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7.1 CONCLUSIONS 
 
 The characterisation of the most novel metallofullerenes up to 2004 
has been theoretically and systematically discussed in various chapters of 
this study. Fullerenes that do not contain metals can be successfully 
characterized with semiempirical methods, but metallofullerenes require 
DFT-based methods. These methods provide an interesting framework for 
performing first-principle calculations of large systems more cheaply than 
post-HF methods. In the near future, the rapid increase in computer 
development and the implementation of new algorithms as well as new 
functionals will provide more powerful tools to scientists for studying the 
electronic structure of the new metallofullerenes. The way forward has 
already been initiated.   

The vigorous start to fullerene chemistry may seem to have stopped 
at the end of the 1990s since several authors had already established its 
chemical principles. Manolopoulos et al. systematized the isomerism in the 
free fullerenes, and Taylor and Hirsch determined the procedure for 
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predicting chemical reactivity. Only the appearance of new compounds with 
unexpected properties and reactivity has given rise to a certain resurgence of 
fullerene chemistry. Two of these novel compounds are fullerenes that 
encapsulate a metal unit of four atoms and fullerenes that some carbons are 
substituted by metals. Both are metallofullerenes. From the structural point 
of view, metallofullerenes can be divided into three main groups, all of 
which have been discussed in this study: endohedral, heterohedral and 
exohedral metallofullerenes. The main families of compounds studied are 
Sc3-nMnN@Ck (n = 0-3, M = Y, La; k = 68, 78, 80) (endohedral), CxMn (x = 
56, 57, 58, 59; M = Pt, Ir, Os; n = 1, 2) (heterohedral) and (η2-
Ck){M(PH3)2}n (k = 60, 70, 84; M = Pt, Pd, Ni; n = 1, 2, 4, 6) (exohedral). 
The present study is a step forward in our knowledge of each of these 
families of compounds, and in particular, in our understanding of the metal-
carbon bond, isomerism and reactivity. The DFT method proved to be an 
excellent computational tool for providing good geometries, for solving the 
intricacies of the different metal-carbon bonds, for producing experimental 
data (ionization potentials and electron affinities) and also for making 
predictions about isomerism stability and reactivity. The principal 
conclusions drawn about the species studied here are: 

 
 The experimental advances in each field have not been 
homogeneous. In consequence, the information available for each family of 
compounds is completely different. Whereas exohedral metallofullerenes 
were the first metallofullerenes to be studied in depth and their macroscopic 
quantities had allowed their characterisation by X-ray crystallography and 
other spectroscopic techniques, heterohedral metallofullerenes are still in 
their infancy because they have only been detected in tiny quantities by 
mass spectrometric studies. In the case of TNT endohedral 
metallofullerenes, huge advances have been made in recent years and they 
can now be synthesised in bulk quantities. Some of TNT endohedral 
metallofullerenes have been fully characterised by X-ray, IR and UV-vis 
techniques. 
 
 Many years studying metallofullerenes from a theoretical point of 
view. At first, fullerene chemistry was written about from the perspective of 
organic and physical chemistry and also materials science. It was not until 
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the middle 1990s that inorganic/organometallic chemistry began to take 
part. The most important characteristic of fullerenes is their ability to react 
as poorly conjugated and electron-deficient alkenes. Hence, fullerenes can 
be readily reacted with electron-rich metal species such as nucleophiles, 
bases, radicals or reducing agents. The perfect combination of fullerenes and 
metallic units has produced an endless variety of different stoichiometries 
for metallofullerenes. The first to be detected was the La@C60 endohedral 
metallofullerene and the first to be studied was the exohedral 
metallofullerene C60(t-BuC5H5N)2OsO4. 
 
 Different types of structures, different types of metal-carbon bonds. 
The metal units in each family of compounds are located differently in 
relation to the fullerene carbon framework: inside the cage, within the 
carbon framework and outside the cage. Each metal position is characterized 
by a different number of carbon neighbours and is also at different M−C 
bond lengths. These differences mean that the metal−carbon bond in each 
family of metallofullerenes has different models. The encapsulation of a 
trimetallic nitride template unit (TNT, Sc3-nMnN; n = 0-3; M = Y, La) inside 
the carbon cage to produce TNT endohedral metallofullerenes is explained 
by an ionic pair (cage-metal) model in which the TNT unit formally 
transfers six electrons to the cage. Classical endohedral metallofullerenes 
can also be explained mostly by an ionic model but when other bonding 
models appear when the guest is bigger or the host have not a big enough 
hollow (e.g. C28). On the other hand, in heterohedral metallofullerenes, 
metals establish a covalent metal-carbon bond without causing oxidation 
to the metal. Finally, the (MPH3)2 metal units situated exohedrally to the 
fullerene are only coordinated in a η2 mode to the C−C bond. However, 
stronger metal-carbon bonds are found in other exohedral metallofullerenes 
when a different metal unit is involved. For example: {Re(CO)5}2 and 
O2OsO2(4-ButC5H4N)2. This means that exohedral metallofullerenes can be 
classified as π- and σ-bonded metal-fullerene complexes. The former 
(studied here) are π-bonded exohedral metallofullerenes whereas the latter 
are σ-bonded exohedral metallofullerenes. The different strength of each 
metal-carbon bond can be exemplified by the magnitude and sign of the 
binding energies of the formation reaction of the endohedral, heterohedral 
and exohedral metallofullerenes: −11.60 eV for the encapsulation reaction 
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Sc3N + C80 → Sc3N@C80; 7.35 eV for the substitution reaction Pt + C60 → 
C58Pt + C2; and −0.96 eV for the coordination reaction Pt(PH3)2 + C60 → 
(η2-C60)Pt(PH3)2. 
 

Chemometric tools applied to isomerism studies. Classical 
methodology (which pre-determines all the isomers that are to be calculated) 
is used to study the isomerism in endohedral and exohedral 
metallofullerenes. It has been successful because the number of isomers is 
very limited. Nevertheless, the regioisomers of heterohedral 
metallofullerenes can be much more numerous: for example, the 
stoichiometry C57Pt2 has 43 distinct regioisomers. Thus, other techniques 
which can manage considerable amounts of data must be used if we want to 
understand regioisomerism in heterohedral metallofullerenes. Also, we are 
interested in the factors that govern the stability of isomers. As regard to 
this, chemometric tools have been very useful for drawing conclusions from 
the considerable quantities of data provided by the factors which affect the 
stability of regioisomers. These tools have been used not only for analysing 
data but also for predicting the stability of other heterofullerenes. 

 
TNT encapsulation stabilizes fullerene isomers that are not available 

as free fullerenes. TNT endohedral metallofullerenes are formed by the 
encapsulation of a metallic nitride template inside the following cages: D3-
C68:6140, D3h’-C78:5, D5h-C80:6 and Ih-C80:7. The D3h’-C78:5 and Ih-C80:7 
cages have never been detected experimentally because these cages are not 
the most stable IPR isomers for C  and C  stoichiometries.78 80  Even the C68 
fullerene is not an IPR fullerene, which means that atom for atom it is less 
stable than the IPR fullerenes. So, endohedral metallofullerenes can make 
non-classical fullerene isomers available for study. Furthermore, on the 
basis of the electronic structure we predicted that no other IPR fullerenes 
between C60 and C84 will be capable of encapsulating a TNT unit, apart from 
the fullerene isomers that are already known. TNT encapsulations keep open 
for the non-IPR fullerenes. This is because only free fullerene isomers with 
a high LUMO+3-LUMO+4 gap can encapsulate and stabilize metal units 
that formally transfer six electrons to the cage. The only free fullerene 
isomers that obey this rule are the abovementioned cages. 
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Stability of the carbon skeleton is the principal factor that 
determines the regioisomer stability of the heterofullerenes. DFT 
calculations carried out on numerous regioisomers of C57Pt2 and C56Pt2 
clearly show that the metal atoms occupy neighbouring positions in the most 
stable structures. Metal substitution deforms the carbon framework and 
partially destroys the fullerene aromaticity. This is the key factor in 
determining the stability of these disubstituted clusters.  Indeed, it is much 
easier to make a big hole that permits the incorporation of two Pt atoms in 
the carbon cage than two smaller holes in two opposite sites of the fullerene. 
The structures with two neighbouring Pt atoms retain the most C−C bonds, 
which is another important factor in determining the stability of the cluster. 
In addition, clusters with short Pt−Pt contacts may contain weak metal-
metal interactions, which also favor the stability of the cluster but are not a 
fundamental stability element. In our opinion, these results go beyond the 
particular cases of the C57Pt2 and C56Pt2 regioisomers and we believe that 
the present conclusions can be extended to any transition metal derivative. 
Calculations performed on the ionic species of the Pt-derivatives and on 
some Ti homologues confirm the hypothesis that disubstituted C60 fullerenes 
contain the heteroatoms in adjacent sites. The behaviour of larger fullerenes 
such as C70, should be similar although in this case the curvature of the 
fullerene could also be important. 

 
  Prediction of the exohedral reactivity taking into account the full 
characterization of the different C−C bond types. In order to predict the 
exohedral reactivity of a fullerene cage such as endohedral metallofullerenes 
and free fullerenes, we first performed a full characterization of all C−C 
bond types. The fullerenes characterized were: Ih-C60:1, D3-C68:6140, D5h-
C70:1, D3h’-C78:5, Ih-C80:7, D2-C84:22 and D2d-C84:23. Each C−C bond type 
is characterized by its topology, length, pyramidalization angle and Mayer 
bond order. This systematization enabled us to identify which sites were 
most reactive to a nucleophilic addition to free fullerenes or a [4 + 2] 
cycloaddition to TNT endohedral metallofullerenes. They are the most 
pyramidalized C−C bonds that also have a high Mayer bond order. 
However, these features are often not found simultaneously and so the most 
reactive site is usually a compromise between a highly pyramidalized C−C 
bond with a lower pyramidalization angle, and a C−C bond with a high 
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Mayer bond order but a lower pyramidalization angle. The most reactive site 
always goes to the pyracylene 6:6 C−C bond types. 
   

Metal doping as a tool for modifying physical properties. In general, 
fullerenes have relatively large electron affinities and ionization potentials, 
because of the presence of low-lying unoccupied and occupied orbitals, 
respectively. The endohedral and heterohedral functionalization can modify 
these physical properties because these transformations change the 
electronic structure of fullerenes. It is interesting to see that heterohedral and 
endohedral metal doping reduce the ionization potentials, making the 
fullerenes better electron-donor compounds. Endohedral TNT doping 
reduces the EA of the fullerene whereas heterohedral metal doping increases 
and thus improves the electron acceptor character of free fullerenes.   
 
7.2 PERSPECTIVES 
 
 Without doubt, the main theoretical challenges in the field of 
metallofullerenes are provided by heterohedrals and endohedrals. To date, 
only simple stoichiometries have been studied: those with a single carbon 
atom or C2 unit replaced by a metal atom. But other structures, which are 
created by the loss of C2 units in the former, have still to be studied. There 
are two main experimental methods for producing heterohedral 
metallofullerenes: (1) Branz’s method, which involves gas phase clusters:  
C60Mn and (2) Balch’s method, which involves polymeric, covalently bound 
chains: …C60MLn·C60MLn…. Depending on the production method 
different stoichiometries may be preferred. So Branz’s method tends to 
produce carbon cages with an odd number of carbons whereas Balch’s 
method produces higher yields of carbon cages with an even number of 
carbons. So the mechanism for forming heterohedral metallofullerenes 
remains unsolved. On the other hand, theoreticians are waiting for 
experimental evidence of metal doping in other fullerenes such as C70, C78, 
C80 or C84 which exist as free fullerenes. These fullerenes will make it 
possible to study the effect of substituting C−C bonds with different 
pyramidalization angles in the problem of the regioisomerism. Furthermore, 
the fact that the variability in the topology and bond strength of higher 
fullerenes is greater than that of the two previously studied C−C bonds of 
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the C60 will give us the final clues about the factors which govern the 
regioisomerism. 
 Apparently no more TNT endohedral metallofullerenes will be 
synthesized from IPR isomers between C60 and C84. Researchers should 
focus on discovering new non-IPR cages which can encapsulate these TNT 
units. This is interesting because TNT encapsulation can make fullerene 
cages available that would otherwise remain unstable. To date only 
endohedral metallofullerenes can do this. Theoreticians should also pay 
greater attention to exohedral reactivity. Some progress in this area has 
already been made for Sc3N@C80. But, the exohedral reactivity of 
Sc3N@C68 and Sc3N@C78 complexes is almost completely unknown. 
Although progress in this research area is very fast, there are still many open 
questions concerning the electronic structure of the classical endohedral 
metallofullerenes such as M2@C80 (M = La, Ti). In the case of exohedral 
metallofullerenes, it seems necessary to focus on how the computational 
effort can be reduced before moving on to new and bigger fullerene 
complexes with metal units added exohedrally.  
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A.1  GENERAL DESCRIPTION 
 

All different C−C bonds types in IPR fullerenes (A-D types) and two 
additional types found in the non-IPR D3-C68 (E and F types). The bold line 
determines the considered C−C bond. The 6:6 ring junction in the A type is 
abutted by two pentagons (pyracylene C−C bond type), by a hexagon and a 

pentagon in the B type and by two hexagons in the C type (pyrene C−C 
bond type). The D type is called corannulene C−C bond type and represents 

a 6:5 ring junction abutted by two hexagons. The E type called pentalene 
C−C bond type is a 5:5 ring junction abutted by two hexagons and the F 
type is a 6:5 ring junction abutted by a pentagon and a hexagon. The two 

last types (the E and F types) are very destabilizing and only found in non-
IPR fullerenes. 

 

 

6:6 

Pyracylene type -- Pyrene type 

   
A B C 

 
6:5 5:5 6:5 

Corannulene type Pentalene type -- 

   
D E F 
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A.2 Ih-C60:1 
 
Description of the 90 C−C bonds of the Ih-C60:1 IPR fullerene divided into 2 

non-equivalent sets 
 

C−C 
bond 1

Ring 
junction Type 2 Bond lengths (Å) θp (º) 3 MBO 4

1,9/66 6:6 pyracylene, A 1.397 11.67 1.342 
1,2/65 6:5 corannulene, D 1.452 11.67 1.136 

 
   

Schlegel diagram showing the numbering system for Ih-C60:1 (a) and the 
structure with the C1−C9 bond marked (b) 

                       

 
(a) Schlegel diagram of Ih-C60:1 (b) Structure o

C 9 

 
 
 
 
 

 
 
 

1−C
 
f Ih-C60:1 
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A.3 D3-C68:6140 
 
Description of 102 C−C bonds of the D3-C68:6140 non-IPR isomer divided 

into 18 non-equivalent sets 
 

C−C 
bond 

Ring 
junction Type 2 Bond lengths (Å) θp (º) 3 MBO 4

15,27 6:6 pyracylene, A 1.396 11.52 1.266 
23,24 6:6 B 1.418 9.93 1.257 
14,24 6:6 B 1.429 9.71 1.252 
12,13 6:6 B 1.413 9.72 1.247 
11,12 6:6 B 1.433 10.48 1.235 
21,22 6:5 F 1.421 13.77 1.224 

1,2 6:6 B 1.431 9.58 1.215 
2,3 6:5 corannulene, D 1.433 10.90 1.210 

22,23 6:5 corannulene, D 1.450 11.31 1.199 
13,14 6:5 corannulene, D 1.443 10.54 1.194 
20,21 6:5 F 1.424 14.49 1.185 
3,15 6:5 corannulene, D 1.447 11.27 1.165 
2,13 6:5 corannulene, D 1.449 10.14 1.159 
21,42 5:5 E 1.436 16.20 1.156 
12,22 6:6 B 1.446 10.27 1.151 
26,27 6:5 corannulene, D 1.458 11.78 1.136 
14,15 6:5 corannulene, D 1.438 10.80 1.133 
24,25 6:6 pyrene, C 1.488 8.58 1.118 
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Structure of the D3-C68:6140 non-IPR isomer showing the numbering 
system 
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A.4 D5h-C70:1 
 

Description of 105 C−C bonds of the D5h-C70:1 IPR isomer divided into 8 
non-equivalent sets  

 

C−C bond 1 Ring 
junction Type 2 Bond lengths 

(Å) θp (º) 3 MBO 4

1,9/a,b 6:6 pyracylene, A 1.399 11.92 1.334 
7,8/c,c 6:6 pyracylene, A 1.393 11.49 1.332 

21,40/d,e 6:6 B 1.421 9.43 1.246 
21,22/d,d 6:5 corannulene, D 1.438 10.28 1.219 
23,24/e,e 6:6 pyrene, C 1.470 8.60 1.167 
6,7/b,c 6:5 corannulene, D 1.448 11.73 1.140 
1,2/a,a 6:5 corannulene, D 1.451 11.85 1.138 
7,22/c,d 6:5 corannulene, D 1.446 10.88 1.138 

 
 

Schlegel diagram showing the numbering system for D5h-C70:1 (a) and 
structure with the C1−C9/Ca−Cb bond marked (b) 

 

 
(a) Schlegel diagram of D5h-C70:1 (b) Structure of

C
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 D5h-C70:1 

1−C9 



 

A.5 D3h’-C78:5 
 
Description of the 117 C−C bonds of the D3h’-C78:5 IPR isomer divided into 

13 non-equivalent sets 
 

C−C 
bond 1

Ring 
junction Type 2 Bond lengths (Å) θp  (º) 3 MBO 4

1,2 6:6 pyracylene, A 1.392 11.67 1.392 
27,28 6:6 pyracylene, A 1.372 10.47 1.373 
22,23 6:5 corannulene, D 1.414 10.49 1.293 
7,21 6:6 B 1.419 9.63 1.283 

23,24 6:6 B 1.423 9.56 1.221 
8,24 6:6 B 1.424 9.48 1.214 

10,26 6:6 B 1.436 9.65 1.205 
7,8 6:5 corannulene, D 1.443 10.39 1.195 

10,11 6:6 pyrene, C 1.470 8.63 1.163 
1,6 6:5 corannulene, D 1.443 11.67 1.158 
1,9 6:5 corannulene, D 1.446 11.15 1.129 

22,42 6:5 corannulene, D 1.451 10.57 1.111 
23,44 6:5 corannulene, D 1.470 10.31 1.090 
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Schlegel diagram showing the numbering system for D3h’-C78:5 (a) and 

structure with the C1−C2 bond marked (b) 
 

 

 
(a) Schlegel diagram of D3h’-C78:5 (b) Structure of D

C
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1−C2 



 

A.6 Ih-C80:7 
 
Description of the 120 C−C bonds of the Ih-C80:7  IPR isomer divided into 2 

non-equivalent sets 5
 

C−C Bond 1 Ring 
junction Type 2 Bond lengths (Å) θp (º) 3 MBO 4

1,9/66 6:6 B 1.428 9.62 1.209 
1,2/65 6:5 corannulene, D 1.438 10.58 1.194 

 
 

Schlegel diagram showing the numbering system for Ih-C80:7 (a) and 
structure with the C1−C9 bond marked (b) 

 

 
 

(a) Schlegel diagram of  Ih-C80:7 (b) Structure of Ih-C80:7 

C1−C9
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A.7 D2-C84:22 
 
Description of the 126 C−C bonds of the D2-C84:22 IPR isomer divided into 

32 non-equivalent sets
 

C−C bond 1 Ring 
junction Type 2 Bond lengths, Å θp  (º) 3 MBO 4

9,10 6:6 pyracylene, A 1.373 10.73 1.362 
32,53 6:6 pyracylene, A 1.369 10.71 1.347 
7,22 6:6 pyracylene, A 1.377 10.91 1.326 
23,24 6:6 B 1.418 9.31 1.321 
8,25 6:6 B 1.418 9.27 1.318 

12,13 6:6 B 1.416 9.67 1.266 
11,29 6:5 corannulene, D 1.425 10.38 1.249 
2,3 6:6 B 1.421 9.59 1.261 

26,47 6:6 B 1.409 8.82 1.255 
27,28 6:5 corannulene, D 1.427 10.28 1.243 
30,31 6:6 B 1.427 9.34 1.252 
3,4 6:5 corannulene, D 1.426 10.54 1.239 

39,40 6:6 B 1.414 8.88 1.253 
26,27 6:6 B 1.426 9.38 1.248 
1,2 6:6 B 1.423 9.59 1.248 

11,12 6:6 B 1.423 9.69 1.244 
13,31 6:5 corannulene, D 1.430 10.73 1.226 
7,8 6:5 corannulene, D 1.431 10.86 1.178 

24,25 6:6 pyrene, C 1.463 7.67 1.190 
14,33 6:5 corannulene, D 1.431 10.94 1.169 
2,12 6:6 pyrene, C 1.469 8.64 1.154 
24,45 6:6 pyrene, C 1.466 7.76 1.152 
25,26 6:6 pyrene, C 1.465 7.81 1.155 
31,32 6:5 corannulene, D 1.443 10.74 1.138 

290 



 

Continue      
23,42 6:5 corannulene, D 1.445 10.84 1.128 
10,27 6:5 corannulene, D 1.439 10.80 1.130 
10,11 6:5 corannulene, D 1.444 10.78 1.125 
8,9 6:5 corannulene, D 1.449 10.76 1.121 
1,9 6:5 corannulene, D 1.450 10.63 1.124 

13,14 6:5 corannulene, D 1.452 10.80 1.122 
28,29 6:5 corannulene, D 1.454 9.79 1.110 
3,15 6:5 corannulene, D 1.453 10.73 1.111 

 
 

Schlegel diagram showing the numbering system for D2-C84:22 (a) and 
structure with the C9−C10 bond marked (b) 

 

 
(a) Schlegel diagram of  D2-C84:22 (b) Structure of

C

                       
 

 D2-C84:22 

9−C10 
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A.8 D2d-C84:23 
 

Description of the 126 C−C bonds of the D2d-C84:23 IPR isomer divided 
into 19 non-equivalent sets 

  

C−C bond 1 Ring 
junction Type 2 Bond 

lengths (Å) θp (º) 3 MBO  

32,53 6:6 pyracylene, A 1.375 10.80 1.375 
9,10 6:6 pyracylene, A 1.369 10.68 1.352 
5,6 6:6 pyracylene, A 1.377 10.98 1.325 
1,2 6:6 B 1.419 9.32 1.314 
7,22 6:6 B 1.416 9.68 1.265 
12,13 6:6 B 1.413 8.80 1.255 
13,31 6:5 corannulene, D 1.424 10.16 1.255 
11,12 6:6 B 1.427 9.30 1.249 
21,41 6:6 B 1.423 9.67 1.244 
7,8 6:5 corannulene, D 1.428 10.67 1.234 
2,3 6:6 pyrene, C 1.461 7.67 1.196 
1,6 6:5 corannulene, D 1.431 10.97 1.176 

21,22 6:6 pyrene, C 1.468 8.73 1.156 
2,12 6:6 pyrene, C 1.465 7.78 1.154 
1,9 6:5 corannulene, D 1.445 10.83 1.128 
5,20 6:5 corannulene, D 1.453 10.81 1.115 
23,43 6:5 corannulene, D 1.446 10.71 1.117 
8,9 6:5 corannulene, D 1.444 10.70 1.132 

13,14 6:5 corannulene, D 1.456 9.71 1.099 
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Schlegel diagram showing the numbering system for D2d-C84:23 (a) and 
structure with the C32−C53 bond marked (b) 

 

 
(a) Schlegel diagram of D2d-C84:23 (b) Structure of 

C
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