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Glossary

Scanning tunneling microscope (STM)

A nano-technology instrument capable of imaging the
topography of conducting surfaces with atomistic res-
olution. It can also be used to manipulate individual
atoms and molecules, and construct nano-scale struc-
tures.

Atomic force microscope (AFM) A nano-technology in-
strument for investigation of material surfaces on
atomistic and molecular scales. It can be used to map
the topography of non-conducting surfaces, by sens-
ing the inter-atomic forces, and produce three-dimen-
sional images of these surfaces.

Spintronics Refers to the field of spin-based electronics
rather than charge-based electronics. It will lead to
a new type of device that is based on the use of elec-
tron spin for transfer and storage of information.

Brillouin zone In solid state physics several Brillouin
zones can be defined. The first zone is defined as the
Wigner—Seitz primitive cell of the reciprocal lattice.
The nth Brillouin zone is defined as the set of points
that are reached from the origin by crossing (n — 1)
Bragg planes.

Monte Carlo (MC) method In computational modeling,
this method provides a probabilistic scheme for solv-
ing a variety of problems by employing powerful sam-
pling techniques. In nano-science and condensed mat-
ter physics, one application of this method is for com-
puting the minimum energy state of a nano-structure.

Stochastic dynamics (SD) method This refers to the
computer simulation method wherein the Langevin
equation of motion, describing the random behavior
of a particle, is solved as opposed to the deterministic
MD method in which Newton’s equations of motion
are solved.

Nano-electromechanical systems (NEMS) These are
nano-technology based systems that are the smaller
versions of the micro-electromechanical systems
(MEMS). They are capable of measuring small dis-
placements, sensing minute amount of substances, and
performing rotary motions. NEMS can be constructed
via either the top-down approach, i.e., via minia-
turization of the micro-scale devices, or via the bot-
tom-up approach, i.e., by positioning single atoms or
molecules so that a complex and functional nano-sys-
tem is built from below the nano-scale.

Ab initio approach This is the first-principles approach
to the computation of the properties, especially the
electronic-structure properties, of nano-scale systems
using quantum-mechanical concepts and methods. In
this method, the structure of a molecule, for instance,
is obtained purely from a knowledge of its composition
by solving the Schrodinger equation.
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Definition of the Subject

Carbon nanotubes form the fourth allotrope of crys-
talline carbon after graphite, diamond, and a variety of
caged-like fullerene molecules, and were discovered in
the early 1990s. Their mechanical properties make them
stronger than steel, and their thermal conductivity is faster
than copper. They have very exotic electronic-conduc-
tion properties, namely, by changing their geometry, or
introducing topological defects into their structure, their
electronic conductance can change from metals to semi-
conductors. They can also be used to store gases and trans-
port fluids. Furthermore, nano-scale robots, machines,
and sensors can be constructed from them, and these can
be used to deliver drugs to specific locations in the body,
or detect individual cancer cells, or be used as molecular
filters to separate minute particles from the environment.
Carbon nanotubes are referred to as the fabric of nano-
technology, and will play a central role in the future devel-
opment of this technology. Understanding the properties
of nanotubes, via computational simulation studies, has
been one of the most intensive areas of research in physical
sciences during the past 20 years.

Introduction

The current scientific-technological arena is distinguished
by the presence of four distinct and highly complex disci-
plines, namely:

1) information science, underlying the fields of infor-
mation technology, high performance computing, and
computational science,

2) molecular genetics and molecular biology, underlying
the fields of genetic engineering and bio-technology,

3) neuro and cognitive sciences, and their related fields of
neural- and brain-based technologies,

4) nano-science, and its related fields of nano-technol-
ogy and molecular-scale engineering, making atom-
by-atom manipulation of the physical, biological and
smart matter possible.

These four areas are strongly correlated, and the post-
modern era in science and technology will be character-
ized by research efforts to establish, step-by-step, a close
synergy among these fields, leading to their total integra-
tion within a unified and holistic framework, promoting
the convergence of all these seemingly separate and com-
partmentalized branches and paving the way for the emer-
gence of a convergent technology [49]. Such a technol-
ogy will produce advanced man-made machines, devices,
components, and materials that carry some of the most es-
sential characteristics of the biological and smart systems,

such as self-repair, self-assembly, self-correction of inter-
nal faults, re-production, ability to establish communica-
tion, and adaptation to unfamiliar environments.

The convergence takes place at the nano-scale (1-100
nanometers) since the main building blocks of the physi-
cal, biological and smart matter, i. e., the physical and bio-
logical nano-structures, and the laws governing their evo-
lution, are formed at this scale. It is, therefore, no exagger-
ation to state that nano-scale science and nano-scale tech-
nology [17] represent the main components of the 21st
century science and technology. It is now accepted that
nano-science can be defined as the study of structures, dy-
namics, and properties of systems wherein one or more of
spatial dimensions varies in the nanoscopic range. At this
scale, the dynamics and properties of systems are distinctly
different, very often in quite unforeseen ways, from those
in microscopic and macroscopic systems.

Nanoscopic structures operate on very reduced time
and energy scales, and are constructed from a countable
number of atoms and molecules. Their sizes are located
between those of molecules and micro-structures, and
their distinguishing feature is their high aspect, or surface-
to-volume, ratio. Nano-technology represents the combi-
nation of atomic and molecular level techniques and in-
strumentations for constructing nano-scale devices, sys-
tems, and components from the assemblies of individual
nano-structures. On the other hand, nano-technology is
an enabling technology, injecting nano-structures into mi-
cro- and macro-scale, devices, materials, and systems to
enhance, or radically change, their electronic, mechanical,
optical and thermal properties. For instance, nano-struc-
tured materials, i. e., materials with nano-sized grains, or
materials injected with nano-grains, can show very differ-
ent mechanical, thermal, electronic and optical properties.
For instance, it is known that nano-structured Fe, Cu and
Ni have electrical resistances respectively 55%, 15% and
35% higher than the coarse-grained polycrystalline sam-
ples [38].

Nano-structures can be assembled by a precise po-
sitioning of the atoms at specified locations, using such
highly sensitive devices as the scanning tunneling mi-
croscope (STM) [9], and the atomic force microscope
(AFM) [8]. These devices can provide access to the de-
tailed topography, crystal structure, and the electronic-
structure maps at material surfaces and of individual
nano-structures. Their use has led to the design and fabri-
cation of devices, and materials, that manifest novel phys-
ical, chemical and biological properties.

Among the multitude of nano-structures currently
used in nano-technology, carbon nano-structures occupy
a central position, with wide-ranging applications in prac-
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tically all the nano-technology sub-fields. Carbon is a fun-
damental element, crystallizing in several allotropes. In
the 1970s, diamond and graphite were the only known
forms of condensed carbon, and a third allotrope, the cage-
like fullerene molecules, was discovered and synthesised in
macroscopic amounts by mid 1980s. In 1990s, the fourth
allotrope, the multi-walled carbon nanotube (MWCNT),
and the single-walled carbon nanotube (SWCNT) were
synthesized [20,21]. Several growth techniques, namely,
the arc-discharge, the laser ablation, and recently the
chemical vapor deposition method, have been developed.
The appearance of nanotubes has led to the emergence
of new and very active areas of research within several
fields; in computational and experimental nano-science,
industrial nano-technology, theoretical and experimental
condensed matter physics and chemistry, materials sci-
ence and engineering, bio-physics, medical nano-technol-
ogy, molecular genetics, nano-biotechnology, information
technology device fabrication, optics, electro-mechanical
systems and electronics, carbon nanotubes are viewed as
highly relevant nano-structures with extensive potential
applications.

Originally, the carbon nanotubes were of multi-walled
variety, with outer diameters in the range of 4-30 nm
and lengths of up to 1 um [21]. These consisted of
seamless concentric cylindrical shells, separated by 3.4 A.
Each shell was a rolled-up version of a two-dimensional
graphene sheet. The single-walled nanotubes were synthe-
sized later [6,22], and consisted of single graphene sheets
with a typical diameter on the order of 1.4nm, simi-
lar to the diameter of a Cgp molecule, and lengths usu-
ally on microscopic orders [21]. It was also found that
these SWCNTSs can bundle together to form a rope, nor-
mally patterned as a hexagonal array, with a morphology
very similar to porous materials, and membranes, with
nanometer spaces available both inside the nanotubes and
in the interstitial channels between them that can be uti-
lized for storage of adsorbed gases, and flow of fluids, turn-
ing them into filtering channels and molecular sieves.

Another form of SWCNTS, called single-walled carbon
nanohorn (SWCNH), has also been synthesized [23]. This
horn-shaped material has a closed structure, with a cylin-
drical part and a horn-tip part. Its internal space is not nor-
mally available as a storage medium, but heat-treatment
within an oxygen environment promotes the appearance
of windows on the its walls, allowing for gas and liquid
particle transfer to the interior.

Nanotubes incorporating fullerenes, such Cgyp mole-
cules, have also been synthesized [55], and are referred
to as peapods. The internal space of the SWCNT is filled
with a regularly-arranged formation of fullerene mole-

cules [21]. Peapods, when heated to 1000-1200°C, trans-
form into double-walled carbon nanotubes (DWCNTs),
as the encapsulated molecules coalesce [21]. Peapods pro-
vide a good model of nano-platforms for targeted drug
delivery.

As will be discussed later, an SWCNT is identified by
two chiral indices (n, m) that determine its diameter, and
depending on their values, three different classes of nano-
tube are observed. These are the (#, 0), or the zigzag, nano-
tube, the (n, n), or the armchair nanotube, and the (2, n),
or the general chiral nanotube. They have very different
electronic conduction properties. The graphene sheet is
a semi-metal with a zero band-gap. The electronic states of
an infinitely long nanotube are continuous in its axial di-
rection, but are quantized along its circumference. For the
(n, n) armchair nanotubes, there always exist electronic
states that cross the corner points of the first Brillouin
zone, making these nanotubes a metallic material. For the
(n, m) nanotubes, if (n — m)/3 # an integer, the electronic
states miss the corner points, and these nanotubes behave
as semi-conductors with a band-gap that scales with the
diameter d of the tube as 1/d, and which is on the or-
der of 0.5eV. If (n — m)/3 = an integer, however, cer-
tain electronic states are located on the corner points, and
these nanotubes behave as semi-metals, but become small-
band semi-conductors due to the curvature-induced re-
hybridization [14]. These remarkable electronic-conduc-
tion properties, that are linked with the geometry of the
material, are also very partial to local deformations in the
geometry. Recent exploitation of the electronic properties
of carbon nanotubes includes the field of spin-electronics,
or spintronics that utilizes the spin of the electrons to trans-
fer and store of information.

Nanotubes have also extraordinary mechanical, ther-
mal, mass-transport, and gas-storage properties. For ex-
ample, their Young’s modulus, being a measure of their
stiffness, is estimated to be of the order of 1.5 to nearly
5TPa, and their tensile strength is far higher than that of
steel. They are, therefore, strong candidates as functional
units in molecular-scale machinery, and highly complex
nano-electromechanical systems (NEMS), and as probe
tips in STM and AFM [56]. Their high thermal conductiv-
ity, far exceeds that of diamond. They can also act as media
for the transport and storage of various types of gases and
fluids.

The investigation into nanotube properties has
prompted an intensive experimental and theoretical/
computational research, leading to major discoveries, and
the appearance of several thousand patents and publica-
tions in fields of basic sciences, engineering, and medicine.
One of the most active areas has involved the use of predic-
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tive computational modeling of their mechanical, thermal
and mass transport properties [44]. These computational
modelings and simulations have been performed via two
distinct methodologies:

1) using quantum mechanical methods, such as the
density functional theory (DFT) of atoms and
molecules [36] that provides an ab initio approach
to computation of the properties of nano-scale systems
composed of several ten to several hundred atoms,

2) using classical statistical mechanics methods, such as
the molecular dynamics (MD), Monte Carlo (MC) and
stochastic dynamics (SD) simulation methods [2] that
can handle nano-scale structures composed of several
thousand to several billion atoms. These simulation
methods require the use of phenomenological inter-
atomic potentials to model the energetics of the sys-
tem. These potentials play a very crucial role, and the
more accurate they are, the closer the simulation re-
sults approach the experimental data. A good deal of
efforts have been focused to develop highly accurate in-
ter-atomic potentials for different classes of materials,
particularly the covalently-bonded ones. Some of these
potentials are many-body potentials, and most of the
simulations concerning carbon nanotubes have used
these many-body potentials.

Research into the properties of carbon nanotubes has led
to the appearance of several informative reviews, among
which one can mention those by [1,5,16,40,43,45]. In ad-
dition, an impressive number of encyclopedias and hand-
books [7,34,48,51] covering most sub-fields of this topic
are also available.

In this review I have surveyed the field of computa-
tional modeling of the thermo-mechanical, transport and
storage properties of nanotubes. In the interest of saving
space, I have only described, albeit very briefly, one of
the computational methods that has been extensively em-
ployed in these research studies, namely the MD simula-
tion method. The interested reader can find a very good
summary of the other methods in [43]. An extensive part
of the modeling-based research into the mechanical prop-
erties has employed concepts from the field of contin-
uum elasticity theory, using such structures such as curved
plates, shells, vibrating rods, and bent beams. An easy-
to-follow introduction to these topics can found in my
book [44].

The organization of this review is as follows. In
Sect. “Geometry of SWCNT, MWCNT and SWCNH?,
the description of the geometrical structure of the SWC-
NTs, MWCNTs and the SWCNHs is briefly considered.
In Sect. “Simulation at Nano-Scale” the basic principles

of the classical MD simulation method is presented. In
Sect. “Modeling Fluid Transport and Gas Storage Proper-
ties of Nanotubes”, the flow of fluids and the storage of
gases in nanotubes are considered, while in Sect. “Mod-
eling the Mechanical Properties of Nanotubes”, the me-
chanical properties are considered. Section. “Modeling the
Thermal Properties of Nanotubes” summarizes the ther-
mal conductivity and specific heat properties of nano-
tubes, and Sect. “Concluding Remarks” presents an overall
summary together with the future directions.

Geometry of SWCNT, MWCNT and SWCNH
The SWCNT

We can construct an SWCNT by rolling a 2D graphene
sheet into a cylinder. Consider a lattice point O as the ori-
gin in a graphene sheet, as shown in Fig. 1. The 2D Bravais
lattice vector of the graphene sheet Cj, referred to as the
chiral vector, can be used to reach any other equivalent
point Z on the sheet. The vector Cj, is constructed from
the pair of unit-cell vectors a; and a; as

C,, = na; + ma, , (1)
where m and n are a pair of integers, and

V31 v 1 @

ag=(—,2)a, a =(—,—2)a,
=053 2 =(5.—3)
where a = 2.46 A is the lattice constant of graphite

a = \/gac_c s (3)

Carbon Nanotubes, Thermo-mechanical and Transport Proper-
ties of, Figure 1

The geometry of a two-dimensional graphene sheet, showing
the relevant vectors that characterize a single-walled carbon
nanotube (SWCNT). Figure based on [15]
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a b

Carbon Nanotubes, Thermo-mechanical and Transport Properties of, Figure 2
The outlines of three types of nanotube: a a (10,0) zig-zag nanotube; b a (5,5) armchair nanotube; c a (7,3) general chiral nanotube

and ac_c is the carbon-carbon bond length. The angle 6
that Cj, makes with the zigzag axis of the sheet is referred
to as the chiral angle, and (n, m) are called the chiral in-
dices. If the sheet is rolled, and the point characterized
by the pair of values of (n, m) coincides with the origin
O, then an (n, m) nanotube is generated. The zigzag di-
rection corresponds to 6 =0, and when the direction of
rolling is along this axis, a zigzag nanotube is formed.
When 6 = 7/6, the direction is called the armchair direc-
tion, and rolling along this direction generates an armchair
nanotube. A nanotube generated for any other value 0 <
0 < m/6 is referred to as a general chiral nanotube. Fig-
ure 2 shows the schematic representations of these three
types of nanotube.

The circumference of the nanotube, i. e., the length of
the chiral vector, is given by [15]

(SIE

L=|Cy|= a(n* + m* + nm)? (4)
and, hence, the diameter is

L (24 m?+ nm)3
—_—= - 4.

T T

d, = (5)

Other relationships connecting the chiral angle with the
chiral indices are [15]

V3m

2(n? + m? + nm)% ,

sinf =

2n+m
cosf = T
2(n? + m? + nm)2
3
tan 6 = V3m (6)

Hence, if n = m, then 6 = 7/6 and the resulting nano-
tube is an (n, n), or an armchair, nanotube. If m = 0, then
0 = 0,andan (n, 0), or a zigzag, nanotube is obtained. The
nanotubes in the general chiral category are (2n, n).

The rectangle bounded by the chiral vector Cj, and the
vector T, i.e., OYWZ, where Y is the first lattice point
through which the vector passes, is the unit-cell of the
nanotube. This vector is written as [15]

T= ti1a; + Hay, (7)

where t; and t, are a pair of integers, related to m and n
via

(8)
and dp denotes the highest common divisor (HCD) of
(2n + m,2m + n), given by

=d
=3d

if (n — m) not a multiple of 3d ,

dr = if (n— m) multiple of 3d ,

)
where d is the HCD of (n, m). The length T of the vector
T is given by

i

T=T|= (10)
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The unit-cell of the nanotube contains 2N atoms, where

N 2(n* + m? + nm) . (11)
dr

Carbon nanotubes can be capped at both ends [15]. This

can be done by bisecting a Cgp molecule into two hemi-

spheres and joining these with a cylindrical nanotube of

the same diameter as the molecule.

An SWCNT is a low-energy structure with a distinct
topology, brought about by distorting the geometry of the
2D graphene sheet into the third dimension. The act of
rolling the sheet calls for the expenditure of a modest
amount of strain, or curvature, energy, which is the dif-
ference between the total energy of a carbon atom in an
SWCNT and that in a graphene sheet. In nanotubes with
a diameter less than 1 nm, this energy penalty is more sig-
nificant since the bond angles deviate far below the ideal
120° angles in the graphene sheet.

The MWCNT

Two forms of MWCNTs have been found in experiments.
These are a thermodynamically-stable system composed
of nested coaxial cylinders [20], and a metastable type with
a scroll structure [26]. The transition from the latter type
to the nested type is attributed [26] to the presence of the
dislocation-like defects in the scroll type. The inter-shell
gap in an MWCNT is estimated to be ~3.4 A [50], very
close to the inter-planar gap in the graphite crystal. Sev-
eral other values of this gap, in the range 3.42 A to 3.75 A,
have also been reported [25], with the gap increasing when
the nanotube diameter decreases. The simplest type of an
MWCNT is a DWCNT. To construct a DWCNT, the chi-
ral vector of the inner SWCNT, with indices (n7, m;), is
related to the chiral vector of the outer SWCNT, with in-
dices (1, m,). These indices are related via

m%—i—mznz—i-(n%—/((nl,ml)) =0, (12)
where
2n(rpy +r 2
k(ny, my) = [%] : (13)

and r; and r, are respectively the radius of the inner nano-
tube, and the inter-shell gap. Then #, and m, can be ob-
tained by solving (12). For example, for a (9,6) inner nano-
tube, and n, = 15, we find m, = 9.96 which rounds to
my = 10 and, therefore, the nanotube (9,6) can be nested
inside the nanotube (15,10).

The SWCNH

These objects are distinguished by their horn shape. Pure
SWCNH samples are relatively easier to produce than pure
SWCNT samples [33]. SWCNHs are always produced
with closed tips, incorporating pentagons into their hexag-
onal lattices to close the ends. They consist of a tubule part,
and a conical cap whose average angle is 20°, implying that
the caps contain five pentagon rings and several hexagon
rings. The average length of SWCNHs is 30-50 nm, and
the separation between neighboring SWCNH is about
0.35nm. The average diameter of the tubular parts is 2-
3 nm, larger than the 1.4 nm diameter of a typical SWCNT.
The interstitial spaces in an SWCNH assembly provide the
external micropore and mesopore spaces [33,35], where
pores with a width of less than 2 nm are called micropores,
and those with a width between 2 and 50nm are called
mesopores. The width of the internal pores in SWCNHs is
close to the critical size of 2 nm [33]. Oxidation produces
windows on the walls of a closed SCWNH [35], making
available 11% and 36% of the closed spaces at T=573K
and 623 K respectively [32].

Simulation at Nano-Scale

The time-evolution of the energetics and dynamics of
complex nano-structures and nano-processes, involving
several billions of atoms, can be accurately studied via sim-
ulation methods that use concepts from classical statisti-
cal mechanics. The information gained from these simu-
lations can be profitably used in the design of nano-scale
components, nano-structured materials, and structures
dominated by nano-interfaces. Furthermore, the construc-
tion of functional assemblies of nano-structures requires
a deep understanding of the interaction between individ-
ual nano-structures, and this can be handled by the use of
such simulation methods. We briefly consider the essential
elements of one of the most popular simulation methods
at the nano-scale, namely the MD simulation method.

MD Simulation Method

Classical MD simulation [2,18,46] studies the motion of
individual atoms in an assembly of N atoms or molecules
employing either the Newtonian, or the stochastic dynam-
ics, when the initial spatial configuration and velocities of
these atoms are given. In MD, the N-atom structure is con-
fined to a simulation cell of volume V, and this cell is repli-
cated in all dimensions, generating the periodic images of
itself and of the N atoms. This periodic boundary condi-
tion (PBC) is necessary to compensate for the undesirable
effects of the artificial surfaces associated with the finite
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size of the simulated system. The energetics of the system
are modeled by two- or many-body inter-atomic poten-
tials Hy(r;;), and in the simulation the force experienced
by each atom is obtained from

— Y Ve Hi(rij) . (14)

j>i

where r; is the distance between atoms i and j. The 3N
coupled equations of motion are integrated numerically
via a variety of numerical techniques, all based on the fi-
nite-difference method. One popular integration scheme
is the velocity Verlet algorithm [2], whereby the positions
r; and velocities v; of the atoms of mass m; are updated at
each simulation time step dt according to

x(t)

i

ri(t+dt) = r;(t) + v;(H)dr + = (dt)2

Vit + = dt)—v,(t)—l— dtﬂ
m,

(15)

F;(t + dt)

mi

i t) =v;(t+ —dt —dt
vi(t+ dt) = vi( +2d)+2d

At each dt, the exact instantaneous values of thermody-
namical observables, such as the temperature and pressure

1 P!
Tins = —
s 3NkB Z m;i

1 | p; |
Pins=ﬁ Z !

(16)

1]

i=1 j>i

can be computed, where p; is momentum of particle i, kp
is the Boltzmann constant and F;; is the force experienced
by atom i due to atom j. These instantaneous data then
allow for the computation of time-averaged values at the
conclusion of the simulation.

Constant-Temperature MD: The Nosé-Hoover Method

MD simulations are generally performed on closed
isothermal systems, represented in statistical mechanics by
canonical ensembles wherein N, V, and the temperature T
of the members are all fixed [37]. A constant-temperature
MD simulation can be realized in a variety of ways [42],
and a method that generates the canonical ensemble dis-
tribution in both the configuration and momentum parts
of the phase space was proposed by Nosé [42]. Its appli-
cation leads to a modification of the equations of motion
(15) to the following forms [59]

ri(t +dt) = r;(t) + v;(H)dt
+ Ed [ﬁ - n(t)v,(t)]

d ;
vilt + {) —vin+ & [ﬁ n(t)vi(t)] ,
n(t+—)—n(t)+—[2mvu)—gks } ;
0t + di) = n(t+7)

N
|:Zm Vz(t+_) ng ] .

dt

2

t+d) = —————
vilt+ D) = T dndr
dr F;(t + dt
Tt &y alRir o0
2 2m,~
(17)
where Q is given by
Q=gksT7, (18)

and 7 is the friction coefficient of the heat bath connected
to the system, 7 is the relaxation time of this bath, normally
of the same order of magnitude as d¢,and g = 3(N — 1) is
the number of degrees of freedom. The parameter t con-
trols the speed with which the bath damps down the fluc-
tuations in the temperature.

Modeling Fluid Transport
and Gas Storage Properties of Nanotubes

Fluid flow and gas storage in nano-scale objects, like car-
bon nanotubes, is significantly different as compared with
the corresponding activities in microscopic and macro-
scopic structures. For instance, fluid flow in a nano- scale
machine is not similar to the flow in a large-scale machine,
since in the latter case, there is no need to consider the
atomic structure of the fluid, and it can be characterized
by its viscosity, density and other bulk properties [61].
Furthermore, in large-scale objects, the so-called no-slip
boundary condition is often invoked, according to which
the fluid velocity is negligibly small at the fluid-wall inter-
face.

Reduction in length scales immediately introduces
new phenomena, such as diffusion, into the system. More-
over, for flow, or storage, in nano-scale objects, the dy-
namics of the walls, the fluid, or the gas, and their mu-
tual interaction, must all be considered. We note that
the dynamics of the walls can be strongly size-dependent.
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An added difficulty is that, at nano-scale, standard clas-
sical notions such as pressure and viscosity may also not
have a clear definition. For example, the surface area of
a nano-scale object, such as a nanotube, may be ambigu-
ous. Notwithstanding these difficulties, modeling fluid
flow and gas storage in nanotubes has been an active area
of research, with practical consequences. In this section we
consider a set of studies, each highlighting one aspect of
transport and storage properties of nanotubes.

Modeling Fluid Flow

Let us consider the MD simulation of the flow of
fluids, composed of Ar and He particles, through an
SWCNT [61]. In simulations, the fluid atoms were always
dynamic, whereas for the nanotube, the first 10 and the last
10 rings were always frozen, and the rings in the middle
section were treated either as static or as dynamic rings,
giving rise to either a static or a dynamic nanotube. The
significant result was that the dynamic nanotube slowed
down the fluid particles faster than the static nanotube. It
took about 42 ps for the fluid velocity to slow down to 2.5%
of its initial velocity in the static nanotube, while in the dy-
namic nanotube this time was 15 ps. Furthermore, the mo-
tion of the nanotube perturbed the motion of the adjacent
fluid atoms, causing faster randomization and promoting
hard collisions with the walls that slowed down the fluid
steadily until it essentially came to a stop. Similar results
were also obtained for the Ar fluid, whose atoms are some
10 times heaver than He atoms. In this case, it was found,
however, that the velocity damping was even more pro-
nounced. It was also found that the higher the fluid den-
sity, the faster it slowed down.

Another MD simulation has addressed the rapid im-
bibition of oil (decane) in a (13,13) SWCNT, at tempera-
ture T'=298 K [58], modeling the SWCNT as a rigid cylin-
der. The computed fluid density p inside the nanotube
showed that the nanotube first filled rapidly with the low
density fluid, followed by the higher density fluid at lower
speeds tending to & 150 m/s for p > 0.2. Such speeds are
comparable to the speed of sound in air (340 m/s). It was
found that, the flow terminated at the end of the nano-
tube, i. e., although the nanotube was open, its end acted as
a barrier to further flow. It was also found that the imbibi-
tion was much faster than predicted by the classical Wash-
burn equation which relates the penetration length of the
fluid, in a macroscopic tube, to its radius, the surface ten-
sion, the viscosity and the time.

The effect of confinement of liquid water in a nanotube
on its vibrational and rotational spectra has been also been
investigated via MD simulations [30] for four different-

sized nanotubes (6,6), (8,8), (10,10) and (12,12). The liquid
water density was an input. The significant aspect of the re-
sults was the presence of a frequency band, between 3640
and 3690 cm™! , which is absent in bulk water. This was re-
ferred to as a vibration frequency, and its position shifted
to smaller values when the nanotube radius increased. It
was concluded that this vibration band was purely an ef-
fect of confinement. Adsorption line shape in the domain
between 300 and 1000 cm™!, that corresponds to the ro-
tational motion of the molecules, was also obtained, and
again a shift to lower frequencies was observed compared
with those in the bulk. Hence, there was a direct connec-
tion between the radius of the nanotube and some of the
observed frequency shifts.

Transport of water through a solvated carbon nano-
tube has also been modeled [19]. The central channel of
the nanotube is strongly hydrophobic in character. It was,
however, found that the initially empty channel rapidly
filled up with water from the surrounding container, and
was occupied during the entire simulation run. The water
density inside the cylinder was found to exceed the bulk
density. Since the water molecules interact weakly with the
carbon atoms, the continuous hydration of the nanotube
interior was unexpected.

Modeling Gas Storage

Gas storage can take place in single nanotubes, as well as
in their bundles, where three adsorption sites are avail-
able, namely the interstitial channels between the SWC-
NTs, the outer surfaces of the nanotubes in the bundle,
and the groove channels, i.e., the wedge-shaped spaces
on the outer surface of the bundle where two SWCNTs
meet [60]. Simulation results indicate that while H,, He
and Ne atoms can adsorb in the interstitial channels, other
types of atoms are too large to fit into these spaces. The
clarification of adsorption sites and the adsorbed amount
has been the focal point of research in this area.

Hydrogen Storage The storage of atomic and molecu-
lar hydrogen has occupied a very prominent position in
the field of gas adsorption in nanotubes. The adsorption
of para-hydrogen in (9,9) and (18,18) SWCNTs and their
bundles has been modeled at several temperatures [62].
The inter-nanotube spacing within a bundle, called the
van der Waals gap, is approximately 3.2 A, measured from
the center of the nanotube walls. The gap g is defined as
(g = a — D), where a is the lattice spacing, and D is the
diameter of the nanotube. The total storage in the bun-
dle is a sum of interior and interstitial adsorptions. The
computed isotherms at T = 77 K show that, in the low pres-
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sure range, the (9,9) nanotube bundle gives a higher gravi-
metric and volumetric densities than the (18,18) nanotube
bundle, since the hydrogen-nanotube interaction in the
former case is stronger. At pressures above 5 and 10atm,
the situation is reversed. The volume of a (9,9) nano-
tube is of such a size that it can hold one layer of ad-
sorbed molecules on the interior surface and a column of
molecules in the center of the nanotube, whereas the vol-
ume of the (18,18) nanotube can accommodate three lay-
ers of hydrogen in three concentric rings and a column in
the center of the nanotube.

It was found that the interstitial adsorption formed
14% of the total adsorption in the (18,18) nanotube bun-
dle, in the (9,9) nanotube bundle this proportion was
less than 1%. Increasing the temperature from T = 77
to 298 K lowered the adsorbed amount in both the (9,9)
and the (18,18) bundles by approximately a factor of
5 at 100 atm. The computed adsorption isotherms on
the external and internal surfaces of an isolated (18,18)
SWCNT showed that it adsorbed slightly more than the
(9,9) SWCNT at T = 77K, except at the lowest pressures.
A significant portion of the total adsorption took place on
the external surfaces.

Quantum-mechanical based computation of adsorp-
tion of hydrogen atoms in (5,5) and (10,10) SWCNTs and
ina (5,5)@(10,10) DWCNT has also been performed [27].
The results show that there were two chemisorption sites
on the exterior and the interior of the nanotube, and that
a form of H, molecule formed within the empty pore inside
the nanotube. Furthermore, hydrogen capacity increased
linearly with the diameter of the nanotube. The results for
the DWCNT showed that the SWCNTs were better for
higher hydrogen storage than the DWCNT.

Another study on the physisorption of molecular hy-
drogen H, in SWCNT bundles [64] has shown that small-
diameter bundles are preferable for storage, and that the
delamination of the nanotube bundle increases the gravi-
metric storage capacity.

In another simulation [63], the question of optimiza-
tion of the gap in a bundle of SWCNT's for maximum stor-
age of H, has been addressed for two bundle geometries,
namely, a square bundle and a triangular bundle, each
bundle composed of four nanotubes of types (9,9), (12,12),
(18,18). The gap was varied to obtain the optimum sepa-
ration for adsorption. The results on the gravimetric and
volumetric densities, as a function of the gap, for T'=298 K
and P = 50 atm showed that for ¢ = 3.2 A, i. e., the smallest
gap, much of the volume and surface area in the bundles
were unavailable for adsorption in both packing geome-
tries. Increasing this gap allowed adsorption to take place
on the external surface of the nanotubes. It was found that,

the optimum value of g, as a function of temperature, was
g=6Aat T=298K,and g = 9A at T=77K in a trian-
gular bundle of the (9,9) nanotubes.

The adsorption of H, molecules in charged (9,9)
SWCNTs, and their two-dimensional rhombic-shape bun-
dles, has also been investigated [53]. The results for iso-
lated SWCNT's showed more second layer adsorptions in
the charged nanotubes, as compared with the uncharged
nanotubes, and that the difference in adsorption was about
10%-20% at T =298 K and 15%-30% at T =77 K. Further-
more, it was noticed that the negatively charged nano-
tubes adsorbed more than the positively charged nano-
tubes at T'=77 K. At the higher temperature of T =298K,
there was no observable difference. Volumetric densities
for the adsorption in the bundles of charged and neutral
nanotubes, as a function of the van der Waals gap, showed
that the charged bundle had an enhanced adsorption of
H, because of charge-multipole interactions. The results
from these simulations imply that an enhancement of the
hydrogen storage capacity of nanotubes can be achieved
by using electric fields and gradients.

Adsorption of Other Gases The quantum ground-state
energy of He atoms, as well as the isosteric specific heat of
low-density He gas, adsorbed on the external groove sites
in a bundle of 37 nanotubes have been computed [52]. The
energy was found to be —22.7meV, in close agreement
with the experimental value, but larger than the computed
energy for the He atom adsorbed in the interstitial chan-
nels, which is —27.9 meV. The data on specific heat for
adsorption in the grooves were computed, and were seen
to be very different from the data for adsorption in the in-
terstitial positions.

The adsorption of Xe atoms in (10,10) SWCNTs, and
their hexagonal bundle, at T=95K was modeled [54].
The results showed that the rather strong interaction be-
tween highly polarizable Xe atoms and the nanotubes led
to significant adsorption even at very low pressures. The
adsorption isotherms for internal and external surfaces
showed a significant difference. Adsorption in the bun-
dle of SWCNT's was also considered, and as the interstitial
space was only 2.9 A wide, for a large bundle, adsorption
was expected to take place only in the interior of the nano-
tubes.

Adsorption of NO,, O, NHj3, CO,, H,O gas molecules
on (10,0), (17,0), (5,5) and (10,10) SWCNTs has also been
obtained [66]. Different adsorption sites, such as the top
of a carbon atom, the top of the center of a C-C bond,
and the top of a carbon hexagon, were considered. The re-
sults showed that, in general most of the gases were weakly
bound to the nanotubes, i. e., they were physisorbed. Fur-
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thermore, most of the molecules were charge donors with
a small charge transfer, whereas O, and NO, were charge
acceptors. The influence of adsorption on the electronic
properties of SWCNTSs was also investigated, and it was
found that the adsorption of NH3 and NO; did not signif-
icantly affect either the conduction or the valence band of
a(10,0) nanotube. The density of states (DOS) of the nano-
tube decorated with NHj3 was very close to that of a pure
nanotube. This behavior was also observed for all charge
donor molecules, i. e., N,, H,O, CO, etc. The adsorption
of NO; significantly changed the shape of DOS, implying
that semi-conducting SWCNTs can be turned into p-type
conductors following adsorption of NO; or O,.

Another study [12] has considered the influence of lat-
tice dilation, due to adsorption of He, Ne, Hy, D,, Ar and
CHy, gases in the interstitial channels of the SWCNT tri-
angular bundles, on the further uptake of these gases. The
basic idea was that, lattice dilation allows small molecules
to significantly enhance their binding energies in the inter-
stitial channels without a substantial increase in the inter-
nanotube interaction energy. The results revealed that the
chemical potential for H, was about 200 K lower than the
value in the absence of dilation, i.e., there was a greater
tendency for the adsorption in a dilated medium than in
an undilated one. In the case of D,, the lattice dilated less
than in the case of H,. Also the dilation in the He and Ne
adsorptions was less than 0.5%. For H,, Ar and CHy the
consequences of dilation were significant.

Adsorption of Gases in SWCNH Assemblies Since
SWCNHs are closed structures, access to their interior
must first be achieved by opening potential entry points.
The most common method for pore opening is heat treat-
ment in oxygen [3], and oxidization at T'=573 and 623K
respectively leads to the opening of 11% and 36% of the
spaces. Assemblies of SWCNHs also possess interstitial
channels.

Adsorption of nitrogen, at T =77 K was used to esti-
mate the volumetric porosity of aggregates of heat-treated
SWCNHs [32]. The interaction of the corn (apex) parts
of the horns was not taken into account, and only the
contribution of tube parts was considered. It was found
that the interstitial site in the middle of three SWCNHs
provided the strongest site. However, since only a one-di-
mensional array of N, molecules could be packed at this
site the adsorption capacity was limited there. Strong ad-
sorption could also occur on the sites within the SWCNHs
near their walls, leading to the formation of a monolayer.
A third site, of weaker type, also located in the interior of
SWCNHs, was also identified. Therefore, three sites were
found for adsorption.

Adsorption of N, in the internal pore space of indi-
vidual SWCNHSs has been addressed [35], with the inter-
action of the corn part of the SWCNH included. Adsorp-
tion isotherms were obtained for different diameters D of
the tube part of the SWCNH, and since the SWCNHs were
partially oxidized at T = 693 K, almost all of the pore spaces
were available for adsorption. The computed isotherms
showed two gradual steps around the normalized pres-
sures of 107> and 107!, and the smaller the value of D,
the shaper was the step. The average pore width w of the
internal space was found to be w =29 A. Experimental im-
ages of three regions, namely the tip, the neck and the tube
parts of the SWCNHs showed that the adsorption in these
regions was considerably different, and that it began at the
tip and then moved to the neck space, and in the tube space
the molecules were adsorbed on the internal wall in multi-
layers.

Modeling the Mechanical Properties of Nanotubes

Modeling the mechanical properties of carbon nanotubes
occupies a central position in research on nanotubes,
and computational simulation in this field has employed
highly sophisticated atomistic and continuum-elasticity
models. These studies reveal that nanotubes have high ten-
sile strength, large bending flexibility and high aspect ra-
tios, properties that make them an ideal superstrong ma-
terial. Research has focused on the elastic constants, Pois-
son’s ratio and Young’s modulus, and their dependence on
the diameter and chirality of the nanotubes. A very inter-
esting part of this research has used well-established con-
tinuum-based theories of curved plates, thin shells, bend-
ing beams and vibrating rods. An extensive presentation
of these topics, as applied to nanotubes, can be found
n [44]. These theories have been used either as inde-
pendent computational tools to model the elastic prop-
erties and deformation modes of nanotubes, or in con-
junction with the atomistic models to interpret the re-
sults obtained from them. A key issue in this respect is
the identification of the total energy of an atomistic system
with the elastic strain energy of an equivalent continuum
system.

Some research problems pose a challenge to both types
of the modeling. Large MWCNTs are a case in point, as
their sizes present a challenge to MD simulations, and the
continuum mechanics is most successful in the limit of
a thin-shell. A very fruitful approach would be a multi-
scale modeling that couples the continuum, the atom-
istic and the quantum description of the nanotubes within
a unified model, and until such models are developed,
a pragmatic attitude would be the application of both
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atomistic and continuum modeling to extract as much
useful information as possible.

Structural Deformations of Nanotubes

Modeling the axial compression, bending and torsion
modes of a (7,7) SWCNT has been performed via both
MD simulations, and the continuum elasticity theory of
plates [65]. Let us consider the axial compression model-
ing, whereby a compression was applied to the ends of the
nanotube by shifting the end atoms along the axis in small
steps, and then relaxing the nanotube while keeping each
end constrained. The variation of the strain with the strain
energy showed a set of discontinuities that were associated
with the rather exotic shape changes undergone by the
nanotube. The evolution of this deformation mode within
the continuum theory was examined via the expression for
the deformation energy of a curved plate. Using the MD
generated information as input, the curved plate parame-
ters, 1. e., its flexural rigidity and in-plane stiffness, that ap-
pear in the continuum energy expression were obtained. It
was found that at a critical level of imposed strain, and em-
ploying the plate parameters, the nanotube buckled side-
ways, very similar to what happened in the MD simulation,
and that the lowest value of the strain was close to that
obtained in the MD simulation. The overall results from
all the simulations showed that nanotubes could sustain
extreme strains without developing any brittle or plastic
transitions or dislocations, and beyond the range covered
by Hooke’s law, their behavior can be described by contin-
uum-based modeling.

The mechanism whereby uniaxially strained (5,5) and
(10,10) nanotubes release their stored strain energy has
also been investigated [11]. The nanotube was subjected to
a 10% tensile strain, and following equilibration at 1800 K,
the first signs of mechanical yielding appeared. This yield
was accompanied by the formation of fopological defects,
beyond a critical tension. The first defect to appear was
a 90° rotation of a C-C bond about its center which trans-
formed four hexagons into a double pentagon-heptagon
(5-7-7-5) defect. This bond rotation is referred to as the
Stone-Wales transformation. The energy barriers to the
bond rotation that produced the defect were calculated,
and it was found that for both types of nanotubes it de-
creased with an increase in the strain. Furthermore, the
results showed that by annealing the (5,5) nanotube, sub-
ject to 10% strain, under the condition of high tempera-
ture (T =2500K), the (5-7-7-5) defect was reversible and
the nanotube recovered its original hexagonal network.

In a further simulation [10], a (10,10) nanotube con-
taining an initial (5-7-7-5) defect was strained up to 15%,

and it was observed that octagonal defects and higher or-
der rings appeared, i. e., the initial defect had acted as a nu-
cleation center for other defects. The simulation showed
that armchair nanotubes could display a ductile behavior
via plastic flow of the (5-7) dislocation cores. These topo-
logical defects could change the chirality of the nanotube,
and when dislocations covered a sizable distance of the
nanotube wall, they left behind a nanotube whose chirality
changed according to the dislocation rules, i.e., (n, n) —
(n,n —1) — (n,n — 2)...,i.e, an armchair nanotube
transformed into a zigzag geometry.

The effect of hydrogen storage on the deformation
properties of (10,10) and (17,0) SWCNTs has also been in-
vestigated [67]. The SWCNT's were pre-stored with 4.17 or
8.34 wt % H, gas, and the maximum strain and maximum
tensile force as a functio