
NANOTECHNOLOGY

1. Introduction

The properties of manufactured products depend on how the atoms are arranged.
Contemporary manufacturing methods provide limited control over the position
of specific atoms in the final product. For example, continuing improvements
in lithography have resulted in line widths that are less than 100nm
(100� 10�9m). Although submicron lithography is very valuable, it is clear
that current lithography will not lead to the building of semiconductor devices
in which individual atoms are located at specific unit cell sites. A manufacturing
capability able to assemble atoms precisely in patterns chosen to improve mate-
rial properties would permit radical improvements in product performance and
capabilities. Nanotechnology allows this.

When Eric Drexler (1) introduced the term nanotechnology in mid 1980s, he
was discussing manufacturing machines on the scale of molecules, nanometer-
size motors, robot arms, and complete computers. The meaning of nanotechnol-
ogy has altered over the years from machines that have been deliberately built
from nanoscale components to mean ‘‘anything in the range of 0.1 to 100nm,’’
such as powders and coatings, and other materials that are nanoscale. This
altered version of the term is more accurately characterized as ‘‘nanoscale
technology,’’ while the initial meaning should be labeled as molecular nanotech-
nology, molecular mechanics, or nanoengineering. Recently, the Foresight
Institute suggested a novel term to represent the initial meaning of nanotechnol-
ogy: zettatechnology (2). Whatever the name, nanotechnology allows for the
movement of an individual atom to a desired place and almost any structure
that agrees with the laws of chemistry and physics can then be built. Nanotech-
nology offers not just better products, but a new way of production. This is the
authentic meaning of the term nanotechnology, and that is why it is frequently
regarded as ‘‘the next industrial revolution’’. In the 21st Century, the societal
impact of nanotechnology is expected to be far superior to the combined influ-
ences that the silicon chip, medical imaging, computer-aided engineering, and
synthetic polymers have had in the preceding century. Thus, nanotechnology
will change the nature of almost every man-made object.

2. Properties at Nanoscale

Once the material sizes are reduced below 100nm, they begin demonstrating an
array of unique properties based on quantum mechanical effects, rather than the
familiar Newtonian mechanics that operates in the macroscopic scale. The quan-
tum effects may influence a variety of material properties such as conductivity,
heat transfer, melting temperature, magnetization etc, without changing the
chemical composition. That is, the same molecules are present, but their physical
assembly is different. For example, colloidal structures immersed in liquid are
subjected to constant attack from the liquid molecules, causing them to move
about and bend in a random manner (Brownian motion). Although the combina-
tion of Brownian motion and strong surface forces is sometimes considered as a
difficulty that nanoscience must overcome, these features at nanoscale converge
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to offer a remarkable opportunity to exploit new approaches to fabricating nano-
machines. For example, some biological nanomachines such as molecular motors
are not subject to these limitations because they actually depend in a profound
way on Brownian motion. The Brownian motion can also lead to formation of
rather complex nanoscale structures in liquid by self-assembly (3). The real
power of nanoscience is the convergence of sciences that can be integrated on
the molecular field and results in an area of research and development that is
truly multidisciplinary (4,5).

3. Reductive vs. Synthetic Approaches

There are two fundamental strategies to produce very small machines or devices.
First, there is a progressively precise ‘‘top-down’’ approach of taking a chunk of
material and by physical methods carve out the desired nanostructure. Top-down
researchers attempt to extend current technology to engineer devices with smaller
design features. A typical example of modern top-down technology in use today is
the manufacture of the semiconductor chip based on the lithography that tries to
reach ‘‘down’’ as much as possible to atoms and molecules. However, the most
promising strategy is offered by the ‘‘bottom-up’’ approach, where increasingly
complex structures are intentionally assembled from nanoscale components to
build larger scale devices. This is exactly how things are formed in Nature.
From a chemist’s perspective, a self-assembly technique is of greatest interest
for developing nanoscale objects with complex compositions such as macro-
molecules and multicomponent systems. The macromolecules allow bottom-up
creation of functionally designed devices economically. Although the future is
in the bottom-up approach to nanotechnology, at present nanotechnology can
be considered as a more primitive ‘‘top-down’’ stage.

4. Carbon Nanostructures

In 1980 only three forms of carbon; diamond, graphite and amorphous (noncrys-
talline carbon) were known. Today there is a whole family of other forms of
carbon: spheres, cones, tubes, and even more complicated structures and shapes.
For example, ultrasmall cylinders of carbon atoms called carbon nanotubes are
one-sixth the weight of steel, but about 100 times stronger per unit weight. These
nanotubes are the strongest fibers known to humankind. Carbon nanotubes
could be used as building blocks for nanostructures, but they have other remark-
able properties.

The lowest energy state of elemental carbon at ambient temperature and
pressure is graphite. The graphite crystal lattice consists of stacks of parallel
two-dimensional graphene sheets with sp2 hybridized carbon atoms tightly
bonded in hexagonal rings. In the sheet, the 2s, 2px and 2py orbitals are super-
imposed in the x-y plane whereas the remaining 2pz orbital is perpendicular
(Fig. 1).

Because the 2pz orbitals of the carbon atoms overlap most effectively if they
are parallel, the graphene sheet has lowest energy when it is completely flat.

2 NANOTECHNOLOGY Vol. 17



From a geometric perspective, many of carbon nanostructures such as fullerenes
and carbon nanotubes can be related to the covalent graphene building units
coiled in the third dimension.

Fullerenes were first discovered in 1985 when the roundest and most sym-
metrical bulky molecule containing carbon atoms only was synthesized (6). The
sixty carbon atoms in C60 fullerene are arranged in a spherical shape consisting
of 12 pentagons and 20 hexagons (Fig. 2a).

As already noted, the carbon atoms are sp2 hybridized with 1208 angles
between the bonds in the hexagonal units, while pentagons have 1088 internal
angles. There is no ring strain on the carbon in the hexagons since sp2 hybridized
carbon has planar bonds. However, an isolated sp2 hybridized carbon in the pen-
tagon has 128 of angle strain per carbon atom. Two pentagons together will pro-
duce 248 of angle strain per atom. Therefore the most stable fullerene structures
allow pentagons to be isolated from each other (7). There is no restriction on the
number of hexagon units present so that additional structures with extra hexa-
gons can be subsequently synthesized with similar cage-like structures incorpor-
ating up to 240 carbon atoms (7–9). Recently the synthesis of the smallest
possible fullerene (C20) consisting of 12 pentagonal faces and no hexagonal
faces has been demonstrated, but not surprisingly, is less stable than C60

(Fig. 2b) (10–13). Fullerenes smaller than C20 would need to contain cylobutane
rings, which are highly unstable.

Carbon nanotubes (CNT) discovered in 1991 by Sumio Iijima (14) resemble
a coiled-up graphene sheet. The single-wall carbon nanotube (SWCNT) can be
constructed by the rolling of a graphene sheet into a hollow cylinder and then
adding two end caps consisting of pentagons, and each pentagon is surrounded
by five hexagons. The combination of pentagons and hexagons produces the
desired curvature of surface to close the end of the nanotube. Therefore CNT
end caps resemble half fullerene balls and these can differ depending on the
CNT’s diameter. The dimensions are variable (from 0.4 to 3 nm in diameter)
and can be extremely long (several hundreds of micrometers plus) (15). There
are different SWCNTs because the graphene sheet can be ‘‘cut’’ and ‘‘coiled up’’
in more than one way. Three types of SWCNTs are identified: armchair, zig-zag,
and chiral (twisted) nanotubes (Fig. 3).

The conventional way to describe this is by looking at the unrolled sheet
and expressing the rolling process by vectors (a1, a2), where n and m are inte-
gers, corresponding to the number of hexagons in the respective direction, of
the vector equation Ch¼na1þma2. The vector Ch quantifies the direction that
the tubes appear to have been rolled. The designation is, armchair for tubes
with n¼m, zigzag tubes for m¼ 0 according to the pattern of the chain of carbon
atoms along the direction of the vector Ch in the graphite sheet along the circum-
ference. For any other values of n and m, the tubes are called chiral because the
chains of carbon atoms spiral around the tube axis rather than closing around
the circumference. (See Fig. 3). One vector, a1, is placed horizontally on the gra-
phite sheet along the zigzag bonds. The other vector, a2, is placed in any other
location. The armchair line (AC) travels across each hexagon, separating them
into two equal halves. If the tube is rolled directly over this line, the resultant
nanotube is an armchair nanotube. In this case, to ensure the vector sum lies
over the armchair line, the second vector, ma2 is placed at an angle such that
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the armchair line bisects the angle made with the first vector, na1. That is, the
sum of the vectors Ch equates to rolling over the armchair line and na1¼ma2.
Armchair nanotubes thus have configurations (5,5; 6,6; 7,7 etc) because the vec-
tors must be the same to bring Ch over the armchair line. The numbers 5,5; 6,6
etc reflect the diameter of the nanotube and the pairing of numbers in its stereo-
chemistry. If the second vector, ma2, is zero, then Ch lies along na1, and the tube
rolls along this line. Zigzag nanotubes have configurations 9,0; 10,0; 11,0 etc,
since one vector must be zero. Other possibilities, where na1 and ma2 are not
zero or equal, result in a chiral nanotube that has left- and right-handed
forms. A coaxial assembly of several SWCNTs with different diameters is called
a multiwall carbon nanotube (MWCNT). The separation between the coaxial
tubes is approximately equal to that between the layers in natural graphite
(0.3 nm). MWCNTs are possible in an even more complex array of forms because
each concentric SWCNT can have different structures (armchair, zigzag, chiral).
Thus, there are a variety of sequential arrangements. The simplest sequence is
when the concentric layers are identical but different in diameter. However,
mixed variants are possible consisting of two or more types of nanotubes
arranged in different orders.

4.1. Properties and Applications of Carbon Nanotubes and
Fullerenes. The chemical and physical properties of the fullerenes and nano-
tubes are related to (1) the strength of the covalent carbon-carbon bond, (2) the
geometry of the hexagonal building units and (3) to the delocalized pz orbital and
its mismatch caused by the curvature that gives a limited sp3 character to the
C�C bond (16,17). Thus, the chemical and physical properties of the CNTs
depend to large extent on the diameter of the nanotube. Those with diameters
smaller than 0.7 nm are less stable because of the energy increase during the
bending of the C�C bond (10). In wider diameter CNTs, the curvature generally
becomes less important and the energy value approaches that of the planar gra-
phene sheet.

Mechanical Properties. The fullerenes and the nanotubes are among the
strongest and most durable and flexible materials known to humankind because
of the giant delocalized electron system and the strength of the C�C bond
(18,19). Fullerenes can endure enormous pressure and can recover their original
shape after being pressurized to over 3,000 atmospheres (20,21). In an experi-
ment where a discrete MWCNT was bent by an atomic force microscope (AFM)
tip, a Young’s modulus of 1.28�0.56 TPa was obtained (19). Krishnan and co-
workers (22) reported an average Young’s modulus of 1.3 �0.4/þ0.6 TPa for 27
individual SWCNT measurements. Comparable results for MWCNT with a dia-
meter of 12 nm were also reported (23).

Unlike carbon fibers that break easily under compression, carbon nano-
tubes are much more flexible and can be compressed without fracture (24–26).
The exceptional strength of the CNTs indicates that they may provide reinfor-
cing elements in high performance composite materials replacing standard
carbon fibers, Kevlar, and glass fiber. Incorporation of CNTs in plastics may
provide structural materials with a vastly increased modulus that can endure
great strain before mechanical failure. The creation of a good contact between
nanotube and the polymeric matrix for effective load transfer is a major difficulty
because the nanotubes are very smooth and have a small diameter that is almost
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the same as that of a polymer chain (27–32). The high aspect ratio (length/dia-
meter) of SWCNTs (more than 1000) and their strength make them ideal atomic
force microscopy (AFM) probes. Their aspect ratio provides accurate imaging of
deep ditches, while superior resolution is maintained because of their nan-
ometer-scale diameter (33). They are electrically conductive, which allows their
use in scanning tunneling (STM) and electric force microscopy (EFM). Their tips
can be modified with specific chemical or biological groups for high resolution
functional imaging (33–36).

Electrical Properties. Despite structural similarity to graphite, the elec-
tronic properties of pristine nanotubes are different and depend on how the gra-
phene sheet has been coiled up to form the tube. Armchair-type CNTs are
metallic, zigzag-type semiconductive, or metallic depending upon the chirality
and tube diameter although the chemical properties are the same (34,37–40).
The narrower the diameter, the more CNT’s electronic properties depends on
the chiral vector (Ch). The wider the diameter of the nanotube, the less is the
pz orbital mismatch, and the behavior is more like graphite. Simple electronic
devices have been produced employing the CNTs semiconducting properties
including field-effect transistors, single-electron transistors, rectifying diodes
(41) and logic circuits (41,42). IBM was the first to produce arrays of NT transis-
tors. They are valuable for future nanocomputer design (43–47). Superconductiv-
ity in SWCNTs has also been observed, but only at low temperatures with
transition temperatures of about 0.55 K for 1.4 nm SWCNT (40,48–50). The elec-
tronic properties of ideal MWCNTs are quite similar to those of ideal SWCNTs
because coupling between the cylinders in MWCNTs is weak. The first large-
scale commercial application of MWCNTs is as an electrical conducting phase
in polymer composites. Depending on the polymer matrix, conductivities of
0.01 to 0.1 S/cm have been reported for 5% loading, whereas a much lower load-
ing is sufficient for dispersing electrostatic charge (51–53).

Field Emission Devices. Most current research activity on electronic
devices has focused on using SWCNT and MWCNT as electron sources for flat-
panel displays (54), lamps, X-ray (55), and microwave generators. For industrial
applications, the electron emitter should have a low threshold emission field and
great stability at high current densities. Electron field emission is a quantum
process, where, under external electric field, electrons can leave a metal surface
by tunneling (56). The characteristic external field thresholds for extremely
sharp metallic electron sources are on the order of 10 to 100V/mm for current
density of 10mA/cm2. For CNTs 1–2 V/mm for 1 mA per tube current density is
sufficient (57). The nanometer-scale diameter, the high aspect ratio of >1000,
the high conductivity and chemical stability make CNTs ideal candidates as
electron-emitters (58–61). In recent times, major companies, eg, Samsung
produced prototypes of field-emission flat-panel displays with CNTs electron
sources. With advances in technology, this could be the first major commercial
application of CNTs.

Energy Storage. The two commonly used means to store hydrogen are
gas phase and electrochemical absorption. Graphite and other carbonaceous
materials are typically used in hydrogen fuel cells, and in electrochemical devices
as batteries and super capacitors. Because of the high electrochemically accessi-
ble area of CNTs combined with their high electric conductivity, they are

Vol. 17 NANOTECHNOLOGY 5



attractive as electrodes for devices that use electrochemical double-layer charge
injection. The maximum reported reversible capacity is 1000mAh/g for lithium
ion storage and the large irreversible capacity is 2500mAh/g for SWCNT
(62–65). Super capacitors with CNT electrodes can be used in applications that
require much higher power capabilities than batteries and much higher storage
capabilities than ordinary capacitors (66–70).

The U.S. Department of Energy (DOE) has set two goals for economical
hydrogen storage capacity for automotive applications. DOE requires a ratio of
hydrogen mass/ tank mass that is at least 6.5% weight and a hydrogen volu-
metric density higher than 62kg/m3 (15,71). Hydrogen fuel cells seem to have
a feasible role with fullerenes since the C60 molecule can absorb a large quantity
of hydrogen atoms without disrupting the structure (21,72). It is anticipated that
up to 60 hydrogen atoms can be attached to inside (endohedrally) and outside
(exohedrally) of the fullerene surface, which allows a storage of maximum
7.7 wt% H2 (73,74). Since many of the fullerene reactions seem to be reversible,
if a 100% conversion of C60H60 can be achieved, 30 moles of H2 gas would be
liberated from each mole of fullerene hydride. However, these are optimistic
estimates, valid at very low temperatures and under idealized conditions.
Since Dillon and co-workers (75) reported that SWCNTs had the potential of
accumulating up to 5–10% wt hydrogen at moderate pressures and tempera-
tures, there has been tremendous research activity aimed at a better under-
standing of the hydrogen storage mechanism in CNTs (15,76–78). Theoretical
estimations showed the maximum number of hydrogen atoms covalently bound
in carbon nanotubes corresponds to a storage capacity of 14 wt% (78). It was
reported that storage capacity can reach 8 wt% below 77K. However, it should
be noted that the value reported for storage capacity at room temperature and
moderate pressure varies significantly among the research groups (76,78–81).
Therefore, it is less likely that at moderate pressures and at room temperature,
carbon nanostructures would be able to meet hydrogen storage specifications
required for automotive applications.

4.2. Functionalization of Nanotubes and Fullerenes. The strength
and unique properties of the fullerenes and the CNTs seem to offer potential
in advanced materials, however, they are very inert and do not bond to other
molecules easily. In order to tailor and exploit the unique properties of the
fullerenes and nanotubes, they should be modified via process known as
functionalization.

Fullerene Functionalization. Bulk or thin films of pure C60 are semicon-
ducting. However, the electrical resistivity can be decreased by many orders of
magnitude by adding alkali metals as salts. When a fullerene molecule is
‘‘doped’’ by inserting just the right amount of alkali into the voids in between
the C60 molecules in the polycrystalline fullerenes, the material becomes the
best organic superconductor known (82,83). The structure is then Mx

þC60
n�,

where Mþ is an alkali cation and x is the number to balance the charge on the
fullerene. As x in Mx

þC60
n� increases, the resistivity decreases, reaching a mini-

mum for x¼ 3 stoichiometry. The x¼ 3 state is superconducting, with a transition
temperature of approximately �2438C for M¼Rb, (Rubidium). By further
increasing the alkali metal stoichiometry, the resistivity increases again until
an insulator is produced for x¼ 6. Recently, the addition of some simple organic
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compounds such as bromoform, CHBr3, to the ball has been shown to increase
conductivity.

Despite their extensive conjugation, which should lead to high electron
delocalization and aromaticity, the fullerenes are good electron acceptors and
react as strained, electron deficient components in many reactions (7,84,85).
Thus, the chemistry of C60 and higher fullerenes is more similar to that of
alkenes rather than to the chemistry of electron-rich aromatic systems as ben-
zene and naphthalene (86–89). Addition and cyclo-addition reactions are the
usual synthetic methods used to functionalize fullerenes (90–92). Among them,
Prato (93–95), Bingel (96,97), and Bingel–Hirsch (98–101) reactions have been
the most widely used to produce numerous C60 derivatives. In the majority
of the these reactions, a nucleophile attacks one of the fullerene C�C bonds at
the linkage between two hexagons (6,6-ring junction). Additions at the linkage
between a hexagon and pentagon (5,6-ring junction) have also been reported
as reorganizations that follow a 6,6 junction attack (93,102). Several organo-
fullerene donor-acceptor hybrid systems have been synthesized mainly via
1,3 dipolar cyclo-addition reactions of azomethine ylides (102–106). Azomethine
ylides can be readily produced upon decarboxylation of immonium salts derived
from condensation of variety of a-amino acids and aldehydes or ketones (105). A
fulleropyrrolidine mono adduct is formed, in which the pyrrolydine ring is fused
to the junction between two hexagons (eq. 1).

+ R1

H

O

NH2

R

O

OH

−CO2

∆
C60 N-R

R1

+ ð1Þ

Structurally different fullerene derivatives can be obtained by either prop-
erly functionalized azomethine ylide precursors or by further functionalization of
the fullerene pyrrolydine product (105,107). The additional chemical functionali-
zation of fullerene pyrrolydine provides an opportunity to combine the excellent
electron acceptor properties of the pristine fullerene with those of photosensitive
molecular units such as porphyrines (108,109), phthalocyanines (110), ferrocene
(111,112), tetrathiafulvalene (113), or ruthenium complexes (114–116). These
fullerene derivatives demonstrate strong absorption bands in uv region and con-
siderable absorption in the visual region, which makes them very good building
blocks of more complex devices for conversion of light into electricity (Fig. 4).

So far, there are only two areas where functionalized fullerenes have had
an impact: plastic solar cells with lesser applications in polymeric materials
and fullerene-modified traditional materials. Several other possible applications
include energy storage devices, molecular switches, and materials imitating for
hotosynthesis (111,112,117).

CNTs functionalization. Like graphene, carbon nanotubes demonstrate
quite high chemical stability and resistance to wetting by relatively polar
solvents. They usually exist as ropes or bundles 10–30 nm in diameter because
of the weak p-p interactions between the individual tubes (118). This has caused
application difficulties during processing and manipulation due to CNTs
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insolubility and poor dispersion in regular solvents and polymeric matrixes. For
various applications, it is necessary to attach chemical functional groups to the
CNTs. For example, it is believed that chemical functionalization may provide
the ‘‘velcro effect’’ needed for incorporating CNTs in a host matrix for developing
composites. Accordingly, much effort has been made on targeted chemical func-
tionalization of sidewalls and the end-caps of CNTs because this is a potential
way to improve their solubility and to ease their manipulation. The chemical
modification and the connection to other molecules will eventually lead to new
physical and chemical properties for specific applications.

Because of the curvature and structural differences at the end-caps and at
the sidewall of CNTs, two separate areas with different physical properties and
chemical reactivity have been observed (14,119–123). The hemispherical fuller-
ene-like end-caps possess higher curvature, and therefore, are more reactive
than the cylindrical sidewalls of the CNTs. The chemical reactivity of the perfect
CNT is essentially related to the reactivity of the parent graphene sheet
enhanced by the pz-orbital mismatch caused by the curvature and therefore
bond strain is increased (17). The release of this strain as a result of a chemical
reaction controls the chemical properties of the CNTs’ sidewalls. In general, the
CNTs functionalization strategies include: (1) noncovalent functionalization of
the tube walls with detergents and polymers, (2) creation of defect sites at the
tube end-caps and sidewalls by oxidation followed by further functionalization
and (3) direct covalent bonding at the conjugated double bonds at CNT’s side-
walls using addition reactions.

Noncovalent Functionalization. The formation of noncovalent van der
Waals, or electrostatic bonds with detergents, or polymer covering results in non-
covalent functionalization of various molecules to CNTs (124–126). The polymer
molecules attach rigidly and uniformly to the cylindrical body of the nanotube,
disrupting the hydrophobic interface with water and enhancing the CNTs solu-
bility (Fig. 5A) (118).

When the hydrophobic part of an amphiphilic molecule has planar p-moiety,
a strong p-p interaction between the nanotube sidewalls will take place
(126–128). This effect has been successfully demonstrated in the agglomeration
with N-succinimidyl pyrenebutanoate (Fig. 5B) (129). In fact, the interaction was
found to be so strong that the aromatic moiety was permanently attached to
the CNTs’ surface. This approach could be used to append biologically active
molecules such as DNA on the CNTs sidewalls with the mediation of 1-pyrene-
butanoic acid (128–131). One of the main advantages of the noncovalent functio-
nalization is that the nanotube sp2 arrangement and conjugation is preserved.

Covalent Functionalization. Role of Defects During the synthesis or che-
mical treatment of CNTs various types of defects can occur caused by vacancies,
dislocations, heteroatom incorporation, topological defects on the nanotube side-
wall (inclusion of pentagons and heptagons instead of hexagons) (132). The
increased reactivity of these ‘‘hotspots’’ provides a means for functionalization
of the nanotubes. However, a CNT can bear only a limited quantity of defects
before it changes its electronic and mechanical properties (133–136). Early
works on CNTs chemistry showed that oxidation at 7008C in air opens the
end-caps indicating that the ends are more reactive than the sidewalls
(137,138). The treatment of CNTs in solution of strong mineral acids such as
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nitric acid, or other strong oxidizing agents such as KMnO4/H2SO4, K2Cr2O7/
H2SO4, has proven to be more efficient for functionalization of the CNTs than
thermal oxidation in air (137,139). The chemical treatment opens not only the
end-caps of CNTs, but leaves holes on the sidewalls that could be functionalized
with carboxylic groups and other weakly acidic groups (140–142). The introduc-
tion of these acidic functional groups is seen as a handle to introduce many other
different functional groups by well-established procedures. For example, long
chains of alkyl- or aryl- amines were joined to carboxylic groups by an amidation
reaction in presence of SOCl2 (Fig. 6) (143).

Direct Covalent Functionalization. Several direct functionalization meth-
odologies without preliminary oxidation exist. They have one thing in common; a
highly reactive species is necessary to attack the nanotubes. Although carbon
nanotubes are rather inert towards fluorine at ambient temperature, chemical
attack by fluorine gas can occur at temperatures 150–4008C (144–146). The
fluorination of the CNTs significantly enhances their chemical reactivity,
which makes fluorinated nanotubes suitable precursors for a number of functio-
nalization reactions. Alkylated nanotubes can be produced by treatment of the
fluorinated nanotube with alkyl-lithium or Grignard reagent (Fig. 7) (65,
147–149). Amines and diamines have been reported to displace fluorine from
the sidewall to form amino alkyl nanotubes (144,150,151). Sidewall fluorinated
CNTs have been reacted with diols in presence of alkali metal or metal hydro-
xides to produce hydroxyl terminated molecular fragments (150).

Direct sidewall functionalization to the p-electron system of CNT’s is possi-
ble if very reactive species are employed (Fig. 7) (152–155). Sidewall nanotube
functionalization of CNTs have been achieved by generation of alkyl (147) and
aryl (156,157) radicals, azomethine ylides (152,158), and carbenes (154).
Recently, a novel solvent-free protocol for sidewall nanotube functionalization
involving reaction with aryl diazonium species in the formation of heavily func-
tionalized nanotubes has been reported (159). Similar to the fullerene chemistry,
the functionalization based on cyclo-addition of highly reactive azomethine ylide
species generated in situ has been used to improve the solubility of nanotube
derivatives (158,160). The degree of functionalization is very high and the nano-
tubes are soluble in many organic solvents (152). Other cyclo-addition methods
that have been developed for fullerene functionalization include the Bingel reac-
tion (cyclopropane addition) (161,162) and nitrene decomposition (aziridene addi-
tion) (163). Further functionalization by photoactive electron donors such as
ferrocene, porphyrine, pyrene or other photosensitive moieties affords CNTs
building blocks that can be used in solar cell devices (63,164–167).

Covalent sidewall functionalization also overcomes the issues of poor inter-
facial bonding in host polymeric matrixes paving the way to ultrahigh perfor-
mance materials. However, the significance of direct functionalization is in
that the applicability to the sidewalls by means of synthetic organic chemistry
has been highlighted.

4.3. Preparation of Thin Films. Scientists and manufacturers have
been searching for methods for organizing fullerenes and nanotubes into highly
ordered thin films. These thin films containing fullerenes and nanotubes are the
source of high expectations for valuable components in many useful applications
such as detectors, sensors, displays, and electronic circuit components. In this
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respect, two techniques may be used: Langmuir-Blodgett (LB) and self-assembly
(168). These methods are frequently referred to in the articles on nanotechnology
as, the bottom-up approaches to assemble nanoscale objects into hierarchical
macroscopic structures.

Langmuir-Blodgett. One of the most broadly implemented methods for
preparation of structurally ordered films has been the formation of Langmuir
monolayers at the air–water interface and the following transfer of these films
onto a solid substrate (Langmuir-Blodgett technique, LB technique). A Langmuir
monolayer is formed by spreading of an amphiphilic compound (surfactant) on
the surface of a liquid. Surfactants are a class of molecules that have hydrophilic
and hydrophobic moieties. The hydrophobic moiety generally consists of a nonpolar
hydrocarbon chain, while the hydrophilic moiety consists of a polar group
(–OH, –COOH, etc). Many of these amphiphilic chemicals can be spread on
water to form an insoluble monolayer at the air-water interface. The amphiphilic
character of the surfactant determines the orientation of the molecules at the
interface (air–water or oil–water) so that the hydrophilic head group is
immersed in the water and the hydrophobic hydrocarbon chain is oriented
towards the gas or oil phase (Fig. 8a).

The surfactant monolayers represent an ultimate situation when all amphi-
philic molecules are concentrated at the surface (Langmuir monolayer). When
a monolayer is transferred to a solid substrate, it is then referred to as a
Langmuir-Blodgett (LB) film (168). If a solid substrate is dipped up and down
in a solution containing amphiphilic molecules, the floating monolayer can be
deposited onto its surface. The film forms on the substrate as the triple line
(solid–liquid–gas) progresses downwards. The deposition process is schematically
shown in Fig. 8b.

Several research groups have explored its suitability in the preparation of
Langmuir monolayers and Langmuir-Blodgett films based on functionalized C60

(84,169–171). The hydrophobic fullerene has been made amphiphilic by two step
functionalization. Cyclo-addition of azomethine ylides to fullerene has proven to
provide access to a variety of fullerene pyrrolidine derivatives (eq. 1). Further
functionalization of the fullerene pyrrolidine with carboxylic acid affords a highly
hydrophilic fullerene pyrrolidine dicarboxylic acid (FDA) suitable for monolayer
formation at the water surface (Fig. 8c) (172). FDA can form a stable monolayer
at the air–water interface, and this monolayer can be easily transferred onto
quartz or glass substrates (160). The attachment of photosensitive moieties to
C60 creates an attractive synergism for the manufacture of effective ordered elec-
trodes for solar energy conversion (84,100). This is an excellent example of how
fullerenes, when chemically modified with the appropriate functionalities, can be
organized into useful materials.

Self-Assembly. Manufacturing of complex nanoscale devices requires
designing systems that self-assemble into more complex structures that sequen-
tially self-assemble into others. This is Nature’s preferred way of manufacturing
complex structures. Recent progress in molecular self-organization chemistry
has shown the viability of the method to nanotechnology and bottom-up material
fabrication (168,173–175). Self-assembled monolayers are deposited when a sub-
strate is immersed in solution of organic molecules, which then spontaneously
align themselves with respect to substrate (168). Additional layers can be then
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added, leading to laminates where each layer is just a molecule thick. Since it is
necessary that the ultimate structures be the most thermodynamically stable,
the technique is inclined to create superstructures that are generally defect-
free and self-repairing (168).

The development of two-and three-dimensional superstructures integrating
prefunctionalized fullerenes or nanotubes has recently become achievable
assisted by the spontaneous self-assembly nanotubes on treated substrates
(171,176–183). Similarly to the LB technique, the CNTs or the fullerenes are
first made hydrophilic and then they are dispersed in suitable solvent producing
a stable suspension. Often molecules such as alkyl-thiols are used because they
can act as delivery agents of the CNT and/or fullerene to gold surfaces. Alkyl-
thiols are compounds that have a 1–4nm long hydrocarbon tail group and a
thiol group (-SH group). These form a monolayer in which the thiol head groups
form relatively strong bonds to the gold, and the alkane chains extend roughly
perpendicular to the surface (183–185). For example, Plank and co-workers
(183) have prepared aligned carboxyl group terminated SWCNTs by self-assembly
through thiol amide linkage onto gold substrate (Fig. 9A).

Many oxidized substrates can also be used because the end-cap carboxylic
acid functionalized CNTs can be deprotonated by a range of metal oxides. The
deportonation at the oxide surface leads to sticking of aligned nanotubes on
the oxide surface through their, carboxylic end groups (Fig. 9B). CNTs can be
also directly sidewall functionalized. The approach affords the opportunity to
derive sidewall aligned nanotubes on variety of substrates (30,106). The essential
benefit of the stepwise multilayer self-assembly via alternate adsorption of the
structure-forming components makes it possible to control the composition,
structure, and properties of individual layers within the film. Thus, effective
design of novel supramolecular and composite nanostructured thin films and
coatings is achieved. Self assembly and LB techniques are perhaps, technologi-
cally and commercially viable solutions for constructing hierarchical superstruc-
tures in which the advantages of conventional microelectronic technologies such
as lithography and new nontraditional approaches can be merged effectively.

In summary, the development of superstructures in the nanometer level
has become possible because of spontaneous self-assembly. Numerous novel
materials derived from the functionalized fullerene and nanotubes can be
synthesized, with a wide variety of properties associated with the attached func-
tional group.

5. Molecular Nanotechnology

There are a large number of other possible ways to build complex nanostructures
as molecular nanotechnology (MNT). This technology does not yet exist but when
realized should allow for the control of the organization of matter. The capacity to
build commercial products may yet be several decades away but theoretical and
computational models indicate that molecular manufacturing systems are
feasible that do not violate existing physical laws (186). These models also give
us a sense for what a molecular manufacturing line might look like. At the most
basic technical level, MNT is building, with intent and design, and molecule by
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molecule (1) incredibly advanced and extremely capable nano-scale and micro-
scale machines and computers, and (2) ordinary size objects, using other
incredibly small machines called assemblers or fabricators.

During the last twenty years, the advance in supramolecular chemistry has
allowed the creation of simple molecular devices that are essential for the grow-
ing field of nanotechnology (187–190). At present, attempts are being made to
construct molecular level devices by bottom-up approach following the supramo-
lecular chemistry requirements (191). Thus, from the perspective of a nanotech-
nologist, the objective of supramolecular chemistry is drifting from structure to
function (192). Many research groups are working on development and realiza-
tion of devices at nanoscale for molecular electronics (193–195), molecular
motors (196,197), and artificial photosynthesis (111). In general, the machines
and devices are assemblies of components designed to achieve a specific function.
A molecular level machine can be described as an assembly of a distinct number
of molecular components that are designed to perform machine-like movements
as a result of some input (198). Each component of the assembly performs a sim-
ple operation while the whole assembly performs more intricate functions char-
acteristic of a machine (192). Such machines would be much smaller than those
made by current technologies and ultimately present the smallest machines the-
oretically possible.

5.1. Molecular Rotors. Bulky groups on crowded molecules have simi-
lar morphology to propellers. A molecule comprized of two bulky aromatic rings
attached to a focal atom can be regarded as the molecular equivalent of a macro-
scopic two-bladed propeller (191). The structure shown in the top area of
Figure 10 incorporates two identical aromatic rings linked to the same atom.
Rotation of one ring in one direction about the single bond linking it to the
focal carbon group in the middle forces the other ring to rotate in the opposite
direction. Thus, when one ring rotates clockwise, the other must rotate anticlock-
wise. This arrangement can be used in a traditional macroscopic manner as
paddles.

There are other examples in which molecules resemble everyday macro-
scopic rotors. The coupled motions of two structures have been used in the design
of molecular gears incorporating 9-triptycyl ring systems. For example, the gear
shown in the middle area of Figure 10 incorporates two 9-triptycyl ring systems
bridged by a methylene group. The aryl rings of the two triptycyl ring systems
interdigitate in a manner reminiscent of the notches of a pair of meshed gears,
much like those in models for carbon-based nanotube gears. As a result, the rota-
tions of the two 9-triptycyl ring systems about a single bond linked to a common
group are coupled. When one 9-triptycyl ring system rotates clockwise, the other
rotates anticlockwise and vice versa. In Figure 10, the bottom area depicts a
rotor in a framework. Thus, electricity could be generated and passed down a
conducting carbon nanotube wire a few nanometers thick.

Some useful molecular structures are joined bracelets linked through each
other and called catenanes, and their polymers, polycatenanes, which consist of
catenanes chained together. The naming of these compounds is quite simple;
a number is placed in the front to describe the number of rings. Thus, a [2]
catenane has two rings and a [3] polycatenane has three rings. Two-bracelet
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catenanes ([2] catenanes) are useful because each bracelet can be rotated around
the other (Figure 11a).

Another useful molecular structure which can be modeled at the molecular
level is the axle and collar. In this structure, a central rod holds the axle to the
superstructure through a collar and dumbbell structures at each end to prevent
the collar from falling off. The molecular equivalents of these structures are
called rotaxanes (Fig. 11a). The rotaxanes and catenanes can be activated so
that the components move in either linear way (rotaxanes) or a rotary way (cate-
nanes) similarly to the moving parts of macroscopic machines (199). Rotaxanes
are also of particular interest because the collar structure can often be moved by
some external force and used as a molecular switch (198). The principle behind
these molecular switches is the ability to move the collar under some external
influence. If the collar can be switched back and forth (Fig. 11b) from each site
‘‘S’’, then it acts as a switch. The number of sites at which the collar can stop can
be increased so that there are a number of stations where it could stop. These
structures then become like molecular railway lines and the collar is, in effect,
a train. It is possible to put more than one train on the line and also design trains
that stop only at particular stations. The idea is to have collars that will stop only
at certain sites depending on different environmental changes. The structures
that can stop a train or collar, or make it move, are variable and depend on
the nature of the collar or track. There are a number of desired phenomena for
collar movement, however, one cannot always design a rotaxane for such pur-
poses. Preferred train departure signals are biological materials, because these
substances are sensitive detectors for cancer or biochemical imbalances, but the
easiest responses are to electrons, light, or heat. A number of useful sensors can
be generated in this way particularly if these switches can be made to function in
tandem on a larger scale. If a large number of rotaxanes are aligned on a surface,
then when all the collars move, they can influence macroscopic properties. Thus,
a molecular change can be transmitted to a measuring device that can detect the
change. This then becomes a nanomachine that is easy to observe at the level at
which human beings can observe and control.

5.2. Rotaxanes and Molecular Computers. Logic gates are the count-
ing devices for computers. They are based on devices called silicon chips. It does
not take much imagination to see that a row of rotaxanes could be used as an
abacus and hence as a molecular-based logic gate. Indeed it has been shown
that they can do exactly the same task as silicon (191,200,201). Rotaxane count-
ing devices are called chemical computers. They do not suffer from the packing
defects that exist in surface based technology. Unlike silicon technology, each
molecule is a counting device. In a mole of rotaxane there are Avogadro’s number
of counting units; thus even a thousandth of a mole of rotaxane can undergo com-
putations at a level undreamed of by conventional devices. To make one type of
molecular computer, a set of wires is arranged in one direction above a layer of
molecular switches, and a second set of wires is aligned in the opposite direction
below. At the junction of the wires is a single layer of rotaxanes. Each rotaxane
collar is moved by electrical input that is controlled by the wire circuits. The
apparatus then operates as a logic circuit as in a conventional computer.
Quantum computers are similar except they rely on single atom orientations
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to count and have the advantage that they can use the power of the quantum
behavior of atoms and electrons to provide additional counting methodologies.

Molecular computers hold the promise of being far less expensive and much
smaller and faster than today’s silicon-based computers. In principle, it is possi-
ble that these machines will perform 100 billion times better than current old
fashioned chip machines. While silicon based chips are not going to improve by
much more than a factor of ten, with molecular computers the potential is there
to get the computational power of 100 workstations on the size of a grain of sand.
Power consumption would be mostly reduced with molecular electronic based
computers. In addition, such computers would contain vast amounts of memory
resources. This implies that all data could be securely hardwired into the
machine, and that nothing would ever need to be erased, making such machines
immune to disruptions such as those caused by computer viruses.

Today, scientists are inventing numerous tools and techniques that will be
needed to transform nanotechnology from computer models into reality. In many
instances the actual structures, devices and systems will be much larger, but
they will be classified as products of nanotechnology since they will either be cre-
ated at the nanoscale or nanotechnology will enable them to perform new and/or
improved functions. With advances in nanotechnology, it is possible to bridge the
gap between the contemporary lithography, and to control matter on every
important length scale, enabling incredible new power in materials fabrication.

6. Tools

It was not until the 1980s that miniaturization of apparatus was developed, such
as in scanning probe microscopy, includes several newly developed microscopy
technologies. The most well-known are atomic force microscopy (AFM) and scan-
ning tunneling microscopy (STM). In these techniques, images are obtained not
by gathering reflected or refracted waves from a sample, as happens in conven-
tional light or electron microcopy methods. These operate by employing a sharp
tip (the probe) that scans across the surface at a distance of a few nanometers. In
particular, the STM works by detecting small currents flows between the micro-
scope probe and the sample being observed. When the probe is brought within
about 1nm of the sample, electrons from the sample begin to pass through the
1nm gap into the tip or vice versa, depending upon the sign of the bias voltage.
Just as per waves can pass over rocks without moving the rocks, so the electrons
can pass over the energy barrier to the sample. In other words, this process
invokes the wave properties of an electron to move across an energy barrier at
lower energy than if it were a particle. The process is called tunneling. The
resulting tunneling current varies with tip-to-sample spacing, and it is the signal
used to create an STM image. For tunneling to take place, both the sample and
the tip must be conductors or semiconductors. The STM was the first instrument
to generate real-space images of surfaces with atomic scale resolution.

Several years after the invention of the STM, the atomic force microscope
(AFM) was introduced. Instead of measuring the tunneling current, AFM detects
the force between the probe and the sample surface. It has a very sharp tip on the
end of a cantilever that moves over the surface of the sample. The variations of
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the surface topography cause bending of the cantilever which is detected by mea-
suring the deflection of the laser beam. A schematic representation of an atomic
force microscope is shown in Figure 12a.

The extension of a crystal (a piezo) is responsible for the movement of the tip
across the surface. As the tip tracks the surface, the force between the tip and the
surface causes the cantilever to bend. An optical lever measures the deflection of
the cantilever. The optical lever of most machines consists of a laser beam
reflected from the gold-coated back of the cantilever on to a positional sensitive
diode. The positional sensitive diode can measure changes in position of the inci-
dent laser beam as small as 1nm, thus, giving sub-nanometer resolution.

The AFM normally works in two modes: contact and noncontact modes. In
contact mode the repulsive forces are measured as the sample cantilever pushes
into the sample. These are interactions between the atoms in the tip and the
atoms of the material’s surface. Consequently the tip is in physical contact
with the surface during the analysis and can cause physical damage to soft mate-
rials. However, a way around this is a variant of contact mode called ‘tapping
mode’. The cantilever is vibrated so that the tip contacts the surface intermit-
tently (Figure 12b). This intermittent contact serves to reduce the lateral forces
incident on the soft sample, reducing possible surface damage or tip contamina-
tion but maintaining resolution. In noncontact mode the attractive van der
Waals forces are measured by oscillating the cantilever with small amplitude
from 5 to 10nm from the surface of the sample. Because noncontact mode mea-
sures the weaker attractive forces, the lateral resolution is often said to be less
than that achieved with contact mode. This is not correct, since noncontact AFM
is used to demonstrate true atomic resolution. Apart from imaging, AFM can be
used for sample manipulation at atomic or nanometer scale, as well as for nano
lithographic processes.

The invention of scanning probe microscopes and a number of more specia-
lized variants is perhaps the single most important development in nanoscale
science and technology as a new discipline. This linked family of techniques
was not the first form of microscopy that could provide information at the atomic
and molecular scale, but a number of factors combine to make the impact of these
techniques on nanotechnology particularly important.

7. Conclusions and Outlook

Over the last twenty five years, microscale machines such as microelectromecha-
nical systems (MEMS) have been developed, and their uses are growing rapidly.
They currently represent the lowest size limits of commercially available
machines. The nanotechnology equivalent of MEMS is nanoelectromechanical
systems (NEMS) are in a very early stage of development in the laboratory
and would involve using or mimicking naturally occurring biological motors,
nanotubes, and related materials. In the development of nanodevices, problems
start with localized nanoscale distortion or dislocation in materials at the atomic
level, which may be a precursor to cracking and then total failure. Therefore,
the role of nanosensors, eg, would be able to detect and send early warnings
of these nanocracks, when repair or discard is easier and cost effective. These
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nanosensors may be active, ie, linked to an electrical or optical fiber circuit, or
they may be passive and subject to external interrogation at periodic intervals
using various types of radiation or by imaging which in turn will allow ‘health
checks’ to be performed on all materials nondestructively. Repair at the local
atomic level could be carried out with advanced laser and ion beam techniques,
or atomic force nanoprobes, which can be used to supply energy locally to enable
atoms to move back into correct, low energy positions. Although it will be a huge
challenge to achieve localized repairs, the possibilities include apply, fill in, or
‘‘ion stitch’’ in, nanopatches, nanoparticles, or ions of the correct material.
These are just a few of the potential nanotechnological applications. Much devel-
opment is needed before any serious prospects emerge. Nanotechnology is very
much at its infancy and as such it can be expected to give rise to a great deal
of intellectually stimulating science before becoming a viable companion to the
current silicon based technologies.
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Fig. 2. Fullerenes. (a) The well known C60 is composed of 20 hexagons and 12 pentagons.
(b) The smallest fullerene C20 composed of 12 pentagons only.

Fig. 3. Nanotubes nomenclature. The two basis vectors a1 and a2 and examples of the
lattice vectors are shown. AA0 defines the chiral vector Ch¼na1þma2. The (m, n) indices
determine the diameter and the chirality of the nanotube. The chiral angle, y, is defined
by the angle between Ch and (AB) zigzag direction. Translation vector T, is along the
nanotube axis and perpendicular to Ch. The shaded area is the unit cell formed by T
and Ch where the graphene sheet is rolled up to create the tube.
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Fig. 4. Fullerene derivatives. (a) Fulleropyrrolidine, (b) ferrocene–fulleropyrrolidine
and (c) tetrathiafulvalene–fulleropyrrolidine. A probable electron transfer by light
radiation is shown.

Fig. 5. Noncovalent functionalization of the sidewall of SWCNT. A, Functionalization
with a polymer molecule. B, p-p stacking of 1-pyrene-butanoic acid succinimidyl ester.
Adapted from Ref. 129.

Fig. 6. Examples of covalent chemistry at open ends and defects of CNTs. The treatment
under strong oxidative condition creates defects in the sidewall and opens the nanotube
ends producing carboxylic groups.
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Fig. 7. Strategies of direct nanotube functionalization. These do not require preliminary
oxidation or defect creation.
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Fig. 8. (a) Orientation of amphiphilic molecule. (b) LB monolayer deposition. (c) LB film
deposition of fullerenepyrrolidine dicarboxylic acid (FDA) molecules on water surface.
Adapted from Ref. 172.

Fig. 9. Schematic representation of the self-assembly process. A, SWCNT containing
organized thin film prepared via thiol amide linkage onto a pretreated gold substrate.
B, SWCNT deposition on metal oxide surface.
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Fig. 10. Parts of molecular machines: top trace, paddle; middle trace, gears; and bottom
trace, an armature. Adapted from Ref. 191.
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Fig. 11. (a) The structure of rotaxanes, and catenanes. (b) The mechanism of rotaxane
shuttling.
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Fig. 12. (a) Diagram of AFM. (b) Tapping mode AFM image of coating on ceramic
substrate.
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