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ABSTRACT

Single-walled carbon nanotubes (SWNTs) possesaaxiinary mechanical strength,
thermal and electrical conductivity. These progsrtimake them very attractive in many
applications in the fields of nanotechnology, elemics, and optics. However, most of the
SWNT syntheses methods result in different typeshifalities, which determine the electronic
and optical properties of the sample. Thus, itmpoartant to selectively solubilize and purify
carbon nanotubes if one wants to use them in tégbiwal applications. Selective separation of
SWNTSs by chirality has been the research focus afiyrscientists. Here, a comparative study
for the solubility of SWNTs with polyaromatic hydrarbons and conjugated polymers was
conducted. PEGylated corannulene derivative has le®wwn to disperse more metallic
nanotubes than the commonly used sodium dodecidtsullispersant. Phthalimide containing
conjugated materials were found to be effectivesatubilizing SWNTs. In addition, the
structural and mechanistic implications for highlubdity power were discussed for all

dispersants.
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CHAPTER 1. INTRODUCTION

1.1. Research Background

Carbon nanotubes have cylindrical structures arssess sphybridized carbon atoms.
They are also considered as one of the allotrogesadon. Researchers in the fields of
nanoscience and nanotechnology are interestedein itmarkable photophysical, mechanical,
chemical, and thermal properties.[Blased on their structural properties, carbon ndrest can
be classified as single-walled carbon nanotubes N®8Y, double-walled carbon nanotubes

(DWNTSs), and multi-walled carbon nanotubes (MWN{Rgure 1.1).

SWNT MWNT

Figure 1.1: Structural features of SWNT and
MWNT [1].

The SWNTs’ diameters mostly range from 0.36 to 387. Using the arc discharge
method for the synthesis of SWNTSs, the tube lemgth be tuned between 0.2 angrb [2-5].
The length-to-diameter ratio of SWNTs can reachtad32,000,000:1, which is the highest

aspect ratio for any nanomaterial [5].

MWNTs can have 2-100 nm diameters depending onntimber of rolled graphene
sheets. The distance between these sheets caB-Belhm, depending on how tightly they are

packed in the system. Due to their novel propertesmbon nanotubes can be used in
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semiconductor devices [5], nano-probes [6], enargryversion devices [7], sensors [8], field
emission displays, and drug delivery systems [9wEler, their high cost, lack of bulk

availability, and purification problems hindersithgse in aforementioned applications [9].

Since carbon nanotubes are essentially folded oreref graphene sheet, they prely
consist of sp hybridized carbon atoms within their structure.efidfore, their extended-
electron systems cause highly polarizable surféagtrens. As a result, strong inter-tubular van
der Waals interactions are present in pristine fofmanotube samples. Almost all production
methods lead to carbon nanotube bundles, whichtheme difficult to separate to individual
nanotubes. The typical diameters of bundles cam ltke range of a few nanometers to a few
microns. The debundling of carbon nanotubes caach&eved with surfactants such as sodium
dodecyl sulfate in water, organic aromatic smallenoles (anthracene, pyrene) or polymers in
organic solvents [9-12]. Covalent side-wall funofdization of nanotubes is also another
effective method to improve the solubility in orgasolvent or aqueous environment for both
SWNTs and MWNTSs [13]. Over the years, researchered to find appropriate and unique
ways to solubilize the pristine carbon nanotubessfution processing. Many solvents were
tested as a suitable medium for SWNT dispersiorh Wihited success. Some chlorinated
solvents were found to be effective in dispersimgnatubes, which have been attributed to

relatively strongr-n interaction of solvent molecules with nanotubeswidlls [8-14].

In addition, many techniques were developed duting last decade for selective
dispersion of SWNTSs. For example, some methodsdismersion of the carbon nanotubes with
planar aromatic hydrocarbons while others emplogsdg gradient centrifuge technique for

surfactant solubilized samples [14-20].



1.2. Research Objectives

Although the selective solubility and separationSWNTs have been reported in the
literature by various techniques and dispersais, dulk separation of SWNTs with cost-
effective methods remains a challenge. The straqiooperty relationships for effective
solubilization of nanotubes with dispersant molesidre not known yet.

The main objectives of this thesis are:

(1) To solubilize SWNTSs in organic solvents by usingpdanar polyaromatic hydrocarbons
such as corannulene derivatives for efficient disipa of SWNTSs.

(2) To reveal the structure-property relationships dmspersion capability of conjugated

oligomers/polymers in solubilizing carbon nanotshenples.

1.3. ThesisOutline

Chapter 2 gives a brief introduction to structuedgctrical and mechanical, and optical
characteristics single-walled carbon nanotubess Thiapter also includes various syntheses
techniques of SWNTs. The most commonly used néeotlispersion techniques and relevant

dispersant molecules have been discussed in tttigse

Chapter 3provides an outline of characterization techniqées dispersed SWNTs
solutions via UV-vis-NIR spectroscopy, resonant Ranspectroscopy, and photoluminescence

spectroscopy.

Chapter 4 gives an outline of post-production ssjpam of the single-walled carbon

nanotubes via organic materials by using a non{eavanteraction scheme.

Chapter Ss adapted from “Effective Solubilization of Singléalled Carbon Nanotubes

in THF Using PEGylated Corannulene Dispersa@S Appl. Mater. Interfaces, 2013, 5 (9), pp



3500-3503. In this chapter, a non-planar coranmuléerivative has been exploited in
solubilizing SNWTSs. The solubilizing power of tmgw dispersant has been compared to that of
well know sodium dodecyl sulfate surfactant. Theuctural assignments of the debundled
individual SWNTs were carried out using the dataegyated with Raman spectroscopy, 2D

excitation-emission spectroscopy and with the loélidataura plot.

Chapter &ocuses on the ability of conjugated oligomers/pawdys in solubilizing carbon
nanotube samples. The structural arrangement ofjugated backbone has important
implications in defining solubility power of conjated materials which are aimed for dispersion

studies. This chapter mostly presents preliminasgarch results obtained with such materials.

Chapter 7 provides a summary, conclusion, and okitt@sed on this project.
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CHAPTER 2. SINGLE-WALLED CARBON NANOTUBES

21. WhatisaSingleWalled Carbon Nanotube?

Carbon nanotubes, especially single walled carlaotubes, are considered as one of
the most promising materials of the®2dentury for use in many technological applications
SWNTs were first discovered in 1993 by the sciént®rking at International Business
Machines (IBM) and Nippon Electric Company (NEC). [Lhe structure of SWNT is composed
of one-atom thick rolled sheet of graphene [1].eTblling graphene sheet transforms into a

cylinder with various diameters.
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Figure 2.1: lllustration of various typafschiralities
in single-walled carbon nanotubes [2].

The graphene rolling procedure should follow a wwrag angle during the synthesis of
SWNTs. Variations in the wrapping angle lead tce¢hdifferent types of nanotubes; zigzag,
chiral, and arm-chair. As shown Figure 2.1, thenjmpanotube naming scheme stems from the
vector sum of two unit vectors in the chiral vec@ena+ma. When n = m and the wrapping
angle,[] = 3¢, forming arm chair SWNTs. In another case when @ and] = O°, zigzag

SWNTSs are constructed. Both of these nanotubetates are superimposable on their mirror



image. SWNTs with other wrapping angles € [ < 3(P) are called chiral type carbon

nanotubes [3].

Chiral indices (n,m) can be used to calculate bo¢ghdiameterd and the chiral angle,,

using the following equations:
d = [3(rf + n? + nm)]** b/x (2.1)
tan =+/3m/ (2n+m) (2.2)

whereb is the distance between two carbon atoms in ttegflaphene sheet (for this study 1.44
A was chosen). Any of these parameters has signifianpact on nanotubes’ electronic and
mechanical properties. Both theoretical calculaiand experimental measurements show that
when (n-m) mod 3 = 0, the tubes show metallic proge otherwise tubes present
semiconducting properties with energy gap in th@eorof ~0.5 eV. Thus, pristine nanotube

samples have metallic and semiconducting fractioris2 ratio [4].

2.2. Production Methods of SWNTs

Unique properties of SWNTs allow many potential laggions as long as desired
amounts of various types of chiralities are soselkctively and can be processed in solution.
Many different techniques (Table 2.1) have beerabtished to produce carbon nanotubes
including arc discharge (AD), pulsed laser vapdiiza(PLV), high pressure carbon monoxide
disproportionation (HiPco), and chemical vapor dgjpan with cobalt and molybdenum oxide

as catalyst (CoMoCAT) methods [5].



Table 2.1: Summary of SWNTs Synthesis TechniqudsPanduct Description [6].

Synthesis Technology of Typical mean Production Description
Methods Preparation diameter(nm)
Arch Discharge First reported 15 Less quality, by products,
production bundled.
Laser Ablation Ablation from graphite 1.4 High quality, good diameter

doped with catalyst

control, bundled tubes

Chemical Vapor Catalytic chemical 15 Cheapest, Commercial upscale
Deposition vapor deposition,
Supported with metal
catalyst
Gas phase Decomposition oxygen 1.0 Easy to purify, commercial, good
decomposition free environment quality.

2.2.1. Electric Discharge

The electric discharge method was first reportedpfoducing fullerenes, but it is still
one of the widely used techniques for productiofB@NTs. Combination of transition metals
(Fe, Co, Ni) and rare earth metals (Y and Gd) tesul catalytic composite for synthesis of
nanotubes [7]. However, the rare earth metals aathlnoxides have also been reported as a
catalytic medium in this technique. The typicalrdeter range of produced SWNTs is 0.9-3.1

nm with an average diameter of 1.5 nm [7].

Although this method is not suitable for synthesfisianotubes with low diameters, it is
common and easy to follow, and enables less defectsde walls of nanotubes. This technique
also enables large scale production of nanotubeswbmpared to other methods utilized in this
field. However, relatively large amounts of by-puots such as graphite, fullerene, multishelled
graphite, and amorphous carbon are formed duri@gtbduction, which amounts to nearly 30%

of product weight [7].



2.2.2. Laser Vaporization

The laser vaporization technique is first reportgd Smalley’s Group in 1995. This
technique (Figure 2.2) gives more pure carbon ndoest than the arc discharge process. It is
also possible to produce relatively small diametgbon nanotubes with an average diameter of
1.4 nm. However, the main disadvantage is the remquant for high purity graphite rods, high

laser power, and low production limit in comparigorarc discharge method [8].

Figure 2.2: Schematic of Lragaporization apparatus used at Rice
University [8].

2.2.3. Chemical Vapor Deposition (CVD)

Another popular method is the chemical vapor demositechnique. However, the
system requires moderate temperatures (700-147a&nH)long reaction times (such as hours).
This technique also requires a substrate to grevednbon nanotubes. Use of substrate, however,
allows production of aligned carbon nanotube sample addition, many CVD models have

been developed to obtain highly pure samples vatiotube diameter of 1 nm up to 2 nm [9].

2.2.4. High Pressure Decomposition of CO (HiPco)

High Pressure Decomposition of CO technique (Figu8) relies on decomposition of

continuous-flow carbon monoxide with iron contagpicarbon monoxide precursor as catalyst.

9



The production rate is 10 grams/day, and carbootmée soot typically contains 5-7 mol % iron
(catalytic) impurities. The average diameter of terbon nanotubes are 1.3-1.4 nm. In
comparison to other techniques, this techniquewall®asy purification of as-synthesized

nanotube sample [10].

[Coldct+ | | |
Fa(Cl)y I

! Het U0

Figure 2.3: Schematic of HiPco processor [10].

2.3. Electronic Propertiesof SWNTs

Electronic structure of carbon nanotubes can berohéted and explained by band
structure of 2-D graphene sheet (Figure 2.4) dubdaoadial nature of the wave functi@n the
other hand, the tube chirality might make the VBl &B do not meet at K and K’ points and,
thus, determine the electronic properties of carbanotubes. The electronic structure of the
nanotubes is highly dependent on separation ofvéthence band and conduction band [12].
Carbon nanotubes present metallic properties whesettwo bands touch each other in K and
K’ points (Figure 2.5). Electronic properties cdscabe determined from the chiral index of the
carbon nanotube; simply if the chiral index sadisfiin-m) mod 3 = 0, then the nanotube

possesses metallic properties. When the K and Kitpan the VB are rotated with respect to

10



those in the CB due to the chiral angle, the diifiee between n and m are not divided by 3, and

the tubes show semiconducting properties. The lgapd of the semiconductor nanotubes vary

for various chiralities

The difference between the electronic structurgraphite and SWNT can be explained
in terms of curvative structure affects the nomplageometry of C-C bonds in SWNTs, the
electronic wavefunction quantize the electroniactire to tube axis [14]. In one-dimensional
crystals, density-of-states (DOS) is not a contusufunction of energy. DOS decreases and then
increases in a discontinuous spike. Thus, DOS d@shibprofile with sharp peaks, which are

called van Hove singularities. In contrast, sucakgedo not exist in three-dimensional materials

and those materials have continuous DOS. [11]

Figure 2.4: Energy band structure of
graphene.

[ conduction band
Valence band

N
&
2
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w ® >
1 & 2
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Insulator Semliconductor Metal

Figure 2.5: Band diagrams of materials [13].
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24. Optical Propertiesof SWNTs

SWNTs have a natural ability to form bundles aftexy are synthesized. The bundles
need to be exfoliated to study the optical properif the individualized carbon nanotubes,
because they quench luminescence, presence of limdigbes in bundles quenches the
luminescence from semiconducting tubes due to adrative de-excitation. The bundles also
lead to inhomogeneous broadening in the absorgpestrum. The photoluminescence spectrum
of each nanotube type cannot be determined duertgadiative relaxation occurring after photo
excitation during the presence of metallic carbanatubes [15]. Almost a decade later after the
first report on carbon nanotubes, sodium dodeciateu (SDS) has been used to disperse
SWNTs effectively. O’'Connell et al. also reportddstf photoluminescence spectrum of the
individualized nanotubes. The photoluminescenca de¢ evidence for debundling of nanotubes
during the sonication process with SDS surfacta6}.[One dimensional density of state is not a
continuous function of energy, exhibiting sharp ke@n energy diagram called van Hove
singularities. As shown in Figure 2.6, transitimtzur among multiple sharp peak locations in
between conduction and valence bands. These ioassiare named asiS Sp, etc. for
semiconducting tubes whereas MM, notation is used for transitions in metallic narbms
[17]. These van Hove singularities provide a unigpeortunity to selectively excite individual
nanotubes and study their properties. Optical ttians in carbon nanotubes arise from excitonic
states. Wang F et al. found out the light absomppooduces strongly correlated electron-hole
pairs. This finding nullified the previous model @rb it was claimed that the resonances are as a
result of van Hove singularities associated with ¢time-dimensional structure of the nanotubes.
The exciton binding energy of 0.4 eV has been nmredsior semiconducting nanotubes with 0.8
nm diameter [33]. Excitonic effects have greatuafice on nanotubes’ optical transition

energies. The van Hove dominated inter-band triansitare transformed by the inclusion of

12



excitonic states [34]. The excitonic charactersafotube’s optically excited states, which are
similar to the electronic excitations of zero dirs@mal macromolecular systems, have been
modeled with many different theoretical methodse Ttheoretical predictions reveal exciton

binding energies that approach 40% of the tightlibip energy band gap. Thus, inclusion of

excitonic effects into one-electron band theory eledsults in better agreement with experiment
[35-37].

Wavelength (nm)
16001500 1400 1300 1200 1100 1000 900 rm
ob T T T T T T

Lol B '3
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Figure 2.6: (a) Absorption and emission spectr@8WNTs in
solution, (b) Schematic diagram of densitgtates for
SWNT [17].

There is a correlation between the nanotube dianaeie & energies which can be used

for prediction of inter band transition energies:
Ei*M=2nacy/d (2.3)

wherea.. is the distance between carbon-carbon bondsthe nearest-neighbor C-C interaction
energy with constam. The value oh is 1, 2 and 4 for the first three van Hove traosd in

semiconducting tubes and 3 and 6 for the first Wan Hove transitions in metallic nanotubes
[18-19]. However, the Tight Bonding (TB) model pides only rough estimation for the

energies of the experimentally measured opticaktt@mns. Toe get better qualitative picture, TB

13



model has to be extended by using advanedaand models [29]. These models include next-
neighbor hopping overlaps, and site energies fopgr modeling of optical spectra of SWTNs

[30-32].
2.5.  Mechanical Propertiesof SWNTs

The chemical bonds within single-walled carbon nabes are formed by strong?sp
hybridized orbitals. Each carbon atom is connetidetiree neighboring carbon atoms, yielding a
honey comb lattice. This structural organizatiomegi extra strength on tlesystem compared
to the stacked graphene sheets. The elastic maduianotubes is ~1060 GPa. The Young’s
modulus can reach up to 1 TPa, making these misteeay attractive for potential applications
[20]. In the study by Anis et al., the mechanictlbdity of the SWNTs under hydrostatic
pressure has been examined. They found pressuteeaddbroadening of the absorbance
spectrum of the carbon nanotubes. Even when thply dlpe lowest pressure onto the sample,

the broadened bands blue shifted in comparisonaset of the free standing sample [28].

2.6. Methodsfor Sorting SWNTs

Due to strong van der Waals forces between nansiuB#&/NTs are not soluble in
common organic solvents except in a few chlorinaeldents. Thus, great effort has been put
forward to develop unique dispersion techniquesedparate metallic vs. semiconductor carbon
nanotubes, or in general to individually solubilize&notubes. Many small molecules, oligomers,
polymers, surfactants, and bio-macromolecules Heaen used to produce stable and uniform
dispersions. However, most of these dispersantsaicshow any chiral selectivity; that is all
types of chiral nanotubes are present in the fingphersion [21]. Besides, in order to achieve

optimal performance from SWNTs in electronic apgticns, carbon nanotubes should be

14



dispersed individually with respect to their eleaic properties. In this section, post-synthetic
approaches are discussed for sorting single-wabledon nanotubes by chirality [22].

Density gradient ultra-centrifugation (DGU) is ookthe most effective techniques to
sort the SWNTs by diameter. This technique is gadheused for purifying proteins, nucleic acid
based materials, and sub-cellular materials. Is t&chnique, density gradient media (generally
iodoxanol media) are centrifuged at high speedafoertain time [23]. During the centrifugation
process, carbon nanotubes immigrate through from dense area to high dense area with
respect to their isopycnic points. As a resultpoarnanotubes will form layer or layers in the
media according to their buoyant density and diansetWith this technique, researchers were
also able to separate metallic nanotubes and sathicting counterparts via the use of co-

surfactants as shown in Figure 2.7 [24].

b) en,

Absorbance (arb. un.)

400 600 800 1000 1200

Figure 2.7: Photograph and optical absorbance
spectra of SWNTSs after DGU [24].

lon exchange chromatography technique allows orseparate molecules based on their
polarity and ionic charges. This technique has based for separation of metallic and
semiconducting nanotubes, which are wrapped wittADMany metallic and semiconductor

nanotubes with single chirality were isolated wafiecific DNA sequences (see Figure 2.8) [25].

15



As nicely shown in the study performed by Tanekal ., the semiconductor and metallic carbon

nanotubes can also be separated via agarose getatography [26].
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Figure 2.8: A specific DNA sequence
for sorting (7,7) nanotubes [25].

However, very recent studies by Lai al. show that it is possible to obtain single
chirality dispersions of SWNTSs by a simple gel ¢chatography, but the method lacks the ability

to separate larger diameter tubes, which may be mguortant for specific applications [26].

Polymers and small molecules and also can als@ée@ for sorting carbon nanotubes via
non-covalent interactions. Among these dispersamiynene, pyrene (Figure 2.9), porphyrin,
polyfluorene, and oligocarbazole show good selégtiand dispersion characteristics against

SWNTSs. More information and relevant details wal gven in Chapters 4 and 5 of this thesis.

g &
©©© A~

DomP DomP-SWNT

Figure 2.9: Efficient dispersion
of SWNTs can be achieved with
pyrene derivative [27].
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CHAPTER 3. EXPERIMENTAL TECHNIQUESFOR CHARACTERIZATION OF

SWNTS

3.1. UV-Vis-NIR Spectroscopy

3.1.1. Absorption

Light absorption occurs when an electron at grostade is excited to a higher energy
level with incident radiation. Figure 3.1 showsim@e schematic based on Jablonski diagram,
illustrating absorption, fluorescence, and otheptpimduced processes in a molecule after
photoexcitation. The frequency of the absorptiopehels on electronic structure of the material.
An optical spectrophotometer can record the wagghlenwhere incident light is absorbed by the

material. Spectral absorbano®) @t a specific wavelength is described by Beer{harnLaw

[1].

A=-log (1/1) (3.1)

where } and | are the incident light intensity and trartsgai light intensity, respectively.

The absorbance of the sample is related to the rnumacentration ) and sample

pathway () via molar extinction coefficient

A=¢excxl (3.2)
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Figure 3.1: Jablonski energy diagram [1].

3.1.2. UV-Vis-NIR Spectroscopy of SWNTs
One of the most important characterization techesgfior SWNTs is UV-Vis-NIR

spectroscopy, which is an analytical method ideal determining the magnitude and energy
levels of inter-band electronic transitions. Thesectronic transitions present a unique way to
characterize chiralities of SWNTs [2]. In additiayptical absorption spectroscopy is useful in
determining the individualized nature of dispersehotubes [3]. Figure 3.2 shows typical
optical absorption spectra of SWNTs prepared willsSurfactant. The absorbance between
350 nm to 550 nm is due to presence of metalliotoes and called Mregion. Other regions

in the spectra belong to semiconducting nanotudbed he presence of many types of chiralities
makes the optical spectrum difficult to analyze.m®times bundles and impurities also

contribute to the spectra, which further compligai analysis [6].
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Figure 3.2: Optical spectra of HiPco SWNiigpersions with SDS [5].

3.2. Resonant Raman Spectroscopy

Resonant Raman Spectroscopy is one of the mostriambacharacterization techniques
used for carbon nanotubes. One can obtain infoomajualitative and quantitative information
of diameter, relative abundance, purity, and cliyraNet, this technique requires very little
amount of sample. When the laser light interacth wie sample, electrons make transitions to
higher energy levels by interacting with the phandefore transitioning back to ground state
[7]. Laser energy does not affect the Raman dhift when laser energy is resonant to electronic
transition, then the Raman intensity of phonon msadereases due to resonance enhancement.
Raman scattering, thus, gives information aboutatibnal modes of nanotubes at the excitation
energy of the laser. Horiba Jobin Yvon Aramis Ceafo Raman Imaging System
spectrophotometer is used in our studies. Theumsnt laser lines are at 532 nm and 785 nm to

determine semiconducting and metallic species aggg8].
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3.2.1. Raman Spectroscopy of SWNTs

The typical Raman spectrum of a SWNT sample shoasd®d active modes such as
radial-breathing modes, (RBMs), D-band (disord&3and, and other second-order scattering
peaks (Figure 3.3). The RBM occurs due to isotropdial expansion of the carbon nanotube

which presents a unique signature for each nanayyee[9].

G-Band
Rarman
Intensity
D-Band
i d-Eland
FRBEM= p
I
00 1000 1500 2000 2500 2000

YWeavenumberfcm-1

Figure 3.3: Raman spectrum of HiPco SWNTs obtabedsing a
laser excitation wavelength of 633 nm. Adapted flenGraupner,
J. Raman Spec., 2007, 38, 673.

3.2.1.1. The Radial Breathing Mode (RBM)

The radial breathing mode is the phonon mode tbaksponds to radial expansion and
contraction of nanotube, as shown in Figure 3.4MRBzquencies typically show up at lower
frequencies, between ~75-350 tin Raman spectra. The radial breathing mode fregyuén

related to the diameter of the tube with the follayvformula;
worm=A/d+ B (33)

whereA andB are constants [10].
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Figure 3.4: The RBM and G modes of a nanotube.

Because of their dependence on tube diameter, B Riodes are largely used for
characterization of the diameter and chiral indioE:anotube samples at the laser excitation
line. The radial-breathing frequencies have bectimemost important feature for determining

nanotube chiralities [11].

The Kataura plot, shown in Figure 3.5, is veryfulsior determining tube diameters and
chiralities. Each laser frequency is in resonanith specific radial-breathing modes. When the
laser energy is close enough tQ Ehe tube gives a strong Raman RBM signal. In rotadully
characterize a sample, many different laser sowsisesld be employed [13]. The tube bundling
affects the width of RBMs. The individually solulk#d nanotubes show narrow, well separated

peaks whereas SWNT bundles give broadened RBM p&aks
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semiconducting nanotubes and red cirelpeesent
metallic nanotubes [12].

3.2.1.2. The G-band

25

The graphite-like band (G-band) in carbon nanotubeslated to G-band of graphene. It
occurs due to in plane vibrations of carbon atohine graphitic G-band is located around ~1582
cm* at Raman spectrum. However, due to folded grapbkeet G-band splits into two different
peaks; the one with lower frequency is calledb@nd and the one with higher frequency is called
G’ band. When the metallic carbon nanotubes are amirid the sample, the' Gand broadens
and takes Breit-Wigner-Fano lineshape [14]. Howgvmither metallic nor semiconducting
nanotubes do not show any significant differencéhnwidth and frequency of'Gand. Breit-

Wigner-Fano shaped ®and is attributed to the presence of metallib@amanotubes.



However, there is still a controversy regarding la¢ure and physical explanation of G
and G bands [15]. Figure 3.6 shows the locations arativ intensity of Gand G bands when
the sample is excited with different laser energies clear that there is an enhancementin G
band intensity with 2.33 eV excitation.”®and dominates at 1.58 eV. That means, mostly
metallic nanotubes are in resonance with 1.88 edftaion whereas 1.58 eV excitation line is
mostly in resonance with semiconducting nanotubBg)]. [Such information is useful in
predicting the relative abundance of metallic aedhisonducting nanotubes in an unknown

sample.

I T T ¥ T 7 T T
1200 1200 1400 1500 1600 1700 1600

Figure 3.6: G and D bands at different lasertation
energies [16].

G' and G bands also related to longitudinal and transveptieal phonons. Fouquet et al
found that G band is relevant to the metallic carbon nanotubetibn in the sample and’G

mode is mostly relevant to the semiconducting can@notubes. However, there is still debate
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regarding the origin of the G bands andb@nd is usually broad with more features andgslki

dependent on the tube diameter [21-22].

3.2.1.3. The D and D* modes

The D band frequency also shows strong dependemtieeowavelength of laser energy
(Figure 3.6). In addition to D band, it is comman gee D* overtone band in the Raman
spectrum, which is located at 2500-2900"crihe D band is related to the defects both in the
graphite sheets and the carbon nanotubes. The mdgmof D band can be correlated to the
amount of defects at end of the tube, amorphousoocarand any chemical attachments. The

relative intensity of D band gives an idea regagdhmre quality of carbon nanotube sample [17].

3.3.  Photoluminescence Spectroscopy

The photoluminescence spectroscopic studies on S3MMDan after nanotubes were
isolated and purified in order to determine theality of each semiconducting carbon nanotube
species. The absorption spectrum shows a serishawp peaks once the bundles are removed
from the solution. In addition, sharp emission [@eake observed from individualized carbon
nanotubes, especially in the near IR region. Onbmisonducting nanotubes give

photoluminescence, as one might expect [18].

Since there are many nanotubes present in a typaabilized SWNT sample, it is
therefore necessary to collect photoluminescenta aamultiple excitation wavelengths. This
yields to 2D excitation-emission map. The specinénsities observed in such a map can
roughly give the relative abundance of each namotype, assuming they all possess similar
molar extinction coefficients. This particular map especially useful for identification of
relatively high diameter semiconductor nanotubé® Ghiral index (n,m) can be identified rather
easily and that region of map is called the fingent region. Each peak comes from a specific
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resonant absorption,& with resonant emission collected at a specifi¢,Ehus allowing (n,m)
determination of nanotube species [19]. ExampfeBlomaps for SWNTs functionalized by
conjugated molecules are given in Figures 5.3 aBeb® and further discussed in detail in
Chapters 5 and 6.

In essence, this peak identification method islgrnative way to build up the “Kataura
Plot”. The families of carbon nanotubes have giegiortance in photoluminescence map;
especially (2n+m) families can be recognized fag@gily on 2D excitation-emission map. The
photoluminescence maps are qualitatively similardarbon nanotubes samples prepared with
various methods, but detailed analysis can revaaesminor differences. The overall shift of
peak locations with various dispersants can be taeddeith theoretical calculations [20].

34. References
1. Gauglitz, G.; Vo-Dinh, T., Handbook of Spectrysg. 2003, WILEY-VCH.

2. Tilley, R. J. D., Colour and Optical Properties Materials: An Exploration of the
Relationship Between Light, the Optical Propertédaterials and Colour. 1999, John
Wiley & Sons

3. Nair, N.; Usrey, M.L.; Kim, W.J.; Braatz, R.[5frano, M.S.Analytical Chemistry 2006,
78, 7689-7696.

4. Freiman S.; Hooker S.; Migler K.; Sivaram, Aational Institute of Sandard and
Technology, Special publication 2008, 960-19.

5. Tanaka, T., Urabe, Y., Nishide, D., Kataura, Bpplied Physics Express, 2009, 2,
125002

6. Hagen, A., Hertel, TNano Lett., 2003,3, 383

28



10.

11.

12.

13.

14.

15.

16.

17.

Long, D.A., The Raman Effect: A Unified Treatmhei the Theory of Raman Scattering
by Molecules. 2002]John Wiley & Sons Ltd.

Thomsen, C.; Reich, S. Raman scattering in canamotubes. Light Scattering in Solids
Ix 2007,108, 115-235.

Rao, A.M.; Richter, E.; Bandow, S.; Chase, Klukd, P.C.; Williams, K.A.; Fang, S.;
Subbaswamy, K.R.; Menon, M.; Thess, A.; Smalle.Rresselhaus, G.; Dresselhaus,
M.S.. Science 1997,275, 187-191.

Jorio, A.; Pimenta, M.A.; Souza, A.G.; Saita, Rresselhaus, G.; Dresselhaus, M.S..
New Journal of Physics 2003,5, 139.

Bachilo, S., Weisman, R., B.,; Nano Lett, 20831235

Kataura, H.; Kumazawa, Y.; Maniwa, Y.; UmezuSuzuki, S.; Ohtsuka, Y.; Achiba, Y.
Synthetic Metals 1999,103, 2555-2558.

Fantini, C.; Jorio, A.; Souza, M.; Strano, M.®resselhaus, M.S.; Pimenta, M.A.
Physical Review Letters, 2004,93, 147406

Thomsen, C.; Telg, H.; Maultzsch, J.; ReicRl$sica Satus Solidi B-Basic Solid Sate
Physics 2005,242, 1802-1806

Fouquet, M.; Telg, H.; Maultzsch, J.; Wu, Y.haddra, B.; Hone, J.; Heinz, T.F,
Thomsen, CPhysical Review Letters 2009,102,075501.

Jorio, A.; Souza, A.G.; Dresselhaus, G.; Diesses, M.S.; Swan, A.K.; Unlu, M.S.;
Goldberg, B.B.; Pimenta, M.A.; Hafner, J.H.; Liepb€M.;Saito, R. . Physical Review B
2002,65, 155412

Osswald, S.; Flahaut, E.; Ye, H.; GogotsiCliemical Physics Letters, 2005,402, 422-

427.

29



18.

19.

20.

21.

22.

Delzeit, L.; McAninch, I.; Cruden, B.A.; Hasb,; Chen, B.; Han, J.;Meyyappan, M..
Journal of Applied Physics 2002,91, 6027-6033

Lefebvre, J., Fraser, J. M., Homma, Y.; Apply® A: Mater. Sci. Proc, 2004, 78, 1107
Kane. C., L., , MeleE. Blid State Commun. 2005,135, 527.

Fouquet, M.; Telg, H.; Maultzsch, J.; Wu, €handra, B.; Hone, J.; Heinz, T.F,;
Thomsen, CPhy. Rev.Lett.2009,102,075501.

Jorio, A.; Souza, A.G.; Dresselhaus, G.; Diessis, M.S.; Swan, A.K.;Unlu, M.S,;
Goldberg, B.B.; Pimenta, M.A.; Hafner, J.H.; Liep€:M.; Saito,R. Phys. Rev. B 2002,

65, 155412.

30



CHAPTER 4. NON-COVALENT FUNCTIONALIZATION OF SINGLE-WALLED

CARBON NANOTUBES

4.1. Post-Production Separation

As produced single-walled carbon nanotubes incatpor33% metallic and 67%
semiconducting nanotubes. This is a problem siitberemetallic or semiconducting nanotubes
are desired for most of the applications. To renmihal/ issue, novel methodologies are required
to separate semiconducting carbon nanotubes frotalllmeones, via Van der Waals repulsion,
n-n interaction. For example, semiconducting nanoteimeched samples were observed using
the CVD method. However, many selective pre-pradacimethods were not successful in
achieving quantitative yield for separation of eitraction. Thus, post-production separation

methods are vital to overcome this problem [1].

Tetra-substituted free-base porphyrin is selectteavard semiconducting carbon
nanotubes [17]. Another planar aromatic compoundpdosyloxymethylpyrene (DomP), has
also been found to selectively disperse semicomyicarbon nanotubes [2]. In a study reported
by Tanaka et al., single walled carbon nanotubeee vaispersed in SDS and then were
centrifuged and loaded to agarose gels using $eah&B [3]. Semiconducting and metallic
carbon nanotubes were separated within eleven lwthea SDS is used as surfactant to separate
metallic nanotubes and semiconducting counterpadse separated by using deoxycholate
(DOC). Selective destruction of either metallic smmiconducting carbon nanotubes by using
electrical current also helped in isolation of niletdraction [6]. On the other hand, two different
selective destruction methods were developed inb20@drocarbonation reaction and laser
irradiation technique [4]. Some methods involve timga the sample until to a certain

temperature, followed by annealing, and finallyadimg the carbonaceous material with a

31



plasma source. However, the main problem with théthod is destruction of small diameter

metallic carbon nanotubed € 1.4 nm), leaving only semiconducting nanotulvethe sample

[5].

As reported by Miyata et al, selective oxidationseimiconducting species by doping
hydrogen peroxide as oxidizing agent is possibthoalgh it is generally assumed that the
metallic nanotubes have higher chemical reactithgn the semiconducting nanotubes due to
their higher electronic density. In another stutlhas been found that pure diazonium salts such
as 4-dodecyloxybenzenediazonium tetrafluoroborakectvely react with metallic carbon
nanotubes [6]. Due to the fact that functionalineetallic carbon nanotubes are now soluble in
organic solvents, metallic carbon nanotubes caexbected, leaving insoluble portion as the

semiconducting fraction.

Many different dispersants have been used for mmalent functionalization of SWNTs
with small and macromolecules. The post-producsieparations were achieved by using DNA,
anionic surfactants, small molecules (pyrene, cmma, pentacene, and porphyrin), and

macromolecules (oligomers, polymers, conjugategmers) [7].

4.1.1. Wrapping by DNA and Surfactants

Density gradient centrifugation system has becdraerntost important tool for separation
and purification of single-walled carbon nanotubBsis technique is generally used for small
scale separation and purification of SWNTSs. Thst fuse of density gradient centrifugation for
separation SWNTs has been reported by Hersam Attat.centrifugation, the carbon nanotubes
gave layers with their unique colors in the cengé tube, which is then harvested by their

diameter, and identified with optical absorptioecposcopy [9].

32



The wrapped ssDNA presents a negative charge twomrcaranotube surface, which helps
to separate SWNTs individually and selectively. dgio, the semiconducting and metallic
species have different polarizability and requireamionic exchange column chromatography
after treatment with SSDNA [8]. After the gel chratography, the resulting dispersion is mixed
with liquid agarose gel. After squeezing the glké éxtracted solution is mainly enriched with
metallic carbon nanotubes and the gel itself castaiighly concentrated semiconducting

nanotubes [10].

With DNA functionalization, carbon nanotube samptan be separated into
semiconducting and metallic fractions. Howeverfeddnt DNA sequences separate different
chirality semiconducting nanotubes as discovere@bgt al. Among the DNA library of ~1b
sequences searched, 20 different short DNA sequgimes chromatographic purification with

specific chirality [24].

Sodium dodecyl sulfate (SDS) is one of the most mom surfactants used for
solubilizing carbon nanotubes in water. Howevenegosurfactants such as deoxycholate, sodium
dodecyl benzene sulfonate, and sodium deoxychalatehave good solubilizing power. Sorting
SWNTs with SDS presents unique advantages suctmatoyng density gradient centrifuge
method, diameter separation, metallic versus sewdioctor separation, single chirality
enrichment, and length separation [11]. Aqueouspetsons of surfactant encapsulated
nanotubes can be ultra-centrifuged in a gradierdianéduring the centrifugation, the carbon
nanotubes move towards the density gradient mediaugon reaching the isopycnic point the
carbon nanotubes’ buoyant density equals densagigmt media. The buoyant density depends
on the local concentration and pH of the densigdgmnt media. One can achieve the sorting by

using the density difference of the surfactant peakted nanotubes. It is also possible to
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separate left handed and right handed carbon nae®tby encapsulating them with chiral

surfactant such as sodium cholate [12].

4.1.2. Wrapping by Small Molecules

Due to their facile synthesis and batch-to-batgtra@ucubility, small molecules have
great potential for separation of metallic or seantucting SWNTSs. As referenced in Fernando
et al., the pyrene derivative, 1-docosyloxymethyieme (DomP), has provided 85% metallic
enrichment via non-covalent interactions [13]. e televant study, pyrene derivative has been
used as doping agent for carbon nanotubes. Thehement of the sample with metallic carbon
nanotubes was confirmed with a combination of gitsmm and Raman spectroscopy (Figure
4.1). Raman spectrum also shows a Breit-Wigner-Faature in the G-band region, much more
pronounced than that of the pre-separation of jgdrifample. However, the mechanism of
separation is not clear yet [14]. The coronenedtaiboxylic acid, potassium salt (Figure 4.2)
has a larger-skeleton [16]. Heating coronene derivative witbrade nanotube sample resulted

in separation of metallic and semiconducting fiacsi

The magnitude of 3 and $; bands changed with dispersant concentration and
temperature of the medium. When 5 mM of coronemévalieve is used, the semiconducting
nanotubes precipitate out of solution (Figure 43h the other hand, 10 mM of coronene
dispersant solution gives a nice separation of inetgpecies from the crude sample. As a result,
concentration of the coronene based dispersans glayimportant role in separating nanotubes

by chirality.

34



Intensity (a.u.)

2000 1600 1200 800 400

Raman shift (cm™)

Figure 4.1: Raman spectrum{. = 785 nm) of the
DomP-SWNT sample after separation [15].

Figure 4.2: Potassium salt of
coronene tetracarboxylic acid.

Raman Spectra also confirm the metallic enrichnvéiit 10 mM of dispersant due to
broadening in Breit-Wigner Fano lineshape (Figur.4Another molecule of interest is the free
base-porphyrin, which can separate the semicondyctanotubes from the metallic fraction.
When the pristine sample is mixed and sonicatedh \pidrphyrin derivative, the dispersant

selectively solubilizes the semiconducting nanasube
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Figure 4.4: Raman (a) G-band and (b) radial
breathimgdes (RBM) of sample treated
with 1Mrof coronene derivative.
After centrifugation is carried out, the metalli@dtion remains as a pellet. With this
technique, the individually solubilized SWNT sobrti can be enriched up to 82% with

semiconducting nanotubes (Figure 4.5) [17].
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Figure 4.5: Schematic of nanotube separation logtpoin derivative.

4.1.3. Wrapping by Conjugated Polymers

Some conjugated polymers such as polyfluorene afras show great selectivity
toward arm chair nanotubes. Pdydecyl-2,7-carbazole) is known to disperse mostly
semiconducting nanotubes with small chiral anglEsis approach is attractive as SWNT
separation is possible with a simple techniquelamdcost dispersant [19]. Lemasson et al. used
density gradient centrifugation method by using,&@#ibromotoluene and toluene mixture as
the density gradient media and successfully segdnaanotubes by their chiralities. However,
they have observed selectivity towards mostly sendacting nanotubes with the polymers they
have used in their study. [20]. In another stuflpaymer wrapped carbon nanotubes, Tange et
al. used poly(9,9-dioctylfluorenat-benzothiadiazole) to selectively disperse carbanotubes
with respect to their diameter. Although, the drispd SWNTs have diameters larger than 1.3
nm, a great selectivity toward (15,4) semicondygctianotube was obtained in toluene. Within
the same study [21], authors claimed the importamicérontier energy level matching of
polymers with that of nanotubes for chiral seleetdispersion of SWNTs (Figure 4.6). Right or
left handed carbon nanotubes can be separatedchiidd polymers (Figure 4.7). By changing
the ratio of the chiral compound in the polymeusture, researchers were able to collect (6,5)

and (7,5) nanotubes in an enriched media [22].
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Figure 4.6: Comparison of ionization potentials of
théested carbon nanotubes with dispersant

conjtegh polymers.

In addition, various chiralities were obtained wiuene by modifying the polymer

backbone structure. The evidence for enrichment fidbker confirmed by experiments using

UV-Vis-NIR and photoluminescence spectroscopy masho

4.2.

Left-handed semi- Right-handed semi-

condu@ SWNT conduclyijN T

Enantiomer

separation

Figure 4.7: Schematic drawing of chiral SWNTd an
polymers [22].
References

Ajayan, P. MChem. Rev. 1999,99, 1787
Unalan, H. E.; Fanchini, G.; Kanwal, A.; Du Paigg, A.; Chhowalla, MNano
Lett. 2006,6, 677.

38



10.

11.

12.

13.

14.

15.

Kong, J.; Franklin, N.; Zhou, C.; Chapline, Meng, S.; Cho, K.; Dali, .F&cience 2000,
287, 622.

Qu, L.; Du, F.; Dai, LNano Lett. 2008,8, 2682

Arnold,M. S.; Stupp, S. I.; Hersam, M. Mano Lett. 20055, 713.

Voggu, R.; Govindaraj, A.; Rao, C., N., Rd. J. of Chem., 2012, 51A, 32-46

Zheng, M.; Jagota, A.; Strano, M. S.; Santof? ABarone, P.; Chou, S. G.; Diner, B. A,;
Dresselhaus, M. S.; McLean, R. S.; Onoa, G. B.;9aidge, G. G.; Semke, E. D.; Usrey,
M.; Walls, D. J.Science 2003,302, 1545.

Tanaka, T.; Jin, H.; Miyata, Y.; Fuijii, S.; Sud#&; Naitoh, Y.; Minari, T.; Miyadera, T.;
Tsukagoshi, K.; Kataura, HNano Lett. 2009,9, 1497

Chattopadhyay, D.; Galeska, I.; Papadimitrakagmu~. J. Am. Chem. Soc. 2003,125,
3370.

Li, H.; Zhou, B.; Gu, L.; Wang, W.; Fernando, K S.; Kumer, S.; Allard, L. F.; Sun,
Y.-P.J. Am. Chem. Soc. 2004,126, 1014.

Wang, W.; Fernando, K. A. S.; Lin, Y.; MeziaN, J.; Veca, L. M.; Cao, L.; Zhang, P.;
Kimani, M. M.; Sun, Y.-PJ. Am. Chem. Soc. 2008,130, 1415.

Ju, S.-Y.; Utz, M.; Papadimitrakopoulos JFAm. Chem. Soc. 2009,131, 6775.

Niyogi, S.; Hamon, M. A.; Hu, H.; Zhao, B.; Bamik, P.; Sen, R.; Itkis, M. E.; Haddon,
R. C.Acc. Chem. Res. 2002,35, 1105.

Sun, Y.-P.; Fu, K.; Lin, Y.; Huang, Wcc. Chem. Res. 2002,35, 1096.

Basiuk, E. V.; Basiuk, V. A.; Banuelos, J.-Saniger-Blesa, J.-M.; Pokrovskiy, V. A.;
Gromovoy, T. Y.; Mischanchuk, A. V.; Mischanchuk®. J. Phys. Chem. B 2002,106,

1588.

39



16.

17.

18.

19.

20.

21.

22.

23.

24,

Fernando, K. A. S.; Lin, Y.; Wang, W.; Kumar; 3hou, B.; Xie, S.-Y.; Cureton, L. T.;
Sun, Y.-P.J. Am. Chem. Soc. 2004,126, 10234

Lu, F.; Wang, W.; Fernando, K. A. S.; Meziavi,J.; Myers, E.; Sun, Y.-RChem. Phys.
Lett. 2010,497, 57.

Voggu, R.; Rao, K. V.; George, S. J.; RaoNCR.J. Am. Chem. Soc. 2010132, 5560.
Pan, X.; Cai, Q. J.; Li, C. M.; Zhang, Q.; CHark, M. B.Nanotechnology 2009, 20,
305601

Lu, F.; Wang, X.; Meziani, M. J.; Cao, L.iam, L.; Bloodgood, M. A.; Robinson, J.;
Sun, Y.-PLangmuir 2010,26, 7561.

Gu, H.; Swager, T. MAdv. Mater. 2008,20, 4433

Lu, J.; Lai, L.; Luo, G.; Zhou, J.; Qin, R.; Wg D.; Wang, L.; Mei, W. N.; Li, G.; Gao,
Z.; Nagase, S.; Maeda, Y.; Akasaka, T.; YuSall 2007,3, 1566.

Akazaki, K., Toshimitsu, F., Ozawa, H., FuygaT.;J. Am. Chem. Soc. 2012134,
12700.

Tu, X., Manohar, S., Jagota, A., Zheng, N&t.2009,460, 250-253

40



CHAPTER 5. EFFECTIVE SOLUBILIZATION OF SWNTsWITH PEGLYATED

CORANNUL ENE DISPERSANT?

Adapted from “Effective Solubilizing of Single Wall Carbon Nanotubes in THF Using
PEGylated Corrannulene DispersaACS Appl. Mater. Interfaces, 2013, 5 (9), pp 3500-3503

Authors: Baris Yilmaz, Josiah Bjorgaard, Christap8elbert, Jay Siegel, Muhammet E. Kdse

5.1. Introduction

In Chapter 4, the capability of a series of aromdtydrocarbons to disperse and
solubilize HiPco SWNTs was evaluated. If SWNTs alispersed and selected by their
chiralities, they can find uses in potential apgions such as nano-electronic devices,
photovoltaic devices, field-effect transistors, aemsors. SWNTs are 50-100 times stronger than
steel [1,2]. In addition, they exhibit anisotroptbermal conductivity that makes them
multifunctional materials [3]. However, the pristiform of carbon nanotubes is problematic for
large scale applications and fundamental studiestddormation of bundles and occurrence of
other carbonaceous materials during the produciitve. bundles have strongrn interactions
that inhibit their solubility in common organic sehts [4]. SWNTs are wrapped graphene sheets

in tubes which are commonly expressed as chiral{tign) for different indices [5].

The material in this chapter was co-authored byisB¥ilmaz and Josiah Bjorgaard,
Christopher Colbert, Jay Siegel, Muhammet E. K&sis Yilmaz had primary responsibility
for collecting samples in the field. Baris Yilmazasvthe primary developer of the conclusions
that are advanced here. Baris Yilmaz also drafted evised all versions of this chapter.
Muhammet E. Kése served as proofreader and chebhkegraphs which are conducted by Baris
Yilmaz.
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As-synthesized SWNTs vyield a mixture of metallidaemiconducting nanotubes with
the metallic component representing the minorigction in the mixture at a ratio of 1:2, as
expected [6,7]. Therefore, the chirality of the SWhhmple defines the electronic and optical
properties of nanotubes. As a result, chiralitycefpe SWNTs are needed if these promising

materials are to be used in technological appbecati8,9].

There are several techniques that have been dexkfopseparation of carbon nanotubes
by chirality. Density gradient centrifugation, dietrophoresis, ssDNA wrapping, and ion
exchange chromatography can be used to obtainyhgliched semiconducting or metallic
SWNTs up to 90% vyield [10,11]. The cost and lackupfscaling aspects limit the prospect of
using such techniques in large-scale applicatiBlatymer wrapping has also been shown to be
effective in chirality and enantiomeric selectivaparation of nanotubes. Using chiral polymers

or porphyrins, one can separate racemic mixtur24 gl.

Non-covalent interactions of nanotubes with polysner other organic molecules can
lead to desired separation of the pristine forme $blubilization has been achieved via planar
aromatic molecules (pyrene derivative, free basplpain, and coronene) with the possibility of
dispersal removal after solubilization [14,15]. ddldition, these molecules disperse mostly
semiconducting nanotubes without any chiral seleti Thus, these studies show that there is a
great potential for post-production separation lbé tSWNTs via polycyclic hydrocarbon

derivatives [16].

Corannulene is a curved polycyclic aromatic hydrboa, consisting of a central
cylopentane ring fused with five benzene rings adthe core cycle (Figure 5.1). Due to non-

planar polyarene structure, it can be considereal fesgment of buckminsterfullerene [17]. The
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slight bowl shape of corannulene also and exteradlede geometry is expected to give better
dispersion interactions with respect to similarpdisant used in SWNT solubilization studies
[18-23].

Due to loss of planarity, this molecule might gbegter solubilizing power in comparison
to other planar molecules such as pyrene or comriarthis investigation, short ethylene glycol
chains have been attached to the extended areteansys increase the solubility of possible
corannulene dispersant-SWNT complex. Ability ofstimnolecule’s selective solubilization for

specific chiralities has been carefully examinedun studies.

R= /”‘\/Owo-/

Figure 5.1: Chemical
structure of PEGC.

5.2. Experimental Methods

The corannulene core has been functionalized vactanent of short chains of
polyethylene glycol (PEG). PEG groups facilitatdubdity both in aqueous and organic
solvents. SWNT dispersion with PEGC has been sfudsng a previously reported method
[24]. In a typical experiment 75 mg of PEGC wasetithto 15 mL of THF and sonicated until
PEGC was dissolved completely. After that, 1.6 rmguwified SWNT was added to the solution

and then subjected to ultrasonication for 15 matlowed by bath sonication for 3 hrs. The
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resulting solution was centrifuged for 45 min abDB0pm (Beckman SW40Ti Swing Bucket).
The supernatant was carefully transferred to amotfa with micro-pipette, producing a dark
colored and stable nanotube-dispersant complexieolulrhe isolated supernatant was filtered
through a 200 nm pore diameter Nalgene Teflon mandband was continuously washed with
THF until the filtrate became colorless. Latem& of THF was added to recover the SWNT
residue. The resulting dark solution was furthericated for 15 min. The solution remains stable

for at least 2 months without any observable aggreg and sedimentation.

1.0
—— PEGC-SWNT
—— PEGC
08 _n —— SDS-SWNT
5
s
~ 0.6 -
&)
c
3
5 0.4 -
0
O
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0.2 -
OO T T T - T

400 600 800 1000 1200

Wavelength (nm)
Figure 5.2: Optical absorption spectra of PEGCREGC-SWNT in
THF. Absorption spectrum of SDS-SWNT samplals® provided for
comparison.

5.3.  Resultsand Discussion

The optical absorption of spectrum of PEGC dispb&@&/NT solution shows peaks from

individually dispersed carbon nanotube speciesuf€i.2). In addition, most of the peaks match
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with those of SDS-SWNT dispersed sample. Some mpgaks also matched in the 2D
excitation-emission maps of both SDS and PEGC dispesamples, as shown in Figure 5.3.
Both maps reveal similar dispersion characteristisibited by SDS and PEGC dispersants. The
major difference is in the relative amount of sfieahiralities solubilized by each dispersant.
The resonant Raman modes of SWNT samples weredextavith the laser lines of 532 nm

(2.33 eV) and 785 nm (1.58 eV).
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Figure 5.3: 2D excitation-emission maps for samples
solubilized by SDS and PEGC dispersants
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Red laser excitation beam is in resonance with Raraetive modes of mostly
semiconducting carbon nanotubes. The Raman spaEcREGC-SWNT sample (Figures 5.4-6)
show that there is more metallic nanotube spedssesed with PEGC in comparison to the
ones dispersed by SDS surfactant. The ratio ofGH&" is usually taken as a reference to
explain the enrichment of metallic species in tispersed sample. Most of the RBM bands are
identified as bands belonging to metallic nanotubes

Overall, PEGC disperse similar carbon nanotubas #s SDS dispersion. The ratio of
G band to G band is 0.14 and 0.10 for PEGC-SWNT and SDS-SWhifiptes. Similar
measurement on pristine sample is 0.21. As a 1eBHGC disperses more metallic carbon
nanotubes than SDS. However, the results also stuggeut do not prove- that the
metallic/semiconducting ratio does not reach theslke to that of pristine sample for PEGC
dispersed carbon nanotube sample.

5.4. Conclusions

We have successfully synthesized (PEGC) a derwaticorannulene. This molecule has
showed high solubilizing power for SWNTs. Thoughdisperses similar nanotubes as SDS
dispersant with little preference to some chirasitiThere is, however, a major difference in the

amount of dispersion capability against metallinatabes when compared to SDS.
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Figure 5.4: Solid state Raman spectra of samples
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Figure 5.5: Solid state Raman spectra of sampleiseeixat 785 nm.
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5.5.
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Figure 5.6: Solid state Raman spectra of samples f
RBM region excited at 532 nm.

References

Ajayan, P. MChem. Rev. 1999, 99, 1787.

Cao, Q.; Kim, H. S.; Pimparkar, N.; Kulkarni,R.; Wang, C. J.; Shim, M.; Roy, K.;
Alam, M. A.; Rogers, J. ANat. 2008, 454, 495.

Adam, E.; Aguirre, C. M.; Marty, L.; St-Antoind8. C.; Meunier, F.; Desjardins,
P.;Menard, D.; Martel, RNano Lett. 2008, 8, 2351.

Holt, J. M.; Ferguson, A. J.; Kopidakis, N.;r&an, B. A.; Bult, J.; Rumbles, G.;
Blackburn, J. LNano Lett. 2010, 10, 4627.

Hasan, T.; Sun, Z. P.; Wang, F. Q.; BonaccdfsoJan, P. H.; Rozhin, A. G.; Ferrari,
A. C. Adv.Mat. 2009, 21, 3874.

Itkis, M. E.; Yu, A. P.; Haddon, R. Glano Lett. 2008, 8, 2224.

48



10.

11.

12.

13.

14.

15.

16.

Kim, S. N.; Rusling, J. F.; PapadimitrakopoulésAdv.Mat. 2007, 19, 3214.

Krupke, R.; Hennrich, FAdv. Eng. Mat. 2005, 7, 111.

Guldi, D. M.; Rahman, G. M. A.; Jux, N.; Tagmasahis, N.; Prato, MAnge.
Chem.-Inter.Ed. 2004, 43, 5526.

Arnold, M. S.; Green, A. A.; Hulvat, J. F.;upp, S. I.; Hersam, M. CNat.
Nanotech.2006, 1, 60.

Krupke, R.; Hennrich, F.; von Lohneysen, Hapkes, M. Mci. 2003, 301, 344.
Zheng, M.; Semke, E. D.Am. Chem. Soc. 2007, 129, 6084.

Tu, X. M.; Manohar, S.; Jagota, A.; Zheng,Mat. 2009, 460, 250.

Nish, A.; Hwang, J. Y.; Doig, J.; Nicholas, RNat. Nanotech. 2007, 2, 640.

Voggu, R.; Rao, K. V.; George, S. J.; RadNCR. J. Am. Chem. Soc. 2010, 132, 5560.

Marquis, R.; Greco, C.; Sadokierska, I.; L&wedS.; Kappes, M. M.; Michel, T.;

Alvarez, L.; Sauvajol, J. L.; Meunier, S.; MioskdwsC. Nano Lett. 2008, 8, 1830.

17.

18.

19.

20.

21.

Berton, N.; Lemasson, F.; Hennrich, F.; Kapp&sM.; Mayor, M.Chem.
Comm 2012, 48, 2516.

Wang, F.; Matsuda, K.; Rahman, A.; Peng, XKiémura, T.; Komatsu, NJ. Am. Chm.
Soc. 2010, 132, 10876.

Li, H. P.; Zhou, B.; Lin, Y.; Gu, L. R.; Wan@/.; Fernando, K. A. S.; Kumar, S.; Allard,
L. F.; Sun, Y. PJ. Am. Chem. Soc 2004, 126, 1014.

Wang, W.; Fernando, K. A. S.; Lin, Y.; MeziaNl. J.; Veca, L. M.; Cao, L.; Zhang, P.;
Kimani, M. M.; Sun, Y. PJ. Am. Chem. Soc 2008, 130, 1415.

Scott, L. T.; Hashemi, M. M.; Meyer, D. T.; Ysen, H. B.J. Am. Chem. Soc 1991, 113,

7082.

49



22. Sygula, A.; Fronczek, F. R.; Sygula, R.; Rabigl P. W.; Olmstead, M. M. Am. Chem.
Soc 2007, 129, 3842.

23. Grube, G. H.; Elliott, E. L.; Steffens, R. Janes, C. S.; Baldridge, K. K.; Siegel, J. S.
Org.Lett. 2003, 5, 713.

24. Imin, P.; Imit, M.; Adronov, AMacromol. 2011, 44, 9138.

50



CHAPTER 6. SUPRAMOLECULAR FUNCTIONALIZATION OF
SINGLE-WALLED CARBON NANOTUBESWITH PHTHALIMIDE CONTAINING
OLIGOMERSPOLYMERS

6.1. Introduction

Fluorene based-conjugated polymers only disperse semiconductMNSs in organic
solvents. The rigidity of the conjugated backbamerportant for effective- © interaction with
the nanotube surface [1-8]. The polymer wrappingaexion techniques already reported by
other groups that are effective for solubilizatiohlow-diameter SWNTsd < 1.2 nm). The
largest reported tube diameter for extracted semdigcting nanotube is 1.17 nm via poly(9,9-di-
octylfluorene) [9-12]. However, methods and dispats for diameter dependent selective
extraction of SWNTs have not been developed yee phthalimide containing polymers are

particularly interesting due to their good soluggilifacile synthesis and processability [13-16].

This class of conjugated polymers is gaining irgeren regards to their selective
interactions with certain SWNT chiralities [17-2®]ere, we report a full systematical study of
the effect of side chains and conjugated backbdngctare on dispersion capability of
phthalimide containing polymers.

6.2. Experimental Methods
4,7-bis(5-bromothiophen-2-yl)-2-dodecylisoindolibg-dione [22],9-(2-ethylhexyl)-2,7-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-8&rbazole [23], (4,4-bis(2-ethylhexyl)-4H-
cyclopenta[l1,23:5,4-b'ldithiophene-2,6-diyl)bis(trimethylstannane) [24], 4,7-dibromo-2-
dodecylisoindoline-1,3-dione[25], (3,4'-didodecyl-[2,2'-bithiophene]-5,5'-diyl)
bis(trimethylstannane)[26], (3,4'-bis(dodecylox)d'-bithiophene]-5,5'-diyl)

bis(trimethylstannane)[27], 4-(5-bromo-3-dodecyithien-2-yl)-7-(5-bromo-4-dodecylthiophen-
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2-yl)-2-dodecylisoindoline-1,3-dione  [28] ,4-(5-lono-3-(dodecyloxy)thiophen-2-yl)-7-(5-
bromo-4-(dodecyloxy)thiophen-2-yl)-2-dodecylisoitide-1,3-dione [29] were synthesized
according to the procedures in the cited literatdgures 6.1 and 6.2 show the syntheses
schemes for polymers and oligomers used in thdystBPC, PPCO, and PPCA were prepared
using Suzuki polycondensation reactions from 9t(BAbexyl)-2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-carbazole and corresipog dibromo substituted monomers. The
reaction of these monomers were carried out inxdure of toluene and 2 M N@O; solution as
the solvent and with Pd(PBPhas the polymerization catalyst. The reaction Welce higher than
30% in most cases. The crude polymers were purifighd soxhlet extraction technique with
methanol and acetone as the refluxing solvents.thdl polymers have excellent solubility in

THF and chlorinated solvents, probably due to presef bulky side chains.

PPCT, PPTO, and PPTA were prepared using Stillgcpadensation reactions with
comonomers shown in Figure 6.2. The reactions warged out in toluene and Pd(RRhhas
been used as the catalyst. Yields and purificadteps were similar to those polymers obtained
with Suzuki coupling reactions.

'H Analysis of Polymers:

PPCT: H NMR (CDCk, 400 MHz): 8.10 (br, 2H), 6.67 (s, 2H), 3.76 (8H), 2.10
(br,4H ), 1.19-1.68(br, 22H), 0.74-0.95 (br, 14H)

PPCO: 'H NMR (CDCk, 400 MHz): 8.09 (br, 2H), 7.85 (br, 2H), 7.57 (BH), 7.27 (br,
2H), 4,29 (br, 4H), 4,14 (br,2H) 3.72 (br, 2H), @.(br,4H ), 1.19-1.68(br, 32H), 0.74-0.95 (br,

15H)
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PPC: 'H NMR (CDCL, 400 MHz): 8.09 (br, 2H), 7.95 (br, 4H), 7.57-7 @B, 4H), 7.27
(br, 2H), 4,29 (br, 4H), 4,17 (br,2H) 3.71 (br, 212)10 (br,2H ), 1.19-1.68(br, 28H), 0.74-0.95
(br, 12H)

PPTA: *H NMR (CDCk, 400 MHz): 8.05 (br, 2H), 7.87 (br, 2H), 3.67 (&H), 2.75
(br,4H ),1.6-1.8 (br, 6H), 1.19-1.5(br, 54H), 0.345 (br, 9H)

PPCA: 'H NMR (CDCk, 400 MHz): 8.10 (br, 2H), 7.87 (br, 4H), 7.55 (BH), 7.47 (br,
2H), 3.72 (br, 4H), 3.275 (br,3H ),1.6-1.8 (br, 6A)19-1.5(br, 62H), 0.74-0.95 (br, 12H)

PPTO: 'H NMR (CDCk, 400 MHz): 8.05 (br, 2H), 7.87 (br, 2H), 4.27 (4H), 3.75
(br,2H ),1.6-1.8 (br, 6H), 1.19-1.5(br, 54H), 0.345 (br, 9H)

The molecular weights were measured using Gel Rarome Chromatography (GPC)
with THF as an eluent, with a flow rate of 1 mL/non a Waters Modular system with 2410
Refractive Index detector and 515 pump. The sysigimed a styragel 4E and 5E column and
calibrated with polystyrene standards. Moleculaigiveand polydispersity index (PDI) values of
the polymers are listed in Table 6.1. The followisgipe has been used for supramolecular
functionalization of SWNTs with the conjugated pubrs. In a typical experiment, 20 mg of
polymer was dissolved in 15 mL of distilled THFn1g of purified SWNT sample (HiPco from
Unidym Inc.) was added into the solution and tHesmixture was ultrasonicated for 15 min in
an ice bath, followed by 3 hours of bath sonicatifime resulting solution was centrifuged for 15
min at 5400 rpm using SW 40Ti swing bucket and th@pernatant was saved. The dark colored
solution was filtered through Nalgene 200 nm Teflbiters and the solid was washed
continuously with THF until the entire free polymieaction is removed. Then, 5 mL of THF
was added to recover the residue. The solutionfwéser sonicated for 15 minutes, producing a

relatively dark solution, which was then used ie@poscopic measurements.
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Figure 6.1: Carbazole backboned polymers.
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Figure 6.2: Phthalimide backboned polymers.

6.3. Resultsand Discussion

The UV-VIS absorption spectra of polymers and tleresponding polymer-SWNT
complexes were all measured in THF (Figure 6.3)T®PPPTA, PPCA, and PPCO-SWNT
hybrids absorption peaks that belong to individudispersed nanotubes. PPC and PPCT do not
disperse nanotubes at all. The assigned nanotuip@ amdices are given in Figure 6.4. In

overall, all polymers disperse similar nanotubethaut any chiral selectivity.
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Table 6.1: GPC Data of Polymers.

Polymer
PPC
PPCO
PPTO
PPCT
PPTA
PPCA

Mw (g/mol)
6482
4024
6048
20380
3821
4514

Mn (g/mal)
3601
3353
4281
15100
2278
1732

PDI
1.8
1.2

1.41

1.35

1.67

2.60

PPTO, PPCO, PPCA, and PPTA exhibit strong emissiosolution. Highly efficient
guenching of fluorescence occurs when the polynages adsorbed on the SWNT surface.
Figures 5-8 show the 2D excitation-emission mapaymer-SWNT hybrids recorded in THF
solution. The chiralities predicted in these mapgally agree with those on absorption spectra.
Families of 20 and 21 have been successfully diggewith phthalimide containing polymers.
PPCO has the least solubilizing power and nanotubigssion peaks are not clearly observed in
excitation-emission map. This is partly due to streng emission observed from PPCO, which
dominates the emission spectra. Raman spectroseapyfurther used to identify oligomer-
SWNT samples. The sample was prepared by dropngadtiute oligomer-SWNT solution in
THF on the microscope glass and then air drying gample. Raman measurements were
performed in air, using an excitation wavelengtir® nm. The RBM mode peaks are shown in
Figure 6.9. The Raman spectra results indicatedhal oligomer disperses similar nanotubes,
but to a different extent for each chirality. Ndmgess, the mechanism of dispersion and the

dependence of solubilizing power on structural deeg of dispersants are not clear at this

moment.
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Figure 6.3: UV-Vis absorption profiles of polymensd polymer-SWNT hybrids.
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Figure 6.4: UV-VIS absorption spectra of polyr$NT complexes in THF.
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Figure 6.5: 2D excitation-emission map obtainedABICA-SWNT hybrid.
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Figure 6.6: 2D excitation-emission map obtaifedPPCO-SWNT hybrid.
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Figure 6.7: 2D excitation-emission map obtaineddBTA-SWNT hybrid.
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Figure 6.8: 2D excitation-emission map obtained#BiITO-SWNT hybrid.
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Figure 6.9: Raman spectra of SWNT samples recdatetB5 nm laser excitation.

63



6.4. Conclusions

We have successfully sensitized phthalimide bas#gnpers and oligomers. Some of
these polymers showed high solubilizing power f@¥NeTs. Though, they all disperse similar
nanotubes with little preference to some chiraitiEhere are major differences in the amount of
dispersion capabilities exhibited by these dispgssaret, more research is needed to understand
the mechanism of dispersion and how polymer stractiffects the solubilizing power of these
polymers.
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CHAPTER 7. SUMMARY

The purposes of this work are to evaluate the SWiNpersion capability of a non-planar
polyaromatic hydrocarbon derivative and conjugatigbmers and also to establish an effective
dispersion method for SWNTs. Motivated by the hgghubility of the SWNTs with planar
aromatic systems and conjugated materials repamtélde literature, a systematic study of the
solubility of purified HiPco SWNTs with synthesizedpersants was given in Chapters 5 and 6.
Stable dispersions of SWNTs have been demonstratedPEGylated corannulene compound

and phthalimide containing conjugated oligomers/pwars.

UV-vis-NIR, PL, and Raman spectroscopy techniquese used in identification
nanotube chiral indices as well as the extent hitslization achieved by each dispersant. PEGC
has been found to disperse SWNTs as effective ssnomly used surfactant SDS. PEGC has
also tendency to disperse more metallic nanotutses $DS counterpart. Phthalimide containing
oligomers have huge potential in solubilizing namas in common organic solvents. The
preliminary experiments indicate various parameterght play significant role in the
solubilizing power for each oligomer, which furth@arrants more studies to be performed on

these dispersants.
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