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General Introduction: What is Nanotechnology?

General Introduction: What is nanotechnology?

I want to build a billion tiny factories, models of each other, which are manufacturing
simultaneously. The principles of physics, as far as I can see, do not speak against the possibility of
maneuvering things atom by atom. It is not an attempt to violate any laws; it is something, in
principle, that can be done; but in practice, it has not been done because we are too big.
— Richard

Feynman, Nobel Prize winner in physics—

Since the discovery of scanning probe microscope (SPM) in 1980 to that of fullerene,1 several
Nobel Prizes have been awarded in Nanotechnology. Many companies are also currently working in
this field such as IBM and Samsung. Government and corporations worldwide have invested over $
4 billion into nanotechnology in the last year alone. What is exactly Nanotechnology?
The word “Nanotechnology” is used to describe different types of research where the characteristic
dimensions are in a nanometer range. Two main approaches are used to assemble materials at the
nanoscale: “top-down” (from larger to smaller) and “bottom-up” (from smaller to larger). The first
one consists in reducing the dimension of the structures until nano levels. The second one was
proposed for the first time in 1959 by Richard Feyman in the annual congress of American Physical
Society.2 It consists in using nanometric structure, such as a molecule, and to create a mechanism
larger through a process of assembly or self-assembly.
To characterize and manipulate nanostructures, sophisticated techniques are required. Presently the
main instruments are SEM (Scanning Electron Microscopy),3 TEM (Transmission Electron
Microscopy),4 AFM (Atomic Force Microscopy),5 STM (Scanning Tunnelling Microscopy)6 and
RHEED (Reflection High Energy Electron Diffraction).7 The instruments used during the studies
reported in this thesis will be described in the next chapters. The last one can be used to monitorate
in situ the building block. A beam of electrons is produced and directed towards the sample.
Detectors collect the reflected electrons and convert them to a signal which gives informations
about the atomic structure of the material.
Carbon nanoparticles such as carbon nanotubes, fullerenes and recently carbon nanohorns and
carbon onions, are considered good candidates in different nanotechnological applications.
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This emerging field covers many areas such as electronics,8 optics,9 and aerospace.10 Recently
Nanotechnology has been also applied in textile field. Nanoparticles (metal oxide, carbon black)
graphite nanofibers and carbon nanotubes, in fact, are employed as nanosize fillers.11 The main
function of these fillers consists in increasing mechanical strength and to improve physical
properties such as conductivity and antistatic behaviour. Furthermore, thanks to their large surface
area, the nanofillers have a good interaction with polymer matrices. In particular nanofibers can
transfer stress away from the polymer matrices and increase the resistance of composite fibers.
Great expectation are also held in the area of prevention, diagnostic and treatment. Several
researchers, for example, are testing carbon nanoparticles as drug delivery.12 Nanotechnology is a
positive development and it will significantly improve the quality of life on Earth (and in space) for
the world’s population.
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Thesis abstract
Carbon onions (multishell fullerene, CNOs) and carbon nanohorns (CNHs) are new allotropes of
carbon. Discovered respectively by Ugarte in 199213 and by Iijima in 1999,14 these carbon
nanoparticles start to attract the attention of many researchers. In the last three years, several studies
have been reported about CNHs while CNOs are still largely unexplored.
Pristine carbon nanohorns (p-CNHs) and CNOs are not soluble in common solvents. In order to
study their potential applications in the field of material science, improving their solubility was
necessary.
First I focused my attention on the functionalization and characterization of CNHs. An aminoacid
was synthesized and used in 1,3-dipolar cycloaddition reaction.15 This functionalization leads to an
increase of the solubility of CNHs in various organic solvents.16 Using other reactions, such as
amidation or nucleophilic additions, two assemblies, in which CNHs are electron acceptors and
porphyrins the electron donors, were synthesized and the electron transfer between the porphyrins
and the CNH core was studied.17
Then, CNOs either of 5 nm or 20 nm of diameter were synthesized, respectively by annealing of
nanodiamonds18 and by arc discharge.19 These two samples of CNOs present different properties
and reactivity.20 As CNOs produced by annealing of nanodiamonds are more reactive, they were
used to synthesize a new assembly, in which CNOs are the electron acceptors and ferrocene the
electron donors. For the first time, electrochemical and photophysical measurements of CNOs were
performed.
The thesis is divided in four chapters. The first one provides an overview of carbon allotropes, in
particular carbon nanotubes and fullerenes. Different techniques as arc discharge,21 laser ablation22
and chemical vapour deposition23 are briefly described. Finally three general approaches to
functionalize carbon nanoparticles are reported in detail.
In the second chapter CNHs are introduced. The properties and the applications are shown. A
comparison between carbon nanotubes and CNHs is also given. Then three different studies are
presented:
•

Functionalization by 1,3-dipolar cycloaddition to improve the solubility of CNHs;

•

Functionalization by nucleophilic addition and coupling with porphyrin;

•

Functionalization by amidation and coupling with porphyrin.

The electron transfer between the porphyrin and CNH core is discussed.
In the third chapter CNOs are introduced. Two different type of CNOs are described and compared
in order to choose the more reactive nanoparticles. Then a study is reported:
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•

Functionalization by 1,3 dipolar cycloaddition and coupling with ferrocene carboxylic
acid.

The interaction between the ferrocene moiety and the CNOs is discussed.
All the experimental details are given in the fourth chapter.
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1. Carbon Nanostructures
1.1. Introduction
Before 1985 only two forms of crystalline carbon were known: diamond and graphite. After the
discoveries of fullerene and carbon nanotubes (CNTs) respectively in 19852 and in 1991,17 two
other forms, carbon nanohorns (CNHs)14 and carbon onions (CNOs),18 were included into the new
carbon allotropes family. In this chapter a brief introduction of graphite and diamond is given.
Fullerene, CNTs and their properties are also described. CNHs and CNOs are discussed in the next
chapters.

1.2. Diamond
Diamond is a transparent crystal in which each carbon atom is bonded tetrahedrally. Diamond, the
hardest natural material, crystallizes in the face-centered cubic structure (Figure 1.1).

Figure 1.1. Structure of diamond.

However aggregated diamond nanorods are even harder than diamond.
Diamonds can be used in several application because of their physical characteristics. The most
important are its extreme hardness, its high dispersion index and high thermal conductivity that is 5
times higher than that of copper.
A pure diamond is colorless while colored diamonds contain impurities. Most diamond impurities
replace a carbon atom in the crystal lattice. Nitrogen is the most common impurity and it causes a
yellow coloration.

1.3. Graphite
Graphite has a sheet-like structure where all the atoms of the sheet are only weakly bonded (Van
der Waals force) to the carbon above and below (Figure 1.2). Graphite is the stable form of carbon
8
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under normal condition of pressure and temperature and the transformation of diamonds to graphite
is thermodynamically favoured.

Figure 1.2 Structure of graphite.

This reaction, fortunately, is extremely slow at room temperature and atmosphere pressure. Unlike
diamond, graphite can conduct electricity because of the electron delocalization within the carbon
layers. More differences can be observed comparing diamond and graphite:
•

Diamond is the hardest mineral known to man, graphite is one of the softest;

•

Diamond is the ultimate abrasive, graphite is a very good lubricant;

•

Diamond is usually transparent, graphite is opaque.

All of the differences between graphite and diamond are the result of the differences in their
respective structures.

1.4. Fullerenes
Fullerenes, were discovered in 1985 by Robert Curl, Harold Kroto and Richard Smalley at the
University of Sussex and Rice University, in an apparatus designed by professor Smalley to
produce atomic clusters of the non-volatile element.2 The smallest fullerene is C20 and the most
common and well characterized fullerene is C60.24 C60 is composed of a sheet of twenty hexagonal
and twelve pentagonal rings that prevent the sheet from being planar.

9
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Figure 1.3 3D representation of C60
The 5-membered rings are never side by side and two different kinds of C-C bonds can be
observed: those making the junction between two 6-membered rings behave like double bond while
the junctions between a 5-membered ring and a 6-membered ring are closer to a single bond.
Another common buckminsterfullerene is C70 but also fullerenes with 72, 76, 84 and even up to 100
carbon atoms can be obtained. Fullerenes can be dissolved in common organic solvents at room
temperature. As the size increases, the solubility of fullerene decreases and the heat of sublimation
of fullerene increases. At room temperature, for example, the solubility of C60 is about 2.8 mg/ml in
toluene25 and the heat of sublimation is 43,3 Kcal/mol.26 The HOMO-LUMO gaps of C60 and C70
are 1,68 eV and 1,76 eV, respectively.27 Due to the low-lying LUMO, fullerenes are easy to reduce.
This makes C60 a good oxidizing agent. Furthermore C60 is unstable at higher temperature and the
decomposition is at about 830 K.28 The process of decomposition is faster in presence of oxygen.

1.5. Carbon Nanotubes
Single-Walled Nanotubes (SWNTs) were discovered by Iijima in 1991.26 They are described as a
closed cylindrical shape obtained by wrapping a graphene sheet (Figure 1.4).

Figure 1.4 Carbon nanotubes are obtained by wrapping a graphene sheet.
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The ends of nanotubes are closed by the hemisphere of the buckyball structure whose curvature is
given by the presence of pentagonal rings. (Figure 1.5).

Figure 1.5 Structure of cabon nanotubes
Several concentric graphene sheets form Multi-Walled Nanotubes (MWNTs)25 with a proper
graphitic interlayer distance of about 3,4-3,6 Å. The length and diameter of these structures differ a
lot from those of SWNTs and, of course, their properties are also very different. In particular the
diameter can be between 2-100 nm and they can reach 10 micron of length.
The way in which the graphene is wrapped is represented by two indices called “chiral vector” (Ch)
that is defined as:
Ch = nā1 + mā2

Figure 1.6. Scheme of the chiral vector (Ch).

For different n, m value, several kind of nanotubes are obtained. In particular:
if “m=0” the nanotubes are called “zig-zag”,
if m=n they are called “armchair” otherwise “chiral” (Figure 1.7).
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Figure.1.7. Different type of carbon nanotubes.

Depending on the chiral vector, CNTs can be either metallic or semiconductive.
In particular armchair geometry shows metallic behavior and zig zag geometry shows
semiconducting behavior. The conductivity of chiral CNTs, instead, can be distinguished in two
cases:
1. If n ± 3 = m, metallic behavior is observed;
2. For other n and m combinations, semiconducting behavior is observed.
CNTs have found a great impact in the field of electronics and optoelectronics thanks to their
electrical conductivity that is up to 1000 times higher than that of copper.
CNTs can, in principle, also play the same role as silicon does in electronic circuit, but at molecular
scale where silicon and other standard semiconductors don’t work. In Table 1 different applications
of CNTs are reported.29
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Field
Chemical and Genetic Probes

Mechanical Memory

Nanotweezers

Supersensitive Sensors

Hydrogen and Ion Storage

Superstrong Materials

The idea

Obstacles

Nanotube-tipped
atomic
force
microscope
can
identify chemical markers
and trace a strand of DNA
A screen of nanotubes on
support blocks has been
tested as a binary memory
device
Two nanotubes, attached to
electrodes on a glass rod,
can be opened and closed
by changing voltage. They
can be used move objects
that are 500 nanometers in
size.
Semiconducting nanotubes
change their electrical
resistance when exposed to
alkalis, halogens and other
gases at room temperature.
They can be used for better
chemical sensors.
Nanotubes might store
hydrogen and release it
gradually in efficient and
inexpensive fuel cells.
They can also hold lithium
ions, which could lead to
longer-lived batteries.
Nanotubes have tensile
strength and could be used
to make cars that bounce in
a wreck or buildings that
sway rather than crack in
an earthquake.

This method is not yet used
widely. So far it has been used
only on short pieces of DNA.
The speed limit for a
mechanical memory is much
slower
than
conventional
memory chips.
Nanotubes are so sticky that
most objects can’t be released.

Nanotubes are sensitive to
many things (including oxygen
and water) and they may not be
able to distinguish one chemical
or gas from another.

So far the best reports indicate
6.5 percent hydrogen uptake,
which is not quite dense enough
to make fuel cells economical.
The work with lithium ions is
still preliminary.
Nanotubes are still too much
expensive to be used in
composites. Nanotubes are so
smooth that they slip out of the
matrix, allowing it to fracture
easily

Table 1. Some more applications of carbon nanotubes

1.6. Chemical reactions
Previously we described CNTs as an attractive candidate in different nanotechnological
applications. To solve their low solubility, that is a great limitation, CNTs were functionalized in
different ways.
Three different approaches have been studied in order to improve the manipulation of CNTs:
a) the covalent attachment of chemical groups;
b) the non

covalent adsorption or wrapping of various functional molecules;
13
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c) the endohedral filling of their inner empty cavity.
Here we will describe shortly some of the most common reactions that can be applied to all carbon
nanostructures.

1.6.1. The covalent attachment of chemical groups
Nanotubes generally have a length of few micrometers with a diameter of about 100 nm. Their
sidewall and their end caps have different properties and reactivity. Generally the end caps are
similar to a fullerene C60 and are made of pentagon and hexagon rings in order to obtain a closed
cage structure. Several studies have shown that the reactivity depends on the curvature of the
structure. As a matter of fact the end cap is more reactive than the sidewall of CNTs, but it is
possible to functionalize the sidewall as well.

1.6.1.1. Sidewall functionalization
a) Halogenation of CNTs
The most common halogenation involves elemental fluorine in a range between 150 and
400°C.30 This reaction is a useful method because the derivatized CNTs obtained show a better
solubility (1 mg/ml) in alcoholic solvent31 and further substitution can be accomplished.32 As a
matter of fact the alkyl group and the diamines can replace the fluorine atoms (scheme .1.1).33’34
F
SWNTs
or
MWNTs

F

F2, 150-400o C

NH2(CH2)nNH2

(a)

NH(CH2)nNH2

NH(CH2)nNH2

(b)
F

NH(CH2)nNH2

RMgBr or RLi
(c)

R

R

R

Scheme 1.1. Reaction scheme for fluorination of nanotubes (a) and further derivatization (b) and
(c).

Fluorinated CNTs were also used as cathodes in lithium electrochemical cells. Indeed the
derivatized CNTs showed a superior electrocatalytic performance when compared to other carbon
forms because of their higher surface-to-volume ratio.35

14

Chapter 1: Carbon Nanostructures
b) Cycloadditions
Several cycloadditions were used to functionalize CNTs.
Carbene [2+1] cycloaddition was employed for the first time by Haddon et al.36 using commonly
chloroform/sodium hydroxide mixture to generate carbene in situ.
Cl

Cl

SWNT
or
MWNT

CHCl3/NaOH

Cl

Cl

Scheme 1.2. An example of [2+1] cycloaddition reaction.
Another important [2+1] cycloaddition reaction was studied by Hirsch et al.37 and involves nitrenes
(Scheme 1.3).
COOR
N

SWNT
or
MWNT

ROOC-N3,

∆
N
COOR

Scheme 1.3. Another example of derivatization reaction by [2+1] cycloaddition.

These derivatives of carbon nanotubes are soluble either in dimethysulfoxide or 1,2dichlorobenzene.
A simple method to obtain soluble CNTs was developed by Prato et al.38,39 The 1,3-dipolar
cycloaddition consists in an azomethine ylide generated in situ by decarboxylation of the
ammonium salt obtained by condensation of an α-aminoacid and aldehydes (or ketones). In this way
pyrrolidine rings are obtained (Scheme 1.4).
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CH3
O

N

∆

H
N
OH

CH2O

+

SWNTs or MWNTs
N

-CO2
-H2O

N
CH3

Scheme 1.4. 1,3 dipolar cycloaddition.

The wide range of aldehydes used, in the recent years, lead to a large variety of derivatives.
Functionalized carbon nanotubes were used as new nanovectors when the capacity to penetrate into
the cell was demonstrated. Two mechanisms are presently proposed:
•

carbon nanotubes perforate the cell membrane as a "nanoneedle" without causing
cell death;13

•

carbon nanotubes is absorbed into the cell by endocytosis.13

Here we show an example of derivatized nanotubes used for delivery of biomolecules (Scheme
1.5).40
O
O
O

NH 3

O

NHBoc
N

N

HCl/DCM

N
N

O
O
O

O

NH3

NHBoc

1)NEt3 in DCM
2) Fmoc-Gly-OH/HOBt/DIC
in DMF/DCM
H
N

O

NHFmoc

O
O

N

O
N
O
O

NHFmoc
N
H

Scheme 1.5 Reaction pathway to obtain water soluble derivative of nanotubes.
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c) Radical additions
Radical reaction can be used to add either alkyl and aryl groups to CNTs.
Phenyl radicals were generated by thermolysis of benzoyl peroxide and reacted with alkyl
iodides. The free alkyl radicals obtained were reacted with CNTs41 (Schemes 1.6 and 1.7).

O
O

benzene

2 CO2

O

+ 2 Ph

O

PhI + R

2Ph + RI

R
SWNTs
R

Scheme 1.6 Alkylation of carbon nanotubes by radical addition.
Aryl diazonium salts were also employed to functionalize CNTs either in ionic liquids42 or without
solvent.43
BF4
N
N

+e
R

- N2

R

R

Scheme 1.7. Arylation of carbon nanotubes by radical addition.
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1.6.1.2. End cap functionalization
a) Amidation/esterification reactions
Carboxylic group, introduced by oxidation, is the starting point for further derivatization with amide
or ester functionalities (Scheme 1.8). The coupling can occurs in two different way:
1) via acyl chloride intermediates;
2) using carbodiimide as an activating agent.
In water, carbodiimide hydrochloride (EDC) is used, while 1,3-dicyclohexylcabodiimide (DCC) is
used in no aqueous solvents.
COOH
COOH
COOH
COOH
RNH2
or
ROH
Ac
i.e tiva
. d t in
iim g a
ide ge
nt

SOCl2

CONHR

(-CO2R)
CONHR (-CO2R)
CONHR (-CO2R)

H2
RN r
o
H
RO

CONHR (-CO2R)

COCl
COCl
COCl
COCl

Scheme 1.8 Derivatization of acid-cut carbon nanotubes by amidation.

This procedure was also used to functionalize carbon nanohorns as described in the chapter 2.

1.6.2. The non covalent adsorption or wrapping of various functional molecules
While in the covalent interaction, the side defects or the surface of CNT are directly involved in the
reactions, the advantage of non-covalent approaches is that the intrinsic electronic structure of
CNTs remains intact. In this case surfactants, oligomers, biomolecules and polymers were used.
Poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylene vinilene) (PmPV-co-DOctOPV) was the
first to show stable π-π interactions with MWNTs.44 (Figure 1.8).
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OC8H17

OC8H17

C8H17O

C8H17O

n

n

PmPV-DOctPV (trans)

PmPV-DOctOPV (cis)

Figure 1.8. Polymers used in π-π interactions with nanotubes.

In particular, the derivatives of MWNTs obtained showed a remarkable electroluminescence as
emissive layers in organic light-emitting diode.45
Interesting solubilizations of CNTs can be also achieved using short and rigid functional conjugated
polymers via π-stacking without polymer wrapping.46
Pyrene molecules strongly interact with the sidewalls of SWNTs due to their aromatic nature
(Figure 1.9).47

COO-

O
N

COO-

Figure 1.9. Pyrene molecules.

Water soluble CNTs are obtained using 1-pyreneacetic acid or 1-pyrenecarboxylic acid or 1(trimethylammonium acetyl) pyrene (pyrene+). An example is reported in the following Figure 1.10.
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O
N

N
O

Figure 1.10. An example of π-π interactions between nanotubes and pyrene.

Once the surface of CNTs is covered with positively or negatively charge, Van der Waals or
electrostatic interactions can be used to realize electron-donor-acceptor systems. Porphyrin is a
good candidate to obtain these kind of nanohybrids.48
Finally a supramolecular complex based on π-stacking with a single strand DNA is under
investigation.13 The DNA-nanotube complexes show a solubility of mg/ml and the good stability
permit the purification using ion exchange chromatography.

1.6.3. The endohedral filling of their inner empty cavity
The ability to fill the cavity of nanotubes with different elements was largely studied for producing
nanowires or storage of liquid fuels.49
Some researchers first observed the filling of SWNTs with fullerenes and inorganic materials as
encapsulated species. The so-called peapods can be obtained starting from oxidized SWNT in
presence of C60 fullerene under vacuum at high temperature (400-600°C). C60 has not been the only
carbon sphere to be inserted into the cavity of nanotubes. C70 gave also some good results.50
Furthermore some examples of metallofullerenes inside nanotubes include Gd@C82,51 La@C82,52
Sc2@C84,53 Ce@C82,54 and Dy3N@C80.55
Beside fullerenes, pure elements were introduced into the nanotube cavity. A metallic salt was first
introduced by using a solvent or its molten state and then transformed into its reduced form (metal)
by heat treatment in a hydrogen atmosphere. Following this strategy, nanowires of CNTs doped
with Ru, Bi, Ag, Pt, Pd, Co and Ni were produced. The goal now consists in using them for electric
current transport.
One of the most unusual applications was to prepare a miniaturized thermometer using CNT filled
with a molted metal. As a matter of fact Brando et al. noticed that the height of column of liquid
gallium inside the nanotubes varies linearly and reproducibly in a range between 50-500°C.56

20

Chapter 1: Carbon Nanostructures
1.7. Synthesis of Carbon Nanostructures
Since the discovery of the fullerenes, different techniques to produce carbon nanostructures have
been explored including:
•

Arc discharge;57

•

Laser ablation;23

•

Chemical vapour deposition.27

Here a general description of these methods is reported.
1.7.1. Arc discharge
Arc-discharge is a very commonly method in the synthesis of carbon nanostructures.58 The
schematic apparatus is shown in Figure 1.11 and consist of two graphite rods. They are used as the
cathode and anode, between which arcing occurs when DC voltage power is supplied. This system
is connected both to a vacuum line and to a helium supply. Generally, the anode is a long rod of
about 6 mm in diameter and the cathode is much shorter with a diameter of 9 mm. The anode
contains a hole filled with a mixture of Ni-Co, Co-Y, or Ni-Y in various atomic percentage. In this
way MWNTs are the main products obtained with fullerenes and amorphous carbon as side
products. The pressure in the evaporation chamber and the current are the most important
parameters to tune in order to obtain a good yield. The current should be kept as low as possible,
consistent with maintaining stable plasma. In a typical experiment a current in a range of 60-100 A
and a potential of about 25 V are applied.

Figure 1.11. Arc-discharge apparatus.
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The carbon nanoparticles are obtained in the arc discharge apparatus, near the surface of the
cathode. Recently Ishigami et al. has replaced vacuum pump with liquid in which the electrodes are
immersed.59 The liquid arc method has attracted great interest because the system is easy to built,
there is no need of vacuum equipment, it’s cheap and no corrosive material and gases are used.
Moreover the temperature of the electrodes during the arc decreases and the formation of gases that
can contaminate the electrodes is controlled. Two different types of liquids has been studied: deionized water and liquid nitrogen.
Water is a better choice because it is less volatile and more controllable than liquid nitrogen.60
1.7.2. Laser ablation
The pulsed laser-ablation process was developed by Smalley group at Rice University in 1995.61
The apparatus consisted of a tube of about 25 mm, in a furnace under inert gas (Argon or Helium)
and of a graphite target (Figure 1.12). The composite ablation target, placed in the inner tube, was
composed of 1% of Ni and 1% of Co uniformly mixed with graphite and was vaporized by 2 pulsed
lasers (one at 532 nm and the other one at 1064 nm) in the oven at 1000 °C.62 A hot vapour plume
was formed, expanded and cooled rapidly. The carbon nanoparticles quickly condensed and were
collected on the trap outside the furnace. The catalysts also began to condense but slowly and they
were not trapped in the cage structures.
An appropriate metal catalyst allowed the preferential formation of one carbon nanostructure (i.e.
Ni/Y 4/1 to obtain a better yield of MWNTs).

Figure. 1.12. Laser ablation apparatus.
1.7.3. Chemical vapour deposition (CVD)
Recently much progress has been made in the growth of carbon nanostructures on a large area
substrate by thermal CVD.63 The method is sensitive to the temperature change and position in the
chamber but CVD has advantages of variety in products and hydrocarbon sources.
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Different carbon sources, in fact, like methane, carbon monoxide or acetylene and a plasma, are
commonly used. First Fe, Ni, Co or alloy of the three catalytic metals is initially deposited on a
substrate and placed in a quartz boat. The boat is positioned in a CVD reaction furnace at a
temperature in a range between 750 and 1050oC. After nanoscopic fine metal particles are formed
on a substrate, carbon nanoparticles can be grown in accordance with the forms of catalytic metals.
It’s really interesting to study how the carbon nanoparticles are grown. Below one of the hypothetic
mechanism is reported (Figure 1.13).

Figure. 1.13. An hypotetic mechanism of growth of carbon nanoparticle.
Baker and Harris proposed a four-step mechanism. First, the hydrocarbon decomposes on the
metal surface and release hydrogen and carbon. Second carbon diffuses through the metal
catalyst and then precipitate in order to form the body of the filament. In the third step the
carbon forms a skin around the main filament body and finally the catalyst is deactivated. The
carbon nanoparticles obtained depend on the diameter of the catalyst64 (i.e. metal nanoparticles
of about 1 nm in diameter gave SWNTs as predominant products).
Several CVD techniques were developed. Plasma enhanced CVD, alcohol catalytic CVD, vapor
phase growth, aereo-gel supported CVD, laser-assisted CVD and High-Pressure CO
disproportionation process17 (HiPCO) are among these methods. A schematic apparatus of
HiPCO is shown below (Figure 1.14).
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Figure 1.14. A schematic apparatus of HiPCO.
The disproportion process is a technique for a catalytic production of SWNT, using floating CO
mixed with Fe(CO)5. The catalyst is formed in situ by thermal decomposition of Fe(CO)5 in hot CO
in the reaction zone.
One of the main advantages of this technique is that size and diameter of nanotubes (generally about
1 nm) can be controlled selecting the pressure of CO.

1.8. Techniques
1

H-NMR,

13

C-NMR, ES-MS, UV-Vis and IR are the common techniques to characterize the

organic compounds. To study in depth carbon nanostructures more analysis are necessary like TGA
(TermoGravimetric Analysis), Raman, SEM (Scanning Electron Microscopy), TEM (Trasmission
Electron Microscopy), and AFM (Atomic Force Microscopy). Furthermore functionalized CNHs
and CNOs are also analyzed by electrochemistry and photophysics in order to study the electron
transfer behaviour after the functionalization. Here a brief describtion of some analysis used in this
work is provided.
1.8.1. TGA (TermoGravimetric Analysis)

TGA is an analytical technique used to determine the thermal stability of a compound by
monitoring the weight change that occurs when the sample is heated. The analyzer usually consists
of a high-precision balance with a pan loaded and a furnace (Figure 1.15).
The measurement is normally carried out in air or in an inert atmosphere, such as N2 or Argon. The
loss of weight is recorded as a function of the high temperature.
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a)

Balance

b)

Sample

HighTemperature Furnace

Purge gas (oxidizing or inert)

Figure 1.15. (a) Schematic representation and (b) of the TGA instrument.
A computer is used to control the instrument. The sample is placed into a platinum pan that is
suspended to the analytical balance located outside the furnace chamber. The balance is zeroed, and
the sample is heated according to a predetermined thermal cycle. The compounds in this thesis were
analyzed heating the sample at 100°C for 20 minutes under Nitrogen in order to remove all traces of
solvents. Then the temperature was increased of 10°C per minute until 1000°C. The weight signal is
monitored by the computer. The TGA curve plots the TGA signal, converted to percent weight
change on the Y-axis against the reference material temperature on the X-axis. TGA is commonly
employed to determine characteristics of materials such as polymers, to determine degradation
temperatures, absorbed moisture content of materials, the level of inorganic and organic
components in materials, decomposition points of explosives, and solvent residues. In our case
TGA has been used to determine the stability and the functionalization of carbon nanomaterial.
Obviously this analysis is not sufficient to affirm that a functionalization has been obtained. The
information provided by thermogravimetric methods are therefore limited.
1.8.2. TEM (Trasmission Electron Microscopy)

The transmission electron microscopy (TEM) is an imaging technique based on the irradiation of a
sample by a beam of electrons. The image is formed, magnified and detected by a sensor such as
CCD camera. Contrary to the normal light microscope where photons are employed, TEM uses
electrons as light source. In this way it is possible to get a resolution a thousand times better than
with a light microscope thanks to their much lower wavelength.
The filament on the top of the microscope emits electrons that go through vacuum in the column of
the microscope. Electromagnetic lenses are used to focus the electrons into a very thin beam.
This beam travels through the sample to study.
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Figure 1.16. Picture and scheme of TEM.

Depending on the density of the material, some of the electrons are scattered away from the beam.
At the bottom of the microscope the unscattered electrons hit the fluorescent screen and an image of
the sample is obtained. The image can be photographed with a camera.

1.8.3. RAMAN

Raman spectroscopy is a technique commonly used in chemistry. The vibrational information
provides a fingerprint very specific of the chemical bonds in molecules. The instrument consists of
3 components: a laser source, a sample illumination system and a spectrophotometer. The most used
Raman source is helium/neon laser which operates in continous mode at a power of 50 mW. Laser
radiation is produced at 632.8 nm. When higher sensitivity is required, Argon–ions lasers with line
at 488 and 514 nm are also employed.
The region of organic molecules generally studied is in the range of 500-2000 cm-1. The technique
is also used to study changes in chemical bonding, i.e., when a substrate is added to an enzyme.65
In our case Raman spectroscopy is an easy and quick characterization tool for carbon nanoparticles.
The Raman spectra from carbon nanotubes, i.e., are rich in information about the structure and
properties of nanotubes.
Each part of the Raman spectrum, the radial breathing mode (RBM), the disorder-induced mode (D
mode) and the Tangential modes (G mode), can be used to access different properties. Radial
breathing band (RBM) appears in a range between 120- 250 cm-1. It corresponds to the atomic
vibration of the C atoms in the radial direction, as if the tube was breathing. (Figure 1.17).
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Figure 1.17. Schematic picture showing the atomic vibrations for (a) the RBM and (b) the G band
modes.
The frequency of the radial breathing mode can be used to determine the diameter of the nanotube.
RBM mode, in fact, is proportional to the inverse of the nanotube diameter.
For large diameter tubes (dt > 2 nm) the intensity of the RBM feature is weak and is hardly
observable. The observation of characteristic multi-peak features around 1580 cm-1 (G band) also
provides a signature of carbon nanotubes. Spectra in this frequency range can be used for SWNT
characterization, independent of the RBM observation. This multi-peak feature can also be used for
diameter characterization, although the information obtained is less accurate than the RBM feature.
G band also gives information about the metallic character of the SWNTs in resonance with a given
laser line. Raman scattering, in fact, can distinguish between metallic and semiconducting
nanotubes. In metallic carbon nanotubes the lower high-energy mode is strongly broadened and
shifted to smaller energies (1540 cm-1). This so-called metallic spectrum appears only in metallic
tubes.
Finally the observation of a peak around 1450 cm-1 (D band) is also common. The intensity of the
disorder-induced D band can be used to determine the defects in the structure. Furthermore it can be
used to monitorate the process of functionalization which transforms sp2 to sp3 sites. In our work all
Raman spectra are normalized to the G band and the intensity of D band before and after the
reaction is compared.
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1.8.4. AFM (Atomic Force Microscopy)

Atomic force microscope consists of a cantilever with a sharp tip at the end and a piezoelectric tube
where a sample is placed (Figure 1.18).
a)

b)

c)

Figure 1.18. a), b) pictures and scheme c) of AFM

A feedback mechanism is employed in order to maintain a constant distance between the tip and the
surface of the scanned compound. In this way the risk of damaging the tip is avoided.
AFM operates by measuring attractive or repulsive forces between the tip and a sample during the
scan. When the tip is in the proximity of a sample surface, the interaction forces, occuring between
the tip and the atoms, promote a deflection of the cantilever. The amount of bending is measured by
a laser spot reflected from the top of the cantilever to a photodetector. A three dimensional image is
acquired. The ability of AFM to image a wide variety of samples at atomic resolution is of great
interest especially in the field of carbon nanoparticles.
1.8.5. SEM (Scanning Electron Microscopy)

To obtain high-resolution images of a sample surface, the scanning electron microscope can be
used. SEM uses electrons rather than light to form a three dimensional image. A beam of electrons
is produced at the top of the microscope by heating a metallic filament. The electron beam follows a
vertical path through the electromagnetic lenses which focus and direct the beam towards the
sample (Figure 1.19).
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Figure 1.19. Scheme of SEM

Secondary and backscattered electrons are ejected from the sample. Detectors collect these
electrons and convert them to a signal. They are sent to a viewing screen in order to produce an
image. The instrument is under vacuum to preserve the filament and to avoid a collision of electrons
with gas molecules.
A SEM instrument is very similar to a TEM instrument. In both, electrons are used to obtain an
image of the surface of the specimen but these images are different. Whereas SEM images permits
to see also the contour line of the sample, TEM images gave only the inner layer of the material.
Furthermore in SEM the electrons are accelerated at energy much lower than in TEM.
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Chapter 2: Single Walled Nanohorns

2.1 Introduction
Single Walled Nanohorns (SWNHs) are a new class of carbon nanomaterials derived from Single
Wall Nanotubes (SWNTs). Discovered by Iijima in 1999,14 SWNHs consists of tubes of about 2-5 nm
of diameter and 30 to 50 nm long, closed by a cone at one extremity. They can associate to each other
to form round-shaped aggregates of 100 nm of diameter. Their large surface area and porosity ensure a
great affinity with organic compounds66 and make them promising candidates for hydrogen and
methane storage66b as well as drug delivery systems.67
The characteristic tubular structure and the conical horns like protrusions can be observed by
Transmission Electron Microscopy (TEM) (Figure 2.1).68

a

b

Figure 2.1. (a) A magnified TEM shows Carbon nanohorns aggregates with a diameter of 80 nm, (b)
HRTEM shows conical horn-like protrusion 20 nm long.

The loops (Figure 2.1b), with an average cone angle of 20°, are not always circular but they appear
distorted due to Van der Waals interactions between adjacent tubules. The separation between
neighboring loops seems to be 0.35 nm.
Researchers reported more studies about the cone angle of SWNHs in order to verify the structure
on the surface of these carbon nanoparticles.69
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They noticed that the horn tips have the same nanometer radius as that of C60 and they calculated
that the angle could be obtained by connecting two sides of regular triangles (Figure 2.2).

Figure 2.2 20° cone shape can be reproduced by joining two triangle edges of this carbon hexagon
Network

The hexagon sheet covers perfectly all the surface but to close the apex, pentagons are required.
Iijima et al. concluded that in SWNHs the cap is composed of 5 carbon pentagon rings with many
carbon hexagons.70

2.2 Synthesis
In the previous chapter, some methods to produce carbon nanostructures have already been
reported. Changing some parameters, it is possible to obtain preferentially one of these
nanostructures. However the methods of synthesis of SWNHs are quite limited and not all the four
methods described before can be used to synthesize them. Two main ways to produce SWNHs are
used.

2.2.1

Arc discharge to produce SWNHs

SWNHs were efficiently prepared using arc discharge in water60 and it is the less expensive method.
Two graphite electrodes (an anode and a cathode of 3 mm and 9 mm of diameter respectively) were
placed vertically opposite to each other in de-ionized water.
The cathode had 2 narrow holes, one to introduce N2 gas flow and one to remove water from arc
zone. In this way the arc plasma, generated in the hole of the cathode, was isolated from the
surrounding water by the graphite wall. The voltage and the current applied were 30-50 V and 3080 A respectively. A thin deposit was formed in the hole of the cathode and was removed
continuously by arc pressure. The purity of the SWNHs obtained was very high and no catalyst was
required to produce SWNHs.
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2.2.2

CO2 Laser ablation to produce SWNHs

Recently CO2 laser ablation14 has been used also to produce 10g/h of SWNHs at room temperature
without a metal catalyst. The generator consists of a high-power CO2 laser source (with 10.6 µm of
wavelength, 20 kW/cm-1 of power density, pulse width 500 ms and 10 nm of beam diameter) and a
plastic-resin reaction chamber. Attached are a vacuum pumping system, inlet and outlet gas valves
and a ZnSe lens system for the beam intensity adjustement. A graphite rod (located in the middle of
the chamber), was rotated and advanced along its axis in order to expose everytime a new surface to
the laser beam that is vertical to the rod. All experiments were conducted under a positive pressure
of inert gas and at room temperature although the temperature rose during the ablation. The
resulting product resulting is homogeneous (purity of 95%) without any other graphitic structures.
A similar result has been obtained in arc-discharge experiments but only in a small quantity.
By changing some parameters during the synthesis, it is possible to produce either “dahlia-like” or
“bud-like” aggregates. The first has a structure in which SWNHs protrude from the surface of the
aggregate like petals of dahlia (Figure 2.3a and b), the second one are also composed of SWNHs
but they don’t have this characteristic to protrude from the surface (Figure 2.3c and d).

a

b

c
d

Figure.2.3. (a) TEM image and (b) a schematic representation of “dahlia-like” SWNHs (c) TEM
image and (d) a schematic representation of “bud-like” SWNHs.
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While “bud-like” SWNHs aggregates are formed either under He, N2 and Ar at 760 torr, “dahlialike” SWNHs aggregates are formed under Ar at the same pressure. The size of SWNHs can be
controlled modifying the pressure of inert gases.71

Figure 2.4. Yield of SWNHs aggregates yield against pressure .

When the pressure of buffer-gas is decreased, the aggregates become smaller: for example at 760
Torr of N2 the “bud-like” aggregates formed are about 70 nm of diameter whereas 50 nm
aggreagates were obtained at 300 torr. The same behaviour is observed in Ar and He atmosphere.

2.3 Applications
SWNHs have been considered interesting materials for potential applications such as gas storage,72
drug delivery systems73 and fuel cell electrodes.74
The choice of SWNHs in gas storage is due to their high purity (because no catalyst is required to
produce them) and their characteristic structure. SWNHs form secondary particles (100 nm in size)
with an extremely large surface area. This organization is useful for adsorption because gas
molecules can either enter in the cylindrical inner or in the interstitial channels.
The multitudes of horns interstices and this extensive surface make them also potential drug
carriers. Different experiments have been reported in order to study the ability of SWNHs to adsorb
and release some antiinflammatory. First glucocorticoid dexamethasone75 (DEX) has been
investigated in SWNHs in vitro. It was released with its original biological integrity mantained. But
only a limited amount of administrated drugs reached a target tissue. 76 Then researchers tried to
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find a Magnetic Resonance Imaging (MRI) contrast agent to attach to the SWNHs. In this way MRI
could be used to control the position of SWNHs in the living body. Recently Iijima and al.
suggested, as promising candidate, Gadolinium (III) cluster deposited in a hydrophilic opening of
SWNHs.77 Gd (III) was chosen for its high oxygen affinity, for its hydrophilicity, for the ability to
accept 10 ligands and for its magnetic moment that could be interesting in the future studies. On the
side of the tube, SWNHs possess some structural defects that can become holes by oxidation. Once
the tube opened, Gd3+ migrates through the hole and an oxygen-bridge cluster starts to grow until
the cluster touches the hydrophobic internal walls (Figure 2.5).
a

Figure 2.5 (a) A scheme of the cluster growth in SWNHs; (b) a cluster in SWNHs (Scale bar, 3nm)
An average cluster contains about 30 metal atoms.

Superparamagnetic magnetite nanoparticles (Fe2O3) with a diameter of about 25 nm have also been
investigated, because of their low toxicity and low enviromental risk. The oxidated SWNHs
modified with these magnetite nanoparticles (MAGoxNHs) were attracted by the magnet.78 (Figure
2.6).

Figure 2.6. Photograph of oxNHs and MAGoxNHs dispersed in PBS (0.5 mg cm–3) under an
applied magnetic field.

The attached magnetite nanoparticles could be observed by MRI, allowing the control of the
accumulation of SWNHs in the body. A greater accumulation of magnetite made the images darker
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than that of the surrounding tissue. Preliminary experiments confirmed also the low toxicity of
MAGoxNHs. Another really interesting application has been developed in 2001 when a famous
company used SWNHs as electrode in a tiny fuel cell for mobile.79 In the fuel cell the chemical
reaction energy between hydrogen and oxygen is transformed directly in electric energy. SWNHs
are a good choice because the surface area is extremely large and it is also easy for a gas or a liquid
to enter inside the tubes.

Figure 2.7. A tiny fuel cell for mobile terminals using carbon nano-horns as elecrodes

PEFC (polymer electrolyte fuel cell) utilizes SWNHs as electrodes for catalyst support. It has been
observed that very fine platinum catalyst particles can be dispersed on the surface of SWNHs. The
size of the catalyst is one of the most important parameter of the fuel cell because the finer is the
size the better the performance.
For all these reasons the fuel cell efficiency is much improved compared to conventional types,
which consist of activated carbon. SWNHs are seen as the energy source of the next generation.
Iijima considered that SWNHs offer a good opportunity to obtain nano-batteries with 10 times the
capacity of the best lithium ion batteries. SWNHs are easy to make at room temperature and they
can be produced 50 times faster than SWNTs. Nanohorns cell phone batteries are now being
developed and some famous companies have invested a big amount of money to study them.
2.4 Properties and reactivity
The SWNHs that we have used were produced with a high purity by electric arc ablation of graphite
by Nanocraft, Inc.80 Here we will describe some properties of pristine SWNHs (p-SWNHs) and we
will compare them with pristine SWNTs (p-SWNTs) produced by catalytic decomposition of
carbon monoxide (HiPCO-process).
The thermal stability of SWNHs was studied by TGA. Figure 2.8 shows that the degradation of pSWNHs starts at 900°C whereas p-SWNTs that start their decomposition up to 780°C under
nitrogen.
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Figure 2.8. Thermogravimetric analysis (TGA) recorded at 10°C/min under N2 of pristine SWNHs
(black) and pristine SWNTs (green).

The Raman spectrum of highly ordered graphitic materials (HOPG) shows a narrow band at 1575
cm-1 due to vibrations of the sp2 framework (G band).
In disordered graphitic materials, an additional band around 1300-1350 cm-1 (D band) is also
observed and its intensity indicates the number of defects (sp3 carbons) in the surface layer of the
material.
The Raman spectrum of p-SWNHs shows an intense D band at 1350 cm-1 exciting at 488 nm and at
1325 cm-1 exciting at 633 nm. Its intensity is comparable (at 633 nm) or more intense (at 488 nm)
than that of the G band.81
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Figure 2.9. Raman spectra of p-SWNHs obtained when exciting at 633 nm on the left and at 488
nm (on the right).
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Figure 2.10 Raman spectrum of HiPCO SWCNTs using a laser wavelength of λexc = 633 nm.
The main features of a Raman spectrum of SWNTs are the low energy modes between 150 and 350
cm-1 called ‘radial breathing modes’ (RBMs), where all atoms of the tube vibrate radially in phase.
These vibrational modes only depends on the diameter d of the SWCNTs, and not on the way the
SWCNT is rolled up to form a cylinder.82
At 1600 cm-1 the most intensive high energy modes of SWCNTs (G band) are observed. D-band and
its overtone (G’ band) are observed at 1300–1400 cm-1 and 2600-2800 cm-1 respectively. G’ band
(sometimes called D* band) does not require defect scattering. This mode is therefore observed
independent of defect concentration.
Comparing the Raman spectra of SWNHs and SWNTs, we noticed that SWNHs don’t show any G’
band but the D band intensity is higher than D band measured for carbon nanotubes. Since D band
intensity is indicative of the degree of defects in the structure, we can conclude that SWNHs
possess much more defects than SWNTs.

2.5 Functionalizations
Two different functionalizations of p-SWNHs were reported. In the first work 1,3 dipolar
cycloaddition has been performed and the solubility of the derivatives obtained has been studied.
In the second work the synthesis of SWNHs functionalized with ethylene glycol chains and
porphyrins have been studied using two different methodologies:
•

direct attack of an amine by nucleophilic addition;

•

functionalization of the carboxylic functions of oxidized nanohorns by amidation.
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SWNHs derivatives have been characterized by different techniques. The electronic properties of
the porphyrin-nanohorn assemblies (SWNHs-H2P) have been investigated by electrochemistry,
spectroelectrochemistry and a series of steady state and time resolved spectroscopy and using
transient absorption measurements.

2.5.1. Functionalization of SWNHs using a 1,3 dipolar cycloaddition
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Figure 2.11. Representation of derivative SWNHs obtained in the 1st work.
Prato et al., few years ago, demonstrated that the functionalization of carbon nanotubes41e via the
1,3-dipolar cycloaddition83 allows to increase their solubility in organic solvents as well as their
processing ability.84 SWNHs were functionalized in the same manner.

2.5.1.1 Synthesis
Compounds 1 and 2 (Scheme 2.1) were obtained by reaction between p-SWNHs, aldehydes and amino
acids in DMF (respectively heptanal and sarcosine for 1 and amino acid 3 85 and paraformaldehyde for
2). In a typical experiment, SWNHs were dispersed in DMF, the aminoacid and the aldehyde were
added in portions every 24 hours and the reaction mixture was heated at 130°C for 4 days. After the
work-up, the functionalized nanohorns were soluble in DMF (0.25 mg/ml for 1 and 0.1 mg/ml for 2),
chloroform (0.4 mg/ml for 1 and 0.2 mg/ml for 2) and dichloromethane (0.4 mg/ml for 1 and 0.1
mg/ml for 2) but insoluble in THF, diethyl ether and methanol.
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Scheme 2.1. Synthesis of the nanohorn derivatives 1, 2 and 3.

The tert-butoxycarbonyl (Boc) protecting group of compound 2 was removed using trifluoacetic acid
(TFA) in chloroform. The nanohorn derivative 3 was found to be partially soluble in water and in
methanol. To improve the solubility in such polar solvents, the length of the ethylene glycol chain
needs to be increased.

Figure 2.12. p-SWNHs in chloroform (left) and nanohorns 1 in chloroform (middle) and in DMF
(right).

2.5.2.2. Characterization
The nanohorns derivatives were characterized by Raman, UV-Vis spectroscopies, electron microscopy
and thermal gravimetry analysis.
After substraction of the background from the spectra of SWNHs 2, the Raman spectra are normalized
to the peak intensity of the G band (Figure 2.13). The comparison shows that at 488 nm the intensity
of the D band for functionalized SWNHs 1 and 2 is higher. At 633 nm there is some lowering of the
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relative intensity of the D bands. It might indicate that the reaction helps in decreasing the number of
defects present in SWNHs, probably by removing some of the amorphous impurities.86

Figure.2.13. Raman spectra of SWNHs using exciting line at 488 nm (a) and 633 nm (b). p-SWNHs
(black line), SWNHs 1 (red line), SWNHs 2 (blue line).

The UV-Vis spectrum of p-SWNHs in water with Triton-X as surfactant presents two maxima at
227 and 276 nm. The UV spectra of functionalized nanohorns 1 and 2 exhibit a broad absorption
around 250 nm with a shoulder around 300 nm, which monotonically decreases in intensity until the
near IR region (Figure 2.14).
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Figure 2.14. UV-Vis. Spectra of p-SWNHs in water with Triton®-X100 as surfactant (left)
nanohorns 1 and 2 in chloroform (right).
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Furthermore compounds 1 and 2 as well as the pristine material were investigated by Transmission
and Scanning Electron Microscopy (SEM, TEM). The TEM pictures of all the compounds revealed
the presence of round-shaped aggregates with diameter of about 100 nm in which it is possible to
observe small conical caps (Figure 2.15). No difference can be noticed between the pristine material
and the functionalized nanohorns. However, a better dispersion on the surface is observed in the
case of the functionalized nanohorns.

Figure 2.15. TEM images of the pristine SWNHs (a) and (b) and of the nanohorn derivative 1 (c) and
(d). The scale bars represent 100 nm in pictures a and c and 10 nm in pictures b and d.

The SEM pictures, in agreement with the TEM observations, showed the presence of round-shaped
nanohorn aggregates of about 100 nm of diameter (Figure 2.16).

Figure 2.16 SEM images of the functionalised nanohorns 1. The scale bar represents 100 nm (top) and
30 nm (bottom).
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Thermogravimetric analysis (TGA) confirmed the covalent functionalization of the nanohorns. The
loss of weight which corresponds to the loss of the organic groups at 600 °C is about 45% for
nanohorns 1 and 2 (Figure 2.17a). The TGA of SWNHs 2 presents two steps. The first step is
probably due to loss of the Boc group, as shown with a homologous C60 derivative (Figure 2.17b).
In each case this first step, which is observed in the same range of temperature (150 to 250°C),
corresponds to a loss of weight of about one third. This is in accordance with the relative weight of
the Boc group in the chain.

a)

b)

Figure 2.17. (a) Thermogravimetric analysis (N2, 10°C·min-1) of the pristine SWNHs (solid line),
SWNHs 1 (dotted line), SWNHs 2 (dashed line) and (b) TGA of the fullerene derivative containing
the pyrrolidine ring and PEG amino protected chain identical to that of nanohorns 2.

During the reaction no de-aggregation of SWNHs has been noticed. The round-shaped aggregates
remain intact in solution and are probably functionalized only at the periphery because of the greater
reactivity of the cap of the nanohorns and also because of the accessibility. In conclusion SWNHs
were characterized and functionalized by 1,3-dipolar cycloaddition. The nanohorn derivatives present
a good solubility in the common organic solvents.
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2.5.2 Functionalization of SWNHs with ethylene glycol chains and porphyrin

Figure 2.18 Image of Carbon Nanohorns functionalized with ethylene glycol chains and porphyrin.
2.5.2.1 Synthesis
p-SWNHs have been functionalized using two different methodologies:

•

direct attack of an amine on the nanohorn sidewalls (nucleophilic addition)

•

amidation of the carboxylic functions of oxidized nanohorns
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Scheme 2. Reagents and conditions: (a) DMF, 50°C, 5 days; (b) piranha solution (H2SO4/H2O2
30%- 4/1) RT, 3h; (c) EDC, HOBt, DMF, 50°C, 5 days.

Compound 4 was obtained by reaction between pristine SWNHs (p-SWNHs) in presence of
monoprotected diamine 156 in DMF. To produce 6, p-SWNHs were first oxidized with a piranha
solution (H2SO4/H2O2 30% – 4/1) to give 5 (ox-SWNHs), which was further reacted with 1 in the
presence of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and 1-hydroxybenzotriazole
(HOBt) in DMF to yield 6.
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The subsequent synthesis of dyads SWNH/H2P 11 and ox-SWNH/H2P 12 is described in Scheme 3.
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Scheme 3. Reagents and conditions: (a) oxalyl chloride, DMF cat, CH2Cl2, RT, 20h; (b) gaseous
HCl, DMF, RT, 1h; (c) Et3N, DMF, CH2Cl2, RT, 4 days.
Nanohorns 4 and 5 were re-suspended in DMF and the N-tertbutoxycarbonyl protecting group
(Boc) was removed by bubbling gaseous HCl through the suspension. The corresponding
ammonium chloride salts precipitated during the acid treatment and were recovered by filtration
over a Millipore membrane (Fluoropore 0.22 µm). Finally the coupling between the ammonium
salts derived from 4 and 5 and acid chloride 8 derived from 5,10,15-Tris[3,5-di(tert-butyl)phenyl]20-[4-(carbonyloxy)phenyl] porphyrin 787 in presence of Et3N gave donor-acceptor nanoconjugates

11 and 12. Acid chloride 8 was prepared by reacting 7 with oxalyl chloride at room temperature in
dry CH2Cl2. Compounds 4, 5, 6, 11 and 12 were characterized by Raman, UV-Vis, FT-IR
spectroscopies, Thermogravimetric Analysis (TGA), Transmission Electron Microscopy (TEM) and
Atomic Force Microscopy (AFM).

2.5.2.2 Characterization
The presence of the carbonyl functions of the amide groups in 6, 11 and 12 (band around 1700 cm-1
corresponding to the stretching of the CO bond) and the presence carboxyl groups for the oxSWNHs 5 (band around 1750 cm-1) were confirmed by FT-IR spectroscopy. Curiously, the bands
corresponding to the stretching of CH bonds (around 2850-2950 cm-1) are not visible in the spectra
of the functionalized nanohorns 4 and 5, while they are present in the spectra of the SWNH/H2P
derivatives 11 and 12.
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The amount of organic groups in the functionalized SWNHs was determined by TGA (Figures

2.19a and 2.19b).
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Figure 2.19. Thermogravimetric analysis (TGA) recorded at 10°C/min under N2 of a) pristine
(black line) and functionalized SWNHs 4 (red line): and b) p-SWNHs (black line), SWNHs
derivatives containing protected ethylene glycol chains 5 (red line) and 6 (blue line).

Compounds 4 and 6 present a loss of weight of about 16.5% and 30% respectively at 550°C. This
corresponds to one functional group per 105 and 55 carbon atoms of the nanohorns framework for 4
and 6, respectively. As we already have described in the previous work, the loss of weight between
100 and 550°C is constituted by two distinct events of similar intensity: first the loss of the N-

tertbutoxycarbonyl (Boc) protecting group followed by degradation of the ethylene glycol chain.
The same result has also been observed in the case of a fullerene derivative bearing a similar chain
used for comparison (Figure 2.20).

Figure 2.20. TGA of the fulleropyrrolidine containing the amino protected ethylene glycol chain.
The two steps degradation of the chain is clearly visible on this simple molecule.
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TGA of 11, 12 as well as the one of the porphyrin 7 are shown in Figures 2.20c and 2.20d.
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Figure 2.20. c) p-SWNHs (black line), porphyrin 7 (red line) SWNHs/H2P conjugate 11, d) pSWNHs (black line), porphyrin 7 (red line) and and SWNHs/H2P conjugate 13.
The porphyrin presents a characteristic thermogram with a first loss of weight before 300°C which
may correspond to decarboxylation reaction, a second between 450 and 550°C and a third between
650 and 900°C. The thermograms of the SWNH/H2P conjugates 11 and 12 present some similarities
with that of porphyrin 7 which confirms the presence of the porphyrin moiety. Compared to pSWNHs, 11 and 12 give rise to a loss of weight of 47% and 53% at 900°C, respectively. This
corresponds to one functional group per 105 and 85 carbon atoms for 11 and 12 respectively. We
conclude that all the amino groups are linked to a porphyrin unit in nanoconjugate 11 while a
simple calculation permits to demonstrate that 12 contains only one porphyrin every two amino
groups.
To be sure that for ox-SWNHs the attachment of amines does not take place by nucleophilic
addition but really via the formation of amide bonds, we mixed the ox-SWNHs derivative 6 with an
excess of monoprotected diamine 1 under the same condition of the synthesis of 4. After the work
up, the resulting SWNHs were investigated by thermogravimetry. The TGA did not show any
significant changes before (compound 6) and after (compound 13) the reaction (Figure 2.21).
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Figure 2.21.Thermogravimetric analysis of compounds 6 (red line) and 13 (black line).

One possible explanation is that in ox-SWNHs all the defects with which the amine could react are
oxidized making impossible the direct addition of amine to the carbon framework of the nanohorns.
SWNHs derivatives were investigated by Transmission Electron Microscopy (TEM). TEM images
of all the compounds revealed the presence of nanohorns. In all cases the pictures consisted of small
round-shaped aggregates with diameters of about 80-100 nm. Two representative images of SWNH

2 are shown in Figure 2.22.

Figure 2.22. TEM images of the functionalized SWNHs 6 a) at low magnification: general view
and b) at high magnification: close up of the extremity the aggregates showing end caps of the
nanohorns.
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Atomic Force Microscopy images of Nanohorn derivatives 4, 6, 11 and 12 were obtained. The
images revealed in all cases the coexistence of individual SWNHs (round shapes of about 60-100
nm of diameter) as well as aggregates of several hundredths of nanometers high. Two representative
images of SWNH/H2P 12 are shown in Figure 2.23. The use of AFM did not allow us to see the fine
structure of the nanohorns and only some asperities on the surface have been observed.

180nm

0.00

Z[nm]

57.14

1.0µm

0.00

X[nm]

615.23

Figure 2.23. AFM images of SWNH/H2P 12 prepared by spin coating on silicon wafer from a DMF
solution. Top picture: several aggregates of nanohorns; bottom picture: an isolated round-shape
SWNHs.

Finally, the Raman spectra of the p-SWNHs and of their derivatives exciting at 633 and 488 nm –
have been obtained (Figure 2.24).
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Figure 2.24. Raman spectra of pristine SWNHs and of the derivatives. Spectra in panels (a) and (c)
are obtained when exciting at 633 nm and in panels (b) and (d) when exciting at 488 nm. (a) and (b)
black line: p-SWNHs; red line: 5; green line: 6; blue line: 4. (c) and (d) blue line: porphyrin 7; green
line: SWNH/H2P 11; red line: SWNH/H2P 12. Black line in panel (d) refers to pristine SWNHs.
The Raman spectra of SWNHs show two prominent bands at about 1350 (D band) and 1590 (G
band) cm-1. The D band indicates, as usual for carbon nanostructures, the density of defects and can
be used for monitoring the process of functionalization which transforms sp2 in sp3 sites. The spectra
in Figures 2.24a and 2.24b, which are normalized with respect to the G band, demonstrate that the
oxidized nanotubes (i.e., 5 and 6) show a larger number of defects than p-SWNHs and 4 since their
D band is more intense. It is also possible to note that the G band of the functionalized compounds
shows components at higher frequency in the spectra excited at 633 nm and some shifts at higher
frequency when exciting at 488 nm. Smaller shifts at higher frequency for the functionalized
nanohorns can be found also for the D band. This can be understood considering that the
introduction of defects lowers the conjugation of the carbon network which shifts at higher
frequency the π-electronic excitations. This is reflected in a higher frequency of the vibrational
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modes coupled to the π excitations. All these features show, therefore, that the functionalization
was achieved.
In Figures 2.24c and 2.24d are reported the Raman spectra excited at 633 and 488 nm, respectively,
of the dyads 11 and 12 and their comparison with the spectrum of the porphyrin and of the pSWNHs. In both spectra the features related to the nanohorns and to the porphyrin can be
recognized. In Fig. 2.24c the fluorescence of the porphyrin dominates the spectrum but the bands of
the SWNHs are easily seen. It is interesting to note that the broad band due to the fluorescence is
found at smaller Raman shifts for 11 and 12 than for the original porphyrin. Moreover, also if we
have not performed an absolute estimate of the intensity of the spectra, we found that under similar
condition of excitation, the fluorescence of 11 and 12 was very low with respect to what found for
the porphyrin. Both these characteristics of the spectra, the frequency shift and the intensity
quenching, suggest that there is a clear interaction between SWNHs and porphyrin in dyads 11 and

12. In Figure 2.24d the fluorescence of the porphyrin is no more present because we are recording
the Raman signal in a spectral region where emission by the porphyrin is not present. In this case
we observe a porphyrin band at 1555 cm-1 and another one, with smaller intensity, at 1499 cm-1. The
band at 1555 cm-1 can be easily recognized in the spectrum of 11 as a shoulder of the G band of the
nanotube. In this case the D and G band are not disturbed by the fluorescence and they can be
compared as in Figure 2.24b, confirming both the variation of the intensity of the D band and the
shift of the G band at higher frequencies as a result of the functionalization.

2.5.2.3 Electrochemistry studies of the dyads SWNH-H2P 12
The electrochemical behaviour of SWNH/H2P 12 was investigated in tetrahydrofuran (THF), with
tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte. The experiments
were performed under ultra-dry conditions and at low temperature in order to have a wider potential
window and to obtain a thorough characterization of the redox processes.
The cyclic voltammetric (CV) curve of a saturated SWNH/H2P 12 0.015 M TBAPF6 THF solution,
is shown in Figure 2.25.
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Figure 2.25. CV curves in 0.015 M TBAPF6/THF solution of saturated SWNHs/H2P 12. Data
recorded at 218 K, scan rate 1 Vs-1. Working electrode Pt disc (125 µm diameter). Inset: Steadystate CV curve at 218 K, scan rate 0.5 Vs-1 and Pt disc (10 µm diameter). Potentials are referenced
to SCE.

The curve displays a pseudo-capacitive behaviour characterized by a continuous increase in current
with potential at either negative or positive potentials, with an onset located at ~ -0.29 V (Figure

2.25, inset). By comparison with the CV behaviour of functionalized SWNTs investigated under
similar conditions88 and as predicted by theory,89 the continuum of voltammetric current was
attributed to either the progressive filling of the empty electronic states of the nanohorns (at E ≤ -0.5
V) or emptying of filled states (at E ≥ 0.3 V) respectively. Notably, superimposed to such a pseudocapacitive current, the curve also displays three discrete reduction peaks, with peak potentials at 2.26, -2.57 and -2.84 V respectively, and an oxidation peak at 1.12 V. Such processes were
associated with one-electron transfers localized onto the porphyrin moieties by comparison with the
porphyrin model 13 (Figure 2.26 and 2.27).

Figure 2.26. Molecular structure of the porphyrin model 13.
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Figure 2.27. CV curves of 0.4 mM solution of porphyrin model 13 in 0.015 M TBAPF6/THF. Data
collected at 1 Vs-1 and 218 K. Working electrode Pt disc (125 µm diameter). Potentials are referred
to SCE.

Interestingly, the first two reduction peaks are largely shifted towards more negative potentials
with respect to model 13, whereas the separation between the two processes is maintained (see
Table 2.1). Such a shift is likely to be attributed to the strong electronic interaction between
SWNHs and porphyrin in dyads 12, as also evidenced by the Raman experiments. On the other
hand, such interactions seem to be much less effective in the case of the oxidation process whose
potential is closer to that of the model (Table 2.1).

E1/2 / V

Compound

6a

1.10c

-2.23c (-2.11)

-2.58c (-2.43)

-2.82c

9b

1.19c

-1.27

-1.58

-2.81c

Table 2.1. Electrochemical potentials (vs. SCE)
a

Data collected for solution 0.4 mM, in 0.015 M TBAPF6/THF, at 1 Vs-1, at 218 K; b Data collected

for saturated solution in 0.015 M TBAPF6/THF, at 1 Vs-1, at 218 K;

c

Ep for quasi-reversible or

totally irreversible behavior, in bracket E1/2 determined by digital simulation.
The porphyrin-centered voltammetric peaks are largely broadened with respect to the model,
possibly a joint effect on mass-transport (i.e. smaller diffusion coefficient) and charge-transfer
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kinetics (i.e. hindering of electronic interaction with the electrode surface) deriving from association
of porphyrins to the SWNH effect.90
Further insight on the electronic properties of nanoconjugates SWNH/H2P 12 was obtained upon
their spectroelectrochemical characterization. Upon application of potentials corresponding to the
multiple reduction of SWNHs (i.e. E ≤ -0.25 V, see inset in Figure 2.28), two intense absorption
bands developed gradually at 2795 and 2848 nm (Figure 2.28) along with a significant decrease of

π-plasmon absorption bands (Figure 2.28, inset).
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Figure 2.28 Difference absorption spectra recorded during reductive electrolysis of SWNHs/H2P
12. The starting 0mV-applied potential was chosen as the reference. The potential was decreased
from -250mV (dark blue line) to -1750mV (green line), by potential steps of 250 mV. Inset: Detail
of the π-plasmon absorption region. Experimental conditions: 0.015 M TBAPF6, saturated THF
solution, T=298K. Potentials referenced to Ag/AgCl.

Interestingly, the transition energy of the above bands (~0.4 eV) is consistent with the band gap
values theoretically predicted for pristine SWNHs.33 Further reduction of the solution at more
negative potentials brought about irreversible spectral changes and the original spectra were not
recovered even after bulk oxidation.
This behavior, along with the observation of the absorption features of pristine SWNHs and the
decrease in the π-plasmon absorption (indicatives of a partial flocculation) might suggest that the
reduction induces degradation of the nanoconjugate by removing the functionalization.
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2.5.2.4 Photophysic studies of the dyads SWNH-porphyrin

The UV-Vis spectra of p-SWNHs reveal a set of two maxima at 226 and 276 nm. Yet, slightly
different are the spectra of functionalized SWNHs 1, 2 and oxidized SWNHs 4. A broad absorption
is noted for 4, 5 and 6 around 250 nm, which monotonically decreases in intensity until the nearinfrared region (Figure 2.29).

Figure 2.29. UV-Vis spectra of pristine SWNHs in SDS/water and of SWNH derivatives 4 (green
line), 6 (blue line),and 5 (red line) in DMF.

At first glance, the absorption spectra of SWNH/H2P conjugates 11 and 12 provide unquestionable
evidence for the presence of both constituents, namely, SWNHs and H2P. In Figure 2.30, for
example, the Soret-band of H2P is clearly discernable at 420 nm, while the Q-band features (i.e.,
515, 550, 592 and 647 nm) are hardly visible.
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Figure 2.30. Absorption spectra of SWNT/H2P 11 (blue line), SWNH/H2P 12 (black line) and
porphyrin 8 (red line) in DMF.
55

Chapter 2: Single Walled Nanohorns

This effect is due to the strong π-plasmon absorption bands of SWNHs – all throughout the visible
part of the spectrum – that almost completely masks the H2P transitions. However, a closer look
reveals some notable differences between H2P and SWNH/H2P. First, a substantial broadening of
the Soret-band is apparent. Secondly, in SWNH/H2P all features are red-shifted relative to the
ransitions seen in the H2P reference (i.e., 417, 513, 548, 590 and 645 nm). We take these findings to
postulate – in line with the electrochemical and Raman studies – the existence of electronic
communications between the redox- and photoactive components.
Further insight into electronic communications between the H2P moieties and the SWNHs core
came from fluorescence measurements. In this respect, a reference solution of just H2P (i.e., lacking
SWNHs) in DMF was adjusted to match the absorption of SWNH/H2P in DMF at the 420 nm
excitation wavelength. Both samples (i.e., H2P and SWNH/H2P 12) gave rise to the same
fluorescence pattern – see Figure 2.31.
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Figure 2.31. Steady-state fluorescence spectra of dilute DMF solutions of H2P (dashed line) and
SWNH/H2P 12 (solid line) with matching absorption at the 420 nm excitation wavelength.
In particular, sets of two fluorescence maxima –one around 650 nm and a second one around 715
nm – evolved. Besides a red-shift (i.e., 653and 718 nm) that qualitatively tracks the one observed in
the ground state absorption, an appreciable decrease in fluorescence intensity was seen for
SWNH/H2P. Setting both fluorescence spectra in relation, we derive a H2P fluorescence quenching
that is well in excess of 80 %. For SWNH/H2P 5 a similar trend evolved with a weaker H2P
fluorescence.
In time-resolved fluorescence measurements a mono-exponential decay with a lifetime of 9.5 ± 0.5
ns was measured for the H2P reference, when analyzing the 650 nm fluorescence maximum. A
complementary investigation with SWNH/H2P 12 gave the best results (i.e., χ2 of at least 1) when
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applying a bi-exponential fitting function with a long lifetime of 10.6 ± 0.5 ns and a short lifetime
of 0.26 ± 0.5 ns with relative weight distributions of 77% and 23%, respectively. Notably, also in 11
a rapid fluorescence deactivation was recorded (i.e., 0.3 ns).
The short lifetimes in both samples reflect electronic interactions and are assigned tentatively to a
thermodynamically allowed electron transfer process – vide infra. Starting point is the photoexcited
singlet state of H2P (1.9 eV) to yield either an oxidized SWNH / reduced H2P (2.56 eV) or reduced
SWNH / oxidized H2P (1.62 eV) – favoring, however, the latter process.
Next, we tested H2P and SWNH/H2P 6 in pump-probe experiments using 420 nm laser pulses from
a Ti-sapphire laser. Figure 2.32 summarizes the results for the H2P reference.
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Figure 2.32. Differential absorption spectra (visible) obtained upon femtosecond flash photolysis
(420 nm) of H2P in nitrogen saturated DMF solutions with several time delays between 0 and 5 ps
Following the photoexcitation a pattern developed that reflects largely the ground state absorption:
minima are discernable at 515, 550, 590 and 645 nm and maxima are discernable at 470 and 690
nm. These singlet excited state features are stable on the time scale of our femtosecond experiments
of 3.2 ns and only start to decay – through intersystem crossing to the triplet manifold – slowly.
In the corresponding SWNH/H2P 12 experiments we note the following features at the end of the
photoexcitation: minima at 520 and 555 nm and maxima at 480 and 700 nm. This confirms the
successful excitation of the H2P chromophores – to generate the H2P singlet excited state – despite
the dominating SWNH absorption. Again, even the excited state features give rise to the red-shift.
In sharp contrast to the observation with the H2P reference, the singlet excited state deactivated
rapidly on our time scale. A lifetime of 0.1 ± 0.05 ns is derived from a multi-wavelength analysis,
for which an illustrative example is shown in Figure 2.33.
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Figure 2.33. Top: differential absorption spectra (visible) obtained upon femtosecond flash
photolysis (420 nm) of SWNH/H2P 12 in nitrogen saturated DMF solutions with several time
delays between 0 and 300 ps at room temperature. Bottom: time-absorption profile of the spectra
shown above at 465 nm.

Interestingly, the differential spectrum, as recorded at the end of the accelerated H2P singlet excited
state, is characterized by a broad feature (i.e., between 550 and 800 nm) that maximizes at around
625 nm. A plausible rationale for this observation implies an electron transfer product that evolves
from a photoinduced electron transfer between the photoexcited H2P and SWNHs. This rationale is
in line with the aforementioned evaluation (i.e., thermodynamic) of the electron transfer pathways.
Figure 2.34 demonstrates that in case of photoexcited 11 at 420 nm the same electron transfer
product evolves.
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Figure 2.34. Differential absorption spectra (visible) obtained upon femtosecond flash photolysis
(420 nm) of SWNH/H2P 11 in nitrogen saturated DMF solutions with time delays of 200 ps (black
spectrum) and 250 ps (red spectrum) at room temperature.

Encouraged by our recent studies with SWNT – revealing characteristics for SWNT electron
transfer products in the near-infrared region – we recorded the differential absorption changes for
SWNH/H2P in a complementary experiment in the 800 to 1200 nm range. In fact, Figure 2.35
confirms nicely a strong bleaching of the SWNHs absorptions in the near-infrared region. Important
is the fact that the formation of this SWNHs electron transfer product develops concomitantly with
the H2P electron transfer product in the visible
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Figure 2.35. Differential absorption spectra (visible) obtained upon femtosecond flash photolysis
(420 nm) of SWNH/H2P 12 in nitrogen saturated DMF solutions with a time delays of 300 ps at
room temperature.

59

Chapter 2: Single Walled Nanohorns
2.6. Conclusions
First, we have described the functionalisation of single wall nanohorns via 1-3 dipolar cycloaddition.
The derivative obtained present a good solubility in the common organic solvents. The TEM and SEM
images show that the nanohorns are aggregated forming the characteristic secondary nano-structures.
Then we described the creation of new SWNH/porphyrin nanoconjugates. The functionalized SWNH
derivatives have been characterized by a combination of techniques including thermogravimetry, FTIR
and Raman spectroscopy, and microscopy. All SWNHs exhibit reasonable solubility in organic
solvents, and the properties of the SWNH/H2P assemblies have been tested by means of
electrochemical and photophysical measurements. The electrochemical experiments and the transient
absorption spectra permitted the electron transfer process between the porphyrins and the carbon
nanostructures to be highlighted.
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Chapter 3: Carbon Onions
3.1 Introduction
Unlike carbon nanotubes and fullerenes, CNOs have remained unexplored for five years after their
initial discovery by Ugarte in 1992.18 CNOs, belong to the family of the new carbon allotropes
whose existence was revealed in 1985 with the discovery of C60 by Smalley, Curl and Kroto.2
Classical fullerenes can be of different size (C60, C70, C84, C102, etc), while CNOs have a cagewithin-cage structure, with smaller fullerenes nested inside larger ones like Russian dolls. Assuming
that the core of the particle is C60 and that all nesting layers are icosahedral fullerenes, a 2-shell
CNO might be C60@C240, while the 3-shell CNO could be C60@C240@C560. (Figure 3.1).

C60

C240

C560

C60@C240@C560

Figure 3.1. Different size of Fullerene: C60, C240, C560 and an example of triple shell Fullerene:

C60@C240@C560.
Regarding the structure of these spherical onions, it has not yet been completely clarified if they
consist of fullerene-like perfect shells made of only pentagonal and hexagonal carbon ring or more
defective structures with a large number of defects.91 The difficulty in obtaining CNOs
morphologically uniform made the experimental investigation very slow. Only a few methods have
been reported to prepare CNOs in a large amount and in uniform morphology and size. We will
detail only two main techniques, arc discharge and annealing of nanodiamond. These two
techniques gave two different types of CNOs whose characteristics and properties were investigated
and compared. CNOs made from nanodiamonds demonstrated to be more reactive than CNOs
obtained by arc discharge. So they are the kind of CNOs we have chosen to derivatize with an
electron donor moiety, in order to study the electron acceptor ability of the CNOs.

3.2 Synthesis
Unlike the synthesis of other carbon nanomaterials which usually require an expensive vacuum
system to generate plasma, cheap, clean and high yield methods exist for the synthesis of CNOs:

•

Arc discharge in water;92

•

Annealing of nanodiamond.18
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3.2.1 Arc discharge in water
Arc discharge in water is one of the few methods producing CNOs in high yield and purity. The
apparatus (Figure 3.2) consists of 2 graphite electrodes kept 10 cm below the surface of de-ionized
water. No catalyst is required. The arc discharge is started by contacting the two electrodes and
applying a current of 30 A.

Figure 3.2. A typical arc discharge apparatus in de-ionized water.

Vaporization of the carbon electrodes and the formation of an electric arc were observed. The high
pressure in the vicinity of the arc neutralized the generated ions leading to a low ionic current that is
noticed only close to two electrodes. In this way the cathode remained intact while the anode is
ablated. Two different structures are observed in the floating powder obtained after the arcing.
Many CNOs with a diameter of 20 nm can be seen in agglomerated form. In addition elongated
particle like multiwalled nanotubes can be observed.
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a)

b)

Figure 3.3. (a) Aggregation of carbon onions; (b) elongated particle like multiwalled nanotubes can
be observed.
To explain how these structures are formed, a modelization of the reaction was proposed.20 The
carbon plasma region, formed during the arcing, can be divided in two parts: zone I is near the arc
spot and close to the electrodes; zone II is further away from the electrodes (Figure 3.4a).
In zone I the ion current occurs but it disappears in zone II.

a)
Water

Transfer
of
Carbon Vapor

Hot plasma zone

b)
Zone II

+

Zone I

Figure 3.4. a) Zone I (close to the electrodes) and zone II (further from the electrodes) in an arc
discharge in water; b)Rearrangement of vapour carbon in absence of ion current (on the right).
The shape and size of the structures depends on where they are formed. In zone I, where the plasma
species, especially electrons and carbon ions, have a directional motion parallel to the electric field,
the formation of elongated structures such as carbon nanotubes is expected.
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In contrast in zone II, due to the absence of ion current, three dimensional growth of nanoparticles
is favored and CNOs are produced as shown by the scheme (Figure 3.4b). A possible way to make
selectively CNOs could be to use different electrode shapes. If a narrow anode is used to decrease
the relative area of ion current zone, the production of CNOs could be increased. A more complete
study of influence of the electrode shape is currently underway.

3.2.2 Annealing of Nanodiamond
When an explosive mixture of trinitrotoluene (TNT) and Cyclotrimethylenetrinitramine (RDX)
(3:2) is detonated at 5 Gpa at 2000°C (Figure 3.5), diamonds with a diameter of about 5 nm are
produced.

b)

a)
O2N

NO2

NO2

N

N
NO2

O2 N

N
NO2

Figure 3.5. (a) Trinitrotoluene (TNT) structure; (b) Cyclotrimethylenetrinitramine structure.
Under particular conditions, nanodiamonds can produce multi–shelled nanoparticles. The
nanodiamond sample was placed in a graphite crucible and annealed at 1600°C in a furnace under
vacuum. Recently, Echegoyen et al. reported than the annealing can also be performed under a
slightly positive pressure of an inert gas.9 Afterwards the sample was cooled to room temperature.
A mechanism of formation was proposed by Kuznetsov et al.93 The structural rearrangement of
nanodiamonds during annealing begins from the surface towards the center of the particle. The
formation of CNOs consist in 3 steps: production of graphite fragments, connection and curvature
of graphite sheets, closure of graphite layers (Figure 3.6b). This mechanism is supported by the fact
that partially converted particles (onions shells with a diamond core) were observed when annealing
at lower temperature.
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a)

b)

Figure 3.6. (a) Image of starting material; (b) mechanism of formation of CNOs from
nanodiamonds.

The size of CNOs depends on the size of the original diamonds. Tomita et al. reported that the
annealing at temperature up to 800°C does not change noticeably the structure of diamond
nanoparticles.94 At 1700°C, no more diamonds are observed and spherical CNOs around 5 nm in
diameter can be seen. Unwanted carbon material, such as amorphous carbon particles, are not
produced. At temperature above 1900°C polyhedral onions are dominant in the sample. Spherical
CNOs, in fact, are transformed into polyhedral onions as the annealing temperature increases.
On the other hand, Tomita et al.,95 studying the electronic properties of CNOs, noticed that the
structure of spherical onions is far from the perfectly closed graphitic shells. The π electrons are
located in small domain of sp2 graphitic sheets and do not act as conduction electrons. On the
contrary, polyhedral onions have ordered graphite structure and their π electrons act as conduction
electrons.

Figure 3.7. TEM picture of polyhedral CNOs.
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3.3 Applications
The applications of CNOs are promising. Due to their unique structure, CNOs are expected to have
good properties in solid lubrification. NASA was really interested to test these carbon nanoparticles
as a potential additive in an oil for aerospace application.96 They showed that these particles can
provide better lubrification than the commonly used graphitic materials.
Recently they were also investigated as candidates in catalysis due to their high degree of curvature.
CNOs were tested in direct dehydrogenation of hydrocarbons.97 The styrene synthesis, for example,
is one of the ten most important industrial processes. It consists in an exothermic oxidative
dehydrogenation (ODH) of ethylbenzene in presence of the carbon catalysts that already have
proved their efficiency. The porosity of carbon catalysts seems to hinder the styrene desorption.
This effect limits the ethylbenzene conversion and leads to consecutive reactions. Therefore, CNOs
were tested as new carbon catalysts. Traditional K-promoted iron oxide systems (K-Fe), graphite
and CNOs were compared as potential catalysts in the dehydrogenation of ethylbenzene into
styrene. CNOs show a minor initial activity that increases after 2h on stream. With CNOs, a yield of
62% of styrene was obtained while a yield of 50% and 45% was obtained with K-Fe and graphite
respectively. More precise studies have shown that the starting material does not show any catalytic
activity and the catalytic effect is dependent on their microstructures. Its catalytic activity develops
with time on stream. Some researcher reported that this activity depends on the basic groups C=O
and C-O present on the surface of CNOs during the reaction. Comparative experiments with
ultradispersed diamonds (UDD) were run. UDD, like CNOs, are initially inactive but the main
product from the ODH of ethylbenzene is benzene. In conclusion CNOs are superior in
performance to other forms of carbon due either to the higher number of sites per units weight or
oxygen-activating sites (basic group). The chemical simplicity of these carbon nanoparticles allows
realistic expectations of an industrial application in heterogeneous catalysis.

3.4 Properties and reactivity
Arc discharge and annealing, previously described, are the main methods to produce CNOs. A
thorough characterization of these two sample of CNOs has been reported by Echegoyen et al.9
High resolution TEM image (Figure 3.8) shows that the carbon onions made from arcing (A-CNOs)
are bigger than carbon onions produced by annealing of nanodiamonds (N-CNOs). The former have
an average diameter of 20 nm (25 shells) while the latter have a typical diameter of 5 nm (6-8
shells).
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a)

b)

c)

d)

Figure 3.8. High (a) and low resolution (b) TEM of CNOs obtained by annealing of nanodiamonds
at 1650°C under helium (N-CNOs). High (c) and low resolution (d) TEM of CNOs from arcing
underwater (A-CNOs). (Scale bar in low resolution images represents 20 nm and 5 nm in the high
resolution).
As consequence of their smaller size, N-CNOs have a higher curvature and considering that
generally in fullerene chemistry the higher the curvature the higher the reactivity,98 N-CNOs should
be more reactive than A-CNOs.
Furthermore both samples show interlayer distance of 3.4 Å (Figure 3.8a) which corresponds to the
distance between graphene sheets. It’s interesting to observe that nanodiamonds have a d-spacing of
2.1 Å which is converted in 3.4 Å after the annealing process.

a)

b)

Figure 3.8. (a) Powder X-ray diffraction spectra of nanodiamonds (bottom), N-CNOs (middle), and

A-CNOs (top); (b) HR-MAS 13C NMR spectra of A-CNOs (bottom) and N-CNOs (top).
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NMR spectroscopy (Figure 3.8b), similarly to nanotubes, shows for both a resonance at 100 ppm
that confirmed the presence of sp2 carbon.
The thermal stability of the two sample of CNOs under air has been studied by TGA. Figure 3.9a
shows a remarkable stability of N-CNOs until 700°C, whereas the decomposition of A-CNOs,
instead starts earlier at 500°C.
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Figure 3.9. (a) TGA under air ( 20o C min-1) of A-CNOs (blue line) and N-CNOs (black line);
(b) Raman spectra of N-CNOs (blue line) and A-CNOs (black line) obtained exciting at 488 cm-1.

Comparing Raman spectra (Figure 3.9b) it is possible to observe the usual D and G band for both
samples.

A-CNOs show a D band at 1313 cm-1 and a G band at 1581 cm-1 but in the case of N-CNOs they are
slightly shifted. The D band, in fact, appears at 1303 cm-1 and the G band at 1593 cm-1. Interestingly
Raman spectra show that the N-CNOs, more thermodynamically stable than that of A-CNOs, as
observed in TGA under air, present more defects than the A-CNOs. This is an example in which
defects lead to stability, probably for entropic reason.

3.4.1 EPR analysis
The last analysis, EPR spectroscopy, has been used commonly to study radicals in carbon materials.
Echegoyen et al. have reported a signal with a g value of 2.001 and a line width of 16.5 G for NCNOs (Figure 3.10).99
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Figure 3.10. Powder X-band EPR spectrum of N-CNOs.

Interestingly, CNOs made from arcing don’t seem to have paramagnetic properties because they are
EPR silent. The presence of radicals on the surface suggests that N-CNOs could be used in radical
reactions. In conclusion sp2 carbons, as observed in the NMR spectra, the large number of surface
defects, as Raman spectra indicated and radicals, as EPR reported, should render N-CNOs more
reactive than A-CNOs. In order to confirm these expectations, some reactions were tried. Here a
brief report of these reactions is given.

3.4.2 Free radical addition
Free radical reactions have already been already used by Liang et al100 to functionalise SWNTs.
Following the same procedure, a benzoyl peroxide as source of phenyl radicals was employed with
CNOs (Scheme 3.1).

O

O

Toluene
O

O

+

reflux 24 h

Scheme 3.1. Addition of phenyl radicals on CNOs.
After completion, the reaction mixture was centrifuged and the residue was washed with toluene
several times and dried. TGA in air (Figure 3.11) showed for N-CNOs a loss of weight of 25% but
for A-CNOs absolutely no mass loss were noticed, suggesting that they did not react.
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Figure 3.11. TGA plots of A-CNOs (solid line) and N-CNOs (dotted line) after phenyl
functionalization.
The increase of D-band in Raman spectra of N-CNOs (Figure 3.12a) and the absence of EPR signal
after the reaction (Figure 3.12b) further confirmed their functionalization.

Figure 3.12 (a) Raman spectra of crude N-CNOs (solid line) and N-CNOs after radical addition
(dotted line).(b) X-band EPR powder spectra of the N-CNOs before (top) and after (bottom)
derivatization with the phenyl radicals.

3.4.3 Cycloaddition reaction
Cycloaddition reaction has also been successfully employed in the functionalization of CNOs.
[2+1] Bingel-Hirsch reaction is one of the most famous cyclopropanation reactions in fullerene
chemistry discovered by C. Bingel in 1993. A bromo-malonate reagent (prepared in situ with a
malonate specie and CBr4) in presence of a base such as sodium hydride or DBU (diazabicyclo
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(5.4.0) undec-7-ene) reacts with double bond to give a multi-adducts. The preferred double bonds
for this reaction on the fullerene surface are the shorter bonds at the junctions of two hexagons (6-6
bonds).
The reaction mechanism involves first the abstraction of the acidic malonate proton by a base
generating a carbanion. It reacts with the electron deficient fullerene double bonds in a nucleophilic
addition. The generated fullerene carbanion then displaces bromine (L as leaving group) which
leads to a cyclopropane ring.
L
L

E

E

E

E

E

-H
E

C

H L
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C60

H

B:

C60

C60

B

Scheme 3.2. The mechanism of [2+1] Bingel-Hirsch reaction. E strong electron withdrawing group,

L leaving group.

In the published reaction, dodecyl malonate was reacted with CNOs in presence of DBU in
orthodichlorobenzene (ODCB) for 24 h. The mixture was centrifugated and the collected solid was
washed several times with ODCB and dichloromethane.
O

(CH 2 ) 9
O

O

O

O

(CH 2 )9

O
DBU,CBr 4

+

(CH 2) 9

O

O

(CH 2 ) 9
ODCB, 24 h

(CH 2) 9

O

O

O

(CH 2 ) 9

O

Scheme 3.3. Cyclopropanation of CNOs by [2+1] Bingel-Hirsch reaction.
The derivatized CNOs were characterized by TGA and Raman spectra. N-CNOs showed a
remarkable defunctionalization and an increase in the intensity of the D-band. A-CNOs didn’t show
any loss of weight which suggest that once again the reaction did not proceed under the conditions
used. Although A-CNOs also have sp2 carbon as shown by the NMR spectra, the [2+1]
cycloaddition only took place with N-CNOs.
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a)

b)

Figure 3.13. (a) TGA plots of cyclopropanated A-CNOs (dotted line) and N-CNOs (solid line) in
air.(b) Raman spectra of crude N-CNOs (solid line) and N-CNOs after cyclopropanation (dotted
line).

Different other cycloaddition reactions have been employed to functionalize carbon nanostructures
such as fullerene, carbon nanotubes and recently SWNHs.
Our work consisted in the functionalization of N-CNOs via 1,3 dipolar cycloaddition, using a
monoprotected diamine 3 and paraformaldehyde in DMF. After removing the protective group a
ferrocene carboxylic acid was attached to the chain in order to obtain donor-acceptor assemblies,
with CNOs as the electron acceptor.

3.5 Donor-acceptor assemblies made with CNOs
Photoinduced electron transfer processes between a donor such as ferrocene or porphyrin and
acceptors such as carbon nanotubes, carbon nanohorns and fullerenes have attracted the attention of
researchers interested in the design of new electronic devices.101. In the covalently linked ferrocenefullerene dyads synthesized until now, the connection between the two active moieties have been
either rigid102 or flexible,103 whereas, in the case of carbon nanotube-ferrocene assemblies, only a
flexible connection has been used.104 These systems usually show a quenching of the carbon
nanoparticle emission that was attributed to a photoinduced electron transfer between ferrocene and
the excited nanoparticle. However, the efficiency of the electron transfer and charge recombination
processes are highly influenced by the distance and the angle between donor and acceptor and by
the nature of the spacer.105 The existence of ground state interactions between ferrocene and
fullerene has also been observed and discussed in some of these systems.106[ For the first time we
have incorporated N-CNOs in donor-acceptor assemblies. First we report the functionalization of
CNOs by 1,3-dipolar cycloaddition (Scheme 3.4) using ethylene glycol chain. Then, a derivative of
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ferrocene carboxylic acid was attached to the chain. These derivatized CNOs have been
characterized by TGA, HRTEM, EDS and Raman spectroscopy.
The electronic properties of the ferrocene-carbon onions (Fc-CNOs) system have been investigated
by electrochemistry and by photophysics.

3.5.1 Synthesis and characterization
The synthesis of the Fc-CNOs system is described in scheme 3.5.

CH2CH2OCH2CH2OCH2CH2NHBoc
N

O
+

HO

H
N

O

O

NHBoc

+ HCHO

N
CH2CH2OCH2CH2OCH2CH2NHBoc
1

Scheme 3.4. Reagent and conditions: DMF, reflux, 5 days.
Compound 1 was obtained by reaction between the pristine carbon onions (p-CNOs), aminoacid

3107and paraformaldehyde in DMF. The mixture was refluxed for 5 days and each day some
aminoacid 3 and paraformaldehyde (1:2) were added. At the end of the reaction, the solid was
separated from the brown solution by centrifugation and washed several times with fresh DMF until
the supernatant solution remained colorless. Then it was filtered through a Millipore membrane
(Fluoropore 0.22 µm) and washed with THF, dichloromethane and diethyl ether. The Boc
protecting group was removed from compound 1 using TFA in CH2Cl2 at room temperature for 2
hours (Scheme 3.5). The ammonium salt was recovered by filtration and was further reacted in THF
with the acyl derivative 4 of ferrocene carboxylic acid, which was obtained by reaction between
oxalyl chloride and the carboxylic acid 3. The reaction mixture was stirred at room temperature for
4 days, filtered through a 0.22 µm fluoropore membrane, washed with DMF and CH2Cl2 and dried
under high vacuum. The p-CNOs and the derivatized CNOs 1 and 5 were studied by TEM, AFM,
TGA, and FT-IR, Raman and UV/Vis spectroscopies.
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Scheme 3.5. Reagents and conditions: (a) oxalyl chloride, CH2Cl2, RT, 20 h ; (b) TFA, RT, 2 h; (c)
NEt3, THF, RT, 4 days.
FT-IR spectroscopy confirmed the presence of the carbonyl functions of the amide groups in
compounds 1 and 5, (band around 1633 cm-1 corresponding to the stretching of the CO bond) and
the presence of ferrocene (band around 1096 cm-1). The bands around 2850-2950 cm-1
corresponding to the stretching of CH bonds are also visible.
The TGA curves obtained for the p-CNOs and compounds 1 and 5 are presented in Figure 3.14.
Under air, p-CNOs are stable until 677°C. Compounds 1 and 5 are less stable (respectively up to
550°C and 517°C). The introduction of “structural defects” in the CNOs during the reactions could
explain these results. For compound 1, two distinct weight losses can be noticed: the first one can
be attributed to the loss of N-tert-butoxycarbonyl protecting group followed by degradation of the
ethylene glycol chain. To calculate the average number of functional groups per onion, we assumed,
based on TEM observations, that they contain mainly 6 shells and that the core is constituted of a
C60 fullerene.
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Figure 3.14. Thermogravimetric analysis (TGA) recorded at 20°C/min under air of pristine CNOs
(blue line), derivative CNOs 1(red line) and derivative CNOs 5 (black line).
We calculated the number of carbon atoms in each shell using the following formula:
60*n2
Where n is the number of the shell we are considering. In this case, the outer shell (6th) contains
2160 carbon atoms and the total number of carbon atoms in the onion is 5460.
Compared to p-CNOs, compound 1 at 532°C presents a relative loss of weight of about 20%.
Knowing the average mass of onions (5460*12=65520 g.mol-1) and the mass of the functional
groups (274 g.mol-1), we determined from this loss of mass that each onion contains roughly 60
functional groups, so there is roughly 1 functional group every 36 (2160/60) carbons of the outer
shell.
In the case of compound 5, the loss of mass was about 50%. A similar calculation shows that after
the coupling, the all the amino groups were functionalized with ferrocene.

3.5.1.1. Raman Spectroscopy
Functionalization transforms sp2 sites to sp3 sites. Raman spectroscopy was used to analyze the
density of sp3 defects introduced on the surface of the carbon onions. The p-CNOs, as any carbon
structure, show two characteristic bands around 1313 (D band) and 1581(G band) cm-1.
The Raman spectrum (Figure 3.15, excitation wavelength 488 nm) normalized with respect to the G
band, shows that compound 5 presents more defects than p-CNOs since its D band is more intense,
which confirms the successful functionalization. As expected, we did not observe any noticeable

76

Chapter 3: Carbon Onions
change in the relative intensity of the D-band after the first step because CNOs are not directly
involved.
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Figure 3.15. Raman spectra of pristine CNOs (black line) and of derivative CNOs 5 (red line).
Spectra are obtained exciting at 488 nm

3.5.1.2.Microscopy
The Fc-CNOs system 5 was investigated by high resolution TEM and AFM operated in tapping
mode. For TEM, the sample was dispersed in ethanol by sonication and deposited on copper grids.
Aggregated spherical CNOs can be observed (Figure 3.16a and 3.16b).

(a)

(b)

Figure 3.16. High resolution TEM of functionalized CNOs 5. The scale bars represent 5 nm in
picture (a) and 2 nm in picture (b).
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These CNOs contain on average 6 shells with a core of about 1 nm (the diameter is roughly 5 nm).
The interlayer distance is about 3.3 Å which corresponds to the distance between graphene sheets in
planar graphite. Compound 5 was also submitted to an Energy Dispersive Spectroscopy (EDS)
analysis,(Figure 3.17) during its observation by TEM. The spectrum shows the characteristic peaks
of iron, coming from the ferrocene moieties.

Figure 3.17. Energy Dispersive Spectroscopy of compound 5. Copper and aluminium are coming
from the grid and sample holder.
For AFM (Figure 3.18), the samples were prepared by spin coating on a Highly Ordered Pyrolytic
graphite (HOPG) surface from a suspension of the material in THF. It can be seen that most of
adsorbed CNOs appear in a spherical shape. The diameters were measured from the height of AFM
cross-sectional profile of adsorbed onions, as shown in Fig. 2(b). The values are in the range of 2040 nm due to the aggragation of CNOs. No difference can be noticed between the pristine material
and the functionalized onions.
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Figure 3.18. AFM image (a) and z-profile (b) of CNO/Fc 5 prepared by spin coating on a highly
oriented pyrolitic graphite (HOPG) surface from a THF suspension.

3.5.1.3. Electrochemistry of the Fc-CNOs assemblies
The interaction between the ferrocene moieties and the CNOs core in compound 5 was studied by
electrochemistry in anhydrous THF containing 0.1 M of TBAPF6 as the supporting electrolyte. The
compound was dispersed in THF using a sonicator bath for 5 min before the experiments. A 2 mm
glassy carbon disk was used as the working electrode and a platinum wire as the counter electrode.
A silver wire served as a pseudo reference electrode. A little amount of ferrocene was added and
used as an internal reference for measuring the potentials. For comparison, the substituted ferrocene

6 was synthesized by coupling ferrocene carboxylic acid to amine 1 (Scheme 3.6).

H
N
C

O

Fe

O
NHBoc

O

6

Scheme 3.6. Reference compound 6.
HOBT/EDCI was used as the coupling agent, following a procedure described in the literature.[108
Compound 5 showed a reversible oxidation peak at 0.2 V versus Fc+/Fc (Figure 3.19).
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Figure 3.19. (a) Cyclovoltammograms (scan rate 0.1V.s-1) (b) Osteryoung Square Wave
Voltammetry of compound 5 (red line) and reference compound 6 (black line) in THF+0.1M
TBAPF6.
This step was attributed to the oxidation of the Fc moieties. A similar peak was observed in some
analogous carbon nanotube-Ferrocene hybrids.4a Interestingly, these Fc moieties were found
slightly more difficult to oxidise (eg 60 mV) than that of the reference compound 7. This anodic
shift could result from a through space interaction between the Fc moieties and the CNOs core,
allowed by the flexibility of the linker between the nanoparticle core and the electron donor
(Scheme 3.7).
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Scheme 3.7. Schematic representation of “face-to face” conformation and “loose” conformation
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An anodic shift of 183 mV was observed by Hirsch et al with a ferrocene moiety connected to an
azafullerene.3c No clear reduction step could be observed for compound 5.

3.5.1.4. Photophysical properties.
Absorption spectra of CNOs (i.e., compound 2 and compound 5) in THF reveal a series of distinct
transitions that generally start in the UV region and extend into the visible range. The most
dominant transitions (i.e., 250 – 400 nm) are seen at 246, 254, 264, 271, 278, 284, 305, 323, 329,
336, 347, 355, 364, 383, 389, 397 and 407 nm – see Figure 3.20. These features are superimposed
to a fairly broad plasmonic band, which either arises from the hexagonal network or from generic
light scattering. In line with previous studies, we tentatively assign the sharp features to transitions
that correspond to the different carbon shells of CNOs.109
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Figure 3.20: Absorption spectrum of compound 2.
A similar picture evolves when inspecting emission and excitation spectra. Photoexcitation of CNO
solutions yields emission spectra with rather sharp features. Figure 3.21 (i.e., upper and central part)
illustrates the emission spectra upon excitation at 300, 325, 350, 375, 400 and 425 nm. Regardless
of the excitation wavelength, reproducible emission patterns develop where the most dominant
transitions occur at 371, 385, 407, 421, 431, 441, 467 and 485 nm.
Some of these peaks (i.e., 371, 385, 407, 421, 431 and 519 nm) were selected and the corresponding
excitation spectra were measured. Excellent agreement between ground state absorption and
excitation spectra exists, which implies the absence of non-vertical deactivation channels. Time
resolved emission studies further corroborate the nature of these features that is due to emissive
processes rather than to Raman scattering or other phenomena. With an excitation wavelength of
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337 nm, we identified from the steady-state analysis the most prominent emission peaks that are
located at 370, 387, 407 and 430 nm and we subsequently recorded the dynamic emission behavior.
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Figure 3.21: Upper part: emission spectra of compound 2 in THF photoexcited at 300 (black
spectrum), 325 (red spectrum) and 350 nm (brown spectrum). Central part: emission spectra of
compound 2 in THF photoexcited at 375 (black spectrum), 400 (red spectrum) and 425 nm (brown
spectrum).

Lower part: emission spectra of compound 2 (i.e., black spectrum) and 5 (grey

spectrum) in THF exhibiting the same ground state absorption at the 300 nm excitation wavelength
(i.e., 0.2).
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At all these wavelengths the dynamic behavior gives rise to lifetimes that are in the range of 0.2 to
0.3 ns. Closer inspection reveals an interesting trend. The emission at lower energies decays faster
than the emission at higher energies: 0.235 ns for the 430 nm emission versus 0.275 ns for the 370
nm emission. This trend agrees well with that predicted by simple quantum mechanical
considerations, which infer that the decay is faster in the red than in the blue.
Next, we performed a qualitative emission comparison between compound 2 and 5 in THF that
exhibit at the different excitation wavelengths (i.e., 300, 325, 350, 375, 400 and 425 nm) the same
ground state absorption – see lower part of Figure 3.21. Important is that under these conditions the
electron donating ferrocene induces a quenching of CNO centered emission, especially when the
excitation takes place in the high energetic region (i.e., > 350 nm).
Finally, we turned to transient absorption measurements, where compound 2 and compound 5 were
photoexcited at either 258 or 387 nm. For compound 2 we note upon photoexcitation the prompt
formation of a transient maximum and a transient bleach with a maximum at 495 nm and a
minimum at 1000 nm. These bands decay with a lifetime of 290 ps –with a time constant similar to
that determined in the fluorescence experiments – to yield a new transient, which exhibits minima at
< 450 and at 550 nm. Figure 3.22 shows the spectroscopic and kinetic evolution. CNO-Fc exhibits
the same initial changes, that is, a transient maximum at 495 nm and transient bleach at 1000 nm.
This initial excited state behaves, however, for compound 5 spectroscopically and kinetically
differently from that of compound 2. In particular, the decay (180 ps) is nearly twice as fast as that
of compound 2. With respect to the transient absorption spectrum that evolves during this Fcinduced decay, notable differences emerge relative to those seen for 2, especially in the visible
range that exhibits now a minimum at 450 nm.
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Figure 3.22: Upper part: differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (256 nm) of 2 in THF with several time delays between 0 and 500 ps
at room temperature – arrows are indicating the progression of the reaction. Lower part: timeabsorption profiles of the spectra shown in the upper part at 495 nm monitoring the excited state
deactivation of the CNOs.
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Figure 3.23: Upper part: differential absorption spectra (visible and near-infrared) obtained upon
femtosecond flash photolysis (256 nm) of 5 in THF with several time delays between 0 and 1000 ps
at room temperature – arrows are indicating the progression of the reaction. Lower part: timeabsorption profiles of the spectra shown in the upper part at 495 nm monitoring the ferrocene
induced deactivation of the CNOs.

3.5.1.5. Quantum chemical calculations.
Electronic structure and absorption spectra for pristine CNOs and functionalized CNOs were
calculated

with

a

tight

binding

model.110

The

largest

CNO

considered

was

C60@C240@C540@C960@C1500@C2160. The calculations find, (Table 3.1), that there is some inter85
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shell charge transfer. The electronic charge flows from the outer layer into the internal ones and
reaches a maximum towards the two central shells, C540 and C960. The charge re-destribution is
larger in the presence of a cavity inside the CNO as in C1500@C2160.
Number of atoms in the shell

C60@C240@C540@C960@C1500@C2160 (C1500@C2160)

60

60.083

240

240.211

540

540.289

960

960.343

1500

1500.247 (1501.169)

2160

2158.827 (2158.831)

Table 3.1. Summed Mulliken charges per shell, in brackets the values for a two-layer CNO with an
internal cavity
Comparison of Figures 3.24 with figure 3.20 shows that the calculated spectrum of the six-shell
CNO is in good agreement with the experimental spectrum of compound 2.
Notice that the model consistently underestimates the excitation energies of the lowest transitions
by ~0.35-0.55 eV. For instance in C60, emission from the first excited state occurs experimentally
between 1.78 and 1.98 eV,111 but is calculated at 1.43 eV.
Figure 3.24 also shows that there is a systematic increase in the intensity of the absorption spectra
of outer shells C960, C1500 and C2160, which differ in the details of the fine structure. The increase of
the intensity is in line with the simple expectation that to a greater number of “excitable” electrons
corresponds a larger oscillator strength.
When the inter-shell interactions are switched off, the intensity of the spectrum and its pattern in
C60@C240@C540@C960@C1500@C2160 are weakly affected, which implies that the transitions are
mainly due to the spectra of each cage, (Figure 3.25).
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Figure 3.24. Comparison of the calculated absorption spectra of pristine C960 (red), C1500 (green),
C2160

(blue),

C1500@C2160

(purple),

C960@C1500@C2160

(pale

blue),

and

C60@C240@C540@C960@C1500@C2160(yellow).

Figure

3.25.

Comparison

of

the

calculated

absorption

spectra

of

C60@C240@C540@C960@C1500@C2160 in the presence (red) and in the absence (green) of electronic
inter-shell interactions.
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Figure 3.26. Comparison of the calculated absorption spectra of functionalised shells and CNOs.
C60(red), C240(green), C540(blue), C960 (purple), C1500(pale blue), C2160(yellow), C1500@C2160(black),
C960@C1500@C2160(orange),

C60@C240@C540@C960@C1500

(grey).

The

outer shell

has

2

neighbouring sp3 atoms in 36.
Figure 3.26 shows the spectra of CNOs where the outer shell has 2 neighbouring sp3 carbon atoms
every 36. The saturation was carried out in analogy to previous work on functionalised carbon
nanotubes, f-CNT.112 As in the case of f-CNT, functionalization smears the fine structure of the
absorption spectrum, although the shape and location of the bands of the spectrum remain the same.
It, however, reduces the intensity of the electronic transitions. The experimental investigation of the
fluorescence properties of the CNO can be summarized in three major points:
1) fluorescence is observed at low and high energies,
2) faster fluorescence decay - quenching - at the lower energies,
3) fluorescence quenching with ferrocene - especially at high energies.
The calculations help to shed light on the trends. Table 3.2 shows that in pristine CNOs, addition of
an extra shell to C60@C240@C540@C960@C1500 lowers the gap from 0.336 eV to 0.239 eV.
Analogously, upon functionalisation the energy gap of C60@C240@C540@C960@C1500 decreases
from 0.336 to 0.094 eV. It can be concluded that after absorption of a photon, at low energy emit
CNOs characterized by larger external shells and a higher degree of functionalization; while at high
energy emit CNOs characterized by smaller external shells and a lower degree of functionalization.
Different species are responsible for emission at high and low energy and the faster fluorescence
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decay observed at low energy is a direct consequence of the energy gap law, which predicts faster
radiationless decay (quenching) for smaller energy gaps.
CNO or shell

HOMO

Lowest excitation energy

C60@C240@C540@C960@C1500@C2160

-8.355

0.239

C240@C540@C960@C1500@C2160

-8.355

0.239

C540@C960@C1500@C2160

-8.356

0.240

C960@C1500@C2160

-8.357

0.248

C1500@C2160

-8.372

0.283

C60@C240@C540@C960@C1500

-8.431

0.336

C60@C240@C540@C960

-8.533

0.472

C60@C240@C540

-8.674

0.673

C60@C240

-8.878

0.988

C60

-9.140

1.427

C240

-8.896

1.032

C540

-8.708

0.747

C960

-8.581

0.581

C1500

-8.494

0.474

C2160

-8.432

0.400

C960@C1500@C2160

-8.308

0.072

C1500@C2160

-8.309

0.075

C60@C240@C540@C960@C1500

-8.342

0.094

C960

-8.400

0.159

C1500

-8.355

0.103

C2160

-8.324

0.093

Pristine

Functionalized(a)

(a) average of 40 randomly functionalized isomers Table 3 2. Calculated energies (eV).
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The more efficient quenching by ferrocene at high energy has two origins. Quenching occurs by
charge transfer, which is inversely proportional to the distance between emitter and quencher and
directly proportional to the product of the transition dipole moments of the two species. At higher
energy emit less functionalised CNOs that the quencher can approach more closely, which in turn
gives more efficient charge transfer. The less functionalised CNOs also have larger transition dipole
moments, compare figures 3.24 and 3.26, which, in turn produces greater quenching.

3.6. Conclusion
We have described the functionalization of CNOs by 1,3 dipolar cycloaddition and the synthesis of
Fc-CNOs assemblies. The derivatized CNOs have been characterized by several techniques, which
show that the CNOs have a spherical appearance with, on average, 6 shells and that
functionalization saturates 1 carbon atom in 36. The electronic properties of compound 5 have been
investigated by electrochemistry and photophysical measurements. Quantum chemical calculations
have also been reported.
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4.1. Solvents and chemicals
4.1.1. Solvents
All the solvents used during the synthesis were analytically grade. When anhydrous conditions were
required, solvents such as THF and dichloromethane were dehydrated using specific dehydrating
agents. THF anhydrous was obtained by reflux on Na/benzophenone and CH2Cl2 by refluxing on
P2O5. Water was purified using a Millipore filter system MilliQ and used at 18 MΩ of
conductivity.

4.1.2. Chemicals
Chemicals were used without any further purification.

Chemicals

Suppliers

Carbon nanohorns

Nanocraft, Inc. (www.nanocraftinc.com).

Nanodiamond

www.nanodiamond.com

Paraformaldehyde
1,8-Diamino-3,6-dioxaoctane
Benzyl bromoacetate
Ninhydrine
Phenol
Triethylamine
di-tert-butyldicarbonate
Oxalyl chloride
Ferrocene carboxylic acid

SIGMA-ALDRICH

Sodium sulphate anhydrous
Trifluoroacetic acid
N-(3-Dimethylaminopropyl)-N′
ethylethylcarbodiimide hydrochloride
1-Hydroxybenzotriazole
Sarcosine
Sulfuric acid
Peroxide
Pd/C 10%

ACROS
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4.2. Carbon Nanohorns
The instruments employed to characterize Carbon Nanohorns are reported.
1

H-NMR spectroscopy: 1H-NMR spectra were recorded using Varian 200 MHz in deuterated

CDCl3

ES-MS (Electrospray Mass Spectrometry): Mass spectroscopy was recorded using Electronic
Mass spectroscopy (EI-MS) operated on Micromass 7070H VG double focus.

TGA (Termogravimetric analysis): The thermogravimetric analyses were performed with a TGA
Q500 TA Instruments at 10°C/min under N2.

TEM (Transmission Electron Microscopy): A small amount of nanohorns was dispersed in DMF
and a drop of the solution was placed on holey carbon grids. After air-drying the sample was
investigated with a Philips EM 208 using an accelerating voltage of 100 kV.

SEM (scanning electron microscopy): A small amount of nanohorns was dispersed in DMF and a
drop of the solution was placed on glass substrate. After air-drying the sample was investigated with
a Leica Stereoscan 430i (SEM).

Raman: Raman spectra were recorded using an in Via Renishaw Raman spectrometer at 488 and
633 nm exciting lines.

UV-Vis: UV-Vis-NIR spectra were recorded on a Varian Cary 5000 UV-Vis-NIR
spectrophotometer.

IR: FTIR spectra were recorded on a Jasco FT/IR-200 spectrometer.
Atomic Force Microscopy (AFM): AFM was investigated by Veeco Multimode Scanning Probe
Microscope equipped with a Nanoscope IIIa controller

4.3. Carbon Onions
The instruments employed to characterize Carbon Onions are reported.
1

H-NMR spectroscopy: NMR spectroscopy was performed on a Bruker Avance 500-MHz

instrument.

TEM (Transmission Electron Microscopy): Low resolution TEM images were obtained using a
Hitachi Model 7600 (120kV) and high resolution using a Hitachi Model 9500 (300kV) microscope.
The samples were prepared from a dispersion in EtOH by deposition on the copper grids.

TGA (Termogravimetric analysis): TGA was performed using a Mettler TGA/SDTA85i in an
alumina pan using a typical sample size of around 2 mg. The maximum temperature was set at 850
ºC with the heating ramp set at 20ºC/min.

Raman: Raman spectra were recorded using a Renishaw 1000 Raman spectrometer. The excitation
source was the 785 nm emission line of a near infrared laser.
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UV-Vis: UV-Vis-NIR spectra were recorded on a Varian Cary 5000 UV-Vis-NIR
spectrophotometer.

AFM: The samples were prepared by spin coating on a highly oriented planar graphite (HOPG)
from a suspension of CNO in THF and then investigated with a Veeco Multimode Scanning Probe
Microscope equipped with a Nanoscope IIIa controller.

IR: FTIR spectra were recorded on a Jasco FT/IR-200 spectrometer.
Electrochemistry: The CV and OSWV experiments were carried out in a formal one-compartment
cell connected to a BAS 100B workstation in a solution of THF containing 0.1 M NBu4PF6. A 2
mm diameter glassy carbon disk was used as the working electrode, and a platinum wire as the
counter electrode. A silver wire served as a pseudo reference electrode. Ferrocene was added to the
solution at the end of the experiments as internal standard and all the electrochemical potentials
were referenced to its redox couple.

Photophysics: Femtosecond transient absorption studies were performed with 387 nm laser pulses
(1 kHz, 150 fs pulse width) from an amplified Ti:Sapphire laser system (Model CPA 2101, ClarkMXR Inc.). Nanosecond Laser Flash Photolysis experiments were performed with 532-nm laser
pulses from a Quanta-Ray CDR Nd:YAG system (6 ns pulse width) in a front face excitation
geometry. For all photophysical experiments an error of 10% must be considered. Fluorescence
lifetimes were measured with a Laser Strobe Fluorescence Lifetime Spectrometer (Photon
Technology International) with 337 nm laser pulses from a nitrogen laser fiber-coupled to a lensbased T-formal sample compartment equipped with a stroboscopic detector. Details of the Laser
Strobe systems are described on the manufacturer web site, http://www.pti-nj.com. Steady state
emission spectra were recorded on a FluoroMax® 3 Fluorometer (HORIBA). The measurements
were carried out at 20 °C.

4.4. Chemical synthesis
4.4.1. Synthesis of compound 1
O

Boc2O

O
H2N

O

NH2

THF dry
0°C

O

H2N

NHBoc

1

2,2’-(ethylenedioxy)diethylamine (30 g, 202 mmoli) was dissolved in dry THF (200 ml) and a
solution of di-tert-butyldicarbonate (Boc2O) (15 g, 69 mmol) in the same solvent was slowly added
at 0°C in order to avoid a bisaddition. The reaction was stirred overnight at room temperature. THF
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was removed under reduced pressure and the compound was extracted with ethylacetate (3 × 100
ml) and dried with anhydrous Na2SO4.
After purification by chromatographic column (AcOEt to remove unreacted Boc2O followed by
AcOEt:MeOH 9:1) a yellow oil was obtained.
C11H24N2O4 (M.W. 248.32), yield: 16% (9 g, 36 mmol).
1

H-NMR: (200 MHz, CDCl3): δ : 3.67 (m, 2H), 3.57 (m, 4H), 3.48 (m, 2H), 3.24 (m, 2H), 3.08 (m,

2H), 1.39 (s, 9H).
C NMR (50 MHz, CDCl3/MeOD 1/1): δ 156.20, 79.27, 70.13, 40.19, 39.39, 28.27.

13

ES-MS: ES-MS (N2) m/z: 271,17 [M+ Na+].

4.4.2. Synthesis of compound 2
O

O
H2N

O

NHBoc + Br

THF dry
CH2Ph + NEt3

PhH2CO

O
N
H

1 night, 0°C

O

O

NHBoc

O

1

2

To a solution of monoprotected diamine 1 (4.615 g, 19 mmol) in dry THF (100 ml) a solution of
benzyl bromoacetate (4.237 g, 19 mmol) and trietylamine (5.63 g, 56 mmol) was slowly added
dropwise. The reaction mixture was stirred overnight at room temperature. The solvent was
removed under reduced pressure and the compound was extracted with AcOEt and Brine. After
purification by chromatographic column (AcOEt), a colourless oil was obtained.
C20H31N2O6 (396.49 M.W.), yield: 84% (6.31g, 15 mmol).
1

H-NMR: (200 MHz, CDCl3): δ 7.32 (m, 5H), 5.21 (bs, 1H), 5.15 (s, 2H), 3.59-3.51 (m, 6H), 3.51-

3.46 (m, 4H), 3.28 (m, 2H), 2.78 (t, J = 5.2 Hz, 2H), 1.41 (s, 9H).
C NMR (50 MHz, CDCl3) δ 172.1, 155.9, 135.5, 128.5, 128.2, 79.0, 70.6, 70.2, 70.1, 66.5, 50.8,

13

48.6, 40.4, 40.3, 28.5.
EI-MS: m/z 396 [M+], 205, 161, 91.
IR-DRIFT (KBr): ν (cm-1) 3347, 2871, 1712, 1512, 1458, 1368, 1248, 1175, 966, 865, 747, 701.
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4.4.3. Synthesis of compound 3
PhH2CO

H2/Pd

O
N
H

O

NHBoc

HO

O
O

N
H

MeOH

NHBoc

O

O

3

2

To a solution of 2 (6.31g, 16 mmol) in methanol (100 ml), Pd/C was added and the mixture was
stirred under H2 for 24 hours. The catalyst was removed by filtration on celite and the solid was
evaporated. After cristallization in AcOEt a white powder was obtained.
(MW 306.36), yield: quantitative (5g, 16 mmol).
1

H-NMR: : δ 8.21 (bs, 1H), 6.23 (bs, 1H), 5.54 (bt, 1H), 3.79 (bt, 2H), 3.64-3.53 (m, 8H), 3.49 (t, J

= 5.1 Hz, 2H), 3.22 (m, 2H), 1.40 (s, 9H).
C-NMR: δ 170.5, 156.2, 79.1, 70.4, 70.3, 70.1, 66.6, 49.8, 46.8, 40.4, 28.6.

13

IR-DRIFT (KBr): ν (cm-1) 3250, 2970, 1706, 1620, 1540, 1365, 1115, 686, 590, 480.
EI-MS: m/z 306 (M+).

4.4.4. Synthesis of carbon nanohorns 1 by 1,3 dipolar cycloaddtion
R
R2 N 1
R1HN

R
N 1
R2

CO2H

R2CHO, DMF,
120°C, 5 days.

p-SWNHs

R2 NR1

R2 N
R1
R1 =

CH3

R2 =

C6H13

CNHs 1

A suspension of p-SWNHs (80 mg) in DMF (100 ml) was sonicated for 10 min, sarcosine (750 mg,
8.42 mmol) and heptanal (0.300 ml, 2.14 mmol) were added in small portions (0.1 mL of heptanal
and 250 mg of sarcosine every 24 hours). The resulting mixture was refluxed for 4 days at 130°C.
After cooling to room temperature, the suspention was centrifugated. The brown solution was
collected and the black solid was washed several times with fresh DMF until the supernatant
solution remained colorless. All the DMF solutions were gathered and evaporated to dryness. After
addition of water (50 mL), the solution was extracted with CHCl3 (3 × 100 ml), dried with
anhydrous Na2SO4 and then the solvent was removed. A solid residue was obtained by precipitation
(dissolution in CH2Cl2 and precipitation by addition of diethyl ether), which was washed several
times with THF to remove the by-products. After drying under vacuum, nanohorns 1 were obtained
as a black powder (10 mg).
IR-DRIFT (KBr): ν (cm-1) 2962, 2921, 2861, 1712, 1642, 1453, 1100.
96

4.4.5. Synthesis of carbon nanohorns 2 by 1,3 dipolar cycloaddition

R
R2 N 1
R1HN

R
N 1
R2

CO2H

R2CHO, DMF,
120°C, 5 days.

p-SWNHs

R2 NR

R2 N
R1
R1 =

1

(CH2CH2OH)2 CH2CH2 NHBoc R2 =

H

CNHs 2

A suspension of p-SWNHs (80 mg) in DMF (100 ml) was sonicated for 10 min, amino acid 3(360
mg, 1.189 mmol) and paraformaldehyde (540 mg, 18.00 mmol) were added in portions (0.120 mg
of 3 and 180 mg of paraformaldehyde every 24 hours). The resulting mixture was refluxed for 4
days at 130°C. After cooling to room temperature, the suspention was centrifugated. The brown
solution was collected and the black solid was washed several times with fresh DMF until the
supernatant solution remained colorless. All the DMF solutions were gathered and evaporated to
dryness. After addition of water (50 mL), the solution was extracted with CHCl3 (3 × 100 ml), dried
with anhydrous Na2SO4 and then the solvent was removed. A solid residue was obtained by
precipitation (dissolution in CH2Cl2 and precipitation by addition of diethyl ether), which was
washed several times with THF to remove the by-products. After drying under vacuum, nanohorns

2 were obtained as a black powder (4.4 mg).
IR-DRIFT (KBr): ν (cm-1) 2954, 2915, 2860, 1716, 1651, 1455, 1257, 1167.

4.4.6. Synthesis of carbon nanohorns 3 by deprotection with TFA
R
R2 N 1

R2 N
R1
R1 =

R
R2 N 1

R
N 1
R2

CHCl3

R2 NR

TA, 12 h

1

(CH2CH2OH)2CH2CH2 NHBoc R2 =

CNHs 2

R
N 1
R2

TFA

H

R2 N
R1
R1 =

R2 NR

1

(CH2CH2OH)2 CH2CH2NHCF3COO

R2 =

H

CNHs 3

To a suspension of 2 (3 mg) in chloroform (10 ml) was added trifluoroacetic acid (10 ml); the
nanohorns immediately started to precipitate. The reaction mixture was stirred at room temperature
97

for 12 h, then filtered on a 0.2 µm Millipore membrane and washed with chloroform and diethyl
ether. After drying under vacuum, nanohorns 3 were obtained as a black powder (2.2 mg).
IR-DRIFT (KBr): ν (cm-1) 2916, 2849, 1682, 1203, 1133.

4.4.7. Synthesis of carbon nanohorns 4 by nucleophilic addition

NHBoc
O

O

HN
H2N

O

O

NHBoc

5 days, DMF
40°C

HN
HN

O
O

O

NHBoc

O
NHBoc
p-SWNHs

CNHs 4

A suspension of p-SWNHs (50 mg) in DMF (100 mL) was sonicated for 10 min and then the
monoprotected diamine 1 (150 mg, 0.6 mmol) was added.
The reaction mixture was stirred at 50°C for 5 days, and then filtered through a 0.22 µm fluoropore
membrane, washed with DMF, CH2Cl2 and Et2O and dried under high vacuum.
FTIR (KBr) ν (cm-1) 1701, 1682, 1540, 15

4.4.8. Synthesis of Carbon Nanohorns 5 by oxidation
COOH
COOH

H2SO4/H2O2
3h, R.T.
COOH
COOH

CNHs 5

Pristine SWNHs (100 mg) were added to a piranha solution (Sulphuric acid 95-97% and Hydrogen
peroxide 30%: 4:1) (100 mL). The suspension was stirred for 3 hours at room temperature, diluted
with water (1 L) and then filtered through a 0.1 µm isopore membrane. The precipitate was
extensily washed with water until the filtrate reached neutral pH and the oxidized SWNHs 5 were
dried overnight under high vacuum.
FTIR (KBr) ν (cm-1) 1747, 1540.
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4.4.9. Synthesis of carbon nanohorns 6 by amidation

O

CO OH

H
N

O

O

NHBoc

CO OH
H 2N

O

O

NHBoc

EDC, HOBt
5 gg, T.A.

COOH

NH
O

COOH

NH

O

O

O

O
O

NHBoc
NHBoc

CNHs 6

CNHs 5

A suspension of ox-SWNHs 5 (100 mg) in DMF (150 mL) was sonicated for 10 min and then the
monoprotected diamine 1 (400 mg, 1.6 mmol), EDC (400 mg, 2.6 mmol) and HOBt (400 mg, 2.9
mmol) were added. The reaction mixture was stirred at 50 °C for 5 days, filtered through 0.2 µm
fluoropore membrane, washed with DMF, CH2Cl2 and Et2O and dried under high vacuum.
FTIR (KBr) ν (cm-1) 1700, 1582, 1522.

4.4.10. Synthesis of the acylchloride derivative 8

Ar

HO2C

NH

Ar
N

N

HN
Ar

7

oxalyl chloride
Ar
DMF cat, CH2Cl2
RT, 20h

ClOC

NH
N

N
HN

Ar

Ar

8

To a solution of 7 (20 mg, 0.02 mmol) in dry CH2Cl2 (5 mL) was added 1 drop of DMF and oxalyl
chloride (50 µL, 0.60 mmol). The reaction mixture was stirred for 20h at room temperature and then
the solvent and the excess of oxalyl chloride were removed by distillation under reduced pressure.
The residue was redissolved in dry CH2Cl2 (5 mL), the solvents removed by distillation under
reduced pressure and then the acid chloride is kept under high vacuum and use directly for the
coupling with the nanohorns derivatives.
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4.4.11. Synthesis of Carbon Nanohorns 9 by deprotection

NHBoc
O

N H 3 Cl

O

O

O
HN

HN

HCl
T.A., CHCl3
2h

HN
O

HN

HN
O

HN

O

O

NH 3 C l

O

O

O

NHBoc

N H 3C l

O
NHBoc

CNH s 9

A suspension of SWNHs 4 (20 mg) in dry DMF (50 mL) was sonicated for 5 min and then gaseous
HCl was bubbled into the suspension. The reaction mixture was stirred at room temperature for 1 h,
filtered through a 0.22 µm fluoropore membrane, washed with DMF, CH2Cl2 and Et2O and dried
under high vacuum at 50°C for 1h.

4.4.12. Synthesis of carbon nanohorns 10 by deprotection

NHBoc

O
CONH

O

O
CONH

O

NH3+Cl-

O

NHBoc
CONH

O

O

HCl

CONH

NH3+Cl-

O

CHCl3
CONH

T.A., 2h
O
O

CONH

O
O

NHBoc

CNHs 6

NH3+Cl-

CNHs 10

A suspension of SWNHs 6 (20 mg) in dry DMF (60 mL) was sonicated for 5 min and then gaseous
HCl was bubbled into the suspension. The reaction mixture was stirred at room temperature for 1 h,
filtered through a 0.22 µm fluoropore membrane, washed with DMF, CH2Cl2 and Et2O and dried
under high vacuum at 50°C for 1h.
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4.4.13. Synthesis of carbon nanohorns 11 by coupling

O

NH3 Cl
O

O

HN

HN

NH3 Cl

O

HN

Ar
NH
ClOC

N

N

HN

Ar

O
NH3 Cl

NHR

O

NEt3, THF dry
5 days, T.A.
under N2

Ar
O

O
HN

+

HN

NHR

O
O

HN

O
O

Ar = 3,5-di-t-buphenyl

NHR

CNHs 11

CNHs 9

Ar
R=

NH N
N HN

C
O

Ar

Ar
Ar = 3,5-di-t-buphenyl

The ammonium salt derivative was used directly for coupling with the porphyrin. The deprotected
compound 9 was dispersed in dry DMF (50 mL), then Et3N (5 mL) and 7 (20 mg) in dry CH2Cl2 (5
mL) were added. The reaction mixture was stirred at room temperature for 4 days, filtered through a
0.22 µm fluoropore membrane, washed with DMF, CH2Cl2 and Et2O and dried under high vacuum.
UV-vis (DMF) λ max 420, 513, 647 nm; FTIR (KBr) ν (cm-1) 2923, 2852, 1690, 1540.

4.4.14. Synthesis of carbon nanohorns 12 by coupling

NH3+Cl-

O
CONH

O

O
CONH

CONH

Ar

O

+

ClOC

N

N
HN
Ar

Ar

NH3+Cl-

NHR

O

NEt3, THF dry
5 days, T.A.
under N2

CONH

O
O

O

O
CONH

NH

CONH

NHR

O

NH3+Cl-

O
O

Ar = 3,5-di-t-buphenyl

NHR

CNHs 12

CNHs 10

Ar
R=

C
O

NH N
N HN

Ar

Ar
Ar = 3,5-di-t-buphenyl

The ammonium salt derivative was used directly for coupling with the porphyrin. The deprotected
compound was dispersed in dry DMF (50 mL), then Et3N (5 mL) and 7 (20 mg) in dry CH2Cl2 (5
mL) were added. The reaction mixture was stirred at room temperature for 4 days, filtered through a
0.22 µm fluoropore membrane, washed with DMF, CH2Cl2 and Et2O and dried under high vacuum.
UV-vis (DMF) λ max 420, 513, 548, 592, 649 nm; FTIR (KBr) ν (cm-1) 2918, 1700, 1541.
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4.4.15. Synthesis of Carbon Onions 1 by 1,3 dipolar cycloaddtion

CH2CH2OCH2CH2OCH2CH2NHBoc
N
H

O

+

HO

H
N

O

O

NHBoc

+ HCHO

DMF
reflux
H
N
CH2CH2OCH2CH2OCH2CH2NHBoc

CNOs 1

A suspension of CNOs (30 mg) in DMF (100 ml) was sonicated for 10 min, and then amino acid 3
(60 mg, 0.158 mmol) and paraformaldehyde (120 mg, 4 mmol) were added in portions every 24
hours for 4 days. The resulting mixture was refluxed at 130°C. At the end of the reaction the solid
was separated from the brown solution by centrifugation and washed several times with fresh DMF
until the supernatant solution remained colorless. Then it was filtered through Millipore membrane
(Fluoropore, 0.22 µm) and washed with THF and finally with dichloromethane. After drying under
vacuum, CNOs were obtained as a black powder (38 mg).
UV-vis (DMF): λ max (nm) 254, 261, 269, 276, 283, 322, 333, 354 nm; FTIR (KBr) ν (cm-1): 3430
cm-1, 2920 cm-1, 1635 cm-1.

4.4.16. Synthesis of Carbon Onions 2 by deprotection

CH2CH2OCH2CH2OCH2CH2NHBoc
N

CH2CH2OCH2CH2OCH2CH2NH3 CF3COO
N

TFA
CH2Cl2

2h, r.t.
N
CH2CH2OCH2CH2OCH2CH2NHBoc

CNOs 1

N
CH2CH2OCH2CH2OCH2CH2NH3

CF3COO

CNOs 2

A suspension of 1 (38 mg) in CH2Cl2 (30 ml) and TFA (20 ml) was stirred at room temperature for
2 h. The corresponding ammonium salt was recovered by filtration and washed several time with
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dichloromethane. After drying under vacuum, the derivatized CNOs were obtained as a black
powder (24 mg).
FTIR (NaCl): ν (cm-1) 3421, 2097, 1649, 1266, 736.

4.4.17. Synthesis of acyl chloride derivative of ferrocene carboxylic acid 4

COOH

COCl
oxalyl chloride,
CH2Cl2, RT, 20h

Fe

Fe

4

3

To a solution of ferrocene carboxylic acid 3 (50 mg, 0.217 mmol) in dry CH2Cl2 (50 mL) was added
oxalyl chloride (2.85 mL, 4.28 mmol). The reaction mixture was stirred for 24 h at room
temperature and then the solvent and the excess of oxalyl chloride were removed by distillation
under reduced pressure. The residue was redissolved in dry THF (5 mL), the solvents removed by
distillation under reduced pressure and then the acid chloride was kept under high vacuum or use
directly for the coupling with the CNOs derivatives.

4.4.18. Synthesis of Carbon Onions 5 by coupling
CH2CH2OCH2CH2OCH2CH2NH3 CF3COO

CH2CH2OCH2CH2OCH2CH2NHR

N

N
COCl
+

N
CH2CH2OCH2CH2OCH2CH2NH3

Fe

Et3N, THF
RT, 5 days

CF3COO

N
CH2CH2OCH2CH2OCH2CH2NHR

CNOs 2

4

CNOs 5

CO
R=

Fe

The deprotected compound 2 (10 mg) was dispersed in dry THF (45 mL), then Et3N (5 mL) and of
compound 4 (20 mg) in dry THF (5 mL) were added. The reaction mixture was stirred at room
temperature for 4 days, filtered through a 0.22 µm fluoropore membrane, washed with DMF,
CH2Cl2 and Et2O and dried under high vacuum.
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UV-vis (DMF): λ max (nm) 254, 261, 269, 276, 284, 323, 336, 355 nm; FTIR (KBr): ν (cm-1) 3421
cm-1, 2921 cm-1, 1633 cm-1, 1261 cm-1, 1096 cm-1, 803 cm-1, 4732 cm-1.

4.4.19. Synthesis of a derivative of ferrocene 6 by coupling
H
N
OH
C
Fe

+ HN
2

O

NHBoc
O

EDCI, HOBt,NEt3

THF

C

O

Fe

O
NHBoc

O

O

6

To a solution of monoprotected diamine 1 (0.370 g, 1.6 mmol) in dry THF (50 ml) ferrocene
carboxylic acid (0.370g, 1.6 mmol) , EDCI (0.464g, 2.4 mmol), HOBt (0.109 g, 0.81 mmol) and
triethylamine (0.652 g, 6.4 mmol) were added. The reaction was stirred at room temperature under
Argon for 24 hours.
After removal of the solvent under reduced pressure, the residue was redissolved in diethylether and
washed with HCl and brine. The solution was dried with Na2SO4 and the solvent was removed
under vacuum.
The residue was purified by chromatography column (CH2Cl2) and a yellow gel was obtained.
C24H36FeN2O5 (M.W.460), 50% yield: ( 0.78 g, 1.6 mmol).
1

H-NMR (200 MHz, CDCl3): δ 6.15 (1H), 5 (1H), 4.6 (2 H), 4.3 (2 H), 4.138 (4 H), 3.6 (6 H), 3.494

(4 H), 3.239 (2 H), 1,4 (9 H).
ES (MeOH): 460 (M), 483 (M+Na), 499 (M+K) m/z .
FTIR (NaCl): ν (cm-1) 3404, 2920, 1631, 1540, 1266, 1092.
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Conclusions
1.8. Conclusions

In this thesis carbon onions (CNOs), carbon nanohorns (SWNHs) and their properties have been
explored. Their performance in donor-acceptor ensembles has also been investigated.
First we have described the functionalization of SWNHs by several methods and the syntheses of
CNOs/ferrocene

(CNOs 5) and SWNHs/porphyrin (CNHs 11 and 12) assemblies have been

reported. The functionalized SWNH and CNOs derivatives have been characterized by a
combination of techniques including thermogravimetry, FTIR and Raman spectroscopy, and
microscopy.

All SWNHs exhibit reasonable solubility in organic solvents, and the properties of the SWNH/H2P
assemblies have been studied by electrochemical and photophysical measurements.
The CV curve of SWNH/H2P 6 showed a continuum of faradic and pseudocapacitive behavior,
which is associated with multiple-electron transfers to and from the SWNHs. The CV curve
displayed also four discrete redox processes involving the porphyrin moiety. The first two reduction
peaks are largely shifted toward more negative potentials with respect to the porphyrin. Such a shift
can be attributed to the strong electronic interaction between SWNHs and porphyrin in dyad 12.
Furthermore, in the absorption spectra of SWNH/H2P conjugates 11 and 12, the presence of both
constituents, namely, SWNHs and H2P has been observed. Steady-state and time-resolved
fluorescence demonstrated a quenching of the fluorescence of the porphyrin in SWNH/H2P
conjugates 11 and 12 compared to the reference free base porphyrin. Finally, transient absorption
spectra permitted the electron transfer process between the porphyrins and the carbon
nanostructures to be observed.

CNOs have a spherical appearance with, on average, 6 shells. The electronic properties of
compound 5 have been investigated by electrochemistry and photophysical measurements along
with quantum chemical calculations. The electrochemical study shows the existence of an
interaction between the ferrocene moieties and the carbon nanoparticle core. This interaction is due
to the flexibility of the linker between the carbon onion and the ferrocene groups. Fluorescence is
observed at low and high energies with the one at lower energies decaying faster. Ferrocene
quenches the CNO centered fluorescence especially at high energies where it approaches less
functionalised CNOs more closely. It is concluded that different species are responsible for
emission at high and low energy and the faster fluorescence. In particular, after absorption of a
photon, at low energy there is emission from CNOs characterized by larger external shells and a

higher degree of functionalization; while at high energy there is emission of CNOs characterized by
smaller external shells and a lower degree of functionalization. Selection of the appropriate
functionalized CNO can produce emitters made to order.
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Abbreviations

Abbreviations
Abbreviations.
A-CNOs: Carbon Onions made from arcing.
AFM: Atomic Force Microscopy.
Boc: N-tert-butyloxycarbonyl
Ch: Chiral Vector.
CNHs: Carbon Nanohorns.
CNOs: Carbon Onions.
CNT: Carbon Nanotube.
CV: Cyclic Voltammetric.
CVD: Chemical Vapor Deposition.
DCC: 1,3- dicyclohexylcabodiimide.
DCM: dichloromethane
DEX: Glucocorticoid Dexamethasone.
DMF: Dimethylformamide
EDC: N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide.
HiPCO: High Pressure CO.
HOBt: 1-hydroxybenzotriazole.
MAGoxNHs: superparamagnetic magnetites attached to oxidated CNHs.
MRI: Magnetic Resonance Imaging.
MW: molecular weight.
MWNT: Multi Walled Nanotube.
N-CNOs: Carbon Onions made fro annealing
NEt3: Triethylamine
ox-CNHs: oxidated Carbon Nanohorns.
PBS: Phosphate Buffer Solution.
p-CNHs: Pristine Carbon Nanohorns.
p-CNOs: Pristine Carbon Onions.
PmPV-co-DOctOPV: Polym-phenylenevinylene-co-2,5-dioctoxy-p-phenylene vinilene.
pyrene+: 1-(trimethylammonium acetyl) pyrene.
RHEED: Reflection High Energy Electron Diffraction.
RT: Room Temperature.
SEM: Scanning Electron Microscopy.
SPM: Scanning Probe Microscopy.
STM: Scanning Tunneling Microscopy.
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Abbreviations
SWNT: Single Walled Nanotube.
TBAH: Tetrabutylammonium Hexafluorophosphate
TEM: Trasmission Electron Microscopy.
THF: Tetrahydrofuran.
TGA: Thermal Gravimetrical Analysis.
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