip growth.

Horizontal and wvertical furnaces are the two widely employed CVD
configurations.?®>?%?* The former one is possibly the most popular configuration for
SWNTs growth. By tuning the deposition time of hydrocarbon, the length of SWNTSs can
effectively be controlled. For the purpose of mass production of SWNTs, the vertical
furnace is normally employed. In this configuration, hydrocarbon gas is injected from the
top and the SWNTs are collected at the bottom of the chamber. The most obvious
advantage of CVD technique is its scalability for high quality SWNTSs growth at low cost.
The tunability of SWNT quality and production rate with adjustment of various reaction
setups such as temperature, hydrocarbon source, catalyst and gases flow rate is another

superiority of CVD method.

Although SWNTs growth can be conducted in various conditions, the basic

prerequisites include an active catalyst, a carbon source and elevated temperature.

2.3.4 Selective growth of SWNTs

As compared with other preparative methods which produce SWNTSs in a narrow
diameter range, CVD method usually results in SWNTs with diameters scaling from
0.4nm to 5nm and its diameter control is relatively difficult.?**?% Many techniques have
been established for diameter control with most research focusing on the control of sub

steps such as catalyst design, particle formation as well as tuning of growth conditions.
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The preferential growth of certain chiral species is even more difficult, presumably due to
the one-to-many relationship between the diameter and chiralities of SWNTSs. As a result,

much effort has been devoted to the post synthetic separation.
Particle production for narrow-diameter SWNTS

Driven by the argument that the diameter of produced SWNTs will presumably be
controlled by the diameter of metal particles, exploration of SWNTSs growth directly on
unsupported individual particles has been conducted.?***?% For example, ferritin has
been used to produce particles with narrow diameter distribution. Via tuning the ferritin

concentration, SWNTSs with different diameter distribution can be produced.
CoMoCAT: chirality selectivity

A very efficient selective method based on supported catalyst, which is referred to as
CoMOoCAT method,”"*? has been developed for the chirality control of SWNTSs growth.
Mesoporous silica was used as the support and CO was introduced as the carbon source.
By controlling the ratio of Co and Mo, chirality selectivity can be achieved. PLE maps

suggest that few semiconducting chiralities are produced.
PECVD production of narrow-diameter and chirality SWNTSs

It has been well established that plasma-based SWNTs growth such as laser ablation
and arc discharge methods will produce SWNTs with relatively narrow diameter
distribution. Production of SWNTSs with very narrow diameter distribution (0.8 to 1.5nm)
has been successfully demonstrated by using a catalyst based on ferritin in a modified
plasma enhanced CVD system.*®**#3 Electrical transport data suggests that ~90% are

semiconducting SWNTs.*® The deviation from theoretical value (67%) for random
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chirality distribution is very obvious although the mechanism for the preference toward
semiconducting SWNTSs is not clear. It has been suggested by density functional theory
that less energy is needed for the formation of semiconducting SWNTs with large band
gaps than that is needed for metallic SWNTs. The semiconducting SWNTSs preference

may be resulted from the selective etch of metallic SWNTs by plasma generated H -« .

Alternatively, the selectivity may possibly be ascribed to the lower external energy
supply for the formation of smaller diameter SWNTs since the higher strain energy
associated with smaller SWNTs can partially compensate the energy requirement for
their growth. PECVD method can also be conducted directly on substrates at

temperatures as low as 550°C.
2.4 Characterization Methology

Associated with the fast advancement of SWNTs research and their expanding
applications is the rapid development of the techniques for SWNTSs characterization. Due
to the existence of various growth methods, characterization protocols are needed to
assist the scientific community to standardise the assessment of SWNT properties.

Various techniques have been adapted in the investigation of SWNT features.

2.4.1 Thermogravimetric analysis

TGA is an analytical technique?*?*

used to determine the thermal stability of
materials and the fraction of volatile components by monitoring the weight loss that
occurs as a sample is heated. The measurement is normally conducted in air or in an inert

gas such as He, N, or Ar. The weight loss is recorded as a function of increasing

temperature. In most cases, TGA is performed with a linear temperature ramp. With this
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kind of analysis, ash content and oxidation temperature can be obtained. For the pristine
SWNTs, TGA analysis is normally complicated since the weight loss due to carbon
oxidation is usually accompanied by the oxidation of catalyst which will result in the
increase of the overall weight. Under certain circumference, this will result in an upward
slope of the TGA curve before the bulk weight loss. It is common to notice that different
TGA analysis results will be obtained with SWNTs from the same batch sample,
especially the TGA traces. This confirmed that SWNT samples are not pure chemicals
and therefore are not homogeneous and uniform as usually observed for pure chemicals.
This can explain why there is always some discrepancy between the results of different
characterization beyond the reproducibility and accuracy of the instruments. The solution

to this problem is three (or more) times analysis and calculation of the mean average.
2.4.2 Optical Spectroscopic characterisations

Optical techniques have been widely used to characterize SWNTSs. The advantages
of optics rely on both experimental and fundamental aspects. Experimentally, the
techniques are readily available, relatively simple to perform, quick, and can be
performed at room temperature and under ambient pressure. Fundamentally, the optical
techniques are non-destructive and non-invasive because they use the photon, a massless
and chargeless particle, as a probe. Furthermore, optical experiments can be carried out at
the single tube level due to the unusually high optical response of SWNTSs, which is a

consequence of the one-dimensional confinement of their electronic structure.
Basic Principles

Despite the diversity of optical techniques, the underlying physics of the apparent

distinct optical phenomenon observed for SWNTSs is common and can be explained in the
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216

context of the so-called Kataura plot,”™ which was proposed by Kataura, et al. in

1999,
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Figure 2. 7 Kataura plot generated for SWNTSs in a diameter range of 0.4 to 3nm. (reprinted from
ref. 215 with permission)

A Kataura plot is shown in the above figure. Each point in the plot stands for one
optical transition energy E; for certain (n,m) SWNT species as a function of tube
diameters. Specific SWNT species absorb light and exhibit corresponding optical
response in case the photon energy matches the interband transition energy. Significant
efforts have been devoted to both theoretical and experimental studies for the sake of
establishing the Kataura plot. Good agreement between theoretical and experimental
studies has been obtained. However, the E;; value of SWNT species is quite sensitive to

its micro environment and thus susceptible to external experimental parameters.

2.4.2.1 Resonantly enhanced Raman spectroscopy.
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Raman spectroscopy?!’ %18

is widely used for the characterization of SWNTSs due to
its high sensitivity along with the little work needed for the sample preparation. The
information of the Raman signal is quite rich and can be used in the investigation of
isolated, aligned as well as bundled SWNTs. Generally, the resulted spectra depend
strongly on the energy of the excitation laser. Raman signal of SWNT species with their
interband transition energies match the laser energy will be substantially enhanced. Under
this circumference, nomenclature of Resonance Raman Spectroscopy (RRS) is normally

used. Light polarization will also influence the signal intensity since it is a crucial factor

of the selection rule governing the optical absorption processes.

A typical Raman spectrum of SWNTs consists of two dominant spectroscopic
features, i.e. the low frequency radial breathing mode (RBM, between 100-300 cm™) and
the high frequency tangential mode (G band between 1500-1600 cm™). Disorder-induced
D mode is another feature presented with reasonably strong intensity. Since the RBM
frequency, wrgm, depends linearly on the reciprocal tube diameter d;, each (n, m) spceies
in a sample with a wide diameter distribution will have a different RBM shift. This can
be used to characterize the species abundance of both pristine and enriched SWNTSs.
Analysis of the G band is usually conducted regarding the two prominent peaks, which
originate from the symmetry breaking of the tangential vibration when the graphene sheet
is rolled. The two intense G peaks are labelled G* and G™ for modes corresponding to
atomic displacement along the tube axis and atomic displacement along the
circumferential direction respectively. The line shape of the G bands for semiconducting
and metallic SWNTSs is quite significant in terms of G”band. In contrast to the Lorentzian

line shape G band for semiconducting species, the G™ band for metallic species is
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substantially broadened due to the phonon-electron coupling. G mode and RBM mode
are informative for SWNT structural and electronic characterization. Because of the
resonant nature of the SWNT Raman signal, SWNT species are selectively probed by
different wavelength lasers. As a consequence, multiple excitation wavelengths are
needed in order to get more comprehensive information. Another feature of Raman
spectra which is rich in structural information is the D band (disorder band), which is
normally located at 1200-1400 cm™. This mode is resulted from the disordered structure,
i.e. the sp>-hybridized carbon atoms on the sidewall of SWNT as well as other carbon
sources in carbonaceous impurities. Specifically, the intensity ratio of G band and D band
is used for the estimation of the extent of functionalization of SWNTs. The Raman
features of RBM and G modes are also sensitive to the degree of functionalization with

their intensities decrease with increasing functionalization.
2.4.2.2 UV-Vis—NIR absorption spectroscopy.

Optical absorbance spectroscopy is the simplest optical technique, from both

195219 can be used to detect

theoretical and experimental point of view. Optical absorbance
the existence of SWNT species or estimate the concentration of the presented species
from the optical features corresponding to the first and second interband transition from
semiconducting SWNTs (Es* and Es?) and the first interband transition of metallic
species (En™). Optical features of higher level interband transitions are blurred due to
low density of states governing the optical process and the overlap with absorption from
o-bonded electrons.?™ Since the optical absorption intensity is roughly proportional to the

species concentration, optical absorbance can be used to determine the degree of SWNT

separation based on electronic properties. Theoretically, light will be absorbed when its
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photon energy is in resonance with E; values for certain SWNT species. The resonance
width depends strongly on the sample processing conditions and the broad peaks are
normally resulted from the unresolved absorption features from different species and it is
often difficult to resolve the in the optical absorbance spectra the features from tubes with
different (n,m) that have similar E;i. The analysis of species abundance is compromised
with small change in species E;;i value. This is the great challenge associated with
environmental changes. The species dependent optical absorbance spectra can be
resolved if the sample has a small diameter distribution, and this is normally the case for
smaller diameter SWNTSs. For absolute population analysis, optical absorbance efficiency
of relevant species is needed. Covalent functionalization of SWNTs will induces

modification to their electronic structure.??

As a result, their corresponding absorption
features will be influenced. The disruption of & conjugation is increased with increasing
functionalization degree. At low degree of functionalization, the characteristic
absorbance features can still be identified in the UV-Vis-NIR spectrum with suppressed

intensity. Complete loss of the absorbance features can be observed at high

functionalization degree.
2.4.2.3 Infrared spectroscopy.

Because of the strong absorption of SWNTs in the IR region, relative less
information about the vibrational properties of SWNTs can be obtained from Infrared
spectroscopy as contrast to Raman spectroscopy.??* For SWNTSs, A, and Ey are the two
main active modes at about 874 and 1598 cm™ respectively.””* The number of infrared
active modes depends on the species chiral indices. There are three, three and six Infrared

active vibrational modes for zigzag, armchair and chiral tubes respectively. IR
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spectroscopy is normally employed to characterize the impurities and identify the
functional groups introduced by organic functionalization.?? Specifically, IR is quite
useful to characterize oxidised SWNTSs. The finger print of the resulted C=0 stretching
band appears at around 1700cm™ and the characteristic bands of C-H vibration locate
between 2800 and 3000cm™. These spectroscopic features??> are absent in non-

functionalized SWNTs and are thus can be easily identified upon functionalization.

2.4.2.4 Emission spectroscopy.

i S

0 2 4 6 8 10
Density of Electronic States

Figure 2. 8 Schematic density of electronic states for a semiconducting single-walled carbon
nanotube. Van Hove singularities are labeled with “v” for valence band and “c” for conduction
band, along with subscripts giving the sub-band index. Vertical arrows show intense optical
transitions for light polarized along the tube axis. (reprinted from ref. 222 with permission)

Among the various optical characterization methods, photoluminescence exhibits
the most intense signal.’?*'%22> One prominent shortcoming with this characterizing
technique is the sample preparation. Since the photoluminescence of SWNT species are

strongly quenched upon formation of bundles, solution with individually suspended
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SWNT species are highly desired for this characterization. Another shortcoming is that
metallic species cannot be detected by this technique since metallic SWNTs do not
fluoresce. As contrast to Raman spectra which exhibit a unique feature (E;i, ®rgm) for
each (n,m) species, photoluminescence excitation spectra (PL emission as a function of
the excitation energy) suggest another unique finger print, that is obtained by

22 Es') signal intensity for each specific tubes.'%'% The (Es?,

measurement of the (Es
Es™) pairs can be well established once a complete photoluminescence excitation map is
conducted. The peak intensity of semiconducting SWNTSs is roughly proportional to their
individually suspended species concentrations and thus can be used as a proxy for the
estimation of enrichment degree of various semiconducting species. For the
determination of species abundance, PL quantum efficiency of each species is necessary.

PL emission is substantially suppressed after chemical functionalization and thus can be

used to track the reaction preferentiality towards certain species.

2.4.3 Scanning probe microscopy
All scanning probe microscopy techniques such as Atomic force microscopy?**%

and Scanning tunnelling microscopy®#%

involve the scanning action of a sharp tip across
the surface of an object. The tip is attached on a flexible cantilever; this allows it to
follow the surface profile. When the tip scans across the surface, the interaction between
the tip and the surface influences the cantilever movement. The modification of the
cantilever movement is detected by selective sensors. Various interactions can be
investigated depending on the mechanics and working mechanism of the probe. The two

most widely employed scanning techniques for SWNT characterization are atomic force

microscopy (AFM) and scanning tunneling microscopy (STM). AFM tracks the
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interaction force between the surface and the tip while STM measures the tunnelling

current between the tip and the surface at a fixed distance.

2.4.4 Electron microscopy

Scanning electron microscopy??’ and Transmission electron microscopy (TEM)??

are the two main characterization techniques used to visualize the SWNTSs, measure their
lengths and diameters as well as access their purities. Due to its low resolution, SEM
provides little information on the attachment of functional groups on the sidewall of
SWNTs. On the other hand, direct imaging of the single tube chirality can be achieved

with HRTEM.
2.5 Separation techniques & Resonance Energy Transfer

2.5.1 Separation techniques

In order to realize its potential in nanoelectronic devices, great effort has been
devoted to the development of new techniques for the sake of preparing metallic or
semiconducting SWNTSs with high purity. Preferential growth and selective enrichment

are the two main strategies for this purpose.

Plasma enhanced chemical vapor deposition (CVD)' is one of the typical
preferential growth method for the production of semiconducting SWNTs. The

semiconducting content of the produced SWNTs at 600°C with assist of plasma can

achieve as high as 90%. This qualitative estimation was conducted based on electrical
characterization. It demonstrated an effective preferential growth of semiconducting
SWNTs over metallic ones. The characterization methods employed for the content
estimation have also been applied to other SWNTSs materials and the results revealed that
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HiPco SWNTs consists of ~61% metallic while laser ablation produce metallic with
slight preferentiality (~70%). These control experiments suggest plasma enhanced CVD
method to be an effective method for the preparation of semiconducting SWNTs. High
performance field-effect transistors (FET) are obtained with the sem-SWNTSs enriched
product. However, the met-SWNTs content of the produced mixture is still high and
limits its application.

Separation of semiconducting and metallic SWNTs was first demonstrated with
individually SWNTs suspension using alternating current dielectrophoresis.???*%% This
physical technique was borrowed from the life sciences and makes use of the different
polarisabilities of semiconducting and metallic SWNTSs in the presence of an external
electrical field. Theoretically, the dielectric constant of metallic SWNTSs is of the order of
1000gy (go is vacuum permittivity), much higher than that of aqueous surfactant solution
(~80¢gp). However, the dielectric constant of semiconducting SWNTSs, which is on the
scale of 5gp, is much lower than that of aqueous media. Due to the large difference of
dielectric constants between metallic and semiconducting SWNTSs, effective sorting
according to electronic type can be achieved with the application of a strong and
inhomogeneous electrical field. In the presence of an alternating current electrical field,
the force on SWNTSs, generated by the interaction between the induced dipole moment
and the electrical field, drives the metallic SWNTSs towards the high field region while
semiconducting SWNTs are driven oppositely towards the lower field region. When
SWNTs are suspended in aqueous media, the electrophoretic response owing to the
interaction of the charges on the SWNTSs and the applied field is inevitably involved and

will compete with the dielectrophoretic response. Nevertheless, besides the SWNTS’
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intrinsic electronic properties, diameter and length are quite critical to this static charge

effects, making it unsuitable for separation of metallic and semiconducting SWNTS.

Another effective technique for separation by SWNTSs electronic type and diameter
is anion exchange chromatography of DNA-wrapped SWNTs.?? In this technique,
SWNTs were strongly encapsulated with single stranded DNA and a stable SWNTs-
DNA hybrid that can effectively assist in the dispersion of SWNTSs in aqueous solution
was formed. Due to the screening of the charge by met-SWNTSs, (met-SWNTs)-DNA has
less surface charge than its counterpart (sem-SWNTs)-DNA. To make use of the above
mentioned difference for SWNT separation, ion exchange chromatography experiment is
conducted. Experimental observation suggests that small diameter SWNTs (d<1.2nm)
were encapsulated with priority as contrast to large diameter ones. With ion exchange
chromatography technique, separation according to diameters and electronic types has
been achieved from optical absorbance spectroscopy. Raman spectroscopy and PLE maps
also confirm successful species enrichment based on electronic properties and diameters.
Theoretical work has suggested that the hybrid’s effective charge density, which is
primarily determined by DNA helical pitch, is the major factor governing the ion

exchange chromatography sorting process.

One fascinating approach which allows effectively enrichment of SWNTSs according
to their density was the density gradient ultracentrifugation (DGU) method.? In this
approach, the well dispersed SWNTs were loaded carefully into an intentionally prepared
medium with density gradient in the centrifuge tube. During ultracentrifugation, density
gradient of the medium assists in the SWNTSs sediment according to their corresponding

densities so that they can reach the point of the medium with matched density. The
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consequence is that the SWNTs will sort in the centrifuge tube according to their
distinguished density, forming various layers. Provided that the dispersing surfactant is
uniform in density for all loaded SWNTs solution, the SWNTSs density will be determined
exclusively by their diameters. A theoretical model describing the SWNTs motion during

DGU has been developed.

For the above mentioned methods, i.e. ac dielectrophoresis, anion exchange
chromatography of DNA-wrapped SWNTSs and density gradient centrifugation method,

the difficulty of scaling up limits their application.

As a promising alternative, chemical methods, on the other hand, are more easily
scalable and thus more attractive separation techniques. There are two main strategies for
the chemical methods, one is covalent functionalization of SWNTs and the other is
noncovalent attachment of functional groups to the sidewall of the SWNTSs. Generally, an
increase of the curvature of the carbon framework leads to a more pronounced
pyramidalization of the sp® hybridized carbon atoms and therefore an increased tendency
to undergo addition reactions. The structure effect is evident in fullerene and can be
extended to SWNTs.?' In C70, for example, the bonds at the poles are much more
reactive than those around the flatter equatorial region.?*! Efficient addition at the equator
takes place only with very reactive species, such as arynes, carbenes, or halogens.
Normally, SWNTSs bear no caps at their poles, and consist instead of graphitic sidewalls,
usually with defects.”®! Thus, there are no strongly curved regions that could serve as
reactive targets for direct additions. As the typical diameter of a SWNT (1 £ 2nm) is
larger than that of a fullerene, its relative reactivity is even less than that of the flat

regions in fullerenes.”' Further problems in reactions with SWNTs are their low
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solubility or dispersability, and their occurrence in bundles. Therefore, functionalization
of the sidewalls by covalent-bond formation will only be successful if a highly reactive
reagent is used. Besides the above mentioned factors, reactivity of SWNTSs is influenced
by other factors associated with their unique 1-D tubular structures such as the electronic
properties as well as the species chiralities. The reported selective covalent
functionalization so far includes diazonium reagent, nitric and sulphuric acids,

osmylation, ozonation, azomethine ylides, etc.

Under carefully controlled condition, selective attack of metallic SWNTSs has been
demonstrated with diazonium reagents.?® The model employed to explain the selective
behavior describes the diazonium reagent extracting electrons, giving out N, gas and
forming stable covalent bond with the SWNTSs sidewall. The availability of electrons near
the Fermi level is assumed to be responsible for the preferential formation of charge
transfer state between met-SWNTs and diazonium reagent, which finally results in the
higher bond formation reactivity for met-SWNTs. However, chiral angle, chemical
doping, etc. are also anticipated to the influence the reactivity. Although the chemistry
shows good selectivity towards primarily met-SWNT, extraction of the functionalized
met-SWNTSs from the plain sem-SWNTs is still a challenge. In this circumstance, met-
SWNTs have not been separated from Sem-SWNTs but have been functionalized
chemically so that they are undetectable by optical spectroscopy. Nevertheless, the
destruction of semiconducting SWNTSs is unavoidable and the handling of the extremely

explosive diazonium reagents exposes us to high hazard.

Upon treatment with nitric and sulphuric acids,™ selective removal/destroy of

metallic SWNTs with small diameters has also been achieved. Optical and Resonance
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Raman spectra were employed in the characterization of the treated SWNTs and
confirmed the selectivity. The selectivity is resulted from the selective adsorption of
positively charged NO," on metallic SWNTs due to the higher availability of electron
densities at the Fermi level in the metallic SWNTSs. The diameter selectivity is ascribed to
the higher strain associated with the higher curvature of smaller diameter SWNTSs.
However, because the reactivity of metallic SWNTSs towards the acid mixtures decreases
with increasing diameter, large diameter metallic SWNTSs still exist after treatment. This
makes the removal of the metallic SWNTs not complete. Moreover, smaller diameter
semiconducting SWNTs show some reactivity towards the treatments, which may result

in its lost in the end.

Another effective covalent functionalization which can effectively discriminate
between metallic and semiconducting SWNTs is osmylation of SWNTs under UV
irradiation.?® In this reaction, the interaction of OsO, with SWNTSs in Toluene with the
assistance of UV irradiation shows greater reactivity toward metallic species with a large
electron density near the Fermi level. As a result, the osmylation of metallic SWNTSs
disrupted the conjugated = electron structure with the osmium tetroxide species converted
to OsO, nanoparticles, which are then attached onto the sidewall of the SWNTs.
Resonance Raman Scattering spectra of the functionalized SWNTs samples at three
different excitation wavelengths, which selectively probe different chiral species,
confirmed higher preferentiality towards metallic SWNTs with osmylation reaction. The
conclusive evidence arise from the dramatic loss of resonances at 514.5nm as contrast to
the trivial modification observed with the spectra features from primarily semiconducting

SWNTs probed with 1064nm laser.
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Solution-phase ozonolysis®®* has been demonstrated to be effective for the
separation of SWNTs according to their diameters and the diameter selectivity was
confirmed by the Resonance Raman spectra of the treated SWNTs. The selectivity
corroborated the above mentioned theoretical prediction of the effects of

pyramidalization and m-orbital misalignment on SWNT reactivity.

Selective chemistry has been observed using azomethine ylides®® as the
functionalization reagents. Resonance Raman spectra and UV-Vis-NIR absorption
spectra suggests that semiconducting SWNTs are preferentially functionalized, which is
possibly induced when the starting N-oxides substrates (ylide precursors) are attached to
the polycyclic aromatic substituent. With the polycyclic aromatic n-stack preferentially
with the more aromatic semiconducting SWNTSs, the selectivity of the covalent

functionalization towards semiconducting SWNTSs was finally resulted.

Besides preferential chemistry, selective removal/destroy of unwanted species has
also been achieved with laser irradiation.”> Upon laser irradiation in air, metallic SWNTs
in SWNT film network can be preferentially destroyed as contrast to their
semiconducting counterparts provided that the laser wavelength and irradiation power
intensity are appropriate and the SWNTs in the network are not severely bundled.
Different rates of photolysis-assisted oxidation of metallic SWNTs and semiconducting
SWNTs is the driven force of the selective destroy. This method shows good promising
for the preparation of semiconducting SWNTs enriched network for Field Effect
Transistor (FET) application. However, it suffers from the low efficiency of selective

destroy of laser irradiation.

53



Chapter 2 Literature Review
The most obvious disadvantage associated with all above mentioned
functionalization methods is the destruction and ultimate consumption of the desired
species along with the destruction of the unwanted species due to the harsh condition
involved. As contrast, non-covalent approaches are particularly attractive due to their
ability of preserving nearly all of the SWNTSs’ intrinsic properties as well as the mild

234-237

operation condition. Normally, noncovalent attachment is controlled by

thermodynamic criteria and it is called wrapping for some polymers.

Selectivity by electronic type has been extensively studied for non-covalent
chemistries based on amines.**?* |n particular, selective functionalization of metallic
SWNTs has been achieved with propylamine and isopropylamine in THF. On the
contrary, if the SWNTSs are first oxidized in acidic solution, octadecylamine selectively

interacts with semiconducting species.

Charge-transfer complex formation with metallic SWNTSs has been demonstrated for
bromine.*® UV-Vis-NIR absorption spectra were used as the primary characterization
technique to investigate the selectivity. The driving force of the selectivity is the chemical
discrimination in the charge transfer complex formation between bromine and the
metallic SWNTSs vs. semiconducting SWNTSs. The resulted density difference was used to

effect a centrifugation based separation.

n- stacking interaction has also been demonstrated to be effective for selective
suspension of certain SWNT species. With the assistance of this kind of discriminatory
interaction, porphine®® and pyrene® has been verified to be selective towards
semiconducting SWNTSs. In order to facilitate the dispersion of SWNTSs with the aromatic

compounds, long functional groups were intentionally introduced. UV-Vis-NIR
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absorption spectra and electrical conductivity measurements were the primary
characterization techniques. The method relies on distinct molecular recognition
properties of aromatic functional groups toward the carbon graphitic structure. The n-n
stacking interaction is believed to be critical for the enrichment. However, increased

dispersion is required for achieving better separation.

The adhesion of all these above mentioned small molecules is substantially
facilitated by electrostatic interaction or weak linkage similar to hydrogen bond between
SWNTs and adsorbents or intermolecular hydrogen bond. Selectivity towards certain
species is presumably resulted from the distinguished thermodynamic pairing force of
SWNTs/adsorbent for different SWNTS species. It can be anticipated that other forms of
the weak interaction such as electrostatic interaction, Van der Waals interaction and n-nt
stacking interaction may also contribute to the SWNTs/adsorbent pairing force and

modify the dispersants’ selectivity behavior.

In fact, another kind of weak interaction, i.e., hydrogen bond has also been
successfully employed in the selective suspension of certain SWNT species. With flavin
mononucleotide as the dispersion agents,*® selective wrapping of the molecules in a
helical pattern around SWNTs has been observed. With the aid of intermolecular
hydrogen bond, a helical ribbon between adjacent flavin mononucleotide was formed. In
the presence of concentric n-mt stacking interaction between flavin mononucleotide and
the SWNT sidewall as well as the intermolecular hydrogen bond, prominent species
selectivity was verified by photoluminescence maps as well as UV-Vis-NIR absorption
spectra of SWNTSs. The selectivity is possibly resulted from the dependence of strength of

helical flavin mononucleotide assembly on the SWNT chirality. The selectivity was
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verified by computer simulation. With the introduction of another surfactant SDBS, the
flavin mononucleotide assembly is disrupted and replaced. The strong affinity of flavin
mononucleotide towards (8,6) species resulted in a 85% chirality enrichment from a

SWNT sample with broad diameter distribution.

Interestingly, upon laser irradiation, Triton X-100>" has been reported to be highly
selective towards small diameter SWNTSs. The preferential chemical interaction can be
induced by laser with power density down to 10uW/um? as long as the photon energies
match the energies corresponding to the interband transition of SWNT species.
Resonance Raman spectra was used to probe the diameter distribution of the treated
SWNTSs because of the direct relationship between the Raman shift of the spectral

features and the SWNT diameters.

Attachment of all the reported small molecules such as octadecylamine, bromine
and flavin mononucleotide has been demonstrated to be effective in assisting SWNTSs

enrichment but these methods still achieve limited selectivity.

Another kind of chemical structures which have promising potential for the
selective suspension of SWNT species is conjugated polymers. For example, depending
on their chemical structures, fluorene-based polymers®® selectively suspend SWNT
species with certain chiral angles and diameters. Poly(9,9-dioctylfluorenyl-2,7-yl) and
poly[(9,9-dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)] selectively suspend SWNT
species with large chiral angles while poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-
{2,1,3}-thiadiazole)] preferentially wraps SWNTs with specific diameter(1.02-1.06nm).
Starting with narrow diameter distributed SWNTs (Co-MCM-41), high purity of (7,5)

species (up to 79%) can be obtained by polymer assisted extraction.
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A more comprehensive study of selectively suspension of SWNT species by
conjugated polymers was published in 2007 by Nish, etc.*® Obvious evidence of good
suspension and high selectivity was suggested by optical absorbance and
Photoluminescence excitation maps. Up to ~60% relative concentration of a single
species of isolated tubes was claimed. Depending on the structures of polymers,*” distinct
species in terms of chiral angles and diameters were selectively suspended. Computer
simulation suggests that ordered molecular structures were formed by the rigid-backbone
structures, wrapping around the SWNTSs with n-fold symmetry determined by the SWNT
diameters. In a following report, solvent effects on the selectivity were systematically
investigated. The results indicated that highest selectivity can be observed when toluene
was used as the solvent while chloroform is effective in enhancing the SWNT overall

solubility.

As in the case of aromatic small compounds, the m-m stacking interaction is also
believed to be critical for the enrichment. Nevertheless, the notorious strong m-m
interaction is highly unfavorable with respect to the post-separation removal of the

polymer.

Another interesting enrichment strategy is enrichment of SWNTs based on their
helicity. With the employment of chiral ‘gabletype’ diporphyrin molecules,**?* left- and
right-handed helical SWNTs were prepared by preferential extraction. This approach is
worth pointing out since it is the only strategy that was developed aiming at preparation
of optically active SWNTSs instead of the normally developed separation techniques based
on SWNT electronic properties and diameters. The driven forces are the different

affinities of the diporphyrin molecules towards left- and right-handed helical SWNT
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isomers to form complexes with unequal stabilities. As in the case of aromatic small
compounds, the n-w stacking interaction is also believed to be critical for the enrichment.

Nevertheless, the application of the enriched optically active SWNTSs is still rare.

2.5.2 Resonance energy transfer
Radiative energy transfer

Radiative energy transfer is a two-step process:*** a photon emitted by a donor D is
absorbed by an acceptor that is chemically different (A) or identical (D) This process is
often called trivial transfer because of the simplicity of the phenomenon, but in reality the
quantitative description is quite complicated because it depends on the size of the sample
and its configuration with respect to excitation and observation. Radiative transfer results
in a decrease of the donor fluorescence intensity in the region of spectral overlap.?**
non-radiative energy transfer

Non-radiative transfer of excitation energy requires some interaction between a
donor molecule and an acceptor molecule, and it can occur if the emission spectrum of
the donor overlaps the absorption spectrum of the acceptor, so that several vibronic
transitions in the donor have practically the same energy as the corresponding transitions
in the acceptor.?*! Such transitions are coupled, i.e. are in resonance. The term resonance
energy transfer (RET) is often used. In some papers, the acronym FRET is used, denoting
fluorescence resonance energy transfer, but this expression is incorrect because it is not
the fluorescence that is transferred but the electronic energy of the donor.?** Energy
transfer can result from different interaction mechanisms.?** The interactions may be
Coulombic and/or due to intermolecular orbital overlap.?** The Coulombic interactions

consist of long-range dipole—dipole interactions (Forster’smechanism) and short-range
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multi-polar interactions.?** The interactions due to intermolecular orbital overlap, which
include electron exchange (Dexter’s mechanism) and charge resonance interactions, are

of course only short range.***
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Chapter 3 Materials and Methods

3.1 Materials

The reagents, 1-pyreneacetic acid (97%, brown solid), 1-pyrenebutyric acid (99.5%,
brown solid), 1-pyrenecarboxylic acid (99%, brown solid), thionyl chloride (99%,
colorless liquid), 2-(aminomethyl)-18-Crown-6 (99.9%, colorless liquid) and pyridine
(99%, colorless liquid) were supplied by Sigma-Aldrich and used as received. The
polymers poly(benzyl methacrylate) (PBMA) (white solid) and
poly(methylmethacrylate)-co-(9-anthracenylmethyl acrylate) (PMMA-c-PAMA) (yellow
solid), poly(2-Naphthylmethacrylate) (PNMA) (yellow solid), poly(9-anthracenylmethyl
methacrylate) (PAMMA) (yellow solid) and poly(methylmethacrylate-co-fluorescein-o-
acrylate) (PMMAFA) (yellow solid), as well as sodium dodecylbenzenesulfonic acid
(SDBS) (99.9%, white powder) were obtained from Aldrich and were used as received.
The synthesis and characterization of the polymers poly[(2,7-pyrenyl)-co-2,2’-[5,5’-
bis(3-dodecylthiophenyl)]] (PPyrBT) and poly[2,7-(9,9-didodecylfluorenyl)-alt-(2,7-
pyrenyl)] (PFluPyr) has been reported elsewhere.?*> Solvents dichloromethane (98%),
acetonitrile  (99%), chloroform (99.5%), Tetrahydrofuran(THF) (99.9%), N,N-
dimethylformamide (DMF) (99%), toluene (99.5%) and deuterium oxide (D,0) (99.5%),
were purchased from Sino Chemical Company Pte Ltd and used without further
purification unless otherwise specified. As-grown HiPco (super pure grade) SWNTSs used
are the nanotubes purchased from Carbon Nanotechnologies Inc. (CNI). CoMoCAT
SWNTs were purchased from SouthWest Nanotechnologies, Inc. and were used as

received.
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3.2 Experimental Section
Separation with surfactants.

Suspending of specific amount of SWNTs in surfactant solution (with different
SWNTs/surfactant ratio for different surfactants) was followed by sonication for different
periods of time (10, 15&60 minutes) at distinct sonication power intensities
(100W&175W) depending on the surfactant used. Centrifugation was then conducted
(immediately or after 2 weeks standing) to removed the bundled SWNTs. Both the

supernatant solution and precipitated solid were collected for further characterization.

3. 3 Characterization Methods

'H NMR spectra were recorded on a Bruker ACF 300 FT-NMR spectrometer
operating at 300 MHz. Deuterated chloroform was used as the solvent and

tetramethylsilane (TMS) was used as the internal standard.

FT-IR absorption spectra were acquired with a Nicolet 5700 FT-IR instrument.
Infrared spectroscopy gives much less information about the vibrational properties of
SWNTs compared to Raman spectroscopy, mostly due to the strong absorption of
SWNTSs in the IR range. In this study, FT-IR absorption spectra were used to characterize

the pyrene derivatives on the sidewall of SWNTSs.

Raman spectra from all the samples were measured with a Renishaw Ramanscope in
the backscattering configuration under the same experimental conditions (except for
differing laser excitation wavelengths). Stokes spectra of all the HiPco samples were
obtained with 514.5 nm (2.41 eV), 633nm (1.96 eV) and 785nm (1.58eV) lasers while

Stokes spectra of COMoCAT SWNTs were obtained with 633nm (1.96 eV) laser.
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Absorption and photoluminescence spectra of polymer solutions were obtained with a
Shimadzu UV-1601 PC UV-vis spectrophotometer and an AMINCO BOWMAN 1l
luminescence spectrometer respectively. For the characterization of polymer solution
with UV-Vis and photoluminescence measurements, dilute polymer solution (1x107° M)

was prepared in anhydrous spectrum-grade THF.

For UV-Vis-NIR characterization, polymer solution was normally used as reference
for background subtraction in supernatant scans while for the precipitates, no background
subtraction was conducted during the data collection because polymer absorption features
were strongly suppressed by the toluene washing. Some spectra have been magnified for
comparison; this has no effect on the content ratio of different species. Some spectra
exhibit a sharp edge at almost exactly 800nm due to the change of the detector during
data collection. Due to the change of detector during data collection, a sharp edge at

almost exactly 800nm can be observed in some of the spectra.

UV-Vis-NIR spectra of the SWNT solutions were recorded on a Cary 5000 UV-Vis-

NIR spectrophotometer.

Photoluminescence excitation (PLE) measurements of the supernatant SWNTs
suspended in the polymer solution as well as the precipitates, resuspended in SDBS, were

performed on a Jobin-Yvon Nanolog-3 spectrofluorometer with an InGaAs detector.

The current-voltage (1-V) characteristics of the SWNTs networks were measured
using an Agilent 4157B Semiconductor Parameter Analyzer System. SWNT network
conductivity (o) was estimated from the I-V behavior in the low current-low bias linear
regime. The effects of air exposure on the conductivity of the SWNTs network, which

was fabricated by depositing some chloroform solution of SWNTs between the two
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electrodes, were investigated by the measurement of the conductivity as a function of

time when heated in the air at 200°C.

Back-gated SWNT-FETs were fabricated on heavily doped p-type silicon wafers
capped with 300nm thermally grown silicon dioxide layers. Source and drain electrodes
were photolithographically patterned in a 60nm layer of Au on a 10 nm layer of Ti. The
channel length and width were 20pum and 100um respectively. All electrical
measurements were carried out in ambient conditions using a Keithley semiconductor

parameter analyzer Model 4200-SCS.

Atomic Force Microscope (AFM) measurements were performed on a MFP3D
microscope (Asylum Research, Santa Barbara, CA) with a cantilever (Arrow NC,

Nanoworld) in tapping mode. Scan rate was set to be 1 Hz at various scan sizes.
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Chapter 4 Species enrichment of SWNTs with
pyrene alkylamide derivatives: is the alkyl chain
length important?
4.1 Introduction

In this chapter, we show that amide-functionalized pyrene derivatives can
preferentially suspend met-SWNTs with specific diameters based on non-covalent
interaction. Three pyrene derivatives with different lengths of alkyl groups between the
amide groups and pyrene moieties (Figure 4.1) have been successfully synthesized®*.
The three pyrene derivatives, N-methyl(18-Crown-6)pyrene-1-acetamide, N-methyl(18-
Crown-6)pyrene-1-butyramide and N-methyl(18-Crown-6)pyrene-1-formamide,
employed in this work are hereafter referred to as pa-18-C-6, pb-18-C-6 and pc-18-C-6
respectively, for convenience sake, corresponding to the starting material of 1-
pyreneacetic acid, 1-pyrenebutyric acid and 1-pyrenecarboxylic acid. For all the three
pyrene derivatives, the SWNTSs in the supernatant solution as well as the precipitated
solid were characterized by Raman spectroscopy using 514.5nm, 633nm and 785nm
lasers. UV-Vis-NIR spectroscopy and current-voltage measurement of precipitated solids
after four-pass separation using pc- 18-C-6 and pa-18-C-6 alternately were also
conducted. Fourier-Transform Infra Red Spectroscopy (FTIR) was used to confirm the

structural rearrangement of pa-18-C-6.

4.2 Experimental section
4.2.1 Synthesis of pyrene derivatives
Three amide-substituted pyrene derivatives were synthesized by reaction of 1-

pyreneacetic acid, 1-pyrenebutyric acid or 1-pyrenecarboxylic acid and thionyl chloride
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followed by further reaction with 2-(aminomethyl)-18-Crown-6. Their chemical
structures were confirmed with *H NMR spectroscopy.®*® The representative synthetic
strategy is outlined in Figure 4.1.

6 SoCl, —
o = O

(CHp),COOH \_ 7/ (CH,).cocl

s

R=18-Crown-6
(CH,),CONHCH,R

n=0, pc-18-C-6
n=1, pa-18-C-6

n=3, pb-18-C-6

Figure 4. 1 Synthetic approach to pyrene derivatives. N-methyl(18-Crown-6)pyrene-1-acetamide,
N-methyl(18-Crown-6)pyrene-1-butyramide and N-methyl(18-Crown-6)pyrene-1-formamide are
referred to as pa-18-C-6, pb-18-C-6 and pc-18-C-6 respectively.

The detailed synthetic procedure with 1-pyrenecarboxylic acid as the starting
material is as follows: 0.1023g 1-pyrenecarboxylic acid (0.415mmol) was added to about
20ml thionyl chloride and the reaction mixture was refluxed overnight before the excess
thionyl chloride was removed by distillation. The remaining solid was dissolved in newly
dried dichloromethane(DCM) and 0.1230g 2-(aminomethyl)-18-Crown-6 (0.42mmol)
was added to the mixture. 0.05ml of pyridine was added and the solution mixture was

refluxed for 48h under the protection of argon.

4.3 Results and Discussion

To confirm the enrichment of sem- and/or met-SWNTs in separated samples,
Resonant Raman Spectroscopy®** was used since the allowed optical transition energies
depend on tube diameter and type (i.e. electronic property) and consequently differ for

met- and sem-SWNTSs. Different lasers bring different SWNTSs, depending on types (met-
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/sem-) and diameters, into resonant scattering since the energy of interband electronic
transition depends on these two parameters.®*?%* The HiPco nanotubes have been
reported to have diameters ranging from 0.8 to 1.3nm. According to the Kataura
plot,*%0247-248 excitation at 514.5nm probes primarily larger diameter (D>1.08nm) sem-
SWNTs and smaller diameter (D<1.03nm) met-SWNTs. Excitation at 633nm selectively
probes smaller diameter (D<0.94nm) sem-SWNTs and larger diameter (D>1nm) met-
SWNTs. However, RRS signal of HiPco SWNTs with 785nm excitation mainly come

from sem-SWNTs,106:247-248
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Figure 4. 2 Raman Resonant Scattering spectra using 514.5 nm laser of the (a) precipitated solids
and (b) SWNTSs in the supernatant solution (in chloroform), with different separation agents. (i)
the RBM section (data not normalized for a(i) due to its obvious difference) (ii) the G and D
bands (data normalized with G* band reference).
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Fig 4.2 shows the enlarged radial breathing mode (RBM) and tangential mode (G

mode) portions of the Resonant Raman Scattering (RRS) spectra®*24

using 514.5nm
laser. The spectra of the precipitated solids and supernatant are shown in Figures 4.2(a)
and 4.2(b) respectively. The spectrum of as-received HiPco SWNTSs is also included for
comparison. In the RBM spectra (Figures 4.2(a)i and 4.2(b)i), the Raman peaks of sem-
and met-SWNTs are clearly separated in wavenumber. The peaks with wavenumbers
between 160 and 230cm™ are due to sem-SWNTs while those between 230 and 300cm™
are due to met-SWNTSs. For the precipitated solid, the decrease of the RBM peak
intensities of met-SWNTs for all the three pyrene derivatives indicates that these pyrene
derivatives selectively suspend met-SWNTs in the supernatant. The separation
efficiencies are in the increasing order of pc-18-C-6, pb-18-C-6 and pa-18-C-6, with pa-
18-C-16 most effectively suspending met-SWNTs (of relatively small diameter with
514.5nm laser). The conclusion is corroborated by the G mode shapes (Fig. 4.2(a)ii),?**
250 \whereby sharp G peak (at approximately 1567 cm™) indicates sem-SWNTs while the
broad G™ peak with a shoulder at ca. 1530 cm™ indicates met-SWNTs. The G band is
most broad and unsymmetrical in the case of pc-18-C-6, confirming it results in the
highest met-SWNTSs content in the precipitate. Hence, from the 514.5 nm G band of the

precipitate, we can confirm the separation efficiency in the increasing order of pc-18-C-6,

pb-18-C-6 and pa-18-C-6.

Figure 4.2(b) shows the RRS spectrum of the supernatant solution with incident
excitation wavelength of 514.5nm. Only the spectrum of the pa-18-C-6 sample was well
resolved; the enlarged RBM and G modes are shown in Figures 4.2(b)i and ii. The RBM

peak intensities in the 230 cm™ to 300 cm™ region of the pa-18-C-6 spectra indicate that
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Chapter 4 Species Enrichment with Pyrene Derivatives
the metallic content in the supernatant solution is enriched with respect to the as-received
SWNTs. The more broad and unsymmetrical G band with increasing G~ feature with pa-
18-C-6 corroborates this conclusion. Under 514.5nm excitation, the observed Raman
peaks of SWNTSs suspended in solution with pb-18-C-6 and pc-18-C-6 were not well-
resolved. The absence of nanotube peaks with pb-18-C-6 and pc-18-C-6 is due to the
mismatch of the resonance energies of these suspended nanotube species to the laser

excitation energy.
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Figure 4. 3 With 633 nm laser, the Raman spectra of (a) precipitated solids and (b) SWNTSs in the
supernatant solution (in chloroform). (a)i RBM section of the precipitated solid (data normalized
with Peak 1l reference), (a)ii the G and D bands of the precipitated solids (data normalized with
G’ band reference), (b)i the RBM section of the SWNTSs in the supernatant solution with
separation agent pb-18-C-6 and pc-18-C-6 (data not normalized), (b)ii the G and D bands of the
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SWNTs in the supernatant solution with separation agent pb-18-C-6 and pc-18-C-6 (data
normalized with G* band reference).

With 633nm excitation, according to Kataura plot'®#7% the RBM peaks located
below 235cm™ are due to met-SWNTs while those above 235cm™ are due to
semiconducting ones (Figures 4.3(a)i and (b)i). The spectra of Figure 4.3(a)i are
normalized for comparison purposes with respect to the peaks located at approximately
256cm™. As in the 514.5nm excitation spectra, the decrease of the RBM peak intensities
of met-SWNTSs in the precipitate (Fig. 4.3(a)i) indicates that these pyrene derivatives
selectively suspend met-SWNTSs in the supernatant; the concentration of met-SWNT in
the precipitate is the lowest for pc-18-C-6 and highest for pa-18-C-6. The separation
efficacy implied by the relative intensities of met-SWNTs RBM peaks (150-235cm™) in
Fig 4.3(a)i is in the increasing order of pa-18-C-6, pb-18-C-6, pc-18-C-6 which should be
of relatively large diameter to be detectable by the 633 nm laser. This order is exactly

opposite to that implied by the Raman spectra with 514.5 nm excitation.

Also with 633nm laser, the RBM and G mode spectra of the SWNTs in the
supernatant solutions using pb-18-C-6 and pc-18-C-6 are well resolved and are shown in
Figures 4.3(b)i and 4.3(b)ii. For pb-18-C-6, the RBM peaks above 235cm™ are entirely
absent (Fig. 4.3(b)i), indicating that almost all of the SWNTSs in the supernatant solution
are met-SWNTSs. This conclusion is corroborated by the G band shape, in which the G
band is even stronger than the G* band (Fig. 4.3(b)ii). However, whether or not the high
intensity of the D band peak of this spectrum is related to the extremely high metallic
content of this sample is not clear at this moment. Similarly, for pc-18-C-6, the relative

intensities of RBM peaks indicate that the metallic content in the supernatant solution is
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dramatically increased as compared with the as-received SWNTSs; the broader G~ band

corroborates with this.

Under 633nm excitation, the SWNTSs in the supernatant solution using pa-18-C-6 are
barely excitable (i.e. inactive) (Figure 4.3(b)i). The separation efficacy detectable by
633nm laser is in the increasing order of pb-18-C-6 and then pc-18-C-6 and pa-18-C-6 is
undetectable. Under 514.5nm excitation, on the other hand, the SWNTs in the
supernatant using pb-18-C-6 and pc-18-C-6 are inactive (Figure 4.2(b)i). However, Fig.
4.3(b)i and 4.2(b)i together show that the supernatants contain met-SWNTSs for all three
surfactants. The discrepancy between the trends using 633nm and 514.5nm lasers is
presumably due to different diameter nanotubes which have RBM modes excitable with
different laser energies and different suspension efficacy with various pyrene derivatives.
(Resonance occurs when the interband electronic transition of the SWNT is typically
within + 0.1 eV of the laser excitation energy.) With pb-18-C-6 and pc-18-C-6, larger
diameter met-SWNTs which resonates with 633nm laser are selectively suspended in the
supernatant solution (Figure 4.3(b)i); with the same surfactants, the inertness of these
suspended SWNTs to 514.5nm laser excitation (Figure 4.1(b)i) may then be attributed to
the inability of this laser to probe met-SWNTs with larger diameter. (The mismatch
between the energy of 514.5nm excitation radiation and the energy associated with
interband electronic transition of large diameter met-SWNTSs results in the suspended
SWNTSs inactiveness to 514.5 nm laser for these two surfactants.) With separation agent
pa-18-C-6, small diameter met-SWNTSs are suspended and these can be detected with
514.5 nm laser (Figure 4.2(a)i); using the same surfactant, the inertness of the suspended

small diameter met-SWNTSs to 633nm laser can be attributed to the fact that the energies
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associated with the interband electronic transition are shifted out of the resonance

window of the laser.

From the RRS results with excitation of 514.5nm and 633nm, we conclude that all
three pyrene derivatives are metallic-selective. pa-18-C-6 has stronger selectivity towards
smaller diameter met-SWNTs while pb-18-C-6 and pc-18-C-6 are highly selective
towards larger diameter met-SWNTs. The Raman results of the supernatant and
precipitate reinforce each other. For example, in Fig. 4.3, the preferentiality of highly
effective pc-18-c-6 for the largest diameter met-SWNTS results in its highest enrichment
in the supernatant solution (peak | in Fig. 4.3(b)i) and the sharpest decrease of the peak |

intensity in the precipitated solid (Fig. 4.3(a)i).

With both pc-18-C-6 and pb-18-C-6 surfactants, the metallic RBM peak increase is

larger for the peak with lower wavenumber at around 190 cm™ (peak | in Figure 4.3(b)i).
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The relation between the RBM frequency and the nanotube diameter—" is Wrgm(cM’

1)=C1/dt+C2 (C1=223.5 and C,=12.5 for HiPco SWNTSs) where ® is the Raman shift of
the RBM of SWNTs and d; is its diameter in nanometers. Hence, the smaller
wavenumber peak (I) corresponds to large diameter (~1.3 nm) nanotubes whilst peak I1
corresponds to smaller diameter (~1.1 nm) nanotubes. This suggests that the degree of
interaction between both of these surfactants and SWNTSs is proportional to the diameter
of the met-SWNTs. Also in Fig. 4.3b(i), for pc-18-C-6 with higher met-SWNT
suspendability, the three RBM peaks (I, 1l and I11) persist but with pb-18-C-6, peak IlI
totally disappear and the intensity ratio of peak | to that of peak Il increases. Hence, pc-
18-c-6 which has higher suspending power for large met-SWNTs has lower

differentiating ability between the various diameters. The higher discriminating capability
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associated with the relative weaker separation agent pb-18-C-6 results in higher intensity
of the peak located at 216 cm™ (peak Il in Fig. 4.3(a)i) in the precipitate as compared
with pc-18-C-6, which is also consistent with the spectra obtained for the SWNTSs in the
supernatant solution (Fig. 4.3(b)i).

Also, the more the surfactant is consumed on larger diameter met-SWNTS, the less is
left for attachment to other smaller-diameter SWNTs since the feed ratio of the
surfactants and SWNTSs is controlled to be the same for all the three surfactants. This is
confirmed by the Raman results using the two excitation wavelengths. With the
separation agent pb-18-C-6, as compared to pc-18-C-6, there is less consumption by the
larger diameter met-SWNTSs (Fig. 4.3(b)i) so that there is more free compounds left in the
supernatant for suspending the smaller diameter met-SWNTs causing the higher peak
intensity drop of the smaller diameter met-SWNTSs probed with excitation of 514nm (Fig.

4.2(a)i).
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Figure 4. 4 With 785 nm laser, the Raman spectra (RBM section) of (a) precipitated solids and (b)
SWNTSs in the supernatant solution (data normalized with Peak at ~267cm™ reference).
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Fig. 4.4 shows the enlarged radial breathing mode (RBM) (tangential mode (G mode)
not included because no difference can be observed) portions of the Resonant Raman
Scattering (RRS) spectra using 785nm laser. The spectrum of as-received HiPco SWNTSs
is also included for comparison. According to Kataura plot, 785nm laser mainly probes
semiconducting HiPco SWNTs with relative large diameter (D>0.9nm). It can be
conveniently concluded from the spectra that pb-18-C-6 is selective to large diameter
(low RBM Raman frequency) semiconducting SWNTs while pa-18-C-6 and pc-18-C-6
show no discrimination between different semiconducting species. The large diameter
selectivity of pb-18-C-6 is possibly due to its longer functional group, which will

facilitate the wrapping of large diameter SWNTS.

There is no contraction between the conclusions we have made based on the Raman
spectra with different lasers since different lasers will selectively probe different SWNTSs
species, depending on the energy difference between the laser energy and interband
transition energies E;; of certain species. There is almost no overlap between the species

chiralities which will be resonantly probed by different lasers.

To demonstrate the effectiveness of our proposed molecules for the separation of
SWNTSs with respect to their electronic properties (i.e. metallic or semiconducting), UV-
Vis-NIR spectra and Current-Voltage (I-V) curves of the SWNTSs in the supernatant
solution and the precipitated solids were obtained. In the sample preparation, pa-18-C-6
and pc-18-C-6 were used alternately for the met-/sem- nanotube separation as pa-18-C-6
is more effective in suspending smaller diameter metallic SWNTs while pc-18-C-6 is
more selective to larger diameter metallic SWNTSs. In each round, the supernatant

solution was removed and the precipitated residue was collected for further separation.
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Both these two surfactants were used twice in the sequence of pa-18-C-6, pc-18-C-6, pa-
18-C-6 and pc-18-C-6. The final residue was collected for UV-Vis-NIR spectral
characterization and electrical measurement. The supernatant solutions were combined
and the SWNTSs from the supernatant solution were also employed in the UV-Vis-NIR

characterization.
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Figure 4. 5 UV-Vis-NIR spectra of the separated and as-received HiPco SWNTS.

The UV-Vis-NIR absorption*® spectrum of the as-received HiPco SWNTSs was also
obtained as a reference. In our spectra (Fig. 4.5), the peaks appearing at 400-540 nm can
be assigned to the My; peak while those appearing at 540-1010 nm and 1010-1500 nm
can be assigned to Sy;and Sy respectively. The ratio of the absorption intensities of My,
and Sy, was used as the indicator of the content ratio of met-SWNTs and sem-SWNTs
because the S;; intensity is most susceptible to environmental perturbation. The intensity
ratio of M11/S,, (especially the obvious suppression of the intensity of the peaks from
met- SWNTs at ~500nm) confirms that met-SWNTs are enriched in the supernatant

solution (the Mj; intensities is comparable while the enclosed area of the Sy, from the
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supernatant solution is much smaller than that of the as-received HiPco SWNTSs) while

sem-SWNTs are enriched in the precipitates, resulting from the multi-stage separation

process.
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Figure 4. 6 Current-Voltage characteristic of SWNTSs thin films.

The 1-V characteristics were recorded by applying a voltage across thin films of

SWNTs deposited from a chloroform solution. The thickness of the electrodes, the

distance between the two electrodes and the overlapping length of the two electrodes

were 60nm, Sum and 9mm respectively. The |-V curves (Fig. 4.6) indicate that the

conductivity decreased by a factor of 10 after separation. The conductivities of the

network made from the as-received HiPco SWNTs and the sem-SWNTs enriched sample

were 43 S-m™and 4.3 S-m™ respectively. The area density of SWNTSs, which is critical to

the I-V characteristics of a network-type SWNTs film, has been confirmed to be

comparable by the AFM images, in which almost the same coverage and thickness of the

SWNTs networks made with separated/unseparated HiPco SWNTs can be seen. The

decrease of the conductivity, which is a direct consequence of the enrichment of sem-
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SWNTs in the precipitated sample, confirms the met-SWNTs selectivity of our

synthesized compounds.

Further evidence of our pyrene electronic property selectivity comes from the
stability of the network film conductivity with oxidation.”®® The extremely stable
conductivity of met-SWNTSs results from their constant electronic density of states near
the Fermi level. In the case of a mixture of met- and sem-SWNTSs, the existence of sem-
SWNTs in the films makes the sheet resistance more sensitive to the adsorption of

molecules mainly due to carrier doping.
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Figure 4. 7 Response of conductive behavior of SWNT networks towards heating in air at
temperature: 200°C (a) precipitate (b) supernatant.

As shown in Figure 4.7, when heated in air at 200°C, the SWNTSs in the precipitate
show a rapid decrease in resistance and the resistance decrease continued for 120mins.
The final resistance was 33% of the initial value at the voltage value of -1.0V. On the
other hand, the resistance of the SWNTSs in the supernatant solution was very stable and
the variation was about 10% of the initial value at the voltage value of -1.0V and the

resistance decrease reached its maximum in less than 60mins.
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From the above discussion, we can conclude that all three pyrene derivatives are
selective to met-SWNTs. Moreover, pa-18-C-6 is selective to smaller diameter met-
SWNTs while other two are selective to larger diameter met-SWNTSs. Strain force

252 and we

relaxation has been reported with smaller-diameter nanotube selectivity.
postulate that some kind of surface bond formation leading to strain force relaxation is
involved in the pa-18-C-6 selectivity. We propose the structural rearrangement shown in

Figure 4.8 and FTIR substantiates this selectivity mechanism.

N _
i ) \ OH
% CZNH-CH,R \_ 7/ HC=C—NH-CH,R

Figure 4. 8 Structural rearrangement of pa-18-C-6 in the presence of small diameter met-SWNTSs.

In the ketone-to-enol rearrangement process, the SWNTSs functions as a template and
the resulting active -CH=C-OH group of pa-18-C-6 can be stabilized by adsorption on the
sidewall of the smaller diameter met-SWNTSs, whose strain force can also be partly
released by weak surface bond formation. It seems that the direct attachment of the
methylene group, which is involved in the rearrangement, to the pyrene moiety is
beneficial for the rearrangement since the more delocalized conjugation can stabilize the
resulting enol to some extent. Sonication and the warming up of the solvent during
sonication may provide the energy necessary for the rearrangement. FT-IR spectra were

obtained to confirm the proposed structural rearrangement.
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Figure 4. 9 FTIR spectra of the pyrene derivatives with / without SWNTs using different

surfactants: (a) pa-18-C-6 (b) pb-18-C-6 (c) pc-18-C-6. (solvent used is chloroform.)
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The spectra of pa-18-C-6, pb-18-C-6 and pc-18-C-6 are shown in Figs. 4.9 a, b, and c.
The peaks appearing at about 1635cm™ and 1700cm™ are respectively attributed to amide
group on the surfactant and carbonyl group on the SWNTSs. In the case of pa-18-C-6 (Fig.
7a), the large blue shift of the amide peak in the presence of SWNTs, from about
1636cm™ to 1650cm™ indicates the presence of the C=C group, which are formed in the
proposed structural rearrangement (Figure 4.8) since the peak at 1650cm™ is its
fingerprint. By comparison, the small shift of the amide peak locations in Figs. 4.9 b and
6¢, which is in the range of the experimental error, suggests the mere physical interaction
between SWNTs and pb-18-C-6 or pc-18-C-6. The presence of the peak at 1032cm™,
which is the characteristic signal from C-O absorption, is another direct evidence of the

structural rearrangement for pa-18-C-6 only.

For pb-18-C-6 and pc-18-C-6, we postulate the different electronic band structures of
met-SWNTs and sem-SWNTs are responsible for our pyrene derivatives selectivity to

253

met-SWNTS, in which some electron transfer>® processes may be involved.

4.4 Conclusion

In conclusion, we have synthesized and characterized the SWNTs-property
selection/separation behavior of a series of three pyrene derivatives. All three compounds
are selective to met-SWNTs. Raman results indicate that two of the pyrene derivatives
pb-18-C-6 and pc-18-C-6 are selective to large diameter met-SWNTs. On the contrary,
the compound pa-18-C-6 is selective to small diameter met-SWNTSs, which appears to be
due to the ketone-to-enol rearrangement with this specific structure resulting in higher

strain force relaxation with smaller diameter met-SWNTs. For their discrimination
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between different semiconducting species, pb-18-C-6 is found to be selective to large

diameter ones while pa-18-C-6 and pc-18-C-6 shows no selectivity.
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Chapter 5 Diameter and Metallicity Selective
Enrichment of Single-Walled Carbon Nanotubes
using Polymethacrylates with Pendant Aromatic
Functional Groups

5.1 Introduction

In this report, three novel polymethacrylates with different pendant aromatic
functional groups, poly(2- naphthylmethacrylate) (PNMA), poly(methyl-methacrylate-
co-fluorescein-o-acrylate) (PMMAFA) and poly(9-anthracenylmethyl methacrylate)
(PAMMA) (Fig. 5.1) were investigated for their selectivity in SWNT separation.
Compared with conjugated aromatic polymers, these polymers have a lower contact area
between the pendant aromatic groups and the SWNTSs sidewall so that it is easier to
remove the separating agent after separation. The flexible polymethacrylate backbone
assists SWNT solvation in common organic solvents whilst the large pendant aromatic
structures have strong affinity to the SWNTs. The SWNTSs studied were synthesized by
the CoMoCAT process. Ultraviolet visible near infrared (UV-Vis-NIR) spectra and
photoluminescence excitation maps (PLE) were used to measure the degree of met/sem
dispersion and chiral species selectivity. The influence of the solvent on selectivity was
explored. In addition, the change of the polymer fluorescence upon interaction with

SWNTs was tracked. High enrichment of sem-SWNTSs was confirmed in FET devices.
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Figure 5. 1 Structures of polymers used in this study.

5.2 Experimental section

5.2.1 Characterization Techniques.

For the supernatant scans of photoluminescence excitation (PLE) measurements for
PMMAFA- and PAMMA-suspended nanotubes, due to the red-shift of the fluorescence
band resulted from the formation of excimer at higher concentration, the solutions were
diluted to avoid the excitation of the polymer in our interested wavelength region so that

the unfavorable energy transfer can be eliminated.

The excitation wavelengths for the fluorescence spectra collection were 278nm,

269nm and 276nm for PNMA, PAMMA and PMMAFA respectively.
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5.3 Results and discussion
5.3.1 UV-Vis-NIR spectra.

UV-Vis-NIR absorption spectra of post-separation suspended and precipitated
SWNTSs for all polymers are shown in Figure 5.2. Also shown are the absorbance spectra
of the SWNTSs dispersed in D,O solution using the ionic SDBS surfactant, which is

assumed to disperse SWNTSs without any species preference.
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Figure 5. 2 UV-Vis-NIR absorbance spectra of chemically separated SWNTs. (a), (b), (c)
CoMoCAT produced SWNTs in DMF with PNMA, PMMAFA and PAMMA respectively. (note:
The black SWNT lines are spectra of the “as received” SWNTSs dispersed in D,O/SDBS solution.)
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The optical absorbance spectra can tentatively be used to estimate the SWNT
species content of the samples since the peak intensities are approximately proportional
to the dispersed species concentrations. The spectra contain spectroscopic signatures of
the interband electronic transitions corresponding to the M;; band of met-SWNTSs and the

S11 and Sy, bands of sem-SWNTSs.

All separations were performed with the same process parameters, including
sonication power and time, concentration of polymer solution, and centrifugation
conditions. Figure S1 shows the absorption spectra of the neat polymers. Only PAMMA
has strong absorbance in the region that overlaps SWNT spectral features. PNMA and
PMMAFA do not interfere with the optical spectroscopy and so were not removed from
SWNTSs suspended in the supernatant solution prior to spectroscopy (Fig 5.2a, b). For the
separation agent PAMMA, SWNTs in the supernatant solutions (Fig 5.2c) were filtered
from solution and thoroughly washed with toluene to remove polymer before

resuspension in SDBS solution for characterization.

Figure 5.2a,b,c show the absorbance spectra of separated SWNTs (supernatant
suspended, resuspended precipitate, and reference unseparated in SDBS solution) for
each of the tested polymers. The CoMoCAT SWNTs have pronounced characteristic
absorption bands from 400 to 510nm for metallic species and from 510 to 1350nm for
semiconducting species. The bands at 800-1350nm and 510-800nm are due respectively
to S1; and S,,. The sharp absorbances at about 576nm and 1000nm are due to the S,, and
Sy1 interband transitions of the (6,5) nanotube species.’**?2%** The My4/S,, peak intensity
ratio is used as a proxy for the relative content of met- and sem-SWNTS since S, is less

susceptible than Si; to environmental doping effects. The species content was roughly
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estimated from the area enclosed by the “wiggles” in the spectra since subtraction of
background of the SWNTSs solution, whose intensity estimation can approximately be

made™ locally within each spectrum from the dips between the wiggles, is necessary.

Figure 5.2a shows that PNMA preferentially suspends met-SWNTSs; the supernatant
spectrum has a large M; (~480nm) peak while the Sy, band (~576nm) is dramatically
suppressed with respect to the reference spectrum (as-received CoMoCAT SWNTSs in
SDBS solution). Correspondingly, the met-SWNTs feature is more suppressed in the
PNMA precipitate spectrum than are the sem-SWNTs features. Similar qualitative
analysis of the spectra in Figures 5.2b and 2c indicates that PMMAFA and PAMMA
preferentially suspend sem-SWNTs, which is obviously corroborated by the strong

increase in met-SWNT (~480nm) absorption in the precipitates.

Another obvious feature of the enriched supernatant solutions, especially for PNMA
and PMMAFA (Fig. 5.2a, b), in contrast to the as-received SWNTSs, is the red shift of the
peak wavelengths, especially for the S;; peak at ~1000nm. For PAMMA separation (Fig.
5.2¢), the polymer was removed prior to spectroscopy and a substantial blue shift of the
peaks in the supernatant spectrum is evident; before PAMMA removal, a red shift of
peak wavelengths in the supernatant solution is evident. The red shift might indicate large
diameter selectivity or the influence of the dispersion media environment. From the
photoluminescence results discussed below, the large diameter selectivity option can be

eliminated.

5.3.2 Photoluminescence-Excitation (PLE).

255-257

Photoluminescence excitation maps (Figure 5.3) were used to characterize the

chiral index (n,m) distributions of semiconducting SWNTSs in the washed precipitates
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and in the supernatant solutions. As-received SWNTSs dispersed in 1% SDBS solution in

D,0O were also studied as a reference.
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Figure 5. 3 PLE maps of SWNTs dispersed with SDBS solution (a), () and of SWNTs after
chemical separation (b)-d, (f)-(h). (a), (e) As-received CoMoCAT SWNTs dispersed using SDBS
solution with precipitate fraction (a) and supernatant fraction (e). (b-d) CoMoCAT SWNTs
precipitates after separation in DMF with (b) PNMA (c) PMMAFA and (d) PAMMA. (f-h)
CoMoCAT SWNTs in the supernatant solution after separation in DMF with (f) PNMA (g)
PMMAFA and (h) PAMMA.

As-received CoOMoCAT SWNTs (Fig 5.3a,e) are dominated by the (6,5) and (8,4)
species. Also present with reasonably strong signals are the (8,3), (7,5) and (7,6) species.
Fig 5.3a,e also indicate that SDBS shows no species selectivity. The polymer-separated
precipitates (Fig 5.3b,c,d) exhibit similar modifications in their chiral distributions: the
(6,5), (7,5) and (8,3) species PLE peaks are suppressed by all three polymers, indicating
preferential suspension of these (with respect to (7,6) and (8,4)) in the supernatant
solution. The preferentially suspended species (6,5), (8,3) and (7,5) are somewhat smaller
(with dype = 0.757nm, 0.782nm and 0.829nm) than the precipitate species (8,4) and (7,6)
(diwpe = 0.840nm and 0.895nm), which suggests a smaller size preference for dispersion
by the polymers. Similar analysis of the PLE maps of the supernatant solution in Figures
5.3f, 5.3g and 5.3h confirms the preference for smaller diameter species of all tested
polymers. The selection mechanism is not plain from this data. The polymers may prefer

tubes in a specific diameter range because of favorable binding energy. However, since
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the band gap Eii correlates closely (inversely) with the tube diameter, a preferential
interaction between the polymers and SWNTs produced by a process related to the
SWNTS' electronic structure is also compatible with our data. Whatever the underlying
mechanism, it is apparent that the polymers prefer smaller diameter tubes. Consequently,
the redshift observed in the PNMA- and PMMAFA-suspended SWNTs UV-Vis-NIR
spectra (Fig. 5.2a, b — supernatant) should be attributed to the presence of unwashed

polymer in the supernatant.

A subtle effect which could potentially confuse the interpretation of our PLE maps
is the possibility of energy transfer from smaller tubes to larger tubes, which suppresses
the small tube emission in favor of the larger tubes.?® If this is present in our data, it
alters the interpretation of peak height ratios within a single PLE map. This effect is
presumably reproducible between maps provided that the sample processing conditions
are comparable (as they are in this study) and so we are confident that changes in peak
height ratios between different PLE maps are a reliable proxy for changes in the

underlying species distributions.

It is evident from both the UV-Vis-NIR absorbance spectra and the PLE maps that
the species selectivity differs noticeably for the different polymers. Specifically,
PMMAFA and PAMMA preferentially disperse semiconducting SWNTs but PNMA
preferentially disperses metallic SWNTs. All three polymers preferentially disperse

smaller diameter species.

We tentatively ascribe the polymers’ species selectivity to their diameter selectivity,
which dominates the SWNTs wrapping. Diameter selectivity in our study may result

from the different polymer conformation, which is also believed to be influenced by the
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size and structure of the pendant functional groups as well as the solvent.*%?%° Solvent
dependent characteristics of the species selectivity, which will be discussed below,
corroborate our suggested mechanism. UV-Vis-NIR spectra and PLE maps were
employed to characterize supernatant fraction of the separated SWNTs in different
solvents, i.e., CH3CN and CHCIs. The standing time after sonication was set to be 2
weeks and only the polymer PNMA was tested as its species selectivity in DMF is

different as compared to the other two polymers.
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Figure 5. 4 Solvent effects on the species selectivity of PNMA. (a)(b) UV-Vis-NIR absorbance
spectra of the SWNTSs in the supernatant fraction using (a) CH3CN (the concentration of PNMA
in CH;CN is ~0.5%, limited by its solubility) and (b) CHCI; as solvent. (c)(d) PLE maps of the
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SWNTs in the supernatant fraction with solvents (c) CH;CN and (d) CHCI; (note: The black
SWNTs lines in (a-b) are spectra of the “as received” SWNTs dispersed in D,O/SDBS solution.)

The absorption spectra (Figure 5.4a, b) indicate that PNMA is selective to
semiconducting species in both CH3CN and CHCI3;, However, the PLE maps (Figure 5.4c,
d) suggest that PNMA is selective to smaller diameter species, mainly (6,5) in CH3;CN
while larger diameter species, mainly (8,4) and (7,6) are preferred in CHCI3. The
different species selectivity of PNMA in various solvents is attributed to differing degrees
of relaxation in the polymer conformation to the nanotube walls. The influence of the
solvents on the conformation of PNMA was investigated using Hansen Solubility
Parameters (HSP). Our prediction is made based on the group contribution method®®
starting from Poly(methyl methacrylate) (PMMA), which can be assumed as the
precursor of PNMA, due to the availability of its HSP both theoretically and
experimentally. To simplify the estimation, we assume the contributions of the naphthyl
and methyl side groups to the HSP of the corresponding polymers, which in our case are
PNMA and PMMA, to be additive.?®! We also neglect the difference between the HSP of
polymers and their repeating units so that we can conveniently calculate the HSP of
PNMA directly from the HSP of PMMA by replacing the contribution of methyl group
with that of naphthyl group. The HSP of PMMA and the group contributions as well as
the calculated HSP of PNMA s listed in table 5.1. The HSP of solvents®® are listed in
Table 5.2 and the affinity between solvent and PNMA is expressed as the distance R,

between HSP of PNMA and those of solvents in Hansen space, which is calculated using

Ra’ = 4(8p1-0p2)” + (3p1-0p2)” + (Br1-O12)°
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1/2

1) of polymers and groups contribution.

(I;?gjr;er/ Functional 5o 5 51
PMMA 18.81 10.22 8.59
-CH; -0.9714 -1.6448 -0.7813
Napathyl 2.0876 -3.7727 -2.3123
PNMA 21.869 8.0921 7.059

Table 5. 2 Hansen Solubility Parameters of solvents and the expression of the distances between
solvent and PNMA. (The units for the solubility parameters and Ra are [MPa*?].)

Solvent 3p p Sh Ra’

Acetonitrile 15.3 18.0 6.1 271.69
Dimethylformamide 17.4 13.7 11.3 129.32
Chloroform 17.8 3.1 5.7 92.99

The distance between PNMA and solvents is in the increasing order of Chloroform,
DMF and Acetonitrile. The affinity of the PNMA to different solvents increases in the
order CH3CN, DMF and CHCIs. CHCI; is the best solvent for PNMA and CH3;CN the
poorest. The diameter of the SWNTSs suspended by PNMA in different solvents increases
in the same order: CHCI3 suspends the larger diameter nanotubes. It seems that there is
some direct relationship between PNMA’s species selectivity and its affinities to solvents.
In a poor solvent, the polymer conformation collapses to minimize the polymer exposure
to the solvent. This would favor wrapping of the smaller diameter species (6,5) in CH3;CN
compared with CHCI3; or DMF. In a good solvent such as CHCI3, the conformation of
polymer is relaxed (i.e. looser) and larger diameter species such as (8,4) and (7,6) are
thus preferentially suspended. The different behaviors of PNMA in different solvents
suggest that its selectivity is explainable in part by a diameter preference which arises
from the energetics of polymer conformation change when complexing with the SWNT.
However, comparison of the metallicity selectivity of different polymers in DMF

indicates that the side groups do play an important role during the wrapping process.
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With naphthalene as the functional group, the polymer preferentially suspends metallic
species while anthracene and fluorescein result in the polymers’ selectivity to
semiconducting species.

An interesting factor which is involved in the separation is light. In a control
experiment, we repeat the experiments using the same setup of all experimental
parameters except that, after sonication, we put the solutions in a dark area instead of a
brightly lit area; in the “dark” experiments, no metallicity selectivity is observed in the
UV-Vis-NIR spectra. We suggest that the presence of light will induce some dipole-
dipole interaction between polymeric chromophores and SWNTSs and it is this kind of
dipole-dipole interaction that is responsible for the polymers’ metallicity selectivity in
DMF.2%3%%* |n experiments, photon induced dipole-dipole interaction will possibly result
in energy transfer between the units on which the dipoles reside.?**
5.3.3 Fluorescence spectra of polymers.

Energy transfer from polymeric chromophores to SWNTs can be characterized by

the polymer fluorescence spectra.

(@) (b)

10 4
81 —— PMMAFAL.3X10°moliL
—— PMMAFAL3X10 “mol/LSWNT
7 4 —4— subtracted

—— PNMAL.78X10"mol/L 8
6 - —— PNMAL.78X10*mol/LSWNT
—A— subtracted

Intensity/a.u.
£
Intensity/a.u.

T T T 1
300 350 400 450 500
Emissoin/nm Emission/nm

92



Chapter 5 Species Enrichment with Flexible Polymers

(©)

—— PAMMAL.37X10 “mol/L
—— PAMMA1.37X10*mol/LSWNT
—A— subtracted

Intensity/a.u.

T T T T
400 450 500 550
Emission/nm

Figure 5. 5 Fluorescence spectra of PNMA and PAMMA in the presence/absence of SWNTSs. (a)
PNMA, (b) PMMAFA, (c) PAMMA. (note: The blue line is obtained by subtracting the red line
from the black line.)

Fluorescence spectra of all polymers are shown in Figure 5.5a,b,c. To reduce the
intermolecular interaction, low polymer concentration solutions were used in the
fluorescence test. The separation process was repeated for all polymers in DMF and the
fluorescence spectra of all polymers in the absence and presence of SWNTs were
obtained. The concentrations of chromophores NMA, AMMA and FA were 1.78x10™
mol/L, 1.37x10™ mol/L and 1.3x10™ mol/L respectively. During the spectra collection,
all variable parameters were set to be the same so that the fluorescence intensities are

comparable.

From Figures 5.5a,b,c, the lower intensities in the presence of SWNTSs suggests
strong quenching in the presence of SWNTSs for all polymers. In all figures, the difference
(suppressed fraction of the spectra) between the original and quenched spectra was
represented by the blue line, which was obtained by subtraction of the spectra of
polymers in the presence of SWNTs from those in the absence of SWNTs. The

disproportionality between the suppressed intensity and the original spectra indicates that
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it is unlikely to resolve the suppression by concentration variation since the chromophore
concentration is in its linear range. This suggests the existence of some coupling
interaction, such as energy transfer, between polymer and SWNTs. Further evidence of
energy transfer can be observed in a typical PLE map of suspended SWNTSs in the

undiluted 0.1% PAMMA/DMF solution.

The different suppression tendency of the fluorescence for PNMA and
PMMAFA/PAMMA suggests different interaction with SWNTs. For PNMA, the shorter
wavelength emission is more obviously suppressed while suppression of longer
wavelength emission is more prominent for PMMAFA/PAMMA. The necessary
condition of spectral overlap®** between the fluorescence spectra of polymeric
chromophores and absorption spectra of SWNTSs as well as the energy transfer will occur
more readily in the energetically favorable direction determine the energy transfer
tendency. It is their interplay determined the different fluorescence quenching styles for
PNMA and PMMAFA/PAMMA, resulting in their diverse metallicity selectivity. One
concern about the above argument is that the energy transfer is possibly resulted from
rather than will result in the metallicity selectivity. Since we can observe the energy

transfer immediately after sonication, we can eliminate the first possibility.

In our tested system, the interaction between SWNTs and aromatic functional
groups is not limited to Van der Waals interaction, which is generated by thermal charge
distribution fluctuations. On the contrary, the induced dipole-dipole interaction may get
involved in the presence of light. In addition, the involvement of the polymer
conformation change, which is enforced by the solvation in different solvents,

complicated the situation. It is the interplay and relative magnitudes of all these kinds of
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weak interaction that results in the polymers’ unique metallicity and diameter selectivity.
Other factors such as structural compatibility (simultaneous optimization of the effective
contact area and atomic correlation between SWNTs and aromatic groups) or electronic

234,265

interaction cannot be completely excluded from the contribution to polymers’

species discrimination and further investigation is required.

5.3.4 Electrical measurement.

To confirm the species enrichment, we fabricated short channel thin film FET
devices using semiconductor enriched SWNTs and characterized the electrical properties
of the nanoelectronics. The solution used in the device fabrication was obtained by
dispersing in SDBS sem-SWNTs separated using PMMAFA. For the preparation of
electronic devices, we prefer to use supernatant because precipitates normally contain
many bundles which cannot be dispersed well into individual tubes.?®® Thin film FETs
were fabricated by the drop-casting method. A gate bias was applied to the underlying Si
substrate, which served as the gate electrode, to modulate the carrier concentration in the

SWNTs network. The electrode configuration and typical device performance plots are

shown in Figure 5.6.

(a)
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Figure 5. 6 FET fabricated with sem-enriched SWNTs as active channel using PMMAFA. (a)
Device configuration; (b) Transfer characteristic (I4-Vs) Of a representative device at Vg= 2 V; (C)
Current-Voltage characteristics (15-Vgs) Of the device at Vg ranging from -10 to 10 V with the
step of 4 V from bottom to top.

At least 90% of the devices (9 of 10) exhibited good FET performance with on/off
ratios of about 10° This is much superior to the performance of devices made from the as-
received SWNTs (1 of 10 devices shows on/off ratio of ~10 and the rest <10), which
confirms the enrichment of sem-SWNTSs in the nanotube suspension. The relatively low
on-state current may be limited by the low density of SWNTSs in the channel, the lower
current capacity of small diameter SWNTs (preferentially selected by PMMAFA)
compared with larger diameter SWNTs and possibly high Schottky barriers and non-
ohmic contacts.”%*"?%® The high (about 10°) FET on/off ratio corroborates our other
evidences of species selective enrichment. Further improvement in device performance
can be anticipated by using larger diameter SWNTSs or higher work function electrodes
since on-state current can be substantially increased by lowering the Schottky barriers.
The optimization of the electrode geometry and conditions for device fabrication will

further improve the device performance.
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The species selectivity is found to be quite sensitive to the polymer/solvent
combinations. Different combinations show different discrimination between various
SWNTs species, depending on their chiralities and diameters. Serial enrichment using
multiple highly selective polymer/solvent combinations may provide higher purity and

potentially even single species enrichment.

Our method is scalable, nondestructive, compatible with SWNTs of different
sources, iteratively repeatable and affordable, and thus makes widespread application
possible according to Mark C. Hersam’s criteria.®” Further improvement of FET device
performance is anticipated through use of larger diameter SWNTs or higher work
function electrodes as well as with optimization of electrode geometry and device

fabrication conditions.

5.4 Conclusions

Three novel polymethacrylates, PNMA, PAMMA and PMMAFA, with pendant
aromatic functional groups have been successfully employed in the separation of SWNTSs
according to their electronic properties (met-/sem-) and diameters and highly effective
enrichment has been achieved. Optical absorbance spectra and photoluminescence
excitation maps indicate that this family of polymers has strong selectivity towards
certain SWNTSs species with specific diameters and that the species selectivity is highly
sensitive to the polymer/solvent combination. Specifically, in DMF, PMMAFA and
PAMMA preferentially disperse semiconducting SWNTs while PNMA preferentially
disperses metallic SWNTs. All three polymers preferentially disperse small diameter
SWNTs in DMF. The selectivity of PNMA (to metallic species in DMF) is sensitive to
the solvent employed. In CH3CN, PNMA is selective to smaller diameter semiconducting
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species while larger diameter semiconducting species are preferentially suspended in
CHCIs. The solvent effects on species selectivity suggest the mechanism of diameter
selectivity, which results from a change of polymer conformation. The change of the
polymer fluorescence in the presence of SWNTs was tracked and the involvement of
photon in the enrichment process is identified and the photon induced dipole-dipole
interaction is probably responsible for the metallicity selectivity in DMF. The diverse
selective behavior of these polymers is resulted from the interplay between photon
induced dipole-dipole interaction and polymer conformation change. Other kinds of weak
interactions such as Van der Waals interaction as well as structural compatibility also

cannot be excluded.

Successful fabrication of thin film FET devices with semiconductor enriched
solution has been demonstrated. The reproducible on/off ratio of about 10% in these

devices confirms the enrichment in semiconducting species.
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Chapter 6 Separation of Single-Walled Carbon
Nanotubes with Aromatic Group functionalized
Polymethacrylates and Building Blocks
Contribution to the Enrichmentment

6.1 Introduction

In our previous work (previous chapter),?®°

we suggested another kind of weak interaction
associated with resonant energy transfer between polymeric chromophores and SWNTSs to
influence SWNT species enrichment. We have proposed that the overlap of the polymer
fluorescence wavelength with the absorption wavelength of particular nanotube species
results in preferential energy transfer, resulting in dipole-dipole interaction, and consequently,
the polymers’ selectivity towards met- or semi-SWNTSs. Two polymethacrylates, specifically

poly(9-anthracenylmethyl methacrylate) (PAMMA) and poly(2-Naphthylmethacrylate)

(PNMA), were studied (Fig 6.1).%°

In this paper, two other polymethacrylates with different aromatic side groups (i.e.
poly(benzyl methacrylate) (PBMA) and poly(methylmethacrylate)-co-(9-anthracenylmethyl
acrylate) (PMMA-c-PAMA), Fig 6.1) were investigated for their selectivity to SWNT species.
The pendant groups in these polymers are UV/vis-light absorbing chromophores. The size
and content of these chromophores in the four polymers are different. The SWNTs
investigated were produced by the CoMoCAT method. Using PBMA and PMMA-c-PAMA
as dispersants of SWNTs in dimethylformamide (DMF), ultraviolet/visible/near infrared
(UV-Vis-NIR) absorption spectra and photoluminescence excitation maps (PLE) were
collected to characterize the degree of met-/sem- separation and species selectivity. The effect
of solvent on semiconducting species suspension of PBMA and PMMA-c-PAMA was
examined by PLE using two other solvents (acetonitrile and chloroform). The selectivities of

the four polymethacrylates in Fig 6.1 were compared and the contribution of the side group
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and main chain were analyzed using Group Contribution Theory. The influence on selectivity

of the standing time of the SWNTSs solution after sonication was also explored.
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c.Poly((methylmethacrylate)-co-(9-anthracenylmethyl acrylate)) d.Poly(9-anthracenylmethyl methacrylate)(PAMMA)
(PMMA-c-PAMA)

Figure 6. 1 Structures of polymers used in this study.

6.2 Experimental section
6.2.1 Characterization Techniques.
Deuterated acetone was used as the solvent with tetramethylsilane (TMS) as the internal

standard for *H NMR characterizations.

The excitation wavelengths of photoluminescence characterization for polymer solutions

were 268 and 350nm for PBMA and PMMA-c-PAMA respectively.

6.3 Results and discussion
6.3.1 UV-Vis-NIR spectra.

UV-Vis-NIR absorption spectra of polymer suspended supernatant fraction and
resuspended precipitate fraction with PBMA and PMMA-c-PAMA are shown in Figure
6.2a,b. To more clearly see the peaks, the background is removed from the raw UV-Vis-NIR
data and shown in Figure 6.2c,d. The UV-Vis absorption and photoluminescence spectra of
the neat polymers are also included (Figure 6.2e,f). (The results for polymers PNMA and

PAMMA have been previously reported by us.?®® and were included in chapter 5) Also
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included are the absorbance spectrum of the SDBS dispersed SWNTSs, which was used as

reference spectrum because SDBS is believed to disperse SWNTs without any species
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Figure 6. 2 UV-Vis-NIR absorbance spectra of chemically separated SWNTs. (a), (b) CoMoCAT
produced SWNTs in DMF with PBMA and PMMA-c-PAMA respectively; (c), (d) background
subtracted UV-Vis-NIR spectra of COMoCAT produced SWNTs in DMF with PBMA and PMMA-c-

PAMA respectively; (e), (f) UV-vis absorption (abs) and photoluminescence (PL) spectra of PBMA
and PMMA-c-PAMA in DMF solution respectively.

101



Chapter 6 Group Contributions to the Species Enrichment

The optical absorbance spectra were used for the assessment of the SWNT species
abundance because the species’ peak intensities above the background scale proportionally
with their corresponding concentrations, regardless of whether the SWNTSs are bundled or
individually dispersed. The absorbance spectra exhibit absorption features due to the metallic

M1, band as well as the semiconducting S1; and Sy, bands.

All separations were carried out with the same experimental parameters such as
sonication power and time, polymer solution concentration and centrifugation conditions.
Absorption spectra of the neat polymers are shown in Figure 6.2e,f. PBMA and PMMA-c-
PAMA do not affect the SWNT spectroscopic characteristics and so were not removed before

spectroscopic scans of the SWNTSs suspended in the supernatant solutions (Fig 6.2a, b, c, d).

Figure 6.2a,b show the absorbance spectra of the supernatant fraction and redispersed
precipitate for PBMA and PMMA-c-PAMA as well as the unseparated SWNTs in SDBS
solution. The CoMoCAT SWNTs exhibit prominent characteristic spectroscopic features
from 400 to 510nm for metallic SWNTs and from 510 to 1350nm for semiconducting ones.
The bands at 800-1350nm and 510-800nm correspond to Sy, and Sy, respectively.’032202%4
The ratio of the peak intensity M11/Sy, is used for the estimation of the content ratio of met- to
sem-SWNTs because Sy, is more stable spectroscopically than S;; to environmental doping
effects. The area enclosed above the baseline in the spectra is more relevant for calculating
species concentration due to the presence of the SWNT solution background, which scales

approximately exponentially with the transition energy.

Our previous results®®®

in chapter 5 indicate that PNMA preferentially suspends met-
SWNTs while PAMMA is selective to sem- SWNTs. However, no obvious metallicity
selectivity was evident from comparison of the spectra of the supernatant and resuspended

precipitates resulting from treatment with separation agents PBMA and PMMA-c-PAMA

(Figure 6.2a, b). The background subtracted figures (Figure 6.2c,d) confirmed our above
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conclusion. Both supernatant and precipitate are slightly enriched in semiconducting SWNTSs
as compared to the as-received COMoCAT SWNTs although the degree of enrichment is a bit
more obvious for supernatant suspended SWNTSs. The species abundance may be resulted
from some systematic error involved in sample preparation or data collection. Also, a
parabolic background with “up” curvature will tend to suppress the different signature of an
absorption peak, since the background has a more negative slope on the short-wavelength
side of the peak than on the long-wavelength side. This could also contribute to the more

obvious suppression of metallic features for supernatant suspended CoOMoCAT SWNTSs.

The selectivity difference among different polymers suggests that the aromatic
functional groups play a critical role in the enrichment. Firstly, the absence of metallicity
selectivity with the phenyl group in PBMA, in contrast to PNMA and PAMMA,?* indicates
that the size of the chromophores is quite critical. Secondly, the crucial role of the content of
the aromatic groups in these copolymers may be suggested by the selectivity difference
between PAMMA and PMMA-c-PAMA. Thirdly, the reversed metallicity selectivity for
PNMA in contrast to PAMMA previously reported® brings out the significance of the side
chromophores in the metallicity selectivity. We have postulated that selectivity is due to
photon induced dipole-dipole interaction®®® which critically depends on the overlap of the
polymer fluorescence wavelength with excitation wavelength of specific SWNT species. The
above observed differences can be explained by our proposed mechanism regarding the

metallicity selectivity.

As compared to the as-received SWNTSs, another noteworthy feature of the suspended
supernatant solutions is the red shift of the SWNTSs’ spectroscopic peak, especially for the Si1
peak at ~1000nm. The red shift may suggest large diameter selectivity since the SWNT
bandgap scales inversely with diameter. Alternatively, it may suggest the effects of the

dispersion media.?** The PLE results, to be discussed below, show that the red shift is not a

103



Chapter 6 Group Contributions to the Species Enrichment
SWNT diameter selection effect so that the influence of the dispersion medium is the

preferred explanation.

6.3.2 Photoluminescence-Excitation (PLE).

Photoluminescence?>%’

excitation maps (Figure 6.3) of semiconducting species in the
resuspended precipitates as well as in the supernatant fraction were collected to characterize
their chiral species (n,m) distributions. As-received SWNTSs suspended with 1% SDBS/D,0
solution were also characterized as a reference. For the purpose of convenient comparison,
species contents of various species suggested by PLE maps were estimated from their PLE
signal intensities calibrated with their corresponding PLE quantum efficiency, neglecting the
influence of microenvironment on the PL quantum efficiency of SWNT species. 2 The

calculated species abundances are tabulated in table 6.1.

(@) (b)

=)
S
3

I |
1245
as-received, supernatant | PBMA,supematant B 2uo

~
a
S

~
=1
3
&

N

X ; .

900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400
Emission(nm) Emission(nm)

Excitation(nm)
R
3
Excitation(nm)

=3
=1
3

o
@
S

a
=1
3

(©)

12.00
PMMA-c-PAMA supernatant !fl:

Excitation(nm)

900 1000 1100 1200 1300 1400
Emission(nm)

104



Chapter 6 Group Contributions to the Species Enrichment

0 -10.00
as-received, precipitate I”"'0 -~ 2280
PEMA precipiate
8100 7040
1080 0420
5 1350 | |
o0 Huso
1050 1418
2160 1656
’é\ & 2430 E 1894
= | 2700 £ izm
5 5
g 8
g g
i} w
900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400
Emission(nm) Emission(nm)
800 1000
PMMA-c-PAMA precipitate 150
| %
6050
[ a0
F s
1220
1425
160
i 1635
200

Excitation(nm)

900 1000 1100 1200 1300 1400

Emission(nm)

Figure 6. 3 PLE maps of SWNTSs dispersed with SDBS solution (a), (d) and of SWNTs after chemical
separation (b)-(c), (e)-(f). (a), (d) As-received CoOMoCAT SWNTs dispersed using SDBS solution
with supernatant fraction (a) and precipitate fraction (d). (b-c) COMoCAT SWNTSs in the supernatant
solution after separation in DMF with (b) PBMA and (c) PMMA-c-PAMA. (e-f) COMoCAT SWNTs
precipitates after separation in DMF with (¢) PBMA (f) PMMA-c-PAMA.

Table 6. 1 Tabulated values of the PLE peak intensities and calculated abundances for identified
semiconducting species suspended by SDBS solution as well as supernatant and precipitate fraction
separated with PBMA and PMMA-c-PAMA in DMF.

SDBS PBMA PMMA-c-PAMA

Calculat Experimen Species supernatant precipitate supernatant precipitate
(n, din or ed tal Abundan - - - - - - - -
m) m] ] i Intensity ce Experimen Species Experimen Species Experimen Species Experimen Species

Intensity tal Abundan | tal Abundan | tal Abundan | tal Abundan

Intensity ce Intensity ce Intensity ce Intensity ce

(6,5 0.75 27.0 0.67 3117 42.0% 1197 51.8% 1269 19.2% 1179 47.6% 1451 22.3%
) 2
84 0.83 19.1 0.46 1550 30.4% 297 18.7% 2362 52% 491 19.8% 2037 45.6%
) 9
83 | 078 | 154 | 213 768 3.3% 272 3.7% 274 1.3% 120 4.8% 241 1.2%
) 0
(7.5 0.82 245 0.71 832 10.6% 380 15.5% 369 5.3% 417 16.8% 370 5.4%
) 4
(76 | 0.89 | 27.4 | 047 717 13.8% 168 10.3% 1034 22.3% 268 10.8% 1171 25.6%
) 7

Typically, the as-received COMoCAT SWNTs (Fig 6.3a,d and Table 6.1) are dominated
by species (6,5) and (8,4). Other species such as (8,3), (7,5) and (7,6) are also detected. Fig

6.3a,d show quite similar species distributions and indicate that SDBS suspendswithout
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species selectivity. The supernatant fraction of the SDBS suspension was selected for the
reference SWNT species abundance calculation. The polymer-suspended SWNTs in the
supernatant solutions (Fig 6.3b,c and Table 6.1) exhibit similar modifications of the SWNT
chiral species distributions: the contents of species (6,5) and (7,5) are increased by both
polymers; correspondingly, the species (8,4) and (7,6), which are diminished in the
supernatant, are more prominent in the PLE maps of the redispersed precipitates (Figures
6.3e-3f and Table 6.1). This indicates preferential suspension of smaller diameter species by
both polymers. The chiral selectivity is quite similar to our previous results with polymers

PNMA and PAMMA, both of which selectively suspend species (6,5), (7,5) and (8,3).2%°

It has been reported that polymers may selectively suspend tubes with specific diameters
dictated by the matching of nanotube diameter with the cavity size of polymer in its helical

wrapping configuration.”*

Alternatively, the preferential wrapping of SWNTs by polymers
may result from a process determined by the SWNTS' band structure since the band gap E; is
approximately inversely proportional to the tube diameter. Whatever the driving force, it is
apparent that the polymers prefer tubes with smaller diameters. As a result, the redshift
presented in the UV-Vis-NIR spectra (Fig. 6.2a, b—supernatant) for PBMA- and PMMA-c-
PAMA.- suspended SWNTs should be ascribed to modification of the SWNT electronic

structure or other modification of the SWNT photon absorption physics when complexed

with polymer.
6.3.3 Solvent effect.

UV-Vis-NIR absorbance spectra and the PLE maps indicate that different polymers have
different species selectivities. Specifically, PAMMA preferentially disperses semiconducting
SWNTs and PNMA selectively suspend metallic SWNTs?®® while PBMA and PMMA-c-
PAMA show no metallicity selectivity. Smaller diameter species are preferred by all four

polymers.
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Diameter selectivity of all polymers may result from the different degree of swelling of

the polymer chain in different solvents of varying solvating power; the polymer size in
solution is dependent on the size and structure of the aromatic side groups as well as the

solvent, 259260

Due to the limited dispersion efficiency of these polymers, the UV-Vis-NIR spectra were
not well resolved and PLE maps were used to characterize the polymer suspended SWNTSs in
the supernatant fraction in CH3CN and CHCI; solvents as well as in DMF (Fig. 6.4). Standing
time was set to 2 weeks in all the tests. Also, quantitative species abundances were extracted
from the PLE maps of SWNTs suspended by the polymers in CHCI; (Table 6.2). PLE maps
of SWNTs suspended by polymers in CH3CN were excluded from this analysis because no
species other than (6,5) could be clearly identified (Fig. 6.4) due to the high
background/signal ratio resulting from poor dispersion.
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Figure 6. 4 Solvent effects on the species selectivity of PBMA, PNMA, PMMA-c-PAMA and PAMMA.
(a-b) PLE maps of the SWNTSs in the supernatant fraction using PBMA with solvents (a) CH;CN and
(b) CHCI;. (c-d) PLE maps of the SWNTSs in the supernatant fraction using PMMA-c-PAMA with
solvents (c) CH;CN and (d) CHClj3, (e-f) PLE maps of the SWNTSs in the supernatant fraction using
PAMMA with solvents () CHsCN and (f) CHCl;,

Table 6. 2 Tabulated values of the PLE peak intensities and calculated abundances for identified
semiconducting species suspended with PBMA, PMMA-c-PAMA and PAMMA in chloroform.

PBMA PMMA-c-PAMA PAMMA

(m ) Calculate ™ Experimental Species Experimental Species Experimental Species Abundance
) dnm] 0] d Intensity Abundance Intensity Abundance Intensity
Intensity

(6,5) 0.75 27.02 0.67 93 13.5% 64 24.4% 206 15.7%

(8.4) 0.83 19.19 0.46 304 64.2% 94 51.8% 541 60.2%

(8,3) 0.78 15.40 | 2.13 not available not available not available not available not available not available

(7.5) 0.82 24.54 0.71 not available not available not available not available not available not available

(7.6) 0.89 27.47 0.47 108 22.3% 44 23.9% 221 24.1%

The PLE maps (Figure 6.4a, b, c, d, e, f and Table 6.2) suggest that for all polymers,
PBMA, PMMA-c-PAMA and PAMMA, small diameter species (6,5) is preferred in CH3;CN
while species with larger diameters such as (8,4) and (7,6) are selectively suspended in

d?% and shows the same

CHCIs. (The solvent effect on PNMA has been previously investigate
diameter trend.) The different selective behavior of this class of polymer, regardless of the
different side functional groups, in different solvents is ascribed to the different degree of
relaxation of the polymer chain upon dissolution in different solvents. Hansen Solubility
Parameters (HSP) was employed to investigate the solvent effects on the polymeric
conformation. The prediction was made using the group contribution method.?** Poly(methyl

methacrylate) (PMMA), which is regarded as the precursor of the tested polymers, was

chosen as the starting point for the calculation because its HSPs are available both
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experimentally and theoretically. To simplify the calculation, additive contributions of the
methyl groups and various chromophore groups to the HSP of the buildup polymers, which in

d.?® We also neglect the difference

our case are the tested polymers and PMMA, was assume
between the HSPs of the repeating building blocks and the buildup polymers so that
replacement of the methyl group contribution with that of the aromatic functional groups
would permit estimation of the HSP of the tested polymers from that of PMMA. The HSP of
PMMA and its component contributions as well as the estimated HSPs of our employed

262 are listed in Table

polymers are listed in Tables 6.3, 6.5 and 6.7. The HSPs of the solvents
6.4, 6.6 and 6.8. The affinities between the solvents and polymers was estimated with the
distance R,2*? between the HSPs of the polymers and the solvents in Hansen space using the
expression

Ra’ = 4(8p1-0p2)” + (8p1-0p2)” + (Br1-O2)”
where dp, op and d are respectively the dispersion Hansen solubility parameter, polar Hansen
solubility parameter, and the hydrogen-bonding Hansen solubility parameter. Subscripts 1

and 2 represent the substance 1 and substance 2, i.e. polymer and solvent.

Table 6. 3 Calculation of the Hansen Solubility Parameters (unit: MPa*?) for polymer PBMA.

Polymer/ Functional 5 5, 5.
Group

PMMA 18.81 10.22 8.59
-CH3 -0.9714 -1.6448 -0.7813
Benzyl 1.703 -5.0243 -2.2816
PBMA 21.4844 6.8405 7.0897

Table 6. 4 Hansen Solubility Parameters of solvents and the expression of the distances between solvent
and PBMA. (The units for the solubility parameters and Ra are MPa*?2.)

Solvent b 8p 8 R,’
Acetonitrile 15.3 18.0 6.1 163.76
Dimethylformamide 17.4 13.7 11.3 81.46
Chloroform 17.8 3.1 5.7 29.5
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Table 6. 5 Calculation of the Hansen Solubility Parameters (unit: MPa"?) for polymer PMMA-c-PAMA.

Chapter 6 Group Contributions to the Species Enrichment

(P;?Lyun;er/ Functional 5 5 5.
PMMA 18.81 10.22 8.59
-CH3 -0.9714 -1.6448 -0.7813
Anthracenylmethyl 3.4591 -7.2061 -3.3024
PMMA-c-PAMA 20.0566 9.3162 8.1885

Table 6. 6 Hansen Solubility Parameters of solvents and the expression of the distances between solvent
and PMMA-c-PAMA. (The units for the solubility parameters and Ra are MPa'?.)

Solvent 8o 8p 8 R.”

Acetonitrile 15.3 18.0 6.1 102.39
Dimethylformamide 17.4 13.7 11.3 35.96
Chloroform 17.8 3.1 5.7 49.93

Table 6. 7 Calculation of the Hansen Solubility Parameters (unit: MPa"?) for polymer PAMMA.

Z(;(I)yun;er/ Functional 5 5 5.
PMMA 18.81 10.22 8.59
-CH3 -0.9714 -1.6448 -0.7813
anthracenylmethyl 3.4591 -7.2061 -3.3024
PAMMA 23.2405 4.6587 6.0689

Table 6. 8 Hansen Solubility Parameters of solvents and the expression of the distances between solvent
and PAMMA. (The units for the solubility parameters and Ra are MPa'?.)

Solvent 6p 6p Ox R,’

Acetonitrile 15.3 18.0 6.1 241.04
Dimethylformamide 17.4 13.7 11.3 143.22
Chloroform 17.8 3.1 5.7 32.16

The distance between the polymer and the employed solvents in Hansen space is in the
increasing sequence of Chloroform, DMF and Acetonitrile for all tested polymers except
PMMA-c-PAMA. For the latter, the contribution to HSP of methyl and anthracenylmethyl
groups was mole-fraction averaged over all the repeating units and we ascribed this abnormal
behavior of PMMA-c-PAMA to the overestimation/underestimation of the averaging method
of the functional groups. The polymer/solvents affinity decreases in the order CHCIl3;, DMF
and CH3;CN. In different solvents, the diameter of the suspended species by all tested

polymers decreases in the same order: larger diameter species are selectively suspended in
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CHCI; and smaller diameter species are preferred in CH3CN. It is obvious that there is some
straightforward relationship between polymers’ species selectivity and its solvophilic
property. In order to minimize its exposure to the solvent, the polymer shrinks in a poor
solvent. This would result in the selective wrapping of the smaller diameter species (6,5) in
CH3CN as contrast to CHCI3; or DMF. In the good solvent (CHCI5), the tendency is reversed
and larger diameter species, i.e. (8,4) and (7,6) are selected. The solvent dependent
characteristics of all these three polymers are consistent with our reported results with

polymer PNMA 2%

The uniform behavior of the solvent dependent diameter selectivity for all polymers
suggests the dominant role of the polymeric conformation on the diameter selectivity
although the side groups are involved in determining the affinity between polymers and

solvents, as listed in the above table.

The different species selective behaviors of various polymers in DMF suggest that the
aromatic functional groups do play some decisive role with respect to the metallicity
selectivity. With naphthalene/anthracene as the side group, the polymer will selectively
suspend certain SWNTs species with specific electronic properties. However, no obvious
metallicity selectivity can be observed for PBMA and PMMA-c-PAMA, due possibly to the
small aromatic functional groups (phenyl) and low loading of the anthracenyl groups in
PMMA-c-PAMA.(The anthracenylmethyl to methyl ratio of PMMA-c-PAMA (Fig. 6.1c)

was determined by its *H NMR spectra to be 3:10.)

In our previous experiments, the involvement of light in the separation was identified
and the role of the photon induced dipole-dipole interaction as the driven force for metallicity
selectivity was suggested for this class of polymer. With this mechanism, the requirements
for selectivity are two-fold: firstly, the overlap of the polymer fluorescence with the specific

nanotube species absorption®® and secondly, the energy transfer of polymer fluorescence to
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specific nanotube species with overlapping absorption. The diverse behavior regarding

metallicity selectivity with the employed polymers can be interpreted with such criteria.

6.3.4 Fluorescence spectra of polymers.

Energy transfer from the aromatic functional groups of the polymers to SWNTSs can be
explored with polymer fluorescence spectra. Fluorescence spectra of polymer PMMA-c-
PAMA are shown in Figure 6.5a while those of polymers PNMA and PAMMA have been
reported previously.?®® The polymer PBMA was excluded from this investigation because it
shows no fluorescence in our interested wavelength region (Figure 6.2e). This means that
there will be no spectral overlap between polymer fluorescence of PBMA and SWNTSs
absorption and no energy transfer will occur. Low concentration solutions were employed in
the test in order to reduce intermolecular interactions. The fluorescence spectra of 1.5x107
mol/L PMMA-c-PAMA in DMF were collected in the presence and in the absence of
SWNTs. (The concentration of polymer was represented by the concentration of the
corresponding aromatic chromophores.) To make the fluorescence intensity comparable, all
variable experimental parameters were set consistently during the spectra collection with

different polymers.
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Figure 6.5 (a) Fluorescence spectra of PMMA-c-PAMA in the presence and in the absence of SWNTSs.
(b) suppression factor of fluorescence signal intensities for all three polymers.
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From Figure 6.5a, the intensity difference of the spectra, represented by the triangle
curve suggests strong quenching by SWNTs. For the sake of convenient comparison, the
wavelength-dependent suppression factor defined as the ratio of PLE intensity in the presence
of SWNTSs to its intensity in the absence of SWNTSs at various wavelengths for all three
polymers were calculated (Figure 6.5b). The suppression factors of PNMA and PAMMA are

significantly more variable with wavelength than is that of PMMA-c-PAMA.

The non-constant reduction in polymer fluorescence for PNMA and PAMMA in the
presence of SWNTSs is hypothesized to be due to energy transfer to selected SWNT species
resulting from dipole-dipole interaction. The constant proportionality for PMMA-c-PAMA
suggests that there will possibly be no selective dipole-dipole interaction between this
copolymer and met- or sem- SWNTSs, which is substantiated by our experimental results.
Moreover, the distinction between radiative and non-radiative energy transfer suggests that
non-radiative transfer,®** which is a consequence of the dipole-dipole interaction, is more

likely to be responsible for the observed metallicity selectivity for PNMA and PAMMA %

Our previous results®® indicate that for PNMA and PAMMA, the variation in fractional
suppression of the polymer photoluminescence with emission wavelength indicates that it is
unlikely to interpret the photoluminescence suppression by the variation in chromophore
concentration or absorption/emission cross section because the concentration of the
chromophore is in its spectroscopic linear range. This corroborates our proposal of existence
of some kind of coupling interaction, specifically energy transfer, between polymeric

chromophore and SWNTS.

The different suppression tendency of the fluorescence for PNMA and PAMMA also
suggests different interaction with SWNTSs. It is the interplay of the spectral overlap and the
tendency of energy transfer in energetically more favorable direction that determines the

different photoluminescence suppression behaviors for PNMA and PAMMA, resulting in
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their distinct metallicity selectivity. Tentatively, the polymers’ metallicity selectivity is
ascribed to different fluorescence quenching styles, associated with which is the underlying

preferential dipole-dipole interaction.

In our tested system, the induced dipole-dipole interaction may, in some situations, be
present with reasonable strength in the presence of light despite the existence of van der
Waals interaction and n-m stacking interaction between SWNTs and aromatic side groups.
The presence of such kind of interaction ultimately results in the polymers’ diverse
metallicity selectivity. Moreover, the different degree of polymer conformation relaxation
induced by the solvent solvation complicates the interpretation. The polymers’ unique
diameter and metallicity selective behavior is due to the interplay and relative scales of all

234265 as well as structural

involved interactions. Other factors such as electronic interaction,
compatibility may also contribute to the polymers’ species discrimination. The effects of
polymer backbone on the effective mapping and structural correlation between SWNTSs and
aromatic functional groups (involved n-m stacking interaction) may also need to be taken into
consideration. For instance, the short “arm” between the polymer backbone and the
anthracene groups makes its maximum contact with SWNT sidewall and optimum orientation
unlikely. During the wrapping process, this type of strain effect between the polymer

backbone and chromophore groups, which accompanies the attachment of functional groups

onto the SWNT sidewall, may also alter their selectivity.

6.3.5 Standing time dependence.

Standing time has been identified as another factor which will influence the polymers’
species selectivity. UV-Vis-NIR spectra and PLE maps were used to characterize different
batches of separated SWNTSs at different standing times after sonication. Only the polymer
PNMA was selected for this investigation as its metallic species suspension decrease with

standing time can be conveniently observed with UV-vis-NIR spectroscopy.
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Figure 6. 6 Standing time dependence characterization by UV-Vis-NIR absorbance spectra of
CoMoCAT produced SWNTSs. standing periods of Oday, 3days, 1week, 2weeks for the supernatant
solution with PNMA in DMF.

It is clear from the absorption spectra (Figure 6.6) that the standing time is a critical
factor for high efficiency enrichment. The degree of enrichment varied with differing
standing periods of 0 day, 3 days, 1 week, and 2 weeks, with longer standing time resulting in
higher selectivity by PNMA. However, PLE maps of the supernatant solution at different
standing times show no change with increasing standing time. (PLE maps are not shown here
because they are quite similar to the map of the SWNT solution prepared with 2 weeks
standing.)

The tendency of metallicity selectivity improvement with increasing standing time for
this polymer can be interpreted as evidence that mapping of side functional groups onto the
nanotubes after sonication is necessary for the mixture to form the lowest energy wrapping
states. The adjustment of the polymer backbone conformation is anticipated to be associated
with the adsorption/desorption mapping throughout the process. Concisely, strong sonication
results in random mapping of the aromatic functional groups onto SWNT sidewalls as well as
random wrapping of segments of polymer backbones around different SWNT species, both of
which suppress differential selectivity. As a result, no metallicity selectivity can be observed
soon after sonication. However, due to their structural similarity, SWNTs’ affinity to the

aromatic side groups (n-m stacking interaction) is higher as compared with that to the polymer
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backbone. It can be anticipated that a lower energy conformation can be achieved by the
polymer molecules adopting a “backbone outside and functional groups inside” conformation
to wrap the SWNTSs, provided the standing time is long enough. Diameter selectivity is the
direct consequence of induced long range wrapping of the polymer chain around SWNTSs,
which seems to be relatively fast from our PLE maps at different standing times. On the other
hand, the presence of light will induce interaction between chromophores on the polymeric
side aromatic groups and SWNTSs species with specific electronic properties. Longer standing
time is required for the observation of metallicity selectivity for our specific system, possibly
due to the weak character of the driving force responsible for metallicity selective mapping.
The situation is further complicated by the strong pi-pi interaction of of SWNT sidewall with
the side aromatic functional groups of the polymer, which results in relatively stable initial
non-selective random wrappings which require time for mapping adjustment to lower-energy

states which are more selective.

6.4 Conclusions

Four polymethacrylates with different aromatic side groups (PBMA, PNMA, PMMA-c-
PAMA and PAMMA) have been employed here and in our previous study?®® (Chapter 5) in
the electronic properties (met-/sem-) and diameter based species selection of SWNTSs.
Effective enrichment has been achieved. UV-Vis-NIR absorbance spectra and
photoluminescence excitation maps suggest that these polymers have strong preferentiality to
certain SWNTs species and the species selectivity depends on the polymer/solvent
combination. In DMF, we previously showed that PAMMA preferentially disperses
semiconducting SWNTs and PNMA selectively suspends metallic SWNTs while PBMA and
PMMA-c-PAMA are shown in this paper to have no metallicity selectivity. All four polymers
selectively suspend species with smaller diameters. Their selective behavior is quite sensitive

to the solvent employed and highly similar tendency in diameter preference is observed upon
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change of solvents. For all four polymers in CH3CN, PLE spectra show that the
semiconducting species suspended are mainly of smaller diameters while in CHCI3, extracted
semiconducting species are mainly of larger diameters. The parallel relationship between the
diameters of the extracted species and the affinity between the polymers and solvents
substantiate our argument that the uniform behavior of the solvent dependent diameter
selectivity results from the conformation relaxation of polymer chain in solvents, which is
believed to be mainly determined by the polymer backbone although the side groups do make
some non-negligible contribution. On the contrary, the different species selective behaviors
of various polymers in DMF suggest that the aromatic functional groups play some decisive
role with respect to the metallicity selectivity. Both aromatic ring size and loading of the
chromophores are essential factors. We propose that photon induced coupling is potentially
responsible for their discrimination between met- and sem- SWNTs. Other factors, i.e.
structural compatibility (simultaneous optimization of the effective mapping and structural
correlation between SWNTs and aromatic functional groups) or electronic interaction,?*%%
etc. cannot be totally excluded from the contribution to polymers’ species selective behavior
and further study is required. Nevertheless, these polymethacrylates with pendant aromatic
side groups facilitate the dissection of the contribution to chiral selectivity from the side chain
and main chain constituents. Systematic study of the various chemical units’ contribution to
the separation effect is thus possible with rationally designed polymer structure. Standing
time of the SWNTSs solution after sonication is identified as another critical factor for the

species enrichment.
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Chapter 7 Resonance Energy Transfer (RET)
iInduced Intermolecular Pairing Force: a Tunable
Weak Interaction and its Application in SWNT
Separation

7.1 Introduction

Resonance energy transfer (RET),?"?

as a well established intermolecular interaction, has
been the topic of tremendous investigation due to its fundamental nature, ranging from
working as the prototype for test of the foundations of quantum mechanics and measurement
theory to assisting in elucidation of the underlying mechanism by exemplified dynamics. The
application of RET in optoelectronic device to adjust the desired wavelength for optimal
energy conversion as well as in protein structure and conformation elucidation has been
widely explored.?’? However, rare experimental attention has been paid to the intermolecular
pairing force associated with RET. Theoretical investigation indicated that the application of
a constant or time-varying radiation field will cause a shift in the energy levels of atomic or
molecular systems and the existence of such kind of interaction was inconclusively suggested
by sporadic experimental results.””**"* To the best of our knowledge, however, no effort has
been devoted to verify the existence of and make use of RET induced intermolecular pairing
force.””* In our previous experimental, some polymer shows different species selectivity
behaviour in the presence and absence of optical illumination.? This illumination responsive
selectivity was tentatively ascribed to the RET induced intermolecular pairing force.
However, the involvement of RET in the process was not clearly demonstrated and deficient

theoretical verification calls for further study.

In this report, two conjugated polymers**

(Figure 7.1) with distinct optical properties
were employed in SWNTs separation. The effect of illumination on the separation was

investigated and the role of RET induced intermolecular pairing force in the species
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enrichment was identified. With polymer’s optical emission spectra overlap the intrinsic
interband absorption features of SWNTs species, the polymer’s selectivity was tuned with the
RET induced intermolecular pairing force. The existence of such kind of interaction was thus
successfully verified and our research is the first experimental demonstration of the
application of RET induced intermolecular pairing force. Moreover, molecular quantum
electrodynamics (MQE) theoretical calculation suggested that the RET induced
intermolecular weak interaction scales with the illumination irradiance under certain
circumstance.?”* This suggested the tunability of the interaction upon change of external

experimental setups.

PFluPyr

Figure 7. 1 Structures of polymers used in this study.

7.2 Experimental section

7.2.1 SWNTs separation with polymers.
For the investigation of the photon-induced RET, All sample preparation and data
collection was repeated after 3 months’ standing in ambient indoor illumination (25 W

incandescent lamp).

UV-Vis-NIR absorbance spectra of SWNTs suspended in the supernatant solution by
PPyrBT was obtained from the clean SWNTs powders, which were resuspended in 1%

SDBS/D,0 solution after polymer removal by thorough washing with THF.
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7.2.2 Characterization Techniques.

For the collection of photoluminescence excitation (PLE) maps, fast scan was performed
with 4nm excitation wavelength interval to minimize the effect of the RET/cascaded RET

induced intermolecular pairing force on the signal strength of SWNT species.

7.3 Results

7.3.1 Photoluminescence-Excitation (PLE).

Photoluminescence excitation maps (Figure 7.2) were used to characterize the
distributions of chiral species (n,m) of polymer suspended semiconducting chiral species as
well as to investigate the RET between the conjugated polymers and SWNT species. As-
received COMoCAT SWNTs which were suspended in 1% SDBS solution in D,O were also
studied as a reference. For the sake of convenience and accuracy, the relative contents of the
identified semiconducting species calculated from the PLE maps of both SDBS and polymers
(PFluPyr & PPyrBT) suspended SWNTs were summarized in Table 7.1. The species contents
were estimated from the PLE signal of various species calibrated with their corresponding
PLE quantum efficiency by assuming that the reported PL quantum efficiencies can be

applied to our system.?"®
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Figure 7. 2 PLE maps of SWNTs suspended with SDBS solution (a) and of SWNTs after chemical
separation (b)-(e). (a) As-received CoMoCAT SWNTs dispersed using SDBS solution. (b-e)
CoMoCAT SWNTSs suspended with PFIuPyr and PPyrBT with different standing time under room
illumination. (b) PFluPyr suspended with immediate scan. (c) PPyrBT suspended with immediate
scan. (d) PFluPyr suspended with three months standing under room illumination. (e) PPyrBT
suspended with three months standing under room illumination. (f) PPyrBT suspended with three
months standing in dark area. (g) Immediate successive scan of solution (e).
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Table 7. 1 Tabulated values of the PLE peak intensities and calculated abundances for identified
semiconducting species suspended with PFluPyr and PPyrBT with different standing time under room
illumination/in dark area.

SDBS PFluPyr PPyrBT
Calculat Experime Species Immediate scan 3months standing Immediate scan 3months standing under
0 di[n 0 2 ed A ntal ) Abunda under illumination illumination
m)' m] [°1 2 Intensit Intensity nce Experime Species Experime Species Experime Species Experime Species
y ntal Abunda ntal Abunda ntal Abunda ntal Abunda
Intensity nce Intensity nce Intensity nce Intensity nce
6,5 0.75 27.0 56 0.67 3117 42.0% 2963 53.8% 3170 30.9% 1906 51.7% 2888 22.9%
) 2 6
84 0.83 | 191 | 58 0.46 1550 30.4% 645 17.1% 2349 33.3% 364 14.4% Not Not
) 9 9 available available
83 0.78 | 154 | 66 213 768 3.3% 870 5.0% 645 2.0% 793 6.8% 5165 12.9%
) 0 5
7,5 0.82 245 64 0.71 832 10.6% 975 16.7% 1259 11.6% 763 19.6% 5173 38.7%
) 4 5
(7,6 0.80 | 274 | 64 0.47 717 13.8% 288 7.5% 1602 22.2% 196 7.6% 2264 25.6%
) 7 8
PPyrBT
3months standing 3months standing under
o Calculated dark area) illumination(successive

(.m) | dnm] 01| Intensity ( ) scan) (

Experimental Species Experimental Species

Intensity Abundance Intensity Abundance
(6,5) 0.75 27.02 | 566 | 0.67 3921 28.4% 2536 25.4%
84 | 083 19.19 | 589 | 0.46 2475 26.1% 1740 25.4%
(83) 0.78 15.40 | 665 | 2.13 944 2.2% 1823 5.8%
(7,5) 0.82 24.54 645 0.71 3470 23.8% 3119 29.5%
(76) | 0.89 27.47 | 648 | 047 1886 19.5% 971 13.9%

As-received CoOMoCAT SWNTs (Fig 7.2a and Table 7.1) are dominated by chiral
species (6,5) and (8,4). Species (8,3), (7,5) and (7,6) are also present with obvious signals.
The PLE maps of the SWNTSs in the supernatant solution upon immediate scan (Fig 7.2b,c
and Table 7.1) suggest that both polymers preferentially suspended chiral species (6,5), (7,5)
and (8,3) provided that the standing time is not long enough for polymer conformation
relaxation. To some extent, the extracted species are smaller (with dipe = 0.75nm, 0.82nm
and 0.78nm respectively) than the remaining species (8,4) and (7,6) (dwpe = 0.83nm and

0.89nm), which suggests a smaller size selectivity for both polymers.

Our previous publications suggests that the interplay of various weak interactions such
as Van der Waals interaction, - stacking interaction and RET induced intermolecular
pairing force, etc, necessitates relative long standing time to bring out the if existed RET
induced intermolecular pairing force as the decisive factor for SWNT species
enrichment.**** As a natural following, we intentionally put the sample under room
illumination for three months before we repeated the centrifugation as well as PLE scan and

the resulted PLE maps are also included in Figure 7.2(d,e). With three months standing under
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room illumination, substantial changes of the species distribution can be observed from the
PLE maps. In the case of PFluPyr, (8,4) and (7,6) were selectively suspended upon three
months standing under room irradiation as contrast to its selectivity to smaller diameter
species suggested by immediate scan. More interestingly, with PPyrBT as the separating
agent, (7,5), (8,3) and (8,4) are dramatically enriched under room illumination. The different
species selective behaviours before/after three months standing suggests that some weak
interaction will slowly modify the equilibrium process, adsorption/desorption of the polymers
onto/from the sidewall of SWNTSs, of the mixture so that more stable stacking state can be
established. The change of selective behaviour of PFIuPyr is presumably resulted from the
interplay of Van der Waals interaction and m-m stacking interaction while in the case of
PPyrBT, it is the RET induced intermolecular pairing force that plays the leading role so that
E», dependent species enrichment behaviour (with the detailed mechanism discussed in the
discussion section) can be observed. In the following discussion, we will focus on the
behaviour of PPyrBT since E,, dependent species enrichment can only be observed for
PPyrBT, in which RET induced intermolecular pairing force is responsible. It is the RET
induced intermolecular pairing force that is more fruitful and shows more significant

potential for future application.

One concern about above discussion is that the signal intensity change of SWNT species
in PLE map (Figure 7.2e) was possibly resulted from the fluctuation of species’
absorption/emission cross section due to the variation of their micro environment resulted
from polymeric adsorption/desorption or conformation change. To eliminate this possibility,
we employed UV-Vis-NIR absorbance spectrum and Resonance Raman Scattering (RRS)
Spectra to characterize the clean SWNTs powder and the discussion of the result was
included in the following section. The removal of the polymer was achieved by thorough

wash with THF and facilitated by the RET induced intermolecular pairing force.
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In order to confirm the crucial contribution of the illumination to PPyrBT’s selectivity,
control experiment was conducted in parallel. Freshly prepared SWNT suspension with
PPyrBT solution was placed in dark area for three months before centrifugation and PLE scan
was performed. The resulted PLE map was included in Figure 7.2f. With three months
standing in dark area, different species distribution (Figure 7.2f and table 7.1) was resulted as
compared to the case with exposure to room illumination (Figure 7.2e and table 7.1). Sy,
dependent species selectivity in which (8,3), (7,5) and(7,6) are preferentially suspended can
be observed under room illumination while (7,5), (8,4) and (7,6) are selectively suspended
instead with dark area standing. The PPyrBT’s behaviour in dark area indicates a diameter
selectivity since the suspended species are somewhat larger than the remaining species (6,5)

and (8,3).

The modification of illumination (RET induced intermolecular pairing force) on the
species abundance was also confirmed by the distinct PLE maps upon immediately
successive PLE scans. After collection of the PLE map (Figure 7.2e), successive PLE scan
was immediately conducted and the resulted PLE map was included in Figure 7.2g.
Prominent difference between Figure 7.2e and Figure 7.2g can be observed. The different
species distribution was attributed to RET induced intermolecular pairing force since the
existence of such kind of intertube interaction will inevitably facilitate SWNTs aggregation.
Consequently, modification of the PLE intensity of various species can be observed because
the PLE efficiency of SWNT species strongly depends on whether they are individually
suspended or bundled. The most prominent difference (Figure 7.2e Vs. Figure 7.2g) is the
brought out of species (8,4) after the initial PLE scan. Due to its trivial species content, (8,4)
can hardly be detected in the first scan and its role in RET process can thus be neglected.
Since RET will inevitably results in the aggregation of species (6,5), (8,3), (7,5) and (7,6)

which are anticipated to be involved in the RET process, their species contents determined
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from PLE measurement will be dramatically suppressed. Consequently, species (8,4) was

brought out in the immediate successive scan.
7.3.2 UV-Vis-NIR and Resonance Raman Scattering (RRS) spectra.

UV-Vis-NIR absorption spectrum of post-separation suspended SWNTSs for PPyrBT is
shown in Figure 7.3. Also included is the absorbance spectrum of the SWNTSs suspended in
D,0 solution with ionic surfactant SDBS, which shows no preferentiality to any SWNT
species.
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Figure 7. 3 UV-Vis-NIR absorbance spectrum and Resonance Raman Scattering (RSS) spectra of
PPyrBT’s suspended CoMoCAT SWNTs and as-received CoMoCAT SWNTs. (a) UV-Vis-NIR
absorbance spectrum of supernatant fraction of PPyrBT enriched CoOMoCAT SWNTSs redispersed in
SDBS/D,0 solution. (note: The black SWNT lines are spectra of the “as received” SWNTs suspended
in SDBS/D,0O solution.) (b) With a 633 nm laser, RRS Raman spectra of PPyrBT suspended
CoMOoCAT SWNTs after polymer removal and as received COMoCAT SWNT.

With the peak intensities proportional to species concentrations, optical absorbance
spectra can be used as a proxy for the estimation of the contents of different SWNT species.
Spectroscopic features of the interband electronic transitions arising from My, band of
metallic SWNTSs as well as E;; and E», bands of semiconducting SWNTSs was covered in the

optical absorbance spectra.

Figure 7.3a includes the optical absorbance spectra of reference unseparated SWNTS in

SDBS solution as well as polymer suspended SWNTs, which were collected upon polymer
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removal and resuspended in SDBS/D,O solution. CoOMoCAT SWNTs have prominent
intrinsic absorption features from 400 to 510nm for metallic species and from 510 to 1350nm
for semiconducting species. The absorbance features at 800-1350nm and 510-800nm
correspond to Sy; and Sy, interband transitions respectively.'*#%%* The sharp absorbances at
about 576nm and 1000nm are the characteristic absorbance features of the Ej, and Ei;
interband transitions of tube (6,5). The relative content of the metallic SWNTs and the
semiconducting SWNTs was estimated from the Mi1/S;; peak intensity ratio because Sy,

absorbance feature is more stable upon environmental doping.

Figure 7.3a shows that (6,5) content dramatically decreased in the PPyrBT suspended
SWNTs, this confirms the above conclusion from PLE map analysis, which suggest the
preferential suspension of (8,3), (7,5) and (7,6). In the absorbance spectra, the peaks were
tentatively assigned to different chiral species. The ratio of the species peak intensities is
qualitatively in good agreement with the species distribution suggested by PLE maps. This
corroborate our PLE analysis and eliminate the possibility that the signal intensity change of
SWNT species in PLE map is due to the fluctuation of SWNT species’ absorption/emission

cross section due to the variation of their micro environment.

Moreover, the met-SWNTSs feature (at around 460nm) is more dramatically suppressed
in the spectrum of PPyrBT suspended SWNTSs than are the sem-SWNTs features, which

suggests the PPyrBT’s selectivity towards semiconducting species.

The comparison between RRS spectra, taken using a 633nm laser, of PPyrBT suspended
CoMOCAT and as-received CoOMoCAT was schemed in Figure 7.3b. With 633 nm excitation,
our interested species can all be effectively probed.?**?*® The species abundance indicated by
the RRS spectra is in good qualitative agreement with the species distribution suggested by

PLE maps and UV-Vis-NIR absorbance spectra.
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7.3.3 Electrical measurement.

To independently assess the PPyrBT’s selectivity to semiconducting species, we
fabricated short channel thin film FET devices using the semiconductor enriched SWNTs and
investigated their electrical properties. PPyrBT-separated semiconductor enriched SWNTs
(supernatant fraction) resuspended in SDBS/D,0O solution after polymer removal were used
for device fabrication. Drop-casting method was employed for the fabrication of thin film
FETs. To the underlying Si substrate which functioned as the gate electrode was applied a
gate bias to modulate the charge carrier concentration in the SWNTSs network. The electrode
configuration and a typical device performance as well as AFM image of the SWNT network
of the test device are shown in Figure 7.4.
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Figure 7. 4 FET fabricated with enriched semiconducting SWNTS as active channel using PPyrBT. (a)
Device configuration; (b) AFM image of the SWNT network in the channel; (c) Transfer
characteristic (l4-Vgs) Of a representative device at Vg= 2 V; (d) Current-Voltage characteristics (I~
Vgs) of the device at Vg ranging from -100 to 100 V with the step of 25 V from bottom to top.

The devices exhibited good FET characteristics with on/off ratio of about 10% this
confirms the enrichment of semiconducting SWNTs as compared to the performance of FET
devices fabricated with the as-received SWNTs (most devices shows on/off ratio of <10, as
shown in our previous publication). Moreover, the improvement of the on-state current of the
devices (with respect to the device performance indicated in our previous publications) are
presumably result from the content decrease of smallest diameter species (6,5) with lower on-
current carrying capacity due to the higher Schottky barriers and non-ohmic contacts.’®2¢7-2%8

The high (about 10%) FET on/off ratio substantiates our conclusion drawn from UV-Vis-NIR

absorbance spectra.
7.4 Theory

In the context of molecular quantum electrodynamics, the interaction energy between
two molecules with distinct electronic band structures was calculated and comprehensively
understood, both in the absence and in the presence of irradiation.?”*?"* It was suggested that
the intermolecular interaction beyond the orbital overlap is resulted from the exchange of real

or virtual photons between them. Typically, in the near zone limit where the intermolecular
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distances are small compared to longest wavelengths of absorption or fluorescence, the
intermolecular coupling is essentially instantaneous. The intermolecular interaction energies
between two free rotating molecules in their ground states can be expressed by the following

expression, which is the Van der Waals-London dispersion energy.?”

AEw = —————a(4; 0)a(B; 0)E 1)

64712%¢,2R®
Where a(e,0) (¢ = A, B) is the static isotropic electric dipole polarizability of molecules &; &
and R stand for vacuum permittivity and intermolecular separation respectively while the
scaled energy is

2EAEB

E= EA+EB @

With E° (¢ = A, B) denoting the lowest energy transition in molecules e.
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Figure 7. 5 Representative Feynman diagrams with time progresses upward used for related
calculations. (a) One of the twelve time-ordered graphs used for the calculation of ground state
dispersion potential; (b) One of the twenty four time-ordered graphs used for the calculation of RET
induced intermolecular energy shift in a radiation field.

The Feynman diagram used to calculate the ground state intermolecular interaction is

schemed in Figure 7.5a.

The expression for the radiation induced intermolecular dispersion energy has also been
derived in the context of related molecular quantum electrodynamics theory.?”*?"* However,

some revision is needed before the theory can be adopted in our experimental phenomenon
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interpretation. The detailed elucidation of the derivation of the radiation induced
intermolecular dispersion force will not be included. The most obvious difference is that RET
is unidirectional (from donor PPyrBT to acceptor SWNT species) rather than the usually
assumed bidirectional behaviours of RET. In parallel with the situation of above discussion
regarding two free rotating molecules in their ground states, near zone limit expression with

molecular and pair orientational averaging is listed below.?"*"*

111k?
120Tte.2R

< AEw>= — a(D; k)a(4; k) 3)

Where the a(e,k) (e = D, A) is molecular dynamic polarizability and | stands for illumination
irradiance. R, k and &, stand for intermolecular separation, wave vector of the illumination
and vacuum permittivity respectively. The derivation of above equation was based on the
assumption of laser illumination (with high irradiance I) so that the irradiance decrease due to
absorption can be neglected. For the purpose of convenience, we will also neglect the
irradiance decrease due to polymer absorption in the following section so that the above

equation can be applied.

The above expressions were derived following similar calculation outlined in the related
molecular quantum electrodynamics textbook in the fourth order optical process
approximation by neglecting the molecular vibrations.?”*>*™* It can be anticipated that with the
inclusion of molecular vibration, modification of the expression is necessary. Coupling of the
intrinsic electronic states of the acceptor to states in the donors is essential for energy transfer

process; " the near zone limit should thus be expressed as:

1111/2h1/2k7/2k'1/2 ,
< AEw >= — 240VZT5/262R a(D, k)a(A, k ) (4)

since the involvement of molecular internal conversion/surrounding solvent molecules will
assist in the energy dissipation so that for acceptor A, it was in an intrinsic electronic excited

state corresponding to pumping from photon k&’ rather than k. It is the intrinsic electronic
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excited states that will be coupled to the states in the donor. From this point of view, the wave
vector of the donor (k) in the equation corresponds to its emission wavelength rather than its
absorption wavelength. Due to the universally existed Stokes shift, emission wavelength of
donor always differs from its absorption wavelength. In this case, the illumination irradiance
| (nic’kIV = nkc®k*187°) in the equation should thus be replaced by 7c*k”?k™?/87° and the
near zone limit, with approximation k = £’ for the purpose of simplifying the calculation, can

be expressed as:

[211/
< AEw >= = B0KTZKE D) a(4; k) )

960m*£.2R

Although the nature of the attraction energy between two particles (SWNT species and
conjugated polymer) is the same as that between two molecules, integration of all the
interaction between molecules from two particles will result in a totally different dependence
of force on distance.?’® As an approximation, we will use equation (1) since no exact Van der
Waals-London dispersion energy between SWNTs and conjugated polymers are available.
Comparing with the above Van der Waals-London dispersion energy, which has inverse sixth
power dependence and a much more rapid falloff, radiation induced intermolecular dispersion
force can be appreciable for a large number of pairs as in a molecular assembly. Another
method by which <AEx-> may be increased in magnitude is if the frequency of the incident
laser is tuned to near resonance with a molecular transition frequency, thereby resonantly
enhancing the dynamic polarizability.?*>*™* In the case of RET as expressed by equation (5),
two fold resonances were involved and the induced intermolecular interaction was thus

further enhanced.
7.5 Discussion

The well-known involvement of all kinds of weak interaction, such as Van der Waals

interaction, m-m stacking interaction and RET induced intermolecular pairing force, etc. is
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Chapter 7 RET Induced Pairing Force and its Application in SWNT Separation
responsible for the diverse SWNT species selective behaviours of various molecules or
polymers. In our case with PPyrBT as the dispersant, the presence of the RET induced
intermolecular pairing force is responsible for the change of the species selective behaviour
upon three months’ room illumination. The significant role of RET induced intermolecular
pairing force for PPyrBT’s selectivity was substantiated by its different selective behaviours
in the presence and absence of illumination. As a contrast, no such kind of Ez, dependent
species selectivity can be observed for dispersant PFIuPyr, which is presumably due to the
trivial role the RET induced intermolecular pairing force played with respect to Van der
Waals interaction and m-m stacking interaction. The existence of RET between polymer
PPyrBT and SWNTSs is verified by the PLE map which was shown in Figure 7.6b. Also
included is the PLE map of the SWNTs suspension with dispersing agent PFIuPyr (Figure
7.6a). The emission range was set to be from 950nm to 1200nm for the purpose of convenient
comparison. This can ensure the coverage of PLE signals of presented species. The excitation
wavelength starts at 300nm and ends at 800 to ensure all possible excitation of polymers and
SWNTs. The interval between successive excitation wavelengths was set to be 4nm to

facilitate a fast scan.
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Figure 7. 6 (a,b) PLE maps of PFluPyr and PPyrBT suspended SWNTSs with fast scan. (a) PFIuPyr; (b)
PPyrBT; (c) UV-vis absorption (abs) and photoluminescence (PL) spectra of PFIuPyr and PPyrBT in
THEF solution; (d) picture of PPyrBT suspended SWNTs solution after PLE scan (cuvette on the right
side) along with the solution from the same batch under room illumination for the same period of time
(cuvette on the left side).

The existence of RET between PPyrBT and SWNT species is manifested in the PLE
map (Figure 7.6b), which is indicated by the dashed line corresponding to PPyrBT excitation
and SWNT emission. Associated with the RET process between PPyrBT and SWNT species
was inevitably the RET induced intermolecular pairing force, which will drag them together.
It is the RET induced intermolecular pairing force that is responsible for PPyrBT’s SWNT
species selectivity dependent on SWNTSs’ E», energy as well as its preferentiality towards
semiconducting species. However, no obvious RET from PFIuPyr to SWNT species can be
observed from the PLE map. This can explain the different illumination responsive
behaviours of PPyrBT and PFIuPyr as well as the distinct selective behaviour of PPyrBT in

the presence of illumination against that in the dark area.

It is also worth pointing out that, in our system, it is the polymers that in the vicinity of
SWNT species that will assist in SWNTSs’ solvation. In this regard, it is reasonable to confine
our following discussion to the near zone limit where kR<<l for all kinds of weak

interaction.?’??™ In the near zone limit, nonradiative RET mechanism dominates and Forster
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Chapter 7 RET Induced Pairing Force and its Application in SWNT Separation
theory can be applied. The fluorescent behaviour of the conjugated polymer in the absence
and presence of SWNTs (Figure S1 in supporting information) suggested that this is a
reasonable starting point since fluorescence of polymer is more prominent suppressed beyond
the spectra overlap region as contrast to the suppression in the overlap region. The following

Forster equation defines the essential elements which are essential for the RET efficiency

(E) 272
— 1 Rve
ke = =[] (6)
With
R® = (8.79 x 102)k?*n*®yjua (7)

in which t,° is the lifetime of the donor in the absence of transfer; Ro is the donor-acceptor
distance (A) when the efficiency of RET is 50%; & is the quantum efficiency of the donor;
k?is the Forster orientation factor; n is the refractive index of the solvent (which is generally
assumed to be isotropic); and J« is the overlap of the donor emission spectrum with the
absorption spectrum of the acceptor. The Forster equation suggests that both donor-acceptor
distance and the spectra overlap of donor emission with acceptor absorption are quite critical

for nonradiative RET.%"

For the purpose of qualitative analysis, the absorption and photoluminescence spectra of
both polymers are included in Figure 7.6. It follows from the Forster equation (7) that the
exciton energy on PPyrBT is more likely to be transferred to PLE covered SWNT species
than that of exciton energy on PFluPyr since PPyrBT’s photoluminescence red-shifted
dramatically as compared to PFIuPyr so that the overlap of PPyrBT emission and SWNTs
absorption, i.e. Js, IS more prominent. Our argument is probably strengthened in the case of
SWNTSs suspension since higher concentration solutions were used for SWNTs dispersion.
Red-shift of the photoluminescence can be anticipated due to the presence of

excimer/aggregation formation.?** The PLE maps of SWNTs suspensions confirmed this
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qualitative argument. Although radiative RET will also inevitably contribute to the PPyrBT-
excitaion SWNT-emission PLE signal, it does not contradict above argument.?**?"#%"* The
intermolecular pairing force associated with RET process is responsible for different
illumination responsive behaviours of PPyrBT and PFluPyr. The distinct selective behaviours

of PPyrBT in the presence of illumination against that in the dark area is also explainable

with RET induced intermolecular pairing force taken into consideration.

Detailed analysis of the PLE maps 6b also suggests that the PPyrBT’s discrimination
between (7,5) and (6,5) is resulted from their distinct dynamic polarizability although RET

from PPyrBT to both (7,5) and (6,5) is possible.

The existence of significant RET induced intermolecular pairing force was also verified
by the agglomeration of SWNTs upon PLE scan. Obvious precipitation can frequently be
observed even with short period of exposure to illumination. Figure 7.6d shows the picture of
the SWNTs sediment upon a fast PLE scan along with the control solution under room
illumination with the same standing time. The SWNT precipitation is quite obvious and is
presumably resulted from RET/cascaded RET induced intermolecular pairing force between
different SWNT species. SWNT aggregation will certainly be substantially facilitated by the
universally existed Van der Waals-London dispersion energy, which has inverse sixth power
dependence and a much more rapid falloff. This photon assisted precipitation was indeed
intentionally employed in PPyrBT’s removal in order to collect neat SWNTs powder from
the supernatant suspension. However, with low irradiance under room illumination, long
standing time is needed to observe the effect of RET induced intermolecular pairing force due
to the slow conformational dynamics limited by the rigid polymer backbone. As a contrast,
for flexible polymer, much shorter standing time is enough for the observation of such
effect.””® The standing time dependent behaviour is conceptually understandable. Since the

RET induced intermolecular dispersion energy with its magnitude expressed above will be
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generated upon the completion of the whole cycle of the RET process, from polymer
excitation to SWNT deactivation, continuous illumination with enough time is needed for the
completion of enough cycles of the RET process so that the species selectivity resulted from
the associated attractive force can be observed. The involvement of Van der Waals
interaction and 7-7 stacking interaction will surely elongate the standing time needed for the
observation of the selectivity. It is interesting to note that the polymer-SWNT separation and
Forster orientation factor, owing to the existence of significant RET induced intermolecular
pairing force, more probably keep changing during the illuminative standing.”’* However, the
effect of RET induced intermolecular pairing force is overall attractive and will draw
polymer and SWNTSs together as long as their separation is beyond the orbital overlap, which
is true for most cases of non-covalent functionalization. Once the polymer-SWNT is scaled
down to the orbital overlap, the interactions are overall a repulsive character, resulting from

the interplay of exchange interaction, Pauling exclusion and charge transfer effects, etc.?”

7.6 Conclusions

Two conjugated polymers with distinct optical properties were employed in the selective
suspension of COMoCAT SWNT species. Their different illumination responsive behaviour
verified the involvement of RET induced intermolecular pairing force, which is a tuneable
interaction with its magnitude scales with an external stimuli parameter, i.e., illumination
irradiance (1). The distinct species selectivity behaviour of PPyrBT in the presence of
illumination against that in the absence of illumination suggests the significant role of this
kind of weak interaction as contrast to Van der Waals interaction and n-n stacking interaction.
This suggest a facile technique to alter the intermolecular interaction between
molecules/polymers and SWNT species so as to modify their selective behaviour towards
specific species. The species selectivity driven by this novel technique is interband transition

(Eii) energies dependent. Many fluorescent molecules/polymers with appropriate optical
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properties are thus suggested to be the potential candidates for SWNTSs separation. It is the
first time that RET induced intermolecular pairing force was verified and applied. Also, with
RET induced intermolecular pairing force taken into account, reasonable interpretation of the
conflicting data after some kind of optical process can be made since the weak interaction, if
presented, is strong enough to induce SWNTSs aggregation so that PLE signal of the involved
species will be dramatically suppressed. Moreover, since the derivation of the expression of
RET induced intermolecular pairing force was not confined to SWNT and conjugated
polymer, the above conclusion can be applied to whatever entities as long as they are
electronically neutral and photon-induced RET can happen between them. The significant
RET induced intermolecular pairing force thus makes direct manipulation of

molecules/particles possible and suggests its future application in molecular engineering.
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Chapter 8 Conclusions & Recommendations

8.1 Conclusions

In this thesis, the experimental results enable the following conclusions to be made:
Amide-functionalized pyrene derivatives are effective in separation of HiPco SWNTs
according to their electronic properties.

Three similar amide-functionalized pyrene derivatives with different alkyl chain lengths
between the amide groups and pyrene moieties have been successfully synthesized and
effectively employed in the separation of HiPco SWNTs according to their electronic
structures (metallic/semiconducting) and diameters. All three derivatives are selective to
metallic SWNTs with pb-18-C-6 and pc-18-C-6 selective to large diameter (D>1nm) metallic
SWNTs while the third compound, pa-18-C-6, selective to small diameter (D<1.03nm) ones
due to the ketone-to-enol rearrangement. The rearrangement was corroborated by Fourier
Transform Infrared spectroscopy data. For their discrimination between different
semiconducting species, the results indicate pb-18-C-6 is selective to large diameter ones
while pa-18-C-6 and pc-18-C-6 show no selectivity. The selectivity for metallic SWNTSs in
the solution is confirmed by a 10-fold decline in thin-film SWNTs network resistivity (from
43 S-m™ to 4.3 S-m™) after depletion of metallic SWNTSs by a four-pass selection procedure
using pa-18-C-6 and pc-18-C-6 surfactants alternately. Further, the lower thermal stability of
the network resistivity of the precipitate SWNTSs and higher thermal stability of the network
resistivity of the supernatant SWNTSs corroborated the above conclusion.

Polymethacrylates with Pendant Aromatic Functional Groups are quite efficient in
selection of certain species of COMoCAT SWNTs.
Three polymethacrylates, PNMA, PAMMA and PMMAFA, with pendant aromatic

functional groups have been demonstrated to be pretty efficient in the separation of SWNTs
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according to their electronic properties (met-/sem-) and diameters. These polymers have
strong selectivity towards certain SWNTs species with specific electronic properties and
diameters. The species selectivity depends dramatically on the polymer/solvent combination.
In DMF, PMMAFA and PAMMA preferentially disperse semiconducting SWNTs while
PNMA preferentially disperses metallic SWNTSs. All three polymers preferentially disperse
small diameter SWNTs in DMF. The selectivity of PNMA (to metallic species in DMF) is
sensitive to the solvent employed. In CH3CN, PNMA is selective to smaller diameter
semiconducting species while larger diameter semiconducting species are preferentially
suspended in CHCI;. The solvent effects suggest the mechanism of diameter selectivity,
which results from a change of polymer conformation. The change of the polymer
fluorescence in the presence of SWNTs was tracked and the involvement of photon in the
enrichment process is identified and the photon induced dipole-dipole interaction is probably
responsible for the metallicity selectivity in DMF. The diverse selective behavior of these
polymers is resulted from the interplay between photon induced dipole-dipole interaction and
polymer conformation change.

Different Building Blocks’ Contribution to the Enrichmentment of CoMoCAT Single-
Walled Carbon Nanotubes with Aromatic Group functionalized Polymethacrylates is
substantiated.

Systematic study of separation of SWNTs with aromatic group functionalized
Polymethacrylates (PBMA, PNMA, PMMA-c-PAMM and PAMMA) confirmed that the
species selectivity is highly sensitive to the polymer/solvent combination. In DMF, PAMMA
were found preferentially disperses semiconducting SWNTs and PNMA preferentially
disperses metallic SWNTs while PBMA and PMMA-c-PAMA show no metallicity
selectivity. All four polymers preferentially disperse smaller diameter species. Their

selectivity is quite sensitive to the used solvent and highly similar tendency can be observed
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upon change of solvents. In CH3CN, they are selective to smaller diameter semiconducting
species while larger diameter semiconducting species are preferentially suspended in CHCls.
This corroborated our argument that the uniform behavior of the solvent dependent diameter
selectivity is resulted from the polymer conformation in solvents. On the contrary, the
comparison of the species selectivity of different polymers in DMF indicates that the side
groups play some decisive role with respect to the metallicity selectivity. The diversity of
their behavior is explainable with our proposed mechanism. Photon induced coupling is
potentially responsible for their discrimination between met- and sem- SWNTS.

The Role of RET (resonance energy transfer) induced intermolecular pairing force has

been identified.

Two conjugated polymers with distinct optical properties were employed in SWNT
species enrichment. The involvement of RET induced intermolecular pairing force was
brought out by their different illumination responsive behaviours. The magnitude of this kind
of weak interaction scales with an external stimuli parameter, i.e., illumination irradiance (1)
and thus tuneable. This suggest a facile technique to modify molecules/polymers’ selectivity
towards some specific SWNT species by altering the corresponding intermolecular
interaction. The species selectivity driven by this novel technique is dependent on SWNT
interband transition (Ej) energies as well as dispersant’s fluorescent properties. Many
fluorescent molecules/polymers with appropriate fluorescent properties are thus suggested to

be potential separating agents towards certain species.

8.2 Recommendations

As a natural following, extensions to this work can be considered for investigation

based on our previous mechanism understanding.
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1. Polymers with distinct optical properties (especially their fluorescence properties) are
probably appropriate candidates for certain SWNT species enrichment. This is due to the fact
that the electronic/optical features of aromatic molecules/units strongly dependent on their
conjugation area. The increase of the size of the aromatic groups will shift the
molecules/polymers’ preferentiality towards SWNT species with higher interband transition
energies provided that the RET induced intermolecular pairing force plays the leading role
during the selective suspension of SWNT species. Optical filter and light source with
continuous wavelength emission may be necessary for the investigation in order to control
the wavelength of the illumination. This will be beneficial for the identification of the

effective wavelength regarding SWNTS species enrichment.

2. Polymers with high absorption coefficients such as Poly[9,9-di-(2’-ethylhexyl)fluorenyl-
2,7-diyl] (Uv absorbancez4onm 0.271, Amax378nm 0.864), Poly[(4,4’-
hexafluoroisopropylidene)diphthalic anhydride-alt-ethidium bromide] (UV absorbancezzgnm
1.3085, Amax73inm 0.0324) and Poly(pyromellitic dianhydride-alt-ethidium bromide) (UV
absorbancesgonm 1.1084, Amaxsaanm 0.0400) are probably appropriate candidates for the
investigation of role of the photon-induced interaction, the involvement of which has been
identified in our previous study. Optical filter and light source with continuous wavelength
emission will also be needed for the investigation in order to control the wavelength of the
illumination. Higher absorption coefficient of the polymers ensures the efficient usage of the

illumination.

3. The influence of the type (electron-withdrawing/electron-donating) and number of the
substitution groups on the separation effects of dispersing surfactants can be investigated by
molecular structural modification. This is due to the fact that the electronic/optical properties
of the substituted aromatic fluorescent functional groups can be effectively tailed by rational

molecular structural design. The adjustment the optical absorption/emission wavelength of
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the surfactants will surely influence the magnitude of the RET between the polymer and
different SWNTs species. As a consequence, the affinity of polymer functionalized with
different side groups towards various SWNT species will be different. Among the potential
functional groups which will be the effective for modifying the polymer’s electronic/optical
properties are CN, NO,, OR and NR, etc. The former two are electron withdrawing groups
and are anticipated to shift the absorption/emission towards short wavelength region while
the last two are strong electron donating functional groups which are expected to be effective

for red-shift of the polymer’s absorption/emission features.

4. Alternatively, various photophysical properties of fluorescent molecules/polymers are
suggested to be effective for the modification of their species selective behavior. For example,
appropriate quencher may be employed to suppress the molecular/polymeric emission so as
to tune their species selective behaviors. This is due to the fact that RET is only one possible
deactivation pathway of the excited molecules/polymers and the increase of other
deactivating channel will certainly suppress the probability of excitonic relaxation via RET.
As a result, the RET induced intermolecular pairing force will decrease and different
selective behavior can be observed. Change of the solvent may be another effective approach
to tune the relative magnitude of various photophysical processes so as to modify the
molecules/polymer’s species selectivity. Heavy atom effect as well as intersystem crossing
resulted from spin-orbit coupling may be involved. Solvent effects on species selectivities
share the same rationale as fluorescence quencher in terms of providing additional relaxation

channel for the excited molecules/polymers.

5. Great care should be taken for the investigation of effects of illumination irradiance (1) on
species selectivity. The involvement of the cascaded RET makes the control and prediction of
the selective dispersion difficult or even impossible. Molecules/polymers’ selective

suspension towards certain SWNT species will possibly be spoiled in the presence of
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cascaded RET between the suspended SWNT species and unpreferred species since cascaded
RET will also induce intermolecular pairing force between the involved SWNTSs species so as
to result in their aggregation. One possible solution to this issue is the introduction of some
preferential quencher. The ideal situation is that if we can find some quencher which will be
effective for quenching the photoluminescence from SWNT species rather that from the
molecules/polymers so that we can intentionally increase the illumination irradiance (I) to
improve the intermolecular pairing force between molecules/polymers and the preferred
SWNTSs species while the cascaded RET and the associated detrimental SWNT aggregation

suppressed.

6. Polymers with smaller conjugated functional groups such as Poly(styrene sulfonic acid),
sodium salt, Poly(2-naphthylmethacrylate), Poly(9-anthracenylmethyl methacrylate) may be
suitable for the investigation of the relative magnitudes and interplay of different kinds of
involved weak interactions such as electrostatic interaction, Van der Waals interaction, m-nt
stacking interaction and RET induced intermolecular pairing force, etc. Whether the RET
induced intermolecular pairing force under high illumination irradiance (I) is comparable to
the electrostatic interaction associated with ionic surfactants are not clear at this moment and

need further investigation.
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