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Resumen

Los nanotubos de carbono de pared simple, un alétropo de carbono 1D, han llamado la atencién de investigadores
debido a sus propiedades eléctricas, térmicas, mecdnicas y 6pticas. La naturaleza de estas propiedades estd determi-
nada por su didmetro y quiralidad. A pesar de que se han realizado varios estudios, el uso de los nanotubes SWCNTs
sigue siendo limitado debido a la dificultad para ser clasificados. Durante su sintesis, los nanotubos de capa simple
crecen y se agrupan en paquetes o “forest” que contienen una mezcla de tubos con diferentes didmetros y estructuras.
Para aprovechar sus propiedades intrnnsecas, se requiere un proceso de separacion posterior a su sintesis. Los
principales métodos de individualizacion existentes estdn basados en el uso of surfactantes o funcionalizacion en
las paredes laterales de los nanotubos lo cual afecta sus propiedades electrénicas. En este trabajo se desarroll6 un
nuevo método para la individualizacién de SWCNTs que no requiere el uso de ningtin surfactante sino un disolvente
polar, tetrahidrofurano (THF). A través de la intercalacién con metales alkalinos (i.e. sodio o potasio), un efecto
de transferencia de carga in-situ es producido en los nanotubos y se induce un desacoplamiento parcial de los nan-
otubos. Hemos obtenido con €xito un gran nimero de nanotubos individuales cristalinos confirmados por el Radial
Breathing Mode (RBM) en la caracterizacion por espectroscopia Raman, microscopia electrénica de escaneo (SEM)
y microscopia de fuerza atomica (AFM). Adicionalmente, el andlisis reveld diferentes grados de funcionalizacién
en los nanotubos dependiendo en el tiempo de sonicacién empleado lo cual implica una nueva forma de obtener
nanotubos individuales con o sin funcionalizacién en la superficie.
Palabras clave: SWCNTSs, dispersion, exfoliaci6, nanomateriales, RBMs.
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Abstract

Single-walled carbon nanotubes, a 1D carbon allotrope, have drawn significant attention due to their electrical,
thermal, mechanical and optical properties. The nature of these properties is determined by their diameter and
chirality. Single-walled carbon nanotubes grow in bundles of diverse morphologies. Separation is highly desirable
in order to particularly address their electronic properties. The main existing routes to achieve nanotubes individu-
alization are through chemical and physical methods. However, these techniques are based in the use of surfactants
or sidewall functionalization which affect their intrinsic electronic properties. In this work I develop a new indi-
vidualization method for SWCNT that does not require the use of surfactants but a polar solvent instead using dry
tetrahydrofuran. This method is based on an in-situ charge transfer effect on carbon nanotubes via intercalation
with different alkali metals sodium and potassium followed by a chemical exfoliation process. We have successfully
obtained a high number of individualized crystalline Single-walled carbon nanotubes as was confirmed by the Raman
Radial-Breathing mode, Atomic Force and Scanning Electron Microscopy. In addition, our analysis revealed that
depending on sonication time employed, different degrees of functionalization can be observed in the SWCNT, which
excels as a new way to obtain individual carbon nanotubes with or without surface functionalization.

Keywords: SWCNTs, dispersion of CNTs, THF, alkali metals

ix






Acknowledgements

Over the last 5 years since I started this journey, I have encounter many obstacles and challenges during my
formation as a Nanotechnology engineer which I had overcome with the support and encouragement of many amazing
people. I would like to thank Dr. Julio C. Chacén who has been my advisor for the past year for his advice and
mentorship along my journey into becoming a scientific researcher. He provided me with guidance and support
along the development of this project.

I would like to acknowledge Yachay Tech university for being the host of my education and the financial support
it gave me to be able to attend international conferences, contest and research stays. Also I would like to thank the
Institute of Advanced Materials and Processes (ZMP), Friedrich-Alexander-Universitat Erlangen-Nurnberg (FAU),
for receiving me into their labs where I conducted the experiments for this research.

Many of my achievements has been accomplished thanks to the support of a great faculty and staff which I had
the opportunity to meet and learn from. Therefore I would like to show my gratitude to Alexander Lopez, Juan
Lobos, Paola Ayala, Gema Gonzales Sarah Bricefio, Evelyn Cifuentes and Jorge Batres for their continued support
at different stages of my undergraduate studies.

I want to thank my friends. They made this last years more enjoyable and interesting as we encountered this
challenge together. Specially to Lorena Layana, Denise Andrade, David Lajones, Patricio Tinoco, Bernardo Guerrero
for putting up with my peculiar mood and being with me anyways.

My family has been a key component during my formation, I would like to thank Rodrigo and Fanny, my
grandparents, who are my role models. But there are two special persons I would like to thank the most: Luisa
Palacios and Alfonso Berrezueta, my mom and dad. They have encourage me to follow my dreams and never give
up. They have support me unconditionally though this long and hard journey.

xi






Contents

List of Figures
List of Tables
List of Papers
Introduction

1 Theoretical background

1.1 Carbon-based materials . . . . . . . . . .. L
1.1.1  sp hybridization . . . . . . . . . . . . e e e e e e e
1.1.2  sp hybridization . . . . . . ...
1.1.3  sp? hybridization . . . . . . . ...
1.2 Single-walled carbon nanotubes (SWCNTs) . . . . . . . . . . . ...
1.3 Structure of SWCNT . . . . . . L e
1.4 Electronic structure of SWCNTs . . . . . . . . . . . . e
1.4.1 Densityof States . . . . . . . . . e e
1.5 Synthesis Methods of SWCNTs . . . . . . . . . . . e e e e e e e
1.5.1 Arc-Discharge . . . . . . . . . e e
1.5.2 Laser Ablation . . . . . . . . . L e e e
1.5.3 Chemical Vapor Deposition . . . . . . . . . .. . ... e
1.6 Dispersion of SWCNTs in aqueous solvents . . . . . . . . . . ... ... ...
1.7 Intercalation Compounds . . . . . . . . . . . L. e e e e e e
1.7.1  Graphite Intercalation compounds . . . . . . . ... ... oL oo

2 Motivation

3 Methodology
3.1 Drying Solvents . . . . . . . . . e e e e e e e

xiii

xiv

xvi

Xvii



3.1.1 Absorbents-Molecularsieves . . . . . . . . . .. e e e

3.1.2 Freeze-pumpthaw . . . . . . . .
3.1.3 Distillation . . . . . ...
32 Drying CNTS . . . . o e e e e
3.2.1 SWCNTs intercalation compounds . . . . . . . . . ... ...

Introduction to characterization methods

4.1 Raman Spectroscopy Technique . . . . . . . . . ... L
4.1.1 Light Scattering . . . . . . . . . . L e e e e
4.1.2  Raman SPectroSCOPY . . . v v v v e i i e e e e e e e e e e e
4.1.3 Vibrational Modes . . . . . ...
4.2 Scanning Electron MiCroScopy . . . . . . . o o i i e e e e
4.2.1 SEM Working Principle . . . . . . .. ... Lo
4.2.2 Electron-specimen interaction . . . . . . . . . . . ... ...
423 Keycomponentsof SEM . . . . . . .
4.3  Atomic Force Microscopy . . . . . . o o it e e e e e e e
4.3.1 Configuration and working principleof the AFM . . . . . . . ... ... ... ... ....
432 AFM Working Modes . . . . . . . . e
44 Experimental Setup . . . . . ... L. e

Results & Discussion

5.1 Pristine HIPco® SWCNT . . . . . . . . .
5.2 SWCNTsdispersionin THF . . . . . . . .. .
5.3 Intercalation of HiPco® SWCNTS . . . . . . . . . . it e
54 SETT . . .
5.5 SETIL . . . .o
5.6 SETIIL . . . . . .

5.6.1 Assignment of RBM frequencies . . . . . . . . .. ... ...

6 Conclusions & Outlook

Bibliography

Xiv

23
23
23
24
26
26
27
27
28
29
30
31
32

33
34
35
36
37
41
45
49

51

53



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6

3.1
3.2
3.3

4.1
4.2
43
4.4

5.1
5.2
53
54
55
5.6
5.7
5.8
59
5.10
5.11
5.12
5.13

Carbon electronic structure . . . . . . . . . ... L. 4
Carbon AllOtropes . . . . . . . . . L e 5
Graphene unitcell . . . . . . . . . . L e e 7
Carbon nanotubes StruCtUre . . . . . . . . . . vttt e e e e e e e e e e e 8
1D density of states of a carbon nanotube . . . . . . ... oo oo 9
Schematic representation of synthesis methods of CNTs . . . . . .. ... .. ... ... ...... 10
Schematic representation of individualization process . . . . . . . . . . .. ... ... 17
Drying process of THF . . . . . . . . . . o o 18
Drying process of CNTs . . . . . . . . . o o e 20
Interaction between lightand matter . . . . . . . . . . ... ... ... .. 24
Jablonski diagram of the light scattering processes . . . . . . . . . . . . ... ... 25
Atomic Force Microscope scheme . . . . . . . . . . .. . . 30
Interatomic force variation/distance between AFM tip and sample . . . . . . . ... ... ... .. 31
Pristine HIPcO® SWONTS . . . . . . . o ottt e e 34
SWCNTs dispersionin THF . . . . . . . 0. o o 35
SWCNTs intercalation compound Raman spectrum . . . . . . . . ... ... oL oL 36
Scheme of SET I of separation process . . . . . . . . . . . . oo v i v i it i 37
AFM image of samples bundles from separation process A, stage I. . . . . . . ... ... ... ... 38
Raman spectrum of KC»q at stage B (centrifuged) fromstage . . . . . . . ... ... .. ... ... 39
RBM Raman spectra of KC»4 and NaCg from process C,Batch 1 . . . . . ... ... ... ... .. 40
Scheme of SET II samples preparation process . . . . . . .« . v o v v v v v v v i e e e 41
AFM of process A (immediately) atsetIT . . . . . . ... ... ... . L o 42
AFM image of KC»4 and NaCg from separation process (B), SETIL. . . . ... ... ... .. ... 43
Raman spectra of NaCg before and after the second dispersion . . . . . .. ... ... ... .... 44
Raman spectra of NaCg sample from process C compared with process Dboth from SETIL. . . . . 45
Raman spectrum of KC»4 at stage B (centrifuged) fromstage I. . . . . . . . ... ... ... .... 46

XV



5.14 Scheme of SET III samples preparation process . . . . . . .
5.15 Characterization of KCpy from SETIII . . .. . ... ...
5.16 Raman spectrum of KCy4 at stage B (centrifuged) from stage I

xvi



List of Tables






List of Papers

[1] C.Berrezueta-Palacios, Claudia Krockel, L. Layana-Franco, Frank Hauke, Andreas Hirsch, J. C. Chacén-Torres.
Facile route towards the individualization of Single-wall Carbon nanotubes bundles.
Journal of the American Chemical Society (ACS Publications)
(In-preparation 2019)

Xix






Introduction

Single-walled carbon nanotubes (SWCNTSs) are recognized as an exceptional material that has generated consid-
erable attention among researchers for their interesting physical properties and applications '>. Despite the fact that
many studies have been carried out, the use of SWCNTs remains limited because of the difficulty to sorting them.
During SWCNTs growth, they get organized in bundles or “ropes” containing a mix of tubes with different structures

and properties>. To take advantage of their intrinsic properties, a post-synthesis separation process is required.

This work presents a study of a new dispersion method to individualize SWCNTs without the use of any surfactant
but a polar organic solvent, tetrahydrofuran (THF). Though the intercalation with alkali metals, a charge transfer
effect is produced with SWCNTSs and a partial debundling effect is induced. The separation method is completed
by further dispersion in THF. The experimental procedure of this research was conducted in the laboratories of the
Institute of Advanced Materials and Processes (ZMP) Friedrich-Alexander-Universitit Erlangen-Niirnberg (FAU)
during a research stay in the Summer of 2018 while the further analysis was performed in Yachay Tech University

under the supervision of Dr. Julio Chacén Torres.

The first chapter provides to the reader an introduction to low dimensional carbon-based materials, specifically
fundamental concepts about Single-walled carbon nanotubes structural and electronic properties, also the synthesis
processes and the state of the art regarding separation and individualization methods. A detailed explanation of the
methodology implemented for the individualization process of SWCNTs and the sample preparation is described
in Chapter 2. The samples prepared with the procedure described in the previous chapter are analyzed by the
characterization techniques described in Chapter 3 called “Introduction to characterization methods”. This chapter
describes the operating principle of each characterization technique and the conditions under which the samples
were measured. Chapter 4 shows the results and the analysis of the data obtained by the characterization of the
samples. These results provide information to evaluate the success of the separation and quality itself. Finally, the
last chapter is a summary of the results achieved and the outcomes of this research and the most optimal conditions
for the separation process.






Chapter 1

Theoretical background

1.1 Carbon-based materials

Carbon has many ways to bond together and form different crystalline or amorphous structures, also called carbon
allotropes(see Figure 1.2). To understand carbon-based materials, a review of chemical bonding and electronic
configuration of Carbon is necessary. Carbon is the fourth most abundant element in the universe and is considered
as the basic element for life. Being part of the group IV, Carbon is the 6 element of the periodic table. A typical
Carbon atom is constituted by 6 protons, 6 neutrons, and 6 electrons which occupy the 152,252, 2p? atomic orbitals
in the ground state. The 1s> orbital is occupied by 2 electrons in the inner shell called core electrons and will not
have any influence on chemical reactions. There is an energy difference of about 4 eV between the upper 2p and the
lower 25 energy levels, which make that from the four electrons remaining, two occupy the 2s? orbital and two the
2p? orbitals, these are the valence electrons*. The binding energy to form chemical bonds is bigger than the orbital
energy difference. When an external perturbation is present, the electronic wave function of the valence electrons
mixes by exciting one electron from the s* orbital and changes its occupation to the third 2p atomic orbital. This
enhances the formation of covalent bonds with neighboring atoms. |2s), [2p,), [2p,), and |2p.) are the four equivalent
quantum-mechanical states as observed in Figure 1.1. sp”, n = 1,2, 3 hybridization appears by the superposition of
a single 2s electron with 2p electrons?.

Carbon based structures have three possible hybridizations, sp, sp* and sp> that will give rise to the formation
of different materials such as graphite, diamonds, fullerenes, carbon nanotubes among others. Carbon differs from
other elements with the same valence due to the absence of nearby inner orbitals (except for the spherical 1s) this

will ease the hybridizations involving only valence s and p orbitals®.
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Figure 1.1: Electronic structure of carbon. a) sp> hybridization, b) sp* hybridization c) sp? hybridization.

1.1.1 sp hybridization

The sp hybridization is formed when the [2s) state mixes with one [2p;) with i = x,y or z orbital for example
[2p,) and the other two 2p states remain unaffected. This superposition of the two-electron orbitals will form two
hybridized sp orbitals, denoted by |sp,) and |sp,). The wavefunction of [2s) + [2p,) and |25) — |2p,)| will elongate
positively and negatively along the x-direction respectively (see Figurel.1 a). When a neighboring atom approaches
in direction of x-axis, |sp,) has higher binding energy compared to |2p,) function itself. The overlapping of one
hybridized |sp,) orbital of two carbon atoms will form a covalent bond called o bond. The two unhybridized orbitals
[2p) from carbon will form two 7 bonds with the ones from the other carbon atom which are weaker than o~ bond.
The linear molecule acetylene HC=CH, which plays an important role in the context of organic chemistry ®”.

1.1.2  sp? hybridization

When the 25 orbital is mixed with the three p orbitals, sp* hybridization is produced. Four hybrid orbitals are
formed [sp), |spb) Isp2), |spd) with elongated wavefunctions in the following directions (1,1,1), (-1,-1,1), (-1,1,-1),
(1,-1,1)5. The orbitals form a 109.5° angle with a tetrahedral assembly (see Figurel.1b). In the corners of this 3D
assembly, a covalent bond will form with another carbon atom, where a strong binding strength is produced. The
sp> hybridization gives rise to the formation of diamonds, one of the hardest materials known® (see Figurel.2 b).
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1.1.3  sp? hybridization

The formation of sp? hybridization occurs when the 25 orbital is combined with two 2p orbitals, probably [sp.)
and |sp,) states. This produces three quantum states |sp3), |sp;), |spz) that will form a planar hybridization along x
and y plane. Thus o bonds will be formed in each hybrid orbital at a 120° angle (see Figure 1.1 ¢). The unaffected
orbital |sp,) will form a 7 bond perpendicular to the in plane sp? hybrid orbitals®.

For instance, graphene is a carbon-based allotrope derived by a sp? hybridization. In this structure, each carbon
atom is bonded to three other carbon atoms by a o bond resulting in a hexagonal planar lattice’(see Figurel.2 c).
Graphene is known as the basic constituent of graphitic systems. When several layers of graphene are stacked one to
another by weak van der Waals interactions (weaker in comparison to interplanar covalent bonds) graphite is obtained
(see Figure 1.2 d)'°. Other examples of graphitic allotropes are Carbon nanotubes and fullerenes. Fullerenes are
a 0D carbon allotrope (see Figure 1.2 e) discovered by Kroto in 1985!! (Nobel prize in Chemistry 1996 to Robert
F. Curl Jr., Sir Harold W. Kroto, and Richard E. Smalley). The C¢o fullerene, also called buckyball, is a soccer
ball-shaped molecule. It can be thought as a graphene structure where pentagons are placed instead of hexagons
to bend into a sphere'!. Fullerenes can have metallic or semiconductor properties and their mechanical properties
resemble the ones of diamond 2. Another graphitic allotrope is carbon nanotubes (CNTs) (see Figurel.2 f). This
1D structure can be thought of as one or several graphene sheets rolled up into a concentric seamless tube®. They
show a high length/diameter ratio'3. Depending on the number of rolled up sheets, nanotubes can be classified into
single-wall or multi-wall nanotubes with diameters between 5-20 nm, separated by a distance of 0.34 nm 4.

Amorphous
carbon

Graphene

Graphite Fullerene Carbon nanotube

Figure 1.2: Some of the structures of various carbon allotropes. a) Amorphous carbon. b) Diamond. c) Graphite.
d) Fullerene. €) CNT. f) Graphene. Adapted from !>



6 1.2. SINGLE-WALLED CARBON NANOTUBES (SWCNTYS)

As described previously in this section, even though carbon is the atomic component, depending on its hybridiza-
tion, it will form several materials with completely different properties. Carbon allotropes, particularly, single walled
carbon nanotubes upon other materials show excellent properties that will be described in the next section.

1.2 Single-walled carbon nanotubes (SWCNTs)

Notwithstanding, the first observation of carbon nanotubes dates back to 1952 by two Russian scientists Radushke-
vich and Lukyanovich ', the interest in carbon filaments did not reached a big impact until 1991 when Sumio Iijima,
in his paper “Helical microtubules of graphitic carbon” provided a description of the preparation of needle-like tubes
with a hexagonal lattice arranged in a helical fashion around the needle axis '#; opening a brand new field for material
sciences. Big interest and enthusiasm lie in the fascinating properties that SWCNTs exhibits. From their first studies
to most recent research, over 36800 papers have been published regarding nanotubes research with an increasing

number of papers each year *. Single-walled carbon nanotubes show mechanical !”-!3 11 120

, electrical 7, and therma
properties unheard of in any other material. They are extremely stiff, displaying Young’s modulus close to 1 TPa,
and are among the world’s strongest materials, with strength between 50 and 100 GPa'”. Nanotubes are predicted to
have a very large thermal conductivity of up to 6 000 W/m*K?!-23. These physical properties combined with their
relative ease of preparation, makes them a suitable model system for one-dimensional physics and a good candidate

material for possible applications in nanodevice engineering and technological applications 324,

The structure of carbon nanotubes exhibits a spiral conformation, which is called the chirality of the nanotube.
This large variety of possible helical geometries will provide a wide array of structures (chirality and diameters) that

will define the nanotube physical and electronic properties®.

1.3 Structure of SWCNT

In this section we will introduce the basic concepts and parameters that determine the characteristics and properties
as well as the structure of carbon nanotubes. There exist a relationship between SWCNTs and graphene that will allow
the deduction and understanding of SWCNT’s structure and properties. To understand their structure, each single-
wall carbon nanotube needs to be thought of as a conformal map of a two-dimensional lattice of a graphene sheet
projected onto the surface of a cylinder?. One important aspect when analyzing the structure of carbon nanotubes
is their symmetry. When discussing the physical properties of carbon nanotubes, we use their characteristic high

aspect ratio to neglect the tubular caps at the ends of the tube.

*From Institute of Scientific Information; general search with keywords “nanotube”



CHAPTER 1. THEORETICAL BACKGROUND 7

The crystal lattice structure of graphene is made out of a two-dimensional rhombus that contains two carbon atoms
enclosed per unit cell (see Figure1.3.) aj and a3 are the primitive unit vectors positioned to form a 60° angle between
them and the length of the lattice constant is the same as for 2D graphite (a = 2.46/&) and is given by |d}|=|d>|= \/§a0
where aj is the distance between two neighboring carbons atoms C-C (1.42A).

@ = g(«/?my) and @ = g(— V33 + 9) (1.1)

Figure 1.3: The honeycomb lattice of graphene. The unit cell defined by vectors dj and d3 containing the two atoms
belonging to sublattices A (white) and B (blue) is highlighted in light blue.

SWCNT can be characterized by only one vector describing the path along the circumference of the nanotube.
Thus each real lattice vector of the two-dimensional hexagonal lattice (the Bravais lattice for the honeycomb) defines
a different way of rolling up the sheet into a nanotube. Such lattice vector is called chiral or roll-up vector C (see
Figurel.4 a). There are two parameters that control the structure of a nanotube, its diameter and its chiral angle or
twist along the tube axis. Both are specified completely by C, which is generally defined in terms of the two basis

lattice vectors ¢} and d3 and a pair of integer indexes (1, n)>>20.
C = naj + ma; (1.2)

The diameter of a tube is directly related to the chiral vector C as it connects two equivalent positions along the
lattice which lie on top of each other when rolled up to form the SWCNT. Therefore, the absolute value of C provides
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Figure 1.4: Carbon nanotubes structure. A strip is cut out of graphene (a) and then rolled up (b) to form a seamless
cylinder (c). Adapted from??

the circumference of the tube and its diameter is given by ?’:

d:E:a—O\/nz+nm+m2 (1.3)
T

s
Based on the graphene’s lattice symmetry, the arrangement of the graphene hexagons on the wall of the tube will be

specified by the angle between the lattice vector ] and the chiral vector C defines the second characteristic parameter,

the chiral angle (6)%.
cos(6) = C-ai _ an+m (1.4)
ICl-lail 2 Vn2 + nm + m?

The allowed values for the chiral angle vary between 0° < 6 < 30°; all other ranges of 6 are equivalent to this interval
because of the hexagonal symmetry of graphene. This angle will specify the primary symmetry classification of a
carbon nanotube as either being achiral (symmorphic) or chiral (non-symmorphic). This characteristic is determined

by the shape of the cross-sectional ring also seen as the edge of a Cy molecule bisected at the equator®3°,

An achiral carbon nanotube exist when the mirror image of a carbon nanotube has an identical structure to the
original one (particular high symmetry) the edge of a Cgy molecule bisected at the equator®. There exist two types
of achiral nanotubes; armchair and zigzag nanotubes. Zigzag nanotubes alignment follows the structure of a Cg
molecule bisected normal to a 3-fold axis, forming a zigzag chain at the edge. For these series of carbon nanotubes,
the chiral angle is 8 = 0° (n, 0). If the Cgo molecule is bisected normal to a five-fold axis, an armchair tube is formed.
These structures have 8 = 30° and the edge of their unit cell looks like a row of armchairs when viewed from above,
hence the name. All other existing SWCNTs with (n = arbitrary,m # n # 0) are called chiral®’. They exhibit a
spiral asymmetry and a mirror image that cannot be superimposed on to the original one3!. The chiral vector not
only determines the tube diameter and chiral angle but other parameters as the length and the number of carbon
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atoms in the unit cell. There is a dependency between the electronic properties of a SWCNT and its structural indices

(n,m)30.

1.4 Electronic structure of SWCNTs

The electronic structure of a single wall carbon nanotube can be described from a graphene sheet®2. The
calculated electronic structure of nanotubes depend on their diameter and chirality. (n,m) indices will denote
metallic and semiconducting behavior for the nanotubes. For nanotubes, periodic boundary conditions upon the
wave function that can be applied along its chiral vector while the wave vector associated with the translational vector
remains continuous for a nanotube length. This is due to the fact that nanotubes can be conceived as a seamless
rolled sheet of graphene.

1.4.1 Density of States

A one-dimensional system with energy bands can be extended into a 2D reciprocal space from a graphene sheet
approximated by a parabolic shape (see Figure 1.5 a), that will be represented as a set of equidistant cutting lines
near the K point. The one-dimensionality of the CNTs gives rise to a local maximum at each cutting line producing
a discrete set of singularities, known as van Hove singularities (vHS) which have relevant importance for the Raman
spectra of nanotubes (see Figure 1.5 b)32. E; corresponds to a vHS in the Density of states (DOS), n(E) = AN/AE
the number of available states AN in a given energy interval AE with AE — 0. The magnitude of the DOS is larger
at certain energetic levels with a sharp threshold and a decaying tail that will appear at each sub-band edge®>. E®

corresponds to the electronic sub-bands at the valence band and E© for the conduction bands.

DOS

Figure 1.5: 1D density of states of a carbon nanotube



10 1.5. SYNTHESIS METHODS OF SWCNTS

High values of the DOS allow the observation of physical phenomena of the 1D material, for example, the
electrical properties of the nanotubes (metallic or semiconducting). Metallic carbon nanotubes exhibit valence and
conduction bands touching. The allowed cutting lines will cross the Fermi level at the K point of the first Brillouin
zone. Nanotubes that have a zero energy gap DOS between valence and conduction bands up to the first van Hove
singularity, will be semiconducting and their gap will depend inversely on the carbon nanotube diameter®. Carbon
nanotubes have well-defined electronic DOS, their energy levels will be different for each (n,m) indices3*. A Raman
signal from a carbon nanotube will be observed when the laser excitation energy is equal to the energy separation
between VHS in the valence and conduction bands, but they will be restricted to the selection rules for optically

allowed electronic transitions>2.

1.5 Synthesis Methods of SWCNTs

In this section I will introduce the main synthesis methods to produce carbon nanotubes that have been developed
through the pass of years. Each process has its advantages and disadvantages®. The first method known for producing
CNTs dates back to their first discovery by lijima, where the procedure of mass production of C¢ fullerenes was
slightly adapted to grown graphitic carbon needles on the negative end of the carbon electrode used in the DC
arc-discharge evaporation of carbon 4

Reactlon
Chamber Furnace

Water
collector

f/NT
1 \ H q

Anode Cathode
(He/Ar atmosphere)

Graphlte
target dep05|ts

Oven Quartz tube

|n?et

Outlet
b

i,
CoHa Carrler

Substrate CNT deposit

Figure 1.6: Schematic representation of methods used for carbon nanotubes synthesis a) Laser ablation b) Arc

discharge c) Chemical vapor deposition
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1.5.1 Arc-Discharge

In a more detailed way, the arc-discharge procedure consists in placing 2 rods graphitic electrodes ranging from
~5 to 20 millimeters in diameter, one of them can contain traces of particles from a transition metal of iron or cobalt
that work as a catalyst leading to the formation of single-walled carbon nanotubes at a distance of around 1 mm '4.
During this procedure, both electrodes are enclosed in a sealed vacuum chamber at ~500 torr under an atmosphere
of argon or helium. By placing a voltage of 20-25 volts across the electrodes and a DC current of 50-120 amps
across the electrodes, a temperature of up to 3000°C is reached. This temperature is high enough for the sublimation
of carbon atoms out of the solid electrode material into a plasma, and a carbon “soot” is deposited on the negative
electrode as observed in Figure 1.6 a)**3%. The majority of the SWCNT produced is bound together by Van der
Waals interactions and form bundles of nanotubes. By an optimization process maximal yield of about 50 wt% in
the soot containing SWCNT can be achieved using a carbon anode containing 1 at.% of yttrium and 4.2 at.% of
nickel as catalyst. The range of a nanotube diameter produced by the arc-discharge method lies between 0.75 and

1.2 nm?,

1.5.2 Laser Ablation

A few years later, in 1996, Richard Smalley et al. perfected laser ablation technique that yielded up to 70% of
carbon material transformed into single-walled carbon nanotubes?®. The principles and mechanisms of this system
are similar to the arc discharge technique. Its difference lies in the energy source, that in this case is provided by
a neodymium-yttrium-aluminum-garnet laser which is placed at one end of a long quartz tube and a water cooled
copper collector at the other end, in a furnace heated around 1200°C>® (see Figure 1.6 b).

These two high temperature synthesis techniques (arc-discharge and laser ablation) will produce byproducts during
the growth of the carbon nanotubes as described above. The isolation and cleaning of the carbon nanotubes from
these byproducts is a complex task. For instance centrifuging and sonication techniques break apart the nanotubes
reducing their length3”. For that reason, new synthesis methods that produce longer lengths were needed and not
long time after low temperature chemical vapor deposition (CVD) techniques (<800°C) appeared *®.

1.5.3 Chemical Vapor Deposition

The CVD method required the use of a gaseous carbon sources such as methane or acetylene which are mixed
with noble gases or hydrogen. At temperatures of about 1000°C by the use of suitable catalyst materials ie. Fe,
Co, Ni in the reaction chamber, nanotubes are formed3® as seen in Figure 1.6 c). The process can be modified
by use of plasma irradiation, which leads to lower defect rates in the formed carbon nanotubes>®. Chemical vapor
deposition has become one of the most widely used growth techniques because they offer a high degree of control on
the morphological parameters such as orientation, alignment, nanotube length, diameter, density and scalability of
the CNTs*%*, Tt is possible to grow nanotubes on well-defined places with specific patterned substrates or produce
an individual tube that bridges two catalytic particles *>*3. The great disadvantage of CVD relies in the lower quality
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that this material presents and a continuous study in this field towards the development in terms of better quality,
purity, yield, and length is required including on the theoretical side which will give a better understanding of the
processes.

High Pressure Carbon monoxide (HiPco®) process is a CVD method developed in 1999 for the synthesis of
single-walled CNTs*. It is described by the catalytic production of single-walled CNTs in a continuous-flow gas-
phase using carbon monoxide as the carbon feedstock and Fe(CO)s (iron pentacarbonyl) serves as catalyst precursor.
The products of Fe(CO)s thermal decomposition react to produce iron clusters in gas phase that will serve as a
nuclei for the SWCNTSs to nucleate and grow through solid carbon produced by the disproportionation of CO. These
particles will be responsible for the formation of the hexagonal carbon lattice of the tube**. The temperature used
ranges from 800 - 1200°C to grow SWCNTs. The CO/Fe(CO)s flow mixes through the heated reactor resulted in
black deposits on the walls of the quartz tube outside the furnace. These deposits consisted of SWCNTs and iron
particles apparently overcoated with carbon*’ . The architecture of the reaction chamber has an influence on the yield
while the pressure roughly controls the diameter distribution of the nanotubes. In this way the HiPco® process
can deliver thin SWCNTs of diameters between 0.7-1.2nm without amorphous carbon over-coating them that can
interfere with most of the interesting properties of nanotubes. However, the problem with the synthesis of carbon
nanotubes through the introduced methods is when synthesized, SWCNTSs self-organize into rope-like crystallites
also known as bundles containing a mixture of semiconducting (2/3) and metallic (1/3) SWCNTs*. A post-synthesis

separation process and/or purification methods are needed along the synthesis of CNTs.

1.6 Dispersion of SWCNTs in aqueous solvents

The manipulation and processing of nanotubes are one of the current challenges that researchers have encounter in
nanotubes application*®. Dispersion in aqueous solutions is a required process for enhancing their intrinsic properties
by breaking up the bundles. The main issue of this process, is the inherent insolubility of the SWCNTSs in neither water
or common solvents (polar or non-polar)*’. This is due to the Van der Waals interactions among the high number
of nanotubes. These interactions will cause the rearrangement of individual CNTs into entangled bundles. Many
studies have been performed towards the optimization and development of processes for an effective separation*®.
The dispersion of CNTs differs from other nanomaterials mainly due to their large surface area produced by their
small diameter with a high aspect ratio (>1000). Surfactants are one of the main approaches for dispersion as it
has been demonstrated that they can enhance their suspendability in solution*®. The 7 — 7 stacking (van der Waals

interactions) and hydrophobic interactions are the two main factors that affect this dispersion.

Nanotubes dispersion methods can be classified by their physical and chemical treatment. Common physical
dispersion methods include ultrasonic, high-speed shearing, grinding, ball mill and using supercritical fluids>°.
Ultrasonic and high-speed shearing are reliable methods that allow the dispersion of CNTs into liquids that normally
will not disperse in water, polymers, ethanol and even oil. Ultrasonic processes break the agglomerate structures by
transferring energy into the liquids and can be used for high concentrated samples. There are two ways to perform
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this technique, by an ultrasonic bath or an ultrasonic tip (sonicator)’!. A higher ultrasonication time will determine
the quality of the dispersion of the CNTs by incrementing the dispersion and disentangling of CNTs32. Ball mill
on the other hand, grinds the pristine material into a fine powder which provides a uniform length distribution and
better dispersion in contact with the solvent>'.

Chemical treatments are categorized by the use of surfactants, functionalization or treated the CNTs with aggressive
agents such as strong acids. These methods generate an improvement of the adhesion and wettability of the carbon
nanotubes by modifying their surface energy?. Chemical treatments reduce the tendency to agglomerate in an
aqueous phase by acid oxidation and free radical reaction®*. Surfactants being a dispersing agent accelerate the
dispersion effect of CNTs by being absorbed by the nanotube surface and create high local shear acting as spacers

between the nanotubes>>°.

Functionalization and the use of surfactant techniques modifies the surface of the
nanotubes, altering their properties and improving the interaction with the solution to be dispersed in. In this case,
functional groups are covalently added to generate stronger interactions with the dispersing agent. The introduction
of another component or the modification of a side wall will produce an alteration to the pristine intrinsic properties

157,58

such as mechanical, electrical or optica Whether they are physical or chemical treated, CNTs require a

post-synthesis separation method in order to enhance their full potential.

1.7 Intercalation Compounds

Intercalation compounds are defined as complex materials produced by a reversible insertion process in which
ions or molecules guest species are accepted by a host lattice without altering its structural features>®. The main
characteristic of intercalations is that intercalation compounds require a reversibility property that allows the return

%0 The interest in intercalation reactions is the

to the initial state through electrical thermal or chemical actions
degree of perturbation of their chemical, electronic and optical properties. There exist two types of interactions
within the host and the accepted molecules: electropositive or organic and inorganic molecules®!. Electropositive
elements will determine the ionization and exhibit high mobility in the structure for example elements like alkali
metals able to set weak bonds with the host structure. Low dimensionality solids arranged in slabs and fibers are
good candidates to be used as host structures due to high anisotropy in their chemical bonding where the intraplanar
binding forces are large in comparison with the interplanar binding forces, usually linked by the van de Waals type

such as carbon-based materials, transition metal oxides, aluminum oxide host>.

1.7.1 Graphite Intercalation compounds

One of the most studied interaction systems is graphite intercalation compounds (GIC) because they display excellent
physical and chemical properties comparable to those of pristine graphite®>. Graphite is a mineral layered structure
material made of several graphene layers. GIC structure is formed by foreign species that are inserted between
these graphene layers in the interplanar interstitial site and expanding the interplanar space, but the layered structure
of the graphite lattice is retained®. The properties of GIC (physical and chemical) are governed by the bonding
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environment between the carbon atoms and the intercalant and by the intercalant itself. Intercalant species can be
alkali metal, metal oxides, metal chlorides, bromides, fluorides, oxyhalides, acidic oxides or Lewis acids, among
others®. Depending on the character of the bonding, graphite intercalation compounds can be classified into two
groups: covalent (homopolar) or partially ionic (polar). Homopolar groups are formed when the carbon in the layer
planes changes its hybridization from sp? to sp® creating conjugated double bonds within the carbon plane. The
second group corresponds to partially ionic bonding, meaning that the degree of ionicity in compounds of this group
may be very low and therefore the molecular identity is kept making the type of bonding more complicated ®*.



Chapter 2

Motivation

As discussed in the previous chapter, nanotubes do not grow individually but in bundles of mixed morphologies
and chiralities. Further dispersion is required to take advantage of their intrinsic properties. Current separation
methods (described before) increase the solubility of CNTs in different solvents. The problem in CNTs dispersion
lies in the fact that these methods can damage or alter the structure and properties of the nanotubes. When the
treatment is too vigorous or exposed for a long interval, the nanotube can get fragmented and shorter in length
(physical treatments). On the other hand, chemical modification processes create a functionalization that results in
defects in the CNT lattice. Therefore, the design and development of an optimal, clean and precise individualization
process for SWCNT that does not require modify their intrinsic properties is one of the major challenges in current
nanotechnology . Several studies have been performed on many solvents in order to solubilize pristine nanotubes.
Dimethylformamide (DMF), N-methylpyrrolidone (NMP), hexamethylphosphoramide (HMPA) and Tetrahydrofuran
(THF), Lewis bases, have been investigated as good candidates for the dispersion of nanotubes aggregates due to
their high electron pair donicity and low hydrogen-bonding. These features have demonstrated their ability to create
a stable dispersion®. However, generally these methods result in a partial exfoliation of the big bundles into smaller
size bundles but not fully individualized tubes. Additionally, the electron doping is not enough to keep a stable
solution since in a long time-scale, and after few days, the dispersed samples reaggregate.

In this project I focus on the development of a new separation method for SWCNT that does not require the use of
surfactants. This methodology is based in a charge transfer effect on carbon nanotubes via intercalation with alkali
metals followed by a chemical exfoliation process. The separated SWCNT will be obtained through a tip sonication
dispersion process in THF. We aim for the obtention of a high yield of individualized crystalline SWCNT. The rate
of success in this process will be evaluated by means of Raman spectroscopy and AFM analysis. Through several
experiments based on this principle, the most optimal process for individualization is acquired and through a Raman
analysis of the spectra, an assignment of the obtained chiralities is performed. This thesis will introduce a new field in

SWCNTs research as a model system for one-dimensional physics that will stand for future optimal nanoelectronics.

15






Chapter 3

Methodology

This chapter describes the experimental procedure followed to achieve the successful individualization of SWCNTs
without the use of surfactants but a polar solvent instead. This methodology is based on an in-situ charge transfer
effect on carbon nanotubes by a reduction reaction with alkali metals. We performed an intercalation of pristine
SWCNTs powder with sodium (Na) and potassium (K) that produced reduced carbon nanotubes. This negatively
charged nanotubes also called nanotubides® will result in an electrostatic repulsion between themselves inducing
a partial debundling effect that will lead to ramified SWCNTs. Finally, high-quality individualization is obtained
via a chemical exfoliation process induced by the dispersion of CNTs in dry tetrahydrofuran (THF), a polar aprotic

solvent, using a tip sonication process as shown in Figure 3.1.

Partial
debunbling §
CNTs Bundle /

: 3/\:_

Alkaline metal M
s), Na(s

HiPco® SWCNT Intercalation Dispersion
Pristine Charging Individualization

Figure 3.1: Scheme of the individualization process implemented applied to CNTs bundles through the intercalation
with alkali metals and further dispersion in THF.

The compounds of graphite intercalated with alkali metals, are among the most studied of graphite materials®’. In
their pure form, alkali metals are shiny, soft and highly reactive compounds. These metals react readily with air and

17
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moisture ®®. Upon exposure to air at room temperature, alkali metals will ignite spontaneously to form caustic metal
oxides. Meanwhile, in contact with water, alkali metals react vigorously and produce heat, flammable hydrogen gas
and the corresponding metal hydroxide. The heat produced by this reaction may spontaneously ignite the hydrogen
or the metal itself, resulting in a fire or an explosion®. The use of potassium, sodium or other alkali metals requires
handling with air-free techniques such as an inert atmosphere to conduct in the experiment. Therefore, this study
was run inside a glove box under an argon atmosphere with (<0.1 ppm oxygen, 0.1 ppm H,0) and reactives such as
solvents and CNTs were submitted to a drying process before use.

3.1 Drying Solvents

Any liquid that has been exposed to ambient conditions contains appreciable amounts of dissolved gasses and
impurities that should be eliminated before their use, by conducting a proper purification and degassing process ’’. The
presence of dissolved gases like oxygen or carbon dioxide can alter chemical reactions, interfere with spectroscopic
measurements and produce different results’!. The term degassing refers to the process by which dissolved gases
like oxygen and other gaseous atmospheric contaminants are removed from a liquid’!. There are many techniques
available to degases liquids. For example: heating, ultrasonic agitation, chemical removal of gases, substitution with
inert gas by bubbling and freeze-pump-thaw cycling 7. THF solvent to be used in the separation process of the CNTs

was prepared by three purification processes: absorbents-Molecular sieves, free-pum thaw and distillation.

a) b) Freeze C) Condenser
ol ~
Tha ~ Inside globebox
X5 tlmes (Ar atmosphere)
For 72 hours ‘
Vacuum
pump ’ Vacuum
pump ¢ Molecular
Liquid
nitrogen

\

Molecular
— Sieves
3A

Absorbents-Molecular sieves Freeze-pump thaw Distillation

Figure 3.2: Schematic representation of the methods used to dry the THF solvent before use a) Molecular sieves, b)
Freeze-pump thaw, c) Distillation
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3.1.1 Absorbents-Molecular sieves

One of the ways to remove water from solvents is by absorbents. Molecular sieves and alumina are the most
common absorbents used to attain very low moisture levels and the absorbent has to be activated prior to be used.
Molecular sieves are synthetic porous crystalline aluminosilicates which have been engineered to have the ability
to selectively discriminate on the basis of molecular size”?. 3A molecular sieves (do not adsorb molecules whose
diameters are larger than 3A) were used. The purification of the solvent to be used for the separation process was
carried out continuously by pouring the solvent with the molecular sieves during 72 hours under vacuum (see Figure
3.2 a).

3.1.2 Freeze-pump thaw

If the amount of compounds is small or if the material is thermally sensitive, as the case of THF, freeze-pump
(thaw) is the method of choice under a reduced pressure, and by using a high vacuum/inert gas double manifold”3,
as it is described in’*. In this project, we placed the solvent to be degassed (THF) in a glass flask with a stopcock or
valve that is suitable for evacuation. After extracting the solvent from the molecular sieves, THF was initially frozen
in the cold bath using liquid nitrogen (before freezing, the flask environment must be free of oxygen to prevent the
condensation of liquid oxygen upon freezing). Vacuum is then applied and the headspace above evacuated. After
the stopcock is closed, the solvent is thawed allowing the releases of dissolved gaseous species that emerge as gas
bubbles. The freezing process was then repeated up to 5 cycles to decrease the percentage of dissolved gasses to the

minimum (2.4ppm in 0.2782¢) (see Figure 3.2 b).

The solubility of a gas in a liquid follows the pressure dependence phenomenon described by Henry’s law (equation
3.1), which states that the amount of dissolved gas (C,,) is directly proportional (k) to its partial pressure (Pg,y) in

the gaseous state above the liquid under constant temperature, volume and pressure .

Caq = kPgas 3.1

Introduction of a vacuum above the sample will reduce the partial pressure of the gas above the liquid and hence
reduce the solubility of dissolved gases within the solvent making the liquid-gas phase equilibrium be re-established ’°.

3.1.3 Distillation

For the removal of other impurities present in the sample, distillation under an inert atmosphere is employed. After
pump-freeze purification process, THF was introduced into the glovebox. Solvents were distilled from a distillation
flask containing either a metallic metal, benzophenone or calcium hydrate. For distillation of THF, a small amount
of sodium potassium alloy was used. The sample then gets heated until boiling under a vigorous stirring. Expelled

gasses travel from the flask to the distillation column and condensate in the water-cooled condenser. The distillate is
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then collected at the top of the column in the distillation trap and decantates through a molecular sieves column and
they are stored in a previously dried flask (0.8 ppm in 2.26408 g) (see Figure 3.2 c). The process used followed”!.

3.2 Drying CNTs

As with solvents, solid compounds require also a degassing process to eliminate H,O moisture and oxygen. The
SWCNTs sample used in this study was synthesized by the well-known CVD HiPco process provided by Unidym.
The diameter range of the nanotubes is between ~0.8-1.2 nm. In order to use the pristine nanotubes for the separation
process, a drying of the nanotubes powder needs to be done. The sample was placed inside a Schlenk flask and
then vacuum was applied. With a heating gun, the flask was uniformly heated up for 5 min and let cool down, this
will extract the molecule of oxygen from the nanotubes and the walls of the flask. When the container gets hand
warm, apply argon to the system. Due to difference in molecular weight, oxygen, which is lighter, will go up and get
extracted when vacuum is applied. The process was repeated 5 times (see Figure 3.3).

' — HiPco® SWCNT ’
]

2. Heat the flask uniformily

Vacuum Vacuum
pump
e

pump

Repeat 5 times

[

— HiPco® SWCNT — HiPco® SWCNT
3. Let it cool down

1. Apply vacuum to the Schlenk flask

Figure 3.3: Schematic representation of the drying process of CNTs.

3.2.1 SWCNTs intercalation compounds

The same principle as in graphite alkali metals is used for SWCNTSs individualization. Graphite-alkali metals are
a binary system that belongs to the class of “ionic” intercalation compounds. This is a n-type intercalation where
alkali metals are used as a donor guest to dope graphite. The interaction of the guest with the host in reduced graphite
intercalants is done by a charge transfer process, expanding the van der Waals gap between the layers®>’7. Due
to the crystalline structure of SWCNTs bundles, the interstitial space and the internal cavity of nanotubes are good
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candidates for alkali-metal adsorption78. As with alkali atoms in GIC, when intercalated, a fraction of electronic
charge from the alkali metal is transferred to the nanotubes. Nanotubes get negatively charged and is expected that
repulsion between them will induce a partial exfoliation process from bundles of SWCNTs7°.

In this project, two alkali metals were used in the separation process, sodium and potassium. Three different
intercalation compounds were produced: KCs, KC,4, and NaCg. Intercalation was conducted inside an Ar glovebox.
Each sample was prepared by melting the alkali metal over previously dried SWCNTs powder. Sodium and potassium
are soft solids, with low melting points 80, they were cut with a knife, melted and then mixed with the nanotubes
inside a glass vial at 200°C for 72 hours under Ar atmosphere with stirring each 20 minutes for the first hour.






Chapter 4

Introduction to characterization methods

4.1 Raman Spectroscopy Technique

In this section, the fundamental concepts of Raman spectroscopy characterization are introduced. The section
starts with a description of the electromagnetic scattering process which is one of the basic concepts of spectroscopy
and then into different scattering processes.

4.1.1 Light Scattering

The interaction of light with matter can occur in three different ways. Incident photons can be absorbed (see Figure
4.1 a), scattered or they may pass through without any interaction (reflected) (see Figure 4.1 b). Light scattering
can be conceived as the redirection of light that occurs when an incident electromagnetic (EM) wave (for instance
monochromatic radiation) come upon a solid, gas or liquid material (see Figure 4.1 c)3! As the incident EM wave
interacts with matter (material to be analyzed), a periodic perturbation on the electron cloud within the constituent
molecules is generated. The perturbation will have the same frequency (w,) as the electric field of the incident
wave®2. In this way, the charge will separate periodically within the molecules, this effect is called induced dipole

moment 33

. A new source of EM radiation is generated from the oscillating induced dipole moment and manifested as
scattered light. The scattering process can be elastic or inelastic depending on the difference between the spectrum
of the incident light with respect to the scattered light3*. Most of the radiation scattered by the irradiation of a
monochromator is emitted at the same wavelength as that of the incoming laser radiation so-called elastic scattering.
Inelastic scattering process relates to the small additional light scattered at different wavelengths from the incident
light. Raman scattering is an example of inelastic scattering that is used for molecular identification by providing

chemical and structural information®’.

23
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Figure 4.1: Scheme of the interaction between light and matter: a) Light absorbed by matter, b) Reflection of incident
light wave, c) Light scattering by an induced wavelength.

4.1.2 Raman Spectroscopy

Different scattering frequencies can be explained by the classical description. The contents of this section is a
restatement based in the equations and descriptions found in ref(3?). A dipole moment (P) is induced by the time-
dependent electric field of a monochromatic incident light of frequency wy over a molecule. The dipole moment
strength is given by:

P=aFE 4.1)

where « is the polarizability, a material property dependent on molecular structures and atom-atom length. « is
generally expressed as a function of the inner atomic distances and will directly depend on the molecular frequency
oscillation (w; [Hz]), incident EM (wg = ¢/A) and the Electric field E = E, cos (2mwot). Substituting the electric
field into equation 4.1 yields the time-dependent induced dipole moment,

P = aE, cos 2nwyt) 4.2)

vibrational modes of individual atoms when forming a molecular bond are quantized similarly to electronic energies
asE,;p, =+ %)hwv,-b. The physical vibrational displacement dQ of the atoms about their equilibrium position due
to vibrational modes w,;p.

dQ = Qo cos (2,ipt) 4.3)

where Qp is the maximum displacement about the equilibrium position. The polarizability can be approximated by
a Taylor expansion because the maximun physical displacement for an atomic molecule is small (about 10% of the

bond length).

a=ap+ 6_(de 4.4)
dq
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where  is the polarization of the molecule at equilibrium position. When substituting the vibrational displacement

from equation 4.3 into equation 4.4 the polarizability is expressed as
0
@ = ap + L0y cos (21 (4.5)
dq
with this new expression of the polarizability, the dipole moment defined in equation 4.1 can be expressed as
0
P = aE, cos (2rwot) + %QOEO €0 (2wot) cos(2wyip1) (4.6)
using a trigonometry identity, the previous relation can be rearranged as
da QoEy

P = aE, cos 2nrwyt) + (@ >

){cos [27(wo — wyip)t] + cos [2(wg + wyip)t]) 4.7

From equation 4.7, at three distinct dipole frequencies are created wy, wy — wyip and wy + wy;p. The scattering
radiation is emitted at these three same frequencies. Vibrational spectroscopy detects the change in energy of those
that cause nuclear motion. A photon from the incident EM wave excites an electron from the ground state into a short
live state, called “virtual” energy state. This state is not stable and the photon is quickly re-radiated. wy frequency
is formed when only the electron cloud distortion is involved, the photons in the light scattered do not gain or lose
energy along the interaction with the sample. Therefore it exits with the same wavelength as the incident hence is

a) b) o)
virtual virtual virtual
Awo hlwotwws) (9 A(wo-wvin)
. & £
ground ground ground_
RAYLEIGH SCATTERING STOKES SCATTERING ANTI-STOKES SCATTERING

Figure 4.2: Conceptual scheme of the light scattering processes: a) Rayleigh scattering, b) Stokes scattering c)
Anti-stokes scattering.

elastic scattering also known as Rayleigh scattering process (see Figure 4.2 a). Inelastic scattering takes place if
nuclear motion is induced. The energy will be transferred in one of the following two ways: from the incident photon
to the molecule or from the molecule to the scattered photon resulting in an energy difference between the incident
and the scattered photon by one vibrational unit. therefore, wy — w,;, and wy + w,; frequencies will show a shift to
higher or lower frequencies. The scattered light of these two cases is known as Raman scattering. It is inherently
a weak process where only one in every 10% — 108 scattered photons is Raman scattered. Down-shifted frequency
(longer frequency) the molecule absorbs energy and its promoted from ground state (i) to a higher vibrational state
(n). This effect is called Stokes Scattering (see Figure 4.2 b). When a molecule is at an excited state (n) (e.g due
to thermal energy) scattering to the ground state transferring energy to the scattered photon and the frequency will
experiment an up-shift (shorter wavelength) referred to as anti-Stokes scattering (see Figure 4.2 ¢) 8!8,
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4.1.3 Vibrational Modes

Raman spectroscopy is an important tool regarding the analysis and characterization of carbon based materials. For
SWCNTs, Raman Spectroscopy provide information about crystallite size, the introduction of chemical impurities,
mass density, the optical energy gap, elastic constants, doping, defects and other crystal disorder, nanotube diameter,

among other characteristics®’

. A Raman spectra is a plot of the intensities of scattered portion of incident light
versus the shifts in the frequency between the incident and the scattered light3®. There are many features that can
be identified with specific Raman scattering processes that contribute to each feature of SWCNTSs such as the radial
breathing mode (RBM), the G-band, the dispersive disorder induced D-band and its second-order related harmonic

G’-band®.

The G* peak corresponds to atomic displacements along the tube axis and G~ for modes with atomic displacement
along the circumferential direction®’. The G* does not show significant difference in frequency or width depending
on their electronic type®!. The difference is observable in the G~ feature. The spectrum taken shows a very broad a G~
feature is seen, that can be described by a BreitWignerFano (BWF) lineshape. This asymmetric and broad lineshape
is characteristic for metallic nanotubes®> compared to semiconducting tubes, where the G~ follows a Lorentzian

lineshape. This broadening is related to the presence of free electrons in nanotubes with metallic character®'-%3.

Through the intensity of the RBM feature, the electronic type of the nanotubes can also be distinguished. Very
close but intense RBM features are observed in the region from ~ 150cm ™! to ~ 350 cm™" as observed in Figure5.1a).

The frequency of an RBM peak (wgpys) is highly dependent on the diameter (d) of the nanotubes and are related by
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the following expression

A
WRBM = E + B (48)

Where A and B are constant coefficients. Several A and B combinations have been reported in literature ®>. These
values depends on several factors like growth methods, diameter distribution, the dispersion environment, the
substrate among others?’. As previously explained in Chapter 1 section 3, the diameter is related to the (n,m) index
and therefore its electronic structure. The frequencies observed will determine the structural assignments of the
tubes. The most intense peaks in the RBM region of the pristine spectrum are seen at around 244, 261 and 269cm™".
This RBM spectrum agrees with the peaks from a study performed on HiPco® bundles with a green laser (1.41 eV)%.
The high number of frequencies observed in this region, corresponds to a diameter distribution of different SWCNTs

in resonance at this excitation laser which suggest a large number of chiralities present in the pristine sample.

4.2 Scanning Electron Microscopy

One important non-destructive characterization technique used to observe, analyze, and explain the morphology
of nanostructures or other materials is scanning electron microscopy (SEM). SEM is an important technique which
allows the observation and characterization of heterogeneous organic and inorganic materials and surfaces on such
a local scale by producing a largely magnified image by using electrons instead of light to form an image®’. It
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irradiates a focused electron beam, which may be static or swept in across the surface or area of the specimen to be
examined. The resulting interaction of the electrons from the beam source with the sample, produce various signals
used to obtain information regarding surface topography and composition of the sample 3.

The types of signals obtained by SEM produce secondary electrons, backscattered electrons, Auger electrons,

characteristic x-rays, and photons of various other energies®’

. The two most interesting signals in SEM are the
secondary electrons (SE) and backscattered electrons (BSE) due to their variation in the signal received as a result of
differences in surface topography as the electron beam is swept across the specimen '%°, The electron microscope was
developed when the wavelength became the limiting factor in light microscopes. The distance at which two points
apart can be distinguished is called resolution. Though the use of lenses or an assembly of lenses the human eye
resolution (0.2 mm) can be increased, this is the case for optical microscopes. Although the development of better
lenses has continued through the years, the limitation of the resolving power of the microscopy was not limited by
the lens quality but for the wavelength of the light source. White light has wavelengths from 400 to 700 nanometers
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(nm). Electrons have much shorter wavelengths, enabling better resolution”. The SE emission is confined to a

volume near the beam impact area this allows the obtention of a relatively high-resolution®s.

4.2.1 SEM Working Principle

The stream of electrons is produced by an electron gun, depending on the electron gun, these primary electrons
are accelerated through a voltage difference between the anode and the cathode with a range between 0.1 keV to 50
keV. The accelerated electrons carry significant amounts of kinetic energy. These accelerated primary electrons are
directed by the condensing lens system and scanning coil to be incident on the sample with the smallest beam cross-
section at the gun so that an electron probe of diameter 1-10 nm carrying an electron-probe current of 1077-51071?
A is formed®®. Due to the electron-sample interactions, the electrons are decelerated and the energy is dissipated
into a variety of signals mentioned above. SE and BSE are collected on a photomultiplier tube, which convert the
electrons into an electric signal that will be amplified to obtain an image '°!.

4.2.2 Electron-specimen interaction

When the accelerated electrons hit the specimen, the interaction can result in elastic or inelastic scattering. The
elastic events affect the trajectory of the electron beam without significantly altering the energy and inelastic events
leading to a transfer of energy to sample producing secondary electrons, Auger electrons, and x-rays°®. For BSE, a
significant fraction of the incident beam, undergo sufficient scattering events to completely reverse and escape from
the specimen and provide information regarding specimen composition, mass thickness and crystallography. BSE
show a dependence on the atomic number (increasing with atomic number), energy dependence (there is a small
dependence of BS with the beam current) and tilt dependence (tilting angle at which the beam strickes the sample will
decrease the interaction volume) ', Low energy SE are created when weakly bond valence or conduction electrons
are ejected. Due to their low kinetic energy, they will suffer rapid energy loss with the distance traveled. As the
electron beam moves deeper into the sample, the escape probability will decrease exponentially 2. SE also show
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dependence on the atomic number due to the number of outer shell electrons and atomic radius. Tilting the stage
of the sample will increase the electron coefficient. Secondary electrons are most valuable for showing morphology
and topography on samples.

4.2.3 Key components of SEM

There are several factors that will influence on the final resolution of the SEM. One of them is the amount of
current of the final electron beam that strikes against the sample, this will determine the signal magnitude. Another
important factor that will determine the best scanning possible resolution is the size of the final probe. The electron
optical system is designed to obtain the maximum possible current in the smallest possible electron probe”®. These
factors can be varied by the components and the design of the electron optical column. Next, it is presented the main
components of SEM and their working principle to obtain an image*°.

Electron guns

The source of electrons necessary for SEM to operate is produced by an electron gun. Electron guns provide
a steady source of electrons manifested as an electron beam. There are many types of electron guns: tungsten
cathode, lanthanum hexaboride cathode, but the two main types of electron guns are thermionic and field emission
guns. Thermionic emission of electrons is achieved when high thermal energy is applied to a filament giving to a
percentage of the electrons sufficient energy to overcome the work function and steam away the electrons from the
source. In field emission guns, the cathode in the form of a rod with a very sharp point is held at a negative potential
relative to the anode. By generating a strong electric field at the tip, the potential barrier becomes narrow, allowing
the electrons to tunnel and leave the cathode without any thermal energy. with an effective brightness higher than
thermionic sources. Electron guns are located either at the very top or at the very bottom of an SEM and the fired
beam of electrons don’t go naturally directly into the sample, they need to get directed by the other components of
the SEM*3.

Lenses

SEM uses electromagnetic lenses. As with optical lenses, SEM lenses are used to obtain clearer and detailed

images®”.

The electron beam is focused and controlled by the electromagnetic field interaction of the lens and
the moving electrons. The condenser and objective lens system are used to demagnify the image by directing to
converge or diverge the e beam. The condenser lens system will determine the beam current meanwhile objective

lens determines the final spot size 3.

Sample chamber

The sample to be analyzed is placed inside a chamber. The quality of the image can be decreased by small
perturbations like vibrations. Therefore, the sample must be still during the measurement. The sample chamber

including the sample stage must be insulated from vibrations. For conventional SEM to work properly, the specimens
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to be observed need to be at high vacuum. When the electron beam emitted by the electron gun travels through
the optical system, if the systems are not under vacuum conditions, particles from the atmosphere will interfere and

cause attenuation or distortion of the surface of the specimen®®.

Detectors

Detectors are devices implemented to detect the different interactions of the electron beam with the sample by
converting the radiation that leaves the specimen into an electrical signal. Important parameters to take into account
are the relative angle to the specimen surface, the range of solid angle over which the detector accepts a signal and
the conversion efficiency. Different types of detectors will receive different signals. For instance, for secondary
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electrons, Everhart-Thornley detector. '*~, a type of collector-scintillator-photomultiplier system is used. meanwhile,

for BSE common detectors types are scintillator or of semiconductors.

4.3 Atomic Force Microscopy

The branch of microscopy that image surfaces by scanning a specimen through a physical probe is called Scanning
Probe Microscopy (SPM)!%. Higher resolution without damage is obtained by scanning the interaction over the
specimen at each point of the area between the probe and the specimen as a function of the position'%. SPM can
measure physical properties like surface conductivity, static charge, distribution, magnetic field, and elastic moduli
though the interactions based on physical principles such as atomic force, capacitance friction or magnetic fields '%.
Atomic Force Microscopy (AFM) is a very high-resolution type of scanning probe microscopy. The invention of
AFM arises from the scanning tunneling microscope (STM) that allowed the imaging of metal and semiconducting
surfaces at an atomic resolution. In 1982, Binning and co-workers invented the STM %7, The limitation of STM (only
works with conduction materials) led to the development of a new technique to study non-conductive materials, AFM
was invented '°®. Over the years, many improvements have been done in AFM like the invention of the dynamic,
taping and non-contact taping mode '®°. This technique is used for the study of the topography and properties of a
sample (specific material or biological samples) with a resolution ranging from microns to sub nanometers '°>108,
Its importance encompasses different fields of science like material science, molecular biology, fundamental surface
science, and roughness analysis !% because through this technique a larger surface area per mass of material can
be analyzed and a bigger amount of information regarding their mechanical properties can be extracted. It consists
of a mechanical microscope composed by the scanning unit, the cantilever with a sharp tip (see Figure 4.3), the
optical detection system, and the electronic feedback. This technique is based on the detection forces between the
probe tip at one end of a spring-like cantilever and the surface of the sample. The tip-sample interaction in close
proximity to each other will produce either attractive or repulsive forces. These forces give information to rise
a three-dimensional image based on the sample topography controlled in all axes by means of a piezoelectrical
scanning unit which consists of a vertical and a lateral positioner.
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4.3.1 Configuration and working principle of the AFM

A schematic image of the AFM components is present in Figure 4.3. The cantilever acts as a force sensor. Due
to the interaction forces between the samples and the tip, the cantilever will deflect while raster-scanning the tip
over the sample surface. Typical cantilever dimensions are in the order of hundreds of microns (100 to 400 um
long). The appropriate size of the tip will affect the amount of information acquired from the surface features and
atomic resolutions. To have a small sensitivity to the force, the spring constant (k) needs to be chosen in the range
of 0.01-100 nm'!°. There are many types of cantilevers and their shape will depend on the kind of measurement

that will be conducted. The most common feature to be analyzed is the sample topography, but there exist other
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properties like variations in local stiffness !, friction force ''? and lateral stiffness ' that can be measured.

Base Controller

Photodetector .
Mirror

XY Scanner

Z Scanner

Cantilever

Sample

Figure 4.3: Configuration of the components in an atomic force microscope.

The piezoelectric XYZ is a scanner implemented to control the movement of the probe along the sample substrate
in both in the lateral (X, Y) and vertical (Z) directions and provides an image in three dimensions. Sample topography
will be obtained by a lateral scanning of the cantilever deflections and the plane fricton forces will cause a twist
around its longitudinal axis. The flexural and torsional bending of the cantilever is measured by an optical detection
system. The reflection of an incident laser beam over the back of the surfce of the cantilever. Any deflection will
cause changes in the direction of the reflected beam which is registered by a high-resolution deflection detector.
A deflection detector is a position-sensitive detector (PSD) that can measure small or large variations. The PSD
consists of a photodetector segmented into four quadrants. The difference between optical powers from upper vs
lower quadrants or left vs right quadrants in the photodetector will provide the fluxural and torsional signals.
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4.3.2 AFM Working Modes

Depending on the separation distance between the sample and the tip, different forces will be involved. The most
common force associated with atomic force microscopy is a weak interatomic force called the van der Waals force '%.
The dependence of the Van der Waals force upon the distance between the tip and the sample is shown in Figure 4.4.
The operation modes of AFM can be discussed in terms of the applied force regimes or in terms of the force sensing
technique employed !'*. The AFM has two main general modes: a) the static mode (also known as contact mode)

and b) the dynamic mode (the non-contact mode and the tapping mode).

In each mode, there is a dominant interaction force that rules over. When two atoms are separated by distances
smaller than 10 nm, such that the long-range attractive force between the atoms of the tip and the sample is perceptible.

These attractive forces are observed in the non-contact mode and are called dynamic modes because the cantilever
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oscillation is close to its resonance frequency''*. When the separation is smaller than 1 A, there is an overlap

of the electron cloud and the ionic interactions which cause a repulsive force. The repulsive forces are used for
contact mode. The tip of the cantilever scans across the sample while a feedback loop maintains constant cantilever

deflection and force 4.

o
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o
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I
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Figure 4.4: Interatomic force variation with respect to the distance between AFM tip and sample.

Contact Mode

Contact mode is the simplest working mode. Also known as static mode, the sharp probe tip is adjusted until it
makes a continuous soft physical contact with the sample. The probe tip is attached to one end of the cantilever
with a low spring constant. When the cantilever pushes the tip against the sample, the interactive forces are in the
repulsive region therefore, the cantilever bends rather than forcing the tip samples closer to the sample atoms (see
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Figure 4.4 blue shade region). The cantilever deflection is measured as the scanner traces the tip across the sample.
The cantilever is moved in the vertical direction, during the lateral scanning, to maintain the tip-sample force as
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constant as possible'””. The cantilever is considered a spring were k is the constant force. By Hook’s law, the

corresponding force is proportional to the deflection. The contact mode has the disadvantage that, both the sample

and the tip may experience damages due to lateral forces ''°.

Non-contact Mode

In this mode, the tip of the cantilever is brought close to the sample at a constant distance. The tip vibrates near
the surface near the resonance frequency, where k is the spring constants of the cantilever and m is the mass of the
spring-like cantilever. The system mechanically excites the oscillations on which the cantilever is mounted (typically
from 100 to 400 kHz) with an amplitude of a few tens to hundreds of angstroms '°°. The cantilever must be stiffer than
in the contact mode, this allows the cantilever to have a small bending and a high force sensitivity to detect changes
in the resonant frequency or vibrations amplitude as the tip comes near the sample surface due to the varying shape
topography. The interacting forces are attractive. These forces are very weak which is good because the samples do
not suffer degradation effects that sometimes can be observed with contact AFM due to close contact (see Figure 4.4
red shade region). This is preferable for the imaging soft samples.

Tapping Mode

Tapping mode can be thought of as a mix between contact and non-contact modes where the tip is brought to
oscillate intermittently at a resonance frequency unlike in the non-contact mode where there is no contact at all''>.
In this way, the lateral and normal forces exerted on the tip on the sample are diminished. When the tip of scans
and interacts with the surface, changes in oscillation amplitude or phase are detected. This operation mode can be
described as driven damped harmonic oscillator plus the interaction between the tip and the sample. Interactive
forces will be in both attractive and repulsive regime. If the amplitude is small (1 nm) the tip-sample interacting
force will be in the attractive regimes. At a higher value such as 100 nm the tip-sample interacting force can reach

the repulsive regime '?°.

4.4 Experimental Setup

The characterization of the samples prepared in this study were performed in the Institute of Advanced Materials
and Processes (ZMP), Friedrich-Alexander-Universitat Erlangen-Nurnberg (FAU). In order to analyze the samples,
the Raman measurements of the SWCNTs individualization were performed with Horiba Scientific - LabRAM
Aramis Raman spectrometer using a laser of 532 nm. SEM images were produced with a FEI-HELIOS NanoLab
600i FIB equipment with 10 kV as the applied voltage. The AFM images were obtained with the Bruker ICON
Cover Assy REVC Dimensionequip ment.



Chapter 5

Results & Discussion

This chapter is the core of this thesis project since it describes and shows the results obtained at each step of
the process conducted towards the optimization of a new separation method to individualize SWCNTSs through a
non-destructive process that does not require the use of surfactants. As described in chapter 3, the general process
consists in achieving the separation of the nanotubes through intercalation with an alkali metal to induce a partial
debundling and finally disperse them in THF by tip sonication. To achieve a successful separation, many parameters
like concentration, sonication time, precipitation time, among others were varied and sorted in three different sets. At
each set, different processes and parameters were tested. After analysis, the process with better results was optimized
and implemented into the next set. Hence, the results are shown chronologically as they were studied and optimized.
The results presented in this section were characterized by non-destructive techniques AFM, Raman spectroscopy
and SEM.

The first section describes the pristine (initial) material an identifies the characteristics peaks of SWCNTs in a
Raman spectrum. Next section shows how good is the dispersion of pristine SWCNTs on the organic solvent used,
THE. Intercalation was performed with two alkali metals sodium and potassium at the following concentrations
1:8 (stage I) for Na and K (NaCg, KCg) and 1:24 (stage II) for potassium(KCj4). By Raman spectroscopy, we
proved the obtention of a successful intercalation. Section 4 shows the first set of samples prepared with three initial
proposed processes. From a Raman and AFM analysis, I was able to discard KCy intercalation compound from
the process, as well as the process that includes centrifugation as they show a bad dispersion and contamination,
respectively. The best process of SET I was used as a baseline for SET II, where 7 processes were studied under
a lower dispersion concentration. AFM profiles allow a qualitative analysis of the separation obtained from which
a comparative analysis between the intercalation concentration and the alkali metal samples is performed to obtain
the best conditions for the separation method. Once these conditions are determined, SET III is a straightforward
process of NaCg and KC»4 at two phases. Further analysis is presented by comparing a fitting of the peaks from the
RBM region obtained by Raman spectroscopy with literature to provide an assignment of possible chiralities of the

nanotubes at the final step of the separation process.
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5.1 Pristine HiPco® SWCNT
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Figure 5.1: a) Raman spectra (under 532 nm excitation) of HiPco® SWCNT, b)Scanning electron microscopy of
pristine HiPco® SWCNT powder.

The starting material is raw HiPco® Single-wall carbon nanotubes acquire from Unidym. The bulk material
comes in the form of bundles produced by high-pressure carbon monoxide method. The sample was not treated to
any purification process after production but it was dried before being introduced into the glove box as described in
section 2 from Chapter 3. The nanotubes have a purity of < 35% of residual Fe Catalyst in weight®. The pristine
morphology displayed with SEM image in Figure 5.1 b) agrees with literature®®. The dry bulk SWNCTs powder
sample was attached to the aluminum sample stub using conducting carbon tape and measured by SEM with a beam
voltage of SkV. In the SEM image one can observe the fibrous powder with a rough surface. There are fibers like
structures corresponding to bundles of SWCNTs which are better observed at Figure 1.5 c), in a close up image of
the sample. Other particles are also present in the SEM image which could be assigned to carbonaceous impurities.
Over the sample, it is observed an entanglement of the nanotubes into bundles and none individual nanotube can
by identified. This agrees with the morphology of this material presented in literature 8. Additional information
regarding this samples was obtained by the Raman response spectrum of the tubes from the bulk material. This and
further Raman spectrum measured over a silicon dioxide wafer. A peak that comes from the Si substrate is featured

at 520 em™, this is used for calibration of the spectra.

Figure 5.1 a) shows the Raman spectrum from the HiPco® pristine sample irradiated with a 532 nm (2.33eV)
excitation laser from ~ 150cm™" to ~ 3000cm™". The samples analyzed showed the three dominant Raman features:
the Radial Breathing Mode (RBM) at low frequencies, the tangential (G-band) multifeature and the G’-band at
higher frequencies. The figure 5.1 a) shows a double peak structure of the G-line at around 1530 cm™' (G™) and
1577 em™" (G*) that corresponds to tangential vibrations along the nanotube walls''®. Tangential modes can be
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used to distinguish between semiconducting and metallic SWCNTSs. The spectrum taken shows a very broad a G~
feature is seen, that can be described as BreitWignerFano (BWF) lineshape. This asymmetric and broad lineshape
is characteristic for metallic nanotubes®?. This broadening is related to the presence of free electrons in nanotubes
with metallic character®’3. Another characteristic SWCNT Raman feature is present in the spectrum analyzed, the
defect related D-band at 1330cm ™" and the G’-band 2700cm ™" ©. They arise from one- and two-phonon, second-order
Raman scattering processes'!”. The intensity ratio between this the D-band compared to the G-band (D/G) is 0.19.
This D/G ratio in SWCNT bundles usually indicates the presence of amorphous carbon ''8.

Through the intensity of the RBM feature, the electronic type of the nanotubes can also be distinguished. Very
close but intense RBM features are observed in the region from ~ 150cm ™! to ~ 350 cm™" as observed in Figure5.1a).
The most intense peaks in the RBM region of the pristine spectrum are seen at around 244, 261 and 269cm™". This
RBM spectrum agrees with the peaks from a study performed on HiPco® bundles with a green laser (1.41 eV)?%.
The high number of frequencies observed in this region, corresponds to a diameter distribution of different SWCNTs

in resonance at this excitation laser which suggest a large number of chiralities present in the pristine sample.

5.2 SWCNTs dispersion in THF
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Figure 5.2: Raman spectrum (under 532 nm excitation) of a) RBM region of HiPco® SWCNT, b) RBM region of
sonicated SWCNT in THF ¢)AFM image of sonicated SWCNT bundles in THF.

Before starting the separation process, the dispersion of the nanotubes in the organic solvent to be used, was tested
by sonicating the pristine SWCNTs powder in THF during 5 min at a concentration of 1:10 [mg/ml]. Figure 5.2
show the Raman spectra at the RBM region (from ~ 150cm™! to ~ 350 cm™") of a) pristine SWCNT powder with
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respect to b) dispersed SWCNT in THF. The profile of the RBM region in the case of the pristine HiPco® SWCNTs
has altered after dispersion. There is a significant decrease in the intensities of the lowest frequency peaks (from 175
to 220 cm~') meanwhile, the peaks present from 225 to 275 cm™! are more distinguished. Two well separated peaks
with RBM 295 and 305 cm™! appear. These increment in intensity is due to a higher resolution of the resonant tubes
which occurs when a greater freedom of vibration is allowed, indicating that the tubes are less bound together''°.
Further, the appearance and fading of peaks at higher and lower frequencies in the RBM region respectively suggest
the enrichment towards a higher frequency resonant tubes. Figure 5.2 c¢) shows an AFM image of the pristine
SWCNT dispersed in THF sample previously analyzed by Raman spectroscopy. The image shows a SWCNT bundle
that starts to unravel. At the center of the bundle, nanotube entanglement is still present with a height up to 72 nm.
From it the nanotubes spread out in smaller bundles which is observed mostly at the edges of the sample and agrees

with the the Raman spectroscopy analysis of initial deblundling and a reduction of the bundle size of the nanotubes.

5.3 Intercalation of HiPco® SWCNTs
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Figure 5.3: Raman spectrum of SWCNT intercalation compound taken with 532 nm laser thought an optical window.

Intercalations (KCs, KC»4 and NaCy) were performed inside a globe box under an Ar atmosphere as previously
described in Chapter 3. The corresponding amount of SWCNTs and potassium/sodium respectively were weighted
and added in a glass vial and placed over a heating plate for 72 hours. After the melting of the potassium/sodium
with the pristine powder of SWCNTs, the formation of SWCNT intercalation compound is verified via Raman
spectroscopy. As previously explained in chapter 4, GIC are extremely sensitive to oxidation when exposed to
ambient conditions. Therefore, to perform the Raman measurement, an optical window was implemented. The
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sample was sealed inside the globebox by a two CF flanges system joined with a Cu ring wiht a glass window
on one side. This technique permits an accurate Raman measurement by maintaining the sample under the same
environmental conditions as inside the globe box. Raman spectroscopy has been a technique used as a tool for
the analysis of GIC mechanisms'?°. The G-mode gets affected by the interaction of the atoms produced by charge

12!

transfer or doping '?'. According to Grimm '??, any type of added charge carrier (hole or electron) will reduce the

phonon vibration screening, producing a blue-shift of the G-mode. This upshift is explained with the combination

of non-adiabatic (dynamic) effects '?*

. When doped, the shape of the G-mode gets modified by a coupling and the
interference with the conduction electrons and phonons inducing a Fano line-shape around 1510 cm™' 1?4, Figure
5.3 shows a Raman spectrum of SWCNT intercalation compound measured inside an optical window with a 532
nm laser. The sample exhibits the characteristic broad Fano-line shape spectrum at ~ 1540 cm™" as reported in the

literature 1>#12° from which we can a certain successful intercalation of SWCNTSs to be used for the separation.
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A scheme of the first set of processes implemented to achieve individualization of the SWCNTs ( see Figure 5.4).
Three samples were prepared, one for each intercalation compound: KCg, KC»4 and NaCg respectively. These
samples were subjected to a dispersion in THF at a concentration of 1:10 [mg/ml] and then tip sonicated during
5 min. From this step of the separation process (after dispersion), samples were prepared under three different

conditions. This corresponds to process A (immediately), B (centrifuged) and C (precipitated).

The first process from SET I (process A) was prepared by placing a drop from the supernatant onto a silicon wafer,
5 min after sonication process ended. The wafer was further dried inside a vacuum oven at 80°C and then analyzed
by AFM microscopy. This characterization method provides information about the nanotubes/bundles length and
an approximation of its height profile. In Figure 5.5 bundles of single-wall carbon nanotubes after the separation
process A(immediately) can be observed in the AFM images for each intercalation compound sample. A qualitative
analysis of the dispersion between the three different intercalation compounds observed at a)KCg, ¢) KCp4, €)NaCg
shows a bigger bundle size of KCg, with a bundle height up to 500nm. It suggest a lower dispersion quality of KCg

compared to KC»4 and NaCg. A close up of each AFM image, performed at the dashed square area, is observed in
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Figure 5.5: AFM image of bundles (left side) of a)KCg, b)KCy4, c)NaCg samples from separation process A, stage
I. Top view AFM image close up (left side) and height profile of SWCNT separated bundles 1,2,3 respectively.

b), d) and f). They corresponds to the smallest bundles observed along the samples. A height profile was performed
along the thinnest fiber like bundles of each sample profiles 1, 2, 3 from KCg, KC4 and NaCy respectively. The
height profile shows a difference of one order in magnitude between the bundle height from KCjy profile 1 (152
nm) compared to profile 2 and 3 KC»4 (1.3 and 2.47 nm) and NaCg (2.6 nm) respectively. For this reason, KCy is

discarded for subsequent separation processes.

From the previous separation Process A(immediately), the AFM images profiles, showed a decrease in size
of the dispersed nanotubes bundles up to 1.3 nm but the dispersion along the sample was not uniform since the
maximum height of the bundles from KCg, KC»4 and NaCg was 500, 100 and 40 nm respectively. Therefore the
second separation process from SET I was performed in order to obtain a more homogeneous separation. Process
B(centrifuged) consist in a 15 min centrifuging process at 10000 rpm after tip sonication dispersion for both samples:
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Figure 5.6: Raman spectrum of process B(centrifuged) of KC»4 from SET I. Raman Spectrum show the four
characteristic peaks of SWCNTs (RBM-mode, D-mode, G-mode and D’-mode) but there is also the presence of two
additional peaks (blue shaded stripes) assigned to polypropylene contamination originated from the decomposition
of plastic ware (eppendorfs) due to contact with THF.

KC»4 and NaCs. The Raman spectrum of the KC»4 at this Process B is shown in Figure5.6. Despite the fact that
the characteristic peaks from SWCNTs (RBM-mode, D-mode, G-mode and D’-mode) are present in the spectrum,
the sample exhibits additional peaks located at near 3000 cm™' and ~ 1450 cm™! as shown in the blue stripes in
Figure5.6. The origin from this peaks, reveals the presence of polypropylene (PP)!2. The spectral signature of PP
can be attributed to plastic laboratory wave contamination obtained by decomposition of the eppendorfs in contact
with THF. Consequently, Process B is neglected for further separations.

After Process B failed to obtain a better dispersion, another approach to achieve a homogeneous dispersion was
performed. Process C consists in leaving the KC»4 and NaCg samples resting for 72 hours after the dispersion
process. Sitting time is done to allow heavier (bigger) bundles to precipitate and be able to reach smaller and more
separated nanotubes. Then a drop from about 2/3 of height of the solution was taken from, and drop-casted into a
SiO, wafer substrate with further dried inside a vacuum oven at 80°. Raman spectroscopy analysis was performed
on both intercalation samples (KC»4 and NaCyg) in the RBM region from 100 cm™! to 350 em™! as observed in
Figure5.7. The difference in intensity along the y-axis is arbitrary. The spectra shows the RBM Raman feature of
KC»4 (blue line) and NaCg (black line) samples at Process C from SET 1.

Compared to the pristine sample, both spectrum (KC»4 and NaCsg) show a higher number of peaks along the
RBM region 13 and 9 peaks respectively compared to the amount of peaks from both the pristine sample (7 peaks)
observed in Figure5.1 a) and pristine SWCNT dispersed in THF without intercalation (7peaks) observed in Figure5.2
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Figure 5.7: RBM Raman spectra of KC»4 and NaCg at process C from the first batch. It presents peaks corresponding
to RBMs frequencies resonant nanotubes at 532 nm laser.

b). In pristine spectrum shown in Figure 5.1, there is an intense double peak displayed at around 266 cm™!, after
the separation Process C is performed, this peak gets split into 2 and 3 peaks for potassium and sodium samples
respectively. Each peak correspond to a carbon nanotube in resonance with the excitation energy laser®>. A higher
number of peaks present in the sample will relate directly with the debundling condition of the SWCNT. The RBM-
feature is composed by a number of individual peaks in both samples (KC,4 and NaCg) at 217, 229, 239, 264, 293,
306 cm™! positions identified as red dashed lines in the Figure5.10. Peaks P13 and P14 at the higher frequency region
were not observed in the pristine sample. KC,4 sample show high individualization in peaks P9 and P10 compared
to NaCg. The presence of peaks P1, P2, P3 and P4 in the KC,4 spectrum compared to the pristine spectrum
were no peak is observed bellow 150 cm™!, suggest a preferential separation towards lower frequency (bigger tube
diameters)'!”. The results after the precipitation time implemented in this Process C, shows an improvement in the
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separation process. This process will be used as a baseline for the next batch of samples prepared (SET II).

5.5 SETII
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Figure 5.8: Second batch of samples prepared using a concentration of 1:10 [0.1mg/1mL] three samples prepared at
different conditions of KC»4 and NaCsg.

The second set of processes was prepared with two intercalation samples KC»4 and NaCy at a lower concentration
of the intercalation compound with respect to the solvent (THF). 0.1 mg per 1 mL concentration was used to prepare
10 ml of each solution. Then samples were dispersed by tip sonication during Smin. Figure 5.8 shows a scheme of
the procedure for the 5 dispersion processes of SET II under different sample preparation parameters corresponding
to A(immediately), B(precipitated), C(redispersed). These three samples were prepared after the tip sonication
dispersion. From the samples at process C, two subsequent processes were performed on them. D(washed with
H,0) and E(precipitated).

Process A(immediately) from SET II follows the same procedure as process B from SET I, the samples were
dropcasted onto a Si0O, 5 min after the dispersion and further dried under the same conditions(vacuum oven at
80°C).Figure 5.9 show a AFM image of a)KC»4 and b)NaCy at process A. A qualitative analysis of the AFM images
from the bundles show a decrease in size and a cleaner sample which suggest dispersion is improved with respect to
previous processes from SET 1. The maximum bundle height from both potassium and sodium samples are around
192 and 107 nm respectively.

A height profile was performed in two places from the KC24 (see Figure 5.9 profile 1 and 2). The height profile
shows a bundle height of 32 and 10.26 nm for profile 1 and 2 respectively. This value is bigger than the previous
process separation process from SET I. The results obtained when the profiles from b) NaCg in Figure 5.9 are
analyzed, show the same pattern. The bundles height from profile 3 and 4 are 56.77 and 6.72 nm respectively.
Therefore, to obtain better results, samples were left at rest 24 hours and then a each sample was drop-casted onto
SiO, wafer. This process is called process B from SET II.
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Figure 5.9: AFM image of bundles of a)KC»4, b)NaCg samples from separation process A(immediately),SET II.
a.1), a.2), b.3) and b.4) show a height profile AFM image height profile performed on the dispersed bundles along
the samples along the white lines of SWCNT separated bundles 1,2,3,4.

The sample characterization of KCy4 and NaCg subjected to process B(precipitated) from SET II is presented in
Figure 5.10 a) and b) respectively. As expected, AFM image of KC»4 (see Figure 5.10 a) show a significant decrease
in the bundle size from about 200 nm to 15 nm. The same result applies to NaCg sample where the decrease in
maximum bundle height goes from about 100 nm to 30 nm. A profile was performed on both samples showing the
smallest bundles from the area analyzed at about 1.19nm with the smallest height at KC»4 sample (see Figure 5.10
a.1) and 1.65nm at sodium profile (see Figure 5.10 b.2).

Despite the fact that there is a considerable decrease in the height of the profiles from the previous process
analyzed (B precipitated), the width measured of the NaCg bundles show a difference of about 30 nm, twice the
size of KCy4 bundles. Hence, thus the sodium sample after 24 hour precipitation time was re-dispersed. From the
10 ml sample, 1/3 of the top part was extracted and transferred to a new glass vial and tip sonicated again for 5 min.
Figure5.11 shows a Raman spectra of the NaCg sample from the previous process B (precipitated), SET II at two
spots (see Figure 5.11 a) and b)) compared to the samples after the second tip sonication (process C, redispersed)
at two different spots (see Figure 5.11 c) and d)). The two lower spectra show an intense peak at around 300 nm.
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Figure 5.10: AFM image of a)KC,4 and b)NaCg from separation process B (precipitated) from SET II. a.1) show a
height profile from a fiber like structure from a close up of the KC,4 sample. b.1) show a lateral height profile of a

small carbon nanotube bundle from NaCg.

The appearance of a peak at a high frequency position can be attributed to the fact that nanotubes get charged upon

intercalation which will make the tube show a metallic-like behavior '%’.

Although this process shows a better separation, there is a lot of residue along the sample substrate as it can be
observed circled in blue across the AFM in Figure5.10 a) and b). To attempt to clean and decrease the number of
residues and functionalization of the samples, a new further process is implemented after the dispersion. Samples
prepared and analyzed over S iO; in the process C were placed in the spin coating and washed down with to two drops
of water and then dried inside a vacuum oven, this is referred as process (D) (washed with H,O) from SET II. A
small amount of water will act as residue removal. The sample of NaCg was analyzed through Raman spectroscopy

in the same spots as in the previous process after the second dispersion. A comparative result of the spectra at these
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Figure 5.11: Raman spectra of NaCyg after the second dispersion immediately (greenish spectra) vs NaCg from
process (B) (grey spectra)

two processes is displayed in Figure 5.12 (the different spectra displayed in the figure are shifted along the y-axis to
better observe them). The figure shows two different spots from the sample before and after the washing process.
Figure5.12 a) exhibits an increase in the intensity of the peak from the D-mode observed in the red dashed circle.
Recalling its relation to disorder, the increment in the D-mode can be attributed to a higher functionalization of the
nanotubes. This spectra also shows the fading of some peaks in the RBM region. This is observed in Figure5.12 a)
where two peaks (* and **) at 163 cm™! and , 185 cm™! vanishes after the process D. The fading of the same peak
(*) is observed in the second spot analyzed (see Figure 5.12) b). Consequently this washing process wont be used for
further separation processes. The difference in intensity between process C and process D was arbitrary assigned
in order to better observe the difference in the peaks.

Process E is the last process of the second batch (SET II). It was prepared after the second dispersion (process
C), NaCg sample was left at rest for 24 hours and then a drop was drop-casted on a SiO;,. Fig5.13 a) show an
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Figure 5.12: Raman spectra of NaCg sample from process C(redispersed) compared with process D(washed with

H,0)

AFM image of an area of 1.58 micro. This image show bundles up to 35 nm, but the entanglement of the nanotubes
towards the end of the bundles show qualitative much smaller bundles. A close up image was performed in the
sample along the dashed with square and is presented in Figure 5.13 b). A height profile was done on the thinnest
stripe observed. The height of this bundle is 1.01 nm (see Figure 5.13 ¢)). The bundle size obtained from NaCyg at
process E now matches with the results from KCy4 at the process B. By the end of this set of samples performed
with a lower concentration, the parameters that affect the quality of the separation process can be identified. Then
the third batch of samples was prepared (SET III) based on the best results from the previous processes.

5.6 SETIII

Figure 5.14 shows a scheme of the process followed for the last set of samples. Sodium and potassium intercalation
compounds NaCy and KCy4, respectively, were prepared by following same process stablished in the previous sets.
10 ml of THF dispersion was performed with 1:10 [mg/ml] followed by a tip sonication during 5 min, sedimentation
time of 24 hours and then a second tip sonication was performed on one-third of the 10 ml volume (from the top
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Figure 5.13: AFM images of NaCj at process (E) a) overview of the bundles, b) close up to a small strip 1) height
profile of an individualized nanotube

part). At this part of the process, the first samples were prepared over a silicon dioxide substrate (process A) and the

second set of samples were taken after 24-hour sedimentation (process B).
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Figure 5.14: Third batch of samples prepared using a concentration of 1:10 [0.1mg/1ml] two sonications. Two
samples prepared at different conditions of KC»4, NaCsg.

Figure5.15 show the analysis of the two processes from KCy4 from SET III through Raman spectroscopy and
AFM. Qualitative, AFM image from potassium sample immediately after the second sonication (see Figure 5.15 b)),
shows a more homogeneous dispersion compared to previous samples were at the center of the nanotube bundle a
higher bundle tangle was observed. Additionally, the presence of functionalization in the sample which is observed
as particles of significant height along the substrate. A closer look is observed at part c) of Figure5.15. Residue
particles are still present on the sample. A height profile along one fiber like structure, reveals a height of 1.17
nm, which is in the range of the diameter size from HiPco® SWCNTs samples (0.8-1.2 nm). After precipitation
time, The amount of residue particles observed in the sample has decreased as seen in Figure5.15 e) and the image
looks cleaner. A closer look into the sample is observed in Figure5.15 f) and it gives the height profile of a bundle
of 1.66nm obtained by the profile 2 of the image. a Raman measurement was performed with a 532 nm laser in
the RBM region between 150 and 350 cm~' into KC,4 sample for both processes (A and B) displayed as the gray
dispersion in Figure5.15 a) and d) respectively.
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Figure 5.15: Characterization of KCy4 from SET III. a) process A immediately and b)process B

A fitting was performed on both spectra to determine each peak in this region that corresponds to one chirality
in resonance in the sample. The spectrum from potassium at process A can be fitted by 9 Gauss/Lorentz curves
observed in red in Figure 5.15 a). It should be noted that no constraint of the line width has been applied in the fitting
procedure. The fitted spectrum was profiled with the minimum number of features to avoid over interpretation.
The most intense peak appears at 273.94 cm™! followed by 4 medium intensity peaks at 200.7 cm™!, 229.78 cm™!,
238.41 em™!, 302.01 cm~! and 4 small peaks at 219.78 em™Y, 2447 em™Y, 262.04 cm™!, 292.95 em~!. KCy4 at
process B Raman spectrum is observed in Figure 5.15 d). The fitted shapeline was obtained by 8 Gauss/Lorentz
curves. The most intense peak is fitted by two peaks. The first located at 229.12 ¢m™! with a small broadness and
the second at 237.1 cm™'. Two medium peaks are observed at 187.57 cm™!, 273.35 cm™" followed by four small
peaks at 170.62 cm™!, 199.85 cm™!, 215.56 cm™!, 301.05 cm™!. By comparing the position of the two most intense
peaks, a difference of the type (electronic) of nanotube that is resonant at that frequency can be observed; metallic
for process A (immediately) an semiconducting for process B. The spectrum of the sample after precipitation time
show a decrease in intensity of peaks at higher frequencies and the appearance of a higher number of peaks in lower
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Figure 5.16: Raman spectrum of KC,4 at stage B (centrifuged) from stage I. It presents the characteristic peaks of
SWCNTs but also shows characteristic peaks (blue shaded stripes) of polypropylene that originates from contamina-

tion from plastic ware when centrifuged.

frequencies (150cm™" to 225 em™"). This difference can be attributed to the fact that after precipitation time, some
of the charge is loose and the nanotubes re-agglomerate. This is consistent with the profiles 1 and 2 from the AFM

images where the size of the bundle after precipitation time is bigger.

Sodium samples were prepared under the same conditions as potassium (see Figure 5.14). AFM image from
process A present a dispersion of the nanotubes bundles (See Figure5.16 b) ). There are particles of about 35 nm
height in the sample just as with potassium at the same process. Three AFM profiles were measured from the stripes
along the substrate. They show a height of 2.47, 2.48 and 2.31 nm. After precipitation time, the amount of particles
decrease just as with potassium samples.Figure 5.16 e) shows a nanotube bundle of the sodium sample at process B.
A close up image of the AFM into one bundle in the precipitated process, shows an entanglement of the nanotubes
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(see Figure 5.16 f). This is corroborate thought a height profile from (see Figure 5.16 f) that shows two bumps with
a height of 1.84 and 0.89 nm. Raman characterization was performed on both samples with a 532 nm laser. The
spectra from potassium for both process A and process B was fitted by 7 and 6 Gauss/Lorentz curves observed in
Figure 5.16 a) and d) respectively. It is observed that the maximum peak located at agrees in frequency with the
most intense peak from NaCg from process C(redispersed) from SET II. After the sample rested for 24 hours, it is
observed that this peak gets split into three different peaks and the peaks from 150 to 200 cm~!. The reduction in the
number of peaks and the observed reduction in broadening of the peaks with respect to previous separation processes
and the pristine material supports the conclusion of a debundle of the nanotubes has been achieved successfully. In
the further section a chirality assignment of the the frequency of the fitted peaks is performed based on the concepts

review in chapter 4.

5.6.1 Assignment of RBM frequencies

After determine the RBM frequencies from sodium and potassium at each process from SET III, we show in this
section the assignment performed to a particular (n,m) chirality. The RBM frequency is proportional to the inverse
diameter, wgrgy = 1/d°*. But, recalling the additional coefficients A and B review in chapter 4, This coefficients
will vary depending on several factors like the environment®>. Therefore the equation that relates proportionally the
frequency and the inverse diameter can not be used for the assignment.

A comparative analysis was performed with respect to literature of SWCNTSs chiralities assignment studies. The
work of Maultzsch,et al. about chiral index assignment®*, was used as reference to assign the chirality to each RBM
frequency. Each frequency was compared to the experimental frequencies found in table 1 and 2 from her study **
and the closest was assigned to its chirality (See table 1 column 1 show frequencies measured compared to the closest
values from Maultzsch work are display in column 2). Each frequency peak was assigned to a particular chirality as
shown in the table 1 were the chirality, diameter and electric type are displayed for all the four samples.

Additionally, the assignment was compared to three other references from the work of Strano!?® (REF 1),
Fantini '’(REF 2) and Thomsen''® (REF 3). The assignment of the nanotubes from these references differ in the
sample description (use of surfactants of different dispersing agents). The assigned chiralities are presented in the
last three columns of table 1. When compared the assigned chirality to the three additional references it is observed
that there is a agreement in many of the assignment. Another interesting observation is the amount of metallic tubes
assigned. For KCy4 sample, a 66% of the tubes correspond to a metallic type in process A and 62% in process B.
The same percentage is observed in sodium sample from process A (60%) meanwhile for process B the percentage
is 50. This results suggest a preferential separation for metallic tubes.
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Chapter 6

Conclusions & Outlook

In this research project we observed the implementation of a new separation method to individualize SWCNT without
the use of any surfactant. Potassium and sodium were used to perform the intercalation with the pristine SWCNT
and THEF, a polar solvent, was used as the solvent in this dispersion. Through the run of several test arranged into
three sets of samples, bad processes were discard and the optimal procedure was determined. The conditions for this
separation process are based on the intercalation of NaCg and KC,4 under two 5 min sonication with a concentration
of 1:10 [mg/ml]. A Fitting of the RBM region of the Raman spectra was performed at two stages of the process
(A) immediately and (B) precipitated. AFM images provide the height of the dispersed nanotubes which support
the conclusion of the presence of individual nanotubes in the sample. The dispersion of the potassium samples
show a thinner bundle dispersion in compare with potassium but sodium samples present a smaller amount of peaks
corresponding to the amount of chiralities present in the sample. Most of the assigned chiralities match with the
references. The ones that did not match,can be considered as a bad assignment. This cases are observed when the
frequencies show a high difference from the theoretical data or should not be present because that chirality is not
resonant at the laser used to excite the nanotubes. This anomalies can be caused by several reasons like the interaction
of the substrate with the nanotubes, remaining solvent present or charge remaining among the tubes. This charged
tubes will produce a shift of the RBM frequency and therefore a miss assignment. Based on the results, it can be
concluded that a successful preferential separation process has been obtained. Further studies needs to be conducted
to improve the assignment of the RBMs such as a resonant Raman analysis n order to determine the transition
energies and has an accurate value of A and B. As well, further experiments can be performed under a different
solvent or intercalation metal. From this separation, dispersed samples can be subjected to a sorting procedure like

gel chromatography in order to classify the nanotubes upon their chirality.
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