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Abstract

NANOCOMPOSITES OF SINGLE-WALLED CARBON NANOTUBES

by

Shiunchin Chris Wang

Adviser: Professor Daniel L. Akins

Single-walled carbon nanotubes (SWNTs) have marshaled in a phenomenal era of
nanoscience and nanotechnology since their discovery in 1993. Synthetic approach in
general, results in a range of undesired products whose removal represents a fundamental
problem for device development. The present dissertation focuses on three sub-projects
which contain three categories of chemicals: SWNTs, surfactants/polymer, and
nanoparticles. The first sub-project is designed to surmount the insolubility of SWNTs. It
is the best way for the formation of SWNTs composites. Therefore, resolving the
solubilization of SWNTs is the primary concentration in my project. Surfactants and
polymers, as dispersion agents, were used to solubilize SWNTs. The selection for these
solubilization agents were focus on potential biological applications. Therefore, an
anionic surfactant, sodium bis(2-ethylhexyl) sulfosuccinate (Aerosol OT or AOT), and a
polymeric chitosan were used as a dispersing agent to solubilize SWNTs. Sonication
were the mechanism to enhance the solubility of SWNTs in dispersing solution, and
centrifugation can be used to obtain individual or small bundled (2-5 tubes) nanotubes. In

this study, AOT showed special protection to prevent the breakdown of the tubes through



sonication. Therefore, it was used for the investigation in field-effect transistor devices
using AC dieletorphoretic alignment. The second subproject was designed to synthesis
controllable nanoparticle sizes, especially focusing on quantum dots (QDs).
Nanoparticles were prepared for the composite with SWNTs. The microemulsion system
was used to encapsulate nanoparticles with desired sizes, and the AOT reverse micelles,
water-in-oil or w/o, was designed to form a microemulsion system. It produced sizable
quantum dots. The last subproject and the ultimate goal were to form composites of
SWNTs with varieties of nanoparticles and polymers. Different nanoparticles (e.g., CdS,
ZnS) were used, and polymeric poly-L-lysine was used for composite also. Probing the
properties of SWNTs nanocomposites is a necessity for future developments of carbon

nanotubes.
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Preface

Carbon nanotubes (CNTs) were one of the new nanotechnology materials since
1991. Evolution of CNTs can be separated into a few stages from the investigation of
CNTs properties, searching for better protocols, to the production of CNTs,
functionalization of CNTs to interact with other materials, and leading toward the
development of applications which is on-going.

CNTs are carbon based materials and have many extraordinary properties that
will be explained in Chapter 1. The optical spectroscopes, UV-Vis-NIR and Raman, are
introduced in Chapter 2. They are the first step to investigating the electronic properties
of SWNTs. Different mechanical setups can be used to synthesize CNTs; these include
arc discharge, laser ablation, high pressure carbon monoxide conversion (HiPco), and
chemical vapor deposition (CVD). Chapter 3 briefly introduces the different methods for
growing SWNTs, and the experimental data of CVD grown CNTs are presented. SWNTs
are bundled and tangled together and insoluble in most solvents after synthesis. To
surmount this insolubility, Chapter 4 introduces many different methods to improve and
overcome the insolubility of SWNTs. Acid purification can remove amorphous carbon
and improve solubility; it can also be used to functionalize sidewalls of tubes with the
added benefit of producing covalent interactions with other materials. However, purified
SWNTs can be damaged severely through harsh acid treatment, and acid purified SWNTs
will alter the intrinsic electronic properties of tubes. Therefore, dispersion of SWNTs is a
better method to improve its solubility. SWNTs dispersions were investigated in polymer

(Chitosan) and surfactant (Aerosol OT) solutions here.
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Chapter 5 introduces a variety of nanoparticles (NPs). The purpose of this non-
carbon nanotubes related chapter is to search for materials for SWNTs nanocomposites
discussed in Chapter 6. Nanoparticles can have many attractive potential for biomedical
applications. Consequently, different methods of synthesizing NPs are introduced in
Chapter 5. An ultimate goal is to achieve SWNT composites. Many CNT composites
have the potential for applications development; these are briefly introduced in Chapter 6.
The setup of this dissertation is based on the evolution of single-walled carbon
nanotubes (SWNTSs). Experiments were conducted from producing carbon nanotubes to
SWNTs nanocomposites. Every chapter is relevant to the next chapter, but they can also

stand alone as individual chapters/sections.
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Introduction



In the twenty-first century, carbon nanotubes (CNTs) are
promising nanomaterials for a wide range of applications and have
attracted much attention due to their unique properties. Carbon nanotubes
exist in single- or multi- walled structures. CNTs have a fundamental
backbone structure, but exhibit considerable complexity in their electronic
and mechanical properties. In the last decade, CNTs have generated a new
field of research in materials science focusing especially on “single-
walled” carbon nanotubes (SWNTs). The availability of state-of-the-art
instrumentations has made it possible to extensively characterize CNTs. In
this Chapter, the history and development of CNTs are described to
provide a background for the work discussed in subsequent chapters. The
following section is a discussion about carbon in different electronic
configurations and their different structures. The extraordinary electronic
properties of carbon nanotubes are explained in detail. The last section of
this chapter introduced ideas related to electronic and mechanical

properties of CNT.

1.1 History and Development of SWNTs

Multi-walled carbon nanotubes (MWNTs) were first discovered by Sumio lijima
in 1991 [1], while conducting a project involving the arc-discharge evaporation synthesis
of fullerenes (Cqo) at the NEC Laboratories in Japan. In fact, however, carbon nanotubes

had been synthesized a few decades before in the 1950s, as indicated in Figure 1-1.



Graphite filaments (later known as carbon fibers) were discovered in 1960 by Roger
Bacon [2]; Bacon observed straight filaments while studying various carbon structures. In
the absence of sophisticated instruments to characterize the products, Bacon was unable
to properly describe this new configuration of carbons as hollow tubes. Carbon fibers
with a similar structure were also reported by Morinobu Endo at Shinshu University,
Japan, in 1976 [3]. Endo was using a mixture of benzene and hydrogen to grow carbon
filaments on substrate surfaces using transition metal catalysts to enhance the dissociation
of gas mixture; the diameters of the obtained carbon fibers ranged from 2-100 nm.
Despite the fact that high-resolution electron microscope (HREM) had been acquired by
S. Iijima in 1971, Endo was unable to identify the carbon fibers as multi-walled carbon
nanotubes, even after using a Philips EM300 high resolution electron microscope (HREM)
to characterize the products. MWNTs did not generate much attention until the evolution
of the high-resolution electron microscopy (HREM) into a more advanced technique
called high resolution transmission electron microscope (HRTEM). In 1993, single-
walled carbon nanotubes were discovered by S. Iijima [4] at NEC in Japan and Bethune
et al. [5] at the IBM Research Division of Almaden Laboratory located in San Jose,
California, USA. Both groups used the arc discharge technique to synthesize SWNTs;
details of which will be described in Chapter 3. SWNTSs have turned out to be especially
important for fundamental and theoretical studies. The timeline of development for
carbon nanotubes is shown in Figure 1-1. Due to their unique structures (zigzag, armchair
and chiral configurations), small sizes (0.7 nm to about 10 nm in diameter), low density,
high stiffness, high strength (the outer-most shell of MWNTs is approximately 100 times

stronger than aluminum), and excellent electronic, mechanical, optical, and chemical



properties, CNTs have been employed in many research fields and are promising
candidates for a wide range of applications. Possible and realized applications include
material reinforcement (NASA space applications), field emission panel displays
(television screens by Samsung and NEC), chemical sensors, drug delivery
(chemotherapy), biomedical devices (bone reconstruction), and nanoelectronics (circuitry
development). In the development of CNTs applications, it is essential to investigate the
electronic, optical, and mechanical properties of CNTs as described in the following

sections.

1.2 Allotropes of Carbon

A single-walled carbon nanotube can be treated as a rolled-up graphene sheet. In
order to understand properties of SWNTs, it is important to understand the different
bonding structures. Carbon is one of the most abundant elements on earth. In the
periodic table, carbon is the sixth element (atomic number: 6), and is in group IVB; a
nonmetal. Every carbon atom possesses six electrons and the electronic ground state
configuration is 1s*2s*2p. Consequently, it can form many different structures resulting
in different properties. The allotropes of carbon include one of the hardest materials in
nature (diamond), one of the softest materials (graphite), and also a soccer-ball-like form
called buckminsterfullerene, Cq (Figure 1-2) [6, 7].

The diamond structure is formed from carbon crystallized with a tetrahedral sp’
bonding configuration in a face-centered cubic (fcc) unit cell with the Lonsdaleite (aka

hexagonal diamond) arrangement. A fcc unit cell is divisible into eight small cubes. In



addition to 8 carbon atoms ate the corner of single large cube, 4 additional carbon atoms
can be viewed as inserted in the center of the four small cubes that are not adjacent to
each other, and four tetrahedral structures are formed. In the tetrahedral coordination, the
center carbon atom has four sp> hybrid valence electrons, and can link with four other
carbons and form four equivalent ¢ covalent bonds. The four tetrahedral structures in a
fcc unit cell form the hexagonal diamond configuration. Diamond is the hardest mineral
(Mohs scale of hardness is 10) and because of its mechanical properties can be used to
score or nick most other materials. Diamond also has the highest atomic density (3.52
gm/cc) and exhibits an energy gap of 5.46 — 5.6 eV.

Graphene is a carbon structure that consists of three in-plane sp® ¢ covalent bonds
and a delocalized out-of-plane m bond forming a hexagonal layered structure. The
distance of the nearest-neighbor C-C & bond (a.) in the same layer is ca. 1.421 A.
Configurations of graphite exist in alpha (hexagonal ABAB stacking of graphene sheets
as in Figure 1-2) and beta (rhombohedral ABCABC stacking of graphene sheets, figure
not shown) forms that can be identified through their crystal structure, although the alpha
and beta forms of graphite have identical physical properties. In alpha graphite, the
distance between each A-B interlayer is ca. 0.335 nm, and the distance between each A-A
parallel layer (c-axis) is ca. 0.67 nm. The in-plane bonds of graphene are stronger than
diamond. However, the layers in graphite are held together by very weak Van der Waals
interactions, making graphite one of the softest materials in nature. This weak interaction
allows the easily gliding of sheets, and leads to graphite being a good lubricant.

The structure of buckminsterfullerene (abbr. fullerenes or buckyball, Cg), named

after the American architect Richard Buckminster Fuller, is a truncated icosahedron, and



was discovered by Kroto and Smalley in 1985 [8]. Fullerene has a deformed sp® mixed
with sp’ atomic bonding, resulting from the curvature of Ceo; the structure consists of 20
hexagons and 12 pentagons. When the number of hexagons is increased to 25, buckyball
begins to loose its roundness, and thus spheroid network of Cgy buckyball becomes the
rugby ball shaped, C7o. The lack of roundness in the rugby ball shape reduces the stability
of its structure.

Further refining techniques for the preparation of fullerene, MWNTs and SWNTs
have been synthesized. It is to be noted that SWNTs are sometimes referred to as
fullerene nanotubes since the fabrication methods, structures, and bonding of SWNTs and
fullerenes are very similar. The structures of carbon nanotubes can also be described as
elongated fullerenes with the tubes capped with different types of hemispherical

fullerenes.

1.3 Structures of SWNTs

The basic dimensional unit in nanotechnology is the nanometer, which
corresponds to a length of 10” meter. Structures with at least one dimension less than 100
nm can be classified as nanostructures. When materials are nanometer sized, their
properties, such as their color, can be very much different from the same material in the
bulk form. At nanometer length scales, computational nanotechnology is especially
important in predicting structures and methods for the synthesis and manipulation of

materials.



CNTs are one of the best examples of a well-defined nanostructure. CNTs have a
simple chemical composition and bonding configuration, yet depending on the details of
their structures, they exhibit incredible diversity in terms of electronic properties.

CNTs have remarkable quantum effects with special electronic, magnetic, and
mechanical properties. The electronic properties of a SWNT depend on its diameter and
chirality. Since a SWNT [9] can be reviewed as a rolled up 2D graphene sheet (Figure
1-2), it is possible to theoretically address the electronic properties of a SWNT through
the study of a single layer of graphite (graphene).

SWNTs can be classified into three kinds of geometries based on the chiral angle
with which the graphene sheet is conceived to wrap: zigzag (60 = 0°), chiral (0° < 0 <
30°), and armchair (0 = 30°). In Figure 1-3, zigzag, chiral and armchair tube topographies
[10] are shown. The electronic properties of SWNTs, either metallic or semiconducting,
also depend on the direction of rolling of the chiral vector Cy, of the graphene sheet which
when rolled becomes the circumference of the nanotube, as shown in Figure 1-4 [11, 12].
Every individual SWNT has a specified chiral vector Cp, which is defined by pair of
indices (n, m) corresponding to the number of the unit cell vectors, u; and Uy, that define
the chiral vector [13]. Specifically, the chiral vector is defined as:

Ch =nu; + mu, = (n, m) (1.1)

SWNTs are also classified into three different electronic classes [14] according to
the value of 2n+m (equivalent to n-m) divided by 3, i.e., MOD(2n+m, 3). If 2n+m
divided by 3 leaves a remainder of either 1 or 2 (MODI or MOD2), tubes are
semiconducting nanotubes, whereas MODO0 can be either metallic or quasi-metallic

(semi-metallic). For MODO and n = m (armchair structure), the SWNT is intrinsically



metallic. While if MODO and n # m, then the SWNT will display metallic properties only
at room temperature, and exhibit semiconducting property with a small energy (meV) gap
at lower temperatures; which is the reason nanotubes with MODO and n # m are called
quasi-metallic (or semi-metallic) tubes. Nevertheless, neither metallic (n = m) nor
semimetallic (n # m) SWNTs show bandgap or fluorescence.

As for the nanotube’s geometry, the diameter of the nanotube (dr) can also be
calculated from the circumference L of a tube, where the length L is ( \/5 Acc
\n® +nm+m® ), where a is the nearest-neighbor C-C distance. The optical spectrum of

a nanotube depends sensitively on its diameter, reflecting the dependence of the band gap

of a semiconducting nanotube on the diameter.
L 2 2
dr==; L=|Chl=(V3ac Vi +nm+m* ) (A) (1.2)
/4

In this equation, the length of a.. may be taken to be the same as in graphite

(1.421A). Hence, the diameter of carbon nanotubes, dr, can be calculated as

0.783+/n* + nm+m* A.

In Figure 1-4, the hexagonal unit vectors of the graphite sheet, u; and Uy, have
angle of 30° with respect to each other. The unit vectors, U1 and U, can be expressed by

the following equations with the lattice constant a, for an X, y coordinate system.
U = [ﬁa,ﬁJ’ U, = [?a,—%j; azzul'u1=u2'u2 (13)

The length of the unit cell a = |uy| = |uz| = 2.46 A, where the lattice constant, a, as

mentioned earlier, equals \/5 ac.. The translational vector T, parallel to the tube axis and

perpendicular to the chiral vector C, where C, - T =0, is given by



(1.4)

T =ty + tollp = (1, t) = 2m + n’_ 2n+m
dy dy

The parameter dgr is related to the greatest common divisor, d, of (n, m), i.e.,
gcd(n, m). When n-m is a multiple of 3d, then dg can be set to 3d. On the other hand, if n-
m is not a multiple of 3d, then dr = d. dr can also be calculated as the greatest common
divisor of (2n+m, 2m+n). Using the example of Cn(n, m) shown in Figure 1-4, where the
chiral vector indices are n=8 and m=4, one notes that since n-m = 4 is not a multiple of

3d, dgr will be equal to d =4, and length of the translation vector can be calculated by

T=|T|= 3L Z(%\/n2+nm+m2] (1.5)

d, d,

The circumference L of the nanotube is given by equation 1.2, where for (8, 4), L
= 2.6 nm. Therefore, the length of the translation vector for a (8, 4) nanotube is 1.13 nm,
and T is defined as (4, -5), note that the unit cell of a carbon nanotube, shown in the pink
rectangle of Figure 1-4, is defined by the chiral vector (Cy) and the translational vector
(T). The number of hexagons per unit cell in a nanotube, N, can be calculated by dividing
the area of the unit cell of the nanotube |Cy, x T| by the area of hexagons |U; X Uy|. The

equation that results is:

_1C,xT| _ 2(n* +nm+m’) _ 207

N 2
|u, xu, | dp a‘d,

(1.6)

In the case of a (8, 4) tube, the value of N indicates that 56 hexagons areas can be
fit inside the area of the nanotube’s unit cell.

Another parameter of interest is the chiral angle, 0. This angle is defined as the
angle between the chiral vector C;, and the unit vector U;, and can be formed from the

expression:
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cosf= Cuot __2ntm 0< 0] <30°

| C, [ uy | 2\/nz+nm+m2

as well as equally from two other expressions

3m

2\/112 +nm+m’

3m

2n+m

sin = , and

tan O =

(1.7)

Given the (n, m) indices, it is possible to predict the bandgap and the electronic
transition properties, which are very useful in assigning optical electronic absorption and
vibrations spectra. According to R. Saito et al. [11], SWNTs demonstrate either metallic
or semiconducting behavior depending on the diameter and chirality of the tubes which
can be determined from the (n, m) indices [15—17]. Electrons in the ® band of graphite
that is close to the Fermi level, can be easily excited into conduction antibonding m*
bands more easily than the & electrons in in-plane covalent bonds. The m and ©* energy
bands in a graphene can be used to predict electronic structure of SWNTs by zone folding
the 2D energy dispersion of graphene into the 1D Brillouin zone [18, 19]. The 2D energy
dispersion of graphene has a bandgap that vanishes at six points (Fermi points, kg)
coinciding with the corners of the hexagonal first Brillouin zone: the m and n* bands
touch at the K and K’ points (Figure 1-5). The first Brillouin zone is the reciprocal lattice
[20] of the primitive cell (smallest unit cell) in 2D graphite, where Z; and Z, can be
expressed as reciprocal vectors of 27t(Uz x U3)/V and 2m(us x Uy)/V, respectively. us is the

unit vector in z direction, and can be assigned as (0, 0, 1). V is a real space volume, and

its magnitude can calculate as (u; e uy x uz) = (Ux @ Uz x u;) = (uz ® u; X Up) = (- \/§)a2/2 .
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27 1 A3 4r

_ 2z _(LpE o LA ar
2=~ (U2xUy) (ﬁ’l)a (2,2)\@2

_ 2 PR I S G NS
22—7(U3xul) (ﬁ’ l)a (2, 2)\/§a (1.8)

In Figure 5, the Brillouin zone of the carbon nanotube, C;, (4, 2), is shown as the
line segment WW’ which is parallel to K, and perpendicular to K;. Kj; and K are

reciprocal lattice vectors and can be expressed as:
K= i(— L7, +47,), K, = i(mzl —nZ,) (1.9)
N N

For the tube with chiral vector C, = (4, 2), the number of hexagon in the
nanotubes unit cell (N) is equal to 28, and the translational vector elements (t;, t;) are (4, -
5). The 2D Brillouin zone calculations can be further developed to obtain the energy
dispersion in the 1D Brillouin zone [18]. The three symmetry points, I', K and M, are the
center, the corner, and the center of the edge, respectively, in the Brillouin zone of a 2D
graphene. The K points of Brillouin zone (Kp) are at the six points where the valence and
conduction bands touch each other (Figure 1-5b). For the two types of semiconducting
nanotubes, MOD1 and MOD?2, there is no k vector (i.e. discrete vectors of N) that can
cross a K point. For MODO, only armchair (n=m) SWNTs are truly metallic, and a
subband line (discrete k vector) crosses the K point with zero band gap. For other MODO
(n # m, but n-m is a multiple of 3), a small band gap is obtained at lower temperature due
to the breaking of symmetry, and can be well explained through the Kataura plot [21].

This brief explanation of the relationship between the SWNT unit cell and
Brillouin zone can help in understanding the transitions obtained by optical spectral

techniques. The electronic valence and conduction bands transition energies are discussed
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further in Chapter 2. A summary of parameters is presented in Table 1. The comparisons

of three topologies of nanotubes, armchair, zigzag, and chiral, are categorized in Table 2.

1.4 Electronic and mechanical properties of

SWNTs

As mentioned earlier, because of their unique structural, optical [22], mechanical,
and electrical properties [23, 24], SWNTs are ideal candidates for components in
electronic and/or optoelectronic nanodevices. Most of these devices are generally
prepared either by assembling SWNTs on surfaces or by the direct growth of SWNTs on
substrates. The remarkable electronic properties of SWNTs, such as the diameter and
chirality dependent semiconducting and metallic properties have been confirmed by
experimental measurements [25]. The 2D energy dispersion (Equation 1.10) of a CNT
was derived from the relationships of © bands of a graphene sheet [6, 11] using the tight

binding approximation:

NG

k k,
E (ky, ky) = £y{1 + 4cos( ;Xa )cos( ;a )+ 40052(}761)}1/2 (1.10)

The vy is the nearest-neighbor interaction parameter taken as (2.9 £ 0.5 eV), and kg
and k, are wave vectors of a graphene sheet. The simplest form that Eq. 1.10 takes occurs

for highly symmetric carbon nanotubes (i.e., achiral). For the (n, n) armchair CNT, the

wave vectors in the circumferential direction can be defined as ky = 2nq/(na\/§ ) where (q
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=1, ..., 2n), and ky = k (-n<ka<m). For the (n, 0) zigzag CNT, the wave vectors can be
defined as ky =k (-n< NE) ka<m), and k, = 2nqg/(na) where (q =1, ..., 2n).

Extensive theoretical studies have been incredibly helpful for experimental
scientists in understanding the electronic properties of the SWNTs, in order to design and
further functionalize tubes. The accurate assignment of nanotubes chiralities based on
various optical properties is the subject of ongoing research in this field. Chapter 2 will
use these formulas and theories as a prelude to categorize, identify, and help in

understanding the unusual properties of SWNTs.



Table 1 Summary of parameters for carbon nanotubes
Symbol Name Formula and value
ace C-C nearest-neighbor 1.421 A
distance
a Length of unit vector a=3 3 =2.46 A
Uy, Uy Unit vector ﬁ a \/5 a
Uy = —a,— |, U = —a,——
2 2 2 2
Z1,7Z;  Reciprocal lattice vectors 1 3. 4r 1 3 4r
Zi= () = )
2" 2" 3a 2" 2 7\3a
Ch Chiral vector Ch=nu; + mu, = (n, m)
L Length OfCh L:‘Ch|:(a /n2+nm+m2 )(A)
dr Tube diameter L
dT = —
(circumference) 4
hiral angl
0 Chiral angle cos 0 = 2n+m L0<10] < 30°
2\/ n* +nm+m
o \3m
sin O =
2\/ n* +nm+m’
tan O = \/gm
2n+m
d gcd(n, m) dr = d, if (n-m) is not divisible by 3
dr gcd(2n+m, 2m-+n) dr = 3d, if (n-m) is divisible by 3
T Translational vector T =t1u1 + thuz = (ty, tp)
2m+n 2n+m
(tl’ tZ) = '
dy dy
T Length of T
T = YL
dR
N Number of hexagons in the

unit cell of a nanotube

N = 2(n* + nm+m®) _ 2L
dp a’d,

14
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Table 2 Comparison of armchair, zigzag, and chiral carbon nanotubes
Structure Armchair Zigzag Chiral
Structure VY VWAAAAA/ - mixture
parameter (n, n) (n, 0) (n, m)
Chiral vector, C;, n(u; + Uy) nu; nu; + mu,
Chiral angle, 6 30° 0°
0 = atan
2n+m
Diameter, dr (A) 1.357n 0.783n (a [ + nm+ 1 Y
d n n gcd(n, m)
dr 3n n gcd(2n+m, 2m+n)
T (1:'1) (19'2) 2m+n 2n+m
dR ’ dR
T a Va V3L
dR
N 2n 2n

2(n* + nm+m*)
dR
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Figure 1-1  Timeline for development of carbon nanotubes. High-resolution
electron microscopy images are reproduced [1, 3, 4]. Two inserts display fullerene
structures. The first insert was drawn by Leonardo da Vinci in the book De Divina
Proportione (“On Divine Proportion”) by Fra’ Luca Pacioli which was published
around 1498. The name of Fullerene was given in honor of Buckminster Fuller -
an architect who designed the Geodesic Dome in the 1950s. In 2004, the U.S.
Postal Office patented a picture drawn by Boris Artzybasheff in 1964 which
showed R. Fullerene’s photo and the dome structure, and issued a
commemorative stamp. Information was obtained from
www.fkf.mpg.de/andersen/fullerene/vatican.html and en.wikipedia.org.



SWNT, deformed sp?

Figure 1-2 Diamond (sp’), Graphite (sp”), and Fullerene (deformed sp®)
are displayed in their natural forms (left), atomic structures (middle), and
orbital bonding schemes (right), respectively. Permission was granted to
copy under GNU General Public License from the Wikipedia Commons.
(4) (10, 10). SWNT schematic was reproduced from
doi:10.1006/spmi.2000.0883 [9].
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Figure 1-3  Three categories of single-walled carbon nanotubes.
Armchair nanotubes, such as the (10, 10) are intrinsic metallic (left),
whereas zigzag nanotubes, such as the (15, 0) are semimetallic (right).
Chiral nanotubes, such as (12, 7) are semiconducting (middle). Three
rolled-up SWNTs were reproduced from Angew. Chem. Int. Ed. 2002, 41,
1853 [10].
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Hexagonal lattice carbon nanotubes. The chiral vector (Cy)

Figure 1-4

is represented as nu; + mu; where U; and U, are graphene unit cell vectors.
T is the translational vector, and O is the chiral angle. The red circles and
empty circles, respectively, denote metallic and semiconducting behavior

for each carbon nanotube.
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The Unit Cell The Brillouin Zone

(2) Two- and Three- dimensional K Plots.
()

Figure 1-5 (1) The first Brillouin Zone of carbon nanotubes with N=28.
K, and K, are reciprocal lattice vectors corresponding to Cy, (4, 2) and T
(4, -5). The line segment WW' represents the brillouin zone of a CNT
[18]. (2) A and B display the 3D and 2D graphene energy band, and C and
D show allowed 1D wave vectors for semi-metallic (9, 0) and
semiconducting (10, 0) tubes in the zigzag direction, respectively. (With
permission from C.M. Lieber [14])
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2

Principal Optical Characterization
Techniques to Study Single-

Walled Carbon Nanotubes

To understand the properties of nanotubes, it is important to
characterize them by a variety of different analytical techniques. Two
types of characterization tools, optical spectroscopy and electron
microscopy, are generally used to probe the properties of carbon
nanotubes. Optical spectroscopy reveals the electronic structure whereas
electron microscopy reveals the morphology of the tubes. This chapter
discusses the fundamental principles of optical instrumentation used in
Raman and UV-Vis-NIR spectroscopy. These spectroscopic techniques are
discussed with respect to the assessment of properties and structures of

single-walled carbon nanotubes.
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There are many instrumental analyses to investigate the uniqueness
of SWNTs. Microscopy instruments to probe structures of SWNTs include
atomic force microscopy (AFM), transmission electron microscopy (TEM),
and fluorescent microscopy. However, optical spectroscopes are the
primary equipments that I used to identify the outcome of experimental
results in my project; therefore, this chapter only emphasize on UV-Vis-

NIR and Raman spectroscopy.

2.1 UV-Vis-NIR Spectroscopy

UV-Vis-NIR spectroscopy is a common quantitative optical spectroscopic
analysis technique that is used to investigate the electronic transitions in molecules and
solids by the absorption of optical radiation. Electrons in molecules undergo electronic
transitions after absorbing electromagnetic radiation from a light source in the ultraviolet
(UV, ca. 200-400 nm), visible (Vis, ca. 400-800 nm) and near infrared (NIR, ca. 800-
2500 nm) regions. The first commercially available UV-Vis spectrometers were
manufactured by Beckman and composed of a molecular hydrogen lamp (the light
source), a Brazilian quartz prism (monochromator) and a UV-sensitive phototube [1].

The UV-Vis-NIR spectrum provides useful information about the electronic
structure of SWNTSs. The band structures of SWNTs are characterized by sharp van Hove
singularities (vHs) in the one-dimensional (1D) electronic density of states (DOS) [2].
Semiconducting SWNTs have a band gap and there is no electron density at the Fermi

level. Electronic transitions between mirror-image pairs of singularities are allowed and
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are detected. Metallic tubes have a finite electron density at the Fermi level but still have
sharp spikes in the band structure with optically allowed transitions. The separation
between the singularities depends on the diameter [3] and chirality of the SWNTs.
Typical SWNT samples show broad UV-Vis-NIR spectra due to the presence of many
different nanotubes species, as well as due to the aggregation effects caused by the
bundling of SWNTs. UV-Vis-NIR spectroscopy can be used to investigate the solubility
and debundling of SWNTs as shown in Figure 2-1 [4, 5]. The schematic shows the DOS
of SWNTs and the UV-Vis-NIR spectra obtained for raw HiPco (high pressure CO
process) SWNTs dispersed in H,O using an anionic surfactant AOT (aerosol OT). Upon
the individualization of the SWNTs, the energy gaps are no longer distorted by inter-tube
interactions, and the van Hove singularities (vHs) display a well defined sharpened
absorption peak. The spectrum demonstrates the valence (v) to conduction (c) electronic
transition that can be divided into three regions. The features observed in the ultraviolet
(UV) region between 400 and 600 nm correspond to the first metallic and semimetallic
electronic transitions from v1 to cl, and are denoted as ME, . The features observed in the
visible (Vis) region between 600 and 800 nm correspond to the second semiconducting
electronic transitions from v2 to ¢2, and are denoted as SE22. The features observed in the
near infrared (NIR) region between 830 and 1600 nm correspond to the lowest
semiconducting electronic transitions from v1 to cl, and are denoted as SE 11 [6].

The absorption spectroscopy has proven very useful for the purpose of measuring

the success of efforts in dispersing bundled SWNTs.
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2.2 Raman Spectroscopy

Raman spectroscopy is widely used to examine carbon nanotubes. Indeed, Raman
spectroscopy has been widely employed to study graphite and fullerene materials over
last few decades. The bonding, aggregation, and functionalization of metallic and
semiconducting SWNTs can be probed by Raman spectroscopy.

The basic principle behind Raman spectroscopy is the Raman Effect (inelastic
scattering of light) that was named after Sir Chandrasekhara Venkata Raman [7]. Raman
published his findings, on inelastic light scattering, with K.S. Krishnan in Nature. The
discovery of inelastic light scattering won him a Nobel Prize in 1930. Within a few
decades after the advent of lasers, Raman scattering has become a useful and reliable
probe for investigating almost all materials, and micro-Raman spectroscopy has more
recently become a common technique.

As suggested above, Raman scattering involves the inelastic scattering of incident
light as some of the incident laser excitation either excites degrees of freedom within the
material or receives energy from the material, in accord with conservation of momentum
and energy. In other words, the emitted light loses a discrete amount of energy that is
used to create phonons. The ability of a photon to interact with a certain vibration
transition depends on the selection rules (symmetry) and the energy of photon. To be
able to detect a Raman signal (Raman active mode), a molecule must be symmetric. In
part (A) of Figure 2-2, Rayleigh (elastic) and Raman (inelastic) scattering is shown. In
Rayleigh scattering, when the photon from a light source (incident light frequency, viy)
excites one of the electrons from the ground state to a virtual state (scattered light

frequency, vs.), the increase of energy that is absorbed by electrons is equal to the energy
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of the photon, hv. Rayleigh scattering is an elastic scattering process since the incident
energy absorbed (Ei,) and the emission energy (Es) are the same [8]. In other words,
there is no energy lost in Rayleigh scattering (i.e. vsc = vin). However, it is also possible
for incident photons to gain or lose energy when they interact with the molecules. This
phenomenon observed as a shift in frequency of the emitted light is called Raman
scattering (inelastic scattering). Since the excitation energy and the energy of emitted
light are different, the change in energy leads to Stokes and anti-Stokes emissions. In
Figure 2-2A, schematics (1) and (4) denote the two scattering processes. The Stokes and
anti-Stokes emissions have different scattering energies of -AE and +AE, respectively,
from the Rayleigh scattered light.

Raman spectroscopy is one of the most important tools used to study the
vibrational properties and electronic structure of SWNTs. Understanding the Raman
scattering of graphite will help to elucidate the peaks observed in the Raman spectra of
carbon nanotubes, since graphite is built from carbon atoms arranged in a hexagonal

pattern. P.-H. Tan et al. [9] have pointed out that only two of the E,, modes (in-plane

optical vibrations) located at 42 and 1582 cm™ are Raman active for the D}, point group

of graphite for the Brillouin zone. For the double resonance (DR) process in graphite, an
electron with momentum (k) is scattered by emitting or absorbing a phonon with
momentum (g). The phonon dispersion can be measure by Raman scattering because the
phonon wave vectors lead to large disorder-induced Raman bands.

The Raman process in SWNTs includes the absorption and emission of photons in
addition to the inelastic scattering of electrons by phonons. Phonons are the quantized

normal mode of vibration in a crystal lattice and play an important role in determining the
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thermal and electrical conductivities of solids. The Raman spectra of SWNTs and
graphite can provide information about the electronic and phonon structure in carbon
materials. Phonons can interact with electrons leading to electron-phonon (e-pn) coupling
[10]. In semimetallic carbon nanotubes, electron-phonon coupling can induce changes in
the electronic band structure and open a small band gap at the Fermi level of the lattice
systems leading to superconductivity [11]. Raman scattering processes were discussed in
detail by Dresselhaus et al. [12]. As shown in Figure 2-2(B), the cartoon depicts the
excitation and relaxation processes involved in first-order Raman scattering with only
one-phonon. The phonon scattering can be one-phonon, two-phonon, and so on. During
one-phonon first-order Raman scattering, the excitation of an electron occurs from the
valence band (at k state) to the conduction band by absorbing a photon. The excited
electron in the conduction energy band is then scattered by either emitting or absorbing a
phonon (k+q state). Since the sketch in Figure 2-2B shows first-order elastic Raman
scattering, the phonon with momentum ¢ has a value of zero, and the k+q state should not
differ from the k state. The last event of first-order Raman scattering is the combination
of the relaxation of an electron with a hole yielding an exciton. In Raman spectra, the G
band (graphite band, ca. 1582 cm’) and RBM (radial breathing mode) are both one-
phonon first-order Raman modes. In SWNTs, the G band is split into many peaks, and
RBM bands are bond-stretching, out-of-plane phonon modes observed at low frequencies
around 100-500 cm™,

Second-order Raman scattering (double resonance, DR) is a much more
complicated process. The number of phonons emitted by the electrons for second-order

DR Raman scattering (not in sketch) before relaxation can be either one or two. In this
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inelastic process, the electron will absorb a photon (at k state), scatter a phonon (at k+¢q
state), scatter back for relaxation (at & state), emit a photon (at k state), and finally,
recombine with a hole (at k state) [12]. Therefore, the assignment of second-order Raman
scattering depends on the number of emitted phonons, which involve either one-phonon
emission or two-phonon emissions. Through electron-phonon coupling, it is possible to
observe Raman scattering from an isolated SWNT [13]. In graphite and SWNTs, the D-
band (disorder band, ca. 1350 cm™) and the G'-band (overtone of D band, ca 2700 cm™)
are the results of one-phonon and two-phonon DR Raman scattering processes,
respectively.

Figure 2-3 shows the details of the Raman spectra of graphite and carbon
nanotubes, with data generated by laser excitation at 2.41 eV (514.5 nm) from reference
[12]. There are three major regions in the Raman spectra of SWNTs representing the
radial breathing modes (RBM), the disorder-induced D-band, and the tangential graphite
G-band. As mention before, the G-band and RBM of SWNTs arise from first-order
Raman scattering with one-phonon emission. Figure 2-3A displays the circumferential
breathing vibrations of SWNTs in the low-frequency region between 100 and 500 cm™.
In Figure 2-3B, many Raman scattering modes are shown. The G-band is derived from
the graphite in-plane mode at about 1582 cm™, with the G™ and G components being in-
plane vibrations along the SWNT axis and the circumferential direction, respectively.
Figure 2-3B also shows the D-band (ca. 1350 cm™) and G'-band (D-band overtone, ca.
2700 cm™). In one-phonon double resonance, the out-of-plane transverse optical phonon
(0TO, ca. 860 cm™) is infrared active but Raman inactive, and the M-band is an overtone

of the oTO mode (i.e., two-phonon double resonance) at about 1720 cm’'. Another two-
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phonon double resonance Raman scattering feature is the so-called iTOLA peak which is
a combination of iTO (in-plane transverse optical) and LA (longitudinal acoustic) modes.

The RBM of SWNTs is observed only when the carbon nanotubes are single-
walled. The RBM is an out-of-plane one-phonon mode corresponding to the movement
of the carbon atoms in the radial direction. The A, breathing mode can be used to predict
the approximate diameter of the tube from the frequency equation, vgam = (A / di) + B,
only if the tubes are in the range from 0.6 to 2 nm. The empirical parameters A and B
depend on the type of SWNTs and the aggregation state. For HiPco SWNTs, 223.5
nm/cm is used for A, and a value of 12.5 cm™ is used for B [4] from empirical findings.
For isolated SWNTs on Si/SiO, substrate, a value of 248 nm/cm is used for A, and B,
which relates to inter-tube coupling, is assigned a value of zero. For bundled SWNTs, a
value of 224 nm/cm is used for A, and B of 14 cm™ [14] is used due to the specific tube-
tube interactions. The RBM peaks are diameter dependent as shown in Figure 2-3A, and
RBM peak frequencies have a reciprocal relationship to the diameter of the nanotube.
From the RBM frequencies in the Raman spectra, the (n, m) indices can be assigned for
individual tubes using Eq. (1.2).

The graphite band (G-band) is a Raman-allowed optical mode (E»; mode). The G-
band relates to the tangential vibration mode of carbon atoms. Upon excited with the 2.41
eV line from an Ar” ion laser, the G-band is observed between 1500 to 1605 cm™ [15]. In
Figure 2-3B, the graphitic Raman peak (G-band) can be fitted with a symmetric
Lorentzian peak at about 1582 cm™. However, the SWNT G-band is composed of two
major peaks (G" and G") and several other peaks (M", M", and iTOLA). The upper-

frequency G* peak at about 1590 cm™ is associated with vibrations of carbon atoms along
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the direction of the SWNT axis, longitudinal optic, LO mode. The G* peak is almost
independent of tube diameter. The LO mode composed a one-phonon double resonance
intervalley scattering process. Intervalley scattering happens when one-phonon scattering
takes an electron from the K to K’ (or vice versa) points where K and K’ are two
hexagonal corners of the Brillouin zone. The lower-frequency G~ peak at about 1570
cm’ is associated with carbon atom vibrations along the circumferential direction of the
tubes (transverse optic, TO mode). The TO mode is IR active mode in graphite. The
lower-frequency G~ peak follows an empirical relationship with the diameter: G" = G -
C/d¢ [16] where C values of 47.7 and 79.7 nm*/cm have been used for semiconducting
and metallic SWNTs, respectively. The G~ peak shows diameter dependence according to
the tubes either semiconducting or metallic. The G~ peak is more sensitive to the
electronic properties of SWNTs and indeed semiconducting and metallic SWNTs show
dramatically different line shape. In semiconducting SWNTs, the G~ peak exhibits a
symmetric Lorentzian lineshape. In metallic SWNTs, the G peak shows a much broader
asymmetric Breit-Wigner-Fano (BWF) lineshape. The peaks, M’, M, and iTOLA,
correspond to two-phonon DR Raman scattering process in SWNTs. In graphite, the out-
of-plane transverse optic mode (0TO) is another IR-active mode at about 860 cm™ that is
related to SWNTs. Figure 2-3B shows the M band which is the multi-featured band at
about 1750 cm™. The M and M peaks are overtone of 0TO modes with q=2k (ca. 1732
cm™) and q=0 (ca. 1755 cm™), respectively. The iTOLA mode is the combination of the
iTO mode (at ca. 1500 cm™) with the LA mode (at ca. 453 cm™) at about 1950 cm™ in

SWNTs.
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The second-order Raman scattering process gives rise to a phenomenon is seen as
the one-phonon DR that produces a D-band or the two-phonon DR that generates the
overtone of D-band which is the G'-band [12]. These two DR Raman scattering peaks can
be found in bundled SWNTs. The name “D-band” is the same as used from the disorder-
induced mode for graphite at about 1355 cm™'. The G’-band is the overtone of the D-band
and is located at about 2700 cm”. The D- and G'- band frequencies increase with
increasing laser excitation energies. However, the G’ band frequency is not exactly twice
of the D band because the Stokes and anti-Stokes frequencies of G'- and D- bands are not
exactly the same [17]. Unlike first-order Raman scattering, the D- and G'- bands are not
predicted by group theory.

Thus, Raman spectroscopy is a powerful probe of the structure, electronic
structure, and electron-phonon coupling in SWNTS. Overall, the major peaks, the G-band,
the D-band, and the RBM are sufficient for studying the chemical functionalization of

SWNTs and the formation of nanotube composite.
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2.3 Relationship between UV-Vis-NIR and

Raman Spectroscopy

Understanding the electronic properties of SWNTs is important for achieving the
separation of nanotubes by chirality for metallic or semiconducting; as is necessary for
practical applications. UV-Vis-NIR spectra can be used to determine whether the SWNTs
are bundled or individualized. The Raman spectra can be used to determine whether the
SWNTs are metallic or semiconducting. The optical transition between vHs observed as
peaks in the UV-Vis-NIR spectra can be used in conjunction with resonant Raman
spectroscopy and theoretical calculations to assign the (n, m) indices of each species of
nanotubes in a sample.

The energy difference between mirror image of vHs in the conduction and
valence bands can be written as E.,, where this number represents the ith number of the
band. The transition energy can be roughly calculated as SEH = 2a.f/d, sE22 = 4a..f/d
[18], and SE33 = 8acy /d [19] where a.. is the nearest neighbor carbon-carbon bond
distance (0.144 nm) in graphite, y is the pi-orbital transfer resonance integer (2.9 £ 0.5
eV), and d is the diameter of the nanotube. Theoretical calculations by Saito et al [20]
indicate that the vHs transition energies are dependent on the diameter of the nanotubes.
This simple relationship can be generalized as SEii = 2nacy/d wheren=1, 2, 4, 5 for SE“,
SE22, SE33, SE44, respectively [21]. However, a much more correlation has been
determined from experimental investigations [4]. Weisman et al. [22] have developed the
following relationships to correlate the transition energies to the nanotube diameter based

on fluorescence measurements of individual SWNTs. These equations are:
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For MOD(n-m, 3) = MODI1,
vi1 = 107/(157.5+1066.9d,) — 771 [cos(30)]"*"4/d>*7 (2.1)

v = 107/(145.6+575.7d,) + 1326 [cos(30)]"***/d,**° (2.2)

For MOD(n-m, 3) = MOD?2,
vi1 = 107/(157.5+1066.9d,) + 347 [cos(30)]"**¢/d>'*° (2.3)

v = 107/(145.6+575.7d,) — 1421 [cos(30)]"'%/d>*7 (2.4)

The chiral angle, 6, has to be converted from degrees into . The Weisman group
[22] has listed the transition energies for optical transitions between the first two pairs of
vHs for each specific species (n, m) of semiconducting nanotubes. In Table 3,
information about the RBM frequencies has been added, and all the parameters have been
recalculated.

Metallic SWNTs can are of two types, either intrinsic metallic SWNTs with an
armchair topology or semi-metallic SWNTs with a zigzag or chiral topology. Armchair
(n, n) tubes with a chiral warping angle of 30° and zigzag (n, 0) tubes with a chiral
wrapping angle of 0° show very different band structure, as is clear from the DOS
diagrams in Figure 2-4. The (9, 0) zigzag [23] and (10, 10) armchair [24] SWNTs in
Figure 2-4 exhibit metallic behavior. The trigonal warping effect of the vHs of zigzag
metallic nanotubes (a semi-metallic property) is shown as bold lines that intersect a
corner of the K point at the Fermi energy in the two-dimensional Brillouin zone of
hexagonal graphite. In contrast, the bold lines for intrinsic armchair metallic nanotubes

display differently from zigzag metallic. The bold lines for armchair tubes line up at the
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side of the hexagon which connects the line between KK’ and the middle of the upper
two M positions in the trigonal plane. Using the equation presented in 1.10 [3], the
numerical assignment for the first pair transition of vHs for each specific species (n, m)
of metallic SWNTs are listed in Table 4.

The simple calculation of van Hove optical transitions can be Mg, = 6a..y/d [19]
was derived by Mintmire and White [25]. From this equation for isolated SWNTs, the
relationship between metallic and semiconducting tubes with the same tube diameter can
be calculated as:

ME11(dum) = 3 *Eni(ds) where dube = dv = ds (2.5)

A more detailed calculation for metallic SWNTs with (MODO) for vl—c1 and
v2—c2 optical transitions has been developed by the Strano group [26]. The formula in
Eq (2.5) can be rewritten separately for metallic (MODO) into intrinsic metallic (armchair
topology, n=m) and semi-metallic (n#m) SWNTs [27]. Empirically, this relationship has

been calculated as for armchair SWNTs.

a;mchair — E i_{_ﬁ (26)
A\6ba 4d

The metallic transition states are only seen when n=m in the armchair topology.
The parameters, A and B, depend on the laser excitation energies. Table 4 summarizes
the optical transition energies of metallic SWNTs calculated using equation 2.6. The
values of (A, B, B, d) are approximately (3 eV, 4.5, 2.23 eV, -0.78) obtained upon
excitation using discrete Ar' laser source between 458- and 514.5-nm [26]. The
derivative energy for zigzag topology that produces splitting that corresponds with

valence 7 (E") and conduction T (E") energy bands are:
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_ , ;
RN - _E(hj +35(“w cosGa)  (27)
ﬂll afmc air hc 2 d d

11 28[3(a Y (e Y]

= it —(&j +35(ﬁj (cos(3ar)) (2.8)
ﬂ,” u;mc air hc 2 d d

Although many experiments have been performed in order to verify the
computational prediction, it has proven to be quite challenging to match empirical and
computational results. Table 3 and Table 4 summarize the optical transition energies and
RBM frequencies for different (n, m) chiralities of SWNTs. The experimental methods
are being continuously improved, and computational methods are being developed for
better ways to give a deeper understanding of the observed results. With the help from
many other research reports, semiconducting and metallic tables are recalculated using
the formula in the Dresselhaus and Eklund report [28].

Accurately identifying the chirality of a given nanotube requires much effort and
the use of complementary analytical techniques. Of course, there are many other
techniques that can be used to identify specific species of SWNTs. For example, scanning
tunneling microscopy (STM) can be used to directly observe and record the chiral angle
of a tube. However, Raman and UV-Vis-NIR spectroscopy have been most frequently

used to identify the chirality of nanotubes.
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Figure 2-1 UV-Vis-NIR spectra of raw HiPco SWNTs dispersed in
H,O using an anionic surfactant AOT aqueous solution. Peaks are
observed in three broad regions of the electromagnetic spectrum. Peaks
corresponding to metallic E;; (vl—cl), semiconducting E,; (v2—c¢2), and
semiconducting E;; (vl—cl) are observed in the range from 440 to 645
nm, 600 to 800 nm and 830 to 1600 nm, respectively. The insets show
DOS diagrams for metallic and semiconducting SWNTs.
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Figure 2-2 Diagrams depicting Rayleigh and Raman Scattering (A) and
electron-photon, electron-phonon coupling (B). Rayleigh scattering in Part A (2)
and (3) is energy conserved (elastic). The energy changes upon inelastic scattering
are depicted for the Stokes (1) and anti-Stokes (4) emissions. The energy
difference for the Rayleigh radiation is the energy of the first vibrational level of
the ground state, AE. AE is identical to IR absorption energy (5). Cartoon (B)
displays the electron excitation and relaxation mechanism for the absorption of a
photon, scattering by a phonon and emission of a photon back to valence band.
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Figure 2-3 Raman peaks of graphite and SWNTs observed for the
excitation at 514.5 nm. (A) Radial breathing mode (RBM) in the low
frequency region between 100 and 400 cm™. (B) The Raman active mode
(G-band) in graphite; G and G are vibrations around tube axis and
circumference in SWNTs, respectively. The D-band is the defective peak,
and the G'-band is the D-band overtone. The oTO is a out-of-plane
transverse optical phonon mode. The M-band is the overtone of the 0TO
mode.
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Figure 2-4 The trigonal warping effect [20] of metallic carbon
nanotubes for zigzag (top) and armchair (bottom) chiralities reproduced
from the Dresselhaus group [23, 24].
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Table 3  Numerical assignments of (n, m) structures to the first and second
van Hove optical transitions for semiconducting (MOD1) and (MOD?2) single-
walled carbon nanotubes.

dy o 0 A1 vl E11 122 v22 E22 MOD
(n,m) (m) (cm® (deg) (m) (em?) (V) ((mm) (m?) (V) (n-m,3)

(4,00 0.318 716.3 0.00 1030 9704 1.203 244 41010 5.085 1
(4,2) 0420 5445 1911 562 17783 2.205 511 19558 2.425
(4,3) 0483 4753 25.28 701 14261 1.768 398 25147 3.118
(5,0) 0.397 5755 0.00 508 19692 2.442 803 12455 1.544
(5,1) 0.442 5181 8.95 857 11670 1.447 330 30279 3.754
(5,3) 0556 4147 21.79 720 13884 1.721 522 19148 2.374
(5,4) 0620 3729 26.33 836 11964 1.483 483 20697 2.566
(6,1) 0521 4418 7.59 653 15323 1.900 632 15828 1.962
(6,2) 0572 4029 13.90 895 11169 1.385 418 23900 2.963
(6,4) 0.692 3354 2341 873 11452 1.420 578 17312 2.146
(6,5) 0.757 307.6 27.00 977 10238 1.269 566 17666 2.190
(7,0) 0.556 414.7 0.00 962 10397 1.289 395 25318 3.139
(7,2) 0.650 356.4 12.22 802 12468 1.546 626 15977 1.981
(7,3) 0.706 329.2 17.00 993 10072 1.249 505 19819 2.457
(7,5) 0.829 282.1 2450 1024 9768 1.211 645 15496 1.921
(7,6) 0.895 2623 27.46 1120 8927 1.107 648 15441 1.914
(8,0) 0.635 364.4 0.00 776 12886 1.598 660 15146 1.878
(8,1) 0.678 342.0 5.82 1042 9600 1.190 471 21226 2.632
(8,3) 0.782 298.3 15.30 952 10508 1.303 665 15029 1.863
(8,4) 0840 2785 19.11 1112 8989 1.115 589 16981 2.105
(8,6) 0.966 2439 2528 1173 8525 1.057 718 13928 1.727
(8,7) 1032 2291 2780 1265 7906 0.980 729 13727 1.702
(9,1) 0.757 307.6 5.21 912 10964 1.359 691 14466 1.794
(9,2) 0.806 289.9 9.83 1138 8787 1.089 551 18155 2.251
(9,4) 0916 256.6 17.48 1101 9086 1.126 722 13843 1.716
(9,5) 0976 2416 20.63 1242 8049 0.998 672 14883 1.845
(9,7) 1103 2151 25.87 1322 7567 0.938 793 12610 1.563
(9,8 1170 203.6 28.05 1410 7091 0.879 809 12362 1.533
(10,0) 0.794 294.0 0.00 1156 8652 1.073 537 18606 2.307
(10,2) 0.884 265.3 8.95 1053 9493 1.177 737 13574 1.683
(10,3) 0936 251.3 1273 1250 8002 0.992 632 15834 1.963
(10,5) 1.050 2253 19.11 1249 8006 0.993 788 12695 1.574
(10,6) 1.111 2136 21.79 1378 7258 0.900 754 13262 1.644
(10,8) 1.240 192.7 26.33 1470 6805 0.844 869 11502 1.426
(10,9) 1.307 1835 28.26 1556 6427 0.797 889 11248 1.395
(11,0) 0.873 268.4 0.00 1037 9644 1.196 745 13431 1.665
(11,1) 0.916 256.6 431 1265 7906 0.980 610 16388 2.032
(11,3) 1.014 233.0 11.74 1197 8353 1.036 793 12617 1.564
(11,4) 1.068 221.7 1492 1372 7291 0.904 712 14036 1.740
(11,6) 1.186 201.0 20.36 1397 7157 0.887 858 11661 1.446
(11,7) 1.248 1916 22.69 1517 6593 0.817 836 11968 1.484
(11,9) 1377 1748 26.70 1617 6183 0.767 947 10564 1.310
(11,10) 1444 167.2 28.43 1702 5876 0.729 969 10320 1.280
(12,1) 0.995 237.2 3.96 1170 8549 1.060 799 12516 1.552
(12,2) 1.041 227.2 7.59 1379 7254  0.899 686 14575 1.807
(12,4) 1.145 207.7 1390 1342 7452  0.924 855 11693 1.450
(12,5) 1.201 1985 16.63 1500 6667 0.827 793 12605 1.563
(12,7) 1321 1816 21.36 1545 6473 0.803 930 10751 1.333
(12,8) 1.384 174.0 23.41 1657 6033 0.748 917 10910 1.353
(12,10) 1515 160.1 27.00 1765 5666 0.703 1024 9763 1.210
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Table 3 (coNnTD)

d; ® 0 A1 vll El1l 122 v22 E22 MOD
(nm (m) (cm?) (deg) (mm) (emY) (V) (m) (em?) (eV) (n-m3)
(12,11) 1582 153.8 2856 1848 5411 0.671 1049 9535 1.182 1
(13,0) 1.032 229.1 0.00 1384 7228 0.896 677 14770 1.831 1
(13,2) 1120 2121 7.05 1307 7651 0.949 858 11661 1.446 2
(13,3) 1.170 203.6 10.16 1498 6674 0.827 764 13095 1.624 1
(13,5) 1.278 187.4 15.61 1487 6723 0.834 922 10843 1.344 2
(13,6) 1.336 179.8 17.99 1633 6124 0.759 874 11441 1.419 1
(13,8) 1.457 1659 2217 1692 5909 0.733 1004 9956 1.234 2
(13,9) 1.521 159.5 24.01 1800 5556 0.689 997 10027 1.243 1
(13,11) 1.652 1478 27.25 1912 5230 0.648 1102 9071 1.125 2
(13,12) 1.719 1425 28.68 1994 5014 0.622 1128 8862 1.099 1
(14,0) 1.111 2136 0.00 1295 7721  0.957 859 11640 1.443 2
(14,1) 1.153 206.3 3.42 1502 6660 0.826 748 13364 1.657 1
(14,3) 1.248 191.6 9.52 1447 6910 0.857 920 10867 1.347 2
(14,4) 1.300 1845 1222 1623 6160 0.764 842 11875 1.472 1
(14,6) 1.411 1709 17.00 1633 6123 0.759 992 10078 1.249 2
(14,7) 1.470 1645 19.11 1769 5653 0.701 955 10476 1.299 1
(14,9) 1.594 152.7 22.85 1840 5435 0.674 1080 9261 1.148 2
(14,10) 1.658 147.3 2450 1943 5147 0.638 1078 9279 1.150 1
(14,12) 1.789 137.4 27.46 2059 4856 0.602 1181 8470 1.050 2
(14,13) 1.857 1329 28.78 2141 4671 0.579 1208 8278 1.026 1
(15,1) 1.232 193.8 3.20 1426 7011 0.869 920 10864 1.347 2
(15,2) 1.278 187.4 6.18 1622 6165 0.764 822 12163 1.508 1
(15,4) 1377 1748 1152 1589 6294 0.780 986 10140 1.257 2
(15,5) 1.431 168.7 1390 1753 5706 0.707 921 10858 1.346 1
(15,7) 1546 157.1 1814 1779 5621 0.697 1064 9396 1.165 2
(15,8) 1.606 151.7 20.03 1907 5243 0.650 1035 9663 1.198 1
(15,10) 1.730 1417 2341 1987 5032 0.624 1156 8650 1.072 2
(15,11) 1.795 137.0 24.92 2087 4792 0.594 1158 8635 1.071 1
(15,13) 1.927 1285 27.64 2207 4532 0.562 1259 7942 0.985 2
(15,14) 1994 1246 28.86 2287 4372 0.542 1288 7767 0.963 1
(16,0) 1.270 188.4 0.00 1623 6163 0.764 815 12264 1.521 1
(16,2) 1.357 177.2 5.82 1561 6405 0.794 984 10162 1.260 2
(16,3) 1.405 171.6 8.44 1746 5728 0.710 898 11139 1.381 1
(16,5) 1.508 160.7 13.17 1732 5775 0.716 1055 9480 1.175 2
(16,6) 1.564 1554 1530 1885 5305 0.658 1000 9999  1.240 1
(16,8) 1.680 1455 19.11 1925 5194 0.644 1138 8789 1.090 2
(16,9) 1.741 1409 20.82 2047 4885 0.606 1115 8968 1.112 1
(16,11) 1.867 1322 2390 2134 4685 0.581 1233 8111 1.006 2
(16,12) 1932 128.2 25.28 2231 4482 0.556 1238 8077 1.001 1
(16,14) 2.064 120.8 27.80 2354 4249 0.527 1338 7475 0.927 2
(16,15) 2.132 117.3 28.93 2434 4109 0.509 1367 7315 0.907 1
(17,0) 1.350 178.1 0.00 1552 6443 0.799 984 10167 1.261 2
(17,1) 1391 1732 2.83 1744 5733 0.711 886 11289 1.400 1
(17,3) 1.483 163.2 7.99 1699 5886 0.730 1050 9525 1.181 2
(17,4) 1,533 1583 10.33 1873 5339 0.662 974 10263 1.272 1
(17,6) 1.641 148.7 1456 1875 5332 0.661 1125 8886 1.102 2
a7,7) 1.697 1442 16.47 2020 4951 0.614 1079 9264 1.149 1
(17,9) 1.816 1356 19.93 2072 4827 0.599 1212 8248 1.023 2
(17,10) 1.877 1316 21.49 2188 4570 0.567 1195 8367 1.037 1
(17,12) 2.004 1240 2432 2281 4383 0.543 1310 7633 0.946 2
(17,13) 2.069 1205 2560 2376 4209 0.522 1318 7587 0.941 1
(17,15) 2.202 1140 2793 2501 3999 0.496 1416 7060 0.875 2
(17,16) 2.269 111.0 29.00 2580 3876 0.481 1447 6913 0.857 1
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Table 3 (coNnTD)

d; ® 0 A1 vll El1l 122 v22 E22 MOD
(nm (m) (cm?) (deg) (mm) (emY) (V) (m) (em?) (eV) (n-m3)
(18,1) 1.470 164.5 2.68 1682 5944  0.737 1048 9543 1.183 2
(18,2) 1515 160.1 521 1868 5353 0.664 958 10433 1.294 1
(18,4) 1.611 151.2 9.83 1838 5439 0.674 1118 8947 1.109 2
(18,5) 1.663 146.9 11.93 2003 4992 0.619 1052 9508 1.179 1
(18,7) 1.773 1385 1575 2020 4952 0.614 1197 8351 1.035 2
(18,8) 1.831 1346 17.48 2157 4637 0.575 1159 8629 1.070 1
(18,10) 1.951 127.0 20.63 2218 4509 0.559 1288 7765 0.963 2
(18,11) 2.013 1235 22.07 2330 4291 0.532 1275 7842 0.972 1
(18,13) 2.141 1169 24.68 2428 4118 0.511 1388 7206 0.893 2
(18,14) 2.206 113.8 2587 2521 3966 0.492 1398 7153 0.887 1
(18,16) 2.339 108.1 28.05 2648 3777 0.468 1495 6688 0.829 2
(18,17) 2.407 1054 29.05 2727 3668 0.455 1526 6553 0.813 1
(19,0) 1.508 160.7 0.00 1867 5357 0.664 953 10492 1.301 1
(19,2) 1.594 152.7 495 1816 5507 0.683 1114 8979 1.113 2
(19,3) 1.641 148.7 7.22 1994 5015 0.622 1033 9683 1.201 1
(19,5) 1.741 1409 1139 1979 5052 0.626 1187 8422 1.044 2
(19,6) 1.795 137.0 13.29 2135 4683 0.581 1130 8853 1.098 1
(19,8) 1.907 129.7 16.76 2164 4621 0.573 1271 7869 0.976 2
(19,9) 1966 126.2 1835 2295 4357 0.540 1238 8076 1.001 1
(19,11) 2.087 119.6 21.25 2364 4230 0.524 1364 7332  0.909 2
(19,12) 2.149 116.5 2257 2473 4044 0.501 1355 7379 0.915 1
(19, 14) 2.278 110.6 25.00 2575 3883 0.481 1465 6824 0.846 2
(19,15) 2.343 1079 26.11 2666 3750 0.465 1478 6767 0.839 1
(19,17) 2476 102.8 28.16 2795 3578 0.444 1574 6353 0.788 2
(19, 18) 2544 100.3 29.11 2873 3480 0.432 1605 6229 0.772 1
(20,0) 1.588 153.3 0.00 1808 5531 0.686 1113 8989 1.114 2
(20,1) 1.629 149.7 242 1990 5024 0.623 1023 9775 1.212 1
(20,3) 1.719 1425 6.89 1952 5124 0.635 1181 8466 1.050 2
(20,4) 1.768 138.9 8.95 2122 4711 0.584 1108 9025 1.119 1
(20,6) 1.872 1319 1273 2121 4715 0.585 1258 7947 0.985 2
(20, 7) 1.927 1285 1446 2270 4405 0.546 1208 8280 1.027 1
(20,9) 2.041 1220 17.65 2309 4331 0.537 1345 7435 0.922 2
(20,10) 2.100 118.9 19.11 2435 4107 0.509 1318 7589 0.941 1
(20,12) 2.223 113.0 2179 2511 3983 0.494 1440 6943 0.861 2
(20,13) 2.286 110.3 23.02 2616 3822 0.474 1435 6969 0.864 1
(20,15) 2.415 105.1 25.28 2722 3673 0.455 1543 6479 0.803 2
(20,16) 2.480 102.6 26.33 2812 3556 0.441 1558 6420 0.796 1
(20,18) 2.614 98.0 28.26 2942 3399 0421 1653 6050 0.750 2
(20,19) 2.682 95.8 29.15 3020 3312 0411 1685 5936 0.736 1
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Table4 Numerical assignment of (n, m) structures of the first van Hove
optical transitions for metallic (MODO) single-walled carbon nanotubes using
discrete Ar” (between 458 and 514.5 nm) laser excitation.

(n,m) dt(hm) o(cm-1) 6(deg) All(nm) All+(nm)  All-(nm)

(4,1 0.364 626.8  10.89 358.1 420.2 354.4
(6,0) 0.476 4817  0.00 368.5 502.9 336.2
(5,2) 0.496 4633 16.10 372.2 340.5 367.4
(4,4)  0.550 418.8  30.00 384.9
(7,1)  0.599 3854  6.59 398.5 445.0 387.2
(6,3) 0.630 3672  19.11 407.7 459.0 392.8
(5,5) 0.688 337.6  30.00 426.3
(9,0) 0.715 3253  0.00 4355 498.0 408.8
(8,2) 0.728 319.7  10.89 440.1 456.9 437.6
(7,4) 0.766 304.4  21.05 453.7 507.6 430.1
(6,6) 0.825 2834  30.00 475.9
(10,1)  0.836 2797 472 480.2 479.8 480.2
(9,3) 0.859 2728  13.90 488.8 460.5 4775
(8,5) 0.902 2604 2241 505.6 492.5 503.2
(12,0) 0.953 2471  0.00 526.0 571.9 501.2
(7,7)  0.963 2447  30.00 530.1
(11,2)  0.963 2447 821 530.1 569.7 510.6
(10,4)  0.992 2379  16.10 541.9 526.8 538.2
(9,6) 1.038 2278 2341 561.2 578.9 556.4
(13,1) 1.074 2206  3.67 576.1 576.8 576.1
(12,3)  1.091 217.3  10.89 583.5 595.4 581.2
(8,8) 1.100 2157  30.00 587.1
(11,5) 1126 2111 17.78 598.0 562.4 573.8
(10,7) 1175 2027  24.18 619.1 585.5 596.8
(15,0) 1.191 2002 0.00 625.9 665.0 601.8
(14,2)  1.199 1989  6.59 629.3 652.6 620.1
(13,4) 1222 195.4  13.00 639.5 648.9 637.9
(9,9) 1.238 193.1  30.00 646.2
(12,6)  1.260 189.8  19.11 656.1 682.7 643.5
(11,8) 1312 1829  24.79 678.6 697.3 672.0
(16,1) 1312 1829  3.00 678.6 647.9 658.4
(15,3) 1.326 181.0  8.95 684.9 680.0 684.4
(14,5)  1.354 1775 1470 697.3 733.4 673.8
(10,10)  1.375 1750  30.00 706.5
(13,7) 1396 1726  20.17 715.6 693.3 704.6
(18,0)  1.429 1689  0.00 7305 766.0 706.7
(17,2)  1.436 1682 550 733.4 710.2 721.2
(12,9)  1.449 166.8  25.28 739.3 770.8 720.0
(16,4)  1.455 166.1  10.89 742.2 752.5 740.0

(15, 6) 1.487 162.8 16.10 756.6 744.2 753.1



Table 4 (CONT’D)
(n,m) dt(hm) w(cm-1) 6(deg) All(nm)  All+(nm)  Al1-(nm)
(11, 11) 1.513 160.3 30.00 767.9
(14, 8) 1.531 158.5 21.05 776.3 808.8 754.8
(29, 1) 1.550 156.7 2.54 784.6 792.0 783.3
(18, 3) 1.562 155.6 7.59 790.0 767.3 777.7
(13, 10) 1.586 153.4  25.69 800.9 797.3 800.6
(17, 5) 1.586 1534 12.52 800.9 834.5 777.6
(16, 7) 1.621 150.4 17.27 816.9 817.8 816.9
(12, 12) 1.650 147.9 30.00 830.0
(15, 9) 1.667 146.6 21.79 837.8 812.3 821.7
(20, 2) 1.673 146.1 4.72 840.3 840.1 840.3
(29, 4) 1.690 144.8 9.37 848.0 817.7 824.9
(18, 6) 1.717 142.6 13.90 860.6 840.2 850.2
(24, 11) 1.723 142.2 26.04 863.1 835.2 843.4
(17, 8) 1.756 139.8 18.26 878.0 871.7 877.0
(13, 13) 1.788 137.5 30.00 892.7
(16, 10) 1.803 136.4 2241 899.9 890.4 897.6
(20, 5) 1.819 135.4 10.89 907.1 916.6 904.8
(29, 7) 1.850 133.3 15.08 921.2 931.0 918.9
(15, 12) 1.860 132.6 26.33 925.9 898.7 906.5
(18, 9) 1.890 130.7 19.11 939.8 962.5 927.4
(14, 14) 1.925 128.6 30.00 955.8
(17, 11) 1.940 127.7 22.95 962.5 993.1 940.5
(20, 8) 1.983 125.2 16.10 982.5 971.1 979.0
(16, 13) 1.997 124.4  26.58 989.1 978.3 986.0
(19, 10) 2.026 122.8 19.84 1002.1 973.0 979.0
(15, 15) 2.063 120.9 30.00 1019.2
(18, 12) 2.076 120.1 23.41 1025.6 1038.8 1021.1
(17, 14) 2.135 117.2 26.80 1052.6 1061.4 1050.5
(20, 11) 2.161 115.9 20.48 1064.9 1070.6 1064.0
(16, 16) 2.200 114.1 30.00 1083.0
(19, 13) 2.213 1135 23.82 1089.0 1068.4 1077.1
(18, 15) 2.272 110.9 27.00 1116.4 1139.7 1102.2
(17,17)  2.338 108.1  30.00 1147.0
(20, 14) 2.350 107.6 24.18 1152.6 1125.0 1130.7
(29, 16) 2.409 105.3 27.17 1180.4 1210.0 1157.3
(18, 18) 2.475 102.8 30.00 1211.2
(20, 17) 2.547 100.3 27.32 1244.6 1273.2 1222.5
(19, 19) 2.613 98.0 30.00 12755
(20, 20) 2.750 93.8 30.00 1340.0
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3

Synthesis of Single-Walled

Carbon Nanotubes

Finding different methods to controllably grow carbon nanotubes
still remains a challenge. Controlling the number of shells (e.g. single,
double, or multi-walled carbon nanotubes) to match the requirements for
diverse applications needs a lot of effort. Yet another challenge is the
production of materials with sufficient purity — precluding the need for
complex and potentially damaging post-synthesis purification products.
How to produce enough amounts of tubes to off set the cost of purchased
materials? Different methods to synthesize carbon nanotubes are briefly

introduced in this chapter.
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Carbon nanotubes are characterized by very distinctive electronic
properties along with exceptional mechanical strength. Despite the
remarkable properties of CNTs, the production of bulk quantities of
purified CNTs still remains a challenge. There is still much that remains to
be done to improve the synthesis methods employed to produce CNTs.
The goal is to reduce the time required to synthesize CNTs, increase the
amount of products, control the end products, and eliminate the unwanted
catalysts. In this chapter, the traditional methods used to grow CNTs will
be introduced. Subsequently, an experimental modification of the
chemical vapor deposition (CVD) method is demonstrated for the
synthesis of carbon nanotubes. This method involves the direct thermal
decomposition of ethanol in a stainless-steel reaction chamber under high
pressure.

The results from CVD growth of CNTs will be discussed in detail;
with the resulting CNTs have been characterized by Raman spectroscopy,
thermogravimetric analysis (TGA), and transmission electron microscopy

(TEM).

3.1 Introduction

CNTs are one of the most promising materials to have been developed over the
last decade. However, for the integration of CNTs in many practical applications, it is

important to develop methods to manufacture high-quality nanotubes in large quantities.
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Although many new and improved techniques have been reported for producing
significant amounts of different types of CNTs (e.g. ternary BCN nanotubes [1]), the
synthesized products can be divided into three major classes. These three major
techniques are arc-discharge evaporation, pulsed laser ablation, and chemical vapor
deposition (CVD). The HiPco method, which involves the high-pressure decomposition
of CO over in situ generated Fe catalysts, is a popular embodiment of the CVD technique.
Most of these procedures require a high vacuum, but CVD can be run in vacuum or at
atmospheric pressure.

There is much that still remains unknown about the growth mechanism and the
formation of the nanotubes. There might be more than one mechanism operating during
the synthesis of CNTs. In general, the carbon precursor is decomposited at high
temperatures and dissolves in the transition-metal nanoparticle. Eventually, the
nanoparticles become supersaturated with carbon and at a C composition depending on
the entities of the C-metal binary mixture. Carbon nanotubes or nanofibers start to
crystallize from the nanoparticles. Nanoparticles are used because of their relatively low
melting points which allows for operation at relatively low temperatures.

Sinnot and co-workers [2] reported two feasible schematic mechanisms, growth
along the side of metal catalyst (also called root or extrusion growth) or growth at the
base of the metal catalyst (also called tip growth), for synthesizing carbon nanotubes
shown in Figure 3-1. According to the root-growth (base growth or extrusion) model, the
metal catalyst particles (Ni, Co, Fe, or combination) are present on the supporting
substrate, and the carbon source, as carbide particles, forms a wall of rod-like carbon

tubes on the top surface of the metal particles. Carbon nanotubes then grow in the upward
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direction. According to the tip-grow model (called base growth in carbon nanotubes as
viewed from the growing point), the catalyst particles are detached from the substrate,
and act as leading guides for the tube to grow as the precursor gas carries it along the
CVD chamber. To determine if the products are single-walled or multi-walled CNTs, the
diameter of catalysts are the key. The number of walls is controlled by the diameter of the
catalyst.

Arc discharge or laser ablation produces relatively less defective carbon
nanotubes than chemical vapor deposition. On the other hand, CVD can produce large
amounts of tubes but the products contain much more defective tubes than other growth
methods. For applications requiring high quality tubes, arc discharge or laser ablation
techniques are ideal. However, for application requiring large quantities of carbon

nanotubes, the CVD method represents a promising alternative.

3.1.1 Arc Discharge

In 1991, multi-walled carbon nanotubes were first produced by using arc-
discharge evaporation [3]. This method is, however, relevant primarily in academic
laboratories due to its simplicity of operation. Additionally, it is the cheapest prepared
way to obtain significant amounts of SWNTs even though as-produced SWNTs by arc
discharge are less pure than these produced by laser ablation. SWNTs were first prepared
in 1993 [4] by DC arc discharge which is essentially a modification of the method used to
synthesize Ce( fullerenes [5].

The basic experimental setup for arc discharge is depicted in Figure 3-2. The

diagram shows that the main components of the arc discharge apparatus are the two
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opposite by charged electrodes (6-12 mm in diameter), two graphite rods (carbon source),
catalyst seeds, the circuit power supply, and the atmosphere. Two graphitic carbon rods
are connected to the positive and negative electrodes and placed end to end separated by
approximately 1-4 mm, this distance is controlled by a gap adjuster. The graphite rod
connected to the anode is filled with graphite powder deposited with catalytic metals such
as Fe, Ni, and Co or alloy. These two consumable graphite rods serve as the carbon
source when the circuit is discharged and nanotubes are found in the carbon soot that is
produced around the puncture hole where the catalysts are present. A stepper motor is
used to advance the consumable rod to prevent the gap from increasing. The arc
discharge technique can also be operated under different atmosphere. For examples,
SWNTs can be prepared using Ni/Y under a helium [6] atmosphere or Ni/Co under a
nitrogen [7] ambient. This method is still being required to solve the problem
appertaining to the high ratio of metal catalysts and amorphous carbon in the end product.
Arc discharge can be achieved using either an AC (alternative current) or DC (direct
current) arc power supply. For DC arc discharge, the gap voltage across the gap and the
power are constant. DC arcs provide higher yields of nanotubes than AC arc discharge.

In the arc discharge system, multi-walled carbon nanotubes are deposited on the
cathode, but SWNTs are found in the chamber soot. Therefore, arc discharge can produce
high yields of SWNTs. To produce SWNTs, right kind of catalyst has to be used. Alloy
catalysts (bi-metallic catalysts) produce a higher yield of SWNTs than catalysts
composed of only one metal [8], the catalysts are filled into the hole located in the
graphitic carbon rod on the anode side. The weight ratio of metals also affects the yield of

SWNTs. Even though many parameters need to be optimized to control the yield, purity,
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and number of walls in the product, arc discharge remains a useful method for producing
large amounts of SWNTs. Nevertheless, the high amount of impurities present in the
products and the difficulties involved in purified CNTs has lead to the increasing

popularity of other synthesized methods.

3.1.2 Laser Ablation

Laser ablation (or laser vaporization) was used to produce copper clusters in 1982
[9] and Cg fullerene in 1985 [5] by Smalley’s group. Since the boiling point for carbon is
very high about 4827°C, and the laser energy density is much higher than achievable by
most other sources, laser ablation can be useful for growing carbon nanotubes. The
obtained yield of CNTs was minimal until Smalley and group came up with a
modification involving the combination of the laser-oven method with an annealing
system (1200°C) to produce C,g fullerenes [10]. The use of laser ablation or pulsed laser
vaporization (PLV) to synthesize SWNTs was reported by Guo et al. in 1995 [11] and by
the Thess group in 1996 [12].

The schematic of the laser ablation setup is shown in Figure 3-3. The major
components of the PLV system include a furnace, a quartz tube, a target graphitic carbon
rod with embedded catalyst, a water cooling controller, pressure and flow rate control
system, an argon gas tank, and a laser (typical Nd:YAG) source. Nanotubes are
synthesized by pulsed Nd:YAG laser ablation of graphite targets in a high-temperature
furnace at about 1200°C; an inert gas (Ar) flow is maintained in the chamber at 1 cm/s
rate with a typical pressure of 500 Torr [13]. The vaporized carbon forms a very hot

vapor path, expands, and then cools rapidly; the formed tubes develop and condense on



55

the cooler surfaces of the reactor. To collect the CNT samples, a water-cooled surface is
needed.

The laser ablation method has many advantages. In this technique, high-quality
SWNTs are produced in large quantities with controllable diameters. Although the
SWNTs are of high quality, samples contain many impurities then can be quite difficult
to remove. Recently, it has been possible to obtain high quality SWNTs with a relatively
low density of defects and with controlled diameter by precisely adjust furnace
temperature; post-synthesis purification protocols have also been developed to remove
contaminants such as the metal catalysts [14]. In the PLV method, the resulting
amorphous carbon is more homogenously spread than in the arc-discharge method. A
longer pulse duration will lead to the laser energy density and vaporization temperature to
become low, and it is essential for the growth of single-walled carbon nano-horns
(SWNHs) using CO, as laser energy source [15]. In this report, catalysts were eliminated
in the synthesis process. This is one of the attractions for using laser ablation technique to
grow various new nanomaterials, and it may possibly become a powerful tool for
nanotechnology in the twenty-first century. Laser ablation may thus become a powerful

tool for nanotechnology in the twenty-first century.

3.1.3 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is one of the most important methods for
synthesizing carbon nanotubes. Carbon nanotubes were produced by CVD involving the
thermal decomposition of hydrocarbon vapor over a transition metal catalyst in 1993 [16],

notably CVD methods were used to produce CNTs in 1959 [17] but the products were
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not identified as such. CVD has later been used to synthesize large scale aligned CNTs
in 1996 [18]. Using CVD method to produce carbon nanotubes has several advantages.
Compared with arc-discharge and laser ablation methods, a CVD setup is experimentally
simpler to assemble and operate. Three main parameters need to be adjusted for the CVD
growth of nanotubes: the hydrocarbons (which function as the carbon source), the
catalyst (which mediates the decomposition of the hydrocarbons at low temperatures),
and the reaction temperatures.

In general, nanotubes are grown from nucleation sites of catalysts in carbon based
gas environments at elevated temperatures (ca 600 — 1000 °C). Temperature is an
important parameter in CVD that affects the quality of the product and determines
whether the tubes are single-walled (900-1200 °C) or multi-walled (600-900 °C). At low
temperatures, CVD results in the formation of MWNTs from most hydrocarbon gas
sources. On the other hand, SWNTs are produced at relatively high temperature. This
result suggests that SWNTs have a higher energy and a higher strain of formation. The
carbon source f can be ethylene, methane, or other similar hydrocarbon. As mentioned
above, MWNTs can be synthesized from most of the hydrocarbon precursors because of
the low temperature involved. However, at the higher temperature required to synthesize
SWNTs, most hydrocarbons tend to “crack™ and therefore more stable precursors such as
CO or CHy are required. A quartz boat or substrate is placed with metal catalyst particles
(Ni, Co, Fe) or alloy particles. Nanoparticle catalysts are required to catalyze the
formation of carbon nanotubes. One of the advantages of CVD methods using
nanoparticle catalysts is the ability to control the diameter of the nanotubes [19]. The

overall benefit of the CVD method is that it is a less time-consuming and more
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economical technique that can be carried out at lower temperatures and ambient pressure.
Since the growth of CNTs relies upon the precise preparation of nanoparticle catalysts,
this condition limits the mass production of CNTs. However, the CVD process can be
used to grow CNTs on substrates, as well as to align CNTs in arrays and assembles,
which is not possible with either arc-discharge or laser ablation. This is especially useful
for applications. Terrones et al. [20] have produced aligned arrays of nanotubes with
nearly no by-products, Pan et al. [21] have been successful in growing very long
nanotubes (ca. 2 mm in length); whether Wei et al. [22] have produced organized
assemblies of CNTs on Si wafers.

As mentioned before, the major draw back of using CVD is the amounts produced.
A lot of expense will be increased in using catalysts to grow large quantities of carbon
nanotubes. There is a more cost-effective approach for synthesizing CNTs that involves
using metallic catalysts generated from the steel industry. The steel manufacturing
process creates large amounts of side products that can be used as catalyst for growing
carbon nanotubes. Several research groups have demonstrated the formation of well-
aligned carbon nanotubes on stainless steel grids by CVD methods. In particular, Wal and
Hall [23] have reported the effects of various pretreatments on grids made of type 304
stainless-steel mesh (diameter of wire is 0.0009 inch) upon flowing various reactive gas
mixtures inside the CVD system for growth of CNTs. The model for this system is called
carbon solvation, diffusion, and precipitation (CSDP). The synthesis of nanotubes using
type 304 stainless steel has been further developed using CH4/CO, in a microwave
plasma chemical vapor deposition [24]. Applying the microwave plasma CVD technique,

aligned carbon nanotubes have been obtained which are used to study field emission
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properties. Apart from the use of stainless steel mesh, Liu et al. [25] have reported a new
process that produces CNTs in large quantities called ethanol thermal reduction process.
In this process, ethanol is used as the carbon source and Mg as the reducing agent
(reductant) in a stainless steel autoclave at a temperature of 600 °C. This ethanol thermal
reduction process yields a bamboo-shaped and also a few Y-junction multi-walled carbon
nanotubes.

A much simpler method for the CVD growth of CNTs has been reported by our
group [26]. In our process, no catalytic metal nanoparticles or reducing agents are
required. The preparation of metallic catalysts is completely eliminated in our experiment,
and stainless steel is instead used as an intrinsic catalyst. In this simplified construction,

the temperature and pressure can be optimized quickly by rapidly screening the products.

3.1.4 High Pressure Carbon Monoxide Conversion

The HiPco process developed at Rice University [27] involves the thermal
decomposition of iron pentacarbonyl in a CO flow reactor at high pressures of 1-10 atm
and temperatures ranging from 800-1200 °C. Fe(CO)s is used as the iron catalyst
precursor source, whereas the carbon feedstock source is flowing CO gas. The
decomposition of iron precursors leads to the formation of metallic cluster, and these
cluster products serve as catalysts for growing SWNTs. The cluster catalysts enhance the
disproportionation of CO molecules into C atoms and accelerate SWNTs growth.
Essentially the process is the Boudard reaction, CO + CO —2— C + CO,. These HiPco
samples are particularly well characterized with respect to their optical properties. HiPco

technique was a successful achievement of modification of CVD that can produce large
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quantities of small diameter (0.7 nm) single-walled carbon nanotubes. The diameter

distribution of SWNTs grown by this method is from 0.7 to 1.1 nm.
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3.2 Experiments

Here, we investigate the synthesis of CNTs via thermal decomposition. Instead of
using nanoparticles as catalysts, highly alloyed 316-type stainless steel (18Cr10Ni2Mo)
cylindrical tubes mounted inside the furnace are used as both the reactor and the catalyst
for the synthesis of tubes. Ethanol is used as the carbon source. About 5 mL of highly
purified ethanol is loaded into a small boat. The ethanol-loaded-boat is then placed inside
a clean, meter-long 316-type stainless steel tube that is moved into the heated central
region of the furnace. Highly purified argon gas is used to purge the reaction chamber for
more than 30 minutes to remove air from the steel tube; argon gas is then filled to a given
pressure ranging typically from 5 to 10 atm. Subsequently, the stainless steel tube is
sealed. The temperature within the reaction chamber is gradually increased to the desired
final temperature in the range of ~ 600-900 °C. The pressure within the chamber is kept
constant by varying the pressure of argon gas. The reaction is carried out for a period 0.5
to 2 h. At the end of the reaction, the formed products are left in the still sealed stainless
steel tube during cool-down to room temperature. Within the chamber, a black, hair-like
powdered carbon material is obtained. The products are occurred from the system by
brushing the inner surface of the stainless steel tube with a solid glass rod.

To probe the obtained carbon material, electron microscopy (TEM), vibrational
spectroscopy (Raman), and thermalgravimetric analysis (TGA) have been employed.
TEM measurements of the morphologies of the as-synthesized carbon nanotubes were
acquired using a Philips CM 120 TEM equipped with a LaBg¢ filament. The TEM samples
were prepared by placing one drop of the as-produced carbon nanotubes dispersed in

sodium dodecylbenzenesulfonic acid (SDBS) aqueous solution on a copper grid, and then
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evaporating the solvent. Raman spectra were acquired with a LabRam (J-Y Instruments)
Raman spectrometer using a 632 nm radiation to excite solid samples placed on a silicon
wafer substrate. Thermogravimetric (TG) analysis was executed on a Universal V3.5B
TA Instrument Thermal Analyzer from room temperature to ca. 1000 °C, and the heating

rate was 10 °C/min with 100 mL/min nitrogen atmosphere flow rate.
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3.3 Results and Discussion

Figure 3-5 shows Raman spectra of carbon nanotubes grown on a stainless steel tube
by direct decomposition of ethanol in the central zone of the furnace at 750 °C with
pressures of 7.5 and of 1 atm in curves A and B, respectively. The Raman spectra display
two sharp peaks corresponding to the D- and G-bands that are characteristic of carbon
nanotubes [28]. The band at ca. 1572 cm™ is assigned to the first-order 2D graphitic (i.e.,
G-band) peak of ordered carbon. The relative intensity of the G band for CNTs grown at
1 atm is lower than for CNTs grown at 7.5 atm. The Raman band at 1325 cm™ is
associated with the amount of defective disorder-induced carbon on the surface of the
carbon nanotubes. As-prepared CNTs grown at high and low pressures display strong
peaks corresponding to defects and disordered carbon. The Raman G’ bands located at ca.
2656 and 2875 cm™ are assignable to the overtone of the D-band (i.e., ca. 2 x 1325 cm ™)
and the combination band of the G- and D-bands, respectively. One reaction of the
qualities of the nanotubes is the ratio of the intensities of the G and D peak for CNTs
grown at different pressures. Figure 3-5, comparing the relative G/D intensity ratio for
the as-grown carbon nanotubes samples, one can conclude that the degree of
graphitization is higher for samples synthesized under high-pressure at 7.5 atm than for
samples synthesized at a pressure 1 atm.

Figure 3-6 shows TEM images of CNTs grown on the surface of a stainless steel
tube by direct decomposition of ethanol at 750 °C at pressures of 7.5 and 1 atm. Several
different MWNTs can be clearly seen in the TEM images for tubes grown at 7.5 atm. In
Figure 3-6A, the TEM shows a linear, open-ended CNT with an outer diameter of ca. 26

nm and an inner diameter of ca. 14 nm, clearly indicating that the end products are multi-
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walled nanotubes. Figure 3-6B and C show bamboo-type MWNTs with outer and inner
diameters of ca. 30 and 22 nm, respectively. Similar bamboo-shaped carbon nanotubes
have been reported in studies by others [29]. In Figure 3-6D, a spiral shaped MWNT is
shown; such structures have also been described by Ajayan et al. [30]. Branched Y-
shaped and saw-toothed W-shaped carbon nanotubes are shown in Figure 3-6E, Xu et al.
[31] and Rao et al. [32] have reported a special setup for growing Y-shaped carbon
nanotubes, since these structures are potentially useful as new materials for nanoscale
wiring and electronic circuitry. TEM observations of carbon nanotubes grown at nearly
atmospheric pressure show the formation of a few MWNTs. Panel G of Figure 3-6 shows
a typical straight CNT synthesized at 1 atm pressure with outer and inner diameters of ca.
60 and ca. 10 nm, respectively. CNTs synthesized at this lower pressure do not exhibit
the diverse morphologies found in CNT sample synthesized at high pressures.
Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis
(DTA) of CNTs grown at a pressure of 7.5 atm are shown in Figure 3-7. TG thermal
decomposition curves (also called thermograms) provide helpful information about
decomposition mechanisms for the preparation of carbon nanotubes. An initial 3 wt. %
loss is observed for the sample from ambient temperature to ca. 200 °C, which can be
reasonably attributed to the removal of physisorbed water and the burning of disordered
carbon. There is a ca. 90 wt. % weight loss between 525 and 700 °C, which can be
attributed to the oxidation of carbon nanotubes into CO,. The total weight loss up to a
temperature of 525 °C is less than 4 wt. %, suggesting that the amount of disordered
carbon contained in our sample is very low. The residue present after the complete

oxidation of the carbon species is ca. 7.0 wt. % of the original sample, which is lower
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than generally found for samples prepared by CVD or carbon arc discharge methods. The
derivative of the thermogram can sometimes reveal information that is unclear from the
TG thermogram. Indeed, the DTA curve shows three peaks, as shown in Figure 3-7. The
three peaks (with maximum weight loss per degree occurring at 638.1 °C) suggest that
there are at least three carbon components within this sample; this is consistent with TEM
measurements showing the presence of several types of CNTs.

It is widely believed that the development of different processes to produce different
shapes of carbon nanotubes is important for the advancement of the field of
nanoelectronics [31, 33]. For example, branched carbon nanotubes may be useful as
building blocks or connections in nanoelectronic circuits. In general, it is not easy to
reproducibly grow junction carbon nanotubes by conventional syntheses methods.
However, many branched and saw-toothed carbon nanotube structure are found in our
samples prepared by the thermal decomposition of ethanol on type 316 stainless steel
tube under high pressure. Additionally, since ethanol is produced in large quantities by
the fermentation of sugar-containing crops, it is the use of ethanol for growing CNTs that
is expected to be cost-effective.

In general, the temperature and pressure significantly affect the nature of the
produced carbon nanotubes. The optimal conditions for the production of carbon
nanotubes are temperatures ranging from 700 — 800 °C and an applied total pressures in
the range of 5 — 10 atm. In addition, other organic liquid carbon sources, such as
methanol and benzene, can also be used for the high-pressure synthesis of CNTs instead
of ethanol. From Raman spectra, we discover that it is possible to grow nanostructured

carbon from these precursors; however, this process is yet to be optimized.
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Based on a surface roughening (also referred to as surface "breakup") scheme, the
CNT yield can be attributed to the supply of carbon atoms plus the number and size of
catalytic sites; these two factors are critically important for the catalytic growth of
nanotubes. This hypothesis is in accordance with the CSDP model put forth by other
researchers [2, 23]. In other words, the growth of CNTs on stainless steel derives from
the existence of large numbers of nanoscopic alloy sites and/or catalytic nanoparticles
that originate from breaking and forming bonds at the surface of the substrate [23, 24].
The carbon atoms are thus produced via the catalytic decomposition of ethanol at the
various catalytic sites. The process of forming CNTs involve the solvation of the carbon
atoms in the metal; the carbon atoms then diffuse in the molten solvent and ultimately
precipitate to form CNTs with a variety of morphologies. In our system, a sealed tube at a
given temperature and pressure, the concentration of carbon reactants is expected to be
high. Different sizes and shapes of catalytic sites are likely to form through breakup of
the surface. When these two conditions, a high pressure and temperature, are met, carbon
reactants are able to dissolve and interact with each other. On the other hand, sufficient
quantities of the carbon reactants are not present at low pressures. Insufficient supply of
carbon reactants will result in an inadequate number of carbon atoms at the various
catalytic sites and slow down reaction between carbon atoms, resulting in a diminished

number of CNT morphologies and low yields.
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3.4 Conclusion

In this study of the synthesis of carbon nanotubes by CVD, it is essential to have a
sufficient supply of reactive carbon, produced by the thermal decomposition of the
carbon source. The presence of different catalytic particle sizes and shapes on the surface
of stainless steel for the formation of carbon nanotubes with a wide variety of
morphologies is also important. Ethanol is found to be a cost-effect carbon source. The
as-synthesized CNTs are of high quality and exhibit low amorphous carbon content. The
current method is a simple and economical approach for the synthesis of carbon
nanotubes.

Nevertheless, the search continues for methods to controllably synthesize specific
types of nanotubes with controllable chirality, length, and diameter. Thus far, these
requirements have not yet been entirely achieved. However, basic growth methods have
been developed. What is required is the modification of existing procedures. The ongoing
efforts at refining the synthesis of CNTs are likely to result in the development of a

standardized product for the controlled system of CNTs at commercially viable scales.
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Figure 3-1  Depending on the growing direction of the nanotubes, two
feasible mechanisms for CVD are suggested. On the left is the growth
mechanism from the tip of the metal catalysts. On the right is the
schematic for the growth mechanism from below the base of the metal
catalysts.
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Figure 3-2  Arc discharge diagram. A positive electrode (cathode) and
negative electrode (anode) are connected to a power source with either a
DC or AC voltage arc discharge. Two graphite rods are connected with a
positive charge (anode) and a negative charge (cathode). Carbon
nanotubes are deposited on the cathode (MWNTs) or found in the
chamber soot (SWNTs). Catalysts (individual or bimetallic) were
deposited in a hole in the graphite rod connected to the anode. Gas flows
into the inlet and leaves from the outlet. As adjuster or stepper motor is
used to control the gap between two rods.
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Figure 3-3  Laser Ablation or pulsed laser vaporization (PLV) diagram.
The major components of a PLV system are a furnace, a quartz tube, a
target carbon rod with catalyst, a water cooling controller, pressure and
flow rate control system, an argon gas tank, and a laser beam (typically

Nd:YAG laser) source.
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Figure 3-4  Chemical Vapor Deposition setup using 316-type stainless
steel. The catalyst was replaced by stainless steel (18Cr10Ni2Mo)
cylindrical tubes for the synthesis of carbon nanotubes. Ethanol used as
the carbon source and was loaded into a small boat and placed inside the
steel tubes. Argon is used to purge the chamber and is filled inside the
steel tube. The temperature is controlled in the range from 600-900°C, and
the pressure is varied from 5-10 atm.
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Figure 3-5  Typical Raman spectra of as-grown carbon nanotubes at
750 °C under pressures of (A) 7.5 atm and (B) 1 atm.



Figure3-6 TEM images of as-grown CNTs formed by the
decomposition of ethanol at 750 °C; the synthesis pressure for the
micrographs A through F is 7.5 atm; for G, the synthesis pressure is 1 atm.
Part A shows a straight, open-ended CNT; the scale bar corresponds to 50
nm. The outer diameter is ca. 26 nm and the inner diameter is ca. 14 nm,
indicating that the as-synthesized nanotubes are MWNTs. The TEM
images in Part B and C (bar scale corresponds to 50 nm) are of bamboo-
type MWNTs, with outer and inner diameters of ca. 30 and 22 nm,
respectively. Part D (bar length corresponds to 50 nm) shows a spiral
shaped MWNT, while Parts E (bar length corresponds to 100 nm) and F
(bar length corresponds to 100 nm) show Y- and W-shaped MWNTs,
respectively. It is to be noted that in Parts A, B, E, and F the brightness
and contrast of the images have been modified since the nanostructures, in
these images, were initially hard to discern due to lack of contrast. Part G
shows a straight CNT; the scale bar corresponds to 50 nm).
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Figure 3-7 TG (solid) and DTA (dash) thermal decomposition curves
of CNTs grown at 750 °C at a pressure of 7.5 atm.
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A

Solubilization of Single-Walled

Carbon Nanotubes

The unique electronic properties of single-walled carbon
nanotubes (SWNTs) have attracted much academic and industrial
attention. The next logical step is the integration of SWNTs in functional
devices. Without industrial and commercialized products, SWNTs will just
be another exciting new material with extraordinary physical properties
without any marketable value. One major challenge that has impeded the
use of SWNTs is their insolubility in most solvents. SWNTs tend to bundle
together due to strong van der Waals forces of tube-tube contact. Here, we

address  the  solubilization and individualization —of SWNTs.
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SWNTs are insoluble in most solvents. The insolubility of SWNTs has
been a major impediment for the future applications of these exciting new
materials. Since most chemistry is done in solution, the ability to dissolve
tubes in organic and aqueous solvents is essential to enable their
subsequent functionalization for biomedical and material applications.
Furthermore, single SWNTs or small bundles (2-5 tubes) are desirable for
most applications. As-prepared SWNTs tend to tangle together into large
bundles or ropes (more than 5 tubes) due to tube-tube Van-der-Waals
interactions [1]. Bundled SWNTs are difficult to disrupt, and these
aggregated tubes are difficult to disperse in solution. The bundling of
SWNTs very significantly affects the electronic, optical, and mechanical
properties of nanotubes. For example, the aggregation of nanotubes results
in the quenching of the fluorescence of semiconducting tubes [2]. To
address this insolubility issue, two main approaches have been used. One
approach involves the functionalization of SWNTs along the sidewall or
on the end caps of the nanotubes. This chemical functionalization
approach typically disrupts the electronic properties of the functionalized
SWNTs. However, the chemical functionalization of SWNTs allows them
to interact with various chemical moieties, and functionalized SWNTs can
be used to selectively bind biological species for biosensor applications. A
second approach that is commonly used is the non-covalent wrapping of
SWNTs in different surfactants, which also leads to the individualization

of the SWNTs. The major advantage of this approach is that the electronic
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properties of SWNTs are not disrupted. Consequently, these non-

covalently-functionalized SWNTs can be used in device applications.

4.1 Methods for the Solubilization of SWNTSs

Since the discovery of SWNTs in 1993 [3], they have attracted much attention for
their remarkable structural, mechanical, and electronic properties [4]. Potential
applications have been proposed for SWNTs in optoelectronic devices [5], as the active
elements of field-emission diodes, as hydrogen storage materials, and as scanning probe
microscopy tips [6, 7]. In addition, SWNTs have attracted attention in the area of
biomedical engineering recently. In biomedical applications, as examples, SWNTs have
been extensively studied for incorporation into biosensors [8, 9], drug delivery platforms
[10], and for bone reconstruction [11]. Although carbon nanotubes clearly have great
potential for many applications, the controlled separation of SWNTs according to
chirality (and thus electronic properties) still remains a challenge. This has impeded the
integration of SWNTs in electronic devices. One major challenge to handling SWNTs is
their tendency to aggregate into large bundles and their insolubility in most solvents. The
individualization of bundled and aggregated tubes is essential for the full realization of
the remarkable potential of these materials. Another challenge is the dissolution of
individual nanotubes in solution. As mentioned previously, covalent [12] and non-
covalent [13] functionalization methods have been developed to unbundle and solubilize
SWNTs. However, even though covalent modification is very effective in dissolving

SWNTs [14], this process typically leads to the disruption of the electronic properties of
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the SWNTs [15]. Thus, to retain the good electronic properties of SWNTSs, an alternative
approach has been developed to solubilize SWNTs involving the physisorption of
polymers or surfactants onto the SWNTs. Non-covalent functionalization with surfactants
usually leads to the individualization of SWNTs or the formation of small bundles of 2-5
nanotubes [16].

Three different approaches have been used to functionalize SWNTs, as shown in
Figure 4-1. The first approach involves acid treatment in order to form functional groups
on the side wall of SWNTs (discussed in section 4.2). The second approach involves the
polymer wrapping of SWNTs (discussed in section 4.3). The third approach involves the

encapsulation of SWNTs by surfactants (discussed in section 4.4).
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4.2 Purification

In the early stages of nanotube research, as-purchased SWNTs (AP-SWNT) were
contaminated with different metal catalysts (e.g., Fe, Co, Ni) used during synthesis. Thus,
the first approach involves the purification of SWNTs [17-19] and the removal of metal
catalysts and amorphorous carbon. The first step in the purification protocol usually

involves acid treatments either under reflux or with ultrasonication.

4.2.1 Introduction

The electronic properties of SWNTs are very sensitive to the diameter and
chirality of the nanotubes. The HiPco nanotubes (produced by a high-pressure CO
conversion process using Fe as the catalyst) have diameters ranging from 0.7 to 1.4 nm.
Although many different kinds of tubes are available commercially, we have used HiPco
SWNTs in most of our experiments. Thus, unless otherwise mentioned, the nanotubes
used are HiPco SWNTs.

AP-SWNTs contain residues of metals that were used as catalysts in the synthesis
process. The aim of purification is to remove this catalyst material and amorphous
carbons. Typically, the purification process includes acid treatment followed by filtration
and/or centrifugation. Many different methods have been reported up till now. The most
popular purification techniques are oxidation, thermal annealing, and acid treatment. An
effective acid-treatment protocol was first developed by Rinzer et al. [20] to purify large
quantities of SWNTs in high yields. Most acid-treatment protocols involve the use of
oxidizing acids such as H,SO4 and HNO; and non-oxidizing acids such as HCl. SWNTs

are either refluxed in an acid solution or subjected to ultrasonication with the acid. Zhang
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and co-workers [21] have systematically compared the effectiveness of different
purification protocols. Acid treatment generally results in the functionalization of the end
caps and defect sites with oxygenated functional groups such as the carboxylic acid
groups depicted in Figure 4-1(a). However, acid treatment can be quite destructive,
especially to small-diameter tubes. Most importantly, oxidizing acids often disrupt the
electronic properties of SWNTs. The purification of SWNTs without disrupting their
electronic properties still remains a challenge. Methods such as magnetic filtration [22]
have been developed to purify SWNTs without functionalization. A more thorough
procedure using acid reflux to remove catalysts, followed by sonication to exfoliate and
shorten the tubes has been developed by Q. Chen et al. [23]. However, with
improvements in the synthesis process, the purity of AP-SWNTs is already around 85%.
Therefore, the purification of SWNTs is not always necessary. Nevertheless, purification
procedures can have the added benefit of functionalizing the end caps of the tubes due to
the increased curvature at these sites. One of the crucial parameters to control purification
during acid reflux without damaging tubes is the temperature [24]. Centrifugation is
carried out to separate the catalyst (suspended in the supernatant) and amorphorous
carbon from functionalized and purified SWNTs (which is recovered as the precipitate).
In order to compare the properties of SWNTs after purification, both reflux and
sonication methods have been employed in the experiment. The purification procedures

were based on processes reported previously in the literature [23, 25].

4.2.2 Experimental
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Pure HiPco SWNTs were purchased from Carbon Nanotechnologies, Inc.,
Houston, Texas (Lot#: P0257, P0286).

Reflux procedure in HNOs/HCI (1:1 v/v) mixture: 20 mg SWNTs (Lot#
P0257) were refluxed in 20 mL HCI and 20 mL HNOj; at 100 °C over an oil bath for 18
h. After acid treatment, the solution was allowed to stand at room temperature for 1 day
to let the tubes sediment to the bottom. Most of the supernatant was then carefully
removed without disturbing the precipitated tubes. The remaining solution with
nanotubes was centrifuged in a Fisher Scientific Centrific centrifuge (Model 228; RPM =
3,300 rpm) for 10 minutes. The precipitate was rinsed with water and centrifuged again
for several cycles. The dried sample was obtained by placing the centrifuged tubes in an
oven at 200 °C for 4 h. After the sample was completely dry, the purified-SWNTs
(pSWNT) were redispersed in 0.5 wt% AOT aqueous solution using ultrasonication for 2
h.

An identical procedure was carried out except for the duration of reflux. Each
cycle was refluxed in 20 mL HNO;- HCI for 6 h plus centrifugation, and the precipitate
was used for refluxing in the next cycle. This was repeated 3 times.

Sonication procedure in H;SO4#/HNO3 (3:1 v/v) mixture: Two vials of 20 mg
SWNTs (Lot# P0286) were sonicated in 4 mL of a mixture of H,SO4 and HNO; (3:1 v/v)
for 1 h. The SWNT-acid mixture was centrifuged, and the precipitate was rinsed with
H,0O several times, rinsed with NaOH three times, and with H,O in the last cycle. The
centrifuged sample was dried in an oven at 70 °C. Two dispersion procedures have been

used. One part of the precipitate was directly dispersed in water, and the other part was
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dispersed in 0.2 wt% AOT aqueous solution. Both dispersions were sonicated in a Fisher
Ultrasonic Cleaner (model FS15) for 1 h.

Raman spectra were obtained using a HR800 Jobin Yvon Horiba Raman
Microscope equipped with a charge coupled device (CCD) detector. A He/Ne laser with
an energy of 632.8 nm (1.96 eV) was used as the excitation source. The Raman spectra
were collected using a liquid sample holder with a quartz cell or on a silicon wafer in a
backscattering configuration. For backscattering collection, a microscope with a 100X

objective was used in room temperature.

4.2.3 Results and Discussion

The different purification methods, reflux and sonication, are compared in Figure
4-2(A). Curve (1) is observed after 18 h acid reflux. The intensity of the D-band peak
increases due to damage to SWNT sidewalls. Curve (2) shows the Raman spectra for
SWNTs treated with the same acid mixture but put through three sequential 6 h reflux-
centrifugation cycles. Although the total reflux time is the same, the nanotubes sustain
more damage than for just one acid reflux cycle. Hence, the D-band intensity is also
increased. It is likely that there is some loss of material in each reflux-centrifugation
cycle. Consequently, a relatively small amount of tubes is treated with high
concentrations of the acid in the latter steps, which may explain the enhanced damage.
The sonicated SWNTs exhibit a strong photoluminescent (PL) signal, as shown in Figure
4-2A curve (c). The acid SWNTs mixture used for sonication was homogeneous. It is
difficult to remove unwanted residues from the SWNTs. The mixture became viscous and

is highly protonated when the solution is neutralized. In part B, the acid-treated carbon
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nanotubes were dispersed in an aqueous solution of AOT after either refluxing or
sonication. From empirical results [26], it is expected that acid-treated SWNTs will
produce —COOH group on endcaps and tube’s surface. Hydrogen bonding may be
possible between —COOH (from 18 h acid-treated SWNTs) and —O (from the hydrophilic
head group of AOT), resulting in Figure 4-2B (b). Consequently, the RBM peaks in the
Raman spectra are diminished. Acid treatment with an oxidizing acid will oxidize the end
caps and attack the defect sites. After the end caps are consumed, acid oxidation will
result in the shortening of the tubes. In contrast, it is well known that ultrasonication cuts
tubes at defect sites, yielding shorter fragments of SWNTs. It can be deduced that
sonicating acid-treated SWNTs became fragile, and may destroy the cylindrical structure
of the tubes (Part B curve c¢). This is also seen when SWNTs are dispersed into AOT
aqueous solution (Part B curve d).

The flow chart in Figure 4-3 depicts the steps of the ultrasonication purification
experiment. This shows that purified tubes are dispersed into different solvents, for
example, water, NaOH, and AOT aqueous solution. Comparison of SWNTs dispersion in
the three different solvents is shown in Figure 4-3 that display in full region (A) and low
frequency region (B). The solutions were prepared by dispersing 1 mg of d-pSWNTs
(vacuum dried SWNTs after purification) in 10 mL of each individual solution. Curve (a)
corresponds to directly dispersing sonicated acid-treated nanotubes into water solution.
Curve (b) corresponds to dispersing sonicated acid-treated nanotubes into NaOH with
sonication to perform neutralization action, and then centrifuged, dried and redispersed
into water. Curve (c) corresponds to dispersing acid-treated nanotubes into AOT aqueous

solution.
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4.2.4 Conclusion

The removal of catalysts and amorphous carbon materials is still a challenge and
there is much effort focused on developing better purification methods. The controllable
introduction of functional groups on SWNTs surfaces also remains an area of active
research. From the Raman spectra in Figure 4-2 and Figure 4-3, acid treatments, either in
reflux or in sonication, demonstrated acid-treated processes are not practical for better
isolation of bundled SWNTs into individual tubes, and the spectra showed evidence of
the damaged tubes. However, techniques for producing purified SWNTs are constantly
being modified and improved. Different functionalization approaches are currently being
developed to incorporate nanotubes in nanocomposites and to enable them to bind

different species.
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4.3 Dispersion in Polymer

In this section, we discuss the one-step diameter-selective dispersion of HiPco
SWNTs with the polymer Chitosan (CHI). Polymeric CHI is a water-soluble,
biocompatible, and an antibacterial polyelectrolyte. It is found to preferentially wrap
around small-diameter SWNTs with a narrow diameter distribution, leading to the
suspension of SWNT in an aqueous medium, whereas the larger-diameter SWNTs
precipitate from solution either spontaneously or upon centrifugation. UV-Vis
absorption, Raman scattering using 514 and 632 nm excitations, and AFM measurements

have been used to characterize the SWNT samples.

4.3.1 Introduction

SWNTs have attracted enormous attention from scientists and engineers because of
their highly unusual structural (a 1D rolled-up of 2D graphite sheet), mechanical
(Young’s modulus, tensile strength and density), and electrical (conducting or
semiconducting) properties. Indeed, their properties have made them attractive
candidates for many important applications, such as field emission devices (e.g. field
effect transistor, FET [27]), storage materials (e.g. hydrogen storage [28]), and scanning-
probe microscopy tips (e.g. AFM tip [29]). A number of challenges, however, must be
overcome before SWNTs can be exploited for most of the envisioned applications as
mentioned before. These challenges include high-yield and purity synthesis, length
control of tubes, selectivity of particular diameters and chiralities, and protocol
development for physically manipulating and chemically processing individual nanotubes

or their composites.
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The wrapping of SWNTs with conjugate polymer allows the tubes to be dissolved
while still retaining their electronic properties. The solubilization and functionalization of
SWNTs can be achieved by carefully selecting the appropriate polymers. Modeling and
calculations done by Blau et al. [30] demonstrate the potential advantages of using
polymer matrices for the homogenous solubilization of tubes, the isolating of individual
tubes, and to enable the decoration of the SWNT sidewalls with functional groups.

The solubilization of nanotubes by post-synthesis treatment might bestow extra
benefits, including some that are desirable, and some that are quite remarkable, such as
the separation of semiconducting and metallic tubes, the partitioning of zigzag, armchair,
and chiral tubes, and even separations by length ( as discussed in the next section). In
order to explore particular applications, selection of specific diameters and chiralities can
be crucial parameters. Lee et al. [31] have reported a large scale high-yield process (over
55%), yielding SWNTs with a less concentration of defects and with a controlled
diameter (0.7-2.8 nm) using the CVD method. The CVD method is easy to setup and is a
low-cost growth procedure for fabricating relatively pure nanotubes. A CVD method
using catalysts supported in a mesoporous MCM-41 matrix has been reported by
Shinohara and co-workers [32]. These researchers have systematically varied the
different synthesis times and temperatures to control the diameter and purity of the
attained carbon nanotubes. Many different approaches are being used to synthesize
carbon nanotubes.

The ultimate goal is the synthesis of SWNTs that all have the same chirality.
However, there is much that needs be done in terms of developing the synthesis before

the chirality can be “dialed in.” One alternative approach involves the post-synthesis
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separation of SWNTs by chirality. In practice, it might be easier to separate nanotubes by
diameter rather than chirality. The chemical reactivity of SWNTs is significantly affected
by the diameter of the nanotubes. This provides a handle for separating SWNTs by
diameter. Small diameter (ca. 0.7 — 1.2 nm) SWNTs are typically more reactive than their
larger diameter counterparts due to increased strain from pyramidaliztion and m-orbital
misalignment [33]. As a result, the smaller diameter tubes are more susceptible to
functionalization upon acid treatment [34]. The separation of metallic and
semiconducting SWNTs is also of great interest. As prepared SWNTs have both metallic
and semiconducting tubes that coexisting in the same sample. Several different separation
methods have been recently developed. Lee et al. [35] have used the functionalization of
SWNTs by nitronium ions (NO,') to separate semiconducting and metallic SWNTs.
Papadimitrakopoulos and co-workers [36] and Tour and co-workers [37] have used
different sidewall-functionalization approaches to separate metallic and semiconducting
SWNTs. These post-synthesis separate metallic or semiconducting SWNT may be useful
for FETs, chemical sensors, biomedical sensors, etc.

Most common polymers that were used to wrap carbon nanotubes are poly(vinyl
pyrrolidone) (PVP) [38] and poly(meta-phenylenevinylene) (PmPV) [39]. In this study
[40], CHI (shown in Figure 4-1b), a biological polysaccharide macromolecule, has been
used as the polymeric wrapping agent. CHI is abundantly available and can be extracted
from the skeletons of crustaceans such as shrimps. CHI has been used as the primary
ingredient in many commercialized products such as cosmetics, dietary supplements, and
skin care lotions. The natural abundance and non-toxicity of CHI make it especially ideal

for use in functionalizing SWNTs. CHI contains an amino group (-NH;) at the C-2
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position and a hydroxyl group (-OH) at the C-6 position. It is used here as a wrapping
agent to non-covalently encapsulate SWNTs. During dispersion, CHI wraps around
carbon nanotubes as a serpentine rope (Figure 4-1b cartoon). The SWNT-CHI
interactions are diameter selective, and different diameter distributions are found in

supernatant and precipitate.

4.3.2 Experimental

AP-SWNTs (HiPco) were purchased from Carbon Nanotechnologies, Inc., Houston,
Texas ((Lot#: P0257, Batch#: 7782-42-5). CHI (poly(D-glucosamine), low molecular
weight, M.W. 6,300,000) and sodium dodecylbenzene sulfonate (SDBS) were purchased
from Sigma-Aldrich Co. All solutions were prepared using deionized water.

A stock solution (0.5 wt% CHI solution) for dispersing SWNTs was prepared by
dissolving a CHI flake in 0.01 M H,SO4 aqueous solution at 80-90 °C. The CHI/H,SO4
solution was then cooled to room temperature, and filtered after washing several times
with deionized water. After drying, the CHI powder was re-dispersed in water to form an
aqueous stock solution. To achieve solubilization of SWNTs, 1.0 mg of HiPco SWNTs
was added to a 10.0 mL of 0.5 wt% aqueous solution of CHI, and the mixture was
ultrasonically treated in an ice bath for more than 5 h to accomplish dispersion. The
resultant (SWNT/CHI solution) black supernatant had a calculated concentration of 0.1
mg/mL and appeared to be homogeneous and stable. The SWNT/CHI solution was
allowed to stand overnight. A murky black precipitate settled at the bottom and was

separated, whereas the suspension remained clear and homogeneous. The supernatant
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was then carefully decanted for further centrifugation. The centrifugation was carried out
at 29,000 g for 2 hours.

For comparative purposes, a 0.10 mg/mL solution SWNT/SDBS was formed
comprising 1.0 mg of HiPco SWNTs, 3.0 mg of SDBS, and 10.0 mL of water.
Ultrasonication was used to mix the nanotubes and SDBS in an ice bath for more than 10
h to form the SWNT/SDBS solution. Subsequently, the supernatant was subjected to
centrifugation at 29,000 g for 2 h.

UV-Vis absorption spectra were acquired using a Perkin-Elmer Lambda 18
spectrophotometer over the range of 200-900 nm; quartz cuvettes were used for these
measurements. Raman spectra were obtained using an HR800 Jobin Yvon Horiba
Raman microscope. Samples were placed in quartz cuvettes, and laser excitation energies
of 632.8 or 514.5 nm were used to acquire the Raman spectra. AFM images were
obtained using a Vecco Digital Instrument, Nanoscope IIIA microscope in the tapping
mode. One drop of a 0.1 mg/mL SWNT dispersion was placed on a mica film and air

dried before observation.

4.3.3 Results and Discussion

Figure 4-4 compares the UV-Vis absorption spectra of supernatants of 0.1 mg/mL
SWNTs solutions dispersed using SDBS and CHI after 2 h centrifugation at 29,000 g; the
spectrum for the SWNT/CHI suspension before centrifugation is also shown in the figure.
Well-resolved and narrow optical absorption features are visible for the samples after
centrifugation. The peaks can be ascribed to transitions between the van Hove

singularities in the density of states (DOS) of SWNTs. The narrow spectral features
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indicate that the SWNTs have been individualized or exist in the form of small bundles
[41].

In general, without centrifugation, SWNTs dispersed with the use of a coating agent
exhibit absorption spectra that have broadened peaks, indicating the presence of
nanotubes of a range of diameters as well as nanotubes that are bundled together
(possibly in the form of ropes) whose individual transitions frequencies are affected by
intermolecular interactions. After centrifugation, the absorption spectra of SWNTs
contained in the supernatant are often found to exhibit sharper peaks resulting from
interband transitions for isolated nanotubes. The decrease in intermolecular interactions
leads to narrow spectra features from less homogeneous broadening. As can be seen in
Figure 4-4 for CHI-dispersed SWNTs, no obvious changes in the absorption band widths,
before or after 2 h centrifugation, are evident, suggesting complete dispersion even before
centrifugation. However, we observe a small red-shift in the absorption bands for both
metallic (ca. 400-600 nm range) and semiconducting (ca. 600-850 nm) tubes dispersed by
CHI as compared to those dispersed by SDBS [42], suggesting a non-specific interaction
of CHI with both metallic and semiconducting SWNTs.

It is to be noted that after the SWNTs are dispersed in a CHI aqueous solution, a
black muddy precipitate appears after the solution is allowed to stand overnight (see
Figure 4-4 image). Our hypothesis for this phenomenon is that the chitosan encapsulating
the SWNTs might be in a serpentine rope configuration. To wrap larger diameter or
bundled SWNTs, chitosan will need to have more than one revolution around the tubes
and this is the mechanism by which the larger diameter tubes are separated and

precipitated. Nevertheless, the associated supernatant is homogeneous with a transparent
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black color. The precipitate cannot be redispersed using the CHI solution. This suggests
a robust method for forming stable SWNTs in solution.

Raman spectroscopy is a powerful probe of the structure of carbon nanotubes.
Depending on the excitation energy, Raman spectra can probe different types of tubes. It
is known that at 632.8 nm laser radiation (1.96 eV), the Raman spectra of both
semiconducting and metallic HiPco nanotubes, but primarily of semiconducting tubes,
are resonantly enhanced. Figure 4-5 shows the Raman spectra of the raw HiPco SWNT
sample, the supernatant of dispersed SWNTs in CHI solution (the final concentration is
0.1 mg/mL) without centrifugation, and the precipitate. In Figure 4-5(A), the G* bands at
ca. 1590 cm” and the distinctive shoulder peaks at ca. 1551 cm™ (i.e., G  bands)
associated with the Ey, optical modes of graphite, indicate the presence of SWNTSs in the
sample. Compared with the as-received raw HiPco SWNTs in curve (a) of Figure
4-5(A), the supernatant without centrifugation in curve (b) has a narrower G band and
the G~ band is diminished in intensity; whereas for the precipitate in curve (c), the G
band is broader and the G~ band is enhanced in intensity. The latter band also has a
narrower lineshape as compared to the raw HiPco sample. The G~ band is associated
with vibrations along the circumferential direction of the nanotubes, and lineshape is
sensitive to the types of carbon nanotubes [43]. These findings suggest that more metallic
(broaden Breit-Wigner-Fano lineshape) nanotubes exist in the supernatant and more
semiconducting (sharp Lorentzian lineshape) tubes are present in the precipitate.
Additionally, the relatively low intensity of the D-band at ca. 1308 cm™ indicates that the
amount of amorphous carbon in our CHI-dispersed SWNT sample is quite low. The low-

frequency RBM region in Figure 4-5(B) shows characteristic radial vibrations of the
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SWNTs. For the raw HiPco sample shown in curve (a) of Figure 4-5(B), five distinct
RBM peaks are found at around (i) 191, (ii) 217, (iii) 255, (iv) 281, and (v) 294 cm’,
corresponding to the nanotube diameters of 1.25, 1.09 0.92, 0.83, and 0.79 nm,
respectively. SWNT diameters are deduced from the RBM frequency, orpm(cm™), using
d(nm) = 223.5/(wrem(cm™) — 12.5) [44] where the two empirical parameters 223.5 and
12.5 (which vary depending on the synthesis process) are derived from previous
experiments on HiPco SWNTs. As indicated in a previous literature report the RBM
bands above ca. 240 cm™ correspond to smaller diameter nanotubes while RBM bands
below 240 cm™ correspond to larger diameter nanotubes. The peaks labeled (i), (ii), (iii),
(iv), and (v) can be assigned to (11,7)/(14,3), (12,3), (9,4)/(11,1), (10,1), and (10,0)
SWNTSs. The peak at 191 cm™ may originate from either (11,7) or (14,3) SWNTs. For
the supernatant of CHI-dispersed SWNTs, only two RBM bands are observed at 256 and
283 cm’', corresponding to SWNTs with diameters of 0.92 and 0.83 nm, respectively.
These bands indicate an enrichment of small-diameter SWNTs in the supernatant. For
SWNTs in the precipitate, the appearances of RBM peaks at ca. 195 (1.22 nm), 217 (1.09
nm), 244 (0.97 nm), 257 (0.92 nm), and 286 (0.82 nm) cm™ denotes a predominance of
large-diameter nanotubes. The Raman spectra acquired with 632.8 nm excitation
indicates that the CHI wrapping process leads to some selectivity: smaller diameter
SWNTs are preferentially found in the supernatant whereas larger diameter SWNTs are
present in the precipitate.

A laser excitation energy of 2.41 eV (514.5 nm) is expected to resonantly enhance
Raman scattering from metallic nanotubes for HiPco samples. In curves (a), (b), and (c)

of Figure 4-6(A), the G~ bands indicate the presence of metallic SWNTs. From curve
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(b), it is difficult to determine whether the G" band is broader or narrower than those in
curves (a) or (c); however, the G™ band in curve (c) is clearly enhanced relative to the
band in curve (a). Thus, from the Raman spectra acquired with 514.5 nm excitation, it
appears that there may be a higher concentration of metallic SWNTs in the precipitate.
However, our evidence for this selectivity is not compelling, and is likely associated with
poor resonance discrimination between different SWNT chiralities upon excitations at
514.5 nm. However, bands in the RBM region provide better insight into the selectivity
of this functionalization process. In the RBM region in Figure 3(B), for raw HiPco
SWNTs, there are four distinct peaks located at 185, 206, 249, and 265 cm'l, which
correspond to nanotube diameters of 1.30, 1.16, 0.95, and 0.89 nm with chiral indices of
(14,4), (14,1), (12,0), and (10,2), respectively. For CHI-dispersed SWNTs in curve (b),
one RBM band at 278 cm™ is most prominent, corresponding to SWNTs with diameters
of 0.84 nm and with a chirality of (8,4), a less prominent shoulder corresponding to
(10,3) SWNTs with a diameter of 0.93 nm is also observed. For the functionalized
precipitate (curve (c)), the semiconducting SWNTs with RBM bands at 183, 203, 242,
and 257 cm’! correspond to nanotube diameters of 1.31, 1.17, 0.97, and 0.91 nm with
chiral indices of (10,9), (9,8)/(13,3), (9,5), and (11,1), respectively. As reported in the
literature [45][1], RBM bands between 175 to 213 c¢m™ correspond to semiconducting
nanotubes with the diameters larger than 1.1 nm, and RBM bands between 218 to 280
cm” correspond to metallic nanotubes with the diameters smaller than 1.1 nm at laser
excitation energy of 2.41 eV. It is clear that small-diameter SWNTs are selectively
wrapped by the polymer, which helps them dissolved and suspended in the supernatant.

Conversely, the larger diameter nanotubes can be found in the precipitate.
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From Raman spectra acquired with 632.8 and 514.5 nm laser excitation, it appears
that smaller diameter SWNTs are selectively dispersed by CHI. The functionalization
process does not appear to be chirality selective. This process thus allows the separation
of SWNTs according to their diameter. In the supernatant layer, the diameter of the tubes
appears to be less than 1 nm. The Raman spectra of the precipitate (1.96 and 2.41 eV
laser source) show a broad diameter distribution from 0.8 to 1.3 nm. Table 5 shows a
summary of the diameter selectivity discussed above. The results reveal that the
supernatant of the SWNT/CHI system contained diameters of nanotubes that are smaller
than 1 nm. The precipitate contains a broader range of diameters in which the majority is
larger than 1 nm. Coincident to this is that the semiconductor nanotubes appeared in 2/3
ratio and metallic tubes are in 1/3 ratio of the bands in two laser source excitation energy.

Figure 4-7 provides an AFM image of SWNTs dispersed in CHI aqueous solution
(after 2 h centrifugation) coated onto a mica substrate. The AFM image clearly reveals
separated and individual SWNTs wrapped with CHI that have been adsorbed onto the
mica substrate. These samples have been found to be extremely stable and do not
spontaneously rebundled. From the AFM images, the height of the tubes is visualized as
approximately 1.22 ~ 1.48 nm. This dimension is rationalized as resulting from HiPco
SWNTs surrounded by Chitosan. Additionally, in AFM images one finds many free
Chitosan nanoparticles on the mica surface, consistent with Chitosan selectively
wrapping nanotubes of a limited diameter range or not at all, freeing up unused Chitosan

to form the nanoparticles.

4.3.4 Conclusions
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In conclusion, a simple and efficient process for the water dispersion and diameter-
selective separation of SWNTs without centrifugation was constructed. "Smaller-
diameter" SWNTs are preferentially dispersed and wrapped by CHI in the aqueous
supernatant followed by centrifugation, while "larger-diameter" SWNTs exist in the
precipitation just one day after formation of dispersion before centrifugation. The driving
force is likely the increase in surface reactivity with decreasing diameter of SWNTs and
an appropriate match between charge on the polyelectrolyte and reactive sites on the
surface. In addition of the surface reaction, for CHI to wrap around larger diameter tubes
firmly, it will require CHI to coil more tightly, and with more revolutions, around the
nanotubes. This results in the larger diameter SWNTs to be much heavier and eventually
cause the SWNT/CHI composite to sink down onto the bottom of solution. From Raman
measurements, the tube diameter from the supernatant is about 0.9 + 0.1 nm, which
greatly limits the chirality of the SWNTs as well. Since CHI is a water-soluble and
biocompatible polymer which exists in many commercial products on the market,
integrating SWNTs with CHI into nanocomposites may increase its advantages in

biosensor device developments.
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4.4 Dispersion in Surfactants

In this section, the debundling and aqueous dispersion of SWNTSs using an
anionic, biomimetic surfactant, dioctyl sodium sulfosuccinate (Aerosol-OT, or AOT)
is discussed [46]. The effectiveness of different concentration of AOT aqueous
solutions for forming stable dispersions of SWNT samples has been assessed using
the critical micellar concentration (CMC) as a reference. The effects of
centrifugation duration and concentration of AOT surfactant on the debundling and
dispersion of a HiPco sample into individual SWNTSs in aqueous solution have also
been investigated. UV-Vis-NIR and Raman spectroscopy and AFM microscopy have
been employed to characterize solubilized SWNTs. Additionally, the SWNT-AOT
dispersions have been utilized to align SWNTs in FET geometries by AC
dielectrophoresis. Centrifugation of the aforementioned dispersion results in
enhanced concentrations of individual SWNTs, as judged from the decreased
absorption intensities, attributed to the removal of small bundled tubes in the
supernatant, and sharpening of interband transition peaks measured by absorption
spectroscopy. Typical SWNT-AOT suspensions have been found to be stable for

more than a year.

4.4.1 Introduction

Despite the benefits of purifying SWNTs, the harsh acid treatment does lead to
some undesirable defects in the tubes. This makes it unsuitable for many applications,

especially in the biomedical field. The dispersion of SWNTs in aqueous solutions of
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surfactants may yield dissolved tubes with intact electronic properties. Therefore, the
dispersion of SWNTs in surfactant aqueous solutions without any acid treatment will be a
welcome addition in the biological research field.

A well-known anionic surfactant (shown in Figure 4-1c), AOT — widely used as
the stabilizer in reverse micelle (water-in-oil) microemulsion systems [47], is used to
solubilize and non-covalently wrap SWNTs in aqueous solution. It is well known that
AOT can serve to encapsulate different nanotubes materials [48] and can also act as a
capping agent to control the sizes of nanoparticles [49]. The structure of AOT is depicted
in Figure 4-1c, and has a hydrophilic head and a short hydrophobic double tail [50]. The
latter structural feature was a factor in choosing AOT for investigation, since we
anticipated that the short tail might efficiently allow the intercalation of AOT between
bundled SWNTs, possibly aided by ultrasonication, thereby facilitating the debundling of
the nanotubes.

In this section, we report a detailed study of the dispersion of SWNTs in AOT
aqueous solutions. We also compare SWNT-AOT dispersions with nanotube solutions
prepared using other anionic and cationic surfactants. Sodium dodecylbenzenesulfonic
acid (SDBS) has been used frequently to individualize bundled SWNTs [51, 52];
however, no detailed studies of the dispersion of SWNTs using AOT have been reported.
The CMC is a main factor for surfactants to form micelles. Below the CMC, surfactants
are unable to assemble together due to the surface tension around the medium (such as
water). Different concentrations of AOT, therefore, produce different kinds of SWNT
dispersions. The choice of Aerosol OT is due to the fact that AOT possesses a

hydrophilic head and hydrophobic tail group with microemulsion properties, which might
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be useful for future biological applications. Ultrasonication is commonly used to prepare
good SWNT dispersions [53]. Bundled SWNTs are dispersed in AOT aqueous solutions
with sonication to separate the bundled tubes and cut the tubes into isolated individual
short strands. Sonic vibrations are used to assist the AOT spacing agent to intercalate
between aggregated tubes. We have attempted to determine the optimum concentrations
and sonication times for the formation of good dispersions of individual SWNTs. The
cartoon in Figure 4-1c depicts the individualization of bundled SWNTs. Dispersion
followed by sonication is used to obtain well-dispersed SWNTs. High speed
centrifugation is used to obtain solutions of individual SWNTs, and to separate the
individual SWNTs from bundled SWNTs and catalysts particles [54] after direct
dispersion of SWNTs into solution medium. We also demonstrate the formation of

nanotube FETs using these individualized tubes.

4.4.2 Experimental

Materials: AP-HiPco SWNTs were purchased from Carbon Nanotechnologies, Inc.,
Houston, Texas (Lot#: P0257, Batch#: 7782-42-5). Anionic surfactant, 98% purity, of
sodium bis(2-ethylhexyl) sulfosuccinate (also referred to herein as dioctyl sodium
sulfosuccinate and/or AOT), was purchased from Fisher Scientific Co. Sodium
dodecylbenzenesulfonic acid (SDBS) and dodecyltrimethylammonium bromide
(C12TAB) were purchased from Aldrich Chemical Co. The sodium salt of dodecyl
sulfate (SDS) and n-hexadecyltrimethylammonium bromide (C;sTAB) were purchased

from Alfa Aesar.
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Methods: Various aqueous solutions with AOT concentrations of 22.5 (1.0 wt%),
11.25 (0.5 wt%), 4.5 (0.2 wt%), 2.25 (0.1 wt%), and 1.125 mM (0.05 wt%) were
prepared in 20 mL vials. Measured quantities of as-purchased SWNTs (without further
purification) were added to the AOT solutions to achieve a final SWNT concentration of
I mg/mL. Homogeneous SWNT-AOT aqueous solutions were formed after 2 h
sonication in an ice bath (Fisher Corp. FS15). To determine the solubility, different
sonication times of 4, 8, 12, 16, and 24 h were used. Centrifugation at 29,000 g (ca.
17000 rpm), for durations of close to 2 hours, and for different AOT concentrations,
resulted in the sedimentation of amorphous carbon and large bundled SWNTs at the
bottom of the centrifuged microtubes. The upper 80% of the supernatant was siphoned-
off for spectral characterization.

In order to assess the character of the supernatant, centrifugation durations of 1, 2, 3,
and 6 hours for the 0.5 wt% AOT samples were utilized. Centrifugation was performed
after allowing the sonicated SWNT-AOT samples to equilibrate at room temperature for
1 day. For comparative purposes, four other surfactants, anionic (SDBS and SDS) and
cationic (C,TAB and C;sTAB), have also been used to disperse SWNTs, with the as-
prepared HiPco sample added to give solutions with a concentration of 1 mg/mL SWNTs
and a surfactant concentration of 0.5 wt%.

Optical Spectroscopy: A Varian Cary 500 UV-Vis-NIR spectrometer with 240
nm/min scan speed was used to measure the electronic absorption spectra of the SWNT
samples. Quartz cuvettes (10 mm path length) were used to hold the aqueous sample.

For the Raman measurements, a Jobin Yvon Horiba, HR800 Raman spectrophotometer,
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with the He/Ne laser excitation energy of 632.8 nm (1.96 eV) was used. The samples
were placed in 10 mm quartz cuvettes.

Microscopy: For AFM measurements, a Vecco Digital Instrument Nanoscope II1A
spectrometer was used in tapping mode. The substrate for the measurements, a silicon
wafer fragment (P<100>, P/Boron type) was cleaned by using a Piranha solution (4:1 v/v
of 96% H,SO,4 and 30% H,0,). A drop of the sample was placed on the cleaned silicon-
wafer and air dried before observation.

To obtain TEM images, we utilized a TECNAI G2 F20 instrument manufactured by
FEI Inc. For our measurements, a 300-mesh holey carbon grid film was used and the
samples were prepared by dispensing 10 pL of the solution onto the grid; the excess
solution was blotted by uranyl acetate.

AC Dielectrophoretic Alignment of SWNTSs: Microlectrode structures with a 3 pm
gap were fabricated on Si/SiO; (500 nm) substrates by electron-beam lithography,
followed by the electron-beam evaporation of 5 nm Cr and then 50 nm Au. A 5 MHz 8 V
peak-to-peak voltage was applied across the electrodes and an 8 pL drop of the AOT
dispersion was placed in the gap. The drop was held in the gap for varying periods of
time ranging from 1—5 min and was then washed with ~800 pL deionized water.
Scanning electron microscopy (SEM) images of the aligned tubes were obtained on a
Hitachi S4700 instrument at an accelerating voltage of 0.8 kV. The device characteristics
of the obtained nanotube field-effect transistors were studied using a HP4145

semiconductor parameter analyzer using the silicon substrate as a back gate.

4.4.3 Results and Discussion
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A large number of potential applications of SWNTs require that nanotubes be
functionalized (covalently or non-covalently) and suspended in a stable solution as
individual or very small bundled tubes. UV-Vis-NIR electronic absorption spectra can
aid in the identification of specific individual SWNT types [55], through the existence of
absorptions associated with interband transitions between van Hove singularities in the
DOS of individual SWNTs, the relative changes of intensity for specific interband
transitions can help to identify the selective solubilization of a particular SWNT species.
Smalley et al., for example, reported interband transitions for HiPco/SDS dispersions
containing metallic (M;;) and semiconducting (S,, and S;;) nanotubes, whose respective
absorptions occur in the ranges of 440 to 645 nm, 600 to 800 nm, and 830 to 1600 nm
[56].

To evaluate the solubilization and dispersion of SWNTs in AOT aqueous solution,
four surfactants were used for comparative purposes, similar to an earlier investigation
reported in the literature [57]. Figure 4-8 shows absorption spectra of 1 mg/mL SWNTs
dispersed in 0.5 wt% of five different surfactant solutions, with 2 h centrifugation at
29,000 g following the 2 h sonication treatment. From the figure it is clear that the
solubility of SWNTs dispersed in anionic surfactants (SDBS, SDS and AOT) is better
than that observed for the cationic surfactants (C;,TAB and C;TAB). This is clearly
evident since the optical absorption spectra for the anionic surfactants are narrower and
more well-defined then for the cationic surfactants. Moreover, the double-tailed AOT is
shown to solubilize the SWNT sample better than SDS [58]. Also, AOT displays similar
dispersing properties as SDBS (a commonly used surfactant for the non-covalent

dispersion of SWNTs). Hence, AOT appears to be a good non-covalent wrapping species
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for separation of bundled SWNTs into individual tubes, at least to an extent similar to
that found for SDBS.

The sonication time is one of the important parameters for controlling the solubility
of the SWNT dispersions [53]. The purpose of sonication is to use vibrations to shake
apart the aggregation bundled SWNTs in order for surfactants to squeeze into the
interstitial spaces between individual nanotubes. To determine the time required to
completely separate the bundled tubes into individual ones, while also maintaining the
length of the tubes, the sonication times are varied in the increments up to 1 day. Figure
4-9 exhibits the comparison of sonication time. Two HiPco SWNTs sources were used:
Pure HiPco SWNTs, which contained 13 wt% residual Fe, and Raw HiPco SWNTs,
which contained 20 wt% residual Fe (and cost $125/gram less than pure SWNTSs). After 8
h sonication, pure-SWNTs are debundled to give individual SWNTs whereas raw-
SWNTs require 16 h of sonication to isolate individual SWNTs. In other words, more
time is required to debundle raw-SWNTs into individual tubes. After 20 h sonication, the
curve for both pure-SWNTs and raw-SWNTs overlaps as displayed in Figure 4-9B.
Therefore, saturation time for raw-SWNTs is 20h.

Centrifugation is another major parameter for obtaining individual SWNTs. Figure
4-10 shows the absorption spectra of 1.0 mg/mL SWNTs suspended in 0.5 wt% AOT
solution at different centrifugation times [59]. In general, without centrifugation (but
samples are diluted to 0.1 mg/mL in order to avoid too strong an absorption) dispersed
as-synthesized SWNT samples exhibit absorption spectra with broadened peaks
(especially in the S;; region), indicating the presence of nanotubes of a range of

diameters as well as bundled nanotubes whose individual transitions frequencies are
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affected by intermolecular interactions. With an increase in centrifugation time, Figure
4-10 indicates that fewer bundled SWNTs exist in the supernatant, as is to be expected.
Moreover, after more than 2 h centrifugation, the absorption spectra of SWNTs are found
to be dominated by sharp peaks, attributable to interband transitions of isolated
nanotubes, indicating elimination, to a substantial degree, of bundled SWNTs [60]. It is
further to be noted that absorption spectroscopy does not reveal any peak shifting or
broadening after 2 h centrifugation; only changes in intensity associated with removal of
SWNTs from the supernatant with extended centrifugation are observed.

Raman spectroscopy studies for the AOT-SWNT samples provide a slightly more
in-depth assessment [43]. As regards to Raman spectra of 1.0 mg/mL SWNTs suspended
in 0.5 wt% AOT solutions with different centrifugation times, such measurements (see
Figure 4-11, parts A and B) can provide useful information on SWNT structure as well as
information concerning the compositional makeup of samples [61]. From the Raman
spectra in the region above 1200 cm™ (i.e., part A), hereinafter also referred to as the
high-frequency region, the G band (graphite tangential mode at ca. 1589 cm™) is
associated with the optical mode E,, of graphite, and is characteristic of sp® hybridized
carbon materials, as are the distinctive shoulder peaks near the 1541 cm™. The Raman G-
band mode uniquely indicates the presence of SWNTs and indicates the existence of a
hexagonal graphite lattice. The relative intensity of the disorder-induced peak at ca. 1320
cm” (the so-called D-band) provides an indication of the relative amount of disordered
carbon present. The relatively low intensity of the D-band indicates that the amount of
amorphous carbon within these samples is quite low. In part B of Figure 4, referred to

hereinafter as the low-frequency region, bands attributable to radial breathing mode
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(RBM) vibrations of SWNTs are clearly seen. Figure 4B reveals that in the RBM region,
a new band at 194 cm™ is found after ca. 1 h centrifugation at 29,000 g, and a second
band at 263 cm™ is formed after 2 h centrifugation. No band shifts occurred after 2 h or
more of centrifugation, but band narrowing is demonstrated. These results suggest that
AOT wrapped nanotubes, with 2 h or more of centrifugation, are separated into
individual or very small bundles in the supernatant. Raman scattering further reveals an
overall increase in intensity with increasing centrifugation duration. Since the
supernatant solution contains fewer tubes, there must be an increase in the concentration
of individual tubes, indicating that residual bundling is eliminated with extended
centrifugation.

As an additional study, we have examined the effect of AOT concentration on the
absorption spectra of dispersed SWNTs. It is to be noted that the critical micellar
concentration (CMC) for AOT in water at room temperature is ca. 0.12 wt% (2.50 mM),
and the CMC is an important parameter that gauges how the surface tension of a
surfactant can influences the formation of bilayer, cylindrical, and/or spherical micellar
structures within host solutions [62]. Concentrations of AOT that exceed the CMC are
expected to have some visible effects on the dispersion of the nanotubes [63]. Figure 4-12
is a comparison of the absorption spectra of SWNTs suspended at different AOT
concentrations after 2 h centrifugation at 29,000 g. For our system, we can deduce that
exceeding the CMC does have dramatic effects on the separation of individual HiPco
SWNTs as compared with concentrations below the CMC. However, for concentrations
of AOT above the CMC (0.2, 0.5, and 1.0 wt% of AOT), no new absorption bands

appear, but absorptions of the existing bands are enhanced [56].
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Figure 4-13 exhibits AFM and TEM images, respectively, of SWNT originally in
0.5 wt% AOT aqueous solution after 6 h centrifugation. The samples for AFM are placed
onto Si wafer, whereas samples for TEM are placed onto TEM grid. The AFM height
and phase images shown in Figure 4-13A reveal separated, individual SWNTs coated
with AOT that have been adsorbed onto a Si wafer. These samples have been found to be
extremely stable and do not spontaneously rebundle. From the AFM images, the height
of the tubes is visualized as approximately 2 nm. This dimension can be rationalized as
resulting from HiPco SWNTs surrounded by one layer of surfactant. Additionally, the
tubes show evidence of long length, and the tubes do not seen to be shortened even after
sonication for more than 8 h. This might be due to the double tail of AOT which may
shield SWNTs during the sonication period. For longer sonication times, the affinity of
AOT toward SWNTs will push AOT to more tightly bind the SWNTs. This phenomenon
leads to the very long tubes observed in the AFM phase images. Isolated AOT-coated
SWNTs are revealed in the TEM image shown in Figure 4-13B, further confirming the
debundling of HiPco SWNTs by AOT.

As a demonstration of the potential device applications of these individualized
tubes, we have fabricated field-effect transistors by aligning these AOT-solubilized
tubes in device geometries by AC dielectrophoresis [45, 64]. The dielectrophoretic
force experienced by a nanotube in solution is proportional to the difference between
the complex dielectric constants of the nanotube and the medium (water in this case).
Metallic nanotubes have a much higher dielectric constant than water (¢ = 79) due to
the presence of mobile carriers (effectively infinite). Semiconducting SWNTs have a

bandgap dependent dielectric constant (~2—5), which is less than that of water;
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however, due to the large surface conductance induced by the electric double layer at
the surfactant interface, both metallic and semiconducting species are pulled into the
gap [65]. Indeed, zeta potential measurements (-65.6 mV), indicate that the AOT-
SWNT micelles carry a significant negative charge, which is not surprising given the
anionic nature of the surfactant.

Figure 4-14 shows the alignment of AOT-solubilized SWNTs within device
geometries upon the application of a 5 MHz AC voltage. The number of nanotubes in the
gap can be controlled by the duration of the dielectrophoresis process. Single nanotube
transistors and network devices containing dense arrays of aligned nanotubes can be
obtained by varying the time the voltage is on from 1 to 5 min. The dielectrophoretically
aligned nanotubes initially have high contact resistances (ranging up to 10 MQ) due to
the presence of the surfactant at the contacts. However, upon annealing under nitrogen at
300 °C, the contacts are significantly improved and ambipolar devices are obtained as
shown in Figure 4-14e. A more detailed investigation of the device characteristics of
surfactant wrapped tubes, including the role of the surfactant as a dielectric, is currently

underway.

4.4.4 Conclusion

In summary, we have ascertained from UV-Vis-NIR and Raman measurements
that even without centrifugation, dispersions of SWNTs samples in AOT solutions
consist predominantly of individual nanotubes, although some quantity of small bundled
material is deduced to exist in solution. Centrifugation of the aforementioned dispersion

results in enhanced individual nanotube concentration, as judged from decreased
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absorption intensities, attributed to the removal of small bundled tubes in the supernatant,
and sharpening of interband transitions peaks measured by absorption spectroscopy.
Moreover, following centrifugation, the Raman bands show intensity enhancements in
accord with UV-Vis-NIR findings.

We have also demonstrated the precise placement of these nanotubes in device
geometries. The number of tubes in the devices can be controlled by the duration of the
dielectrophoresis process. Ambipolar transport has been demonstrated for a nanotube
network device.

The data obtained in this paper [66] suggest the simplicity and efficiency of using
AOT as a spacing agent for dispersion of SWNTs in aqueous solution. Moreover, the
structure of AOT with two short hydrocarbons tails (ca. 1 nm for each) — with their
hydrophobic character — that are close in length to that of phospholipids (head-to-tail
about 2 nm) that exist in cell membranes, should facilitate intercalation of SWNTs in

biological systems for biomedical applications, such as drug delivery systems.
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Figure 4-1  Solubilization of SWNTSs can be performed by three basic
methods. (a) Purification by acid treatment. (b) Polymer wrapped SWNTs.
(c) Bundled SWNTs dispersed in anionic surfactant AOT aqueous solution,

where AOT depicted as having a ‘tadpole’ structure.
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Figure 4-2  Comparison of refluxing treatment and ultrasonication in
acid. In Part A, (1) the samples are refluxed for 18 h in 1 cycle, (2)
refluxed 6 h over three periods, and (3) sonicated for 1 h. In Part B, (a) the
SWNTs are refluxed for 18 h, (b) acid refluxed SWNTSs are dispersed in
AOT aqueous solution, (c) SWNTs sonicated for 1 h, and (d) disperse acid
sonication tubes in AOT aqueous solution.
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Figure 4-3  Raman spectra showing (A) the full region and (B) the low-
frequency region for a dispersion of acid sonicated SWNTs. Three curves
were compared: dispersion of dried purified SWNTs in water (a), two-
stage dispersion into NaOH and H,O (b), and dispersion in AOT aqueous

solution (c).
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Figure 4-4  UV-Vis absorption spectra. Supernatants of 0.1 mg/mL
SWNTs dispersed in (A) SDBS and (B) Chitosan after 2 h centrifugation
at 29,000 g. (C) SWNT/CHI suspensions without centrifugation.
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Figure 4-5  Raman spectra acquired using an excitation energy of 632.8
nm (1.96 eV). Part A shows the G and D bands, and Part B shows RBM
low-frequency region of (a) as-received raw HiPco SWNTs, (b)
supernatant of 0.1 mg/mL SWNT/CHI dispersion without centrifugation,
and (c) precipitate of 0.1 mg/mL SWNT/CHI dispersion after standing

overnight.
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Figure 4-6  Raman spectra acquired using an excitation laser of 514.5
nm (2.41 eV). Part A shows the G and D bands, and Part B shows RBM
low-frequency region of (a) as-received raw HiPco SWNT, (b) supernatant
of 0.1 mg/mL SWNT/CHI dispersion without centrifugation, and (c)
precipitate of 0.1 mg/mL SWNT/CHI dispersion after standing overnight.



Table 5

List of RBM bands observed using 632.8 (1.96 eV) and 514.5

(2.41 eV) nm laser excitation energies. Semiconducting nanotubes are denoted
as S, and metallic nanotubes are denoted as M. The assignment of the indices
is based on the predictions in calculation shown in Chapter 2.

Exp v d Type Eex
(cm™) (nm)  (n,m) prediction  of tube Samples (eV)
183 1.31 (10,9) S precipitate 241
185 1.30 (14,4) S HiPco 2.41
191 1.25  (11,7) or(14,3) S HiPco 1.96
195 1.22 (13,4) M precipitate 1.96
203 1.17 (9,8) or (13,3) S precipitate 2.41
206 1.16 (14,1) S HiPco 241
217 1.09 (12,3) M HiPco 1.96
217 1.09 (12,3) M precipitate 1.96
242 0.97 (9,5) S precipitate 2.41
244 0.97 (7,7) M precipitate 1.96
249 0.95 (12,0) M HiPco 241
252 0.93 (10,3) S Supernatant 2.41
255 0.92 (9,4) or (11,1) S HiPco 1.96
256 0.92 (9.4)or (11,1) M Supernatant 1.96
257 0.91 (11,1) S precipitate 2.41
257 0.91 (9,4) or (11,1) S precipitate 1.96
265 0.89 (10,2) S HiPco 241
278 0.84 (8.4 S Supernatant 2.41
281 0.83 (10,1) M HiPco 1.96
283 0.83 (7,5) S Supernatant 1.96
286 0.82 (6,6) M precipitate 1.96
294 0.79 (10,0) S HiPco 1.96
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Figure 4-7  Tapping-mode AFM image of 0.1 mg/mL SWNTs
dispersed in 0.5 wt% chitosan (CHI) aqueous solution after 2 h
centrifugation on a mica substrate. (A) The height of the CHI-wrapped-
SWNT is ca. 1.22-1.48 nm. (B) The phase image shows the well-dispersed
SWNT/CHI on a mica substrate.
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Figure 4-8  Comparison of the solubility of various surfactants.
Absorption spectra of 1.0 mg/mL SWNTs dispersed in 0.5 wt% of
different surfactants. The anionic surfactants used are AOT, SDBS, and
SDS, whereas the cationic surfactants used are C12TAB and C16TAB.
The anionic surfactants display better solubility for SWNTSs than cationic
surfactants from the optical absorption spectra. The asterisk marks the
point where the lamp is changed.
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Figure 4-9  Effect of sonication time. Two different HiPco SWNT
samples were used. Individual SWNTs are seen after 8h sonication for
purified tubes (A), but 16 h sonication is required to individualize raw
SWNTs (B). Raw-SWNTs do not show any significant improvement in
dispersion upon sonication for 20 h. The asterisk marks the point where
the lamp is changed at 860 nm.
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Figure 4-10 Comparison of the centrifugation times. Absorption spectra
of (a) 0.1 mg/mL of SWNTS without centrifugation and 1 mg/mL of
SWNTs with centrifugation for durations of (b) 1 h, (¢) 2 h, (d) 3 h, and (e)
6 h. In all cases, a 0.5 wt% AOT aqueous solution was used. The
intensity of absorption spectrum in (a), which corresponds to the smallest
amount of SWNTs in solution (as a result of the initial concentration) and
for 0 hours centrifugation (i.e., no centrifugation), has been increased for
presentation purposes.
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Figure 4-11 Evaluation of the centrifugation time. Raman spectra of
dispersions of SWNTs centrifuged for (a) 0, (b) 1, (¢) 2, (d) 3, and (¢) 6 h
at 29 000 g with excitation frequency of 632.8 nm. (A) High-frequency
region showing no spectral change for various centrifugation durations.
(B) Low-frequency region revealing growth of two vibration bands (ca.
253 and 263 cm™) with increase in centrifugation duration.
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Figure 4-12 Evaluation of critical micelle concentration. Absorption
spectra of suspension of HiPco SWNTs in AOT solution as a function of
the AOT concentration (a) 0.05, (b) 0.10, (c) 0.20, (d) 0.50, and (e) 1.00
wt%; note the critical micelle concentration (CMC) of AOT is 0.12 wt%
in aqueous solutions. The asterisk indicates lamp change upon switching
from the visible to the near-IR region.
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Figure 4-13 (A) Tapping-mode AFM phase image of 1 mg/mL SWNTs
dispersed in 0.5 wt% AOT aqueous solution after 6 h centrifugation. (B)
TEM image obtained for isolated SWNTs wrapped by AOT surfactant

molecules.
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Figure 4-14 (a),(b),(d) SEM images of SWNTs aligned across a 3 pm
gap by AC dielectrophoresis. The deposition times are (a) 1 min, (b) 4 min,
(d) 5 min. The electrodes are 10 um wide. (c) SEM image of SWNTs
aligned across a 3 um gap with a pointed geometry. (e) Plot of the drain—
source current versus the gate voltage for the device shown in (d). The
device shows ambipolar characteristics. The Si substrate is used as a back
gate. Vpg is kept fixed at 3 V. The sample has been annealed at 300 °C
under nitrogen. (f) Plot of the drain—source current versus Vpg at three

different gate voltages. Red (dotted line): -50 V, Blue (dashed line): 50 V,
Green (solid line): 0 V.
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5

Synthesis and Characterization of

Nanoparticles

For single-walled carbon nanotubes (SWNTs) to have widespread
practical applications, they need to be incorporated into nanocomposites
with other materials. One major thrust of our research has been the
interaction and/or intercalation of SWNTs with nanoparticles. In this
chapter, the conceptual properties of nanoparticles are introduced, and
the methods of synthesizing different nanoparticles are discussed. Our
overall goal is to develop methods for the manipulation of nanoparticles

to facilitate them in carbon nanotube nanocomposites.
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Nanoparticles (NPs) have been synthesized for semiconducting,
metallic, and magnetic materials. A wide variety of synthesis procedures
have been used to produce these particles. Different synthesis methods are
likely to be useful for applications in industry. In my project, the primary
synthesis method involves the use of reverse micelle microemulsion
systems to synthesize metallic (e.g. Au, Fe) or semiconducting NPs (e.g.
ZnS, CdS). In the reverse micelle system, control of the particle sizes
depends on the molar ratio (®,) of water to the surfactant, [W]/[S], in
water-in-oil (w/0) microemulsions. Micellization (micelle formation)
provides an attractive route for the synthesis of NPs; the micellization
approach can be modified to get NPs with a desired size. NPs
encapsulated in reverse micelles are also able to interact with polymers
and biological species. Core-shell structures are often used where the NPs
are coated with an external inorganic or organic layer. The core-shell
system is used in my project as a post-synthesis method for surface
modification of the NPs. The sol-gel system is common by used to for

synthesize metallic magnetic iron NPs (Fe,Os).

5.1 Introduction

Over the last decades, much more attention has been focused on the design and
synthesis of materials with at least one dimension less than 100 nm. The novel materials
are expected to find use in aeronautics, biology, chemistry, electronics, medicine, physics,

etc. There are two approaches for synthesizing new materials. One approach is the “top-
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down” route. The top-down approach involves the pattering (using lithography) of bulk
materials into nanometer-sized structures, as commonly performed in the semiconductor
industry to build integrated circuits. This top-down mechanism has greatly benefited from
the invention of the scanning tunneling microscope (STM) at the IBM Zurich laboratory
in Switzerland, 1981. The STM is capable of higher resolution than the atomic force
microscope (AFM). In STM, weak electric currents are detects, allowing for the
visualization of high electron density occurs. Hence, STM can be used to observe the
position of individual atoms and molecules on the surface of a lattice, and position the
individual atoms to create a certain pattern for the electrodevices. Another approach is the
“bottom-up” route. The bottom-up approach involves the fabrication of materials atom by
atom and then layer by layer in self-assembly methods. In my project, the bottom-up
route is used to synthesize NPs of desired diameter sizes.

NPs of different materials tend to exhibit interesting electronic, optical, and
magnetic properties. Hence there has been a lot of attention devoted NPs over the past
few decades. Many academic and industrial groups have attempted to incorporate
different types of NPs with different sizes in commercial products. Especially, in the past
decade, the improvements in the preparation techniques and characterization of NPs have
facilitated their incorporation in applications such as photodectectors [1], optical devices
[2], and drug delivery [3]. NPs can be classified according to the materials which as
metals, insulators, and semiconductors [4] based on the electronic properties of solids,
illustrated in Figure 5-1A. The NPs display conducting metal property when the lowest
conduction band is incompletely filled with electrons or the empty conduction band is

overlapped with electrons from the filled valence band such as alkaline earth metals.
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When the highest valence band is completely filled, and electrons become immobilized
and are not able to be excited to the conduction band with a larger band gap, the NPs
become an insulator without conductivity (e.g. diamond). Semiconductors have a
character that will allow electrons to jump to the conduction band from the packed
valence band when thermal energy is applied [5], and a hole is produced. The character
of electron-hole relationship in semiconductor can produce a doping process. The
purpose of doping impure materials into intrinsically pure semiconductors is to change its
electronic property. It is one of the most important techniques for searching new
semiconductor materials. Figure 5-1A shows two types of doping intrinsic semiconductor
to n-type or p-type doped semiconductors. Group IV elements (e.g. Silicon) doped with
group III elements (e.g. B) will produce p-type semiconductors. Since group III dopant
can be treated as positive holes contributor that will excite electrons from pure
semiconductor to jump into these mobile holes, hence leaving the hole behind in the
valence band of group I'V. On the contrary, n-type doping of semiconductors is doping Si
with group V elements that contribute extra electrons to elevate the Fermi energy level of
Si.

Semiconducting NPs, e.g. ZnS and CdS, have been attached to SWNTs to form
novel nanocomposite. The metallic magnetic NPs, containing Fe or Mn, have been
extensively investigated. Additionally, metallic Au NPs have been synthesized with
distinct plasmon feature in the optical spectra. The different types of NPs are being

introduced in the subsequent sections.

5.1.1 Semiconducting Nanoparticles
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Semiconducting NPs, compounds of II-IV elements in periodic table, are
luminescent nanoparticles with semiconductor properties that can also be called quantum
dots (QDs) or Q particles [6]. It is not clear when or who should be credited with the
discovery of QDs. The first discoveries of QDs can be traced to the studies of
semiconductors at Bell Laboratories starting in 1947. One of the earliest published
articles on semiconducting NPs was by Bergstresser and Cohen [7] in 1967, in which
they described the electronic structure and optical properties of nanoparticles of Group II-
VI compound.

In Figure 5-1A, the small band gap between the highest fully occupied valence
band and the lowest empty conduction band in QDs is shown . When crystalline QDs are
excited by photons or thermal energy, the electron jumps from the highest occupied
valence band (HOMO) to the lowest unoccupied conduction band (LUMO) producing a
vacancy or an imaginary positive charge (hole), as illustrated in Figure 5-1B. This
phenomenon results in the formation of an electron-hole (e-h) pair. Such an e-h pair is
called an “exciton”. The definition of band gap energy in a QD is the energy that is
enough to generate an exciton, but at the same time the gap is large enough that the
Coulomb force is negligible. An optical property of QD is called quantum size effect [8]
or quantum confinement effect, in which Group II-VI QDs exhibit different colors when
the particle size is changed, as illustrated in Figure 5-1C. The change of band gap energy
(Eg) is related to the inverse of the square of its radius (R?) for a spherical quantum dot.
The lowest interband transition energy of a spherical semiconducting NP has been

calculated and reported by Brus [9], as shown in equation 1.
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represents the localization of quantum energy, and implies that when the energy of the
band gap increases, the size of the QDs will decrease. Large QDs often contain several
excitons under optical excitation, and these e-h pairs will dissociate around room
temperature. The quantum size effects have been examined in detail for CdSe quantum
dots [10]. In a very small QD, generally only one exciton will be produced, and this e-h
pair is subjected to spatial restrictions which will prevent its dissociation. In other words,
the one and only one exciton is confined by the small size and shape of the QDs. The
negative electron and positive hole are attracted to each other by Coulomb forces. This
quantum confinement will cause the kinetic enhancement of the luminescence quantum
yield as mentioned by Brus [10]. The high photoluminescence quantum yields are

another important reason for the increasing interest in QDs. The quantum yield is a
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measure of the extent to which absorbed photons are emitted as electromagnetic radiation.
The luminescence quantum yield can be presented as the ratio of the emitted number of
fluorescent photons to the absorbed number of incident photons, QY =
photonse,/photon,ps.

The goal of our research has been to search for a stable procedure to synthesize
CdS nanoparticles, and we have been particularly interested in controlling the size and
shape of the CdS QDs. A method for the confinement of CdS NPs in mesoporous
materials has been reported by our group [11]. Using materials with hexagonally
arranged pores, MCM-41 and SBA-15, it is possible to directly impregnate the QDs
inside the surface-modified mesoporous material. The sizes of CdS particles formed
within the pores show that the different sizes are dependent on the molding structural
magnitude of the pore size of the mesoporous materials. For MCM-41 and SBA-15, the
size of the CdS NPs deduced by X-ray diffraction (XRD) using the Scherrer formula is
found to be about 2.1 and 3.4 nm, respectively. Although uniform structures are obtained
by this method, it is impractical to remove the calcined framework of mesoporous
materials to obtain CdS NPs for further applications. To utilize NPs for device
applications, thin films can be used to anchor NPs and immobilize them on substrates. A
simple thin-film method had been developed using the Langmuir-Blodgett technique [12].
CdS can also be immobilized by using thermal evaporation in sodium bis(2-ethylhexyl)
sulfosuccinate (Aerosol OT) thin films with H,S gas as the sulfide source [13]. However,
it is difficult to use thin films to interact with other compounds in solution for the
synthesis of future composites. In our group, Xu and Akins have reported the use of

reverse micelle microemulsions to encapsulate CdS with thioacetamide (CH3;CSNH;) as
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the sulfide source [14]. The as-synthesized CdS nanocrystals have been investigated by
transmission electron microscopy (TEM), which shows the spherical uniformity of CdS
quantum dots. However, the reverse micelle microemulsion system is a better method to
prepare CdS particles because there is no need to remove supporting mesoporous
materials. The preparation of CdS NPs on thin films is a simple method, but is lacking in
flexibility for applications that do not require thin-film techniques. Therefore, we have
chosen to use the microemulsion system in our research.

The reverse micelle microemulsion system is stable and easy to manipulate in the
ambient environment [15]. To form well-dispersed quantum dot nanocrystals, anionic and
cationic compounds can be separately used to react with reverse micelles to form separate
microemulsion stock solutions. The two stock solutions can then be mixed with each
other to form NPs. The method can be employed in synthesizing different types of
nanoparticles, including metallic NPs. The mechanism by which NPs are synthesized in

this process will be detailed in Section 5.2.

5.1.2 Metallic Nanoparticles

Metallic materials have many potential applications when their size is decreased
to the nanometer region. Metallic NPs (Au, Ag, Cu, Fe, etc.) have generated great interest
in the field of colloidal science due to their optical properties and their possible use in
biomedical device applications. Furthermore, metallic NPs can be used to overcome the
disadvantages of fluorescence-based dyes traditionally used in clinical diagnostic
immunoassays. The color of fluorescence-based dyes fades away rather quickly, but

luminescent colors generated from NPs last much longer. Gold NPs have been used in
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many biosensor detection devices such as oral cancer diagnostics [16]. Au NPs can also
be coated by silver NPs (Au@Ag) to improve the fluorescence properties for applications
in medical diagnostics [17], since metal NPs have a better light scattering ability than
traditional fluorophores and also do not suffer from photo-bleaching problems [16].

Recently, magnetic metallic NPs have attracted much interest for biomedical
applications because of the unique magnetic and optical properties associated with them
[18]. Materials can be classified according to their magnetic properties as diamagnetic
(no unpaired electron, very weak magnetic properties), paramagnetic (one or more
unpaired electrons, TN« 21 7). ferrimagnetic (sublattice moments are not equal, T¢T¢),
antiferromagnetic (sublattice moments are equal but opposite, TV T), and ferromagnetic
(strongest magnetic moment aligned in the same direction, TT17). Their unique magnetic
properties pave the way for applications not possible with other metallic NPs. Many
different approaches for preparing [19] and functionalizing [20] magnetic NPs have been
developed for drug delivery and medical diagnostics applications [21]. In addition, gold
NPs can interact with elemental Fe to form iron/gold core-shell nanocomposites
(Fe,O3@Au or Fe;O4@Au) in which can be used for magnetic resonance imaging (MRI)
applications [22, 23].

Metallic NPs have long been of interest to the biomedical community. There is a
long history of using colloidal gold in medicine, and German bacteriologist Robert Koch,
the recipient of the 1890 Nobel Prize, discovered that compounds mixed with gold can
slow down bacterial growth. Much more research is needed to elucidate the properties
and potential application enhancements of present diagnostic sensors, for inventing new

protocols to detect early stage cancers, and for developing efficient drugs to accurately



140

deliver to target cells. Here, we discuss the synthesis of magnetic iron oxide NPs. The

method of synthesizing iron oxide will be described in the following section.
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5.2 Growth Mechanisms of Nanoparticles

Semiconductor nanocrystals with different sizes emit in different regions of the
electromagnetic spectrum. The optical absorption spectra exhibit a red-shift with
increasing nanoparticle size [24]. It is not difficult to synthesize NPs; nevertheless, it is
daunting to find a stable synthesis method to obtain NPs that can be appropriately
functionalized with other biological or chemical species for practical applications.

One way to synthesize NPs is through a colloidal system. A colloidal system
consists of two main ingredients: (1) solid particles, and (2) dispersing media consisting
of liquid solutions. Colloidal systems are essential to life; they exist in paints, ketchups,
salad dressings, and many other products that are used in daily life. An important feature
of a colloidal system is the surface charge on the particles. Particles with the same-charge
repel each other, thus overcoming the tendency to aggregate and enabling the colloids to
remain dispersed in the liquid. The smaller the size of each individual particle, the greater
the total surface area and charge of the particle will be. The synthesis of colloidal
particles incorporating therapeutic reagents is critical for various medical applications
[25]. We have primarily used the colloidal reverse micelle microemulsion system to
synthesize NPs. The protocol to stabilize the particle sizes has been developed. In
addition, core-shell interactions have been used to modify the surfaces of NPs. The sol-
gel method has also been explored to form nanocomposites with single-walled carbon

nanotubes.

5.2.1 Reverse Micelle System
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Micellization is the formation of colloidal clusters in a solution comprising of a
surfactant (surface-active agent) dispersed in a liquid solvent. Many surfactants are
amphipathic, that is, they possess a polar amphiphilic (or hydrophilic) head and nonpolar
amphiphobic (or hydrophobic) tail(s). Surfactants can carry different charges on their
head group, and depending on the charge they carry, they are classified as anionic
surfactants (with a negative charge), cationic surfactants (with a positive charge),
nonionic surfactants (without any charge), or zwitterionic surfactants (with both negative
and positive charges). For surfactants to achieve thermodynamic equilibrium in solution,
the following sequence of events must occur: (1) dissolution of solid bulk surfactants in a
solvent, (2) aggregation of dissolved surfactants into a micellar phase, (3) adsorption of
dissolved surfactants at the surface of an interface, or (4) spreading of surfactants from
the solid phase directly onto a surface [26].

For surfactants to form micelles, the concentration of the surfactants must be
above the critical micelle concentration (CMC), as depicted in Figure 5-2A. The micelle
system depicted here is based on an oil-in-water (o/w) arrangement, as shown in Figure
5-2B. When the surfactant concentration is below the CMC, the amphiphobic tail moves
away from the polar phase of the solvent, this generates surface tension forces without
forming a micelle. It is important to determine the CMC for different species of
surfactants since the formation of discrete micelle with controlled size is critical for the
synthesis of NPs with controlled size and shape.

The reverse micelle system is an artificial construct that mimics biological
systems involved in cell division and certain enzyme mechanisms. In Figure 5-2B, the

schematic shows the structure of a bilayer cell membrane with a double tailed protein. In
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the reverse micelle, the micro-emulsion system is in the form of water-in-oil (w/o)
arrangement. The earliest report of micro-emulsions dates back to 1943 by Hoar and
Schulman [27]. They documented the formation of a homogeneous “micro emulsions”
solution by the combination of water, oil (long-chain hydrocarbons), surfactant
(cetyltrimethylammonium bromide, CTAB), and a co-surfactant (alcohol). CTAB is a
cationic surfactant exhibiting an amphiphilic nature with a long hydrocarbon chain.
Water-o0il-CTAB-alcohol microemulsion system is still widely used [28].

Anionic surfactants constitute the largest group of surfactants that are
commercially available; these are the most frequently used surfactants in the drug
delivery field. By varying the concentration, the shape of the sac-like structure formed
can be changed to rod-shaped [29], spherical [30], cylindrical, hexagonal, or lamellar [26]
structures as illustrated in Figure 5-2C.

The double tailed anionic surfactant, aecrosol OT or AOT, which is the main
capping agent used in our research to control the nanoparticle size, is shown in Figure
5-2D. The reason for selecting this specific anionic surfactant is its structure and the
micelles it forms mimic the membranes of living cells. This biocompatibility makes AOT
a promising candidate for future applications in the medical field. Furthermore, the size
of AOT (ca. 2 nm) is very small, and this structural aspect can be exploited to engineer
close range interactions with certain bacteria. The top panel of Figure 5-3 depicts the
protocol for obtaining desirable sizes of NPs using AOT reverse micelle microemulsion

systems to encapsulate and confine particle sizes.

5.2.2 Core-Shell System
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Core-shell structures are composed of a nanoparticle core that is uniformly and
continuously surrounded by an inorganic or organic shell. The core-shell system provides
additional flexibility in tuning the properties of NPs.

In our research, CdS is confined within the core of a core-shell structure. There
are many advantages to coating CdS with a different material. The luminescence
properties of CdS can be enhanced by coating it with ZnS [31]. The band gap (E,) of bulk
CdS and ZnS are calculated to be 2.5 and 3.6 eV, respectively [32]. The small band gap
material CdS can be coated with varying thicknesses of ZnS, which has a larger band gap;
the luminescence properties of the composite structure can be finely tuned by adjusting
the core and shell dimensions. There are also many research groups attempting to
synthesize magnetic particles with good photoluminescence properties for biosensor
development. By coating magnetic particles (core) with luminescent QDs (shell), it may
be possible to obtain magnetic/luminescent core/shell biosensors [33].

The core/shell structures also facilitate the interaction of particles with other
compounds. For biomedical applications, the surfaces of the NPs need to be appropriately
modified. In a recent report by Liu et al. [34], CdSe/CdS core/shell structure are
fabricated and functionalized with dendrons; carboxylic acid groups on the dendrons
replaced the amine ligands on the surface of the shell. Iron NPs coated with gold will
protect the Fe core from oxidization, and also prevent the aggregation of iron NPs [28].
Core/shell structures are manipulated in our research to enhance the solubility and ensure
their covalent bonding with single-walled carbon nanotubes, as discussed in the final

chapter.
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5.2.3 Sol-Gel System

The sol-gel process is a liquid phase synthesis method for producing inorganic
NPs. In the Cushing et al. [35] review, the first report of the sol-gel process date back to
1846 by Ebelmen; however, only in the 1930s was this process used for the synthesis of
commercial products. The sol-gel process consists of a series of steps [35, 36]. The first
step of the sol-gel process involves the formation of the sol by hydrolysis (M-OR + H,O
— M-OH + H-OR) and condensation. In water, the condensation reaction can be
expressed as M-OH + HO-M — M-O-M + H;0. In alcohol, the condensation reaction
can be expressed as M-OR + HO-M — M-O-M + R-OH. The hydroxide species (M-OH)
continue to yield oxide species (M-O-M) through condensation, and the oxide species
link together to form a three-dimensional network. The second step of the sol-gel process
is the formation of the gel when the three-dimensional network of the linked oxide (M-O-
M) materials obtained from the sol solution extends across to the edge of the container.
This kind of a gel can be called an alcogel (wet gel). To stabilize and strengthen the gel
network, it is necessary to age the alcogel. Hydrolysis and condensation are allowed to
proceed for several more cycles. The gel can be aged by covering the container at room
temperature for at least 7 days. Without aging, it is difficult to process the gel without
crush it. The third step of the sol-gel process is drying of the alcogel, which comprises the
solid oxide network and the liquid solvent. The dried alcogel is called a xerogel when it is
dried by evaporation or an aerogel when it is dried by extraction. The fourth step of the
sol-gel process is dehydration, which is accomplished by calcining the gel at high

temperature (T < 800 °C) to avoid rehydration of the gel. For ceramics or glass materials,
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an additional densification and decomposition step needs to be performed at a
temperature, T > 800 °C.

The sol-gel system provides an easy way for preparing NPs. In our group, the sol-
gel system is used for the formation of Fe,O; particles [37]. The details will be described

in the following section.
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5.3 Experiments

The experiments are described and classified according to the different growth

mechanisms.

5.3.1 Reverse Micelle encapsulated QDs — CdS

Preparation of CdS: CdS, NPs were prepared in w/o (water-in-oil) reverse
micelles using an n-heptane/AOT/water microemulsion system. Two identical reverse
micelle solutions were prepared separately from a solution of 0.2 M sodium bis(2-
ethylhexyl)sulfosuccinate (Aerosol OT or AOT; purchased from Fisher Scientific Co.) in
n-heptane. One part of the reverse micelle solution was mixed with a 0.3 M aqueous
solution of cadmium acetate, Cd(CH3COQO),*2H,0, to form a Cd/AOT microemulsion.
The other part of the reverse micelle solution was mixed with a 0.3 M aqueous solution
of sodium sulfide, Na,S*9H,, to form a S/AOT microemulsion. The Cd/AOT
microemulsion was added to the S/AOT micro-emulsion with vigorous stirring for 1h.
Final ratio of [Cd*')/[S*] was 1. The various reverse micelle molar ratios, W, =

[H,O]/[AOT], were set as 2, 3, 4, 5, and 10.

Preparation of Cd”" rich surface (CdSCd): The surface of CdS was enriched
with positive charges using a W, = 4 reverse micelle. The micro-emulsion system of
Cd/AOT was added to the micro-emulsion system of S/AOT maintaining a 1:1 molar
ratio of Cd*" and S* with s vigorous stirring for 1h. Transparent light yellow CdS
particles were obtained at the end of the process. Additional Cd/AOT microemulsions

were then added to the CdS solution, and stirred for 1h. This resulted in a Cd**-rich
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surface for the CdS NPs. The final molar ratio of [Cd*]/[S*] was 1.5, and denoted as

CdSCd.

Surface modification with Thiols (-SH): Four different CdS/thiol surface
modification agents were used to stabilize the CdSCd surface with different functional
groups. The stabilizing agents were sodium 3-mercapto-1-propanesulfonate (MPS,
HSCH,CH,CH,SO;Na), 2-aminoethanethiol hydrochloride (AET, HSCH,CH,NH,eHCI),
11-mercaptoundecanoic acid (MUA, HS(CH,);0COOH), and 3-
mercaptopropyltrimethoxysilane (MPTS, SH-(CH;)3-Si-(OCHj3)3). 100 puL of a 0.3 M
solution of each stabilizing agent was added separately to 12 mL aliquots of the
CdSCd/AOT solutions and stirred overnight to form CdSCd-SH samples. The solutions
were dried under vacuum at 50°C to remove excess solvent. Methanol was added to
destroy the AOT reverse micelle structures. Precipitates were obtained after allowing the
mixture to stand at room temperature for one day. The supernatant was then decanted.
Centrifugation was performed to remove extra micellar structures in the solution by
washing several times with methanol. The supernatants were discarded, and the extra
solvent left over in the precipitates was removed by drying in vacuum at 50 °C for one

day.

5.3.2 Reverse Micelle encapsulated QDs —ZnS
An analogous method of CdS was used to prepare ZnS NPs. Three stock solutions were
prepared: 0.2 M AOT in n-heptane, 0.3 M Na,Se9H,0 in H,0, and 0.3M Zn(CH;COO),

in H,O. The reverse micelle molar ratio, W, = [H,O]/[AOT], was 4.
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5.3.3 Core-Shell NPs — Fe@Au

To prepare gold-coated magnetic NPs, four stock solutions were used. Micelle
solutions were prepared using 0.2 M AOT in n-heptane. Three separate aqueous solutions
were prepared containing 0.4 M FeSO4e7H,0, 0.4 M HAuClsexH,0, and 0.4 M NaBHa.
Three microemulsion solutions were prepared by adding each individual aqueous solution
into the micelle solution with a molar ratio (#,) of 5. Microemulsion systems containing
FeSO4/AOT, NaBH4/AOT, and HAuCls/AOT are denoted as Msys1, Msys2, and Msys3,
respectively. The iron core particles were obtained by mixing Msys1 with Msys2 with a
molar ratio of [Fe]/[B]=1:2 under continuous magnetic stirring for 2 h. The gold shells
were formed by mixing Msys3 with Msys2 with a molar ratio of [Au]/[B]=1:3 under
continuous magnetic stirring for 2 h. The gold solution was added to the iron solution

with a molar ratio of [Au]:[Fe] = 2:3 with constant stirring overnight.

5.3.4 Sol-Gel NPs — Fe,043

Fe,0s-silica nanocomposite particles containing different amounts of Fe,O; were
formed by sol-gel co-precipitation synthesis. The silica source was tetracthoxysilane
(TEOS, Si(OC;,Hs)4, Alfa). Pre-stock solutions were prepared by dispersing 0.15, 0.33,
0.9, and 2.0 g of Fe(NO3);09H,0 in 25 mL of ethanol . After vigorous stirring for an hour,
1 mL of TEOS was added slowly into the prepared solutions and stirred continuously for
another hour. The proportion of Fe,Os/( Fe,O3 + Si0O;) in the final sol-gel stock solution
is 8.2, 16.4, 33.2, and 52.8 wt.%, respectively, for solutions prepared using 0.15, 0.33,

0.9, and 2.0 g of Fe(NOs)s. To catalyze the formation of the sols solution, a small amount
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of HNO; was added into each beaker. Aerogel was formed by heating the four stock
solutions at 80 °C on a hotplate to evaporate the solvent. The resultant dark brown solid

pallets were washed and heated at 180 °C in air to achieve the complete dehydration of

the final product.
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5.4 Results and Discussions

The CdS QDs were encapsulated in reverse micelles of AOT in n-heptane
solution. Figure 5-3 shows the UV-Vis absorption spectra of a series of CdS NPs with
different sizes. The UV-Vis absorption spectra of all the QDs are blue-shifted from that
of the bulk form of CdS (ca. 510 nm, E, 2.5 eV). The molar ratio of [H,O]/[AOT] can be
used to estimate the approximate size of CdS, d (nm) = 0.36 W, [38]. The larger the
molar ratio, the larger the size of the QDs. In general, size of the QDs follows (Wy=10) >
(Wo=5) >... > (W;=2). From the UV-Vis spectra, the onset of the absorption wavelength
can be calculated by the Brus equation (1). Different molar ratios for obtaining different
sizes of CdS are labeled in Figure 5-3. Notably, it is possible to tune the color of the QDs
by varying the particle size which permits great flexibility for applications in medical
diagnostics. For example, the smallest CdS NPs are obtained fro Wy=2, but these NPs are
either transparent and/or colorless. Thus, larger NPs, synthesized at higher [H,O]/[AOT]
ratios are used for applications such as biosensoring.

In Figure 5-4, the same molar ratio (W = 4) is used to encapsulate different QDs.
It illustrates that the ZnS have a larger band gap (Eg zss, 3.6 €V) with a smaller diameter
(1.70 nm), and the CdS have a smaller band gap (Egcas, 2.5 eV) with a larger diameter
(2.04 nm). A coating of wider band gap ZnS enhances the luminescence properties of the
CdS QDs and thus core-shell structures composed of a CdS core and ZnS shell have been
fabricated [39].

In order to interact with SWNTs, the surfaces of the CdS QDs have to be
modified. To functionalize the CdS QDs in reverse micelles, a surface enhancement

reaction was performed. As shown in Figure 5-5, the ratio of [Cd]/[S] was around 1.4 to



152

ensure the excess of positive charge Cd*" on the surface of the QDs in the reverse
micelles. Different thiol containing stabilizing agents were exchanged for the anionic
surfactant AOT to passivate the CdS surfaces. Upon surface modification, the only QDs
that exhibited a red shift, indicating an increase in the shell thickness, was the one
modified by MPTS [40]. In the Fe/Au core-shell process, no usable data were obtained in
our experiments.

In the Fe,03/S10, nanocomposite sol-gel system, X-ray diffraction (XRD) can be
used to determine the amount of iron oxide trapped within the silica matrix, as shown in
Figure 5-6A. For samples a and b (8.6 and 16.4 wt% of iron), the broad peak at around
20° corresponds to the amorphous SiO, matrices, whereas peaks from iron particles was
absent. For samples ¢ and d, there are two diffraction peaks (26 = 33.1° and 35.6°) which
are associated with a-Fe,Os (i.e. hematite). Figure 5-6B shows the Raman spectrum of
the 52.8 wt.% sample. Well-defined bands are observed at approximately 222, 287, 401,
and 601 cm” have indicating the formation of a- Fe,O; particles (antiferromagnetic).
FTIR spectra have also been obtained. The peaks in the FTIR spectra shown in Figure 5-7
can be attributed to vibrations of Si-OH and Si-O-Si groups. The asymmetric and
symmetric stretching modes of the Si-O-Si bands are seen at ca.1200 and 800 cm’,
respectively. Although a Fe-O mode is observed at about 570 cm™, the FTIR spectra do

not clearly indicate the interaction between Fe;Os and the SiO, matrix [37].
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5.5 Conclusion

The reverse micelle water-in-oil microemulsion process can be used to define the
sizes of NPs. The QD solutions are homogeneous and can be stored for long periods of
time with very little change in the absorption bands. The approach thus represents a facile
technique for obtaining CdS nanoparticles. Many groups have begun to investigate the
potential applications of QDs in medical devices, but toxicity to biological systems
remains the first consideration. In recent year, there have been many reports on the
toxicity of NPs. For example, titanium dioxide/ zinc oxide NPs used in sunscreens, can
act as antioxidants but are also a source of free radicals in the skin, and can cause damage
to DNA. The safety issues must be carefully evaluated before commercializing NPs.
Careful control of the structure and surface chemistry of NPs will pave the way for their

use in practical applications.
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6

Nanocomposites of Single-Walled

Carbon Nanotubes

Single-walled carbon nanotubes (SWNTs) have many potential
applications arising from their unique electronic, mechanical, chemical,
and thermal properties. Nanocomposites of SWNTs may have potential
applications in many different areas. In this chapter, we discuss several
proposed applications of carbon nanotubes. SWNT nanocomposites are
still in the early stage of development. These novel materials are expected
to be final applications in the next generation of electronic devices and

biomedical assays.
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6.1 Introduction

The discovery of new materials with enhanced functionalities is a key for the
advancement of technology. SWNTs are a remarkable new form of carbon discovered a
few decades ago. The extraordinary electronic, optical, and mechanical properties of
SWNTs described in Chapters 1 and 2, make them very attractive for incorporation in
nanocomposites. The unique properties of carbon nanotubes may lead to applications in
optoelectronic and biomedical devices.

As-grown SWNTs are aggregated together in bundles or ropes due to strong tube-
tube van der Waals interactions that hinder the dissolution of the tubes. One major
challenge in this area has been the solubilization and debundling of nanotubes which was
unequivocally resolved only in 2005. It is now possible to dissolve and individualize
bundled SWNTs. Isolated individual SWNTs have the potential to be used for the
development of biochips, field-emission transistors (FET), batteries, etc.

Another major challenge is the incorporation of SWNTs in nanocomposites.
SWNTs nanocomposites can be classified according to their potential applications, such
as in fuel cells, field emission, microscopy probes, biosensors, etc. The following

sections outline various kinds of SWNT composites.

6.1.1 SWNT/Polymers Nanocomposite

The properties of polymers can be enhanced by incorporating SWNTs to form
polymer/SWNT nanocomposites [1]. Purified nanotubes can either be directly mixed

with polymeric materials or can be chemically modified by polymers [2]. Polymers can
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either be covalently attached to functionalized nanotubes [3] or non-covalently wrapped
around nanotubes [4].

The unique properties of SWNTs lead to enhanced properties for nanocomposites.
One example is the case with which the percolation threshold is reached in
nanocomposites [5]. Percolation is defined as the behavior of the movement or filtering
of liquid/gas species through porous materials. When the composites reach a critical
threshold for percolation, the electrical and/or thermal conductivities of the materials are
significantly improved. Epoxy is one of the polymers that have been used to form
composites with SWNTs for lowering the critical percolation threshold. SWNT
nanocomposites can also be used to coat biological cellular parts and as coatings for
military planes taking advantage of the electronic properties of SWNTs to improve
percolation of polymers. The mechanical strength and the light weight of the SWNTs
make the SWNT composites promising for applications in transportation, bulletproof
vests, space suits, etc. Mylvaganam and Zhang [6] have listed many useful applications
of nanotube composites based on a variety of polymers. SWNTs are incorporated into
nanocomposites with different polymers equipped with different functionalities. For
example, SWNTs can interact with both polyethylene (PE) and poly (4-methyl-1-pentene)
or PMP. However, the SWNT/PMP composite exhibits better mechanical, thermal, and
optical properties as compared to the SWNT/PE composites, making it appropriate for
space vehicles and space shelters. Another composite, of SWNTs and
poly(dimethylsiloxane), has been shown to be useful for applications in actuators

(mechanical movement) and chemical sensors (e.g. CO detection). There is still much
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room for improving the properties of nanocomposites, and there is much that needs to be

done to understand the properties of these systems.

6.1.2 SWNT/Biomolecular species Nanocomposite

Biological species are another material used to functionalize SWNTs. Since the
unique properties of SWNTs have attracted much attention for biomedical applications,
one of the issues being investigated is the interaction between SWNTs and living cells.
Carbon nanotubes are usually used as a scaffold or backbone to attach with biomaterials
as described below.

Deng et al. [7] have reported the covalent attachment of chitosan to CNTs.
Chitosan is a polysaccharide that is extracted and modified from chitin in the shells of
shellfish. It is an abundant natural polymer, and is also a fat inhibitor. The development
of CNT/Chitosan nanocomposites has also attracted much industrial interests such as for
weight loss supplements and cosmetic products. Glucosamine is another supplement that
is produced from chitin, and has been prepared in vitro to interact with SWNTs for the
study of biocompatibility in living systems [8].

In the tissue engineering field, research groups are looking for new seeding
materials to reconstruct damaged cells. The attachment of living tissues (e.g. collagen) [9]
to acid purified SWNTs will give rise to SWNT/biomaterial composites which may be
able to repair, enhance the strength, and add better flexibility to tissues.

The incorporation of SWNTs into polymer matrices leads to improve mechanical
properties; the SWNTs essentially act as reinforcing filters. To ascertain the degree of

dispersion of the tubes, single tube fluorescence in the matrix needs to be studied.
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Aggregated SWNTs and metallic tubes do not fluoresce due to energy transfer to adjacent
tubes with lower band gap energy. Proteins (concanavalin-A) have been used to disperse
SWNTs to achieve the goal of preventing, quenching, and energy transfer [10].
Concanavalin-A (con-A) is a lectin protein which plays an important role in the human
immune system. Con-A is extracted from jackbean or Chickasaw lima bean. Individual
SWNT has been successfully isolated from dispersed bundles of SWNTs using con-A.
SWNT/con-A composites may be useful for enhancing the immune system as a daily
dietary supplement.

Peptides are another biomolecular species often used to interact with carbon
nanotubes [11]. Poly-L-lysine (PLL, a polymeric peptide) is often used for the biological

coating of slides, and PLL can stabilize the SWNTs/peptide for further observation [12].

6.1.3 SWNT/Nanoparticles Nanocomposite

Nanoparticles (NPs) have been used to interact with SWNTs due to their quantum
size effect. Different sizes of NPs exhibit different color and electronic properties as
mentioned in Chapter 5. Recently, there has been a report of a nanocomposite composed
of NPs and carbon nanotubes exhibiting flame retarding properties [13].

In recent year, there has been a lot of progress in developing materials for the
solubilization and functionalization of SWNTs. One interesting approach to manipulate
SWNTs and change their electronic properties as desired is to functionalize them with
semiconducting NPs [14]. The formation of SWNT/NP composites holds promise for the

development of optoelectronic devices, field emitters, and memory storage media.
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There have been many attempts to find suitable protocols to make SWNT/NP
nanocomposites, and it has been met with some success. SWNTs have be covalently
attached to rare earth oxide [15], CdTe [16], CdSe [17], and Ti [18] nanoparticles. The
resulting materials are characterized by SEM, HR-TEM, and Raman spectroscopy.
Composites of SWNTs with CdS quantum dots show increased individualization of
SWNTs [19]. Fluorescent QDs can be used to label the SWNTs [20]. Composites of

SWNT/QDs with fluorescent properties can pave the way for implantable biosensors in

the future [21].
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6.2 Potential Applications of SWNTs

Nanocomposites

In the previous sections we detail the functionalization of SWNTs with polymers,
biomolecules, and NPs composites. Here, we focus on specific applications where

SWNTs may be useful.

6.2.1 Fuel Cell

A fuel cell (FC) is an electrochemical energy conversion device that coverts the
chemical energy of a fuel (e.g., hydrogen, which is oxidized) and oxidant (e.g., oxygen,
which is reduced) into electricity as shown in Figure 6-1. FCs are being developed as
alternatives to traditional batteries. Traditional batteries die when the chemicals inside the
compartment are consumed. In contract, FCs are based on a design that will allow a
continuous source of energy. In the report by Budevski [22], SWNTs have been used as
catalyst carriers and gas transport channels. The small diameter of SWNTs allows only
hydrogen gas (an oxidation fuel source in Budevski report) to penetrate inside the tubes,
and this phenomenon may lead to improvement in gas production and gas consumption.
Carbon nanotubes can also reduce the amount of catalysts needed in proton exchange
membrane fuel cells (PEMFC) [23]. The long length of the tubes minimizes the catalyst
loading amount required and improves the utilization efficiency of the catalyst, and the
long tubes also ensure the delivery of electronic pathway to the destination electrode. In
commercialized PEMFC, metal Pt is used as a catalyst which is expensive.

Nanocomposites of carbon nanotubes, Nafion, and a metallic catalyst (M) have been
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produced experimentally, and the CNT/Nafion/M composite boosts the efficiency of the
PEMFC with a reduction in cost by reducing the amount of metallic catalyst needed. The
challenge is that one single fuel cell can only carry 0.7 V. A stack of fuel cells may be
required to increase the amount of available power, but the problem of electron leakage
between the contacting surfaces of each fuel cell has to be addressed. In the effort of
developing PEMFC technology, NEC corporation has reported the first laptop using
nanohorns (one end of the nanotube is sealed and the other end is opened) based fuel cell

as the power supply at WPC EXPO in September 2003, as displayed in Figure 6-1.

6.2.2 Electronics — Field-Effect Transistor

There have been many reports about the potential applications of SWNTs in
electronic. More specifically, these materials will be useful for applications in
nanoelectronics devices. To integrate SWNTs into nanoelectronics, their electronic
transport properties have been studied in field-effect transistor (FET) geometries.

FETs have components of source, drain, gate, and substrate, as illustrated in
Figure 6-1. FET conduction is controlled by the electric field produced by the voltage
applied to the gate electrode. Depending on the charge carrier, the FETs can be n-channel
(conduction by electrons) and p-channel (conduction by holes) [24]. There are various
types of FET. For example, the JFET is a form of a semiconductor junction. Another type
of FET is called metal oxide semiconductor FET (MOSFET) which has an insulating gate.
SWNTs have distinctive electronic (semiconducting or metallic) properties as discussed
in Chapter 1, are good candidates as active channels in semiconducting devices. The

structure of a back-gate FET is shown in Figure 6-1. The gate SiO, is usually used as
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dielectric. Section 4.4.2 describes the dielectrophoretic alignment of SWNTs in FET
structures. The electrodes in these devices are made of 5 nm Cr and 50 nm Au. The
application of using SWNT in FET is not only in searching for more efficient current
flow and as an effective electron carrier, but SWNT/FET is also promising in the

enhancement of sensor fields.

6.2.3 Sensors

SWNTs can be used as physical, chemical, and biological sensors. Ghosh et al.
[25] have reported the use of SWNT devices as current and voltage sensors. The
excellent mechanical properties of SWNTs make them useful as actuators [26].

Kong et al. [27] were the first to report the use of SWNT FETs to sense low
concentrations of nitrogen dioxide (NO,) and ammonia (NH3) gas. The device comprises
a single semiconducting SWNT connecting gold source/drain electrodes pattered on a
Si/SO; substrate. The transport properties of the SWNT FETs have been studied in sealed
chambers by introducing very low concentration of NO, and NH3. The conductance of
the SWNTs is significantly modified by the introduction of NO, and NH3. The modified
conductance likely originates from changes in the Schottky barriers at the contact
between the SWNT and the electrodes. The barrier heights and the nanotube Fermi level
at the contacts may be changed by the adsorption of gas molecules.

SWNTs FETs have also been used as biosensors. SWNT FET platforms based on
non-covalent functionalized SWNTs have been used to detect different biomaterials [28].
SWNTSs/FET is able to detect the interaction between antibodies and specific antigens.

Raman spectroscopy has been used to differentiate the interaction of functionalized
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SWNTs electrodes with different DNA sequences [29]. SWNTs can also be used as AFM
probe tips to probe biological species without damaging the samples. SWNT sensors

offer improved sensitivity and potential for miniaturization.
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6.3 Experiments

The experiments were conducted using nanoparticles prepared as described in the

previous chapter. Three different nanocomposites have been prepared.

6.3.1 SWNT-CdS

As-prepared quantum dots, CdS, synthesized using a molar ratio (W, =
[H,O)/[AOT]) of 2, were mixed with AOT functionalized SWNTs. The SWNT
dispersion was prepared using 1 mg SWNTs dissolved in 1 mL of 0.5 wt% AOT aqueous
solution without further centrifugation. The SWNT/CdS composite is formed by
dispersing CdS nanoparticles in a SWNT/AOT solution with SWNT/CdS ratio of 1, 3, 5,
7, and 10 (w/w). The final concentration of SWNTs was set at 0.1 mg/mL, and a final
volume of 10 mL was used. After sonication for 2 hours, the solvent was dried in vacuum.
10 mL of distilled water was then added, and the dispersion sonicated again. The final

products were stored in a refrigerator for further analysis.

6.3.2 SWNT-surface-modified-CdS

Nanocomposite of SWNT with silane modified CdS (SWNT/CdS-Si-OH). Cd**
enriched fluorescent quantum dots, CdS, were prepared using the structure defining agent,
AOT, in heptane and are denoted as CdSCd as described in Chapter 5. The
microemulsion system of CdSCd was prepared using a molar ratio, W, = 4. 200 mL of
CdSCd was vacuum dried at a temperature of about 50 £5°C to remove the AOT/heptane
micelles. Toluene and 0.1 mL MPTS (3-mercaptopropyltrimethoxysilane, SH-(CH;)3-Si-

(OCHj3)3, were added to replace AOT on the surface of CdSCd. CdSCd-MTPS was
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hydrolyzed by refluxing with H,O. CdS-S---Si-OH was formed after vacuum drying, and
redispersed in 10 mL ethanol. Nanocomposites of SWNT/CdS-S---Si-OH are formed by
adding 1.6 mL CdS-S-Si-OH into 8 mL of 1 mg/mL SWNT/AOT. After sonicating for 1
h, the sample was vacuum dried. The resulting nanocomposite was redispersed into
distilled water.

Nanocomposite of SWNTs with SH-COOH surface-modified CdS (SWNT/CdS-
COOH). Cd** enriched fluorescent quantum dots were prepared as described above.
MUA (11-mercaptoundecanoic acid, HS-(CH;);o-COOH) was dissolved in methanol to
modify the CdSCd surface with a 20:0.1 ratio of CdS:MUA (v/v). The nanocomposite of
SWNT/CdS-S-COOH was formed by adding 4 mL of CdS-S-COOH into 4 mL of 1
mg/mL of the SWNT/AOT dispersion. The mixture was vacuum dried after sonication
for 1 h. The resultant nanocomposite was re-dispersed into distilled water.

Acid purified SWNTs (pSWNT) were also used to interact with surface-modified

Cds.

6.3.3 SWNT-Poly-L-Lysine

Poly-L-lysine hydrobrominde (PLLeHBr, MW 14,400, CAS#25988-63-0) was
prepared by dispersing 1 mg PLLeHBr into 10 mL DI water. Poly-L-lysine
hydrobrominde is thereafter also referred as PLL. 9 mL of a 1 mg/mL aqueous solution of
AOT-functionalized SWNTs was dried at 150 °C in an autoclave. 18 mL of heptane was
added to eliminate AOT from the wrapped SWNTs, and the mixture was further
sonicated for 10 minutes to completely remove AOT. The heptane phase was carefully

removed by centrifugation and discarded. The precipitate was allowed to sit at room
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temperature in the fume hood until it completely dried. 9 mL of 0.1 mg/mL PLL(aq) was
added to dry SWNTs-AOT, and the mixture was stirred for 3 days using a magnetic
stirrer. The formed SWNT/PLL precipitate was stored in a refrigerator.

The same procedure was also performed with purified SWNTs (pSWNTs) to form
pSWNT/PLL nanocomposites, i.e., the as-received nanotubes were replaced by purified
nanotubes. The procedure for purifying tubes is discussed in Chapter 4. Briefly, 18 mg of
HiPco SWNTs were dispersed in 0.6 mL H,SO4 and 0.2 mL HNO; (3:1 v/v of H,SO4 to
HNO3), and sonicated for 1 hour. The acid purified SWNTs (pSWNT) were then
centrifuged and washed with distilled water several times. The pSWNT sample was then
dried at 150 °C in an autoclave. 1 mg/mL pSWNT/AOT was formed by adding 16.53 mL
of the 0.2 wt.% AOT aqueous solution and sonicated for 3 h at room temperature. The

procedure described above is then used to form the pSWNT/PLL nanocomposite.
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6.4 Results and Discussion

We were unable to attach many of the NPs discussed in the previous sections to
SWNTs. This section describes the SWNT nanocomposites that could be unequivocally

characterized.

6.4.1 Nanocomposite of SWNTs Intercalation with QDs

Figure 6-2 shows preliminary results for the formation of SWNT/CdS
nanocomposites. A 0.5 mg/mL solution of SWNTs was obtained by dispersing the
SWNT in DI H,O using AOT(aq) without any centrifugation. A better dispersion was
obtained when the SWNT to CdS ratio was increased, as shown in Figure 6-2A. Better
dispersion was produced by less CdS particles in the solution. The presence of more CdS
particles in the mixture may lead to interactions between the excess anionic AOT (SOj3)
from the SWNT solution and the positively charged CdS NPs (Cd*"). The
intercalation/interaction of CdS dramatically improves the individualization of SWNTs as
confirmed by the Raman spectra shown in Figure 6-2B. The low frequency of RBM
mode is shifted from 253 cm™ in the SWNT dispersion to 259 cm™ in the SWNT/CdS
nanocomposite. The best result is obtained for a SWNT/CdS with a 10:1 w/w ratio of
SWNT/CdS. This optimal ratio can presumably be due to the availability of more free
space for CdS (ca. 2 nm) to wobble into the bundled tubes and enhance the separation of
the aggregated tubes. It can also be deduced that CdS particles are only intercalated with
SWNTs since no interacting new peaks appeared in Raman spectra.

Figure 6-3 and Figure 6-4 compare the UV-Vis and Raman spectra of dispersed

SWNT, CdS, and the SWNT/CdS nanocomposite. The cartoon in Figure 6-3
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schematically illustrates the probable reactions of the SWNT/AOT dispersion with non-
surface-modified and surface-modified QDs. After the formation of the composite,
SWNTs will not aggregate again after removal of the anionic surfactant AOT from the
surface of the tubes. In previous reports, functional groups produced by the acid
purification of nanotubes were used to covalently bond QDs with SWNTs [14, 30].
Ozkan et al. have shown the intercalation of SWNT/SDS with core/shell QDs arising
from the formation of covalent bonds with sulfonate (SOs’) functional groups of the
surfactant [20]. In the UV-Vis spectra of the SWNT/CdS composite, clear transition
between the van Hove singularities (vHs) for both the metallic first transition (ME;;, 400-
600 nm range) and the semiconducting second transition (°E2,, 600-800 nm range) are in
Figure 6-3. Figure 6-4 shows the Raman spectra where the RBM region of the
SWNT/CdS composite shows two new peaks and one additional shoulder indicating the
formation of the composite. The peak position of the five peaks can be used to determine
the diameter of the SWNTSs using the equation: vggm = (223.5/d;) + 12.5. Therefore, the
diameters of the peaks labeled a, b, c, d, and e can be calculated as 1.2, 1.1, 0.9, 0.8, and
0.77 nm, respectively. The higher frequency modes correspond to smaller diameter
SWNTs. The acoustic mode (M mode) is also observed in the spectra. The M mode
represents the overtone of the out-of-plane transverse acoustic mode at about 1750 cm™.
Another new peak corresponding to the in-plane transverse optic mode is also seen (in
almost the same location as the disorder band), the longitudinal acoustic mode, iTOLA is
located at around 1950 cm™'. Thus, the intercalation/interaction of SWNTs with CdS can
improve the separation of bundled nanotubes, and enhance the optical and acoustic

properties.
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6.4.2 Nanocomposite of SWNTs with thiol-modified CdS

The surface modification of CdS was achieved by replacing the thiol functional
group with AOT surfactant. This type of thiol end group (i.e. R-SH) is called stabilizer
agents [31, 32], and the thiols can passivate the surface of the CdS particles. The reverse
micelle (AOT) encapsulated Cd*"-enriched CdS particles can be modified by thiol (-SH)
groups. The surface modification of these particles has been described in detail Chapter 5.
However, we have been successful at fabricating SWNT/CdS nanocomposite only with
the MPTS and MUA modified CdS particles, as corroborated by spectroscopy
experiments. Figure 6-5 shows that the optical and acoustic properties of the
nanocomposite are enhanced when CdS-MPTS-OH particles are attached to purified
SWNTs. Indeed, the fluorescent signal of acidic p-SWNTs is reduced, and it may cause
by neutralized from Cd-MPTS-OH particles. In Figure 6-6A, the composite of CdS-thiol
surface-modified NPs and SWNTs does not display any enhancement. In contrast, the
composite formed between CdS particles modified by thiol acid stabilizer, CdS-S-
(CH,)10-COOH, and p-SWNTs does exhibit enhancement in dispersion, as shown in
Figure 6-6B. Therefore, the surface modification of quantum dots with thiol groups leads

to better dispersion of p-SWNTs than unpurified SWNTs.

6.4.3 Nanocomposite of SWNTs/poly-L-lysine
Polymeric nanocomposites (PNC) containing SWNTs have been extensively
investigated for biomedical applications. The covalent attachment of PLL to SWNTs has

been reported in the literature [12]. PLL is commonly used to modify substrates for
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stabilizing DNA, and can also be used to wrap around SWNT/surfactant composites [33].
In Figure 6-7A, the nanocomposite of SWNT/PLL displays an impressive enhancement
in the acoustic M mode and optical modes of the Raman spectrum [34]. An unusual
enhancement of the intermediate frequency modes (IFM) between the RBM and D band
in 600 to 1100 cm™ region is also seen due to double resonance process. IFM is a
combination of acoustic and optic modes, the details of these modes are beyond the scope
of this discussion.

The possible composites of pPSWNTs and NPs or polymers are schematically
illustrated in Figure 6-7B. The Raman spectrum of the composite displays reduced
fluorescence from pSWNTs due to interaction with PLL. PLL also enhances the RBM
peaks which indicate the improved individualization of SWNTs. The results show that
there is less damage to the side walls of carbon nanotubes when sonication is used instead

of refluxing to purify narrow diameter HiPco SWNTs (0.7-1.3nm).
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6.5 Conclusion

The remarkable properties of SWNTs make them promising for applications in
many different areas. There is a lot of effort being devoted to the use of SWNTs as drug
delivery systems [35] and sensing platforms for the detection of cancers [36]. As reported
in Chapter 4, the dispersion of SWNTs by AOT adds a protective layer and helps to
individualize and dissolve SWNTs. We have used SWNT-AOT dispersions to assemble
SWNTs in FET geometries. SWNT-FET may be useful as sensors to detect desirable
DNA, RNA, or proteins based on changes in conductance [37].

Here, we report the attachment of poly-L-lysine and QDs to SWNTs. These novel
nanocomposites show interesting optical properties and may be useful for biomedical

applications.
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