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Chapter 1 

Carbon Nanostructures 

 

 

Figure 1.1 Some allotropes of carbon. 

 

Among the different allotropes of carbon (see Figure 1.1), (endohedral)fullerenes and carbon 

nanotubes are interesting materials from which many technological applications and 

scientific progress can be done. This section is focused on such carbon nanostructures so that 

several concepts about their structure and chemical reactivity are reviewed. 

 

 

 

 

 



 

 

10 Carbon Nanostructures 

1.1 Buckminsterfullerene 

In 1985, H. Kroto, R. Curl, and R. Smalley first described the third allotrope of carbon which 

was called Buckminsterfullerene.1 Because of this finding, a decade later, these authors were 

awarded with the Nobel Prize. Since then numerous research groups have extensively studied 

fullerenes with the aim of determining their reactivity; as well as their photophysical and 

electrochemical properties and the use of their derivatives, either in materials science or 

medical applications.2–4 In 1990, Donald Huffman and Wolfgang Krätschmer designed a 

method in order to obtain large scale quantities of fullerenes (grams),5 thus leading to the 

functionalization of these carbon spheres and the development of new and sophisticated 

structures.2 

 

1.1.1 Structure 

Fullerenes are closed-cage molecules of high symmetry exclusively constituted by carbon 

atoms. Unlike other allotropic forms, that is diamond and graphite in which the hybridizations 

in the carbon atoms are respectively sp3 and sp2, fullerenes are discrete molecules where the 

hybridization is mainly sp2,3. This property is the main reason of the solubility of fullerenes 

in organic solvents.6–8 

The most stable and abundant fullerene is C60, which is of icosahedral symmetry with 12 

pentagonal and 20 hexagonal rings. Pentagons, 5-membered rings (5-MR; general 

abbreviation: x-MR, x = 3, 4, 5, or 6), in the fullerene structure bring about the formation of 

the curvature of the structure since hexagonal networks, 6-MRs, tend to form bidimensional 

structures. There are two types of bonds, [6,6] bonds with 1.37 Å in length located at the 

junction of two 6-MRs, and [5,6] bonds located in the fusion of one 6-MR and one 5-MR; 

being this latter 1.45 Å in length (see Figure 1.2). Moreover, the curvature in the C60 structure 

causes a higher reactivity in the [6,6] bonds because of the release of energy produced by 

saturating a double bond.3,7 

 

1.1.2 The isolated pentagon rule 

The stability of fullerenes can be predicted by the isolated pentagon rule (IPR), proposed by 

H. Kroto in 1987.9 This rule states that fullerene structures constituted by 5-MRs surrounded 

by 6-MRs are favored over those structures that present fused 5-MRs, since the junction of 

two 5-MRs brings about an increased tension in the bond angle with the consequent decrease 

of orbital overlap and destabilization of the π-system (pentalene type structures with 8 

electrons π do not satisfy the Hückel rule).10 However, it is also possible to find stable 

structures that do not follow this rule, leading to non-IPR fullerenes like C72Cl4.
11 Indeed, 

non-IPR structures are also produced by the encapsulation of metals inside the fullerene cage 

such as scandium and lanthanum.12,13 
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Figure 1.2 To the left, different bond types in fullerene structures. To the middle, Leonardo da Vinci’s 

truncated icosahedron.14 To the right, the fivefold and twofold symmetry operations of rotation in C60. 

 

1.1.3 Molecular symmetry 

Centuries ago, in 1500 Leonardo da Vinci published several geometric sketches wherein the 

truncated icosahedron was introduced, an Archimedean solid constructed from 12 pentagonal 

faces, 20 hexagonal faces, 60 vertices, and 90 edges (see Figure 1.2). It is interesting to notice 

that the molecular structure of C60 certainly resembles the truncated icosahedron; where the 

60 carbon atoms are localized at each one of the 60 vertices, and the 90 carbon-carbon bonds 

correspond to the 90 edges of the polyhedron. Therefore, in C60 it is possible to identify 120 

symmetry operations, all of them included into the icosahedral point group (Ih) grouped into 

10 classes. 

Table 1.1 Symmetry operations for the icosahedral point group (Ih). 

R E 12C5 12C5
* 20C3 30C2 I 12S10

* 12S10 20S3 15σv 

Ag 1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

F1g 3 +τ 1 – τ 0 -1 +3 +τ 1 – τ 0 -1 

F2g 3 1 – τ +τ 0 -1 +3 1 – τ τ 0 -1 

Gg 4 -1 -1 +1 0 +4 -1 -1 +1 0 

Hg 5 0 0 -1 +1 +5 0 0 -1 +1 

Au 1 +1 +1 +1 +1 -1 -1 -1 -1 -1 

F1u 3 +τ 1 – τ 0 -1 -3 -τ 1 – τ 0 +1 

F2u 3 1 – τ +τ 0 -1 -3 τ – 1 -τ 0 +1 

Gu 4 -1 -1 +1 0 -4 +1 +1 -1 0 

Hu 5 0 0 -1 +1 -5 0 0 +1 -1 

*Rotation over a 5-MR ring (see schematization in Figure 1.2 to the right). 

 

From Table 1.1, it is possible to distinguish the different classes of the Ih point group. The 

first one involves the identity operator E, which is in a class itself. Then, the 12 5-MRs in C60 

define 12 fivefold rotations around the pentagonal centers. Similarly, the 20 6-MRs in C60 

give rise to 12 threefold rotations around the hexagonal centers. Moreover, a twofold rotation 

can take place at the junction of two 6-MRs (i.e. a [6,6] bond of C60 as represented in Figure 
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1.2); since there are 30 edges related to these junctions, then 30 twofold rotations can be 

differentiated. There are therefore 60 junctions of a 5-MR with one 6-MR; that is 60 [5,6] 

bonds. Each of these operations is compounded with the inversion operation. In Table 1.1, it 

is also reported several symmetry operations involving the reflection operation σ. For all the 

ten classes the irreducible representations of the Ih point group are also provided. Finally, the 

molecular structure of C60 is a truncated icosahedron in view of the differences in bond 

lengths; unlike the regular truncated icosahedron wherein all the bond lengths are equal and 

therefore this latter is not consistent with the aromaticity of fullerenes.15 

 

1.1.4 Physical properties 

Fullerenes exhibit a wide range of solubility in organic solvents such as toluene and benzene; 

in fact, they are the only carbon allotropes soluble in common solvents at room temperature.16 

In water, it forms aggregates easily.17 It has been observed that films of C60 and C70 doped 

with alkali metals conduct electricity at room temperature18 and they are superconductors at 

18 K.19,20 

Electrochemical analyses of C60 by cyclic voltammetry and differential pulse polarography 

reveal the existence of at least seven oxidation states (C60
n; n = 0, -1, -2,21 -3,22,23 -4, -5,24,25 

-626). These six reductions are reversible and occur at intervals equally spaced by 200 mV. It 

has been observed that the electrochemical properties of C60 are also retained in their 

derivatives, especially in fulleroids.27,28 

In the case of optical properties, experiments have detected two collective excitations in C60: 

the first one, about 20 eV, corresponds to the collective motion of electrons in σ bonds; and 

the second one occurring around 6 eV indicates the movement of electrons in π-bonds. 

Applications of C60 in non-linear optics are based on the π-conjugated system in the 

structure.29 In the ground state, C60 exhibits strong absorption bands in the UV region and 

weak absorptions in the visible region (up to 650 nm). Additionally, it exhibits an absorption 

band at 750 nm characterized by a triplet-triplet transition with a relatively large absorption 

coefficient, which is a limitation of the optical behavior of C60 and C70 solutions.30 This 

unique property of C60 allows the application of fullerenes in transparent matrices as 

protectors against radiation of high-energy lasers. The combination of these properties leads 

to the use of C60 and derivatives in the design of new electronic materials and photovoltaic 

devices; particularly in the development of organic solar cells.31–33 

 

 

 

 

 



 

 

13 Chapter 1. Carbon Nanostructures 

1.1.5 Synthesis 

Traditionally fullerenes are produced by electric arc discharge, combustion processes or 

vapor deposition methods in which graphite or other source of carbon is vaporized. However, 

in the search for synthetic routes with better yields and purer products, many methods have 

been developed for synthesizing fullerenes and a plethora of models have been introduced to 

explain the mechanisms that lead to the formation of fullerenes.34–36 

 

Figure 1.3 Krätschmer-Huffman arc reactor for the synthesis of fullerenes. 

Photography published37 by the Echegoyen’s research group. 

 

Five years after the discovery of fullerenes, Krätschmer and coworkers5 developed a method 

for the synthesis of C60. This method consisted in the vaporization of graphite by heating in 

helium atmosphere. The access to larger amounts of C60 changed the way in which these 

compounds were studied and allowed the development of the so-called fullerene chemistry. 

However, this method, with yields lower than 1%, is not very efficient due to the severe 

reaction conditions (temperatures above 1300 C and pressures of 100 torr).38 Other methods 

based on the vaporization of a carbon source such as pyrolysis, plasma formed by 

radiofrequency, or electric arc discharge have the same disadvantages as the method 

proposed by Krätschmer. Consequently, a variety of methods for synthesizing fullerenes 

have been proposed like the combustion method, from which industrial production is 

possible.2,7,15 

 

1.1.6 Chemical functionalization 

Fullerene C60 behaves as a polyolefin poor in electrons (with strong electron-withdrawing 

character); as a result, it undergoes a variety of chemical reactions (see Figure 1.4). Because 

of its electron deficient nature, the main reactions that fullerenes undergo are nucleophilic 

additions. Fullerenes are excellent dienophiles in Diels-Alder reactions; indeed, these 

reactions are widely used for their chemical functionalization. They can react with 

oxygenated species and aryl groups to form epoxides and analogues (fulleroids). Fullerenes 

are also reactive with electrophiles.39 
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Many reactions with fullerene C60 take place at [6,6] bonds in view of their better frontier 

orbital interactions;40 they can form cyclic structures such as 3-MRs which may lead to the 

inclusion of carbon or nitrogen atoms; 4-, 5-, and 6-MRs cyclic structures are also possible.41 

The formation of 3-MRs usually involves (2+1) cycloaddition reactions.42–44 Fullerenes 

undergo (2+2) cycloadditions45 to generate 4-MRs such as cyclobutene;46 while for the 

synthesis of 5-MRs, (3+2) cycloadditions can take place resulting in cyclic47,48 and 

heteroatom-cyclic derivatives.49,50 6-MRs are obtained by (4+2) cycloadditions on [6,6] 

bonds.51,52 In addition, holes in the surface of fullerenes can be formed by selective addition 

of azides,53 heat treatment or photoinduced oxidation.29 

 

Figure 1.4 Chemical reactions and derivatives of C60. 

 

1.1.6.1 Nucleophilic additions 

Fullerenes undergo a wide variety of nucleophilic addition reactions through the attack of 

species involving both carbon nucleophiles and heteroatoms as nitrogen, oxygen, and 

phosphorus.54 

In the first step of the nucleophilic attack on C60, an intermediate is formed as NunC60
n-. This 

intermediate can be captured as follows: 

(i) Addition of electrophiles E+, such as H+ or carbocations, to yield compounds with 

the chemical formula C60EnNun. 

(ii) Addition of neutral electrophiles EX like alkyl halides to obtain C60EnNun. 

(iii) Oxidation to produce C60Nu2. 

(iv) Intramolecular addition to form methanofullerenes or cyclohexanofullerenes. 

Given the large number of reactive double bonds in C60, polyadditions are also common in 

fullerene chemistry. The bis-adducts are obtained as side products along with a mixture of 

isomers, and the product distribution depends upon both electronic and structural factors.3,7,54 
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1.1.6.2 Cycloadditions 

Cycloadditions have been probably the most studied reactions in chemistry of fullerenes due 

to their great versatility since various functional groups can be attached to fullerenes; as a 

result, a variety of new products can be synthesized. Different cycloadditions to C60 are 

schematized in Figure 1.5. 

 

Figure 1.5 Cycloaddition reactions on C60. 

The (2+1) cycloaddition leads to the synthesis of compounds such as methanofullerenes 

wherein the fullerene sphere is fused to cyclic or heterocyclic fragments of three bonds, 

which may be obtained by a cyclopropanation reaction with α-halogenated carbanions [the 

Bingel-Hirsch (BH) reaction]55 or carbenes.56–58 The double [6,6] bonds located at the surface 

of the fullerene are the reactive sites for such reactions and the energy comes from the release 

of spatial strain and interaction between reactants. 

The (2+2) cycloaddition leads to cyclobutanefullerenes when cyclic59 or acyclic60 enones, 

dienones,61 acetylenes,62 etc., are used as reactants. This reaction proceeds photochemically 

in most cases. Moreover, the obtained products are the simplest adducts wherein 

diastereoisomers are produced. 

The procedure for the functionalization of fullerenes most used in recent years has been the 

1,3-dipolar cycloaddition of azomethine ylides, a special case of the (3+2) cycloaddition to 

fullerenes. Prato et al.63 were the first authors in employing the 1,3-dipolar cycloaddition 

(usually known as the Prato reaction) of an azomethine ylide on a C60 double bond, thus 

obtaining the corresponding fulleropyrrolidine. Although azomethine ylides can be prepared 

according to different synthetic routes,64 the most common procedure is decarboxylation of 

immonium salts obtained by condensation of α-amino acids with aldehydes or ketones. This 

process has numerous advantages such as synthetic simplicity, availability of reactants which 

may be commercial or easily prepared, and wide variety of products. Moreover, the addition 

of two substituents on the pyrrolidine ring can be done simultaneously; as well as subsequent 

modifications can be performed on them. The 1,3-dipolar cycloaddition of azomethine ylides 

with fullerenes generally produces a mixture of mono-, bis-, tris-, and tetra-adducts. 

The Diels-Alder reaction is undoubtedly one of the most versatile reactions of organic 

chemistry, being the most elegant method for the creation of 6-MRs because of its remarkable 

diastereo-, chemo-, and regioselectivity. The application of the (4+2) cycloaddition in the 

chemistry of fullerenes has led to a wide variety of derivatives.65 However, the main problem 
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encountered in the reaction of C60 with dienes is that the resulting cycloadduct easily 

undergoes cycloreversion toward the starting materials due to their thermal instability. On 

the other hand, o-quinodimethane can react with C60 so that the (4+2) reaction is not 

reversible (see Figure 1.6).66 

 

Figure 1.6 A nonreversible (4+2) cycloaddition to C60. 

There are a few examples in the literature of (8+2) cycloadditions to fullerenes due to the 

lack of dipoles to carry them out. An example of such transformation is the reaction of 7-

(methoxymethylene)cyclohepta-1,3,5-triene with C60.
67 

 

1.1.6.3 Reactions with metal complexes 

Although it might be thought that the chemistry of fullerenes is fully established, there are 

still a variety of reactions to explore, especially those involving the use of metals. The 

singular three-dimensional geometry of these systems represents a unique scenery to carry 

out novel reactions and to elucidate possible reaction mechanisms. Usually, the 

organometallic chemistry of fullerenes has been focused on the following aspects (see also 

Figure 1.7): 

(i) Formation of fullerides (metallic salts of fullerenes MnC60 (n = 1, 2, 3) with 

different stoichiometries), particularly with alkali metals.19,68 

(ii) Addition of metals to one or more double bonds of the fullerene to form 

coordination complexes. Several examples have been described with many 

metals: platinum,69–71 palladium,72–74 rhodium,75,76 iridium,77–80 molybdenum,81 

osmium,82 ruthenium,83,84 iron,85 and tungsten.86 

(iii) Co-crystallization of fullerenes and metal complexes. In the crystal structure, the 

molecules are bonded by van der Waals forces and π-π couplings.87–89 

(iv) Formation of covalent bonds between fullerenes and various organic ligands such 

as derivatives of either pyrrolidine or phthalocyanine with a metal.90–92 

(v) Construction of fullerene polymers with metals by reaction with organometallic 

complexes. An example of such compounds are the polymers of C60 with Pd(0) 

and Pt(0).72,93 

(vi) Additions of organolithium or Grignard reagents.94 
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Figure 1.7 Examples of metal complexes formed with fullerenes. 

In recent years, a new chemistry in fullerenes has been developed by using metals as catalysts 

or mediators of various reactions. The Pauson-Khand reaction, which involves the (2+2+1) 

cycloaddition between an alkene, an alkyne, and carbon monoxide catalyzed by transition 

metals was carried out for the first time in 2004 by Martín et al. using C60 as the alkene unit, 

which leads to an efficient and regioselective synthesis of fused cyclopentenones on the 

surface of the fullerene as depicted in Figure 1.8.95,96 This process, which is not favored with 

olefins poor in electrons, occurs in C60 because of the curvature of the double bonds, which 

makes them more reactive.  

 

Figure 1.8 The Pauson-Khand reaction in fullerene C60. 

More recently, it has been described an interesting cycloaddition of alkyl and aryl diazo 

compounds catalyzed by Pd(II) which occurs on [5,6] bonds.97 The functionalization of C60 

by 1,3-dipolar cycloaddition of carbonyl ylides using catalysts of Rh(II) to form heterocycles 

fused to the fullerene is also important.98 On the other hand, the 1,3-dipolar retro-

cycloaddition on fulleropyrrolidines mediated by metals has been reported, too.99,100 It is 

known101 that pyrrolidines may undergo reactions of retro-cycloaddition leading to the 

formation of the alkene and the azomethine ylide; however, this process was considered 

unlikely in view of the lower basicity of the amino group in fulleropyrrolidines as a result of 

the electronegative character of the fullerene unit. Nonetheless, fulleropyrrolidines undergo 
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retro-cycloaddition releasing free fullerene upon heating to reflux in 1,2-dichlorobenzene in 

the presence of a dipolarophile like maleic anhydride able to effectively trap the ylide that is 

formed.102 The conversion strongly depends on the substituents of the fulleropyrrolidine 

which exert a great influence on the stability of the 1,3-dipole generated by heat. The catalytic 

version of the retro-cycloaddition, using Cu(OTf)2 or the Wilkinson's catalyst, leads to 

quantitative retro-cycloadditions regardless the substituents of the starting adduct. These 

conditions also allow the reversion of isoxazolinofullerenes towards pristine fullerenes and 

isoxazoline.103 Finally, among the many reactions of metals with C60, Table 1.2 accounts for 

some selected cases of metal-C60 complexes. 

Table 1.2 Some examples of metal-C60 complexes. 

Precursor Reactants Product Reference 

[Ir(H)2(o-HCB10H9CCH2PPh2-

B,P)(PPh3)(L)](L = CO or PPh3) 

C60, reflux in 

toluene and t-BuNC 

[(η2-C60)Ir(o-HCB10H9CCH2PPh2-

B,P)(t-BuCN)2] 
78 

Ir2(CO)2Cl2(μ-

Ph2P(CH2)7PPh2)2 
C60 

(η2-C60)2Ir2(CO)2Cl2(μ-

Ph2P(CH2)7PPh2)2 
104 

(η5-C5H5)2ZrHCl C60 in benzene {(η5-C5H5)2ZrHCl}nC60Hn (n = 1-3) 105 

(η5-C5H5)2TaH3 C60 in benzene (η5-C5H5)2TaH((η2-C60) 106 

Rh6(CO)9(dppm)2(μ3-η2,η2,η2-

C60) 

C60, reflux in 

ClC6H5, then room 

temperature with 

CNRa 

Rh6(CO)5(dppm)2(CNRa)(μ3-

η2,η2,η2-C60)2 
107 

Rh2Cl2(CO)4 C60Me5K Rh(η5-C60Me5)(CO)2 108 

Os3(CO)11(NCMe) C60 Os3(CO)11(η2-C60) 109,110 

Os3(CO)8(CNRa)(μ3-η2:η2:η2-

C60) 
CNR in ClC6H5 

Os3(CO)8(CNRa)(μ3-CNR)(μ3-

η1:η2:η1-C60) 
111,112 

Ru3(CO)12 C60 
Ru3(CO)9(μ3-η2:η2:η2-C60) and 

Ru3C60 
113,114 

Ru5C(CO)15 
C60 in ClC6H5 and 

PPh3 or dppm 

Ru5C(CO)11(PPh3)(μ3-η2:η2:η2-C60) 

and Ru6C(CO)12(dppm)(μ3-

η2:η2:η2-C60) 

83 

Fe(CO)5 C60 in arc discharge FeC60 115 

Na[Co(CO)4] C60 NaCoC60·3THF 116 

Ni+ in the gas phase C60 in the gas phase Ni(C60)2
+ 117 

M(PR3)4 (M = Pt, Pd, Ni; R = 

Et, Ph) 
C60 (η2-C60)M(PR3)2 105 

[(C6H5)3P, AuCl C60 in toluene C60·2[(C6H5)3P]AuCl·0.1C6H5CH3 118 

LiClO4, NaCF3SO3, or 

KCF3SO3 
C60 MxC60 (M = Li, Na, K) 119 

a R = CH2C6H5 
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1.2 Endohedral fullerenes 

Conventional endohedral fullerenes are structures with species such as metal ions 

encapsulated inside the fullerene cage, for instance La@C82. In these structures, electron 

transfer from the encaged metal ions to the carbon cage is demonstrated to occur. That is, in 

the mentioned example, formal charges are predicted to be La3+@C82
3- and it results in the 

formation of non-dissociating salts. Not only can monometallofullerenes be synthesized, 

which were the first isolated endohedral fullerenes, but noble gasses like He and Kr and 

nonmetal atoms like N and P can be also encapsulated inside the carbon cage. These atoms 

are preferably incarcerated into C60. Nonmetals endohedral fullerenes are prepared under 

high pressure or by ion bombardment of the preformed cage. However, these structures are 

neutral species, unlike the endohedral metallofullerenes (EMFs) which have formal charges. 

In this regard, it is important to know how the introduction of more than one metal ion 

changes the charge of the fullerene cage since strong doping reactions depend upon the 

electronic structure and oxidation state of the EMF under attack. In view of that, many di- 

and trimetallofullerenes have been isolated, which led to a new field of materials with 

interesting properties and applications.120–123 

 

1.2.1 Structural aspects 

1.2.1.1 Deviations from the isolated pentagon rule 

Shinohara’s group demonstrated12 for the first time that the encapsulation of two atoms of Sc 

inside the cage of C66, Sc2@C66 (depicted in Figure 1.9) is sufficient to break the isolated 

pentagon rule (non-IPR); that is, there are fused 5-MRs in the C66 cage of C2v symmetry. 

Moreover, the authors also showed that some fullerenes with an even number of carbon atoms 

able to form IPR cages are stabilized in a non-IPR structure by a two-metal cluster; for 

instance, La2@C72.
13 On the other hand, Shinohara et al. reported124 the incarceration of the 

Sc2C2 carbide structure into a non-IPR C2v-C68 cage; thus giving rise to the family of M2C2 

carbide clusters. These trends were different for the family of nitride clusters. In this regard, 

the stability of non-IPR cages can be explained by the maximum pentagon separation rule125 

and the maximum aromaticity criterion (MARC).126 This latter is based on the additive local 

aromaticity (ALA) index defined as the sum of the local aromaticities, Ai, of all the n rings i 

contained in the fullerene cage, 𝐴𝐿𝐴 = ∑ 𝐴𝑖
𝑛
𝑖=1 . Deviations to the IPR can be conveniently 

explained by making use of MARC; in fact, it can be verified that the most stable anionic 

fullerene isomer is the one whose total aromaticity is maximized. In this order of ideas, IPR 

and non-IPR anionic isomers can be compared regardless the number of adjacent pentagon 

pairs included in the structure under consideration. MARC turns out to be very useful since 

it correlates the experimental trends with the ALA index: the most aromatic anionic isomer 

leads to the most stable EMF.126 
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Figure 1.9 Sc2@C66, the first structure that violated the isolated 

pentagon rule. Figure adapted from original reference.12 

 

1.2.1.2 Isomers: the case of La@C82 

Smalley and coworkers127 were able to produce macroscopic quantities of higher fullerenes 

with La inside the cage, including La@C82. There are nine distinct isomers of C82 satisfying 

the IPR (see Figure 1.10).9,128,129 Out of these nine cages, La as a single metal has been 

incarcerated into the C2v-C82 and Cs-C82 IPR cages.130 None of these isomers is the most 

stable for empty C82 fullerene. The La@C2v-C82 EMF, which in the case of Ce@C2v-C82 is 

about four times more abundant than its analogous Cs-C82,
131 has been the subject of many 

studies.132–134 For example, the first EMF functionalization was achieved for La@C2v-C82 

through a photochemical reaction with disilirane.135 In this regard, La@C2v-C82 has the 

capability to easily donate and, in turn, accept electrons due to its radical nature and redox 

properties; unlike the pristine counterpart C2v-C82. Consequently, the high electron affinity 

and low ionization potential of amphoteric species such as La@C2v-C82 are useful to control 

the chemical reactivity towards nucleophiles and electrophiles.136  

 

Figure 1.10 Nine isomers of C82 satisfying the isolated pentagon rule. 
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Additionally, the permanent magnetic moment of La@C2v-C82 obstructs the direct 

application of nuclear magnetic resonance (NMR) analysis; therefore the corresponding 

spectrum is obtained from La@C2v-C82
- taking advantage of its uncommon stability.137 The 

13C NMR spectrum of La@C2v-C82
- shows 24 different lines corresponding to 24 

nonequivalent carbon atoms. In line with these results, by using synchrotron powder 

diffraction, the maximum entropy method (MEM)/Rietveld analysis revealed that the La 

atom is not localized at the center of the C2 axis but adjacent to a 6-MR of the La@C2v-C82 

cage; the shortest La-C distance was determined to be 2.55 Å.138 Based on all these structural 

and electronic properties of La@C2v-C82, the chemical functionalization of this EMF can be 

considered as an interesting subject of study. Then in the current thesis the chemistry of 

La@C2v-C82 is examined. 

 

1.2.1.3 Large-sized cages 

Yang and Dunsch demonstrated that multimetallofullerenes can result in the stabilization of 

a large series of higher fullerene cages. They synthesized and isolated with a high yield for 

the first time one of the largest fullerene cage to date, a stable dimetallofullerene Dy2@C100; 

as well as the largest trimetallofullerene Dy3@C98.
139 Certainly, the encapsulation of metallic 

clusters in large-sized cages has opened a new field of research in fullerene chemistry. There 

are important consequences as the size of the cage increases: the number of IPR-isomers 

increases (for C100, there are 450 isomers) and, as a consequence, there are a larger number 

of structures of metallofullerenes; that is to say, for Dy2@C100 at least six cage isomers must 

be considered (see Figure 1.11). It is worth mentioning that the influence of the size of the 

electrically charged cage in physical and chemical properties is of high interest. 

 

Figure 1.11 Six probable IPR cage isomers of Dy2@C100 (Dy atoms 

omitted for clarity). Figure adapted from original reference.139 
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1.2.2 Nitride cluster fullerenes 

A new class of endohedral fullerenes with a cluster containing nitrogen, an element that was 

initially avoided as a cooling gas in the fullerene community, was introduced via the synthesis 

of Sc3N@C80, which is the first most abundant member and the third most abundant fullerene 

structure. This structure was firstly produced in 1999 by using a Krätschmer-Huffman 

generator, wherein graphite rods containing metal oxides in the presence of a small portion 

of nitrogen gas were vaporized. The authors named this method as the trimetallic nitride 

template (TNT) process.140 In this class of EMFs, the cage has to adopt a trimetal-nitride-

cluster structure, which is not stable as a single molecule; indeed, this isomeric Ih-C80 form 

has not been isolated as an empty cage so far. The electron transfer from the nitride cluster 

stabilizes the icosahedral cage of C80; as a result, both structures, the cage and the cluster, are 

stabilized each other (see Figure 1.12). Furthermore, following the TNT process, other 

clusters can be encapsulated in order to produce ErxSc3-xN@C80 (x = 0-3)140,141 and AxSc3-

xN@C68 (x = 0-2; A = Tm, Er, Gd, Ho, La).142 In the latter case, the trimetallic nitride cluster 

is trapped in a non-IPR cage. Another example of a non-IPR endohedral fullerene is given 

by the encapsulation of Sc3N into the D3-C68 cage, which was confirmed by X-ray 

crystallography and NMR spectroscopy.142,143 The TNT method can be also used for the 

synthesis of other EMFs, although with a relative low yield; these are: Sc3N@C78,
144 

Lu3N@C80,
145,146 Lu3-xAxN@C80 (x = 0-2; A = Gd, Ho),146 and Sc3N@C80.

147 

Generally, the production of EMFs through standard arc discharge has a yield of 2% or 

less.148 The production of Sc3N@C80 by means of the TNT process is higher ranging from 3 

to 5%.140 On the other hand, Dunsch and Yang introduced the development of the reactive 

gas atmosphere method. The dominant product resulting from the use of NH3 as the reactive 

gas is the nitride cluster fullerene, while the yield of empty fullerene and other 

metallofullerenes was less than 5%. This allows an easy purification of the product since it 

can be performed by a simple chromatographic technique. Based on NMR, this led to the 

isolation of large families of M3N@C2n structures (where M = Ho, Tb, Gd, Dy, Tm; 38 ≤ n 

≤ 44).149–153 

 

Figure 1.12 Schematic representation of the stabilization of trimetallic 

nitride template endohedral metallofullerenes according to the ionic model. 
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1.2.2.1 Properties of nitride cluster fullerenes 

The Sc3N cluster has a planar structure inside the cage, then Sc3N@C80 has an icosahedral 

symmetry (isomers I and Ih) as confirmed by X-ray crystallography and 13C NMR 

spectroscopy.140 On the other hand, despite of the same symmetry of the C80 cage and 

Sc3N@C80, the Gd3N cluster is found to be pyramidal.154 The structure and stability of this 

latter, together with the electron transfer to the cage, are rarely studied due to the difficulties 

to obtain consistent information from X-ray crystallography and NMR spectroscopy.150,154–

156 In this regard, vibrational spectroscopy is used for the structural analysis of a series of 

nitride cluster fullerenes, M3N@C80 (I, II) (M = Sc,147 Gd,150 Dy,152 Tm153). 

For a series of trimetallic nitride cluster regarding the C80 cage, a study was carried out so as 

to determine the visible/near-infrared (IR) absorption bands; those results were compared to 

the near-IR absorptions and small bandgap of Sc3N@C80.
140 No near-IR absorption bands 

were found and optical bandgaps above 1 eV were observed. It was concluded therefore that 

nitride cluster fullerenes are stable compounds in comparison to C60.
147,155 

Nitride cluster fullerenes present similar reactivity to conventional EMFs. As a result, the 

C=C bonds are thought to be the reactive bonds wherein functionalization can take place. 

Accordingly, it can be found in the literature the synthesis of derivatives of M3N@C80 (M = 

Sc,156–158 Y,159 Gd,160 Lu161). 

The structure of Sc3N@C80 is formally a positively charged cluster inside a negatively 

charged icosahedral carbon cage, [Sc3N]6+@C80
6-, as determined by high-energy 

spectroscopy.162 Based on this type of studies, a series of M3N@C80 (I) (M = Sc,162 Tm,163,164 

Dy165) reveal significant differences in the formal charges; that is, 2.4, 2.9, and 2.8 for Sc, 

Tm, and Dy, respectively, which lead to dissimilarities in the electron transfer to the C80 cage. 

The isomeric structure of the cages can be correlated to the vibrational structure of the EMFs; 

therefore, a structural characterization can be determined from those spectra. Both, IR and 

Raman spectroscopies can be used in the characterization of the structure of the caged cluster 

by analyzing the vibrational pattern. However, quantum-chemistry-based theoretical studies 

can be also used in the description of M3N@C80 (M = Sc, Lu, Gd) structures and their 

chemical functionalization.147,155,163,166 
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1.3 Carbon nanotubes 

In 1991, Sumio Iijima characterized by means of high-resolution electron microscopy a new 

allotropic form of carbon which was named carbon nanotube.167 Two years later, Iijima,168 

and also independently Donald Bethune,169 discovered the so-called single-walled carbon 

nanotubes (SWCNTs). In this new material, the morphology is derived from a single 

graphene sheet, which is rolled into a cylinder that may be closed at the ends. 

 

1.3.1 Types according to number of layers 

Carbon nanotubes can be classified into two different types according to the number of layers 

as depicted in Figure 1.13: multi-walled carbon nanotubes (MWCNTs) which are those 

formed by concentric layers approximately separated by the analogous interplanar distance 

of graphite (0.36 nm); and SWCNTs, which can be described as a bidimensional graphite 

layer rolled into a cylinder of nanometric diameter. In addition to the high-resolution electron 

microscopy, the Raman spectroscopy is a very useful technique to distinguish between 

MWCNTs and SWCNTs. In this technique, all SWCNTs have characteristic bands of small 

intensity between 100 and 300 nm, which do not appear in MWCNTs. These bands of small 

wave number are associated to radial radiation around the nanotube and are known as 

breathing of SWCNTs, as a result they are related to the diameter of the nanotube.170 

 

Figure 1.13 Single-walled (left) and multi-walled (right) carbon nanotubes. 
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1.3.2 Classification according to chirality 

The chiral vector characterizes the orientation of 6-MRs in a graphene sheet, and the atoms 

in the corresponding sheet represent the same atom in the SWCNT structure. There are three 

classes of SWCNTs characterized by the chiral vector numbers (n,m). The first class is the 

case n = m, in which SWCNTs show a metallic-like band structure; armchair SWCNTs are 

classified in this category. The next case is when n - m is a multiple of 3, and SWCNTs 

present semimetallic-like band structures. Other combinations of n and m give rise to 

SWCNTs that show semiconductor-like band structures (see Figure 1.14).171  

 

Figure 1.14 a) Classification of SWCNTs  

according to chirality and b) band structures.172 

 

In a conventional model of graphene sheet (see Figure 1.15), in which it is assumed that all 

bond lengths are equal and all bond angles remain 120°, the length of the chiral vector |C| 

defines the circumference of the cylinder (where C = na + mb, and a and b form a non-

orthogonal basis for the sheet). The direction of C relative to the basis vector a defines the 

chiral angle φ; consequently, φ = 0 for zig-zag SWCNTs. Besides, the unit cell length is given 

by the length of the translation vector T, which is perpendicular to C.173 The diameter r0 of 

the structure is calculated by the equation 𝑟0 = 𝜎√3(𝑛2 + 𝑚𝑛 + 𝑚2)/2𝜋; where σ stands 

for the 1.42 Å carbon-carbon bond length and r0 is the nanotube radius. The length of these 

nanostructures can be also characterized by the number of unit cells in the network.171 
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Figure 1.15 Conventional model to construct a SWCNT from a graphene sheet. The structure is designed via 

the basis vectors a and b, chiral angle φ, and chiral C and translational T vectors. Zig-zag and armchair 

SWCNTs are also represented. 

 

1.3.3 Clar structures 

A Clar structure follows the Clar’s π-sextet rule,174 which states that the Kekulé resonance 

structure with the largest number of disjoint aromatic π-sextets, i.e. benzene-like moieties, is 

the most likely structure of polycyclic aromatic hydrocarbons to be observed.175 Aromatic π-

sextets can be understood as six π-electrons localized in a single benzene-like ring separated 

from adjacent rings by carbon-carbon single bonds. SWCNTs can be also constructed under 

the Clar’s π-sextet rule.176–179 In this regard, Clar unit vectors rp + sq can be obtained by 

simple algebraic relationships with the chiral unit vectors introduced above (n,m), where: 

𝑟 =
𝑛 − 𝑚

3
                                                                                                                                        (1.1) 

and  

𝑠 =
𝑛 + 2𝑚

3
                                                                                                                                      (1.2) 

King and Ormsby pointed out that, using non-canonical representations of the Clar structure, 

the parameter R [defined as R = mod(n - m, 3)] is useful to describe the sidewall topology in 

terms of Clar networks (see Figure 1.16).180 R takes three different values; therefore it leads 

to three different situations that determine the electronic properties of nanotubes. If R = 0, 

the Clar network is fully benzenoid and the infinite nanotube is metallic. On the other hand, 

R = 1 and R = 2 give rise to 6-MRs and one double bond; or even two double bonds for zig-

zag SWCNTs with R = 1, wherein the resulting nanostructure is a semiconductor. 
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Figure 1.16 Valence bond representations of Clar structures for carbon nanotubes 

with chiral vector numbers, from left to right, (12, 9), (12, 8), (12, 7), and (19, 0); 

R=mod(n - m, 3) is respectively 0, 1, 2, and 1. Black strips indicate the positions  

of the double bonds. Figure adapted from original reference.180 

 

1.3.4 Properties and applications 

One of the most noteworthy properties of carbon nanotubes is the high Young's modulus (1-

2 TPa). In view of that, these materials are up to six times more elastic than steel and ten 

times more resistance than fibers like Kevlar.181–185 

The electrical conductivity of carbon nanotubes is also remarkable, which is estimated to be 

109 A/cm2. In the case of conductive carbon nanotubes, it has been purposed that an electron 

inside the nanostructure experiences a ballistic conduction with no impediment and a 

uniformly accelerated movement as a function of the electric field.186 

The morphology of SWCNTs is characterized by a cylinder of variable length that can reach 

up to several millimeters. The high ratio length/diameter, sometimes greater than 106, 

coupled with the high electric conductivity,187,188 make these materials to be considered as 

molecular wires in the case of conductors. On the other hand, semiconductor SWCNTs are 

very interesting materials in the development of molecular transistors.189–193 

SWCNTs have a high tendency to form agglomerations that strongly interact via van der 

Waals forces.194 The agglomeration of SWCNTs represents many issues for the study of 

properties of a specific structure; besides it makes difficult their solvation in conventional 

solvents. This problem has been treated by various methods such as the addition of 

surfactants or covalent functionalizations.195–198 
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1.3.5 Synthesis 

Carbon nanotubes may be prepared by various methods (vaporization of graphite by laser 

pulses, arc discharge in graphite electrode, pyrolysis, and high pressure of CO), being 

pyrolysis one of the most common processes, which takes place at temperatures above 700 

°C with a suitable organic compound in the presence of a catalyst commonly constituted by 

nanoparticles of metal alloys such as Fe/Co, Co/Ni, or Fe/Mo.199–203 In this case, the nanotube 

grows from the metallic nanoparticle that acts as a catalyst in the direction of the flowing gas 

resembling the shape of a comet, where the nucleus is equivalent to the metal catalyst and 

the tail corresponds to the nanotube growth (see Figure 1.17).204 The size and composition 

of the metallic nanoparticle together with the nature of the organic precursor and the 

temperature are the main parameters that determine the formation, the yield, and the diameter 

of SWCNTs. On the other hand, it seems that big metallic particles (>20 nm) lead to the 

formation of MWCNTs and other multiple different carbonaceous materials (amorphous or 

structured).205 

 

Figure 1.17 Schematization of the nanotube growth (left) and an image obtained with atomic force microscopy 

of a 50 µm long SWCNT grown from nanoparticles patterned into the circled region (right). Figure adapted 

from original reference.206 

Commercial samples of carbon nanotubes are prepared by the high-pressure carbon 

monoxide method, HiPCO, wherein the carbon precursor is CO together with a catalyst of 

Fe(CO)5 in the gas phase that react to form SWCNTs of high purity.200 The source and the 

method for the synthesis of SWCNTs determine the proportion of metal nanoparticles that 

the final product may contain. 
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1.3.6. Purification 

Purification is necessary due to the presence of metallic impurities in the raw material of the 

SWCNT. The procedure most widely used in the purification of carbon nanotubes consists 

in the treatment of raw materials at room or high temperatures with a strong acid which 

typically is an aqueous solution of nitric acid (about 3 M) or even mixtures of HNO3/H2SO4. 

Under these conditions, the metallic residue is solvated producing impurities together with 

the partial oxidation of the SWCNT and other carbonaceous residues. Depending on the size 

of the metallic and carbonaceous residues, temperature, time and concentration of the acid, 

it can be produced a complete dissolution of the amorphous carbon together with a shortening 

of the length of the nanotubes by oxidative degradation of carbon-carbon bonds; thus forming 

shorter and purer SWCNTs with a higher degree of functionalization with oxygenated 

groups. The oxidative treatment produces ruptures at the nanotube edges, being the carboxyl 

group the predominant functional group at the ends of the SWCNTs.207,208 

 

1.3.7 Functionalization of carbon nanotubes 

One of the active areas of research in chemistry in recent years is aimed at the 

functionalization of SWCNTs. The main purpose is the implementation of SWCNTs 

properties such as electrical conductivity and mechanical resistance. The functionalization 

may be performed essentially following two complementary strategies (see Figure 1.18), 

both based on the formation of charge transfer complexes of high stability.209,210 In the case 

of using molecules such as pyrene derivatives, porphyrins, and aromatic macrocycles, it has 

been established that these moieties interact with the walls of the nanotubes through either 

donor-acceptor or π-π interactions.211 In the case of using polymers, they can be aligned 

around the axis of the nanotube coating to it helically, forming a supramolecular aggregate.212 

The modification of nanotubes can be also done by means of covalent junctions. Covalent 

bonds can be formed by  reacting either oxygenated groups or the walls of the SWCNT.212 

The functionalization at the ends of SWCNTs via carboxyl groups has the advantages that 

the integrity of the aromatic nature of the nanotube is not damaged and reactions can be 

completed under relatively well-established mild conditions. Besides, the functionalization 

of carboxyl groups preferably takes place at the ends of the SWCNTs. This method involves, 

however, low density of such groups so that the percentage of functionalization is low.213 

This generally causes difficulties in the determination of the presence of these subunits by 

standard spectroscopic techniques; particularly by UV-vis, IR, Raman, and NMR 

spectroscopy. 
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Figure 1.18 Examples of chemical functionalization of SWCNTs: a) covalent 

on the walls, b) exohedral noncovalent with surfactants, c) exohedral noncovalent 

with polymers, and d) endohedral noncovalent with fullerenes. 

 

Among the main reactions that carbon nanotubes undergo are the addition of radicals 

centered in carbon atoms, the addition of carbenes and (3+2) cycloadditions; in this latter the 

nanotube wall acts as a dipolarophile.212 The main advantage of the functionalization carried 

out in the walls of the nanotube is the high degree of functionalization, which is even greater 

than that one obtained from reactions with carboxyl groups. When the amount of organic 

component is sufficiently high, its presence is evidently easier to establish by spectroscopic 

techniques. However, an excessive degree of functionalization may eventually lead to a 

decrease or loss of the conductive properties of the SWCNT by interrupting the overlap of 

the π-orbitals. Figure 1.19 illustrates the differences of these types of functionalization. 

 

Figure 1.19 Covalent functionalization of 

SWCNTs at the edges, walls, and massively. 
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Qualitative estimations of the degree of functionalization in SWCNTs is performed via 

Raman spectroscopy, which is one of the most useful methods for characterizing and 

distinguishing them from MWCNTs. The strategy is based on changes that occur in the 

spectrum of the original SWCNT; then they are compared after derivatization.214–216 On the 

other hand, the functionalization with carboxyl groups typically shows no appreciable 

changes in the Raman spectrum as compared to the original nanotube. This can be understood 

by considering the small degree of functionalization in this latter case. In contrast, the 

functionalization of the walls, especially when the degree of the functionalization is high, 

produces significant changes which are manifested as a decrease in the intensity of the band 

corresponding to the tangential stress around 1600 cm-1, and an increase in the relative 

intensity of the band at 1400 cm-1. These facts indicate the presence of defects.217,218 

The derivatization of SWCNTs through carboxyl groups can be simply carried out by 

esterification or by the formation of peptide bonds. This second option has the advantage that 

covalent bonds result more resistant to undergo hydrolysis under acidic or basic conditions. 

However, the functionalization through ester bonds may be desirable in those cases where 

the resulting material is required to be used in organic solvents in neutral media. Furthermore, 

other strategies have also arisen; that is for instance, the inclusion of Si atoms in SWCNTs 

promote the binding of other molecules to them.219 On the other hand, fluorination of these 

materials, which improves their solubility in organic solvents, leads to side-wall 

polyderivatization.220 Increasing the solubility in organic solvents of SWCNTs or derivatives 

turns out in better processability of these materials and the application of spectroscopic 

techniques in solution that are not possible with pure SWCNTs.212 The attachment of other 

molecules to a SWCNT modifies its physical properties so that it may be conveniently tuned. 

That is to say, in the case of (2+2) cycloaddition of fluorinated olefins to SWCNT, the final 

adduct exhibits high-mobility semiconducting behavior free from metallic interference.172 

SWCNTs can be also functionalized through the (2+2) cycloaddition of benzyne (see Figure 

1.20).221–223 Finally, functionalized SWCNTs have been shown to be useful assemblies in 

fields of materials,224 medical,225 and biological226 sciences. 

 

Figure 1.20 From left to right, (2+2) cycloadditions of perfluoro-(5-methyl-3,6-dioxanon-1-ene), 

perfluoro-2(2-fluorosulfonylethoxy) propyl vinyl ether, and benzyne to SWCNTs. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


