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ABSTRACT

Computational Study of Defects Dynamics in Carbon
Nanotubes and Fullerenes
by
Kim Jiao

In this dissertation, statics and dynamics of defects in fullerenes and carbon nanotubes are studied by various computational model, such as ab initio(DFT, semiempirical, empirical potential) and several computational methods, such as structure
relaxation, molecular dynamics and Monte Carlo simulation. Our investigation shows
ozone molecule could etch carbon nanotube by forming a precursor, ester-like structure. Molecular dynamics simulation result presents carbon atoms on tube wall was
etched away as CO (gas), which is in good agreement with experimental observation.
A specific topological defect, pentagon-heptagon pair, an edge dislocation core in
hexagonal lattice, is also studied by dislocation theory with atomistic computer simulations. It is shown how the glide of pentagon-heptagon defects and a particular
pseudoclimb, with the atoms directly breaking out of the lattice, work concurrently
to maintain the tube perfection. Another type of movement of pentagon-heptagon
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pair, glide involving 90° bond flipping is also studied. Derived force diagram quantifies the balance between these mechanisms, while simulations show both helical and
longitudinal movement of the kinks, in agreement with the forces and with experimental observations. Our theoretical modeling also indicates that pentagons play
a critical role in giant fullerene sublimation. Carbon atoms are removed predominantly from the weakest binding energy sites, i.e., the pentagons, leading to the
constant evaporation rate. The fullerene cage integrity is attributed to the collective
behavior of interacting defects. We also examine the formation and dynamics of edge
dislocation in carbon nanotubes theoretically. Our theoretical analyses demonstrate
that large edge dislocations, which are prohibited by the Prank energy criterion in
3D-materials, are stable in two-dimensional carbon nanotubes. Recent experimental
high resolution transmission electronic microscopy(HRTEM) pictures also support
our theoretical model, and show the existence of such large dislocations in nanotubes
and their specific pseudo-climb.
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Chapter 1
Introduction
Bucky family has been discoveried for decades. Their novel and amazing chemical,
physical and electrical properties have been a hot topic in the field of research and
development, since their discovery, and are likely to continue to be for a long time.
Due to their many novel properties, bucky family has plenty of potential applications
in different fields, such as making electronic magnetic device, air pollution filter,
hydrogen storage, and in biological system.
Naturally, materials always contain defects, resulting from the uncontrolled conditions under which they were formed. The presence of defects can significantly affect
the properties of materials, therefore it is very important to study how different defects
affect the buck family materials, and understand the statics and dynamics behavior
of those defects.

1.1

B u c k y Family

The Fullerene was discovered in 1985 by Robert Curl, Harold Kroto and Richard
Smalley[68]. It is a family of carbon allotropes and named after Richard Buckminster Fuller, and is so called buckyball, when in a spherical configuration. They are
molecules composed entirely of carbon, in the form of a hollow two dimensional single
atomic layer structure. Cylindrical fullerenes are called carbon nanotubes or buck-
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ytubes. Bucky family are similar in structure to graphite, which is composed of a
sheet of linked hexagonal rings, but they may contain pentagonal rings that prevent
the sheet from being planar.
1.1.1

Fullerene(Buckyball)

In the fullerene molecule an even number of carbon atoms lie at the vertices on
the surface of a closed hollow cage. Each carbon atom is trigonally linked to its three
neighbors by bonds that delineate a polyhedral network, consisting of 12 pentagons
and n hexagons. Such structures conform to Euler's theorem for polyhedrons in that
n may be any number other than one including zero.

Figure 1.1

Buckyballs contain 20, 60, 36, 100, 212 carbon atoms.

3
Buckminsterfullerene is the smallest fullerene molecule in which meets the IPR
(Isolate Pentagon Rule), which means there no two pentagons share an edge. The
structure of Ceo is a truncated (T=3) icosahedron, which contains twenty hexagons
and twelve pentagons, with a carbon atom at the vertices of each polygon and a
carbon-carbon bond along each polygon edge, in Figure 1.1. The van der Waals
diameter of a Ceo molecule is about lnm. The atomistic diameter of a Ceo molecule
is about 0.71nm.
Other stable members of the buckball with 72, 76, 84 and even up to 100 carbon
atoms are commonly obtained, and they have similar structures as Ceo, a s Figure 1.1
shows.
1.1.2

Carbon Nanotube(Buckytube)

Buckytubes are cylindrical fullerenes. These tubes of carbon are usually only a few
nanometers wide, but they can range from less than hundreds nanometers to several
centimeters in length, that is why they are so call carbon nanotubes. They often have
closed ends, but can be open-ended as well. There are also cases in which the tube
reduces in diameter before closing off. Their unique molecular structure results in
extraordinary macroscopic properties, including high tensile strength, high electrical
conductivity, high ductility and relative chemical inactivity. Nanotubes are categorized as single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs),
as Figure 1.2 shows.

(a)
Figure 1.2

(b)

(a) Single-walled carbon nanotube. (b) Multi-walled carbon nanotube.

The chemical bonding of nanotubes are composed entirely of sp2 bonds, similar in
graphite. This strong a bonding structure, provides the molecules with their unique
strength.
It is hard to find a true two dimensional single atomic layer materials in reality,
because most of them are attached on some substrates which actually weaken their
two-dimensionality. Carbon nanotubes provide us a great opportunity to study true
two dimensional materials. Since single-wall carbon nanotube can be described as a
graphene sheet rolled into a cylindrical shape so that the structure is one-dimensional
with axial symmetry, and in general exhibiting a spiral conformation, called chirality,
which is given by chiral vector.
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Figure 1.3
(a) The unrolled honeycomb lattice of a carbon nanotube. (b) a (10,10)
armchair carbon nanotube.
The structure of a single-wall carbon nanotube is specified by the vector (OA,
in Figure 1.3) which corresponds to a section of the nanotube perpendicular to the
nanotube axis. By considering the periodic boundary condition, sites O, A, B, B"1
are identical. The vectors OA and OB are defined as the chiral vector C/,, and the
translational vector T[81j. The chiral vector C/j can be expressed by the following
equation:

Ch = na.\ + ma.2 = (n, m), (n, m are integers, 0 < \m\ < \n\)

(1.1)

The translational vector T can be expressed by:

T = tiai + t 2 a 2 , (ti and ti are integers)

(1.2)

6
2m + n

tl =

^T'

2n + m

t2=

-^T

(L3)

and d,R is the greatest common divisor of (2m + n) and (2n + m).
1.1.3

Defects on Bucky Family

Fullerenes and carbon nanotubes (bucky family) have a regular atomic structure:
the local positions of atoms with respect to each other are repeated at the atomic
scale. However, they are not always perfect, sometimes the regular pattern of atomic
arrangement is interrupted by some defects, and those defects could strongly influence
the properties and qualities of buckyballs and buckytubes. In bucky family, there are
various types of defects which are enumerated here.

1. Point defects are defects which are not extended in lattice in any dimension.
In bucky family, it typically involve one or two extra or missing atoms without
an ordered structure of the defective positions, for example single-vacancy, divacancies(double vacancies), single add-atom and etc.
2. Line defects are linear defects around which some of the atoms of the lattice
are misaligned, which are so call dislocation. For example, an edge dislocation
in graphene is adjacent pentagon-heptagon pair[27].
3. Chemical defects are introduced by some chemical functional groups which
break the periodicity of lattice, for example single oxygen atom absorbed on
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a single graphene layer, which forms an epoxy group. This single oxygen atoms
make the two carbon atoms where it attaches different, and not repeatable.
Therefore it could be considered as a defect on graphene layer.

1.2

Simulation Methods and Models

Molecular modeling and simulation has been used to study physical, chemical and
biological phenomena for several decades. Today's computer technology develops so
fast, that enable us to use more powerful computer to study much lager molecular
system than before. Most molecular modeling studies involve three stages. In the
first stage a suitable model is selected to describe the intra- and inter-molecular
interactions in the system. These model enable the energy of any arrangement of the
atoms and molecules in the system to be calculated, and allow us to determine how
the energy of the system varies as the positions of the atoms and molecule change.
The second stage of a molecular modelling study is the calculation itself, such as
structure optimization, molecular dynamics or Monte Carlo simulation. Finally, the
calculation must be analysed, not only to calculate properties but also to check that it
has been performed properly. The following subsection will introduce some simulation
methods and models which are used in this dissertation.
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1.2.1

Bond Order Potential

Bond order potentials are a class of empirical potentials which can be used in many
application, such as molecular dynamics and molecular statics calculation. There exist
several widely used bond order potentials, such as Tersoff-Brenner potential and etc.
They have the advantage over conventional molecular mechanics force fields, so that
they can describe several different bonding states of an atom, and thus enable us to
describe molecular system correctly.
The potentials were developed differently, but share the common idea that the
strength of a chemical bond depends on the bonding environment (number of bonds
and possibly also angles and distances) of an atom. It can be written in the form

"ijvij)

'reptdsivevij)

i"ijk'attractive(J'ij)

V-^

/

This means that the potential is written as a simple pair potential depending on
the distance between two atoms r^-, but the strength of this bond is modified by the
environment of the atom i via the b^k term.
1.2.2

Tight-Binding Approximation

In the tight binding model, it is assumed that the full Hamiltonian H of the
system may be approximated by the Hamiltonian of an isolated atom centred at
each lattice point. The atomic orbitals ifjn, which are eigenfunctions of the single
atom Hamiltonian Hatom, are assumed to be very small at distances exceeding the

lattice constant. This is what is meant by tight-binding. It is further assumed that
any corrections to the atomic potential At/, which are required to obtain the full
Hamiltonian H of the system, are appreciable only when the atomic orbitals are
small. A solution to the time-independent single electron Schrodinger equation $ is
then assumed to be a linear combination of atomic orbitals ipn.

$(0 = £^n(r-£)

(1-5)

n,R

n refers to the nth atomic energy level and is an atomic site in the crystal lattice.
Using this approximate form for the wave function, and assuming only the mth atomic
energy level is important for the mth energy band, the Bloch energies em are of the
form

sm{k) = Em-

— £

-^—

m

(1.6)

where Em is the energy of the mth atomic level. @m, am(R) and •ym(R) are the
overlap integrals.

Pm = - j rjf)W{r)®{r)df
am(R) = -Jrm(^(r-

R)dr

-Ym(R) = -jrm{f)*U{f)${r-R)dr

(1.7)
(1.8)
(1.9)
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1.2.3

Semi-Empirical Method

Semi-empirical methods are based on the Hartree-Fock formalism, but they make
many approximations and obtain some parameters from empirical data. The use of
empirical parameters appears to allow some inclusion of electron correlation effects
into the methods.
Within the framework of Hartree-Fock calculations, some pieces of information
are sometimes approximated or completely omitted. In order to compensate this
loss, semi-empirical methods are parametrized, which means their results are fitted
by a set of parameters, normally with experimental data, but sometimes with more
accurate calculation results, such as Density Functional Theory.
Semi-empirical calculations are much faster than ab initio methods. As with
empirical methods, we can distinguish methods that are:

1. Restricted to pi-electrons methods, such as the Pariser-Parr-Pople method (PPP).
2. Restricted to all valence electrons, such as CNDO/2, INDO, NDDO, MINDO,
AMI and PM3.
1.2.4

Density Functional Theory

Density functional theory (DFT) is a quantum mechanical theory used in many
physics and chemistry fields. DFT is one of the most popular and versatile methods
in, computational physics, and computational chemistry.
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Traditional methods in electronic structure theory, in particular Hartree-Fock theory and its descendants, are based on the complicated many-electron wave function.
The main objective of density functional theory is to replace the many-body electronic wave function with the electronic density as the basic quantity. Whereas the
many-body wave function is dependent on 3N variables, three spatial variables for
each of the TV electrons, the density is only a function of three variables and is a
simpler quantity to deal with both conceptually and practically.
The most common implementation of density functional theory is through the
Kohn-Sham method. Within the framework of Kohn-Sham DFT, the intractable
many-body problem of interacting electrons in a static external potential is reduced
to a tractable problem of non-interacting electrons moving in an effective potential.
The effective potential includes the external potential and the effects of the Coulomb
interactions between the electrons, e.g. the exchange and correlation interactions.
Modeling the latter two interactions becomes the difficulty within KS DFT. The simplest approximation is the local-density approximation (LDA), which is based upon
exact exchange energy for a uniform electron gas, which can be obtained from the
Thomas-Fermi model, and from fits to the correlation energy for a uniform electron
gas.
DFT has been very popular for calculations in solid state physics since the 1970s.
In many cases DFT with the local-density approximation gives quite satisfactory
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results for solid-state calculations in comparison to experimental data.
1.2.5

Molecular Dynamics Simulation

In molecular dynamics, successive configurations of the system are generated by
integrating Newton's laws of motion. The results is a trajectory that specifies how
the positions and velocities of the particles in the system vary with time. Newton's
laws of motion can be stated as follows:
1. A body continues to move in a straight line at constant velocity unless a force
acts upon it.
2. Force equals the rate of change of momentum.
3. To every action there is an equal and opposite reaction.
The trajectory is obtained by solving the differential equations embodied in Newton's
second law, F = ma.
d^L=F*±
dt2
mi

(L10)
v

'

This equation describes the motion of a particle of mass rrii along one coordinate,
X{ with FXi being the force on the particle in that direction.
Molecular dynamics method is a very popular simulation method, and it can be
use in significant different fields with different description of interaction between the
particles, such as "force field" (classical MD), semi-empirical model, DFT model.
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1.2.6

Monte Carlo Simulation

The Monte Carlo simulation method is the first method which was used to perform
computer simulation of a molecular system. A Monte Carlo simulation generates
configurations of a system by making random changes to the positions of the species
presents, together with their orientations and conformations where appropriate.
Typically, a Monte Carlo simulation employs a Markov chain procedure in order
to determine a new state for a system from a previous one. According to its stochastic
nature, this new state is accepted at random. Each trial usually counts as a move. The
avoidance of dynamics restricts the method to studies of static quantities only, but
the freedom to choose moves makes the method very flexible. These moves must only
satisfy a basic condition of balance in order for equilibrium to be properly described,
but detailed balance, a stronger condition, is usually imposed when designing new
algorithms. An additional advantage is that some systems, such as the Ising model,
lack a dynamical description and are only defined by an energy prescription; for these
the Monte Carlo approach is the only one feasible.
Due to a number of its advance features, (less time consuming, straightforward to
perform and easy to 'constrain') Monte Carlo simulation can be widely used in many
areas, such as computational materials science, statistics physics and etc.

Chapter 2
Etching of Carbon Nanotubes by Ozone
Oxidadtion
Since the discovery of single-walled carbon nanotubes, scientists developed many
synthesis and purification methods to produce clean SWNT. The synthesis of nanotubes typically results in average lengths ranging from hundreds of nanometeres
to several micrometers depending on the reaction conditions. However there always
exist some demands on certain uniform length of nanotube for many specialized applications. For example, single-walled nanotubes with lengths 20-100 nm are very
important for drug delivery application in biological systems, and short nanotubes is
essential for the integration of single-walled nanotubes into electronic devices.
To be able to meet those demands, scientists have begun to explore ways to cut
long nanotubes into short length[22, 14, 11, 23]. Recently, fluorination and prolonged
sonication of SWNTs in a mixture of concentrated sulfuric and nitric acids have
proved to be effictive to cut SWNTS. A alternative to fluorine is ozone. Ozone, a
strong electrophile may also serve as a viable cutting agent[6, 7, 21].

2.1
2.1.1

Introduction
Ozone

Ozone is a molecule that is composed of three negatively charged oxygen atoms.
The ozone molecule is very unstable, because it can easily transform back into its
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original form, an oxygen molecule, according to the following reaction mechanism:

20 3 - • 3 0 2

Principally, an ozone molecule is nothing more than an oxygen molecule with an
extra oxygen atom[2, 3]. Ozone can be naturally produced by some reactions, such
as flash light and exposure in ultra violet rays (UV) from the sun, which is the main
generating origin of ozone layer on earth.
Because ozone is considered as one of the strongest known oxidants, it can be used
to burn or oxidize other materials. The extra oxygen radical of the ozone molecule is
very active. It can quickly bind to different materials coming in contact with ozone
molecules, because of its instability and its inclination of returning to its original
status (O2). Plenty of Experiments show that both organic and inorganic substances
may be oxidized by ozone, from graphite to iron, viruses to bacteria. The oxidation
process causes the extra oxygen radical to be released, and bind to other molecules,
so that only pure and stable oxygen molecules (O2) are left.
2.1.2

Ozonolysis Process

Ozonolysis process can cause the cleavage of alkene and alkyne forming organic
compounds where the multiple carbon-carbon bond is replaced by a double bond to
oxygen [4]. The results of the ozonolysis reaction can be different depending on the
type of multiple bond being oxidized and the reaction conditions.
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Alkenes can be oxidized with ozone to form alcohols, aldehydes or ketones, or
carboxylic acids, as Figure 2.1 shows.

Ri

R3

R2

R4

Os

Ri

R3

R2

R4

>=< >=> >°-K

Figure 2.1

Reaction equation of ozone with alkenes.

The generally accepted ozonolysis reaction mechanism proposed by Rudolf Criegee
in 1953 [12] is the formation of an intermediate molozonide by an alkene and ozone,
via a 1,3-diapolar cycloaddition. Next, the molozonide reverts to its corresponding
carbonyl oxide and aldehyde or ketone in a retro-1,3-dipolar cycloaddition. The oxide
and aldehyde or ketone react again in a 1,3-dipolar cycloaddition to produce a stable
ozonide intermediate. The whole process is shown in Figure 2.2.
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Figure 2.2
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Criegee's mechanism of ozone with alkene.
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2.2

Experiment of Etching of Carbon Nanotubes by Ozone
Oxidation

The first experimental study of ozone reaction with carbon nanotubes was reported
briefly by Deng in 1997[5]. In 2000, Mawhinney reported SWNTs with diameters near
(10,10) tube (13.6A) were etched by ozone exposure at 298 K[18]. Figure 2.3 present
the IR spectral changes of the SWNTs after ozone exposure. The spectral bands
clearly indicate the production of ester groups, and quinone groups[18]. A general
ester group and two types of quinone groups are shown in Figure 2.4.
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Figure 2.3

Infrared modes resulting from the ozonation of SWNTs[18].

Moreover, heating the ozonized carbon nanotubes in the closed IR cell, showed
that oxygenated functional groups begin to disappear near 473 K[18]. By 873 K,
almost all of the oxygenated functional groups, esters and quinones, disappeared,
as shown in Figure 2.5. Meanwhile, C0 2 (gas) and CO(gas) were detected during
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o
(a)

(b)

(c)

Figure 2.4
(a) A general ester group, (b) and (c) are two types of quinone groups
(parabenzoquinone and orthobenzoquinone).
the heating process. This implys ozone-derived functional groups may be removed
as C0 2 /CO(gas)[18]. However, the ozone-etching mechanism of carbon nanotubes
and the subsequent functional group removing via heating, still remain unknown. In
the following section, we propose a mechanism for etching nanotubes by ozone and
removing functional group by heating.
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Figure 2.5
ozonolysis[18].

Thermal decomposition of oxygenated functional groups formed by
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2.3
2.3.1

Theoretical Model
Bridge and Cleave Structure

For the SWNTs, the ozone oxidization process creates a structure that acts as
an O2 molecule adsorbed on the tube wall[19, 20, 17]. This is the final product of
Criegee's mechanism[12], and we named this the bridge structure , shown in Figure
2.6 and Figure 2.2. Moreover the bridge structure can undergo a further curvature
relaxation by dissociating the oxygen-oxygen bond and breaking up the carbon-carbon
bond beneath O2. We name this structure the cleave structure (see Figure 2.7).
This sturcture has the same group C = 0 as quinones (figure 2.4). Eventually when
the cleave structure meets an epoxy group, it forms an ester-like structure which is
suggested to be a precursor for etching away the carbon nanotube wall.
We theoretically modeled various carbon-carbon sites on the SWNT surface to
form bridge and cleave structure, and our investigation shows that there are several
possible sites where the oxygen-oxygen bridge group can form. This can depend
on the angle of the carbon-carbon bond and tube axis. Figure 2.8(a,b,c,d) shows
several possible bridge structures on the wall of SWNTs. In all cases, the oxygenoxygen bond length increase by 0.24-0.25A(comparing to the origin O2 melecule bond
length) , and the two underlying carbon atoms relax outward. In armchair SWNT,
the carbon-carbon bond lengths increase from 1.42-1.43A to 1.58-1.64A. In zigzag
SWNT, the carbon-carbon bond lengths increase from 1.42-1.43A to 1.57-1.6lA, as
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(a)

Figure 2.6

Bridge structure on a (5,5) nanotube.

shown in Table 2.1.
From energetics point view, we define a formation energy about bridge structure.
Since forming a bridge structure is a very complicated process, here we use a triplet
ozone molecule as the oxygen atoms' ground state. So the formation energy is defined
as Equation 2.1.

Ef = EsWNT+20

— EsWNT

2
~ o^03

(2-1)

All energies are calculated by semi-empirical AMI method[74]. Based on our
calculation, we found out the formation energy is affected by two factors. The first
factor is diameter, as we can see in Table 2.2. The first three rows show the formation
energy of a bridge structure monotonically increases with increasing diameter, from

21

(a)

Figure 2.7

Cleave structure on a (5,5) nanotube.

—0.61eV to — 0.06eV, with the same tube charility (armchair tube) and the same
site angle (n/2). The same trend can be found in the zigzag tube and at other site
angles. We calculated the same formation energy for cleave stucture, and get the
similar result.
The reason for this monotonic increase is explained in the following. Since carbon
nanotube is considered a rolled-up of flat graphene sheet. Dependent on the rolled-up
curvature, there exists a different curvature energy in carbon nanotubes with different
diameters. So thinner SWNTs will have higher curvature energy than thicker SWNTs.
Table 2.1 shows, in the bridge structure, carbon-carbon bonds where oxygen-oxygen
group is attached to are elongated, and these two carbon atoms are also slightly
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Figure 2.8 Transformation from bridge structure to cleave structure on (5,5) and (10,0)
carbon nanotubes. (a) bridge structure on (5,5) tube with site angle 7r/6, (b) bridge structure on (5,5) tube with site angle n/2, (c) bridge structure on (10,0) tube with site angle
7r/3, (d) bridge structure on (10,0) tube with site angle 0-rt, (e) cleave structure on (5,5)
tube with site angle 7r/6, (f) cleave structure on (5,5) tube with site angle 7r/2, (g) cleave
structure on (10,0) tube with site angle 7r/3, (h) cleave structure on (10,0) tube with site
angle Qir.
lifted up to a desired height from the tube surface, as Figure 2.6 and Figure 2.8
show. Both elongation and lifting increase the diameter of SWNTs in a small but
feasible amount, and reduce the curvature of the two carbon atoms, and relax some
curvature energy. As diameter of tube gets larger and larger, the carbon nanotube is
more and more close to fiat graphene sheet, which means curvature energy is getting
smaller and smaller. Therefore, introducing oxygen-oxygen group in large diameter
SWNTs can not relax curvature energy the same amount as smaller tube. That is why
the formation energy of a bridge structure monotonically increases with increasing
diameter.
The second factor which affects E/ is the site angle between carbon-carbon bond
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Tubes (site angle)

dc-c (A)

do-o (A)

dc-o (A)

(4,4)(TT/2)

1.64(1.43)
1.62(1.43)
1.61(1.42)
1.58(1.42)
1.58(1.42)
1.58(1.42)
1.61(1.42)
1.60(1.42)
1.60(1.42)
1.57(1.43)
1.57(1.43)
1.57(1.43)

1.34(1.09)
1.33(1.09)
1.33(1.09)
1.34(1.09)
1.34(1.09)
1.34(1.09)
1.34(1.09)
1.33(1.09)
1.33(1.09)
1.34(1.09)
1.34(1.09)
1.34(1.09)

1.48
1.49
1.49
1.48
1.49
1.49
1.49
1.49
1.49
1.48
1.48
1.48

(5,5)(7r/2)
(6,6)(TT/2)
(4,4)(TT/6)
(5,5)(TT/6)
(6,6)(TT/6)
(8,0)(TT/3)

(9,0)(7r/3)
(10,0)(TT/3)

(8,0)(0)
(9,0)(0)
(10,0)(0)

Table 2.1 Bond lengths for the carbon-carbon bond, oxygen-oxygen bond, and carbonoxygen bond in bridge structures.
where an oxygen-oxygen group attaches to and tube axis. Our investigation shows
that the formation energy of a bridge structure monotonically decreases with increasing site angle. For example, in Table 2.2, our calculation shows, with similar diameter
5.4 A((4,4) SWNT) and 6.2 A((8,0) SWNT), the formation energy decreases from
-0.22eV(0?r) to -0.33eV(?r/6), -0.44eV(?r/3) to -0.61eV(7r/2), respectively. A similar trend can also be found in cleave structures, as Table 2.2 shows. This decreasing
can be accounted for that at larger site angle, two carbon atoms where oxygen-oxygen
group attaches have more curvature than at smaller site angle, in geometry point of
view. The extreme cases are the carbon-carbon bond which has a n/2 site angle in the
armchair tube, which has the largest curvature energy, and the carbon-carbon bond
which has 0 site angle in the zigzag tube, which has no curvature energy. Therefore,
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formation of the bridge structure with larger site angle will release more curvature
energy, and vice versa.
Tubes(site angle)
(4,4)(7r/2)
(5,5)(TT/2)
(6,6)(TT/2)
(4,4)(TT/6)
(5,5)(TT/6)
(6,6)(TT/6)

(8,0)^/3)
(9,0)(TT/3)

(10,0)(7r/3)
(8,0)(0)
(9,0)(0)
(10,0)(0)
Table 2.2

bridge structure (eV)
-0.61
-0.27
-0.06
-0.33
0.09
0.34
-0.44
-0.25
-0.21
-0.22
0.16
0.25

cleave structure (eV)
-4.05
-3.45
-3.06
-3.62
-2.82
-2.33
-2.72
-2.29
-2.14
-3.99
-3.63
-3.47

Formation energies (E/) of bridge structures and cleave structures.

In the bridge structure, since the C—C and 0—0 bonds are weakened by each
other, the SWNT can undergo further relaxation, by breaking up the C—C and
0—0 bonds to form a cleave structure, as shown in Figure 2.8. Such bond-breaking
relaxations open the cage structure of the tube wall, and the two carbon atoms go
back to sp2 hybridization. Due to hybridization switch(from sp3 to sp 2 ), curvature
relaxation and bonds breaking, the total energy reduces significantly, as shown in
Table 2.2. Energy decrements are from 1.93eV to 3.72eV. Since cleave structures
and quinones contain the same carbon-oxygen double bond (C=0) groups, it can be
considered an explanation for surface bound functional groups, quinones, appearing
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in the ozonolysis process, as Figure 2.5 shows.
In order to verify the transformation from the bridge structure to the cleave structure, molecular dynamics(MD) simulation was used to study the bridge structure.
Here we use a (3,3) carbon nanotube, with two oxygen atoms forming a bridge structure on the nanotube surface.

The MD simulation result shows that the bridge

structure can easily break the carbon-carbon bond and the oxygen-oxygen bond, and
transform to a cleave structure under 2000 K within 2.2 ps, by using Hyperchem 7,
AMI method, and a step size of O.OOlps. Figure 2.9 shows some snapshots of this
MD simulation.

Figure 2.9 Molecular dynamics simulation results show that transformation from bridge
structure to cleave structure can happen under 2000 K. (a) shows t = Ops , (b) shows
t = 0.124ps, (c) shows t = 0.145ps, (d) shows t - 0.25ps.

Since the formation energy of the cleave structure is 2 ~ 3 eV lower than bridge
structure, it is much more stable than bridge structure. Therefore, in our MD simulation, the cleave structure would never change back to bridge structure.
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2.3.2

Epoxy Group on Nanotube

The epoxy group, in chemistry, is a functional group that consists of an oxygen
atom joined by single bonds to two adjacent carbon atoms, thus forming the threemembered epoxide ring. Some scientists reported that when fullerenes are oxidated
by various methods such as ozonolysis, epoxy groups will appears, where an oxygen
atom positioned on top of a carbon-carbon bond, as Figure 2.10 shows. Due to the
chemical similarity between carbon nanotubes and fullerenes, the epoxy group will
appear during ozonolysis process of carbon nanotubes.

Figure 2.10

Epoxy group on a (5,5) carbon nanotube surface.

Because the epoxy group only contains two carbon-oxygen single bond, it is considered to be easier to move on the carbon nanotube surface than the carbon-oxygen
double bond, C = 0 (quinone group). In order to study the mobility of the epoxy
group on a carbon nanotube surface, we use a (3,3,) SWNT as our sample.
The first step in studying the energy barrier of moving an epoxy group on carbon
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nanotube surface is to find out all possible patterns of forming an epoxy group on a
nanotube. As a semi-empirical (AMI) calculation result, we found on a (3,3) nanotube, there are two possible structures, as Figure 2.10 and Figure 2.11(a) shows. One
is an oxygen atom attached to a carbon-carbon bond which has a 7r/3 site angle with
respect to the tube axis. The other is an oxygen atom attached to a carbon-carbon
bond which has a 0 site angle with respect to the tube axis.
For symmetry reasons, we chose to calculate the energy barrier of moving an
oxygen atom from site A to site B, as shown in Figure 2.11(a,b). We identify this
process as an oxygen atom hopping from site A to site B. Since site A and site B
are identical on an infinite long carbon nanotube, the energy barrier curve should be
symmetric.
By using two calculation methods (semi-empirical (AMI), DFT(b31yp/sto-3g)),
we found there are two possible hopping paths for the epoxy group as it moves from
site A to site B.
The semi-empirical (AMI) method gives us a result showing the oxygen atom will
hop from site A to a metastable structure, as shown in Figure 2.11(c), and furthermore
the oxygen atom can hop from this metastable structure to site B which is identical
to site A. The energy barrier between site A and the metastable structure is 1.31 eV,
and the energy barrier between the metastable structure and site B is 0.16 eV. The
full energy pathway is shown in Figure 2.12.
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Figure 2.11
Two possible ways that epoxy group can hop on carbon nanotube
surface.(a) —>(b) process is the DFT calculation result, (a)—>(c)—>(b) is the semi-empirical
AMI calculation result.
The DFT (b31yp/sto-3g) method gives us a different result, it shows that the
epoxy group can hop from site A smoothly to site B across the hexagon ring, without
passing any metastable structure. The energy barrier of moving epoxy group is 2.18
eV. The full energy pathway is showed in Figure 2.13.
Based on the results of two methods (AMI and B3LYP), we found the energy
barrier of epoxy group propagating on carbon nanotube surface is not very high, 1.31
eV or 2.16 eV. So the mobility of an epoxy group on a nanotube surface is considered
to be feasible.
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1.31 eV

Figure 2.12 Energy barrier curve (AMI results) of moving an epoxy group on a (3,3)
carbon nanotube surface.

2.16 eV

Figure 2.13 Energy barrier curve (DFT results) of moving an epoxy group on a (3,3)
carbon nanotube surface.
2.3.3

Ester Group on Nanotube

Esters are a class of functional groups, which contain the —COOH group, as
Figure 2.14(d) shows. In an ester the hydrogen in this group is replaced by a hydrocarbon group of some kind. This could be an alkyl group like methyl or ethyl, or one
containing a benzene ring like phenyl.
Since the epoxy group has a certain mobility, it can propagate on the surface of
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a carbon nanotube. When an epoxy group meets a cleave structure, which contains
two C = 0 group, it can form an 0=C—O— group which is suggested to be a precursor for removing a carbon atom from tube wall, as Figure 2.14(a,b,c) shows. This
structure has an identical functional group as carboxylate esters, Figure 2.14 (d).
Therefore, this 0=C—0— group could account for the observation of ester groups in
the ozonolysis process[18], as shown in Figure 2.3.

(a)

(d)

^

Figure 2.14 Ester functional group on SWNT surface, (a) top view of ester structure,
(b) front view of ester structure, (c) right view of ester structure, (d) general carboxylate
ester group.

Molecular Dynamics simulation (3000 K, 2.2ps, O.OOlps step size,in Hyperchem 7,
using AMI method) shows the sub C = 0 group of the ester-like group escaped as a
CO molecule, which can be further oxidized into CO2. So, the detection of CO(g) and
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C02(g) in ozonolysis experiment is explained. The final residue left on tube surface is
a single oxygen atom filling the open hexagon member ring with two oxygen-carbon
bonds, as Figure 2.15 shows.

t

_^^H^

©

Figure 2.15 Molecular dynamics simulation results shows heating oxidized carbon nanotube can remove ester functional surface group, and etching way carbon atoms from nanotube surface.(a) t = Ops, (b) * = 0.047ps, (c) t = 0.049ps, (d) t = 0.25ps.

2.4

Conclusion

In conclusion, we have investigated how the ozone molecule can oxidize single wall
carbon nanotubes and form different bridge structures dependent upon the different
oxygen-oxygen site angles. These bridge structures may undergo further relaxations,
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which breaks carbon-carbon bond and oxygen-oxygen bond, and forms cleave structures. Due to bonds breaking, hybridization change and curvature relaxing, the formation energy (Ef) drops significantly. The epoxy group on a carbon nanotube has
a certain mobility which has been calculated by two method (AMI and B3LYP).
Under the 3000K condition, the epoxy groups can hop on tube surface. When an
epoxy group meets a cleave structure, those two functional groups may form surface
ester-like group, which is suggested to be a precursor for etching away carbon atoms
from the carbon nanotube surface. Finally, surface ester-like groups can be removed
as CO (gas) by heating the system up to 3000K as demonstrated with in MD simulation. Quinone, epoxy and ester surface groups which are detected in ozonolysis
experiments are fully explained in our theoretical model, and how those surface group
can be remove by heating is also well studied in the MD simulation. Our models show
good agreement with experiment and proposes an etch process that can start at tube
cap, and continue to the tube wall. By controlling the concentration of ozone, SWNTs
can be etched to a desired length scale.

Chapter 3
Super Plasticity of Carbon Nanotubes
Carbon nanotubes (CNTs) have been widely studied for more than one and half
decades[24]. A lot of unique properties, such as high conductivity, high chemical stability, excellent mechanical properties, has been revealed before[35, 43, 25, 46, 50]. As
one of the strongest materials, CNT is believed very rigid under strain. For example,
experimentally, Single-walled carbon nanotubes (SWNT) or their bundles often broke
abruptly at the stress around 5-10%, which is much lower than the theoretical limit
of perfect CNTs. Very recently, Huang and coworkers directly observed superplastic
deformation in carbon nanotube[28], and this so call "superplasticity" properties is
very surprising because it is often believed that losing atoms and extensive elongation
will create large amount of defects and eventually broke or collapse the high quality
SWNT structure, and the other two isomers of CNTs, diamond and graphene, are
known very brittle materials [38].
The superplasicity of SWNT are useful for many applications[52, 27, 44, 26]. For
example, it can be used to produce metal/semiconducting junctions or super-lattice in
a one SWNT and changing the chirality of an existing SWNT to preferable chirality
angle. Whereas the experiment does not give any chirality variation information,
which is very important for application, during the elongation process and what
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dominate the elongation process is still poorly understood. We study the mechanism
of the superplascity of SWNT and the chirality angle variation during the elongation
process in following sections.

3.1

Introduction

3.1.1

Plasticity

In physics and materials science, plasticity is a property of materials to undergo a
non-reversible change of shape in response to an applied force. For example, a solid
piece of metal or plastic being bent or pounded into a new shape displays plasticity
as permanent changes occur within the material itself. By contrast, a permanent
crease in a sheet of paper or a re-shaping of wet clay is due to a rearrangement of
separate fibers or particles. In engineering, the transition from elastic behavior to
plastic behavior is called yield.
For many ductile metals, tensile loading applied to a sample will cause it to
behave in an elastic manner. Each increment of load is accompanied by a proportional
increment in extension, as Figure 3.1 blue curve shows, and when the load is removed,
the piece returns exactly to its original size. However, once the load exceeds some
threshold (the yield strength), the extension increases more rapidly than in the elastic
region, and when the load is removed, some amount of the extension remains, as
Figure 3.1 orange curve shows.
Plasticity is a property of materials to undergo large deformation without fracture.

35

Fracture

Strain (e)
Figure 3.1 Thisfigureshows a typical stress and strain curve of a shear stress component
with respect to a shear strain component, under increasing strain loading.
This is found in most metals, and in general is a good description of a large class
of materials. Perfect plasticity is a property of materials to undergo large shear
deformation without any increase of (shear) stress.
Microscopically, plasticity in metals is a consequence of dislocations. In most
crystalline materials such defects are a rare exception on the rule presented by unit
cell of the crystal. However, there are also materials where defects are very numerous
and are part of the very crystal structure, in such cases plastic crystallinity can result.
3.1.2

Strength of Carbon Nanotube

Since covalent sp2 carbon-carbon bond in graphite is the strongest bond in nature,
carbon nanotubes are widely regarded as the strongest and stiffest materials on earth,
in terms of tensile strength and elastic modulus respectively.
The experimental measurement of the Young's modulus of a single-walled carbon
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nanotube is difficult because of its small scale diameter. A novel method for measuring the Young's modulus individual nanotubes has been developed in 1996 by Treacy
et al. The amplitude of a thermal vibration of the nanotube is observed as a function of temperature[25]. The estimated results for Young's modulus of an individual
nanotubes are found to be in the range of — 1 TPa, as Table 3.1 shows.
In 2000, a multi-walled carbon nanotube was tested to have a tensile strength of
63 GPa. Since carbon nanotubes have a low density for a solid of 1.3-1.4 g/cm 3 , its
specific strength of up to 48,000 kNm/kg is the best of known materials, compared
to high-carbon steel's 154 kN-m/kg.
Carbon nanotubes are not nearly as strong under compression. Because of their
hollow structure and high aspect ratio, they tend to undergo buckling when placed
under compressive, torsional or bending stress.

Material
SWNT
Stainless Steel
Kevlar

Young's Modulus (TPa)
1-5
-0.2
-0.15

Table 3.1

3.1.3

Tensile Strength (GPa)
13-53E
0.65-1
-3.5

Elongation at Break
5%-15%
15%-50%
-2%

Comparison of different materials' mechanical properties.

Mechanical Relaxation in C a r b o n N a n o t u b e

In 1998, Nardelli and Yakobson et al. identified several classes of behavior of
carbon nanotubes under a tensile mechanical load through theoretical arguments and
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molecular dynamics simulations. Results show under high strain and low temperature conditions, all carbon nanotubes are brittle. If external condition favor plastic
flow such as low strain and high temperature, (n, m) tubes with n,m < 14 can be
completely ductile, while larger tubes are moderately or completely brittle depending
on their symmetry[26, 27].
! completely ductile region
j moderately ductile region
zig-zag

) brittle region A
brittle region B

100
plastic flow possible
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Ductile-brittle domain map for carbon nanotubes[26].

The mechanical relaxation mechanism of carbon nanoutbes under a tensile load [38]
can be explain by sequence of atomistic rearrangement with dislocation theory. The
nucleation slip of the prime dislocation dipole occurs by diatomic interchange, which is
also call Stone-Wales rotation[30], this SW rotation can unlocks the carbon nanoutbes
for further relaxation. Moreover, the motion of dislocations along the helical path (a
glide plane wrapped around the CNT cylinder) within the carbon nanotube wall will
result in a stepwise necking as the domains of different chiral symmetry[27].

38

plastic flow

<m>
(b)

brittle fracture

c , = (10.9) > .>.» v ...

(d)

b = (0,l)
c-(10,10)-

Figure 3.3 A sequence of Stone-Wales rotation cause the tension relaxation in carbon
nanotubes[27].

3.2

Experiment of Plasticity of Carbon Nanotubes

The theoretical possibility of plasticity in nanotubes predicted almost a decade
ago, has recently been continued by growing experimental supports[32, 33, 41, 28, 29],
such as , Huang and coworkers revealed that unknown-charility carbon nanotubes can
undergo superplastic deformation, becoming nearly 280% longer and 15 times thiner
before breaking, as Figure 3.4 shows.
The experimental temperature was estimated to be more than 2000 °C, which is
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Figure 3.4 A high resolution transmission electron microscope picture reveals elongation
of single-wall carbon nanotubes.[28]
in the sublimation temperature range of graphene, (2100-2200 K, 10~5 ~ 10~4 Pa).
Under such high temperature, sublimation of carbon atoms from carbon nanotubes
are inevitable, which is in agreement with the experiment's results that the SWNT
lost about 80% of carbon atoms during the whole experiment [28].
Huang's explanation of superplasticity of carbon nanotubes is attributed to the
kink propagation on the tube surface. However, the actual atomistic structure of
those kinks, in Figure 3.4 is not revealed.
This compelling evidence of greatly elongated yet unbroken nanotubes shows general behavior in good agreement with "intramolecular plasticity" theory [27], which
was based on the notion of a 5|7 dislocation core^a pentagon and adjacent heptagon,
surrounded by the perfect network of hexagons. Under great external tension, it can
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glide by bond flips (Stone-Wales isomerization, SW) causing stepwise reduction of the
diameter and overall elongation of the tube[27]. On the other hand, there are some
features that can not be explained by the glide of 5|7 core. In particular, a direct longitudinal kink propagation clearly see in Huang's experiment can not be attributed to
the glide. Furthermore, significant (multifold) loss of the mass can not be accounted
for: dislocation glide or the underlying SW bond flips are mass conserving.
In the following sections, we approach the dynamics of kinks from both atomistic
and dislocation theory viewpoints, and explain what goes on in the course of great
plastic deformation.

3.3
3.3.1

Theoretical Model
What're the Kinks in Experiment Observation?

The kink[40] can be simply explained as a 5|7 core, adjacent pentagon-heptagon
pair on single-walled carbon nanotubes wall. Figure 3.5(a) shows an experimental
observed kink, and Figure 3.5(b) and Figure 3.5(c) are theoretical model of such a
kink. The experimental picture and the theoretical model fit very well. For example,
the height of the kinks on tube wall are about 0.17-0.22nm, considering the distance
between adjacent nanotube walls is 0.34nm. On the other hand, our theoretical model
shows 5|7 core's height on carbon nanotube wall is 0.19 nm.
It is known that a 5|7 core, adjacent pentagon-heptagon pair can be regarded as
edge dislocation on hexagonal lattice. It corresponds to the insertion of a zig-zag
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Figure 3.5
nanotubes.

Experimental observation and theoretical explanation of kinks on carbon

chain of atoms ending at a vertex shared by two odd-membered rings. This extra row
of atoms changes the chirality from one side of 5|7 to the other side, and the change
of chiral vector is exactly the Burgers vector of the edge dislocation as Figure 3.6
shows. The insertion of a zig-zag atoms are shaded in cyan color. The glide plane,
(helical path) is shaded in yellow color.
3.3.2

Two Types of Movement of Pentagon-Heptagon Pair Edge Dislocation

As an edge dislocation, 5|7 core can move via two standard mechanism, glide and
climb. The key role of 5|7 dislocation in nanotube relaxation has been recognized, and
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Figure 3.6
A pentagon-heptagon defect represents a core of edge dislocation in the
all-hexagons lattice of the nanotube wall.
how its glide[53] can occur is also known. Indeed, a single 90° rotation of a shoulder
bond (Figure 3.7(a)) causes lateral displacement of the whole 5|7 core by one lattice
parameter b (Burgers vector b), while a series of such SW bond-flips constitutes its
glide along the strictly defined crystallographic direction. Applied strain can bias
such process to the right or left, but cannot move the defect away from the glide
plane.
The activation barrier for the Stone-Wales bond rotation is high, yet it is the
lowest energy atomic rearrangement to arise at very high temperatures. Moreover,
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Figure 3.7 Glide and climb process of 5|7 edge dislocation, (a) shows 5|7 core glides
one lattice parameter rightward by rotation one bond on its right shoulder, (b) shows 5|7
core climbs upward by removing two carbon atoms from the extra insertion plane.
Sublimations mean that the removal of C2 dimers become frequent, and therefore the
second type of movement of 5|7 core, climb, which requires removing certain carbon
atoms from the extra insertion plane, can in principle occur by means of a different
mechanism. If some atoms are removed (or added), the extra-plane associated with
the 5|7 shortens (or extends), while the 5|7 "climbs" up (in the "5" direction) or
down (in the "7" direction). It is easy to see that climb displacement must be ± | of
a bond-length a, per each removed/added C2. Figure 3.7(b) shows by removing two
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carbon atoms and reconnecting two bonds 5|7 can climb up one step.
3.3.3

Driving Forces Act on Pentagon-Heptagon Pair Edge Dislocation's
Movement

Generally, the movement of the edge dislocation is guided by three driving forces.
1. For a nanotube under axial stress a (N/m), and edge dislocation feels a PeachKoehler force, which causes such bias is shown to be along the circumference in
Figure 3.8, while its magnitude is proportional to the axial component of the
Burgers vector: Fs = absinfi.
2. Climb movement of 5|7 is not a mass conservation process, therefore the driving
force for climb should be proportional to the drop of free energy (chemical
potential, fx) as carbon diffuses away from the dislocation core elsewhere, say to
the gas or cold amorphous form at the carbon nanotube end, Fchem — 4A///3a.
Obviously this force is directed along the extra plane that is perpendicular to
the Burgers vector b, as Figure 3.8 shows.
3. Third force is due to change of tube curvature caused by the 5|7 defect. Since
circumference roll-up vector changes exactly by the Burgers vector, c' — c = b,
the radius change is proportional to the circumferential component of b, bxcosp.
Elastic energy of the curved cylinder proportional to 1/d, its increment leads to
the estimate of a small force, fcurv ~ l(eV)6 x cosp/d2, directed along the tube
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axis, towards its wider section.

Figure 3.8

The driving forces act on a 5|7 edge dislocation.

The three forces in such free-body-diagram clearly indicate two major factors
governing the 5|7 core's dynamics: mechanical stress a and chemical nonequilibrium,
Afj,. High temperature boosts the mobility by facilitating Stone-Wales bond rotation
and the diffusion of atoms, as well as increasing A/i, if carbon is moved to the entropyrich gas phase, as in sublimation.
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Movement of 5|7 dislocations eventually brings them to the sample boundaries,
where they vanish.
3.3.4

Creation of 5|7 Edge Dislocation

Fresh supply is required for maintaining extensive plastic deformations. Common
Frank-Reed sources cannot exist in two-dimensional graphene. However, the very
same bond-flip responsible for the glide can also serve as nucleation mechanism in a
perfect hexagonal lattice: a bond rotation transforms any four adjacent hexagons into
a dipole of 5|7/7|5, which then can split by glide providing a pair of new dislocations:
0<->5|7+7|5. The whole process is shown in Figure 3.9.

Figure 3.9

Stone-Wales bond nipping creates two 5|7 edge dislocation.

Uniquely for the sublimation conditions, there is another source when some atoms
inevitably break out even from perfect lattice. Formation of a di-vacancy is the lowest
energy route. It is instructive to see that such removal of two atoms is equivalent
to a disruption of crystal plane, although by just a short missing segment, Figure
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3.10. This obviously identical to having two "extra" planes with their edges viewed
as dislocation lines, that is a pair of head-to-head edge dislocations. In other words,
the identity 0—>5|8|5+C2 T=5|7.. .7|5+C2 T c a n be made obvious by inspection of the
bond reconstruction upon removal of two adjacent atoms from the lattice, and further
possible bond-flip, Figure 3.10. Similarly, adding C2 in the form of addimer structure
7|5/5|7 essentially inserts a tiny segment of an extra-plane, a pair of edge-dislocations
also serving as a source; however, at sublimation conditions in vacuum such addition
is less likely, as Figure 3.11

Figure 3.10 Removal of two atoms creates a di-vacancy (a,b), and can also be viewed
as a removal of small segment of a full crystal plane, leaving the two extra-planes, that is
two edge dislocations (b) able to glide away (b—>c).

This observation leads one to its next logical extension: if removing a pair of
atoms disrupts a crystal plane into two semi-infinite extra-planes, then a break out of
more C-atoms should further shorten an extra plane, thus moving the corresponding
5|7 dislocation, which constitutes a step of climb. This unambiguously suggests a new
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Figure 3.11 Adding two atoms creates a addimer, and can also be viewed as adding
the two extra-planes, that is two edge dislocations able to glide away.
mechanism of climb at sublimation conditions. Presence of the sublimation channel
permits to bypass slow transport through the lattice (either diffusion of vacancies or
interstitials like addimers etc., inherent to and rate-limiting for the climb in threedimensional solids) and opens rapid pseudo-climb mechanism. Calculations show that
indeed the energy of C2 removal from the side of the pentagon in 5|7 is lower than
from anywhere else in the lattice, because it does not create additional dangling bonds
or topological defects. The driving force Fchem in Figure 3.8 is proportional to the
AJJ, between the solid lattice and the gas-vapor.
It is important to realize that the pure glide (mass-conserving movement in the
b directions) and pure climb (movement perpendicular to Burgers vector b, accompanied by the mass loss or accretion) form an orthogonal basis, so that their linear
combination can transfer a 5|7 defect to arbitrary position around the lattice. This
easily explains how the 517-kinks, stacked as a dislocation line through the tube multi-
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wall, can move together, although their individual glide planes might diverge due to
different chiralities of the walls. Mixture of glide and climb permits such 5|7's to
migrate as a group, retaining together the lowest energy configuration. For a single
5|7, its most probable trajectory can be tuned by the change of conditions of tension
and temperature, according to the diagram of Figure 3.8, possibly with addition of
external force.
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3.3.5

Energy barriers of carbon removal from different sites.

Static and Dynamics Study t h e Ways t h a t C a r b o n Pair can Breakout T h r o u g h

To understand more thoroughly possible carbon atoms breakout from different
locations of a tube containing generic irregularities: a small hole or a vacancy and a
5|7 defect, Figure 3.12 . Carefully computed energies, required for removing carbon
from different sites on the nanotube (into C2 molecule), decrease in the following
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order, Figure 3.12: perfect hexagon-tiled wall, edge of a pre-existing hole or a vacancy,
vicinity of a 5|7 defect, and a step on the open end of a tube. (These endothermicities
represent accurately the corresponding barriers as well because the reverse processes
are barrier less.) The latter means that, in vacuum, a hot tube could undergo a
"candle-like" sublimation from the open ends, or its caps could evaporate the C2
fragments and shrink in a way well-known in fullerene science. Typically, however,
the ends are clamped in the experimental setup. This suggests a 5|7 defect as the next
preferred site for carbon departure. More precisely, comparison of all possibilities in
the 5|7 vicinity shows that removing two particular atoms at the side of a pentagon
is preferred by almost 2 eV (see Figure 3.13). This is a significant finding, as it
points toward sublimation at the 5|7 rather than randomly or through expansion of
multivacancies (holes).
In Figure 3.13(a—>b), removal of a C2 from the side of a pentagon moves the
5|7 dislocation one step forward. In Figure 3.13(a—>c), removing a C2 from the top
of pentagon creates two joint 5|7 dislocations. In Figure 3.13(a—>d), removing a
C2 between the pentagon and the heptagon creates a 5/8\5 topological defect in
the graphene layer. A number of other options of removing C2 from the graphene
layer are not shown here, but all of them create topological defects more complex
than in Figure 3.13(b), (c) and (d), and correspondingly the energy cost for each
is significantly higher than for Figure 3.13(b), (c) or (d). Note that the energies of
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11.0eV(PM3)
10.9eV(B3LYP/6-31G)

11.9eV(PM3)
11.7eV(B3LYP/6-31G)

Figure 3.13
The energy cost of removing a C2 from different sites around the 5|7
dislocation in a graphene layer.
removing C2 essentially coincide with the reaction barriers (accordingly, a reverse
process of insertion of rather active C2 has no barrier). The values are shown under
each picture. The black circles show the carbon atoms and the green tips mark the
hydrogen termination at the graphene edge.
Molecular dynamics simulation was performed to study carbon atoms sublimating
from 5|7 dislocation. DFT based tight-binding approximation (DFT-TBA) molecular
dynamics (MD) of the sublimation process was started on a graphene with a 5|7 defect
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in the center. Constant energy MD simulation was performed at ~5000K. Simulations
show that carbon atoms always break away in the form of C2 molecule from the 5|7
dislocation. Figure 3.14 (a) shows a relaxed initial 5|7 structure, highlighted yellow.
Figure 3.14(b), shows, at high temperature a carbon pair (red) on the side of pentagon
undergoes large thermal out-of-plane swings. Figure 3.14(c) shows, as carbon atom
shifts out of plane, one of its bonds breaks; in addition to the plan view, an auxiliary
views of a detail show the off-plane displacements. Figure 3.14 (d) shows, further,
same carbon atom loses its other bond, while the dangling bonds (black atoms) form
new in-plane pentagon (shaded yellow); the C2 is now nearly normal to graphene like
a standing add-dimerl. Figure 3.14 (e), The C2 slides to one carbon in sp3-state,
while the dangling bonds behind it connect to form new heptagon (yellow). Figure
3.14 (f) shows, as free C2 flies into gas, this newly formed heptagon together with the
adjacent pentagon constitute 5|7 dislocation shifted by one lattice parameter, relative
to the original in a. Note that the lattice locally restores its exact initial structure
and the cycle can recur indefinitely, with equally probable emission of C2 from either
side of the pentagon in 5|7.
Tight binding molecular dynamics simulation also was performed to study divacancy deletion by 5|7 dislocation. Several paths emerge in high-temperature simulations, all occurring through a sequence of SW bond flips and leading to di-vacancy
(2V) merging with 5|7. Figure 3.15(a,b,c), shows that 5|7 moves first, joins the 2V,
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Figure 3.14

MD simulation shows the climb process of one 5|7 edge dislocation.

and as the SW defect vanishes with the following (marked) bond-rotation, only pure
5|7 stays in the lattice. Figure 3.15 (d,e,f) shows that 2V moves first, as it partially
splits by the marked bond rotation, to join the 5|7. Then the newly formed SW defect
vanishes with another bond-rotation, and again only 5|7 remains.
3.3.6

Monte-Carlo simulation of SWNT's plasticity

Molecular dynamics clearly show different possibilities but are prohibitively expensive for simulating an extensive process. More affordable Monte-Carlo (MC) method
was modified to incorporate both mechanisms, the bond flips (for glide) and C2-
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Figure 3.15 MD simulation shows that a di-vacancy (5|8|5) can be absorbed by a 5|7
edge dislocation.
breakouts (for pseudo-climb). At each MC step a bond rotation or a C2-removal
are selected to ensure the lowest possible energy of the next configuration. In order
to simulate large systems (~1000 atoms) over extensive progression (~1000 stepstransformations), classical force-field of Tersoff-Brenner potential[34] was used. For
pure glide, its initial stages show , in Figure 3.16(a). The defect helical propagation
and the incurred chirality change are in complete agreement with early MD simulations and the theoretical prediction. Beyond that, Figure 3.16(b-c-d-e) show example
of significant stretching (~250%) achieved by glide movement (210 SW steps total)
of a few 5|7 defects. Note that reduction of diameter is inversely proportional to the
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Figure 3.16
(a) Glide of the 5|7's through sequential bond flips moves the associated
kink along helical path, as in MD simulations. Extensive simulations (b-e) demonstrate
significant elongation, diameter reduction, and a systematic change of chirality, here from
(12,10) to (7,1). Starting from ideal structure (b), the snapshots (c), (d), and (e) show the
structures after 84, 162, and 210 of SW steps, respectively.
elongation, d ~ l / £ as it should be for the mass-conserving glide process (neglecting
small 3% elastic strain). More subtle effect is the change of chirality: starting from
almost armchair tube [e.g. (12,10) in Figure 3.16(b)] it gradually changes into nearly
zigzag type (11,2) in Fig. 3c, later to (9,1)|(9,0) in Figure 3.16(d), and (7,1) in Figure
3.16(e), that is remains nearly zigzag upon glide relaxation, in accord with theory.
Pure pseudo-climb, in contrast, causes reduction of dx£ due to the mass loss,
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as the lattice-lines (crystal-planes) are being seamlessly removed by the sequence of

Figure 3.17
Removal of atom-pairs causes translational displacement of 5|7 complimentary to its possible glide, (a-d). Purely longitudinal motion can alwas be achieved by
mixture of climb and glide mechanisms, guided but the force diagram in Figure 3.8, and is
clearly observed in simulations. Solid arrows mark the path traveled, dashed line shows its
projected direction. Snapshots in (b-h) are the structures after removal of 1, 2, 12, 24, 45,
58, and 72 (respectively) C2 molecules.

C2 breakouts, Figure 3.17 (a,b,c,d). As the 5|7 continues shuttling back and forth,
in Figure 3.17 (e-h), the tube gets thinner. Generally, a helical trajectory changes
the tube length, since it has non-zero circumferential component along the force Fs,
as Figure 3.8 shown. Then tension a increases (if the ends are clamped) and thus
greater force will bend the trajectory towards the longitudinal direction, which is
always attainable by a proper mixture of climb and glide mechanisms.
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3.4

Conclusion

Discussed here comprehensive relaxation model includes combination of glide of
the 5|7 dislocation cores and their pseudo-climb, where the atoms of the extra plane
are removed directly into the gas phase. The mixture of these two mechanisms permits
any direction of the kink movement. The proposed driving force diagram quantifies
the balance between the mechanisms and allows one predict the relaxation dynamics at specific conditions. Performed atomistic simulations illustrate the plasticity
process in agreement with theory and with available experimental observations. For
example, the change of chirality, preferentially from armchair to zigzag, as observed
in simulations, can determine the limits of plastic elongation: zigzag configuration is
more brittle and the tube is more prone to failure. It also can be noted that the tube
reconstruction and plasticity observed at termperatures well below the sublimation
must be greatly enhanced by the irradiation [51, 31].
Also this model can clearly explain how a nanotube can maintain nearly perfect
structure while undergoing complete sublimation, possibly accompanied by plastic
stretching. Just near the sublimation conditions, the preferred channel is the removal of atoms from the vicinity of a 5|7 dislocation core, which immediately repairs
the damage by healing the bonds seamlessly and propagating through the lattice.
The balance of chemical and elastic forces controls the most probable trajectory of
the kink. This way, higher energy defects like vacancies or holes can be completely
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avoided, while the 5|7 plays the role of leading emitter of carbon and maintains the
clean nanotube morphology. The described mechanism may further help elucidating topology of thermal healing of larger holes as well as suggest defect-suppressing
processes in coalescence and even in growth of nanotubes and fullrenes.

Chapter 4
Sublimation of Giant Fullerenes
The discovery of carbon cage structure Buckminsterfullerene (C6o)[68, 66, 71, 72]
has led to an explosion in research in the physical and chemical properties of carbon
nanostructures. The research in the fullerenes and carbon nanotubes has become
the forefront of the current nanoscience and nanotechnology. Despite the enormous
scientific endeavors in the carbon nano-structure research in the last twenty years,
we found surprisingly that the formation mechanisms of Ceo and its family members
of large hollow-cage fullerenes remain unknown. This is mainly duo to the fact that
fullerenes are produced at extremely hash experimental conditions, such as very high
temperatures, which makes it impossible to directly observe the fullerene nucleation
and growth process by in-situ electron microscopy. As an alternative method the
reverse process, fullerene sublimation was used to study its growth and attract many
attentions. In the following sections, we report a first-time in-situ high-resolution
transmission electron microscopy (HRTEM) observations and a theoretical model of
the continuous shrinkage of large fullerene until total disappearance by Joule heating.
During the shrinkage process, the fullerene maintained a perfect closed cage structures
and polyhedral shapes until C330, and then they becomes almost spherical until Ceo,
after which the cage structure is opened and then disappeared rapidly. The results
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provide the first electron microcopy evidence for the hot giant fullerene growth mechanism. Atomic simulation supports our experimental results reveal that sublimation
of large fullerene is via a different channel from the "Rice Mechanism" [72].

4.1

Introduction

4.1.1

Synthesis of Fullerene

The first observed fullerenes was produced by laser-evaporization supersonic cluster beam technique, as Figure 4.1 shows. Firstly, a pulsed laser beam directly hit
the surface of a rotating/translating graphite disk. In an extremely short period of
time (5ns), a plasma of carbon vapor is generated over the irradiated spot, and temperature is over 10000 °C. Secondly, in order to cool down the super hot plasma,
helium gas is used from pulsed gas nozzle. Carbon atoms in the super hot plasma
are cool down in helium carrier gas, while the cluster reactions occur. Thirdly, at the
end of the source, supersonic beam is formed, and probed 1.3m downstream with a
time-of-flight mass spectrometer [72].
4.1.2

Fullerene Sublimation — "Shrink-Wrap"

As we can see, 10000 °C and plasma were generated during fullerene producing,
the environment is in a highly entropic and complicated condition. There is no such
device can directly observe the reaction mechanism under such environment [72]. As
a reverse process of growth, sublimation was used to study and explain the shrinkage
of fullerene.
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Figure 4.1
fullerene.

Laser-vaporization supersonic cluster beam technique was used to produce

In 1992, R. Curl, S. OBrien and R. Smalley et al. proposed a "Rice mechanism"
when they studied the "shrink-wrap" of C6o[72]. This mechanism basically requires
a pre-bond rotation (or Stone-Wales/SW) step to create an adjacent pentagon pair
(5|5) (which is similar as an ad-dimmer in graphene or carbon nanotube (CNT)
surface) as the first step. Eliminating C2 molecular from the adjacent of 5|5 is the
most energetically favored path due to creating no extra defects, as Figure 4.2 shows.
Experimental observation shows that, via such a clean mechanism, a fullerene can
reduce its size down to ~C32 in sphere shape in spite of its initial size. For fullerenes
smaller or little larger than Ceo (e.g., C62, C64, Cee and Ces), the SW transformation
is not a necessary step because the violation of isolated pentagon rule (IPR) ensures
the existence of adjacent pentagons in these fullerene. For fullerenes little larger than
Ceo, for example C70, one or two pre-SW steps are enough to create a 5|5 structure
and thus the "Rice mechanism" is applicable as well. However, if the fullerene is
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so large that pentagons are far from each other such as two neighboring pentagons
are separated by 5 hexagons in the surface of icosahedral C720, many high barrier
SW bond fliping steps are required to create a 5|5 formation and thus such a clean
mechanism is not applicable. Early experiments suggested that the large fullerenes
have fragmented by successive losses of C2 and higher even-numbered units when it
is heated by laser.

Figure 4.2

4.1.3

"Rice Mechanism" explains the shrinking process of Ceo-

The "Shrinking Hot Giant" Road of Fullerene Formation

In 2006, Irle et al. proposed this "Shrinking Hot Giant" mechanism to explain
fullerene formation[65, 64]. According to "Shrinking Hot Giant" road of fullerene
formation, at first, giant fullerenes Cn > 100 are self-assembled through irreversible
interactions and autocatalytic reactions of polyyne chains and macrocycles. Secondly,
this giant fullerenes subsequently shrink in size down to smaller fullerenes such as Ceo
and C70 by continued and irreversible C2 evaporation. And this shrinking process
consists of two stages in Figure 4.3, the first one associated with side chains falling
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off from the cage, and the second stage is C/C2/C3 pop-out. The first stage occurs
relatively fast after giant fullerene self-assembly, because side chains can easily breaks
at the sp3 carbon atoms between the chain and the cage. Fall-off can also occur
directly from carbon atoms in the cage, but this usually costs more energy, and takes
more time to happen. The second stage, carbon atoms popping out process, requires
high energy barriers, and is a slow process. Considering the energy barriers of two
stages, Ceo is estimated to be formed on the order of several hundred nano-seconds
(ns).

Stage 1

Stage 2

459.62 ps

574.48 ps

625.10 ps

459.64 ps

459.80 ps

574.56 ps

625.37 ps

625.46 PS

459.82 f

574.60 ps

625.84 PS

Figure 4.3
"Shrinking Hot Giant Road" shows the shrinking process of a giant
fullerene [65, 64].
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4.1.4

The Shrinking Process of Carbon Onion

Carbon onion composes two or more concentric fullerenes and its shrinkage under
electron irradiation was well studied for a long time[54, 55, 56, 57, 75]. Although the
geometry behavior during onion size reduction process, in Figure 4.4, is very close
to that of fullerene sublimation, they are different in many aspects. For example,
under irradiation, carbon onion often has a spherical shape but the ground structure
of a large fullerene is a polyhedron with 12 vertexes; the layer-layer interaction is
very important and the high pressure accumulated inside the onion can even induce
a phase transition from graphene layers to nanodiamond; the shrinkage of the inner
layers must emitting some carbon atoms that needs to diffuse away from inside to
the surface; Furthermore, high concentration electron irradiation obvious will create
a lots of defects in each layer.

4.2

Experiment of Sublimation Process of Giant Fullerene

Our collaborator, Dr. Huang conducted the experiment inside a JEOL 2010F
HRTEM equipped with a Nanofactory transmission electron microscopy-scanning
tunneling microscopy (TEM-STM) platform. The experimental procedure has been
described previously[61, 60, 59, 28, 41]. In brief, individual MWCNTs attached to a
gold rod of 250 ^m on one end were connected to a freshly etched gold STM probe on
the other end. The MWCNT was then subjected to electric breakdown by running a
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Figure 4.4
Shrinking process of carbon onion under electron irradiation at room
temperature [54].
very high current[41] through it, after which giant fullerenes were frequently observed
inside the cavity (Figure 4.5) or on the outer surfaces of the MWCNTs. Although the
details of their formation mechanisms are beyond the scope of this report, apparently
the giant fullerenes emerge as a result of either shrinkage of the inmost tube-layers, or
curling and folding of the disrupted damaged monolayers on the nanotube surfaces.
These giant fullerenes were then annealed at high temperatures induced by high bias
voltage Joule heating.
From Dr. Huang's previous experiments in which the MWCNTs are Joule-heated
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to temperatures higher than 2000°C at high bias voltages[61, 60, 59, 28, 41]. At such
high temperatures and in high vacuum (< 10 - 5 Pa), continuous shrinkage of large
fullerenes was found out all the way down to the "bitter end" due to the systematic
evaporation of carbon atoms.

Figure 4.5
(a)-(p) Continuous shrinkage of a giant fullerene (C1300) trapped inside
the cavity of a MWNT at high temperatures, (q) The number of carbon atoms in the
fullerenes decrease linearly with time during the sublimation process; (r) the bias voltage
in the MWCNT remains constant at 2.26 V and the current is reduced from 137 fj,A to 110
[xk during the fullerene shrinkage process.

Figure 4.5 shows consecutive HRTEM images of the shrinkage of a mono-shell giant
fullerene. Initially two giant fullerenes (Figure 4.5, ~Cnoo for the upper one, ~Ci3oo
for the lower one) are present in the cavity of the MWCNT, attached side by side in a
pattern, with both loops noticeably angular. The larger C1300 adapts the shape of the
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cap-corner of the inner tube wall, and remains apparently trapped there by the van der
Waals forces. The smaller Cnoo is attached intimately to its neighbor-fullerene and
the innermost tube sidewall, with the visibly lesser contact. As a result of such weaker
anchoring, it jumps out and back into contact frequently: e.g. in Figure 4.5(d), this
fullerene has moved out of the field of view, but in Figure 4.5(e), it abruptly returns
to touch the anchored piece at the same location and orientation as before (which
suggests sliding rather than rolling or a free-leap movement). After Figure 4.5(f),
this fullerene fragment never comes back to its original position. The reason for
such movement is unclear; it could be due to a static charge in the fullerenes, or the
thermal energy ~ KT, sufficient to disrupt the small van der Waals contact. Both
fullerenes change their shape and reduce their size continuously at high temperatures.
The C1300 continues to shrink, maintaining its polyhedral shape until approximately
~C33o (Figure 4.5(j)). In between ~C33o and ~C6o (Figure 4.5(n)), the fullerene
remains closed and almost spherical. At the size less than that of Ceo, the cage
structure appears to open and disintegrate. Once the cage structure is opened, it
bursts irreversibly and instantaneously.
It is further important to analyze the kinetics of fullerene contraction, quantified
by plotting the number of atoms TV (estimated from its visible contour length) as a
function of time, t. Shown in Figure 4.5(q), it reveals approximately linear decrease.
Common, macroscopically expected flux rate is proportional to surface, which would
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mean in the present case dN/dt ~ N ~ e~at (where dN/dt is the sublimation rate,
and a is a constant), meaning that N should decrease exponentially with the time. In
contrast, the data corresponds to a constant sublimation rate dN/dt « const. This
behavior is explained later, when we discuss the underlying atomic mechanism of the
giant fullerene shrinkage.
Note that the current flowing in the MWNT dropped continuously during the
entire sublimation process (Figure 4.5), caused by the shrinkage of the MWCNT,
defects, and electric breakdown[61, 60, 59, 28, 41]. Previous study showed that the
temperature in a MWCNT remains unchanged despite the current decrease[58]. We
conclude that the carbon atom evaporation of a fullerene is caused by the high temperature and is further facilitated by electron beam irradiation. It is unlikely that
the current flow in the MWCNT influences the evaporation process since no current
actually flows in the Fullerene itself. Note, however, that confinement of the giant
fullerenes within a MWCNT enables this experiment to be performed. Without such
confinement, the giant fullerenes would sublimate intact from a surface at much lower
temperature. However, the size of the inner diameter of the MWCNT might iinfluence
the actual rate of carbon evaporation.
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4.3
4.3.1

Theoretical Model
Energy Map of Removal Carbon Atoms and SW Flip in Fullerene

At graphite sublimation temperature, some of the carbon atoms must escape the
carbon bonding of the fullerene cage. Probability of such events is not uniform but
should be higher at the sites where it costs less energy. To this end, we have calculated
the energies of deleting a C atom or a C2 dimer from giant fullerenes as shown in
Figure 4.6. A generic example was a C320, in which the distance of 1 nm between
the neighboring pentagons is large enough; semi-empirical PM3 method[73] was used
for computations.
The energy cost for removing a C2 pair from a pentagon ring is about 3 eV less than
that from the hexagonal lattice because the former only adds a pentagon-heptagon
pair (5|7), while the latter creates a di-vacancy (5|8|5). Calculation also indicates
that, without respect of the removal sites, deleting a C2 always takes less energy than
a single carbon atom, which is in agreement with the know experimental fact that
carbon fragmentation from fullerenes is in the units of C2J63, 70].
From a thermodynamic point of view, a 3 eV energy difference must cause a
great difference in probabilities, a factor of eAE^kT ~ 106 even at the experimental
temperatures (T ~2000°C). This probability advantage of carbon emission from the
pentagons easily overwhelms the greater population of hexagons (say, several hundreds more than pentagons) even in a very large cage. Therefore, most of the carbon
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Figure 4.6 Energy cost of removing C2, Ci, and Stone-Wales (SW) bond flipping in
the fullerene, 0320loss should occur through the pentagons, which offers an explanation of the constant,
size-independent sublimation rate: since the number of pentagons remains nearly
constant (12 is required by the Euler rule regardless of the cage size, with only minor
transient 12+ fluctuations), the leak into gas phase through these sites is not proportional to the total area but remains at steady rate. If all the additional defects
generated during the C2 sublimation are annealed/healed efficiently, the number of
pentagons in the fullerene is indeed constant. Turning this argument around, one can
see a constant mass loss rate as evidence (in addition to clean visible shape) of the
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cage high quality and very low presence of extra defects in the course of sublimation.
We discuss below the basic processes responsible for both carbon emission and for
defect annealing.
4.3.2

Creation and Absorption of 5|7

Our recent study shows that a nanotube surface, normally having no pentagons at
all, the C2 emission is facilitated by a pentagon-heptagon pair 5|7 and also does not
create any defects beyond that[37, 36]. Here neither adjacent (5|5) nor continuous
movement of a 5|7 is possible.

Figure 4.7(a-b) shows the defect formation after

removing a C2 from a pentagon, with a 5|7|5 topological defect created. The 5|7|5
can be viewed as a pentagon plus a 5|7 pair, 5+517, which means an extra topological
defects, 5|7 pair, was created after the C2 removal.
A 5|7 is known as an edge dislocation in a two-dimensional (2D) hexagonal
lattice[27]. As such, it can glide and climb on the hexagonal lattice by rotating (StoneWales transformation) one of the shoulder bonds of its heptagon and C2 removal from
the extra insertion zigzag atoms chain, as described in Chapter 3. At sublimation
temperatures, the 5|7 dislocation is fully activated and mobile on the giant fullerene
surfaces. This mobility is important, because the 5|7 cannot be eliminated by the
parent-pentagon where it was created, as one can see in Figure 4.8(a)—»(b), unless
there are two carbon atoms add to original position, and the whole system will restore
to its original state. The 5|7 can however be easily deleted by another pentagon if
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Figure 4.7 A pentagon acts as both a source and a sink of a 5|7. (a), (b) Removal of a
C2 from a pentagon creates a 5+5|7 defect; (c), (d) when a 5|7 approaches to a pentagon,
removal of a C2 annihilates the 5|7 defect; (e), (f) a Stone-Wales bond rotation step creates
an additional 5|7, and reverse process annihilate a 5|7 in the vicinity of a pentagon.
it migrates over the fullerene surfaces. There are 11 non-parent pentagons in the
fullerene, so the 5|7 can be efficiently annealed, through the basic mechanisms shown
in Figure 4.7(c-f) and Figure 4.8(c-g).
Once a 5|7 encounters such a pentagon it can be annealed by another C2 emission,
or by the Stone-Wales bond rotation. There are two principle cases in annealing the
topological defect here: two adjacent pentagons with one heptagon annealed into one
pentagon by removing a C2 (Figure 4.7(c-d)), or two separate pentagons and a hep-
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Figure 4.8 (a)—>(b) shows one pentagon can not absorb the 5|7 which is created by itself,
(c)—>(d) shows pentagon can create and absorb 5|7 by only remove C2 pairs. (e)(f)—>(g)
shows pentagon can create and absorb 5|7 by C2 removal and Stone-Wales bond rotation.
The distance between two pentagons are increased by C2 elimination.
tagon annealed into a pentagon by C-C bond rotation (Figure 4.7(e-f)). The above
analysis shows that a pentagon can serve as either a source or a sink for topological
defects (e.g. 5|7) on a fullerene surface. We also found a interesting phenomenon,
that is the distance between two pentagons actually increase after removing several
C2 pairs between them, as Figure 4.8(c)—•(d), (e)(f)—»(g). This phenomenon is surprising, since we know removing materials between two objects usually bring them
close to each other.
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4.3.3

Modified Monte Carlo Dynamic Simulation of Sublimation Process
of Giant Fullerenes

To track the evolution of the giant fullerene, a modified Monte-Carlo dynamic
simulation was used, to include the carbon removal channel in the sublimation process
of large fullerene[37, 36]. The initial fullerene was an icosahedral C720- At each
step, a C2 was removed from the most energetically preferred site in the fullerene
after a full scan of all possible C2 removal options. Following the C2 removal, the
most energetically favorable bond rotations were performed to anneal the topological
defect formed until the energy could not be further reduced by any possible SW
transformation. Then next C2 was removed from the weakest spot, and so on. The
simulation was performed with the Tersoff-Brenner inter-atomic potential[34].
Figure 4.9(a-d) shows a typical sequence, from C2 emission, followed by the formation of a 5|7 and then its annihilation, observed in the dynamic simulation. The
process starts with two separated pentagons in the fullerene surface Figure 4.9(a).
The created 5|7 glides towards another pentagon (Figure 4.9(c-d)) and then is annihilated by a C2 removal step (Figure 4.9(d-e)). With this efficient annealing, a giant
fullerene can avoid any hole formation and maintains its good quality closed structure during the sublimation process. The snapshots in Figure 4.9(j) clearly show that
the large fullerenes undergo spherical-polyhedron shape changes, which also depends
on the viewing angle, as observed in experiments. It is interesting to note that the
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discussed here giant fullerene sublimation process appears in general agreement with
recent "hot giant" molecular dynamic simulations[64, 76, 65], and may indeed be a
part of buckyball formation mechanism.
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Figure 4.9 Typical C2 removal process and the annihilation of 5|7 defects in the large
fullerene surface (a)-(i) upper panel and snapshots of the shrinking of fullerenes during the
simulation process (j), low panel.
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4.4

Conclusion

In summary, giant fullerenes produced in the course of electric breakdown and
Joule heating of MWCNTs, were found to shrink continuously until the formation of
a Ceo, arid to disintegrate and vanish slightly below the Ceo size due to the carbon
evaporation. The evaporation rate of carbon atoms was found to be linear with time.
Theoretical analysis indicates that the carbon atoms are removed from the pentagon
sites, and the number of pentagons in all the giant fullerenes are the same (twelve),
which explains the linear shrinkage rate. The shrinkage process involves both C2 pair
removal and SW (bond flip) transformations, which maintains the integrity of the
cage structures.

Chapter 5
Formation of Large Dislocations in Carbon
Nanotubes
As one of the strongest and lightest material, carbon nanotubes are expected to
be used to build super elevators from earth to outer space[86]. Their distinguished
mechanical properties have been studied extensively in past decade, both theoretically
and experimentally[42, 83, 30]. Generally, carbon nanotubes were considered brittle
material, because they can be seen as a rolled up graphene layer and graphite is
one of well-known brittle materials. However, recent experiments discovered that
carbon nanotube is actually very ductile at high temperature, and its perfect 2D
honey-comb lattice structure can remains intact even after 280% elongation and 80%
mass loss[28, 41]. Theoretical analyses indicate that the edge dislocations (or the
experimental observed kinks) play a dominant role in the super plasticity of carbon
nanotube[27, 41, 39, 37, 36].
Dislocation, one of the dominant roles that determine the mechanical properties
of solid materials, has been explored for more than 100 years[78, 79]. In 3D materials,
A fundamental principle of dislocation theory is the Prank criterion [80]; only those
dislocations with the shortest possible Burgers vectors are stable. According to this
criterion, a large dislocation is energetically forbidden in materials [82].
In the following sections, we will report a surprising observation: the Frank energy
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criterion is not valid for two dimensional materials, such as carbon nanotube.

5.1
5.1.1

Introduction
Dislocation

In materials science, a dislocation is a crystallographic defect, or irregularity,
within a crystal structure. The presence of dislocations strongly influences many
properties of materials. The theory was originally developed by Vito Volterra in 1905.
Some types of dislocations can be visualized as being caused by the termination of a
plane of atoms in the middle of a crystal. In such a case, the surrounding planes are
not straight, but instead bend around the edge of the terminating plane.
There are two standard types of dislocation, edge and screw. Dislocations found
in real materials typically are mixed, meaning that they have characteristics of both.
An edge dislocation is a defect where an extra half-plane of atoms is introduced
mid way through the crystal, distorting nearby planes of atoms. A simple schematic
diagram of such atomic planes can be used to illustrate lattice defects such as dislocations. (Figure 5.1(a) represents the "extra half-plane" concept of an edge type
dislocation). The dislocation has two special geometric properties, a line direction,
which is the direction running along the bottom of the extra half plane, and the Burgers vector which describes the magnitude and direction of distortion to the lattice.
In an edge dislocation, the Burgers vector is perpendicular to the line direction.
A screw dislocation is much harder to visualize. Imagine cutting a crystal along
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Figure 5.1 (a) Schematic diagram (lattice planes) showing an edge dislocation. Burgers
vector in black, dislocation line in blue, (b) Schematic diagram (lattice planes) showing a
screw dislocation, gray atoms are in front of black-circle atoms.
a plane and slipping one half across the other by a lattice vector, the halves will fit
back together without leaving a defect. If the cut only goes part way though the
crystal, and then slipped, the boundary of the cut is a screw dislocation. It comprises
a structure in which a helical path is traced around the linear defect (dislocation line)
by the atomic planes in the crystal lattice (Figure 5.1(b)). Perhaps the closest analogy
is a spiral-sliced ham. In pure screw dislocations, the Burgers vector is parallel to the
line direction.
In many materials, dislocations are found where the line direction and Burgers
vector are neither perpendicular nor parallel and these dislocations are called mixed
dislocations, consisting of both screw and edge character.
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In general, the Burgers vectors of dislocations are associated with lattice vectors, and that they should be given by those of the possible lattice vectors which
are smallest in magnitude. Dislocation with such Burgers vectors are called perfect
dislocations.
5.1.2

Frank Energy Criterion

In dislocation theory, for a general straight dislocation, the energy per unit length
is defined by following equation:
W
fJib2, n - sin 2 /?,, aR
__£_(coB>0 + — ) ] » T

._ _
(5.J)

Figure 5.2 A mixed dislocation with its Burgers vector inclined at an angle (3 to the
dislocation line.

From Equation 5.1, we can see the energy of a dislocation is proportional to b2, if
we neglecting the variation of the dislocation energy with (5. So the value, b2, can be
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used to evaluate the stability of a dislocation. Therefore, a perfect dislocation with
Burgers vector k^ can dissociate into perfect dislocation b 2 + b 3 , when:

6? > b\ + b\

(5.2)

For example, if the dislocation bi = 2b 2 = 2b 3 , it will dissociate into b 2 + ba.
This criterion immediately shows that any dislocation with a Burgers vector which
is a multiple of a perfect dislocation Burgers vector is unstable.

5.2
5.2.1

Theoretical Model
Edge Dislocation on Hexagonal Lattice

In a graphene surface, a perfect edge dislocation with the smallest Burgers vector
is an adjacent pentagon-heptagon pair (5|7)[27, 40], as discussion in Chapter 3, shown
in Figure 5.3(a). As a topological defect, 5|7 can connect two tubes, and its Burgers
vector b is equal to the difference of the chiral vectors, b = c — c', of these two tubes.
In hexagonal lattice, there are six possible perfect edge dislocations, whose Burgers
vectors are ± a i , ±a 2 , ±(ai — a 2 ) respectively.
However, not only perfect edge dislocation can exist on hexagonal lattice, so do
other edge dislocation with multiple perfect Burgers vectors length, as shown in Figure
5.3(b)(c). Those large edge dislocations are the separated pentagon-heptagon pair(5|
... 17), which can be use to connect any two arbitrary carbon nanotubes[84]. Figure
5.3(b)(c) show two large edge dislocations (5 | ... | 7) with Burgers vector \/3a and
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2a. The extra insertion plane of the edge dislocation are shadowed in purple color.
If the extra plane (purple shadowed atoms) are removed, a perfect hexagonal lattice
will restore. We actually note that near dislocations the lattice is highly distorted
and the vicinity of the pentagon curves up to form a kink as shown in Figure 5.3 and
Figure 5.10.

Figure 5.3 (a) A perfect edge dislocation in hexagonal lattice, whose Burgers vector is
equal to the lattice constant, a. (b)(c) are two large edge dislocations with Burgers vector
\/3a and 2a, The extra insertion plane of the edge dislocation are shadowed in purple color.
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5.2.2

Mergence of Two Perfect Edge Dislocation on Hexagonal Lattice

A perfect edge dislocation, 5|7, can glide one lattice parameter by rotating one
of the shoulder bonds[27, 36]. When two 5|7s with Burgers vectors bi and b 2 (
I bi |=| i>2 \= a , where a =| ai |=| a 2 | is the lattice constant) approach together,
they may interact with each other and form a new dislocation with Burgers vector:
b = bi + b 2 . Depending on the relative orientation of two 5|7s, there are four possible
processes:

(a). Two 517s with same orientation can combine to form one large edge dislocation
(5|6|7) whose Burgers vector length is | b |= 2a, in Figure 5.4(a).
(b). Two 517s form an angle of 60° can merge into a 5|6/6|7 large dislocation whose
Burgers vector length is | b |= y/3a, as Figure 5.4(b).
(c). When two 5|7s form an angle of 120°, they can sink into only one perfect edge
dislocation 5|7, as Figure 5.4(c) shows.
(d). Two 5|7s with opposite directions will disappear after merge together, in Figure
5.4(d).

According to the Frank criterion, only processes (c) and (d) are allowed, in Figure
5.4. However, in a specific 2D monatomic layer of carbon nanotube, the dislocation
formation energy formula Eb oc| b | 2 , may not be correct any more. Because the
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atoms around the dislocation core have an extra degree of freedom (in the direction
perpendicular to the tube wall) to relax. In order to check the Prank criterion in 2D
nanotube surface, the quantum PM3 method[73] was used to calculate the energy

Figure 5.4 Two perfect edge dislocations combine into a new dislocation or disappear
by bond flipping on a 2D hexagonal lattice, (a) (b) (c) (d) show the merging process of two
perfect dislocations that are separated by 0°, 60°, 120° and 180°, respectively.

variation during the merge processes, in Figure 5.4(a) and (b). Surprisingly, the combination of two perfect dislocations always reduces the formation energy. As shown
in Figure 5.5, the total energy decreases about 1.5-2.0 eV after two perfect edge dis-
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locations combine into a large dislocation. Although this result is surprising from the
dislocation theory point of view, it is easy to understand from the viewpoint of the 2D
lattice structure. The formation energy of a dislocation is highly related to the lattice
deformation around its core. In 3D material, the formation energy mainly comes from
the lattice compression and extension, and is roughly proportional to the square of
the deformation amplitude, length of Burgers vector. So the merging process of two
dislocations is energetically unfavorable. The inserted figure in Figure 5.5(a) shows
the energy variation during the merging of two 5|7 with identical orientation on a flat
constrained graphene. The increasing energy indicates that such a process is energy
unfavorable as that in 3D environment. But in 2D carbon nanotubes, the out-of-plane
distortion around the dislocation core significantly relaxes the lattice compression and
extension and may change the relationship between the dislocation formation energy
and the length of Burgers vector. In a tube surface, both pentagon and heptagon
serve as out-of-plane distortion centers. Therefore, as the simplest approximation,
the formation energy is roughly determined by the number of pentagons and heptagons(detailed discussion is in the following section 5.2.3). Since the combination of
perfect edge dislocations always reduces the number of pentagons or heptagons from
4 to either 2 or 0, the formation energy reduction is no longer puzzling.
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Figure 5.5
(a) The energy changing during the merging process of two perfect dislocations in a carbon nanotube. The energies were calculated by the quantum PM3 mothod. For
two perfect edge dislocations of same orientation, the chiral indexes of the connected tubes
are (20, 0) and (18, 0). For two perfect dislocations separated by 60°, the two connected
tubes are (20, 0) and (18, 1). Sequence (b—>c—>d) and sequence (e—>f—>g) show several
steps in the whole process. The inserted figure in (a) shows the energy variation during the
merging of two 5|7 with identical orientation on a fiat constrained graphene. The increasing
energy indicates that such a process is energy unfavorable as that in 3D environment.

5.2.3

F o r m a t i o n E n e r g y of E d g e D i s l o c a t i o n s o n N a n o t u b e

Since dislocation theory are used to study single-walled carbon nanotube, scientists are trying to find out the formation energy of edge dislocation on SWNTs.
Because this energy directly decides the quality of produced SWNTs.
Here we use extrapolation method to study the formation energy on SWNTs.
A zigzag tube (10,0) is used to study the formation energy of the primitive edge
dislocation 5|7 on nanotube. We start at a perfect zigzag tube, and every step we
took out 4 carbon atoms (two C2 pair).
We assume that removing C2 pair always change the same length of tube's chiral-
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ity, which means taking two carbon atoms will reduce the same amount of tube length
on one side, and increase the same amount of tube length on the other side. This
assumption is obvious true in the structure that already contain two 5|7s, because
every two C2 pairs removing will cause each 5|7 dislocation climb one constant step,
as figure 5.6 shows.
The structure's cohesive energy is defined as En, here n is the step number which
describes the number of two C2 pairs that has been remove from perfect nanotube,
for example, E2 means there are 4 C2 pair has been removed from perfect tube.
In order to define the equation of structure energy, we need to introduce several
parameters. £(10,0) and £(9,0) are the cohesive energy of 1 unit cell of (10,0) and (9,0)
carbon nanotube. /(io,o) is the constant parameter describing the number of unit
cell decrement in (10,0) tube, which is cause by removing one C2 pair, and 7(9,0)
is the constant parameter that describes the number of unit cell increment in (9,0)
tube, which cause by removing one C2 pair. E5|7 is the formation energy of 5|7 edge
dislocation on nanotube. £c2 is the cohesive energy of C2 pair.
In order to verify the cohesive energy formula, we start from a perfect (10,0) nantube, and remove series of two C2 pairs from it. Figure 5.6(a) shows a perfect SWNT,
and after removng 2 C2 pair from (a), figure 5.6(b) structure will be created, and continuing removing 2 C2 will create the rest of structures in Figure 5.9(c) (d)(e)(f).
If cohesive energy of structure shown in Figure 5.6(c) is E2, the cohesive energy
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1(9,0)

Figure 5.6 A series of removing two C2 pairs (black circles) step by step, corresponding
to 0 -> 1 st -> 2nd -> 3rd -» 4th -> 5th step.
of structure (d) can be written as

E3 = E2 — 2/(10,0) • £(10,0) + 2/(9,0) • £(9,0) + 2Ec2

(5.3)

Prom figure 5.6, we can see the number of unit cell decrement in (10,0) tube /(io,o)
is 0.5, and the number of unit cell increment in (9,0) tube I(?,o) is 0.5.
Then we can get the cohesive energy formula of nth step, (here n is integer, and
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n > 0), where there are 2n C2 pairs were removed from perfect tube, can be written
as:

En = En-i — 2/(10.0) • £(io,o) + 2/(9,0) • £(9,0) + 2/?c2

(5-4)

Because we know for a perfect (10,0) tube, the cohesive energy is E0, it can be
written as:

E0 = N- e(10i0) - 0 • 2/(10,0) • £(10,0) + 0 • 2/(9)0)£(9,o) + 0 • £5|7 + 0 • 2EC2

(5.5)

For removing 2 C2 pairs, 1 st step, the cohesive energy can be written as:

Ei = N • e(io,o) - 1 • 2/(io,o) • £(10,0) + 1 • 2/(9i0)£(9,o) + 2 • E5]7 + 1 • 2Ec2

(5.6)

Therefore, we can derive the cohesive energy formula for nth step, as:

En = (N - n • 2/(io.o)) • £(10,0) + n • 2/(9,0) • £(9,0) + 2- E5]7 + n- 2Ec2

(5.7)

If we use cohesive energy of nth step, E n deduct cohesive energy of perfect tube
Eo, and write this deduction energy as:

E = n- 2/(io.o) • £(10,0) + n • 2/(9i0) • £(9,0) + 2 • £5|7 + n • 2Ec2

(5.8)

As we can see, every term in this deduction energy is proportional to n, so if we
draw a curve of E with respect to n, we will have a linear curve. Furthermore, if we

90
extrapolate this linear curve back to n = 0, y-intercept will be the E5\7, the formation
energy of 5 | 7, as Figure 5.7 shows.
There are some examples formation energy of 5|7 primitive edge dislocation on
(10,0) zigzag SWNT are calculated by Tight-Binding potential, in Table 5.1.

Number of Removal Atoms

Number of Removal Atoms

Figure 5.7 Two Formation energies of 5|7s on (10,0) nanotube with two chiral angles,
(a) Formation energy of 5|7 which form 7r/3 angle with tube axis, (b) Formation energy of
5|7 which aligns with tube axis.

Type of Dislocation
5|7
5|7
5|6|7
5|67
5|6/6|7
56/67

Tubes(5| . . . |7 angle)
(10,0)(07r)
(10,0)(TT/3)
(10,0)(0TT)
(10,0)(TT/3)
(6,6)(0TT)
(6,6)(TT/6)

S5|...|7(eV)
2.261
3.539
3.127
6.013
2.992
5.761

Table 5.1 Formation energy of different edge dislocations on different tubes with different orientation angles.

More analytical description about formation energy of edge dislocation on carbon
nanotubes is express in following model. Formation energy of a declination includes

91
the formation energy of pentagon(5) and heptagon(7) as two defects in a hexagonal
lattice (65+67) plus the curvature energy around the declination: Ec, E = 65 + 67 +Ec.
The principle curvature at any point on a regular cone can be expressed as:
cos2#

c = zsin.9

(5.9)

Figure 5.8 (a) shows a 5 | 6 | 7 edge dislocation on a graphene layer, (b) show a regular
cone rolled from any two dimensional layer.

The area of infmidesimal shadow band around cone, in Figure 5.8 can be writen
as:
, /
sm9
dz
27rsin0 ,
dS = 2irr x dz/ cos 6 = 2-K X Z
=
Tnrzdz
1 x
COS6 cos 6
cos2 9

,_ „rt.
(5.10)
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Then the curvature energy of a cone can be gotten by integrate on the cone surface:

Gtc2dS

Ec=

(5.11)

Here G is the bending stiffness of the 2D layer, t is the effective thickness of the 2D
layer. zmin is the minimum cutoff, we choose it as carbon-carbon bond length, a. zmax
is the maximum cutoff, we choose it as the distance between pentagon and heptagon,
which is proportional to the length of Burgers vector, b. After we subsititute curvature
Equation 5.10 and 5.11 into Equation 5.12, and integrate the whole equation, we can
get:
2irGcos29
zmax
Ec =
——In
Sin 9

(5.12)

Zmin

For a 5 | ... | 7 dislocation on a graphene layer, 9 = ^f. The bending stiffness of
Yt3

a graphene layer is G =

12 (i_^)

>

nere

^ i s the Young's modulus for a graphene, Y =

5.5TPa= 34.4eV/A3, v = 0.2 is the posion ration, and teff = 0.066nm is the effective
thickness of a graphenen layer, which can be found in Yakobson's Paradox[85]. Then
formation energy of a 5 | ... | 7 dislocation on a graphene layer is:
r-,

r-,

E = e5 + e7 + Ec = e5 + e7 +

2TVGCOS29

,

zmax

,„„,,•,

b

— — In -^^ = e5 + e7 + 1.84eVln sin 9
zmin
a

.„ „„ x

5.13

After calculating formation energies of 6 different edge dislocations whose Burgers
vectors length are a, 2a, 3a, 4a, 5a, 6a respectively with Tersoff-Brenner Potential by
our previous numerical method, we can fit a exponentially curve as Figure 5.9 shows.
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The fit curve is E = 2.94 + 1.71 In £, the fitting parameter 1.71eV is a very good
agreement with analytical data

12,

°fL .

Q

= 1.84eV, as Figure 5.9 shows.

Burgers Vector Length (*a)

Figure 5.9 Formation energies of 6 different edge dislocations on nanotube whose Burgers vectors length a a, la, 3a, 4a, 5a, 6a, and an exponential curve that is fitted from those
points shows very good agreement. Calculation is based on Brenner potential[34].

So from our analytical derive and numerical calculation, we can see the energy of
edge dislocation on graphene or carbon nanotube should have logarithm dependence
with length of Burgers vector, E = const i + const2hi6, the square dependence in
Frank criterion is no longer valid anymore.
5.2.4

Dynamics of Large Dislocation on Carbon Nanotubes

The above analyses indicate that the Frank criterion is not applicable for twodimensional carbon nanotubes. This is in agreement with our collaborator Dr. Huang's
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Figure 5.10 High resolution TEM image of large edge dislocations/kinks in a carbon
nanotube surface and the corresponding modeled structures. Sequence (a—>b): two dislocations combined together to form a large one. Sequence (b—>c—>d): the large dislocation
continuously moving out of the image.
experimental observation. In Figure 5.10, the right panels are a series of high resolution transmission electron microscopic (HRTEM) images that were taken at high
temperature (around 2000°C)[28, 62, 41]. The HRTEM images clearly show the
existence of large dislocations, combination of two small edge dislocations/kinks,
Figure 5.10(a—>b), and continue movement of the large edge dislocation, Figure
5.10(b—>c—>d). The left panels show the corresponding atomic model structures.
From Figure 5.10(b) we can see that both the dislocation/kink height and angle fit
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the experimental observation very well. This confirms that the experimental observed
kinks are large edge dislocations or separated pentagon-heptagon pairs.
Besides showing the stability of the large dislocations/kinks, Figure 5.10 also shows
its dynamics. As an edge dislocation, a kink can move via two standard mechanisms:

1. Gliding along the direction of the Burgers vector and climbing perpendicular to
the Burgers vector. It is well known that rotating one bond as shown in Figure
5.4 and Figure 5.5 can cause a perfect dislocation gliding one lattice parameter,
| a |, in a hexagonal lattice[27, 36]. Similarly, the glide of a large dislocation
can be achieved by rotating several bonds on the same side. As shown in Figure
5.11(b—>c—K1), by rotating two bonds on the right side of the 5|6|7, the edge
dislocation structure moves one lattice parameter rightwards.
2. In contrast to gliding, climbing is not a mass reserved process. In bulk material,
climb of an edge dislocation is normally driven by either the sinking of vacancies
or the addition atoms to its core. However, for two-dimensional surfaces, climb
of edge dislocations can be driven by evaporating atoms directly from its core
or depositing gas atoms to the core as an opposite process[37, 36]. Figure
5.11(e—>f—>g) show how the removal of 8 atoms from the extra plane moves the
5|6|7 dislocation upwards an amount of \/3a.

Furthermore, the combination of glides and climbs can drive edge dislocations in
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any direction.
Generally, the movement of the edge dislocation is guided by three driving forces.

Figure 5.11 (a) The driving forces on a 5|6|7 dislocation (panel a. see text for details)
and its movement. Sequence (b—>c—>d) the large dislocation glides one lattice parameter
rightward by rotating two bonds on its left side. Sequence (e—>f—»g). The dislocation climbs
upward by removing 8 carbon atoms from the extra plane.

1. For a tube under stress a, an edge dislocation feels a Peach-Koehler force[27],
Fs = ab sin /?, along the circumference.
2. The driving force for a climb is Fchem = 775 ^^V*, where A/i. is the difference
in chemical potential for carbon in the gas phase and in the tube surface. For
5|6|7, by removing 8 carbon atoms from the extra plane, the dislocation moves
perpendicular to the Burgers vector Figure 5.11(e)(f)(g).
3. The motion of the edge dislocation will normally change the tube diameter and
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thus the curvature energy also. So there is another small driving force along the
tube axis, which is generally very weak compared to the Peach-Koehler force.

Prom the viewpoint of driving forces, a kinks motion can be easily understood. The
kinks shown in Figure 5.10 are in a tube free of stress since one of its ends is free. So
the Peach-Koehler force is zero. Omitting the very small driving forces coming from
the curvature change, the total driving force is either perpendicular to the Burgers
vector or parallel to the kink direction, as shown in Figure 5.11. Therefore, at high
sublimation temperatures, the departure of carbon atoms directly from the extraplane will drive the kink climb as shown in Figure 5.11(b—>d). In 3D materials, this
diffusion process is both too slow and detrimental to the lattice integrity. However,
the situation is different for 2D materials, since atoms on the surface can directly
depart into the gas phase, or conversely sink into the dislocation core. Without the
limitations of vacancy/add-atom diffusion, such a pseudo-climb can be extremely fast,
as observed in experiments.

5.3

Conclusion

In conclusion, large edge dislocations are predicated to be stable in carbon nanotubes and such large dislocations are observed as kinks under high resolution transmission electron microscopy. Furthermore, the observed dislocation motion agrees
well with the theoretical driving force analyses. Indeed, our study suggests that
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the Prank criterion will also fail for other two-dimensional materials, such as flat
graphene[87], B-N[88, 89], WS 2 and MoS2[90, 91] nanotubes and other 2D-bio memberines[92,
93]. So that there is still much to be learned about the dislocation theory of 2Dmaterials.

99

References
1. S Iijima, T Ichihashi. Single-shell carbon nanotubes of 1-nm diameter. Nature,
363:603, 1993.
2. T Tanaka, Y Morino. Coriolis interaction and anharmonic potential function of
ozone from the microwave spectra in the excited vibrational states em Journal
of Molecular Spectroscopy 33:538-551, 1970.
3. K Mack, J Muenter. Stark and Zeeman properties of ozone from molecular beam
spectroscopy. Journal of Chemical Physics 66:5278-5283, 1977.
4. R Claus, S Schreiber. Ozonolytic Cleavage of Cyclohexene to Terminally Differentiated Products: Methyl 6-oxohexanoate, 6,6-Dimethoxyhexanal, Methyl
6,6-dimethoxyhexanoate. Organic Syntheses Coll. 7:168, 1990.
5. J Deng, C Mou, C Han. Oxidation of Fullerenes by Ozone. Fullerene Science
and Technology 5:1325, 1997.
6. P Ajayan, T Ebbesen, T Ichihashi, S Iijima, and et al. Opening carbon nanotubes
with oxygen and implications for filling. Nature, 362:522, 1993.
7. P Ajayan and B Yakobson. Oxygen breaks into carbon world. Nature, 441:818819, 2006.
8. S Banerjee, T Hemraj-Benny, M Balasubramanian, and et al. Ozonized singlewalled carbon nanotubes investigated using nexafs spectroscopy. Chemical Communications, 772-773, 2004.
9. D Bom, R Andrews, D Jacques, J Anthony, B Chen, and et al. ... oxidation
of multiwalled carbon nanotubes: evidence for the role of defect sites in carbon
nanotube . . . . Nano Letters, 2(6):615-619, 2002.
10. S Chan, G Chen, X Gong, and Z Liu. Oxidation of carbon nanotubes by singlet
o2. Physical Review Letters, 90:086403, 2003.
11. Z Chen, R Hauge, and R Smalley. Ozonolysis of functionalized single-walled
carbon nanotubes. Journal of Nanoscience and Nanotechnology, 6:1935-1938,
2006.
12. R Criegee. Mechanism of ozonolysis. J. Am. Chem. Soc, 14(ll):745-752, 1975.

100
13. S Dag, 0 Giilseren, T Yildirim, and S Ciraci. Oxygenation of carbon nanotubes: Atomic structure, energetics, and electronic structure. Physical Review
B, 67:165424, 2003.
14. G Dukovic, B White, Z Zhou, F Wang, S Jockusch, and et al. ... surface oxidation and efficient luminescence quenching in semiconductor single-wall carbon
nanotubes. J. Phys.: Condens. Matter, 126(46): 15269-15276, 2004.
15. G Froudakis, M Schnell, M Miihlhauser, and et al. Pathways for oxygen adsorption on single-wall carbon nanotubes. Physical Review B, 68(11):115435,
2003.
16. J Li, K Kudin, M McAllister, R Prud'homme, and et al. Oxygen-driven unzipping
of graphitic materials. Physical Review Letters, 96:176101, 2006.
17. X Lu, L Zhang, X Xu, N Wang, and Q Zhang. Can the sidewalls of single-wall
carbon nanotubes be ozonized. J. Phys. Chem. B, 106:2136-2139, 2002.
18. D Mawhinney, V Naumenko, A Kuznetsova, and et al. Infrared spectral evidence
for the etching of carbon nanotubes: Ozone oxidation at 298 k. Journal American
Chemical Society, 122:2383-2384, 2000.
19. M Mazzoni, H Chacham, P Ordejon, and et al. Energetics of the oxidation and
opening of a carbon nanotube. Physical Review B, 60:R2208-R2211, 1999.
20. C Moon, Y Kim, E Lee, Y Jin, and K Chang. Mechanism for oxidative etching
in carbon nanotubes. Physical Review B, 65:155401, 2002.
21. S Picozzi, S Santucci, L Lozzi, L Valentini, and et al. Ozone adsorption on
carbon nanotubes: The role of stone-wales defects. The Journal of Chemical
Physics, 2004.
22. S Tsang, P Harris, and et al. Thinning and opening of carbon nanotubes by
oxidation using carbon dioxide. Nature, 362:520-522, 1993.
23. K Ziegler, Z Gu, J Shaver, Z Chen, E Flor, and et al. Cutting single-walled
carbon nanotubes. Nanotechnology, 16:S539-S544, 2005.
24. S Iijima Exceptionally high Young's modulus observed for individual carbon
nanotubes. Nature, :678-680, 1996.
25. M Treacy, T Ebbesen, J Gibson. Exceptionally high Young's modulus observed
for individual carbon nanotubes. Nature, 381:678-680, 1996.

101
26. M Nardelli, B Yakobson, J Bernholc. Brittle and Ductile Behavior in Carbon
Nanotubes. Physical Review Letters, 81:4656-4659, 1998.
27. B Yakobson. Mechanical relaxaton and "intramolecular plasticity" in carbon
nanoutbes. Applied Physics Letters, 72:918-920, 1998.
28. J Huang, S Chen, Z Wang, K Kempa, Y Wang, S Chen, M Dresselhaus, Z Ren.
Superplastic carbon nanotubes. Nautre, 439:281, 2006.
29. H Troiani, M Miki-Yoshida, G Camacho-Bragado, M Marques, A Rubio, J Ascencio, M Jose-Yacaman. Direct Observation of the Mechanical Properties of
Single-Walled Carbon Nanotubes and Their Junctions at the Atomic Level. Nano
Letter, 3:751-755, 2003.
30. M Dresselhaus, G Dresselhaus, P Eklund. Science of Fullerenes and Carbon
Nanotubes (Academic Press, San Diego, 1996
31. P Ajayan, V Ravikumar, and J Charlier. Surface reconstructions and dimensional
changes in single-walled carbon nanotubes. Physical Review Letters, 81 (7): 1437,
1998.
32. K Asaka and T Kizuka. Atomistic dynamics of deformation, fracture, and joining
of individual single-walled carbon
Physical Review B, 72:115431, 2005.
33. D Bozovic, M Bockrath, J Hafner, C Lieber, and et al. Plastic deformations
in mechanically strained single-walled carbon nanotubes. Physical Review B,
67:033407, 2003.
34. D Brenner. Empirical potential for hydrocarbons for use in simulating the chemical vapor deposition of diamond
Physical Review B, 42(15):9458, 1990.
35. J Despres, E Daguerre, and K Lafdi. Flexibility of graphene layers in carbon
nanotubes. Carbon, 33(l):87-92, 1995.
36. F Ding, K Jiao, M Wu, and B Yakobson. Pseudoclimb and dislocation dynamics
in superplastic nanotubes. Physical Review Letters, 98:075503 2007.
37. F Ding, Kun Jiao, Yu Lin, and B Yakobson. How evaporating carbon nanotubes
retain their perfection? Nano Letters, 7(3):681-684, Mar 2007.
38. T Dumitrica, T Belytschko, and B Yakobson. Bond-breaking bifurcation states in
carbon nanotube fracture (vol 118, pg 9485, 2003). Journal of Chemical Physics,
118(21):9485, 2003.

102
39. T Dumitrica, M Hua, and B Yakobson. Symmetry-, time-, and temperaturedependent strength of carbon nanotubes. Proceedings of the National Academy
of Sciences, 103(16):6105-6109, 2006.
40. A Hashimoto, K Suenaga, A Gloter, and K Urita. Direct evidence for atomic
defects in graphene layers. Nature, 430:870, 2004.
41. J Huang, S Chen, S Jo, Z Wang, D Han, G Chen, M Dresselhaus, Z Ren. Atomicscale imaging of wall-by-wall breakdown and concurrent transport measurements
in multiwall . . . . Physical Review Letters, 94:236802, 2005.
42. S Iijima. Helical microtubules of graphitic carbon. Nature, 354:56, 1991.
43. S Iijima, C Brabec, A Maiti, and J Bernholc. Structural flexibility of carbon
nanotubes. The Journal of Chemical Physics, 104:2089, 1996.
44. M Nardelli, B Yakobson, and J Bernholc. Mechanism of strain release in carbon
nanotubes. Physical Review Letters, 57:R4277, 1998.
45. G Samsonidze, G Samsonidze, and B Yakobson. Kinetic theory of symmetrydependent strength in carbon nanotubes. Physical Review Letters, 88(6):065501,
2002.
46. E Wong, P Sheehan, and C Lieber. Nanobeam mechanics: Elasticity, strength,
and toughness of nanorods and nanotubes. Science, 277:1971, 1997.
47. B Yakobson, C Brabec, and J Bernholc. Nanomechanics of carbon tubes: Instabilities beyond linear response. Physical Review Letters, 1996.
48. B Yakobson, C Brabec, and J Bernholc. Structural mechanics of carbon nanotubes: From continuum elasticity to atomistic fracture. Journal of ComputerAided Materials Design, 3:173-182, 1996.
49. B Yakobson, G Samsonidze, and G Samsonidze. Atomistic theory of mechanical
relaxation in fullerene nanotubes. Carbon, 2000.
50. M Yu, O Lourie, M Dyer, K Moloni, T Kelly, and R Ruoff. Strength and breaking
mechanism of multiwalled carbon nanotubes under tensile load. Science, 287:637,
2000.
51. T Yuzvinsky, W Mickelson, S Aloni, G Begtrup, and et al. Shrinking a carbon
nanotube. Nano Letters, 6(12):2718-2722, 2006.

103
52. B Yakobson. Recent Advances in the Chemistry and Physics of Fullerenes and
Related Materials., edited by R. S. Rouoff and K.M. Kadish (Ecs, Paris, 1997),
Vol. 97-42, R549
53. J Hirth, J Lothe Theory of Dislocations(Wiley, New York, 1982)
54. F Banhart. Irradiation effects in carbon nanostructures.
Physics, 62:1181-1221, 1999.

Reports Progress

55. F Banhart and P Ajayan. Carbon onions as nanoscopic pressure cells for diamond
formation. Nature, 382:433-435, 1996.
56. F Banhart and P Ajayan. Self-compression and diamond formation in carbon
onions. Advanced Materials, 1997.
57. F Banhart, T Fuller, P Redlich, and P Ajayan. The formation, annealing and
self-compression of carbon onions under electron irradiation. Chemical Physics
Letters, 269:349-355, 1997.
58. X Cai, S Akita, and Y Nakayama. Current induced light emission from a multiwall carbon nanotube. Thin Solid Films, 464-465:364-367, 2004.
59. J Huang, F Ding, K Jiao, and B Yakobson. Real time microscopy, kinetics, and
mechanism of giant fullerene evaporation. Physical Review Letters, 99:175503,
2007.
60. J Huang. In situ observation of quasimelting of diamond and reversible graphitediamond phase transformations. Nano Letters, 7(8):2335-2340, 2007.
61. J Huang, S Chen, Z Ren, Z Wang, K Kempa, M Naughton, G Chen, and M Dresselhaus. Enhanced ductile behavior of tensile-elongated individual double-walled
and triple-walled carbon nanotubes at high temperatures. Physical Review Letters, 98:185501, 2007.
62. J Huang, S Chen, Z Ren, Z Wang, D Wang, M Vaziri, Z Suo, G Chen, G Dresselhaus Kink Formation and Motion in Carbon Nanotubes at High Temperatures.
Physical Review Letters, 97:075501, 2006.
63. J Hunter, J Fye, and M Jarrold. Annealing c60+: Synthesis of fullerenes and
large carbon rings. Science, 260:784-786, 1993.
64. S Irle, G Zheng, M Elstner, and K Morokuma. From c 2 molecules to selfassembled fullerenes in quantum chemical molecular dynamics. Nano Letters,
3(12):1657-1664, 2003.

104
65. S Irle, G Zheng, Z Wang, and K Morokuma. The c 60 formation puzzle" solved":
Qm/md simulations reveal the shrinking hot giant road of the
J. Phys. Chem.
B, 110:14531-14545, 2006.
66. W Kratschmer, L Lamb, K Fostiropoulos, and D Huffman. C 60: a new form of
carbon. Nature, 347:354-358, 1990.
67. H Kroto and K McKay. The formation of quasi-icosahedral spiral shell carbon
particles. Nature, 331:328-331, 1988.
68. H Kroto, J Heath, S Obrien, and R Curl R Smalley. C60:buckminsterfullerene.
Nature, 318:162-163, 1985.
69. Y Kwon, D Tomanek, and S Iijima. "bucky shuttle" memory device: Synthetic approach and molecular dynamics simulations. Physical Review Letters,
82(7): 1470-1473, 1999.
70. R Murry, D Strout, G Odom, and G Scuseria. Role of sp 3 carbon and 7membered rings in fullerene annealing and fragmentation. Nature, 366:665-667,
1993.
71. S O'Brien, J Heath, R Curl, and R Smalley. Photophysics of buckminsterfullerene
and other carbon cluster ions. The Journal of Chemical Physics, 88(l):220-230,
1988.
72. R Smalley. Self-assembly of the fullerenes.
25:98-105, 1992.

Accounts of Chemical Research,

73. J Stewart. Optimization of parameters for semiempirical methods i. method.
Journal of Computational Chemistry, 10:209-220, 1989.
74. M Dewar, E Zoebisch, E Healy, J Stewart. Development and use of quantum
mechanical molecular models. 76. AMI: a new general purpose quantum mechanical molecular model. Journal of the American Chemical Society, 107:3902-3909,
1985.
75. D Ugarte. Curling and closure of graphitic networks under electron-beam irradiation. Nature, 359:707-709, 1992.
76. G Zheng, S Irle, and K Morokuma. Towards formation of buckminsterfullerene
c in quantum chemical molecular dynamics. The Journal of Chemical Physics,
122:014708, 2005.

105
77. G Zheng, Z Wang, S Irle, and K Morokuma. Quantum chemical molecular
dynamics study of "shrinking" of hot giant fullerenes. Journal of Nanoscience
and Nanotechnology, 7:1662-1669, 2007.
78. J Ewing and W Rosenhain. The crystalline structure of metals. Philosophical
Transactions of the Royal Society of London., A193:353, 1899.
79. 0 Miigge, N Jahrb. Mineral, A13:132, 1883.
80. F Frank. Physica, 15:131, 1949.
81. M Dresselhaus, G Dresselhaus, P Eklund. In Science of Fullerenes and Carbon
Nanotubes, Academic Press: San Diego, p965, 1996
82. J Hirth and J Lothe. Theory of dislocations. John Wiley and Sons, p857, 1982.
83. S Iijima. Growth of carbon nanotubes. Materials Science & Engineering B,
B19:172-180, 1993.
84. R Saito, G Dresselhaus, and M Dresselhaus. Tunneling conductance of connected
carbon nanotubes. Physical Review B, 53(4):2044-2050, 1996.
85. O Shenderova, V Zhirnov, D Brenner. Carbon nanostructures. Critical reviews
in solid state and materials sciences, 27(3&4):227-356, 2002.
86. B Yakobson and R Smalley. Fullerene nanotubes: Cl, 000,000 and beyond.
American Scientist, 84(4):324-327, 1997.
87. K Novoselov, A Geim, S Morozov, D Jiang, Y Zhang, S Dubonos, I Grigorieva,
A Firsov. Electric Field Effect in Atomically Thin Carbon Films Science,
306:666-669, 2004.
88. A Rubio, J Corkill, M Cohen. Theory of graphitic boron nitride nanotubes
Physical Review B, 49:5081, 1994.
89. N Chopra, R Luyken, K Cherrey, V Crespi, M Cohen, S Louie, A Zettl. Boron
Nitride Nanotubes Science, 269:966, 1995.
90. R Tenne, L Marguils, M Genut, G Hodes. Polyhedral and cylindrical structures
of tungsten disulphide Nature, 360:444, 1992.
91. L Margulis, G Salitra, R Tenne, M Talianker. Nested fullerene-like structures
Nature, 365:113-114, 1993.

106
92. S Safran. In Statistical Thermodynamics of Surface, Interfaces and Membranes,
Addison Wesley, 90:270, 1994.
93. B Alberts, B Bray, J Lewis, M Raff, K Roberts, J Watson. In Molecular Biology
of the Cell, 3rd ed., Garland: New York, pl362, 1994.

