
~ . R e v . 1 0 1 1 . 9 1 . 1 2 1 3 - 1 2 3 5  iz ia  

C,: Buckminsterfullerene 

H. W. KROTO: A. W. ALLAF. and S. P. BALM 

s d l o d o f t 3 m n w y M d ~ ~ ,  ulhanlly ofslarsx. "l BN1 BOJ. u( 

RwshadMayZ, l ~ l ( R s v l a S d ~ ~ ~ 2 6 ,  1991) 

I' conlmt. 
1. Intmductlon 1213 

11. Fi"ry of Rabvanl Carbon SMbS Ria to 1214 

111. -The Mscarwy of Cn: B W " e  1215 
the Mscovsry of C, StabiiHy 

- 
IV. swrcas Of c, 1217 I 

1221 
1218 1221 I! V. StabllHy and I i m k  Ropwtks of C, 

VI. Reactbn SMles 
VII. Gasphese Carbon Nudeation and C, 

FWIlWtion 
v i .  VIII. Theoretical SMeS of the Fullenmes 1223 

IX. Isolatlon. Separation. and structval 1226 Yn 
T : 

Resuns - 7  

Characterizatbn of F~~kren&O and -70 
X. Poslbuckmlnsterful~ Research--The Fkst 1227 

1230 
1231 

i: 

Hany Kroto (lefl) was educated at ShefReld unlvsrsl(y and after 
perkds at lbe National Research Council. Canada (196&1966). 
and Bell Telephone Laboratwles (1966-1967) went to U n b  
ersky 01 Sussex where he is now Rofessor 01 Chemktry. H!d 
research into the produdon and spectroscopic CharacterlzaWn 
01 new species such as lh$ phospahaalkenes. phospahaalkynes. 
thtocamyls. and polwnes led. via radloasbwrany s w e s  of in- 
tersteiiar molecules, to carbon cluster beam experiments aimed 
at understanding stellar chemistry Wahab Aliaf (rlght) who was 
educated at Aieppo Unlversky (Syria) and Sussex Unlversky Is 
caml,ng out 
Simon Balm (center) who is studying cluster beam reactions and 
astroohvsical chemism was educated at rht" Unbersttv and 

XI.  Astrophysical Impllcatbna of C, 
XII. CMlClUSiOnS 

I. I n t r O d d h  

In 1967 pal" and Shelefmte the definitive review 
of the early work on carbon clusters in their article on 
the com@tion of vapor> &pr advances have 
however been made in the interim period, and the 
Overall situation been uda ted  by W e h e r  and Van 
Zee* who have eiven a verv comolete oicture of the state 

on cluslers and 

of this fascinGing field.- Althbugh'Weltner and Van 
be ' s  review is comprehensive (up to Nov 1, 1988). 
covering all aspects of carbon cluster properties, recent 
advances in the story of C, buckminsterfullerene 
(Figure 1) indicate that a specialized review is necessary 
and timely. The existence of the fulleren- as a family 
has now been established and it is useful to use a con- 
venient nomenclature such as fullerene-60 or fuller- 
ene-70 which can apply to the whole family. There are 
of course numerous possible C, and CT0 cage isomers, 
however here we shall, in general, mean the most geo- 
desically stable cages for which there is now no doubt 
in the case of the 60 and 70 atom species-they are 
(Ih)fullerene-60 and (D%)fullerene-70 where standard 
symmetry labels have been added as prefixes. Since the 
existence of fullerene-60 and its spontaneous creation 
have ramifications in numerous areas from the prop- 
erties of carbonaceous solids and micmparticles through 
combustion, thermolysis, and synthetic organic chem- 
istry to the nature of the carbonaceous constituents of 
space, these implications are also surveyed. 

During a series of experiments in 1985 which probed 
the nature and chemical reactivity of the species pro- 
duced during the nucleation of a carbon plasma the Cm 
species was discovered to be stable by Kroto, Heath, 
OBrien, Curl, and Smalley.3 I t  was proposed that this 
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stability was due to geodesic and electronic properties 
inherent in the truncated icosahedral cage structure 
shown in Figure 1 and the molecule waa named buck- 
minsterfullerene. This novel proposal did not receive 
instant universal acceptance since it appeared to have 
been based on highly circumstantial evidence. Indeed 
it is now clear that there was a significant degree of 
scepticism in the minds of some with regard to the 
validity of the proposal, perhaps because the evidence 
was dispersed among many disparate scientific obaer- 
vations, much like the way that Cm itself may-we now 
realizebe involved in many proceases involving carbon 
in the environment and space. However, system giving 
rise to C, were subjected to many detailed investiga- 
tions subsequent to the discovery paper? and some 
important points evolved which are worthy of high- 
lighting: 

(i) A wealth of convincing experimental evidence WBB 
amassed that showed that C, possessed unique phys- 
icochemical stability-a conclusion totally independent 
of the cage structure proposal. 

(ii) The fullerene cage p r o w  WBB the simplest and 
most elegant explanation of the unique behavior and 
no serious alternative explanation was ever presented. 

Q l W l  Amnlcan Chemical &&ty 
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Figure 1. Cm bu~kminsterfullerene.~ 

(iii) The proposal was consistent with many earlier 
observations on bulk carbon and clarified some previ- 
ously unexplained phenomena in carbon chemistry. 

The fullerene structural proposal has recently been 
confirmed by complementary observations from two 
groups. Kratschmer, Lamb, Fostiropoulos, and Huff- 
man,’ in following up their earlier IR investigation (in 
1989)5 which suggested that Cm might be present in 
arc-processed graphite, extracted a soluble material 
which formed crystals. The X-ray analysis showed the 
material to consist of 10-A diameter spheroidal mole- 
cules and supplementary mass spectrometric and in- 
frared data provided the first unequivocal evidence for 
Cm (and C70). In a parallel, independent investigation 
which probed this same original key ob~ervat ion,~ 
Taylor, Hare, Abdul-Sada, and Kroto6 found that sim- 
ilarly arc-processed graphite gave rise to a 720 mass 
peak, commensurate with the presence of fullerene-60, 
and that this material was soluble and could be ex- 
tracted directly. The extracted Cm compound yielded 
a single 13C NMR line which proved that all 60 carbon 
atoms are equivalent as expected for the truncated 
icosahedral buckminsterfullerene structure. Taylor et 
al. also showed that Cm and CT0 can be separated 
chromatographically and that the latter has the D5,, 
prolate, ellipsoidal structure first suggested by Heath 
et a1.6 These results provide further support for the 
conjecture that a whole family of fullerenes e x i s t ~ . ~ 7 ~  

Since these revelations, which are discussed further 
in section IX, the fullerene field has exploded and nu- 
merous groups are probing various facets of physico- 
chemical properties of the fullerenes. Indeed a new field 
of carbon chemistry has been born, and the first fal- 
tering steps of the promising infant are described in 
section X. Thus this review is particularly timely as it 
is written at  the precise moment when the final sen- 
tence in the last paragraph of the first chapter in the 
story of the fullerenes has been completed. The open- 
ing paragraphs in the next chapter are just being 
written and they herald a new era in which the flat 
world of polycyclic aromatic chemistry has been re- 
placed by a postbuckmisterfullerene one in which round 
structures are favored under certain surprisingly com- 
mon circumstances.1° This article reviews the buck- 
minsterfullerene story from the time when it was just 
a twinkle in the eyes of a few imaginative theoreticians, 
through the experiments which revealed that it actually 
formed spontaneously and exhibited stability to the 
most recent revelations that it could be isolated and did 
indeed possess the round hollow cage structure as 

Figure 2. Diagram of Cm next to  an icosahedron published in 
the book Aromaticity by Yoshida and Osawa.“ These authors 
discuss (in Japanese) the “superaromaticity” which might ac- 
company electron delocalization over a three dimensional trun- 
cated icosahedral pure carbon molecule. 

proposed. As many contributions to the story as could 
be traced by Dec 1990 are included. 

I I .  Summary of Relevant Carbon Studies Prlor 
to the Discovery of C,, Sta6iiity 

At least part of the reason for the degree of interest 
engendered by the buckminsterfullerene proposal re- 
volves around its high degree of symmetry. Mankind 
has always been fascinated by symmetric objects, in- 
deed stone artifacts with the form of the Platonic solids, 
dating back to neolithic times, have been found in 
Scotland,l’ indicating that human beings have long had 
a spiritual affinity with abstract symmetry and an 
aesthetic fascination for symmetric objects. The trun- 
cated icosahedron is one of the Archimedian sem- 
iregular solids; however in hollow form an early example 
appears in the book De Diuinu Proportione by Fra 
Lucia Pacioli. A reproduction of this drawing by Leo- 
nardo Da Vinci entitled “VCOSEDRON ABSCISVS 
VACVVS” is to be found in the book The Unknown 
Leonurdo,l2 which is rather more accessible than the 
original! 

The Cm molecule itself was first suggested in a most 
imaginative and prescient paper by Osawa in 197013 and 
discussed further in a chapter on “Superaromaticity” 
in a book by Yoshida and Osawa14 in 1971; the original 
diagram is depicted in Figure 2. An equally imagina- 
tive article, which actually predates this work, was 
written in 1966 by Jones in which he conjectured on the 
possibility of making large hollow carbon cages.15J6 The 
next paper was that of Bochvar and Gal’pern in 1973 
who also published a Huckel calculation on Cm17J8 In 
1980 Davidson published a paper which used graph 
theory to deduce an algebraic solution of the Huckel 
calculation for fullerene-60.19 Davidson’s orbital energy 
level diagram, depicted in Figure 3, was determined by 
using a calculator, and this paper contains an unusually 
prescient paragraph in the light of recent observations 
(particularly those in section VII): “Should such 
structures or higher homologs ever be rationally syn- 
thesized or obtained by pyrolytic routes from carbon 
polymers, they would be the first manifestations of 
authentic, discrete three-dimensional aromaticity.” 
Haymet’s studyz0 on this molecule coincided very 
closely with its discovery in 1985.3 

On the experimental front there were many very im- 
portant early papers on carbon clusters and these have 
already been reviewed.’!* Perhaps the most interesting 
early carbon cluster papers (and the ones which in fact 
actually stimulated the discovery experiments) were 
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Figure 3. The Huckel molecular orbital calculation for buck- 
minsterfullerene was carried out by Bochvar and Gal' ern1'J8 

coincidentally with, its discovery. The orbital energy level diagram 
(units of 8) depicted here is that published by David~on'~ who 
determined it using graph theory to obtain simplified algebraic 
relations which were evaluated with a calculator (reprinted from 
ref 19; copyright 1981 Springer-Verlag Publishers). 

(1973) and Davidsonl9 (1980), prior to, and by Haymet 8 (1985) 

those published by Hintenberger and co-workers in 
1959-6321-24 in which it was shown that species with up 
to 33 carbon atoms could form in a carbon arc. The 
next important advance was made by Rohlfing, Cox, 
and Kaldor26 in 1984 who found that much larger car- 
bon clusters (C, with n = 30-190) could be produced 
by vaporization of graphite (Figure 4). Rohlfing et al. 
used the supersonic nozzle, laser vaporization technique 
developed by Smalley and co-workers a t  Rice Univer- 
sity26 in 1981. In this technique clusters are made by 
laser vaporization of refractory materials into a pulse 
of helium or argon in the throat of a supersonic nozzle. 
The vaporized material nucleates in the gas pulse which 
then expands supersonically into a vacuum chamber 
where it cools and is skimmed. The skimmed beam 
passes into a second chamber where the entrained 
clusters are ionized by a second laser pulse and the 
cluster ion mass distributions determined by time of 
flight mass spectrometry (TOF-MS). The mass spec- 
trum observed by Rohlfing et al.25 is shown in Figure 
4; they pointed out that only ions with euen numbers 
of carbon atoms were observable for the new family of 
clusters with more than 30 carbon atoms. Packing or 
magic number effects are very weak under these con- 
ditiomn Bloomfield et al.= also studied carbon clusters 
by the same technique and observed both positive and 
negative euen numbered ions. They also studied the 
fragmentation behavior of the new family and in par- 
ticular chose the (&, cluster for further study and 
showed that it could be photodecomposed with 532-nm 
multiphoton laser radiation. 

I I I .  The Discovery of C,,. 
Buckminst eduilerene 

In September 1985 the reactions of carbon clusters 
were investigated by the Rice/Sussex group?aa These 
experiments were aimed at  simulating the conditions 
under which carbon nucleates in the atmospheres of 
cool N-type red giant stars. Circumstantial evidence 
appeared to ~ugges t~ '$~  that such stars might be likely 
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Figure 4. Time-of-flight mass spectrum, observed by Rohlfing, 
Cox and Kaldor,2s of carbon clusters produced by laser vapori- 
zation of graphite. In this experiment carbon clusters with 30-100 
atoms were detected for the f i i t  time. These studies showed that 
only even-numbered clusters were stable (reprinted from ref 25; 
copyright 1984 the American Institute of Physics). 

sources of the long carbon chain molecules in the in- 
terstellar medium and in particular that the formation 
process might be related in some important way to soot 

The interstellar cyanopolyynes (HC,N (n 
= 5-11)) were discovered by a synergistic combination 
of laboratory microwave spectroscopy experiments,33*34 
theoretical and observational radioastrono- 

The cluster beam experiments showed con- 
vincingly that species such as HC7N and HCgN, which 
had been detected in could be produced by 
such laboratory simulations of the conditions in carbon 

A second motivation for probing laser va- 
porization of graphite was the question of whether 
carbon clusters were associated with the so-called dif- 
fuse interstellar bands as Douglas had proposed in 
1977.40 The development of resonant 2-photon ioniza- 
tion in conjunction with the cluster beam technique to 
obtain the high-resolution spectrum of Sic2 by Mic- 
halopoulos et ale4' suggested that the electronic spectra 
of carbon clusters might be accessible by this technique. 
During the course of the experimentsmPm which probed 
the behavior of the pure carbon clusters a striking 
discovery was made-under some clustering conditions 
the 720 mass peak appeared to be extremely strong 
(Figure 5).3 Indeed the intensity of the CM peak, 
relative to the adjacent cluster distribution, could be 
varied dramatically just by altering the conditions. In 
particular, conditions could be found for which the mass 
spectrum was totally dominated by the CM peak-at 
least in the mass range accessible (Figure 6). It was 
concluded that Cso must be particularly stable to further 
nucleation and it was proposed that this might be ex- 
plained by the geodesic factors inherent in a truncated 
icosahedral cage structure in which all the atoms were 
connected by sp2 bonds and the remaining 60 ?r elec- 
trons distributed in such a way that aromatic character 
appeared highly likelyS3 

In these experiments it was found that the C,o peak 
also showed clear enhancement although to a lesser 
extent; the CM/C70 ratio was ca. 5/1 in general. In 
previous experiments25*n12s the Cso/(CM or C,) ratio was 
ca. 2 /1  (Figure 4) whereas in the new experiments 
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Figure 5. Time-of-flight mass spectrum of carbon clusters produced by laser vaporization of graphite (Sept 4,1985) under conditions 
which first exhibited the dominance of the CW cluster and led to the recognition that 60 might be a 'magic" number. 
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Figure 6. Time-of-flight mass spectrum carbon clusters produced 
by laser vaporization of graphite under the optimum conditions 
for observation of a dominant Cm cluster signaL3 Note also the 
prominence of CT0. 

conditions were found in which a ratio of 20/1 or more 
was achieved (Figure 6). It was soon realized that al- 
though Cso generally appeared fairly special, the con- 
ditions under which it appeared dominant were rather 
unusual. They were conditions in which the major 
fraction of the carbon had nucleated to form macro- 
scopic particles too large to be detectable by the mass 
spectrometer. Thus it was recognized that the signal 
shown in Figure 6 shows the "small" carbon species 
which remain when the microparticles have formed. 
Due to the fact that geodesic structural concepts were 
a guide to the hollow cage structural explanation that 
was advanced to explain the p h e n o m e n ~ n ~ ~  the mole- 

number of atoms of mass 12.00 

Figure 7. The IUPAC name of fullerene-60 determined by 
computer analysis-according to P. Rose.'' 

cule was named after Buckminster Fuller, the inventor 
of the geodesic domes.43 Although the name chosen, 
bu~kminsterfullerene~?~ is a little l ~ n g , ~ ~ ~ ~  it is not as 
long as the IUPAC alternative and not as difficult to 
pronounce (Figure 7)47 and certainly not as difficult to 
d e r i ~ e ! ~ ? ~ ~  The name fullerene can be conveniently and 
appositely used for the whole family of closed carbon 
cages with the 12 pentagons and N (other than one) 
hexagons in an sp2 network.8i4 For several reasons, not 
least the problem of ambiguity with international sports 
nomenclature, some other names are probably not as 
satisfactory; they are certainly less enlightening. 

Since the buckminsterfullerene detection paper3 was 
published, a wealth of experimental and theoretical 
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work has been carried out. Two complementary ac- 
counts covering many of the important general impli- 
cations and experimental observations have been given 
by KrotoM and Curl and S m a l l e ~ . ~ ~  More focused ac- 
counts have also been published dealing mainly with 
experimental observations,52-" astrophysical implica- 
t i o n ~ , ~ ~ ~ ~ ~ ~ ~  symmetry and structure considerations of 
fullerene-60, and the icosahedral giant f u l l e r e n e ~ . ~ ~ ~ ~ ~  
The chemical implications have also been discussed by 
KrotoG1 and Kroto and Walton.lo Hirota62 and Heatha 
discuss fullerene-60 as well as other novel carbon 
molecules. 
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I V .  Sources of C,, 

In the original work, which showed how conditions 
could be achieved to produce a signal in which the Cm 
peak was dominant, the pulsed nozzle/laser vaporiza- 
tion technique% was used to produce the clusters from 
a graphite target and photoionization TOF-MS used to 
detect them. The laser-produced plasma expanded into 
a high pressure (ca. 1-10 atm) of He and the target 
graphite surface was continually replenished so that the 
surface remained essentially flat. A nozzle extender was 
used to increase the clustering time prior to expansion 
to ca. 100 ps and the high He pressure increased the 
nucleation rate. Although initially it was conjectured 
that perhaps graphitic sheet fragments might have been 
ablated from the graphite target and rearranged into 
the buckminsterfullerene structure, subsequent con- 
siderations suggested that Cm was more likely to have 
formed by nucleation from carbon vapor consisting, at 
least initially, of C atoms and very small carbon mole- 
c u l e ~ . ~ ~  Negative ion distributions produced by crossing 
a laser with the cluster beam just as it exited the 
nozzleM have been studied, and the relationship be- 
tween these and positive and negative ion distributions, 
obtained directly from the vaporization zone (i.e. 
without photoionization), has been discussed by Hahn 
et al.65 and O'Brien et ala@ The consensus of opinion 
was that c60 appeared to exhibit special behavior 
whether charged (positive or negative) or neutral and 
that the nucleation rate order was neutrals > cations 
> anions.@ Very detailed discussion of the conditions 
under which c60 appears to be special has been given 
by Cox et These studies are discussed in more 
detail in section V. 

Carbon cluster distributions exhibiting dominant Cm+ 
signals, can be produced in another way as O'Keefe, 
Ross, and BaronavskP and Pradel et al.69 have shown 
using high vacuum TOF-MS. In these experiments the 
graphite target is inside the mass spectrometer vacuum 
system and remains stationary. After several laser 
pulses a hole is drilled in the graphite and nucleation 
appears to occur in the cavity. McElvany et a1.,7O using 
ICR-MS techniques, have shown that if the axis of the 
laser-drilled hole is aligned parallel to the trapping 
magnetic field a strong Cm+ signal predominates in the 
mass spectrum. In a study of the small cluster distri- 
bution, McElvany, Dunlap, and O'Keefe71 found that 
the vaporization of a diamond target produces the same 
distribution as does graphite. This result indicates that 
the clusters appear to be produced by nucleation of 
atomic/molecular carbon vapor rather by a process in- 
volving the ablation of bulk fragments from the target. 
Meijer and B e t h ~ n e ~ ~  have modified the original laser 
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Figure 8. Infrared absorption spectrum observed in 1989 by 
Krakhmer,  Fastiropoulos, and huff man^" from carbon produced 
by arc-discharge processing. Krgtschmer et  al. made the per- 
ceptive observation that the four sharp absorption features in- 
dicated might belong to fullerene-60. The frequencies were 
tantalizingly consistent with theoretical predictions (section VIII) 
for the fundamental vibrations of fullerene-60 (reprinted from 
ref 74; copyright 1990 Elsevier Science Publishers). 

vaporization procedure for producing Cm3 in order to 
deposit material on a film. They have shown that the 
mass spectrum obtained by subsequent laser desorption 
of the resulting material yields a very similar cluster 
distribution to that of the cluster beam experiments. 
They have also carried out isotope scrambling mea- 
s u r e m e n t ~ ~ ~  supporting the conclusion that Cm is as- 
sembled from small carbon species in the gas phase 
after vaporization (see section VI). 

A fascinating and ultimately key observation was 
described in September 1989 by the Heidelberg/Tucson 
group: Kratschmer, Fostiropoulos, and H ~ f f m a n ~ ~ " ~  who 
detected four weak bands in the infrared spectrum of 
a film deposited from a carbon arc under argon (Figure 
8). Kratschmer et al. pointed out that the vibrational 
frequencies of the four bands (and associated 13C shifts) 
observed were in tantalizingly close agreement with 
theoretical estimates for fullerene-60 (details in sections 
VI11 and IX). 

Several other interesting studies have shown that 
laser vaporization of a wide variety of carbonaceous 
target materials (other than pure carbon) also yields a 
dominant c60  signal: e.g. carbon films (Creasy and 
Brenna75), polymers such as polyimides (Creasy and 
Brenna,76 and Cambell et al.77-79), coal (Greenwood et 
a1.80), polycyclic aromatic hydrocarbons (Giardini- 
Guidoni et al.?l and Lineman et aLa2la). Last but not 
least, So and Wilkins& have shown that CW can be 
detected by laser desorption of soot! In fact they have 
observed even-numbered carbon clusters with as many 
as 600 carbon atoms (Figure 9). This result and similar 
experiments may indicate that giant fullerenes may also 
be forming.@' All experiments show that conditions can 
be found in which the CM+ peak is either prominent or 
dominant. However conditions also exist for which this 
is not the case.84 It is likely that the availability of many 
other pathways to "organic" (H-containing species) may 
be responsible for some of the latter observations. 
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Figure 9. Laser desorption Fourier transform mass s ectrum, 
observed by So and Wilkins,& of soot deposited on a K81-coated 
stainless steel probe tip. Note that all the peaks here also cor- 
respond to euen numbered carbon species. Since only even- 
numbered carbon aggregates can close perfectly it is possible that 
the explanation for this phenomenon is that these species are 
fullerenes and that the larger species are giant fullerenes of the 
kind depicted in Figure 22. 
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Figure 10. Remarkable positive-ion laser desorption Fourier 
transform mass spectrum, observed by Rubin et al.,= of the ring 
carbon oxide depicted under low laser power. This oxide which 
might be expected to decarbonylate to yield a Ca monocyclic ring 
has clearly dimersed to form Cm buckminsterfullerene! 

A most exciting result was described by Rubin et al.= 
who have used a combination of organic synthesis and 
laser desorption mass spectrometry. In a preliminary 
study by the same group (Diederich et al.@) attempted 
to prepare pure carbon rings, a prominent peak for the 
CI8 cluster was detected during mass spectrometric 
analysis of a laser desorbed 18-carbon ring precursor. 
This work haf: now been advanced in spectacular fash- 
ion; refined measurements on C18 and CU precursorss 
yield mass spectra which show prominent c60 and C70 
signals. However most striking is the observation that 
laser desorption of the C30 ring precursor produces a 
mass spectrum containing a totally dominant Ceo signal! 
(Figure 10). This result suggests that, in the vapor 
phase, a spectacular dimerization process occurs in 
which two Cs0 polyyne/cumulene rings combine in a 
concerted folding rearrangement to form the Ceo cage.1° 
The implications of this process and indeed other as- 
pects of the fullerene discovery for organic chemistry 
have been considered.l0s6l 

Some of the most important of all these experiments 
were those of Homann and co-workersm* who detected 

CARBON ATOMS (n)  per CnLa CLUSTER 

Figure 11. Mass spectrum of C,La cluster complexes and bare 
C, clusters as observed by Heath et el? when Lackdoped graphite 
is laser vaporized (ArF 6.5 eV, 10 mJlcm2). Note the particularly 
strong peak for C& and the absence of a peak for C&aP This 
result is discussed in section VI (adapted from ref 7). 

Cso+ in a sooting flame. These observations are dis- 
cussed in more detail in section VII. 

V. Stability and Intrinsic Properties of C,, 

After the buckminsterfullerene structure was pro- 
posed3 the intrinsic properties of the species were 
probed by the Rice/Sussex It was clearly 
vital to determine how reliable the experimental ob- 
servation of the “stability” of the Cso cluster was, i.e. 
how “special” or “magic” the cluster actually was and 
how certain one could be about the buckminsterful- 
lerene hollow cage explanation. After all, the proposal 
appeared to rest entirely on the observation of a single, 
strong mass spectrum peak at 720 amu (Figures 5 and 
6), and such highly circumstantial evidence needed 
further support. Mass spectrometry is particularly 
susceptible to erroneous conclusions drawn on the basis 
of magic numbers due to the likely presence of ioniza- 
tion and fragmentation artifacts. Various aspects of the 
original experiment led to the conclusion that the cation 
mass spectrum (Figures 5 and 6) was most probably an 
accurate reflection of the neutral cluster distribution. 
Nevertheless it was necessary to carry out experiments 
in order to probe the behavior of Cso more deeply in 
order to generate further evidence, albeit still circum- 
stantial, to support the stability conclusion and the cage 
structure proposal. 

During the period from 1985 to 1990 many experi- 
ments were performed by a number of groups operating 
in the cluster field which probed carbon behavior with 
a view to confirming or falsifying the fullerene-60 pro- 
posal. If Ceo really were a cage then the most obvious 
next step was to attempt to trap an atom inside the 
cage. The first result, in this context, was the obser- 
vation of C&a by Heath et aL7 By using a graphite 
disk, soaked in LaC13 solution a strong signal was ob- 
tained for the monolanthanum complex C&a, with no 
evidence of a peak for C&az (Figure 11). Cox et alSg1 
questioned the conclusion. They pointed out that, since 
CBo needs two 6.4 eV (ArF) photons for ionization and 
C&a only one, the relative strengths of the C&a+ and 
bare Cso+ MS signals should not necessarily be taken 
as reliable gauges of their respective abundances, and 
a possible CsoLaz+ signal might be too weak to detect. 
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Figure 12. Carbon cluster ions observed under various production 
 condition^:^^ (a) negative ions produced by directing a KrF ex- 
cimer into the nozzle during expansion, (b) positive carbon cluster 
ions produced directly during vaporization in the nozzle without 
the aid of the KrF excimer laser, and (c) negative ions produced 
directly during vaporization in the nozzle, again without the aid 
of the KrF excimer laser but with longer residence time in the 
clustering region than in the case of the positive ions depicted 
in b (reprinted from ref 52; copyright 1987 Gordon and Breach 
Science Publishers, Inc.). 

Cox et al.67 have discussed further the cage hypothesis 
in general and metal atom encapsulation in particular 
and after detailed assessment they conclude that overall 
their observations are non-committal over whether C, 
was a cage or not. 

For the smaller carbon species the positive ions dis- 
play the well known magic numbers: 11,15,19,23 (the 
so-called "An = 4" effect, cf. Figure 4) whereas the 
negative ions exhibit a different s e q ~ e n c e , ~ ~ - ~ ~ J * *  The 
paper announcing the original discovery3 assumed that 
the mass spectra (Figures 5 and 6) reflected accurately 
neutral carbon cluster distributions. If the buck- 
minsterfullerene structural proposal were correct how- 
ever, the positive and negative ion distributions would 
be expected to exhibit a similar prominence for the 
60-carbon atom analogue. The first experiment to 
probe this possibilityBq showed that negative ions, pro- 
duced by laser ionization just after the cluster beam 
exited from the nozzle exhibited an anion mass spec- 
trum in which C,; was dominant. In this experiment 
the neutral species became negatively charged by 
electron transfer. If the positive or negative ions, pro- 
duced directly by vaporization are studied, it is found 
that only after clustering is allowed to continue for a 

Laboratory Energy, eV  

Figure 13. Metastable mass-analyzed ion kinetic energy scans 
(MIKES) published by Radi et The parent ion (on the right) 
is mass selected by the magnetic analyzer and the horizontal axis 
is a scan of the electrostatic analyzer voltage. The parent ion 
energy is 8 keV. C2 loss is observed from CW+ (above) and CS2+ 
(below). Note the dramatic differences in metastable activity as 
reflected by the relative intensities of the product peaks, relative 
to their parent ions in these two cases (reprinted from ref 93; 
copyright 1990 the American Institute of Physics). 

significant length of time is the C, anion dominantM 
otherwise it is Some examples of mass spectra 
recorded under various  condition^^^*^^^ are presented 
in Figure 12. Cox, Reichmann, and K a l d ~ r ~ ~  describe 
some intriguing relative time-of-flight differences in 
behavior between various individual clusters, in par- 
ticular Cza and C,, which are highly dependent on the 
nozzle parameters. These experiments appear to sug- 
gest that wall reactions may occur in the nucleation 
channel. It is possible that what was observed in this 
experiment was C, deposited in the channel which 
subsequently desorbed. The main evidence for the im- 
portance of wall effects lies in the detection of C,K 
clusters when a new, pure (i.e. K free) carbon target 
replaces a previous one doped with potassium. 

Important observations have had a bearing on the 
stability of Cso. The very early experiments by Bloom- 
field et a1.= showed that C, was susceptible to multi- 
photon fragmentation. A series of studies by Bowers 
and ~ o - w o r k e r s ~ ~ ~ ~  showed that CW could undergo 
metastable fragmentation. Particularly interesting is 
the observation that C, exhibits much lower metasta- 
bility than other neighboring clusters such as Cs8 as 
shown in Figure 13. These results suggest that hot Cm 
may exhibit phenomena associated with fluidity- 
perhaps an intriguing form of surface fluidity. On the 
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Figure 14. Fragmentation products under ArF (15 mJ  cm-? 
irradiation observed by O'Brien et  aLg6 Under irradiation the 
mass selected CBo+ cluster (including ca. 20% C78 and ca. 10% 
C& is here seen to fragment into smaller even clusters: C78, C76, 
etc. by lose of C2, C,, etc. Particularly interesting is the observation 
that Cso and C,,, are favored fragmentation products (reprinted 
from ref 95; copyright 1988 the American Institute of Physics). 

C.C 

b 

Figure 15. Hypothetical fragmentation-rearrangement mecha- 
nism presented by O'Brien et  al.,g6 involving C2 loss and cage 
re-sealing which could explain the fragmentation phenomena in 
Figure 14 (reprinted from ref 95; copyright 1988 the American 
Institute of Physics). 

other hand, O'Brien et aLg5 and Weiss et aleN have 
shown that cold Cso+ exhibits little, if any, evidence for 
fragmentation. The likely explanation for this disparity 
is that clusters produced under the vacuum vaporiza- 
tion  condition^^^^^^^^ possess massive amounts of in- 
ternal energy leading to metastable CN+. As special 
behavior is most dramatic after extensive degrees of 
nucleation have occurred it is possible that the C, 
signal observed under vacuum ablation conditions is 
actually a mixture of isomers, at least in part. Related 
studies by Hasselberger et al.78 show that metastable 
fragmentation is less severe when clusters are produced 
with lower internal energies. The measurements of 
OBrien et al.= showed that multiphoton fragmentation 
of clusters with 32-80 atoms occurred by elimination 
of even carbon fragments, C, (n = 2, 4, 6, ...), rather 
than lower energy C3 species. Particularly intriguing 
is the observation that large clusters, with 70 or more 
atoms fragment to form smaller even-cluster distribu- 
tions in which Cso is special (Figure 14). Clusters with 
less than 32 atoms fragment into a range of smaller 
carbon species, a result interpreted as evidence that 
clusters with less than 32 atoms were not cages. OBrien 
et alegs also presented an interesting mechanism for this 
process which is depicted in Figure 15. Laser irradi- 
ation studies by Weiss et a1.% showed that the metal 
complexes were also quite resistant to photofragmen- 
tation. They also showed that multiphoton fragmen- 
tation of CN.M' resulted in metal-complex products 
C,M+ for which the critical smallest sizes occur a t  n = 
48, 44, 44-42 for M = Cs, K, and La, respectively 
(Figure 16). This result provided strong circumstantial 
evidence for metal atom encapsulation because the 
minimum physical cage size scales with the ionic radius 

CYCLOTRON FREQUENCY ( k H d  

Figure 16. High-order photofragmentation pattern of CsoK+ 
(above) and CBoCs+ (below) detected by FT-ICR mass spectrom- 
etry by Weias et al.@ The break-offs observed at C&s+ and C4Kt 
are in excellent agreement with expectation for the smallest 
fullerene networks capable of encapsulating the metals, based on 
the known ionic radii (reprinted from ref 96; copyright 1988 
American Chemical Society). 
of the metals in the series. 

Prior to the isolation of macroscopic samples of the 
fullerenes (section E) several experiments were carried 
out in order to determine their physical, mainly spec- 
troscopic, properties. Tandem TOF-MS experiments 
were devised to explore the possibility that the spectra 
of CN (neutral) and Cm+ (the positive ion) might be 
responsible for the astrophysically intriguing diffuse 
interstellar bands (section XI). These experiments in- 
volved the resonant photodissociation of a van der 
Waals complex of benzene with neutral CN and CN+. 
It proved possible to photofragment CN-C6H6 but not 
the ion complex, C ~ O + ' C ~ H ~ ,  probably because charge 
transfer forces bind the adduct too tightly in the ion 
c0mplex.9~ Very weak photofragmentation of the neu- 
tral complexes of cN with C6H6 and CH&l was ob- 
served at 3860 A by depletion spectroscopy!8 

Yang et a1.% used an ingenious technique developed 
by Cheshnovsky et al.'O0 to observe the UV photoelec- 
tron spectra of negative cluster ions. In these experi- 
ments the spectra of carbon clusters from CM to Cs4 
have been observed. Of particular interest are the UPS 
patterns of Cw, CN, and C70 which show a low energy 
LUMO feature consistent with closed shells for the 
neutral species. Cso had the lowest electron affinity: viz 
2.62.8 eV. These observations provided further strong 
support for the fullerene proposal. The ionization po- 
tential of CN was obtained in an elegant way by Zim- 
merman et al.'01J02 who used a series of charge transfer 
measurements with various reactants of known IP to 
bracket the IP of C d  7.61 f 0.11 eV. This result was 
consistent with conclusions drawn from early experi- 
ments which indicated that the IP lay between the 
energy of the ArF excimer laser (6.4 eV) and that of the 
F2 laser (7.9 eV) because Cm was 2-photon ionized by 
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Figure 17. Diagramatic representation10B of a hypothetical carbon vapor nucleation schemelOgJm proposed for the formation of concentric 
shell graphite microparticles. Note that the structure c has overlapped and so trapped the trailing edge inside the spiraling network. 
This species is thus essentially the embryo for further growth. It is proposed that CBo might be produced by a modification of this 
process in which the edges meet and seal to form a closed cage. In such a case further growth by chemical bond formation might be 
expected to be halted. It was conjectured that similar structures might occur as intermediates during soot nucleation (reprinted from 
ref 108; copyright 1988 Macmillan Magazines Ltd.). 

ArF and 1-photon ionized by F2.103967 
As mentioned in section IV, the most intriguing and 

convincing spectra were those obtained in the infrared 
study of Kratschmer, Fostiropoulos, and Huffman in 
19905174 (see further details in sections VI11 and IX). 

VI .  Reaction Studies 

The first reaction studies aimed at  probing the cage 
concept were those of Heath et ale7 and Cox et aLg1t6' 
(discussed in section V) who studied the carbon/metal 
complexes. Rohlfing et al.% and Heath et al.29~30 carried 
out similar reaction studies which focused mainly on 
the properties of the carbon chains. It is also important 
to note that van der Waals complexes can form in the 
supersonic beam if CBo is cold. 

When various gases such as CO, NO, and SO2 were 
introduced into a reactor, placed downstream from the 
nozzle in which CBo is formed, Zhang et al.lo3 showed 
that all the even carbon clusters were totally unreactive. 
The odd clusters were, on the other hand, very reactive. 
These experiments gained significant further support 
from the studies of McElvany et al?O and Weiss et a1.96 
which showed CBo and its analogues to be extremely 
unreactive in an ICR trap. However if gases are mixed 
with the driver gas in the nozzle, reactions can take 
place before and after CM is formed. With hydrogen, 
a wide range of hydrocarbon products is detected 
(Rohlfing,lM Hallett et al.,lo5 and Doverstal et al."). 
Rohlfing has used an in-line reflectron modification of 
the cluster beam technique and made some very careful 
high-resolution mass spectrometric measurements of 
the reactions of clusters C2,-Cm with hydrogen.lM The 
variations in reactivity appear to be structure related 
and consistent with the cage proposal. The study 
suggests that chain cluster species with as many as 44 
carbon atoms may be present. Complementary ex- 
periments by Hallett et al.lo5 and Doverstal et al.loe 
indicate that clusters in the C m 4 ,  range show at least 
three different types of reactivity as evidenced by the 
mass spectrometric patterns of the hydrogenated 
products. The observations" are consistent with the 
proposal that small fullerenes (Cm, CN, Cza, C32, C,) can 
form.* They are also consistent with the fact that 
formation that no 22 atom fullerene can exist, as 
pointed out by Fowler and Steer.Io7 

V I I .  Gas-Phase Carbon Nucleaflon and C,, 
Fonnatlon 

It would appear that most workers in the field are 
able to observe special behavior fairly easily and under 
a wide range of conditions, all of which have one major 
feature in common: CBo appears to be dominant only 
when nucleation nears completion, leaving behind CBo 
and other even-numbered relatives such as C70. This 
result has one obviously simple explanation; a t  least 
some fraction of the even clusters-particularly C?-is 
unreactive toward growth into macroscopic particles. 
The spontaneous creation of CW requires a mechanistic 
explanation. In particular, entropy factors clearly need 
to be carefully assessed when it is proposed that so 
symmetric an object is formed in a chaotic plasma. A 
feasible nucleation mechanism was provided by Zhang 
et al.lo3 and refined further by Kroto and McKay." 
The nucleation model proposes that curved sp2-linked 
(aromatic) carbon networks form (Figure 17) and can 
serve as embryos for further growth. The energetics of 
sheet carbon cluster radicals is invoked to explain the 
curvature/partial closure. Essentially the drive toward 
closure is governed by the energy released as a result 
of eliminating the edge dangling bonds. For instance 
a flat graphite-like sheet of 60 atoms would have at least 
20 dangling bonds, whereas fullerene-60 would, of 
course, have none. In general, in a chaotic system, 
partly closed, overlapped embryos, such as that shown 
in Figure 16c, are expected to form and which, once 
overlapped, cannot close perfectly. These species are 
probably highly active nucleation sites to which per- 
manent chemical binding of adsorbing fragments can 
take place. Of course some form of closure/annealing 
process might take place if the temperature is high 
enough for intra and extra network rearrangement to 
occur. It was p r o p o ~ e d l ~ ~ J ~  that during this general 
spiral nucleation process some embryos would close 
forming fullerenes, particularly fullerene-60 which 
would no longer present a site for efficient accretion. 
The process is primarily a physicochemical nucleation 
scheme in which the fullerenes act as deadends for the 
most rapid nucleation. 

After embryo formation, epitaxial growth has been 
shown to result in icospiral graphitic giant molecules 
or microparticles108 with structures consistent with 
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those of spheroidal aphitic micro articles observed 

further support for the scheme in the form of TEM 
image simulations based on the impiral concentric shell 
structure concept,'" in excellent agreement with the 
Iijima images as depicted in Figure 18. Rodston et  

have shown that certain electronic and structural 
properties of amorphous semiconducting carbons can 
be explained on the basis of a spheroidal graphitic in- 
frastructure, rather than by the traditional flat mi- 
crostructure. Yacaman et al."'J15 have shown that FT 
power-spectra processed, electron microscope images 
of carbon microparticles appear to be consistent with 
the quasiicosahedral spiral substructure.'" Attention 
has been drawn to the fact that small graphitic micro- 
particles actually consist of crystalline quasiic"l 
graphitic cores surrounded by amorphous carbon sur- 
face layers."6,1aJ Interestingly, Iijimallo has shown that 
the TEM structure a t  the nucleus of one of the carbon 
microparticles, studied earlier" was consistent with the 
image expected if it were a C, cage. With hindsight 
this result demands further serious investigation to see 
whether fullerene-60 can itself be encapsulated during 

by I i j i i  in 1980.'". P Kroto et al? P. ' "* have provided 
later stages of particle growth. 

Waled" has ansidered some statistical eapaets of the 
gmwth dynamica of closed-cage structures and Bemholc 
and Phillips have discussed the kinetic factors involved 
in the growth of carbon clusters in general.118 

I t  was also suggested that a modified form of the 
nucleation scheme, devised to account for the sponta- 
neous creation of C,, could also explain the spheroidal 
nature of ~t.'mJoa~m~lJ1s This p r o d  was criticized 
by Frenklach, Ebert, and co-workers'"" who favor an 
earlier theory, which invokes the physical condensation 
of flat PAH molecules held together by van der Waals 
forces into coagulating liquid drops. However, Harris 
and Weiner point out how little has been firmly es- 
tablished about the soot formation mechanism.'% It 
can in fact be demonstrated'" that the new scheme is 
broadly consistent with kinetic, structural, and chemical 
observations made on soot and its formation process. 

The new nucleation scheme predicts that some C, 
should form as a byproduct'03J" of soot production. 
Subsequently Gerhardt, Lijffler and Homann,m* in 
studies of the ions produced in a sooting flame, found 
conditions under which the mass spectrum shown in 
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behavior. Topological and chemical stability argu- 
ments, as discussed by Kroto8 and Schmalz et al.,9 ex- 
plain this observation as being entirely consistent with 
the fullerene proposal. Indeed these studies suggested 
that if the C, mass spectrometric signal were due to 
its having a closed cage fullerene structure, C70 should 
show special behavior also, for the same reason. Thus, 
most importantly and rather convincingly, the fullerene 
structure proposal no longer rested on the single line 
observation. In fact it had now gained significant 
further support by the fact that a prediction had been 
made and neatly confirmed. Indeed the two observa- 
tions, taken together, provided convincing evidence for 
the existence of a whole family of fullerenes and further 
probing suggested that in addition to Cm and C70, the 
C24, C28, C32, and C50 clusters (Figure 20) should also 
show varying degrees of special ~ t a b i l i t 9 ~  (N.B. full- 
erene-22 cannot existlo7). 

The dominance of CW and CT0 was ascribed to the fact 
that these are the smallest fullerenes that can have an 
isomer (one in each case) in which none of the 12 pen- 
tagonal configurations, necessary and sufficient for 
closure, a b ~ t . ~ * ~  It was shown8@' that the predictions 
were commensurate with the mass spectrum obtained 
by Cox et (Figure 21) and consequently there ex- 
isted convincing experimental evidence for the fullerene 
family proposal. Since even-numbered carbon clusters 
are detectable with as many as 600 or more carbon 
atoms,84 the possibility of giant fullerenes'08J26 such as 
C240 and C540 shown in Figure 22 appears to be an ex- 
citing possibility.60 

Isomer stability has been discussed by Stone and 
Wales12' who noted that the difference in energy be- 
tween isomers is small and suggested that the CW signal 
should be due to a mixture of isomers. This result is 
difficult to reconcile with the observation (Figures 5 and 
6) since it leads to the conclusion that Cm is no more 
special than other clusters such as c62. Potentid energy 
functions have now been developed for the carbon cages 
systems by Takai et al.'28 and Balm et al." The sim- 
ulated annealing, Monte-Carlo methods used by Zer- 
bettoI3O to study the behavior of small carbon clusters 
have been applied by Ballone and M i l a ~ ~ i ' ~ ~  in order to 
show that the fullerene cages are minimum energy 
structures. 

A group theoretical analysis of the electronic prop- 
erties of the fullerene family, by Fowler and Steer,lo7 
showed that the members, C, where n = 60 + 6k (k = 
0 ,2 ,3 ,4 ,  ..., i.e. an integer other than one), should have 
closed-shell electronic structures. The degree of aro- 
maticity in a compound is of interest, and the number 
of KekuliS structures is often considered to be a guide. 
A total of 12500 for fullerene-60 has been calculated 
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Figure 19. Mass spectrum, observed by Gerhardt, Loffler, and 
Homann,8'* of positive ions produced by a sooting benzene/ 
oxygen flame (C/O = 0.76) (reprinted from ref 87; copyright 1987 
Elsevier Science Publishers). 

Figure 19 is obtained. This spectrum is almost identical 
with that observed during the pure carbon laser va- 
porization experiments where Cm+ is the dominant ion! 
Homann and co-workers conclude that this observation 
should not be taken as support for the new spiral nu- 
cleation scenario as the tell-tale even ions with a dom- 
inant Ce0+ peak are not seen until after the inception 
of soot particle formation. The carbon/hydrogen re- 
action studies'@+" promise to shed further light on the 
soot formation process, but the way in which the results 
might dovetail with the conventional data remains to 
be ascertained. Kroto has summarized the present state 
of affairs from this ~ i ewpo in t . ' ~~  

V I  I I .  Theoretlcal Studies of the Fullerenes 

Theoretical studies predating the discovery of C, 
have been discussed in section 11. After the discovery, 
theoreticians had a ball and many aspects of the mol- 
ecule's properties have already been probed. The com- 
prehensive overview of theoretical work on fullerene-60 
presented by Weltner and Van Zee2 is here conflated 
with more recent work. 

One important aspect of the original experimental 
observations was the fact that C70 also showed special 

Figure 20. Five possible "magic" fullerenes predicted to display enhanced stability, relative to others in the range with 20-80 atoms, 
on the basis of chemical and geodesic factors* (reprinted from ref 8; copyright 1987 Mscmillan Magazines Ltd.). 
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Aihara and H o ~ o y a ' ~ ~  have also applied Huckel theory 
to the problem, focusing on aspects of spheroidal aro- 
maticity. 

Fowler and Woolrichla have made three-dimensional 
HMO calculations which predict that Cm and C70 are 
closed shell systems. Fowler149 extended this approach 
in order to assess the stability in other, larger fullerene 
cages, while Fowler, Cremona, and Steer'" have dis- 
cussed bonding in nonicosahedral spheroidal fullerene 
cages. Fowler151 has extended these ideas to various 
classes of cylindrical fullerenes and predicted closed 
electronic shells with an empty nonbonding orbital for 
clusters consisting of lO(7 + 3k) and 12(7 + 3k) atoms 
with 5- and 6-fold symmetry. Ceulemans and Fowl- 
er152J53 considered possible Jahn-Teller distortion 
pathways for icosahedral molecules. 

Byers Brown'" has discussed the simplification that 
high symmetry imparts to ?r-system calculations and 
obtained algebraic solutions for the orbital energies of 
fullerene-60. Electronic and vibrational properties were 
calculated by using a two-dimensional HMO method 
by Coulombeau and R a ~ s a t . ' ~ ~  Semiempirical calcula- 
tions including the effects of nonplanar vorbital 
overlap due to curvature have also been carried out by 
using the free-electron model in the Coulson-Golu- 
biewski, self-consistent Huckel approximation by Ozaki 
and T a k a h a ~ h i . ' ~ ~  Haddon et al.157J58 have also con- 
sidered the effects of nonplanarity, i.e. pyramidalization. 

Extended Huckel calculations by Bochvar, Gal'pern, 
and S t a n k e ~ i c h ' ~ ~  and INDO and INDO/CI calcula- 
tions by Feng et al." have been applied to Cm and its 
isomers. A comparison between Cso and graphite was 
made by MNDO with geometry optimization by New- 
ton and Stanton.lG1 McKee and Herndonls2 also ap- 
plied MNDO theory tQ cage carbons and concluded that 
the flat "graphitene" cage,14 in which two coronene 
sheets are linked by pentagonal rings at  the edge to 
form a disk-like structure should be more stable than 
fullerene-60. These authors also considered the mech- 
anism of formation arising from rearrangement. Reh- 
ybridization and bonding were studied by Haddon, 
Brus, and Raghavachari who applied the a-orbital axis 
vector/Sd-HMO (POAV/ 3D HMO) m e t h ~ d ' ~ ~ J ~  and 
concluded that larger clusters were favored. It was also 
postulated that fullerene-240 should be more stable 
than Cs. Luthi and Alm10f163-'65 have carried out 
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Figure 21. Time-of-flight mass s ectrum taken from the data 

cellent agreement with expectatione+' if they correspond to 
fullerenes. The fullerenes 24, 28, 32, 50,60, and 70 (Figure 20) 
are predicted to exhibit enhanced stability, i.e. are magic. Note 
the sharp cutoff at Czr which is consistent with the fact that a 
no 22 atom fullerene can form. 

of Cox, Reichmann, and Kaldor! P The strong peaks are in ex- 

by Schmalz et al.,132 Hosoya,139 Brendsdal and Cyvin,'M 
and by E 1 ~ e r . l ~ ~  Resonance circuit theory has been 
applied to this problem by Schmalz et al.,132*9 Klein et 
al.,136J37 as well as Randic, Nikolic, and Trinajstic.'*la 
These studies indicate that account must be taken of 
the fact that some resonance structures make negative 
contributions to the aromatic stabilization. Schmalz et 
a12 compared resonance circuit theory with Huckel 
molecular orbital (HMO) theory and concluded that CW 
should be less aromatic than benzene. Amic and Tri- 
najstic140 discuss stabilization arising from bond delo- 
calization. Graph theory has been applied to C and 
to other systems by Balasubramanian and Liul4'J$ and 
also by Dias who has circumvented group theory in 
order to simplify Huckel calculations.143 Huckel cal- 
culations on fullerene-60 have been made by Hay- 
met144*20 and the stabilization due to delocalization 
discussed. Jiang and Zhang145 have calculated the 
stability of fullerene-60 by Huckel theory using moment 
analysis techniques. Hess and Schaad'*'j as well as 

c60 c240 

Figure 22. The set of fullerenes Cm, Cue, and CM.with diameters in the ratio 1:2:3. Kroto and McKaylOB showed that quasiicosahedral 
shape develops rapidly for the giant fullerenes. Stram in the giant fullerenes is expected to be focused in the regions of the corannulenelike 
cusps. The surface thus becomes a smoothly curving network connecting the twelve cusps (reprinted from ref 108; copyright 1988 
Macmillan Magazines Ltd.). 
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Figure 23. Orbital energy level diagram for fullerene-60 presented by Hale." The energies derived by DV-Xa calculations assuming 
D3 symmetry on the left are compared with Huckel results. In the diagram @ has been given the value -2.52 eV (reprinted from ref 
169; copyright 1986 American Chemical Society). 

largescale restricted HartreeFock calculations and they 
deduced that AHf = 415-490 kcal/mol (relative to 
graphite) the electron affinity should be 0.8 eV and the 
ionization energy 7.92 eV. The electron affinity (2.4 eV) 
has been calculated by Larsson, Volosov, and RosenlsG 
and by Braga et al.le7 Schulman and Dischle8 have 
calculated the heat of formation on the basis of ab initio 
SCF theory. 

HalelsD determined electronic properties, such as the 
ionization energy for fullerene-60, by the discrete var- 
iational (DV)-Xa method using the Slater transition 
state formalism. Such calculations tend to be good for 
spheroidal systems. Hale's orbital energy level diagram 
for fullerene-60 is reproduced in Figure 23. The linear 
combination of muffin-tin orbital method in its atomic 
sphere approximation (LMTO ASA) was applied by 
Satpathy.170 Calculations in which the partial retention 
of differential overlap PRDDO approach was applied 
were carried out by Marynick and Estreicher.171 Stone's 
tensor surface harmonic theory was used by Fowler and 
Wo01rich.l~~ The IMOA method (iterative maximum 
overlap approximation) was applied to a range of 
fullerenes by KovaceviE, Graovac, and BabiE172 to assess 
hybridization, structure and the amount of strain in 
these cages. H a d d ~ n ' ~ ~  has discussed degree of pyram- 
idalization considerations for fullerene-60 and other 
aromatic compounds. 

Fabre and Rassat have reviewed the properties of 
known aromatic molecules which are essentially com- 
ponents of fullerene-60.174 

In some of the calculations the electronic spectra of 
the fullerenes were the main focus. The calculations 
of Kataoka and Nakajima175 and L&zl6 and U d ~ a r d i ' ~ ~  
used the Pariser-Parr-Pople method (with CI) to de- 
termine spectra, structural parameters, and oscillator 
strengths. Optimized INDO calculations were pub- 
lished by Shibuya and Y0~hitani.l~' The electronic 
structure and the spectra have also been studied by the 
CNDO/S method (including CI) by Larsson et al.'@ and 
by Braga et al.le7 Hayden and Mele178 evaluated a- 
bonding behavior using the tight-binding model with 
electron-phonon coupling for the ground and excited 
states of fullerene-60. Jahn-Teller instabilities in the 
excited electronic states and the ion have been classified 
by Negri, Orlandi, and Z e r b e t t ~ l ~ ~  who have also esti- 
mated Franck-Condon patterns and phosphorescence 
quantum yields. 

Several calculations focused on the vibrational 
properties of fullerene-60. The result of primary (and 
historical) significance is that only four fundamentals 
are IR active due to the high symmetry of the molecule. 
Of the 174 vibrational modes giving rise to 42 funda- 
mentals of various symmetries, four have tl, symmetry 
and are IR active whereas 10 (eight h, and two a,) are 
Raman active. 

Newton and St,antonl6l gave preliminary details of the 
vibrational behavior of fullerene-60 using MNDO the- 
ory. A non-Cartesian coordinate method was employed 
to describe the CW vibrations in terms of four-force field 
constants by Wu, Jelski, and George." Ab initio 
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SCF/STO-3G calculations of the vibrational properties 
of c60  and other symmetric carbon cages have been 
published by Disch and Schulman.lB1 Schulman et 
have applied the ab initio and AM1 methods to full- 
erene-24 and fullerene-60 in order to obtain heats of 
formation, vibrational frequencies, and ionization en- 
ergies. Coulombeau and Rassat have considered the 
vibrations of several fullerenes up to fullerene-120.1s3 
They have also discussed hydrofullerenes.lM In addi- 
tion to calculating the rotational properties on the basis 
of icosahedral symmetry analysis,lM Weeks and Harter 
have carried out a normal mode study on the basis of 
a classical spring/mass m0de1.l~~ They have also dis- 
cussed the rovibrational properties of fullerene-60.'=" 
Stanton and NewtonlW extended and revised earlier 
MNDO studies giving detailed information on the 
normal modes. They have derived group theory in- 
variance theorems for vibrational analysis and have 
discussed the A, vibration which essentially consists of 
rotary oscillations of the pentagonal rings. Cyvin et 
al.lgl used a 5-parameter force field to calculate the 
frequencies of the four IR active and 10 Raman-active 
modes; and Brendsdal et al.lg2 have considered ap- 
proximate methods in order to determine all 46 vibra- 
tional frequencies. Brendsdallg3 has discussed the 
symmetry coordinates. 

Slanina et al. have carried out a harmonic vibrational 
analysis within the AM1 method for fullerene-60 and 
also fullerene-70.1g4 The study has been extended to 
include consideration of structural, energetic, and 
thermodynamic properties of both species using MMP2 
and MNDO  method^.'^"'^^ Bakowies and Thie1lg8JW 
have used the MNDO approach to calculate the IR 
spectra of a whole range of fullerenes from C,-C,. For 
C70 they deduce that one vibrational band should be 
significantly more intense than the rest, see section X. 

Heymann has discussed the possibility that He may 
be trapped in a fullerene-60 cage.200 Calculations have 
been made of the spectroscopic properties of various 
intracage complexes by Ballester et aLml assuming the 
central atom is trapped in a polarizable uniform 
(spherical) dielectric cage. Kroto and Jura202 have 
discussed the importance of charge-transfer processes 
in the spectra of neutral and ionic fullerene intra- as 
well as extracage (van der Waals) complexes. For the 
ions the energy is just the difference between the ion- 
ization potentials of the Cso cage and the encapsulated 
species. Van der Waals complexes such as C"H+ are 
likely to be particularly important (section XI). Rosen 
and Waestberg have calculated the electronic structure 
of C&a (and Cso) obtaining ionization energies and 
electron affinities for the neutral and ionic species 
within the local-density a p p r o x i m a t i ~ n . ~ ~ ~ , ~ ~ ~  Saito205 
has also used the local density approximation to cal- 
culate the electronic properties of C J 4  (M = K, 0, Cl). 

Theoretical calculations have been carried out on 
fullerene-60 derivatives such as hydrofullerenes by 
Coulombeau and R a s s a P  and by Scuseriam who has 
also considered the perfluorofullerene, c6860. Crystal 
packing considerations for spheroidal molecules in- 
cluding fullerene-60, have been discussed by Wil- 
l i a m ~ . ~ ~ ~  

Several papers have focused on the likely electrical 
and/or magnetic properties of the fullerenes in partic- 
ular fullerene-60. Elser and Haddon,208*209 using HMO 

Kroto et al. 
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Figure 24. X-ray diffraction pattern of a microcrystalline powder 
of fullerene-60 obtained by Kratschmer, Lamb, Fostiropoulos, 
and H ~ f f m a n . ~  Inset (upper left) is a single-crystal electron 
diffraction pattern (shown in more detail in Figure 25) indexed 
with Miller indices compatible with the X-ray pattern. This 
pattern provided unequivocal evidence that the Cso species they 
had isolated was a round ball 10 A in diameter in perfect 
agreement with expectation for buckminsterfullerene (reprinted 
from ref 4; copyright 1990 Macmillan Magazines Ltd.). 

and London theory, calculated the ring current mag- 
netic susceptibility and concluded that the shielding 
should be vanishingly small (less than 1 ppm) due to 
cancellation of the diamagnetic and paramagnetic 
contributions. They concluded that fullerene-60 should 
not show normal aromatic behavior. Studies by Fowler, 
Lazzeretti, and Zanasi210 and Pauling211 have suggested 
however that the diamagnetic term has been underes- 
timated. From large scale ab initio, coupled Hartree- 
Fock calculations (involving all electrons) of the po- 
larizability and magnetizability of Cm and Cm2+, Fowler 
et aL2l0 conclude that the shielding should be roughly 
the same as for related aromatic systems. Haddon and 
Elser212 have discussed their own results2Mim and 
reinterpreted those of Fowler et aL2l0 and conclude that 
the latter study is consistent with a small delocalized 
susceptibility. Schmalz213 has argued that the Fowler 
et aL210 interpretation is correct. The NMR study of 
Taylor et a1.6 yielded a chemical shift for fullerene-60 
which is fairly typical for an aromatic species. Fowler 
et aL214 have extended their approach to the calculation 
of the shifts in fullerene-70, obtaining results consistent 
with observation and confirming the line assignments 
made by Taylor et a1.6 This problem is further dis- 
cussed in section X. 

I X .  The Isolation, Separatlon, and Structural 
Characterlzatlon of Fullerenes-60 and -70 

Almost five years, to the day, since the special be- 
havior of the Cm signal was recognized (Figure 5 )  and 
the buckminsterfullerene proposal made,3 macroscopic 
samples were isolated and characterized. Kratschmer, 
Lamb, Fostiropoulos, and Huffman: in following up 
their earlier IR  observation^,^*^^ discovered that a t  ca. 
300-400 "C a solid material could be sublimed from the 
deposit obtained from arc-processed graphite. They 
found that this sublimate was soluble in benzene and 
could be crystallized. The X-ray and electron diffrac- 
tion analyses (Figures 24 and 25) of the crystalline 
material so obtained (Figure 26) showed it consisted of 
arrays of 7-~4 diameter spheroidal molecules separated 
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Figure 25. Single-crystal electron diffraction pattern of fuller- 
ene-60.' Further details of indim are given in Figure 24 (reprinted 
from ref 4: copyright 1990 Macmillan Magazines Ltd.). 
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Figure 26. Transmission micrograph of crystals extracted by 
Kratschmer et al.' from the deposit of arcproeessed graphite. 
Thin plateleta, mds and stan, of hexagonal symmetry are observed 
(reprinted from ref 4; mpyright 1990 Macmillan Magazines Ltd.). 

by ca. 3.1 A (in graphite the interlayer distance is 
3.4-3.5 A). These authors also reported IR (Figure 27), 
UV/vis. and mass spectra of the extracted material. 
Bands of Cm were present (weakly) in the IR spectrum 
and, in the UV/vis spectrum, some features of fuller- 
ene-60 were masked by those of fullerene-70. These 
results provided the first confirmation of the fuller- 
ene-60 structural proposal. 

In a parallel and independent study of similarly 
arc-processed carbon, Taylor et al." had also shown that 
Cm was present by FAB-sampled mass spectrometry 
and that a red soluble extract could be obtained by 
treating the carbon deposit directly with benzene. 
Taylor et a1.B processed the extract by the Soxhlet 
procedure and obtained a material which mass spec- 
trometry showed to contain a range of fullerenes, Cm 
and C, in particular (Figure 28). This material was 
chromatographed by using hexane/alumina, and Cm 
and CT0 were thereby separated into a magenta and red 
fractions, respectively. 'C NMR measurements yielded 
a single line for Cm (Figure 29a), providing definitive 

Figure 27. Infrared spectrum of fullerene-€4 presented hy 
Krtitschmer et al.' showing the four fundamentals in excellent 
agreement with expectation for the proposed fullerene-60 
structure. Weaker features belong to Merene-70 (reprinted from 
ref 4;  copyright 1990 Macmillan Magazines Ltd.). 

650 700 730 800 8 5 0  mh 
Figure 28. FAB-sampled maas spectrum, obtained by Taylor 
et al.: of the soluble material extracted from arc-processed gra- 
phite. Apart from unequivocal evidence for Cm and C, in the 
extract there is also evidence for other even-numbered carbon 
species, particularly C, and C, (reprinted from ref 6: copyright 
1990 The Royal Society of Chemistry). 

proof that all 60 atoms are equivalent-a result totally 
commensurate with the buckminsterfullerene structure. 
There is of course the alternative solution that all the 
atoms are located on the perimeter of a monocyclic ring. 
This (explosively) unlikely possibility was eliminated 
by the NMR spectrum of C, which consisted of a set 
of five lines (Figure 29c) with a chemical shift pattern 
and relative intensities commensurate with the fuller- 
ene-70 structure (Figure 30b) first suggested by Heath 
et al.7 This result not only confirmed the fullerene 
5/6-ring geodesic topology but also eliminated the 
possibility that the carbon atoms might be fluxional. 
Almost as important is the confirmation, by this result, 
of the existence of other members of the fullerene 
family. 

X. Postbuckmlnstertullerene Research - The 
First Results 

Since the revelation that macroscopic samples of the 
fullerenes can be isolated and that they are soluble and 
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Figure 29. '% NMR spectra obtained from chromatographically 
purified samples (Taylor et al.9 of soluble material extracted from 
arc-processed graphite: (a) 13C NMR spectrum of a purified 
sample exhibiting only a single resonance, (b) spectrum of a mixed 
sample, and (c) spectrum of a purified sample of C70 from which 
Cso has been eliminated. These spectra are consistent with the 
structures and assignments presented in Figure 20. The wing of 
the intense benzene solvent signal lies to the far right-hand side. 
This set of observations provided unequivocal evidence that the 
carbon atoms in Cso were indeed all equivalent in perfect 
agreement with expectation if the molecule were buckminster- 
fullerene (Figure 30). The five-line spectrum for Cn, is also totally 
consistent with that expected for (D&)fullerene-70 (Figure 30). 
This spectrum eliminated any lingering doubt there might have 
been that the C atoms were either fluxional or perhaps located 
on the perimeter of a monocyclic ring. I t  also provided evidence 
for the stability of other members of fullerene family7* (reprinted 
from ref 6; copyright 1990 The Royal Society of Chemistry). 
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Figure 30. Schematic diagrams of fullerene-60 and fullerene-70 
(based on diagrams of Slanina et  al.*%). All sixty atoms in 
fullerene-60 are equivalent whereas fullerene-70 possesses five 
different types of carbon in the ratios 1010202010 in the order 
abc :de  respectively a~ shown. Compare with the NMR spectrum 
shown in Figure 29. 

chromatographically separable, it is now the turn of 
experimentalist to have a ball. Ajie et aL215 and Hare 
et a1.216 have observed the UV/visible spectra of chro- 
matographically separated Cm and C70 samples (Figure 

Kroto et ai. 

0 

Figure 31. UV/vis spectra of chromatographically separated 
fullerene-60 and fullerene-7Ps in hexane solution (reprinted from 
ref 216; copyright 1991 Elsevier Science Publishers). 

TABLE I. Properties of Cu, Buckminsterfullerene 
Vibrational Frequencies 

abs(obs)O em(obs) calc, cm-" 
528 527.1 472 
577 570.3 618 
1183 1169.1 1119 
1429 1406.9 1434 

X-ray DatadSe 
r(C-C) = 1.388 (9) A six-six ring fusion 
r(C-C) = 1.432 (5) A five-six ring fusion 

NMR Datafa 
chemical shift (benzene soln) 142.68 ppm 

Electronic/Spectroscopic Data 
electron affinityh , 2.6-2.8 eV 
ionization energy' 7.61 (0.02) eV 
UV/vis 213, 257, 329 (e- = 135000, 175000, 51000) 

404 (w) 440-670 (brd) (max. 500, 540,570, 
600,625) nm 

a Reference 4. Reference 218. Reference 191. Reference 222. 
e See also Figures 24,32, and 34. /See Figure 28. #Reference 6 (see 
also refs 215 and 228). hReference 99. 'References 101, 102, 239, 
and 240. 'Reference 216 (see also ref 215). also Figure 31. 

31). Reber et aL217 have observed a luminescence 
spectrum. Frum et a1.218 have observed a most inter- 
esting IR emission spectrum from a hot gas-phase 
fullerene sample. The frequencies of the observed 
bands are given in Table I. 

The availability of significant quantities of fullerenes 
has also opened up a Round Postbuckminsterfullerene 
Era of polycyclic aromatic chemistry. Haufler et aL219 
found that Cm can undergo Birch reduction to produce 
a white solid of formula C60H36. They point out that 
this formula is consistent with a cage hydrocarbon in 
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Figure 33. Infrared spectrum of chromatographically purified 
fullerene-70 obtained by Hare et  al?*' and com ared with the 
calculated spectrum of Bakowies and Thiel.lgeJE The dashed 
curve is an estimated baseline. Note that the intensity of the very 
strong band calculated to lie near 1400 cm-' has been arbitrarily 
reduced by a factor of 3 relative to other features. Features 
calculated to be very weak are indicated by markers abooe the 
estimated baseline (reprinted from ref 224; copyright 1991 The 
Royal Society of Chemistry). 

Figure 32. ORTEP drawing (50% ellipsoids) of the one-to-one 
Cso-osmium tetroxide adduct C60(0s01)(4-tert-butylpyridine)z 
showing the relationship of the osmyl unit with the fullerene-60 
carbon networkn2 (reprinted from ref 222; copyright 1991 the 
American Association for the Advancement of Science). 

which 12 isolated double bonds remain, possibly in the 
pentagonal rings. The reduction appears to be rever- 
sible. Evidence for the existence of a CmU complex was 
obtained by the laser vaporization approach, used or- 
iginally to detect C&a.' These authors also described 
the results of cyclic voltammetry measurements which 
indicated that Cm has two reduction potentials. Similar 
measurements have been made by Allemand et aLzZo 
who obtained a third potential. Their cyclic voltam- 
metry measurements indicate that, curiously, fuller- 
enes-60 and -70 appear to exhibit similar electrochem- 
ical behavior. 

In one of the first attempts to introduce functional 
groups, Hawkins et aLZz1 have found that they can form 
adducts of fullerene-60 with 0sO4(4-tert-butylpyridine) 
and its analogues. In a further study Hawkins et a1.222 
have now obtained crystals of the osmium complex 
shown in Figure 32 and shown by X-ray analysis that 
rotation of the free CW spheroids in the solid phase has 
been eliminated by the attached group. This study has 
yielded the first carbon-carbon bond lengths for the 
fullerene cage (Table I). Arbogast et al.223 have ob- 
served fascinating photophysical behavior: fullerene-60 
shows no fluorescence and efficiently catalyzes the 
formation of singlet oxygen. These authors observe a 
small S-T splitting of ca. 9 kcal/mol which is probably 
due to the large diameter of the molecule and the re- 
sulting small electron-electron repulsion energy. This 
together with the very low fluorescence rate and prob- 
ably large spin-orbit interaction appears to account for 
the fact that intersystem crossing is a dominant process. 
Attention has been drawn to the fact that, due to their 
photophysical activity, care should be taken when 
working with fullerenes. 

Hare et aLm and Bethune et al.225 have made infrared 
measurements on chromatographically separated sam- 
ples of fullerene-60 and -70. The spectrum of fuller- 

ene-70 together with the calculated spectrum of Ba- 
kowies and Thiellg8JW is presented in Figure 33. Be- 
thune et a1.226 and Dennis et a1.2n have also made Ra- 
man measurements of fullerene-60 and -70. Liquid- 
phase NMR studies of unpurified fullerene mixtures by 
Johnson e t  aLZz8 confirmed the result of Taylor et al.6 
(carried out on fully chromatographically purified sam- 
ples) that the fullerene-60 resonance is a single line. 
Ajie et a1.21s have also confirmed the NMR measure- 
ments of a single line for fullerene-60 and five lines for 
fullerene-70; the former on a separated sample, the 
latter on a mixed fullerene-60/-70 sample. A 2D NMR 
analysis on fullerene-70 by Johnson et alazm has une- 
quivocally confirmed the assignments made previously 
by Taylor et shown in Figures 29c and 30b. Further 
refinements by Fowler et al.214 of previous studies210 
predict fullerene-60 chemical shifts in excellent agree- 
ment with experiment (within 3 ppm). The study also 
includes estimates of the shifts for fullerene-70 so 
supporting further the pattern of line assignments given 
by Taylor et al.6 (Figures 29c and 30b). Tycko et a1.230 
and Yannoni et al.231 have made solid-state NMR 
measurements down to 177 K where the motion is 
sufficiently slow for chemical shift tensor data to be 
obtained. Fullerene-60 rotates isotropically at 296 K 
and fullerene-70 rotates somewhat more anisotropically. 
Haddon et al.232 have measured the magnetic suscep- 
tibility of solid samples of fullerenes and found it con- 
sistent with a molecule with a small ring current (see 
discussion in section VIII). notes that when 
this result is compared and contrasted with the NMR 
shift of fullerene-606 it may imply ambivalent character 
when the question of the molecules "aromaticity" is 
considered. 

Perhaps scanning tunneling microscopy (STM) offers 
more than any other a satisfying feeling of what the 
molecule actually "looks like". Wilson et a1.,234 Wragg 
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Fwre 34. X-ray diffraction pattern obtained by MacKay et alam 
from a chromatographically purified fullerene-60 sample. The 
structure revealed is basically that of a strongly disordered stacking 
of a simple hexagonal close-packing, exactly as for elemental 
cobalt. The hexagonal unit cell refines to a = 10.017 * 0.004 A 
and c = 16.402 f 0.01 and contains two C,, spheres. The spheres 
would be 10.017 A between centers and the calculated density 
would be 1.68 g cm-2. The lines can be indexed as shown and it 
will be noted that, because of the stacking disorder, only those 
reciprocal lattice rows parallel to c for which -h + k = 3n are 
present. The C/Q ratio of 1.637 is very close to the theoretical 
value of 1.633 and thus the pattern can also be indexed with 
respect to a face-centered cubic lattice (with a = 14.186 A) (as 
of copper metal) with stacking disorder which removes the 200 
and 400 reflections and which introduces a very weak line (the 
first) a t  a spacing of ~ / ( 8 / 3 ) ' / ~  due to double diffraction from 
stacking faults. The intensity variation of the pattern as a whole 
corresponds to the transform of a sphere of radius 3.5 8, giving 
a first minimum in the region of 28 = 25'. Since the crystal is 
a mixture of FCC and HCP arrays, extracted crystalline material 
probably contains solvent molecules trapped in the faults. 

et and Chen et al.236 have deposited fullerene 
monolayers on gold and studied them by STM. The 
spherical molecules tend to form mobile hexagonally 
packed arrays on a surface. Chen et al.236 observed local 
density variations on the surface of fullerene-60 which 
are highly suggestive of five- and six-membered rings. 

The preliminary X-ray observations were made by 
Kratschmer et a1.4 working with crystalline material 
consisting mainly of fullerene-60 with some fullerene-70 
present. A recent X-ray diffraction image was obtained 
by MacKay et al.=' using chromatographically purified 
fullerene-60 (Figure 34). This image is commensurate 
with a completely random mix of HCP and FCC arrays 
of fullerene-60 molecules. Fleming et al.238 obtained 
purely FCC structured crystals from vacuum sublimed 
material. The implication is that interstitially trapped 
solvent probably stabilizes the mixed FCC/HCP crys- 
tals. I t  appears that fullerene-60 spheres are rotating 
in the latticeZ3l and that when rotation ceases at low 
temperature the crystals are still disordered at the at- 

A most interesting study as far as theoretical chem- 
istry is concerned is that of Lichtenberger et a1.239p240 
who measured the photoelectron spectrum of fuller- 
ene-60 on a surface and in the gas phase (Figure 35). 
The results are in good agreement with the theoretical 
(DV)-Xa study of Hale" (Figure 23). The first IP of 
fullerene-60,7.61 eV, is nicely consistent with the result 
obtained by Zimmerman et al.lol and McElvany.lo2 
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Figure 35. Gas phase (upper) and thin film (lower) He I valence 
photoelectron spectra of fullerene-60 obtained by Lichtenberger 
et al,23992a The DV-Xa results of Hale" (see Figure 23) which 
appear to be in good agreement with observation are indicated 
(reprinted from ref 239; copyright 1991 Elsevier Science Pub- 
lishers). 

Luffer and SchramZ4l have made electron ionization 
mass spectrometric measurements on fullerene-60. 

Several papers presented at a special symposium on 
the fullerenes (Nov 1990) have been collected together 
and published by Averback et al.242 Some of the most 
important experimentally determined properties of 
fullerenes are presented in the Table I. 

X I .  Astrophysical Impiications of C,, 

Although low-temperature ion-molecule processes 
(Herbst and K l e m ~ e r e r ~ ~ ~  and Dalgarno and Black29 
can account for most interstellar species, the long cya- 
nopolyynes presented a problem. It was experiments 
which probed the possibility that carbon stars might 
be responsible for them31d2 which revealed the stability 
of fullerene-60.3 An important aspect of the experi- 
ments lay in the possibility of probing the conjecture 
of Douglas40 that carbon chains might be responsible 
for the diffuse interstellar bands (DIBs). The DIBs are 
a set of interstellar optical absorption features of var- 
ying widths which have puzzled astronomers and 
spectroscopists since the mid-1930s. Herbig has pub- 
lished the definitive analysis of these  feature^.^^^*^^ 
Many possible contenders for the carrier have been 
suggested, however no generally accepted explanation 
exists so far. This is strange as the species responsible 
is clearly abundant, chemically bound (i.e. not atomic), 
and must be quite stable in order to survive in the 
hostile interstellar environment or, if destroyed, be very 
efficiently reformed. The types of carrier appear to be 
few in number and must have very large electronic 
absorption coefficients. 

The possibility that C,, might be the widely distrib- 
uted in the Universe and particularly in the outflows 
from carbon stars was suggested when the original 
discovery of its stability was made.3 It was also pointed 
out that the fullerene-60 surface might be an important 
site for the catalysis of interstellar reactions and per- 
haps it (or a derivative) might be responsible for such 
features as the DIBs. There is one key argument,50is68 
associated with the proposal that fullerene analogues 
(ionized or un-ionized, complexed or otherwise) may be 



C,: Buckminsterfullerene 

the carriers has that all previous suggestions do not: 
fullerene-60 and its analogues are unique in that they 
appear to survive the violent processes which occur 
when the atomic components of a chaotic plasma con- 
dense to form particles. Various aspecb of this original 
conjecture, particularly with regard to possible deriva- 
tives such as intracage complexes both ionized and 
neutral, have been d i ~ c u s s e d ~ " ~  in general terms. 

As far as the neutral fullerene-60 species in space is 
concerned, the negative results of searches based on the 
laboratory measurementw has been published by Snow 
and Seab247 and Sommerville and Bellis.248 

The conditions in the ISM are such that a large 
fraction of any fullerene-60 molecules present is likely 
to be ionized and thus it has been pointed out that the 
spectra of ionized fullerenes such as CW+ or fullerene 
analogues (such as the cage complexes CWM+) might 
be responsible for some astrophysical  feature^.^^^^^ 
L6ger et slug and Joblin et al.250 have taken up the Cso+ 
proposal and considered it further. 

Complexed species (section VIII) in the interstellar 
medium are particularly interesting as any CW present 
is likely to be ionized and probably have something 
stuck to its surface. As the DIBs exhibit features rem- 
iniscent of matrix spectra, the possibility that intracage 
c o m p l e x e ~ ~ ~ ~ ~ ~ ~ - ~  as well as the extracage complexesm 
might be responsible has been discussed. Heymannm 
has considered the He intracage complexes and Bal- 
lester et d. other likely species containing 0, Na, e k m l  
Kroto and Juram2 draw particular attention to the fact 
that the charge transfer bands of the (C,&f)+ intracage 
complex and the van der Waals extracage complex 
(C,)*+eM (M = alkali, alkaline earth, or other element) 
are likely to be very strong. Particularly interesting are 
possible relationships that charge-transfer transitions 
might have with the DIBs and perhaps also the strong 
unassigned 2170 A absorption feature which has puzzled 
astronomers for over seven decades. Hoyle and Wick- 
r a m a ~ i n g h e ~ ~ l  suggested that c 6 0  itself might explain 
this feature and further calculations relating to this 
possibility have been discussed by Braga et al.167 Ra- 
b i l i z i r ~ v ~ ~ ~  has also discussed these possibilities. 
Wright253 has discussed the general optical/UV char- 
acteristics of fullerenes and concludes that the observed 
interstellar extinction is not consistent with the pres- 
ence of significant quantities of spheroidal particles with 
graphite-like outer shells. In this respect the existence 
of the amorphous carbon surface layers surrounding the 
graphite cores of carbon microparticles may well be 
important.l16 From the UV/vis spectra obtained so 
far4v2l5t2l6 it is clear that neutral fullerene-60 is not re- 
sponsible for either the DIBs or the 2170 A hump. 

There are also some intriguing interstellar emission 
features in the IR, termed the unidentified infrared 
bands (UIBs), which have been assigned to PAH-like 
material by Duley and Williams,2" L6ger and P ~ g e t , 2 ~ ~  
and Allamandola et a1.% The assignment rests largely 
on the reasonable correspondence between the astro- 
physical frequencies and those of polycyclic aromatic 
molecules which are usually used for fingerprint iden- 
tification of large PAHs. Balm and K r ~ t o ~ ~ ~  have dis- 
cussed the fact that, if the fullerene-60 concept is cor- 
rect, PAH material in space is likely to be nonplanar. 
They point out that one feature, namely that a t  11.3 
CL is consistent with spheroidal PAH material. 
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The new results also offer possible new avenues of 
study as far as condensed carbonaceous matter in the 
cosmos is concerned. According to McKay et al.258 
caged carbon clusters may offer a plausible explanation 
of some of the isotope anomalies observed in the ele- 
mental analysis of carbonaceous chondrites particularly 
the 22Ne anomaly. Clayton259 has pointed out that 
condensation in the atmospheres of supernovae might 
explain the so-called Ke-E anomaly. McKay et al.258 
have suggested that this observation might be explained 
by encapsulation of 22Na in fullerene cages or icospiral 
embryos during the dust formation phases that follow 
supernova and nova outbursts. Subsequently, the decay 
of 22Na yields an encapsulated 22Ne atom. Zinner et 
al.260 have pointed out that isotope anomalies are only 
to be found in spheroidal carbon grains. So far the only 
evidence that Cso might exist in space is an unconfirmed 
report by Anderson.261 

X I  I .  Conclusions 

It took some 15 or so years before the imaginative 
theoretical conjectures of Osawa and Yoshida13J4 and 
Bochvar and Ga l '~e rn '~J~  were realized in the discovery 
of the stability of the Cso mass spectrometric signal3 in 
1985. A further period of five years elapsed during 
which time many experimental measurements and 
theoretical studies were made. By-and-large the theo- 
retical work (section VIII) substantiated the idea that 
buckminsterfullerene should be stable. As time elapsed 
the weight of circumstantial evidence grew and ulti- 
mately became convincing. The key observations in- 
clude: 

(1) Detection of monometallic complexes indicated 
that atom encapsulation was 

(2) Further cluster beam studies showed 60 to be a 
magic number whether the carbon species was posi- 
tively or negatively charged or n e ~ t r a l . ~ @ ~ ~ ~ ~  

(3) Reactivity studies showed the molecule to possess 
an inertness that was consistent with closure and the 
absence of dangling  bond^.'^^^^ 
(4) The pentagon isolation principle explained the 

observation of c 6 0  as the first magic number and C70 
as the s e ~ o n d . ~ * ~  Thus it was shown that the fullerene 
hypothesis rested on the observation of two magic 
numbers and not just one. Further refinement of the 
geodesic principle explained other observed magic 
 number^.^.^ 

(5) Large fullerene networks were found to possess 
quasiicosahedral structures and thus related giant 
concentric cage speciedo8 appeared to explain the in- 
frastructure of the carbon microparticles observed by 

(6) Photoelectron measurements of Yang et al.% were 
also quite consistent with the fullerene conjecture. 

These and other studies (discussed in sections V-VII) 
thus had laid the background against which the critical 
infrared observation of Kratschmer et a1.5*74 was made. 
They were led to make this observation by considering 
that some intriguing optical features observed in 1982 
might be due to buckminsterfullerene. These obser- 
vations were followed up by Kratschmer, Lamb, Fos- 
tiropoulos, and Huffman4 and Taylor et a1.F and the 
results have revolutionized the field in that now the 
material can be made in quantity and the properties of 
the fullerenes examined at will. 

Iijima. 109,110 
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It is interesting to note that the motives for the ex- 
periments which serendipitously revealed the sponta- 
neous creation and remarkable stability3 of Cm were 
astrophysical. Behind this goal lay a quest for an un- 
derstanding of the curiously pivotal role that carbon 
plays in the origin of stars, planets, and biospheres. 
Behind the recent breakthrough of Krltschmer et al. 
in producing macroscopic amounts of fullerene-60, lay 
similar astrophysical ideas.4 It is fascinating to now 
ponder over whether buckminsterfullerene is distrib- 
uted throughout space, and we have not recognized it, 
and that it may have been under our noses on earth, 
or at least played an important role in some very com- 
mon environmental processes, since time immemorial. 

The material is already exhibiting novel physical and 
chemical properties and there can be little doubt that 
an exciting field of chemistry and materials science, 
with many exciting applications has opened up. One 
of its most important properties is its ability to accept 
electrons. The low-lying LUMO causes it to be a soft 
electrophile. 

It is perhaps worthwhile noting that Cw might have 
been detected in a sooting flame decades ago and that 
our present enlightenment has been long delayed. How 
serious this delay has been only time will tell; however, 
already fullerene chemistry is a vibrant field of study 
and the prospects for new materials with novel prop- 
erties is most promising. Certainly, a New Round 
Postbuckminsterfullerene World of carbon chemistry 
appears to have been discovered, almost overnight. It 
should not be long before the molecule becomes a 
standard in textbooks; indeed construction procedures 
for fullerene-60 and giant fullerenes are to be found in 
the educational literature.12s*262 

Kroto et ai. 

Warnlng 

The UCLA group has pointed out the importance of 
treating the material with great caution at this time 
when so little is known about it.= Its ability to catalyze 
the formation of singlet oxygen and its novel chemical 
behavior inevitably suggest the possibility that the 
fullerenes might be carcinogenic. Particular care should 
be taken to ensure that the dust is not inhaled during 
preparation of the soot itself. 
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