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Preface

This thesis consists of seven Chapters. Chapter 1 gives a brief overview of
nanomaterials. Chapter 2 consists of two parts of which Part 1 describes efforts
towards phase transfer of nanocrystals of gold and CdSe from aqueous or organic
medium to a fluorous medium and solubilization of ZnO nanorods and carbon
nanotubes in a fluorous medium. Part 2 deals with the one-step synthesis of fluorous-
capped nanoparticles of metal chalcogenides such as CdSe, CdS, PbSe, ZnSe and of
metal oxides such as y-Fe;O3; and ZnO and of bimetallic FePt.

Chapter 3 describes the use of the Huisgen cycloaddition reaction to generate
assemblies of metal (gold) and semiconductor (CdSe) nanoparticles as well as to
covalently attached SWNT-gold and -CdSe nanoparticle composites. Connecting
carbon nanotubes by click chemistry is also reported.

Investigations on the dependence of magnetic and optical properties of
nanoparticles with interparticle distance are discussed in Chapter 4. Magnetic
properties are examined with FePt nanoparticles while spectroscopic properties are
examined in the case of CdSe nanoparticles.

Chapter 5 consists of two parts with Part 1 dealing with a spectroscopic study of
charge-transfer interactions of electron-withdrawing (nitrobenzene, TCNQ and TCNE)
and electron-donating (TTF and aniline) molecules with single-walled carbon
nanotubes (SWNTs). In Part 2, the effect nanoparticles of metals such as gold and
platinum on the electronic structure of SWNTs has been studied by Raman
spectroscopy.

Chapter 6 consists of three parts. Part 1 describes the separation of metallic and
semiconducting SWNTs based on molecular charge-transfer while Part 2 deals with a
novel method for the synthesis of metallic SWNTs by an arc-discharge method. An
arc-discharge method has also been employed to prepare Y-junction SWNTs (Part 3).

In Chapter 7, sensitivity of the electronic structure of graphene towards various
electron-donor and —acceptor molecules has been studied by Raman and optical

absorption spectroscopy as well as electrical resistivity measurements.
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CHAPTER 1
Nanomaterials: A Brief Overview

1.1 Preamble

In December 1959, in his famous lecture “There's Plenty of Room at the Bottom"
given at Caltech, Richard Feynman imagined the possibility to manufacture objects at
the nanometer scale (1 nm = 10” m) by manipulating matter atom by atom (1). This
revolutionary idea paved the way to envision systems designed and engineered at the
ultimate length scale relevant to material science. Such systems have become a reality
today and the efforts to understand, build and use them encompass what is called
nanotechnology. Today, nanoscience and nanotechnology constitute very active and
promising multidisciplinary research areas, bringing together scientists and engineers
from several fields like physics, chemistry, materials science, electronics, biology and
medicine. A strong focus is given to the understanding of the correlations between the
structure of a material at the atomic level and its optical, chemical and electronic
properties. But nanoscience and nanotechnology also aim at developing and improving
techniques for manufacturing nanomaterials for new applications.

The Technical Committee (TC229) for nanotechnologies standardization of the
International Organization for Standardization (ISO) defines nanotechnology that
includes either or both of “understanding and control of matter and processes at the
nanoscale, typically, but not exclusively, below 100 nanometers in one or more
dimensions where the onset of size-dependent phenomena usually enables novel

applications” or “utilizing the properties of nanoscale materials that differ from the
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Nanopartcies
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Figure 1.1: Nanoparticles in comparison with other biological entities.

properties of individual atoms, molecules, and bulk matter, to create improved
materials, devices, and systems that exploit these new properties. Figure 1.1 shows
nanoparticles (NPs) in comparison with other biological entities.

Nanomaterials include zero-dimensional (0D) nanocrystals, one-dimensional (1D)
nanowires and nanotubes and two-dimensional (2D) nanofilms and nanowalls. Table
1.1 lists the typical nanomaterials of different dimensions (2).

Intensive studies of physiochemical properties of nanomaterials are carried out over
the past decades have revealed a large number of unusual characteristics such as
chemical, electrical, mechanical, optical, magnetic, optoelectronic and magneto-optical
properties (3-5) of nanomaterials that are significantly different from those observed for
bulk materials. These properties of nanomaterials are very useful in photo electronics (6,
7), catalysis (8), single electron transistor and light emitting diode (9), nonlinear optical
devices (9). Magnetic nanoparticles are being used in memory storage devices (10),
magnetic resonance image enhancement (11) and could probably be employed in
interesting applications such as  magnetic refrigeration (12). Other than these,

nanomaterials have potential applications in synthesis of advanced materials, energy



1.2 Size matters

Table 1.1: Examples of nanomaterials (From ref. 2).

Size (approx.) Materials
Nanocrystals and clusters Diam. 1-10 nm Metals, semiconductors, magnetic
(quantum dots) materials
Other nanoparticles Diam. 1-100 nm Ceramic oxides
Nanowires Diam. 1-100 nm Metals, semiconductors, oxides,
sulfides, nitrides
Nanotubes Diam. 1-100 nm Carbon, layered metal chalcogenides
Nanoporous solids Pore diam. 0.5-10 nm Zeolites, phosphates etc.
2-Dimensional arrays several nm?-um? Metals, semiconductors, magnetic
(of nanoparticles) materials

Surfaces and thin films  thickness 1-1000 nm A variety of materials
3-Dimensional structures Several nm in three Metals, semiconductors, magnetic
(superlattices) dimensions materials

storage devices (13), electronic and optical display, chemical and bio-sensors as well as
bio-medical devices (2, 14). In this Chapter 1 gives a brief summary of current
understanding on synthetic methodologies, phenomenon and properties associated with
various nanomaterials such as metal, semiconductor, oxide and magnetic nanoparticles

as well as carbon nanotubes and graphene.

1.2 Size Matters: Why Nanomaterials are Different

Gold i1s known as a shiny, yellow noble metal that does not tarnish, has a face
centered cubic structure, is non-magnetic and melts at 1336 K. However, a small sample
of the same gold is quite different, providing it is tiny enough: 10 nm particles absorb
green light and thus appear red. The melting temperature decreases dramatically as the
size goes down. Moreover, gold ceases to be noble, and 2-3 nm nanoparticles are
excellent catalysts which also exhibit considerable magnetism. At this size they are
still metallic, but smaller ones turn into insulators. Their equilibrium structure changes
to icosahedral symmetry, or they are even hollow or planar, depending on size (15, 16).
In another context, it is well known that diamond and graphite are different allotropic

forms of carbon completely different, which have distinctly different structures,
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bonding characteristics and therefore chemical and physical properties. The discovery
of carbon wonder materials fullerene (Ceo, C70 and others), carbon nanotubes which can
be regarded as rolled-up graphite sheets of cylindrical shape with single or multiple
layer walls and recent addition graphene, a single sheet of graphite, exhibiting amazing
properties. The same is true with various metal, semiconductor and oxide nanoparticles.
One important thing is that bonding in a small metal or semiconductor cluster is
different from that in the bulk. Moreover, an atom at the smooth surface of a sizable
single crystal is different from an atom at the surface of a small cluster of the same
element. The properties of a surface atom of a small metal cluster depend on the type of
support on which it sits or whether the cluster is doped with one or a few atoms of a
different element.

Evidence for such effects has been available for long time, but only over the last one
or two decades have the experimental methods become available which allow chemists
to synthesize nanomaterials in a controlled and reproducible way and to investigate their
properties by direct observation of individual clusters or by electrically contacting them
using techniques like scanning tunneling or atomic force microscopy (14-16). The
availability of size as a new parameter that permits the tuning of chemical properties has
tremendously extended the potential of chemistry.

There are basically two types of size-dependent effects: smoothly scalable ones
which are related to the fraction of atoms at the surface, and quantum effects which
show discontinuous behavior due to completion of shells in systems with delocalized

electrons (15-17).

1.2.1 Surface Effects

The surface of a sphere scales with the square of its radius r, but its volume scales

withr’. The total number of atoms N in sphere scales linearly with volume. The
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Figure 1.2: Evolution of the dispersion F as a function of n for cubic clusters up to
n=100 (N=10°). (b) Calculated mean coordination number <NN> as a function of
inverse radius, represented by N™", for magnesium clusters of different symmetries
(From ref. 15).

fraction of atoms at the surface is called dispersion F, and it scales with surface area
divided by volume, i.e. with the inverse radius or diameter, and thus also with N3,
Basically the same relation holds for long cylinders of radius r and for thin plates of
thickness d. The size dependence of dispersion is illustrated in Figure 1.2 (a) for cubes
of n atoms along an edge and a total of N = n’ atoms, where the number of atoms at the
surface is 6n corrected for double counts at the 12 edges and for reinstalling the 8

corners. For large N the edge and corner corrections become negligible, leading to

the N scaling:

6n%—12n+8 6 2 8 6
F = = (1 - + ) ~
n3 N1/3 N1/3 6N2/3 N1/3

All properties which depend on the dispersion of a particle lead to a straight line when
P 173
plotted againstr ,d ", or N .
Atoms at the surface have fewer direct neighbors than atoms in the bulk. Therefore,
particles with a large fraction of atoms at the surface have a low mean coordination
number (which is the number of nearest neighbors). In fact, the dispersion and the mean

coordination number <NN> obey the same scaling law and are equivalent measures of
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surface effects. The linearity of a plot of <NN> against N is shown in Figure 1.2 (b)
for small clusters of Mg atoms in various packing symmetries (18). In the limit of
infinitely large clusters the line extrapolates to <NN> = 12, the coordination number of
close packed spheres in the bulk. Because of this lower coordination and unsatisfied
bonds, surface atoms are less stabilized than bulk atoms. The smaller a particle, the
larger the fraction of atoms at the surface, and the higher the average binding energy per
atom. The surface-to-volume ratio scales with the inverse size, and therefore there are
numerous properties which obey the same scaling law. Among them are the melting and
other phase transition temperatures (19-21). Edge and corner atoms have an even lower
coordination and bind foreign atoms and molecules more tightly. With fewer atoms a
phase transition is less well defined, it is therefore no longer sharp. The Gibbs phase
rule loses its meaning because phases and components are no longer properly
distinguishable. Small clusters behave more like molecules than as bulk matter (19).
The coordination number is also limited in narrow pores. The solubility of salts in pore
confined water, the melting point and even the critical point of a fluid are therefore
greatly reduced (22). There are numerous other concepts of thermodynamics which can
break down, in particular when the system of interest consists of a single isolated cluster

with a small number of atoms (23-26).
1.2.2 Quantum Effects

Atoms have their well known atomic orbitals. Depending on the extent of overlap in a
solid they remain mostly unperturbed, as in noble gases, or they combine to extended
band structures, as in metals or semiconductors. The core orbital’s are confined to a
relatively small volume and remain localized (atom-like). Each of N atoms contributes
with its atomic states to a band so that, although the width of a band increases slightly

when more atoms are added, the density of states (DOS) within a band is basically
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proportional to the number of atoms of an ensemble with an extended band-like state.
The band width amounts typically to a few eV. Thus, the DOS is on the order of N per
eV, which is very large for a bulk amount of matter (N= Avogadro's number, N) but

low for small clusters.

Bulk Nanocrystal Isolated
atom
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Density of states
Figure 1.3: Schematic illustration of density of states (DOS) of metal and

semiconductors nanocrystals (From ref. 2).

The DOS basically scales smoothly with size, but with a scaling law that is different
from that found from surface effects. It is described to a first approximation by the *
particle in a box” model in which the size of the box is given by the size of the particle.
Discontinuities come in when the states are populated with electrons: for highly
symmetric systems there are degenerate states, and when one of these is filled the next

electron has to go into the next state of higher energy. Discontinuities come in when the
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states are populated with electrons: for highly symmetric systems there are degenerate
states, and when one of these is filled, the next electron has to go into the next state of
higher energy. An important threshold is reached when the gap between the highest
occupied and the lowest unoccupied state (called the Kubo gap 8) equals thermal energy
(27). When electrons get thermally excited across the Kubo gap, a low temperature
insulator becomes a semiconductor and at higher temperatures a metal; and also
magnetic properties of small clusters can change dramatically. This non-metal-to-metal
transition can take place within a single incompletely filled band, or when two bands
begin to overlap because of band broadening. In case of semiconductors, a reduction in
the size of the system causes the energy levels at the band edge to become discrete, with
a inter level spacing similar to metals. This effectively increases the band gap of the
semiconductor. Because of the quantized states of electrons and holes, these
nanocrystallites are often called quantum dots, pseudo-atoms or superatoms. The
schematic illustration of density of states in metal and semiconductor clusters are shown
in Figure 1.3.

The density of states (DOS), p(E), of inorganic crystals simultaneously evolves from
continuous levels into discrete states as the dimensionality is decreased from 3D to 0D
as described by the relationship:

p(E) ~ EP/271
(where, D = dimensionality; see in Figure 1.4) (28). For example, for a 3D bulk
material, the DOS is proportional to the square route of the energy, E. For a system with
confinement in one dimension (2D film or quantum well), the DOS is a step function.
For systems with confinement in two dimension (a 1D system or quantum wire), the
DOS has a peculiarity. For system with confinement in three dimension (0D materials

or QDs), the DOS has a shape of 3-function. The DOS strongly influences the electronic
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Figure 1.4: Density of states (DOS) of different dimensions (From ref. 28).

and optical properties of metal as well as semiconductors. The size dependence of the
HOMO-LUMO band gap is best seen in the luminescence properties of semiconductor
nanoparticles (3). Clusters may have to be regarded as pseudo-atoms, with the important
difference that the cluster orbital momentum should be expected to be much larger than
or atoms, because it scales with the square of the radius (29). It is quite likely that the
orbital momentum has important implications for the magnetic character of the cluster
(30, 31). Ionization potentials and electron affinities can be tuned between the atomic
values and the work function of the bulk material by variation of the cluster size (18,
32). These same properties relate to the availability of electrons for forming bonds or
getting involved in redox reactions. Therefore, the catalytic activity and the selectivity

become functions of size (33-35).

1.3 Metal Nanoparticles:

Metal nanoparticles have been made since ancient history. One famous example is

the fourth century Lycurgus cup, which features a curious optical property: in reflected
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light it appears green, but in transmitted light it appears red (Figure 1.5 (a)) (36).
Recent transmission electron microscopy (TEM) studies revealed metal nanoparticles
embedded in the glass are responsible for the coloring (Figure 1.5 (b)) (37). The
nanoparticle sizes range from 20 to 100 nm, and most are made of alloyed Au and Ag.
Very few other dichronic Roman glasses exist, suggesting that the fabrication process
was not well understood at the time. Although there are many other examples of Roman
and medieval colored glass, these are due to metal compounds or oxides and not metal
nanoparticles. It is now understood that the nanoparticles in the Lycurgus cup were
formed by precipitation form the glass melt, as evidenced by the relatively high

nonparticulate Ag content of the glass. The addition of Ag and Au to the glass mix may

50nm

Figure 1.5: Photograph of Lycurgus cup (a) illuminated from the front (reflected
light), and (b) from behind (transmitted light) (From ref. 36). (¢) Transmission
electron microscopy (TEM) image of a silver-gold alloy particle within the glass of
the Lycurgus cup (From ref. 37).

have been accidental, or part of a more traditional coloring method. The technique does
not seem to have outlasted the fourth century, and was not again rediscovered until the
seventeenth century with the invention of ruby glass. Unlike the Lycurgus cup process,
the ruby glass process was well understood and widely used, particularly in Victorian
times. Another form of metal nanoparticle, colloidal Au solutions were known from
around the fourth or fifth century B. C. (as ‘potable gold’). Later uses included the

coloring of ceramics and fabrics, for example the seventeenth century dye known as
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1.3 Metal nanoparticles

purple of Cassius. However it was not until the nineteenth century that cause of the

color of ruby glass and purple of Cassius was attributed to the size of the gold particles.
1.3.1 Synthesis

In recent decades research into metal nanoparticles has greatly intensified. This is
largely due to the development of improved synthetic processes which enable precise
control over nanoparticle size and shape, and therefore precise control over optical
properties (2, 14). Additionally, metal nanoparticles can now be made in large quantities
at low cost, therefore expanding the range of possible applications. Many synthetic
process are available, ranging from the simple annealing of thin film to exotic methods
such as fungus-mediated synthesis (38).

The most common method of synthesis of metal nanocrystals is the reduction of
metal salts in the presence of suitable capping agents such as polyvinylpyrrolidone
(PVP). Solvothermal and other reaction conditions are employed for the synthesis, to
exercise control over their size and shape of the nanocrystals (39). The popular
citrate route to colloidal Au, first described by Hauser and Lynn (40), involves the
addition of chloroauric acid to a boiling solution of sodium citrate (4/, 42). The
average diameter of the nanocrystals can be varied over the 10—100 nm range by
varying the concentration of reactants. Au nanocrystals with diameters between 1
and 2 nm are obtained by the reduction of HAuCly with tetrakis(hydroxymethyl)-
phosphonium chloride (THPC) which also acts as a capping agent (43). Following
the early work of Brust and co-workers (44), the general practice employed to obtain
organic-capped metal nanocrystals is to use a biphasic mixture of an organic solvent
and the aqueous solution of the metal salt in the presence of a phase-transfer reagent.
The metal ion is transferred across the organic-water interface by the phase transfer

reagent and subsequently reduced to yield sols of metal nanocrystals. Metal

11
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Figure 1.6: Transmission electron micrographs (a-e), optical spectra (f), and
photographs of (g) aqueous solutions of gold nanorods of various aspect ratios. Seed
sample: aspect ratio 1; sample a, aspect ratio 1.35 (0.32; sample b, aspect ratio 1.95
( 0.34; sample c, aspect ratio 3.06 (0.28; sample d, aspect ratio 3.50 ( 0.29; sample
e, aspect ratio 4.42 ( 0.23. Scale bars: 500 nm for a and b, 100 nm for ¢, d, e (From
ref. 56).

nanocrystals in the aqueous phase can also be transferred to a nonaqueous medium
by using alkanethiols to obtain organosols (45, 46). This method has been used to
thiolize Pd nanocrystals with magic numbers of atoms (47, 48). A method to
produce gold nanocrystals free from surfactants would be to reduce HAuCly by
sodium napthalenide in diglyme (49). Ag nanocrystals have been prepared in
nanoscale by using dimethylformamide as both a stabilizing agent and a capping
agent (50). Au and Ag are the most commonly studied metals for chemical
synthesis, but nanoparticles of a wide range of other metals can also be synthesized,
often by using analogous methods. By using tetrabutylammonium borohydride or its
mixture with hydrazine, Jana and Peng (57) obtained monodisperse nanocrystals of
Au, Cu, Ag, and Pt. Nanoparticles of Rh and Ir have been prepared by the reduction
of the appropriate compounds in the ionic liquid, 1-n-butyl-3-methylimidazolium-

hexafluorophosphate, in the presence of hydrogen (52). Synthesis and

12
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functionalization of gold nanoparticles in ionic liquids is also reported, wherein the
colour of the gold nanoparticles can be tuned by changing the anion of ionic liquid
(53). The synthetic aspects of magnetic metallic nanoparticles will be discussed later
in this chapter.

Shape-controlled synthesis has received widespread interest due to the importance of
anisotropic nanoparticles in their structural, optical, electronic, magnetic, and catalytic
properties, as well as their potential applications (39, 54, 55). By suitable choice of
experimental conditions and additives, non-spherical shape of nanoparticles such as
rods, wires, tubes and concentric core-shell structures have been successfully
synthesized and they are found to possess properties which depend not only on the size
but also on other topological aspects. Gold nanorods have drawn the most attention
because they can be synthesized using a relatively simple process such as wet chemical
methods and the rational control over the aspect ratio is possible (Figure 1.6) (56). To
date, the main methods to synthesize gold nanorods include porous aluminum template
methods (57), electrochemical methods (58), photochemical methods (59), and the seed-
mediated growth method (60). Of all these methods, the seed-mediated growth method
is especially appealing and widely adopted because it is very simple and flexible in
fabricating different aspect ratios of gold nanorods and keeping a relatively high yield.
Generally, the seed-mediated growth method includes two steps: synthesis of seeds and
the growth of seeds. The former is done by using a strong reducing agent to reduce a
metal salt solution in aqueous medium so as to get a certain size of spherical gold
nanoparticles, which are defined as gold seeds. After the gold seeds are formed, the next
step is to add them into the surfactant, which acts as a soft template to direct seed
growth. During the growth, another weak reducing agent is necessary to guarantee the

reduction of gold salt. To get a high yield of tailored gold nanorods by this method,
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several parameters such as the seeds themselves (size and aging time), use of AgNOs,
use of cetyltrimethylammonium bromide (CTAB), pH, temperature, among others must
be carefully considered before preparation because the formation mechanism of gold
nanorods is very complicated; a slight variation will affect the size and shape of the gold

nanorods (67).
1.3.2 Optical Properties:

Small metal particles exhibit complex optical and physical properties. Their small
sizes (< 100 nm) cause strong confinement of the electrons, giving rise to fascinating
effects not observed in the bulk material. The most striking phenomenon encountered in
metal nanoparticles is electromagnetic resonances due to the collective oscillation of the
conduction electrons. The excitation of localized surface plasmons on metal
nanoparticles can be qualitatively understood by considering the particle as a simple
oscillator. An external electric field is able to displace the free electrons in a metal
nanoparticle with respect to the fixed ionic core. This displacement sets up a restoring
force, leading to coherent, resonant oscillation of charge density (Figure 1.7) (62).
These localized surface plasmon resonances (SPR) induce a strong interaction with
light, and the wavelength at which this resonance occurs depends on the local
environment, shape, size and orientation of the particle (63, 64). This section describes
the optical properties of metal nanoparticles in particular gold nanoparticles and
nanorods.

Absorption by small metal sphere: We are concerned with solutions containing
small nanocrystals. These particles do not sediment and the solution is optically and

spatially homogeneous. In a dilute colloidal solution containing N particles per unit
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Figure 1.7: Origin of surface plasmon resonance due to coherent interaction of the
electrons in the conduction band with light (From ref. 62).

volume, the measured attenuation of light of intensity /y, over a path length x cm in a

spectrophotometer is given in differential form as:

dl(x)
dx = —NCoy 1(x)

(1.1)
Which shows that the rate of loss of photons is proportional to the light intensity at

distance x into the medium, and also to the number density of light extinguishing

particles. Integration gives the solution absorbance:

A= log I[) _ NCextx
7))~ 2303

(1.2)
where Ce 1s the extinction cross-section of a single particle. For spherical particles with

a wavelength-dependent dielectric function g(4) = ¢'(4) + ie"(4), embedded in a medium

of dielectric function &, Cex; 1S given by (65) :

Znnmo
Cowt =77 ). @+ DRel{a, + b,
n=1
(1.3)
VEm
Where k = ZnT
(1.4)

and a, and b, are the scattering coefficients, which are functions of the particle radius
and 4 in terms of Ricatti—-Bessel functions. The extinction cross-section of a particle is

often normalized to give the extinction cross-section per unit area:

Cext
mR?

Qext = (15)
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Conventionally, chemists measure the extinction coefficient of a solution in units of
M ecm ', where the concentration is the molar metal atom concentration. For particles

of radius R (cm), this quantity is related to Qe by:

~1 1Y) = 3X107 VmQext
EM™"em™) = (4x2.303R) (1.6)

where Vy, (cm® mol™) is the molar volume of the metal. Bohren and Huffiman provide
various approximations that may be used instead of the full series expansion (65). In
particular, for very small particles where kR«1, only the first few terms are important in

these equations.

_izx® m?-1 xS m2-2)(m?-1) | i4x6 [m2-1]° ;
al = 3 m2+42 5 (M2 +2)>2 9 [m2+2] +0(") (1.7)
_i2x® m?-1 7
az = T 15 2m2+2 +0(x") (1.8)
.5
bl === (m? —1) + 0(x") (1.9)
45
b1 =0(x") (1.10)

Here m is the refractive index of the material relative to the medium, i.e., m= n/nmeq and

X = kR=27mnmeqR/A. If we retain just the first term in a;, then Eq. (1.3) becomes:

_ 247T2R3$,?,’l/2 g (1.11)
o A (€ 4282+ €7

This equation can also be obtained by purely electrostatic arguments, and a succinct
derivation is given elsewhere (66). The Ce scales as R’, while the number density
decreases as R’ for a given amount of colloidal material. Hence, the molar absorption
coefficient is independent of particle size. This is borne out for particles in the range up
to about 30 nm, where scattering begins to be significant. For very small particles, <5—
10 nm in diameter, the material properties themselves change, and this results in
changes to the dielectric function, (1), and hence to the colloid optical properties. An

interesting feature of Eq. (1.11) is that there is no absorption if ¢" = 0 but there is also
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Figure 1.8: Optical absorption spectra of Au nanospheres of different size ranging
from 9-99 nm (From ref. 68).

no absorption if ¢"=c0. In the first case, the particle is simply non-absorbing, while in the
second case, it reflects all incident radiation.

Mie was able to explain some of the anomalous and striking colors exhibited by
small metal particles, particularly those of gold or silver (67). In these measurements, it
is assumed that the refractive index and absorption coefficient of the dispersed particles
are known. The reason that metals exhibit such strong optical effects is due to the
dynamic response of the electrons. The dielectric function is related to the complex
refractive index, n, through e(4)=(n + ik)*>. For metals, the dielectric function typically

takes the form:

£ =R —% (1.12a)
vy AP +2) 1.12b
CW =" (1.12b)

The first term in Eq. (1.12a) is the short wavelength dielectric constant, which

considers all UV absorption bands.

2mc 412c2méE, (1.13)

17



Chapter 1

The plasma wavelength, 4, is characteristic for each metal, and is a function of only
the electron density, N, and the effective mass of electrons, m, in the material. A4 is the
damping constant of the conduction electrons. Surface plasmon absorption due to the
confined excitation of conduction electrons in small particles occurs because the
dielectric function &(4) can take negative values, leading to poles in the value of a;. The
position of the surface plasmon absorption band of small gold spheres is given to a good

approximation by the condition:

£1 = —2&, (1.14)

Here, &, = n med 18 the dielectric function of the (nonabsorbing) solvent, and ¢; is the
real part of the dielectric function of the metal at that energy or wavelength. Previous
work suggests that the dielectric data obtained from reflectivity measurements on bulk
metal may be in error by about 1-3%. Figure 1.8 shows the optical absorption spectra of

Au nanospheres of different size ranging from 9-99 nm (68).
Absorption by small metal ellipsoids: 1n 1912, Gans predicted (69) that for very

small ellipsoids, where the dipole approximation holds, the surface plasmon mode
would split into two distinct modes. This is a consequence of the surface curvature,
which determines classically the restoring force or depolarization field that acts on the
confined conduction electron population. He quantified the response as a function of the
ellipsoid aspect ratio. The electron microscopy reveals that most nanorods are more like
cylinders or sphero-capped cylinders than ellipsoids. However, an analytical solution
for such shapes is not possible. Solutions have been found for the case of an infinite
cylinder and for oblate and prolate ellipsoids. In explaining the optical properties of
these small rods, it has been common to treat them as ellipsoids (61, 70), which allows
the Gans formula to be applied. The polarizability of an ellipsoid is given by:

4mtabc(Eyy — &)

= 1.15
Cxrs 3 + 3Ly, (Ean — Em) (1.15)
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Figure 1.9: (a) Simulated spectra of the long-axis SPR mode for gold nanorods of
different aspect ratio, showing the shape tunability of the optical resonance in the
visible-near infrared region. (b) Experimental plot of the surface plasmon
longitudinal band position vs. aspect ratio for pure gold rods in water. (From ref.
71).

Here a, b and c refer to the length of the ellipse along the x, y and z axes (a > b = ¢), eaqy
the dielectric function of Au, &, the dielectric constant of the medium at optical
frequencies and L., is the depolarization factor for the respective axis, which is given

by:

1 —e? 1 1+ 1-1L
L=t (i), =0 (1.16)

here, e is the rod ellipticity given by e* =1—(b/a)*. For a sphere e = 0 and L = 1/3. The
polarizability is related directly to the extinction of light by Cex = kl(a).

In the vast majority of the studies Gans’ theory has successfully explained the
qualitative optical properties of gold nanorods.
The effect of aspect ratio. Gan’s equation predicts how the plasmon mode peak position
varies with aspect ratio for small ellipsoids embedded in the same medium. The easiest
way to visualize this is to plot the depolarization factor L in Eq. (1.16) versus the value

of the dielectric function at the peak.
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A common observation from combining electron microscopy sizing of Au
nanocrystals with spectral measurements is an almost linear correlation between peak
position and aspect ratio (Figure 1.9) (77). Small changes in aspect ratio lead to drastic
changes in transmitted colors. The fact that the plasmon band appears to be drastically
red-shifted from the positions predicted by the Gans model, yet still displays the
linearity expected from Egs. (1.15) and (1.16), led El-Sayed and co-workers to propose
(72) that the water layers around the rods were polarized and had a substantially higher
refractive index than water. In addition to the aspect ratio, optical properties of gold
nanorods depends on refractive index of the solvent, the effect of dielectric shell layer

and the polarization of the excited light.

1.4 Semiconductor Nanoparticles:

Semiconductor Nanoparticles has been under the researcher’s constant scrutiny since
the 1980°’s due to the sensitivity of their optical spectra to size and shape.
Semiconductor nanocrystals are usually referred to quantum dots, whose charge
carriers, i.e. their wave functions, are confined in all three spatial directions, so their
energy becomes quantized (73). The confinement can be based on electrostatic
potentials (generated by external electrodes, doping, strain, impurities), the presence of
an interface between different semiconducting materials (e.g. in core shell systems), the
presence of the semiconductor surface (e.g. of nanocrystals in an amorphous matrix), or
a combination of these. By adjusting the shape, size, and confinement potential of
quantum dots one is able to tailor their electronic as well as their optoelectronic
properties (73). In electronic applications they have been proven to operate like a single-
electron transistor and show the Coulomb blockade effect. Furthermore, quantum dots
have been suggested as implementations of qubits for quantum information processing.

Other semiconducting nanostructures besides quantum dots are quantum wires (e.g.
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carbon nanotubes), which confine the charge carriers in two spatial directions and allow
free propagation in the third (74) and quantum wells, which confine the charge carriers
in one direction and allow free propagation in two directions (75). Most of the studies of
semiconductor NPs are of interdisciplinary character and are devoted to investigation of
their colloidal solutions. To date, NPs of II-VI and III-V groups like CdSe, CdS, ZnSe,
ZnS and InAs and number of other semiconductors such as ZnO, SiO,, MoS,, GaP,

GaN, Pbl,, have been synthesized and investigated their properties and applications.
1.4.1 Synthesis:

Since the first application of the pyrolysis method to the synthesis of of CdSe NPs in
the early nineties by Murray et al. (76), there has been significant amount of work
improving and modifying the NP synthesis. NPs of CdSe, CdTe, CdS, PbS, PbSe, PbTe,
ZnS, ZnSe, InAs and InP are all routinely made as are core/shell combination such as
CdSe/ZnS and CdTe/CdSe (77, 78). In another method nanocrystals of metal
chalcogenides are generally prepared by the reaction of metal salts with an appropriate
sulfiding or seleniding agent under solvothermal or thermolysis conditions. Thus,
toluene-soluble CdSe nanocrystals with a diameter of 3 nm have been prepared
solvothermally by reacting cadmium stearate with elemental Se in toluene in the
presence of tetralin (79). Decomposition of single molecular precursors provides
convenient and effective routes for the synthesis of metal chalcogenide nanocrystals
(80, 81). In addition, metal chalcogenides of different shapes and composition have
been created such as CdTe and CdSe tetrapods (82), CdSe/CdTe nanobarbells (83),
PbTe cubes and even CdSe hyperbranched structures (84).

Metal oxide NPs are mainly prepared by the solvothermal decomposition of
organometallic precursors. ZnO NPs have been synthesized from the cupferron complex

by a solvothermal route in toluene solution treatment of metal acetylacetonates under
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solvothermal conditions produces NPs of metal oxides such as Ga,03;, ZnO and cubic
In,O3 (85). It has been found that reactions of alcohols such as ethanol and t-butanol

with Zn powder readily yield ZnO NPs (86).
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Figure 1.10: (a) Bohr radius of an exciton and (b) the effect of quantum
confinement on the band structure and emission of a nanocrystals.

1.4.2 Optical Properties:

When a semiconductor absorbs light, the energy of the photon is used to promote an
electron to the conduction band and a hole is left behind in the valence band. This
electron-hole pair is termed as an exciton, and it is bound through a coulomb attraction
of the negatively charged electron to the positively charged hole. The distance between
the electron and hole of the exciton in the semiconductor lattice termed the exciton Bohr
radius (Figure 1.10), similar in concept to the Bohr radius of an electron orbiting the
nucleus in an atom. When the dimensions of a semiconductor become smaller than the
exciton Bohr radius, the exciton is physically confined. The physical confinement of the
exciton results in changes in the energetic spectrum of the semiconductor (87, 88). As
the size of the semiconductor becomes smaller, the energy gap between the conduction
and valence bands increases. In general, the relationship between band gap energy and
particle size goes roughly like that of a particle in a box, Eg ~ 1/a%, where a is the radius
of the particles. The physical confinement also results in quantization of the continuous
energy levels of the conduction and valence bands. The quantization of the energy

bands is one reason NPs are often called ‘artificial atom’. The absorption spectrum of a
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Figure 1.11: (a) Optical absorption spectra for a series of sizes of monodisperse
CdSe nanocrystals. (From ref. 89). (b) First absorption peak change vs. the size of
nanocrystals of CdS, CdSe and CdTe. (From ref. 97). (c) PL spectra of different size
of CdSe nanocrystals. (From ref. 98).

NPs exhibits the effects of quantization as it contains the features resulting from the
transitions between the quantized states (Figure 1.11 (a)) (89).

While the blue shift of the band gap energy and quantization of energy levels are
general effect of confinement, the exact energy level spacing and optical effects are
specific to a semiconductor material. The emission and absorption properties depend on
other factors such as the Bohr radius of the given semiconductor, the effective masses of
the electron and hole, and the shape of the nanoparticle. In CdSe, the effective mass of
the hole is six times that of the electron (90) which results in closer spacing between the
quantized states of the valence band than the conduction band. In PbSe, the electron and
hole effective masses are equal (90) and the quantized energy levels in the conduction
and valence bands are spaced equally. In addition, the sensitivity of the band gap energy
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blue shift to NP size which is materials dependent. The emission from monodisperse
semiconductor nanocrystals such as CdSe is intense, narrow and can be brought about
by excitation in a broad range of wavelengths (Figure 1.11 (c)). The Bohr radius in
CdSe is ~ 6 nm and so by tuning the NP diameter from 1.2-11.5 nm, the emission can
be experimentally varied from 410 nm — 670 nm. In PbSe the Bohr radius is 23 nm and
the emission can be experimentally tuned from 1.1 pm (2.6 nm) to 2.2 um (9.5 nm)
(90). Finally, NP shape can also affect the optical properties. When CdSe nanorods
(NRs) grow longer than 12 nm they are no longer confined in one of the dimension.
Absorption is dominated by radial confinement along the diameter of the NR and so the
absorbance spectrum remains the same despite change to the rod length (97). 1D
confinement does effect exciton fine structure and results in linearly polarized emission
from the NRs (92). For CdSe tetrapods, the features in the absorption spectrum also
depend only on the diameter of the NP core and not the length of the arms (82). The
quantum confinement in semiconductor NPs results in the changes in the absorption and
emission characteristics of semiconductor. However, the results of confinement are
extremely material dependent allowing for the creation of particles with new and
interesting optical and electrical properties.

The quantitative dependence of the minimum electronic excitation energy of a
nanoparticle on its size can be approximately calculated taking into account the relation
between the uncertainty in the position (Ax) and the uncertainty in the momentum (Ap)

of the exciton in a macroscopic crystal and in a nanoparticle:

AplAx =

N | S

(1.17)

The delocalized exciton has no fixed position in the periodic potential of the
macroscopic crystal, whereas its energy (E) and momentum (p=hk) are strictly fixed,

and at small k,
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h?k?
=

E

, (1.18)

where p is the effective mass of the exciton (93). For a nanoparticle, the uncertainty in
the position of the exciton depends on the characteristic size of the nanoparticle
Ax=d.

Assuming that the relation between the energy and momentum is independent of the
particle size, the exciton energy will change in inverse proportion to the square of the
characteristic size of the nanoparticle.

A more rigorous analysis of the effect of the size on the energy of excitonic
excitation of spherical nanoparticles (E,) gives the following relationship:

E.=EntE;, (1.19)
where E,, is the energy of the interband transition in a macroscopic semiconductor, E; is

the energy of exciton localization in the nanoparticle:

__ h*n?  178e?

8R2 ER

f — 0.248E}, (1.20)

where n is an integer, R is the radius of the nanoparticle, p = (m;* + m;*)~* (m, and my,
are the electron and hole effective mass, respectively), € is the dielectric constant of the
semiconductor, and Eg" is the effective Rydberg energy (94, 95). The first term on the
right of the equation is predominant, and its nature was considered above, the second
term takes into account the Coulomb interaction between the electron and hole inside
the nanoparticle, and the third term is responsible for the spatial correlation. The n
values larger than 1 in Eq. (1.20) correspond to the exciton transitions to higher excited
states. In the case of anisotropic semiconductors, the electron and hole effective masses
depend on the direction of motion and Eq. (1.20) becomes more complex with

allowance for this anisotropy (96).
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where ny, ny, and n, are integers; my, my, and m, are the effective masses of the exciton
along the corresponding directions, and Ly, L,, and L, are the dimensions of the

nanoparticle.
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Figure 1.12: Extinction coefficient x 10° cm™ M™ of particles at the first absorption

peak position curves for CdTe, CdSe, and CdS nanocrystals as a function of size
(From ref. 97).

Optical absorption spectroscopy is used extensively for the characterization of the
semiconductor nanoparticles, since they exhibit strong and unique absorption in the
visible region. Optical absorption spectroscopy is highly sensitive to dimension,
morphology and surface modification of the nanoparticles. A distinct red shift is
observed with increase in the size of the particles and features of the exciton peak vary
with the morphology and the surface modification of the nanoparticles. The first exciton
peak also can be used to calculate the energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). This
energy difference is referred to as band gap. The concentration of the CdSe

nanoparticles was calculated by using the classic Beer-Lamberts law.

A=E&C (1.22)
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Where A is absorbance with no units, & is molar extinction coefficient in liter mol™ cm™,
b is the path length in cm and C is concentration in mol litre™.

However, the extinction coefficient of nanoparticles were found to vary with the
size of the nanoparticles. Peng et al. (97) experimentally determined the extinction
coefficients of cadmium chalcogenides, using the wavelength at which the first exciton
peak occurred (Figure 1.12).

Recombination of light-generated charges results in luminescence of nanoparticles
(98). In this case, the blue shift is also observed as the nanoparticle size decreases. The
luminescence of ZnO (99, 100), ZnS (101), CdS (102) and CdSe (/03) has been
studied in detail. The luminescence spectra of colloidal CdSe solutions are shown in
Figure 1.11 (c). It can be seen that the decrease in the nanoparticle size results in a shift
of the luminescence spectra towards the short-wavelength region. The kinetics of the
luminescence decay of nanoparticles is nonexponential and the characteristic time of
decay for nanoparticles of the same size depends on the luminescence wavelength. The
shorter-lived luminescence corresponds to a higher energy of the emitted light quantum.
The dependence of the lifetime of the excited state on the wavelength is explained by
the contribution of the Coulomb interaction between the electron and hole to the energy

of the emitted light quantum (/04):
hv=E— (D, —D_) + - (1.23)
ERp,

where E is the minimum excitation energy of nanoparticles, D.and D are the depths of
the electron and hole traps, respectively, and Ry, is the distance between the electron and
hole. If the electron - hole recombination follows the tunnel mechanism, then the pairs

with small Ry, emit light faster and at higher energies than the pairs with larger Ry.
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1.5 Magnetic Nanoparticles:

Magnetism has fascinated us for thousands of years, but it is only recently that we
began to realize that magnetism is, to a large extent, a nanoscale phenomenon (105).
The atomic exchange interaction that defines ferromagnetism is typically on the length
scale of 10 nm for most materials (/06). The competition between the exchange
interaction and magnetic anisotropy leads to domain formation, with a domain wall
width also in the nanometer region. When the dimensions of the materials become
comparable to these length scales, new properties begin to emerge, such as enhanced
magnetic moments (/07, 108), exchange coupled dynamics (/09), quantization of spin
waves (110, 111) and giant magnetoresistance (//2, 113). These new properties lead to
potential applications in permanent magnets, multi-terabit/in® data storage devices
(/14), new magnetic refrigeration systems (//5), enhancing agents for magnetic
resonance imaging (/16) and targeted drug delivery (/17). Research and applications of
these unique features of magnetic nanostructures start with the material synthesis and
fabrication. During the past two decades, chemical synthesis has demonstrated to be a
powerful and rapid venue to obtain large quantities of nanosize building blocks in a
single reaction. The magnetic nanostructures obtained through colloidal chemistry have
better crystallinity, and are typically much smaller in size than what are typically
achieved using top-down lithographic techniques. Particle size can be tuned through
varying synthetic conditions. This has provided tremendous opportunities to investigate

the transition of magnetism from the atomic scale to the bulk level.
1.5.1 Synthesis:

The recent advances in synthesis of various magnetic nanoparticles by colloidal
chemical approaches offer the capability to precisely control the size of magnetic

nanoparticles from 2 to 20 nm in diameters. Various synthetic strategies for preparation of
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magnetic nanoparticles have been investigated, including chemical co-precipitation,
sonochemical reactions, sol-gel, microwave heating, mechanochemical, micelle
microemulsion, hydrothermal, and ball milling (//8, //9). Compared to other methods,
chemical synthesis has often been found the best method for the production of high- quality
magnetic nanoparticles. Typically, these approaches involve either rapid injection of
reagents into hot solution containing surfactants followed by aging at a high
temperature, or the mix of reagents at a low temperature and then slow increase of the
temperature under controlled conditions. For example thermal decomposition of
dicobaltoctacarbonyl or reduction of cobalt salts generated spherical cobalt
nanoparticles with various crystal structures (/20, 121). Some research groups have
made nanoparticles of iron oxide and other related iron or cobalt containing alloys by
simultaneously reaction the precursors of the constituents (//8). Many different ferrite
nanoparticles were synthesized by the thermal decomposition of organometallic
precursors followed by oxidation or low-temperature reactions inside reverse micelles.
Many groups have contributed on the synthesis of metal magnetic nanoparticles. In
1999, Bawendi group reported the synthesis of Co nanoparticle with a new phase from
the thermal decomposition of dicobalt octacarbonyl in tricoctylphosphine oxide (/22).
Murray et al. at the IBM Watson research center has studied the synthesis of
monodisperse metallic magnetic nanoparticles intensively (/23). Hyeons et al. in Seoul
National University synthesized monodispere iron nanoparticles via the high
temperature (300 °C) aging of an iron-oleic acid metal complex; which was prepared by
the thermal decomposition of Fe(CO)s in the presence of oleic acid at 100 °C (124).
The major disadvantage of metallic magnetic nanoparticles is their susceptibility to
oxidation because of their high surface/volume ratio and high reactivity. Alloy magnetic

nanoparticles and metal oxide nanoparticles are preferred in many studies because of
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their relative stability in ambient conditions. Sun et al. developed a general method to
synthesize monodisperse iron-platinum alloy nanoparticles by simultaneous reduction
of platinum acetylacetonate and the thermal decomposition of Fe(CO)s in the presence
of oleic acid and oleyl amine (/25). Weller et al. developed the synthesis of
monodisperse, highly crystalline CoPt; nanoparticles by reduction of Pt(acac), and
thermo-decomposition of Co,(CO)s in the presence of 1-adamantanecarboxylic acid
(126). Sun and coworkers also developed the synthesis of monodisperse magnetite
(Fe;04) nanoparticles by a high temperature solution phase reaction of Fe(acac); and 1,2
hexadecanediol in presence of oleic acid and oleylamine as surfactants (/27). In another
method, monodisperse iron nanoparticles were first synthesized, and then they were
transformed to monodisperse y-Fe,O; nanocrystals by controlled oxidation using

trimethly amine N-oxide as a mild oxidant (/24).

1.5.2 Special Features of Magnetic Nanoparticles:
Two key issues dominate the magnetic properties of nanoparticles: finite-size

effects and surface effects which give rise to various special features, as summarized in
Figure 1.13. Finite-size effects result, for example, from the quantum confinement of
the electrons, whereas typical surface effects are related to the symmetry breaking of the
crystal structure at the boundary of each particle. The two most studied finite-size
effects in nanoparticles are the single domain limit and the superparamagnetic limit. In
large magnetic particles, it is well known that there is a multidomain structure, where
regions of uniform magnetization are separated by domain walls. The formation of the
domain walls is a process driven by the balance between the magnetostatic energy
(AEnms), which increases proportionally to the volume of the materials and the domain-

wall energy (E4w), which increases proportionally to the interfacial area between

30



1.5 Magnetic nanoparticles

¢) hard magnetic

M
M,

o

He H

>

&

CELS

F

1

el | — — — ﬁ\\
) A —

— i - — —
1 g +|
M o - -

-_-.-_-___.—_.-J—;“-' /

weak ferromagnetism

;

Figure 1.13: The different magnetic effects occurring in magnetic nanoparticles.
The spin arrangement in (a) a ferromagnet (FM) and (b) an antiferromagnet (AFM);
D=diameter, D =critical diameter. (c) a combination of two different ferromagnetic

pahses. (d) An illustration of the magnetic moments in a superparamagnet (SPM).

(e) The interaction (exchange coupling; linked red dots) at the interface between a

ferromagnet and an antiferromagnet produces the exchange bias effect. (f) Pure
antiferromagneic nanoparticles could exhibit superparamagnetic relaxation as well

as a net magnetization arising from uncompensated surface spins (From ref. 118).

domains. If the sample size is reduced, there is a critical volume below which it costs

more energy to create a domain wall than to support the external magnetostatic energy

(stray field) of the single-domain state. This critical diameter typically lies in the range

of a few tens of nanometers and depends on the material. It is influenced by the

contribution from various anisotropy energy terms. The critical diameter of a spherical

particle, D., below which it exists in a single-domain state is reached when AEys=Egy,

which implies

D, ~ 18 Y25/

HoM?
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where A is the exchange constant, K. is anisotropy constant, po is the vacuum
permeability, and M is the saturation magnetization. Typical values of D, for some

important magnetic materials are listed in Table 1.2 (128).

Table 1.2: Estimated single-domain size for different spherical particles (From ref.

118)
Material D, [nm]
hep Co 15
fec Co 7
Fe 15
MNi 55
SmCoy 750
FE‘;O4 128

The magnetization of a single-domain particle lies along the easy axis direction in
the absence of applied magnetic field (718, 129). When a field is applied opposite to the
direction of the magnetization, the magnetic moments rotate through the hard direction
to a new easy direction. There is no domain structure change with this magnetization
switching. It is always more difficult to overcome the anisotropy force that holds the
magnetization in the easy direction to rotate the magnetization than to move a domain
wall, thus, single-domain particles have a larger coercivity than multi-domain materials,
as shown in Figure 1.14. Another source for the high coercivity in a system of small
particles is the shape anisotropy.

Superparamagnetism: The phenomenon of superparamagnetism is observed in small
single-domain particles and it occurs when the materials are composed of very small
particles (usually below10 nm) (718, 129). The energy required to change the direction

of magnetization of a crystallite is called the crystalline anisotropy energy, which
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Figure 1.14: Variation of coercivity with particles diameter

depends on both the material properties and the particle size, as described in the

following equation,

E,=KJV
(1.25)

where Ku is the anisotropy energy density and V is the magnetic switching volume of the

crystallite. As the crystallite size V' decreases, so does the crystalline anisotropy energy.
When the crystallite size reaches below a critical limit, the thermal energy is sufficient to
overcome the coupling interactions between neighboring atoms even though the
temperature is below the Curie or Neel temperature, which leads to the change in direction
of magnetization of the entire crystallite. The resulting fluctuation of the magnetization
direction causes the magnetic field to average to zero. The material behaves in a manner
similar to paramagnetism, except that the magnetic moments of the entire crystallite tend to
align under the magnetic field instead of each individual atom being independently

influenced by an external magnetic field. A typical magnetization curve measured from
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superparamagnetic materials is shown in Figure 1.13 (d). This superparamagnetic size limit

can be estimated by the Neel relaxation time equation given below, (/30)

_ ( KJV)
r}'i’.." = z-:::' exp J

T (1.26)

9
where T is the relaxation time factor of the order of 10 seconds and kBT is the thermal
o

energy with the Boltzmann constant kB. When the magnetic measurement time #,,.; < ., the

sample belongs to ferromagnetism. And when, #,.; > ¢, it belongs to superparamagnetism.

Therefore, the ratio of crystalline anisotropy energy K, to the thermal energy kBT should

satisfy the condition below for the superparamagnetic size limit,

o/ (1.27).

In the case of high—KH magnetic materials such as FePt, SmCo5 and CoPt, etc., in order to

maintain the thermal stability of the single-domain nanoparticles, this ratio should satisfy,

(114, 131, 132)

(1.28).
Therefore, we can estimate the superparamagnetic size limit D; by assuming the cubic

shape of grains (/33),

| =

: K

\ i

ey )
D:(éo TJ (1.29).

7 3 -14
As for FePt nanoparticles, taking Ku=6.6~10>< 10 erg/cm , 7=300 K and kBT =3.77x10

erg, the superparamagnetic size limit D; is 2.8~3 nm at room temperature (/33-135). This
theoretical superparamagnetic size limit also predicts that FePt nanoparticles below a

critical size limit cannot convert to hard magnetic phase (/33). This transition size limit has
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been proved to be well matched with the range of the superparamagnetic size limit,

theoretically and experimentally (/36).

1.6 Carbon Nanostructures:

Carbon occurs in many forms, and the dependence of the properties of each form on
its special structure makes carbon a truly unique building block for nanomaterials. For
this reason carbon has been investigated for more than half a century. Three types of
nanocarbons have emerged in the last 25 years. These are fullerenes, carbon nanotubes
and graphene. Fullerenes are zero-dimensional molecular compounds, while carbon
nanotubes are one-dimensional materials. Graphene is a two-dimensional network of
carbon atoms with fascinating properties. All the three nanocarbons contain sp” carbon
atoms and one would expect certain similarities in the properties of these nanocarbons.

The most famous of this class of molecules is the spherical Buckyball Cgy, which has
a bond structure analog to the seams of an old fashioned soccer ball connecting the 12
heptagonal and 20 hexagonal leather patches. After this discovery, it became evident
that sp>-hybridized graphene layers exist not only as planar honeycomb sheets like in
graphite but also as spherically curved and closed cages (/37). Later, in 1991, Sumio
lijima (/38) discovered a cylindrical form of the buckyball, known as carbon nanotube.
These new members of the fullerene family fall into two broad categories: single-walled
carbon nanotubes (SWNT) consisting of one graphene sheet rolled into a cylinder and
multi-walled carbon nanotubes (MWNT) made of several concentric SWNTs. The
recent addition to carbon nanostructures family, graphene has been discovered by Geim
and co-workers at the University of Manchester (739, 140). Figure 1.15 shows how

single graphene sheet can be wrapped, rolled or stacked to generate those materials.

35



Chapter 1

2D Graphene

0D Buckyballs 1D Nanotubes 3D Graphite

Figure 1.15: Graphene: mother of all graphitic forms. It can be wrapped up into 0D
buckyballs, rolled into 1D nanotubes or stacked into 3D graphite (From ref. 158).

1.6.1 Carbon Nanotubes

These new members of the fullerene family fall into two broad categories: single-
walled carbon nanotubes (SWNT) consisting of one graphene sheet rolled into a
cylinder and multi-walled carbon nanotubes (MWNT) made of several concentric
SWNTs. The outstanding mechanical and electronic properties of SWNTs have been
largely investigated and today still constitute the object of intensive research activities.
Notably, a SWNT can be viewed as the prime example for a molecular one dimensional
electronic system and can be used for the realization of future SWNT-based quantum
devices. In the following paragraphs, we are going to give a short introduction to the

synthesis, structure and electronic properties of SWNTs.
Synthesis: Carbon nanotubes (CNTs) can be synthesized by various methods with

arc-discharge, laser ablation and chemical vapor deposition (CVD) being the principal
ones (Figure 1.16) (/41). In these methods, the carbon nanotubes (SWNTs or/and

MWNTs) are grown from the condensation of a carbon-containing phase in as most of
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Figure 1.16: Schematic diagrams of (a) arc-discharge chamber, (b) high
temperature laser ablation and (c) organometallic pyrolysis experimental
set-up (From ref. 141).

the cases in the presence of metallic catalysts like Fe, Ni or Co. The produced SWNTs
mostly bunch in the form or ropes with tens of individual nanotubes close-packed via
Vander-Waals interactions. Originally developed for the synthesis of fullerenes, arc
discharge technique produce carbon soot containing many interesting carbon
nanostructures including CNTs, as discovered by lijima in 1991 (/38). Besides its
pioneering role for the synthesis of CNTs, arc discharge evolved as a trustful technique
for the mass production of CNTs (142, 143).

Synthesis of CNTs via laser ablation of a graphite target is similar to arc discharge
since the carbon source in both techniques is graphite. For the synthesis of CNTs by the
laser ablation technique a continuous or pulsed laser is used, which is directed at a
graphite target located in a heated quartz tube at around 1200 °C. The quartz tube is
continuously flushed with argon or helium gas under reduced pressure and the sublimed
carbon species along with metal clusters are transported by the gas flow and recombine

on a cold finger to form bundles of CNTs. If the graphite target with transition metals

37



Chapter 1

P el

Figure 1.17: Electron microscope images of (a) SWNTs prepared by arc-discharge
process, (b) MWNTs, (c) aligned MWNT bundles, (d) SWNTs, (e) Fe-filled
MWNTs and () Y-junction carbon nanotubes prepared by organometallic route
respectively. Inset in (a) shows Ce filled SWNTs, carbon “peapods” (From ref.
141).
like nickel and cobalt is a prerequisite for the synthesis of SWNTs (/44). Chemical

vapor deposition (CVD) is another important method used for the production of carbon
nanotubes. The main requirements for the CVD or plasma enhanced chemical vapor
deposition (PECVD) synthesis of CNTs are a hydrocarbon gas, a metal catalyst and a
plasma or thermal energy source. Contrary to arc discharge and laser ablation
techniques, CVD requires a metal catalyst for the synthesis of MWNTs as well as
SWNTs (145, 146). The SWNTs can also produced by the high pressure CO
disproportionation process (HiPCO) (/47), which belongs to the CVD family. In CVD,
a flowing hydrocarbon gas is decomposed at a growth temperature between 500 and
1000 °C. The precipitation of carbon from the saturated phase on the metal catalyst
particles leads to the formation of a tubular carbon solid. In the HiPCO technique, the
SWNTs are produced by flowing CO, which is the carbon feedstock, mixed with a
small amount of iron-containing catalyst precursor Fe(CO)s through a heated reactor. In

this process CO disproportionate, simultaneously Fe(CO)s decomposes and produces
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Figure 1.18: Schematic representation of the relation between nanotubes and
graphene.

nacent Fe clusters, both of which react to yield SWNTs. The diameter of SWNT
produced by the HiPCO technique are generally smaller (typically ~ 1 nm) than for arc-
discharge and laser ablation (typical diameters ranging from 1 to 1.6 nm). Figure 1.17
shows TEM images of carbon nanotubes prepared by different methods.

As produced raw material can contain a high degree of impurities, being mainly
metal particles and amorphous carbon. These impurities can be removed to a great
extent, e.g by metal catalyzed oxidation (/47) or by hydrogen treatment. Controlling
the chirality of CNTs is of great importance, since CNTs are either metallic or
semiconducting depending on the chirality and many applications require CNTs with
controlled electrical properties. Furthermore, recent promising progresses have been
made in separating SWNTs according to their chirality (n,m) (1/48). This is of prime
importance towards the realization of future SWNT-based technologies. The recent
progress in the selective synthesis as well as separation of SWNTs will be discussed in

Chapter 6.

39



Chapter 1

Structure and characterization: A SWNT can be visualized by cutting Cgo

across the middle and adding a cylinder of graphene of the same diameter. If the Cg is
bisected normal to a five-fold axis, an armchair tube is obtained and if it is bisected
normal to a threefold axis, a zigzag tube is formed. In addition, a variety of chiral tubes
can be obtained with the screw axis along the axis of the tube (armchair and zigzag
nanotubes are achiral). Nanotubes can be defined by a chiral angle 8 and Cj a chiral
vector given by equation (1.30) where a;and a; are unit vectors in a 2D graphene lattice
(see Figure 1.18), while n and m are integers.
Cy=na; + ma, (1.30)
The vector C;, connects two crystallographically equivalent sites on a 2D graphene
sheet while the chiral angle is the angle it makes with respect to the zigzag direction
(Figure 1.18). A tube is formed by rolling up the graphene sheet such that the two points
connected by the chiral vector coincide. The nanotube can be specified by the pair of
integers (n,m), which have a wide range of values. For the armchair nanotubes, n=m #
0 while n # 0, m =0 for the zigzag nanotubes. For a nanotube defined by the index (n,
m), the diameter, d, and chiral angle, @, are given by the equations (1.31) and (1.32),
where a=1.42 A and 0 <6 <30°.
d=a-(m*+m-n+n)"*x (1.31)
0 = arctan(—(3)"* - m)/2n + m) (1.32)
The MWNTs consist of capped concentric cylinders separated by 3.45 A, which is
close to the separation between the (002) planes in graphite. The carbon nanotubes are
capped by dome-shaped hemispherical fullerene-type units. The capping unit consists of
pentagons and hexagons. SWNTs have defects like bends, which are due the presence
of pentagons and heptagons on opposite side of the tube (/49). The electronic structure

of SWNTs is closely related to its structure. The basic electronic band structure of
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Figure 1.19: (a) Three-dimensional plot of the 7 and 7* graphene energy bands
and (b) a 2D projection with the allowed 1D wave vectors & for a metallic
(red) and semiconducting (green) SWNTs. The hexagon defines the first
Brillouin zone of a graphene sheet, and the black dots in the corners are the
K3 points. (c) and (d) density of states plot for metallic and semiconducting
SWNTs respectively (From ref. 187).

SWNTs can be derived from a graphene sheet while neglecting hybridization effects
due to the finite curvature of the tube structure. Graphene is a semi-metal with valence
and conduction bands are degenerate only at six corners (Kjz) of the hexagonal first
Brillouin zone (see Figure 1.19 (a)). The Fermi surface of the graphene sheet is thus
reduced to these six points. In SWNTs, the wave vector k£ is quantized along the
circumferential direction due to periodic boundary condition, k. C, = 27q, were q is any
integer. Therefore, only a particular set of states, which are parallel to the corresponding
tube axis with a spacing of 2/d, are allowed as evident from Figure 1.19 (b). On the
basis of this simple scheme, if one of the allowed wave vectors passes through a Fermi
level Kz of the graphene sheet, the SWNT should be metallic, and otherwise it should
be semiconducting (/50-152). SWNTs are metallic when (n - m)/3 is an integer, and
otherwise they are semiconductors. Low-temperature scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS) studies of SWNTs have shown the

size-specific transport properties in agreement with theoretical predictions(/53, 154).
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Figure 1.20: (a) Optical absorption spectra of films of purified SWNTs. Here S and
M stand for electronic transitions of semiconducting and metallic SWNTs
respectively. (b) 2D photoluminescence map of HIPCO SWNTs. (From

ref. 156).

Optical absorption and fluorescence spectroscopy has also been used to study
SWNTs. All the optical spectroscopic processes in semiconducting SWNTs and most in
metallic SWNTs are attributed to transitions between corresponding van Hove
singularities. The presence of energy gaps is induced by features such as doping,
curvature and bundling. A small energy gap at the Fermi level opens up in the case of
metallic nanotubes due to the curvature of the graphene sheet (/55). Typical optical
absorption spectra of SWNTs in shown in Figure 1.20 (a) (/56). The near-infrared
transitions designated at S;; and Sy, arise from the inter-van Hove energy levels in
semiconducting SWNTs while metallic SWNTs exhibit absorption bands (M;;) in the
visible region. Metallic SWNTSs show a band (Mgo) in the infrared spectrum (100 cm™")
which arises due to the small gap near the Fermi level (attributed to effects of finite
curvature and broken symmetry). The absorption spectra of SWNTs show a blue shifted
as the diameter of the nanotube decreases.

Bundled SWNTs do not exhibit photoluminescence as the electron-hole pair non-
radiatively decay due to the presence of metallic SWNTs in the bundles.

Photoluminescence is only observed when the nanotubes are individualized and the
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process occurs in three steps: (a) an absorption of light at S, followed by (b) a
relaxation from S;; using a phonon-electron interaction, and (c) a spontaneous emission
at E;;. The photoluminescence emission is possible with the S;; transition while a wide
range of wavelengths are useful for excitation. As the energy of the van-Hove
singularities maxima are mainly dependent on the nanotube chirality, the (n,m) values
of the different nanotubes present in a sample can be characterized using two-
dimensional photoluminescence mapping. A typical photoluminescence map of HiPCO

SWNTs is shown in Figure 1.20 (b). Diffraction methods have also been used to probe
the structure and properties of carbon nanotubes. Electron diffraction studies establish
the presence of helicity (/57). The XRD pattern of MWNTs show only the (hk0) and
(001) reflections but no (hkl) reflections. Raman spectroscopy is an important tool to

characterize carbon nanotubes. It will be discussed in section 1.6.3.

1.6.2 Graphene:

Graphene is the name given to a flat monolayer of carbon atoms tightly packed into a
two-dimensional (2D) honeycomb lattice, and is a basic building block for graphitic
materials of all other dimensionalities (/58). Theoretically, graphene has been studied
for sixty years and is widely used for describing properties of various carbon-based
materials. Graphene was an academic material as it was widely believed that 2D crystals
are unstable. Geim and co-workers (/39) in 2005 showed that a single layer of graphene
is indeed stable, thus opening a new area of fascinating physics and chemistry
Synthesis: A large majority of the studies of graphene have been directed towards
synthesis (Chart 1). Since micromechanical cleavage of HOPG was first employed to
obtain single layer graphene (SG), various methods including epitaxial growth on an
insulator surface such as SiC and chemical vapor deposition (CVD) on surfaces of
transition metals such as Ni and Cu have been employed (759, 160). We find that
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Chart 1: Various Synthetic methods of graphene.

Synthesis
> Micromechanical cleavage Chemical reduction of exfoliated
of HOPG graphene oxide (2-6 layers)
> CVD onmetal surfaces
Thermal exfoliation of graphite
——> Epitaxial growth on an oxide (2-7 layers)
Singlelayer, insulator (SiC) Few layer
—— Reduction of single layer
graphene oxide Arc-discharge in presence of
H, (2-4 layers)
> Dispersion of graphite in
water, NMP
——> Intercalation of graphite Aerosol pyrolysis

(2-40 layers)

graphene layers can be grown on different transition metal substrates by decomposing a
variety of hydrocarbons such as methane, ethylene, acetylene and benzene with the
number of layers varying with the hydrocarbon and reaction parameters. Hydrazine
reduction of single layer graphene oxide seems to be an effective means of obtaining a
dispersion of SG in solvents such as DMF. Many of the above methods are, however,
not suitable to make large quantities of graphene samples. Bi- and few-layer graphenes
can be obtained by different chemical procedures such as thermal exfoliation of graphite
oxide, reduction of graphene oxide with reducing agents such as hydrazine under
microwave irradiation, and microwave solvothermal treatment of graphene oxide (759,
160). The most common method of preparing graphene samples seems to be through the
reduction of graphene oxide.

There are a few studies directed towards the formation of carbon nanoscrolls (CNSs)
from graphene. Because of the novel scroll topology, properties of CNSs differ from
those of SWNTs and MWNTs. CNSs provide interlayer galleries that can be
intercalated with donors and acceptors and may be of value in energy storage in
supercapacitors or batteries, in addition to exhibiting novel electronic and optical
properties as predicted (/67). The scrolls can be prepared by ultrasonication of

potassium intercalated graphite (/62) or by simply dipping the single-layer graphene
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deposited on substrate in isopropyl alcohol (/63). Developing an efficient approach to
roll chemically derived graphene to CNSs would be worthwhile. Transformation of
graphene oxide to carbon nanotubes and carbon nanoparticles is induced by
ultrasonication under acidic conditions (/64). In this one-pot transformation, two-
dimensional sheets, susceptible to acid cutting, are decomposed into polyaromatics in
concentrated acid in minutes. Polyaromatics are further reconstituted by acid
dehydration reactions to form carbon nanoparticles and nanotubes. There is much to be
done on such transformation as well as on CNSs. Arc-discharge of graphite rod in
hydrogen atmosphere has been used for preparing graphene containing 2-4 layers on a
relatively large-scale. An important aspect of the arc-discharge method is its use in

doping graphene with boron and nitrogen.
Structure and characterization: A single atomic sheet of graphene is the mother

of all graphitic allotropes, since it is the elementary building block of graphite as well as
CNTs and even fullerenes if pentagons are introduced in the hexagonal lattice. Stacking
two sheets of graphene produces graphite by definition, but the physical properties of
stacks consisting of less than ten graphene sheets are significantly different from the
physical properties of bulk graphite.

Therefore, a different terminology is applied to distinguish several classes of graphene
stacks. Depending on their dimensions and physical properties, graphene stacks are
classified into three categories: single layer graphene, few layer graphene or FLG and
graphite. Graphite is the three-dimensional equivalent resulting from stacking the
strictly two-dimensional crystalline graphene. The definitions of graphite and graphene
are solely based on structural differences and are therefore inappropriate to denote
stacks of less than ten graphene layers, whose structure resembles graphite but whose

physical properties correspond more to graphene than to graphite. This class of graphitic
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Figure 1.21: (a) Crystallographic structure of graphene. Atoms from different
sublattices (A and B) are marked by different colors (From ref.175). (b) Ambipolar
electric field effects in single-layer graphene. The conical low-energy spectrum E(k)
indicates changes in the position of the Fermi energy Er with changing gate voltage
Ve (From ref. 158).

material is therefore denoted by the term few layer graphene or FLG. Graphene, FLG
and graphite are the three classes of planar graphitic structures.

Single layer graphene is defined as a two-dimensional carbon crystal with a strictly
hexagonal lattice structure. But perfect two-dimensional crystals cannot exist in the free
state, as first theoretically established by Peierls (/65, 166) and Landau (/67) more
than 70 years ago. They showed that thermal fluctuations should destroy long-range
order, resulting in curling of a two-dimensional lattice at finite temperature. Mermin and
Wagner further confirmed these findings and extended the proof to two dimensional
crystals in general (/68, 169). Numerous experiments have validated the theoretical
conclusions, presenting thermodynamical instabilities in thin films unless the films
constitute a three-dimensional system (170, 171).

However, although theory forbids strictly two-dimensional crystals, it does allow
structural deformations, like bending, to stabilize atomically thin graphene in the third
dimension (/77). High resolution TEM and electron diffraction studies have confirmed

the deformation of suspended graphene by periodic rippling of the surface (/72). This
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intrinsic microscopic roughening results in an average out of plane curvature,
corresponding to a surface normal deviation of about 5°. Even though these are large
values, they do not immediately cause plastic deformation and generation of defects
(173).

Graphene has two atoms per unit cell, which results in two ‘conical’ points (K and
K’) per Brillouin zone where the band crossing occurs (/74). Figure 1.19 (a) gives an
illustration of the band structure of graphene (/75). The charge carriers in graphene are
described by a Dirac-like equation as a consequence of graphene’s crystal structure.
This consists of two equivalent carbon sublattices A and B (Figure 1.21 (a)) (175).
Quantum-mechanical hopping between these sublattices leads to the formation of two
energy bands, and their intersection near the edges of the Brillouin zone yields the
conical energy spectrum. As a result, quasiparticles in graphene exhibit a linear
dispersion relation £ = hkvF, as if they were massless relativistic particles (for example,
photons) but the role of the speed of light is played here by the Fermi velocity vF =
¢/300. Because of this linear spectrum, one can expect that quasiparticles in graphene
behave differently from those in conventional metals and semiconductors, where the
energy spectrum can be approximated by a parabolic (free electron-like) dispersion
relation. Graphene shows a pronounced ambipolar electric field effect (/58) as the
charge carriers can be tuned continuously between electrons and holes in very high
concentrations and mobilities even under normal conditions which do not depend much
on temperature. The conical low energy spectrum E(k) indicates changes in the position
of the Fermi energy Er with changing gate voltage V, in Figure 1.21 (b). Although some
semiconductors (namely, InSb) exhibit high mobility at room temperature, graphene has
drawn special attention as it exhibits room temperature quantum Hall effect (QHE). An

equally important reason for the interest in graphene is the unique nature of its charge
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carriers. Graphene is an exception to other materials as its charge carriers mimic
relativistic particles which is described by the Dirac equation (/76) rather than the
Schrédinger equation (/77, 178). Graphene’s honeycomb lattice generates a new
quasiparticle which can be described by the (2+1)-dimensional Dirac equation at low
energy. These quasiparticles, called z mass-less Dirac fermions which can be depicted
as electrons that have lost their rest mass m, or as neutrinos that gained the electron

charge e.

LB N

Figure 1.22: TEM (From ref. 172) (a & b) and STM (From ref. 179) (¢ & d)
images of (a) & (c) single and (b) & (d) bi-layer graphene.
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Figure 1.23: A non-contact mode AFM image of exfoliated graphene oxide sheets
with three height profiles acquired in different locations (From ref. 180).

Graphene is characterized by different microscopy and related techniques. While
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are
used to obtain graphene morphology, scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) are used to observe the atomic arrangement and the layer

thickness of graphene. TEM images of single and bi-layer graphene is shown in Figure
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1.22 (a) & (b) (/72). Moreover, TEM image of few-layer graphene gives the idea of
number of layers present. Scanning Tunneling Microscopy (STM) is also a good
technique to have an idea of graphene topology. Figure 1.22 (c) shows the STM image
of a single layer graphene which displays the honeycomb structure expected for the full
hexagonal symmetry of an isolated graphene monolayer, while few layer graphene
exhibits totally different STM topography, displaying the reduced threefold symmetry
characteristic of the surface of bulk graphite shown in Fig 1.22 (d) (/79). AFM can be
used to measure the thickness of graphene sheets. The height profile analysis of AFM
images gives a clear idea about the number of layers present in graphene. Figure 1.23
shows AFM images of exfoliated graphene oxide sheets with three height profiles
acquired in different regions of a sample comprising of mostly individual graphene
sheets (/80). Raman spectroscopy is an important tool to study and characterize

graphene. It will be discussed in next section.

1.6.3 Raman spectroscopy of carbon nanotubes and graphene:

Raman spectroscopy has historically played an important role in the study and
characterization of graphitic materials (/87-184), being widely used in the last four
decades to characterize pyrolytic graphite, carbon fibers, glassy carbon, pitch based
graphitic foams, nanographite ribbons, fullerenes, carbon nanotubes, and graphene. For
sp® nanocarbons, Raman spectroscopy can give information about crystallite size,
clustering of the sp” phase, the presence of sp’ hybridization and chemical impurities,
mass density, optical energy gap, elastic constants, doping, defects and other crystal
disorder, edge structure, strain, number of graphene layers, nanotube diameter, nanotube
chirality and metallic vs. semiconductor behavior. The following paragraphs we
describe three aspects of Raman spectra (see Figure 1.24), which are sensitive enough to

provide unique information about the similarities and differences between the various
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Figure 1.24: Raman spectra from different types of sp> nanocarbons (From ref.
183).

carbon nanostructures. The various Raman features are discussed including the G-band
at ~ 1582 cm ', which is common to all sp” carbon forms, the radial breathing mode
(RBM) that makes the diameter and optical transition energy analysis of nanotubes
possible, and the D and G’ bands that are significant in providing information about the
electronic and geometrical structure through the double resonance process

The G-band: The stretching of the C-C bond in graphitic materials gives rise to the so-
called G-band Raman feature which is common to all sp® carbon systems (see Figures
1.24 and 1.25). This spectral feature is similar for graphenes and nanotubes but yet has
properties capable of distinguishing one carbon nanotstructure from another. When the
bond lengths and angles of graphene are modified by strain, caused by the interaction
with a substrate or with other graphene layers or due to external perturbations, the
hexagonal symmetry of graphene is broken (/82, 185). The G-band is, therefore, highly
sensitive to strain effects in sp® nanocarbons and can be used to probe any modification

to the flat geometric structure of graphene, such as the strain induced by external forces,
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by one graphene layer on another in few layer graphene or in multiwall nanotubes, or
even by the curvature of the side wall when growing a SWNT. Curvature effects, such
as occur in carbon nanotubes, give rise to multiple peaks in the G-band spectrum for a
SWNT (186), while a single peak (wg ~ 1582 cm™) is observed for a 2D graphene sheet
(see Figure 1.25) (187, 188). Up to six G-band phonons are Raman allowed in chiral
SWNTs, although two of them (the totally symmetric A; modes, see Figure 1.25)
usually dominate the spectra (/87, 188). This curvature dependence generates diameter
dependence, thus making the G band a probe also for the tube diameter, while the G-

band dependence on externally induced strain is very rich and is still controversial

(189).
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Figure 1.25: (a) The G-band for highly oriented pyrolytic graphite (HOPG), one
semiconducting SWNT, and one metallic SWNT. (b) The RBM and the G-band
Raman spectra for three semiconducting isolated SWNTs with the indicated (n,m)
values. (c¢) Frequency vs 1/d, for the two most intense G-band features (wg and
og') from isolated SWNTs (From ref. 188).

The coupling between electrons and phonons in nanocarbons (790, 191) is especially
interesting because of the breakdown of the adiabatic approximation, thus changing
both the electron energies (the Peierls instability) and the phonon energies (Kohn
anomaly effect) in somewhat different ways, thereby providing tools for studying

differences in the properties of different carbon nanostructures. Since these effects are
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strongly dependent on the Fermi level and temperature, the G band becomes a probe for
the doping of nanocarbons, thereby allowing study of their electronic dispersion
relations. The Kohn anomaly is observed in metallic and semimetallic systems, where
real electron-hole pair creation can occur by a phonon excitation (pwg) process, thus
strongly influencing the G-band frequency and the spectral width of graphene and
metallic SWNTs. These effects in metallic SWNTSs are stronger than those in graphene
because of the quantum confinement effect, and this process depends sensitively on
diameter and chiral angle (/92). In graphenes these effects depend sensitively on the
number of graphene layers. Semiconducting SWNTs also exhibit a phonon energy
renormalization due to electron-phonon coupling, but this renormalization effect is
weaker than that in graphene and for metallic SWNTSs, and furthermore no real anomaly
associated with (£, > pwg) takes place for S-SWNTs. Consequently, while the G band
line width in graphene and metallic SWNTs is strongly sensitive to whether or not the
Fermi energy matches the energy of the Kohn anomaly, (/92) in semiconducting
SWNTs the G band line width is basically independent of doping.

The radial breathing mode (RBM): The radial breathing mode is especially important
in two ways: (1) for the determination of the diameter of a nanotube through the
dependence of wrpm on d; and (2) for relating the wgrpm and the resonant optical
transition energies E; for a given tube.

Experimental data on the radial breathing mode frequency taken by many authors
have been fit that using the relation wrgm = 4/d; + B. For water-assisted super-growth
samples, values of 4 = (227.0 + 0.3) nm-cm™' and B = (0.3+0.2) cm™ are obtained. This
result is in remarkably good agreement with elasticity theory (/93) parameterized by the
graphite elastic properties, thus directly connecting one-dimensional carbon nanotubes

and their two-dimensional counterpart graphene from which nanotubes are conceptually
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derived. The vanishing value of B is in accordance with the limit d; for appropriate for a
graphene sheet. However, all the other wrpym results in the literature are up-shifted from
these values of 4 and B, due to the vander Waals interaction with the environment, and

can be generally described by

Wppy = %ﬁ\’:l + f—ﬁedrg
(1.32)
where the parameter C. in eq. 1.32 describes environmental effects (/93). It is intriguing
that the super growth sample is the only sample showing the pristine-like behavior,
while the measured free-standing tubes show the highest level of environmental
changes. However, the detailed science behind the specific values of C. has not yet been
adequately addressed.

RBM bands have been important for understanding the effect of tube-tube interaction
within multi-walled carbon nanotubes, the prototype material for studying such
interactions being double-wall carbon nanotubes (DWNTs). Finally, through the RBM
resonance window analysis, we can also study the (n,m) dependence of the optical
transition energies (E;). This analysis reveals a great deal of information that goes
beyond the simple tight binding model, including o-7 hybridization and the science of
excitons. Though some aspects of the experiments can be interpreted within the context
of a simple, noninteracting electron model (194, 195), it has become increasingly clear
that electron-electron interactions also play an important role in determining the optical
transition energies.

Dispersive G'-band (2D band): the double resonance process: All kinds of sp
carbon materials exhibit a strong Raman feature which appears in the range 2500-2800
cm’, as shown in Figure 1.24. Together with the G band (1582 cm™), this spectrum is a

Raman signature of graphitic sp” materials and is called the G’ band (also called 2D
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Figure 1.26: (a) The G’ (2D-band) spectra for graphene as a function of the number
of layers (From ref. 182). (b) The first-order Raman spectrum of (i) crystalline
graphene, (i1) defective graphene, and (iii) and fully disordered single-layer
graphene deposited on a SiO; (From ref. 190).

band) to emphasize that it is a Raman-allowed mode for sp” carbons. Interestingly, the
G’ band is a second-order two-phonon process and, intriguingly, it exhibits a strong
frequency dependence on the excitation laser energy FEjaser. This dispersive behavior
(wG" =0G'(Elaser)) 18 unusual in Raman scattering, since Raman-active mode freque-
ncies usually do not depend on Ejuse;. The G’ band in particular is a second-order process
related to a phonon near the K point in graphene, activated by double resonance (DR)
processes (/96), which are responsible for its dispersive nature and cause a strong
dependence on any perturbation to the electronic and/or phonon structure of graphene.
For this reason, the G’ feature provides a very sensitive probe for characterizing specific
sp” nanocarbons. For example, the G’ band can be used for differentiating between
single and double- layer graphene with AB interlayer stacking (/82) and for probing

aspects of the electronic structures of SWNTs.
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Figure 1.26 (a) shows the dependence of the G’ band on the number of layers (/82).
While 1-LG exhibits a single very intense Lorentzian peak, fitting the 2-LG G'-band
requires four Lorentzians, which are related to the four possible double resonance
scattering processes, rather than to one possible process for 1-LG, resulting from the
splitting of the x electronic structure of graphene when a second layer is added. With an
increase in the number of layers, the number of DR scattering processes increases, and
eventually the line shape converges to graphite, where only two peaks are observed
(1/82). Carbon nanotubes show a very special G’ feature, where the number of peaks and
their frequencies depend on (n,m) due to both curvature-induced strain and quantum
confinement effects (/86). Recently it was shown that the G' feature can be used to
assign p- and n-type doping in SWNTs, where the spectra from one single dopant
attached to an individual tube was observed using both near-field Raman microscopy
and spectroscopy (197).

Disorder-induced D band: The presence of disorder in sp’-hybridized carbon systems
leads to rich and intriguing phenomena in their resonance Raman spectra, thus making
Raman spectroscopy one of the most sensitive and informative techniques to
characterize disorder in sp” carbon materials. The D-band generally appears around
1350 cm™. Raman spectroscopy has thus become a key tool and is widely used to
identify disorder in the sp” network of different carbon structures, such as diamond like
carbon, amorphous carbon, nanostructured carbon, as well as carbon nanofibers,
nanotubes, and nanohorns (/84, 198). Figure 1.25 (b) shows Raman spectrum of
graphene which gives good indication of D-band evolution in crystalline graphene

induced by the ion bombardment procedure (/99) .
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CHAPTER 2
Use of Fluorous Chemistry for the
Synthesis and Purification of
Nanomaterials

Summary*

This chapter deals with the synthesis and purification of nanomaterials using
fluorous chemistry. Fluorous chemistry, involving the use of a fluorous label for the
functionalization of a substrate and a fluorous solvent for extraction of the function-
alized substrate, is shown to be effective in solubilizing gold and CdSe nanoparticles
in a fluorous medium, through phase transfer from an aqueous or a hydrocarbon
medium. While these nanoparticles were functionalized with a fluorous thiol, single-
walled carbon nanotubes and ZnO nanorods could be solubilized in a fluorous
medium by reacting them with a fluorous amine.

By making use of the fact that perfluorohydrocarbon and hydrocarbon solvents
become miscible at high temperatures, highly pure inorganic nanoparticles capped
with fluorous labels have been generated in a one-step synthesis. By employing this
procedure, we have prepared nanoparticles of metal chalcogenides such as CdSe,
CdS, PbSe, ZnSe and of metal oxides such as y-Fe,O3; and ZnO and of bimetallic

FePt in one pot.

*Papers based on these studies have appeared in Journal of Physical Chemistry B
(Letter) (2006) and Dalton Transactions (communication) (2010)
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2.1 Introduction

Fluorous synthesis is a recent addition to the arsenal of synthetic and separation
techniques which integrates solution phase reaction conditions with phase tag separation
(1-5). The fluorous medium constitutes a liquid phase which is orthogonal to organic
and aqueous liquid phases. The technique is attractive, since fluorous-tag compounds
can be quickly separated from the untagged compounds. Separation and recovery in
fluorous chemistry generally utilizes fluorous/organic as well as fluorous/aqueous
extraction, since the fluorous phase forms a layer distinct from both aqueous and
hydrocarbon layers (see Figure 2.1). One generally attaches the substrate to a fluorous
phase label that has sufficient fluorine content and the product extracted into a
perfluorohydrocarbon. Such separation is based on fluorine-fluorine interaction between
the fluorous reagent and the fluorous separation medium. It is also to be noted that
perfluorohydrocarbons provide the most nonpolar medium possible, since they have

very low refractive indices (~1.2), even compared to hydrocarbons such as toluene

—> Hydrocarbon

TN
(_
R
~—
.

——> Water

Fluorous phase

Figure 2.1: Schematic showing three immiscible layers of a hydrocarbon, water

and a fluorocarbon.
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(~1.4). We considered it rewarding to explore how fluorous chemistry can be used
effectively for the synthesis and separation/solubilization of nanocrystals, oxide
nanorods and carbon nanotubes. Another interesting property of perfluorocarbon is the
fact that perfluorohydrocarbons (PFC) and hydrocarbons become miscible at high
temperatures and become biphasic only on cooling to room temperature. Temperature
dependent miscibility represents one of many types of thermomorphic behavior (5). We
have used this thermomorphic behavior for one-step synthesis cum purification of
inorganic nanoparticles.

In the literature, nanoparticles have been obtained in aqueous and hydrocarbon
media in different ways. Thus, Brust et al. (6) synthesized thiol-derivatized gold
nanoparticles in a two-phase liquid-liquid system by transferring the metal salt from the
aqueous medium to toluene using tetraoctylammoniumbromide as the phase-transfer
reagent. Thiol derivatized nanoparticles of Au, Pt and Ag have been prepared as
organosols by the acid-facilitated transfer of the nanoparticles from a hydrosol to a
toluene layer containing an alkanethiol (7). Schulz-Dobrick et al. (8) have dispersed
gold nanoparticles prepared by the reduction of tetrachloroaurate by sodium naphthalide
in diglyme in various hydrocarbon solvents. Recently Ying ef al. (9) developed general
phase-transfer protocol for metal ions and its application in nanocrystal synthesis.
Fluorous capped nanoparticles are of special interest due to their high purity as well as
the superhydrophobic nature (10, /7). Fluorinated alkanethiol stabilized gold and silver
nanoparticles have been prepared in a fluorocarbon solvent (12, 13). A number of other
fluorous capped nanoparticles (5) and self assembled monolayers (SAM) (/4) on planar
surfaces based on fluorous ligands or stabilizing coatings have been reported, including
Ir, Pt, Pd and FePt (10, 15-18). Fluorinated alkylthiol protected gold nanoparticle film
has been used as vapor sensor (/9). Fluorous chemistry has been effectively used to
separate metallic from semiconducting single-walled carbon nanotubes (SWNTs) (20).
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In another report cycloaddition of fluorinated olefins has been used for converting as-
grown commercial SWNT mats into high-mobility semiconducting tubes with high
yield and without further need for carbon nanotube separation (27). We report the scope

of the present investigations in the next section.

2.2 Scope of the present investigations

Nanoparticles of different materials have been synthesized by various chemical as
well as physical methods. There are only few reports on the synthesis of fluorous
capped nanoparticles but phase transfer of such nanoparticles from an aqueous or a
hydrocarbon medium to a fluorous phase has not been examined. We have used two
novel strategies for the synthesis and phase transfer of fluorous capped nanostructures.
The first strategy is based on the fact that, fluorine-fluorine interaction between the
fluorous reagent and the fluorous separation medium. This process is shown to be
effective in solubilizing gold and CdSe nanoparticles in a fluorous medium, through
phase transfer from an aqueous or a hydrocarbon medium using fluorous thiol. Single-
walled carbon nanotubes and ZnO nanorods have been solubilized in a fluorous medium
by reacting them with a fluorous amine. We have followed the phase transfer process by
optical absorption spectroscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and Raman spectroscopy.

The second strategy employed by us is based on the fact that fluorous and organic
solvents usually mix at elevated temperature. We have prepared nanoparticles of metal
chalcogenides such as CdSe, CdS, PbSe, ZnSe and of metal oxides such as y-Fe,O3; and
ZnO and of bimetallic FePt. The synthesized nanoparticles have been characterized by
optical absorption spectroscopy, photoluminescence spectroscopy, transmission electron
microscopy. Magnetic measurements have been studied for y-Fe,O3; and of bimetallic

FePt.
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2.3 Experimental

2.3.1 Phase transfer of nanocrystals, nanorods, and nanotubes

Gold nanoparticles: To transfer gold nanoparticles from an aqueous to a

perfluorohexane medium, the gold nanoparticles are prepared by literature procedure
(22, 23). In a typical preparation, a hydrosol containing small clusters of Au was first
prepared by the reduction of chloroaurate ions (0.55 ml of 25 mM aqueous solution)
using partially hydrolysed tetrakis(hydroxymethyl)phosphoniumchloride (THPC),
having prepared the latter by adding 1 ml of a fresh 50 mM solution of THPC in water
to 47 ml of 6.38 mm NaOH solution. To the gold sol so obtained, a solution of 10 pl of
heptadecafluoro-1-decanthiol (HDFD) in 25 ml of perfluorohexane was added at room
temperature, to obtain two immiscible layers consisting of the transparent fluorous
phase containing the thiol on the bottom and the colored hydrosol at the top. To this
biphasic mixture, 30 ml of conc. HCl was added under vigorous stirring. This resulted
in a remarkably swift movement (within 5 min) of the Au nanoparticles to the
fluorocarbon layer containing the thiol. Clearly, the gold particles have an inherent
attraction to the thiol molecules. This could be seen vividly by the complete transfer of
color across the interface to the fluorocarbon layer as shown in Figure 2.2 (a).

We have also been able to carry out the phase transfer of gold nanoparticles from
toluene to the fluorous phase. For this purpose, we prepared an organosol of gold
nanoparticles in toluene by transferring gold nanoparticles from the aqueous medium to
the toluene medium by following the literature procedure (7), but by using the fluorous
thiol. We added a solution of 10 pl of HDFD in 20 ml of perfluorohexane to 10 ml of
the thiolated gold sol in toluene under vigorous stirring. Within 5 min, the thiolated gold
nanoparticles were completely extracted into the perfluorohexane medium, as can be

seen from Figure 2.2 (b).
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Aqueous|_
phase
‘*-*’l " |« Toluene
Fluorous | =
phase ‘ ' < Fluorous
é & phase

Figure 2.2: Photographs showing transfer of gold nanoparticles (color) (a) from an

aqueous medium to fluorous medium and (b) from toluene to the fluorous medium
CdSe nanoparticles: Phase transfer of an organosol of CdSe in a hydrocarbon
solvent to the fluorous medium could be carried out as follows. CdSe nanoparticles of
2.5 nm diameter were prepared by reacting cadmium stearate (50 mg, 0.07 mmol) with
selenium (6 mg, 0.07 mmol) and tetralin (7.5 pl, 0.05 mmol) in 20 ml of toluene in the
presence of HDFD (5.5 pul, 0.02 mmol) for 5 h at 250 °C in a Teflon-lined stainless steel
autoclave (40 ml capacity) (24).

CdSe nanoparticles of 4.5 nm diameter were prepared by increasing the
concentrations of cadmium stearate to 1 g (1.4 mmol), selenium to 120 mg (1.4 mmol),
tetralin to 150 pl (1 mmol), and HDFD to 110 pl (0.4 mmol) keeping the amount of
toluene and reaction conditions constant. We obtained two different colored CdSe
nanoparticles which were precipitated by adding 2-propanol and redispersed in toluene.
Upon adding the toluene solution of HDFD-capped CdSe nanoparticles (10 ml) to 10 ml
of perfluorohexane under vigorous stirring, we observed a complete transfer of the
particles from toluene to the perfluorohexane medium. This can be seen from the Figure

2.3.
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(b)

4 %

e

Figure 2.3: Photographs showing transfer of CdSe nanoparticles with average
diameter (a) 2.5 nm and (b) 4.5 nm from toluene (upper layer) to perfluorohexane
(lower layer).

Single-walled carbon nanotubes: We could solubilize purified single-walled

carbon nanotubes (SWNTs) (25) in the fluorous medium by reacting them with
heptadecafluoroundecylamine. For this purpose, we first prepared SWNTs by the arc
discharge method and purified them by HNO; and H; treatment (25). To solubilize the
nanotubes, 1.5 mg of SWNTs, 22 ul of the heptadecafluoroundecylamine (SWNTs
/amine, 2:1), and 3 ml of perfluorohexanne were sealed in a 7 ml Teflon-lined stainless
steel autoclave and heated at 130 °C for 48 h. This process produced a clear solution of
SWNTs in perfluorohexane.

Zinc oxide nanorods: We prepared ZnO nanorods by the solvothermal
decomposition of 250 mg (0.911 mmol) of zinc acetate dihydrate in the presence of 6 ml
(0.102 mmol) of ethylenediamine, 3 ml (0.05 mmol) of ethanol, and 2 ml of Triton X-
100 at 335 °C for 5 h in a swagelok autoclave (20 ml capacity) (26). The ZnO nanorods

were washed several times with ethanol and precipitated by centrifuging. To solubilize
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ZnO nanorods in perfluorohexane, 2 mg of ZnO nanorods, 12 pupl of
heptadecafluoroundecylamine (ZnO nanorods/amine, 1:1), and 3 ml of perfluoro-hexane
were sealed in a 7 ml Teflon-lined stainless steel autoclave and heated at 130 °C for 48

h. This process produced a clear solution of ZnO nanorods in perfluorohexane.
2.3.2 One-step synthesis fluorous-capped inorganic nanoparticles

The synthetic procedure involves first taking appropriate metal precursors and other
reagents in a hydrocarbon solvent such as toluene. To this mixture, the required quantity
of the fluorous label (which caps the product) is added along with perfluorohexane. The
reaction is carried out under solvotheramal or refluxing conditions (Figure 2.4). We
have used perfluorodecanethiol as the capping agent for metal chalcogenides,

heptadecafulorodecylamine for ZnO, and perfluorodecanoic acid for y-Fe,O3 and FePt.
Metal chalcogenides: In a typical procedure to prepare fluorous-capped metal

chalcogenides (CdSe, CdS, PbSe and ZnSe), the metal cupferronate or acetylacetonate
(0.07 mmol) is taken along with selenium or sulphur (0.07 mmol), tetralin (7.5 pl) and a
small quantity of perfluorodecanethiol (200 pl) in a mixture of 10 ml toluene and 10 ml
perflurohexane (24, 27). The reaction mixture which was biphasic at room temperature
was sealed in a stainless steel 30 ml teflon-lined autoclave and placed in an air oven
preheated to 250°C for 5h. After the reaction was complete, the autoclave was allowed
to cool to room temperature and the contents were then transferred to a vial. The
resulting product consisted of two layers with the perfluorodecanethiol-capped

nanoparticles present in the perfluorohexane layer.
y- Fe,0; nanoparticles: Synthesis of fluorous-capped y- Fe,O3 nanoparticles was

carried out by the following procedure (28). Around 0.2 ml of Fe(CO)s (1.5mmol) was
added to a mixture of 10 ml of dioctyl ether,10 ml of perfluorohexane and 1 g of

perfluorodecanoic acid at 100°C. The resulting mixture was heated to 250°C and kept at
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that temperature for 2 h. During this time, the initial orange color turned black. The
reaction mixture was allowed to cool to room temperature. The iron nanoparticles in

perfluorohexane upon exposure to air got oxidized to y-Fe,O3 nanoparticles.

e
N~ N P

Hydrocarbon \/ Heat \—/ Cool \_/ Hydrocarbon
phase a E phase

Fluorous
phase

Fluorous
phase

Room temperature Room temperature

Figure 2.4: Schematic showing the thermomorphic nature of fluorous and
hydrocarbon solvents. (Note that colors of different phases are given for

visualization purpose only)

Zn0O nanoparticles: Fluorous-capped ZnO nanoparticles (29, 30) were prepared

starting with a mixture of 7.5 mg of Zn(acac), with 150 mg of
heptadecafluorodecylamine in the presence of 7.5 ml toluene and 10 ml
perfluorohexane. The mixture was sealed in a stainless steel 25 ml teflon-lined
autoclave placed for 20 h in an hot-air oven preheated to 250 °C. On cooling, ZnO
nanoparticles capped with heptadecafluorodecylamine dispersed in the denser
fluorocarbon medium were obtained.

FePt nanoparticles: Fluorous-capped FePt nanoparticles were prepared as follows
(31). Under a flow of nitrogen, Pt(acac), (0.5 mmol) was mixed with benzyl ether (10
ml) and heated to 100 °C. To this mixture, Fe(CO)s (I mmol), heptadecafluoro-
decylamine (5 mmol, 500 pl) perfluorodecanoic acid (5 mmol) and perfluorohexane

(10 ml) were added under a flow of nitrogen. The mixture was heated to 250 °C at a
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heating rate of ~15 °C/min to assure complete decomposition of Fe(CO)s, and then
mixture was refluxed for 1 hour. The reaction mixture was then cooled to room
temperature to obtain pure FePt particles capped with heptadecafluorodecyl amine and

perfluorodecanoic acid dispersed in perfluorohexane.

2.3.3 Techniques used for characterization

Powder X-ray diffraction

X-ray diffraction (XRD) patterns of the nitrides were recorded using Cu Ka radiation
on a Rich-Siefert XRD-3000-TT diffractometer
Optical absorption and photoluminescence spectroscopy

The optical absorption spectroscopy measurements were performed using a Perkin-

Elmer Lambda 900 UV/VIS/NIR spectrometer. Photoluminescence spectra of these
solutions were recorded with a Perkin-Elmer model LS55 luminescence spectrometer.
Transmission electron microscopy

For transmission electron microscopy (TEM), perfluorohexane and aqeous
dispersions of the samples were dropped onto the holey carbon-coated Cu grids, and the
grids were allowed to dry in the air. The grids were examined using a JEOL (JEM3010)

microscope operating with an accelerating voltage of 300 kV.
Magnetic characterization

Powder samples of the as-prepared nanoparticles were subjected to magnetic

characterization using the VSM in PPMS (Physical Properties Measurement System).
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Figure 2.5: TEM image with a size distribution histogram as an inset of ~ 3 nm

gold nanoparticles.

2.4 Results and discussion

2.4.1 Phase transfer of nanocrystals, nanorods and nanotubes

We shall first present the use of fluorous chemistry with gold nanoparticles. The
transfer of gold nanoparticles from an aqueous to a perfluorohexane medium was
described in the experimental section. In Figure 2.5, we show the transmission electron
microscope (TEM) images of the gold nanoparticles from perfluorohexane solution,
which reveals that the particles have an average diameter close to 3 nm. TEM images
display a part of the regularly packed monolayer, which consists of monodisperse
nanoparticles. Interestingly, these monolayers were extended over a wide area on the
transmission electron microscopy (TEM) grid. The monolayer formed by gold
nanoparticles is in hexagonal packing. Though several defects are visible in this image,
they were generated by the electron beam irradiation. The formation of such a uniform
monolayer is ascribed to the remarkably low surface tension and display high interfacial

tension of perfluorohexane (16.2 mN/m), which can spread over the wide area of the
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carbon grid with a uniform thickness. The constant interparticle distance in the
hexagonal packed monolayer is attributable to the rigid fluorocarbon chains, which are

radially organized around the nanoparticles.
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Figure 2.6: Optical absorption spectra of gold nanoparticles in toluene and in

perfluorohexane.

The optical absorption spectra of the Au nanoparticles (Figure 2.6) in perfluoro-
hexane shows the characteristic plasmon band at 520 nm. We have also been able to
carry out the phase transfer of gold nanoparticles from toluene to the fluorous phase.
For this purpose, we prepared an organosol of gold nanoparticles in toluene by
transferring gold nanoparticles from the aqueous medium to the toluene medium using
the procedure given in the experimental section. The optical absorption spectra of the
gold nanoparticles in toluene and perfluorohexane are shown in Figure 2.6, with the
absorption maximum in the fluorous solvent being blue shifted compared to that in

toluene, due to the lower refractive index of perfluorohexane.
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Figure 2.7: TEM images with size distribution histograms as insets of CdSe
nanopaticles of average diameters of (a) 2.5 nm and (b) 4.5 nm solubilized in

perfluorohexane.

Phase transfer of an organosol of CdSe in a hydrocarbon solvent to the fluorous
medium could be carried out using the procedure given in the experimental section. We
have prepared the two different sizes of CdSe nanoparticles by varying the reactant
concentrations. Figure 2.7 (a) and (b) shows the TEM images with size distribution
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Figure 2.8: Optical absorption spectra and photoluminescence spectra of CdSe
nanoparticles of average diameter of (a) 2.5 nm and (b) 4.5 nm in perfluorohexane.
The inset in part b shows the PL emission spectra of 4.5 nm CdSe nanoparticles in

toluene and perfluorohexane.

histograms (insets) of the 2.5 nm (yellow) and 4.5 nm (red) CdSe nanoparticles
solubilized in perfluorohexane. The Figure 2.3 shows the photographs of the yellow and
red CdSe nanoparticles transferred completely from toluene to the fluorous medium.
Figure 2.8 (a) and (b) shows the optical absorption and photoluminescence (PL) spectra

of the 2.5 and 4.5 nm CdSe nanoparticles solublilized in perfluorohexane. The optical
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absorption spectrum of the 2.5 nm CdSe nanoparticles clearly shows an absorption band
at 495 nm. The band is red shifted in the case of the 4.5 nm CdSe nanoparticles. The PL
band of the 4.5 nm CdSe nanoparticles is also red shifted compared to that of the 2.5 nm
nanoparticles. The inset in Figure 2.4 (d) compares the PL spectra of the CdSe
nanoparticles in toluene and perfluorohexane solutions, showing a shift in the PL

maximum due to the different refractive indices of the two liquids.
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Figure 2.9: (a) Raman spectrum of SWNTs solubilized in perfluorohexane. The inset
in part a shows the photograph of solution of SWNTs in perfluorohexane. TEM
images of the solubilized SWNTs are shown in parts (b) and (c).
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We could solubilize purified SWNTs (25) in the fluorous medium by reacting them
with heptadecafluoroundecylamine. The process given in the experimental section
produced a clear solution of SWNTs in perfluorohexane, as can be seen from Figure 2.9
(a). The solubilization of SWNTs appears to occur by the interaction of the -NH, groups
of the amine with the -COOH groups present in the surface of the SWNTs (zwitterions
type), as proposed by Chen ef al. (32). The Raman spectrum of the solution gives the
bands of SWNTSs, especially the radial breathing modes (155 and 177 cm™). The D band
arises due to defect introduced by acid functionalization. The TEM images in Figure 2.9

(b) and (c) show the presence of debundled SWNTs in the fluorous medium.
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Figure 2.10: (a) SEM images of ZnO nanorods solubilized in perfluorohexane. The
inset in part (a) shows the photograph of the solution of ZnO nanorods in

perfluorohexane. (b) Optical absorption spectra of the solubilized ZnO nanorods.
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We have extended the method of solubilization of SWNTs to oxide nanorods. This
process produced a clear solution of ZnO nanorods in perfluorohexane. Scanning
electron microscope (SEM) images shown in Figure 2.6 (a) indicate the presence of
ZnO nanorods in perfluorohexane medium. In the inset of this figure, we show the
photograph of the solution of ZnO nanorods in perfluorohexane. Figure 2.6 (b) shows
the UV-vis absorption spectrum of ZnO nanorods solubilized in perfluorohexane.

The phase transfer protocols developed here can be applied to different
nanostructures. The method employed here requires appropriate fluorous label for
functionalization of a substrate and a fluorous solvent for extraction of the
functionalized substrate. The fluorocarbon extracts only the species attached to the

fluorous label, the process enables us to obtain solely one product in pure state.

2.4.2 One-step synthesis of fluorous-capped inorganic

nanoparticles

A TEM image of perfluorodecanethiol capped CdSe nanoparticles dispersed in
perfluorohexane obtained by the procedure reported in experimental section is shown in
the Figure 2.11. The TEM image shows a narrow size distribution of nanoparticles, the
average diameter of nanoparticles being around 4 nm. The photograph shown as an inset
of Figure 2.11 (a) reveals a reddish brown solution of the fluorous-capped CdSe
nanoparticles in the perfluorohexane layer. The XRD profile indicates that it has cubic
zinc blende structure rather than the usual hexagonal wurtzite structure. Figure 2.12 (a)
shows the optical absorption spectrum and the photoluminescence (PL) spectrum of the
4 nm CdSe nanoparticles. The absorption spectrum shows a band at 545 nm and the PL
spectrum shows a band at 554 nm (excitation at 430 nm) characteristic of the 4 nm
particles (33). The narrow PL band reflects the nearly monodisperse nature of the

sample. The absorption and PL bands of the CdSe nanoparticles are red-shifted due to
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the highly nonpolar nature of the perfluorohydrocarbon. The powder XRD pattern of the
nanoparticles acquired in transmission mode is displayed in Figure 2.13 indexed to zinc

blend structure.
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Figure 2.11: TEM images of (a) 4 nm CdSe and (b) 3.5 nm CdS nanoparticles with
size distribution histograms as inset. Photographs of the dispersions of the
nanoparticles in PFC are also given as insets. HRTEM images are also shown as

insets.

82



2.4 Results and discussion

— Absorption
(a) . PL

Intensity (arb. units)

400 500 600 700

nm

— Absorption
(b) . PL

o, Intensity (arb. units)

—
=

400 500
nm

Figure 2.12: Optical absorption and photoluminescence spectra of (a) 4 nm CdSe
and (b) 3.5 nm CdS nanoparticles.
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2.4 Results and discussion

A TEM image of CdS nanoparticles capped with perfluorodecanethiol, prepared by a
procedure similar to that of CdSe is shown in Figure 2.11 (b). The average diameter of
the nanoparticles is around 3.5 nm. The photograph of the solution in perfluorohexane is
shown as the inset of Figure 2.11 (b) reveals the yellow color of the dispersion. The
optical absorption spectrum and the PL spectrum of the CdS nanoparticles are shown in
Figure 2.12b. The absorption spectrum, characteristic of 3.5 nm CdS particles, shows a
band at 395 nm while the PL spectrum shows a band at 403 nm (excitation at 320 nm)

(34). The XRD pattern can be indexed to a cubic zinc blende structure (Figure 2.13).
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Figure 2.14: (a) TEM images of PbSe nanoparticles with size distribution
histograms as inset. (b) Optical absorption and photoluminescence spectra of PbSe

nanoparticles.

We have obtained PbSe and ZnSe nanoparticles by employing procedures similar
to those for the Cd chalcogenide nanoparticles. Figure 2.14 (a) show the TEM image
of PbSe nanocrystals with average diameter of around 12.5 nm. Optical absorption
spectrum of the PbSe nanoparticles shows a first exciton peak around 1680 nm

(Figure 2.14 (b)) (35). The TEM image of 5 nm ZnSe nanoparticles has been shown
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in the Figure 2.15 (a). The optical absorption spectrum of the ZnSe nanoparticles
shows a band at 400 nm and a photoluminescence band at 407nm (Figure 2.15 (b))
(36). The powder XRD patterns of ZnSe was indexed on the cubic zinc blende

structure where as PbSe was indexed on the rock salt structure.

8 &8 3

<
=
<
2z
=
=
53
o

0000000

Intensity (arb. units)

Figure 2.15: (a) TEM images of ZnSe nanoparticles with size distribution
histograms as inset. (b) Optical absorption and photoluminescence spectra of ZnSe

nanoparticles.

b W

Intensity

300 40 500 600 700 80
Wavelength (nm)

Figure 2.16: (a) TEM and (b) optical absorption and photoluminescence spectra of

8 nm ZnO nanoparticles.
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Figure 2.17: X-ray diffraction patterns of ZnO, FePt and y-Fe,Os nanocrystals.

Heptadecafluorodecylamine capped ZnO nanoparticles were prepared by the
nonhydrolytic decomposition of zinc acetylacetonate. In Figure 2.16 (a) we show a
TEM image of ZnO nanoparticles with an average diameter of 8 nm dispersed in
perfluorohexane. XRD pattern shows ZnO nanoparticles had the wurtzite structure

(Figure 2.17). The optical absorption spectrum in Figure 2.16 (b) shows an
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absorption band edge around 330 nm (29, 30). The PL spectrum shows a broad blue-
green emission band at above 430 nm. A broad blue-green emission band above 430
nm is attributed to a singly charged oxygen vacancy, which results from the
recombination of a photogenerated hole with a charge state of the specific defect,

such as oxygen vacancies, or resulted from the surface deep traps.
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Figure 2.18: (a) and (b) show TEM images of 4 nm y-Fe,Os.(c) Magnetic hysteresis
at 5 K exhibited by 4 nm y-Fe,O3 nanoparticles and (d) Zero-field cooled (ZFC) and
field cooled (FC) magnetic susceptibility data as a function of temperature for y-
Fe,0s . Inset of (a) shows the photograph of the dispersions of the nanoparticles in
PFC . Inset of (b) show the size distribution of y-Fe,Os nanoparticles from TEM and
(b) show high resolution TEM image . Inset of (c) shows the magnetic hysteresis at
300 K exhibited by 4 nm y-Fe,O3; nanoparticles.
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Figure 2.19: (a) and (b) show TEM images of 3.5 nm FePt (c) Magnetic hysteresis at
5 K exhibited by 3.5 nm FePtnanoparticles and (d) Zero-field cooled (ZFC) and field
cooled (FC) magnetic susceptibility data as a function of temperature for FePt. Inset
of (a) shows the photograph of the dispersions of the nanoparticles in PFC . Inset of
(b) show the size distribution of FePt nanoparticles from TEM . Inset of (c) shows
the magnetic hysteresis at 300 K exhibited by 3.5 nm FePt nanoparticles.

By the thermal decomposition of Fe(CO)s, we have obtained perfluorodecanoic acid-
capped y-Fe,O3 dispersed in perfluorohexane. A TEM image of the nanoparticles is
shown in Figure 2.18 (a) and (b). The as prepared y-Fe,Os; nanoparticles are
monodisperse with a diameter around 4 nm. Figure 2.17 shows the XRD pattern of iron

oxide nanoparticles. y-Fe,O3; nanoparticles exhibit superparamagentic behavior at 300K
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(inset Figure 2.18 (c)). At 5 K (Figure 2.16 (c)) the nanoparticles exhibit the hysteresis
behavior expected for particles below their blocking temperature. Magnetic
susceptibility measurements show divergence between field-cooled (FC) and zero field-
cooled (ZFC) measurements with a blocking temperature of 23K (at 100 Oe) as shown
in the Figure 2.18 (d) (28).

FePt nanoparticles were prepared by thermal decomposition of Fe(CO)s and
reduction of Pt(acac), in benzyl ether. In Figure 2.19 (a) and (b), we show a TEM
image of 3.5 nm heptadecafluorodecylamine-capped FePt nanoparticles. The FePt
nanoparticles show XRD patterns corresponding to the FCC structure (Figure 2.17).
The reflections are broad due to the small particle size. At 5 K (Figure 2.19 (c)) the
nanoparticles exhibit the hysteresis behaviour expected for particles below their
blocking temperature. FePt nanoparticles show superparamagnetic behavior at room
temperature and divergence between FC and ZFC measurements with a blocking
temperature of 75 K (at 100 Oe) as shown in Figure 2.19 (d) in agreement with the

literature value (317).

2.5 Conclusions

We have successfully demonstrated that by using a fluorous label and a fluorous
solvent, we can affect the phase transfer of gold and CdSe nanoparticles from an
aqueous or hydrocarbon medium to the fluorous phase. Single-walled carbon nanotubes
and ZnO nanorods can be solubilized in a fluorous solvent after interaction with a
fluorous amine. Phase transfer of the nanostructures to a fluorous solvent represents
solubilization in a highly nonpolar solvent, accompanied by purification. The high
nonpolarity of the fluorocarbon makes it possible to study the optical and other
properties of nanostructures in a medium of very low refractive index. Since the

fluorocarbon extracts only the species attached to the fluorous label, the process enables
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2.5 Conclusions

one to obtain solely one product in the pure state. We believe that fluorous chemistry
may have practical utility in carrying out studies of nanostructures.

We have extended the use of fluorous chemistry to synthesize pure fluorous-
capped inorganic nanoparticles by a one step procedure. This procedure
conveniently uses the fact that hydrocarbons and perfluorohydrocarbons become
fully miscible at high temperatures. This feature has enabled us to extract fluorous-
capped inorganic nanoparticles in perfluorohydrocarbons, having prepared them in
mixture of hydrocarbon and perfluorohydrocarbon at high temperatures. It is
noteworthy that the nanoparticles are nearly monodisperse and highly pure. The
method can be used for the synthesis of variety of fluorous-capped inorganic

nanostructures dispersed in perfluorohydrocarbons.
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CHAPTER 3
Assembling Covalently Linked
Nanocrystals and Carbon Nanotubes
Through Click Chemistry

Summary*

The click reaction involving the Huisgen 1, 3-cycloaddition reaction between azide
and ethynyl groups has been employed to obtain assemblies of nanostuctures. The click
reaction between gold nanorods capped with azidoalkane- and alkyne-thiols yields
chains and complex assemblies, accompanied by a large red shift of the longitudinal
surface plasmon band. A similar reaction between CdSe nanocrystals results in a
splitting of the photoluminescence band, possibly due to exciton splitting. Carbon
nanotubes decorated by covalently linked gold and CdSe nanoparticles have been
obtained through click chemistry. We have also attempted to interconnect carbon

nanotubes by click chemistry.

*A Paper based on this study has appeared in Chemical Physics Letters (2007)
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3.1 Introduction

Click chemistry provides reliable and selective reactions for synthesizing new
compounds and to generate combinatorial libraries (/) and the method enabled a novel
style of organic synthesis. The term click chemistry defines a chemical reaction which is
versatile and clean, with simple workup and purification procedures. Among the large
collection of organic reactions, Huisgen cycloaddition, 1,3-dipolar cycloaddition
between azide and acetylene derivatives in the presence of Cu(I) catalyst, represents the
most effective reaction of click chemistry. The 1,3-dipolar cycloaddition reaction of a
1,3-dipole to a dipolaropile (i. e. an acetylene or alkene) for the synthesis of five-
membered heterocycles are ubiquitous transformations in synthetic chemistry (2, 3).
Recently, the Sharpless (4) and Meldal (5) groups have reported the dramatic rate
enhancement (up to 10’ times) and improved regioselectivity of the Huisgen 1,3-dipolar
cycloaddtion reaction of an organic azide to a terminal acetylene to afford,
regiospecifically, the 1,4-disubstituted 1,2,3,-trizaole in the presence of a Cu (I) catalyst
(Scheme 3.1). The classical non-catalysed process proceeds by a concerted mechanism
under thermal conditions to afford mixture 1,4- and 1,5- disubstituded 1,2,3-triazole
regioisomers. The Cu (I)-catalysed 1,3-dipolar cycloaddition reaction has successfully
fulfilled the requirement of click chemistry as prescribed by Sharpless and within the
past few years has become a premier component of the click chemistry paradigm (7).
Azides and acetylenes are by definition kinetically stable entities possessing high built-
in energy and are tolerant to a wide range of synthetic conditions (6). Within a short
time-frame, click chemistry has proven to be of remarkable utility and broad scope not
only in an organic synthesis, but in chemical biology, drug discovery (7), polymer and

materials science (§).
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Scheme 3.1

Nanostructures of different inorganic and carbon materials possessing different
dimensionalities have been synthesized and characterized in the last few years. Several
of these nanostructures are found to have exciting properties with potential applications.
The surface plays an important role in the properties of nanomaterials, including the
solubility, reactivity, stability, melting point, and electronic structure (9). At the same
time, the surface is the connection of the nanoparticles to other materials and objects
and plays a vital role in the construction of superlattices, in the fabrication of new
devices and in the conjugation with target molecules for drug delivery applications (/0).
Thus, the chemical modification of the surface of nanoparticles is a very important field.
During growth of the nanoparticles, stabilizing agents are present to prevent
nanoparticle aggregation and precipitation. Various organic and inorganic materials
have been utilized as capping materials on the surface of nanoparticles through covalent
or ionic interactions (//, 12). Besides modifying the properties of the bare
nanoparticles, they also play a role as the connecting media of the nanoparticles to the
outside world. For example, in the superlattices of nanoparticles, they define the
interparticle distances between nanoparticles (/3). On the other hand, in nanoparticle
based drug delivery, they connect the nanoparticles to the therapeutic agents and to

interconnect the different nanostructures (/4).
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Assembly of colloidal metallic, semiconducting quantum dots, or insulating inorganic
particles into one-, two- and three dimensional superstructures has received increased
interests over the last decade. This is due to their potential uses as smart materials and
devices as they are characteristic of ordered structures with collective physical
properties from the individual particles and the interparticle coupling (/5). Assemblies
can be liquid-crystal structures in solution, crystals, or precipitates separated from
solution phase or ordered arrays supported on liquid or solid phase. Assembly
approaches include spontaneous self-assembly, chemical driving assembly, template-
directed patterning, and physical methods such as polymer stretching and electric field
induction (10, 16).

Carbon nanotubes possess exceptional electronic, mechanical, chemical, and optical
properties, which render them particularly promising materials in the areas of solar
energy conversion electronic, and sensing as well as biological applications (/7).
Functionalization and solubilization are important aspects of the chemistry of CNTs and
these chemical manipulations are essential for many of the applications. Derivatization
of CNTs gives products with sidewall substituents, wrapped with polymers, with
inclusion of guest molecules and attaching various inorganic nanoparticles (/8). The
approaches can be divided into covalent functionalization and noncovalent interaction
of the SWNT sidewalls. Covalent functionalization include direct addition of fluorine
atoms, cycloaddition reactions, radical and nucleophilic additions to side walls of
nanotubes (/7, 19). Another method is to introduce carboxylic groups on the side walls
of SWNTs by oxidation. The carboxylic acid groups can further attached with various
organic molecules by means of amide/ester linkages or carboxylate-ammonium salt
ionic interactions. Attachment of various chemical molecules or other nanomaterials
might be convenient way to modify the electronic structure of carbon nanotubes (77,
19).
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3.2 Scope of the present investigations

Finding the new strategies to functionalize and assemble the nanostructures is an
active area of research. We report the scope of the present investigations in the next

section.

3.2 Scope of the present investigations

There are various reports in the literature to functionalize and assemble
nanostructurues. We considered click chemistry as a possible means to assemble or link
various types of nanostructures. An important click reaction is the Cu- catalyzed 1, 3-
dipolar cycloaddition reaction between azido and ethynyl groups to form the 1,2,3-
triazole ring, investigated in detail by Huisgen (20, 27). While this reaction has been
used to functionalize nanoparticles (22) and single-walled carbon nanotubes (SWNTs)
(23), it has not been exploited for assembling nanostructures. We have employed the
cycloaddition reaction to generate assemblies of metal nanoparticles, semiconductor
nanoparticles as well as covalently attached SWNT — metal nanoparticle composites.
The methodology employed in the present study was as follows. An azidoalkane
derivative containing a terminal SH or NH; group is attached to a nanostructure, A,
while an alkyne with a SH or NH, group is attached to another nanostructure, B.
Reaction between A and B gives rise to 1, 2, 3-triazole, thereby causing a covalently
attached assembly of the nanostructures. The occurrence of the click reaction is readily
ascertained by the absence of the characteristic stretching mode frequencies of the azido
and acetylenic units as well as changes in the NMR spectra.

This chapter deals with the Husigen cycloadditon reaction in the case of gold
nanorods, gold nanoparticles and CdSe nanocrystals to produce covalently linked
assemblies. Carbon nanotubes decorated by covalently linked gold nanoparticles have

also been produced by this means.
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3.3 Experimental

The following bifunctional molecules had been synthesizes and used for assembling

and functionalization of different nanostructures.

/\/\/N 3 i e—
SH SH —
4-azidobutane-1-thiol hex-5-yne-1-thiol
(A) (B)
/\/\/N 3 I~ T~ ——
H 2N H 2N —
4-azidobutan-l-amine hex-5-yn-1-amine
(C) (D)
Synthesis of 4-azidobutane-1-thiol
CH;COBr NaNj NaOMe/MeOH
—>  ACO” Br AcO/\/\/N3 — Ho/\/\/N3
(o) reflux DMF 1h r.t
1 ) 70°C12 h 3 4
p-TsCl A~ N3  KSAc Con.HCl
—> TsO — > Acs/\/\/N3 —_— Hs/\/\/ N3
o sl W o
0 refiux
6 h ,-10°C 5 45h 6 7

Dropwise addition of CH3COBr (2.9 g, 235 mmol) to THF 1 (2.5 g, 359 mmol)
which was stirring with ZnCl, (0.005 g, 0.037 mmol) at 0 °C and allowed the stirring for
overnight followed by refluxing for 2 h, cooled, diluted with DCM then washed with
water and saturated aqueous NaHCO;. The organic layer was dried over Na,SOy4, and
evaporated in vacuo to give 97 % of 2. NaN3 (6.9 g, 107.5 mmol) was added to the
solution of (1.0 g, 76.8 mmol) 2 in DMF (150 ml) and refluxed for 12 h afforded 3 in 82
%. By treating azide 3 (2000 mg, 12.7 mmol) with NaOMe/MeOH (1.5 ml) for 1 h gave
4 in 71.4 %. p- TsCl (3.2 g, 17.0 mmol) was added to the solution of 4 (1.6 g, 14.1
mmol) in Py (7 ml) at -10 °C, stirred for 6 h to give 65.7 % of 5. KSAc (364 mg, 3.2

mmol) was added to the solution (0.718 g, 2.6 mmol) of 5 in ethanol (7 ml), and
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refluxed for 4.5 h to from 88 % of 6, then by refluxing (0.757 g, 4.3 mmol) of 6
Conc.HCI (4 ml) in MeOH (78 ml) for 5 h then extracted with ether, dried over Na,SO4

and evaporated in vacuo afforded 78 % of 7. The NMR spectrum of 7 is shown in the

Figure 3.1

~ =

.
/Li M\ iy
B, \\ MW.}{\ i } G )

pPm

Figure 3.1: NMR spectrum of the compound 7.

Synthesis of hex-5-yne-1-thiol

—_  p-TsCl = A NN
— /\/\/:
H O/\/\/_ —> TsO thanol AcS
dry pyridine ieﬂi:ll;;o 4.5hr 10

8 -10°C ? B

Conc. HC1 —

/\/\/:
 » HS
methanol
reflux,Shr 11

To the solution of 5-hexyn-1-ol (2.1 g, 21.3 mmol) 8 in Py (10 ml) at -10 °C, p-TsCl
(4.8 g, 25.6 mmol) was added and allowed to stir for 4 h which on dilution with DCM,
dried over Na,SOj4 and evaporated in vacuo gave 90.5 % of 9, by refluxing (0.740 g, 2.9
mmol) of 9 with KSAc (0.401 g, 3.5 mmol) in ethanol (6 ml) for 4.5 h gave 56.6 % of

10. (0.581 g, 3.7 mmol) of 10 was refluxed with conc. HCI (3 ml) in MeOH ( 66.8 ml)
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for 5 h extracted with ether, dried over Na,SO4 and evaporated in vacuo afforded 68 %

of 11. The NMR spectrum of 11 is shown in the Figure 3.2.

0.000

==

Figure 3.2: NMR spectrum of the compound 11.
Synthesis of 4-azidobutane-1-amine
NaN; Ph;P
Br/\/\/ Br — > Ns/\/\/ N3 E—— N3/\/\/NH2
DMF Et,0,5%H,0
12 80°C,20h 13 rt, 24h 14

To the solution of dibromobutane (5 g, 23.16 mmol) 12 in dry DMF (50 ml), NaN;
was added and the resultant mixture was heated 80°C for 20h yields 86 % of 13.(24) To
a solution of diazidoalkane 13 (0.4 mol) in Et,O (250 ml):EtOAc (250 ml) and 5% HCl
(400 ml) was added, further triphenylphosphine (0.39 mol) was added in small portions
for 1 h at 0°C and then the mixture was stirred for 24 h at room temperature. The
organic layer was discarded and the aqueous layer was washed twice with DCM (150
ml). The resulting aqueous phase was carefully basified with NaOH and then extracted
with DCM (3x200 ml). The combined extracts were dried with sodium sulfate and
evaporated to give pure azidoaminoalkane 14 in 90% yields. The NMR spectra of 14 is
shown in the Figure 3.3
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Figure 3.3: NMR spectrum of the compound 14.
Synthesis of hex-5-yne-1-amine
__ MsClL, EtN NN —
S NN > NN
HO > T MsO pMF N3
£60 80°C,5h
8 0°C, 3h 15 ’ 16
Ph;P _
NN
— > NH;
Et,0,H,0
0°C,20h 17

Methanesulfonylchloride (3.501 g, 30.5 mmol) was added drop wise to a stirred
solution of 5-hexyn-1-ol 8 (2.000 g, 20.3 mmol) and Et;N (3.086 g, 30.5 mmol) in
anhydrous ether (20 ml) at 0 °C and stirred for 3 h to yield 80 % of 15. Sodiun azide
was added to a solution of the mesylate 15 (4.000 g, 22.7 mmol) in anhydrous DMF (18
ml). The mixture was stirred for 3.5 h at 67 °C to yield 70 % of 16. To the solution of
azide 16 (0.900 g, 0.73 mmol) in ether (6 ml) at 0 °C, PPh; (1.915 g, 0.73 mmol) was
added and allowed to stir for 1.5 h water (0.33 ml) was added and stirred for 16 h and

the reaction mixture was extracted with ether dried over Na,SO, and evaporated to yield

21.1 % of substituted amino alkyne 17.
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Synthesis of gold nanorods

Gold nanorods were prepared by photochemical procedure of Kim et al. (25). A
quantity of 3 ml of an aqueous solution of 0.08 M hexadecyltrimethylammonium
bromide (CTAB) and 0.42 mg/ml tetradodecylammonium bromide was used as the
growth solution. Hydrogen tetrachloroaurate (0.25 ml of 0.024 M, HAuCls.3H,0) was
added to the solution as the precursor of gold, and 0.065 ml of acetone and 0.045 ml of
cyclohexane were added to loosen the micellar structure. 0.01 M silver nitrate (AgNO3)
aqueous solution was added to the solution. The solution was irradiated with a 254 nm
UV light for about 30 h. The resulting solution was centrifuged at 3000 rpm for 10 min,
and the supernatant was collected, which was centrifuged again at 10000 rpm for 10

min. The precipitate was collected and redispersed in deionized water.

Synthesis of gold nanoparticles

Gold nanoparticles were prepared by the following literature procedure (26).
Successive charging of a vessel (e.g. a 100-ml round-bottomed flask), while stirring,
with 45.5 ml of water and then, portions of aqueous solutions of sodium hydroxide (0.2
M, 1.5 ml), the reducing agent THPC (1 ml of a solution of 1.2 ml of 80% aqueous
solution diluted to 100 ml with water), and the metal salt chloroauric acid (2 ml of dark-
aged stock solution, 25 mM) results in the formation of orange-brown hydrosols of gold

nanocrystals.

Synthesis of CdSe nanoparticles

CdSe nanoparticles were prepared by solvothemal method as reported in the
literature (27). In a typical reaction 1.36 g (2 mmol) of [Cd(Stea);], 0.158 g (2 mmol) of
Se, 0.2 g (1.5 mmol) of tetralin and 0.1 g (0.5 mmol) of dodecanethiol were taken in 50
ml of toluene in a stainless steel autoclave (ca. 70% filling, Teflon gasket) and placed in

an oven that had been preheated to 250 °C. After 5 h the autoclave was removed and
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cooled to room temperature. The solid product obtained by precipitation as mentioned

in the text was dried at 50 °C in air overnight.

Synthesis of single-walled carbon nanotubes (SWNTs)
Arc discharge SWNTs (arc SWNTSs) were synthesized by the method as reported by

Journet et al. (28) using a composite rod containing Y (1 at.%) and Ni (4.2 at.%) as the
anode and a graphite rod as the cathode, under a helium pressure of 660 torr with a
current of 100 A and 30 V. The nanotubes were heated in air at 300 °C for 12 h and then
stirred in conc. HNOjs at 60 °C for 24 h in order to dissolve the metal nanoparticles. The
product was washed with distilled water, dried, dispersed in ethanol under sonication,
and filtered using Millipore (0.3 um) filter paper. The filtered product was dried in an
oven at 100 °C for 2 h. The sample was heated to 1000 °C in a furnace at a rate of 3 °C
per minute, in flowing hydrogen at 100 sccm and held at that temperature for 2 h. The
resulting sample was again stirred in conc. HNO; at 60 °C for 3 h and finally heated in

a furnace at 1000 °C for 2 h in flowing hydrogen (100 sccm).
N _
A .

V
A —s/\/\/N\/y\/\/S_ B

N=N

Figure 3.4: Schematic of click reaction between nanostructures.

Assembling gold nanorods, gold nanoparticles and CdSe nanoparticles

by click chemistry
Thiol capped gold and CdSe nanoparticles were prepared by the reaction of fixed

quantities of the nanoparticles in an 1:4 acetonitrile-water mixture (1.5 ml) with 100

plsolution 1 uM of the thiol. The cycloaddition reaction of the capped nanocrystals was
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carried out with equimolar concentrations (1:1) of A and B. In some of the reactions, the
concentration of A was kept constant and the concentration of B was varied. The click
reaction was carried out by the addition of equimolar mixture of CuSO4 and sodium

ascorbate which acts as a catalyst.

Attaching gold and CdSe nanoparticles to SWNTs
In order to prepare SWNT—Au and CdSe nanocrystal composites, SWNTs were

functionalized by amidobutane (with a terminal azide group) as follows. First the
SWNTs were treated with 3:2 volume ratio of conc. H,SO4 and conc. HNOs for about 1
hour to introduce carboxyl functional groups to the side walls of the SWNTs and
SWNTs solution was filtered using PTFE membrane followed by washing with water.
Acid-treated SWNTs were reacted with thionyl chloride at 65 °C for about 20 hours,
followed by reaction with 4-azidobutan-1-amine. These SWNTs were reacted with
hexynethiol- capped Au and CdSe nanocrystals. The click reaction was carried out by
the addition of equimolar mixture of CuSO4 and sodium ascorbate which acts as a

catalyst.
Interconnection of SWNT's

In order to interconnect the SWNTSs, two separate portions of SWNTSs were attached
with molecular linkers C and D by the procedure described in the previous section. The
click reaction was carried out by the addition of equimolar mixture of CuSO4 and

sodium ascorbate which acts as a catalyst.

3.3.3 Techniques used for characterization

Transmission electron microscopy

For transmission electron microscopy (TEM), dispersions of the samples were

dropped onto the holey carbon-coated Cu grids, and the grids were allowed to dry in the
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air. The grids were examined using a JEOL (JEM3010) microscope operating with an

accelerating voltage of 300 kV.
Optical absorption and photoluminescence spectroscopy

The optical absorption spectroscopy measurements were performed using a Perkin-
Elmer Lambda 900 UV/VIS/NIR spectrometer. Photoluminescence spectra of these

solutions were recorded with a Perkin-Elmer model LS55 luminescence spectrometer.
Infrared spectroscopy

Infrared (IR) spectra of the precursors were recorded with a Bruker FT-IR

spectrometer.
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Figure 3.5: (a) Optical absorption spectra and (b) TEM of gold nanorods.

3.4 Results and discussion

Gold nanorods of aspect ratios 2.4 were synthesized by following the photochemical
method reported by Yang and co-workers (25). In order to assemble gold nanorods by
the click reaction, one batch of nanorods capped with 4-azidobutane-1-thiol, A, and

another with hex-5-yn-1-thiol, B, were reacted in the acetonitrile-water mixture under

107



Chapter 3

(a)

B (@ e -

/S\/\/\N/\/A/\/S/
\

N=N

0.14 4 (b) Pure

0.12 4
0.10 4

0.08

Absorbance

0.06

0.04 +

0.02 4

0.00 I — — — — T
500 600 700 800 900 1000 1100
wavelength(nm)

Figure 3.6: (a) schematic of gold nanorod assembly by click chemistry. (b) Optical
absorption spectra of gold nanorods after the click reaction (at two different (1:1 and

1:4) concentrations of A and B).

standard conditions (29). The occurrence of the click reaction was established by
infrared spectroscopy. The product of the reaction was investigated by electronic
absorption spectroscopy and transmission electron microscopy. Figure 3.6 (b) compares
the electronic absorption spectra of the gold nanorods before and after the click reaction
between the A and B type nanorods. Isolated gold nanorods show transverse and
longitudinal plasmon bands around 520 nm and 630 nm respectively (see Figure 3.5(a)).

After the cycloaddition reaction, the spectra show a broad band centered around 800-
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Figure 3.7: Optical absorption spectra of gold nanorods with the addition of
different concentration of (a) hex-5-yen-1-thiol (b) 4-azidobutane-1-thiol.

850 nm due to the longitudinal surface plasmon absorption. The transverse band
remaining at 520 nm (Figure 3.6(b)). The position of longitudinal band changed only
little with the relative concentrations of the A and B used in the click reaction. The
formation of the new red-shifted band can be explained on the basis of inter plasmon
coupling in assembled nanorods. In the case of gold nanorods, there are two modes of
plasmon oscillations (transverse and longitudinal) and each of these modes can couple

with plasmon oscillations of the neighboring rods. In the present study, we observe a
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selective coupling of the longitudinal plasmon band whereas the transverse plasmon
band remains more or less unaffected. The addition of 4-azidobutane-1-thiol or hex-5-
yn-1-thiol to gold nanorods does not result in the change in the position of longitudinal
plasmon band (Figure 3.7). There is only small decrease in the plasmon bands with the
addition of either thiols due to the damping of the plasmon oscillation leading to the
slight broadening of its band. The damping of the plasmon band by introducing thiol

groups has been reported in the past (30).

Figure 3.8: TEM images of chain-like assemblies of gold nanorods obtained after

the click reaction with 1:1 concentrations of A and B.

The above results suggest that click reaction leads to the coupling of the longitudinal
plasmon oscillation, resulting from an end-to-end assembly of gold nanorods as
previously observed for other bifunctional ligands (thioalkyl carboxylic acids, (37)
cysteine, and glutathione (32)) (Figure 3.6(a)). Interplasmon interaction was also
observed by linearly assembling Au nanorods on multiwall carbon nanotubes (33). In
Figures 3.5 (b) & 3.8, we show the transmission electron microscope (TEM) images of
the gold nanorods before and after the cycloaddition reaction. After the reaction, the

image shows chains of nanorods. Thus, the shift in the electronic absorption spectrum to
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Figure 3.9: Infrared spectra in the 1000-2500cm™ region (a) of the hexynethiol-

capped gold nanorods, B, showing the C=C stretching bond at 2109 cm™, (b) of the

azidothiol-capped gold nanorods, A, showing the asymmetric azide stretching band

at 2092 cm™ and (c) of the product of the click reaction (1:1 of A and B) showing
the absence of the bands due to the azide and C=C stretching modes.

longer wavelengths is accompanied by the assembly of nanorods forming chains. The
reason for obtaining chains of gold nanorods through click chemistry is because the

ends of the nanorods comprise (111) faces of gold which favor thiol binding (/6). The
capping agents at the edges of Au nanorods can play a major role in the linear
organization. Most of the reports on the synthesis of Au nanorods involve the presence
of a cationic surfactant, cetyltrimethylammonium bromide (CTAB), and a cosurfactant
in certain cases. Several mechanisms have been suggested for explaining the seed-
mediated growth of Au nanorods. surfactant-directed nanorod growth mechanism was
proposed by Murphy and co-workers which involves the differential blocking of certain
crystallographic facets of Au nanorod ({100} or {110}) by CTAB which promotes the
anisotropic growth of the {111} edges (34). An alternate mechanism involving the
electric field directed growth of Au nanorods was proposed by Perez-Juste et al. which
suggests that the Au(IIl) ions were initially bound to CTAB which upon reduction to
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Figure 3.10: (a) Electronic absorption spectra of gold nanocrystals (2.5 nm
diameter) and after click reactions at different concentrations of A and B. (b)

Typical TEM image of the nanocrystals after the click reaction.

Au(l) ions interact more strongly with the CTAB micelle (35). According to this
mechanism, the slow collision frequencyof Au(I) bound CTAB and the enhanced
electric field at the tips allow the reduction of Au(I) at the termini. In the present case,
we have adopted a photochemical method for the synthesis of Au nanorods by using
CTAB as the surfactant and tetraoctylammonium bromide as the cosurfactant (25). At
the growing edges of nanorods, the capping agents may be loosely bound and the
organic thiols possessing short alkyl chains may diffuse faster and more efficiently into
the micellar shell resulting in the organization of Au nanorods. To ensure that the
changes in the electronic absorption spectra and the assemblies of nanorods seen in the
TEM images were the result of the click reaction, we recorded infrared spectra before
and after reaction. The spectra in Figure 3.9 clearly show the absence of the azide and
acetylenic stretching frequencies at 2092 cm™ and 2109 cm™ respectively.

We have carried out the click reaction between spherical gold nanocrystals (2.5 nm).

Optical absorption spectra show a small red-shift of the plasmon band after the click
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reaction compared to the as synthesized nanoparticles (Figure 3.10 (a)). The TEM

image as shown in Figure 3.10 (b) shows an organized assembly of the nanocrystals.
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Figure 3.11: (a) Optical absorption and (b) photoluminescence spectra of CdSe
nanocrystals before (i) and after (ii & 1ii) click reaction. (c) and (d) shows typical

TEM images after click reaction.

The click reaction between spherical CdSe nanocrystals functionalized with the
azido and ethynyl thiols gives rise to the cycloaddition products as verified by infrared
spectroscopy. In Figure 3.11 (a) we show the optical absorption spectra of CdSe
nanoparticles before and after click reaction. In Figure 3.11(b), we compare typical
photoluminescence (PL) spectra of the click reaction product with the spectrum of the
CdSe nanocrystals before the reaction. The product of the click reaction shows two
broad bands, one at 518 nm and another centered at 620 nm while the isolated thiol-
capped nanocrystals give a band at 550 nm. The two bands in Figure 3.11 (b) are not
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due to two types of species since we observe one band at a lower wavelength and
another at a higher wavelength relative to the band exhibited by the isolated CdSe
nanocrystals. Theoretical calculations suggest that the change in the PL spectrum is due
to dipolar coupling between neighboring nanocrystals giving rise to exciton splitting
somewhat similar to Davydov splitting in CdS nanocrystals (36, 37). These features in
the PL spectrum were found in the products obtained with different relative
concentrations of the azidothiol and alkynethiol capped CdSe nanocrystals. The TEM
image of the CdSe nanocrystals subjected to click reaction showed 3D periodic arrays

(Figure 3.11(c) and (d)).

(a)

(b)

Figure 3.12: TEM images showing covalently attached (a) gold and (b) CdSe
nanocrystals over SWNTs.
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Figure 3.13: Optical absorption spectra of SWNTs (black) and SWNTs covalently
attached with (a) gold and (b) CdSe nanoparticles (red).

In order to link SWNTs with gold or CdSe nanocrystals, SWNTs functionalized by
the aminobutane with a terminal azido group were reacted with Au or CdSe
nanocrystals capped with the hex-5-yne-1-thiol in the acetonitrile — water mixture. This
reaction yielded SWNT-Au and SWNT-CdSe nanocomposites where in the gold or
CdSe nanoparticles decorate the SWNTs uniformly. This can be seen in the TEM

images shown in Figure 3.12. These images demonstrate the success of click chemistry
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Figure 3.14: Photoluminescence spectra of CdSe (black) and CdSe attached to
SWNTs (red).

in generating assemblies comprising covalently linked SWNT —metal or -semiconductor
nanoparticle composites. Linking gold and CdSe nanoparticles with SWNTs causes
perturbation in the optical absorption spectra of the nanotubes as can be seen from
Figure 3.13. Pristine SWNTs show bands around 750 nm (M;;) corresponding to the
metallic nanotubes and around 1040 nm (S;) and 1880 nm (S;;) due to the
semiconducting species arising from Van-Hove singularities in the optical absorption
spectra. In case of gold nanoparticles attachment with SWNTs, intensity of S;; band of
SWNTs decreases relative to M;; band, where as opposite effect is seen in CdSe
nanoparticles attached with SWNTs. Gold nanoparticles attached with SWNTs show
broad plasmon band centered around 549 nm, which is red shifted compared to the

pristine gold nanoparticles (520 nm) (Figure 3.13(a)). Photoluminescence spectra of
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Figure 3.15: IR spectra of SWNTs functionalized with (a) 4-azidobutan-1-amine
and (b) hex-5-yn-1-amine. (c) IR spectra of SWNTs after intelinking by click

chemistry.

Figure 3.16: TEM images of SWNTs interlinked by click chemistry.

CdSe nanoparticles attached with SWNTs is shown in the Figure 3.14, which shows an
additional band centred around 602 nm.

Intermolecular carbon nanotubes junctions were formed by coupling chemically
functionalized nanotubes with linkers C and D by click reaction. The reaction was
followed by IR spectroscopy (Figure 3.15). From The TEM images show the presence

of end-to-end, end-to-side and side-to-side heterojunctions (Figure 3.16).
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3.5 Conclusions

The above results demonstrate the efficacy and use of click chemistry in assembling
covalently linked nanostructures. While alkanedithiols and thiolcarboxylic acids are
known to assemble gold nanoparticles, the present method based on click chemistry is
more general and can be used with carbon nanotubes, semiconductor nanoparticles and
other nanostructures. It has been shown that the click reaction between spherical gold
nanocrystals gives a product with a broad plasmon band accompanied by an organized
assembly of the nanocrystals, instead of the chains obtained with the gold nanorods. The
click reaction between capped CdSe nanocrystals causes changes in the
photoluminescence spectra (This aspect will be discussed in the chapter 4). Click
chemistry is also useful to prepare the composites of SWNTs with gold and CdSe

nanocrystals.
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CHAPTER 4
Dependence of Magnetic and Optical
Properties of Nanoparticles on the
Interparticle Separation

Summary*

Dependence of the magnetic properties of FePt nanoparticles with an average
diameter, D, of 5 nm and 1.5 nm on the interparticle separation, d, has been investigated
by employing different spacer molecules. The blocking temperature and Curie-Weiss
temperature decreases with increase in d while saturation magnetization increases with
increase in d. The results are explained on the basis of a simple model for the case
d<<D where the magnetic nanoparticles are treated as finite dipoles coupled through
anisotropic multipolar interactions.

Different types of aggregates of CdSe nanoparticles have been assembled by using
bridging molecules such as thiolcarboxylic acids and alkanedithiols as by well as the
click reaction involving cycloaddition between azido and acetylenic groups. The
aggregates show photoluminescence spectra different from the pristine CdSe
nanocrystals. The simplest situation is one where the spectrum has two bands one at
longer wavelengths and another at lower wavelengths arising from dimeric units. More
complex spectra arise from higher aggregates, but there is always some symmetry in the
band positions. Fluorescence decay measurements have been carried out on the different
CdSe aggregates. The results are interpreted in terms of electronic coupling between the

nanocrystals.

* Papers based on these studies have appeared in Journal Physical Chemistry C
(Letter) (2008) and Journal of Nanoscience and Nanotechnology (2009)



Chapter 4

4.1 Introduction

Nanoparticles show a number of properties that are either absent (/, 2) in or more
efficient (3) than their bulk materials counterparts. It is well-established that individual
nanoparticles can exhibit unique size-dependent electronic, optical, magnetic and
photonic properties (4). It has become apparent that the properties of nanoparticle
assemblies can differ from those of the isolated nanoparticles. If the interparticle
distance is appropriate to encourage nanoscale cooperative processes (5) such as
electron tunneling, dipolar coupling, and Forster energy transfer, photonic and
electronic properties can be manipulated by controlling the distance between
nanoparticles. In some cases, altogether new properties based upon collective
nanoparticle behavior will arise. The realization of these properties in next-generation
applications including catalysis (6, 7), optoelectronics (&), sensors (9) and medicine (10,
11), therefore requires methods for the precise spatial assembly of nanoparticles.

Some progress has been made in the development of self-organizing nanoparticle
assemblies. The distance between nanoparticles has been controlled by grafting
polymers to (/2) or polymerizing polymers from (/3) the nanoparticle surfaces, or by
using a number of functional molecules, including alkanethiols (/4), dendrimers (/5),
proteins (/6), DNA (/7) or difunctional linkers (/8, 79), to mediate the nanoparticle
self-assembly process. It has been demonstrated that magnetic properties can be
manipulated in assemblies of superparamagnetic particles by using dendrimers to
mediate the interparticle distances (20).

In this chapter, we present our investigations towards understanding magnetic and
optical properties of nanoparticles by varying the interparticle distance. Magnetic

properties are examined on FePt nanoparticles. While spectroscopic properties are
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examined in the case of CdSe nanoparticles. We report the scope of the present

investigations in the next section.

4.2 Scope of the Present Investigations

Recently, there has been an increasing attention to the formation of controlled
assemblies of nanoparticles (4, 2/-23), whose properties depend on the constituent
particles as well as on the assembly parameters, such as interparticle distance and
average particle environment. Plasmon waveguides (24), magnetic logic (25) and
quantum cellular automata (26) are only a few examples of proposed devices that would
be based on such assemblies. In case of all assemblies, one of the main goals is to create
materials with novel properties, possibly not present in either the nanoparticle or the
bulk form of the material.

Properties of magnetic nanoparticles have been investigated by several workers and
some of the novel features exhibited by these materials have been known for some time
(27). For example, nanoparticles of antiferromagnetic materials are expected to show a
small net magnetic moment due to finite size effects (28). Such a behavior has been
found in nanoparticles of oxides such as MnO, CoO and NiO (29, 30). A problem of
considerable interest related to magnetic nanoparticles is the dependence of their
properties on the interparticle separation. It is commonly believed that the variation in
properties such as the blocking temperature, Tg, with the interparticle separation, d, is
governed by dipolar interaction. There have been a few studies on this aspect in the last
few years. Vestal et al. (31) have varied the interparticle distance in spinel ferrite
nanoparticles by varying the concentration in solution, and found that Ty increases with
the increase in concentration, suggesting there by that Ty increases with decrease in
interparticle separation. A study of the magnetic interaction between iron oxide

nanoparticles by Frankamp et al. (20) through dendrimer-mediated self-assembly has
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shown that Ty decreases with increase in interparticle separation. These authors
comment on how their results deviate from the dependence predicted on the basis of
dipolar interaction between the magnetic nanoparticles. DNA-assembled FePt
nanoparticles exhibit a decrease in T compared to the pristine ones (/7). An increase in
Ty with increase in interparticle separation seems to have been observed in chains of 13
nm y-Fe;Os; nanoparticles prepared by using 11-(10-carboxy-decyldisulfanyl)-
undecanoic acid (32). Clearly, the nature of dependence of Ty of magnetic nanoparticles
on the interparticle separation, d, is not understood. We felt that this may be because
one has not employed the correct model to interpret magnetic properties as a function of
d. We would expect the interaction would be essentially dipolar if d is large relative to
the particle diameter, D. The interaction would, however, be multipolar if d is small

compared to D.

Scheme 4.1:

Q.9
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Q —Q

D

We have carefully investigated the variation of the magnetic properties of FePt
nanoparticles (D=5nm) as a function of interparticle separation, by varying d by using
alkanedithiols (Scheme 4.1) and other capping agents. The 5nm FePt particles are

superparamagnetic at 300K and show magnetic hysteresis at low temperatures (33, 34).
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Zero-field cooled magnetization data show a maximum in magnetization at the blocking
temperature, Tg. We have determined the variation of Tg, the Curie-Weiss temperature,
0, and the saturation magnetization, M, with the interparticle separation, and discussed
the observed trends in the light of a simple model. It may be noted that the variation of
magnetization or the Curie-Weiss temperature with d has not been examined in any of
the studies reported in the literature.

Understanding electronic interactions between two or more semiconductor
nanocrystals is of considerable academic as well as technological interest.
Optoelectronic properties of nanostructures containing nanocrystals which are
electronically coupled have been investigated (27, 35-38). There has been some attempt
recently to study optical spectra of CdS nanocrystal aggregates prepared by using oleic
acid, in comparison with the spectrum of isolated nanocrystals (39). This study by Cao
et al. has shown the presence of multi-exciton interaction leading to new absorption and
emission bands. The excitonic interaction in the aggregates shows Davydov splitting
due to dipole—dipole interaction (40). Koole and coworkers (41, 42) examined the
optical spectra of CdTe nanocrystals linked by flexible and rigid dithiol molecules and
found shifts in the emission spectra due to the linking of nanocrystals and fast initial
decay due to exciton electronic transfer between the quantum dots. While the above
studies are indicative of electronic coupling in the semiconductor nanocrystal
aggregates, the spectra reported are not sufficiently informative in describing specific
effects due to electronic interaction and to relate them to the state of aggregation. Due to
the importance of this problem, we have investigated the electronic emission spectra of
CdSe nanocrystals linked by different types of molecules, having characterized the
aggregates by transmission electron microscopy.

In order to obtain different types of CdSe aggregates, we have used
mercaptopropionic acid and alkanedithiols with different alkane chain lengths as the
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linker molecules. We have also employed the click reaction involving Huisgen
cycloadditon between azide and acetylenic groups yielding a 1, 2, 3-triazole to link the
nanocrystals. The manner of linkage formed by mercaptopropionic acid, by
alkanedithiols and by the click reaction are shown below in 1, 2 and 3 respectively.
Here the circles correspond to CdSe nanocrystals.
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4.3 Experimental

4.3.1 Preparation of magnetic nanoparticles and assembly

Synthesis of FePt nanoparticles: FePt nanoparticles with an average diameter 5 and
1.5 nm were prepared by the procedure described by Nandwana et al. (34). The 5 nm
FePt nanoparticles were prepared as follows. Under a flow of nitrogen, Pt(acac), (0.5
mmol) was mixed with benzyl ether (10 ml) and heated to 100 °C. Under a blanket of
nitrogen, Fe(CO)s (1 mmol), oleyl amine (4 mmol) and oleic acid (4 mmol) were then
added. The mixture solution was then heated to 240 °C and incubated at this
temperature for one hour to assure complete decomposition of Fe(CO)s, and then heated
to reflux (300 °C). The mixture was kept refluxing at this temperature range for 2 hours.
During this time, slow nitrogen flow was introduced from time to time to remove some
low boiling by-products and to maintain the refluxing temperature around 300 °C. The
reaction mixture was allowed to cool to room temperature by removing the heating

source. The 20 ml of ethanol was added to the solution to precipitate the nanocrystals.
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The nanocrystals were separated by centrifugation. The resulting balck precipitate was
redispersed in hexane. We have obtained the 1.5 nm FePt nanoparticles by reducing all
the precursor concentrations by one fourth. The precipitate of 5 nm and 1.5 nm
nanoparticles (200 mg) capped with oleic acid and oleyl amine was redissovled in 20 ml
of hexane (stock solution) for further studies.

FePt nanoparticles cross-linked by dithiols were prepared as follows. Alkanedithiols
(1, 2-ethanedithiol, 1, 4-butanedithiol, 1,6-hexanedithiol and 1,8-octanedithiol) with
specific concentrations mentioned in the section 4.4.1 were added to the 3 ml hexane
stock solution of FePt to prepare cross linked FePt nanocrystals.

4.3.2 Synthesis of CdSe nanocrystals and their assemblies
Synthesis of CdSe nanoparticles: Red-emitting CdSe nanocrystals (~ 4 nm) were
prepared by the solvothermal method starting with cadmium stearate, selenium,
trioctylphosphine Oxide (TOPO) and tetralin in toluene solution following the
procedure reported earlier (43). In a typical reaction 1.36 g (2 mmol) of [Cd(St),], 0.158
g (2 mmol) of Se, 0.2 g (1.5 mmol) of tetralin and 0.1 g (0.5 mmol) of dodecanethiol
were taken in 50 ml of toluene in a stainless steel autocalve (ca. 70% filling, Teflon
gasket) and placed in an oven that had been preheated to 250 °C. After 5 h the autoclave
was removed and cooled to room temperature. The solid product obtained by
precipitation as mentioned in the text was dried at 50 °C in air overnight. The precipitate
of CdSe nanoparticles (18 mg) capped with TOPO was redissovled in 20ml of toluene
(stock solution) for further studies.

Assemblies of CdSe nanoparticles were obtained by the use of mercaptopropionic
acid as follows. 50 ul of the solution of CdSe nanoparticles solution in toluene taken in
a glass vial and the toluene solvent evaporated under vacuum. The resulting CdSe QDs
precipitate was solubulized in 3 ml of deonized water by the addition different
concentrations of mercaptopropionic acid (2.5 mM, 5 mM, 7.5 mM and 10 mM) under
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sonication. CdSe nanoparticles cross-linked by dithiols were prepared as follows.
Toluene solution (10 uM) of alkanedithiol (1, 2-ethanedithiol, 1, 4-butanedithiol, 1,6-
hexanedithiol and 1,8-octanedithiol) were added to the toluene solution of CdSe to
prepare cross-linked CdSe nanocrystals. Solutions with different dithiol-nanocrystal
ratios were prepared by adding a constant quantity of TOPO-capped CdSe QDs (50 pl)
to 3 ml of toluene solution containing different concentrations of the dithiols. Covalent
attachment of CdSe nanoparticles by click chemistry was accomplished as follows. For
linking CdSe nanocrystals by the 1, 3-dipolar cycloaddition reaction, a stock solution of
25 pl of CdSe nanoparticles solubulized in toluene was added to 1.5 ml of the toluene
solution (Solution A). 1.5 mlof solution A was taken in two different glass vials and 60
ul of 4-azidobutanethiol (I, 1 uM) was added to one and a known quantity (120 or 240
pul) of hex-5-yn-1-thiol (II, 1 uM) to another. The resulting solutions of CdSe
nanoparticles attached with the thiols I and II were mixed and the cycloadditon reaction
carried out using Cul as the catalyst in the absence of external light. The preparation of
various types of aggregates of CdSe nanocrystals described above were repeated several

times and spectroscopic measurements carried out on the independent preparations.

4.3.3 Techniques used for characterization

Transmission electron microscopy

For transmission electron microscopy (TEM), dispersions of the samples were
dropped onto the holey carbon-coated Cu grids, and the grids were allowed to dry in the
air. The grids were examined using a JEOL (JEM3010) microscope operating with an
accelerating voltage of 300 kV.

Optical absorption and photoluminescence spectroscopy

The optical absorption spectroscopy measurements were performed using a Perkin-

Elmer Lambda 900 UV/VIS/NIR spectrometer. Photoluminescence spectra of these
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solutions were recorded with a Perkin-Elmer model LS55 luminescence spectrometer.
Photoluminescence (PL) experiments were performed using a Fluorolog-22 (Horiba-
jobin Yvon) spectrofluorometer fitted with a Xenon lamp excitation source. Time
resolved fluorescence measurements were carried out with time correlated single photon
counting fluorescence spectrometer (IBH) by exciting the sample at 425 nm with Ti:
Sapphire laser of pulse width 2 ps FWHM and the instrument response time of 50 ps.
Fluorescence decay was measured at the front face configuration with suitable cutoff
filters to avoid scattered light and the decay curve was analyzed using the software
(DAS6, IBH).

Infrared spectroscopy

Infrared (IR) spectra of the precursors were recorded with a Bruker FT-IR
spectrometer. The samples were prepared by grinding with KBr and pressing into a

disk.
Magnetic characterization

Powder samples of the as-prepared nanoparticles were subjected to magnetic

characterization using the VSM in PPMS (Physical Properties Measurement System).

4.4 Results and discussion

4.4.1 Dependence of the properties of magnetic nanoparticles

on the interparticle separation

FePt nanoparticles with an average diameter 5 nm and 1.5 nm were prepared by the
procedure described by Nandwana et al. (34). Transmission electron microscopy (TEM)
was employed to determine the average size of the particles (Figure 4.1). When the 5

nm FePt nanoparticles were prepared in the presence of the oleyl amine and oleic
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HS\/\ /\/\/\/SH
SH HS

1,2-cthanedithiol 1,6-hexanedithiol
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N N SH NN N SH
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1,4-butanedithiol 1,8-octanedithiol
(b) (d)

Scheme 4.2: Different alkanedithiols used to vary interparticle separation.

Figure 4.1: TEM images of (a) & (b) 5 nm and (¢) & (d) 1.5 nm FePt nanoparticles
linked by low ethanedithiol (a&c) and high ethanedithiol (b & d) concentrations.
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Figure 4.2: Magnetic hysteresis exhibited by 5 nm FePt nanoparticles at (a) & (¢) 5
K and (b) & (d) 300 K with different concentrations of ethanedithiol ((a) & (b)) and
with different interparticle separations ((c) & (d)).

acid, the interparticle separation was 2.4 nm. Oleyl amine and oleic acid are readily
removed on the addition of alkanedithiols. We have used four alkanedithols (Scheme
4.2) namely 1,2-ethanedithiol, 1,4-butanedithiol, 1,6-hexanedithiol and 1,8-
octanedithiol, to vary inteparticle separation (d). The dithiol binds two nanoparticles on
either side, the interparticle separation being determined by the alkane chain length. To
obtain alkanedithiol linked particles, a known quantity of 5 nm FePt nanoparticles was

taken in a hexane solution of alkanedithiol of known concentration. The solid that
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Figure 4.3: Temperature-variation of zero-field cooled magnetization of 5 nm FePt
nanoparticles (a) with different concentrations of ethanedithiol and (b) linked with

different alkanedithiols (having different interparticle distances).
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precipitated out or obtained after evaporation of the solvent was used to measure the
magnetic properties. The dependence of magnetic properties of 5 nm FePt were
examined by the concentration variation of the dithiol. Figure 4.2 (a) & (b) shows the
magnetic hysteresis of 5 nm FePt nanoparticles at 5 K and 300 K with different
concentrations of ethanedithiol. It was found that the value of the magnetization varies
only slightly with the alkanedithiol concentration (Figure 4.4 (a)). Figure 4.3 (a) shows
the temperature variation of zero-field cooled (ZFC) magnetization of 5 nm FePt
nanoparticles with different concentrations of ethanedithiol. The blocking temperature,
Tg, in the zero-field cooled data, and the Curie-Weiss temperature, 0, obtained from
high-temperature inverse susceptibility data, were in the range of 87+5 K and 95+5 K
respectively over dithiol concentrations of 0.25 — 2 M (Figure 4.4 (b)). We have used a
constant concentration of 0.5 mM of the alkanedithiols in the present study, since all the

particles would be dithiol-linked at this concentration.

o-5K 100 o Tp
0.5 (a) -=-300K (b) =0
95
&0 —~
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3
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Figure 4.4: (a) variation of saturation magnetization at 5 K and 300 K and (b)
variation of TB and 0 with at different concentrations of ethanedithiol.
With the different spacer molecules employed by us, the interparticle separation
could be varied between 0.4 and 2.4 nm (Figure 4.1). Figure 4.2 (¢) & (d) shows the
magnetic hysteresis of 5 nm FePt nanoparticles at 5 K and 300 K respectively with

different interparticle separations (different dithiols). From Figure 4.2 (c¢) & (d) we
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readily see that the nature of the hysteresis varies with d. Thus, the value of the
saturation magnetization, Mg, increases with increase in d (Figure 4.5 (a)). From Figure
4.3 (b), we see that Tp shifts to lower temperatures with increase in d. Since the average
diameter of the FePt nanoparticles, D, is 5Snm, the spacer length, d, is always less than D
(d<<D). It is impractical to have a situation where d>>D with alkanedithiols and such
spacer molecules. Furthermore, nanoparticles with very small D do not possess the
desirable magnetic properties. In Figures 4.5 (b) we show the variation of the blocking
temperature, Tp, and the Curie—Weiss temperature, 0, respectively with the spacer
length, d. The 6 values were obtained from the high-temperature inverse susceptibility
data. We see that Ty decreases with the increase in d. The nature of variation of Ty with
d found here is comparable to that reported in the literature on the basis of
concentration-dependence or of dendrimer-mediated assemblies (20, 37). The Curie-
Weiss temperature, 0, varies with d in the same manner as Tg. This is interesting since 0
is a thermodynamic quantity unlike Tg. In Figure 4.5 (a), we show the variation of the
saturation magnetization, Ms, at 5 K with d, to demonstrate how M; increases with d.
The decrease in Ty with increase in d can be understood on the basis of the model
described by Dormann et al. (44-46) which predicts a decrease in the energy barrier with
increase in d. However, the exact manner in which Ty varies with d is another matter.
Theoretical calculations predict that Ty of magnetic particles interacting through dipolar
coupling should follow an inverse cubic dependence on the interparticle separation (47).
Our data as well as the literature data (20) do not follow the inverse cubic dependence.
That is, the slope of the plot of log Ty against log d deviates significantly from d~. The
possibility of d® dependence up to a spacing of 1.0 nm or so has been suggested (20).
In other words, a modest increase in d has been considered sufficient to result in

independent nanoparticles. The real situation, however, appears to be different.
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Figure 4.5: (a) Variation of saturation magnetization at 5 and 300 K and (b)

variation of Ty and 0 with interparticle separation, d.
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In order to understand the nature of variation of Ty and 6 with d, we have calculated the
magnetostatic interaction energy between two identical, spherical nanoparticles as a
function of the particle diameter, D, and the interparticle separation d, with D>d. We
are dealing here with a multipolar finite magnets (48), with the purely dipolar behaviour
dominating only in the limit of large separation @>>D. In deriving our expression for the
normalized magnetostatic interaction energy, u, we take advantage of the fact that a
uniformly magnetized spherical body of magnetic moment density, z, is equivalent to a
surface magnetic charge density o(6,¢) = 1 cos@, where we have taken the direction
of magnetization as the polar axis. The total magnetic moment is, given by,
M = u(47/3)(D/2)° which is the magnetic moment of the spherical single-domain
nanoparticles. The problem of finding the interaction energy between two uniformly
magnetized spheres reduces to that of evaluating the interaction energy of these two
surface charge densities. It is essentially the product of these two densities divided by
their relative distance apart, integrated over the respective spherical surfaces. For two
antiparallel magnetized spheres in the broad-side on configuration, we obtain the

following expression for u:

U(d,D, u) 9 . d )’ ¢ ez p2r 0225100, 8In 6, cos b, cos B, d6,d6,dp,d g,
== = + —
Udipolar (d + D907 lu) 47[2 [ D) .[0 J.O IO IO V f(laz)
where f(1,2) =

2

d 1. . LY (1 1
[1 + ) + Esm 0, sin ¢, — Esm 0, sin ¢, j + (Esm 0, cos @ — Esm 0, cos ¢2j
2
+ (lcos 6, - lcos sz
2 2
The above relation is exact. The normalization factor is the purely dipolar

interaction energy for the two finite dipoles replaced by two point dipoles each of

moment M placed at the centres of the respective spheres, i.e., at a distance d + D
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apart. It may be noted that the above expression for the normalized interaction tends to
unity as d/D — oo as it should. This is readily verified by expanding 1/, f(1,2) in

powers of (1+d/D)" and retaining the leading (nonzero) term obtained on performing
the integrals of the trigonometric functions involved. The above expression can be
simplified to a more tractable, but approximate form for numerical integration. In
physical terms, here we essentially collapse the two uniformly magnetized finite-
diameter spheres to two extended distributions of point dipoles along the line joining the
two spheres in the broad-side on configuration. This gives the normalized interaction

energy u as,

Y= U(d,D,u)
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We see at once that, u — 1, as d/D — . That is, at large distances, the finite dipoles
act as point dipoles as expected. In Figure 4.6, we show the variation of normalized u
with d/D. For fixed D, as in our experiments, it represents the variation of u with d. The
above treatment ignores nonmagnetic contributions to the binding. It is, however,
gratifying, given the simplicity of this minimal model, that the plot in Figure 4.6
contains essential features of the experimental results in Figures 4.5 (b). Thus, both Ty
and 0 decrease with increase in d just as the magnetostatic interaction energy in Figure
4.6. The initial fall in both cases is fast and then tends to level off for large d. This is
understandable since Tg, is due to the energy barrier subtended by anisotropic
interactions that render the arrested relaxation ultra slow for T<TB and must scale with
u. Unlike the relaxational blocking temperature, the Curie-Weiss temperature is a
thermodynamic quantity. It too, must track u, this being the only coupling energy scale
in the problem responsible for the cooperative phenomenon. The observed decrease in
the Curie-Wiess temperature with increasing d is qualitatively similar to what is
expected.

The variation of the magnetization with d is rather subtle, but can be understood as
follows. First, note that a conventional ferromagnetic system with its isotropic exchange
coupling orders to saturation when a relatively small polarizing magnetic field is
applied. In the present case, however, the anisotropic multi-polar magnetic coupling
between the nanoparticles is in conflict with the effect of a polarizing field. This
effectively reduces the saturation magnetization. In the simple case of two nanomagnets
each of magnetic moment L, in the broad-side-on configuration with the magnetostatic
coupling U(d,D), the magnetic polarization M(d) induced by a polarizing field H is
given by,

M(d) = [2u sinh(2 pH/KT)}/[cosh(2 pH/KT)+ exp(2U(d.D) )]
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Clearly, the induced magnetization M(d) increases monotonically as the interparticle
spacing d increases. Recall that U(d,D) decreases monotonically as d increases (Figure
4.6). In order to interpret this more explicitly for the saturation magnetization, My(d),
consider the high-field limit of 2 uH/kT >>1. Here,

M;(d) ~ 2p tanh(2 pH/KT) [1-{ exp(2U(d,D) p*)/ cosh(2 pH/KT)}].

Accordingly, My(d) increases with increasing spacing d (i.e., with decreasing
U(d,D)). This is in qualitative agreement with the observed variation of saturation

magnetization with d in Figure 4.5 (a).
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Figure 4.7: Magnetic hysteresis exhibited by 1.5 nm FePt nanoparticles at (a) 5 K
and (b) 300 K with different interparticle separations. Variation of (c) magnetization

(20000 Oe) at 5 K and (d) 6 with the interparticle separation, d.
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Encouraged by the results on 5 nm FePt nanoparticles with different alkanedithiols
(where d<<D in all cases), we have studied magnetic properties of 1.5 nm FePt
nanoparticles. In one case, the distance between the FePt nanoparticles is longer than
the diameter 1.5 of FePT nanoparticles. The 1.5 nm FePt nanoparticles exhibits
superparamagnetic behavior at 300 K and 5 K as can be seen from Figure 4.7 (a) & (b) .
Figure 4.7 (c) shows the variation in the magnetization at 20000 Oe with the spacer
length, d. Magnetization increases linearly with increase in the space length similar to
the 5 nm FePt nanoparticles. In Figure 4.7 (d) we show the variation of the Curie —
Weiss temperature, 0, with the spacer length, d for 1.5 nm FePt nanoparticles. The 0
values were obtained from the high-temperature inverse susceptibility data. The 0 value
increases with increases in the interparticle separation until 1.5 nm. Interestingly above
spacer length 1.5 nm, we observe decrease in the 0 value with increase in d. It clearly
shows multipolar behavior dominates when d<D where as dipolar behavior will

dominate in case of d>D.

4.4.2 Effect of electronic coupling between CdSe nanocrystals

on the photoluminescence spectra

Red-emitting CdSe nanocrystals (4 nm) were prepared by the solvothermal method
starting with cadmium stearate, selenium, trioctylphoshine oxide (TOPO) and tetralin in
toluene solution following the procedure reported earlier (43). We have characterized
the CdSe nanoparticles by optical absorption and photoluminescence spectroscopy and
TEM (Figure 4.8). In Figure 4.9 we show TEM images of various types of aggregates.
Using mercaptopropionic acid, we obtain dimers and trimers as shown in the image in
Figure 4.9 (a). The same type of image was formed when high concentrations of
alkanedithiols were used as can be seen from the image in Figure 4.9 (b). Low
concentrations of dithiols and click reaction give rise to larger aggregates as shown in
Figures 4.9 (c) and (d) respectively. In Figure 4.10, we show the PL spectra of CdSe
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Figure 4.8: Optical absorption and photoluminescence spectra and (b) TEM image
of CdSe nanoparticles

Figure 4.9: TEM images of CdSe aggregates formed by (a) mercaptopropionic acid,
(b) by high concentrations of ethanedithiol, (c) low concentrations of alkane dithiols

and (d) by Click reaction

nanocrystals with different concentrations of mercaptopropionic acid. The as prepared

(pristine) CdSe nanoparticles show a broad band centered around 564 nm with
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Figure 4.10: PL spectra of (a) the as-prepared (pristine) CdSe nanoparticles and (b)

and (c) those linked by using different concentrations of mercaptopropionic acid

(excitation wavelength 470 nm).There was negligible difference by varying the

excitation wavelength in the 460—490 nm range. Inset gives the excitation spectrum

corresponding to (b).

shoulders on either side in toluene solution. The shoulders arise from species of slightly
smaller and larger particles and are eliminated in fully monodisperse preparations. The
CdSe nanocrystals linked by mercaptopropionic acid show two distinct bands, one
broad band at 536 nm, a sharper band of 586 nm and a prominent shoulder at 675 nm.
In Figure 4.11, we show the PL spectra of CdSe nanocrystals obtained with high and
low concentrations of ethanedithiol. At high concentration of ethanedithiol (Figure
4.11(b)), we find two distinct bands at 532 nm and 573 nm and a weak shoulder at 628
nm, as in the case of mercaptopropionic acid in Figure 4.10. At low concentrations of

ethanedithiol, we find three bands for the nanocrystal aggregates at 515 nm, 530 nm and
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Figure 4.11: PL spectra of (a) the as-prepared CdSe nanoparticles and those of
assembled particles by using (b) a high concentration (300 nM) of 1,2-ethanedithiol
and (c) a low concentration (75 nM) of the dithiol. The spectra with other
alkanedithiols were similar (excitation wavelength 470 nm). Inset gives the

excitation spectrum corresponding to (b).

574 nm. The weak shoulder at 628 nm seems to persist here as well. With the other
alkanedithiols, we obtained PL bands similar to those found with ethanedithiol at lower
concentrations. Figure 4.12 shows the PL spectra of CdSe nanocrystal aggregates
obtained by the click reaction. We obtain four bands, two at lower wavelength and two
at higher wavelengths than the isolated CdSe nanocrystals. In Figure 4.13, we present a
summary of the different types of PL spectra of the CdSe aggregates that we have
obtained. These features were reproducible with independent preparations of the
aggregates.

Since the CdSe Nanocrystals are known to show a sharp exciton band (49), it is
appropriate to describe the interaction between bridge-connected nanocrystallites by the
dipole-dipole interaction model. In this picture, the excitons are assumed to be located

in each nanocrystal and are stable at room temperature (50, 57). The distance between
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Figure 4.12: PL spectra of (a) the as-prepared CdSe nanocrystals, and (b), (c) those
linked by click reaction at different relative concentrations of the azido and alkyne

thiol linked particles (excitation wavelength 450 nm).

nearest neighbors is assumed to be such that there is no charge transfer and thereby no
mixing of their orbitals. The exciton coupling can then be approximated by dipole-
dipole interaction of the form ugei. ugej/r3-(ugei.r)(ugej.r)/rs, where ugei is the transition
dipole moment between the ground state and the dipole allowed excited state for the i™
nanocrystal and the r is the distance between the i™ and j™ nanocrystals. Both the
transition dipole and the dipolar axis (r in the numerator) are vectorial quantities. The
magnitude of the interaction term will therefore, depend crucially on the relative
orientations of the semiconductor dipoles as well as on the axis joining their centers of
mass. This is, however, a purely quasi classical vector treatment and only electrostatic
interactions are considered between the transition moments (52, 53).

Let us consider that the dipolar axis of a CdSe nanocrystal makes an angle ® with the
nanocrystal axis, and the dipolar axes make an angle 6 with each other in a dimer

configuration with two CdSe nanocrystals. The exciton splitting from dipole-dipole
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Figure 4.13: Summary of the PL spectral characteristics of the as prepared of CdSe
nanocrystals and those of the aggregates obtained by using, (1) the
mercaptopropionic acid (having dimers, trimers), (2a) high alkanedithiol
concentration (with dimers and trimers), (2b) low dithiol concentration (with larger
aggregates) and (3) the click reaction (with larger aggregates). The features shown
here were found with repeated measurements on independent preparations, with
different excitation wavelengths. (In 1, (2a) and (2b) the band red-shifted to the

longest wavelength appears as weak shoulder.

interaction potential can then be written as AE = u/r’ (cos(0)-3cos*(®)) (52, 53). If the
two nanocrystal sizes are different, p* should be replaced by pip, and the cos*(®) by
cos(d;)cos(d;), corresponding to two (labeled 1 and 2) nanocrystals. In such a
situation, the level splitting would give rise to excitations with two possible
luminescence peaks. For an ideal situation, where the dipole vectors of the
nanocrystallites form head-to-tail arrangements (©=0°), the ground state is stabilized
due to favorable dipole-dipole attraction, while the excited states split into two states.

Since the interaction is attractive for this case, light emission would occur only from the
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lowest excited state. Clearly the emission energy is lower than that of the isolated
crystals and this mode of aggregation therefore leads to a red shift in the luminescence
spectra. In the case of repulsion (®=180°), the picture would be exactly opposite. For
intermediate angular orientations of the dipoles, both the excited states may emit light,
with varying oscillator strengths, depending on the extent of transition dipole
combinations. For a trimer, similarly there will be three excited states which would split
according to the dipolar arrangement and the extent of dipolar phase combinations. For
a tetrameric structure, the four excitations can distinctly be different and luminescence
may vary from each of the excitonic states depending on the dipolar combinations. The
luminescence frequency and intensity will strongly depend on the size and shape of the
nanoparticles and their dipolar alignments which in turn depend on the distance and the
monomer dipole vector.

The band splitting observed in the experimental spectra (Figure 4.13) can be
understood as follows. The luminescence intensity of the isolated CdSe nanocrystals is
high, suggesting large oscillator strength due to a well-defined excitonic state with a
large transition dipole moment. The numerator in the expression for AE plays the
dominant role in the luminescence spectra. There are reports of large ground state dipole
moments of CdSe nanocrystals due to high charging energy (54). Using quantum
chemical calculations with the Gaussian codes at the 6-31g (d, p) level with B3LYP
functional, Pati et al. optimized the ground state structure of a number of CdSe clusters
with varying Cd and Se atoms. The dipole moment and the transition dipoles are found
to vary with the number of Cd and Se atoms. For systems with an optical gap of the
order of 530 nm, the ground state and the transition state dipole moments are found to
be 8 Debye and 2.3 Debye respectively. Interestingly, we find that the dipole vectors lie

along the perpendicular direction to the CdSe nanocrystals (6=90°).
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As found experimentally with almost all the bridging molecules that we have
employed, the red-shifted bands show high intensities, suggesting a strong in-phase
dipolar combination in the CdSe nanocrystallite aggregates. Since the level splitting is
proportional to the inverse cube of the center of mass distance between the
nanocrystallites, the frequency splitting of the band is small.

In case 1 of Figure 4.13, the red and blue shifts from the band due to the pristine
CdSe nanocrystals are 22nm and 28nm respectively. The shifts are similar in case 2a as
well (Figure 4.13), with one blue-shifted and one red-shifted bands. Assuming a linear
structure, the distance for such splitting can be estimated from the dimer model to be of
the order of 6-10 A. In 2b of Figure 4.13, the monomer band splits into three peaks, one
red-shifted by 11 nm and two blue-shifted, by 32 nm and 50 nm respectively. Finally,
in 3 of Figure 4.13, the CdSe nanocrystals seem to form a network gives four bands,
two red-shifted and two blue-shifted, from the band due to the pristine crystals. From
our trimer and tetramer model analysis, we find that while the network in 3 of Figure
4.13 would consist of CdSe tetramers with almost a square geometry, the structure of 2b
may have a triangular shape with all the sides being different. This can be seen in the
symmetry of the red-shifted and blue-shifted peaks. In 3 of Figure 4.13, there is
symmetry between the lower energy and higher energy red-shifted peaks with the
corresponding blue-shifted peaks. Since such dipolar interaction can occur through
space, the higher energy blue-shifted peaks and the asymmetry in splitting energies may
arise from the closely spaced dimer, trimer and other higher order structures. It appears
that, while the hydrogen bonded bridge in 1 and the dithiol bridge in 2a (Figure 4.13)
produce structures closer to dimers, low concentrations of dithiols in 2b and the click
reaction (see 2b and 3 representative of Figure 4.13), on the other hand, produce larger
lattices with square units of CdSe nanocrystals. Note that the intensity variation is solely
due to different phase combinations of the individual CdSe nanocrystalline transition
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dipole moments, and that the large distance (>10 A) lattice ordering has little or no
effect on the splitting of the peaks. Thus, the luminescence bands provide an idea of the
nanocrystalline lattice structure within the framework of dipolar coupling, although the

real lattice structure may have larger dimensions. That such a variation
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Figure 4.12: Fluorescence decay curves of (a) the as-prepared CdSe nanoparticles,
(b) of mercaptopropionic acid linked CdSe nanoparticles (c) of CdSe nanoparticles
linked by using a high concentration of ethanedithiol and (d) low concentration of

ethane dithiol.(c) and (d) correspond to the PL spectra (b) and (¢) in Figure 4.13.

exits for the different bridging structures, suggests that the luminescence spectra can be
used to monitor ordering of nanocrystallites.

In order to understand the lifetimes and thereby the stability corresponding to each
of the luminescence bands, we have performed time-resolved fluorescence experiments
on the CdSe nanocrystalline aggregates with various linker groups in comparison with
the pristine CdSe nanocrystals. The decay curves were measured at an emission
wavelength of 564 nm for CdSe nanocrystals and at both 564 and 574 nm for the CdSe

nanocrystalline aggregates formed with various linker molecules. Earlier reports suggest
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that the fast initial decay is due to exciton energy transfer (<~2 nm) (41, 42). In Figure
4.14, we show typical decay curves. All the decay curves could be best fitted with three-
exponential decay time components (Table 4.1). The significant changes that we find in

the decay times of the small dimer type clusters and large aggregates are as

Table 4.1: Life time data (in nsec) for CdSe nanoparticles aggregates obtained by
using various linker molecules.(1)—(3) correspond to the spectral characteristics

shown in Figure 5.

@ Ethanedithiol
CdSe Mercap'to ) ) 3) )
@ propionic Click reaction
S64nm acid (22) (2b) @
@ High conc. Low conc. 574(532) nm
584(532) nm @ @
574(532) nm 574 (532) nm
T, 0.098 0.25(0.25) 0.2(0.29) 0.25(0.24) 0.25(0.25)
T, 3.14 1.96 (1.72) 1.81(2.11) 2.45(2.25) 2.21(1.96)
T, 6.81 6.37(637) 5.3(6.17) 6.37(6.56) 6.37(5.88)

follows. The t; value increases markedly in the case of the small dimer type clusters.
We also find a fairly substantial increase in 1; in the larger aggregates. The 1, values
decrease significantly when the aggregates are small and there is a much less decrease
in the larger aggregates. The t3 value does not appear to be sensitive to the size of the
aggregates, and there is a general decrease of 13 in the aggregates. Due to the large
distance between the nanocrystals, the exciton energy transfer gives the small initial
decay parameter, which for the monomer case is of the order of 0.1 ns, while for the

aggregate structures, it varies between 0.1 and 0.3 ns. Given that the excited state
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lifetime may change during the measurement process even for an isolated nanocrystal,
the aggregate structure would be expected to show many fluctuating dynamic quenching
processes through both nonradiative and radiative channels. However, it remains true
that larger the luminescence intensity, the longer would be the lifetime. The lifetime
variation can therefore, be qualitatively understood, since the luminescence intensity
corresponding to blue and red shifted bands of the aggregates are smaller compared to
that of the luminescence bands of the pristine CdSe nanocrystals. Whether quenching
processes and rates can be resolved from time-resolved fluorescence spectra requires

further study.

4.5 Conclusions

The dependence of the magnetic properties of FePt nanoparticles on the interparticle
separation has been studied by using of non-magnetic spacers of d<<D, the diameter of
the nanoparticles. The observed variations of the blocking temperature and the Curie-
Weiss temperature and also of the saturation magnetization with d, are found to be
qualitatively consistent with a simple model of the nanomagnetic particles as finite
dipoles coupled through anisotropic multipolar interactions. Basically, the
magnetostatic interaction is the only relevant energy scale in the problem. Based on the
present study, we are able to explain the results reported by other workers (17, 20, 31,
32). Almost all the data reported in the literature are for d << D. It is, therefore,
understandable that they not only report a decrease in Ty with increase in interparticle
separation, but also a variation similar to that in Figure 4.4 (b).

We have demonstrated that the optical luminescence spectra of CdSe nanocrystals
can be modulated by means of coupling through bridging molecular units. When the
thiolcarboxylic acid is used as the linker molecule, we obtain mainly dimers and

trimers. The same is true when high concentrations of alknaedithiols are used. In both
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these cases, the CdSe luminescence band splits into two bands, one red-shifted and
another blue-shifted (3 and 2a in Figure 4.13). When a low concentration of an
alkanedithiols or the click reaction is employed to link the CdSe nanocrystals to form
higher order aggregates, one observes two (or one) red-shifted and two blue-shifted
bands with a certain degree of symmetry with respect to the band of the as prepared
(pristine) nanocrystals (see 2b and 3 in Figure 4.13). While the aggregate structure can
be of higher order as the TEM images show, the luminescence spectra only capture the
structures relevant within the dipolar coupling energy scale. The decay times also show
significant changes in small and larger clusters compared to the pristine isolated

nanocrystals.
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CHAPTER 5

Extraordinary Sensitivity of the
Electronic Structure and Properties of
Carbon Nanotubes to Charge-
Transfer Induced by Molecules and
Metal Nanoparticles

Summary*

Single-walled carbon nanotubes (SWNTs) exhibit novel electronic structure and
properties arising from the quantization of electron wave vector of the 1D system.
Electron or hole doping influences the electronic structure of SWNTSs and thereby their
Raman spectra. We have studied the interaction SWNTs with electron-donor molecules
such as anisole, aniline and tetrathiafulvalene (TTF) as well as —acceptor molecules
such as chlorobenzene, nitrobenzene tetracyanoquinidomethane (TCNQ),
tetracyanoethylene (TCNE) and observed significant changes in the electronic
absorption and Raman spectra of the nanotubes. Electron-donating molecules (TTF and
aniline) cause changes opposite to those caused by electron-withdrawing molecules
(nitrobenzene and TCNE). Thus, a proportion of the semiconducting SWNTs become
metallic on electron donation through molecular charge transfer. Electrical resistivity
measurements reveal a systematic variation with electron-donating or —withdrawing
power of the interacting molecules. This feature of SWNTs may be useful in many of
the applications such as sensors and nanoelectronics.

SWNTs have been coated with gold and platinum nanoparticles either by microwave

treatment or by the click reaction and the Raman spectra of these SWNT-metal

* Papers based on these studies have appeared in Journal of Physical Chemistry C
(Letter) (2008) and Journal of Physics: Condensed Matter (2008)
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nanoparticle composites have been investigated. Analysis of the G bands in the Raman
spectra shows an increase in the proportion of metallic SWNTs on attachment with
metal nanoparticles. This conclusion is also supported by the changes observed in the
RBM bands. ab-initio calculations reveal that semiconductor-metal transition occurs in
SWNTs due to Columbic charge transfer between the metal nanoparticles and the

semiconducting SWNTs.

5.1 Introduction

Carbon nanotubes are one-dimensional (1D) materials with different chiralities and
diameters (/-3). Single-walled carbon nanotubes (SWNTs) exhibit diverse electronic
structure and properties arising from the quantization of electron wave vector of the 1D
system. SWNTs exhibit significant changes in the electronic structure and chemical
reactivity depending on the geometry, doping, chemical environment and solvent.
SWNTs are formed by rolling two-dimensional graphene sheets into cylinders along a
(n, m) lattice vector (Cy) in the graphene plane, where n and m are integers. We can
obtain the diameter and chiral angle from the (n, m) values. Nanotubes with chiral
numbers n=m are metallic, and quasi metallic if n-m is divisible by 3. The other
nanotubes are semiconducting. As-prepared SWNTs generally contain a mixture of
metallic and semiconducting species. In conventional synthetic processes employed for
SWNTs, metallic nanotubes constitute 33 %, the remaining being semiconducting
nanotubes. Metallic and semiconducting SWNTs are readily characterized by Raman
and electronic spectra (/-5). The radial breathing mode (RBM) in the Raman spectrum
of SWNTs is useful for determining the diameter and the (n, m) values of the nanotubes.
Electronic properties of the nanotubes can be predicted by using the Kataura plots based

on the RBM bands. The Raman band of SWNTs centered around 1580 cm™ (G-band)
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exhibits a feature around ~1540 cm™ which is characteristic of metallic SWNTs (4). The
G-band can be deconvoluted to get the relative proportions of metallic and
semiconducting species. Absorption spectra of SWNTs in the visible and near IR
regions contain characteristic bands due to the metallic and semiconducting species.

Ability to tune the electronic properties of SWNTs is important for many
applications. A control of the carrier type and concentration has been achieved by
electrochemical doping or chemical doping. Through electrochemical top-gating, it is
possible to achieve a high level of doping (6). The electronic structure and phonon
frequencies of SWNTs are affected on doping with electrons or holes. Changing the
electronic properties of SWNTs by chemical means has attracted considerable attention.
Chemical approaches employ covalent or noncovalent functionalization. Covalent
functionalization methods include direct addition of fluorine atoms, cycloaddition
reactions, radical and nucleophilic additions to side walls of nanotubes (2, 7). Another
method is to introduce carboxylic groups on the side walls of SWNTSs by oxidation. The
carboxylic acid groups can be further transformed to amide or ester linkages.
Attachment of various molecules also enables modification of the electronic structure of
SWNTs (2, 7). The main problem with covalent functionalization is that it causes a
change in hybridization of carbon from sp” to sp’, and hence in the electronic structure.
Excessive covalent functionalization completely destroys the electronic structure of
SWNTs.

Noncovalent functionalization offers non-invasive approaches to modify SWNTs
properties. Noncovalent modification can be brought by adsorption of aromatic
compounds, surfactants or polymers and also through n-m stacking and hydrophobic
interaction. Earlier studies of noncovalent modification focused on the solubilization
and exfoliation of SWNT bundles. Another aspect which has come into light in recent

years is to modify the electronic structure of SWNTs by interaction with electron-donor
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and -acceptor molecules. This involves the adsorption of the electron-donor or -acceptor
molecules on the surface of SWNTs. The advantage of molecular doping over other
means is that one has an electronic system with less charged impurities. Furthermore,
this effect of doping is reversible.

Metal to semiconductor transition in SWNTs has been induced by helical wrapping
of DNA (8). Water appears to be critical to this reversible transition which accompanied
by hybrid formation with DNA. It is predicted that a band gap can open up in metallic
SWNTs wrapped with ssDNA in the presence of water molecules, due to charge-
transfer. Kim et al. (9) have shown that adsorption of AuCl; to SWNTs results in high
level of p-doping due to strong charge-transfer from the SWNTs to AuCls and they have
shown that sheet resistance was systematically reduced with the increasing doping
concentration. Ehli et al. (10) have shown that charge-transfer between SWNTs and
perylene dyes leads to individualized nanotubes and they have observed radical ion-pair
state is formed in the excited state. There are reports of charge-transfer interaction of
SWNTs with I, and Br, (17, 12). Doping of double-walled carbon nanotubes with
bromine and iodine has been investigated (13, 74). Charge-transfer doping of DWNTs
has been used to distinguish between the behavior of the S/M and M/S outer/inner
semiconducting (S) and metallic (M) tube configurations. The binding of electron-
accepting molecules (Fs,TCNQ and NO,) to SWNTs leads to a threshold voltage shift
toward positive gate voltages, while the binding of electron donating molecules (NHj3
and polyethylenimine) leads to a shift toward negative gate voltages (/5-17). Field-
effect transistor devices made of semiconducting SWNTs have been used to obtain
quantitative information on charge-transfer with aromatic compounds (/8). Stoddart et
al. (19) have fabricated SWNT/ FET devices to investigate the electron/charge-transfer

with the donor-acceptor SWNT hybrids. A SWNT/FET device, functionalized
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noncovaletly with a zinc porphyrin derivative shows that SWNTs act as electron donors
and that the porphyrin molecules act as the electron acceptors.
There are various efforts in the literature to tune the electronic properties of SWNTs.

We report the scope of the present investigation in the next section.

5.2 Scope of the present investigations

Controlling and/or tuning of the electronic properties of SWNTs, has numerous
applications in designing of advanced electronic devices. However, the precise control
of the carrier type and concentration has been achieved only recently, by electro-
chemical doping. It has been reported that through electrochemical top-gating, it is
possible to achieve a high level of doping (6). On the other hand, charge transfer is well
known in molecular systems. This can be achieved either by intramolecular or by
intermolecular charge-transfer pathway. For the intramolecular case, the donor and/or
acceptor molecule has to form a new chemical bond with the nanotubes. Obviously, the
formation of new covalent bonds through functionalizations of nanotubes may
significantly modify the structure as well as its electronic properties. On contrary to
that, one can self assemble some selective donor or acceptor molecules on the surface of
SWNTs developing a possibility of through charge-transfer.

Various dispersants and solvents have been used to disperse carbon nanotubes.
However, this often involves serious modification of their electronic structures (7, 20).
For example, sodium dodecyl sulfate (SDS) and polythiophene are good dispersants, but
they also modify the electronic structures (27, 22). Despite this, there have been few
studies on the effect of the solvent on the electronic structures of carbon nanotubes. In
general, donating and withdrawing groups in a z-system of the solvent are well known
(23). The presence of functional groups might induce a permanent or induced dipole

moment in a molecular solvent. This apparently involves charge transfer between the
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adsorbates and carbon nanotubes, which modifies the electronic structures of carbon
nanotubes. In order to tailor the electronic structures of carbon nanotubes to a desired
direction, it is necessary to determine the effect of the solvent exclusively without
dispersants. We have investigated the interactions of various electron-withdrawing
(chlorobenzene, nitrobenzene, tetracyanoquinodimethane (TCNQ), tetracyanoethylene
(TCNE)) and electron-donating (anisole, aniline, tetrathiafulvalene (TTF)) molecules
with SWNTs to determine the sensitivity of their electronic structure and properties to
molecular charge-transfer. We have investigated the effect of these donor and acceptor
molecules as measured by both electronic and Raman spectra of the SWNTs. We have
also measured the effect of the electron-donor and -acceptor molecules, electrical
resistivity of the SWNTs. It is found that donor and acceptor molecules induce opposite
effects in the electronic and Raman spectra as well as in electrical resistivity.

We have been interested in examining how the electronic structure of SWNTs are
affected by attaching metal nanoparticles to them. In order to do this, we have coated
SWNTs with nanoparticles of gold and platinum by microwave treatment (24). We
have also covalently attached gold nanoparticles to the SWNTs through the click
reaction. We have studied the Raman spectra of SWNTs attached to the metal
nanoparticles in comparison with the spectrum of pure SWNTs. We have made use of
the G-band in the Raman spectra to obtain the relative proportions of the
semiconducting and metallic species. We have also used the radial breathing mode
(RBM) bands in the Raman spectra to affirm the results obtained from the analysis of

G-bands.
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5.3 Experimental

5.3.1 Synthesis of SWNTs:

Arc discharge SWNTs were synthesized by the method as reported by Journet et
al.(25) using a composite rod containing Y (1 at. %) and Ni (4.2 at. %) as the anode
and a graphite rod as the cathode, under a helium pressure of 660 torr with a current of
100 A and 30 V. The nanotubes were heated in air at 300 °C for 12 h and then stirred in
conc. HNO; and H,SO4 mixture at 60 °C for 24 h in order to dissolve the metal
nanoparticles. The product was washed with distilled water, dried, dispersed in ethanol
under sonication, and filtered using Millipore (0.3 xum) filter paper. The filtered product
was dried in an oven at 100 °C for 2 h. The sample was heated to 1000 °C in a furnace
at a rate of 3 °C per minute, in flowing hydrogen at 100 sccm and held at that
temperature for 2 h. The resulting sample was again stirred in conc. HCI at 60 °C for 3 h
and finally heated in a furnace at 1100 °C for 2 h in flowing hydrogen (100 sccm). The

procedure was repeated until the removal of metal impurities and amorphous carbon.

5.3.2 Interaction SWNTSs with electron-donors and —acceptors

In order to study the interaction of nitrobenzene and aniline, SWNTs were soaked in
the corresponding liquid placed on a glass slide for 1 hour. The solids obtained after
drying were examined by electronic absorption and Raman spectroscopies. Electronic
spectra were recorded with thin films of SWNTs on a quartz plate. In order to study the
interaction with TCNQ, TCNE and TTF, the compounds were added to a suspension of
SWNTs in toluene. The suspensions were drop-coated on glass or quartz plates and
dried in vacuum. In order to compare the effects of the different donor and acceptor

molecules, we employed interaction with benzene as a reference.

161



Chapter 5

5.3.3 Decoration of SWNTSs with gold and platinum nanoparticles

The purified SWNTs were treated with a mixture of sulphuric and nitric acids under
mild conditions. To coat the SWNTs by the metal nanopraticles, Img of nanotubes was
taken in a Sml Teflon-lined autoclave to which 1 ml of chloroauric acid (10mM,
HAuCly) or chloroplatinic acid (10mM, H,PtClg) and 1 ml of ethylene glycol were
added. The autoclave was placed in a microwave oven equipped with a 700 W

magnetron operating at 2.45 GHz for about 30min. The products were subjected to

Figure 5.1: Typical (a) transmission electron microscope and (b) field emission

scanning electron microscope images of SWNTs after purification.

centrifugation, filtration and thorough washing with deionized water to remove loosely
bound nanoparticles and ethylene glycol. Gold nanoparticles of 3 and 12 nm prepared
by literature procedures (26, 27) were covalently linked to SWNTs by the click reaction
by the following procedure. SWNTs were first functionalized by the 4-azidobutane-1-
amine by reacting acid-treated SWNTs with thionyl chloride, followed by reaction with
4-azidobutane-1-amine. These SWNTs were reacted with Au nanocrystals capped by
hex-5-yne-1-thiol in the presence of CuSO4 and sodium ascorbate as a catalyst. The
occurrence of the click reaction was verified by infrared spectroscopy from the absence

of the azide and acetylenic stretching bands.
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5.3.3 Techniques used for characterization

Optical absorption spectroscopy

Optical absorption spectra were recorded using a Perkin-Elmer Lambda 900
UV/VIS/NIR spectrophotometer (200-3300 nm). Nanotube samples were deposited on
quartz plate for this purpose.
Raman Spectroscopy

Raman spectra were recorded with a LabRAM HR high-resolution Raman
spectrometer (Horiba-Jobin Yvon) using a He—Ne laser (A = 632.8 nm) and Ar laser
(514 nm).
Transmission electron microscopy:

For transmission electron microscopy (TEM), samples were dropped onto the holey
carbon-coated Cu grids, and the grids were allowed to dry in the air. The grids were

examined using a JEOL (JEM3010) microscope operating with an accelerating voltage

of 300 kV.

5.4 Results and discussion

SWNTs are prepared by arc-discharge method and purified by successive acid and
hydrogen treatment. The typical TEM and FESEM images of SWNTs after purification

are shown in the Figure 5.1.

5.4.1 Extraordinary sensitivity of the electronic structure and

properties of SWNTSs to molecular charge-transfer

In order to study the interaction of various electron-donating and —withdrawing
molecules with SWNTs, SWNTs were soaked in the corresponding liquid placed on a
glass or quartz slide for 1 h. The solids obtained after drying were examined by

electronic absorption and Raman spectroscopies.

163



Chapter 5

(a)
2 |(3)
=
-
o
- | (1)
©
(2)
900 1000 1100 1200 1300
nm
(3) (b)
E
=)
o
= \(1)
(2)

900 1000 1100 1200 1300 1400
nm

Figure 5.2: Electronic absorption spectra of SWNTSs on interaction with electron-
donor and -acceptor molecules: (a) (1) benzene, (2) aniline and (3) nitrobenzene;

(b) (1) benzene, (2) TTF, and (3) TCNE.

Pristine SWNTs show bands around 750 nm (Mj,) corresponding to the metallic
nanotubes and around 1040 nm (Sy) and 1880 nm (S;;) due to the semiconducting

species arising from the Van-Hove singularities in the optical absorption spectra. In
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Figure 5.2, we show the S,; bands of SWNTs in the electronic absorption spectra. On
interaction with nitrobenzene and aniline, the Sy, band shifts in the opposite directions
relative to the benzene reference. Thus, the positions of the S;; band maxima are 1010
and 1090 nm respectively on interaction with nitrobenzene and aniline, while the band
maximum occurs at 1054 nm on interaction with benzene. Similarly, on interaction with
TTF which is a good electron donor, the Sy, band shifts to 1095 nm while with TCNE
and TCNQ band shift to 990 nm and 1005 nm respectively. The changes in the optical
absorption spectra can be attributed to the changes in the Fermi level of the

semiconducting nanotubes.
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Figure 5.3: G-bands in the Raman spectra of SWNTs on interaction with electron
donor and acceptor molecules. The inset shows RBM bands in the Raman spectra

of SWNTs on interaction with (a) TTF and (b) TCNE.
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Figure 5.4: Decanvolution of Raman G-bands of SWNTs and SWNTSs on

interaction with electron-donors and —acceptors.
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Considering that the G-band of SWNTs in the Raman spectrum is highly sensitive to
the electronic effects, we have examined the changes in the G-band position on
interaction with the electron-withdrawing and -donating molecules. In Figure 5.3, we
show the G-bands recorded with different chemical surroundings. The G-band
maximum is shifted to 1582 cm™ and 1590 cm’ respectively in the case of aniline and
nitrobenzene, compared to 1585 cm™ with benzene. These shifts are similar to those
reported by Shin et al. (28) Carbon nanotubes doped with boron and nitrogen produce
shifts in the opposite directions, just as nitrobenzene and aniline. While boron doping
(p-type) increases the G-band frequency, nitrogen doping (n-type) decreases the G-band
frequency (29). We, therefore, surmise that aniline causes n-type doping while
nitrobenzene corresponds to p-type doping. Further, the band is shifted to 1574 cm™ on
interaction with TTF, while with TCNQ and TCNE the G-band maxima occur at 1593
and 1599 cm™' respectively. These shifts are also consistent with the electron-donating
or -withdrawing character of these molecules.

The Raman G-band of SWNTs exhibits a significant feature around 1540 cm™ due to
the metallic species (4). The Raman G-band can accordingly be deconvoluted to obtain
approximate estimates of the metallic species relative to the semiconducting species
(Figure 5.4). The metallic feature in the G-band appears prominently on interaction of
the SWNTs with aniline and TTF, but nearly disappears on interaction with
nitrobenzene, TCNQ and TCNE. Clearly, the donor molecules increase the proportion
of the metallic species by transforming the semiconducting species to the metallic
species through electron donation. Electron withdrawing molecules, on the other hand,
decrease the apparent proportion of the metallic species by withdrawing carriers from
the metallic species. This conclusion is consistent with the observation of Shin et al.
(28) Thus, the percentage of metallic like species varies as TTF > aniline > benzene >

nitrobenzene > TCNQ > TCNE. The percentage of the metallic species is estimated to
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be less than 10 % on interaction with electron-withdrawing molecules, while it is in the
range of 35-59 % on interaction with electron-donating molecules.

We have followed changes in the G-band with the concentration of TTF and TCNE
(Figure 5.5). In Figure 5.6 (a) we have shown the variation of the position of the G-
band maximum with the concentration of TTF and TCNE. We clearly see that shifts are
in the opposite directions with TTF and TCNE. In Figure 5.6 (b), we have plotted the

variation of full-width at half maximum (FWHM) of the G-band against the
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Figure 5.5: Effect of on interaction of varying concentrations of (a) TTF and (b)
TCNE on the G-band of SWNTs.

concentration of TTF and TCNE. The FWHM shows opposite trends with concentration

in the case of TTF and TCNE. The variation shown in Figure 5.6 is also obtained with
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widths obtained by deconvoluting the G-band into metallic and semiconducting
features. The spectra also show an increase in the intensity of the 1540 cm™ feature due
to the metallic species with an increase in TTF concentration and decrease in the
intensity with an increase in TCNE concentration. These results demonstrate how
carrier concentration is affected by the concentration of the electron-donor and -

acceptor molecules.
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Figure 5.6: Variation of (a) the position and (b) the FWHM of G-band with the

concentration of TTF and TCNE.
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We find that molecular charge-transfer also affects the Raman bands due to the radial
breathing modes (RBM) of SWNTs. Although it is difficult to estimate the proportions
of the metallic and semiconducting species by making use of the RBM bands, the
occurrence of marked changes in the band shapes due to molecular charge transfer is
noteworthy (see inset of Figure 5.3). We have found the electronic absorption spectra
of the donor and acceptor molecules are also affected on interaction with SWNTs.

Thus, the n — 7" band of aniline is slightly red-shifted on interaction with SWNTs.
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In order to carry out electrical resistivity measurements, vertical SWNT devices
were fabricated in a porous anodic alumina (PAA) template (30-33). The I-V
characteristics of the SWNT bundle prepared as above and soaked in the liquids of
electron-withdrawing and electron-donating molecules were measured using a Keithley

236 multimeter.
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Figure 5.7: Changes in the G-band of metallic SWNTSs on interaction with varying
concentrations of TCNE.

The resistance of the SWNTs is 492 Q) in air at a bias voltage of 1 V. At a forward

bias, the resistance decreases markedly in the presence of electron withdrawing

molecules such as nitrobenzene and chlorobenzene, whereas it increases in the presence
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of electron donating molecules such as aniline and anisole. Thus, the relative values of
resistance (compared to pure SWNTs) were 5.1 and 1.5 respectively in the presence of
aniline and anisole respectively at 1 V, the corresponding values in the presence of the
chlorobenzene and nitrobenzene being 0.61 and 0.44 respectively. At a bias voltage of
0.05 V, the resistance of the SWNTs is 1.0 kQ in air. In the presence of aniline, anisole,
chlorobenzene and nitrobenzene, the relative values of resistance are 6.6, 1.7, 0.5 and
0.3 respectively. SWNTs under ambient conditions usually show p-type behavior (34).
It is possible that in the presence of electron-donating molecules, the number of hole
carriers is reduced, causing an increase in the resistance. In the presence of electron-
withdrawing molecules more holes are generated in semiconducting SWNTs.
Interestingly, that the resistance varies proportionally with the Hammett substituent
constants, the order being NH, > OCH3 > Cl > NO,. This trend reflects the changes in
the nature and the concentration of carriers as well as their motilities brought about by
interaction with electron donor and acceptor molecules. The I-V curves become more
nonlinear as one goes from aniline to nitrobenzene. The slope of the I-V curve also
increases going from nitrobenzene to aniline, due to the presence of a higher proportion
of metallic like nanotubes in the presence of aniline.

We have examined the interaction of electron donor and acceptor molecules with
pure semiconducting and metallic SWNTs. On interaction with an electron acceptor
molecule, TCNE, the 1540 cm™ feature in Raman spectra due to metallic species
disappears (Figure 5.8). This is due to change in the Fermi level of nanotubes. Electron
donating molecules such as TTF have no effect on the Raman spectrum of metallic
SWNTs. Interaction of electron donating molecule, TTF, with semiconducting carbon
nanotubes, the 1540 cm™ feature appears and increases significantly with increase in the
concentration of TTF (Figure 5.8). This remarkable change on the electronic structure

of SWNTs is reversible.
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Figure 5.8: Shifts of the G-band of semiconducting SWNTs on interaction with
varying concentrations of (a) TTF and (b) TCNE.

Calorimetric experiments on the interaction of SWNTs with molecules have provided
an insight into the affinities of the different molecules (35). Interaction energies of
electron acceptor molecules (e.g., TCNE) with SWNTs are higher than those of electron
donor molecules (e.g., TTF). Metallic SWNTs interact reversibly with electron acceptor
molecules such as TCNE, the interaction energy being higher than with as-prepared
SWNTs (containing a mixture of metallic and semiconducting species). The interaction
energy of metallic nanotubes with a donor molecule such as TTF is negligible and could
not be measured by isothermal calorimentry (ITC). ITC measurements clearly show that

metallic nanotubes specifically interact with electron-withdrawing molecules. The
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interaction energy with acceptor molecules varies with the electron affinity as well as
with the charge-transfer transition energy for different aromatics. Density functional
theory calculations have shown that the nature of interaction is in physisorption regime
and mainly governed by Coulombic forces (36). The large band gap of semiconducting
(8,0) SWNTs can be tuned through adsorption of selective organic molecules which
gives mid gap localized molecular levels near the Fermi energy with tuning the band
gap region. Metallic (5,5) SWNTs and semiconducting (8,0) SWNTs turn into
semiconducting and metallic nanotubes respectively in the presence of adsorbed
molecules.

The present study establishes the high sensitivity of SWNTs to molecular charge-
transfer. This feature of SWNTs may be useful in many of the applications such as

sensors and nanoelectronics.

5.4.2 Semiconductor to metal transition in SWNTSs caused
by interaction with gold and platinum nanoparticles
In Figures 5.9 (a) and (b) we show the TEM images of the SWNTs bundles coated
with gold and platinum nanoparticles obtained by microwave treatment. The TEM
images show the presence of uniform coatings on the SWNTs. The average diameters
of the gold and platinum nanoparticles are around 3 and 2.5 nm respectively. Figures
59 (c) and (d) show the TEM images of SWNTs with covalently attached gold
nanoparticles of average diameters of 3 and 12 nm through click chemistry.
Figure 5.10 (a) shows the Raman G band of SWNTs while Figures 5.10 (b) and
(c) shows the G-bands of SWNTs bundles coated with gold and platinum nanoparticles
obtained by microwave treatment and Figures 5.10 (d) and (e) the G-bands of SWNTs
bundles with covalently attached gold nanoparticles of average diameters of 3 and 12

nm through click chemistry. The G band had been decomposed into four or six
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Figure 5.9: TEM images of SWNTs coated with (a) gold and (b) platinum

nanoparticles by microwave treatment and of SWNTs covalently linked to (c) 3 nm

and (d) 12 nm gold nanoparticles by click reaction.
Lorentzians in the literature (6, 37, 38). We first fitted the G bands using four
Lorentzians centered at 1510, 1540, 1563 and 1579 cm™, of which first two are due to
metallic species, while the 1563 cm™ band has contributions from both the metallic and
the semiconducting species. The band at 1579 cm™ is mainly due to the semiconducting
species. For the purpose of calculating the ratio of the metallic to the semiconducting
species, we have used the ratio of areas of the 1540 (metallic, M) and 1579 em’!

(semiconducting, S) bands. The M/S ratios so obtained for SWNTs coated with 3 nm

gold nanoparticles by microwave treatment and click reaction are 0.61 and 0.72
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respectively, compared to ~0.4 in the case of pure SWNTs. These values indicate a 40-

80 % increase in the proportion of the metallic SWNT species on interaction with the
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Figure 5.10: G-bands in the Raman spectra of (a) pure SWNTs and of SWNTs
coated with (b) 3 nm gold and (c¢) 2.5 nm platinum nanoparticles by microwave

treatement and (d) 3 nm and (e) 12 nm gold nanoparticles by click reaction.
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Table 5.1: Intensity ratios of 1540 cm™ feature with respect to the G-band at 1579

1
cm .

By Microwave treatment
4 peak fit? 3 peak fitP
1540/1579 154071579
SWNT 0.4 1.1
SWNT gold (3 nm) 0.61 1.2
SWNT platinum (2.5 0.73 16
nm)
By Click reaction
4 peak fita 3 peak fitP
1540/1579 1540/1579
SWNT gold 3nm 0.61 0.74
SWNTgold 12nm 0.43 0.91

2 Ratios of intensities of the bands due to metallic to semiconduting species were
obtained by fitting the G band into four Lorentzians at 1540 cm!, 1570 cm’!
(metallic species) and 1580 cm!', 1595 ecm! (semiconducting species). The values
in the parenthesis are obtained from the intensity ratios of the 1540 cm! and 1580

cm! areas of the bands were used as intensities.

b Ratios of intensities of the bands due to metallic to semiconduting species were
obtained by fitting the G band into three Lorentzians at 1540 cm!, 1570 c¢cm’!

(metallic snecies) and 1579 ecm’! (semiconducting snecies).
3 nm gold nanoparticles. With 12 nm Au particles, the increase in the proportion of the
metallic species is upto 13 %. SWNTs coated with 2.5 nm Pt particles by microwave
treatment gave an M/S ratio of 0.73. Table 5.1 gives the M/S ratios obtained by fitting

G-band with three Lorentzians. On fitting the G bands to six Lorentzians centered at
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1515, 1540, 1555, 1570, 1580 and 1595 cm™', of which the bands at 1515, 1540 and
1570 cm™ are due to the metallic species, the M/S values showed an increase in the
proportion of the metallic species by 20-100 % on attachment of 3nm gold or platinum
particles by either two methods. We also fitted the 1540 cm™ band due to the metallic
species to the Fano band shape and obtained the M/S ratios. This analysis showed a 30-
40 % increase in the metallic species on attaching 3 nm Au nanoparticles to the
SWNTs. The D-band shows a small increase on attachment of metal particles, but this

is not too relevant to the present study.
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Figure 5.11: RBM bands in the Raman spectra of (a) pure SWNTs and of SWNTs
coated with 3 nm gold nanoparticles (b) by microwave treatment and (c) by click

reaction.

Pure SWNTSs show two RBM bands in the Raman spectra at 145 cm™ and 160 cm™
when excited with 632 nm laser radiation, as can be seen from Figure 5.11 (a). Based
on Kataura’s plot, we assign the band at 145 cm™ due to semiconducting species (S) and
the band at 160 cm™ to metallic species (M) (39). Accordingly, excitation by a 514 nm
laser source exclusively showed only the band corresponding to the semiconducting
species at 145 cm™' (40). Figures 5.11 (b) and (c) show the RBM bands of SWNTs
covered by 3 nm Au particles by microwave treatment and click reaction respectively.

We see a clear increase in the M/S ratios, obtained by taking the ratios of band areas.
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Figure 5.12: Percentage increase in the metallic SWNT species on interaction of
Au and Pt nanoparticles found with different methods of analysis of the Raman G-

band.
The ratios are higher in the case of the 3 nm Au particles compared to those with the 12

nm gold particles. The smaller Au particles get coated better and are also chemically
more active. We found that the Pt particles also cause an increase in the M/S ratio. The
results from the RBM bands confirm that there is a definitive increase in the proportion
of the metallic species, on interaction of SWNTs with metal nanoparticles. It must
however be noted that RBM bands are not suited to obtain quantitative changes in M
and S bands unlike the G band.

In Figure 5.12 we show plots of the percentage increase in the metallic SWNT
species found by us on different SWNT samples attached to Au (Pt) nanoparticles and
by different methods of analysis of the G bands. This figure clearly establishes that the
metal nanoparticles cause an increase in the proportion of the metallic SWNT species.

Studies have shown that the intensities of the interband transitions show same changes.
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Thus, the intensity of the M;; band in the electronic spectrum increases relative to the
intensity of Sy, band on attachment of SWNTs with gold nanoparticles.

To understand the above experimental results, Pati et al. have performed ab-initio
studies on a variety of SWNT-Au and SWNT-Pt periodic composites, such as, gold and
platinum wires, tubes and clusters adsorbed over the metallic as well as semiconducting
SWNTs. A single chain of Au and Pt atoms periodically arranged on the surface of a
(8,0) SWNT failed to sufficiently alter the electronic structure, although the
semiconducting gap of Au-SWNT and Pt-SWNT composites reduced in proportions
compared to the pristine (8,0) nanotube. Interestingly, however, the metal-SWNT
system where the entire curved surface area of a semiconducting (8,0) SWNT is covered
with a cylindrical metal monolayer is metallic. Furthermore, such extensive interactions
between the metal atoms and the SWNT modify the electronic structure of the SWNTs
as well, rendering them metallic. The density of states (DOS) projected out on the
SWNT for both the Au-SWNT and Pt-SWNT show that there is sufficient electronic
density around the Fermi energy. To understand the effect of metal clusters adsorbed on
to the external curvature of the electronic structure of SWNTs, we considered Au and Pt
clusters of various nuclearities adsorbed on the SWNTs. We present here the results of
our calculations on Au-SWNT composites involving gold clusters of nuclearity 40,
obtained by combining four unit cells of the (8,0) SWNT to ensure that consecutive
clusters do not interact appreciably with one another along the direction of periodicity.
The Auyg cluster was placed such that one vertex of the cluster was at a distance 3.0 A
from the nearest carbon atom. Interestingly, the Aus cluster nearly retains its
symmetrical structure, with the nearest proximity of the cluster to the curved surface of
the SWNT being 2.4 A. The optimized electronic structure shows that the DOS
projected onto the SWNT had sufficient density around the Fermi energy indicating that

the semiconducting SWNT transforms into a metallic one. Even Au clusters of smaller
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nuclearity are found to transform the semiconducting SWNTs into metallic ones. Upon
optimization, Au clusters of various nuclearities relax to highly symmetrical structures
similar to the case with the Aus cluster, giving rise to a semiconductor to metal
transition. In contrast, the metallic SWNTs do not lead to any new phases for all these
cases.

In order to understand the mechanism of semiconductor metal transition, the energy
and charge densities of the composites have been calculated by varying the distance
between the Au fragment and SWNT. The energy of interaction is found to change
inversely with the distance between Au and SWNT, clearly indicating that such
transition is due to Columbic interactions. Interestingly, such interactions are due to
resonance between Au plasmon band and the excitation continuum of SWNTs. From
the charge density analysis, we also find that the electron density at the outermost
valence orbitals of Au reduces, while that at the orbitals of carbon in closest proximity
to the Au fragments decreases. Thus our results indicate that such a phase transition is
due to direct charge transfer between Au and Pt particles and the SWNT.

The present Raman studies establish that there is an increase in the proportion of the
metallic SWNTSs on interaction with Au and Pt nanoparticles. In other words, the metal
nanoparticles cause a semiconductor to metal transition in the SWNT-nanoparticle

composites.

5.5 Conclusions

In conclusion, the present study establishes the high sensitivity of SWNTs to
molecular charge-transfer. Electron-donating molecules such as tetrathiafulvalene and
aniline cause changes opposite to those caused by electron-withdrawing molecules such
as nitrobenzene and tetracyanoethylene. Thus, a proportion of the semiconducting

SWNTs becomes metallic on electron donation through molecular charge transfer.
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5.5 Conclusions

This feature of SWNTs may be useful in many of the applications such as sensors and
nanoelectronics.

The Raman studies establish that there is an increase in the proportion of the
metallic SWNTs on interaction with Au and Pt nanoparticles. In other words, the metal
nanopaticles cause a semiconductor to metal transition in the SWNTs-nanoparticle
composites. These results find support from theoretical calculations which reveal that
the interaction of SWNTs with small and reasonably large Au and Pt clusters, as well as
cylindrical monolayers of these metals, leads to the modification of the electronic
structure resulting in semiconductor to metal transition of the SWNTs. The primary
interaction responsible for electronic transition is Coulombic charge transfer between
the metal particles and SWNT surface. It is noteworthy that metallic SWNTs do not

transform into semiconducting nanotubes upon interaction with metal particles.
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CHAPTER 6
Selective Separation and Synthesis
of Metallic SWNTs and Related
Aspects

Summary*

This chapter describes our efforts towards selective separation and synthesis of
metallic single-walled carbon nanotubes (SWNTs) and synthesis of Y-junction SWNTs.
This chapter consists of three sections. The first section describes the separation of
metallic and semiconducting SWNTs based on molecular charge-transfer. Interaction of
as-prepared SWNTs, containing a mixture of metallic and semiconducting species with
the potassium salt of coronenetetracarboxylic acid, I, in aqueous medium provides a
simple method of separating semiconducting and metallic species. The metallic
nanotubes precipitate out on interaction with I, while the semiconducting nanotubes
remain in solution. The solution and precipitate was characterized by Raman
spectroscopy, optical absorption spectroscopy, photoluminescence and thermo-

gravimetric analysis (TGA). The separation was further confirmed from I-V and

electrical resistivity measurements. This method avoids centrifugation and is amenable
for large-scale separation, and can be used as a routine laboratory procedure.

The second section deals with a novel method for the synthesis of metallic SWNTs by
arc discharge method. Arc-discharge with carbon electrodes containing Ni and Y,0; in

He atmosphere, in the presence of Fe(CO)s vapors have been investigated. It is found

* Papers based on these studies have appeared in Journal of American Chemical
Society (communication) (2010), Nanoscale (2009) and Journal of Nanoscience and
Nanotechnology (2010)



Chapter 6

that unlike the cathode deposit, the web deposited in the chamber contains mainly
metallic single-walled carbon nanotubes (SWNTs) as evidenced from Raman and
optical absorption spectroscopy. The percentage of metallic SWNTs increases with the
concentration of Fe(CO)s. Under optimal conditions, the web contains over 90% of
metallic SWNTs. This method enables the synthesis of nearly pure metallic SWNTs on
a large scale.

The third section of the thesis presents our efforts to synthesize Y-junction SWNTs.
Y-junction SWNTs were prepared by carrying out arc discharge of graphite over a Ni—
Y,0s5 catalyst in an atmosphere of thiophene and helium. The formation of junctions is

established from transmission electron microscopy and atomic force microscopy.

6.1 Introduction

Carbon nanotubes exhibit fascinating electronic, chemical and mechanical properties
with a wide range of applications (/, 2). Since the discovery of carbon nanotubes,
several methods have been reported for the synthesis of multi-walled, double-walled
and single-walled carbon nanotubes (3). The methods include arc-evaporation of
graphite, laser ablation, chemical vapor deposition (CVD) and vapor phase
decomposition or disproportionation of carbon-containing molecules. Among the
various types of carbon nanotubes, single-walled carbon nanotubes (SWNTs) are of
special interest because of their unique properties and potential applications. Specific
methods have been found to obtain long SWNTs (4-6) as well as diameter-control of the
nanotubes (7, 8). SWNTs of various forms such as rings (9), brushes (/0) and films (/1)
have been prepared. Vertically aligned (/2, 13) as well as horizontally aligned (74, 15)
carbon nanotubes have been prepared on different substrates by several workers.
Diameter selective dispersions of SWNTs are also reported (/6, /7). As prepared
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SWNTs contain a mixture of metallic and semiconducting species. It should be recalled
that nanotubes having chiral numbers n=m are metallic and quasi metallic if n-m is
divisible by 3, while all the other nanotubes are generally semiconducting. In
conventional synthetic processes for SWNTs, metallic nanotubes constitute 33%, the
remaining being semiconducting nanotubes. An important aspect of carbon nanotubes
is to develop synthetic as well as separation strategies that provide narrow distributions
of SWNTs of a specific electronic variety. Metallic SWNTs can function as leads in
nanoscale circuits and conductive additives in composites (/8-20), while the
semiconducting ones can be used to design field effect transistors (21).

Methods to separate metallic and semiconducting SWNTs include dielectrophoresis,
ultracentrifugation, and selective destruction of one type of nanotubes by irradiation or
by chemical means, selective interaction with molecules and covalent or noncovalent
functionalization. Thus, it is possible to produce SWNTs with a narrow size distribution
and specific electronic properties by density gradient ultracentrifugation in the presence
of surfactants(22). Sucrose has been used as the gradient medium along with surfactants
to obtain semiconducting SWNTs with near 95 % purity (23). Making use of the
differences in the relative dielectric constants of semiconducting and metallic species
with respect to the solvent, alternating current dielectrophoresis has been employed to
separate the two species (24). In this study, a drop of SWNT suspension was dropped on
the microelectrode array. The metallic tubes which acquired the largest dipole moments
migrated towards the electrodes, while the semiconducting tubes remained in
suspension during this process. Selective adsorption of semiconducting nanotubes on
agarose has also been used to separate metallic SWNTs (25). By making use of
selective interaction of aliphatic amines with functionalized SWNTs, separation of
metallic and semiconducting SWNTs has been achieved (26-28). Preferential charge-
transfer interaction of bromine with the metallic species over the semiconducting
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species in surfactant-stabilized SWNTs, followed by centrifugation, has been used to
separate semiconducting from metallic SWNTs (29). Derivatized porphyrins selectively
interact with semiconducting SWNTs through noncovalent interaction (30). Such
interaction can be employed to obtain semiconducting species in solution, leaving the
metallic species as residue. Smalley et al. (37) have employed diazonium reagents for
selective functionalization of metallic nanotubes with near exclusion of semiconducting
nanotubes under controlled conditions. Thus the hydroxybenzenediazonium salt
selectively functionalizes metallic SWNT. Subsequent deprotonation in alkaline
solution followed by electrophoretic separation results in the enrichment of the metallic
and semiconducting fractions separately (32, 33). Density gradient separation of the
hydroxybenzenediazoium salt-functionalized SWNTs produces two distinct density
fractions corresponding to functionalized metallic and pure semiconducting SWNTs. A
model for the differences in the reactivities of the metallic and semiconducting SWNTs
with the diazonium salt has been proposed. Covalent functionalization with azomethine
ylides has been employed to separate metallic from semiconducting nanotubes (34, 35).
Wrapping SWNTs by single stranded DNA is found to depend on the tube diameter and
the electronic properties of the nanotubes. This property has been used to enrich the
metallic nanotubes (36). Fluorous chemistry has been effectively used to separate
metallic from semiconducting nanotubes. Ghosh and Rao (37) have reported effective
separation of semiconducting and metallic SWNTs by employing fluorous chemistry
wherein the diazonium salt of 4-heptadecafluorooctylaniline reacts preferentially with
metallic SWNTs present in the mixture of nanotubes.

An important aspect of nanotube synthesis is to develop strategies that provide
narrow distributions of SWNTs of a specific electronic variety. There are reports on the
diameter control of SWNTs by controlling the temperature (38), pressure (39), carbon
feedstock (40), catalyst particle size (47) or catalyst material (42). Methods to obtain a
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specific electronic type of SWNTs is of greater interest. Li et al. (43) and Qu et al. (12)
have recently reported selective growth of semiconducting nanotubes using plasma-
enhanced chemical vapor deposition. High-density arrays of horizontally aligned
SWNTs consisting of over 95% semiconducting nanotubes were obtained on single
crystal quartz substrates by Ding et al. (44). Zhang et al. (45) were able to selectively
etch semiconducting SWNTSs by treating the mixture of SWNTSs with SO; gas at 400 °C.
Metallic SWNTs could be continuously extracted from a mixture of semiconducting and
metallic species in a microfluidic channel using dielectrophoretic force fields (46). This
is a nondestructive method yielding nearly complete selectivity. Wang et al. (47) have
suggested that pyrolysis of monohydroxy aliphatic alcohols with long chains on a Fe-
Co/MgO catalyst results in the enrichment of metallic SWNTs. They were able to
produce SWNTs enriched up to 65 %. Selective etching by hydroxyl radicals of the
alcohol molecules and protection of amorphous carbon might be responsible for the
enrichment.

It has been theoretically predicted that carbon nanotubes with intramolecular
junctions such as Y-junctions would possess unusual electronic properties (48).
Electronic properties of SWNT/SWNT junctions can be metal-metal (M-M) junctions,
metal-semiconductor (M-S) Schottky junctions or semiconductor-semiconductor (S-S)
heterojunctions. A M-S junction would behave like a rectifying diode with non-linear
transport characteristics (49). A S-S junction can also behave like a rectifying diode due
to the different band gaps of the two semiconducting segments (50). These novel
properties enable carbon nanotube junctions to be used in circuits and other applications
(51, 52).

Synthesis of junction carbon nanotubes has been an important challenge. Earlier
efforts focused on the generation of multi-walled carbon nanotubes by using template
methods (53). To obtain large yields of branched CNTs, the most used route is to
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introduce additives such as thiophene in the reactants. This was first reported by Rao et
al. in 2000 (54). MWNT junctions were produced by the pyrolysis of nickelocene
(which acts both as the catalyst source and the carbon feedstock) in the presence of
thiophene. A similar CVD process with different additives has been employed to
generate branched MWNTs (55). The role of sulfur (thiophene) in the branching process
of nanotubes with stacked-cone morphologies has been explained (56). The growing
branches appear to possess a minute amount of sulfur which is sufficient to promote the
formation of heptagons (negative curvature) and pentagons (positive curvature).

Due to the advantages of multiterminal SWNTs over MWNTs in applications, there
is effort to prepare Y-junction SWNTs. Y-junction SWNTs were seen in samples of
STM samples produced by the thermal decomposition of Cgy in the presence of
transition metals like Ti, Cr, Fe, Co and Ni (57). Choi and coworkers (58) synthesized
Y-junction SWNTs using thermal chemical vapor deposition of methane over Mo or Zr
doped Fe nanoparticles supported on aluminum oxide. The presence of Mo or Zr in the
Fe catalyst enhances the nucleation and growth of carbon nanotubes, and facilitates the
growth of new nanotube branches when they are attached to the sidewalls of the existing
nanotubes.

Although there are various reports in the literature to obtain SWNTs with desired
electronic properties, developing strategies for selective synthesis of SWNTs and
separation of SWNTs based on the electronic type still an active area of research. We

report the scope of present investigation in the next section.

6.2 Scope of the Present Investigations

Selective synthesis and separation of metallic and semiconducting SWNTs are major
challenges today. It is technologically important to separate these two types of SWNTs

to fully realize the potential applications in nanoelectronics and other areas. Therefore,
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we thought it is highly desirable to find out the simple and scalable methods to obtain
the SWNTs with specific electronic properties.

Despite various reports in the literature on the separation of nanotubes, the yields
after separation in most of the cases are not large enough to be used for an industrial
scale. Most of the methods require cumbersome procedures such as high speed
centrifugation which renders large scale processing difficult. It is, therefore, highly
desirable to find a simple and scalable separation strategy which also avoids high speed
centrifugation. In the first section we describe our efforts towards the separation of
metallic and semiconducting nanotubes from the mixture of nanotubes. We have
investigated whether molecular charge-transfer between SWNTs and an appropriate nt-
system can be exploited for the effective separation of metallic and semiconducting
nanotubes, since m-r interaction with aromatic molecules enables the solubilization of
SWNTs and there appears to be selectivity in the interaction of electron donor and
acceptor molecules with SWNTs and graphene (59). With this purpose, we have made
use of the potassium salt of coronene tetracarboxylic acid, I, which has a large =«
skeleton attached to four electron-withdrawing groups and exhibits charge-transfer
interaction with graphene causing solubilization in aqueous medium. The separation
process is simple which, involves sonication followed by the precipitation of metallic
nanotubes. The solution contains semiconducting nanotubes exclusively. The simplicity
of the method allows bulk separation of SWNTs, giving 100 % separation with the
appropriate concentration of potassium salt of coronene tetracarboxylate.

Methods to prepare a specific electronic type of SWNT are of vital importance. Li et
al.(43) and Qu et al.(12) have recently reported selective growth of semiconducting
nanotubes using plasma-enhanced chemical vapor deposition. Enriched metallic
SWNTs (up to 65%) seem to be produced by the pyrolysis of monohydroxy alcohols
(47). A method for the synthesis of pure or nearly pure metallic SWNTs has not yet
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been reported. We have carried out a systematic study of having iron pentacarbonyl
vapors on the nature of SWNTs produced by arc discharge process. We find that the arc
discharge of composite (Ni/Y,03) graphite rods in the presence of iron pentacarbonyl,
Fe(CO)s, yields nanotube deposits on the walls of the discharge chamber, primarily
containing metallic SWNTs( > 90%). The procedure is simple and provides a useful
method to prepare metallic SWNTs.

There is no straight forward method for the synthesis of junction single-walled
carbon nanotubes. Earlier efforts focused on the generation of multi-walled carbon
nanotubes by using template methods and pyrolysis of nickelocene in the presence of
thiophene. Due to the advantages of multiterminal SWNTs over MWNTs in
applications, there are few efforts to prepare Y-junction SWNT in the literature. We
have developed a procedure to synthesize Y-junction SWNTs by arc discharge methods.
The method involves arc evaporation of graphite over a Ni-Y,0s catalyst in an
atmosphere of thiophene and helium. The products were characterized by transmission

electron microscopy and atomic force microscopy.

6.3 Experimental

6.3.1 Separation of SWNTs by molecular charge-transfer

Synthesis of SWNTs: Arc discharge SWNTs were synthesized by the method as

reported by Journet et al. (60) using a composite rod containing Y (1 at.%) and Ni (4.2
at.%) as the anode and a graphite rod as the cathode, under a helium pressure of 660 torr
with a current of 100 A and 30 V. The nanotubes were heated in air at 300 °C for 12 h
and then stirred in conc. HNOj; and H,SO4 mixture at 60 °C for 24 h in order to dissolve
the metal nanoparticles. The product was washed with distilled water, dried, dispersed
in ethanol under sonication, and filtered using Millipore (0.3 wum) filter paper. The
filtered product was dried in an oven at 100 °C for 2 h. The sample was heated to 1000
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°C in a furnace at a rate of 3 °C per minute, in flowing hydrogen at 100 sccm and held at
that temperature for 2 h. The resulting sample was again stirred in conc. HCI at 60 °C
for 3 h and finally heated in a furnace at 1100 °C for 2 h in flowing hydrogen (100
sccm). Procedure was repeated until the removal of metal impurities and amorphous

carbon.

Separation of SWNTs:

()

We have performed the separation of SWNTs with I by varying the concentrations

of the latter. I was prepared starting from perylene by oxidative benzogenic Diels—Alder
reaction with N-ethyl maleimide, followed by hydrolysis of the resulting diimide with
KOH in methanol. To separate SWNTs, we have taken 1mg of pure SWNTs in 5 ml of
5 mM or 10 mM solution of I in water and sonicated the mixture at 50 °C for 3h. The
mixture was then heated at 70 °C for 12 h under vigorous stirring. The resulting mixture
was transferred to Sml glass vial and kept aside without disturbance. The precipitate is
collected at the intervals of 24 hours and 48 hours and there was no precipitate observed
after 48 hours. Both the solution and precipitate were characterized separately. Before
all the measurements the nanotubes were filtered through PTFE membrane and washed
thoroughly with water to remove I. The compound I can be removed from the

nanotubes by heating at 400 °C.
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Cathode deposit

Figure 6.1: Schematic showing formation of SWNTs in the different regions of the

arc-discharge chamber.

6.3.2 Synthesis of metallic SWNTs

The details of the method used by us to generate SWNTs by arc discharge are as
follows. Arc discharge was carried out between the two graphite electrodes in an arc
discharge chamber under a helium atmosphere at 600 mbar pressure using a DC power
source with a current of ~100 A and a voltage of 38 V. The cathode was a pure graphite
rod and the consumable anode was a composite graphite rod (6 mm diameter, 60 mm
long) containing a mixture of Y,0; (1 at.%) and Ni (4.2 at.%) catalyst. The discharge
was maintained by continuously translating the anode to keep a constant distance (~3
mm) from the cathode. The composite graphite rod was consumed during the arcing

process and the cob-web like structures deposited in the chamber contained SWNTs
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(Figure 6.1). To prepare nearly pure metallic single-walled carbon nanotubes, the arc
chamber was initially filled with helium (500 mbar), and helium bubbled through iron
pentacarbonyl, Fe(CO)s, was then passed through the chamber at a flow rate of 200
sccm until the pressure reached to 600 mbar. Arc-discharge experiments were carried
out under the conditions mentioned earlier, with a continuous flow of the He+Fe(CO)s
mixture, at different helium flow rates ranging from 100 to 400 sccm. Further increase
in the flow rate of helium through Fe(CO)s did not favor nanotube formation. SWNTs
were collected from the cathode region and from the web hanging at the sides of arc-
discharge chamber as shown in the Figure 6.1. The samples collected from web and
cathode region were separately subjected to purification by acid treatment followed by

hydrogen treatment to remove metal and amorphous carbon impurities (617).

6.3.3 Synthesis of Y-junction SWNTs

Y-junction SWNTs are synthesized by striking an arc between the graphite rods in
the arc discharge chamber under He atmosphere in presence of thiphene vapor. The
graphite rods (anode 6mm dia. and 6 cm long, cathode 10 mm dia. and 4 cm long
graphite rods) and filled with Y,O3 and Ni powder. The composite graphite rods were
prepared by filling with Y,03 & Ni powder ratio (Ni to Y) 4.1:1.1. The graphite rods
were treated in H, atmosphere at 1100 °C for 15 hrs prior to arcing. He pressure of 450-
550 torr was maintained in the chamber and dc at 30 V, 100 A was applied. During the
arcing process, thiophene is passed with the flow of He gas and the electrode separation
of =1 mm is kept to assure a sustained arc. Large quantities of web-like material were
deposited at the chamber wall. The web comprises of SWNT bundles along with
amorphous carbon and metal particles covered in graphene sheets. The samples

collected from web and cathode region were separately subjected to purification by acid
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treatment followed by hydrogen treatment to remove metal and amorphous carbon

impurities (67).
6.3.4 Techniques used for characterization

Scanning electron microscopy

A field-emission scanning electron microscope (FESEM, FEI Nova-Nano SEM-600,
Netherlands) was used to check the purity of the nanotubes.
Transmission electron microscopy

Transmission electron microscope (TEM) images of the nanotubes were obtained by

taking a drop of nanotubes suspension in ethanol solution on the holey carbon-coated
Cu grids. The grids were allowed to dry in the air and examined by using a JEOL
(JEM3010) microscope operating with an accelerating voltage of 300 kV.
Optical absorption spectroscopy

Optical absorption spectra were recorded using a Perkin-Elmer Lambda 900
UV/VIS/NIR spectrophotometer (200-3300 nm). Nanotube samples were deposited on
quartz plate for this purpose.
Raman Spectroscopy

Raman spectra were recorded with a LabRAM HR high-resolution Raman
spectrometer (Horiba-Jobin Yvon) using a He—Ne laser (A = 632.8 nm) and Ar laser
(514 nm).
Themogravimetric analysis

Themogravimetric analyses (TGA) of the nanostructure were carried out using a

Mettler Toledo Thermal Analyzer.
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Electrical measurements:

[-V measurements were measured by two-point probe method between two gold
electrodes having a probe separation of 20 pum using Keithley 236 multimeter.
Temperature dependent resistivity measurements were carried out by the standard four-
probe method using the resistivity option in the Physical Property Measurement System

(PPMS), Quantum Design, USA.

6.4 Results and Discussion

6.4.1 Separation of SWNTs by molecular charge-transfer

We have investigated the interaction of SWNTs with I by varying the concentration
of the latter and the time of interaction. For this purpose, we have taken pure SWNTs in
a 5 mM or 10 mM solution of I in 5 ml water and sonicated the mixture at 50 °C for 3 h,
followed by heating at 70 °C for 12 h (Figure 6.2). The resulting mixture was set aside
for 24 h when a precipitate appeared at the bottom of the container. The precipitates as
well as the solid extracted from the solution were examined by electronic absorption

spectroscopy and Raman spectroscopy.
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Figure 6.2: Schematic depicting the separation of SWNTs by 1.
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Pristine SWNTs show bands around 750 nm (M;;) corresponding to the metallic
nanotubes and around 1040 nm (S;;) and 1880 nm (S;;) due to the semiconducting
species which occurs because of Van-Hove singularities in the optical absorption

spectra (Figure 6.3). SWNTs extracted from the solution exhibit only the S;; and S»,
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Figure 6.3: Optical absorption spectra of pristine SWNTs (blue), precipitate (red)
and SWNTs from solution (black) obtained with (a) SmM and (b) 10mM of 1.
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bands due to the semiconducting species as can be seen from Figure 6.3. SWNTs in the
precipitate, however, exhibit bands due to both the metallic and semiconducting species
when 5SmM solution of I was used, but only the band due to the metallic species when
10 mM solution of I was used (compare Figures 6.3 (a) and (b)). Thus, optical
absorption spectra clearly demonstrate the separation of metallic and semiconducting

SWNTs on interaction with I.
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Figure 6.4: Raman (a) G-band and (b) radial breathing mode (RBM) of pristine
SWNTs (blue), precipitate (red) and SWNTs from solution (black) with 10mM of
L.

These results are supported by Raman spectra. SWNTs prepared by arc-discharge
show Raman bands due to the radial breathing mode (RBM) in the Raman spectra in
100-200 cm™ region and the G-band in the 1500-1600 cm™ (G-band) region. The G-
band of the semiconducting tubes consists of two features around 1570 cm™ (radial) and
1590 cm™ (longitudinal). The G-band of the metallic tubes shows bands around 1585

cm” (radial) and 1540 cm™ (longitudinal), the latter broadened into a Breit-Wigner
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Ny

AL

Figure 6.5: FESEM images showing unbundled single-walled carbon nanotubes.

Fano (BWF) line shape due to strong coupling in the density of states (2, 62). The 1540
cm™ feature is generally used as a signature of metallic SWNTs. We have used 632 nm
laser for Raman studies. The 632 nm excitation resonates roughly equal populations of
both metallic and semiconducting tubes for the diameter range of the tubes used in this

study (~1.2 to 1.8 nm), where as the 514 nm laser excites semiconducting nanotubes
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exclusively (36, 63). SWNTs extracted from the 10 mM solution of I exhibit features of
the G-band corresponding to the semiconducting species, where as the precipitate shows
features of pure metallic species with the prominent feature around 1540 cm™ (Figure
6.4 (a)). Pristine SWNTs show two RBM bands due to semiconducting and metallic
species (Figure 6.4 (b)). SWNTs from the solution show only the bands due to the

semiconducting ones and SWNTs in the precipitate correspond to the metallic species.

The method depends on the concentration of I and the time of interaction. The
separation occurs due to molecular charge-transfer between I and SWNTs, and is
accompanied by the debundling of the SWNTs as evidenced by electron microscope
images (Figure 6.5). The separation process reported here involves sonication followed

by the precipitation of metallic nanotubes. The solution contains semiconducting

100+

0 —
0 200

400 600 800

Temperature, °C

Figure 6.6: TGA of precipitate obtained after annealing under Ar.

nanotubes exclusively. The preferential precipitation of metallic nanotubes might be due

to greater affinity of electron donating molecules to metallic ones in the mixture of
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Figure 6.7: FESEM image of metallic SWNTs after washing with water to remove
L

SWNTs, which is confirmed by TGA. TGA analysis of the precipitate under argon
atmosphere shows weight loss of 77 % in the temperature range of 30-530 °C and
further increase in temperature does not result in additional weight loss (Figure 6.6).
The weight loss corresponds to coronene molecules which are tethered with nanotubes.
The residue after heating above 530 °C corresponds to the metallic SWNTs. I can be
removed from metallic SWNTs by heating above 600 °C or by washing with water.
Figure 6.7 shows the FESEM image of purified metallic SWNTs after removing I. The
solubilization of semiconducting SWNTs in water can be attributed to the weak
interaction with coronene salt I. This can be confirmed from the photoluminescence
spectra of the solution obtained after the precipitation process (Figure 6.8). Coronene
salt I shows intense blue fluorescence with emission maxima at 435 and 462 nm. The

solution remained after precipitation containing semiconducting nanotubes and
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coronene salt I shows an additional broad band around 575 nm in the PL spectra. This
might be due to the weak interaction between the semiconducting SWNTs and coronene
salt. Some of the semiconducting nanotubes were also precipitated after 48 hours. The

use of coronene salt in excess of 10? M results in the formation of hydrogel with

SWNTs.
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Figure 6.8: Photoluminescence spectra of I (coronene salt) and of [+SWNTs at two

different concentrations of I (a) SmM and (b) 10mM
We have compared the I-V characteristics of SWNTs (measured by the two-point
probe method between two gold electrodes) from the solution and the precipitate and
compared it with the pristine nanotubes. Pristine SWNTs show a nonlinear I-V curve
while the metallic nanotubes show linear behavior with conductivities of 92.5 and
1538.5 mS/cm respectively at 300 K. The latter value is comparable to that in the

literature (64). Semiconducting nanotubes exhibit a low conductivity of 53.5 mS/cm and
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Figure 6.9: I-V measurements of pristine SWNTs (blue) as well as pure metallic

(red) and semiconducting (black) nanotubes obtained by separation.
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Figure 6.10: Resistivity of metallic SWNTs as a function of temperature.
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a nonlinear -V curve (Figure 6.9). These results are in accord with the spectroscopic
data. To further confirm whether precipitate contains metallic nanotubes we have
measured the resistivity of the samples by four probe measurement. For metallic
nanotubes above 50 K resistivity increases linearly with temperature (Figure 6.10).
These measurements clearly indicate metallic behavior at high temperatures with
increasing resistivity approximately linearly with temperature. In addition to the high-
temperature linear resistivity, measurement shows an upturn in the resistivity at low
temperature. The observed dependence of this crossover on the sample morphology and
quality suggests that disorder or other three-dimensional effects may actually control
this low-temperature behavior. The high-temperature behavior is consistent with the
predicted intrinsic metallic nature of the nanotubes (63, 66).

We believe that this method can be readily employed as a routine laboratory

procedure.

Figure 6.11: Typical (a) transmission electron microscopy and (b) field emission

scanning electron microscopy images of metallic SWNTs after purification.
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6.4.2 Synthesis of metallic SWNTs

We have studied the SWNTs obtained from the walls of the discharge chamber as
well as from the cathode region (Figure 6.1) by optical absorption spectroscopy as well
as Raman spectroscopy. These techniques specially electronic spectroscopy, being
ideally suited to distinguish the metallic and semiconducting species. The spectra of the
different nanotubes samples were recorded after purification (67). In Figure 6.11 we

show typical TEM and FESEM image of SWNTs after purification.

(a) 22 S11
M1

500 1000 1500 2000
nm

(b) 9

S 100 sccm

300 sccm

400 sccm

500 1000 1500
nm

Figure 6.12: Optical absorption spectra of SWNTs samples (collected from the web
region) (a) obtained with Ni+ Y, O, catalyst alone and (b) with Ni+ Y O, in the

presence of Fe(CO),.
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Figure 6.13: G-bands in the Raman spectra of SWNTs collected from (a) the web
and (b) the cathode regions (i) with the catalyst Ni+ Y O, alone and (ii) with the Ni+

Y,0, catalyst in the presence of Fe(CO), vapor

In Figure 6.12, we show the background-subtracted optical absorption spectra of
SWNTs samples prepared in the absence and presence of Fe(CO)s. The sample prepared
in the absence of Fe(CO)s shows three bands, a band centered around 750 nm
corresponding to the metallic nanotubes (M;;) and the bands around 1040 nm (S;;) and
1880 nm (S;;) due to the semiconducting species as can be seen from Figure 6.12 (a).

The optical absorption spectra from the samples prepared in the presence of Fe(CO)s
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mainly show the band due to metallic species (M;;) while the bands due to the
semiconducting species nearly disappear as clearly seen from the Figure 6.12 (b). It may
be noted that the presence of 750 nm band in the optical absorption spectra is taken as
unequivocal evidence for the presence of metallic SWNTs (63). Furthermore, the
intensity of the M;; band increases with the flow rate of Fe(CO)s. From the integrated
areas of the bands due to the metallic and semiconducting species, we estimate the
relative percentage of the metallic species to be around 26 % and 94 % respectively in

the absence and presence of Fe(CO)s.
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Figure 6.14: : RBM bands in the Raman spectra of SWNTs collected from (a) the
web and (b) the athode (i) with the catalyst Ni+ Y 0, alone and (ii) with the Ni+

Y,0, catalyst in the presence of Fe(CO), vapor.
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In order to confirm that the SWNTs from the walls of the discharge chamber
obtained in the presence of Fe(CO)s was primarily metallic, we carried out detailed
Raman studies. SWNTs prepared by arc discharge exhibit bands due to the radial
breathing mode (RBM) in the Raman spectra in 100-350 cm™ region and the G-band in
the 1500-1600 cm™ (G-band) region (67, 68). The G band of the semiconducting tubes
consists of two peaks at around 1570 cm™ (radial) and at 1590 cm™ (longitudinal). The
G-band of the metallic tubes shows bands around 1585 cm™ (radial) and at 1540 cm™
(longitudinal), the latter broadened into a Breit-Wagner Fano (BWF) line shape caused
by strong coupling in the density of states (69, 70). In Figure 6.13 we compare the
Raman G-bands of SWNTs collected from the walls and the cathode regions in the
absence and in the presence of Fe(CO)s. The SWNTs collected from the cathode region
show minor differences. This is not the case with SWNTs collected from the walls of
arc chamber. The SWNTs prepared in the presence of Fe(CO)s show a marked increase
in the metallic feature in the G-band. In fact, almost the entire band can be ascribed to
the metallic species.

In Figure 6.14, we compare the RBM bands of SWNTs collected from web and
cathode regions. The SWNTs prepared in the absence of Fe(CO)s show two RBM bands
at 145 and 160 cm™ when excited with 633 nm laser radiation. Based on the revised
Kataura’s plot, we assign the band at 145 cm™' to the semiconducting species (S) and
the band at 160 cm™ to the metallic species (M) (71). Accordingly, excitation by a 514
nm laser exclusively showed only the band corresponding to the semiconducting species
at 145 cm™ (72). The sample prepared in presence of Fe(CO)s and collected from the
web exhibits an enhanced intensity of the metallic RBM band at 160 cm™ relative to
the semiconducting band along with the evolution of two new bands at higher
frequencies. The higher frequency bands which are absent in the Raman spectrum
obtained with 514 nm laser excitation are attributed to the metallic nanotubes. The
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samples collected from cathode regions do not show much variation in the RBM bands

due to the presence of Fe(CO)s.
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Figure 6.15: (a) G and (b) RBM bands in the Raman spectra of SWNTs (collected
from the web) obtained at different flow rates of Fe(CO),.

In Figure 6.15 we show the variation of the G and RBM bands, of SWNTs (from
web region) obtained at different flow rates of Fe(CO)s. We readily see the increase in
the metallic features with the increase in the flow rate. We have studied the different
catalysts combination to elucidate the role of Fe(CO)s in the formation of metallic
nanotubes. Table 6.1 gives the summary of various catalysts used. Only with the

Ni+Y,0j; catalyst under optimal flow of Fe(CO)s metallic SWNTs are produced.
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Table 6.1: SWNT formation with various catalysts in different atmospheres.

With Fe(CO)s With CO
Catalyst
Cathode Web Cathode Web Cathode web
Metallic Metallic Metallic Metallic Metallic
N +Y2()3 Metallic
+Semi +Semi +Semi +Semi +Semi
N Not formed | Not formed | Notformed | Notformed | Notformed | Notformed
Fe Not formed | Notformed | Notformed | Notformed | Notformed | Notformed
Metallic Metallic Metallic
Ni+Fe” | Notformed Not formed Not formed
+Semi +Semi +Semi
—o — SWNT without Fe(CO)5
O. 02_ - 0- SWNT with Fe(CO)5

-0.02-

Current (A)
o
s

0.5

1.0

Figure 6.16: I-V measurements of SWNTs with and without Fe(CO)s.
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We have compared the I-V characteristics of metallic SWNTs with those of mixture
of nanotubes. Pristine SWNTs show a nonlinear [-V curve while the metallic nanotubes
show linear behavior with conductivities of 92.5 and 1720.1 mS/cm respectively at 300

K. The latter value is comparable to that in the literature (64).

Figure 6.17: TEM images of Y-junction single-walled carbon nanotubes.

6.4.3 Synthesis of Y-junction SWNTs

The Y-junction SWNTs are obtained by arc-evaporation of graphite rods (filled Ni
and Y;,0;) in thiophene and He atmosphere (660 torr). The SWNTs were purified by
acid and hydrogen treatment. We have characterized the purified nanotubes by TEM,
AFM and Raman spectroscopy. Figure 6.17 shows TEM images of Y-junction SWNTs

obtained in presence of thiophene. The angle enclosed between the upper arms of the Y-
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junction nanotube is less than 60° in most cases, but occationally we have observed Y-
junctions with 90° angle between the upper arms. This is in contrast to the multi-walled

nanotubes where they have often observed 90° angles between the upper arms.
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Figure 6.18: Typical Raman spectra of Y-junction single-walled carbon nanotubes.
The TEM images show that the diameter of arms in Y-junction SWNTs varies
between 1.6 nm and 2 nm. Raman spectra of the Y-junction carbon nanotubes is given
in Figure 6.18. The Raman signatures are similar in both in the presence and absence of
thiophene. There are various reports in the literature on the synthesis of Y-junction
carbon nanotubes. Most of them are directed towards the synthesis of multi-walled
carbon nanotubes. Junction SWNTs are occasionally observed during the various
conventional synthetic process. There is only one method in the literature on the
synthesis of multiterminal SWNTs by thermal CVD process using Mo or Zr-doped Fe
nanoparticles supported by aluminum oxide particles. Here junction growth is attributed
to the excess nucleation by Mo or Zr. The mechanism of junction formation under

thiophene is different from the above method. The presence of sulfur during the
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Figure 6.19: TEM images of intramolecular junctions in single-walled carbon

nanotubes.

synthesis plays a key catalytic role in the branching mechanism. We did not observe the
junction formation in the absence of sulfur. Recent theoretical calculation suggest that
sulfur energetically favors pentagonal rings and heptagonal rings over hexagons,
thereby introducing negative curvatures (heptagons, branch opening) or positive
curvatures (pentagons, closing its tip) (73, 74). Their results suggest that sulfur is likely
to induce the appearance of a bud along the structure and to promote the formation of
junctions. Figure 6.19 shows intramoleuclar junctions in SWNTs. From the TEM
images we can clearly show bud like protrusion on the walls of the nanotubes (Figure
6.19(b)). Accumulation of sulfur atoms on a cone wall then promotes the formation of a
bump, which induces deformations on the opposite side of the growing tubule. The
bump formation is supported by the fact that sulfur tends to promote heptagonal and
pentagonal rings in the sp” carbon network. In Figure 6.20 we show the AFM image of
the Y-junction SWNTs. Passing of excess thiophene in the arc chamber results in the
lower yield. This might be due to the poisoning of catalyst particles by sulfur. At very
higher concentration of thiophene we observed only carbon coated catalyst particles and

MWNTs.
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Figure 6.19: AFM images of Y-junction SWNTs.

6.5 Conclusions

we have been able to separate semiconducting and metallic SWNTs from the mixture
in the as-prepared sample by employing the interaction with I. The method depends on
the concentration of I and the time of interaction. The separation occurs due to
molecular charge-transfer between I and SWNTs, and is accompanied by the
debundling of the SWNTs as evidenced by electron microscope images. We believe that
this method can be readily employed as a routine laboratory procedure.

A new method of obtaining high enrichment of the metallic SWNTs has been
discovered. The method involves the arc evaporation of graphite electrodes containing
the Ni+Y,0s; catalyst in the presence of Fe(CO)s vapor. Although we cannot comment
on the mechanism of formation of metallic nanotubes in the presence of Fe(CO)s vapor,

the method itself is new and simple. It can be of value in the practical use of SWNTs.
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Y-junction SWNTs could be prepared by carrying out arc discharge of graphite over

a Ni-Y,0j catalyst in an atmosphere of thiophene and helium.
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CHAPTER 7
Sensitivity of the Electronic Structure
of Graphene to Molecular Charge
Transfer

Summary*

Graphene is a fascinating two-dimensional nanomaterial with unique electronic
structure and properties. The Fermi energy can be shifted by doping due to stiffening or
softening of phonons and other effects which modify the phonon dispersion by
changing the carrier concentration and mobility. Effects of interaction of few-layer
graphene with electron-donor (anisole, aniline and TTF) and -acceptor (chlorobenzene,
nitrobenzene, TCNE) molecules have been investigated by employing Raman
spectroscopy and the results compared with those of electrochemical doping. The G-
band softens progressively with the increasing concentration of aniline and
tetrathiafulvalene (TTF) which are electron-donors, while the band stiffens with
increasing concentration of nitrobenzene and tetracyanoethylene (TCNE) which are
electron-acceptor molecules. Both electron-donor and —acceptor molecules broaden the
G-band. The 2D-band position is also affected by interaction with electron-donors and -
acceptors. The intensity of the 2D-band decreases markedly with the concentration of
either. The ratio of intensities of the 2D- and G- bands decreases with increase in
electron-donors and -acceptors concentrations. The electrical resistivity of graphene
varies in opposite directions on interaction with electron-donors and -acceptors. All

these effects occur due to molecular charge-transfer, as evidenced by the observation of

*Papers based on these studies have appeared in Chemical Communications (2008), Journal of
Physics: Condened Matter (Fast Track Communication) (2008) and Journal of Physical Chemistry
Letters (perspective) (2010)
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charge-transfer bands in the electronic absorption spectra. The present study,
demonstrates how the electronic structure and phonons of graphene are markedly
affected by interaction with electron-donor and —acceptor molecules. It is significant
that we observe such marked effects due to molecular charge-transfer even with multi-

layered graphene of 3-4 layers.

7.1 Introduction

Graphene, the mother of all graphitic materials, has emerged to become an exciting
two-dimensional material with wondrous properties (/-4). Some of the significant
properties include ballistic electron transport, anomalous integer quantum Hall effect at
room temperature and fractional quantum Hall effect at low temperatures and ability to
sustain very high current densities. Atomic and electronic structures of graphene have
been investigated by employing a variety of microscopic, spectroscopic and other
techniques. Direct imaging of individual carbon atoms in single layer graphene by
aberration-corrected transmission electron microscopy has shown the formation and
annealing of Stone-Wales defects (5). Studies of graphene are not limited to one-atom
thick single-layer graphene alone but also include bi- and few-layer (< 10 layers)
graphenes. As a 2D crystal, graphene was found to exhibit high crystal quality (6-8) in
which charge carriers can travel thousands of interatomic distances without being
scattered (9-71). In particular, due to its special honeycomb structure, the band structure
of graphene exhibits two intersecting bands at two inequivalent K points in the
reciprocal space, and its low energy excitations are massless Dirac Fermions near these
K points because of the linear (photon-like) energy momentum dispersion relationship.
This results in very high electron mobility in graphene, which can be further improved

significantly, even up to ~10° cm?/V-s. Electron or hole transport in field-effect devices
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based on graphene can be controlled by an external electric field. Moreover, Park (/2)
demonstrated theoretically that the chiral massless Dirac Fermions of graphene
propagate anisotropically in a periodic potential, which suggests the possibility of
building graphene based electronic circuits from appropriately engineered periodic
surface potential patterns, without the need for cutting or etching. Graphene-based
devices can be expected to have many advantages over silicon-based devices.

However, precise control of the carrier type and concentration in graphene is not
easy, especially for p-type. Up to now, most of the graphene samples were either
deposited on a SiO; surface or grown on a SiC surface, and these epitaxial graphenes are
usually electron doped by the substrate (/3). Alkali metal atoms can be deposited on
graphene to selectively control the n-type carrier concentration in the graphene layers.
However, distribution of the metal atoms on the graphene surface is usually
inhomogeneous, and the resulting charged impurities cause significant reduction of the
carrier mobility (/4). The single, open-shell NO, molecule is found to be a strong
acceptor, whereas its equilibrium gaseous state N,Oy4 acts as a weak dopant and does not
result in any significant doping effect (/5). Boron or nitrogen substitutional doping is
also not reliable and always induces defects that destroy the promising electronic
property of graphene. Thus, it is desirable and crucial to develop new methods to
precisely control the carrier type and concentration in graphene for further development
of graphene-based nanoelectronics. In addition, pristine graphene is a zero-gap
semiconductor, and its Fermi level exactly crosses the Dirac point. For practical
application, an energy gap is essential.

Raman spectroscopy has emerged as an effective probe to characterize graphene
samples in terms of the number of layers and their quality. Single-layer graphene shows
the well-known G-band characteristic of the sp® carbon network around 1580 cm™'. The
D band around 1350 cm™ and D' band around 1620 cm ™' are both defect-induced. The
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2D band at ~ 2680 cm™ differs in single and few-layer graphene and can be understood
on the basis of the double resonance Raman process involving different electronic
dispersions (/6). The 2D band can be employed to determine the number of layers in
few-layer graphene. By combining Raman experiments with in-situ transport
measurements of graphene in field-effect transistor geometry, it has been shown that the
G-modes of single and bi -layer graphenes blue shift on doping with electrons as well as
holes (17, 18). On the other hand, the 2D band blue-shifts on hole doping whereas it red
shifts on doping with electrons. The relative intensity of the 2D band is quite sensitive
to doping. Theoretical calculations based on time-dependent perturbation theory have
been employed to explain the observed shifts of the G-band. Comparison between
theory and experiment, however, is not entirely satisfactory at high doping levels (>
1x10"/cm?) and the disagreement is greater for the 2D band. In the case of bilayer
graphene (/8), the blue-shift of the G-band with doping has contributions from phonon-
induced inter-band and intra-band electronic transitions, thereby giving an experimental
measure of the overlap integral between A and B atoms in the two layers. Furthermore,
the in-plane vibration in bilayer graphene splits into a symmetric Raman active mode
(Eg) and an anti-symmetric infrared active mode (E.). Doping dependence of these
modes has been examined by Raman scattering (/9) and infrared reflectivity
measurements (20). The latter show a drastic enhancement of intensity and a softening
of the mode as a function of doping, along with a Fano-like asymmetric line shape due
to a strong coupling of the E, mode to inter-band transitions.

Graphene is a nearly semimetal membrane, whose extreme physical strength (217)
and high electron mobility at room temperature result from extensive electron
conjugation and delocalization. Charge transfer to and from adsorbed species can shift
(22, 23) the graphene Fermi level by a large fraction of an electron volt. Such
adsorption-induced chemical doping adjusts the Fermi level without introducing
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substitutional impurities, or basal plane reactions, that interrupt the conjugated network.
Adsorption induced chemical doping may well become an important aspect of future
graphene technologies. In graphenes consisting of only a few layers, chemical doping
can result from both surface adsorption and intercalation between layers.

Organic molecules containing aromatic © systems can be used to solubilize and
modify the electronic structure of graphene. Charge-transfer with coronene
tetracarboxylate (CT) has been exploited recently to solubilize graphene sheets (24). It
was shown that the CT molecules help to exfoliate few-layer graphene and selectively
solubilize single- and double-layer graphenes. Graphene quenches the fluorescence of
aromatic molecules, probably due to the electron transfer, a feature of possible use in
photovoltaics. Charge-transfer from fluorescent molecules to graphene has been utilized
in visualization of graphene sheets by fluorescence microscopy (25) and in the use of
graphene as a substrate for resonance Raman spectroscopy (26).

This chapter describes our efforts towards understanding the effect of adsorbing
various electron-donor and —acceptor molecules on graphene. We report the scope of

the present investigation in the next section.

7.2 Scope of the Present Investigations

The extremely high mobility of electrical carriers in graphene makes it an ideal
candidate for next-generation nanoelectronics. However, lacking a band gap, graphene
as a semimetal has been limited from some direct applications in electronics such as a
channel material for field-effect transistors. Therefore, opening and tuning the bandgap
of graphene, a crucial step to the wider device applications of graphene electronics, has
attracted great scientific interest. To date, many methods have been developed to open

the band gap of graphene, including hydrogenation (27), electrically gated bilayer
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graphene (28-34), Stone—Wales defects (35), graphene-substrate interaction (/3, 36) and
absorption of molecules (37).

Charge-transfer between electron—donor and —acceptor molecules is a widely studied
subject of great chemical interest. Some of the charge-transfer compounds in solid state
exhibit novel electronic properties. We considered it is important to investigate the
effects of doping graphene through molecular charge-transfer by the interaction of
graphene with electron-donor and -acceptor molecules and compare the results from
electrochemical doping. For this purpose, we have prepared graphene samples by the
exfoliation of the graphitic oxide (38, 39). First we have studied the interaction of
monosubstituted benzenes such as nitrobenzene, chlorobenzene, anisole and aniline by
employing Raman spectroscopy. Raman spectroscopy provides the most useful
signature for examining the changes brought about in the electronic structure of
graphene. Interestingly the results have been correlated with Hammett substituent
constant.

Encouraged by the results on monosubsituted benzenes we studied the interaction of
graphene with tetrathiafulvalene (TTF) which is a powerful electron-donor and
tetracyanoethylene (TCNE) which is an excellent electron-acceptor. We have employed
Raman spectroscopy as well as electronic spectroscopy, the former enabling us to
monitor the changes with the concentration of the donor and acceptor molecules.
Optical absorption spectroscopy gave clear evidence of charge transfer in these systems.
We have also measured the effect of interaction of the donor and acceptor molecules on

the electrical resistivity of graphene.
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7.3 Experimental

7.3.1 Synthesis of graphene

Graphene samples were prepared by the exfoliation of the graphitic oxide. Graphite
oxide (GO) was synthesized by employing the literature procedure (38, 39). Briefly, a
reaction flask containing a magnetic stir bar was charged with sulfuric acid (18 ml) and
fuming nitric acid (9 ml) and cooled by immersion in an ice bath. The acid mixture was
stirred and allowed to cool for 20 min, and graphite microcrystals (0.5 g) were added
under vigorous stirring to avoid agglomeration. After the graphite powder was well
dispersed, potassium chlorate (10 g) was added slowly over 5 min to avoid sudden
increase in temperature. The reaction flask was loosely capped to allow evolution of gas
from the reaction mixture and allowed to stir for 120 h at room temperature. The
resulting product was suction filtered and washed thoroughly with distilled water. The
product was dried under vacuum for 24 hours. The graphite oxide so obtained was

exfoliated in a furnace preheated to 1050 °C under argon flow for about 30s.

7.3.2 Techniques used for characterization

The number of layers in the graphene samples prepared by us was 3 to 4 as indicated
by AFM. TEM images were obtained with a JEOL JEM 3010 instrument fitted with a
Gatan CCD camera operating at an accelerating voltage of 300 kV. FESEM images
were obtained using a FEI NOVA NANOSEM 600. AFM measurements were
performed using a CP2 atomic force microscope. Raman spectra were recorded with a
LabRAM HR high-resolution Raman spectrometer (Horiba-Jobin Yvon) using a He—Ne
laser (A = 632.8 nm). For Raman measurements, one milligram of the graphene sample
was dispersed in 3 ml of benzene containing appropriate concentrations of electron-
donor and -acceptor molecule and sonicated. The resulting solution was filtered through

an anodisc filter (Anodisc 47, Whatman) with a pore size of 0.1 pum. Electronic
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Figure 7.1: Raman spectrum of as prepared graphene prepared by exfoliation of

graphite oxide.

Figure 7.2: (a) TEM and (b) HR-TEM images of graphene prepared by exfoliation
of graphite oxide.
absorption spectra were recorded with a Perkin—Elmer UV/VIS/NIR spectrometer. In
order to study the interaction of graphene with TTF and TCNE by electronic absorption
spectroscopy, the compounds were added to a suspension of graphene in spectroscopy
grade acetonitrile. The suspensions were drop-coated on a quartz plate and dried.

Electrical resistance measurements were carried out by drop-coating the graphene
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sample on Au-gap electrodes patterned on glass substrates. The thickness of the sample

was lum as measured from optical profiler

—_

0 008 016 024 032 0.4 pm
Distance ( pre

Figure 7.3: AFM image and corresponding height profile of exfoliated graphene.

7.4 Results and Discussion

We have prepared graphene by the exfoliation of graphite oxide by employing the
literature procedure (38, 39) and characterized the samples by Raman spectroscopy
(Figure 7.1), transmission electron microscopy (Figure 7.2) and atomic force
microscopy (Figure 7.3) as described in the literature (39, 40). The number of layers
in the graphene samples prepared by us was three to four. In Figure 7.4, we show the
G-band of the graphene after interaction with 1 M solutions of various
monosubstituted benzenes with electron-donating and -withdrawing groups. While
nitrobenzene causes stiffening of the G-band or an increase in the frequency, aniline

causes softening or a shift to a lower frequency. The stiffening or softening of the
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Figure 7.4: Raman shift of the G-band of graphene on interaction with 1M
solutions of monosubstituted benzenes.
G-band depends on the electron-donating or -withdrawing power of the substituent
on benzene. This observation is similar to that reported with SWNTs where charge-
transfer to potassium, bromine and iodine is also known to cause similar shifts of the
G-band (47). In nanotubes, n-type and p-type doping causes opposite shifts of the G-

band similar to the effects of molecular charge-transfer with donor and acceptor
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molecules found here. The G-band has a feature on the higher frequency side around
1607 cm™ due to the defect-related G' band (42). We are able to deconvolute the
observed G-band to get the characteristics of the G'-band. We have followed the
changes in the positions and intensities of both the G and G' bands on interaction

with donor and acceptor molecules.
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Figure 7.5: Variation of (a) the G-band frequency and (b) the ratios of intensities of
the 2D and G bands (I(2D)/I(G)) against the Hammett substituent constant, G.
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Figure 7.6: Shifts in the Raman G-band of graphene caused by interaction with

varying concentrations of aniline and nitrobenzene.

In Figure 7.5 (a) we have plotted the position of the G-band maximum against
the Hammett ¢ substituent constant to show how the frequency decreases with the
decreasing electron-withdrawing power or increasing electron-donating power of the
substituent. Figure 7.5 (b) we show the ratios of intensities of the 2D and G bands
(I(2D)/I(G)) against the Hammett substituent constant, ¢ which is discussed later.

Encouraged by this result, we have examined the dependence of the G-band on
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Figure 7.7: Variation in the position of graphene G-band caused by interaction with

varying concentrations of (a) aniline and nitrobenzene and (b) TTF and TCNE.
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Figure 7.8: Variation in the FWHM of Raman G-band caused by interaction with

varying concentrations of (a) aniline and nitrobenzene and (b) TTF and TCNE.

the concentrations of nitrobenzene and aniline in benzene solutions. Figure 7.6

shows the G-bands at different concentrations of aniline and nitrobenzene. We show

the variation in the position of the G-band maximum with the concentration of
aniline and nitrobenzene in Figure 7.7(a). Interaction with aniline and nitrobenzene
causes shifts in the opposite directions, the magnitude of the shift increasing with

the concentration. The full-width-at-half-maximum (FWHM) of the G-band
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Figure 7.9: Shifts in the Raman G-band of graphene caused by interaction with
varying concentrations of TTF and TCNE.

increases with the concentration of aniline and nitrobenzene, as can be seen from the
Figure 7.8(a).

Encouraged by the results on monosubsituted benzenes we have studied the
interaction of graphene with tetrathiafulvalene (TTF) which is a powerful electron-
donor and tetracyanoethylene (TCNE) which is an excellent electron-acceptor. In Figure

7.9 we show the Raman G-band of graphene recorded after interaction with
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Figure 7.10: Variation in the Raman 2D-band with the concentration of (a) aniline

and nitrobenzene and (b) TTF and TCNE.

varying concentrations of TTF and TCNE. We see a feature on the right-side of the G-
band (~ 1570 cm™) due to the defect-related G'-band. Similar to aniline and
nitrobenzene, with increase in the concentration of TTF, there is softening of the G-
band, while there is stiffening of the G-band with increasing concentration of TCNE.
The G-band broadens with increase in the concentration of either TTF or TCNE. In
Figure 7.7 (b) we show the change in the position of the G-band maximum with the
variation in concentrations of TTF and TCNE. The figure clearly shows how interaction
with TTF and TCNE causes shifts in the opposite directions, the magnitude of the shift
increasing with concentration. This is in contrast to the stiffening observed with electron
and hole doping by electrochemical means (/7). The FWHM of the G-band increases on
interaction with both TTF and TCNE, as can be seen from Figure 7.8(b). On the other
hand, the G-band sharpens on electrochemical hole or electron doping. The G'-band
around 1607 cm™ exhibits shifts similar to the G-band on interaction of graphene with

donor and acceptor molecules, accompanied by an increase in the FWHM.
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Figure 7.11: Variation in the I[(2D)/I(G) ratio of the graphene Raman bands caused
by interaction with varying concentration of (a) aniline and nitrobenzene and (b)

TTF and TCNE.

The position of the D-band (~1320 cm™) of few layer graphene does not vary
systematically on interaction with electron-donors (TTF and aniline) and —acceptors
(TCNE and nitrobenzene). The position of the 2D-band, however, varies on
interaction with electron-donors (TTF and aniline) and —acceptors (TCNE and
nitrobenzene), the latter causing an increase in the frequency. The ratio of the
intensities of 2D and G bands, (I(2D)/I(G)), is considered to be sensitive to doping.
More interestingly, the intensity of the 2D-band decreases markedly on interaction
with either electron-donors (TTF and aniline) or -acceptors (TCNE and
nitrobenzene) as shown in Figure 7.10. The ratio of intensities of the 2D- and G-
bands, (I(2D)/I(G)), decreases markedly with increasing concentration of electron-
donor and -acceptor as shown in Figure 7.11. This behaviour is similar to that found
in the case of electrochemical doping (/7). The 1(2D)/I(G) ratio obtained with 1M

solutions of monosubstituted benzenes shows a maximum when plotted against the
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Hammett ¢ substituent constant as shown in Figure 7.5(b), indicating that both
electron-donating and -withdrawing substituents cause a decrease in the intensity

ratio. The relative intensity of the D-band shows behaviour different from that of the
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Figure 7.12: Variation in the I(D)/I(G) ratio of graphene Raman bands caused by
interaction with varying concentrations of TTF and TCNE. Inset shows variations
of the ratio of the D/G band intensities caused by interaction with 1M solutions of

monosubstituted benzenes, against Hammett substituent constant, ¢

2D-band, in that its intensity increases on interaction with donor or acceptor
molecules, with the minimum value in the absence of interaction. In the Figure 7.12,
we show the variation of the I(D)/I(G) intensity ratio with the concentrations of TTF
and TCNE. The I(D)/I(G) ratio, shows a minimum with both the donor and acceptor

molecules by increasing the ratio as shown in the inset of Figure 7.12. The above
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Figure 7.13: Electronic absorption spectra of (a) graphene +TTF and (b) graphene
+TCNE. Inset in (a) and (b) show the spectra of TTF and TCNE respectively. The

shaded regions correspond to the charge-transfer bands.

results reveal how the Raman spectrum of few-layer graphene is highly sensitive to
charge-transfer from electron-donor and -acceptor molecules. Besides showing how
the different Raman bands (G, D and 2D) exhibit different sensitivities to interaction
with electron-donor and -acceptor molecules, the present study shows significant
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differences between electrochemical doping and doping by molecular charge-
transfer. The difference between the sensitivities of the D- and the 2D- bands is
likely to be because of the nature of origin of these bands as discussed later.

Since we consider the interaction between graphene and TTF and TCNE to be due to
molecular charge-transfer, we have examined the UV-visible absorption spectra of
graphene with the varying concentration of TTF and TCNE to look for possible
evidence for charge transfer. TTF has a strong absorption band in the region of 305 to
316 nm, a shoulder at 361 nm and a broad band around 445 nm. The charge-transfer
band of TTF with aromatics is in the 400-700 nm region (43). We find a broad band in
the 500-800 nm region in the TTF-graphene system as shown in Figure 7.13 (a). TCNE
has a strong absorption band in the 250-270 nm region, while the charge transfer band
of TCNE with aromatics is in the 550-750 nm region (44, 45). On interaction of TCNE
with graphene, we observe a broad charge-transfer band between 520 and 800 nm
(Figure 7.13 (b)). In addition, bands possibly due to radical anions of TCNE seem to
appear (45).

In Figure 7.14 (a) we show the I-V characteristics of the graphene films after
treatment with 1M solutions of monosubstituted benzenes. The [-V characteristics
remain linear showing metallic behaviour. The resistance itself is lowest in the
presence of nitrobenzene and highest in the presence of aniline. There is a
systematic dependence of resistance with the electron-donating and -withdrawing
power of the substituents. The value of resistance varies with the concentration of
aniline and nitrobenzene as shown in Figure 7.14 (b). At a bias voltage of 0.5 V, the
resistance of the graphene is ~1.0 kQ. The resistance increases linearly with
increasing aniline concentration, while it decreases abruptly at low concentrations of
nitrobenzene. Thus, hole-doping brought about by interaction with nitrobenzene has
a marked effect even at low concentrations.

239



Chapter 7

18
l © Aniline A
10 Nitrobenzene (b) L 15
— 0.8 L 12
2 2
E =
= > 061 9
[} Q
= 5 6
=] 7 A -
O 044
Q
[ L3
wl & 0
-6 T T T T _0
1.0 -05 00 05 1.0 RS PR P —,
Voltage (V) . . 40 ) .
Concentration (M)

Figure 7.14: (a) I-V characteristics of the graphene in the presence of benzene and 1
M solutions of nitrobenzene, chlorobenzene, anisole and aniline in benzene (b)
Variation of the resistance with the concentration of nitrobenzene and aniline at a bias
voltage of 0.5 V.

Similarly, we have measured the I-V characteristics of graphene after interaction
with different concentrations of TTF and TCNE (Figure 7.15). The I-V plot always
remains linear, but the slope decreases with increasing concentration of TTF and
increases with the increase in the concentration of TCNE. Thus, the resistance increases
with increasing TTF concentration, and decreases with increasing TCNE concentration.
The variation of resistance with the concentration of TTF and TCNE is shown in the
inset of Figure 7.15 (a), reflecting the dependence of resistance on carrier concentration

The above results clearly demonstrate the extra-ordinary sensitivity of the Raman
bands of few-layer graphene to molecular charge-transfer and also significant
differences in the sensitivities of the different Raman bands to doping by charge-
transfer. This is clearly reflection of the differences in the effects of the electronic
structure and electron-phonon interaction and many of the results can be understood on

the basis of following considerations (42). The G-band is a doubly degenerate phonon
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Figure 7.15: I-V characteristics of graphene on interaction with different
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concentrations (M) of (a) TTF and (b) TCNE. Inset in (a) shows the variation in the
resistance, p, with the concentration of TTF and TCNE at a bias voltage of 0.5 V.

mode (Ey,) at BZ center of the sp® carbon network. It is truly characteristic of the sp’
framework. The electron-phonon coupling in graphene causes Kohn anomalies in the
phonon dispersions which can give rise to phonon softening (46, 47). Stiffening of the

G-band arises from the non-adiabatic removal of the Kohn anomaly at the I" point (45)
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The band broadening suggests the absence of blockage of the decay channels of the
phonons into electron-hole pairs in the present situation. The D and 2D bands originate
from a double resonance Raman process. The D band couples preferentially to the
electronic states with wave vector k such that 2q=k (49). It appears that an internally
double resonance process involving electronic states around two ineqvivalent K points
is responsible for this band. The scattering events involving defects occur in the case of
the D band, both processes are inelastic involving phonons in the case of the 2D band
(42). This high intensity and other features of the 2D band may be because of a triple-
resonant process arising from processes involving both electrons and holes (49).

Recent experimental results have shown that the magnitude of interaction between
graphene and donor/acceptor molecules seems to depend on the surface area of the
graphene sample (50). More importantly isothermal titration calorimetry (ITC)
measurements show that the interaction energies of graphene with electron-acceptor
molecules are higher than those with -donor molecules (57). DFT calculations confirm
the occurrence of charge-transfer induced changes in graphene giving rise to mid-gap
molecular levels with tuning of band gap region near the Dirac point and show how they
are different from the effects of electrochemical doping (52, 53). It has been shown that
n-type and p-type graphenes result from charge-transfer interaction of graphene with
donor and acceptor molecules respectively. It is also predicted that the extent doping
depends on the coverage of organic molecules. Synchrotron-based high-resolution
photoemission spectroscopy studies reveal that charge transfer from graphene to
adsorbed F4-TCNQ is responsible for the p-type doping of graphene (54). Recent
studies of the core-level spectra of the dopant molecules (TTF and TCNE) provide
direct evidence for charge transfer involving graphene (55).

It is interesting to compare the effects of doping graphene by gating (/7) or chemical
doping (56) with those caused by molecular charge-transfer. The G-band is shifted to
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higher frequencies when an electron acceptor molecule is adsorbed on graphene, while
it is shifted to lower frequencies when an electron donor molecule is adsorbed. This is
in contrast to the gate-induced or chemical doping, where the G-band increases in

frequency for both the electron and hole doping.

7.5 Conclusions

In conclusion, the present study demonstrates how the electronic structure and
phonons of graphene are markedly affected by interaction with electron-donor and -
acceptor molecules. It is significant that we observe such marked effects due to
molecular charge-transfer even with multi-layered graphene of 3-4 layers. These
effects would be expected to be prominent in single-layered graphene as well.
Comparing our results with those reported for electrochemically doped single-layer
graphene, it appears that only static contributions are involved in the spectral
changes observed by us. Dynamic contributions may become negligible due to the
defects in multilayered graphene. It is noteworthy that the results reported here are
consistent with the changes in the G-band of nanographite caused by interaction
with potassium and halogens.

The magnitude of changes in the Raman spectra found here is quite large and is
comparable to that found with electrochemical doping (/7). The G, D and 2D bands
show different sensitivities to molecular charge-transfer, the 2D/G intensity ratio
providing a probe to determine the magnitude of doping through charge-transfer. The
changes in the Raman spectra brought about by the interaction of few-layer graphene
with electron-donor and —acceptor molecules differ to some extent from those observed

on electrochemical doping of graphene.
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