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1. Introduction 

Nanotechnology relates to the manipulation of objects one billionth of a 
meter in size. Technology at this scale presents a major challenge but can 
ultimately lead to new materials with unprecedented properties. Nanotech-
nology is expected to revolutionize future electronics and medicine and fur-
thermore have great impact in fields such as biomaterials and in energy pro-
duction. 

Nanomaterials are objects of matter in the nanoscale (1 10-9 m). By defi-
nition, this includes objects smaller than one tenth of a µm (100 nm) in at 
least one dimension.1 Nanosized objects or “nanoparticles” can consist of 
different elements such as copper, gold, silicon or carbon. An important as-
pect of nanotechnology is that nanosized materials may exhibit remarkably 
different properties than the corresponding material in macroscale, e.g. na-
noparticles of copper are transparent and nanoparticles of gold are liquid at 
room temperature.2  

The fullerenes are the newest members in the family of carbon allotropes 
and are carbon based nano objects in the form of hollow spheres, ellipsoids, 
or tubes. Spherical and ellipsoidal fullerenes are loosely called simply “full-
erenes” or “buckyballs” while tubular fullerenes are called carbon nanotubes 
or “buckytubes”. Fullerenes and carbon nanotubes have played an important 
role in nanotechnology ever since they were discovered in the 1980s and 
1990s respectively, and are further believed to have an even greater impact 
in the future.  

While nanotechnology comprises a highly multidisciplinary field, organic 
chemistry offers the necessary toolbox to transform these nanosized objects 
into functional new materials. Extensive research in fullerene chemistry has 
led to developments in e.g. photovoltaics and light-harvesting devices which 
may eventually lead to new efficient organic solar cells (some fullerene 
based solar cells are actually already commercialized).3 Also, research in 
carbon nanotube chemistry has provided major advancements in the use of 
these nanostructures in diverse areas including composite materials, elec-
tronics, drug-delivery systems, and in nanosized biosensors.4  

However, some fundamental issues related to the lack of selective produc-
tion methods, impurities, and solubility must be addressed before carbon 
nanotubes can be used to their full potential in more advanced applications. 
Continued research in fullerene and carbon nanotube chemistry may provide 
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solutions to these issues and further lead to new materials or molecular sys-
tems useful for a range of applications within the field of nanotechnology.  

This thesis summarizes my work as a PhD student in organic chemistry 
and is concerned with the purification and chemical functionalization of 
carbon nanotubes as well as with the preparation of some organometallic 
fullerene derivatives. The first part gives a brief introduction to these 
nanostructures, with emphasis on their unique properties and chemical reac-
tivity. This is followed by section two which is related to purification of 
carbon nanotubes. Section three presents a non-covalent approach to func-
tionalize carbon nanotubes with glycosides. Finally, in section four we have 
synthesized and evaluated organometallic fullerene derivatives for the poten-
tial use as molecular wires.  

1.1 Fullerene C60 

C60 was the first fullerene to be discovered in 1985 by Robert F. Curl, Sir 
Harold W Kroto and Richard E. Smalley whom in 1996 received the Nobel 
prize for their work. C60 consists of 60 ~sp2 hybridized carbon atoms ar-
ranged in 20 hexagons and 12 pentagons to form a spherical structure re-
sembling a soccer ball in nanosize (van der Waals diameter = 1.1 nm, figure 
1).5 C60 is also called “Buckminsterfullerene” due to its shape, similar to the 
geodesic domes designed by the American engineer and designer Buckmin-
ster Fuller.5 After the discovery of C60, several other carbon clusters of 
spherical or ellipsoidal structure have been discovered and added to the full-
erene family. These include for example C20 which is the smallest possible 
fullerene, C70, C76 and C84. While there are fullerenes of various sizes, C60 is 
by virtue of its early discovery, stability and commercial availability by far 
the most studied and well characterized fullerene in its family. 

 

 

Figure 1. The size and lowest Kekulé structure of fullerene C60. All double bonds are 
situated in the junctions between two six-membered rings.  
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After the successful preparation of fullerene C60 in multigram quantities in 
1990, fullerene research has developed tremendously.6 The main interest in 
C60 stems from its unique three-dimensional structure and remarkable elec-
tronic properties which make it useful for a range of applications in different 
fields including artificial photosynthesis and light-harvesting devices, mate-
rials, electronics, energy storage, superconductors and in tribology.5  

Due to its properties, fullerene C60 is particularly useful as electron accep-
tor moiety in donor-acceptor systems for artificial photosynthesis and light 
harvesting devices and a plethora of research articles has been published on 
this topic alone since the electron accepting properties of C60 was first exper-
imentally demonstrated in 1990.7 C60 has a high electron affinity and can 
accept up to six electrons in a reversible manner. This electron accepting 
property is due to a low lying triply degenerate lowest unoccupied molecular 
orbital (LUMO) which is around 1.8 eV above its five-fold degenerate high-
est occupied molecular orbital (HOMO).8  

 
 

 
 

Figure 2. HOMO-LUMO gap in fullerene C60 

C60 is capable of carrying charges, as these can be efficiently stabilized by 
conjugation in the molecule. For this reason, fullerene anions up to C60

4- are 
relatively stable and can be stored in solution for several days.9 Another 
important property that makes C60 suitable for applications in light harvest-
ing devices is its low reorganizational energy ( ) which results from its rigid 
three-dimensional structure. This facilitates fast, efficient electron transfer to 
occur in donor-acceptor systems.8    

C60 is practically insoluble in n-pentane (0.005 mg/mL) and barely solu-
ble in chloroform (0.16 mg/mL). However, it is more soluble in aromatic 
solvents such as toluene (2.8 mg/mL) and especially o-dichlorobenzene (27 
mg/mL) as well as in carbon disulfide (7.9 mg/mL).10 Solutions of pristine 
C60 show a characteristic purple color arising from small singlet-singlet tran-
sitions in the visible part of the spectrum.7 Functionalization of C60 can give 
derivatives with improved solubility in various solvents, including water, 
and these are generally brown in color. 
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1.1.1 Chemical functionalization of C60 
In the lowest energy Kekulé structure of C60 all 30 double bonds are posi-
tioned at the junctions between the six-membered rings (figure 1). This ar-
rangement is consistent with theoretical and structural data which shows two 
different bond lengths in C60 in where the bonds between two six-membered 
rings are shorter (1.38 Å) than the bonds between a six-membered ring and a 
five-membered ring (1.45 Å). This is further supported by experimental re-
sults in the sense that C60 behaves like an electron-poor polyolefin rather 
than a fully conjugated superarene.11   

Many reactions have been developed for the functionalization of C60. 
Among these, cycloaddition reactions have emerged as very useful for func-
tionalization of one or several of the fullerene double bonds. These are [4+2] 
(Diels-Alder reactions), [3+2], and [2+2] cycloadditions.12 Scheme 1 shows 
some examples of these reactions applied to C60. Among these, the [3+2] 
cycloaddition between C60 and an azomethine ylide (the Prato reaction) stand 
out as the most frequently applied reaction in the preparation of C60 deriva-
tives.13 The azomethine ylide is generally formed in situ from the reaction 
between an aldehyde or ketone and an amino acid derivative and allows up 
to 5 R groups to be introduced to C60 in a one-step reaction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Scheme 1. Overview of some cycloaddition reactions applied to fullerene C60. 
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For the reasons mentioned above, cycloaddition reactions preferably take 
place on a double bond between two six-membered rings, leading to [6,6] 
adducts rather than on a bond between a six-membered and a five-membered 
ring which leads to [5,6] adducts.7  

A related reaction that has been frequently used to prepare C60 derivatives 
is the Bingel reaction in which an -halo ester or ketone is first deprotonated 
by a base and subsequently added to one of the double bonds in C60 resulting 
in an anionic intermediate that reacts further into a cyclopropanated C60 de-
rivative. The malonic ester derivatives prepared by this reaction can be hy-
drolyzed to yield C60 derivatives with solubility in water.12  

Besides cycloaddition reactions, the double bonds in C60 readily react 
with nucleophiles such as organolithium and Grignard reagents, as well as 
with primary and secondary amines to form (generally) 1,2 adducts.7,14  

The main driving force for all these reactions is the release in strain ener-
gy experienced by the fullerene carbon atoms at the reaction site when going 
from ~sp2 to sp3.15  

A common issue in the functionalization of C60 is multi addition of the re-
agents to more than one of the double bonds of C60, leading to the formation 
of poly adducts. This can of course be advantageous if the aim is to prepare 
highly functionalized derivatives, but if only one functional group is to be 
introduced this can be problematic. However, using stochiometric amounts 
of reagents in combination with dilute reaction conditions generally produc-
es clean [6,6] mono additions.  

Importantly, the electronic properties of pristine C60 are to a greater rather 
than to a lesser extent retained in most of its derivatives. Typically however, 
the electron affinity of C60 decreases somewhat upon functionalization as a 
result of disturbing the -conjugated network when converting sp2 carbons 
into sp3, an effect that is more pronounced in higher C60 adducts. Derivatives 
of C60 may thus not display as many reversible reductions as pristine C60 and 
in some higher C60 derivatives the reductions may even become irreversi-
ble.16  

1.2 Carbon nanotubes 
The discovery of carbon nanotubes (CNTs) is generally attributed to the 
Japanese scientist Sumio Ijima, whom in Nature, 1991 published the first 
high resolution TEM images of “Helical microtubules of graphitic carbon”, 
and thereby brought carbon nanotubes into the awareness of the scientific 
community.17,18 Carbon nanotubes have since then attracted an enormous 
interest as they offer some remarkable properties that make them useful for a 
range of applications. 

Carbon nanotubes belong to the same group of carbon allotropes as full-
erene C60. Whereas the latter is a spherical molecule, a carbon nanotube may 
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be viewed as a fullerene that have been cut in two halves and combined with 
a cylinder (figure 3). The tubes have sidewalls made up of hexagonally ar-
ranged ~sp2 hybridized carbon atoms and have diameters generally around 
one nanometer which is in the area of 1/50.000 of a human hair, or approxi-
mately equal to the length of anthracene (figure 4). Although the tubes are 
very narrow in diameter they can have very high aspect ratios. As a result, 
carbon nanotubes are considered quasi-one dimensional materials.19 

 

 
Figure 3. A single walled carbon nanotube. 

Carbon nanotubes are primarily categorized based on the number of walls. 
There are single walled (SWNT) and multi walled (MWNT) carbon nano-
tubes. Multi walled tubes consist of several nanotubes that have been formed 
inside each other (figure 4) and are significantly larger than the single walled 
CNTs with diameters generally between 10-100 nm.  

 
Figure 4. Comparison between the size of some common organic compounds and 
typical diameters of single- and multi walled carbon nanotubes. 

The tubes are further characterized based on their helicity which is defined 
by two integers (n,m). These integers are determined from the hypothetical 
wrapping of a graphene sheet into a carbon nanotube. This can be conceptu-
alized by imagining a graphene sheet as in figure 5. The way the graphene 
sheet is wrapped up is represented by the rolling vector (chiral vector) C = 
na1 + ma2, where a1 and a2 are the graphene lattice vectors and n and m are 
the integer numbers characteristic for SWNTs of any helicity. SWNTs are 
divided into three major helicities called armchair, zigzag and chiral. A 
SWNT of the armchair helicity is formed by hypothetically rolling the gra-
phene sheet in figure 5 at a 30° angle, while a zigzag SWNT can be formed 
by rolling the sheet at a 0° angle. Rolling the sheet at any other angle be-
tween these extremes forms chiral carbon nanotubes.20 
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1.2.1 Electronic properties of carbon nanotubes 

While graphene is a semi-conductor with zero bandgap,21 single walled car-
bon nanotubes can be either metallic and exhibit a zero bandgap, or semi- 
conducting and exhibit a non-zero bandgap. This property of carbon nano-
tubes depend upon how the tubes have been “rolled up”. In other words, the 
pair values (n,m) of a particular carbon nanotube will determine whether it is 
metallic or semi-conducting. A carbon nanotube with indices that fulfill the 
equation n-m=3q, where q is an integer number, are metallic while those 
with indices that fulfill n-m=3q±1 are semi-conducting. According to the 
helicity map in figure 5, one third of all SWNTs are metallic while two 
thirds are semi-conducting. Furthermore all armchair tubes with  = 30° are 
metallic.  

As carbon nanotubes are promising building blocks for advanced elec-
tronic applications, access to SWNTs with specific (n,m) values is a crucial 
but not yet solved issue. 
 

 
Figure 5. Helicity and diameter map of SWNTs. Circumferential folding along the 
arrow will form a metallic (12,6) SWNT.  Folding at 0° will form a Zigzag SWNT 
and folding at 30° will form an Armchair SWNT.  

1.2.2 General chemistry of carbon nanotubes  
As carbon nanotubes have strong aromatic character they tend to aggregate 
due to van der Waals interactions ( -  stacking). This leads to the formation 
of large bundles of CNTs that do not easily dissociate. As a result, carbon 
nanotubes in their unmodified state are completely insoluble in most sol-
vents (with very few exceptions).22 This feature complicates the use of CNTs 
in most applications (composite materials, molecular electronics etc.), and 
further prohibits the development of molecular assemblies with nanotubes as 
building blocks.  
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This issue has been one of the primary motives for the development of a 
range of chemical derivatization methods. These methods can in principle be 
categorized into 1) covalent attachment of molecules to the -conjugated 
sidewalls of the CNTs; 2) covalent attachment of molecules to present de-
fect-groups in the CNTs (defect group chemistry) and 3) non-covalent ad-
sorption of molecules to the CNTs. Category 1 involves reactions like side-
wall halogenation,23 hydrogenations, cycloadditions (such as the Prato reac-
tion),24 and radical addition reactions. Category 2 was first employed by 
Haddon et. al.25,26 and is based on utilizing defect groups such as carboxylic 
acid groups present in acid-oxidized carbon nanotubes to further derivatize 
the materials (see paper I).  

A general disadvantage with both strategy 1 and 2 for CNT-derivatization 
is that they disturb the sp2 hybridized lattice of the carbon nanotubes by con-
verting some of the sp2 hybridized carbons into sp3. As a result, the electron-
ic and mechanical properties of the carbon nanotubes may be negatively 
affected. Category 3 involves non-covalent adsorption of molecules or pol-
ymers (such as DNA, polyvinyl pyrrolidone etc.20) to the CNTs. As carbon 
nanotubes have strong aromatic character, it is possible to adsorb other (pre-
dominately) aromatic molecules to the sidewalls by -  stacking interactions 
(paper III). Non-covalent derivatization of carbon nanotubes is attractive as 
it is potentially reversible and also preserves the unique electronic properties 
of the material by not damaging the sidewalls.  

1.3 Production of fullerenes and carbon nanotubes  
Fullerene C60 and carbon nanotubes can be prepared using the arc discharge 
method. SWNTs and MWNTs can also be prepared by laser ablation and 
CVD (Chemical Vapor Deposition) methods (vide infra).  

The Arc-discharge method was first used to produce fullerene C60, but 
Ijima discovered in 1991 that the method could also be modified to produce 
carbon nanotubes. Two carbon electrodes are placed close to each other in an 
inert atmosphere (often He or Ar gas) as in figure 6. A DC current is then 
applied between the electrodes, resulting in ignition of the arc and formation 
of a plasma between them. This results in evaporation of the anode and for-
mation of carbon nanotubes between the electrodes. If pure graphite elec-
trodes are used, MWNTs are predominantly formed, but if the electrodes are 
doped with cobalt, iron or nickel, SWNTs are the major product. This meth-
od generally yields complex mixtures of carbon nanotubes with a wide di-
ameter distribution.27  
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Figure 6. Schematic picture of an arc-discharge setup to produce carbon nanotubes. 

Chemical vapor deposition (CVD) methods for carbon nanotube synthesis 
are based on the mixing of a carbon-containing gas with a metal-catalyst-
coated substrate at a high temperature. The carbon containing gas decom-
poses and carbon nanotubes are formed on the catalyst particles. CVD meth-
ods are useful for large-scale synthesis of SWNTs of high quality.28 

The HiPCo process (High pressure Carbon Monoxide) is a CVD based 
method commonly applied for the preparation of SWNTs. The method in-
volves mixing an iron catalyst precursor with carbon monoxide at high pres-
sure and temperature. The tubes formed on the metal surface are of high 
quality and purity.28 HiPCo SWNTs are presently the most common source 
of high-quality carbon nanotubes suitable for the use in research and for 
applications. We have used HiPCo SWNTs for our research in the work 
presented in sections 1-3.  

Unfortunately, none of the currently available methods for carbon nano-
tube synthesis allow complete control of the nanotube growth process. As a 
result, the formation of carbon nanotubes is more or less nonselective with 
respect to helicity and diameter distribution.29 This is a major problem, as the 
use of CNTs in various advanced electronic applications requires access to 
carbon nanotubes with specific helicities and diameters. Thus, much research 
has been aimed towards the development of more selective methods for car-
bon nanotube synthesis and also to the development of separation and sort-
ing techniques. 

1.4 Characterization of carbon nanotubes 
While C60 is a well-defined, discrete and soluble molecular allotrope of car-
bon, carbon nanotubes are insoluble and heterogenic (a sample of SWNTs 
generally contains many different types of tubes in terms of length, diameter, 
helicity and defects). As a consequence, the standard solution based tools of 
organic chemistry such as NMR and mass spectrometry can be readily ap-
plied for the characterization of C60 and its derivatives, while solid-state 
analytical methods such as Raman spectroscopy, thermogravimetric analysis 
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(TGA), IR spectroscopy, XPS, and microscopy methods are most useful for 
the characterization of CNTs. Below follows a brief survey of some methods 
used for the characterization of carbon nanotubes in papers I-III. 

1.4.1 Raman spectroscopy 
When light is scattered by a molecule, most scattered photons have the same 
energy as the incident photons. However, a small fraction of the scattered 
photons will have lower or higher energy than the incident photons (inelastic 
scattering). This is due to the Raman effect that arises when some of the 
energy of the incident photon is absorbed by the molecule and transformed 
to vibrational and/or rotational energy (figure 7).30 The energy difference 
between the incident photon and the inelastically scattered photon is equal to 
the energy of a vibration in the molecule. In crystals and in well ordered 
materials these vibrations (phonons) can only have certain distinct frequen-
cies, while amorphous materials can absorb over a wider range producing 
broader signals.  As only a small fraction of the scattered photons are inelas-
tically scattered and thus Raman active, a high-intensity laser is employed as 
the light source. 

Incident 
photon

Inelastically
scattered 
photon

Inelastically
scattered 
photon

Incident 
photon

Stoke transition Anti-Stoke transition

Energy Energy

 
Figure 7. Stoke and anti-stoke transitions that give raise to inelastically scattered 
photons which are detected in Raman spectroscopy. 

There are several Raman active vibrational modes for single walled carbon 
nanotubes whereas three of these are of particular importance. These modes 
give rise to the G-band (G from graphite), the D-band (Disorder induced 
band) and the radial breathing modes (RBM) in the Raman spectrum of sin-
gle walled carbon nanotubes (figure 8).  

The G-band is characteristic for graphite materials and arises as a result of 
the vibrations visualized in figure 8. In SWNTs, the G-band is a characteris-
tic multi-peak high-intensity band around 1580 cm-1 whereas in graphite it is 
a single-peak band. The two G-band peaks in SWNTs with the highest inten-
sity arise from atomic displacement parallel to the tube axis (G+) and per-
pendicular to the tube axis (G-).31 The G-band provides a signature of 
SWNTs in a sample and can furthermore be used to determine the relative 
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distribution of semi-conducting and metallic tubes. The G--band is also sen-
sitive to the diameter of the nanotubes and can therefore be used to deter-
mine the diameter distribution in a sample of single walled carbon nano-
tubes. 

The radial breathing modes (RBM) is the lowest-frequency band in the 
Raman spectrum of SWNTs and originates from the atomic vibrations in the 
radial direction as visualized in figure 8. Except from providing direct evi-
dence of SWNTs in a sample, the position of the RBM gives information 
about the tube diameter. The diameter of a carbon nanotubes can be deduced 
from the equation: (RBM) = A/dt + B; where A and B are experimentally 
determined parameters and dt is the tube diameter.31 The intensity of the 
RBM is lower than the G-band and can sometimes be difficult to detect as it 
may be buried in the baseline noise.  

 

 
Figure 8. Raman spectrum of single walled carbon nanotubes (HiPCo). The vibra-
tions giving rise to the G-band and radial breathing modes (RBM) are shown.  

The D-band (disorder-induced band) appears around 1330 cm-1 and reflects 
defects such as sp3 hybridized carbons in the carbon nanotube lattice. Such 
defects are always present to an extent, but their density can be significantly 
increased by chemical processes such as i.e. acid-oxidation treatments. 
However, since amorphous carbon also has a prominent D-band, the pres-
ence of such carbon allotropes in the sample can complicate the interpreta-
tion of Raman spectra. Furthermore, the D-band intensity may be high if the 
resonance conditions between the incident laser energy and the van-Hove 
singularities of the carbon nanotubes are bad.31 Consequently, the features of 
the D-band are dependent upon several factors which have to be considered 
when interpreting Raman results of CNTs.  

Raman spectroscopy of MWNTs is less informative than for SWNTs and 
its features can be hard to distinguish from those of graphite. The G-band in 
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MWNTs generally consist of one broader peak without any visible fine 
structure, similar to the one found in graphite. Also the radial breathing 
modes are most often too weak to be observed. Consequently, while Raman 
spectroscopy may be partly useful for MWNT characterization, microscopy 
techniques such as SEM and TEM are also important. 

1.4.2 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) can be used for purity assessment of 
MWNTs and SWNTs and can further provide quantitative information re-
garding derivatization outcomes in CNT derivatives. The sample is placed 
on a highly sensitive balance inside a ceramic chamber. The sample is then 
heated in a controlled atmosphere (usually in N2 or air) while the weight-loss 
of the sample is monitored. Figure 9 shows TGA curves for MWNTs con-
taining different amounts of metal impurities, as well as a TGA curve of an 
amorphous carbon material (solid line). The thermal stability of the amor-
phous material is lower than for the MWNTs, reflected by a lower degrada-
tion temperature.  

 
Figure 9. TGA curves of two samples of MWNTs (dashed and dash-dot) and a sam-
ple of amorphous material (solid) heated in oxygen atmosphere. The residual mass 
that remains at 750°C is related to metal impurities. 

 1.4.3 Microscopy methods 
Scanning- and transmission-electron microscopy (SEM and TEM) are two 
very powerful microscopy techniques useful for CNT analysis. The methods 
are particularly useful for purity assessment of carbonous material and may 
also be used for the analysis of CNT-derivatives. Figure 10 shows a SEM 
image of multi walled carbon nanotubes ( : 60-100 nm). AFM (atomic 
force microscopy) and STM (scanning tunneling microscopy) are other tech-
niques that can be used to visualize carbon nanotubes (and fullerenes) at the 
atomic level. 
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Figure 10. SEM image of multi 
walled carbon nanotubes (diameter: 
60-100 nm). The MWNT close to the 
center is unsymmetrically broken and 
one of its ends is shown.  

1.5 Examples of applications for fullerene C60 and 
carbon nanotubes 

Composite materials 
Carbon nanotubes are amongst the strongest materials known in terms of 
their ability to withstand mechanical stress. This is a direct result of the 
strong bonding between the sp2 hybridized carbon atoms in the rigid lattice 
of the carbon nanotubes. Furthermore, CNTs are very elastic and can be 
exposed to excessive force without any permanent deformation. These prop-
erties in combination with their low density (1.3-1.4 g/cm3)32 make CNTs 
very attractive for the use in composite materials.  

An ideal carbon nanotube has an undisturbed lattice of hexagonally ar-
ranged carbon atoms. In reality however the lattice generally also contains 
defects like pentagons, heptagons, sp3 hybridized carbons, etc. which alter 
the mechanical and electronic properties of the tubes. If the density of such 
defects becomes high in a CNT, the strength and conductivity of the tube 
may be significantly lower than for a hypothetical defect-free CNT.33  

Unfortunately, the effective use of pristine CNTs in composite materials 
is complicated by their inherently low solubility. Organic functionalization is 
hence an important tool that may be employed to prepare soluble derivatives 
(see I and III).  

Organic solar cells 
In the race for renewable energy, the development of cheap, environmentally 
friendly photovoltaic devices has been an area of intense research over the 
last decade. While inorganic solar cells based on crystalline silicon still offer 
the highest efficiencies in terms of converting solar energy to electricity, 
they are expensive, less environmentally friendly and rigid.34 The latter fea-
ture prohibits their use in electronic devices that requires flexibility. Organic 
solar cells on the other hand are based on organic dyes that absorb sunlight 
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and convert it into electricity. While the best present organic solar cells have 
efficiencies around 7-8% as compared to around 15% for crystalline silicon 
they offer a low-cost, environmentally friendly alternative.34,35 Furthermore, 
organic solar cells can be made flexible, are extremely light-weight and can 
be used to cover large areas as they can be prepared directly from solution. 
Hence, these types of solar cells show great promise, especially for the use in 
flexible electronic products.  

Extensive research in the use of C60 in photovoltaics has led to numerous 
experimental solar cells implementing this carbon allotrope as electron ac-
ceptor together with other chromophores as donors. These devices have 
shown relatively high solar to energy conversion efficiencies and proven the 
real value of C60 for these types of applications.36  

Several high-efficiency organic solar cells are the “bulk heterojunction” 
solar cells in which an acceptor material, e.g. C60, is mixed with an electron 
donor material that has a high exctinction coefficient in the visible part of the 
solar spectrum. As the photons hit the donor material this leads to the rapid 
formation of excitons which migrate, through energy transfer, to the donor-
acceptor interface. At the interface, the excitons may dissociate into free 
electrons in the acceptor material and holes in the donor material. These free 
charge carriers may then move to the corresponding electrodes and produce 
a current.35  

Besides fullerene C60, carbon nanotubes show promise for the use in pho-
tovoltaics, both as electron acceptor and in transparent electrodes.37 

Molecular electronics 
While the ultimate goal in molecular electronics is to produce single-
molecule electronic components, the present activity in this field of research 
is mostly concerned with the study of electron transport phenomena at the 
single-molecule level.  

The properties of fullerenes and carbon nanotubes make them highly in-
teresting for the use in this multidisciplinary field between physics, chemis-
try and electronics. Metallic carbon nanotubes could be employed as elec-
tronic conductors, capable of near ballistic transport of electrons parallel to 
the tube axis.37 Semi conducting SWNTs are perhaps even more interesting, 
with applications including field effect transistors. As mentioned earlier, a 
major problem that prohibits the efficient development of CNT based elec-
tronics is the current lack of selective production methods and/or separation 
techniques to produce SWNTs of a specific helicity and diameter which 
would be required for the CNT-electronics field to take off.  

Fullerene C60 has been recently applied in single-molecule electron 
transport studies as an efficient anchoring group to gold electrodes.38 In our 
work with organometallic fullerene based oligomers we have prepared a C60 
dumbbell that may be used for similar studies as well as a model system for 
a fullerene based organometallic molecular wire (section 4, paper V and VI). 
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2. Purification of carbon nanotubes 
(paper I & II) 

2.1 Acid-mediated purification of CNTs (paper I) 
When carbon nanotubes are produced by any of the available production 
methods (section 1.3) the CNT material generally contains a substantial 
amount of impurities. These can be in the form of amorphous carbon, fuller-
enes, metal particles (such as iron or cobalt) or metal-particles encapsulated 
in carbon nanocapsules.39 The removal of such species is of great importance 
if the CNTs are to be used in specific areas of research or in any advanced 
nanotechnology applications, e.g. in drug-delivery or in electronic devices.  

For this reason, purification of carbon nanotubes have been an area of ex-
tensive research, and numerous methods based on filtration, chromatog-
raphy, gas-phase oxidations and liquid-phase oxidations have been devel-
oped. The most commonly applied methods for purification involves treat-
ment of the CNTs with oxidizing acids such as HNO3 and/or H2SO4.

39,40,41 
While these methods are capable of removing various types of impurities 
from the CNT material they may also inflict serious damage to the CNT 
sidewalls and cut the tubes into shorter pieces. This is accompanied by the 
introduction of oxygen containing groups such as carboxylic acids to the 
CNTs which, on one hand can be advantageous for solubility and for further 
defect group chemistry (paper I). On the other hand the disadvantage of this 
can be carbon nanotubes of significantly lower quality. We have evaluated 
two HNO3 mediated oxidative purification protocols in our work with cova-
lent defect group functionalization of CNTs (paper I).  

2.2 A fast, reagent-free purification of CNTs (paper II) 
As many mechanical and electronic applications require access to carbon 
nanotubes of very high quality, purification methods that are capable of re-
moving the impurities without causing any direct damage to the CNTs are of 
great interest. Secondly, most acid-oxidation based purification methods are 
time-consuming with reaction times extending up to several days. This is 
also generally followed by tedious work-up and/or annealing procedures. 
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As an alternative to the established acid-based purification protocols we 
have developed an acid-free, microwave-assisted (MiW) purification method 
in which carbon nanotubes are rapidly heated in an organic solvent such as 
dichloromethane. This treatment leads to the efficient removal of various 
non-CNT materials such as amorphous carbon and metal particles without 
damaging the tubes to any significant extent. The method is extremely fast, 
very simple to use and offers a convenient way to remove these kinds of 
impurities from both single- and multi walled carbon nanotubes.  

2.2.1 Purification of HiPCo SWNTs  
SWNTs produced by the HiPCo method are of high quality and contain only 
modest amounts of amorphous carbon, while the major impurities are resid-
ual metal catalyst particles. Applying the MiW method to these carbon nano-
tubes resulted in a black heterogenic mixture containing significant amounts 
of large metal-containing structures that were easily removed from the mate-
rial by filtration. Accordingly, the thermogravimetric analysis (figure 11) 
showed a substantial decrease in residual mass (2%) for the MiW purified 
material (treated for 5 min), as compared to the as-received CNTs (residual 
mass: 12%) consistent with the efficient removal of metal particles. 

The Raman spectrum of the purified material (left panel in figure 12) was 
very similar to the Raman spectrum of the as-received SWNTs with practi-
cally identical D/G band ratios and RBMs, indicating the non-destructive 
character of the method (as these post-treated CNTs are delivered almost 
free from amorphous carbon, the D-band primarily arises from defects in the 
CNT lattice). As a comparison, the right panel in figure 12 shows a typical 
Raman spectrum for acid-oxidized HiPCo SWNTs. The D/G ratio in this 
case is around 0.5 as compared to 0.2 for the as-received SWNTs indicating 
that the treatment has induced some damage to the SWNTs. 

 
Figure 11. (Left): Iron-containing structures obtained from the MiW purification 
method. (Right): TGA analysis (in an air atmosphere) monitoring the cleaning of 
HiPCo SWNTs in dichloromethane. The residual mass decreased from 12% for the 
as-received material to 2% for the MiW-purified material after one cycle. 
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The non-destructive character of our MiW method was further evident from 
IR spectroscopy which showed the lack of any significant IR-active bands 
for both as-received SWNTs and for the MiW treated SWNTs (paper II, 
figure 4). As a comparison, both HCl treated SWNTs and SWNTs treated 
with HNO3 exhibit significant bands of rather high intensity as a result of the 
introduction of oxygen containing groups to the SWNTs. 

 
Figure 12. (Left): Normalized Raman spectra (514 nm) of as-received HiPCo 
SWNTs (dashed) and MiW purified SWNTs (1 cycle, solid). (Right): Normalized 
Raman spectra of as-received HiPCo SWNTs (dashed) and acid-oxidized (2.6 M 
HNO3) HiPCo SWNTs (solid). 

2.2.2 Purification of MWNTs  
In comparison to HiPCo SWNTs, as-received multi walled carbon nanotubes 
contain lower amounts of metal residues, but may contain substantial 
amounts of amorphous carbon. As for the experiments carried out with the 
HiPCo SWNTs, we observed large metal-containing structures in the MiW-
treated MWNT material which could be removed from the material by filtra-
tion, leaving a MWNT material with a lower metal content than the as-
received material. This was further confirmed by thermogravimetric analysis 
(paper II, figure 7), which showed a lower residual mass after 750°C for the 
purified MWNTs (1.2%) as compared to the as-received material (3.3%). 

In the Raman analysis (figure 13) the only significant difference between 
the as-received MWNT sample and the MiW-purified sample is a decrease 
in intensity for the D-band for the purified sample. The D/G ratio is 0.8 for 
the as-received sample and 0.7 for the purified sample, consistent with a 
decreased amount of amorphous carbon in the sample.  

The Raman spectrum of the soluble black material from the purification 
treatment was significantly different from the solid material and showed 
features typical for amorphous carbon.42  
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Figure 13. Raman spectra of as-received MWNTs (dashed line), MiW-purified 
MWNTs (solid) and filtrate (dotted). Spectra are normalized to the G-band. 

A scanning electron microscopy (SEM) survey (figure 14) confirmed the 
conclusions formed from the Raman study. The non-CNT matrix that sur-
rounds the as-received CNTs (panel a) is transformed into irregularly shaped 
amorphous carbon recovered from the filtrate (panels c and d), and the 
MWNTs appear more individualized (panel b). The purification protocol 
could be repeated several times with fresh solvent, resulting in an increasing 
purity of the CNT material, as seen by Raman and SEM analyses. However, 
repeating the purification protocol more than twice resulted in some damage 
to the MWNTs as evident by the small relative increase of the D band inten-
sity (paper II), but to a very low degree compared to conventional oxidative 
processes. 
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a) b)

c) d)

 
Figure 14. SEM images of a) as-received MWNTs (120.000x): The MWNTs are 
covered with amorphous carbon; b) purified MWNTs (2 cycles) (120.000x): The 
MWNTs appear more individualized and the amorphous material visible in panel a 
has decreased; c) filtrate (40.000x): The image shows amorphous carbon (together 
with a few MWNTs); d) another image from the filtrate showing aggregates of 
amorphous carbon.  

2.3 Conclusion 
Our developed microwave-assisted purification method (paper II) holds 
great promise for the efficient and non-destructive purification of carbon 
nanotubes. Compared to the commonly applied acid-oxidation based purifi-
cation methods (paper I), the MiW method do not induce any significant 
damage or introduce any oxygen containing functional groups to the CNT 
sidewalls. Furthermore, the method is extremely fast and very simple to use 
making it a valuable alternative when carbon nanotubes of high quality 
without surface functionalities are required.   
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3. Reversible non-covalent derivatization of 
CNTs with glycosides (paper III) 

3.1 Introduction 
Functionalization of carbon nanotubes is essential for their use in many pro-
posed applications such as in e.g. drug delivery systems. Also, biosensor 
devices based on functionalized CNT derivatives are very promising for the 
sensitive and selective detection of e.g. pathogens, toxins or other com-
pounds from i.e. water, air or blood samples. In this regard, CNTs offer a 
unique (quasi) 1-dimensional scaffold, useful for the presentation of neces-
sary biological elements, or other active molecules that can serve as recogni-
tion sites for an analyte or receptor. Furthermore, as the conductivity in 
CNTs is highly sensitive to changes in the surrounding chemical environ-
ment, the binding of an analyte to the active molecules trigger a conductivity 
change that can be electronically detected in sensor devices.  

A requisite for the use of CNTs in these types of applications is the possi-
bility to link the nanotube to active molecules that e.g. provide recognition 
sites for a biological target. Linking of the active component to the CNT is 
possible using both covalent chemistry (paper I) and non-covalent strategies. 
The non-covalent approach has the advantage of being non-destructive with 
respect to the nanotubes and is for that reason advantageous for certain ap-
plications that require sufficient conductivity of the CNTs. Several groups 
have reported the efficient non-covalent derivatization of SWNTs with im-
mobilization of small organic molecules as well as different biomolecules 
including enzymes and proteins onto non-covalently derivatized 
SWNTs.43a,44,45 Further, Gu et. al. have reported the immobilization of path-
ogenic E. Coli bacteria to SWNTs covalently functionalized with 2´-
aminoethyl- -D-galactopyranosides.46  

In light of these studies we were interested in the preparation of glycosyl-
ated carbon nanotubes that could find use as bioactive filtration materials to 
remove pathogens,46 or as building blocks in biosensor applications. Deco-
rating the CNTs with glycosides may further lead to nanotubes with im-
proved solubility in aqueous solvents which can be of great value for other 
applications. 

In contrast to the work published by Gu et. al. we have chosen a non-
covalent approach based on the well known interaction between a pyrene 
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unit and the carbon nanotube sidewall to link glycosides onto single- and 
multi walled carbon nanotubes.43a-c The pyrene moiety is first covalently 
attached to the glycoside and the resulting pyrene-glycoside can then be 
adsorbed to the SWNT/MWNT sidewalls using -  interactions (figure 15). 

 

 
Figure 15. Graphical illustration of the reversible non-covalent attachment of py-
rene-glycoside 1 onto a single walled carbon nanotube. 

3.2 Synthesis of pyrene derivatives 
The -D-galactopyranoside-pyrene derivative 1 was synthesized by coupling 
of commercially available 1-pyrenebutyric acid with 3-aminopropyl -D-
galactopyranoside 3 using N,N’-dicyclohexylcarbodiimide (DCC) and HOBt 
(1-Hydroxybenzotriazole hydrate) as coupling reagents. The same method 
was used to prepare the glycoside 2 from 3-aminopropyl -D-
galactopyranosyl-(1 4)- -D-glucopyranoside 4 (scheme 2). 

 

 
Scheme 2. Synthesis of pyrene-glycosides 1 and 2 using peptide coupling reagents. 

The glycosides could be selectively N-acylated with this method and no OH-
protective groups were required, although at first this seemed a necessity. 
The target compounds were purified by HPLC to give compound 1 and 2 in 
48% and 60% respectively (purified yields). 
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3.3 Formation and characterization of glycosylated 
carbon nanotubes 
The functionalization of SWNTs with the pyrene-glycosides 1 and 2 was 
first attempted using as-received HiPCo SWNTs. The SWNTs were added to 
H2O in the presence of 1 or 2 and the mixture was then sonicated for 30 
minutes. This treatment did not, as we had anticipated, lead to any stable 
dispersion of the SWNTs, which instead flocculated after some time. In con-
trast, applying the same procedure to acid-treated SWNTs (p-SWNTs, see 
paper I and III) gave a dark aqueous supernatant after the centrifugation.  

The functionalization protocol was applied to several batches of p-
SWNTs as well as to one batch of p-MWNTs prepared by a literature proce-
dure.47 The dispersions of p-SWNTs functionalized with the glycosides 
showed higher stability than the dispersions of neat p-SWNTs, and the dis-
persability of the SWNTs in water increased from 0.8 mg/mL to 1 mg/mL 
after successful functionalization. The acid oxidation introduces carboxylic 
groups on defect sites, which breaks up tube bundles and hence enlarges the 
area accessible for the pyrene units of 1 and 2, resulting in a higher yield in 
the functionalization and thus a higher solubility/dispersability of mono- and 
disaccharide-functionalized SWNTs. Still, this acid treatment was fairly mild 
as we only allowed it to proceed for a brief period. This is evident from the 
Raman and IR spectra of the material which shows a relatively small D-band 
and correspondingly a very small carbonylic band in the IR spectrum (figure 
16 and paper III).  

In contrast to our results with the p-SWNTs, we did not observe any in-
creased water dispersability for functionalized p-MWNTs. This is probably 
due to the lower specific surface area of the latter as compared to SWNTs 
(paper III). 

 
Figure 16. Raman spectra of purified SWNTs (dashed) and SWNT-2 (solid). 
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Figure 17. Panel A: Fluorescence spectra of a 3·10-6 M solution of 2 in H2O before 
and after addition of 0.17 mg purified SWNTs. The fluorescence signal intensity is 
above the scale before adding SWNTs. Panel B and C: Fluorescence titration with 
aqueous solutions of 2 (1.49 10-4 M) to an aqueous SWNT dispersion (0.17 mg/ml, 
panel B) and p-MWNTs (0.60 mg/ml, panel C). The fluorescence intensity increases 
with increasing amounts of 2. Panel D: Titration curve from the fluorescence titra-
tion of p-SWNTs. The SWNTs are saturated at a CNT mass ratio of around 0.4 
mg/mg SWNTs.  

Fluorescence spectroscopy provided convincing evidence for successful 
derivatization as the pyrene emission is strongly quenched when it is ad-
sorbed to the CNT sidewalls (figure 17). The upper limit for the functionali-
zation was determined by fluorescence titrations of non-scattering disper-
sions of purified SWNTs and MWNTs with 2 (figure 17). The fluorescence 
of 2 is completely quenched for units attached to the CNTs, thus no fluores-
cence will be observed until the CNTs are saturated. For our p-SWNTs, fluo-
rescence was observed at mass ratios higher than 0.4 mg 2/mg p-SWNTs. 
After this point the fluorescence increases exponentially as the concentration 
of free 2 becomes higher. For the p-MWNTs, the saturation ratio was an 
order of magnitude lower (0.04 mg 2/mg p-MWNTs). This difference in 
saturation ratio can be attributed to the difference in surface area for the 
SWNTs as compared to the MWNTs (see details in paper III). 

The 1H NMR spectrum of 1 in D2O (figure 18) displayed several broad 
signals due to micelle formation of the amphiphilic 3-[4’-(pyren-1’’-
yl)butylamido]propyl -D-galactopyranoside derivative. In contrast, when 
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compound 1 is adsorbed on SWNTs, most resonances disappear, probably 
due to very fast relaxation (possibly in combination with dynamic effects of 
the pyrene adsorption). No signals at all are visible in the aromatic region of 
the spectrum, while a few very weak signals are visible in the 1-4 ppm re-
gion. Interestingly, when the solvent was changed to methanol the pyrene-
glycoside units completely dissociated from the SWNTs. Removal of the 
precipitated CNTs by filtration gave a yellowish filtrate with 1H NMR spec-
trum identical to that of compound 1. The same results were obtained with 
the SWNT-2 complex (not shown). The results from the 1H NMR and fluo-
rescence spectroscopy measurements for our p-CNT-pyrene-glycoside com-
pounds strongly support the non-covalent attachment of 1 and 2 to CNTs.  
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Figure 18.  Expansion of the aromatic region in the 1H NMR spectra of pyrene-
glycoside derivative 1 in a) D2O and b) CD3OD. Panel c) shows the aromatic region 
of SWNT-1 in D2O and panel d) shows the aromatic region (CD3OD) after removing 
the SWNTs.  

3.3 Discussion and conclusion 
We have successfully derivatized single- and multi walled carbon nanotubes 
with glycosides in a non-covalent and reversible manner. The derivatization 
is reversed by changing the solvent from water to methanol. This dissolves 
the pyrene-glycoside unit and precipitates the de-functionalized 
SWNTs/MWNTs which can be recovered by filtration. Such reversibility 
can be advantageous as it provides a way to modify carbon nanotube devices 
in a controllable way. In a hypothetical sensor application, adsorbents and 
analytes may be easily washed away and the sensor may then be re-
functionalized with new adsorbent. Also, as the electronic properties of car-
bon nanotubes are sensitive to the chemical environment, this reversibility 
can be exploited to tune the conductivity of CNTs.  
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4. Towards fullerene based molecular wires 
(papers IV-VI) 

4.1 Introduction 
Molecular wires are of interest for applications within the field of molecular 
electronics. While metallic carbon nanotubes are excellent conductors20 their 
practical use is complicated by factors related to the lack of selective produc-
tion methods, impurities (metal residues), the presence of defect groups, and 
low solubility.  

C60 is due to its unique structure and electronic properties highly interest-
ing for the use in molecular electronics with applications ranging from mo-
lecular transistors to efficient anchoring groups for the attachment of organic 
molecules to metal electrodes.38 On the other hand, recent experimental and 
theoretical studies on the conducting properties of oligomers based on sand-
wich complexes of iron (ferrocene)48 and chromium (chromocene)49 have 
shown these systems as possible candidates for organometallic molecular 
wires with certain potential applications. By combining C60 with organome-
tallic groups, a great variety of electroactive donor-acceptor systems may be 
prepared. In some specific examples of the latter, electrons may be trans-
ferred over significant distances from the donor (the organometallic group) 
to the electron accepting fullerene moiety.50,51 As many such electron trans-
fer processes can be initiated by photo-irradiation, several of these systems 
have found applications in photovoltaics and in light-harvesting devices.34-36 

While electron transfer processes in donor-acceptor systems based on C60 
have been thoroughly investigated, we have been interested in whether these 
types of donor-acceptor interactions can be utilized in oligomers of the type 
depicted in figure 19 to produce a molecular wire. Such assemblies, based on 
an array of linearly arranged C60 molecules connected to each other via or-
ganometallic linking groups, comprise novel architectures with potentially 
useful and photo responsive electronic and conducting properties.51 

Our main aim in this project has been to prepare such oligomers and study 
their electronic and/or electrochemical behavior. Of particular interest was to 
determine if there is any electronic communication between the fullerenes 
and the organometallic groups, as this would be important for the use of 
these donor-acceptor systems in molecular wires.  
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Figure 19. Graphical illustration of a fullerene based “string of pearls” with linking 
groups based on organometallic sandwich complexes.  

Scheme 3 shows the building blocks required for the preparation of such 
assemblies (G). These involve C60 adducts A and C with one and two incor-
porated functional groups respectively, and an organometallic sandwich 
complex MC2 with two complementary functional groups. Prior to the prep-
aration of these oligomers it was essential to 1) evaluate suitable organome-
tallic linking groups, 2) establish an appropriate synthetic strategy for the 
preparation of the building blocks and for the assemblies (D-G), 3) synthe-
size the required building blocks and 4) prepare small assemblies such as D 
and F that can be used as model systems for the oligomers. Any electronic 
interaction between C60 and the metal complex is most easily monitored in 
smaller assemblies.  

 

 
Scheme 3. Schematic overview of C60 based building blocks and assemblies 

The following section presents our results regarding the synthesis and elec-
trochemical characterization of an organochromium-based fullerene deriva-
tive of type D. This is followed by our results concerning the synthesis of a 
dumbbell structure of type F consisting of two fullerenes connected to a 
central organochromium or ferrocene moiety. The final section presents our 
preliminary results on the formation of oligomer systems of type G.   
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4.2 A [60]fulleropyrrolidine-Cr(CO)3 complex of type D 
(Paper IV) 
As an important first step towards the oligomers G we have evaluated meth-
ods to attach a tricarbonyl chromium moiety to C60 with the primary aim to 
determine if there is any electronic communication between the fullerene 
core and the chromium moiety in the resulting (type D) organometallic C60 
complex. Importantly, the carbon monoxide ligands in these derivatives can 
be used as a highly sensitive IR probe to monitor electronic effects.52     

To the best of our knowledge, no stable 6-metal complexes of pristine 
C60 have been reported. This is likely due to the curvature in C60 which pre-
vents efficient orbital overlap with metal atoms.53 Consequently, the intro-
duction of a tricarbonyl chromium fragment to C60 requires an additional 
exohedral aromatic complexation site. There are in principle two synthetic 
routes to such tricarbonyl chromium complexes (scheme 4). Route A in-
volves complexation of tricarbonyl chromium to a fullerene-adduct with an 
attached phenyl group, while route B involves the attachment of a preformed 
tricarbonyl chromium derivative to pristine C60.  

 

 
Scheme 4. General strategies to prepare fullerene tricarbonyl chromium complexes. 

Compounds Cr(5)-Cr(7) (figure 20) were suggested as suitable target com-
pounds, as the parent fullerene derivatives 5-7 can be prepared following 
previously published synthetic methods. The synthesis of compounds such 
as 5 is well established via a 1,3-dipolar cycloaddition (the Prato reaction), 
while the synthesis of derivatives such as 6-7 have been reported only re-
cently.54  
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Figure 20. Target compounds Cr(5)-Cr(7) together with the parent fullerene deriva-
tives. 

4.2.1 Synthesis 
Tricarbonylchromium arene derivatives are generally prepared by refluxing 
the corresponding arene with Cr(CO)6 in Bu2O/THF or decalin for several 
hours. This leads to disproponation of three of the carbon monoxide ligands 
and formation of the tricarbonylchromium arene complex. While this works 
well for small electron-rich aromatic compounds such as anisole, it is more 
difficult with electron deficient arenes.  

Initially, we attempted the synthesis of Cr(5) and Cr(6) via route A by 
complexation of tricarbonyl chromium to the parent compounds 5 and 6. 
However, we were unsuccessful in the synthesis of the target compounds 
following this method despite numerous attempts and various modifications 
of the reaction conditions (in terms of reaction temperatures, reaction times 
and solvents).  

With these results in hand we decided to explore the more convergent ap-
proach where a pre-formed tricarbonylchromium arene compound is coupled 
to the fullerene (Scheme 4, route B). 

Fulleropyrrolidine synthesis via a 1,3-dipolar cycloaddition to C60 is 
among the most versatile fullerene functionalization reactions, and the ro-
bustness of this reaction was further proven by the successful preparation of 
Cr(5) in an isolated yield of 27% from 4-methoxybenzaldehyde-(tricarbonyl) 
chromium 10, sarcosine and C60. Since tricarbonylchromium complexes are 
most easily formed with electron-rich aromatics, we chose an aldehyde com-
ponent derived from anisole. This allowed the preparation of 10 in a yield of 
51% over three steps, with hydrolysis of 2-(4-methoxyphenyl)-1,3-
dioxolane-(tricarbonyl)chromium 9 immediately before the pyrrolidination 
step (Scheme 5).  
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Scheme 5. Synthesis of Cr(5). Conditions; i) 1,2-ethanediol, p-toluenesulfonic acid, 
purified yield 95%; ii) Cr(CO)6, n-butyl ether, THF, reflux 12 h, purified yield 60%; 
iii) HCl, ethanol, room temp., 4 h, purified yield 90%; iv) C60, sarcosine, toluene, 
reflux 12 h, purified yield 27%. 

Purification of Cr(5) was successfully achieved by repeated column chroma-
tography. The purified product could be exposed to air for short periods 
(hours) without any signs of decomposition. Furthermore, the compound 
could be stored in a freezer for several weeks under nitrogen atmosphere 
before decomposing into 5 by dissociation of the tricarbonyl chromium 
fragment (as evident from 1H NMR spectroscopy). 

The synthesis of hydroarylated fullerene adducts such as 6 was recently 
reported by Itami et al.54 The reaction is a palladium or rhodium mediated 
coupling between an aromatic boronic acid and C60. Unfortunately, we found 
that this method was incompatible with tricarbonyl chromium complexes 
and all attempts to prepare Cr(6) resulted in dissociation of the tricarbonyl 
chromium fragment (paper IV).  

The same result was also obtained in our attempted synthesis of the ful-
leroindoline-tricarbonyl chromium complex Cr(7), which is based on a pal-
ladium-mediated coupling of anilines or o-iodoanilines to C60.

54 The reaction 
resulted only in the de-metallated compound 7 (paper IV). 

4.2.2 Characterization 
Compound Cr(5) was characterized by IR, 1H NMR, 13C NMR spectroscopy 
and elemental analysis which were all consistent with a pure compound. The 
IR spectrum of Cr(5) in its solid state shows two strong bands for the CO 
groups at 1957 cm-1 and 1876 cm-1, typical for a tricarbonyl chromium com-
plex (figure 2 in paper IV). As a comparison, the CO bands of anisole tricar-
bonyl chromium (8) are positioned at 1940 cm-1 and 1837 cm-1. 

The 1H NMR spectrum of Cr(5) together with its assignment is shown in 
figure 21. In contrast to compound 5, compound Cr(5) is diastereomeric and 
its four aromatic protons have different chemical shifts. Furthermore, all 
aromatic protons are shifted to lower chemical shift as compared to com-
pound 5 due to the anisotropic effect from the Cr(CO)3 fragment.  

To investigate whether the large and bulky fullerene group would inter-
fere with the rotation around the metal-arene bond we carried out some low 
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temperature 13C experiments. These showed, however, a single (but signifi-
cantly broadened) carbonylic signal at 232.4 ppm even at temperatures as 
low as -95°C, indicating a very low energy barrier for rotation.  

 

HA
HB

N-CH3

HC

HD HE
HFHG

O-CH3

N

O
H3C

CH3

Cr(CO)3

HA
HB

HC

HD
HE

HG
HF

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm. 
Figure 21. 1H NMR spectrum (500 MHz, CDCl3/CS2, 25°C) of Cr(5). 

Based on the observed redox potentials for Cr(5) as determined by cyclic 
voltammetry (paper IV and table 1) we carried out some IR spectroelectro-
chemical measurements in which the anions of Cr(5) were generated step-
wise by controlled potential bulk electrolysis in CH2Cl2 under inert condi-
tions, and monitored by IR spectroscopy. These experiments provided evi-
dence for electronic communication between the fullerene and the tricarbon-
yl chromium moiety (figure 22 and table 1). More specifically, the frequency 
of the two carbonylic bands in the complex red shifts as the fullerene moiety 
is reduced and goes back to their original position when the complex is reox-
idized.  

 
Figure 22. Expansion of the carbonylic region of the IR spectra of compound Cr(5) 
at different redox states: neutral complex (dark), [Cr(5)]-1 (purple), [Cr(5)]-2 (green). 
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Table 1. Cyclic voltammetrya and IR data of Cr(5) and reference compounds 

Compound v(C=O) 
[cm-1] E

0

ox 
[V] E

0

red,1 
[V] 

v(C=O) 
[cm-1]b 

E
0

red,2 
[V] 

v(C=O) 
[cm-1]b 

Cr(5) 1965/1888 +0.40c -1.14d 1962/1883 -1.54d 1961/1880 

8 1940/1837 +0.31c,e     

9  +0.39c     
a Potentials are reported against the Fc/Fc+ couple. The solvent was dry CH2Cl2. Working 
electrode: glassy carbon disc (diameter 3 mm), counter electrode: glassy carbon, reference 
electrode: Ag/Ag+ electrode (a silver wire immersed into 10 mM AgNO3 in acetonitrile), scan 
rate was 0.1 Vs-1. b v(C=O) for the corresponding reduced species. c Irreversible process          
d Reversible process e From reference 55 

The red shift of the CO frequencies upon reduction of the complex implies 
increased back-bonding character from the chromium to the carbon monox-
ide, which is due to a slight decrease in C-O bond strength for the three car-
bon monoxide ligands. It is noteworthy that the lower frequency IR band 
around 1880 cm-1 is more sensitive to electronic effects than the band around 
1965 cm-1 indicating the preferential use of this band to probe redox process-
es going on in the system. In this sense, the redox level of compound Cr(5) 
can be determined via the relative position of the vibrational frequencies, 
v(CO), in the complex (table 1). 

4.3 Type F [60]fulleropyrrolidine dumbbells 
The observation of electronic communication between C60 and the chromium 
moiety in Cr(5) provided motivation for the investigation of a dumbbell 
structure F and ultimately the target oligomers G (scheme 3). A new synthet-
ic approach based on the secondary functionalization of N-unsubstituted 
fulleropyrrolidines with activated carboxylic acids was established for the 
preparation of a dumbbell F. The reason for this new synthetic design was 
twofold: 1) In terms of flexibility this synthetic methodology can be modi-
fied and also applied for the preparation of oligomers G (section 4.4) and 2) 
it has been shown that there is good electronic communication between the 
fullerene and the pyrrolidine nitrogens in fulleropyrrolidines.56 Thus, this 
synthetic methodology is both flexible, and should facilitate electronic 
communication between C60 and the organometallic group. 
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4.3.1 Attempts towards a fulleropyrrolidine-Cr(CO)3 dumbbell 
(appendix VII) 
 
The synthesis of a tricarbonyl chromium based dumbbell 18 is shown in 
scheme 6. Based on previous experience with N-unsubstituted fulleropyrrol-
idines, we decided to incorporate two long-chain solubilising groups into the 
fulleropyrrolidine building block 11 with the hope to facilitate further reac-
tions between this compound and the activated carboxylic acids 13 and 18.  

The synthesis of 11 was accomplished by a 1,3-dipolar cycloaddition of 
the in situ formed azomethine ylide from 3,4-bis(octadecyloxy) benzalde-
hyde and glycine to one of the double bonds of C60. This resulted in fullero-
pyrrolidine 11 in 39% purified yield. This compound could, in contrast to 
many other N-unsubstituted fulleropyrrolidines be readily chromatographed 
on silica due to its high lipophilicity.  

The metal-free dumbbell 14 was successfully prepared by acylation of 
fulleropyrrolidine 11 with terephthalic acid dichloride in the presence of 
pyridine as confirmed by 1H NMR and Maldi-TOF spectroscopy.  

Based on our previous experience, no attempts to prepare 19 directly from 
14 were carried out. Instead, a route employing arene-chromium building 
blocks was attempted. Dimethyl terephthalate tricarbonyl chromium 16 was 
prepared from dimethyl terephthalate 15. Subsequent hydrolysis of 16 pro-
duced terephthalic acid tricarbonyl chromium 17 in 90% yield. Synthesis of 
the corresponding di-acid chloride 18 was accomplished with oxalyl chloride 
as confirmed by 1H NMR spectroscopy, which showed a singlet at 6.15 ppm. 
Compound 18 was extremely air-sensitive and underwent rapid de-
metallation even when exposed to air for very short periods (seconds to 
minutes). This was clear from 1H NMR spectroscopy which showed a de-
crease and broadening of the signal at 6.15 ppm and a concurrent appearance 
of the signal corresponding to terephthalic acid dichloride 13 upon exposure 
to air. Unfortunately, reacting 18 with 2 equivalents of fulleropyrrolidine 11 
under strictly inert conditions over night gave only the de-metallated dumb-
bell 14 with no trace of the corresponding tricarbonyl chromium complex 
19. This is due to loss of the tricarbonyl chromium fragment from the arene 
before, during or after the acylation reaction.  
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Scheme 6. Reaction conditions: i) 3,4-bis(octadecyloxy)benzaldehyde, glycine, o-
dichlorobenzene, reflux 12h, yield: 39%; ii) SOCl2, reflux, yield = 95%; iii) 
Cr(CO)6, Bu2O, THF (dry), N2 atmosphere, reflux 12h, purified yield: 54%; iv) 
KOH, H2O, THF, N2 atmosphere, stirring 12 h, purified yield: 90%; v) (COCl)2, 
CH2Cl2, DMF, stirring 6h, N2 atmosphere (yield: ~80%).     
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4.3.2 A ferrocene based fulleropyrrolidine dumbbell (Paper V) 
As a result of the instability of tricarbonyl chromium complexes and our less 
successful attempts to prepare the tricarbonyl chromium based dumbbell 19, 
we decided to prepare a similar dumbbell with ferrocene in place of the tri-
carbonyl chromium complex. While ferrocene is a very well characterized 
donor complex that exhibits a far greater chemical and electrochemical sta-
bility than tricarbonyl chromium derivatives, it lacks any sensitive IR probe 
which is a valuable tool if one wants to monitor electronic processes.     

4.3.2.1 Synthesis 
The synthesis of dumbbell 23 is described in scheme 7. Ferrocenedicarbox-
ylic acid was synthesized by reacting ferrocene with n-butyl lithium together 
with TMEDA. CO2 was then bubbled through the solution giving 1,1’-
ferrocenedicarboxylic acid 21 as a yellow solid in 41% yield.57 Subsequent 
treatment of this compound with oxalyl chloride produced the corresponding 
di-acid chloride 22 in quantitative yield. Fulleropyrrolidine 11 and 1,1’-
ferrocenedicarboxylic acid chloride were then reacted in stochiometric 
amounts under inert conditions and in the presence of pyridine to give the 
target compound 23 in 69% yield. The purification of dumbbell 23 was ac-
complished by precipitation from toluene/EtOH followed by column chro-
matography.  

As expected, compound 23 is highly soluble in solvents such as CH2Cl2, 
toluene and benzene due to its four C18 groups. Furthermore, its enhanced 
stability allows routine column chromatography on silica to be performed.  

 
 
 
 
 
 
 
 
 

 
 
 
 

 

Scheme 7. Synthesis of dumbbell 23. Conditions: i) a) TMEDA, n-butyl lithium, 
pentane, RT, stirring, 12h, b) THF, CO2(g), purified yield 41%; ii) Oxalyl chloride, 
CH2Cl2, DMF, stirring, 1.5 h., quantitative yield; iii) CH2Cl2, pyridine, stirring, 12h, 
purified yield: 69%.  
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In addition to our successful preparation of dumbbell 23, we attempted the 
synthesis of a related dumbbell 32 (scheme 8). This compound consists of 
two fullerenes attached to a central ferrocene moiety by ethynylbenzene 
bridges and thus constitutes a more linear dumbbell, although the ferrocene 
is farther away from the fullerenes than in dumbbell 23. 

To prepare this dumbbell we started from p-iodo-aniline 24 which was 
transformed to compound 28 over three steps. 1,1’-diiodoferrocene 29 was 
then synthesized according to literature methods.58 This compound was re-
acted with 2.7 equivalents of 28 for two days under normal Sonogashira 
conditions to give compound 30. Hydrolysis of 30 then produced compound 
31. Unfortunately, all our attempts to prepare dumbbell 32 by a dual Prato 
reaction between compound 31 or 30, 4-methoxybenzaldehyde, and C60 were 
unsuccessful.    

 

 
Scheme 8. Conditions: i) NaOAc, EtOH, reflux 12h, purified yield: 48%; ii) ethynyl-
trimethylsilane (1.15 eq.), Pd(PPh3)2Cl2, CuI, diethylamine, DMF, MiW heating 
120°C, 45 min. purified yield: 86%; iii) K2CO3, CH2Cl2, EtOH, RT, 12h, purified 
yield: 74%; iv) a) Et2O, n-BuLi (2.5 M), TMEDA, 0°C, stirring 12h, tributyltin, RT, 
12h. b) CH2Cl2, -79°C, I2, stirring 12h, purified yield: 70%; v) Pd(PPh3)2Cl2, CuI, 
DIPA, 90°C, 2 days, purified yield: 39%; vi) NaOH, EtOH, reflux, 5h, yield: 55%; 
vii) C60 (3 eq.), 4-methoxybenzaldehyde (excess), odcb, reflux, 2 days, yield: 0%. 
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4.3.4 Characterization 
Preliminary characterization of compound 23 was based on mass spectrome-
try (Maldi-TOF) using different matrices in both positive and negative mode 
to establish the proper conditions. Initially, employing -Cyano-4-
hydroxycinnamic acid as the matrix did not result in any molecular ion peak 
at all (both in positive and in negative ion mode). Also, neither 9-
nitroanthracene or dithranol gave any molecular ion peak in positive mode. 
However, both 9-nitroanthracene and dithranol resulted in abundant molecu-
lar ions at m/z = 2989 (M-) in negative mode. In this mode two peaks could 
also be observed at m/z = 1468 and 1404 corresponding to two fragment ions 
from compound 23, generated by the strong laser required to ionize the com-
pound.   

The 1H NMR characterization of 23 was complicated by dynamic pro-
cesses on the NMR timescale, including rotation around the amide bonds 
and possibly also around the central ferrocene unit. As a consequence, the 1H 
NMR spectrum (in CDCl3) at room temperature showed only broad unre-
solved signals which made any characterization impossible. However, by 
changing the solvent to benzene-d6 and increasing the temperature to 70°C 
we managed to get a 1H NMR spectrum of improved quality with signifi-
cantly sharper signals (figure 23 and paper V).  

 

 
Figure 23. Expansion of the 3.8-6.6 ppm region in the 1H NMR spectra of compound 
23; (Upper): in CDCl3 at 25°C (lower): in C6D6 at 70°C. 
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NMR diffusion measurements by the LED-PGSE59 pulse sequence showed a 
significantly slower diffusion for dumbbell 23 as compared to the monomer 
reference compound 33 consistent with the larger size and mass of the 
dumbbell. 

 
 
 
 
 
 
 

Figure 24. Reference compounds 33 (N-Acyl-2-(3,4-bis(octadecyloxy)benzene)-3,4-
fulleropyrrolidine) and 34 (1,1- Bis(pyrrolidinylcarbonyl)ferrocene).  

Cyclic voltammetry of the dumbbell 23 and reference compounds 33 and 34 
(figure 24) shows one quasi-reversible oxidation wave at +0.32 V (vs. 
Fc/Fc+) corresponding to the one electron oxidation of the central ferrocene 
unit in the dumbbell (figure 25 and table 2). This oxidation peak is shifted to 
higher potential as compared to reference compound 34 by +60 mV. On the 
reduction side, four (quasi) reversible waves corresponding to the reduction 
of the C60 part of the dumbbell can be observed. The intensity of these reduc-
tion waves are 2.0±0.1 as large as the single oxidation wave at +0.32 V and 
correspond to two electrons each. These observations are consistent with the 
expected behavior of the dumbbell 23, and are further evidence for its struc-
ture. Moreover, the four C60 reductions indicate a lack of electronic interac-
tions between the two fullerene cores in the ground state, which is consistent 
with previous studies of other C60 dumbbells.60 A comparison of the reduc-
tion potentials of dumbbell 23 with those of fulleropyrrolidine 11 and refer-
ence compound 33 shows a shift of between 80-170 mV and 70-160 mV 
respectively for the four reversible or quasi-reversible reductions in dumb-
bell 23.  

 

 
Figure 25. (Left): Cyclic voltammograms of dumbbell 23 (upper) and 33 (lower). 
(Right): oxidation waves of ferrocene (dashed), 34 (dotted) and dumbbell 23 (solid). 
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Table 2 Electrochemical data for compounds 11, 23, 33 and 34.a 

Compound E
0

ox 
[V] E

0

red,1 
[V] E

0

red,2 
[V] E

0

red,3 
[V] E

0

red,4 
[V] 

11  -1.27 -1.72 -2.34 -2.87 
23 +0.32 -1.19 -1.60 -2.20 -2.70 

33  -1.09 -1.53 -2.10 -2.54 

34 +0.26     
a Potentials are reported against the ferrocene/ferrocenium couple. Working electrode: Glassy carbon 
electrode (3 mm); counter electrode: Pt; quasi-reference electrode: Pt. Toluene/acetonitrile (4:1) was used 
as solvent together with 0.1 M TBAPF6. Concentrations of the analytes were 1 mM. All measurements 
were carried out at 25°C under nitrogen atmosphere in degassed solvents. E0 = (Epc + Epa)/2, in which Epc 
and Epa corresponds to cathodic and anodic peak potentials respectively. Scan rate: 25 mVs-1  

 
The shifts in redox potentials observed for compound 23 as compared to the 
reference compounds 33 and 34 indicate that there is some degree of ground-
state electronic interaction between the ferrocene unit and the fullerenes in 
the dumbbell. To confirm this we recorded the UV/Vis spectra of dumbbell 
23, fulleropyrrolidine 11 and reference compound 33 in toluene (figure 26). 
The spectrum of the dumbbell is in principle very similar to the spectra of 
compounds 11 and 33 with all absorption bands characteristic for fullero-
pyrrolidines.61 However, a closer inspection in the 400-750 nm region re-
veals minor differences that in line with the results obtained from cyclic 
voltammetry may indicate some electronic interaction.  

The fluorescence spectra of 23 showed a significantly lower fluorescence 
intensity and a red shifted emission as compared to reference compounds 11 
and 33 (figure 27). This apparent quenching of the fullerene emission is due 
to intramolecular energy- or electron transfer between the fullerenes and the 
ferrocene unit which interacts in the excited state. Such interactions have 
been previously observed in a few related fullerene-ferrocene dyads.62 How-
ever, to be able to draw any more detailed conclusions about the excited 
state properties of the compound, additional photophysical studies would be 
necessary. As anticipated, we did not find any fluorescence for the reference 
compound 34.  
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Figure 26. Normalized UV/Vis spectra of compounds 23 (solid), 33 (dotted) and 11 
(dashed) in toluene. Inset shows an expansion of the 550-750 nm range.  

 
Figure 27. Fluorescence spectra of compound 23 (solid), compound 33 (dotted) and 
compound 11 (dashed) in degassed toluene at 25°C. Concentrations of the analytes 
were 0.10 mM, and the excitation wavelength was 470 nm. 
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4.4 Preliminary synthetic results on fulleropyrrolidine-
ferrocene oligomers G (Paper VI) 
The results from our experiments with [60]fulleropyrrolidine derivatives of 
tricarbonyl chromium and ferrocene have provided important chemical and 
electrochemical information about these types of donor-acceptor systems 
which is of great value for further preparation and studies on larger assem-
blies such as the target oligomers. Most importantly, the successful synthesis 
of dumbbell 23 and the observation of a certain degree of ground-state and 
excited state interactions between the fullerene and the ferrocene units in this 
compound motivated the further use of a similar synthetic strategy to prepare 
the target oligomers G (scheme 3).  

The preparation of these oligomers requires access to a fullerene bis-
adduct corresponding to component C in scheme 3. This is a key element 
composed of a C60 molecule with two functional groups situated at the oppo-
site sides of the sphere. As C60 has 30 double bonds of equal reactivity the 
preparation of such a bis-adduct must be carried out with control of the regi-
oselectivity. This can be realized by the use of a molecular tether (green 
structure in scheme 3), composed of two reactive groups separated by a rigid 
spacer of suitable size and shape. As one of the reactive groups situated on 
the tether forms a covalent bond to C60, the group on the other side of the 
tether is pre-organized to react on the other side of the C60 sphere to give the 
desired regioselectivity. After the reaction, the tether can be cleaved off to 
yield the free C60 bis-adduct.  

Synthetic procedures to prepare type C fullerene derivatives are relatively 
rare, one of few being the one reported by Zhou et. al. in which a trans-1 
fulleropyrrolidine bis-adduct was obtained from a dual Prato reaction be-
tween C60, sarcosine, and a biphenyl(bis)benzaldehyde based tether.63 For 
our purposes, by using glycine in place of sarcosine it should be possible to 
prepare the N-unsubstituted trans-1 fulleropyrrolidine bis-adduct 35 (scheme 
9). This should be an ideal building block in the preparation of the oligomers 
as the pyrrolidine nitrogens can be used as handles for further secondary 
functionalization. Compound 35 is a type B bis-adduct, cleavage of the teth-
er with i.e. BBr3 would, if needed, give a fulleropyrrolidine bis-adduct 
equivalent to C.  

Scheme 9 shows the synthetic route to the type G oligomers. Compound 
35 could be synthesized in 40% as a mixture of trans-1 and trans-2 isomers 
as confirmed by UV/Vis spectroscopy which showed the characteristic fea-
tures for both of these bis-adducts (figure 29).64 As there are two possible 
regioisomers for the trans-1 bis-adduct and four possible regioisomers for 
the trans-2 bis-adduct, the product is obtained as a mixture of up to six 
regioisomers. Furthermore, each regioisomer exist as a mixture of 
stereoisomers due to the stereogenic centers in the pyrrolidine units. Separa-
tion of the trans-1 and trans-2 bis-adducts was not possible using regular 
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column chromatography and a mixture was therefore used for the subsequent 
steps. For solubility reasons we decided to not cleave the tether but to use 
compound 35 with the tether attached. 

Initially, we attempted the polymerization between 35 and 1,1’-
ferrocenedicarboxylic acid chloride by simply mixing the two compounds in 
CH2Cl2 in the presence of pyridine and stirring the mixture for 16 hours un-
der inert atmosphere. This resulted in the formation of a black/brown solid 
with very limited solubility, consistent with the formation of polymers.    

 

 
Scheme 9. Conditions: i) glycine, o-dichlorobenzene, reflux 6h, yield: 40%; ii) dry 
pyridine, dry CH2Cl2, stirring, N2 atmosphere. To simplify the scheme only two of 
the regioisomers of 35 are shown and compound 36(n) is drawn only with one of the 
possible trans-1 regioisomers.  

To prepare smaller oligomers we attempted the synthesis of compound 
36(n=1) by first slowly adding a stochiometric amount of 35 to a dilute CH2Cl2 
solution containing 1,1’-ferrocenedicarboxylic acid chloride. Compound 11 
(2 eq.) was then added and the mixture was stirred for 16 hours. Column 
chromatography (silica, CH2Cl2) eluted a brown band which was analyzed 
by FT-IR, Maldi-TOF, NMR, UV/Vis and fluorescence spectroscopy.  

Maldi-TOF (dithranol, negative mode) of 36(n) showed the molecular peak 
corresponding to compound 36(n=1) (m/z: 4395, (M-)) and a very small peak 
at m/z: 5799 that may originate from compound 36(n=2) (Mw = 5801). There 
are also some strong peaks at lower m/z that fits with fragments from both 
36(n=1) and 36(n=2). No traces of any larger assemblies were found (figure 28). 
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1H NMR (CDCl3, 25°C) showed several broad unresolved signals as 
expected for isomerically heterogenous large molecules. As 36(n) is prepared 
from a racemic mixture of compound 11 as well as from a mixture of regio- 
and steroisomers of compound 35, 36(n) is composed of a combination of 
different isomers in which the ferrocene, pyrrolidine and tether protons may 
experience a range of different chemical environments. Additionally, 
dynamic processess in the ferrocene and amide parts on the NMR timescale 
would give further broadening of the signals. In contrast to reference 
dumbbell 7, where 1H NMR at elevated temperatures resulted in significant 
resolution of the signals, changing the solvent and raising the temperature 
did not improve the resolution in the spectrum of compound 1(n) and any 
further characterization of the product by 1H NMR was more or less 
impossible. However, NMR diffusion experiments using the LED-PGSE 
pulse sequence (carried out in CDCl3) revealed a translational diffusion 
coefficient of 8.0·10-11 m2/s for 36(n), significantly lower than for monomer 
33 (1.2·10-10 m2/s) and for the dumbbell 23 (9.9·10-11 m2/s) which is 
consistent with a significantly larger molecule. 
 

 
Figure 28. Maldi-TOF spectrum (dithranol, negative ion mode) of 36(n). 
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The UV/Vis spectrum of the material (figure 29) showed absorption features 
from both compound 35 and 11 as would be expected for 36(n). Interestingly, 
the absorption at 430 nm characteristic for compounds 11, 23 and 35 is shift-
ed to 420 nm indicating a possible (significant) interaction between the ful-
leropyrrolidines and the ferrocene units. Further, the weak absorptions in the 
700 nm range were quite different from those observed in dumbbell 23 and 
compound 35. Except for these differences, the spectrum fits rather well with 
the calculated addition spectra (see paper VI) for both 36(n=1) and 36(n=2), but 
not to the spectrum of dumbbell 23.  

 
Figure 29. UV/Vis spectra of compound 36(n) (solid), compound 35 (dashed) and 
compound 23 (dotted).  

4.5 Conclusions  
The aim of this project was to prepare the organometallic fullerene assem-
blies depicted in scheme 3, with the oligomers G as the ultimate goal. Based 
on theoretical studies on oligomers of chromocenes49 we initially evaluated 
the use of aromatic chromium complexes as organometallic linking groups 
in these assemblies. Due to the known high air sensitivity of chromocenes 
however, we decided instead to use the closely related aromatic tricarbonyl 
chromium complexes. Importantly, besides exhibiting greater air stability, 
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the carbon monoxide ligands in these derivatives can be used as a highly 
sensitive IR probe to monitor electronic effects.  
The successful preparation and electrochemical characterization of the type 
D model compound Cr(5) showed evidence for electronic communication 
between the fullerene core and the chromium moiety. In particular, IR spec-
troelectrochemistry revealed a clear dependence of the CO frequencies on 
the redox state of the C60 part of the complex, and it was further found that 
IR spectroelectrochemistry could be used as a tool to probe the redox states 
of the fulleropyrrolidine by monitoring the IR frequencies of the CO ligands.  

Based on these results we subsequently attempted the synthesis of a tri-
carbonyl chromium based dumbbell structure 19 in which two fulleropyrrol-
idines are attached via the pyrrolidine nitrogens to a central tricarbonyl 
chromium complex of terephthalic amide. However, the apparent instability 
of the tricarbonyl chromium precursor of terephthalic acid dichloride com-
plicated the synthesis of this dumbbell and motivated the use of a more sta-
ble organometallic linking group.  

By using the same synthetic strategy as in our attempted synthesis of 
compound 19 we successfully prepared a type F [60]fulleropyrrolidine 
dumbbell with a central ferrocene unit (23). Cyclic voltammetry showed a 
certain degree of electronic communication between the central ferrocene 
unit and the fullerenes in the ground state. In contrast, these studies showed 
no evidence for any electronic interaction between the two individual fuller-
enes in the dumbbell. Fluorescence studies on this compound suggest ener-
gy- or electron transfer between the fullerenes and the central ferrocene moi-
ety and these units apparently also interact in the excited state.  

Finally, we have carried out a synthesis of a short type G oligomer 36(n) 

following the same basic synthetic strategy as in the synthesis of dumbbell 
23 but with an additional building block comprised of a fulleropyrrolidine 
bis-adduct (35). While the preliminary characterization of the compound by 
mass spectrometry, NMR and UV/Vis spectroscopy suggest a product com-
posed of 36(n=1) or/and 36(n=2), additional studies by techniques such as 
AFM/STM or dynamic light scattering may be required for a complete char-
acterization.  
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5. Concluding remarks 

Purification of carbon nanotubes is an essential first step for the use of these 
nanostructures in specific areas of research and in several advanced applica-
tions within the field of nanotechnology. The first two papers included in 
this thesis are related to this important topic. 

In essence, the traditional acid-oxidation based purification methods sur-
veyed in paper I may be used to remove various impurities from the CNT 
materials with the introduction of surface functionalities as a secondary fea-
ture. However, the disadvantage of this is carbon nanotubes with a relatively 
high concentration of defects. The microwave-assisted method described in 
section 2 (paper II) shows several advantages as compared to the oxidative 
methods and would be an excellent alternative when high quality purified 
carbon nanotubes without surface functionalities are required.  

Functionalization of carbon nanotubes is required for the application of 
CNTs in e.g. drug-delivery systems, biosensors and in composite materials. 
We have evaluated several covalent functionalization methods based on 
defect-group chemistry (paper I). Essentially, these methods can be em-
ployed to prepare CNT derivatives with solubility in organic solvents by 
decorating the tubes with long aliphatic chains.  

On the other hand, access to the CNT -system permits non-covalent 
functionalization of CNTs with aromatic substances via -  stacking. In 
contrast to the covalent approach this strategy may be less-damaging to the 
CNTs and can further be reversible. The non-covalent method can be used to 
functionalize carbon nanotubes with a variety of compounds, i.e. by attach-
ing the corresponding substance to a suitable aromatic “anchoring group”. 
We have provided an example of this approach in our work with the func-
tionalization of CNTs with glycosides (paper III). 

The other half of the thesis summarizes our work with donor-acceptor as-
semblies based on C60 and the organometallic complexes ferrocene and tri-
carbonyl chromium. The long-term goal with this project has been the prepa-
ration of the organometallic fullerene-based oligomers G (paper VI) and to 
evaluate their use as molecular wires. Importantly, the preparation and char-
acterization of model systems Cr(5) (paper IV) and 23 (paper V) have pro-
vided important information regarding the properties of these types of sys-
tems. Although our preliminary results on the synthesis of the oligomers are 
promising, more work is required to fully characterize the material, optimize 
the reaction conditions and ultimately evaluate their use as molecular wires.  
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6. Svensk sammanfattning 

Nanoteknologi har att göra med objekt i storleksordningen 1-100 nanometer 
(1 nm. = en miljarddels meter) vilket närmar sig storleken av små organiska 
molekyler. Det som gör nanoteknik speciellt är att material i denna skala får 
egenskaper som är annorlunda jämfört med respektive material i makroskala. 
T.ex. så är guld i nanostorlek flytande vid rumstemperatur och koppar är 
genomskinligt.  

Det finns också helt kolbaserade nanoobjekt. Denna avhandling handlar 
till stor del om fullerener och kolnanorör vilka är kolbaserade nanostrukturer 
i formen av ihåliga klot respektive rör (figur 1).  
 

 
 

Figur 1. Till vänster visas en fulleren (C60) och till höger ett kolnanorör. 

Fullerener och kolnanorör har flera unika egenskaper som gör dem potenti-
ellt användbara inom olika områden. Kolnanonorör är ett av de absolut 
starkaste material som vi känner till (runt 100 gånger starkare än stål) vilket 
tillsammans med deras låga densitet gör dem utmärkta för användning inom 
kompositmaterial. Förutom detta har kolnanorör en rad elektroniska egen-
skaper som kan vara användbara i framtida elektronik.  

Fullerener har god elektronaccepterande förmåga och är därför lämpliga 
byggstenar i solceller och inom artificiell fotosyntes, och även inom supra-
ledare, tribologi och molekylärelektronik. 

För att man skall kunna dra nytta av de egenskaper som kolnanorör och 
fullerener kan erbjuda så måste man i regel modifiera dem på ett eller annat 
sätt. Kolnanorör är t.ex. helt olösliga i alla lösningsmedel, vilket gör det 
svårt att integrera dem i exempelvis kompositmaterial. Med hjälp av orga-
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nisk kemi kan man modifiera rören och på så sätt göra dem lösliga vilket 
underlättar deras användning. Detta är något som vi har undersökt i ett av 
delarbetena i avhandlingen. Vi har dessutom arbetat med upprening av kol-
nanorör och utvecklat en ny mikrovågsugnsbaserad metod som på ett enkelt 
och effektivt sätt kan användas för att avlägsna orenheter såsom metallpar-
tiklar och amorft kol från nanorören. 

I ett ytterligare arbete har vi med en icke-kovalent metod modifierat kol-
nanorör med laktos- och galaktosderivat och därigenom erhållit funktional-
iserade kolnanorör med möjliga tillämpningar inom biosensorer och bioak-
tiva filtermaterial. 

Förutom kolnanorör har vi genom organisk syntes tillverkat en rad 
organometalliska fullerenderivat med målet att utvärdera deras potential som 
molekylära elektroniska ledare. Detta är av intresse inom s.k. molekylär-
elektronik. Då vår nuvarande kieselbaserade mikroteknologi inte kommer 
kunna fortsätta att utvecklas i samma takt för evigt kommer vi i framtiden 
behöva en ny teknologi. Molekylärelektronik är ett relativt nytt, interdesci-
plinärt forskningsområde där man forskar i användningen av enskilda mole-
kyler som elektroniska komponenter. 

Vi har i detta sammanhang undersökt möjligheterna att tillverka en mole-
kylär kedja baserad på fullerener och metallkomplex. För att bygga en sådan 
kedja har vi systematiskt tillverkat mindre byggklossar och undersökt deras 
respektive egenskaper. Vi har därefter satt ihop byggklossarna till större 
enheter som vi karaktäriserat med elektrokemiska metoder. Detta arbete har i 
sig resulterat i flera nya molekylära system med intressanta egenskaper och 
möjliga tillämpningar, men även bidragit med en hel del värdefull kunskap 
som kommer underlätta vidare utveckling av konceptet. Vi hoppas att fram-
tida studier kommer att visa potentialen hos dessa derivat som molekylära 
ledare inom molekylärelektronik. 
  

 
Figur 2. En grafisk illustration av en fullerenbaserad molekylär kedja med metall-
komplexlänkar. 
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