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Resumen

Los nanotubos de carbono de pared simple (SWCNTs, por sus siglas en inglés) son de gran
interés para aplicaciones en futuros productos electrónicos basados en nanomateriales. Las
propiedades intrínsecas de los SWCNTs los convierten en candidatos potenciales para aplica-
ciones particulares como transistores, dispositivos de detección, dispositivos cuánticos de alta
densidad, entre otros productos electrónicos innovadores y tecnológicos.

Actualmente, existen varias formas de separar los SWCNTs. Las técnicas habituales para la
caracterización de SWCNTs incluyen la espectroscopía Raman, la microscopía de fuerza atómica
y la microscopía electrónica de barrido. La combinación de estas técnicas permite identificar el
tipo de SWCNT (dando una idea de sus propiedades físicas y electrónicas) y si se mantienen
como fueron sintetizados o efectivamente fueron dispersados e individualizados.

En este proyecto de investigación, se obtendrán SWCNTs individualizados a partir de un
proceso de exfoliación química que incluye su intercalación con sodio y potasio dispersos en un
disolvente seco (dimetilformamida). Aunque el tema principal de este proyecto de investigación
fue un nuevo método para desenredar, exfoliar e individualizar SWCNTs, se obtuvo un resultado
diferente e interesante: la formación de mallas. Este trabajo podría contribuir al análisis de
nanomateriales, caracterización y síntesis de la dispersión de SWCNTs.

Palabras clave: exfoliació, nanomateriales, RBMs, dispersi, GIC



Abstract

Single walled carbon nanotubes (SWCNTs) are of tremendous interest for applications in
future nanomaterials-based electronics. The intrinsic properties of SWCNTs make them po-
tential candidates for particular applications such as transistors, sensing devices, high density
quantum devices, among other innovative and technological outstanding electronics. Currently,
there exist several ways to separate SWCNTs. The usual techniques for SWCNT characteriza-
tion are Raman spectroscopy, atomic force microscopy and scanning electron microscopy. The
combination of these techniques allows to identify the type of SWCNT (giving a insight to their
physical and electronic properties) and if they had remained as-synthesized or effectively well
dispersed and individualized. In this research project, individualized SWCNTs will be obtained
from a chemical exfoliation process that includes their intercalation with sodium and potassium
dispersed in a dried optimal solvent (dimethylformamide). Although the main subject of this
research project was a new method for the disentanglement, exfoliation and individualization of
the SWCNT, a different and interesting result was obtained: the formation of meshes. This work
might contribute to nanomaterials analysis-characterization and synthesis of enriched SWCNTs
dispersion.

Keywords: exfoliation, nanomaterials, RBMs, dispersion, GIC
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Chapter 1

Introduction

Alice had no idea what Latitude was, or Longitude
either, but thought they were nice grand words to
say.

Lewis Carroll

A lot of research has been done around carbon based-material. What is so interesting about
carbon materials?, and specially, about single walled carbon nanotubes? For the purpose of some
application, will it matter to have the nanotubes as bundles (as synthesized) or as individualize
nanotubes? What are the features that can be found when the characterization takes place? The
following research thesis project aims to describe and characterize single wall carbon nanotubes
that pretend to be individualized via a chemical exfoliation technique. This exfoliation procedure
involves the synthesis of intercalation compounds with alkali metals, and their very good disper-
sion in an organic solvent. There will be some features in the results from the characterization
techniques implemented to conclude if the bundles of SWCNTs were individualized.

The questions from the first paragraph will be answered through this work, general concepts
and the background of the topics-related will be introduced in this first chapter, and the issues
behind the exfoliation of SWCNTs and current methods to resolve it. In the second chapter,
the motivation will state the purpose that encourages this research and why it is an important
topic. The third chapter will describe the methodology implemented, the fundamentals of the
techniques used for the synthesis and characterization. The next chapter will present the results
obtained and the corresponding discussion of whether or not the nanotube individualization was

1



2 1.1. THE CARBON BASED MATERIAL: SWCNTS

achieved. Finally, the conclusions will summarize and arrive to the final statements about this
research project.

1.1 The carbon based material: SWCNTs

A carbon atom has four valence electrons in the 2s, 2px, 2py and 2pz orbitals as shown in Fi-
gure 1.1 therefore the possibility of forming four bonds with another appropriate atom. Accor-
ding to the molecular orbital theory, a carbon atom forms three sp2 hybridized orbitals when
binding with another carbon atom, three of those bonds are σ bonds, leaving the 2pz orbital
perpendicular to the others and forming a π bond1.

2s 2px 2py 2pz

2
sp  orbitals

C

pi

Figure 1.1: Orbitals of a Carbon atom.The sp2 hybridization and π orbital.

Allotropes are different structural modifications of a chemical element2 in the same physical
state. Carbon allotropes are structures of a mixture of sp2 and sp3 carbon atoms of hexagonal
nature3. Among the carbon allotropes are graphite, diamond, fullerenes and amorphous carbon
yield carbon nanotubes among others.
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Ch

(7,2)

na1

ma2

a2

a1

Zigzag

Armchair

T

θ

Armchair

Chiral

Figure 1.2: Representation of a SWCNT (7,2) constructed with its chiral vector and angle. The
SWCNT was generated using the Wolfram Demonstration Projects "Carbon Nanotubes"4.

Carbon nanotubes are a 1D nanomaterial that can be thought of as a graphene layer rolled
up5 as represented in Figure 1.2. Then there is the possibility of having a variety of carbon
nanotubes: Multi-walled carbon nanotubes (MWCNTs), or just a single walled carbon nanotubes
(SWCNTs). SWCNTs were first observed in 1993 via scanning electron microscopy, forming
bundles and occasionally isolated nanotubes could also be observed.6 Since then, a lot of research
and experiments to separate these carbon nanotubes has been done (more than 200 papers)7 until
2010. A SWCNT can be defined by its chiral vector Ch in Equation 1.1 and a theta angle (θ) in
Equation 1.2.

Ch = na1 + ma2 (1.1)
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θ = arctan
 √3m
(m + 2n)

 (1.2)

Actually, the indices n and m describe the nanotube, as they refer to the number of unit vectors
in the a1 and a2 direction in the honeycomb lattice containing Ch. Also, depending on the angle
between the chiral vector and the a1 direction, it is possible to have armchair, zigzag or chiral
nanotubes as shown in Figure 1.3. The Table 1.1 summarizes the types of nanotubes according
to n and m with their possible values of (θ). Then, in Figure 1.2, Ch defines a chiral SWCNT
with n=7 and m=2. In this figure the vector T indicates the tube axis.

a)

b)

c)

Figure 1.3: SWCNTs representations for a) zigzag nanotube (5,0), b) armchair nanotube (5,5),
chiral nanotube (7,2). The SWCNT was generated using the Wolfram Demonstration Projects
"Carbon Nanotubes"4.

Nanotube Chiral vector n,m indices
Zigzag 0° (n,0)

Armchair 30° (n,n)
Chiral 0 <θ<30° (n,m), m , 0

Table 1.1: Nanotube type according to n and m.

A carbon nanotube is also defined by its diameter with the relation between the nanotube’s
diameter and the n, m indices as Equation 1.3 indicates.
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dt =
Ch

π
=

√
3aC−C

√
m2 + mn + n2

π
, (1.3)

where aC−C is the nearest neighbour distance between two carbon atoms in the lattice, 1.421 Å8.
Typically, the diameter of a SWCNT is between 0.4 and 3 nm9.

The (n,m) indices also determine the electronic response of the nanotube e.g. metallic or
semiconducting. This has been predicted by electronic-band structure tight binding calcula-
tions10. If (2n + m)/3 is an integer the tubes are metallic, and otherwise semiconductin11. This
also implies that armchair nanotubes are always metallic while zigzag can be either metallic or
semiconducting9.

1.2 Properties of SWCNTs

The properties of nanotubes will depend on the type of nanotube, according to its (n,m) values.
Experimentally, the physical properties of nanotubes are measured considering their diameter
distribution. These properties are remarkable because of the efficiency and potential that their
implementations considering nano-applications12. For instance, by combining their tensil pro-
perties as well as the electronic properties, nanotubes become candidates as molecular electronics
components13.

1.2.1 Mechanical properties

Among the mechanical properties that are exhibited when forces are applied to a material are ten-
sile strength, elongation, hardness, modulus of elasticity (Young’s modulus) and fatigue limit14.
All these features are tremendously well exhibited for carbon nanotubes because of the inter-
atomic forces and the spatial arrangement of the carbon atoms15.

For the case of carbon nanotubes, the measurement of mechanical properties involves the
use of the atomic force microscopy to measure the mechanical properties since the frequency
modulation-atomic force microscope allows the measurement of conservative and non-conservative
forces16.

The Young’s modulus is a measure of the stiffness of a solid material17. It tells about the
ability of the material to return to the original length after applying tension or compression. For
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the case of carbon nanotubes, the Young’s modulus can be obtained experimentally by measu-
ring thermal vibrations using TEM18, this study has shown that the modulus increases when the
nanotube’s diameter decreases. Other methods involve the use of the atomic force microscopy
to measure the mechanical properties since the frequency modulation-atomic force microscope
allowed the measurement of conservative and non-conservative force16. Theoretically, with mo-
lecular dynamics approaches, non-orthogonal tight binding model and electronic energy-band
theory, the Young’s modulus is predicted to be 5.3 TPa in average19,20 which is 3.98 times higher
than for diamond21.

1.2.2 Optical and electronic properties

The density of states (DOS) is a mathematical function that describes the number of states at a
particular energy range that electrons are allowed to occupy22. With this concept it is possible to
describe the electronic structure calculations of a material23, that is, the allowed energies that the
electron can have which are given as a function of the K-points from the first Brillouin zone of the
reciprocal lattice24. The optical properties of any material are governed by electronic interband
transitions25, as well as the electrical and electronic properties.

The DOS of suspended graphene is known for being zero at the Fermi level and its energy
dispersion has six k points at the corners of the Brillouin zone (the valence π and conduction
band π* show degeneracy at those points), then the conduction and valence band meet and makes
graphene a semiconductor with zero bandgap only on those points. The presence of a Dirac cone
at each K-point is shown in Figure 1.4
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K′
K

Figure 1.4: Zone folding axis method applied to graphene to obtain the DOS of SWCNTs.

The DOS of graphene has to be explained so that the DOS of SWCNT can be introduced.
By setting some boundary conditions for SWCNT i.e. the cylindrical form of a graphene, the
1D band energy corresponding to SWCNTs can be obtained by cutting a cross section on that of
graphene (the zone folding axis method)26 as represented in Figure 1.4. Those cuts will be diffe-
rent depending on the diameter and chirality of the nanotube i.e. (n,m) indexes; semiconducting
nanotubes with a diameter between 0.8 and 3 nm will have a bandgap of 0.2-0.9 eV, armchair
nanotubes (n,n) will always be metallic26.
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Figure 1.5: Representation of the DOS of a a) semiconducting and b) metallic SWCNT. The
optical transitions between the Van Hove singularities are also indicated.

As can be seen in Figure 1.5, the DOS related to this one dimensional material is not smooth.
It increases and then decreases forming "spikes". These critical points are the Van Hove singu-
larities (VHS) and are important for the optical absorption of the nanotubes as will be discussed
later. Van Hove singularities which are present in one dimensional crystals at energies that are
associated to a minima or maxima of energy27. In other words, for 1D materials, the DOS di-
verges as the inverse of the square root of the energy 1/

√
E(k) close to band extrema. From

dispersion relations one could analytically derive the position of the VHS28.
Figure 1.5 also shows the optical transitions for a metallic and semiconducting carbon nanotu-

be. The symmetric transitions between those singularities from the valence band to singularities
in the conduction band are the only ones permitted29. Optical transitions are established in the
so called Kataura plot. A Kataura plot contains all the allowed electronic transitions with respect
to the SWCNT diamter30.
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1.3 Synthesis of SWCNTs

The typical methods for which one can synthesize SWCNT include arc discharge, laser ablation
method, chemical vapor deposition31 that can be either CoMoCAT® or high pressure carbon
monoxide (HiPco®).

The arch discharge method uses two graphite electrodes that are placed in a space fill with
an inert gas. The graphite anode contains a metal catalyst (like iron or cobalt) and powdered
carbon precursor to synthesize SWCNTs in the form of soot. This method uses the electrical
breakdown of a gas (arc discharge) to generate plasma which at high temperatures sublimes the
carbon precursor. The carbon vapour drifts to the cathode where it cools down. The cathode is
the deposit of the nanotubes32. In the laser ablation method there is a graphite target that just like
in the arch discharge method, also contains the metal catalyst (usually cobalt or niquel)9. The
vaporization of the material from this solid target is achieved thanks to laser pulses that heat the
graphite that is placed in a argon atmosphere33. A plasma plume is formed and then cools during
its expansion. At this moment, carbon and catalyst metal atoms condense into larger structures34.

cooling water

cold CO
Fe(CO)5

hot CO

Figure 1.6: CO flow-tube reactor for high pressure carbon monoxide method. This scheme shows
the water-cooled injector. Image adapted from Nikolaev et al.35

The high pressure carbon monoxide (HiPco®) method consists on having carbon monoxide at
temperatures of 800 -1000 °C and pressures of 1–10 atm, as the raw material and iron pentacar-
bonyl (Fe(CO)5) as the catalyst precursor in a continuous flow gas35. The precursor decomposes
and leads to the formation of metal particle clusters. Then the nucleation process takes place
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and finally the growing of the carbon nanotubes. Solid carbon is produced by carbon monoxide
disproportionation35, hot and cold carbon are in the turbulent flow regime (Figure 1.6). In the
last years, other sophisticated methods are being evolved36. It is expected that depending on the
method used, one can end up with a preferred type of pure carbon nanotubes (enriched SWCNT).
For this research project, SWCNT HiPco® enriched 99 percent with small diameters37 will be
used.

1.4 Bundles in SWCNTs and their dispersion

The synthesis of SWCNTs results in an entanglement of nanotubes which leads to bundle forma-
tion38. Van der Waals forces describe the attraction with induced or permanent dipole moments.
Van der Waals interactions are present between the nearest nanotube neighbours. They dominate
the system and make the nanotubes parallel every time is possible so that crystalline ropes are
formed39.

The debundling and dispersion of SWCNTs is important since their properties are expressed
when they are individually dispersed40. There are basically two approaches to disperse the carbon
nanotubes: mechanically and chemically.
The mechanical approach includes for instance sonication, or ultrasonication and their derivatives
(bath, tip, probe etc.) Ultrasonication is used for homogenization, deagglomeration of liquids.
The working principle consists on producing sound waves that are transmitted in the solution to
create high and low pressure cycles that will depend on the frequency applied. The generated
shear forces are sufficiently enough to overcome the Van der Waals interactions between the
carbon nanotubes40.
The chemical approach alters the surface energy of the solids in a covalent and non-covalent
manner41. Covalent modification induces defects in the walls of the carbon nanotubes42. On
the other hand, non-covalent stabilization is supposed to maintain the properties of the SWCNTs
dispersions43, this includes the dispersion of the nanotubes in surfactants44, polymers and organic
solvents45.
The chemistry of the nanotubes allows them to be dispersed in solvents and polymer solutions
like polyacrylonitrile (PAN) and dimethyl sulfoxide (DMSO), N,N-dimethylacetamide (DMAc),
N-dimethylformamide (DMF)45. The dispersion in this last solvent has been reported before46.
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DMF is a very polar solvent with the chemical formula (CH3)2NCOH, its Lewis structure is
represented in Figure 1.7 for the molecule. The National Institute of Standards and Techono-
logy (NIST) suggests the use of N-dimethylformamide (DMF) as the solvent for the SWCNTs
dispersion.

Figure 1.7: It has three single covalent bonds represented by one line, a double bond represented
by two lines. The pair of dots represents a pair of unshared electrons.

For the bundles to be untangled and well dispersed in a solvent, they have to overcome the
cohesive energy, that is, the energy required to break joint atoms47. Solvents like water need the
addition of a surfactant for the total dispersion.

Surfactants are amphiphilic molecules which means that they have a polar head (hidrophilic)
and a non polar tail (hydrophobic). There exist different types depending on the charge of the
head and tail, for example: cationic (CTAB), anionic (SDBS, SDS), nonionic and zwitterionic.
As mentioned before, the surfactant is adsorbed, which means that the atoms of the surfactant
will adhere to the surface of the nanotubes. The self-accumulation into supramolecular structures
is also an important feature of surfactants. For instance, the driving force between an ionic
surfactant and a charged nanotube will be the Coulombic attraction41.
But, the removal of the surfactant might be necessary if one would like to study the intrinsic
properties of the nanotube or use the nanotubes for an specific application48.
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1.5 Graphite Intercalation Compounds

Graphite intercalation compounds (GICs) are complex materials that are formed by placing hete-
roatoms or molecules of a different chemical species between the layers of carbon49. In GICs, the
intercalant species donate electrons or accept electrons from the graphite layers.50. Some of the
intercalation methods include the two-zone vapour transport technique, the liquid intercalation
method, the electrochemical method and cointercalation technique50.

GICs can have different stages depending on the number of carbon layers between nearest
intercalant layers51. GIC stage I will refer as one graphene layer that is covered by adjacent
intercalant layers as in Figure 1.8 a). Similarly, stage II indicates that two graphene layers are
covered by adjacent intercalant layers as in Figure 1.8 b).

a) b)

Intercalant
Carbon layer

Figure 1.8: Schematic illustration of GIC a) stage I and b) stage II.

By means of heating, exfoliation of GICs can occur52. The exfoliation of GICs can lead to
flexible graphite53, sheets of graphene oxide by exposure of water vapour54. Also, by involving
chemical treatments of thermal exfoliation it is possible to reduce graphite oxide55. Figure 1.9
represents a typical process for an exfoliation process from GIC.

Intercalation Exfoliation

Figure 1.9: Exfoliation process starting from GIC.



Chapter 2

Motivation

If you don’t know where you are going any road
can take you there.

Lewis Carroll

The large scale production of the nanotubes include having impurities which will interfere
with the desirable/expected properties56, so a process of purification is required. But also, in
order to facilitate the manipulation of SWCNTs for their chemical and physical characterization,
the correct solubility of the carbon nanotubes in an aqueous media is required57. By individua-
lizing the SWCNTs, it is possible to take advantage of their intrinsic properties. The current
SWCNTs individualization techniques include processes that tend to damage the structure of the
carbon nanotube. e.g. long centrifugation time.

In the same manner that it is possible to obtain graphene oxide from the exfoliation of GICs55,
a chemical exfoliation consisting on GICs with the SWCNTs will be intended. For this case, two
alkali metals will be the electron donors: potassium and sodium. These two will be interca-
lated within the bundles of the SWCNT. The intercalation compounds with SWCNTs has been
successfully done before with potassium, caesium, rubidium and iodine58–61.Coulomb explosion
has already been tested for the individualization of SWCNTs form their bundles62. It is expected
that a Coulombic repulsion is achieved since the nanotubes will be negatively charged (as they
will become electron acceptors). This way the carbon nanotubes can separate until their indivi-
dualization. On the other hand, the use of surfactants allows the functionalization of the sidewalls
of the nanotubes and then it is hard to remove the surfactant from the nanotube. The decision

13
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to use DMF (organic solvent) instead of any surfactant lies mainly in two reasons. First, this
organic solvent has been tested before in previous research giving successful results (in terms
of dispersion). Second, some polymers interact more than the particles of a surfactant, so the
solubility increases.

In this research project it is propose the characterization of individualized HiPco® SWCNTs
looking to preserve their pristine properties by cooling, a simple chemical method that consists on
a charge transfer donor mechanism from an alkali metal dispersion in an organic solvent followed
by a sonication process. The characterization techniques can help to understand the results form
the exfoliation and dispersion. Also, it will be possible to make a quantitative analysis on the
type of nanotubes that resulted, specially according to the RBM frequency analysis of Raman
spectra.



Chapter 3

Methodology

If I had a world of my own, everything would be
nonsense. Nothing would be what it is, because
everything would be what it isn’t. And contrary
wise, what is, it wouldn’t be. And what it wouldn’t
be, it would. You see?

Lewis Carroll

3.1 Synthesis

3.1.1 Intercalation compounds

The Unidym HiPco® SWCNT were purchased for the experiment. They passed through a drying
process (heat at constant temperature) to remove most of water molecules as possible. This was
necessary because they were about to be intercalated with high reactive alkali metals and the
conditions in the glove box needed to remain with 0.1 ppm of oxygen and 0.1 ppm of water.

15
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1. Purchased 

    HiPco  SWCNTs
® Dry by heating

2. Alkali metal Intercalation
compounds

Dry HiPco  SWCNTs
®

+K

+K

+K

+K

+K

+K

+K

+K

+K

+

Figure 3.1: Diagram for the intercalation compounds synthesis

The intercalation compounds were synthesized in the glove box. Figure 3.1 shows a flux
diagram of the synthesis process. The alkali metals and the SWCNT were accurately weighed to
ensure the proportions according to the intercalation compound stage. The resulting intercalation
compounds were the first stage alkali metal donor compounds KC8 and NaC8, and the second
stage alkali metal donor compound KC24. In order to complete the exfoliation, the samples were
always at a constant temperature of 200 °C.

3.1.2 Dispersion in the solvent

The dispersion of the GICs were done in a very dry DMF solvent that was previously freeze
pumped and distillate. Also, molecular sieves were added. For each 0.1 milligram of the interca-
lation compound, 1 millilitre of the solvent was added. Notice that the density of DMF is 0.944
g/ml. In order to achieve an uniform dispersion, tip sonication at five revolutions per minute was
performed during five minutes.

3.2 Scanning Electron Microscopy

SEM is a frequently used characterization technique. A 3D like-image of the surfaces of organic
and inorganic nanometric to micrometric scale can be obtained63.

Goldstein et al. expand on the theory behind the SEM, the instrumentation used and the
mechanism to generate the image63. Basically, a SEM system includes a lens system, the source
of electrons and its collector, the visual and recording cathode ray tubes and the electronics
associated that allows to communicate all the system. The principle behind this technique is the
interaction between a beam of electrons and the surface of the sample. That beam of electrons
is generated thanks to a process called thermionic emission in which the electrons overcome the
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work function and are ejected from a cathode (e.g. tungsten filament). A grid cap is enveloping
the filament an acting as a negative bias with respect to the cathode, that in combination with
the acceleration of electrons to the anode (electric field as gun configuration) finally causes the
electrons to converge to a crossover point. Condenser and objective lenses are also placed to
demagnify the electron image at the crossover and obtain the final electron probe. Electron
magnetic lenses are also used to focus the electron beam because of the electromagnetic field of
the lens on the moving electrons(Figure 3.2). The column needs to be in high vacuum such that
no air molecules interfere with the electron probe and they can finally arrive to the sample.

field emission gun

condenser lens

objective lens

objective aperture

secondary 
electron detector

secondary
electrons

sample

Figure 3.2: SEM scheme showing the main elements.

As a result of the initial voltage and consequently the heating of the filament, there is a
current density which is a combination, with other parameters that determines the brightness for
the formation of the final image. Parameters such as the applied voltage, aperture size, current,
no defects in lenses, correct sample preparation will yield to a good resolution in the final image.
The interaction between the electron probe and the sample result in secondary, backscattered
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electrons and characteristic x-ray lines and other. They can be recorded depending on the selected
detector. If one wants to get information about the morphology of the sample, the detector
selected should be that of the secondary electrons since those electrons are generated from the
collisions between the incoming electrons and loosely bonded outer electrons of the sample. The
SEM images presented in this research were obtained with FEI-HELIOS NanoLab 600i FIB
equipment with 10 kV as the applied voltage.

3.3 Atomic Force Microscopy

Scanning probe microscopy (SPM) covers the imaging and measurement of surfaces at molecular
and atomic levels64 on nanometer length scales65. Scanning electron microscopy (STM) and
atomic force microscopy (AFM) cover precisely this field. STM was first invented in 1981
and it works on the principle of quantum tunnelling so that only conducting or semiconducting
surfaces can be studied. Later on, in 1986 the AFM gave the possibility of working with any
kind of sample (including insulators).

"AFM combines force measurement with high spatial resolution."66 The parts involved in
this technique are a sharp conductive or tip with often less than 100 Å in diameter and 2 µm in
length, a cantilever, a laser beam, a detector (photodiode) and a piezoelectric stage. The force
between the tip and the surface of the material make the cantilever deflect as well as the laser
beam pointing towards the tip as indicated in Figure 3.3. The surface is scanned by the tip thanks
to a piezoelectric that expands and contracts proportionally to an applied voltage and uses a
feedback loop to readjust parameter and finally get an image of the surface. That information is
received by a photodiode that later on will translate the signal into a e.g. topographic image. The
principle relies on recording electrostatic, magnetic forces and interatomic interaction between
the tip and the surface of the sample.67

The AFM uses a cantilever with a spring constant which is weaker than the equivalent spring
between atoms. This way, the tip can "image" conducting and non conducting samples at atomic
resolution67. This statement is in accordance with Hook’s law (Equation 3.1) where k is the
cantilever and ∆z is position of the cantilever from its equilibrium position68.

F = k∆z (3.1)
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Figure 3.3: AFM scheme showing the main parts.

AFM measurement has a series of modes including tapping, contact and non-contact mode.
The contact mode is when the tip is touching the surface and the repulsive forces are measured.
Here, the deflection of the cantilever is kept constant. The image is the result of the movement
of the piezoelectric stage.

There is a contact and a non-contact mode. The contact mode is when the interaction between
the tip and the sample is dominated by short range interatomic forces. On the other hand, the
contact mode is when those interactions are dominated by longer range forces (e.g. magnetic,
electrostatic and attractive van der Waals forces) that are appreciable when the tip is moved away
by 10-100 nm.

For the AFM measurements, the sample was placed in a silicon dioxide wafer. The AFM
images were obtained with a Bruker ICON Cover Assy REVC Dimension equipment.

3.4 Raman Spectroscopy

Spectroscopy is the study of the interaction of electromagnetic waves with matter.69 An incoming
light source with }ωS is absorbed by the sample and then a light with energy }ωL is emitted, this
is known as light scattering.70 The different types of light scattering includes Rayleigh, Stokes
and anti Stokes scattering as shown in Figure 3.4. But only for the last two, the scattering is
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said to be inelastic ωS , ωL and are part of Raman scattering. Stokes and anti Stokes inelastic
scattering are two-photon events involving the simultaneous annihilation of the incident photon
and the creation of a scattered photon71.

 ħωL

 ħω < ħωL S

 Stokes
 Raman Scattering

Anti Stokes 
Raman Scattering

 Rayleigh Scattering

 ħωL> ħωS

 ħωL= ħωS

Figure 3.4: Scheme for the scattering of light including Rayleigh, Stokes and Anti-Stokes sca-
ttering.

In 1928, it was the Indian physicist V.C. Raman who discovered and described the phenomena
called after his name72. He and his collegue K.S. Krishnan referred to Raman scattering as a "new
type of radiation". Stokes Raman scattering is when the incident photons have less energy than
the frequency due to the interaction of the radiation with the molecule which results in a upward
transition. On the other hand, anti Stokes Raman scattering results in a downward transition73

where the incident photons has more energy than the scattered ones. This is represented in
Figure 3.4.

The first-order Raman scattering involves a single quantum of excitation in the medium74

known as phonon. There are some selection rules for a Raman process to take place, this in-
cludes energy and momentum conservation, crystal and excitations symmetries. Considering the
incoming monochromatic light with frequency ωL and propagation vector kL, after the inelastic
process with scattering frequency ω and propagation vector k, the outcoming scattered light
will have the frequency ωS and propagation vector kS . Then, Equation 3.2 follows the first
law of thermodynamics: energy conservation. And it follows the same for the wave vector
(Equation 3.3).
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ωL = ωS + ω, (3.2)

kL = kS + k , (3.3)

A crystal with perfect translation symmetry has its crystal momentum q to label the elemen-
tary excitations, and also momentum conservation. The elementary excitations can be repre-
sented by a dispersion relation in which a value of ωq belongs to each value of q22. When a
single elementary excitation is involved (first-order scattering process), the scattering wave vec-
tor is equal to the wave vector of the excitation (k = q) and similarly occurs with the frequency
ω, ω = ωq. For higher-order scattering processes, the sum of two or more frequencies of ele-
mentary excitations is ω and the total wave vector is q. In this context, the concept of elementary
excitation refers to phonons. In the same way that photons are the unit energy of electromagnetic
waves, phonons are the unit of vibrational energy that emerges from oscillating atoms within a
crystal.

Now, Equation 3.2 becomes Equation 3.4 and Equation 3.3 turns into Equation 3.5. Fi-
gure 3.5 shows a scheme for the momentum conservation for Raman scattering.

ωL = ωS + ωq, (3.4)

kL = kS + q, (3.5)

k ,ωL L

q,ω

k ,ωS S

θ 

Figure 3.5: Momentum conservation in an inelastic scattering process according to Equations 3.4
and 3.5.
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3.4.1 The Raman spectrometer

Although the first Raman equipment used a beam of the sunlight as the source of radiation (with
the help of a telescope objective)72, later if a more intense light source was needed and the
implementation of lasers was introduced to modern Raman spectrometers. The Raman spectro-
meter consists basically of three parts, the laser source, a spectrometer as the detector and a set
of mirrors and filters to focus and collect the light. As indicated in Figure 3.6, the incoming light
represented with red color line, travels through a band pass filter to pass only the laser line and a
dichroic mirror (Rayleigh filter). Later on, the light (that has been focused and -red) is reflected
by a mirror and enters to a system of lenses (optic microscope) to be scattered by the sample.
The optics in the microscope will collect the scattered light and go directly to a focusing mirror
and a long pass filter to the grating through which it is dispersed. The dispersed light is finally
focused onto the detector. The shift in frequency of the scattered light in comparison with the
initial frequency is measured with a Raman spectrometer75. Each ωS is a frequency that belongs
to an internal transition (electronic, vibrational, or rotational) of the constituent molecules76.
This is the reason why each Raman spectrum provides a "fingerprint" of a molecule/species and
is considered a useful technique to identify a material76.

band 
pass
 filter

Rayleigh filters

focusing
 mirror

optical
microscope

grating

focusing
 mirror

long pass filter

sample
Detector

Laser

Figure 3.6: Scheme of a simplified Raman spectrometer. The basic constituents are shown as
well as the path of the incoming light (orange) and scattered light (blue).
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3.4.2 Origin of the characteristic Raman modes for SWCNTs

Raman Spectroscopy is very popular for the characterization of carbon based nanomaterials. In
the case of SWCNTs the following modes are present: Radial breathing mode (RBM), D mode
(also known as the disorder-induced band77) at 1350 cm-1, G- and G+ line and finally the G’
mode at around 2700 cm-1.

The Raman scattering processes that give rise to the modes for graphene are summarized in
the Figure 3.7, and are similar to that of carbon nanotubes because of the theoretical description
of a carbon nanotube from a graphene layer. Because of a electron-phonon coupling interaction,
the G mode is originated78, as shown in Figure 3.7 a). The electron is scattered by a phonon.The
electron-hole pair recombines and emits a photon that is red shifted by the amount of energy
given to the phonon79. For SWCNTs, this mode splits into G- and G+ lines80.

q

EF

Γ

q

-d

K K′

q

K K′

-q
G mode

2D mode

D mode

a) b)

c) ħωL  ħωS

 ħωL  ħωS

 ħωL  ħωS

Figure 3.7: Scheme for the Raman scattering processes that give rise to the a) G b) 2D and c) D
mode of graphene.

RBM is a special feature of the SWCNTs. They correspond to the carbon atoms vibrations in
the radial direction81 as shown in Figure 3.8, and its frequency belongs to a specific diameter82.
The range in which the RBM occurs is between 150 and 300 cm-1 83.
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The origin of the D and 2D line is a double resonant process84,85. The 2D mode originates
from the in-plane breathing-like mode of the carbon ring. An electron-hole pair is created by an
incident photon near the K point. The electron is inelastically scattered by a phonon to the K’
point. Following the energy and momentum conservation, the electron must scatter back by a
second phonon to K before recombining with the hole. The 2D mode in graphene is commonly
used as G’ line for carbon nanotubes86. The origin of the D mode requires a defect for the
momentum conservation. The electron is inelastically scattered by an phonon to the K’ point and
then is elastically back-scattered to the K point by a defect87.
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Figure 3.8: Typical Raman spectrum of SWCNTs presenting the RBM peaks, G-, G+ and G’
lines. Inset is shown the like-breathing motion of a carbon nanotube.

The linewidths of the different Raman modes depend on the physical origin of the scattering
processes. For second Raman processes, the linewidths in sp2 carbon materials are broader
than for first order Raman G mode in graphite88. The lineshape of the G- line has been used
to identify whether the nanotubes are metallic or semiconducting. The presence of metallic
nanotubes makes a broader shape of the G- line in comparison with that of the semiconducting
nanotubes (which is more narrow); this broad shape for metallic nanotubes occurs because of
the the presence of free electrons89. The broader shape is very common for n-doped graphite
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intercalation compounds (GICs)90.
The Raman spectrometry characterization of the SWCNTs in this project was performed in

Horiba Scientific - LabRAM Aramis Raman spectrometer using a laser of 532 nm. The samples
were placed in a silicon dioxide wafer so that the characteristic peak for silicon at 520 cm-1 could
be observed, and the calibration of the spectrum can be perfectly done. Only the pristine powder:
HiPco® was placed in a carbon tape. It is very common to place powder samples on a carbon
tape which have a thick conductive adhesive, this helps to stick the powder sample and makes
possible the SEM imaging since it ensures also the conductivity that is required to obtain the
SEM imaging correctly.





Chapter 4

Results & Discussion

Every picture tells a story. Sometimes we don’t like
the ending. Sometimes we don’t understand it.

Lewis Carroll

As mentioned before in the introduction, the as-synthesized SWCNTs tend to aggregate into
bundles to decrease their surface energy91. In the SEM image (Figure 4.1) it is possible to
actually see the bundles. The length of SWCNTs has a size in order of microns. There is also
the presence of some carbon nanotubes ropes dangling from the bundles. The bundles are still
noticeable when they were dispersed in DMF as shown in the AFM image in Figure 4.2. The
contact AFM mode generated an image in which it is found a maximum height of 9.13 mm. The
most bright spots that correspond to higher height in the sample can be attributed to the presence
of big bundles like the ones that are seen in the SEM image (Figure 4.1). As more nanotubes
tangle to form a bundle, more height is expected.

27



28

500 nm

Figure 4.1: SEM image of the HiPco® SWCNTs in powder. The sample was placed on a carbon
tape.

9.13 mm

0.00 mm

Figure 4.2: AFM image of the HiPco® SWCNTs dispersed in DMF.
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Besides having AFM and SEM images to actually see the morphology of the HiPco®SWCNTs,
with the Raman spectrum shown in Figure 4.3 the presence of SWCNTs is undeniable because
the characteristics modes are present: RBM, D line, G- and G+ line and finally the G’ line. In the
RBM region highlighted in Figure 4.3 there are at least eight peaks present (at a certain RBM fre-
quency), this indicates the presence of at least eight types of nanotubes with different diameters
(therefore different chirality according to 1.3).
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Figure 4.3: Raman spectrum of the pristine HiPco® SWCNTs taken with a 532 nm excitation
laser. The characteristic peaks are present: RBM, D, G-, G+ and G’ lines.

The assignment of the RBMs frequency was done by comparing the experimental frequency
of the RBMs with that of the the tables presented by Maultzsch et al.92 even thought they su-
ggest that the assignment of the RBM frequencies cannot be done just by purely looking at their
frequency in the Raman spectrum. They mention that the effect of the solvent used to disperse
the nanotubes and the excitation energy of the laser changes the final outcome. Moreover, the
relationship between the diameter and the RBM frequency also varies with those parameters. For
the proper and accurately assignment, an experimental Kataura plot should be constructed with
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the data from a Resonance Raman Spectroscopy. The important point that will be discussed in
this analysis is the absence or appearance of RBMs depending on the experiments performed
(Figure 4.4). Table 4.1 indicates the assignment of the indices n and m according to the RBMs
frequency observed in the spectrum of the pristine sample (Figure 4.3) and compared with that in
Table I in reference92. The diameter of the nanotubes lies in the range of 8-12.9 Å which agrees
with the range of HiPco® SWCNTs (according to the specification sheet of the product).

RBM ω (cm-1) RBM ω reference92 (cm-1) Diameter (Å) n m
184.21 185 12.9 10 9
202.86 207 11.38 14 1
212.81 215 10.88 9 7
226.39 225 10.36 10 5
235.31 237 9.82 12 1
245.57 243 9.53 8 6
262.26 261 8.83 7 6
270.65 272 8.47 9 3

Table 4.1: Experimental RBM frequency and reference RBM frequency (ω) and the correspon-
ding assignment of diameter and (n,m) indices for pristine SWCNTs

The D line of the pristine material appears at around 1324.75 cm-1 while in literature the D
line for graphite is reported to appear at 1350 cm-1 93. It has been reported that for nanotubes,
the frequency of the D line is smaller than for that of graphite94. This mode is dispersive which
means that its frequency will change depending on the photon excitation energy93.

Typically, the G line has two components: G- at 1570 cm-1 and G+ at 1590 cm-1. Figure 4.3
show the G- line at around 1530.87 cm-1 and G+ line at around 1577.91 cm-1. The lineshape of
this G- band suggests the presence of semiconducting nanotubes since for metallic nanotubes,
the peak is broadened because of the presence of free electrons89. This is in agreement with the
nanotube assignment in Table 4.1 since six out of eight nanotubes resulted semiconducting.
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Intercalation compounds

Addition of DMF

Experiment 1 No tip sonication
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Experiment 3 + 5 minutes tip sonication
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Figure 4.4: Diagram flow describing the three experiments that were carried out.

Afterwards, the synthesis of the intercalation compounds took place as well as their disper-
sion in DMF. In total, three experiments were carried out. Figure 4.4 shows a diagram flow
indicating the processes that lead to the three experiments for this research project. The Expe-
riment 1 consisted only in adding DMF to the intercalation compounds (no tip sonication was
applied). As can be seen in Figure 4.6, the color of the sample turned black immediately after
the dispersion in the solvent. This suggests, at first glance, the strong affinity of the solvent with
the intercalation compounds. In Figure 4.6 a), from left to right, the NaC8, KC24, KC8 and the
SWCNTs in DMF go from black color to less dark and finally the sample that was not interca-
lated with alkali metal, the nanotubes powder is sedimented at the bottom. With this, it might
be correct to say that the intercalation compound have more solubility in DMF than HiPco®

SWCNTs in DMF.
Other studies have shown that the potassium atom is not expected to be inside the tube but in

the interstitial sites of bundles60,61, and occupying the triangle voids between three adjacent tubes,
and for K saturated, three potassium atoms per cavity58, as indicated in Figure 4.5. The charge
transfer of the alkali metals to the carbon nanotubes causes a repulsion between the nanotubes.
Therefore they repel from each other, causing a better dispersion of the nanotubes in the solvent.
The solubility increases for the intercalation compounds.
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nanotube
 axis

van der Waals
 radius

Figure 4.5: Model for the K atoms position in a SWCNTs bundle proposed by Duclaux et al.58.

The Experiment 2 consisted on making the tip sonication during five minutes at five revolu-
tions per minute to the samples of Experiment 1. The samples from Experiment 2 were taken
to the silicon dioxide wafer immediately for their respectively analysis. Finally, Experiment 3
consisted on making another tip sonication for another five minutes. The image shown in (Figure
4.6 b)). The samples were taken from the first two thirds of the vial to the silicon dioxide wafer.
From left to right, the vial containing NaC8, KC24, KC8 still looked stabilized (the black color
remained), and the SWCNTs in DMF is the only sample that looked sedimented. Again, it is
found more solubility due to the intercalation compounds.
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b)a)

Figure 4.6: Image of the intercalation compounds and pristine dispersed in DMF with a) no tip
sonication (Experiment 1) and b) after ten minutes of tip sonication and twenty four hours of rest
(Experiment 3).

The Raman spectrum of the samples from Experiment 1 is shown in Figure 4.7. By just
looking at the position of the D line, a sustainable shift of the frequency of this line is not detected
for the intercalation compounds. The D mode needs the presence of a defect for momentum
conservation. Having sodium or potassium as the intercalant and at any stage does no make a
difference for this mode. This is equivalent to saying that the disorder caused by the three sample
is the same.

The lineshape of the G- line from Experiment 1 is different from that of pristine SWCNTs; the
broadness of the peak indicates the presence of metallic behaviour even though the assignment
of RBMs frequencies in Table 4.2 indicates the presence of semiconducting nanotubes. But,
Pichler et al. showed that SWCNTs turn metallic because of the potassium intercalated bundles
of SWCNTs59.This might be the reason why the lineshape of the G- indicates metallic nanotubes.

The G’ line has a different shape for each intercalation compound even comparing them with
the pristine sample. Other Raman studies from graphene layers in GICs show a dependency of
the frequency of the 2D (G’) line with high stages of the intercalation compound (higher than
II), in which there is a downshift of the 2D (G’) line when the stage number of the intercalation
compound increases95. However, in this case for SWCNTs, the opposite is observed (Figure 4.7).
The intensity of the G’ line does increase for higher stage GIC (KC24).
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Figure 4.7: Raman spectra taken with a 532 nm excitation laser, showing the G-, G+ and G’ lines
of the GICs from Experiment 1.
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Figure 4.8: GICs from Experiment 1. a) Raman spectra taken with a 532 nm excitation laser of
the RBM region b) SEM image of KC24, c) SEM image of NaC8.
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RBM ω (cm-1) RBM ω reference92 (cm-1) Diameter (Å) n m
228.51 229 10.18 13 0
238.58 237 9.82 12 1
273.83 272 8.47 9 3
301.71 302 7.55 7 4

Table 4.2: Experimental RBM frequency and reference RBM frequency (ω) with the correspon-
ding assignment of diameter and (n,m) indices from Experiment 1.
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Figure 4.9: GICs from Experiment 2. a) Raman spectra taken with a 532 nm excitation laser of
the RBM region, b) SEM image of KC24, c) SEM image of NaC8.
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RBM ω (cm-1) RBM ω reference92 (cm-1) Diameter (Å) n m
186.98 185 12.9 10 9
198.29 199 11.85 12 5
218.62 215 10.88 9 7
229.95 229 10.18 13 0
238.94 237 9.82 12 1
261.33 261 8.83 7 6
272.57 272 8.47 9 3
292.36 292 7.85 10 0

Table 4.3: Experimental RBM frequency and reference RBM frequency (ω) with the correspon-
ding assignment of diameter and (n,m) indices from Experiment 2.

Experiment 2 shows more chiralities according to the Raman spectra (there are more peaks
present) in Figure 4.9 a) in comparison with the spectra from Experiment 1 (Figure 4.8 a)). The
corresponding SEM images also support this statement. The SEM images presented in Figure 4.8
b) and c) when comparing with Figure 4.9 b) and c) one can notice the effect of the dispersion
due to the sonication. While in Experiment 1 a bole of nanotubes is present (with some nanotube
ropes coming out that bole), in Experiment 2 meshes have been formed for both KC24 and NaC8.

The KC24 and NaC8 from Experiment 2 were placed in a TEM gold grid for the SEM mea-
surement. Figure 4.9 b) corresponds to the SEM image of KC24, here the mesh is more homoge-
neously dispersed that in NaC8 (Figure 4.9 c).The sonication process does help to the dispersion
and it is better for high stage GIC.
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Figure 4.10: Raman spectra taken with a 532 nm excitation laser of the RBM region of GICs
from Experiment 3.

RBM ω (cm-1) RBM ω reference92 (cm-1) Diameter (Å) n m
172.84 176 13.57 10 10
186.78 185 12.9 10 0
193.71 192 12.31 11 7
217.54 215 10.88 9 7
229.68 229 10.18 13 0
239.39 237 9.82 12 1
245.41 243 9.53 8 6
263.13 264 8.72 10 2
274.1 272 8.47 9 3

301.53 302 7.55 7 4

Table 4.4: RBM experimental and reference RBM frequency (ω) and the corresponding assign-
ment of diameter and (n,m) indexes for Experiment 3.
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From the RBM in the pristine sample (Figure 4.3), only the chiralities (12,1) and (9,3) are
present in the Raman spectra related to Experiment 1 (Figure 4.8 a)), chiralities (10,9), (9,7),
(12,1), (7,6), (7,6), (9,3) from Experiment 2 (Figure 4.9 a)), and chiralities (10,9), (12,1) and
(9,3) from Experiment 3 (Figure 4.10). All of these nanotubes are present for all the intercalation
compounds. The fact that some chiralities from the pristine sample are no longer present can be
attributed to the dispersion of the intercalation compounds in the solvent. The dispersion of the
nanotubes can give rise to Raman signal from other nanotubes that could not be noticed when
they were within the bundles (that contain different types of nanotubes).

All the corresponding chiralities are assigned in Tables 4.1, 4.2, 4.3 and 4.4. The correspon-
ding diameters are also assigned. In general, HiPco® SWCNTs have a diameter in the range of
8-12 nm, and the nanotubes assigned are in this range.

More nanotubes with different chiralities are present in experiment 3. Although the samples
were kept at rest and still the Raman give a sign of dispersion but for NaC8, the RBMs in the
range 150 to 275 cm-1 are not well pronounced. Perhaps the intercalation with K was more
efficient than with Na even though they belong to the same family in the periodic table (therefore
they have similar properties). They do differ in the size of the ionic radii. Na+ has 0.102 nm of
ionic radii while K+ has 0.138 nm. This might suggest that because the radii of K is bigger, the
separation between nanotubes increases.



Chapter 5

Conclusions & Outlook

Begin at the beginning, "the King said, very
gravely" and go on till you come to the end: then
stop.

Lewis Carroll

The goal of this research project was the individualization of SWCNTs from the pistine pow-
der sample. However, after the characterization techniques of the samples with SEM, AFM and
Raman spectroscopy, the corresponding analysis did not show the individualization. However, a
different and interesting result was obtained: the formation of meshes in Experiment 2.

When the solvent was just added to the GICs (Experiment 1), the optical image of the samples
reveal already a good dispersion and the SEM image still showed a ball of tangled nanotubes with
some filaments coming out of the ball.

In Experiment 2, the sonication process allowed a better dispersion of the SWCNTs in the
solvent, leading to the formation of an uniform mesh for KC24 and meshes with larger gaps and
not that homogenous for NaC8 as the SEM images indicates.

The Raman spectrum of the RBM region from Experiment 3 shows no well defined peaks,
probably the five more minutes of sonication caused a structural modification in the system.

Nanotubes with different chiralities were present in the three experiments. The assignment
of the RBMs frequencies was done with the tables presented in reference92. However, a proper
assignment should be done with Resonance Raman Spectroscopy and the corresponding Kataura
plot (which indicates the type of nanotube in resonance with the incident laser energy). The
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dispersion of the intercalation compounds also contribute the appearance of nanotubes that were
not detected in the pristine sample. As the nanotubes are now "spread" in the solvent (and not as
powder), the chance of getting a Raman signal from different nanotubes is possible. The samples
with no dispersion (Experiment 1) presented only four chiralities, Experiment 2 presented eight
and Experiment 3 showed ten chiralities. It is also important to point out that the majority of the
nanotubes assigned according to the RBM frequency are semiconducting. But, the lineshape of
the G- of Experiment 1 suggests a metallic behaviour because of the intercalation with the alkali
metals.

Although there exist many attempts to achieve the individualization of SWCNT96,97, the one
that is proposed in this research project is different for the following reasons:

1. The elaboration of the intercalation compounds of first (NaC8 and KC8) and second stage
(KC24. With this, Coulombic repulsion of the negatively charged nanotubes made the
dispersion possible.

2. The dispersion of SWCNTs in a ultra dried DMF. This polar and organic solvent has good
affinity for the nanotubes when intercalated with the alkali metals.

3. Only five minutes at five revolutions per minute of tip sonication already allows a better
dispersion and lead to the formation of meshes.

The path that led to Experiment 2 could be the key to the formation of those surprising
meshes. Intercalation compounds in SWCNTs can be the next step for tunable properties of
SWCNTs. That, in combination with the meshes can indicate a route to the engineering of
devices e.g. sensors.



Bibliography

[1] Lower, S. Chem1 virtual textbook. 1999.

[2] McNaught, A. D.; McNaught, A. D. Compendium of chemical terminology; Blackwell Sci-
ence Oxford, 1997; Vol. 1669.

[3] Karfunkel, H. R.; Dressler, T. New hypothetical carbon allotropes of remarkable stabil-
ity estimated by MNDO solid-state SCF computations. Journal of the American Chemical
Society 1992, 114, 2285–2288.

[4] Project, W. D. Carbon Nanotubes. 2011; http://demonstrations.wolfram.com/
CarbonNanotubes/.

[5] Wilder, J. W.; Venema, L. C.; Rinzler, A. G.; Smalley, R. E.; Dekker, C. Electronic structure
of atomically resolved carbon nanotubes. Nature 1998, 391, 59.

[6] Iijima, S.; Ichihashi, T. Single-shell carbon nanotubes of 1-nm diameter. nature 1993, 363,
603.

[7] Komatsu, N.; Wang, F. A comprehensive review on separation methods and techniques for
single-walled carbon nanotubes. Materials 2010, 3, 3818–3844.

[8] Harrison, W. A. Electronic structure and the properties of solids: the physics of the chemi-
cal bond; Courier Corporation, 2012.

[9] Eatemadi, A.; Daraee, H.; Karimkhanloo, H.; Kouhi, M.; Zarghami, N.; Akbarzadeh, A.;
Abasi, M.; Hanifehpour, Y.; Joo, S. W. Carbon nanotubes: properties, synthesis, purifica-
tion, and medical applications. Nanoscale Research Letters 2014, 9, 393.

41

http://demonstrations.wolfram.com/CarbonNanotubes/
http://demonstrations.wolfram.com/CarbonNanotubes/


42 BIBLIOGRAPHY

[10] Fathi, D. A review of electronic band structure of graphene and carbon nanotubes using
tight binding. Journal of Nanotechnology 2011, 2011.

[11] Odom, T. W.; Huang, J.-L.; Kim, P.; Lieber, C. M. Atomic structure and electronic proper-
ties of single-walled carbon nanotubes. Nature 1998, 391, 62.

[12] Zhou, W.; Bai, X.; Wang, E.; Xie, S. Synthesis, structure, and properties of single-walled
carbon nanotubes. Advanced Materials 2009, 21, 4565–4583.

[13] Roche, S. Carbon nanotubes: exceptional mechanical and electronic properties. 2000.

[14] Dowling, N. E. Mechanical behavior of materials: engineering methods for deformation,
fracture, and fatigue; Pearson, 2012.

[15] S. Dresselhaus, M.; Dresselhaus, G.; Avouris, P. Carbon Nanotubes; 2001; pp 287–327.

[16] Dietzel, D.; Faucher, M.; Iaia, A.; Aime, J.; Marsaudon, S.; Bonnot, A.; Bouchiat, V.;
Couturier, G. Analysis of mechanical properties of single wall carbon nanotubes fixed at a
tip apex by atomic force microscopy. Nanotechnology 2005, 16, S73.

[17] of Encyclopaedia Britannica, E. Young’s modulus. 2019; https://www.britannica.
com/science/Youngs-modulus.

[18] Yao, N.; Lordi, V. Young’s modulus of single-walled carbon nanotubes. Journal of Applied
Physics 1998, 84, 1939–1943.

[19] Yakobson, B. I.; Brabec, C.; Bernholc, J. Nanomechanics of carbon tubes: instabilities
beyond linear response. Physical Review Letters 1996, 76, 2511.

[20] Xin, Z.; Jianjun, Z.; Zhong-Can, O.-Y. Strain energy and YoungâĂŹs modulus of single-
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