
FULLERENES 

Grafene 

materiale noto per  
la sua durezza 

materiale con elevata 
conduttività elettrica 

si forma alla temperatura di 1.200 °C  

si forma atemperature 
comprese fra i 900 °C  
ed i 1.200 °C e pressione di circa 50 Kbar 
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intensity/signal-to-noise in their spectrum .4,5 Solid black 
soot-like material is collected by scraping it from all parts of 
the apparatus.15 This material when placed in benzene readily 
gives rise to a red solution which can be decanted from the 
black insoluble soot-like material. 

The mass spectrum of the smoke produced directly without 
further processing gives strong peaks at mlz = 720 and 840. 
However, the material which is solvent extracted gives the 
spectrum shown in Fig. 1. This should be compared with the 
laser vaporisation results1-3 and shows that the fullerenes C,t 
( n  = 62,64,66,68, etc.) are also present and apparently stable 
in air. 

Solvent extraction of batches of these carbon deposits gave 
plum-coloured solutions which yielded, after solvent removal, 
a black-brown solid in up to 8% yield. Chromatographic 
separation (alumina, hexane) then yielded pure C60 and C70 in 
a ratio of approximately 5 : 1, and together these comprised 
about 15% of the extract; the total yield was 8 mg. In one of 
the two chromatographically separated samples the dominant 
peak appears at m/z = 720 and in the other it appears at m/z = 
840 (Figs. 2 b and a ,  respectively). 

c6() is a mustard-coloured solid that appears brown or black 
with increasing film thickness. It is soluble in the common 
organic solvents, especially aromatic hydrocarbons, and gives 
beautiful magenta-coloured solutions. C70 is a reddish brown 
solid, and thicker films are greyish black; its solutions are 
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Fig. 3 a 13C NMR spectrum of c60, Buckminsterfullerene. b 13C NMR 
spectrum of a mixed sample in which c60 is much reduced. c 13C NMR 

port-wine red. Solutions of mixtures of C60 and C70 are red due 
to (270 being more intensely coloured. Both compounds are 
crystalline with high m.p.'s (>280 "C). Although both 
compounds are very soluble in, e.g., benzene (C60 is the more 
soluble), they are nevertheless slow to dissolve reflecting the 
excellent close packing achieved by the spherical and near- 
spherical molecular structures. Crystals of C60 are both 
needles and plates, the latter being a mixture of squares, 
triangles and trapezia; the needles consist of a series of 
overlapping plates. 

The 13C NMR spectrum for C60 (18 h integration) consists of 
a single line (Fig. 3a), as required, at 142.68 ppm, and 
unaltered by proton decoupling. This is significantly down- 
field from the peaks for the corresponding positions in 
naphthalene (133.7 pprn), acenaphthylene (128.65 pprn), and 
benzo[g,h,i,]fluoranthene (126.85, 128.05 and 137.75 ppm).lh 
This is not unexpected since strain produces downfield shifts 
which may be attributed to strain-induced hybridisation 
changes, as shown for example by the 13C peaks for the 
bridgehead carbons in tetralin (136.8 ppm), indane (143.9 
ppm) and benzcyclobutene (146.3 ppm).16 

Fig. 3c shows the 13C NMR spectrum for C7O [run in the 
presence of Cr(acac)3, Hacac = pentane-2,4-dione, which 
produces a ca. 0.12 pprn upfield shift of the peaks] consisting 
of five lines as required, at 150.07, 147.52, 146.82, 144.77 and 
130.28 ppm, also unaffected by proton decoupling. The 
number of lines (five) is compelling evidence for the fullerene- 
70 structurel2.13 depicted in Fig. 4. Fig. 3b shows the spectrum 
of a mixed sample in which c60 is much reduced. It is clear 
from this diagram that fullerene-70 possesses five sets of 
inequivalent carbon atoms with an n, : nb : n, : nd : n, ratio of 
10 : 10 : 20 : 20 : 10 (sighting along vertical planes as indicated 
in the diagram), and this is precisely the ratio of the line 
intensities observed in the spectrum. The peak at 130.28 ppm 
can reasonably be assigned to the equatorial ring of ten carbon 
atoms (e in Fig. 4), since these correspond to the tertiary 
carbons in pyrene which appear at 124.6 ppm;16 strain again 
produces a downfield shift of the peaks. The peaks at 144.77 
and 147.52 ppm arise from carbons d and c (Fig. 4). It is 
probable that the peak at 144.77 ppm is due to the carbon 
atoms d since models indicate these to be less strained than 
carbon atoms c. Similarly we suggest that the lines at 150.07 
and 146.82 pprn be assigned to type a and b carbon nuclei 
respectively as indicated in Fig. 3c. 

spectrum of C70, fullerene-70. The line assignments given are based on 
the observed intensities and semi-quantitative strain arguments, and 
are subject to confirmation. The wing of the intense benzene solvent 
signal lies at the far right hand side 

Fig. 4 Schematic diagram of fullerene-70 (based on the diagram in ref. 
10). The five sets of identical carbon nuclei a-e lie in the vertical 
planes as indicated 
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Isolation, Separation and Characterisation of the Fullerenes CG0 and CT0: The Third 
Form of Carbon 
Roger Taylor, Jonathan P. Hare, Ala’a K. Abdul-Sada and Harold W. Kroto 
School of Chemistry and Molecular Sciences, University of Sussex, Brighton BNl 9QJ, UK 

Pure samples of the species Ce0 (Buckminsterfullerene) and C70 (fullerene-70) have been prepared, and their 
structures characterised by their mass and 13C NMR spectra; the results indicate the existence of  a family of stable 
fullerenes, thus confirming that carbon possesses a third form in addition t o  diamond and graphite. 

Following the proposal in 1985 that the ultra-stable molecule, 
C60, Buckminsterfullerene, forms spontaneously when carbon 
is laser vaporised,l much effort has been expended on finding 
support for the original suggestion.*J In early 1990 
Kraetschmer et al,435 provided spectroscopic evidence for the 
presence of trace amounts of C60 in smoke obtained from a 
carbon arc; their observation of four weak but distinct IR 
bands being consistent with theory.6-10 We confirmed this 
result; however, mass spectrometry showed that the material 
from similarly processed carbon gave rise to strong peaks at 
mlz 720 and 840, commensurate with C60 and C70. 
Kraetschmer and co-workers11 have now obtained unequivo- 
cal evidence for the structure of C60, thus confirming our 
original proposal that it is Buckminsterfullerene. 1 We describe 
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Fig. 1 Mass spectrum of extract from discharge processed carbon 

here the results of a parallel study in which pure C60 and C70 
are isolated, separated and characterised. These results not 
only confirm the results of Kraetschmer et al. on C60 but show 
that C7* is also a closed cage and thus provide compelling 
evidence for the stability of the fullerene family in 
general.12-14 The separation of new forms of an element by 
chromatography is believed to be unique. 

Graphite rods were resistively heated in a vessel to deposit 
carbon smoke under Ar between 50-100 mbar. The films that 
result from this rudimentary production technique tend to be 
of somewhat variable quality. However, the four IR bands, 
first seen by Kraetschmer et al. ,45 are usually observed 
weakly; at best they sometimes appear at about half the 
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Fig. 2 a Mass spectrum of the separated red solid. b Mass spectrum of 
the mustard coloured solid 



C60 

scoperto nel 1985 da Kroto, Smalley and Curl, Nature 1985, 318, 162 

1996 Chemistry Nobel Prize 

"for their discovery of fullerenes"  

ROBERT F. CURL, Jr. , SIR HAROLD W. KROTO , and RICHARD E. SMALLEY  



truncated icosahedron (Ih symmetry) 







  C60 was found to become a superconductor in M3C60 species (M=alkali metal) 

  organic soft ferromagnet in TDAE+C60
- (TDAE=tetrakisdimethylaminoethylene) 

    at 16.1 Kelvin  

  a relatively stable hexaanion in cyclic voltammetry 

  an interesting material with non-linear optical properties.  
  The C60 surface contains 20 hexagons and 12 pentagons. All 

   the rings are fused, all the double bonds are conjugated. 

  X-Ray crystal structure determinations on C60 and on some of its derivatives have 
    proved the existence of two different types of bonds: ‘short bonds’ or 6,6 junctions 
    shared by two adjacent hexagons (ca. 1.38 A° long) and ‘long bonds’,  
    or 5,6 junctions, fusing a pentagon and a hexagon (ca. 1.45 A° long).  

C60 







and CS2 





The chemical transformations that are possible with C60 could be classified  
in five main groups (figure 1.3):  
a) Addition reactions. Formation of exohedral compounds by addition of nucleophiles or radicals,  
     cycloadditions, complexations with transition metals and others.  
b) Electron transfer reactions. Chemical reduction of fullerenes can easily be achieved by reaction  
     with electropositive alkali and alkaline earth metals or organic donor molecules.  
c) Heterofullerenes. Substitution of a carbon atom of the fullerene skeleton for a heteroatom,  
    for example nitrogen or boron.  
d) Ring opening reactions. Producing a hole in the C60 skeleton while breaking a discrete number  
     of bonds.  
e) Formation of endohedrals. Introducing and trapping of atoms inside the spherical carbon cage. 











1,3-dipolar cycloaddition of azomethineylides to C60 

                 41% yield 
82% on the consumed C60 

the reaction is site selective in that it affords exclusively the product of 
cycloaddition across a 6,6 ring junction of the fullerene 

the Prato’s reaction 





In the presence of large excesses of reagents, up to nine pyrrolidine rings 
can be introduced, as detected by MS analysis of the reaction crude. 



C60 bis-adducts 



11.6º 

C sp2 deviate from planarity 

low HOMO-LUMO gap 

C60 

optical HOMO-LUMO gap 2.34 eV, on the most intense peak, λ 540 nm 

Huckel energy levels of C60 together with one com- 
ponent of the triply degenerate t1u set of molecular  
orbitals which become populated on alkali-metal doping. 

UV-vis spectra of fullerene in hexane 
solution.  
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ORGANIC ELECTRONICS 

C60 

E˚1ox - E˚1rid = 2.33 eV 

  forma deboli complessi a trasferimento di carica con diversi tipici D, come con derivati di TTF  
    (tetrathiafulvalene) 

IP 7.6 eV 
EA 2.7 eV accetta 2e 

in the gas phase 

Cyclic voltammogram (top) and differential pulse  
voltammogram (bottom) of fullerene in MeCN/ 
toluene.  

può accettare in modo reversibile  
fino a 6 elettroni 

Qi. Xie, E. Perez-Cordero,  L. Echegoyen J . Am. Chem. Soc. 1992, 114, 3978-3980 C60
6- 

 J. Am. Chem. Soc. 2003, 125, 15738-15739 C60 2+ e 3+ 
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APPLICATIONS 

Fullerene as an acceptor for Donor-Acceptor Diads, Triads and Multiads 

TTF-σ-TCNQ systems (sistemi non coniugati) 

D-σ-A 

Chemical structure of the Aviram-Ratner  (1974) 
molecular rectifier TTF-σ-TCNQ  

  theoretical proposal 

calculated HOMO-LUMO gap of 0.3 eV 
A. Aviram, M. Ratner Chem. Phys. Lett. 1974, 29, 277. 

see also: R. M. Metzger Chem. Rev. 2003, 103, 3803. 

la maggior parte dei mono-addotti mantiene le stesse proprietà del fullerene  

come donatori sono stati usati: composti aromatici, porfirine, ftalocianine 
rotassani, TTF, unità di carotene, Ru-terpy, Ru-bipy, ferrocene, ecc. 
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ORGANIC ELECTRONICS 

C60- TTF 

HOMO-LUMO gap 
~ 1-1.2 eV 

non dipende molto dallo  
spaziatore 

nel TTF da SR a H 
riduzione di band gap 
di soli ~ 0.1 eV 

sostituenti sul C60 
diminuiscono le proprietà 
elettron-accettore  

in queste diadi 
weak charge transfer 
tra TTF e C60 nello stato  
fondamentale 
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ORGANIC ELECTRONICS 

C60- TTF Triads and Multiads 
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ORGANIC ELECTRONICS 

EA is increased by ~0.05 eV per each fluorine atom added  

Fluorinated Fullerenes as Ultimate Acceptors for Donor- Acceptor Diads 

  Highly fluorinated fullerenes were reported as exceptionally strong electron acceptors  
(stronger than TCNQ), although this behavior can hardly be attributed simply to the inductive 
electron-withdrawing effect of fluorine atoms (separated from the π-system by an sp3 carbon).  
 

Thus, attaching TTF units to fluorinated fullerenes could afford otherwise unavailable donor-acceptor 
compounds with a very low HOMO-LUMO gap. 

Eg ~ 0.5 eV 

 Cyclic voltammogram of the TTFAQ-C60 diad 135 (solid line) and of a  
related C60 derivative without a TTFAQ fragment (R ) C2H5, broken line).  

  charge separate state with a long lifetime 
of 870 ns 
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PEDOT:PSS, Poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate)  
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An efficient approach to chiral fullerene derivatives by catalytic enantioselective 
1,3-dipolar cycloadditions 
Salvatore Filippone, Enrique E. Maroto, Angel Martin-Domenech, Margarita Suarez, Nazario Martin 
Nature Chem. 2009, 1, 578. 
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Our previous experience has shown that 
the strategic incorporation of halogen atoms 
on PAHs invariably improves the preparative 
yields of geodesic polyarenes obtained from 
synthetic precursors, often by more than two 
orders of magnitude over what can be 
achieved by direct cyclodehydrogenations of 
unfunctionalized PAHs 

polycyclic aromatic hydrocarbon (PAH) 



39 yield: 0.1-1.0% 
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FULLERENE 

ogni nuovo legame si è formato con una resa del ~ 60% 
[(0.60)15 = 0.05%] 

sintesi del C60 

The first chemical synthesis of C60 in isolable quantities:  
a) Mg, Et2O, then acetaldehyde; b) PBr3, benzene;  
c) P(C6H5)3, toluene; d) LiOCH2CH3, 2-naphthaldehyde,  
EtOH, CH2Cl2; e) UV irradiation (254 nm), I2, propylene oxide,  
cyclohexane; f) N-BS, dibenzoylperoxide, CCl4; g)  
Displacement with KCN, NBu4 HSO4, H2O, CH2Cl2;  
h) hydrolysis with KOH, ethylene glycol; i) Chlorination  
with SOCl2; j) cyclization with AlCl3, CH2Cl2; k) Trimerization 
TiCl4, o-dichlorobenzene; l) FVP, 1100 °C, 0.01 mm Hg. 

Grignard Wittig 

SN2 

stilbene 
photocyclization 

Friedel-Crafts 
aldol-cyclotrimerization 

si sono formati 15 nuovi legami C-C 
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FULLERENE 

Four new principles made this synthesis possible: 
 
1. Curvature can be temporarily induced in polyarenes by flash  
     vacuum pyrolysis (FVP).  
2. Radical-initiated C(aryl)-C(aryl) coupling reactions can be used to catch  
    the distorted conformations.  
3. Hydrogen atom 1,2-shifts can be exploited to circumvent onerous  
    synthetic challenges.  
4. Cyclodehydrogenation cascades can be relied on to stick together  
    adjacent arms of a  system, once curvature has already been introduced.  

M. M. Boorum, Y. V. Vasil'ev, T. Drewello, L. T. Scott Science, 2001, 294, 828. 
L. T. Scott, M. M. Boorum, B. J. McMahon, S. Hagen, J. Mack, J. Blank, H. Wegner, A. de Meijere  
Science, 2002, 295, 1500. 
L. T. Scott Angew. Chem. Int. Ed. 2004, 43, 4994. 


