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Foreword 

l H E ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset, but are reproduced as they are submit
ted by the authors in camera-ready form. Papers are reviewed 
under the supervision of the editors with the assistance of the 
Advisory Board and are selected to maintain the integrity of the 
symposia. Both reviews and reports of research are acceptable, 
because symposia may embrace both types of presentation. 
However, verbatim reproductions of previously published 
papers are not accepted. 
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Preface 

I N 1990, W H E N A C O U P L E O F A S T R O P H Y S I C I S T S , W. Krâtschmer and D. 
R. Huffman, and their co-workers reported the isolation from graphite 
soot of stable molecules having the compositions and C - 0 , an 
avalanche of chemical research on these and related compounas was 
launched. The result was not a total surprise, because chemists (R. E . 
Smalley, H . W. Kroto, and co-workers) had already reported the extraor
dinary production and stability of these compounds in the vapor phase 
and proposed what are now their accepted structures. However, the work 
of Krâtschmer and Huffman made the compounds available in macros
copic amounts and thereby made possible of the study of their physical 
and chemical properties by the myriad means available to chemical scien
tists. 

This volume is the output from a special Fast Breaking Events Sym
posium held in Apri l 1991 at the American Chemical Society National 
Meeting in Atlanta, Georgia. The first such symposium was presented at 
the A C S 1987 Spring Meeting in Denver, Colorado; it dealt with the 
then-new topic of high-temperature superconductivity. A year later in 
Dallas, a second special symposium was devoted to cold fusion. 

The fact that the scientific follow-on from the first two special events 
symposia have been of rather different character is entirely consistent 
with A C S philosophy of providing special fora for these presentations. It 
is not expected that the symposia will be in any way final or definitive. 
They attempt to lay before the members of the society the results and 
ideas of researchers who are currently doing work that, because of its 
novelty and possible import, is of great interest to chemical scientists. 

By the time we decided to organize the special symposium in 
December 1990, dozens of reports on the subject had appeared in the 
literature or were known in preprinted form. By the time of the sympo
sium in April , the number had multiplied several fold. Now the number 
is in the hundreds. Development of the chemistry of the fullerenes cer
tainly qualifies as a "fast breaking event"! 

Acknowledgments 

Unlike the first two special events symposia, this symposium was not a 
Presidential Event. We are grateful to the ACS Committee on Science 
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reviewed each chapter thoroughly despite the short deadline. 
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this book to Project Seed, a career development activity administered by 
the A C S . Project Seed funds economically disadvantaged high school stu
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tory. 
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Maureen Rouhi, for their assistance in preparing this book and publishing 
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The Fullerenes: Overview 1991 
George S. Hammond 

l H E APPEARANCE OF NEW ALLOTROPIC FORMS of elemental carbon 
has evoked surprise and excitement in chemists (and physicists). People 
have for many years speculated about the possible existence of allotropes 
other than diamond and graphite, but attention has been focused on 
other conceivable extended structures. To our knowledge, little thought 
was given to stable molecular structures before the detection by mass 
spectrometry of very large amounts of large molecules, especially and 
GJQ, containing even numbers of carbon atoms in certain carbon vapors1. 
Tnese reports generated considerable interest and led to the hypothesis 
that the abundant mass peaks were due to molecules having relatively 
great stability. However, few were inclined to "count" the species as car
bon allotropes. The new species, like small molecules such as C 2 and C 3 , 
were thought of as transients in dilute vapor phases, hardly what one clas
sifies as "materials" based on elemental carbon. 

A l l of this changed dramatically when Krâtschmer, Fostiropoulos, and 
Huffman reported that macroscopic amounts of the compound C ^ , 
along with mixtures of other C~ species, could be isolated from soots 
produced by vaporization of grapnite. The "reality" of the new series of 
compounds was clearly demonstrated. That reality was relatively easily 
accepted, partly because Kroto, Smalley, and their co-workers had already 
developed a theory based upon topological considerations to account for 
the special stability of and C 7 Q . Chemists have an instinctive delight 
in symmetry, and the proposed structures, which, in outline form, do look 
like soccer balls, not only provide tentative rationalization of the stability 
of the molecules but also have great aesthetic appeal. Half of the out
lined stable structure is also reminiscent of geodesic domes, architectural 
structures of great stability and, to some, of great beauty developed by the 
late Buckminster Fuller. That relationship generated what has become 
the generic name, fullerenes, of the series of stable compounds. The 
same line of thought has led to playful designation of the molecules as 
"bucky balls." 

The availability of relatively easily prepared and purified samples of 
C ^ has started an avalanche of work around the world designed to eluci
date the structure of the compound and its analogues. Essentially the 
entire arsenal of available tools for structural studies has been brought to 
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bear on the problem. As well as providing conclusive information about 
the molecular structures, the work has illustrated the enormous power of 
the methods. 

The C N M R spectrum of in solution shows a single, sharp reso
nance, indicating the equivalence of all carbon atoms in the molecules. 
The result is in perfect agreement with the proposal that is a hollow 
molecule with the shape of a truncated icosahedron; in fact, I cannot con
ceive of any other way of placing 60 equivalent points in a three-
dimensional array. The chemical shift of the resonance is similar to that 
of 1 3 C in torsionally strained aromatic hydrocarbons in good agreement 
with evolving theory of the electronic structures of fullerenes. The N M R 
spectra of C™ and other less symmetrical members of the group of com
pounds provide ancillary structural information that complements, and in 
no way contradicts, the conclusions concerning C ^ . 

X-ray diffraction from solid provides stunning confirmation of the 
high symmetry of the molecules, but, at the same time, the molecular 
symmetry contrives to deny crystallographers immediate access to struc
tural details at the atomic level of resolution. At ambient laboratory tem
peratures diffraction data cannot be refined to reflect the anticipated 
icosahedral symmetry. This condition implies that the molecules "hop" 
rapidly between symmetry positions, and this action makes them appear 
essentially as spheres to X-rays. The result is agreeably compatible with 
N M R data, which give single resonances, just as in solution, indicating 
that the crystal structure imposes no inequivalence of carbon atoms on 
the N M R time scale. Thermal data show that a phase transition (from 
face-centered cubic to primitive cubic) occurs at 249 K. Both magnetic 
resonance and X-ray data indicate that at low temperatures the molecules 
become symmetry-inequivalent. The details, which have not yet been 
entirely resolved, are discussed with great clarity in some of the chapters 
in this volume (e.g., Chapters 2-5). 

X-ray diffraction by crystalline derivatives of gives significantly 
enhanced structural information. Both heavy metal derivatives and alkali 
metal intercalates have been studied. Among the latter the potassium 
derivatives have been accorded the most attention. The superconducting 
K^C^Q exists as disordered crystals apparently derived directly from the 
parent body-centered cubic (bcc) structure. However, crystals that have 
been intercalated to saturation with alkali metals, reaching the composi
tion M 6 C 6 0 , have a modestly modified crystal structure (bcc) and finally 
show the carbon cages "pinned" in a structure that reveals the clusters as 
having less than spherical symmetry. A l l anions are completely 
oriented with respect to the crystal axes. It is easy to attribute the rigid 
orientation to electrostatic interaction between the C ^ 6 - units and the 
M + cations, although other explanations can be entertained. At any rate, 
if all C - C distances are constrained to be equal, the data indicate that 
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distance to be 1.44 Â , slightly greater than the C - C bond lengths 
adduced from N M R data. 

Addition of heavy metal groups to the fullerenes generates com
pounds in which crystal packing is partially controlled by adducted 
groups. 

Hawkins and co-workers (Chapter 6) at Berkeley have prepared an 
osmium derivative of C ^ , [C60(Os^O4)(4-i-butylpyridine)^] and have sub
jected it to single-crystal X-ray diffraction analysis. A Du Pont group 
(Chapter 12) has done the same with a platinum derivative 
[(Ph^P) 2 Pt(N ? C 6 0 ) ϋ (C 4 H g O)] . In both cases the diffraction patterns 
can be unequivocally interpreted and directly reveal the icosahedral struc
ture of the parent molecule with distortion, as would be expected, by the 
substituent metal atoms. The C - C bond lengths fall into two groups, as 
expected. The bonds for fusions of two six-membered rings are close to 
1.39 À , and those for fusions of a six- and a five-membered ring are near 
1.43 Â . (The presence of the substituents introduces inequivalence in 
bond lengths, so the cited values are averages of similarly sited bonds.) 

Optical spectra of C ^ and C 7 Q are informative and consistent with 
structural assignments. Tney show a series of bands in the visible and 
ultraviolet spectral regions. Although the spectra do not reveal the 
molecular structures in any simple way, they show that the molecules con
tain well-defined HOMOs and LUMOs , a feature that demands that the 
molecules have definitely fixed structures. The electronic spectra are, of 
course, valuable in development of theory of the electronic structures of 
the molecules. 

The vibrational spectra of C ^ are highly revealing. The infrared 
shows only four bands, and there are eight clearly developed Raman 
bands. There is no overlap between the bands in the two spectra, as is 
expected from a molecule of very high symmetry. Theory predicts that 
there should be four IR and 10 Raman bands. With a little imagination 
two additional Raman lines may be seen, so theory is stunningly success
ful! 

The durable integrity of the fullerene structures suggests that they 
should undergo extensive chemical modification without disruption of 
their basic structures; and such is certainly proving to be the case. 
has been most extensively studied to date. The compound has relatively 
favorable electron affinity and undergoes electrolytic one- and two-
electron reversible reduction in solution to form fulleride (buckide) 
anions. Birch reduction by alkali metals in protic solvents yields highly 
hydrided species, for example, C ^ H ^ . 

As has been mentioned earlier, solid C ^ can be intercalated with 
vapors of alkali metals to produce materials having compositions M ^ C ^ 
where χ = 1-6. The first metallic derivative of fullerene, L a C ^ , was 
actually produced and detected by mass spectrometry in the very early 
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days of study of the gaseous products from vaporization of graphite. That 
work and later study by the Rice group to establish the structure of the 
compound and to produce ponderable amounts of it are described by 
Smalley in his chapter in this volume. That the structure of the lantha
num derivative is very different from those of the metal intercalates is 
clearly demonstrated by its stability as a monomelic gaseous species. 
That it is uniquely produced by volatilization of graphite impregnated 
with L a C l 3 or La^O^ is consistent with the view that the metal atom is 
incorporated inside the cage. It has not been possible to produce the 
material by penetration into the preformed fullerene, so it appears that 
the metal atom must be bound to a partially formed carbon aggregate and 
that the rest of the cage is assembled around it. 

Unlike metal derivatives in which metal atoms are held on the outside 
of the metal cages, the lanthanum compound cannot be easily dissociated 
either thermally or photochemically. On pyrolysis it loses C 2 units suc
cessively until it reaches the size C ^ L a , when it "blows"; the minimum 
critical size for metal-free fullerenes is C ^ . Smalley has suggested a sys
tematic formulation to distinguish between "inside" and "outside" fiil-
lerides; thus the formula (LaC^C^) represents a lanthanum fulleride with 
the metal atom inside the cage. A n outside compound, such as tripotas-
sium fulleride, is represented by an ordinary linear formula, K ^ C ^ (or 

It is logical to ask, "What will come of it all?" and even, "What will 
fullerenes be good for?" The answers to such questions must be specula
tive, but current interest in fullerenes is so great that futuristic specula
tion seems warranted. 

The existence and stability of the fullerenes, and their first noted pro
perties, have already stimulated significant extension of electronic theory 
of molecular structure. That theory and extensions thereof will probably 
predict properties of related substances and provide guidance to synthetic 
work with fiillerene derivatives. 

It is impossible to divine which unexpected and valuable properties 
may be encountered as the number of fullerenes increases and sufficient 
amounts of material become available for determination of their macros
copic properties. For example, it does not a priori seem likely that ful
lerenes will have notable pharmacological properties. However, it is inev
itable that sooner or later water-soluble derivatives will be subjected to 
biological screening; after all, few people predicted that aminoadamantane 
would be a potent antiviral agent. The speculation has appeared in the 
public press and elsewhere that fullerenes may be effective solid lubri
cants. The idea has some merit. Because of the absence of strong inter-
molecular interactions, the crystals are soft and will surely undergo easy 
deformation under shearing stress in a manner somewhat analogous to 
the way in which graphite functions as a lubricant because of easy slip
page of the planar sheets in the crystals with respect to one another. 

xii 
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Although lubrication is not a glamorous aspect of materials science, it is 
representative of the fact that when new substances appear, engineers 
almost automatically wonder how they would behave in structural materi
als. Fullerenes will be accorded that attention even though my intuition 
does not predict startling results. 

The property of fullerene derivatives that has attracted the most 
attention to date is the electrical conductivity of certain doped fullerides. 
Solid C6Qadds potassium and rubidium to form the series C ^ M ^ . where χ 
= 1-6. The adducts with χ < 6 are conductors; in potassium fullerides 
conductivity is maximizes with C ^ K ^ . Films of the material are not only 
conductors but become superconducting at low temperatures. Zero resis
tivity of films has been observed at 5 K, and study of the Meissner effect 
by a.c. magnetization of powders indicates that Tc = 19.3 K. The bulk 
material doped with rubidium to the nominal composition C ^ R ^ shows 
small, variable Meissner fractions by microwave loss and flux exclusion 
with Tc of 25-30 K. At the time of writing new reports of superconduc
tivity are filtering in from around the world. Dopants now include elec
tron acceptors (iodine) as well as donors, and unconfirmed reports of T£ 

values as high as 50 Κ have been heard. Probably the surface has barely 
been scratched in this fascinating area. 

Basic structural theory to describe the electrical properties of the ful
lerides seems straightforward. The molecular orbital description of 
indicates the availability of three L U M O s that would be half filled in the 
C ^ M - derivatives. The face-centered cubic crystal structure for solid 
provides three interstitial sites per C™ unit, and these sites can accommo
date the positive counterions in C^ lVu materials. The principal challenge 
to theorists, in my opinion, is to effect a smooth transition from the 
description of molecular energy levels to formulation of the Fermi levels 
and conduction bonds in the extended structures. This effort seems to be 
progressing well and will surely be extended to description of the special 
mechanism of charge flow in superconducting states. The fact that the 
fullerides are the first recognized isotropic molecular conductors is of 
inherent technological significance and may also facilitate significant 
advance in the theory of extended charge flow in solids built from discrete 
molecular units. 

The torrent of research publications related to the fullerenes and 
their derivatives assures us that any snap-shot picture of the field will be 
an anachronism before it can appear in print. Here I have attempted not 
a review, but an overview from the perspective of an observer in the field. 
I only hope that I have not been guilty of grave distortion of the work 
and views of participants in this evanescent science. 

1Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E. Nature 
(London) 1985, 318, 162-163. 

2Krätschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R. Nature (Lon
don) 1990, 347, 354. 
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Chapter 1 

Synthesis of C60 from Small Carbon Clusters 

A Model Based on Experiment and Theory 

James R. Heath1 

Department of Chemistry, University of California, Berkeley, CA 94720 

A model based on experiment and ab initio theory for the high-yield carbon
-arc synthesis of C60 and other fullerenes is presented. Evidence that is given 
indicates that the synthesis must start with the smallest units of carbon 
(atoms, dimers, etc.). The model is then broken into four steps: (1) the 
growth of carbon chains up to length C10 from initial reactants present in 
the carbon vapor, (2) growth from chains into monocyclic rings (C10-C20), 
(3) production and growth of three-dimensional reactive carbon networks 
(C21-Cx, x = 30-40), and (4) growth of small fullerene cages via a closed
-shell mechanism that exclusively produces C60, C70, and the higher ful
lerenes as the stable products. 

The carbon-arc synthesis of from solid graphite surely represents one of 
the most phenomenal phase transitions ever discovered. This synthetic tech
nique, developed by Kratschmer, Fostiropoulos, and Huffman (7), has made 
bulk quantities of and other fullerenes available to the scientific commun
ity. This availability has stimulated a tremendous effort directed at characteriz
ing this novel and exciting new class of molecules. One of the most fascinating 
aspects of the fullerenes, however, is the chemistry of their formation within 
the carbon arc. The synthesis is amazingly simple, and yet it produces results 
that are so fantastic and unexpected! The best experimental evidence (more on 
this later) indicates that the graphite reactant is vaporized in the carbon arc 
into the smallest units of carbon—atoms and possibly dimers—which then, 
through a concerted series of reactions, and in a limited range of pressures and 
temperatures, recombine to produce the spheroidal shells of carbon known as 
the fullerenes (2). 

How can this reaction scheme be understood? What are the individual 
chemical mechanisms that lead to the formation of the fullerenes? What reac
tive intermediates are produced in the carbon arc? How does the high-
temperature chemical environment of the carbon arc produce the low-entropy 

1Current address: IBM T. J. Watson Research Laboratories, P.O. Box 218, Yorktown Heights, 
NY 10598 

0097-6156/92/0481-0001$06.00/0 
© 1992 American Chemical Society 
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2 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

molecule in such high yield? Complete answers to this complex set of 
questions will undoubtedly take many years. It is possible, however, to begin to 
put together a crude model that draws from modern ab initio quantum tech
niques, new experiments on C^Q, and recent experimental advances in the study 
of smaller carbon clusters. This chapter will attempt to present such a model. 

The Carbon-Arc Synthesis: Determination of Initial Reactants 

With a problem this complex, perhaps the best technique for constructing a 
working model is to initially back away from the problem and attempt to 
address only its most basic aspects. One such aspect involves the nature of the 
carbon species initially ejected from the graphite rod by the carbon arc. Is the 
carbon ejected as large pieces that somehow manage to fold up, expelling 
and/or adding smaller molecules of carbon, until a fullerene structure is 
created? Or, conversely, is the carbon ejected as atoms and/or very small 
molecules, which then build up to form the framework of a fullerene? These 
questions may be addressed through isotopic scrambling experiments. In these 
experiments, the starting material consists of regions of pure 1 3 C and regions of 
natural-abundance 1 3 C . If the isotopic distribution of a fullerene produced in 
this arc is statistical, and the 1 3 C atoms are randomly distributed throughout 
the CgQ framework, then most likely a small-molecule synthesis is occurring. If, 
however, the dispersion of 1 3 C is nonstatistical, then the experiment is incon
clusive. A nonstatistical result is interprétable as either a large-molecule for
mation mechanism or as an indicator that the gas-phase mixing of the 1 3 C and 
1 2 C regions is too slow to compete with the kinetics of carbon condensation. 

Isotopic scrambling experiments have been done by Meijer and Bethune 
(3) and by the C ^ team at Berkeley. In the Berkeley experiment, a 0.25-inch-
diameter graphite rod is modified by drilling three 1.25-inch-deep, 0.06-inch-
diameter holes down the bore of the rod. These holes are then packed with 
98% 13C-enriched amorphous carbon (Isotec, Inc.). In this way, a 1.25-inch 
segment of a graphite rod is enriched with 10-15% by weight 1 3 C . This rod is 
then mounted into the Berkeley C ^ synthesis apparatus, which is roughly 
modeled after the design of Smalley and co-workers (4). The terminal 1 inch of 
the enriched portion of the rod is vaporized in a 100-torr (13.3 χ 103-Pa) 
atmosphere of argon in about 20 s, and the carbon soot material is collected. 
This material is thoroughly washed for 1 h with ether in a reflux column and 
subsequently extracted with benzene, using the same column, for 3—5 h, or 
until the benzene wash is clear. The benzene is evaporated, and the fullerene 
extract is collected and stored under vacuum or in an inert (argon) gas environ
ment while it awaits further characterization. This technique produces approxi
mately 60-100 mg of 13C-enriched fullerene material, corresponding to roughly 
a 10% yield based on the graphite and amorphous 1 3 C starting materials. 

Isotopically resolved mass spectra of electron-impact ionized 1 3 C -
enriched C™ are shown in Figure 1 (top). If the 1 3 C has been randomly intro
duced into tne fullerenes, then the dispersion of isotopomers should fit the pat
tern of a binomial distribution (5): 
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1. HEATH Synthesis of C6Q from Small Carbon Clusters 3 

£ xan~xn t 
- *)! 

for a 1 3 C r

1 2 C / J _ r molecule. Here, Λ = 60, χ is the number of 1 3 C atoms substi
tuted into the molecular framework, ρ is the probability a given atom is 1 3 C , 
and q (= 1 - /?) is the probability that the atom is 1 2 C . Initial analysis of the 
mass spectra indicate that the isotopic distribution is quite nonstatistical. 
Indeed, it is impossible to simulate it with a single binomial distribution. How
ever, the spectra may be modeled reasonably well as a bimodal binomial distri
bution, and such a model is shown in the bottom half of Figure 1. This bimo
dal distribution indicates that most (two-thirds) of the 1 2 C - 1 3 C vapor com
pletely scrambles to produce a 1% * 3 C enrichment, while one-third of the 
vapor is barely mixed at all, and, indeed, is very close (1.7%) to the 1% 1 3 C 
natural abundance. 

1111 m , , • ! 
700 750 

Mass (amu) 

Figure 1. Top: Isotopic distribution of generated from a carbon rod that 
has been hollowed and filled with13C powder to give a 10% by weight13C rod. 
Bottom: Simulation of the experimental data using two separate binomial dis
tributions. In this simulation, one-third of the is assumed to be 1.7% 13C 
(solid line), and two-thirds of the carbon is assumed to be 7% 13C (dashed 
line). 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

A
ug

us
t 6

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 6
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

1.
ch

00
1

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



4 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

The bimodal distribution does have a physical basis if one considers the 
experimental technique for preparing this material. The three bore holes filled 
with 1 3 C are designed to "premix" the material within the rod prior to vapori
zation. However, the premixing is incomplete, and, indeed, much of the gra
phitic carbon is 1-2 mm away from the 1 3C-filled holes. Thus, if fullerene syn
thesis occurs on a time scale shorter than the gas-phase mixing of the vaporized 
carbon, then only a portion of the gas-phase synthesis will be accomplished in a 
13C-enriched volume. This model may be tested by vaporizing a rod containing 
a similar weight-percent of 1 3 C , but now with only a single *3C-filled hole, so 
that premixing within the rod is less complete. Mass analysis of prepared 
in this way also indicates a roughly bimodal distribution of isotopomers, 
although now the amount of low-enrichment material accounts for more than 
50% of the whole. 

The isotopic scrambling experiments just discussed do provide a compel
ling, although not definitive, argument for a small-molecule synthesis of C ^ . 
Complimentary evidence comes from the NMR experiments of Johnson et al. 
(6) performed on isotopically enriched C 7 0 , prepared in a similar manner. 
These experiments indicate that the coupling between 1 3 C nuclei is no stronger 
than would be expected from a statistical dispersion of 1 3 C atoms throughout 
the C 7 0 framework. This finding is expected only if the starting materials for 
synthesis of C 7 0 are atoms or if the molecular framework of a very hot C 7 0 

molecule is actually fluxional, such that the carbon atoms can migrate from one 
position to another. 

The mass spectrometric experiments, taken together with the NMR 
experiments, provide quite strong evidence that carbon-arc fullerene synthesis 
originates from atoms or, at most, from very small carbon clusters (dimers and 
trimers), but not from large graphitic sheets ejected from the carbon electrodes. 
With this fact established, it is now appropriate to view the synthesis of ful
lerenes a bit more closely. What is the chemistry of carbon vapor? What 
chemical intermediates are formed on the way to the fullerene synthesis? The 
rest of this chapter will be devoted to addressing these questions. 

The Chemical Model 

The initial reactant for production of the fullerenes is, apparently, the carbon 
atom (and possibly C 2 ), and the smallest stable fullerenes that, at this writing 
(September 1991), have been isolated are C ^ and C 7 Q (7). Thus, the number of 
unstable chemical intermediates potentially involved in carbon-arc fullerene 
synthesis is huge, and it includes all the structural isomers of the bare carbon 
clusters C 2 through C^ 9, excluding C ^ . The structures of several of these clus
ters are either known from high-resolution spectroscopy, or they have been cal
culated by using sophisticated ab initio quantum chemistry techniques (8). A 
generalization of those structures is as follows: The smallest clusters (C 2 

through C 9 ) are either known or predicted to have low-lying linear structures. 
Clusters in the range C 1 Q - C 2 0 are predicted (with some experimental support) 
to exist as a series of monocyclic rings. The next larger group, C 2 1 - C 3 1 , is dif-
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1. HEATH Synthesis of C6Qfrom Small Carbon Clusters 5 

ficult to characterize, and information concerning these clusters is scarce. They 
appear to consist of an unstable transition region between the monocyclic rings 
and the fullerene-type intermediates, which dominate the C 3 2 — C 6 9 size range. 
The odd-numbered clusters in the C 3 ^ - C 6 9 size range are unstable toward loss 
of an atom (9), and are probably quite close to fullerene structures. Unlike 
even-numbered Cn, no closed solution contains only pentagons and hexagons 
for the odd-numbered clusters, however. 

With these structures in hand, it is possible to present a crude picture of 
the various condensation steps of the carbon vapor, and such a picture is 
shown in Figure 2. Let's look a bit more closely at these various steps. 

Step 1. Condensation of Very Small Carbon Species: Cluster Growth in One 
Dimension 

Step 1 is essentially a "kickstart" of the carbon-condensation process. There 
are some chemical requirements for this step. First, it must favor the forma
tion of pure carbon molecules and be biased against the addition of H, O, or Ν 
atoms. This requirement comes from experiments that show that bare carbon 
clusters are dominant combustion products in low-pressure acetylene-O- and 
benzene-02 flames (10). Carbon clusters are also formed in the laser abiation 
of polyimide (11). 

Second, Step 1 must be extremely facile. A number of experiments, 
including the isotopic scrambling experiment discussed, indicate that condensa
tion kinetics for carbon are remarkably fast—much faster, in fact, than for any 
other element. In general, when a vapor of atoms and dimers condenses to 
form larger clusters, the rate-limiting steps in cluster growth are always the ini
tial ones. This condition prevails because atom-atom, dimer-atom, and 
dimer-dimer collisions require a third body to stabilize the collision complex, 
and three-body kinetic processes are notoriously slow. Carbon may provide the 
lone exception to this rule. 

To understand this general rule, consider the physics of a collision com
plex. R R K M transition-state theory dictates that the lifetime of such a com
plex is purely statistical (12). The kinetic model assumed here is 

Q> + C i!> C 3 * ^ C 3 * —> Q> + C (2) 

where C 3 * is the energized molecule, is the activated complex, kb is the col
lision rate, and k* is the rate of formation of the activated complex from the 
energized molecule. The internal energy of the energized molecule (Ey) con
tains several contributions: 

Ev = De + Ec (== Ce + IE r - Te) (3) 

where Dg is the dissociation energy of the bound molecule, Ec is the energy 
available to the activated complex, Ce is the collision energy of the reactants, 
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6 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 2. A chemical model for the generation of fullerenes from atomic and 
dimeric carbon vapor. Step 1 constitutes the initial condensation process—the 
formation ofCn chains (n < 10). Step 2 leads to the formation of monocyclic 
rings for C f l (9 < η < 21). Step 3 is the formation of unstable Cn (20 < η < 
32), which quickly proceed through Step 4 to produce the fullerenes. Experi
mental and theoretical evidence for thte condensation model is discussed in the 
text. 
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1. HEATH Synthesis of C6Qfrom Small Carbon Clusters 7 

IE r is the contribution from the internal energy of the reactants, and Te is the 
translation energy of the collision complex. Ec is partitioned into the rovibra-
tional levels of the complex. Some of these levels will correspond to motion 
along the reaction coordinate, and they provide pathways for the activated 
complex to revert back to reactants. In a diatomic molecule, all available 
energy levels correspond to such motion, and thus a third body is always neces
sary to stabilize the complex, including the case of C + C. For a polyatomic 
molecule, the vibrational manifold is more complex, and a polyatomic 
molecule, with Ey above its dissociation threshold, has a finite, calculable life
time. A calculation of the lifetime of C 3 * gives great insight into why the con
densation of carbon vapor is so facile. 

Such a calculation requires knowledge of vibrational frequencies, and a 
list of measurements for C 3 and several other of the linear carbon clusters is 
presented in Table I. Ab initio predictions of all the harmonic vibrational fre
quencies for linear Cn are listed in Table II. All of these clusters possess 
extremely low-frequency degenerate bending (π β and π modes. This is a key 
point, and will be important throughout this chapter. The ι/ν and i / 3 vibra
tional frequencies of C 3 have been measured (13-16), and these frequencies 
provide input for a calculation of the lifetime of the [C 2 + C] collision com
plex from R R K M theory (17). A semiclassical estimation of the vibrational 
state density (N) of the energized molecule at Ey is (18) 

0-1)1 n hui 
L=l 

Here, Ez is the zero-point energy of the bound molecule (ΗΣΛΙΑ), ΛΙΛ are the 
vibrational frequencies, and s is the number of normal modes. The number of 
vibrational levels, P(E*), available to the transition-state complex is 

(Ec + Ez)s 

P(E*) = ^ Z ) (5) 
s\ χ; hvi 

where the summation is taken over all vibrational modes except the reaction 
coordinate (taken here to be i/3). The lifetime of a [C 2 + C] collision may 
then be estimated from 

1 hN{Ev) 

Q+ P(E*) (6) 

Here the % accounts for the fact that dissociation of C 3 may occur at either 
end of the molecule. The factor (Q/Q*) is a ratio of rotational partition func
tions for C 3 * and CL*, and here it is set to 1 (adiabatic rotation approximation). 
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FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Table I. Molecular Constants for Linear C n 

Obtained from Fluorescence, IR, and FIR Spectroscopy 

Cn State Β (cm'1) D fx 10s cm"1) Η (χ ΙΟ7 cm'1) Ref. 

0.4305723 (56) 0.1472 (13) 0.1333 (59) 

"i = l 1223(3) 0.41985 (89) 15 

63.416529 (40) 0.4424068 (52f 0.2361 (16)* 0.267 (12)c 13 

3̂ = 1 2040.0192 (6) 0.435704 (19) 0.4238 (31) 0.994 (23) 14 

0.16452 (5) N.D.* 0.(f 

1548.9368 (21) 0.164867 (7) 0.87 (19) 0.0 26 

0.0853133 (29) 0.00053 (4) 0.0 

"3 = 1 2169.4410 (2) 0.0848933 (29) 0.00053 (4) 0.0 29 

118 (3) 0.0856235 (24) 0.00042 (4) 0.0 29 

„ 7 = 2° N.D. 0.085911 (7) 0.00093 (16) 0.0 29 

218 (13) 0.085654 (4) 0.00082 (8) 0.0 29 

C 7 ( ^ g

+ ) 0.030613 (14) -0.00233 (85) -0.0054 (15) 

"4 = 1 2138.3152 (5) 0.030496 (14) -0.00251 (91) -0.0059 (17) 31 

* 5 - l 1898.3758 (8) 0.030556 (15) -0.0016 (11) -0.0044 (31) 32 

"n = I 1 N.D. 0.03358 (40) 0.0 0.0 31 

"ii = 2° N.D. 0.0374 (30) 0.0 0.0 31 

c 9 (V) 0.014319 (16) 0.0014 (6) N.D. 

"6 = 1 2014.3383 0.014286 (15) 0.0011 (5) -0.00037 (9) 33 

NOTE: The numbers in parentheses are statistical uncertainties. 
aql = 0.0056939 (21). 
b qD = -0.0869 (27). 
c qH = 0.027 (23). 
D N . D . indicates not determined. 
c A value of 0.0 indicates that the constant was set to 0.0 for the fit. 

The lifetimes of the collision complexes for the reactions [C 2 + C], [C 2 

+ O], and [C 2 + H], as a function of EQ, are shown in Figure 3. These calcula
tions employed vibrational basis sets that assumed that the bound products are 
all linear molecules (3n — 5 vibrational modes). Figure 3 shows quite dramati
cally why the condensation of carbon is so facile and why it is biased toward 
addition of carbon, even in the presence of Η and O. Here, the only 
molecule-dependent parameters are the vibrational frequencies themselves and 
the bond energies of C=C, C=0, and C - H bonds. 

The complex lifetime, by itself, allows only a small percentage of to 
be formed by a direct association mechanism. However, under the high-
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1. HEATH Synthesis ofC6Qfrom Small Carbon Clusters 9 

Table Π. Ab Initio Harmonic Vibrational Frequencies 
for Linear Carbon Clusters 

Cluster Harmonic Vibrational Frequency (cm l) Réf. 

C2 1940 (ag) 21 

C 3 1367 (<rg), 154 (*„), 2311 (*u) 21 

C 4 
2345 (<rg), 1022 (<rg), 1740 (<ru), 408 (*g), 209 (*„) 23 

2220 (σ ), 863 (σ ), 2344 1632 222 («·ν 
648 (πJ, 112 

21 

c 6 
2418 (Ο, 1845 (Ο, 721 (σϊ , 2190 (au), 1327 (<ru), 
134 264 (» g) *368 (^)fll7 (*u) 

24 

2376 (σ ) , 1745 (σΛ 631 (Ο, 2281 (σ α), 2132 (σ<1), 
1206 (<τ°), 598 (,rgJ, 157 ( « £ 710 (*„), 240 73 

21 

C 9 2415 (<τ ), 2134 (σΛ 1393 (σ ), 496 (σ ), 2338 (*„), 
2084 (σ*), 1803 (σ*), 960 (aj), 658 ( Ο , 252 (π ), 
114 ( « ρ , 783 (*„), 567 (%), 187 ( « · „ ) > (%) 

21 

NOTE: The frequencies for each cluster are listed in the order vv v2> 
vn. Very low-frequency (x) bending modes characterize this series of 
clusters. 

500 1300 2000 

E c (cm-1) 

Figure 3. Collmon complex lifetimes for the reactions of [C2 + Χ] (X = C, 
Oy or H) as a function of energy above the C^X dissociation threshold. 2000 
cm-1 corresponds to a roughly 3000-K collmon energy. The C2 + C collision 
complex has a uniquely long-lived character. This calculation provides insight 
into the extremely facile nature of carbon condensation. 
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10 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

pressure conditions of the carbon arc, a much larger percentage of the C 3 will 
live long enough to experience a stabilizing collision with a helium or carbon 
atom. For reactions of the type + C, with η > 2, the collision complex 
rarely requires a third body for stabilization, and condensation will quickly 
occur at or near the gas kinetic rate. Suzuki and co-workers (19) have pointed 
out a similar growth mechanism to describe the circumstellar chemistry of car
bon cations. 

Thus, the low-frequency degenerate bending modes in linear Cn clusters, 
coupled with high Cn binding energies, lead to extremely facile condensation 
kinetics, kinetics that are unique to the carbon system. As already stated, ab 
initio theory indicates that these early products of carbon condensation (<10 
atoms) will have low-lying linear electronic states (8, 20, 21). Bonding in these 
clusters is predicted to be cumulenic (all bonds are C=C bonds), as opposed to 
acetylenic (alternating single and triple bonds). The even-numbered members 
of this series are calculated to exist as radicals, with 3 Σ ground states, and *Σ 
ground states are predicted for the odd-numbered chains. In addition, low-
lying cyclic structures for the C 4 , C^, and C g clusters are also predicted 
(22—25). Much of this theory for the linear structures has been confirmed by 
high-resolution infrared spectroscopy (13-15, 26-33), and experimental data 
that have been applied to the determination of the structures of triplet linear 
C 4 and singlet linear C 9 are presented in Figures 4 and 5, respectively. 

Molecular parameters derived from fits (see the section "Energy Level 
Expressions Used for Determination of Carbon-Cluster Molecular Parameters" 
for details) to this and similar spectra for other linear chains are presented in 
Table I. Analysis of the C 9 spectrum indicates that, although it is linear, the ν 
= 1 level of the ν6(ση) mode is heavily perturbed by a number of "dark" vibra
tional levels. This finding is consistent with the calculation that low-frequency 
bending modes lead to anomalously high vibrational state densities. For C 9 , at 
an excitation energy of only 2000 cm - 1 , equation 4 indicates that the vibra
tional state density is 108 cm ! 

Step 2. From One Dimension to Two Dimensions 

The next step in the condensation of carbon to produce the fullerenes is the 
formation of monocyclic rings, which are the calculated ground states for 
C . 0 - C 2 0 . Early calculations predicted that linear structures, which are an 
inherently higher entropy morphology, would dominate this size range, at least 
up to η = 14, at the elevated temperatures necessary for graphite vaporization 
(20). However, several observations indicate that this prediction is incorrect. 
The first indication comes from a Δη = 4 intensity alternation in the mass 
spectrum of C + cations in this size range, which shows maxima at η = 11, 15, 
and 19 (34). This finding is easily explained by invoking aromaticity, as ring 
structures of these clusters are 4n + 2π electron systems. In addition, early 
structural calculations for these clusters indicated that the monocyclic rings (for 
η < 14) were only slightly lower in energy than the linear structures, and 
entropy contributions at high temperatures were thus quite important (20, 35). 
However, more sophisticated ab initio techniques now indicate that, for η > 9, 
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1. HEATH Synthesis ofC60fivm Small Carbon Clusters 11 

v3(au) Fundamental of 3 Z g C 4 

« — i — J \ 1 ι 1 h ' 1 1 1 • ' ' ' ^ 

1545.000 1548.000 1 551.000 1554.000 

Frequency (cm-1) 

Figure 4. Fitted rovibrational stick spectrum and experimental data of the 
vjoj antisymmetric stretch fundamental of C4 measured by IR diode laser 
absorption spectroscopy. Analysis of this spectrum indicates that C4 has a 
low-lying (possibly ground) linear 3Σ electronic state. Such linear triplet struc
tures are predicted to dominate the C2n series for η < 5. (Reproduced with 
permission from reference 26. Copyright 1991 American Institute of Physics.) 

the monocyclic rings are heavily favored (36). The temperature dependence of 
the equilibrium constant for the isomerization reaction 

Q, (cyclic) <— KQq —• Cn (linear) 

may be calculated for a given cluster by using 

= [grotOO(linear)] [qVlb(T)(linear)] exp (De/kT) 
^ [qM(T) (cyclic)] [qwlb(T) (cyclic)] exp (De/kT) C } 

Here, q and q^ are the rotational and vibrational partition functions, 
respectively; Dg is the calculated binding energy; k is the Boltzmann constant; Τ 
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12 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

2014.7000 2014.9000 

Frequency (cnH) 

Figure 5. Experimental data of the v6(°u) antisymmetric stretch fundamental 
of linear Cç. The CQ cluster is the largest cluster for which the ground 
state is predicted to be linear. (Reproduced with permission from reference 33. 
Copyright 1990 American Institute of Physics.) 

is absolute temperature; and the electronic partition functions have been 
neglected (37). Structures and vibrational frequencies from experiment (26) 
(where available) and ab initio theory (22-24, 36) were used as input. The 
temperature dependence of Κ is plotted in Figure 6 for both C. and C 1 Q . For 
the C 4 cluster, the rhombic and linear structures are calculated to be almost 
isoenergetic, and the rhombic structure is slightly favored (by ~0-5 kcal/mol) 
(22—24). Figure 6 shows that the high-temperature form is clearly the linear 
one, as expected. This calculation favored the rhombic structure by 2 kcal/mol. 
This result is consistent with the observation of triplet, linear C 4 , produced in a 
high-temperature plasma by laser vaporization of graphite, by infrared diode 
laser absorption spectroscopy (Figure 4) (26). Recent predictions by Liang and 
Schaeffer (36) for the C 1 0 cluster indicate that the energy difference between 
the monocyclic D^h structure and the triplet chain is quite large (67 kcal/mol). 
Figure 6 shows the ring to be heavily favored past 3500 K. Thus, although 
entropy does play a significant role in determining the high-temperature struc
tures of the smaller clusters, by η = 10, the higher entropy of the chain is not 
sufficient to overcome the higher binding energy of the monocyclic ring. 

If monocyclic rings are the dominant intermediates in the region from 
C 1 0 to C 2 0 , then what chemical reactions lead into this size range? Once again, 
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1. HEATH Synthesis ofC6Q from Small Carbon Clusters 13 

1500 2300 3100 

Temperature (K) 

Figure 6. Plot showing the temperature dependence of the equilibrium ratios of 
a linear chain structure versus a monocyclic ring for the C , and C10 clusters. 
Even though cyclic C4 is assumed to be slightly more stable than the linear 
structure (by ~2 kcal/mol) the linear structure dominates at the high tempera
tures present in the carbon arc. The cyclic structure of C10> however, is 
predicted to be substantially more stable than the linear structure (by 67 
kcal/mol) and continues to be dominant, even at 3500 K. 

ab initio electronic structure calculations provide some strong clues to help 
answer these questions. Large amplitude motion in the degenerate bending (π 
and TTu) coordinates of the linear carbon cluster may lead to isomerization 
pathways from the linear structures to the monocyclic rings. For even-
numbered clusters, however, such a mechanism seems unlikely, as it involves 
the spin-forbidden transition from a triplet to a singlet state. Recent calcula
tions by Liang and Schaefer (38) on linear, even-numbered (n = 2—10) indi
cate, however, that as η increases, the energy separation of the lowest singlet 
and triplet states becomes vanishingly small for C 8 and C 1 Q . Andreoni et al. 
(39) used the Carr—Parrinello molecular dynamics approach to study the 
temperature-dependent behavior of the C. and C 1 Q clusters. Upon heating 
rhombic C 4 to extreme temperatures (10,000 K) they found a linear-cyclic iso
merization pathway that proceeds through a series of three-dimensional struc
tures. C 1 Q , on the other hand, was found to isomerize directly through a ring 
opening-closing mechanism at temperatures near 3000 K. 

Some of the odd clusters appear to have such a pathway through their 
ground electronic states. This pathway is best understood by looking at the 
symmetries of the highest occupied molecular orbitals (HOMOs) of these clus
ters, shown in Figure 7. The symmetry of the HOMO alternates with respect to 
odd-numbered cluster size: C 3 and C 7 (and C..) all have 7ru H O M O S , but 
and C 9 have π HOMOs (40). Only the TTu HOMO provides the proper MO 
symmetry on tne terminal carbons to facilitate isomerization to a monocyclic 
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14 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

+ + + 

c + + - • 
5 : ; • 4.4- "β 

C 7 ~ - • J . • - ~ 
* — · # l u 

Figure 7. Symmetries of the highest occupied molecular orbitals (HOMOs) for 
odd-numbered linear Cn clusters. πη and alternate with respect to cluster 
she. 

ring structure. In addition, the lowest frequency degenerate bending vibration 
for C 3 and C ? is motion about the central carbon atom, and the force constants 
for this vibration are calculated (41) or observed (15) to be extremely small. 
Motion in the lowest frequency bending coordinates of C 3 has been measured 
by far-infrared spectroscopy (75) and by simulated emission pumping (15). 
These measurements indicate that the bending potential of C 3 is, indeed, 
extremely shallow and anharmonic. 

One and two quanta of the lowest frequency ( i / n ) bending mode of CL 
have been observed as hot bands associated with the strongly allowed ^ 4 (^) 
antisymmetric stretch (Figure 8) (31). The ι/„ coordinate is predicted to he 
near 70 c m - 1 (see Table II), and excitation 01 motion in this coordinate leads 
to extremely large amplitude (~45°) bending motion about the central carbon 
atom. Such large amplitude motion, at this low excitation energy, is apparently 
without precedent in strongly bound molecular systems. This result is a strong 
indication that a low-energy barrier isomerization pathway does exist for 
intraconversion between the linear chains and the monocyclic rings. Certainly 
a number of bimolecular processes may also lead to monocyclic rings, although 
such mechanisms have not been the subject of any investigations to date. 

A Note on Puckered Rings 

All structural calculations on the monocyclic rings indicate that they adopt 
planar, cumulenically bound morphologies. For C 6 , Raghavachari et al. (25) 
calculated that a puckered structure, although more stable than either a linear 
3 Σ form or a ring, is slightly less stable than their predicted monocy
clic ground state. If such a puckered structure for any of the rings (with η > 4) 
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1. HEATH Synthesis of C60 from Small Carbon Clusters 

(fundamental) 

15 

R(7) 

2136.5000 2136.6000 
(cm-1) 

Figure 8. Absorption measurement of the v4(ou) antisymmetric stretch and the 
associated vn(*u) bending hot band of the C7 cluster. For the pure stretching 
mode, only even rotational quanta are observed, and the P(26) and P(28) are 
shown. However, for the hot-band progression, even and odd rotational quanta 
are present, and J = 5—7 of the R branch are shown. Analysis of these (and 
two other) bands indicates that C7 is extremely nonrigid. The low-frequency 
bends in this cluster may provide isomerization pathways for the formation of a 
monocyclic ring structure. (Reproduced with permission from reference 31. 
Copyright 1991 American Institute of Physics.) 

is a minimum on the potential energy surface, then the entropy arguments 
presented here for linear Cn may be misleading. The entropy of puckered rings 
has been measured to be anomalously high, and this finding has been ascribed 
by Kilpatrick et al. (42) as being due to a rotation of the phase of the pucker
ing about the circumference of the ring. Thus, the thermodynamics associated 
with pseudorotation may cause puckered monocyclic rings to dominate at high 
temperatures, even when the binding energies of the chains and rings are very 
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16 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

close. Unfortunately, the low symmetry of a puckered ring makes very accurate 
ab initio treatments of such species quite formidable. However, such calcula
tions would be extremely useful in sorting out the high-temperature structures 
of small carbon clusters. 

Step 3. Growth from Two to Three Dimensions 

Little is known about the clusters in the region from C 2 1 to C 3 r The fact that 
the carbon-arc synthesis works efficiently only in a limited pressure range is 
probably due to the chemistries of both this step and Step 4. The chemistries 
of Steps 1 and 2, on the other hand, appear to dominate the condensation of 
carbon in a wide variety of environments. 

There do exist closed, fullerene-type solutions for all even-numbered 
clusters in this size range (with the possible exception of C 2 2 ) . However, two 
properties characterize even the smallest fullerenes: (1) Even-numbered clus
ters are much more stable than odd-numbered clusters (2, 43), and (2) the pri
mary photofragmentation pathway is loss of C 2 (9). None of the clusters in the 
C 2 j - C 3 1 size range exhibit either property. Indeed, the primary photofragmen
tation pathway for these species is loss of C 3 , which is also the primary pho-
toproduct of the monocyclic rings and the linear chains (9, 44). However, the 
An = 4 intensity alternation, prevalent for the C 1 Q - C 2 0 size range, weakens 
throughout this region. 

A model for the C 2 1 — C 3 1 clusters should draw from what is known 
about both the smaller clusters and the larger fullerenes, and it should reflect 
the chemical instability that appears to characterize these clusters. The C 2 4 

cluster shown in Figure 2, which represents this size region, is such a model. 
This cluster is composed of a 16-membered ring across which an eight-
membered chain has added. Some cross-linking is beginning to occur, and 
already two five-membered rings and one six-membered ring have formed. The 
instability of this size range is reflected in that there is no way of satisfying all 
the carbon-atom valences in this structure, and hence it would be expected to 
take on carbon atoms and clusters quickly until a relatively stable closed ful-
lerene structure is reached. 

Step 4. Fuilerene Growth 

Experimental evidence for clusters with η > 31 indicates that their lowest 
energy structures are fuilerene cages. There are, however, two possibilities for 
growth through this region: one that considers the fuilerene structures as the 
chemical intermediates, and one that assumes higher energy, open structures as 
the reactive intermediates. In general, fuilerene synthesis may be accomplished 
in a wide variety of environments, from laser ablation of graphite to sooting 
flames, and undoubtedly many different mechanisms contribute to their forma
tion. However, the conditions under which high-yield synthesis of fullerenes is 
effected are quite limited. This fact indicates that one type of chemical process 
dominates the carbon arc, and that process must be either a closed-shell or an 
open-shell process. 

The open-shell synthesis model, presented by Haufler et al. (4), argues 
that these clusters, at least up to C ^ , are not fuilerene cages, but are open gra-
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+ c6 

Figure 9. Possible mechanisms for fragmentation of spheroidal carbon shells. 
Shown are loss of (a) C2, (b) C4, and (c) C& Although these mechanisms do 
not require the fullerene cage to open, they are insufficient to describe closed-
shell fullerene growth. Taken in reverse, they tend to maximize the number of 
adjacent pentagons. (Reproduced with permission from reference 9. Copyright 
1988 American Institute of Physics.) 

phitic sheets, similar to the η = 21-31 size range. The function of the buffer 
gas is to anneal these structures such that, as they grow, they are continually 
maximizing the number of pentagons while minimizing the number of adjacent 
pentagons. This model is appealing in that CUj and C 7 Q are the first clusters 
that have no adjacent pentagons and no dangling bonds, and thus are "dead 
ends" in the cluster growth process. 

The second possibility is that all clusters above a critical size (e.g., η = 
40) are closed or nearly closed (for odd-numbered Cn) fullerene cages. Cluster 
growth proceeds via the addition of small carbon clusters without the cage ever 
opening. Here, the major driving force for chemical reaction is the minimiza
tion of adjacent pentagons (release of strain), and and are, again, the 
first stable products. O'Brien et al. (9) have proposed closed-shell mechanisms 
to explain the loss of C 4 , C 6 , etc., observed in fullerene photofragmentation 
(Figure 9). These mechanisms cannot be switched to explain fullerene growth 
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18 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 10. Possible mechanisms for growth ofspheroidal carbon sheik. At top 
is a mechanism by which the addition of a C2 unit completely separates three 
adjacent pentagons. At bottom is a mechanism by which C2 addition 
separates two adjacent pentagons. These mechanisms lead directly to and 
C70 formation, as the end product in both schemes actually constitutes a frag
ment of either of the two fullerenes. 

because, taken in reverse, they tend to maximize the number of adjacent penta
gons. 

A growth mechanism that tends to minimize the number of adjacent 
pentagons is shown in Figure 10. The top of Figure 10 shows how the addition 
of a C 2 unit may completely separate three adjacent pentagons and produce a 
structure that is actually a fragment of the and C 7 0 structures. This 
mechanism is applicable to all fullerenes smaller than C 5 Q , all of which have 
three or more adjacent pentagons. The bottom of Figure 10 shows a similar 
mechanism, but in this case the addition of C 2 separates two adjacent penta
gons, again producing a fragment of the and structures. This mechan
ism is applicable to all clusters up to C 7 0 , excluding C^. 

These mechanisms require substantial reorganization of the molecular 
framework, and consequently, high activation barriers are expected. Thus, the 
high temperature of the carbon arc and the annealing properties of the buffer 
gas are once again critical to this synthesis. The laser vaporization synthesis of 

is efficient (10% yield) only at very high (1000 K) temperatures (4). Such 
temperatures may be necessary to overcome the activation energy of these reac
tions. The appealing aspects of these mechanisms are 
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1. HEATH Synthesis ofC6Qfrom Small Carbon Clusters 19 

1. The lowest energy structures (fullerene cages) of these clusters are the 
reactants. 

2. and C 7 Q are the first two clusters that do not have such a mechanism 
for growth. 

3. This growth would be expected to occur in only a limited range of tem
peratures and pressures. 

4. The structures produced naturally lead to Οω and C 7 Q . 

In addition, this mechanism explains why attempts at incorporating a metal 
atom into the internal cavity of a fullerene have been unsuccessful via the 
carbon-arc synthesis, because the structures that are of sufficient size to irrever
sibly trap a metal atom are already closed 

Energy Level Expressions Used for Determination 
of Carbon-Cluster Molecular Parameters 

Many of the models discussed in this chapter rely on information derived from 
high-resolution infrared (IR) and far-infrared (FIR) spectroscopy of the 
unstable carbon-cluster intermediates involved in the carbon-condensation pro
cess. The following is a brief discussion of how molecular parameters are 
derived from the measured IR and FIR spectra. 

Infrared spectroscopy of the linear carbon clusters is facilitated by the 
fact that C=C antisymmetric stretching fundamentals are typically very intense, 
with band origins in the region 1500-2300 cm" 1. The 1 2 C nucleus has spin J = 
0. The Pauli exclusion principle thus allows only symmetric spin states for 
linear Cn and causes all rotational levels of a given vibronic state to have the 
same total parity. This condition implies that for the 1 Σ ground states of the 
linear odd C n , only even / rotational levels are allowed. For the 3 E g ground 
states of linear even C , only even Ν (=/, / ± S) levels are allowed, where S (= 
1) is the electron spin tor a triplet molecule. In addition, the selection rule for 
rovibrational transitions is AJ = ±1. Thus, rovibronic bands for transitions 
from E g ground states to ν = 1 of a u vibrational levels are characterized by sin
gle (neglecting spin) Ρ and R branches, with rotational lines separated by 
approximately 42?, where Β [= h/(4wci)], in reciprocal centimeters, is the rota
tional constant of the cluster, c is the speed of light, and I is the moment of 
inertia about the axis of rotation. The a u (v = 1 «— 0) rovibrational transitions 
for linear odd Cn can be fit with the simple energy level expression: 

£vr = (v + j K + BJJ(J + 1)] - D„[J(J + l)] 2 + H„[J(J + I)] 3 (8) 

Here ν is the vibrational quantum number; uQ is the vibrational frequency; and 
B, D, and Η are the rotational, quartic distortion, and sextic distortion con
stants, respectively. For even C , each corresponding rovibrational transition is 
actually split into three spin multiplets, corresponding to Ν = J + 1, / , and / — 
1. The only even linear Cn for which molecular parameters have been deter-

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

A
ug

us
t 6

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 6
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

1.
ch

00
1

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



20 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

mined, C 4 , exhibits extreme Hund's case Β coupling, meaning that the spin and 
rotational angular momentum are only weakly coupled. In practice, this weak 
coupling results in splittings that are are only resolvable for the lowest Ν tran
sitions. Thus, equation 8, with Ν substituted for / , is sufficient for fitting all 
but the lowest Ν transitions for C 4 . The observed splittings for small Ν are fit 
satisfactorily with the Schlapp expressions (45, 46): 

(J = Ν + 1) = Ew 

£vrs (J = N) = £ w 

Svrs (/ = Ν - 1) = £ w 

2\(N + 1) 
2N + 3 

2XN 
2N - 1 

+ f(N + 1) (9) 

(10) 

(H) 

where λ and 7 are spin—spin and spin-rotation constants, respectively, deter
mined from electron spin resonance (ESR) spectroscopy of C 4 isolated in a 
rare gas matrix. For more accurate work, the Miller-Townes equations (47) 
should be used. 

Al l linear Cn are predicted to have very low-frequency degenerate bend
ing vibrations. Thus, even in a supersonically cooled cluster jet, hot bands aris
ing from these bends, and associated with the strongly allowed ση vibrations, 
may be observable. In addition, direct transitions from the ground state to 
low-lying * u bends are dipole-allowed, and may be investigated by FIR spectros
copy. The energy expression describing the rovibrational levels in a vibrationally 
excited π state is 

= (v + ±)v0 +B\J(J + 1) - I2] -D\J(J + l)- I2]2 + H[J(J + 1) - I2]3 

+(-) \ + 1) + 1DW + I)]2 + qHVV + i)]3} (12) 

where qp qD, and qH are the /-type doubling constants associated with the rota
tional constant (B) and the sextic and quartic distortion constants (D and H), 
respectively. Here the +(-) sign refers to states with even (odd) / . 

Conclusions 

The chemical model presented for the growth of small fullerenes is based upon 
the growth of closed fullerene structures, and leads directly to the formation of 

and C 7 Q . Much of this model is reinforced with both theoretical calcula
tions and experimental observations; however, much of it remains untested. 
Although several of the structures of the unstable chemical intermediates dis
cussed here have been unambiguously determined, many more have not. Cer
tainly a detailed understanding of the structures and vibrational dynamics of the 
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1. HEATH Synthesis ofC6Q from Small Carbon Clusters 21 

monocyclic ring structures will lead to new insights into their roles in the syn
thesis of the fullerenes. Accurate theoretical investigations into the nature of 
puckered monocyclic rings would, in particular, be extremely useful. In addi
tion, the only reaction rates presented here were derived from spectroscopic 
information, and those calculations neglected anharmonic contributions to the 
vibrational frequencies. No actual kinetics for any of the reactions discussed 
here have been determined experimentally—even the [C 2 + C C 3] reaction 
rate is unknown. 

Finally, the chemical models for Steps 3 and 4 are largely untested. The 
model presented by Haufler et al. (4) for Step 4 and the model presented here 
for Step 4 have quite different implications for the synthesis of fullerenes that 
encapsulate metal atoms (48). Experiments that can differentiate between 
closed- and open-shell growth mechanisms for the high-yield synthesis would be 
particularly useful. 
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Chapter 2 

Crystalline Fullerenes 

Round Pegs in Square Holes 

R. M . Fleming, B. Hessen, T. Siegrist, A. R. Kortan, P. Marsh, R. Tycko, 
G. Dabbagh, and R. C. Haddon 

AT&T Bell Laboratories, Murray Hill, NJ 07974 

The fullerenes C60 and C70 act as spherical building blocks in crystalline 
solids to form a variety of crystal structures. In many cases, the icosahedral 
molecular symmetry of C60 appears to play little role in determining the crys
tal structure. In this chapter we discuss our results on the crystallography of 
pure and solvated fullerenes and some general features of fullerenes as build
ing units in crystalline solids. For pure C60 or C70, the face-centered cubic 
arrangement is preferred. In solvated crystals and compounds, the packing 
readily adapts to form non-close-packed structures. 

The existence of the molecular carbon cluster and higher molecular weight 
homologues was first deduced on the basis of spectroscopic measurements in 
the gas phase (1). These studies proposed that was a hollow molecule with 
the shape of a truncated icosahedron, the familiar form of the seams on a 
soccer ball. Because of its hollow, high-symmetry structure, was dubbed 
"buckminsterfullerene"; the name "fullerene" was used to refer to the class of 
hollow carbon spheroids. Studies of fullerenes have been recently accelerated 
by the dramatic discovery by Krâtschmer et al. (2) that bulk quantities of 
and lesser quantities of larger fullerenes such as C 7 Q could be generated in a 
carbon arc struck in a partial pressure of helium. The availability of large 
quantities of material quickly led to additional structural studies based on C 
NMR (3-7), IR (8), and Raman (9) spectroscopy as well as crystal structure 
determinations of compounds containing (10, 11). A complete, atomic 
resolution crystal structure of pure has not yet been accomplished, but the 
original soccer-ball model of is now generally accepted. 

The study of and other fullerenes has proved to be exciting from a 
number of viewpoints. The structure, chemistry, and physical properties of 
have all yielded surprising results and unique behavior. In this chapter we con
centrate on the structural aspects of solid and C 7 0 and crystalline solvates 
of these molecules. We discuss the growth of "single" crystals of these materi
als and describe the types of disorder and twinning inherent in these structures. 
Because of the disorder, our structural studies are necessarily more focused on 
a description of the unit cells and the symmetry rather than a traditional crys-

0097-6156/92/0481-0025$06.00/0 
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26 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

tallographic structure with atomic resolution. In addition we also will describe 
the relationships between pure, crystalline and the potassium intercalated 
compounds K ^ C ^ (22) and KgCgQ (13). The alkali intercalates have recently 
generated a great deal of interest in fullerenes because of the occurrence of 
conductivity and superconductivity in these materials (14—16). 

Powder diffraction from solid was obtained immediately after bulk 
synthesis and was used in the initial identification of the 10-A ^-spacing 
expected of a close-packed array of spherical molecules (2). Although the unit 
cell of solid is now known to be face-centered cubic (fee) (27), there was 
some early difficulty in assigning a unit cell and indexing the powder pattern. 
The confusion resulted from two curious features of the diffraction from C^. 
The first was an absence of cubic (Λ00) reflections due to zeros in the form fac
tor of a hollow molecule. The second was the presence of a shoulder on the 
cubic (111) reflection that has been attributed to planar defects in the structure 
(18). The shoulder coincidentally occurs at nearly the same d-spacing as a hex
agonal close-packing (hep) (100) reflection, a ^-spacing that is not allowed in 
fee. 

Symmetry 

The beautiful icosahedral symmetry of the molecule with its alternating 
five- and six-membered rings is responsible tor some of the most striking 
features of this new form of carbon. The point symmetry of the molecule 
is m35 (J. ), which requires only one carbon position to describe the 60 sites 
contained in the molecule. As a consequence, the observation of a single nar
row resonance line in solid-state 1 3 C NMR spectroscopy (3—7) on at 
ambient temperature shows that the icosahedral point symmetry is correct and 
also shows that the molecules undergo rapid, isotropic rotations at room 
temperature. The observation of molecular rotations in solid raises ques
tions about the expected symmetry in crystalline C ^ . One could argue that, 
because of rapid rotation, one should treat the molecules in the unit cell as 
featureless spheres. On the other hand, might be expected to be fully 
ordered and to adopt the highest symmetry allowed under the icosahedral point 
group. The fully ordered model could be consistent with the NMR observa
tions if the rotations are steplike transitions between symmetry-equivalent posi
tions with each molecule stationary for a finite time period. 

First, assume that is fully ordered with the maximum possible sym
metry. Icosahedral symmetry does not allow translational periodicity, a fact that 
provides a primary motivation for the study of quasi-crystals (19). An 
icosahedral molecule can, however, form a crystallographic lattice by loosing 
symmetry elements. Figure 1 summarizes the crystalline, maximal subgroups^ of 
m35 (20). The highest order maximal subgroup of the icosahedron is m3, a 
point group that retains 24 of the original 120 symmetry operations. This fact 
implies that in an ordered crystalline lattice, at least three carbon sites are 
needed to describe solid instead of the one site needed to describe the iso
lated molecule. A common space group that occurs when local icosahedral 
symmetry is present, for example, in a-(AlMnSi) (22) and some virus molecules 
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2. FLEMING ET AÎ . Crystalline Fullerenes 27 

Order 
of 

Group 
Icosahedral Cubic Rhombohedral 

120 

48 

60 

24 

12 

6 

Figure 1. Crystalline, maximal subgroups of the icosahedral point group m35. 

(22), is the body-centered cubic (bec) structure Jm3. There is, however, no 
requirement that the symmetry be maximized, and exceptions such as_boron, 
which crystallizes in the lower symmetry rhombohedral space group R3m (23, 
24), are common. The bec packing is plausible in that it allows planes of adja
cent icosahedra to face each other, with holes at (H % 0) and equivalent posi
tions. For the truncated icosahedra, a bec packing results in adjacent molecules 
having six-membered rings facing each other. 

Contrary to these examples, X-ray diffraction shows that C ^ crystallizes^ 
on an fee rather than a bec lattice (17), a result implying space group Fm3 
rather than Vm3. From the polyhedra-packing point of view, the occurrence of 
fee over bec is surprising, despite the fact that the density of fee is somewhat 
higher. In fee the sixfold rings of the truncated icosahedra no longer face each 
other: The sixfold rings are oriented along [111] directions and face the empty 
tetrahedral sites located at (% % %). These sites contain potassium in KjCgQ 
(12). A drawing of a molecule oriented so that the cubic [100] axis is nor
mal to the page is shown in Figure 2. The three carbon positions labeled CI, 
C2, and C3 are the positions needed to describe the molecule in m3. Even if 
the ordered description of C ^ is correct, with molecules hopping between 
ordered orientations, the crystal will be prone to exhibit disorder. An example 
of the type of disorder one might expect is merohedral twinning (e.g., rotations 
by π/2 about [100]) of Fm3. This merohedral twinning will increase the 
apparent symmetry of the material to Fmhm. The merohedral twin operation 
is shown in Figure 2 by the dashed lines. 
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28 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 2. An idealized model of oriented with the (hOO) of the fully 
ordered model normal to the page. The dotted lines show the near registry of 
atoms that occurs upon a rotation of π/2 about (hOO). 

An alternative to the maximum symmetry model is to describe the CLQ 
molecules as smooth, hard spheres. This description follows from the NMR 
results if we assume the rotations are continuous rather than steplike. The 
model also affords a rationalization for the selection of fee over bec by assum
ing that the structure selects the highest density available. Moreover, the sym
metric shape of the CLQ results in the absence of both a permanent dipole 
moment and local bondmoments, a condition implying three-dimensional van 
der Waals bonding. A hard-sphere model does not, however, explain the selec
tion of fee over hexagonal close packing (hep), a structure with an equivalent 
density. In other symmetric, noninteracting species such as the rare gases, the 
crystalline structures are universally fee (except for He, which has quantum 
effects). 

If one assumes a theoretical model for hard-sphere interactions such as 
the Lennard—Jones potential, hep stacking is preferred over fee, a conclusion 
that is contrary to observation (25). This contradiction shows that a 
Lennard—Jones model will not explain the molecular coordinations of either 

or solid forms of noble gases. One must necessarily invoke higher order 
interactions to explain the packing of as implicitly done in the calculations 
of Guo et al. (2(5), who calculated that the lowest energy structure of 
occurs with an orientationally distorted fee packing. As we will discuss, hard-
sphere models are useful in determining the size of unit cells in solvated 
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2. FLEMING ET AL. Crystalline Fullerenes 29 

crystals, and they provide an adequate description of the room-temperature 
structure of C ^ . 

Sublimed Crystals 

It is difficult to grow good crystals of pure or C 7 Q from solution because of 
the tendency of the material to form solvates or clathrates resulting from 
interactions with the solvent. The problems of solvation can be eliminated by 
using sublimation to grow crystals (77). When solid CLQ is heated over a tem
perature gradient in an evacuated quartz tube (500 °C hot end), well-formed 
octahedral crystals sublime on the cool end of the tube. Powder X-ray diffrac
tion from crushed crystals agrees with the early diffraction data (2). Precession 
X-ray photographs show full translational order and a face-centered cubic pack
ing. Single-crystal diffractometer data are consistent with an apparent space-
group symmetry Fm3m and a unit cell with a = 14.1981(9) Â (25 °C), Ζ = 4. 
As already discussed and illustrated in Figure 1, m3m point symmetry is too 
high to be compatible with icosahedral symmetry. Consequently, Fm3m 
apparent symmetry probably results from merohedral twinning and/or disorder 
of Fm3, as illustrated in Figure 2. 

A refinement based on single-crystal data and incorporating an equal 
and complete merohedral twinning operation proceeded as follows: Two car
bon atoms put in at random positions were refined to form six-membered rings 
on the surface of a sphere with a 3.5-Â radius. A third carbon atom also 
refined to a position on the sphere around the origin, resulting in an approxi
mate soccer-ball structure and R = 0.10, but with significant distortions, leading 
to unphysical C - C distances ranging from 1.2 to 1.7 Â. The refinement is not 
adequate to confirm the soccer-ball model, but it does confirm the structure of 
the fullerene as a hollow molecule with the carbon atoms distributed on the 
surface of a sphere with a 3.5-Â radius. The observed distortions are very likely 
to result from a combination of orientational disorder and the high thermal 
motion of the molecules in the solid at ambient temperatures, as indicated by 
NMR spectroscopy. 

The lack of a well-ordered atomic structure of C™ at room temperature 
suggests that smooth hollow spheres might do equally well in refining the struc
ture. This suggestion follows from the notion that the motion of C ^ molecules 
at room temperature is isotropic. Our results as well as those of Heiney et _al. 
(27) suggest that isotropic motion is the case. With hollow spheres and Fm3m 
symmetry, a slightly lower /Mactor is obtained, about 8%. Practically speaking, 
little difference is seen in the magnitude of the errors using the ordered model 
and the smooth-sphere model. For calculations such as band structures, the 
choice of model largely depends on one's taste and the ease of application. 

An interesting feature of the diffraction in pure C ^ is the conspicuous 
absence of the (200) reflection, caused by the hollow nature of the molecule. 
For a spherically symmetric distribution of charge of radius r, the molecular 
form factor (/) is given by 
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30 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Ε]* 
Qr\ 

Assuming a shell of charge where p(r) = 6{r — R), then the molecular form fac
tor is given by / ~ sin (QR/QR) where Q is the X-ray momentum transfer 4π 
(sin Θ)/Χ. Here θ is the scattering angle and λ is the X-ray wavelength. This 
function has zeroes at Q = ηπ/R, η = 1, 2, Coincidentally, for R = 3.55 Â 
(the value obtained from single-crystal refinements), these zeros occurs almost 
exactly at the (Λ00) reflections of C ^ . If the lattice parameter is changed 
slightly so that the (Λ00) reflections move off the zeros of the form factor, or if 
there is scattering from additional atoms or molecules in the unit cell other 
than C™, the (hOO) reflections will be visible. This feature makes the intensity 
of the (200) reflection a very sensitive probe for various effects. For example, 
the application of hydrostatic pressure to crystalline fee changes the lattice 
parameters and causes the (200) reflection to appear (28). 

The presence of extra electron density in the fee unit cell (located either 
inside the sphere of the molecule or in octahedral and/or tetrahedral holes 
between the close-packed layers) would also result in a nonzero intensity of the 
(200) reflection. Because the fee intercalated compound I ^ C ^ has two com
ponents to the scattering factor, and Κ, (Λ00) peaks are observed (12). The 
refinement of the K - C ^ structure (9) gives the same positions as the 
ordered twinned model discussed, a result suggesting that the molecules are 
spending finite amounts of time in symmetry positions. 

In a number of situations, the motion of the molecules is limited. 
One example is at low temperatures where powder Α-ray diffraction and 
calorimetry experiments (27) show a phase transition at 249 Κ from fee to 
primitive cubic in C™. This feature appears to be associated with an orienta-
tional ordering of the molecules in the cubic lattice. In the high-
temperature fee phase, all molecules are crystallographically identical, a charac
teristic causing all cubic reflections with h + k + I = odd to be forbidden. The 
phase transition is characterized by the appearance of these forbidden reflec
tions. This finding indicates that at low temperatures the molecules are no 
longer symmetry equivalent. 1 3 C NMR measurements show that the motional 
narrowing associated with tumbling of molecules is not strongly affected at 
the phase transition, but the temperature dependence of the Τ χ relaxation time 
shows a break (29). This result implies a change in the nature of the molecular 
motion at the phase transition, and the results are consistent with the model of 
dynamic hopping between symmetry positions in the low-temperature phase. 
Motion of the molecules continues until about 50 K, where the NMR line gra
dually broadens; such motion suggests that the transition from rotating 
molecules to fixed molecules occurs gradually and in an inhomogeneous 
manner. 

A second situation in which the orientation of the molecule appears 
to be fixed is in the intercalated compounds KgC^ and Cs^^ (13). These 
compounds crystallize in a bec unit cell, space group 7ra3, the preferred cristal
lographie phase for packing icosahedra. The nearest-neighbor separation of 

/ = f 4ΤΓΓ2 sin 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

2

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



2. FLEMING ET A L Crystalline Fullerenes 31 

molecules is nearly the same as in fee, but there are 8 instead of 12 nearest 
neighbors. The body-centered structure allows an ordered structure with six
fold rings on adjacent molecules to face each other with four alkali atoms on 
each face of the cell. NMR measurements of this phase show a broadened line 
characteristic of a stationary molecules. 

An attempt to produce solvent-free C 7 Q crystals by the same sublimation 
procedure described for yielded small crystals with pentagonal faces, 
strongly reminiscent of pseudo-fivefold twins formed in electrodeposition of fee 
Ag at high deposition rates (30). This result may suggest that single crystals of 
fee C 7 0 may be obtained by very slow sublimation. So far, the presence of extra 
diffraction lines in solvent-free powders of C ^ - C ^ mixtures, which can be 
indexed on an fee cell with a larger lattice constant (a = 14.73 (2) Â, with a 
calculated nearest-neighbor distance of 10.415 Â), seems to support the possi
bility of G™ crystallizing on an fee lattice. In addition, a powder obtained by 
subliming C^Q yielded weak scattering that could be indexed by an fee cubic cell. 
The C ? 0 molecule is expected to be elongated by about 19% along one axis 
relative to the molecule, and so the presence of a cubic (rather than tetrag
onal) lattice for C 7 0 implies that the elongated molecule is disordered on the 
lattice. The observed lattice parameter is close to the value derived from the 
expected average dimension of the molecule. 

Pentane Solvates 

Slow diffusion of pentane vapor into benzene solutions of pure or C 7 Q pro
duces well-formed prismatic crystals with an unusual 10-sided columnar habit 
(37), as shown in the scanning electron microscope (SEM) photograph of Fig
ure 3. 1 H NMR spectroscopy of these crystals in CS 2 revealed the presence of 
a stoichiometric amount of rc-pentane (with a <5 mol% impurity of benzene), 
an observation thus suggesting that these crystals can be formulated as 
fullerene · n - C 5 H 1 2 solvates. Precession X-ray photographs indicate full transla-
tional order and show a pseudo-10-fold diffraction symmetry in the plane nor
mal to the columns. Diffraction in the plane containing the column axis shows 
ordering along the columns with a d-spacing of 10.08 (3) and 10.529 (6) Â for 

and C 7 0 , respectively. These correspond to the nearest-neighbor distances 
found in fee and C 7 Q (the cubic [110] direction). 

Although the 10-sided morphology and diffraction symmetry are remin
iscent of features found in decagonal quasicrystalline materials (32, 33), the dif
fraction patterns can be completely indexed on the basis of a primitive mono-
clinic, non-close-packed unit cell together with a twinning operation. Any 
twinned close-packed structure is ruled out by the presence of a diffraction 
peak with a ^-spacing of 15.8 Â for (16.4 Â for C 7 0 ) . In a close-packed 
structure with equivalent nearest-neighbor planes, the lowest order d-spacing 
[e.g., the cubic (111)] would be about 8 Â. A unit cell that is consistent with 
the diffraction data can be formed by shearing every second fee (001) plane of 
the unsolvated cell in a [110] direction, as shown in Figure 4. This shearing 
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32 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 3. An SEM photograph of a pentane-solvated crystal of C^. The wavy 
lines in the photograph are artifacts due to charging of the sample. 

Figure 4. A unit cell that is consistent with the diffraction from pentane-
solvated and C7Q. The cell can be formed by shearing an fee cell along a 
cubic [110] direction. 
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Table I. Lattice Parameters for Pentane-Solvated and G 

Lattice 

Cffl Primitive Monoclinic C7Q Primitive Monoclinic Α-Centered Orthorhombic 

Lattice Obs. Cale. Obs. Cale. C^Obs. C70 Obs. 

a 10.14 (3) 10.08 10.618 (6) 10.53 10.071 10.529 
b 10.08 (3) 10.08 10.529 (6) 10.53 10.138 10.618 
c 16.50 (5) 16.642 17.33 (1) 17.38 31.447 33.019 
β 107.73 (3) 107.63 107.70 (3) 107.63 90 90 

NOTE: Values of a, b, and c are given in angstroms, and β values are given in degrees. 
The numbers in parentheses are the standard error of the mean. 

produces a primitive monoclinic cell with parameters of a = b = D, c = 
1.651D, β = 107.63° (with D the diameter of the fuilerene contact sphere, e.g., 
10.04 A for Cgg). (Further cell reduction of the model gives an A-centered 
orthorhombic cell, but we will continue to refer to the primitive monoclinic 
cell as it is more descriptive of the twinning operations.) The model parame
ters are remarkably close to the observed lattice parameters as obtained from 
twinned crystals on a four-circle diffractometer and summarized in Table I. 
The shearing of the fee packing creates holes in the twinned structure that 
likely accommodate solvent. As there is one hole per two fuilerene molecules 
in the unit cell, each hole should contain two pentane molecules to conform to 
the stoichiometry as determined by solution NMR spectroscopy. 

The observed twinning and crystal morphology can be simulated by using 
the monoclinic unit cell just outlined. Twin domains can be obtained by first 
rotating the unit cell 180° around the α-axis, followed by a rotation around the 
fe-axis of 180° - 2β* = 35.26°, as illustrated in Figure 5. Successive pie-shaped 
domains obtained by this twinning operation can form a shape with nearly reg
ular 10-fold morphology, as shown in Figure 6. The twinning rotates the cell by 
an irrational fraction, so the model predicts that twinned crystals should have a 
break or crack in their structure of 360° - 352.65° = 7.35°. Measurements of 
the ω angles of reflections of different twin domains on a four-circle diffractom
eter indeed reveal such a deviation from perfect 10-fold symmetry, with an 
experimental gap-size of 5°. 

The fact that the observed unit cell and twinning operation in these sol
vates can be simulated so well with a hard-sphere model indicates that the near 
10-fold symmetry of the crystals is probably unrelated to the icosahedral molec
ular symmetry of C^. It is also remarkable that C 7 0 crystallizes in exactly the 
same way as C^, exhibiting an isotropic increase in the lattice parameters 
(4.7%, 4.5%, and 5.0% in a, b, and c, respectively). The observation of an iso
tropic increase of lattice parameters suggests that (at least at room tempera
ture) the nonspherical C 7 Q molecule packs with random orientations, without 
alignment of the elongated axis of the C 7 0 molecule in the crystal. As dis
cussed, the random nature of C 7 0 packing is also observed in unsolvated 
material. 

The formation of solvates-clathrates by the fullerenes is by no means 
limited to pentane as included solvent. In various crystallization attempts 
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34 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 5. Model for the twinning observed in crystals of pentane-solvated 
or Cw 

(including crystallizations from CS2-pentane mixtures and even from pure ben
zene), we have observed crystals with a linear ordering of the fullerene 
molecules similar to that along the a axis in the pentane solvates. However, in 
most of these cases the diffraction patterns of the crystals in the perpendicular 
direction show strong azimuthal smearing of the reflections. This smearing 
may suggest that the monoclinic, sheared fee structure is not unique to the 
pentane solvates, but that only in the pentane solvates does one have alignment 
of the tunnels to give full three-dimensional translational order. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

2

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



2. FLEMING ET AL. Crystalline Fullerenes 35 

Figure 6. A collection of twins (obtained by the operation shown in Figure 5) 
illustrating the formation of a 10-sided crystal 

Crystallization of from a CS2—hexane mixture produced crystals that 
again indicate linear ordering of fullerene spheroids in one direction, but with 
full three-dimensional translational order and sixfold symmetry in the orthogo
nal direction. 1 H NMR measurements indicate that these are crystals of a 
stoichiometric hexane solvate · C 6 H ^ . The X-ray diffraction pattern can 
be indexed on a primitive hexagonal cell with lattice parameters a = 33.651 (4) 
Â and c = 10.177 (2) Â. These cell parameters are identical to those reported 
by Hawkins et al. (34) for crystals grown from pure hexane. Hawkins et al. 
assumed their crystal contained no solvent and attempted a structure determi
nation with 13 CLQ molecules in the cell on the basis of their density measure
ments. Our NMR data indicate that a better description may be obtained with 
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36 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

12 · C 6 H . 4 formula units per unit cell. In the diffraction data, the primi
tive cell is only weakly populated with six peaks at the cubic (111) d-spacing 
quite prominent. This weak population suggests that, like the case of pentane 
incorporation, the hexane solvate might be described by a modification of the 
fee cell to accommodate hexane. However, unlike the pentane solvate, the 
twinning operations are true symmetry operations, resulting in a new unit cell. 

Undoubtably other solvates of and other fullerenes can be prepared. 
A solvate of with cyclohexane has been reported (35) with a 24-A fee cell, 
but a complete structure of this solvate has not been described. Additionally, 
we have observed that pentane diffusion into CS 2 solutions of the fullerenes 
produces crystals of both and C 7 0 with the incorporation of CSL as indi
cated by SEM/EDAX (energy-dispersive X-ray analysis). Unlike pen
tane—benzene, the C$2 solvates have different morphologies for (flattened 
needles) and C ? 0 crystals (stubby prisms). However, both of these crystal types 
suffer from extensive translational disorder and are prone to severe cracking, 
perhaps from loss of incorporated C S r 

Summary 

Despite early difficulties in synthesizing large quantities of fullerenes, these 
molecules have proved to be remarkably robust with surprising and unusual 
physical properties. At this stage, most work has focused on because it is 
available in the largest quantities. C ? 0 is less well studied, and higher molecular 
weight fullerenes have thus far received much less attention. 

Both and C ? 0 crystallize in a variety of habits and form a number of 
solvates, salts, and compounds. Although one can make polycrystalline, unsol-
vated powder by carefully drying solutions of or C-Q, it is very difficult to 
grow unsolvated single crystals from solutions. Large 'single" crystals of 
can be obtained by sublimation. The crystals have a well-defined morphology 
but a large degree of orientational disorder, both static and dynamic. The 
disorder has made a traditional crystal structure of at room temperature 
difficult. Both an ordered model where molecules hop between symmetry 
positions and an orientationally disordered model where molecules are 
represented by spheres give similar refinement errors. True ordered structures 
of have been obtained by stopping the molecular rotation by forming com
pounds (10, 11) or alkali intercalates (12, 13). 

Well-formed, highly ordered, solvated crystals of and C 7 Q can be 
obtained by solution growth (31, 34). For crystals grown from pentane or hex
ane, solution NMR spectroscopy indicates that stoichiometric amounts of sol
vent are incorporated into the structure. For pentane, a twinned crystal with 
pseudo-10-fold symmetry can be indexed with a unit cell derived by shearing an 
fee cell along [110]. The result is tunnels in the structure that can contain sol
vent molecules. Despite the 10-fold nature of the morphology and the diffrac
tion, pentane-solvated fullerenes are not related to decagonal quasicrystals, but 
instead can be fully indexed with a primitive monoclinic, twinned cell. The 
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2. FLEMING ET AL. Crystalline Fullerenes 37 

structure of the hexane solvate is presently unsolved. The dimensions of the 
unit cell and the lack of dense diffraction spots suggest that the unit cell could 
be derived from a modification of the fee cubic cell as in the pentane solvate. 

Pure C 7 Q and solvates of C 7 0 crystallize on the same lattice as under 
the same conditions at ambient temperatures. The elongated C 7 Q molecules 
apparently have random orientations in the lattice so that C 7 Q effectively packs 
as as spherical unit. 
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Chapter 3 

Low-Resolution Single-Crystal X-ray Structure 
of Solvated Fullerenes and Spectroscopy 

and Electronic Structure of Their Monoanions 

Sergiu M. Gorun1, Mark A. Greaney1, Victor W. Day2, Cynthia S. Day2, 
Roger M. Upton3, and Clive E. Briant3 

1Corporate Research Laboratories, Exxon Research and Engineering 
Company, Annandale, NJ 08801 

2Crystalytics Company, P.O. Box 82286, Lincoln, NE 68501 
3Chemical Design, Ltd., 7 West Way, Oxford OX2 0JB, United Kingdom 

Single crystals of solvated C60 exhibiting long-range order were prepared and 
their X-ray structures were solved. Hollow, spheroidal, rigidly refined C60 

molecules are shown to pack in an "expanded" cubic lattice that incor
porates solvent in the octahedral and tetrahedral lattice voids. A less con
strained refinement confirms two types of C—C bonds with lengths close to 
those determined by other methods. Strong near-IR bands of the coulometr-
ically prepared C60- monoanion radical, observed at 917, 995, and 1064 

nm, are assigned to the HOMO-LUMO transition. Raman vibrations of 
the C60- anion radical excited state are tentatively calculated to occur at 652 
and 1507 cm-1. C70- does not exhibit such bands, in agreement with 
theoretical calculations. Electron spin resonance spectra of C60- suggest 
that electron self-exchange occurs at room temperature. 

The recent large-scale preparation of fullerenes (i) triggered an intense 
research effort for their characterization. To date, however, limited informa
tion is available on the structure of underivatized fullerenes. The electronic 
structure of fullerene anions (fullerides) is also of current interest, due, at least 
in part, to their reported superconductive properties (2, 3). 

This chapter reports our preliminary data on the preparation and X-ray 
characterization of single-crystal phases of solvated fullerenes. We also report 
the bulk production of fulleride monoanion radicals; their spectroscopic pro
perties are compared with those predicted by theoretical calculations. 

0097-6156/92/0481-0041$06.00/0 
© 1992 American Chemical Society 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

3

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



42 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Preparation, Spectroscopy, and Electronic Structure 
of C^Q~ and CJQ~ Anions 

Pure fullerenes were prepared as previously described (4). Their spectroscopic 
properties matched those known in literature and, therefore, will not be 
reported again here. Previous reports (4—8) presented the electrochemical 
reduction of fullerenes. Using controlled potential coulometry, we are able to 
produce bulk quantities of fullerene ions. Our experimental setup consists of a 
PAR 173 potentiostat and model 179 digital coulometer. Pt mesh is used as 
the working electrode. Prior to electrolysis, methylene chloride-toluene solu
tions of Cn with or without B^NPIv (supporting electrolyte) showed no elec
tron spin resonance (ESR) signal. The potential was kept at -0.7 V vs. the 
saturated calomel electrode (SCE) (a value shown (4) by previous differential 
pulse polarography experiments to selectively produce C ^ - and C 7 0 ~) until the 
current reached 90% of its limiting value. The bulk reduction process can be 
monitored by ESR and electronic spectroscopy. Anion solutions can be stored 
and transferred at room temperature under an inert atmosphere without 
decomposition. 

The room-temperature ESR spectrum of anion radical is shown in 
Figure la. A sharp signal on top of a broad one is observed, and this observa
tion confirms the production of the radical anions. The depressed g factor of 
the sharp signal, g = 1.9999 (as compared to g = 2.0023 for the free electron), 
suggests spin-orbit coupling expected for triply degenerate HOMO—LUMO 
(highest occupied molecular orbital—lowest unoccupied molecular orbital) pairs 
(see Figure 2b). A Jahn-Teller effect that results in the reduction of the 
degree of orbital degeneracy may also favor spin-orbit coupling. 

The C 7 0 ~ radical ion gives similar spectra, although somewhat more 
anisotropic, with g = 1.9978. We tentatively assign the sharp and the broad 
signal to the electron-exchanging free C ^ - anion and ion-paired (Bu 4 N) + 

C^Q -, respectively. Electron self-exchange is likely to occur easily in these sys
tems because theoretical calculations (9) predict little changes in C - C bond 
lengths of upon addition of one electron. Thus, the Frank—Condon barrier 
for electron transfer should be minimal. Electron self-exchange and ion-pair 
formation resulting in similar spectra are well known for other hydrocarbon 
anions. For example, Figure lb shows the ESR spectrum of the 
naphthalene—naphthalenide anion (potassium salt) radical pair (10). 

Further probing into the electronic structure of the fullerene ions was 
achieved by comparing the electronic spectra of C ^ " and C-Q~ anion radicals 
to those of the parent molecules. The spectra of C ^ and C ^ " anion radical 
(Figure 2a) clearly show strong near-IR bands for the anion radical (molar 
extinction coefficient, in reciprocal mole-liters, in parenthesis) at 917 (4.6 χ 
103), 995 sh (5.1 χ 103), and 1064 (12 χ 103) nm. These bands disappear upon 
electrochemical reoxidation of C ^ " to C ^ and appear again upon reduction. 
This process can be repeated numerous times. No such bands are observed for 
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3. GORUN ET AL* Low-Resolution Single-Crystal X-ray Structure 43 

(a) 100 G 

(b) 4G 

Figure 1. a: Room-temperature ESR spectrum of monoanion radical in 
CHfilf-toluene. b: ESR spectrum of the naphthalene monoanion radical 
(Part a reproduced from reference 19. Part b reproduced from reference 10. 
Copyright 1991 American Chemical Society.) 

C 7 0 ~ . These observations can be explained by examining the and C 7 Q orbi
tal splittings of Figure 2b (11—13). Assuming, in agreement, with theoretical 
calculations, that the Ih symmetry of is not changed upon reduction, then 
the t^u and t^ orbitals of can be used, to the first approximation to 
describe C ^ - , too. Thus, addition of one electron to tlu makes the tlu—t. 
transition possible and electric dipole allowed. If we ignore a (likely smal 
Jahn—Teller distortion, we can use the orbital energies to calculate elec
tronic transitions of C ^ - . 

The wavelengths of the calculated —t^ transition vary as a function of 
computational methods and molecular geometry from approximately 1200 to 
2100 nm (11, 12, 14-16). The strongest observed near-IR band at 1064 nm is 
not far from this range, especially considering the computational uncertainties 
and our approximations. Thus, this strong band could be tentatively assigned 
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to the allowed (0-0) t^-^ transition. The absorptions at 917 and 995 nm 
might be due to a combination of two phenomena: (1) a Jahn-Teller mechan
ism lifts the degeneracy of the triply degenerate t orbitals, and (2) vibrational 
levels within the excited state of C™"" radical anion are well separated. In 
either case, the orbital or vibrational level splittings are 0.187 and 0.081 eV. 
These values correspond to 1507 and 652 cm , respectively. 

However, if we assume that vibronic coupling occurs, group theory helps 
in the interpretation of the near-IR spectrum of C ^ - . Assuming again tlu and 
f- symmetry for C ^ " radical anion HOMO and LUMO, respectively, and 
using the symmetries of the fundamental vibrations of Ih molecules, it can be 
shown that transitions between vibronically coupled electronic—IR levels are 
symmetry-forbidden, but their Raman counterparts are allowed. Experimen
tally (77), Raman bands are observed inter alia at 1470, 1575, 496, and 710 
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3. GORUN ET AL. Low-Resolution Single-Crystal X-ray Structure 45 

"60 

9 
tlu - 4- -

4*· 4+ -H 4* 4f h-

Huckel 

C70 

SCF-HF 
Energy 
(cm-1) 

— e\ (7017) 
a\ (1316) 

LUMO 
HOMO 

H H 4t 
M l i M L 

— a", (-1974) 
4- — e", (-4168) 

4t Ή" -H-e"i+a"2 (-61,204) 

4j- . . «'2 

4 

F/gwre 26: HOMO-LUMO orbitals for and C 7 ( ? ~ radical anions 
assuming no Jahn—Teller effect. For C?0 the Hûckel and SCF—HF results are 
shown. Energies, in reciprocal centimeters, are given only for the SCF—HF 
case. (Adapted from references 11-13). 

cm - 1 . Using these values and setting the 1064-nm near-IR band as the refer
ence point, we calculate that (0-n) vibronic transitions should be observed at 
920, 911, 1011, and 989 nm. The first two calculated wavelengths are within 
experimental error of the observed 917-nm band; the last two are close to the 
observed 995-nm band. We can, therefore, tentatively assign the 917- and 995-
bands to (0-n) t^—t^ transitions. 

Because we assumed little geometrical change in C ^ - vs. C^, the 
observation of Raman bands for excited C ^ " radical anion close to those 
found in is to be expected. This self-consistency does not prove the tenta
tive assignments, but the agreement may not be fortuitous. Indeed, irradiation 
of matrix-trapped fullerene at 77 Κ also results in the production of anions 
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46 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

(18). The reported near-IR spectra independently seem to confirm our assign
ments, but the spectral interpretation is complicated by the potential presence 
of anions with different charges, trapped electrons, and dimer radical anions. 
Further details are published elsewhere (19). 

Using the self-consistent field, Hartree-Fock (SCF-HF) derived orbital 
energies of Figure 2b, we calculate the H O M O - L U M O transition for C 7 0 ~ 
radical anion to occur in the IR at approximately 2200 c m - 1 . Preliminary 
experiments failed to detect new IR bands in solutions of C 7 0 ~ radical anion. 
According to group theory, this transition should be strongly plane (xy) polar
ized if C 7 0 ~ retains the C 7 Q symmetry. 

X-ray Studies on the Structure of Solvated C60 

Cubic Data-Set Refinement. We previously reported (4) the low-
resolution single-crystal X-ray crystal structure of the first fullerene solvate, 
C ^ - C ^ * cyclohexane. Single crystals of cyclohexane solvates obtained from 
purified extracts were also reported to be quasi-isomorphous with those 
containing C^p-C 7 0 mixtures: a = 28.144 (15) vs. 28.216 (9) Â in the cubic 
space group Fm3m at 25 °C. The crystals were of reasonably good quality and 
exhibited long-range order. 

The structure of solvated pure is now solved and refined in the 
cubic system by using computer modeling and, initially, theoretically obtained 

coordinates (Newton, M . D., Brookhaven National Laboratories, personal 
communication). Οω molecules, treated as rigid bodies, were placed at various 
sites in the cubic lattice, and refinement was attempted. The only convergent 
solution was obtained when the fullerenes were placed at [0, 0, 0] and [0.500, 0, 
0]. Upon refinement, the positional parameters of the C^Q placed at [0.500, 0, 
0] (the origin defining was fixed) shifted slightly to [0.504 (4), 0.038 (3), 
0.005 (2)] and thus confirmed the solution and modeling studies. Common 
variable isotropic thermal parameters assigned to atoms belonging to the same 
C U molecule refined to 3 (1) and 9 (1) A 2 for the at [0, 0, 0] and [0.504 
(4), 0.038 (3), 0.005 (2)], respectively. Interestingly, additional observed disor
dered carbon peaks in difference Fourier maps define spherical electron-
density-free voids around the [0.25, 0.25, 0.25] and [0.75, 0.25, 0.25] positions 
with approximately 6-Â diameters, in accord with the modeling studies that 
indicated the possibility of at these positions. The final refinement of 14 
variables (one scale factor, three rotational and one thermal parameter for 
each of the two independent C ^ s ; three translational parameters for the 
nonorigin C ^ ; one common occupancy factor; and one thermal parameter for 
the additional disordered atoms) using 106 observed unique reflections with 
intensities / > 3σ(Ι) (σ(Γ) is the estimated standard deviation of I) resulted in 
discrepancy factors Λ 1 and R2 of 0.109 and 0.093, respectively. Further details 
of the refinement are published elsewhere (20). A good model for the disor
dered cyclohexane molecules could not be found. Partial occupancy by CLQ of 
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3. GORUNETAL. Low-Resolution Single-Crystal X-ray Structure 47 

the [0.25, 0.25, 0.25] and [0.75, 0.25, 0.25] sites resulted in the formation of 
channels along the sides of the unit cell. These channels, having a 7.1-Â diam
eter, can accommodate cyclohexane molecules, which have approximately 7-Â 
van der Waals diameter for spherical disorder. 

Figure 3 shows the crystal-packing environment of CUj. The small 
spheres represent the sites for the cyclohexane molecules. Fulloccupancy by 

of all available sites led to the formation of octahedral and tetrahedral 
voids. Figures 4a and 4b show the fit of a single cyclohexane in these spaces, 
respectively. Graphical manipulations of the solvent in the octahedral voids 
resulted in a preferential orientation for the cyclohexane, but this model could 
not be confirmed crystallographically, perhaps because the energy differences 
are small compared to kT. 

The closest nonbonding contacts, 12.218 Â, are significantly longer 
than the approximately 10.7-Â van der Waals radius of C ^ . These larger 
separations seem to be solvent-induced and quasi-independent of the size of 
the fullerenes. Indeed, inclusion of a C 7 0 molecule in the model based on the 
theoretically obtained atomic coordinates (Raghavachari, K., AT&T Bell 
Laboratories, personal communication) (see Figure 5) does not disrupt the 
network, as evidenced by the isomorphism observed previously for the C ^ - C ^ Q 
crystals. 

Interestingly, this work demonstrates that the solvent-free cubic 
structure can be "expanded" in a solvated cubic structure by incorporation of 
spherically disordered solvent molecules. This expansion shifts the ful
lerenes apart isotropically. The critical temperature (T) of the recently 
discovered C^-based superconductors might be a function of the C ^ — d i s 
tances in the crystalline lattice (2, 5), and this distance should be regulated by 
the size of other ions present in the tetrahedral and octahedral spaces of the 
cubic lattice. Thus, the discovery that expanded structures form single crystals 
exhibiting reasonable long-range order might be exploited in the design of new 
materials. 

C—C Bond Length Refinement in C^ 0. Because moieties were suc
cessfully refined as rigid bodies in cyclohexane solvates of pure and mixed 
C^-CJQ, it was decided to attempt refinement for the two types o f C - C bonds 
believed to be present in nonderivatized (21). The data set for solvated 
C^Q crystals was chosen for this study because C 7 0 molecules were not present 
and the disordering possibilities in the lattice were therefore fewer. The 106 
independent cubic reflections for solvated with I > 3σ(Γ) were expanded to 
a triclinic set of 1679 reflections with I > 3σ(ί). This data set was used to 
refine two independent units (one at [0, 0, 0] and the other at [0.500, 0, 0]) 
as rigid bodies and to locate 278 partial-occupancy disordered carbon atoms 
with procedures similar to those described previously with the 106 unique cubic 
reflections. Program limitations of 400 independent atoms prevented the inclu
sion of more disordered atoms. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, O.C. 20036 
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48 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

During this refinement, the center of gravity of the first C™ was fixed at 
the origin, and that of the second was refined to [0.513, (L044, —0.008]. 
Starting with this model (two idealized rigid-body molecules and 278 fixed 
partial-occupancy carbon atoms), the positions for carbon atoms of the first 

molecule were then allowed to vary in cycles of constrained least-squares 
refinement in which the hexagon-hexagon (B-C in Figure 6) and 
hexagon-pentagon ( A - B in Figure 6) C - C bonds were tied to two indepen
dent free variables. The second molecule was refined as a rigid body with 
idealized geometry. Next, the positions for carbon atoms of the second 
molecule were allowed to vary, and its two types of C—C bonds were again tied 
to two independent free variables. The first was refined as an idealized 
rigid body. This alternate refinement was repeated until self-consistency was 
achieved, that is, the bond-length variations were less than 1 estimated standard 
deviation. For both C^Q units, the hexagon—hexagon connecting C - C bonds 
refined to smaller values than the hexagon-pentagon connecting C—C bonds 
(1.43 (2) vs. 1.53 (1) Â and 1.45 (2) vs. 1.50 (2) Â for the first and second C ^ 
units, respectively). The average values for these bonds are shown in Table I 
and compared to values determined via other techniques. 

The hexagon—hexagon and hexagon—pentagon connecting bonds for the 
two independently refined C^s show good internal agreement. Their average, 
1.44 (2) and 1.51 (2) Â, are only slightly longer than their counterparts that 
result from theoretical calculations, NMR, and EXAFS (extended X-ray 
absorption fine structure) measurements. They are, however, longer than their 
counterparts in osmylated and platinated C ^ . Thus, because different C—C 
bond lengths were resolved for both independent C^s, and their relative 
lengths agree with other literature data, the presence of lattice solvent may 
decrease the rotational disorder of C ^ to the point that attempts to model it 
might be successful. 

Our refinement results are reasonably consistent with data obtained via 
other techniques on underivatized C ^ and single-crystal X-ray results of deriva-
tized (metalated) C ^ . Solvated C ^ crystals were initially claimed to lack long-
range order (28) but, very recently, another aliphatic solvent, pentane, was 
shown to yield ordered C ^ solvates (29). Furthermore, the room-temperature 
refinement of an unsolvated C ^ structure yielded "unphysical bond distances" 
(30), and solid-state structures of solvent-free C™ were found to vary as a func
tion of conditions of crystallization (31). The aforementioned crystallographic 
and modeling results combined with the observation of an unusually high (249 
K) ordering transition temperature for pure C ^ (32) lead us to postulate that 
even weak solvent—solute (C^) interactions might be responsible for increased 
room-temperature C™ ordering. Nonplanar, nonaromatic solvents seem to 
favor higher degrees of crystallinity. The absolute value of our C - C bonds may 
not be accurate, but higher accuracy may result upon inclusion of all the atoms 
in the refinement and/or collecting X-ray data at lower temperatures. 
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3. GORUN ET AL. Low-Resolution Single-Crystal X-ray Structure 49 

Figure 3. Modeling studies of the crystal-packing environment of C^ in the 
cubic lattice. Large spheres: C^; small spheres: center of gravity of cyclohex
ane molecules. 
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Figure 4. Modeling of cyclohexane fit in the (a) octahedral and (b) tetrahedral 
voids of CfiQ cubic lattice. 

Figure 5. Model of C70 fitted in the cubic lattice. 
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3. G O R U N E T A L . Low-Resolution Single-Crystal X-ray Structure 51 

Figure 6. The unique portion of the skeleton showing the labeling scheme 
used in Table L 

Table I. Bond Lengths (Angstroms) in Compounds 

Compound BC° Method Ref. 

C^-cyclohexane USl (2) 1.44 (2) X-ray this work 
1.45 (2) 1.40 (2) N M R 22 
1.42(1) 1.42(1) EXAFS 27 

C^-osmylated 1.432 (5) 1.388 (9) X-ray 23 
C^-Pt derivative 1.45 (3) 1.39 (3) X-ray 24 

9» 1.36-1.45 1.34-1.38 theor. calc. 25,26 

NOTE: The numbers in parentheses are the estimated standard 
deviations of the last digit 
"Bonds are shown in Figure 6. 

Conclusions 

In conclusion, single crystals of C^-C™ and C ^ " solvates exhibiting long-
range order allowed us to demonstrate trie hollow, convex shape of via X-
ray techniques. Modeling the rotational disorder has allowed refinement of 
two different C—C bond lengths for two independent molecules in C 7 0 free 
crystals, thus confirming the truncated icosahedral arrangement of the carbon 
atoms. Both C ^ " and C70"~ radical monoanions have been prepared in bulk 
quantities by coulometry. ESR spectra of C U T suggest that facile electron 
self-exchange occurs at room temperature. Electronic spectroscopy of the 
anions reveal strong H O M O - L U M O transitions for C ^ - but not for C 7 Q ~ in 
the near-IR region. For the C ^ - radical anion, Raman vibration frequencies 
might be derived from the electronic near-IR spectrum. These results are in 
agreement with and confirm theoretical calculations. 

Acknowledgments 

We thank D. M . Cox, K. Creegan, R. D. Sherwood, and P. A. Tindall for a gen
erous gift of fullerenes. M . Newton and K. Raghavachari are acknowledged for 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

3

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



52 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

providing the calculated coordinates of and C™, respectively. G. George, 
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Chapter 4 

Solid C60: Structure, Bonding, Defects, 
and Intercalation 

John E. Fischer1,2, Paul A. Heiney1,3, David E. Luzzi1,2, and David E. Cox4 

1Laboratory for Research on the Structure of Matter, 
2Materials Science Department, and 3Physics Department, 
University of Pennsylvania, Philadelphia, PA 19104-6272 

4Physics Department, Brookhaven National Laboratory, Upton NY 11973 

In this chapter, we review our X-ray and electron diffraction studies of pris
tine solid fullerite and the binary compounds obtained by doping to satura
tion with potassium, rubidium, or cesium. We describe an efficient and phy
sically appealing method to model the high-temperature plastic crystal phase 
of solid C60. A crystallographic analysis of the low-temperature orientation-
ally ordered phase is presented. A native stacking defect is identified by elec
tron diffraction, and its influence on powder X-ray profiles is explained. The 
compressibility of fullerite is consistent with van der Waals intermolecular 
bonding. Saturation doping with alkali metals leads to a composition 
M6C60 (M is K, Rb, or Cs) and a transition of the C60 sublattice from face
-centered cubic to body-centered cubic (fcc to bcc). 

The recent discovery (1) of an efficient synthesis of C ^ (buckminsterfullerene) 
has facilitated the study of a new class of molecular crystals (fullerites) based 
on these molecules (fullerenes). Solid C ^ can be doped, or intercalated, with 
alkali metals, and the intercalated compounds show impressive values of electri
cal conductivity at 300 Κ (2) and superconductivity below 30 Κ (3-5). 
Atomic-resolution imaging, diffraction, and scattering techniques are being 
widely employed to study the structure, dynamics, bonding, and defects in this 
growing family of exciting new materials. The purpose of this chapter is to 
review the results obtained by the University of Pennsylvania—Brookhaven col
laboration using X-ray and electron diffraction. 

C6Q: A Plastic Crystal 

The first X-ray powder diffraction profile of solid C ^ was analyzed in terms of 
a faulted hexagonal close-packed (hep) lattice ^2), consistent with ideal 

0097-6156/92/0481-0055S06.00/0 
© 1992 American Chemical Society 
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56 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

0.0 1.0 2.0 3.0 4.0 5.0 
Q (A" 1) 

Figure 1. X-ray diffraction from pure powder at 300 Κ At this tempera
ture there is no intermolecular orientational order, and the Bravais lattice is 
face-centered cubic. The smooth curve is the square of the zero-order spherical 
Bessel function, which represents the molecular form factor of a 3.53-A radius 
shell of charge. (Adapted from ref. 9.) 

packing of spherical molecules and weak second-neighbor intermolecular 
interactions. A single-crystal study at 300 Κ showed (6) that the molecules are 
actually centered on sites of a rather perfect face-centered cubic Bravais lattice 
(fee), but with a high degree of rotational disorder. The center-to-center dis
tance between neighboring molecules was determined (3) to be 10.0 Â, con
sistent with a van der Waals (VDW) separation of 2.9 Â and a diameter of 
7.1 Â. Nuclear magnetic resonance spectroscopy clearly indicated the existence 
of dynamical disorder (presumably free rotation) that decreased with decreasing 
temperature (7, 8). 

The data curve in Figure 1 is an X-ray powder profile of chromato-
graphically pure, solvent-free C ^ , taken with moderate resolution in a 
Debye—Scherrer (capillary) configuration (9). All the reflections can be 
indexed on an fee cell with a = 14.12 Â, except for a weak broad feature super
posed on the first strong reflection (described later). The first three reflections 
(111, 220, and 311) are observed to have comparable intensities, but there is no 
detectable 200 intensity (expected near 0.9 Â" 1 ) . This finding is quite unusual 
for fee Bravais lattices, but can be understood in terms of the peculiar X-ray 
form factor of orientationally averaged molecules. 

The NMR spectroscopic results show that the molecules are freely rotat
ing at room temperature, so the ensemble-averaged charge density of each 
molecule is just a spherical shell. The Fourier transform of a uniform shell of 
radius RQ is jJQRJ = sinfQR^/QR, where jQ is the zero-order spherical 
Bessel function and Q = 4π sin Θ/Χ. The smooth, oscillatory curve in Figure 1 
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4. FISCHER ET AL. Solid C6(j Structure, Bonding, Defects, and Intercalation 57 

is a plot of this molecular form factor with RQ = 3.53 A. This function has 
zeroes at values of Q corresponding to the expected hOO Bragg peaks with h 
even. Al l of the observed Bragg peaks occur within the "lobes" of the molecu
lar form factor. As a consequence, the relative Bragg intensities are very sensi
tive to the combination of molecular radius and lattice constant. 

A least-squares fit based on this model gives excellent agreement, indi
cating that the molecules exhibit little or no orientational order at 300 Κ 
(9). As probed by X-rays, the disorder could in principle be dynamic or static; 
the molecules could be spinning rapidly, as inferred from NMR spectroscopy 
(4, 5), or their icosahedral symmetry axes could exhibit no site-to-site orienta
tional correlations. Either conjecture is consistent with the fact that a single-
crystal refinement at 300 Κ fails to localize the polar and azimuthal angles of 
individual C atoms (6). The absence of detectable 200 intensity (and, indeed, of 
any hOO peaks with h even) is entirely due to the fact that jJQRJ has minima 
at the corresponding Q values when R = 3.5 Â and a = 14.12 A. 

An equally good fit to the 300-K profile can be obtained with a standard 
analysis based on an ad hoc space group that distributes the charge of 60 C 
atoms over 120 or 240 sites and incorporates sizable thermal disorder. The 
spherical shell approach has two advantages: fewer adjustable parameters and 
straightforward extension to orientationally ordered phases by including higher 
terms in a spherical harmonic expansion. The latter feature may be of great 
help in eventually reconciling temperature-dependent order parameters derived 
from NMR spectroscopic and diffraction data. Neutron scattering promises to 
provide additional information about the structure and dynamics of the plastic 
crystal phase of (10—12). 

A Native Defect in Solid C60 

The origin of an anomalous powder diffraction feature has been established by 
transmission electron diffraction (13). This feature is consistently observed to 
some extent in powder profiles from solution-grown and sublimed samples, 
independent of temperature and hydrostatic pressure. Its rather large intensity 
in the very first samples of solid apparently prompted the original hep 
indexing (1). Figure 2 shows part of a high-resolution powder profile. The 
sharp peak at Q = 0.771 A - 1 is the fee 111 Bragg reflection. The enlarged 
curve clearly shows that the diffuse feature (if deconvoluted from the Bragg 
peak and the finite resolution) is sawtooth-shaped with a leading edge at about 
0.72 A " 1 as indicated by the arrow. The leading edge could be indexed as the 
100 reflection of a hexagonal close-packed lattice. With a (hep) = 10.02 Â and 
c(hcp) = 16.36 A, then Q(100) = 0.724 Â" 1 , the fee 111 becomes the hep 002, 
and the trailing edge of the sawtooth is the stacking fault-broadened hep 101 
(0.818 A " 1 without faulting). Transmission electron microscopic (TEM) 
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58 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

0 . 6 0 . 7 0 . 8 0 . 9 
Q=2TT/d (A *) 

Figure 2. Expanded view of the fee 111 reflection in pure showing super
position of the sharp Bragg peak on a sawtooth-shaped "diffuse" peak. The 
leading edge of the sawtooth corresponds to the fee d-value 2/3, 2/3, 4/3 (see 
text). 

analysis establishes that the sawtooth arises from powder-averaged rods of 
scattering that are most likely associated with growth defects. 

Figure 3 shows a series of electron diffraction patterns recorded from 
crystals sublimed directly onto amorphous carbon-coated grids. The 

sequence is for a [110] tilt axis, running from a [111] zone axis (Figure 3a), 
through intermediate tilt angles (Figures 3b-3d), ending with a [110] zone axis 
(Figure 3e). The 220 reflections are strong, but the 111 reflections are fairly 
weak, a result that is inconsistent with the X-ray (powder-averaged) results. 
This finding indicates that the X-ray results are streaked such that the [110] 
zone axis pattern intersects only a portion of the total intensity. The [111] 
zone axis pattern in Figure 3a exhibits the expected overall threefold symmetry. 
The strong reflections (large arrow) correspond to an interplanar spacing of 
5.02 Λ; therefore, they are 220 reflections. These lie closest to the transmitted 
beam spot, as expected for a normal fee [111] pattern. _ 

However, three other sets of reflections exist along < 224 > directions 
(small arrows). These occur at Q = 0.72 Â" 1 , the same value as the leading 
edge of the sawtooth. With fee indexing, this set corresponds to a Miller index 
of 2/3, 2/3, 4/3. These extra reflections persist at intermediate tilt angles (Fig
ures 3b—3d), although their positions within the pattern vary systematically 
with tilt angle. As a guide to the eye, the expected positions of the 
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4. FISCHER ET AL» Solid C6(f Structure, Bonding, Defects, and Intercalation 59 

Figure 3. Electron diffraction patterns of C ̂ sublimed on holey carbon, 
recorded by tilting the crystal around the [110] tilt axis. Photos a—e 
correspond to tilt angles a away from [111] where a = 0, 10, 20, 30, and 
35.3°, respectively. The extra reflections A and Β undergo systematic displace
ments beginning in 2/3, 2/3, 4/3 positions in the [111] zone axis pattern (a) and 
moving horizontally in the photos to the [111]-type positions (A-type) or disap
pearing prior to reaching the 002 positions (B-type) in the [110] zone axis pat
tern (e). This behavior is consistent with [111] rods of diffuse scattering run
ning through the 111 reflection. 
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111 reflections in the [110] pattern and the 2/3, 2/3, 4/3 reflections in the [111] 
pattern are marked by χ and + symbols, respectively. The reflections marked 
" A " move radially away from the transmitted beam spot with increasing tilt, 
whereas the reflections marked " B " move on a line between the "+" and " x " 
positions. In contrast to the continuous scattering vector variation of "2/3, 2/3, 
4/3" reflections around the [111] zone axis, the 220 reflections that do not lie 
on the tilt axis behave normally, that is, they disappear abruptly as the crystal is 
tilted. 

The behavior of the " A " and U B " spots indicates that these are not 
discrete reflections, but are due to streaks, or rods, of intensity through the 
reciprocal lattice. As the positions of these spots change with crystal tilt, their 
distance from the transmitted beam spot also changes. By analyzing in detail 
the variation in d-spacing with tilt angle for " A " and " B " spots, we established 
that the rods pass through (111) reciprocal lattice points parallel to [111] but 
not other equivalent directions, where [111] is the slow-growing crystal direc
tion normal to the substrate. The closest approach of such a rod to the origin 
of reciprocal space is the point at which the rod is perpendicular to a line from 
the origin, namely (2/3, 2/3, 4/3), Q = 0.726 Â" 1 , d = 8.646 Â. This result 
corresponds exactly to the leading edge of the sawtooth, which can now be 
understood as a variant of the well-known Warren line shape (14), modified on 
the high-g side by the spherical form factor. 

These unusual diffuse rods imply planar defects parallel to only one set 
of equivalent close-packed (111) planes. Random formation of classic hep-type 
stacking faults in an fee lattice would produce rods along all four equivalent 
< 111 > directions through each 111 reflection, not a single rod roughly per
pendicular to the substrate. If growth occurs via layer-by-layer accumulation of 
single molecules on an initial close-packed layer, then there will be little driving 
force for a single fullerene to choose a Β site versus a C site on an A-type 
layer. Layer-by-layer growth also implies that [111] will be a slow-growth direc
tion, consistent with our observation of platelike grains with (111) faces paral
lel to the substrate. 

We conclude that we are observing ..ABAB... faulting along a single 
[111] direction in an . . .ABCABC. sequence of close-packed planes. 
Krâtschmer et al. (1) considered the converse case, namely ...ABC... faulting 
along the unique hexagonal [001] axis, for which reflections with indices h — k 
= 3n ± 1 and / Φ 0 are broadened by an amount governed by the fault density. 
The other standard case, random ..ABAB.. faults along all four cubic < 111 > 
axes, results in the 111 remaining sharp, while reflections like 220, 311, etc., are 
broadened. Here we propose that faulting occurs only along a single < 111 > 
normal to the substrate, and it is straightforward to show that reflections whose 
indices satisfy 2h - k - I = 3n (n is an integer) should now be broadened. The 
stacking fault density in Figures 1 and 2 is apparently too small to reveal the 
consequences of this effect. We prepared a number of thin-film samples under 
a variety of sublimation conditions, some of which show large sawtooth ampli
tudes and large discrepancies in relative intensities that are not attributable to 
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4. FISCHER ET A L Solid C6(f Structure, Bonding, Defects, and Intercalation 61 

preferred orientation. A simplified analysis assuming a large density of faults 
along a single < 111 > direction gives qualitative agreement with the data. 

There is clearly plenty of scope for additional work on defects in ful-
lerenes. This work will be particularly important for the doped phases, in the 
context of optimizing the electronic and superconducting properties. 

Orientationally Ordered C60 

Figure 4 compares high-resolution powder diffraction profiles of measured 
at 300 and 11 Κ (same sample as Figures 1 and 2) (75). Compared to the 300-
K fee phase, the 11-K lattice constant has decreased by 0.13 A, and many new 
peaks have appeared. These can all be indexed as simple cubic (sc) reflections 
with mixed odd and even indices, that is, forbidden fee reflections. The crystal 
has therefore undergone a transition to a simple cubic structure, but the cube 
edge has not changed appreciably, so the basis must still consist of four 
molecules per unit cell, equivalent at high temperature but inequivalent at low 
temperature. Detailed measurements of the temperature-dependent integrated 
intensity of the sc 451 reflection reveal a weakly first-order transition at 249 K, 
which is also clearly observed in differential scanning calorimetry (75). These 
findings are all consistent with an orientational ordering transition, as con
firmed by temperature-dependent NMR spectroscopy (26). 

The 11-K profile is well-described by a standard crystallographic analysis 
based on orientationally ordered undistorted molecules (space group Pa3) (77) 
with some residual orientational disorder. Alternative assumptions that also 
remove the equivalence (displacements away from fee Bravais lattice sites, qua-
drupolar molecular distortions into a "football" shape) gave poor results. The 
low-temperature sc lattice imposes severe constraints on possible models, 
because the equivalence of the x, y, and ζ axes and the corresponding molecular 
threefold axes must be maintained. 

The model is constructed as follows. Four molecules, centered on fee 
Bravais lattice sites, are oriented such that one of the 10 threefold icosahedral 
axes (normal to the pseudo-hexagonal faces) is aligned with one of the four 
< 111 > directions, and three mutually orthogonal twofold molecular axes are 
aligned with < 100 > directions. It follows that three other threefold axes are 
also aligned with the three remaining < 111 > axes. At this point there are no 
remaining rotational degrees of freedom; all molecules are equivalent and the 
structure is still fee. The equivalence is now broken by rotating the four 
molecules through the same angle Γ but_about different _< 111 > axes. The 
specific rotation axes in Pa3 are [111], [111], [111] and [111] for the molecules 
centered at (0, 0, 0), (1/2, 1/2, 0), (1/2, 0, 1/2), and (0, 1/2, 1/2), respectively. 
The best fit to the 11-K profile is shown by the solid curve in Figure 5 (dots are 
data points). The optimized C positions correspond to Γ = 26°. This is the 
same crystal structure as that of solid hydrogen, except that the degree of free
dom represented by Γ is unnecessary for the cylindrical molecular symmetry of 
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5000 

4 . 3 

Figure 4. Portions of pure Οω X-ray powder ρηβ€5 at 11 Κ (top curve) and 
300 Κ (bottom curve), showing the onset of orientational order at low tempera
ture. All reflections in the 300-K profile obey the fee selection rule: h, k, and I 
eitlxer all odd or all even. New peaks with mixed odd and even indices appear 
in the 11-K profile, indicating that the four molecules per cube are no longer 
equivalent. (Adapted from ref. 15.) 

37 41 
TWO-THETA 

Figure 5. Least-squares fit to the 11-K data in Figure 4, based on a model of 
orientationally ordered molecules in space group Pa3. (Reproduced with per
mission from reference 17. Copyright 1991.) 

H^. Space group Pn3 is also compatible with icosahedral molecules oriented 
with respect to cubic axes; this condition gives a different set of rotation axes 
and a distinctly poorer fit. In particular, the presence of the 610 reflection is in 
disagreement with the systematic absences in space group Pn3. Low-
temperature neutron diffraction data are also well-represented by the Pa3 struc
ture (12). 

An orientational ordering transition temperature, Tc = 249 K, is unusu
ally high compared with, for example, the value of 20.4 Κ measured for C D 4 
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(18). However, is a much larger molecule, with a rotational inertia several 
orders of magnitude larger than that of C D 4 . Consequently, its motion will be 
much closer to the classical limit, and quantum tunneling will be substantially 
suppressed. Furthermore, the large number of equivalent orientations of a sin
gle fullerene molecule implies that the decrease in entropy per molecule from 
free rotation to fixed orientation is relatively small and results in an increased 
value of Τ . The temperature dependence of the rotational diffusion coefficient 
obtained from molecular dynamics simulations implies TQ = 160 Κ (19). 

Compressibility and Intermodular Bonding 

The nature of intermolecular bonding is of considerable interest, both in its 
own right and as a clue to the electronic properties of fullerites and their 
derivatives. One expects a priori that the bonding will consist primarily of van 
der Waals interactions, analogous to interlayer bonding in graphite. Isothermal 
compressibility is a sensitive probe of interatomic-intermolecular bonding in 
all forms of condensed matter. We performed such an experiment on pure 
solid CgQ, using standard diamond anvil techniques and powder X-ray diffrac
tion (9). The three strongest peaks (111, 220, and 3 1 1 ) were recorded at 0 and 
1.2 GPa and fitted to the predicted values for an fee lattice with a as an adju
stable parameter. We found that a decreased by 0.4 Â in this pressure range. 
Assuming no change in molecular radius, this decrease corresponds to a reduc
tion in intermolecular spacing from 2.9 to 2.5 Â . 

The α-axis compressibility, -d(ln a)/âP, is 2.3 χ 1 0 ~ 1 2 cm2/dyne, essen
tially the same as the interlayer compressibility -d(ln c)/6P of graphite. Isoth
ermal volume compressibilities, -l/F(dF/dP) are 6.9, 2.7, and 0 .18 χ 1 0 ~ 1 2 

cm2/dyne for solid CLQ, graphite, and diamond, respectively. (V is volume; Ρ is 
pressure.) Clearly, iullerite is the softest all-carbon solid currently known. 
Another measurement at higher pressure shows that the compressibility 
decreases with increasing pressure, as expected (20). The dynamic range in 
both experiments was insufficient to reveal a possible onset of weak sc reflec
tions with increasing pressure; one expects in principle that orientational freez
ing will occur at 3 0 0 Κ and elevated pressure. A full (temperature and pres
sure) study of C ^ might help to identify the microscopic details of rotational 
dynamics. 

At atmospheric pressure, the 2 . 9 - Â van der Waals carbon diameter in 
solid C ^ is considerably less than the 3 . 3 - Â value characteristic of planar 
aromatic molecules and graphite. The observation of different diameters yet 
similar linear compressibilities between van der Waals-bonded planes can be 
explained qualitatively as follows. Intermolecular or interlayer separations in 
CgQ and graphite, respectively, are determined by the balance between attractive 
and repulsive energies, and the corresponding compressibilities are defined by 
gradients of these energies. It is easy to show that the number of bonds per 
unit area parallel to a close-packed layer is at least 7 times smaller in C ^ than 
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in graphite. This disparity implies a large difference in total energies of the 
two solids, but does not directly account for the smaller spacing; if the close-
packed layers were very stiff, the equilibrium spacing would be independent of 
bonds or area. However, the nature of the bonds is qualitatively different. The 
lobes of pz charge in fullerene are normal to the spherical surface and probably 
remain nearly so in the solid. This condition permits a closer approach of 
neighboring C^s compared to graphite because the lobes extending into the 
intermolecular gap are "splayed out" with respect to a normal to the close-
packed plane, rather than strictly normal to the plane as in graphite. Simple 
trigonometry shows that this effect alone can account for more than half the 
reduction in intermolecular spacing. 

Alkali-Intercalated C60 

It has been shown (2) that MJC^ (where M is an alkali metal) is metallic at 
300 Κ over some range of x. Superconductivity occurs when χ = 3 (5, 21), with 
onset temperatures of 18 and 29 Κ for Μ = Κ and Rb, respectively (3-5). 
These dramatic observations give further impetus to structural studies of doped 
fullerites. The rapidly growing literature on M ^ C ^ underscores the urgent 
need for detailed theoretical and experimental studies of the binary phase 
equilibria. 

The design of our initial experiment (22) followed naturally from previ
ous work on other guest-host systems [intercalated graphite (23), doped poly
mers (24)]. X-ray powder profiles were measured from equilibrium composi
tions of Οω doped to saturation with K, Rb, and Cs. Profiles that could be 
indexed as single phase were obtained by reacting pure, solvent-free, low-
residue powders (correlation length >1500 Â) with alkali vapor in evacu
ated glass tubes into which a large excess of alkali metal had been distilled, at 
temperatures on the order of 200-225 °C for at least 24 h. A gradient of 2-5 
°C was maintained to avoid condensing metal onto the C ^ . Shorter times or 
lower temperatures resulted in detectable amounts of unreacted C ^ . Only a 
single "doped" phase was observed in all these experiments, either as a pure 
phase or in combination with the undoped fee structure described earlier. 

Figure 6 shows the 300-K powder diffractogram (dots) and a Rietfeld 
refinement (solid curve) for doped to saturation with Cs. Similar profiles 
are obtained with Κ and Rb doping. Al l reflections can be indexed on a body-
centered cubic lattice, with a = 11.79 Â; the corresponding values for Κ and Rb 
doping are 11.39 and 11.52 Â, respectively. Saturation doping therefore 
induces a significant rearrangement of C ^ molecules with respect to the pure 
C ^ fee structure. The peak widths are not resolution-limited; the coherence 
length is 450 Λ, about 1/3 the initial value. Diffuse scattering is not detectable 
from the sample. 

An integrated intensity R factor of 4.3% is obtained for the refinement 
shown (space group Im3). All C—C distances were constrained to be equal, 
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Figure 6. X-ray powder diffraction profile of Cs-doped (dots, λ = 0.9617 
A) and a Rietfeld refinement in space group Im3 (solid curve, lower panel 
shows data model). The bcc lattice constant is 11.79 A, and the intensity R 
factor is 4.3%. 

yielding a value 1.44 Â for this distance, slightly greater than the weighted 
mean of the NMR-determined values in pure (25). The R factor was not 
significantly improved by allowing two different bond lengths, or by an uncon
strained refinement of all eight C positional parameters. Isotropic 
Debye—Waller factors yielded rms thermal amplitudes of 0.018 and 0.039 Â 2 for 
C and Cs, respectively. What is most significant is that the molecules in 
the saturation-doped phases exhibit complete orientational order; that is, all 
molecules have the same orientation with respect to the crystal axes. Doping-
induced orientational "freezing" could be a consequence of the electrostatic 
field associated with electron transfer from M to C ^ , or it could be a signature 
of orbital hybridization (partial covalent bonding). 

Figure 7 shows a schematic view of a cube face, from which the essential 
features of the composite structure may be appreciated. Two equivalent 
molecules per cell are centered at (0, 0, 0) and (1/2, 1/2, 1/2) (the latter is omit
ted for clarity), oriented with twofold axes along cube edges. Twelve Cs atoms 
per cell are located at (0, 0.5, 0.28) and allowed permutations in space group 
Im3. These can be visualized as four-atom motifs centered on (1/2, 1/2, 0) and 
equivalent positions. The motif also has a twofold axis parallel to a cube edge. 
A typical motif lies in the {001} plane with atoms displaced ±0.28dt along χ and 
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66 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 7. Schematic of the cube face normal to z, derived from Rietfeld refine
ment parameters. Large circles represent Cs+ in scale with the cube edge. 
Small circles are C atoms, not to scale. An equivalent molecule is cen
tered at (1/2, 1/2, 1/2) (not shown). Cs coordinates (clockwise from top) are 
(0.5, 0.72, 0), (0.78, 0.5, 0), (0.5, 0.28, 0), and (0.22, 0.5, 0) with respect to an 
origin at the bottom left corner. Faces normal to χ or y may be visualized by 
rotating the diagram ±90°. This is a consequence of molecular orientation 
with twofold axes along cube edges. (Reproduced with permission from refer
ence 22. Copyright 1991 Macmillan Magazines Ltd) 

±0.22tf along y from the face center. Each is thus surrounded by 24 Cs 
atoms, and each Cs is in a distorted tetrahedral environment of four C^s. The 
ideal stoichiometry is M^^. The shortest distances between C ^ centers are 
9.86, 9.98, and 10.21 Â for K, Rb, and Cs, respectively. These bracket the 
10.02-Â value in the undoped fee phase (5-7). Near-neighbor C-Cs distances 
lie in the range 3.38-3.70 Â; the sum of van der Waals C and ionic Cs radii is 
3.2 Â. Al l the Cs—Cs near-neighbor distances are 4.19 Â, considerably greater 
than the ionic diameter 3.34 Â. does not superconduct above 4.2 K; its 
300-K electrical properties have not been measured. 

Our initial experiments gave no evidence for other phases when the 
doping reaction was terminated before saturation, a finding that led us to 
believe that MgC^ was the only stable phase. Subsequent work by other 
groups demonstrated the existence of a second doped phase M 3 C 6 Q (5) in 
which the fee host sublattice is preserved and the M atoms occupy all available 
tetrahedral and octahedral vacancies (22). MXgQ is apparently the super-
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conducting phase. The fact that we did not observe it under nonequilibrium 
growth conditions is consistent with the small Meissner fraction observed in the 
initial discovery of superconductivity (5). We have recently confirmed the 
doped fee structure, and the 18- and 29-K Tcs, for and R^CgQ, respec
tively. 

Concluding Remarks 

Further progress in understanding the structure, dynamics, and defect proper
ties of and doped phases requires that more attention be paid to detailed 
materials characterization. For example, a model proposed to explain the need 
for a three-step alkali metal doping procedure to optimize the superconducting 
fraction suggests that the crystallite size of the starting might be an impor
tant parameter. Variable concentrations of stacking faults might affect the 
doping process via the diffusion rate and/or by affecting the shear displace
ments involved in the fcc-bcc transition. Most groups are working with 
chromatographically purified materials, so the issue of solvent removal and 
analysis merits further attention: In extreme cases, can cocrystallize with 
organic solvents to produce entirely different phases (26). Finally, it seems 
quite unlikely that materials quoted as "pure C ^ " contain nothing but C™; 
HPLC analysis can rule out higher fullerenes, but other species may still be 
present, as suggested by substantial residues after thermogravimetric analysis 
above 900 °C in inert gas flows. 
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Chapter 5 

Conductivity and Superconductivity in Alkali 
Metal Doped C60 

R. C. Haddon, A. F. Hebard, M. J. Rosseinsky, D. W. Murphy, 
S. H. Glarum, T. T. M. Palstra, A. P. Ramirez, S. J. Duclos, R. M. Fleming, 

T. Siegrist, and R. Tycko 

AT&T Bell Laboratories, Murray Hill, NJ 07974-2070 

Solid C60 undergoes doping with alkali metal vapors to produce intercala
tion compounds that are conductors. During the doping process the predom
inant phases present are C60, A3C60, and A6C60. The A3C60 compounds 
are formed from C60 by occupancy of the interstitial sites of the face
-centered cubic (fcc) lattice. These phases constitute the first three
-dimensional organic conductors and for A = Κ or Rb, the A3C60 com
pounds are superconductors. In this chapter we summarize the current 
status of the research on these new materials, including some of the physical 
properties that have been measured. The structure, conductivity, magnetism, 
microwave loss, and Raman and electronic structures are discussed. 

Organic conductors depend on the presence of π-electrons for their electronic 
transport properties. In extended systems such as polymers and graphite (1—3), 
the π-system directly provides a conducting pathway, whereas in molecular sys
tems (3-5) the transport properties depend on the overlap between the π-
orbitals on adjacent molecules. The nature of the overlap is a crucial feature 
of the properties of molecular conductors, and the directionality of the π-
orbitals exerts a profound effect on the resultant electronic properties. For 
planar hydrocarbon arene (Ar)-based organic conductors (Ar is fluoranthene, 
perylene, or naphthalene), the ramifications are particularly obvious because 
the π-orbitals possess a well-defined directionality, that is, perpendicular to the 
molecular plane. In order to maintain favorable intermolecular overlap, these 
systems therefore stack in a perpendicular manner. This behavior is well 
known for the A r 2 P F 6 compounds, which show quite high conductivity together 
with highly anisotropic one-dimensional electronic properties (6). The aniso-
tropy follows for the same reason: As the conduction band is composed almost 

0097-6156/92/0481-0071S06.00/0 
© 1992 American Chemical Society 
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72 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

exclusively of π-orbitals that are directed along the stack, there is virtually no 
component of overlap between stacks. 

The situation changes with the introduction of heteroatoms, such as the 
chalcogenides, which possess two lone-pair orbitals that may be considered as 
approximate sp3 hybrids or as an sp2 plus p orbital. The structures of some of 
the sulfur- and selenium-based charge-transfer salts reveal that the heteroatoms 
allow interactions both along a stack and between neighboring stacks in the 
crystal lattice. This conclusion is particularly obvious in the (TMTSF)^X (X is 
C10 4, PF 6 , etc., and TMTSF is tetramethyltetraselenafulvalene), salts tnat pro
vided the first organic superconductors (7). In these compounds, there is still 
considerable anisotropy, but the interactions between the stacks are sufficient 
to inhibit the formation of an insulating ground state in the perchlorate. 
Nevertheless, this class of compounds is sufficiently close to the one-
dimensional crossover, so that some members show spin density wave ground 
states at atmospheric pressure (4). 

In many of the (ET) 2 X (ET is bis(ethylenedithio)tetrathiofulvalene) salts 
the stacking is no longer favored, and pairs of molecules are arranged end-on in 
a planar array (3-5). Within this two-dimensional sheet the interactions 
between the molecular pairs are almost isotropic as reflected in the structures 
and in band structure calculations (4, 5). A number of the (ET) 2 X salts are 
superconductors (8) and do not show evidence for the insulating ground state 
that is characteristic of low-dimensional compounds. The compounds /c-
(ET)^Cu(NCS)2 (9) and /c-(ET)2Cu[N(CN)2]Br (10) show superconducting 
transition temperatures of 10.4 and 12.4 K, respectively. These materials may 
be prepared as high-quality crystals that show excellent superconducting pro
perties as inferred from microwave loss experiments (11). Although isotropic 
in two dimensions, this class of compounds is highly anisotropic in the third 
direction, and in this respect they resemble the high-rc (critical temperature) 
cuprate superconductors. 

As a result of the directionality of the π-orbitals, there have been no 
examples of three-dimensional isotropic molecular conductors. This constraint 
is in fact not imposed by the π-orbitals themselves, but by the planarity of the 
molecular framework that is usually thought necessary for delocalized π-
bonding. However, a number of molecules have been reported (12) to show 
marked nonplanarity and are clearly aromatic. 

With the observation (13) and synthesis (14) of the fullerenes, this point 
became irresistible. The availability of these systems provided a set of 
molecules with π-orbitals radiating in all directions. If ever a three-dimensional 
(3-D) electronic molecular solid could be realized, then these molecules 
represented the ideal vehicle. 

The large size and high electron affinity (15-18) of the fullerenes pro
vided a means to test this approach. By choosing a small dopant ion we 
reasoned that it should be possible to intercalate the fullerene crystal without 
disrupting the network of contacts between the spheroids and thereby generate 
the first 3-D isotropic organic conductor (79). The face-centered cubic (fee) 
lattice (20) of (buckminsterfullerene) provides three interstitial sites per 
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5. HADDON ET AL. Conductivity and Superconductivity in Doped C. 73 

Figure 1. Diagram of two close-packed planes of spheres (large circles) show
ing the two types of interstitial sites. The large circles represent the C^ 
molecules, and the smaller circles represent the tetrahedral (open), and 
octahedral (cross-hatched) lattice sites that are available to the intercalants. 

molecule, two tetrahedral and one octahedral, that are of sufficient size to be 
occupied by alkali metal cations (Figure 1) (19). These considerations led us to 
attempt the alkali metal doping of thin films of and C 7 Q . As we wished to 
explore highly reduced states of these molecules, we constructed a high-vacuum 
apparatus that would allow us to measure conductivities in situ (Figure 2a) 
(19). 

Thin Films 

Thin films of and C 7 0 were deposited on a variety of substrates and charac
terized with a number of techniques (19, 21). The C 7 Q samples used as source 
material in film growth were obtained by reversed-phase column chromatogra
phy of crude fullerite (14) on octadecylsilanized silica using 40:60 toluene—2-
propanol as the eluant, whereas the samples were obtained by chromatog
raphy of fullerite on alumina using 5:95 toluene—hexane as eluant (22). The 
purities of the and C 7 0 were checked by proton NMR spectroscopy and 
high-pressure liquid chromatography (HPLC) using U V detection. High-
quality films of (C 7 0 ) of thickness 200-1000 Â were deposited by high-
vacuum sublimation from an alumina crucible regulated at 300 (350) °C at a 
pressure of 1.5 χ 10~* torr (200 χ 10"6 Pa). The Cœ (C ? 0 ) films appeared 
smooth and pale yellow (magenta) to the eye. X-ray powder diffraction experi
ments on the CgQ films indicate the presence of crystalline domains with coher
ence lengths on the order of 60 Â (27). Infrared spectra of the films depo
sited on KBr substrates showed the four characteristic absorptions of (14) 
with no evidence of contaminants. 

For the conductivity measurements, the films were deposited on glass 
slides that had been precoated with 1000-Â stripes or pads of evaporated sil-
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74 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Alkali Metal 

Heating Bath 

Figure 2a. Apparatus for measuring conductivities of and C70 films as 
a function of vapor phase doping with alkali metals at room temperature. 
(Reproduced with permission from reference 19. Copyright 1991 MacMillan 
Magazines Ltd. ) 

ver metal (Figure 2). The measured two-probe resistance in the pristine films 
was greater than 10 1 0 ohms, a result that implied a conductivity of less than 
10~5 S/cm. Subsequent work has shown that pristine is a semiconductor 
with a bandgap of 1.7 eV (23, 24) and a dielectric constant of 4.4 ± 0.2 (21). 
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5. HADDON ET AL. Conductivity and Superconductivity in Doped C. 75 

Figure 2b. Apparatus for measuring conductivities of C60 and CJ0 films as 
a function of vapor phase doping with alkali metals at low temperature. 
(Reproduced with permission from reference 19. Copyright 1991 MacMillan 
Magazines Ltd. ) 
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Conducting and Superconducting Thin Films 

The initial conductivity experiments were conducted in the apparatus shown in 
Figure 2a (79). After film mounting, the vessel was loaded with the alkali 
metal dopant in a dry box, before evacuation with a diffusion pump. The bot
tom of the apparatus was immersed in an oil bath, and the temperature was 
slowly raised until conductivity in the film could be detected. Al l of the doping 
experiments showed qualitatively the same behavior: First the conductivity 
increased by several orders of magnitude, and then it decreased, usually to a 
point below our threshold of detection. Doping of the C^q films with alkali 
metals led to magenta films with fairly good surface quality, although cesium 
doping visibly roughened the film. The film showed little color change on 
doping. The results for the combinations that were originally tested are sum
marized in Table I (79). 

Table I. Alkali Metal Doped Films of Q© and Oj0 

Film Dopant 

Bath 
Temperature 

CC) 

Maximum 
Conductivity 

(S/cm) 

Qo Li a 10 

Qo Na 180 20 

Qo Κ 130 500 

Qo Rb 120 100 

Qo Cs 40 4 

C70 Κ 120 2 

^Lithium metal in contact with Kovar container 
and flame-heated. 
SOURCE: Reproduced with permission from 
referenced. Copyright 1991 MacMillan 
Magazines Ltd.) 

In subsequent ultrahigh vacuum studies (25), we reinvestigated the dop
ing of films with potassium from a molecular-beam effusion source. In this 
experiment it was possible to determine the stoichiometries (x in K^C^) at the 
conductivity extrema by Rutherford back-scattering spectroscopy. The results 
support our earlier inferences drawn from in situ Raman spectroscopy on the 
doped films (79). Conductivities were found to increase exponentially with ini
tial potassium exposure, reaching a maximum value of 450 S/cm at χ = 3.00 ± 
0.05 (Figure 3). Beyond this point the conductivity decreased with further Κ 
exposure until the stoichiometry χ = 6.00 ± 0.05 was reached. Of the 
dopants, potassium gave rise to the highest conductivities in our initial experi
ments, and it is now known that this combination is relatively easy to optimize 
and also gives rise to superconductivity at the composition (26). 
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5. HADDON ET AL. Conductivity and Superconductivity in Doped C' 77 

0 1 2 3 4 5 

Potassium Exposure (arb. units) 

Figure 3. Time dependence of the resistivity of a K^^film during exposure to 
a potassium molecular beam in UHV at an ambient temperature of about 347 
Κ (25). 

In our initial work (19) we followed the doping of the films by in situ 
Raman spectroscopy. Figure 4a shows the Raman spectrum of a superconduct
ing rubidium-doped film, whereas Figure 4b shows the insulating fully doped 
film (Duclos, S. J., unpublished). At the superconducting composition the high 
frequency A mode of is shifted to about 1445 cm - 1 , and in the highly 
doped insulating state it moves to about 1430 cm - 1 . On the basis of our previ
ous correlation (79), we assign these species to R^C™ and R ^ C ^ . Addition 
of electrons to the framework is expected to soften the bond-stretching 
modes as the added electrons enter antibonding molecular orbitals (15). The 
doped film rapidly returned to its pale yellow color on exposure to the 
atmosphere, and a Raman spectrum showed that the line due to neutral 
had been restored. These observations suggest that the molecular integrity of 

is maintained on doping and that the process is chemically reversible (19). 
In our initial report on superconductivity in the alkali metal fullerides 

(26), we were able to observe zero resistivity in a potassium-doped film. 
The experiment was performed in the all-glass apparatus shown in Figure 2b, 
which was sealed under a partial pressure of helium before doping and immer
sion in the Dewar flask. The room temperature resistivity of the thin 
film was 5 χ 10~3 ohm cm and increased by a factor of 2 on cooling the film to 
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Figure 4. In situ Raman spectra of a C^flm taken during rubidium doping: 
(a) superconducting and (b) insulating. 
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Figure 5. Temperature dependence of the resistivity of a thinfUm ofK^^. 

20 K. Below 16 K, the resistivity began to fall, and zero resistivity (<10~4 of 
the normal state) was observed at 5 Κ (26). The resistivity of the KJC^Q thin 
film shown in Figure 5 reaches zero at about 13 Κ (Palstra, T. T. NL, unpub
lished). 

We have also observed superconductivity in doped films by 
microwave loss experiments on films grown along the walls of electron spin 
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5. HADDON ET AL. Conductivity and Superconductivity in Doped C'60 79 

resonance (ESR) tubes (Glarum, S. H., unpublished). By sealing a physically 
separated capillary of the appropriate alkali metal in the ESR tube with the 
preformed film, it was possible to carry out doping experiments leading to the 
full range of stoichiometrics. Representative traces of the microwave loss 
versus temperature for potassium- and rubidium-doped films are shown in 
Figure 6. For the rubidium-doped film in particular, the Tc is noticeably lower 
than that observed in bulk samples (discussed later). We were able to localize 
the superconductivity in these thin-film samples with an accuracy of about 1 
mm, and this capability allowed us to perform in situ Raman studies on the 
doped films. On the basis of the Raman shift, we inferred superconducting 
stoichiometrics of ^ C ^ Q and R b 3 C 6 Q in the films shown in Figure 6. The only 
compositions observed in these experiments were C ^ , A ^ C ^ , and A ^ ^ . 

Superconducting Bulk Materials 

As noted in our initial report (26), only the K - C ^ combination showed super
conductivity under the relatively mild heating treatments used in the microwave 
loss screening experiments on bulk powders. The d.c. magnetization of a bulk 
sample of nominal composition I ^ C ^ that was prepared at a temperature of 
200 °C showed a well-defined Meissner effect below 18 Κ (Figure 7) (26). The 
initial experiments showed a flux exclusion in the zero-field cooled curve 
corresponding to a 1% volume fraction. More recently we have observed flux 
exclusions of 40% in powder samples of K ^ C ^ (Ramirez, A. P., unpublished). 
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Figure 7. Temperature dependence of the magnetization of a KxC^ sample. 
(Reproduced with permission from reference 26. Copyright 1991 MacMillan 
Magazines Ltd.) 

ax. magnetization studies of potassium-doped samples prepared at the 
University of California at Los Angeles (UCLA) have been reported (27, 28), 
showing 40% (powder) and 100% (pressed powder) flux expulsion at the com
position I ^ C ^ and with TQ = 19.3 K. 

As discussed, microwave loss studies on rubidium-doped C ^ films 
showed superconducting onsets of 23—26 K, and a bulk sample of nominal 
composition R ^ C ^ that was prepared at 400 °C showed a Meissner fraction of 
1% with a superconducting transition temperature of 28 Κ (29). Concurrent 
experiments by the U C L A group (27) found a flux exclusion of 7% and a Tc of 
30 Κ at the same composition by a.c. magnetization experiments. The d.c. mag
netization of an RboC^Q sample with a Meissner fraction of 35% is shown in 
Figure 8 (Ramirez, A. P., unpublished). 

It is interesting to compare the microwave loss data on thin films (Fig
ure 6) with our original reports on bulk materials characterized with the same 
technique (26, 29). The microwave signal rises much more steeply in the bulk 
samples, and the measured transition temperatures are higher, particularly in 
the case of rubidium doping. 

The 1 3 C NMR spectrum of a sample of nominal composition Κ χ 5C^Q is 
shown in Figure 9 (30). The sharp upfield resonance is due to neutral C ^ , 
whereas the broad resonance has been assigned to ^ C ^ . Clearly, this compo
sition undergoes phase separation, and for K ^ C ^ compositions with 0 < χ < 3, 
the only two stable phases are C ^ and K ^ C ^ (30). 

Structural Studies of Alkali FuUendes 

In the solid state, pristine C ^ is arranged in a face-centered cubic array of rigid 
spheres with lattice constant a = 14.2 Â (20) with two tetrahedral and one 
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octahedral interstitial site per molecule. As discussed in our initial paper 
(19), we intended to intercalate these vacancies with the dopant counterions. 
Providing there was no drastic change in crystal structure, therefore, this model 
could account for the incorporation of a maximum of three dopant ions per 

molecule and would lead to compositions of A ^ C ^ with χ = 0-3. Our 
Raman studies supported the composition A 3 C ^ 0 for the highly conducting and 
superconducting phase in this system (19, 26, 29). 

Recent work (28) has demonstrated that the superconductivity is associ
ated with the K^CgQ composition that has a face-centered cubic structure 
derived from that of by incorporating potassium ions into all of the 
octahedral and tetrahedral interstices of the host lattice. There is a small 
expansion of the lattice constant from 14.11 to 14.28 Â on incorporation of the 
potassium intercalant. 

We deduced from Raman spectroscopy that the insulating doped com
position corresponded to Α 6 ^ , and this stoichiometry cannot be accommo
dated in the essentially unperturbed lattice. Recent work (31) has now 
shown that the structure is transformed to body-centered cubic at the com
position AXLfl for A = Κ and Cs. 

Band Structure Calculations 

We originally attributed the conductivity induced in these materials to energy 
bands composed of C ^ π-orbitals that become populated in the doping process 
(19). As these bands ml at high doping levels the material becomes insulating. 
Based on the energy level structure of C ^ we suggested that the 
conductor—insulator transition occurs at the point where each molecule has 
accepted about six electrons, and has thereby filled the t^ level (15). 

We have examined the electronic structure of solid (LQ with extended 
Huckel theory (EHT) band structure calculations (32). EHT band structures 
have been extensively used in qualitative studies of the electronic structure of 
organic and inorganic conducting solids (32). Although the calculations were 
carried out for the neutral material, the similarities found between the the crys
tal structure of pristine C ^ and the K ^ C ^ phase (28) suggest that the results 
should have some relevance for the conducting and superconducting materials. 

The C ^ molecular structure was taken from an MNDO (modified 
neglect of differential overlap) optimization that gave bond lengths of 1.400 
and 1.474 Â for the free molecule (33). We first tested the EHT method for 
free C ^ and found that the σ-orbitals were calculated to lie too high relative to 
the π-orbitals. The highest occupied molecular orbital of C ^ is of π-character 
and lies about 3 eV above the first set of σ-orbitals (34, 35). With EHT theory 
the highest occupied σ- and π-orbitals occur very close together in C^. This 
artifact of the calculations occurred with the original EHT parameters (36) and 
with those that we have employed (37). 
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This problem is not restricted to C^. In the original EHT paper on 
hydrocarbons (36) it was noted that, in calculations on aromatic compounds, 
the σ and π levels were interspersed. The ionization energies (in electron volts) 
of the highest occupied orbitals of benzene were found by EHT and from pho-
toelectron spectroscopy (PS) (38) to be 

Orbital EHT PS 

12.8 9.3 
12.8 11.4 
14.3 — 
14.5 12.1 

Because of this artifact of the EHT calculations, we exclude the valence levels 
from our discussion of solid C ^ . We used modified EHT parameters (37) in 
our calculation and a double-zeta basis set (39). The π-orbitals themselves 
appear to be reasonably well described, and the calculated energy gap between 
the π-orbitals in the molecule is 2.1 eV, which may be compared with the 
experimental value of Lv eV (23, 24). 

We used the face-centered cubic lattice for solid C ^ , with lattice con
stant a = 14.197 Â (20), and oriented the molecules in the unit cell so that 
the final space-group was Fm3. A close-packed plane of the idealized structure 
used in the band structure calculations is shown in Figure 10. The density of 
states (DOS) calculation was carried out by choosing a weighted grid of k 
points in the asymmetric unit of the conventional unit cell (40). 

The energies of the two lowest vacant bands arising from the fee lattice 
of molecules are shown in Figure 11. The conduction band in solid is 
derived from the molecular t* level, whereas the next lowest band arises from 
the f- level (15). The calculated dispersion of the conduction band is similar 
to that obtained recently in local-density calculations (41). 

The calculated DOS is shown in Figure 11, and although the π-derived 
bands are in qualitative agreement with experiment and other theoretical treat
ments (34, 35, 41), it is apparent that the σ-orbitals are also calculated to lie 
too high relative to the π-orbitals in solid C ^ . The energy gap between π-
orbitals is calculated as 2 eV in solid C ^ , which may be compared with the 
experimental value of 1.7 eV. 

At the simplest level the conductivity in A ^ C ^ compounds would be 
interpreted as arising from the population of the conduction band by electrons 
donated to the molecules by the intercalants. Although this picture is 
broadly supported by recent photoemission experiments on the potassium dop
ing of films (42, 43), the whole band becomes visible at low doping levels, 
and this behavior may be due to nonrigid band effects (42). However, the tran
sport properties of the films are sensitive to film depth up to 1000 Â (25), and 
measurements on the film surface may not reflect the bulk properties. The 
films also suffer from a lack of long-range order (21, 44). 
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At the composition A 3 C 6 Q the conduction band would be half-filled, and 
this corresponds to the stoichiometry of maximum conductivity. The calculated 
width of this band is about 0.5 eV, and the DOS at the Fermi level is 13 
states/eV C ^ . Beyond this doping level the structure changes, but the insulat
ing behavior at A g C ^ in the bcc structure presumably arises from the filling of 
a similar band formed from the molecular tlu level that can hold a maximum of 
six electrons (15). 

The possibility of accessing other band-fillings within the fcc-derived 
structure is worth considering. Trivalent intercalants (Τ) would be of particular 
interest; at the composition TjCgQ, the band-filling would correspond to that in 
the A 3 C ^ 0 compounds, presumably with the intercalant occupying the 
octahedral site in the lattice. At the composition T-C™ there would be the 
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C 6 0 (Fm3) 

L Γ X 

0 100 

DOS (STATES/eVCeo) 

Figure 11. Calculated dispersions for the vacant t^u- and tj -derived bands, 
and density of states for fee C^. The labels M and Γ refer to the energy levels 
in the free molecule and in the solid at the zone center. 

possibility of injecting carriers into the t^ -derived band, which we have previ
ously estimated to be accessible under certain circumstances (15). This band is 
a little wider than the ilw-derived band, 0.6 versus 0.5 eV. The DOS at the 
Fermi levels for half-filling are calculated to be 13 and 8.5 states/eV for the 
tlu- and t1 -derived bands, respectively. 

Current Status 

The normal-state conductivity of the alkali fullerides seems to be reasonably 
well accounted for within a simple band picture, and our original goal of pro
ducing a 3-D organic conductor (79) has apparently been realized. The metal
lic state occurs at the half-filled band composition, which has usually been asso
ciated with insulating electronic instabilities in the field of organic conductors 
as a result of their low dimensionality. 
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The nature of the superconductivity remains an open question, although 
a number of theoretical treatments have appeared (45-48). The 3-D nature of 
the A ^ C ^ compounds obviates many of the insulating ground states that usu
ally compete with superconductivity at low temperatures. The dependence of 
Tc on intercalant seems to be accounted for by variations in the density of 
states at the Fermi level (29, 49). 

Clearly, a number of possibilities exist for the synthesis of new inter
calates of the fullerenes. 
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Chapter 6 

Crystal Structure of Osmylated C60 

Confirmation of the Soccer-Ball Framework 

Joel M. Hawkins, Axel Meyer, Timothy A. Lewis, and Stefan Loren 

Department of Chemistry, University of California, Berkeley, CA 94720 

An X-ray crystal structure of C60(OsO4)(4-tert-butylpyridine)2 reveals the 
soccer-ball-shaped carbon framework of buckminsterfullerene (C60) and 
confirms the originally proposed structure of C60. Osmylation of C60 with 
OsO4 and pyridine gives high yields of C60[OsO4(pyridine)2]n (n = 1 or 2 
depending on the reaction conditions). C60[OsO4(pyridine)2]2 is a mixture 
of five regioisomers; C60(OsO4)(pyridine)2 forms regioselectively with the 
O—Os—O unit positioned across the junction of two six-membered rings (a 
six—six ring fusion), in agreement with theory. Within the C60 moiety of 
C60(OsO4)(4-tert-butylpyridine)2, the tricoordinate carbons lie within a 
spherical shell with an average radius of 3.512 (3) Å. Within this shell, C—C 
bond lengths average 1.386 (9) Å for six—six ring fusions and 1.434 (5) Å for 
six—five ring fusions (junctions of a six- and a five-membered ring). The O
-bonded carbons lie outside of this shell and have approximately tetrahedral 
geometry. The adjacent carbons are the least distorted from planarity. The 
remaining carbons have approximately equivalent geometries with sums of 
C—C—C angles averaging 348.0 (3)°. (Averages are reported with the stan
dard error of the mean in parentheses.) 

Krâtschmer et al.'s discovery that C ^ could be prepared and isolated in 
macroscopic quantities (1) initiated a race for chemists and physicists to either 
confirm or disprove the soccer-ball structure (2) for C^. The infrared (1, 3), 
Raman (4), 1 3 C NMR (5-9), and photoelectron spectra (10) of C ^ were each 
consistent with icosahedral symmetry and collectively highly supportive of the 
originally proposed structure, but they did not strictly prove the soccer-ball 
framework or provide atomic positions. For example, the single peak 1 3 C 
NMR spectrum (5, 6) did not rule out the possibility of coincident peaks or of 
a fluxional structure. Furthermore, although the truncated icosahedral struc
ture was favored (9), a truncated dodecahedral structure (which also has 
icosahedral symmetry) could not be ruled out (77). In January 1991, J. Fraser 
Stoddart wrote, "The chemical world awaits a detailed single-crystal X-ray 

0097-6156/92/0481-0091S06.00/0 
© 1992 American Chemical Society 
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diffraction analysis of the structure of or C 7 Q , or more likely perhaps, of a 
derivative in the first instance" (12). We obtained a detailed single-crystal X-
ray diffraction analysis of a derivative, C60(OsO4)(4-fô/t-butylpyridine)2, 
and this was the first instance (13, 14). 

We (15) and others (1, 16) attempted to obtain a crystal structure of 
underivatized C^, but could not determine specific atomic positions because of 
extensive disorder in the crystals. The ball-like molecules pack in an ordered 
fashion, but their nearly spherical symmetry promotes orientational disorder. 
At ambient temperature, they rotate rapidly in the solid state (7, 8). Because 
X-ray crystallography can provide detailed information only about molecular 
features that are repeated in an orderly way throughout the crystal, studies of 
plain (underivatized) reveal its round shape, approximate size, and crystal-
packing information, but not details of the carbon framework. For example, 
Figure 1 shows packing models for crystals grown from hexanes (15). Two 
possible packing arrangements fit the Patteron map, but no detailed informa
tion within the clusters could be determined. 

We reasoned that if could be derivatized in a way that broke its 
apparent spherical symmetry, it might crystallize with orientational order and 
allow a detailed crystallographic analysis. Specifically, we needed to regioselec-
tively functionalize SO that the carbon framework would be organized rela
tive to the attached functional group, with this group serving as a handle to 
keep the carbon clusters uniformly oriented. We explored various reactions 
known to add functionality to polycyclic aromatic hydrocarbons, including 
charge-transfer complexation with electron-deficient or polarized arenes, com-
plexation with transition metals, and osmylation. Osmylation was the first pro
cess to give discrete stable products, and so we pursued this reaction in detail 
(13, 17). 

Osmylation 

Osmium tetroxide is a powerful yet selective oxidant, and the osmylation of 
polycyclic aromatic hydrocarbons has been known for many years. For exam
ple, anthracene adds 2 equivalents of osmium tetroxide in the presence of pyri
dine (Equation 1) (18). Our initial osmylations of also gave 2:1 
stoichiometry: treatment of a homogeneous toluene solution of a ~4:1 
C ^ — C 7 0 mixture and 2 equivalents of osmium tetroxide at 0 °C with 5 
equivalents of pyridine gave a brown precipitate within 1 min. After 12 h at 
room temperature, the majority of the and C 7 Q had reacted, according to 
thin-layer chromatography (TLC). Filtration and washing with toluene gave an 
81% yield of osmate ester corresponding to the addition of two osmium(VI) 
units per carbon cluster (Scheme I) (17). 

Initial characterization of the osmate esters was hampered by low solu
bility, the lack of definitive 1 H NMR signals, and weak and complicated 1 3 C 
NMR signals, but general information could be obtained. The presence of the 
diolatodioxobis(amine)osmium(VI) ester moiety was established by its charac
teristic i/*s(Os02) IR band at 836 c m - 1 (18-20), pyridine resonances were visi
ble in the 1 H NMR spectrum, and the 2:1 stoichiometry was consistent with 
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6. HAWKINS ET A L Crystal Structure of Osmylated C. 93 

Figure L uTriangle}) (top) and '"triskele^ (bottom) models for packing of C60 

molecules (represented by spheres of radius 3.0 A) in a crystal grown from hexanes. 
Molecules in the ζ = 3/4 plane are shaded Two symmetry-independent molecules 
are labeled 1 and 2. A possible 13th molecule in the unit cell (disordered) is 
labeled 3. (Reproduced with permission from reference 15. Copyright 1991 Royal 
Society of Chemistry.) 

the elemental analysis. The presence of the intact skeleton in the osmate 
esters was established by thermal reversion to under vacuum, a type of 
reaction known for rhenium(V) (27). This reaction was first observed in the 
electron-impact (EI) mass chromatogram (Figure 2). Heating the osmate ester 
in the mass spectrometer probe under vacuum at ~290 °C and recording EI 
spectra at 0.45-min intervals gave spectra of Os0 4 and pyridine (maximum at 
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94 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

C60(OsO4)(4-ferf-butylpyridine)2 

Scheme I. Osmylation of giving 1:1 and 2:1 adducts. 

1.8 min) followed by the spectrum of (maximum at 5.85 min). Prolonged 
heating was required to detect the because of its low volatility; this condi
tion was also observed for the spectrum of pure C ^ . A preparative version of 
this experiment whereby the osmate ester was heated under vacuum for 2 min 
(heat gun, 0.05 mmHg) gave a 47% combined yield of and C 7 Q (enriched 
in relative to the starting material) as determined by HPLC with respect to 
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96 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

a 

Figure 3. HPLC trace of the crude reaction mixture from the osmylation of 
Cffl showing C^fOsO^ (pyridine) 2 (peak a) and regioisomers of 
C60(OsO4)2(pyridine)4 (peaks b-f). 

a naphthalene standard. The osmate ester was free of unreacted according 
to IR spectroscopy and TLC, so the must have been re-formed upon heat
ing. These experiments were the first to establish that heteroatom functional
ity can be added to without disrupting its carbon framework (17). 

The initial osmylation conditions were developed to optimize the yield 
of the precipitated osmate ester. Because this precipitate has 2:1 
stoichiometry, these conditions favored the addition of two osmyl units to 
The 1:1 adduct was more desirable, however, as it has only two possible 
regioisomers, in contrast to the bisosmylated material, which has 54 possible 
regioisomers. Chromatographic analysis of the crude reaction mixture from 
the osmylation of pure revealed six peaks: five peaks corresponded to the 
precipitate that collectively analyzes with 2:1 stoichiometry, and a single sharp 
peak corresponded to toluene-soluble material (Figure 3). Use of 1 equivalent 
of Os0 4 increased the yield of the toluene-soluble material to 70% (Scheme 
I). Osmylation in the absence of pyridine, followed by dimer disruption with 
pyridine (20), gave the same species in 75% yield. The toluene-soluble 
material was shown to have 1:1 stoichiometry by converting it to the mixture 
of 2:1 adducts upon further exposure to the osmylation conditions. Solubility 
and crystal quality were improved by exchanging the pyridine ligands for A-tert-
butylpyridine (Scheme I). 

The observation of a single sharp chromatographic peak for the 1:1 
adduct suggested that it is a single regioisomer, rather than a mixture of the 
two regioisomers that are possible from the soccer-ball structure for C ^ . This 
single regioisomer would be found if the bisoxygenation was strongly favored 
across one of the two unique bonds in C ^ , the junction of two six-membered 
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6. H A W K I N S E T A L Crystal Structure of Osmylated C. 97 

Figure 4. Two unique bonds in the junction of two six-membered rings and 
the junction of a six- and a five-membered ring. 

rings, or the junction of a six- and a five-membered ring (Figure 4). 
Regioselective osmylation would fix the position of the carbon framework 
relative to the osmyl unit, with the osmyl unit breaking the pseudospherical 
symmetry of as required for an ordered crystal. The 1:1 adduct, 
C^(Os04)(4-te/?-butylpyridine)2, * n c * e e d S a v e a sufficiently ordered crystal for 
the determination of atomic positions by X-ray crystallographic analysis (13). 

Analysis of Crystal Structure 

The crystal structure of C^(Os04)(4-tert-butylpyridine)2 proves the soccer-
ball-shaped arrangement of:arbon atoms in by clearly showing the 32 
faces of the carbon cluster composed of 20 six-membered rings fused with 12 
five-membered rings (Figures 5 and 6). No two five-membered rings are fused 
together, and each six-membered ring is fused to alternating six- and five-
membered rings. Sixteen equivalent molecules of C60(OsO4)(4-rm-butylpyr-
idine)2 occur in the unit cell, which also contains 2.5 toluenes of crystallization 
per osmate ester (Figure 7). A typical close contact is shown in Figure 8. 
Intermolecular contacts between moieties include carbon—carbon distances 
as small as 3.29 (4) Â. 

The crystal structure shows that the O-Os-O unit has added across the 
fusion of two six-membered rings. The 1 3 C NMR spectrum of the 1:1 adduct 
recorded before crystallization indicates that the isomer in the crystal is the 
only one present within the limits of detection (22). The osmylation appears 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

6

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



98 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 5. ORTEP drawing (50% ellipsoids) of the 1:1 C^-osmium tetroxide 
adduct Cffl(Os04)(4^en-butylpyridine)2 showing the relationship of the osmyl 
unit with the carbon cluster. [C^fOsO J(4-teTt-butylpyridine)2*2.5 toluene]: 
tetragonal, space group Ufa a = 30.751 (5) A, c = 24.800 (7) A, V = 23452 
(14) A3, Ζ = 16. All atoms were located and all positions were refined 
Osmium, oxygen, and nitrogen were anisotropic, and all others were isotropic 
thermal parameters. R = 10.6%, wR = 10.3%, GOF = 1.77. 442 parame
ters, 3668 observed data. (Reproduced with permission from reference 13. 
Copyright 1991 American Association for the Advancement of Science.) 

to be quite regioselective, and the favored approach of osmium tetroxide 
agrees with the regiochemistry predicted by Hiickel calculations on and the 
principle of least motion or minimum electronic reorganization (Dias, J. R., 
personal communication) (23, 24). Extended Hiickel calculations on a Tek
tronix CAChe system qualitatively agree with these HMO calculations. Chemi
cal reactivity, especially regioselectivity, can thus serve as a probe of fullerene 
structure and bonding in a way that complements theoretical and spectroscopic 
techniques. 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

6

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



6. HAWKINS ET A L Crystal Structure of Osmylated C 99 

Figure 6. ORTEP drawing (50% ellipsoids) of the 1:1 C^-osmium tetroxide 
adduct Cffl(OsOJ(4^ert-butylpyridine)2 showing the geometry of the C ^ 0 2 

unit and the numbering scheme. (Reproduced with permission from reference 
13. Copyright 1991 American Association for the Advancement of Science.) 

Analysis of the structure of the carbon cluster was aided by its apparent 
symmetry. A histogram of distances from the calculated center of the cluster 
to each of the carbon atoms in the cluster shows two groupings (Figure 9). 
The incoordinate carbons C-3—C-60 all lie within a spherical shell of radius 
3.46-3.56 A, with an average distance of 3.512 (3) Â from the center of the 
cluster. (Averages are reported with the standard error of the mean in 
parentheses.) The tetracoordinate oxygen-bonded carbons C - l and C-2 lie sig
nificantly outside of this shell at distances of 3.80 (2) and 3.81 (3) Â from the 
center, respectively. They have approximately tetrahedral geometry with sums 
of C - C - C angles equal to 330°, slightly more than 328° (the sum for an ideal 
tetrahedral atom). The proximate carbons, C-3-C-6, are the least distorted 
from planarity within the cluster, with sums of C-C—C angles averaging 353 
(1)°, compared with 360° for a planar atom. The remaining carbons, C-7-C-
60, have approximately equivalent geometries with sums of C—C—C angles 
ranging from 344° to 351° (Figure 10). The average sum, 348.0 (3)°, equals the 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

6

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



100 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 7. Unit cell for [C^fOsO J(4-tert-butylpyridine)2' 2.5 toluene] showing 
the 16 equivalent molecules of C^(OsO^(4-tert-butylpyridine)j. The 
moieties are represented by undersized spheres to show the packing arrange
ment more clearly. 

value for an ideal junction of two regular hexagons and a regular pentagon. 
All 60 carbons within the cluster are pyramidalized concave inwards. 

The C-l-C-3, C-l-C-4, C-2-C-5, and C-2-C-6 bond lengths average 
1.53 (3) A, comparable with normal C(sp3)-C(sp2) single bonds. The 
geometry of the OsC^N^idiolate) unit is similar to that observed for conven
tional arene adducts, although our C-l -C-2 bond length (1.62 (4) Â) appears 
to be longer than the corresponding bonds in the other structures (1.40 (4) to 
1.54 (2) A) (18). 

The five- and six-membered carbocyclic rings not containing C - l and 
C-2 are planar with deviations from least-squares planes less than 0.05 (3) A. 
In contrast, tetracoordinate carbons C - l and C-2 lie 0.22 (2) to 0.30 (3) A out
side of the planes defined by the other carbons in the rings that contain them. 
Excluding bonds to C - l and C-2, the average C— C bond lengths are 1.386 (9) 
Â for six-six ring fusions (junctions of two six-membered rings), and 1.434 (5) 
A for six—five ring fusions (junctions of a six- and a five-membered ring). 
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Figure 8. Typical close contact between C^(OsO^(4^eTt'butylpyridine)2 

molecules in the solid state. 

16 

14· 

12-

10-

8-

6-

4-

2-

2.5 
— ι — 
3.0 3.5 4.0 

Radii (A) 

Figure 9. Histogram of distances from the calculated center of the C^ moiety 
to C-l-C-60 in C^(OsO^(4-ten-butylpyridine)2. 
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16-T 1 

330 340 350 360 

Sums of C-C-C Angles (deg) 

Figure 10. Histogram of sums of C-C-C angles in C^JOs04)(4-XcxX-butyl-
pyridine)2: C-l-C-2 (shaded), C-3-C-6 (white), and C-7-C-60 (black). 

Histograms for these two types of bond lengths show overlap between the two 
sets, but the two averages are statistically different (Figure 11). 
[Carbon—carbon coupling constants (Vcc) reveal a more distinct division 
between the six—six and six—five ring fusions in C60(OsO4)(4-ieri-butylpyr-
idine)2 (22).] These two average bond lengths are within the range of values 
predicted by theory for the two types of bonds in C ^ (1.36 to 1.42 Â for 
six-six ring fusions, and 0.02 to 0.08 Â longer for six-five ring fusions) (25), 
and within experimental error of the two (unassigned) bond lengths in C ^ 
determined from 1 3 C - 1 3 C magnetic dipolar coupling (1.40 ± 0.015 and 1.45 ± 
0.015 Â) (9). 

Summary 

Osmylation broke the pseudospherical symmetry of and allowed the for
mation of an ordered crystal and structural analysis ofthe carbon framework 
for the first time. Osmylation offered the advantages of rapid but selective 
addition to the cluster, variable ligands on osmium for tuning solubility and 
crystal quality, and the addition of a symmetrical O-Os-O species to minimize 
the number of possible isomers. The carbon cluster in C60(OsO4)(4-^ri-butyl-
pyridine)2 appears to be fairly undistorted from an ideal soccer-ball shape for 
C-7 through C-60, and highly perturbed in the local environment around the 
added oxygens. The undistorted region serves as a model for C ^ and provides 
information that underivatized C ^ cannot give (22). The added function-
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Figure 11. Histograms of carbon-carbon bond lengths for C-3-C-60 in 
Cffl(OsO^(4^ert-butylpyridine)2 showing sa—five ring Jusions (top) and 
six-six ring fusions (bottom). 

al group allows tailoring properties in order to go beyond buckminsterfullerene 
in the pursuit of new and unusual molecules. Specifically, the novel cup-and-
band shaped conjugated π-systems of the 1:1 and 2:1 C^-OsO^ adducts 
should be interesting from chemical, spectroscopic, and theoretical perspec
tives. 
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Chapter 7 

One- and Two-Dimensional NMR Studies 

C60 and C70 in Solution and in the Solid State 

Robert D. Johnson, Costantino S. Yannoni, Jesse R. Salem, Gerard Meijer1, 
and Donald S. Bethune 

IBM Research Division, Almaden Research Center, 
San Jose, CA 95120-6099 

We have investigated the structure and dynamics of C60 and C70 with 13C 
NMR spectroscopy in both the liquid and the solid state. The spectra, bond
ing topology, and resonance assignments obtained using solution NMR tech
niques strongly support the truncated icosahedral soccer-ball structure for 
C60 and the D5h rugby-ball structure for C70. Solid-state NMR spectroscopy 
reveals that C60 rotates rapidly at 295 K. Cooling to 77 Κ leads to a powder 
pattern yielding the chemical-shift tensor. The C60 bond lengths are deter
mined from measurements of the dipolar coupling of adjacent 13C atoms in 
isotopically enriched samples. 

The realization of geodesic structures in chemistry occurred in experiments on 
carbon clusters. In 1985 Smalley, Kroto, and co-workers ascribed a closed-shell, 
"soccer ball" structure to an observed 60-atom pure carbon cluster of unusual 
prominence (i), and the great stability of this structure was established 5 years 
later by the production of bulk quantities of fullerenes (2-4). The proposed 
structures (1, 5) for and C 7 Q shown in Figures 1 and 2 are carbon shells 
consisting of hexagons and pentagons; the 12 pentagons in each structure pro
duce torsional strain, creating curvature that leads to closure. 

The structure, dynamics, and electronic properties of fullerenes are of 
great interest to many fields of chemistry, and characterization of these proper
ties is important to current efforts in their derivatization and possible applica
tion. NMR spectroscopy is a powerful tool for characterization of both struc
ture and dynamics (6, 7), and is well suited to the study of these all-carbon 
molecules. We have performed a wide range of NMR experiments on the ful
lerenes C ^ and C 7 0 to learn more about their symmetries, chemical structures, 
bonding, and dynamics, and we report results in both the liquid and solid state. 

1Permanent address: Department of Molecular and Laser Physics, University of Nijmegen, 
Toernooiveld, 6525 ED Nijmegen, Netherlands 

0097-6156/92/0481-0107$06.00/0 
© 1992 American Chemical Society 
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108 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure L 15C NMR spectrum of 80 μg of C ^ - C ^ in benzene- Η6. The spec
trum was obtained on a Bruker AM500 NMR spectrometer operating at 125 
MHz at 25 °Cfrom 49,000 scans. 

Liquid-State NMR Results 
1 ^ 

The 1 J C NMR spectrum of Οω is shown in Figure 1 (8, 9). The sample is 
small by NMR standards; ~80 /xg of a C ^ - C ^ mixture was obtained by subli
mation from graphitic soot onto quartz slides and was subsequently washed in 
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7. JOHNSON ET One-and Two-Dimensional NMR Studies 109 

C60 
c d 

a b 

,i 1 J ,. ,. J ι V 
1 

ppm 

Figure 2. Upper trace: One-dimensional (ID) 13C NMR spectrum of 60 μg of 
~10x 13C-enriched with in toluene-2H8. Matrix: two-dimensional 
(2D) NMR INADEQUATE spectrum of this sample. Doublets (circled) occur 
at a common double-quantum frequency for two resonances of bonded car
bons, allowing the bonding connectivity to be made. The spectrum was 
obtained in the presence of Cr(ac)3, using the puke sequence of Mareci and 
Freeman with a refocusing delay of 5 ms, a sweep-width of 13 kHz digitized 
into 8 kword data sets for horizontal dimension, and a sweep-width of 7 kHz 
for the double-quantum dimension digitized into 512 blocks, with 512 scans per 
block. 

benzene. This sample was then concentrated to 100 ^ L , and Cr(ac)3 was added 
to allow a practical pulse repetition time for the NMR experiment. The mass 
spectrum of the sample showed a 4:1 ratio of to C 7 Q . The 1 3 C NMR spec
trum was obtained without 1 H decoupling, ana shows an intense 1H-coupled 
solvent resonance due to benzene, a resonance at 142.8 ppm that we assign to 
C^Q, and several smaller lines at 150.6, 148.0, 147.3, and 145.3 ppm, whose net 
intensity are consistent with the mass spectrum (the fifth line of C 7 Q is under 
the solvent resonance at 130.8 ppm; see Figure 2 and ref. 8). The 1 3 C 
NMR spectrum is remarkable for its simplicity. The single resonance observed 
indicates that all 60 carbons are chemically equivalent on the time scale of the 
NMR experiment and show no coupling to protons. The position of this res-
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110 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

onance at 142.8 ppm is in the region characteristic of aromatic or olefinic car
bons possessing some torsional strain, and is consistent with the shifts for simi
lar carbons (6) in azulene (140.2 ppm), fluorene (141.6 and 143.2 ppm), and 
3,5,8-trimethylaceheptylene (146.8 ppm), which are polycyclic hydrocarbons 
possessing some ring strain. The 1 3 C NMR spectrum of thus strongly sup
ports the proposed soccer-ball geometry shown in Figure 1. 

The upper trace in Figure 2 shows the 1 3 C NMR spectrum of a mixture 
of 13C-enriched and C ? 0 in toluene. The ~10 χ enrichment was achieved 
by using cored carbon rods loaded with amorphous 98% 1 3 C powder (Cam
bridge Isotopes) in an arc fullerene generator (10, 11). The spectrum shows 

10:20:10:20:10, which were interpreted (8) to support the proposed C 7 Q struc
ture with D5h symmetry (5) shown in Figure 2. The C ? 0 structure is similar to 
that of C ^ , but with the insertion of 10 carbons around the equator, and with 
a 36° relative hemispheric rotation. The five 1 3 C resonances in C 7 Q are well 
separated, and, when adjacent carbons are both 1 3 C isotopes, will split into 
doublets because of V c c coupling. The C 7 0 resonances are predominantly 
singlet in nature. As our enrichment is about 10 χ, 90% of the 1 3 C nuclei in 
the sample arise from the 98% 1 3 C amorphous carbon insert. The coupling 
pattern of these resonances, which show doublets of 5% intensity from 
1 3 C - 1 3 C pairing, indicate that the 1 3 C atoms in C ? 0 are randomly mixed with 
the 1 2 C atoms. If 1 3 C atoms from the enriched core of the graphite rod were 
consistently incorporated in groups or pairs, the NMR resonances would all be 
doublets because of one-bond coupling of adjacent 1 3 C atoms. That they are 
not shows that the fullerenes form by condensation of a gas where the carbon 
atoms are mixed on an atomic scale, despite the initial spatial separation of the 
1 2 C (natural abundance 1% 1 3 C) and 1 3 C graphites. 

The NMR spectra of fullerenes with lower symmetry than C ^ reveal 
much structural information. The C 7 0 resonance at 130.8 ppm is far upfield of 
the other fullerene peaks, and, as noted by Taylor et al. (#), although four of 
the C 7g carbons are on five- and six-membered rings, the belt carbon (e in Fig
ure 2) in CjQ is unique in that it belongs only to six-membered rings. Its chem
ical shift should then be similar to that of benzo[a]pyrene (125.5 and 123.8 
ppm) (12), and was assigned to the resonance at 130.8 ppm (8); the other four 
resonances were assigned using insights on torsional strain. The structure 
of C 7 0 shows a linear connectivity of the five carbons with differing intensities. 
We have been able to map this bonding topology by using the two-dimensional 
(2D) NMR "INADEQUATE" experiment (73), which correlates the 1 3 C NMR 
line of a carbon to that of its bonded neighbor (14-16). 

The basis of the INADEQUATE experiment is the scalar / coupling of 
adjacent 1 3 C atoms, which enables the excitation and detection of a shared 
double-quantum coherence. The 2D spectrum then allows construction of a 
bonding connectivity map of the molecule. A 13C-enriched C 7 0 sample was 
used to increase the occurrence of adjacent 1 3 C carbon atoms. The 2D 
INADEQUATE spectrum is shown in Figure 2. The upper trace is the one-
dimensional (ID) spectrum. The horizontal axis is the chemical shift, and the 
vertical axis represents the double-quantum frequency dimension. Two bonded 

the G resonance, resonances with intensity ratios 
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7. JOHNSON ET AL. One- and Two-Dimensional NMR Studies 111 

carbons share a double-quantum frequency; peaks in the 2D spectrum occur at 
their individual chemical shifts along the horizontal dimension and their shared 
double-quantum frequency in the vertical dimension; this feature allows the 
correlation to be made. The 2D spectrum shows all four of the bonding con
nectivities, yielding a linear string of resonances with intensities 
10:10:20:20:10, in accord with the structure for C~Q shown in Figure 2. This 
topology is asymmetric, so the five C 7 Q lines may fee experimentally assigned. 
The assignments are shown in Figure 2 and are in accord with those proposed 
by Taylor et al. (8). The experiment also furnishes the four V c c values; b 

= 68 Hz, and V d = 62 Hz; these results indicate these bonds fusing six-
membered rings have substantial π bond order and are more olefinic than 
aromatic in character (13). 

Solid-State NMR Results 

Solid-state NMR studies reveal additional aspects of the behavior and proper
ties of (17y 18). The nearly spherical shape of the molecules suggests that 
they may reorient freely in the solid state. Solid-state NMR spectroscopy 
allows this possibility to be directly checked. Figure 3 shows 1 3 C NMR spectra 
of solid CgQ (with a minor amount of C 7 0 ) obtained at temperatures of 295, 
123, 100, and 77 Κ at 1.4 Τ (17). The spectrum at 295 Κ consists of a narrow 
single peak (70 Hz FWHM) with a chemical shift of 143 ppm, close to the 
value found for in solution (8, 9). As the temperature is lowered, the 
sharp peak decreases, while a broad asymmetric peak grows in, roughly cen
tered on the sharp peak. The spectrum at 77 Κ is a powder pattern charac
teristic of a carbon in a rigid solid. The pattern results from the variation of 
the magnetic shielding of the 1 3 C nuclei with molecular orientation (19, 20). 
The components of the chemical-shift tensor describing this anisotropy are 
found to be 220, 186, and 25 ppm, consistent with expectations for an aromatic 
molecule (11, 19, 20). The collapse of the line as the sample is warmed to 295 
Κ proves that the molecule reorients on a time scale of ~1 ms. At intermedi
ate temperatures the spectrum appears to be a superposition of a narrow line 
and a broadened line, a finding suggesting the possibility that two phases with 
different barriers to reorientation may coexist (21), or that there may be a dis
tribution of barriers to rotation in the sample (22). 

Spin relaxation mechanisms that arise from molecular motion provide a 
means to characterize motional rates. For in the solid state, a major 
source of 1 3 C NMR relaxation arises from reorientation, via molecular rotation, 
of the chemical-shift tensor mentioned. The longitudinal spin relaxation rate 
of was measured for temperatures from 170 to 300 K, and a minimum in 
this relaxation rate was found at 233 K. This minimum indicates that the rate 
of molecular reorientation at this temperature is similar to the 1 3 C NMR fre
quency, which at a magnetic field strength of 7.0 Τ indicates a reorientational 
correlation time of ~2 ns at 230 K. 

The presence of the rapid molecular reorientation observed with solid-
state NMR spectroscopy may pose an obstacle to the experimental determina
tion of the internal atomic structure of these species by X-ray diffraction (2) or 
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295 Κ 

- , — - — • — • — p 

400 200 0 -200 
ppm (TMS) 

Figure 3. Variable-temperature13 C NMR spectra of solid C^. The sample is 
~1 g of CfiQ and C70 in a ratio of 10:1. 

STM (scanning tunneling microscopy) imaging (23, 24). These techniques have 
so far yielded only approximate measurements of the center-to-center distances 
of CgQ, yielding values of 10-11 Â. On the other hand, solid-state NMR itself 
offers the possibility of directly determining the bond lengths in the 
molecule by measuring the line splitting due to dipolar coupling of adjacent 
1 3 C nuclei (25). This method for measuring bond lengths in orientationally 
disordered materials was recently quantified (26). To increase the probability 
of finding two adjacent 1 3 Cs, the clusters were enriched to 6% 1 3 C using the 
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Figure 4. (a) UC NMR spectrum of (6% UC) obtained using a 
Carr-Purcell Meiboom-Gill sequence. The center line has been cropped (b) 
Simulation of Pake doublets for C-C bond lengths of 1.45 and 1.40 A, with 
twice as many long bonds, (c) Simulation as in part b, with bond lengths 
1.451 and 1.345 λ 

same method described earlier. The sample was cooled to 77 Κ to slow the 
molecular rotation sufficiently to avoid averaging the dipole coupling to zero 
(27). The Carr—Purcell pulse sequence (28) was used, with the Meiboom—Gill 
modification (29), to eliminate the effects of chemical shift while retaining the 
dipolar coupling between 1 3 C spins. In amorphous or polycrystalline samples, 
this coupling leads to a powder pattern that exhibits a set of relatively sharp 
Pake doublets (30). The splitting of a given doublet depends on the inverse 
third power of the corresponding carbon—carbon separation. 

Figure 4a shows the spectrum obtained using the enriched sample (~6:1 
G Q - C 7 0 ratio) in a field of 1.4 T. Bracketing the central peak due to isolated 
1 3 C atoms is a pair of doublets with splittings of 3158 and 3596 Hz. Figure 4b 
shows a best-fit simulation of this spectrum. Two bond lengths, 1.45 and 1.40 
(± 0.015) A, are obtained in satisfactory agreement with the bond lengths cal
culated for the truncated icosahedral structure (31), yielding a cage diame
ter of 7.1 (±0.07) Â. For comparison, the simulated spectrum for the alterna
tive icosahedrally symmetric cluster [the truncated dodecahedron with cal
culated bond lengths 1.451 and 1.345 Â (32)] is shown in Figure 4c. These 
comparisons lend support to conclusion that has the truncated icosahedral 
(soccer-ball) structure. 

Summary and Conclusions 

The experiments described here demonstrate that C NMR spectroscopy is a 
powerful technique for investigating many properties of the highly symmetrical 
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hollow carbon molecules with 60 and 70 atoms. In solution, high-resolution 
NMR spectra reveal that has a single resonance at 143 ppm, indicating a 
strained, olefinic, or aromatic system with high symmetry. This single reso
nance is strong evidence for a CLQ soccer-ball geometry. The random distribu
tion of 13C-labeled atoms in 10% enriched C ? 0 shows that the fullerenes form 
by condensation of an atomic gas. A two-dimensional NMR INADEQUATE 
experiment on 13C-enriched C 7 Q reveals the bonding connectivity to be a linear 
string of the five resonances, with a topology of 10:20:10:20:10, in firm sup
port of the proposed rugby-ball structure with symmetry. In addition, the 
2D experiment furnish the four one-bond coupling constants, and the asym
metric bonding topology allows an experimental resonance assignment. Solid-
state NMR spectra of at ambient temperatures yield a narrow resonance, 
indicative of rapid isotropic molecular reorientation. Variable-temperature T. 
measurements show that the reorientational correlation time is 2 ns at 230 K. 
At 77 K, this reorientational time is slowed to more than 0.3 ms, and the resul
tant 1 3 C NMR spectrum of has a powder pattern due to chemical-shift 
anisotropy, from which the chemical shift tensor components 220, 186, and 25 
ppm are obtained. At intermediate temperatures, a narrow peak is superim
posed on the powder pattern, a result suggesting a distribution of barriers to 
molecular motion in the sample, or the presence of an additional phase in the 
solid state. A Carr-Purcell dipolar experiment on in the solid state allows 
precise determination of the bond lengths: 1.45 and 1.40 (±0.015) Â). 
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Chapter 8 

Mass Spectrometric, Thermal, and Separation 
Studies of Fullerenes 

Donald M. Cox1, Rexford D. Sherwood1, Paul Tindall1, 
Kathleen M. Creegan1, William Anderson2, and David J. Martella3 

1Corporate Research Laboratories, Exxon Research and Engineering Co., 
Annandale, NJ 08801 

2Department of Chemistry, Lehigh University, Bethlehem, PA 18018 
3Exxon Chemicals Co., Linden, NJ 07036 

In this chapter, we describe results from plasma desorption mass spec
trometric studies of fullerenes, studies of the thermal and oxidative properties 
of the fullerenes, and the use of sublimation both for extraction of fullerenes 
from raw soot and for separation into purified fractions. 

Following the initial disclosure of a technique to produce macroscopic quanti
ties of CgQ (2), the production, extraction, and separation of fullerenes is now 
being routinely performed by many research groups around the world, as indi
cated by the chapters in this book. There is a growing need for nondestructive 
mass spectrometric techniques with which parent fullerene molecular species 
can be identified, information about the thermal and oxidative properties of the 
fullerenes, and alternatives to liquid chromatographic separation (2—4). Consid
ering these needs, we will discuss our preliminary results from plasma desorp
tion mass spectrometric studies of evaporated deposits of purified and mixed 
fullerene samples, thermogravimetric studies of fullerenes and carbon soot with 
both N 2 and Ô 2 sweep gases, and application of sublimation-condensation not 
only to extract fullerenes from raw soot, but also as a means to separate ful
lerenes into highly purified components. 

Plasma Desorption Mass Spectrometry 

Figure 1 shows a schematic of plasma desorption mass spectrometry (PDMS) 
apparatus. Briefly, PDMS works as follows: A sample is placed on a thin film 
(—2 μτη thick) of aluminized Mylar. The fissioning of a 2 5 2 C f atom produces 
two high-energy, nearly equal mass products. One fission fragment produces a 
start pulse for data acquisition. The second fragment strikes the film, deposits 

0097-6156/92/0481-0117S06.00/0 
© 1992 American Chemical Society 
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118 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

00 

HV 

Start 
Detector 

sample 
500 550 600 650 700 750 800 850(M/Z) 

End 
Detector 

Figure 1. Schematic of plasma desorption mass spectrometer and the positive 
ion time-of-flight mass spectrum of purified prepared by evaporative depo
sition of Οω from a dilute solution of toluene onto a thin nitrocellulose coating 
on the aluminized Mylar fUm. The accelerating voltage is +15 keV. 

its kinetic energy, and produces ions. The exact details of the ion production 
are uncertain and the subject of much discussion (5). The sample ions are 
accelerated by an electric field set up between the substrate held at high voltage 
and a grounded screen about 2 mm away. The ions then travel in a field-free 
region for about 14 cm before being detected by a channel-plate multiplier. 
Simply changing the sign of the accelerating voltage allows either positive or 
negative ions to be detected. 

This technique has advantages and disadvantages. One advantage is that 
fullerenes can be detected with this technique. Also shown in Figure 1 is a typ
ical mass spectrum obtained from a "purified" sample of C ^ . In this instance 
a low concentration of the fullerene molecule was evaporatively deposited onto 
the Mylar film from a weak solution of in toluene. is by far the dom
inant peak in the mass spectrum, a result indicating that the parent 
molecules are being detected. 

Figures 2a and 2b show spectra obtained when thicker films of "puri
fied" and raw fullerene extract (a fullerene mixture containing mostly C^Q 
and C 7 Q) are used, respectively. In both Figures 2a and 2b there is evidence for 
parent molecules (the strongest peaks), but also for "all" larger size fullerenes; 
that is, although not shown here, even atom carbon clusters containing 60 to 
more than 250 carbons are mass resolved. Our interpretation of these effects is 
that plasma desorption can be used to selectively detect parent fullerene 
molecules only when the fullerenes are highly dispersed on the film, that is, 
when the probability of the fission fragment interacting with more than one 

molecule at a time is very low. For concentrated coverages, on the other 
hand, a significant fraction of the energy deposited by the fission fragment 
presumably is deposited into this "carbon film", and in analogy with laser 
vaporization of graphite (6), simply "synthesizes" the large family of fullerenes. 
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8. COX ET AL. Mass Spectrometric, Thermal, and Separation Studies 119 

Figure 2. Positive ion time-of-flight mass spectra for more concentrated sam
ples of (a) purified C^Q and (b) fullerene extract These samples were prepared 
by evaporative deposition onto aluminized Mylar fUms from concentrated solu
tions of fullerene in toluene. The accelerating voltage is +14 keV. 

The PDMS of the fullerene extract shows higher intensities for C ^ , C 7 0 , 
C 7 6 , C 7g, and Cg,, exactly those fullerenes that can be extracted by chromatog
raphy (2—4, 7). Tnis finding suggests that such intensity oscillations are indica
tive of the presence of parent molecular species in the sample, because such 
oscillations are not present in the PDMS of a thick sample of purified (or 
C 7 0 ) . The most intense peak in this instance is (or C 7 Q ) , while the intensi
ties of the other peaks are nearly equal except for a slow decrease with increas
ing cluster size. 
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120 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Separation of Fullerenes 

The disclosure (1) that fullerenes can be produced in macroscopic amounts by 
operating a carbon arc in an inert gas atmosphere has led to a demand for 
purified materials. The initial problems involved extraction of fullerenes from 
the raw soot and separation of the mixture of fullerenes into pure cuts of 
C 7 0 , C ^ , etc. A typical recipe for these steps involves combining the raw soot 
and a solvent such as benzene or toluene in a flask. The fullerenes are some
what soluble in aromatic solvents, and thus after filtering out the insoluble 
material, a deep burgundy solution (the extract) containing only soluble 
material is obtained. This solution is found to contain a mixture consisting pri
marily of fullerenes, but may also contain other fullerenelike materials such as 
the fullerene mono- and dioxides and possibly some polyaromatic hydrocarbon 
species. Typically, under our "synthesis" conditions the fullerenes make up 
8-15% of the carbon soot. In order to separate the fullerenes from each 
other, liquid chromatography has been employed (2-4, 7). In this manner, puri
fied samples of C ^ , C 7 0 , Cg^, etc., have been obtained. 

In what follows we will describe appropriate sublimation conditions that 
not only allow fullerenes to be extracted from raw soot, and thus obviate the 
solvent-extraction step, but also yield highly purified deposits of (and C ? 0 ) , 
and thus obviate the chromatographic step. The method exploits the proper
ties that and C ? 0 are thermally stable (above 800 °C in our tests) in 
vacuum or under inert gas, sublime without decomposing, and have different 
heats of desorption (8). The general behavior is that the larger fullerenes con
dense onto warmer surfaces than do the smaller ones. Thus, fullerene extrac
tion and separation from the raw soot by controlling the heating and condensa
tion conditions can be a viable alternative to solvent extraction and liquid 
chromatographic separation. 

Thermal Properties of Fullerenes. The thermal and oxidative properties 
of fullerene-containing soots as well as separated fullerenes were examined by 
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and 
differential thermal analysis (DTA) using nitrogen, helium, or air. Figure 3 
displays a typical TGA plot for a sample of toluene-Soxhlet-extracted ful
lerenes. With N~, no appreciable weight loss is observed for temperatures less 
than -700 °C. Most of the weight loss occurs between 750 and 850 °C. Little 
weight loss occurs above 850 °C, with approximately 13% of the initial ful
lerene sample still remaining even at 1100 °C. This residual material is insolu
ble in toluene and presumably represents conversion of fullerenes or fullerene 
oxides into some carbonaceous material, possibly larger fullerenes with more 
graphitelike properties, or amorphous carbon. 

When synthetic air (20% 0 2 , 80% N 2 ) is used as the carrier gas, weight 
loss occurs at substantially lower temperatures; that is, almost all weight loss 
now occurs between 550 and 650 °C, and nearly all the material is oxidized, as 
evidenced by 98% weight loss. Similar studies of raw soot, that is, the carbon 
soot prior to fullerene extraction, show only about 10% weight loss with N 2 as 
the carrier gas, but with air the entire sample can be oxidized. The 10% loss 
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(b) 

200 400 600 800 1000 
Τ I I 1 I I I 1 I 1 I 1 I 1 I 1 I 1 I r 

(a) 

TGA of Fullerene Extract (C60/C70) 

\ 

I ι I ι I ι I ι I ι I » I ι I ι I » I » 
200 400 600 800 1000 

Temperature (°C) 

Figure 3. The TGA plots (% weight loss versus temperature) for the fullerene 
extract for N2 (solid line) and synthetic air (dashed line, 20% 02, 80% N2) are 
compared in panel a. The heating rate was 20 °C/min. The upper panel (b) 
plots the derivatives of the curves in panel a. 

with N 2 not only reflects the fraction of sublimable material (fullerenes), but is 
consistent with the weight fraction of fullerenes obtained by toluene extraction. 

These results are interpreted as follows: With N 2 as the carrier gas, 
weight loss occurs by sublimation. With air as the carrier gas, weight loss 
occurs via oxidation (burning) before any significant weight is lost by sublima
tion. These results are confirmed by DTA and DSC on the extracted ful
lerenes. A typical DTA scan is shown in Figure 4. With N 2 , no evidence of an 
endo- or exothermic reaction is observed. With air, however, the reaction is 
exothermic. The shape of the curve suggests that the sample contains two 
major components, presumably Οω and C™. In addition, we suspect that the 
shoulder toward the lower temperature reflects the oxidation of C 7 Q , and the 
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DTA Of C 6 0 / C 7 0 

0 

-50 

-100 

200 400 600 800 1000 
Temperature (°C) 

Figure 4. DTA of the fullerene extract in air. The heat flow (mttlicalories per 
second) is plotted such that exothermic processes give negative values. 

large peak corresponds to oxidation of C ^ , because the ratio of the signal in 
the shoulder to that of the peak is consistent with the to ratio of about 
0.2 in this sample. Furthermore, a similar effect is observed in the derivative of 
the TGA with oxygen (see Figure 3b). If this assignment is correct, then C 7 0 

oxidizes more easily than C ^ . Early mass spectrometric characterizations of 
fullerene extracts in many instances were carried out by thermal desorption 
from heated probes where probe temperatures were held between 300 and 500 
°C (1, 2—4, 9), temperatures significantly below that for which significant 
weight loss is observed. In these instances the mass spectrometric sensitivity is 
sufficiently high that even at the lower vapor pressures sufficient material is 
sublimed for detection. 

Separation by Sublimation. In order to test the feasibility of separation 
using sublimation, an initial experiment is carried out by placing a known 
amount of fullerene extract (toluene-extracted as usual) into the bottom of a 
%-inch-diameter by 12-inch-long quartz tube. The tube is evacuated and sealed 
off. It is then placed in an oven such that a 4-inch extension out of the end of 
the oven remains near room temperature. The tube containing the soot is then 
heated to 700 °C for 60 h. A thick deposit is formed on the inner surface of 
the tube over about a 2-inch-long region located where the tube exits the oven, 
that is, the region where the temperature drops from near 700 °C to some
where near room temperature. Characterization of this deposit reveals that the 
material nearest the cool end is highly enriched in C ^ , containing greater than 
95% C ^ . The percent C ^ in the extract prior to sublimation is 83%. Further 
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8. COX ET AL. Mass Spectrometric, Thermal, and Separation Studies 123 

evidence of selective sublimation is obtained by examination of the extract that 
did not sublime. This material is found to be significantly depleted in C ^ , con
taining only 70% C U . 

To better define the thermal conditions and to demonstrate that ful
lerenes can be extracted and separated directly from soot, a three-zone oven is 
used. Figure 5 schematically shows the details of this setup. Each stage of the 
oven is nominally 6 inches long and has a thermocouple located near the 
center of each stage. Raw carbon soot (200 mg) is placed in the bottom of a 
24-inch-long by 0.5-inch-diameter quartz tube, which is then positioned in the 
oven such that the lower 5 inches containing the soot is in the 800-°C zone. 
The three zones of the oven are then heated to 800, 600, and 400 °C. The top 
8 inches of the tube outside the oven remains near room temperature. 

Our observations are as follows: No appreciable material is deposited 
on the room-temperature surfaces outside the oven or in the 600-°C region. A 
coating builds up along the tube surface in the 400-°C region. The morphology 
of the coating varies along the tube length and is found to reflect both compo
sitional (Cgo/Cyo ratio changes) and concentration (film thickness) changes. 
The differing compositions and concentrations of sublimed material appear to 
be controlled mostly by the temperature profile along the length of the quartz 
tube. The deposited material is then removed from different areas along the 
length of the tube, weighed, and characterized by U V absorption. From these 
measurements the percent and the yield of sublimable material is deter
mined (see Table I). The two spectra shown at the bottom of Figure 5 dramati
cally illustrate the differing concentrations of and C ? 0 in the cooler and 
hotter regions along the tube. 

Table I. Quantity (%) of and C ? 0 in Sublimed Films 
as a Function of Position along Length of Quartz Tube 

Position C60 C a 

^70 

A l - 2 >98 <2 
B l - 3 -80 -20 
B 4 -24 - 7 6 

c -12 -88 

NOTE: See Figure 5 for explanation of positions. 
ûThe larger fullerenes are present in our soot at levels less 
than 1-2%; therefore, we assume only C ^ and Cj0 contribute 
to the UV absorption at 330 and 380 nm. Thus, f̂cC^ = 100 

Last, the total yield of fullerenes (sublimed material that is also toluene 
soluble) is about 10%, a value nearly identical with that obtained by solvent 
(toluene) extraction on another sample of soot from the same run. Examina
tion of the results from this run are summarized in Table I and show that 
highly purified and C 7 0 can be obtained by sublimation, and sublimation 
under appropriate conditions is at least as effective as solvent extraction in 
extracting the smaller fullerenes from soot. 
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Summary 

We have described the characteristics of plasma desorption mass spectrometric 
detection of fullerene samples. In addition we have shown that the thermal 
and oxidative properties of the fullerenes can be exploited for extraction and 
preparation of purified and C 7 0 by controlled sublimation. 
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Chapter 9 

Production, Mass Spectrometry, and Thermal 
Properties of Fullerenes 

Ripudaman Malhotra, Donald C. Lorents, Young K. Bae, 
Christopher H. Becker, Doris S. Tse, Leonard E. Jusinski, 

and Eric D. Wachsman 

Chemistry and Molecular Physics Laboratories, SRI International, 
Menlo Park, CA 94025 

In this chapter, we report on the generation of gram quantities of solid 
molecular carbon fullerene materials (fullerites) by a modified version of the 
recently discovered technique of Krätschmer et al.; we used an alternating
-current arc instead of resistive heating. The presence of fullerenes in the soot 
was confirmed by surface analysis using laser ionization (SALI) and field
-ionization mass spectrometry (FIMS), both of which showed the parent ions 
at 720 and 840 Da. The absence of these peaks in the SALI and FIMS 
spectra of commonly encountered pyrolysis and combustion soots leads to 
the conclusion that fullerenes are not present in those samples. C60 

desorbed at lower temperatures than C70 from the raw soot obtained by 
vaporizing carbon; however, the two fullerenes coevolved during thermal 
desorption of bulk fullerene extract. Furthermore, at temperatures above 700 
°C, the fullerenes transformed to another form of carbon that is insoluble in 
benzene. The kinetics of oxidation of C60 and C70 were found to be very 
similar by temperature-programmed reaction studies and somewhat faster 
than for graphite. 

Completely new classes of materials can be formed from size-selected metal and 
semiconductor clusters, so-called "nanophase" structures. Among clusters with 
natural size selection, C^Q is now recognized as a unique molecule with its trun
cated icosahedron (soccer-ball) shape determined by the pentagonal and hexag
onal framework of C - C bonds. It has been shown to be chemically, thermo-
dynamically, and photophysically stable in the gas phase (1, 2). Even-numbered 
carbon fullerene structures larger than C 3 2 have been observed, but except for 
C^Q, only those larger than C 7 Q appear to be stable. Bulk materials composed 
of these carbon fullerene molecules can be expected to have interesting and 
unique solid-state properties and applications (1, 2s). Although there have been 
extensive gas-phase studies of these fullerenes (1—3), studies of their material 
properties have been limited by the difficulty of producing bulk quantities of 
fullerenes. 

0097-6156/92/0481-0127$06.00/0 
© 1992 American Chemical Society 
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128 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Recently, Krâtschmer et al. (4) discovered a simple production and 
extraction method that permits bulk quantities of fullerenes to be produced in 
the solid form, called fullerite. Fullerite is a completely new form of carbon 
that, unlike its counterparts diamond and graphite, is soluble in common sol
vents and volatile at low temperatures. Fullerites composed of pure or 
pure C-Q can now be produced by liquid chromatographic separation tech
niques (D, 6). This form of carbon provides a basis for the development of new 
classes of technologically important materials, such as new semiconductor 
materials, new organic materials produced by chemical functionalization of ful
lerenes, and new high-temperature coatings and lubricants. In this volume, 
Smalley presents a more general discussion on this subject. In this chapter we 
describe measurements of some of the thermal properties of fullerite materials. 
We had presented some of these results previously (7). 

Production 

We have generated gram quantities of fullerenes, such as and C 7 Q , by 
extracting them from carbon smoke deposits with benzene or toluene following 
the procedure discovered by Krâtschmer et al. (4). The smoke deposits were 
initially produced by thermal evaporation of graphite rods in He at ~150 torr 
(—2 χ 104 Pa). In the course of these experiments we found that operation in 
an alternating-current (AC) arc discharge mode is both simpler and more effi
cient than resistive heating. A typical arc operation at ~200 A and ~20 V per
mits one to vaporize 6-inch-long, %-inch-diameter carbon rods in an ~2-h run. 
A 4—5-g carbon soot deposit on a water-cooled copper collector is produced 
from a single rod and yields ~10 wt% fullerenes. 

Our arc discharge method appears to be identical to that described by 
the Rice University group (8). Typically, we extract the soot by sonicating it 
with about 200 mL of toluene and filtering the extract. Often the soot pro
duces a sticky solid with toluene, and in those instances filtration is particularly 
problematic. We found that filtration with a 12.5-cm glass-fiber filter disc fol
lowed by a second stage of filtration through a 0.45-μιη membrane filter minim
ized clogging problems. The initial residue obtained after evaporation of the 
solvent is black. Besides the characteristic absorption bands at 1183 and 1429 
cm" 1, Fourier transform infrared (FTIR) spectroscopy shows the presence of 
peaks in the 3000-cm"1 range, which indicates hydrocarbon contaminants. 
Simple washing with ether or chloroform removes these impurities, as is veri
fied by FTIR spectroscopy, and the cleaned solid has a brownish tinge. 

Mass Spectrometry of Fullerenes 

We analyzed the raw soot and the extracts by two different mass spectrometric 
methods: (1) surface analysis by laser ionization (SALI) and (2) field-
ionization mass spectrometry (FIMS). SALI analysis was performed by heating 
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Figure 1. Field-ionization mass spectrum of soot obtained by vaporizing gra
phite shows peaks due to and C7Q. Inset: Expanded region around mass 
720 showing the isotopic satellites. 

the sample on a stainless steel stage and photoionizing the evaporating ful
lerenes and other molecules with 118-nm (10.5-eV) photons. The ions were 
then monitored with time-of-flight (TOF) mass spectrometry. The laser pho
tons were generated by first tripling the 1.06-mm photons in KD*P, then tri
pling again in Xe phase-matched with Ar (9). The estimated ionization poten
tials of the small fullerenes, such as C^, are 7-8 eV (10); thus, the photoioni-
zation process at 10.5 eV should be dominated by the single-photon process. 
Unlike multiphoton or electron ionization, single-photon ionization produces a 
clean, nearly fragment-free mass spectrum (9). Assuming that the photoioniza-
tion efficiencies of the different fullerenes are equal, the resulting ion mass 
spectra represent the true intensity distributions of neutral fullerenes. The 
spectra clearly showed strong peaks at 720 and 840 Da, corresponding to 
and C7p, respectively. This technique was also used to study the thermal 
desorption of fullerenes (discussed later). 

For FIMS analysis, the sample was taken in a melting point capillary and 
introduced into the system via a heatable direct insertion probe (11). Ioniza
tion of evaporating molecules was effected with a foil-type field ionizer previ
ously activated with carbon dendrites. The ions were analyzed with a 60° mag
netic sector mass analyzer. Fullerenes were detected around 400 °C, although 
intense signals were observed only above 500 °C. 

Figure 1 shows the FI mass spectrum of a typical extract. No fragment 
peaks were formed by this method. Weak signals (~0.3%) were detected at m/z 
360 and 420 Da. They result from doubly charged species and are not due to 
clusters containing 30 and 35 carbons, for they coevolve with the peaks at 720 
and 840 Da. The inset in Figure 1 displays the region around 720 Da and 
shows the presence of isotopic satellites due to 1 3 C in the expected ratios. 
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The existence of fullerenes in combustion and pyrolysis soot has been a 
matter of debate (2, 12—14). We had previously analyzed many pyrolysis and 
combustion soots, but had not seen any peak corresponding to or C 7 0 . 
However, because we could not be sure that our technique would detect them, 
the mere absence of FIMS signals was not a sufficient criterion to conclude the 
absence of fullerenes in these samples. However, the successful analysis of ful
lerenes by FIMS now allows us to categorically state that fullerenes such as 
and C 7 0 are not present in commonly encountered soots from pyrolysis and 
combustion of hydrocarbons (15). In a similar vein, we also found no evidence 
for fullerenes in the Allende and Murchison meteorites (16). 

Recently Taylor et al. (17) showed that fullerenes react with oxygen in 
the presence of U V light, and they suggested that this reaction explains their 
absence in the combustion soots, the clear implication being that the combus
tion soot contained fullerenes that were subsequently transformed. Although 
we have not systematically studied the decay of fullerenes in carbonaceous par
ticles, we analyzed some of the samples of pyrolysis and combustion soots 
within days of their preparation, and some soots from evaporating graphite in 
an arc discharge that were stored under ambient conditions for weeks prior to 
mass spectrometry analysis. Thus it seems unlikely that fullerenes were origi
nally present in the samples of combustion soot. This result does not mean 
that fullerene cannot be prepared by combustion processes. Calculations by 
McKinnon (18) and recent experimental results of Howard et al. (19) indicate 
that under specific conditions fullerenes can be formed during combustion in 
reasonable yields. 

Thermal Desorption of Fullerenes 

We examined the thermal desorption properties of fullerenes from the raw car
bon smoke deposit and from bulk fullerenes with the SALI technique. Eva
poration of bulk fullerenes and pure C ^ samples were studied by thermogra-
vimetry. 

Desorption from Raw Soot. The temperature-dependent SALI spectra of 
the volatile compounds from the raw soot obtained from the arc discharge are 
shown in Figure 2. For these spectra, the sample was heated at a constant rate 
of ~10 °C/min. Figure 2a exhibits some low-mass components (<300 amu) at 
temperatures below 500 °C, which quickly disappear as the temperature 
increases above 500 °C. We believe that these low-mass components are hydro
carbon contaminant molecules generated in the discharge. C ^ and C ? 0 appear 
first at about 400 °C and become predominant at temperatures between 500 
and 700 °C as shown in Figures 2a-2c. As Figures 2a-2d clearly indicate, no 
fullerenes smaller than C ^ or between C ^ and C 7 Q appear in these spectra. 
However, C ?g begins to appear at 700 and 800 °C, as shown in Figure 2d; the 
higher mass fullerenes C ? 4 , C ^ , C ? 8 , Cg2, and C ^ also appear in the 800-°C 
spectrum. Among them, C ^ , Cy8, and are predominant, a feature indicat
ing their formation and stability. 
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A general trend occurs in the temperature dependence of thermal 
desorption as a function of fullerene size. The lowest member, C ^ , is the first 
to desorb, C 7 0 is next, and the higher masses appear only at the nighest tem
perature. The intensity of (Figure 2b) peaks at about 600 °C, and that of 
C ? 0 (Figure 2d) is still increasing at 800 °C. This result is in concert with the 
findings of Cox et al. (21); however, as shown later, from bulk fullerite the 
desorption of and C 7 0 occurs over the same temperature range. 

Desorption from Bulk Fullerene Extract Thermal desorption proper
ties of the solvent extract (composed mainly of and C 7 Q ) using SALI 
analysis are displayed in Figure 3a, which shows the signal intensity of C ^ and 
C 7 0 as a function of temperature from two different sample preparations. 
Curves C and D were derived from a sample prepared by evaporating the 
equivalent of one or two monolayers of fullerenes on the Ta heating strip by 
air-drying 3 mL of a dilute fullerene solution in toluene. Curves A and Β were 
prepared in the same manner but with about 5-10 monolayers deposited on 
the strip. The exact microscopic surface area of the Ta was unknown. The 
samples were placed into the vacuum chamber through a vacuum interlock. 
The heating rate was 30 °C/min. The low-temperature peaks or shoulders of the 
curves at ~300 °C are probably due to evaporation of monolayer fullerenes 
from the TaO surface and reflect a rather weak binding to this oxide. The 
second set of peaks at just below 400 °C are believed to arise from multilayers 
of fullerenes. The rapid falloffs above the second peak (just above 400 °C) in 
all curves result from sample exhaustion. 

Figure 3b shows the thermal evolution from a flake of unpurified molec
ular carbon extract (dried solvent extract) material (about 70 mg) placed in a 
fine Cu mesh and tied by a fine Ta wire to the Ta strip heater. The heating 
rate was 15 °C/min. In this case the predominant evaporation occurs at much 
higher temperatures (500-700 °C). However, a weak shoulder that appears at 
about 400 °C corresponds to the multilayer peaks of Figure 3a. A surprising 
feature of these curves is the observed limiting of the vaporization rate at tem
peratures above about 550 °C. This decrease in desorption rate may indicate a 
transformation that increases the heat of vaporization. These observations 
indicate that the desorption processes from films and crystallites are quite dif
ferent. Different desorption sites, different orders of desorption, and/or phase 
changes may be involved. 

Al l of the curves in Figure 3 clearly show that the C ^ and C ? 0 have 
nearly identical thermal evolution. Furthermore, the evolution curves of C 7 g 

and C ^ are nearly identical to the C ^ curves. This result is in marked contrast 
to the results for thermal evolution from the raw carbon deposit where the 
higher mass fullerenes vaporize at higher temperatures than the smaller ones. 
The thermal evolution from the raw deposit appears to be associated mainly 
with desorption of the fullerenes from the larger carbon structures in the depo
sit. However the thermal evolution from thin films and mixed fullerene crystals 
is apparently dominated by fullerene—fullerene interactions that are similar for 
C60 a n d C70* 
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Figure 2. SALI spectra of fullerenes evaporated from the raw soot at different 
temperatures. The fullerenes were photoionized with 118-nm photons. (Repro
duced with permission from reference 20. Copyright 1991 Materials Research 
Society.) 
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Figure 2. Continued 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
00

9

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



134 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Figure 3. Thermal evolution profiles of C^ and C70 fullerenes from thin films 
and crystallites of mixed fullerite. (Reproduced with permission from reference 
20. Copyright 1991 Materials Research Society.) 
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Thermogravimetric Analysis (TGA) 

Additional information about the thermal vaporization properties of these 
extracts, both purified and unpurified, was obtained from temperature-
programmed weight-loss (thermogravimetric) measurements. Initial measure
ments were made on a mixture of and C 7 0 in flowing Ar. Two noteworthy 
observations from these measurements are (1) the temperature of the peak 
vaporization rate depends on heating rate, and (2) the vaporization curve 
appeared to be composed of two components. The possibility that these 
features were due to the admixture of C 7 Q or other fullerenes in the sample led 
us to repeat the measurements on pure samples, which also showed the 
same behavior. 

Figure 4a shows the result obtained by ramping (slowly increasing) the 
temperature of the pure Οω sample at a rate of 25 °C/min. The sample begins 

1 1 1 1 1 1 1 1 1 1 1 
140 -

(a) 4.57mgC60 

120 - 25 Deg/min in Argon 

o — I 1 1 1 1 1 1 1 1 1 [ 
140 -

(b) 5.23mgC60 

120 - 5 Deg/min in Argon 

0 200 400 600 800 1000 
TEMPERATURE (°C) 

Figure 4. Thermogravimetric analysis of pure fullerite at two heating rates: 
(a) 25 °C/min and (b) 5 °C/min. A significant slowing of the weight loss 
occurs near 900 °C in plot a and near 750 °C in plot b. (Reproduced with per
mission from reference 20. Copyright 1991 Materials Research Society.) 
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to lose weight significantly above 600 °C because of evaporation of C ^ . How
ever, the rate of weight loss decreases abruptly around 900 °C. At a slower 
heating rate (5 °C/min) the weight loss due to evaporation was observed above 
550 °C, and a change in the rate, albeit less pronounced, occurred near 750 °C. 
The observed dependence on heating rate is expected for any vaporization pro
cess, and in principle one can extract the heat of vaporization from these data. 
Analysis of the front end of the individual TGA curves using either zero- or 
first-order kinetics gives heat of vaporizations around 25 kcal/mol, a value con
sistent with that reported by Haufler et al. (8). On the other hand, if we use 
the difference in the peak temperatures for vaporization obtained at the two 
heating rates, the calculated heat of vaporization is on the order of 55 kcal/mol. 

Evidently, the sample is not undergoing simply a vaporization process, 
but also some other changes are occurring. The sudden change in the vapori
zation rate observed at high temperatures is further evidence of a thermally 
activated transformation of the fullerenes into some new form of carbon. 
Although this new species evaporates at relatively low temperature compared 
to graphite (~4000 °C), it is insoluble in benzene. We conjecture that this new 
carbon may be composed of larger fullerene structures that have thermally 
bonded together, possibly through Diels-Alder like adducts. In a recent study, 
Ismail (22) also reported formation of an insoluble residue during TGA. 
Further investigation of this process is under way. 

Temperature-Programmed Oxidation 

The susceptibility of fullerenes toward oxidation was investigated by 
temperature-programmed reaction (TPR) in flowing mixtures of 0 2 and He. 
The product gases CO and C 0 2 and remaining oxygen were monitored with a 
quadrupole mass spectrometer. Figure 5a shows the evolution of CO and C 0 2 

from pure (~5 mg) heated at 30 °C/min in a stream of 10.3% O- in He 
flowing at 31) cm3/min. The TPR curve shows only a single peak at 550 °C, 
with the onset of oxidation taking place at about 400 °C. Similar results were 
obtained for the TPR of C 7 Q under the same experimental conditions. Analysis 
of the front end of the curves gives apparent activation energies of 39 and 24 
kcal/mol, respectively, for C ^ and C 7 Q . This difference in apparent activation 
energies is significant and is under further investigation. 

Figure 5b shows the TPR curve for spheron, a graphitized carbon, under 
conditions identical to those used for and G™. From the onset of oxida
tion at 450 °C for spheron, we can conclude that fullerenes are less resistant to 
oxidation than graphite. Ismail (22) and Milliken et al. (25) also arrived at the 
same conclusion from their TPR studies. Another feature worth noting is that 
the C 0 2 to CO ratio produced in the oxidation of fullerenes is about 1.2, 
whereas that produced from spheron is about 5.6. The large difference in the 
C0 2 /CO ratio cannot be simply due to the gas-phase reactions of carbon oxides 
and oxygen, because this difference persists even in the temperature range com
mon to both systems. This ratio probably reflects the differing nature of the 
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2.5 

(b) 

0 200 400 600 800 
TEMPERATURE (°C) 

Figure 5. Temperature-programmed oxidation of (a) pure and (b) 
spheron, a graphitized carbon. Sample she, ~5 mg; 10.3% 02 in He; heating 
rate, 30 °C/min. 

intermediates involved the gasification. However, at present we are unable to 
draw any mechanistic conclusion from this observation. 

Summary 

In summary, we produced and characterized bulk materials formed from ful
lerene carbon clusters. We investigated thermal desorption properties of ful
lerenes from the raw carbon smoke deposit, from thin fullerite films, and from 
solvent-grown crystallites. The desorption characteristics of fullerenes from the 
raw smoke are very different from the fullerite. The vaporization and desorp
tion processes are complex and reflect possible thermal transformations to 
larger fullerene structures, and fullerenes are less resistant to oxidation than 
graphite. 
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Chapter 10 

Doping the Fullerenes 

R. E. Smalley 

Rice Quantum Institute and Departments of Chemistry and Physics, 
Rice University, Houston, TX 77251 

Fullerenes are a new class of carbon molecules, the first truly molecular 
form of pure carbon yet isolated. Consisting of hollow cages composed of 
three connected networks of carbon atoms arranged to form 12 pentagons 
and a varying number of hexagons, these spheroidal molecules may be most 
useful when they are mixed with small numbers of other atoms. These 
dopant atoms may be located (1) outside the cage, producing fulleride salts; 
(2) inside the cage, producing a sort of superatom; or (3) as part of the cage 
itself, replacing one or more of the carbon atoms in the cage network. 
Examples of all three types of doping have already been demonstrated. 

For most observers, on first learning of the proposed soccer-ball structure for 
C^Q, there often is an almost irrepressible urge to ask "Can you put something 
inside?" Here is a hollow molecule with a sort of holier-than-thou sphericity 
and symmetrical perfection. Inside is a perfect void. Perhaps it is natural to 
the human spirit, perhaps even healthy, to immediately think of messing up this 
sphere: changing just one of the carbon atoms for some other, and/or filling 
the void. The phrase, "Let's dope the bucky ball!" seems rather enticing. 

There may also be considerable virtue in learning to do just that. In 
semiconductor technology and solid-state physics, doping an otherwise pure 
and pristine semiconductor lattice is what gives the material its vital electrical 
properties. For example, doping is what makes silicon work. Using such tech
niques as ion implantation, modern microelectronics companies add small, but 
controlled amounts of boron or phosphorus. Without these critical impurities, 
elegant perfect crystals of silicon would be useless insulators at room tempera
ture. 

The English—American word "dope" stems from the Dutch word 
"doop", which means sauce. In turn this doop is derived from earlier Dutch, 
German, and French usage of similar-sounding words for dipping in various 
fluids, and in particular, the rite of baptism. In Christianity this baptism is an 
act of cleansing in preparation for receipt of the life force of the Holy Spirit. 
For semiconductors and fullerenes, it's not immediately clear what this kind of 
doping would mean, but it certainly sounds like something worthwhile. 

So how do we, following this etymology, go about baptizing C^? Calcu
lations (i, 2) and detailed experiments (3, 4) have revealed that crystalline films 

0097-6156/92/0481-0141$06.00/0 
© 1992 American Chemical Society 
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142 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

of pure are fee (face-centered cubic) lattices that, in bulk form, are direct 
band-gap semiconductors, with a gap of roughly 1.7 eV. At room temperature 
this gap energy is many times the average thermal energy, kT, and hardly any 
electrons have enough energy to jump from ball to ball. At room temperature 

is, therefore, effectively an insulator, just like pure silicon. But like silicon, 
it should be possible to dope the pure lattice with balls that rather more 
readily give up, or take up, electrons. Once these extra electrons (or holes) 
travel far enough from their original modified-bucky home, they are screened 
from the charge they left behind, and they will serve as free carriers of electri
city. In other words, it should be possible to produce η-type (electron carrier) 
or p-type (hole-carrier) doped films, if we could only figure out a means of 
producing fullerenes with varying electronegativities. 

There can only be three distinct ways of doing this. We can modify a 
fullerene like (1) on the outside, (2) on the inside, or (3) on the side itself. 
As long as we (teal with three-dimensional Euclidean space, these are the only 
possibilities. Examples of the feasibility of all three methods have already been 
published (5-9), although only the first has so far been used to produce 
interesting new materials in the laboratory. By mixing alkali metals such as 
rubidium and cesium into the fee lattice, the superconducting alkali fulleride 
crystals are made (10), and a vast literature is growing about such externally 
doped fullerene materials. 

This short chapter deals, instead, with the other two distinct ways of 
doping. Unlike the first, they constitute new molecular forms of fullerenes. In 
some cases they will be electronically closed-shell species, in many ways just 
like the pure, empty fullerenes themselves. But in most cases, these doped ful
lerenes, or "dopy balls" will be rather reactive: They will either be open-shell 
species like C 5 9 B , or closed-shell singlets with close-lying, open-shell triplet 
diradicals. In many cases, these open-shell or nearly-open-shell species will be 
the most interesting and the most technologically worthwhile. But their syn
thesis and manipulation will be somewhat more of a challenge. 

Nomenclature and Symbolism 

These internally doped fullerenes are, in fact, new molecules, and therefore it 
will soon be necessary to evolve a systematic way of referring to them both by 
name and with symbols in a molecular formula. To chemists who have to con
front the problem of systematizing myriads of possible molecules, the naming 
and representing of compounds is an important unifying discipline, which is not 
to be taken lightly. Ultimately, the IUPAC committee will have to consider 
this problem in detail, but for now we need to at least make a trial start. My 
colleagues and I have considered this problem rather extensively, and at least 
within our laboratory, have found the following symbolism to be expressive and 
nicely concise. 

We have here a new class of molecules that are roughly spheroidal. 
They have enough room inside to house at least one atom of any element in 
the periodic table, and a number of substitutions are feasible for the carbon 
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10. SMALLEY Doping the Fullerenes 143 

atoms in the cage itself. In a useful sense, these complex fullerenes are supera-
toms, and it would be nice to have the symbolism represent this fact. We 
therefore use a set of parentheses to group the relevant atom symbols together, 
and we use the "at" symbol, @, to denote that these atoms will make a ful-
lerene. Atoms that are located in the central cavity inside the fullerene cage 
are grouped to the left of this @ symbol, whereas atoms that are part of the 
cage are listed to the right. For example, the archetypical fullerene, C^, is 
then explicitly written as (©C^) . This convention seems needlessly complex 
until we consider how to represent a 60-cage fullerene with a potassium on the 
inside, several potassium atoms on the outside, and one boron substituting for 
carbon in the cage. This molecule has actually been synthesized in small 
amounts as a positive ion levitated in an magnetic field (11). It takes a lot of 
words to describe it, but with the @ symbolism, it is easily expressed as 
K ^ K ® ^ ) . 

Most likely, chemists in general will respond to this suggestion with 
some healthy conservatism—why bring in an entirely new symbol to a way of 
writing chemical formulas that has been perfectly satisfactory for millions of 
other compounds over the past many decades? The answer is that we don't 
have to. We do need some sort of single character delimiter to distinguish 
those atoms that are inside the cage, and those that make up the cage itself. 
But we could use a comma: Κ^Κ,Ο^Β), or a period: K^ICC^B) , or K^(K-
C 5 9 B) , or K2(K>C^9B), or subscripts, or superscripts, etc. But none of these 
serves to suggest tne nature of the object being specified nearly so well as 
K2(K@C 5 9B). The @ symbol is an almost perfect picture of a central atom 
surrounded by a spheroidal cage. It is a standard character available on all 
modern keyboards, readily printed and transmitted electronically. We need 
something that says the atoms to the left are to be found at the center of the 
fullerene cage made from the atoms following on the right. Why not use the 
symbol for "at"? 

The more complex question of systematic names for these complex ful
lerene molecules has been left alone for now. In what follows a few new names 
such as "borofullerene" are tried out, but no attempt at a systematic nomencla
ture has yet been attempted. 

Doping the Cage 

So how do we dope the cage? Thus far only one technique has been proven 
effective, and not in high yield. But it is a start. It is a generalization of the 
original method (12) for generating C ^ . A short, high-energy laser pulse is 
used to vaporize a graphite target, producing a carbon plasma that rapidly con
denses in a pulse of helium to produce small clusters. When this cluster distri
bution is examined, it is discovered that to a remarkable degree, only the even 
clusters are present for sizes greater than roughly 40 atoms. These even C 
clusters all turn out to be fullerenes, and the distribution extends out to well 
past 600 atoms in size (13, 14). Of these clusters, as is now well known, some 
are specially stable chemically—particularly C^, C7g, and to a lesser extent C ^ , 
C 7 6 , and some selected higher fullerenes (15). This stability pattern has been 
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48 50 52 54 56 58 60 62 64 66 68 70 72 

Cluster Size 

Figure 1. Boron-doped fullerenes, (©C^B^, produced by laser vaporization of 
a boron—graphite composite target disc, and monitored by FTICR mass spec
troscopy of the positive cluster ions levitated in a magnetic trap. (Reproduced 
from reference 9. Copyright 1991 American Chemical Society.) 

convincingly explained as a combined result of these molecules' particular abil
ity to adopt smoothly curved structures where no carbon atom has a dispropor
tionate amount of bond-angle strain (and sp3 character), and the quantum 
mechanics of forming a closed-shell electronic structure from an edgeless delo-
calized network. By symmetry, CLQ in the (©C^) soccer-ball structure is the 
smoothest, roundest possible molecule. It also turns out to be closed-shell, 
with the largest H O M O - L U M O (highest occupied molecular orbital-lowest 
unoccupied molecular orbital) gap of any of the fullerenes (16). 

To incorporate some other heteroatom as part of the cage, bond 
strength, valency, and size need to be considered. Two elements, boron and 
nitrogen, are nearly perfect replacements for carbon in the fullerene cage by all 
these criteria. Accordingly, when boron powder is mixed at a level of 15% by 
weight with graphite powder, and the composite is pressed into a dense pellet, 
laser vaporization produced B-doped fullerenes (9). 

Figure 1 shows the sort of mass spectral evidence that has been obtained 
for these species. This is a Fourier transform ion cyclotron resonance (FTICR) 
mass spectrum of the positively charged clusters recorded as they are levitated 
in the magnetic field of a superconducting magnet. Only clusters with an even 
number of atoms appear to be present in abundance, and there is extensive 
substructure within the mass spectrum for each cluster size. Careful analysis of 
this structure, for the 60-atom clusters, for example, reveals that it results from 
a mixture of boron-doped fullerenes, ( @ ε ^ χ Β χ ) , where χ ranges between 0 
and at least 6. For the particular doping experiment probed in Figure 1, the 
approximate amounts of the various 60-atom clusters were measured to be 22% 
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10. SMALLEY Doping the Fullerenes 145 

C ^ , 21% C ? 9 B , 24% C^BT 18% C 5 ? B 3 , 9% C 5 6 B 4 , 4% C 5 , B 5 , and 2% a 4 B 6 . 
Similar doping compositions were measured for the other clusters in this 50- to 
70-atom size range. The fact that only even-numbered clusters are present here 
together with the relative importance of the 60-atom clusters suggests that all 
these species are, in fact, fullerenes. But, aside from the pattern of their 
masses, how can we tell this for sure? The answer involves probes of their sur
face chemistry and measures of their photochemistry. 

The Cluster FTICR Apparatus. Figure 1 is a mass spectrum, but the 
apparatus used to generate this spectrum can be used for considerably more 
than simply examining the masses of a distribution of clusters. Most of the evi
dence that currently exists for successful doping of fullerenes comes from these 
more elaborate experiments, and so it is useful to consider this apparatus in 
more detail. 

My colleagues and I have been developing this cluster FTICR apparatus 
for nearly a decade now as one of the most versatile and powerful means of 
studying the chemistry and physics of clusters (17). Its latest incarnation has 
been described in detail in a number of publications (17—19). A schematic 
cross section is shown in Figure 2. Briefly, it consists of a pulsed supersonic 
nozzle—laser-vaporization cluster beam source (17, 20) mounted so that the 
supersonic cluster beam is aimed directly down the central axis of a supercon
ducting magnet. Cluster ions are produced either directly as residual ions from 
the laser-vaporization event itself within the supersonic nozzle, or as a result of 
photoionization of the neutral cluster beam just before it passes into the bore 
of the magnet. Because they are entrained in an intense supersonic beam of 
helium, all these cluster ions are traveling at speeds close to the terminal beam 
velocity of 1.9 χ 105 cm/s. The cluster's translational energy going into the 
magnet is then linearly dependent on their mass. For example, a 1000-amu 
cluster at this velocity has a translational energy of roughly 19 eV, and a 2000-
amu cluster moves into the magnet with a 38-eV energy. This supersonic clus
ter ion beam is mounted so close to the central axis of the magnetic field that 
the ν χ Β components of the Lorentz force that are responsible for the mag
netic mirror effect turn out to be negligible, and the cluster ions travel 
smoothly along the periaxial field lines into the center of the magnet. 

As shown in the schematic of Figure 2, the cluster ion beam passes 
through a "deceleration tube" on its way into the magnet. This tube is pulsed 
under control of a computer to a negative voltage so as to slow down the clus
ters as they approach the ICR analysis cell. By adjusting the magnitude of this 
decelerating voltage, one can control the size range of the clusters that will be 
trapped in the ICR cell. 

This analysis cell of the FTICR cell is a 15 cm long with a 4.8-cm-
diameter cylinder, fitted with separate front and rear "door" electrodes that are 
normally kept at a small positive potential in order to trap the cluster ions. In 
order to inject new clusters into the cell, the front door is typically dropped to 
2 V, the rear door is held at 10 V, and the "screen door" shown in the figure is 
dropped to 0 V. Cluster ions exiting the decelerator tube with translational 
energies slowed to between 2 and 10 V then pass into the cell and are reflected 
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back from the rear-door electrode. Under computer control the screen door is 
pulsed back up to 10 V before these bounced cluster ions can escape, thereby 
trapping them in the cell. Collisions with a low-pressure helium or argon ther-
malizing gas then remove the 2-10-eV translational energy of these trapped 
clusters so that they cannot escape when the screen door is dropped to 0 V to 
let in the next batch of clusters. The result is that cluster ions can be accumu
lated in the ICR cell until there are enough to study. 

Cluster ions are detected in the ICR cell by coherently exciting their 
cyclotron motion with a computer-crafted rf (radio frequency) waveform, and 
then monitoring the time-varying tiny image currents induced in the sides of 
the cell as this cyclotron motion continues for many thousands of cycles. 
Fourier transformation of this time-domain signal then shows sharp intensity 
spikes in the frequency domain at the cyclotron frequencies of the cluster ions 
in the cell—resulting in extremely high resolution, broad-range mass analysis of 
the contents of the cell. 

A critical feature of this apparatus is the fact that the trapping front, 
rear, and screen door electrodes have large holes (2-cm diameter) through their 
centers. This feature permits extremely intense laser beams to be directed 
through the cell to excite or fragment the trapped clusters without excessive 
scattered light hitting the trapping electrode surfaces. It also permits rapid 
introduction of reactant gases, and their subsequent evacuation. The result is 
that any cluster ion that can be made in the supersonic beam source can be 
probed both for its surface chemistry and for its detailed photophysics and pho
tochemistry while it is levitated in the apparatus, and this can all be probed at a 
mass resolution between 104 and 105 to 1. In the discussion to follow, these 
capabilities of the ICR apparatus are used extensively. 

Ammonia Titration of Boronated Fullerenes (©C^BJ. If, in fact, the 
laser vaporization of the boron—graphite composite disc did produce true 
boron-doped fullerenes, the clusters detected in the mass spectrum of Figure 1 
should show a very distinct chemistry. Substituting a boron for a carbon atom 
on a fullerene cage will produce an electron-deficient site at the boron position 
on the cage. This site should behave as a Lewis acid, and, perhaps even be 
titrated by moderate pressures of ammonia gas. 

Figure 3 shows the result of such a titration experiment on the 60-atom 
B-doped clusters. In this experiment, the same cluster formation and injection 
sequence was followed as that used to generate the spectrum of Figure 1, but 
all clusters except those with 60 atoms were selectively ejected from the cell. 
This selective ejection was accomplished by a specially crafted rf waveform 
technology (18) known in the trade as SWIFT (stored waveform inverse 
Fourier transform). The top panel of Figure 3 shows how effective this ejec
tion was in removing all other clusters from the analysis cell. The bottom 
panel shows the result of exposure to ammonia gas at 1 χ 10"6 torr (133 χ 
10""1 Pa) for 2 s. This is enough time and ammonia gas pressure for the aver
age cluster to have received roughly 300 collisions with ammonia molecules. 

The cluster FTICR mass spectrum separates into distinct clumps that, as 
labeled in the figure, correspond to increasing numbers of chemisorbed 
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( a) As Selected. 

V ...J . . . . . . 
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Figure 3. Ammonia titration study of boronated fullerene ions levitated in the 
magnetic trap of a cluster FTICR apparatus. Clusters of 60-atom sue were 
selected by a SWIFT waveform. Top panel: before reaction; bottom panel: 
after reaction with 1 χ 10Γ* ton of ammonia for 2 s (roughly 300 collisions). 
(Reproduced from reference 9. Copyright 1991 American Chemical Society.) 

ammonia molecules. The key information here is found in the detailed sub
structure of each clump in the mass spectrum. The lowest mass clump peaked 
at 720 amu has the isotopic fine structure expected for pure (@C^) with 1 3 C 
at the natural abundance of 1.1%. The next clump turns out to oe just the 
mass spectral pattern expected for (@Cj 9 B)NH 3 , taking account of the two 
boron isotopes (20% 1 0 B , 80% 1 1 B ) . Similar analyses of the mass fine structure 
of the subsequent clumps in the spectrum show them to be in accord with fully 
titrated fullerenes with successively higher doping levels: ( © C ^ Β^(NH^) . 

Further confirmation of the notion that these are really boron-doped 
60-atom fullerenes comes from the fact that XeCl excimer laser irradiation of 
these ammonia-titrated species simply results in the desorption of the 
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ammonia, regenerating the bare 60-atom cluster with an FTICR mass spectrum 
identical to that obtained, as in the top panel of Figure 3, prior to exposure to 
ammonia. The attachment of the boron atoms to the cluster is therefore much 
stronger than the attachment of the chemisorbed ammonia molecules. 

The fact that all borons in these fullerene cages appear to be available 
for titration with ammonia molecules simultaneously indicates that they do not 
occupy adjacent positions in the cage network. The steric repulsion between 
neighboring ammonia molecules would otherwise be too great. In addition, the 
extent of boron substitution into the cage appears to be roughly linear with the 
size of the fullerene. Combined with the titration result, this linearity is evi
dence that boron incorporation in the clusters is a random process, little 
affected by number or positions of previously incorporated boron atoms in the 
cage. 

Laser-Shrinking the Borofullerenes. One of the most impressive 
aspects of C ^ , buckminsterfullerene, is its resistance to fragmentation. Isolated 
in a vacuum, the positive ion, (©C^)"1", is the most photophysically stable 
molecule or cluster we have ever encountered. We estimate that at least 25 eV 
must be pumped into the molecule before its rate of unimolecular fragmenta
tion becomes fast enough to compete with cooling by infrared emission, and at 
least 40 eV before it fragments on a microsecond time scale (21, 22). Perhaps 
even more surprising is the fact that the fragmentation that ultimately does 
occur at these high energies is loss of even-numbered carbon chains, and partic
ularly C 2 . This loss is remarkable because C 2 is actually quite weakly bound 
compared to any other possible molecular carbon fragment. Carbon clusters 
with 30 atoms or fewer, for example, uniformly favor the C~ loss channel—a 
result that makes perfect sense considering how stable the C 3 fragment is. 

This weird photofragmentation behavior of C ^ was found to apply all 
the other fullerenes as well. Although less resistant to photofragmentation 
than CgQ, all other fullerenes were found to fragment by loss of C 2 . Al l , that is, 
except C 3 2 , which seems to disintegrate into many small carbon chain frag
ments. 

When we first observed this behavior in 1987, we postulated (21) that it 
was a result of the fullerenes being closed, edgeless three-connected networks 
that had no fragmentation channels that did not involve breaking many bonds. 
For such fullerene network cages, the lowest energy fragmentation pathway we 
could find involved rearrangement of the pentagon positions on the cage so 
that two pentagons could share an edge. Such a fullerene can then undergo a 
concerted C 2 loss where the two carbons connected along the common side of 
the two pentagons break away and leave as new bonds are formed in the net
work. The result is that the two original abutting pentagons become one hexa
gon, and two nearby hexagons are transformed into pentagons. The result is 
not so much a fragmentation as it is an evaporation: C 2 evaporates off the sur
face of the cage as the cage shrinks to form the next smaller fullerene. 

Improbable as this seems, it is still today the lowest energy fragmenta
tion mechanism yet proposed for a fullerene. It involves a forbidden 
intramolecular rearrangement in the Woodward-Hoffman sense, but for ful
lerenes at the fragmentation threshold it is "the only game in town". Given 
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(b) After exposure to XeCI laser for 2 sec. 
60 

580 600 620 640 660 680 700 720 740 

Cluster Mass ( amu ) 

Figure 4. Laser "shnriiàng" experiment on boron-doped fullerene clusters levi
tated in FTICR apparatus. The top panel shows the initially selected 60-atom 
cluster ions. The bottom panel shows the FTICR mass spectrum after irradia
tion with 100 pulses of a XeCI excimer laser, 308 nm, at 20 mJ/cm2 per pulse. 
(Reproduced from reference 9. Copyright 1991 American Chemical Society.) 

sufficiently intense laser excitation, high enough temperatures can be attained 
so that even these high-energy, forbidden rearrangements occur, and the ful
lerenes begin to shrink. 

Laser-shrinking experiments should therefore provide quite a stringent 
test of whether the boron-doped carbon clusters seen in Figure 1 really are ful
lerenes. Under high levels of laser excitation, will they resist fragmentation as 
well as pure, undoped C^? When they do start to fragment, will they lose C 2 ? 
Is there ever a point where the boron "impurity" in the fullerene lattice is pre
ferentially ejected? 

Figure 4 shows the result of one such photofragmentation experiment 
on the SWIFT-selected 60-atom clusters. As seen in the top panel, all clusters 
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other than those of 60 atoms have been ejected, and the complicated substruc
ture in the mass spectrum reveals extensive boron-doping for many of the clus
ters. The bottom panel shows how this mass spectrum is changed after 100 
blasts with a XeCl excimer laser (308 nm) at a fluence of 20 mJ/cm2 per pulse. 
Even a cursory examination of this data shows that the boron-doped clusters 
are behaving very much like pure (©C^) under these conditions—just C 2 loss, 
and at a rate basically the same as the undoped cluster. 

Detailed analysis of the mass substructure of these photofragmentation 
products has now been completed all the way down to the 32-atom limit where 
pure carbon fullerenes finally burst. For the singly doped fullerenes such as 
(@CcgB), there is no evidence for any preferential loss of boron at any stage in 
the fragmentation. They simply lose C 2 successively, until finally at (@C 3 1 B) 
they shatter. The doubly doped fullerenes like (@C 5 8B^) are found to pre
ferentially lose boron in the fragmentation, but this loss is evident in the data 
only after the cluster has shrunk to fewer than 40 atoms. Clusters with more 
borons are found to be increasingly likely to lose these borons in the shrinking 
process, but for clusters with fewer than five boron atoms this preference is 
hard to detect until the cluster become smaller than 50 atoms. 

So it appears that boron-doped fullerenes are nearly as stable with 
respect to fragmentation as the pure carbon fullerenes, at least for low levels of 
doping. They are therefore quite reasonable targets for scaling up to bulk pro
duction. 

How about Nitrogen? In our first experiments attempting to dope boron 
into carbon cages, we used boron nitride powder, hoping that both boron- and 
nitrogen-doped fullerenes would be produced. However, we detected only 
(@CnBx) clusters. We suspect that this result was simply a problem of titration 
of most of the free Ν atoms with other N-containing species to produce N 2 . If 
so, it may be possible to switch successfully to a composite target with the 
nitrogen being introduced in the form of a CN group. 

Doping Inside the Cage 

The single most bizarre aspect of fullerenes is that they enclose a vacuum. For 
C ^ it is a roughly 3.8-Â-diameter spherical hole, big enough to entrap virtually 
any atom in the periodic table. In 1985, within a few days of the original reali
zation that CgQ may be a soccer-ball structure, the first indication was obtained 
that a metal atom may have been put inside. 

This was actually the first example of a doped fullerene ever produced. 
It was done by laser vaporization of a graphite disc impregnated with LaCl 3 

(simply by boiling the disc in a water solution of LaCl 3 and scraping off the 
excess LaCl 3 crystals from the surface). The result was a complicated mass 
spectrum of nondescript clusters when they were probed with low laser fluences 
in the supersonic beam, but at very high fluences of ArF excimer laser power, a 
stunningly simple mass spectrum was seen. It consisted of just two types of 
clusters: the normal empty fullerenes C ^ and C 7 0 , and an intense distribution 
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of even-numbered carbon clusters with one (and only one) lanthanum atom 
attached. At the high-excimer laser fluences being used, the lanthanum atom 
would have had to be strongly bound, so it was postulated that these were in 
fact fullerenes with a single lanthanum atom trapped inside. 

To use the new fullerene symbol convention introduced here, the new 
species were thought to have the formula (LaCgC^), where strong signal was 
recorded for all even η from η = 44 to >80, and the clusters corresponding to 
(LaOCUj) and (La@C ? 0) were particularly strong. 

At the time, this proposal (as well as the fullerene proposal itself for 
and the other even-numbered clusters) generated a bit of controversy. The 

group at Exxon was particularly skeptical (23), in part because, when trying to 
replicate our results at low laser fluence with an F 2 excimer laser (7.9-eV pho
ton energy), they found that only a very small fraction of the carbon clusters 
had a lanthanum atom attached in the neutral cluster beam. Finding that their 
earlier measurements (24) were incorrect, and that the photoionizations of 
and the other even-numbered carbon clusters were actually two-photon 
processes with the ArF excimer laser, they argued that the dominance of LaC^ 
clusters seen when using this laser was due to selective photoionization of these 
species having low ionization potential. In addition they were able to show that 
it was possible when using KCl-impregnated graphite targets to attach more 
than one potassium atom to the Cn clusters (25), raising doubt that there was 
only one uniquely strong binding site for a metal atom. 

Final, unambiguous demonstration that metal atoms actually could be 
trapped inside the fullerene clusters had to wait a few years until the cluster 
FTICR apparatus could probe these clusters (26). Carbon clusters with 
attached metal atoms were generated by laser vaporization, and the positive 
cluster ions were trapped in the ICR cell. Although several atoms of some 
metals such as potassium could be attached to the clusters while they were in 
the free-flying supersonic cluster beam, only the clusters complexed with a sin
gle metal atom were sufficiently stable to survive the thermalization collisions 
encountered with an argon buffer gas as they were trapped in the ICR cell. 
These M C / J

+ clusters were found to be inert toward reactive gases such as 0 2 , 
N H 3 , and water, a result suggesting that the metal atom actually was trapped 
inside and protected by the carbon cage. 

But most impressive was the way these M C r t

+ clusters responded to 
intense laser irradiation. They were found to be just as resistant to fragmenta
tion as the fullerenes, (@C n ) + , and when ultimately they did fragment, they did 
so by the sequential election of C 2 units. In fact, they behaved in every way 
just as one would expect for (M@C r t ) + cluster ions, where the Cn fullerene 
cages were gradually shrink-wrapping around the internal M atom as C 2 

molecules evaporated off their surfaces. For empty fullerenes (@C^), this pro
cess was known to terminate abruptly at (@C 3 2 ) where further laser blasting 
simply resulted in disintegration of the fullerene cage. Now with a metal atom 
trapped inside, the fullerene cage was found to burst before it could shrink to 
32 atoms. In the (K@C ) + cluster ions, this minimum survivable cluster size 
was found to be ( Κ ® ^ ) * . Computer modeling revealed this to be the 
minimum size fullerene cage that can stretch around a central K + ion without 
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excessive stressing of the carbon-carbon bonds. The same modeling revealed 
that the larger ionic radius of C s + would move this bursting point up to ful
lerene cages 48 or 50 atoms in size. Impressively, the laser "shrink-wrapping" 
experiments on (Cs@C n ) + cluster ions did reveal a break-off of the successive 
C 2 loss mechanism just at this predicted point (2(5). These experiments pro
vided the most direct test of both the fullerene structural hypothesis, and the 
notion that true (M@C n) clusters had been, in fact, been produced simply by 
laser vaporizing metal-impregnated graphite. 

Production of Macroscopic Amounts 

Since the fall 1990 announcement by Krätschmer, Huffman, and co-workers 
(27) of a simple method of producing visible amounts of and C 7 Q , many 
groups have tried to extend their technique to the production of doped ful
lerenes, particularly the trapped-metal species, (M@C^). In our laboratory at 
Rice, for example, extensive experiments were tried with graphite rods, drilled 
out down the center and packed with various metal salts, and metal-
salt—graphite composites. When evaporated in the carbon-arc fullerene gen
erator similar to the design (28) that has now become rather standard in the 
field, the graphitic soots that were produced from these composite graphite 
rods clearly had metal atoms trapped in some fashion. But extraction with 
various solvents never produced clear evidence of significant quantities of 
metal-doped ( M @ C N ) fullerenes. 

Very recently, this situation has changed (27). While considering the 
possible explanations for why the Kratschmer-Huffman method succeeds in 
producing in such high yield, whereas the laser-vaporization source pro
duced only microscopic quantities, we realized that the key process is probably 
one of annealing during the cluster growth (28). With this idea in mind, we 
went back to the use of a laser to vaporize the graphite target, but this time 
arranged that the vaporization be done in a furnace at 1200 °C. The higher 
temperature, we suspected, would increase the rate of annealing of the growing 
graphitic sheets, causing them to curl back on themselves in the optimum 
manner. This route in the growth kinetics we have dubbed the "pentagon 
road" because it follows a path where the graphitic sheet tends to have as many 
pentagons as possible (thereby minimizing dangling bonds), while avoiding the 
instability and high chemical reactivity occasioned by adjacent pentagons. In 
fact, we found that this laser vaporization of graphite targets in an oven at 1200 
° C readily produces and C 7 0 at very high yields—well over 10% of all the 
vaporized carbon. 

Just recently laser vaporization of composite target rods made of 10% 
La20 3 mixed with graphite powder in such an oven at 1200 ° C , in the presence 
of a slow flow of argon at 250 torr (33.3 χ 103 Pa), was found to produce 
(La@Cw) clusters in milligram quantities (11). The initial result of this laser 
vaporization is a black-brown deposit that collects on the cool downstream 
end of the surrounding quartz tube as it passes out the end of the 1200-°C fur
nace. Subsequent heating of this deposit to 650 °C results in sublimation of a 
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Figure 5. FTICR mass spectrum of black, mirror-like sublimed film showing 
presence of (La@Cn) fullerenes. For the top panel the pulsed accelerator 
responsible for slowing the clusters down to be trapped in the analysis cell was 
optimized for the C^—CJQ mass region. For the bottom panel it was optim
ized for the region aroundC%- Reaction studies with 02 and NH3 revealed all 
these clusters to be chemically inert. Laser ^shrink-wrapping'' studies proved 
the them to be fullerenes. (Reproduced from reference 11. Copyright 1991 
American Chemical Society.) 

material that deposits as a black, nearly mirror-quality film on nearby cold sur
faces. Gentle laser probing of this film (which is stable in air) reveals that it is 
largely made up of a matrix of (©C^) and (@C 7 0 ) in which lanthanum ful
lerenes, (La@Cw) are safely entrapped. As shown in Figure 5, the dominant 
metal-containing species are ( L a ® ^ ) , (La@C 7 0), (La@C 7 4), and (La@C 8 2). 
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If, instead of sublimation to form a film, the raw graphitic soot from 
laser vaporization at 1200 °C is collected and subjected to a Soxhlet extraction 
for several hours with toluene, a solution of fullerenes is obtained, and probing 
by gentle laser desorption shows that one particular lanthanum fullerene, 
(La@C g 2), is sufficiently soluble and chemically stable to survive boiling in 
toluene and exposure to air. It appears to be the first macroscopic sample of 
metal-doped fullerenes yet produced. 

The fact that this stable metal fullerene has 82 carbon atoms at first 
seems strange. Why not the 60-atom species (LaigC^) seen in Figure 5 to be 
most abundant in the sublimed film? The answer, however, is fairly obvious. 
The most stable empty fullerene, (©C^), has a closed-shell electronic structure 
with a very large HOMO—LUMO gap. When a metal atom like lanthanum is 
inserted into the inner cavity, some electrons will be transferred from the metal 
to the carbon cage. In (LaCgC^), Chang et al. calculate (29) that the ground 
electronic state will be an electronically open-shell molecule with a spin of 3/2. 
The dominant electronic configuration is one where the two 6s electrons of the 
lanthanum atom have been donated to the carbon cage tlu L U M O orbital, leav
ing behind a single unpaired electron in the La 5d orbital. Although this 
molecule will be quite stable while isolated in the gas phase, it will likely be 
rather reactive in condensed phases. Such higher reactivity can be expected to 
be a general feature of doped fullerenes. 

In (La@C82)> however, donation of two electrons from the lanthanum 
produces a delocalized "pi" shell electron count of 84. Although confirming 
calculations have yet to be done, it is expected that this π shell electron count 
will produce a stable closed-shell electronic state with a substantial 
H O M O - L U M O gap, much as occurs with (©C^), which is the third-most 
stable empty fullerene, after (©C^) and (@C 7 0). Corresponding 60- and 70-
shell electron lanthanum fullerenes will occur for (La@C 5 g) and (La@C^g), but 
these fullerene cages have adjacent pentagons and will therefore be highly reac
tive. 

Extensive research is now underway to examine the properties of this 
stable (La@C g 2) metal-doped fullerene and to find ways of passivating the 
more reactive, open-shell species like (La@C 6 Q). The fact that it can be pro
duced initially in an air-stable, sublimed film of (©C^) and other stable ful
lerenes provides a convenient means of transporting them to an air- and 
water-free environment for detailed chemical workup. 

Preliminary evidence has also been obtained from this laser-vaporization 
apparatus for the formation of sublimed fullerene films containing potassium-
doped fullerenes, (K@Cn), boron-doped fullerenes like (@C^9B), and mixed 
boron—potassium doped species like (K@C 5 9 B). The production and study of 
a broad range of doped fullerenes may soon be possible. Furthermore, once 
the chemical properties of these species are known, it may be possible to go 
back to carbon-arc-based methods or others that can be extended to large-scale 
production. In fact, we have obtained evidence already that the (La@C 8 2) 
species can be extracted from carbon-arc-produced soot (11). 
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Doping Preformed Fullerenes 

Instead of the aforementioned methods of producing doped fullerenes, all of 
which in a sense "start from scratch", an alternative would be to begin with 
pure fullerenes such as or C 7 Q as a starting material. Several groups have 
recently shown that it is possible to insert a helium atom inside a cage, 
forming (HeCgC^) simply by ion bombardment (7, 8, 30, 31). Although these 
experiments were done only a few molecules at a time in a mass spectrometer 
by firing a (CŒ)+ ion beam at 4-10 keV through a short chamber filled with 
helium gas, they raise the interesting possibility that doped fullerenes might be 
produced effectively by an extension of the ion-implantation techniques 
currently used to dope semiconductor films. 

Imagine, for example, a device that deposits on a metal substrate by 
sublimation of a pure sample in an oven while simultaneously bombarding 
this film with lithium ions at energies in the 10-100-eV range. The L i + ion is 
considerably smaller than He, so it is reasonable to expect that a this lithium 
ion implantation device might produce a substantial number of (L\@C^) 
species as the and L i + ions are deposited together on the metal substrate. 
Of course there will be considerable fragmentation of some of the cages to 
produce smaller (Li@C n) fullerenes that, because they have adjacent penta
gons, will be rather unstable; and many of the lithium atoms will end up out
side the fullerene cages. But a subsequent workup of this film by sublimation 
or dissolution in appropriate solvents may permit the (Li@C 6 Q) material to be 
isolated in usable amounts. 

In view of the likeliness of a small amount of fragmentation accompany
ing this direct ion-implantation process, it may be best to start with C 7 Q as the 
initial fullerene target. This initially impregnated (Li@C 7 0 ) "egg" would then 
get rid of its excess energy, in part, by fragmenting (shrink-wrapping) down to 
(LÎ@CQQ). Although pure is currently a very expensive starting material, it 
is made in considerable abundance in carbon arcs (32) and sooting flames (33), 
and should ultimately be a rather inexpensive commodity. 

In addition to such brute-force methods of producing metal-filled ful
lerenes, there will almost certainly be effective chemical routes developed to 
achieve these same ends. Starting with pure C™, C 7 0 , or larger fullerenes, it 
seems reasonable to hope that future fullerene chemists will be able to open up 
the cage in a controlled manner, cut it down by a desired amount, and reassem
ble these cage parts again, trapping desired atoms or molecules in the inside. 
As a side benefit, this fullerene chemistry of the future may permit the syn
thesis of a wide range of interconnected fullerene cage structures or even hol
low graphitic tubes and fibers. 

Conclusions 

Now that it is clear that some of these species can be made in at least small 
amounts, the future of research in this "dopy" fullerene field seems exceedingly 
bright. Once the chemical and physical properties of a few of these species are 
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understood, the way will be open for a much broader and more systematic 
study. In the long run there will probably be many ways found to fill the ful
lerene cages, substitute for one or more of the cage carbon atoms, and assem
ble these objects together to form useful materials. Conceivably, it will be pos
sible to have the entire periodic table done again, this time with an atom of 
each element, E, encapsulated in a fullerene cage. These (E@CW) superatoms 
may prove to be the building blocks of a vast array of new nanometer-
engineered materials. But first, the newly emerging fields of fullerene chemis
try, physics, and materials science have some major homework to do. 
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Chapter 11 

Survey of Chemical Reactivity of C60, 
Electrophile and Dieno—polarophile 

Par Excellence 

F. Wudl, A. Hirsch, K. C. Khemani, T. Suzuki, P.-M. Allemand, A. Koch, 
H. Eckert, G. Srdanov, and H. M. Webb 

Institute for Polymers and Organic Solids and Departments of Physics 
and Chemistry, University of California, Santa Barbara, CA 93106 

Buckminsterfullerene, C60, was found to add a large variety of neutral and 
charged nucleophiles, a couple of dienes, and a number of dipoles. The 
reagents mentioned within are propylamine, dodecylamine, tert-butylamine, 
ethylenediamine, morpholine, triethyl phosphite, hydride (lithium triethyl 
borohydride), phenyllithium, phenylmagnesium bromide, tert-butyllithium, 
tert-butylmagnesium bromide, anthracene, cyclopentadiene, p-nitrophenyl
azide, ethyl diazoacetate, phenyldiazomethane, diphenyldiazomethane, and 
the ylide (CH3)2S+CH-CO2Et. When a large molar excess of reagent rela
tive to fullerene is used, as many as 10-12 new bonds are formed. For pri
mary amine addition (with the exception of tert-butylamine), the mechanism 
involves single-electron transfer as a first step. Mass spectrometry shows 
facile reactivity of C60 in the gas phase with CH4 in both positive and nega
tive ionization. 

A large number of papers on the characterization of fullerenes have appeared 
(1—16), but very few publications describe their chemical reactivity (17—20). As 
has been known for some time, C ^ and C 7 Q are mild oxidizing agents (6, 12); 
conversely, C ^ and C 7 0 are rather poor reducing agents. The position of the 
first reduction wave indicates that, in its reactivity, I 2 > C ^ , C ? 0 > BQ (BQ is 
benzoquinone). The relatively high electronegativity of this carbon allotrope 
was proposed (12) to be due to the pyracylene character of certain inter-five-
membered ring bonds. In view of that observation, we hypothesized that C ^ 
would be readily attacked by nucleophiles and would be a good dienophile, akin 
to benzoquinone. 

In this chapter, we disclose a survey of the reactivity of Cœ with neutral 
and charged nucleophiles as well as dienes and a dipole. Because C ^ is a multi
functional molecule (it has six interconnected pyracylene moieties), most 

0097-6156/92/0481-0161$06.00/0 
© 1992 American Chemical Society 
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attempts to perform stoichiometric reactions are expected to produce mixtures 
of difficult-to-separate products. Also, the available quantities of are still 
limited, and only tens of milligrams per reaction could be employed. We there
fore decided to test the hypothesis by use of large excess of reagent relative to 
C ^ . Preliminary results indicated that acid quenching of the addition products 
of certain nucleophiles resulted in reversal with the concomitant formation of 
C ^ ; quenching the reaction mixtures with methyl iodide prevents the problem 
(21). 

Results and Discussion 

As can be seen from the results in the equations in Scheme I, adds as many 
as 10 carbon anions, presented either in the form of Grignard reagents or 
lithium reagents. We believe the difference in results between commercial 
phenyl Grignard and that prepared in situ from phenyllithium is due to the 
presence of colloidal magnesium metal in the commercial reagent. (We thank 
Professor George A. Olah of the University of Southern California for the 
suggestion that colloidal Mg may be responsible for this strange reactivity). 
The magnesium, in competition with phenyl addition, acts as a reducing agent, 
and the reduced species is quenched with methyl iodide to produce material in 
which the ratios of Me to Ph are > 1. As mentioned later and shown in Figure 
1, nucleophilic addition is not restricted to the condensed phase because the 
elements of negatively charged methane add to fullerene C ^ in the gas phase. 

The only nucleophilic reagent with which C ^ formed a stoichiometric 
adduct was LiB(Et) 3H. The latter was possible by the discovery of immediate 
precipitation of a C ^ lithium salt from benzene upon addition of a THF solu
tion of the borohydride. This hydrofulleride salt (C^HLi · 9H 2 0) does not 
react with methyl iodide and is indefinitely stable in methanol solution at room 
temperature, results implying that its conjugate acid ^ Η 2 has a pK^ < < 16. 
In accord with the redox properties, iodide and thiocyanate, so far, were found 
to be unreactive toward C ^ . (Because I 2 and (SCN) 2 are better oxidizing 
agents than C ^ , I~ and SCN~ are more stable than C ^ - . ) 

The most remarkable result is the addition of neutral nucleophiles such 
as amines. As many as 12 propylamine molecules can be added onto a C ^ . 
The ethylenediamine, propylamine, and morpholine adducts are soluble in 
dilute hydrochloric acid, whereas the dodecylamine adduct is not. 

The mechanism of addition is stepwise; in ethylenediamine and propyl
amine addition, electron transfer precedes covalent bond formation, as deter
mined spectroscopically and by electron spin resonance (ESR) spectroscopy. 
With both techniques, a signal due to radical anion formation is replaced by 
that of the adduct. The decay of the open shell intermediate is slow for propyl
amine (on the order of hours, see Figure 2) and faster for phenyl Grignard 
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WUDL Survey of Chemical Reactivity of C 

Primary Amine Addition 

Cgo + RNH 2 (solvent) 
RT, 24 hr 

C6o(NH2R)x 

R m Pr, χ £ 12; R - f-Bu, χ . 10 

R = C12H25, x > 1; 

R = (CH2)2(NH2)2, x - 6 

Electrocyclic Reactions 

ODCB 
Ĉ o + xs Anthracene. 

Cgo + CpH (solvent) 

CpH = cyclopentadiene 

Ceo + xsOzNC^Na 

120° 

RT 

Οθ(^14Ηΐ4)χ 

C6o(CpH)x 

C 6o(N 3C 6H 4N0 2) x 
110°,3hr 

ODCB = α-dichlorobenzene; xs = excess 

Grignard & Organolithium Reagent Addition 

THF, RT 
60PhMgBr* + C w 

60PhLi + 

60PhMgBrb + 

60 r-BuMgBr* + C ^ 

60 t-BuMgBi* + Ceo 

60 r-BuLi + G 60 

THF, RT 

2) Mel 

THF, RT 

2) Mel 

THF, RT 

2) Mel 

THF, RT 

2) Mel 

THF, RT 

2) Mel 

QoPh1 0Me1 0 

C 6 0Ph 3Me 5 

C^QPh2Me3 

Qoi-BujoMejo 

Qoi-Bu10Me10 

Qoi-BuMe 

a From PhLi and MgBr2 

b Commercial reagent 

Scheme I 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
A

ug
us

t 6
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 6

, 1
99

2 
| d

oi
: 1

0.
10

21
/b

k-
19

92
-0

48
1.

ch
01

1

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



164 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

ι ι ι ι ι '" 
700 750 800 850 900 

τη/ζ 

Figure 1. Negative ion chemical ionization mass spectrum of using 
methane as buffer gas. 

U t=0 
3 t=10 min. 
4 t=50 min. 
5 t=15.5 hrs. 

Figure 2. Electron spin resonance spectroscopy as a function of time of a reac
tion of Cffl with propylamine in propylamine solvent. Curves 1 and 2 were 
taken withm a minute of each other. The spectra were taken at 298 K; the line 
width (peak-to-peak) is 1.25 G. After 15 h there was no C6Q left as deter
mined by thin layer chromatography. 
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11. WUDL Survey of Chemical Reactivity of C 165 

addition (on the order of minutes). With fë/t-butylamine, the reaction occurs 
only in polar solvents such as dimethylformamide (DMF), and no intermediate 
radical species is observed, but a deep blue intermediate can be followed spec-
trophotometrically. Morpholine, an example of a secondary amine, adds 
smoothly and affords a precipitate that consists of C 6 0 [HN(C 2 H 4 ) 2 O] 7 , as 
determined by fast atom bombardment mass spectrometry (FABMS), but 
C 6 0 [HN(C 2 H 4 ) 2 O] 6 as determined by elemental analysis. In preliminary work 
(Hirsch, Α., University of California, Santa Barbara, unpublished data), we 
found that triethyl phosphite adds to to produce an Arbutzov-type of pro
duct as determined by infrared spectroscopy (alkyl phosphonate bands). As 
many as six phosphonate groups are added (FABMS). 

Negative ion chemical ionization in the mass spectrometer involved 
vaporization of C ^ at 250 °C in a bath gas of C H 4 at a pressure of 1 torr (133 
Pa); methane acts as an efficient moderating medium to reduce the kinetic 
energy of high energy (300 eV) electrons for use in resonant electron capture 
by a substrate. Under these conditions, however, C ^ exhibited, in addition to 
simple electron capture, a high degree of reactivity toward C H 4 (Figure 1). 
This behavior is unusual, as methane rarely appears as a participant in these 
reactions. Negative ions are observed at every other mass starting with 720 
with a local maximum at 724 amu ( C ^ + 2H 2). From this point to approxi
mately 900 amu, regular and descending maxima are observed with a mass 
separation of approximately 14 amu, consistent with successive addition of 
methylene. The maximum number of carbons attached to C ^ seems to be 13 
on the basis of the number of clearly identifiable mass envelopes. Positive ion 
chemical ionization of C ^ also shows much reactivity with methane. In this 
case, high concentrations of C 2 H 5

+ plus other methane condensation products 
can more readily account for the abundance of masses relative to the negative 
ion spectrum. In both sets of experiments it is clear that, in the gas phase, 
C - C bonds are being formed with C ^ . 

The dienophile reactivity of the double bonds is expressed in the 
formation of adducts with the mildly reactive dienes anthracene and furan as 
well as the more reactive cyclopentadiene. As can be seen in Scheme I, p-
nitrophenyl azide also adds to C ^ , a result attesting to C^'s dipolarophile 
nature. Other dipoles, not shown, such as ethyl diazoacetate (Suzuki, T., 
University of California, Santa Barbara, unpublished data), phenyldiazomethane 
(Suzuki, T., unpublished data), diphenyldiazomethane (Suzuki, T., unpublished 
data), and the ylide (CH 3 ) 2 S + CH~C0 2 Et (Suzuki, T., unpublished data) also 
give adducts. 

The reactions in Scheme I can be envisioned to proceed as shown in 
Scheme II, where we do not imply that the cycloadditions are concerted or that 
the nucleophilic additions do not proceed through SET (single-electron-
transfer processes). 

In view of Scheme II, it is not surprising that C ^ reacts so effectively 
with Os0 4 , particularly if the tetroxide reacts in an electrocyclic process or is 
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A. Charged Nucleophile Addition 

Nu' 
1)Q 60 
2) E ( (+) 

Nu 

B. Amine Addition 

RNOOH - 6 0 

RNXR'JH 

(-) (·) 

ι Λ Λ Λ Λ / · 

R' = R, Η 

C. Dipolar Cycloaddition 

(+) 

a ^ 
Ceo 

Κ(Κ·)Ν Η 

a,b, c - N ; a, b, = N,c = CR 2 

D. 2 + 4 Cycloaddition 

a' d 

a d 

Scheme II 

b=c 
a d 

Λ 

converted to a nucleophilic species by coordination with pyridine (22). It is 
equally not surprising that (Ph 3P) 3Pt(î7 2-C 2H 4) undergoes an oxidative addition 
(23) to CgQ, in a fashion similar to the dipolar cycloaddition reaction depicted 
in Scheme II. 

Experimental Section 

Buckminsterfullerene, C ^ , was prepared in our newly designed bench-top reac
tor (24). Tetrahydrofuran (THF) distilled freshly over sodium metal was used. 
UV-visible spectra were recorded on a Perkin-Elmer Lambda-5 spectropho
tometer. IR spectra were taken with a Perkin-Elmer model 1330 spectro-
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11. WUDL Survey of Chemical Reactivity of C( 167 

photometer. A H NMR and 1 3 C NMR spectra (500 or 300 MHz) were recorded 
on a General Electric model GE-500 or GN-300 spectrometer; all samples were 
internally calibrated with tetramethylsilane (TMS). Thermal analyses were car
ried out on a Perkin-Elmer TGS-2 thermogravimetric analyzer. FAB mass 
spectra were recorded on a V G 70-250 HF spectrometer (Xenon 7-8 keV; 
matrix was m-nitrobenzyl alcohol). 

Purification of C ^ . Pure was obtained by column chromatography. In 
a typical run about 400 mg of extract consisting of C ^ , C 7 Q , and higher ful
lerenes was passed through a column of Brockmann neutral activity grade I, 
80-200 mesh alumina (1.5 kg). The purple was eluted first with 5% 
toluene in hexanes. The second fraction was the red-brown C 7 Q (20% toluene 
in hexanes). Higher fullerenes can be extracted with pure toluene. The yields 
are 53% by weight from extract and 11% C ? 0 , still containing some 
(HPLC, hexanes-silica gel). For further purification was dissolved in ben
zene, precipitated with hexanes, filtered, and dried under vacuum at room tem
perature. 

Formation of Adducts of C 6 0 with Primary and Secondary Amines. 
C ^ i N H j C j H ^ . (15.5 mg, 2.17 χ 10"5 mol) was stirred in 20 mL 

of freshly distilled η-propylamine for 24 h at room temperature. A green solu
tion that was formed turned brown after about 0.5 h. The rc-propylamine was 
evaporated, and the brown product was dried under vacuum at room tempera
ture (r.t.). Yield: 20.6 mg of C 6 0 (NH 2 C 3 H 7 ) J C . For purification of the crude 
product, which contains no unreacted (TLC, silica gel, toluene-hexane 
1:10), crude product was dissolved in a small amount (1 mL) of CHC1 3 and 
precipitated with hexane (20 mL) from the red-brown solution. After centrifu-
gation, the yellow-brown solid was washed with hexane (twice) and dried under 
vacuum at r.t. for 24 h. 

Elemental analyses (found: C, 78.14%; H, 4.76%; N, 6.96%) were diffi
cult to reconcile with rational formulae, but the ratios H:C and H:N, assuming 
incomplete combustion, indicated that the average number of propylamines 
added was 6. IR (KBr) u (wave number): 3300 (m), 2950 (s), 2920 (m), 2870 
(m), 1450 (s, br), 1370 (w), 1070 (s, br), 870 (w, br), 530 (w, br), 410 (m) cm - 1 . 
FABMS: clusters of peaks at 1370 ( C 6 0 ( N H 2 C 3 H 7 ) n ) , three clusters consistent 
with the loss of three carbons; 1311 ( C 6 0 ( N H 2 C 3 H 7 ) 1 Q , several clusters; 1075 
(C^(NH 2 C 3 H 7 ) 6 ) , three clusters; 1016 (C^(NH 2 C 3 H ? ) 5 ) , three clusters; 956 
(C 6 0 (NH 2 C 3 H ? ) 4 ) , three clusters; 897 (C 6 0 (NH 2 C 3 H ? ) 3 ) , three clusters; 838 
(C^(NH 2 C 3 H ? ) 2 ) , three clusters; 779 ( C ^ N H ^ H , ) ) , three clusters; 720 
(C^) amu. X H NMR (CDC13) δ (TMS): 3.8-2.4 (br, 3 H; C H 2 , CH), 1.9-1.3 
(br, 2 H; CH 2 ) , 1.25 (br 1 Η; NH), 1.3-0.6 (br, 3 H; CH 3 ) ppm. Thermogra
vimetric analysis (TGA): wt. loss 50-340 °C, 26%. 
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C^iNHjC^H^). (20 mg, 2.8 χ 10"5 mol) was stirred in 1 mL of 
commercial dodecylamine for 24 h at 30 °C (the initially formed green suspen
sion turned brown after about 1 h). Then methanol was added, and the brown 
precipitate was centrifuged and washed (twice) with methanol. For further 
purification, the crude product, which contains no unreacted (TLC), was 
dissolved in a small amount (1 mL) of CHC1 3 and precipitated with hexane (20 
mL) from the red-brown solution. After centrifugation the yellow-brown solid 
was washed with hexane (twice) and dried under vacuum-r.t for 24 h. 

IR (KBr) w. 3300 (vw), 2950 (sh), 2920 (s), 2850 (m), 1460 (s, br), 1320 
(w, br), 1110 (s, br), 1030 (s, br), 530 (m, br), 410 (m, br) cm" 1. FABMS: clus
ter of peaks at 905 (C 6 0 (NH 2 C 1 2 H 2 5 ) ) , several clusters of fragmentation peaks, 
720 (C^) amu. a H NMR (CDC13) δ: 3.8-2.6 (br, 2 H; CH 2 ) , 2.2-0.6 (br, 25 H; 
CH, C H 2 , NH, CH 3 ) ppm. 1 3 C NMR (CDCI3) δ: 155-142 (br), 31.96, 29.74, 
27.50 (br), 22.71, 14.17 ppm. TGA: wt. loss 50-340 °C, 37%. 

C^iNH^Hj) . (22 mg, 3.2 χ 10~5 mol) was stirred in a mixture 
of 20 mL of commercial i-butylamine and freshly distilled DMF (1:3) for 16 h. 
The initially formed blue solution turned brown after 1 h. The i-butylamine 
was evaporated, and the product was precipitated with water and centrifuged. 
After the liquid was decanted, 5 mL of CHC1 3 was added, and insoluble side 
products were removed by centrifugation. After evaporation of the CHC1 3, the 
yellow-brown solid was dried under vacuum at r.t. 

IR (KBr) w. 3250 (w), 2950 (s), 2920 (m), 2850 (w), 1450 (m, br), 1390 
(m), 1360 (m), 1210 (s, br), 1100 (s, ν br), 540 (w, br), 410 (w, br) cm" 1. 
FABMS: several clusters of peaks (fragmentations) between 720 and 1400 
(corresponding to as many as 10 i-butylamino groups); clusters of peaks at 866 
(C^(NH 2 C 4 H 9 ) 2 ) , 793 (C^(NH 2 C 4 H 9 ) ) , 720 (C^) amu. UV-vis (blue inter
mediate in DMF) Xmax: 605, 530 nm. Ή NMR (CDCI3-TMS) δ: 1.8 (ν br, 1 
H; CH), 1.7-1.1 (br, 9 H; CH 3 ) , 1.25 (XH; NH) ppm. 

C 6 0(C 2H gN 2) x . (15 mg, 2.2 χ 10"5 mol) was stirred in 20 mL of 
freshly distilled ethylenediamine for 1 day. After 2 h the green solution, which 
showed a doublet ESR signal, turned brown and became diamagnetic. The pro
duct was precipitated with THF, centrifuged, washed (twice, THF) and dried 
under vacuum at r.t. The crude solid was dissolved in 2 mL of water, and the 
insoluble material was separated by centrifugation. THF (20 mL) was added to 
the yellow solution to precipitate the product. After centrifugation the 
yellow-brown powder was dried under vacuum at r.t. 

IR (KBr) v. 3250 (m), 2980 (w), 2960 (w), 2940 (sh), 1450 (s, br), 1110 
(s), 1020 (sh), 860 (w) cm" 1. FABMS: clusters of peaks at 781 ( C ^ N H j C ^ 
+ H), 720 (C^) amu. *H NMR (D 2 0, D 2 S0 4 ) δ: 3.0 ppm. Titration of 1.4 
mg of C ^ N H j C ^ N H ^ with 0.5 Ν HC1: titration curve shows two steps 
corresponding to the two amino groups per attached ethylenediamine unit; 32 
μL of H Q is needed for the titration, an amount that is consistent with 12 
amino groups per molecule, leading to the average stoichiometry 
C6o(NH 2C 2H 4) 6 . 
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C ^ N H C ^ O ) ^ (20 mg, 2.8 χ 10"5 mol) was stirred in 5 mL of 
freshly distilled morpholine at room temperature. The green suspension that 
was formed first turned into an orange suspension. After 40 h all of the 
reacted (TLC, silica gel; toluene-hexane 1:10). The excess morpholine was 
removed by distillation under reduced pressure and drying under vacuum at r.t. 
For further purification, the material was dissolved in 1 mL of CHC1 3 and pre
cipitated with 5 mL of hexane from the red-brown solution. The precipitate 
was centrifuged and washed (twice) with hexane. The orange-brown solid was 
dried for 24 h under vacuum at r.t. 

Anal.: Calcd. for C ^ N H ^ H g O ^ · (CHC1 3 ) 0 5 : C, 78.67; H, 3.77; N, 
6.47. Found: C, 78.32; H, 3.84; N, 6.44. IR (KBr) ̂  2970 (m), 2950 (sh), 
2920 (m), 2910 (sh), 1450 (sh), 1395 (w), 1290 (w), 1270 (m), 1210 (w), 1120 (s), 
1070 (w), 1010 (m), 880 (m), 840 (sh), 550 (w), 530 (w) cm - 1 . FABMS: clus
ters of peaks up to 1300 amu, fragmentations between 1300 and 720 (C^), and 
parent peak at 807 (C_(NHC 4 H 8 0)) amu. X H NMR (CDC13) S: 3.8 (br), 3.3 
(br), 1.8 (br) ppm. xiC NMR (CDC13) δ: 153-144 (>30 peaks), 67.61 (m), 
62.31 (m), 53.04 (m), 50.83 (m) ppm. UV-vis (ethanol), À m a x : 570 (sh), 390 
(sh), 236 (sh), 217 nm. 

Preparation of MgBr2»THF. In a flame-dried three-neck 500-mL 
round-bottom flask, under argon atmosphere, Mg (Alfa) (3 g, 0.12 mol) was 
suspended in dry THF (100 mL). The flask was cooled in an ice bath, and two 
equivalents of 1,2-dibromoethane (21.3 mL, 0.25 mol) was added to it. After a 
brief induction period, a vigorous reaction occurred. The reaction mixture was 
allowed to warm to room temperature and stirred for 48 h. The precipitated 
white solid was filtered using a Schlenk filter and washed with cold THF (50 
mL). It was then recrystallized from hot THF (150 mL)-r.t-ice-bath. The 
white crystals of MgBr 2 -THF were filtered under argon and dried under 
vacuum at r.t. for 16 h (wt., 15.94 g, 50% yield). 

Reaction of with l-Butylmagnesium Chloride. In a flame-dried 
three-neck 25-mL round-bottom flask, under argon atmosphere, C ^ (30 mg, 
4.16 χ 10~5 mol) was suspended in dry THF (5 mL). Stirring was started, and 
60 equivalents of commercial f-butylmagnesium chloride (2.0 M solution in 
Et 2 0) (1.25 mL, 2.5 χ 10 - 3 mol) was added all at once. Immediate reaction 
occurred, and a dark red-brown solution was obtained. The mixture was stirred 
at room temperature for 4 h. Then methyl iodide (1.5 mL) was added via a 
syringe. No immediate visible change occurred, and the mixture was allowed to 
stir overnight and was then quenched with water (5 mL). The mixture was 
then transferred to a centrifuge tube with the aid of more water (100 mL) and 
was shaken and centrifuged. The top clear-water-THF layer was decanted, and 
the brown-black residue in the tube was similarly washed two more times with 
water (100 mL each). Finally, the residue was dissolved in fresh THF and pre
cipitated with water. After centrifugation, the residue was dried under vacuum 
at r.t. (wt., 60 mg). 
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IR (KBr) v. 2930 (st), 2860 (sh, s\ 1450 (m), 1390 (m), 1360 (m), 1310 
(vw), 1230 (m), 1200 (m), 1155 (w) cm _ i . FABMS: clusters of peaks at 1440 
(weak) (C^Bu^Me^) , 1410 (weak) (C^Bu^Meg), 1368 ( C ^ B u ^ e ^ , four 
clusters consistent with the loss of four carbons, 1296 (C^BugMeg), four clus
ters, 1224 ( C ^ B ^ M e ^ , four clusters, 1152 ( C ^ B ^ M e ^ , four clusters, 1080 
(C 6 Q Bu 5 Me 5 ), four clusters, 1008 (C 6 Q Bu 4 Me 4 ), four clusters, 936 
(C 6 0 Bu 3 Me 3 ) , four clusters, 864 (C 6 Q Bu 2 Me 2 ), four clusters, 792 (C^BuMe), 
four clusters, 720 (C^) amu. *H NMR (THF-dg) 6: 0.8-1.6 (v br) ppm, plus a 
few impurity peaks. TGA: wt. loss 50-450 °C, 50%; 50-580 °C, 64%. 
UV-vis (hexanes) À m a x : onset at 750; shoulders at 440, 415, 280, and 220; 205 
nm. 

Reaction of with l-Butyllithium— Magnesium Bromide. In a flame-
dried three-neck 25-mL round-bottom flask, under argon atmosphere, 
MgBr 2 · THF (0.64 g, 2.5 χ 10~3 mol) was suspended in dry THF (3 mL). To 
this suspension, i-BuLi (0.7 M solution in pentane) (3.57 mL, 2.5 χ 10 mol) 
was added via a syringe. The suspended salt dissolved immediately, and a clear 
solution was obtained. After stirring this solution at room temperature for 10 
min, it was added, via a syringe, to (30 mg, 4.16 χ 10"5 mol) suspended in 
dry THF (2 mL) in a different flame-dried three-neck 25-mL round-bottom 
flask, also under argon atmosphere. The reaction mixture became dark green. 
After stirring at room temperature for 3 h, methyl iodide (1.5 mL) was added 
via a syringe. The mixture was stirred overnight and then quenched with water 
(5 mL). It was then transferred to a centrifuge tube with the aid of more water 
(100 mL). It was shaken and centrifuged. The top clear-water-THF layer was 
decanted, and the dark brown residue in the tube was transferred to a fritted 
filter funnel and washed repeatedly with water. Unlike the product from the t-
butylmagnesium chloride reaction, the product was found to be much less solu
ble in THF. Finally, the residue was dried under vacuum at r.t. (wt., 110 mg). 

IR (KBr) ir. 2930 (s), 2860 (sh, s), 1620 (vw), 1430 (s, br), 1370 (sh, s) 
cm - 1 . FABMS: the fragmentation pattern is quite different from that of the 
product of the i-butylmagnesium chloride reaction; however, clusters of peaks 
present at 1440 (weak) (C^Bu^Me^) , 1410 (weak) (C^Bu^Meg), 1368 
(weak) ( C ^ B ^ M e ^ , 1296 (weak) (C^BugMeg), 1224 (weak) (C 6 0 Bu ? Me 7 ) , 
1152 (weak) (C 6 Q Bu 6 Me 6 ) , several weak clusters, 792 (C^BuMe), 720 (C^) 
amu. 

A small portion of the product (19 mg) was taken in a centrifuge tube 
andN treated with THF (10 mL). The mixture was shaken on a mechanical 
shaker for 30 min and then centrifuged. The top brown solution was pipetted 
out and evaporated to yield a brown solid (wt., 3 mg). FABMS: same as previ
ous. UV-vis (THF) A m a x : onset at 630, solvent cut off at 230 nm. 

Reaction of C 6 0 with l-Butyllithium. In a dry 25-mL two-neck flask, 60 
equivalents of i-butyllithium in pentane was added under argon atmosphere to 
a suspension of 10 mg (1.4 χ 10~5 mol) of in 5 mL of THF with a syringe 
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11. WUDL Survey of Chemical Reactivity of C. 171 

within 5 min. The formation of a dark brown suspension was observed. After 
7 h of stirring, 1 mL of methyl iodide was added. After another 14 h, water was 
added to the brown suspension, and the precipitate was centrifuged and washed 
with water (twice). The brown solid was dissolved in THF (10 mL) and filtered 
through a frit. The THF was evaporated, and the product was dried under 
vacuum at r.t. 

IR (KBr) v. 2910 (m), 2860 (sh), 1450 (m, br), 1380 (sh, br), 1050 (s, 
br), 860 (vw), 420 (m, br) cm - 1 . FABMS: clusters of peaks at 792 (C^BuMe), 
780 (C^Me^ , 765 (CœMt3), 750 (C^Me^, 735 (C^Me), 720 (C^) amu. X H 
NMR (THF-d8) 6: 1.4-2.7 (v br) ppm and signals of impurities. 

Reaction of with Phenyllithium-Magnesium Bromide. In a flame-
dried three-neck 25-mL round-bottom flask, under argon atmosphere, 
MgBr 2 · THF (0.64 g, 2.5 χ 10~3 mol) was suspended in dry THF (3 mL). To 
this suspension, PhLi (1.2 M solution in cyclohexane-ether) (2.08 mL, 2.5 χ 
10 - 3 mol) was added with a syringe. The suspended salt dissolved immediately, 
and a clear solution was obtained. After stirring this solution at room tem
perature for 35 min, it was added, with a syringe, to (30 mg, 4.16 χ 10~5 

mol) suspended in dry THF (2 mL) in a different flame-dried three-neck 25-mL 
round-bottom flask, also under argon atmosphere. The reaction mixture 
became dark green. After stirring at room temperature for 4.5 h, methyl iodide 
(1.5 mL) was added with a syringe. The mixture was stirred overnight and then 
quenched with water (5 mL). It was then transferred to a centrifuge tube with 
the aid of more water (100 mL). It was shaken and centrifuged. The top yel
low water—THF layer was decanted, and the dark red-brown oily residue in the 
tube was washed similarly once more with water. Finally, the residue (red-
brown solid) was filtered and washed repeatedly with water and then dried 
under vacuum at r.t. (wt., 38 mg). 

The *H NMR spectrum in CS 2 -THF-d 8 indicated the presence of 
biphenyl in the product; there were multiplets at 7.2, 7.26, 7.36, and 7.5 ppm. 
The product was dissolved in CS 2 and precipitated with hexanes and centri
fuged, and the supernatant was decanted. This process was repeated once 
more, and then finally the centrifuged precipitate was washed with fresh hex
anes. The precipitate was shown (by MS) after drying to be mostly unreacted 
C ^ . Al l of the organic rinsings were combined and evaporated to yield a 
brown solid, which was dried under vacuum (wt., 24 mg); redissolved in CS 2 , 
and precipitated with ethanol. The precipitate was separated by centrifugation, 
and then the same process was repeated with fresh CS 2 and ethanol. This 
cleaning process was repeated one more time. Finally the precipitated brown 
material was rinsed with ethanol and then dried under vacuum at r.t. 

*H NMR (CS 2-THF-d 8) δ: 6.5-8.2 (ν br, 5 Η) (no biphenyl peaks 
present), 2.7-1.4 (v br, 3 H) ppm, plus a few impurity peaks. FABMS: clusters 
of peaks present at 1640 (weak) (C 6 0 Ph 1 Q Me 1 ( ) ) , 1563 (weak) (C 6 Q Ph 9 Me 1 0 ) , 
1441 (weak) (C^PhgMe,,), 1302 (weak) (C^Pr^Meg), 1272 (weak) 
(C^Ph 6Me 6), 1257 (weak) (C 6 QPh 6Me 5), 1242 (C^Pr^Me^, 1226, 1211, 1195 
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( C ^ P ^ M e ^ , 1180 (ϋ^ΡΙ^Μ^) , 1165 (C 6 QPh 5Me 4), 1150 (C^Pl^Me^, 1120 
(C 6 0Ph 5Me), 1118 ( C ^ P h ^ ) , 1103 ( C ^ P h ^ ) , 1088 ( C ^ P h ^ ) , 1073 
(Cœ?h4Mc3\ 1058 ( 0 ^ 4 Μ β 2 ) , 1043, 1026 (Ο^ΡΙ^Ιν^) , 1011 (C^Pl^Me^ , 
996 (C 6 0 Ph 3 Me 3 ) , 981 (C 6 QPh 3Me 2), 967, 951 (C 6 0Ph 3), 16 clusters of masses, 
720 (C^) amu. IR (KBr) w. 3050, 3020 (both vw), 2950 (w, sh), 2900 (m), 
2850 (m), 1600 (w), 1490 (w), 1445 (m), 1180 (vw), 1155 (vw), 730 (m), 695 (m) 
cm - 1 . UV-vis (benzene) A m a x : onset at 620, solvent cut off at 280 nm. 

Reaction of with Phenylmagnesium Bromide. In a flame-dried 
three-neck 25-mL round-bottom flask, under argon atmosphere, Οω (30 mg, 
4.16 χ 10~5 mol) was suspended in dry THF (5 mL). Stirring was started, and 
60 equivalents of commercial phenylmagnesium bromide (3.0 M solution in 
Et 2 0) (0.83 mL, 2.5 χ 10~3 mol) was added to it all at once. The mixture was 
stirred at room temperature for 4 h. Then methyl iodide (1.5 mL) was added 
via a syringe. The mixture was stirred overnight and then quenched with water 
(5 mL). It was then transferred to a centrifuge tube with the aid of more water 
(100 mL). It was shaken and centrifuged. The top clear-water-THF layer was 
decanted, and the brown-black residue in the tube was similarly washed two 
more times with water (100 mL each) and was dried under vacuum at r.t. (wt., 
43 mg). It was then dissolved in C$ 2 and transferred to a centrifuge tube (150 
mL) and precipitated with ethanol. After centrifugation, the top reddish 
organic layer was decanted, and the brown precipitate was redissolved in CS 2 

and reprecipitated with ethanol. After centrifugation, the brown precipitate 
was rinsed two times with fresh ethanol and then dried under vacuum at r.t. 

FABMS: The fragmentation pattern looks quite different from the 
PhLi-MgBr 2 reaction case; however, there were clusters of peaks at 919 (weak) 
(C 6 QPh 2Me 3), 889 (weak) (C^Pl^Me), 842 (weak) (C 6 QPhMe 3), 812 (weak) 
(C^PhMe), 765 (C^Me^ , 750 (C^Me^, 735 (C^Me), 720 (C^) amu. X H 
NMR (CS 2-THF-d g) δ: 6.5-8.2 (ν br), 2.7-1.4 (ν br) ppm, plus a few impurity 
peaks. IR (KBr) is. 3020 (vw), 2950 (m), 2910 (w, sh), 1620 (m, br), 1440 (m, 
br), 1180 (vw, sh), 670 (w), 565 (w), 525 (w), 430 (s) cm - 1 . 

Reaction of with Phenyllithium. In a flame-dried three-neck 25-mL 
round-bottom flask, under argon atmosphere, (30 mg, 4.16 χ 10~5 mol) 
was suspended in dry THF (5 mL). Stirring was started, and 60 equivalents of 
commercial phenyllithium (1.2 M solution in cyclohexane-Et20) (2.08 mL, 2.5 
χ 10~3 mol) was added all at once. The mixture turned dark green immedi
ately. It was stirred at room temperature for 4.5 h. Then methyl iodide (1.5 
mL) was added with a syringe. The mixture was stirred overnight and then 
quenched with water (5 mL). It was then transferred to a centrifuge tube with 
the aid of more water (100 mL). It was shaken and centrifuged. The top 
clear-water—THF layer was decanted, and the brown-red residue in the tube 
was similarly washed two more times with water (100 mL each) and was dried 
under vacuum at r.t. It was then dissolved in CS 2 and transferred to a centri
fuge tube (150 mL) and precipitated with ethanol. After centrifugation, the 
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11. WUDL Survey of Chemical Reactivity of C. 173 

supernatant was decanted, and the brown precipitate was redissolved in C$ 2 

and reprecipitated with ethanol. After centrifugation, the brown precipitate 
was rinsed two times with fresh ethanol and then dried under vacuum at r.t. 
(wt., 19 mg). 

IR (KBr) v. 3050, 3020 (vw), 2950 (w, sh), 2910 (m), 2850 (w, sh), 1600 
(w), 1485 (w, sh), 1445 (m), 1370 (w), 1100 (m, sh), 735 (w, sh), 695 (m) cm" 1. 
FABMS: clusters at 1026 (C 6 QPh 3Me 5), 1011 (C^Pr^Me^, 996 (C^Pl^Me^ , 
812 (C^PhMe), 797 (C^Ph), 735 (C^Me), 720 (C^) amu. % NMR (CS2-
CDC13) δ: 6.5-8.3 (v br), 2.7-1.1 (ν br) ppm, plus a few impurity peaks. 

Reaction of with LiBH(Et) 3. In a centrifuge vial that was sealed 
with a septum, 40 mg (5.6 χ 10~5 mol) of was dissolved in 10 mL of ben
zene under argon. To this solution, 0.06 mL of 1 M commercially available 
LiBH(Et) 3 "superhydride" in THF was added with a syringe. A dark precipi
tate was formed immediately. After 16 h of stirring, the dark solid was centri
fuged and washed with benzene ( 3 x 5 mL) and THF ( 2 x 5 mL). The product 
was dried under vacuum for 1 week; yield 35 mg (87%, assuming the product is 
L i C ^ H ) . 

Anal.: Calcd. for C ^ H L i - O ^ O : C, 86.22%; H, 1.57%; calcd for 
C ^ H L i ^ ^ O : C, 80.90%; H, 2.13%. Found: C, 80.97%; H, 1.58%. IR 
(KBr) v. 3040 (w, sh), 3400 (br), 2960 (vw), 2925 (vw), 1485 (m, br), 1430 (m, 
br) 1125 (m), 1040 (sh), 1015 (sh), 860 (vw), 500 (m, br) cm" 1. FABMS: clus
ters of peaks 728 (LiC^H), 727 (LiC^), 720 (C^) amu. X H NMR (pyridine-
d5): attempts to record a spectrum failed, possibly due to signal broadening 
and "signal dilution" (one atom out of a molecular weight of 728). 7 L i NMR 
(pyridine-d5), standard 0.2 M LiCl in pyridine-d5, r.t., 6: -0.186 ppm. 7 L i 
N M R - M A S (solid state), standard LiCl, r.t., δ: 1.250 ppm. 7 L i NMR (solid 
state) quantitative Li determination; 1.2 and 3.7 mg of LiCl as reference for 24 
mg of compound: Calcd. for C ^ H L i : 0.96% Li . Calcd. for C ^ H L i · 9H 2 0: 
0.79% Li . Found: 0.77 ± 0.16% Li . UV-vis (methanol) À m a x : 235 (sh), 205 
nm. 

Conclusions 

Buckminsterfullerene, C ^ , is an excellent electrophile. Our survey, so far, has 
shown that a variety of neutral and charged nucleophilic reagents, as well as 
dienes and dipoles, add smoothly to this spherical, electronegative carbon allo-
trope. In some cases we have been able to show via ESR spectroscopy that the 
addition is stepwise; the nucleophile first transfers an electron to C^, and the 
resulting radical ionic salt collapses to product in a second step. The product 
of excess ethylenediamine addition is water soluble. 
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Chapter 12 

The Chemical Nature of C60 as Revealed 
by the Synthesis of Metal Complexes 

Paul J. Fagan, Joseph C. Calabrese, and Brian Malone 

Central Research and Development Department, Ε. I. du Pont de Nemours 
and Company, Inc., Experimental Station, P.O. Box 80328, 

Wilmington, DE 19880-0328 

In this chapter we report our investigations of the chemical reactivity of C60 

toward ruthenium and platinum reagents. The reagent {[η5-C5(CH3)5]-
Ru(CH3CN)3}+(O3SCF3-) reacts with C60 to form the complex {[η5-
C5(CH3)5]Ru(CH3CN)2}C60)x+(O3SCF3-)x (x = 3). The platinum re
agent [(C6H5)3P]2Pt(η2-C2H4) reacts with C60 to form the complex 
[(C6H5)3P]2Pt(η2-C60), the structure of which has been determined by X
-ray crystallography. This chemistry can be extended to prepare a new palla
dium compound and a platinum-coated C60 derivative, namely, {[(C2H5)3-
P]2Pt}6C60. We concluded from these reactions that the double bonds in 
C60 react like those in electron-poor alkenes and arenes rather than like 
those in benzene. 

Very little is known about the chemical reactivity of the fullerenes (C^, C ^ , 
^34, etc.) (1-30), which have only recently become available in large quantity 
(1—11). A pyridine-stabilized osmium tetroxide adduct of C ^ was the first 
well-defined derivative known for these molecules (25, 26). initially, it was 
thought by some that fullerenes were relatively inert to chemical attack and 
might behave more like benzene, which is chemically stabilized owing to its 
aromatic character (21, 22, 31). The true chemical nature of C ^ (buckminster-
fullerene) and the other fullerenes thus remained somewhat mysterious until 
we investigated the chemical reactivity of C ^ toward ruthenium and platinum 
reagents (24). 

Some evidence in the literature suggested that gas-phase metal com
plexes could be formed (32—34) and that C ^ interacts with metal surfaces 
(35-37). We have been able to isolate a number of metal derivatives with the 
platinum complex [(QH 5) 3P] 2Pt(r7 2-C 6 0) being characterized by a single-crystal 
X-ray analysis (24). Because the chemical properties of these platinum and 

0097-6156/92/0481-0177$06.00/0 
© 1992 American Chemical Society 
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178 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

ruthenium reagents were known, we were able to conclude that does not 
behave chemically like relatively electron-rich planar aromatic molecules such 
as benzene. Rather, the carbon—carbon double bonds of CLQ react like those in 
very electron-deficient alkenes (or arenes) such as, for example, tetra-
cyanoethylene. Thus, should be capable of participating in reactions 
known for this class 01 compounds, including Diels-Alder reactions and 
nucleophilic substitution with electron-rich reagents. A similar perspective has 
since been offered by Diederich and Whetten (10), and Wudl and co-workers 
have evidence for these reactions (Wudl, F., University of California, Santa 
Barbara, personal communication). Indeed, the attack by electron-rich zero-
valent platinum fragments is a type of nucleophilic substitution. This view
point suggests directions that should be taken in pursuing the chemistry of 
and the other fullerenes. 

Ruthenium Chemistry 

The reaction of C^Q with the organometallic reagent {[t7 5 -C 5 (CH 3 ) 5 ]-
R u ( C H 3 C N ) 3 } + ( 0 3 S C F 3 - ) (38) was examined initially. When {[t7 5 -C 5 (CH 3 ) 5 ]-
R U ( C H 3 C N ) 3 } + ( 0 3 S C F ^ ~ ) is reacted with relatively electron-rich planar 
arenes, the three coordinated acetonitrile ligands are displaced, resulting in 
strong, hexahapto-binding of ruthenium to the six-membered rings of the arene 
(Scheme I). In the presence of electron-poor alkenes, one of the acetonitrile 
ligands is displaced, and an olefin complex is formed. However, when given the 
choice between a phenyl ring or an alkene functionality such as in styrene, the 
ruthenium binds exclusively to the arene ring (38). If the six-membered rings 
of C ^ behave like benzene, we would then expect all three acetonitrile ligands 
to be displaced from ruthenium, readily binding C ^ in a hexahapto-fashion. 
Reactivity characteristic of an electron-poor olefin would be expected to dis
place just one acetonitrile ligand from ruthenium. 

Reaction of C^Q with a 10-fold excess of the reagent {[T7 5 -C 5 (CH 3 ) 5 ]-
R u ( C H 3 C N ) 3 } + ( 0 3 S C F 3 " ) in C H ^ at 25 °C over a period of 5 days yielded 
a brown precipitate (Reaction 1). Tne data we obtained for this compound 
suggested a formulation of {[ î7 5 -C 5 (CH 3 ) 5 ]Ru(CH 3 CN) 2 } J C (C 6 0 ) r + (O 3 SCF 3 - ) j c 

with χ ~ 3 (24). NMR spectroscopy demonstrated that two acetonitrile ligands 
were retained on each ruthenium, and this finding suggested that ruthenium 
was bound to an edge of the C ^ cluster to fulfill its electron count (Figure 1). 
This reactivity was characteristic of an electron-poor alkene. We could obtain 
no further information on the structure of this complex. The spectra taken at 
room temperature were deceptively simple, and the *H NMR spectrum in 
CD3NC>2 was composed of two singlets at δ 1.82 (broadened singlet, 15 Η, η5-
C 5 ( C H 3 ) 5 ) and δ 2.62 (broadened singlet, 6 H, C H 3 C N ) . The resonances were 
broadened, and the line widths decreased with increasing concentration of the 
compound. A process involving exchange of free and bound acetonitrile 
ligands might be occurring concurrent with migration of ruthenium on the C ^ 
surface. 
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CH, 

CH. 

C H , 

CH 2 

CH. 

CH, 
•CH, 

Ru + 
•3 CH 3CN 

CH, 

Ru + 

Τ N< J 
CH; 

CH. 

CH, 

CH, 

'CH, -CH 3 CN 

CH, CH, 

Ru + 

CH, 

Ε = Electron Withdrawing Group 

•3 CH 3CN 

Scheme I. Chemistry of {[η5-C^CH^^RuiCHfN) 3}+(OsSCF3 ). 

4. C f i A • I Ru + + c 6 0 
CH 2 CI 2 

5d 

C " I " C H 3 

CH. g 
C H 3 O 3 S C F 3 -

Ru + 

Λ 
C 
C H 3 

(0 3SCF 3-) 3 

Reaction 1 

Cooling the sample to -35 °C causes both the rç5-C5(CH3)5 and acetoni
trile resonances each to split into a forest of singlets (>15) (Fagan, P . J., 
unpublished results). The large number of resonances suggests the presence of 
several regioisomers, and restricted rotations about the Ru to C ^ alkene bonds 
would further increase the isomer count. Another possibility is that this com
pound may be a mixture of di-, tri-, and tetrasubstituted species, which 
exchange by dissociation of [ T 7 5 - C 5 ( C H 3 ) 5 ] R U ( C H 3 C N ) 2 + . Although this chem
istry is complex, it did point to the fact that C ^ behaved chemically like an 
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Figure 1. Proposed bonding for each fo5-C5(CH3)j]Ru(CH£:N)2+ group in 
the complex {[^-CJCH3)JRu(CHfN)2\(C^(03SCFf)^ (with χ = 
3). The double bona bound to Ru is expected to be parallel to the C5(CH3)5 

ligandy but is shown otherwise for clarity. 

electron-poor alkene, and it led us to try reactions with platinum reagents, 
which are well-known to react with electron-poor alkenes and arenes to form 
dihapto-bound olefin complexes (39—45). 

One final comment is in order regarding why does not bind in a 
hexahapto-fashion and displace all three acetonitrile molecules from [η5-
C 5 (CH 3 ) . ]Ru(CH 3 CN) 3

+ . Although is suited for bonding in a dihapto-
fashion (discussed later), it is not suited for hexahapto-bonding (and to some 
extent tetrahapto-bonding) because from above the "plane" of a six-membered 
ring in the molecule, the carbon p orbitals are tilted away from the center of 
the ring. Relative to a planar aromatic molecule, this tilt may weaken the over
lap of the highest occupied and lowest unoccupied molecular orbitals of 
with the ruthenium-centered unfilled and filled d-orbitals, respectively. In this 
case, acetonitrile is apparently a strong enough donor to prevent hexahapto-
bonding. This is not to say that hexahapto-bonding is not possible with a 
weaker donor than acetonitrile, or by using another metal ligand fragment. 
Mass spectral evidence suggests that the species (r7 5-C 5H 5)Os(C 6 0) + exists in 
the gas phase (Shapley, J. R., University of Illinois, personal communication). 

Platinum and Other Metals 

Phosphine-stabilized zero-valent Ni, Pd, and Pt compounds not only react with 
electron-poor alkenes and arenes (39-45), but are also known to react with 
strained nonplanar alkenes (46). The double bonds in belong to both of 
these classes. Coordination of metals to an alkene carbon—carbon double bond 
causes the four groups attached to it to splay back away from the metal (41). 
Thus, the native geometry of C ^ is almost ideally constructed for dihapto-
bonding to a transition metal (24). Reaction of [(C 6H 5) 3P] 2Pt(r/ 2-C 2H 4) with 
a purple solution of C ^ in toluene results in formation of an emerald green 
solution from which black microcrystals precipitated over the course of 2 h 
(Reaction 2). These could be isolated and recrystallized from tetrahydrofuran. 
The isolated yield of this compound was 85% based on the formulation 
[(C 6H 5) 3P] 2Pt(ry 2-C 6 0) (tetrahydrofuran of crystallization was removed upon 
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3Γ 

Figure Ζ Drawing of [(C6H5)3P]2Ft(^'C6(j). Hydrogen atoms on phenyl 
groups are omitted (Reproduced with permission from reference 24. Copy-
right 1991 American Association for the Advancement of Science.) 

drying in vacuo). The elemental analysis and the spectroscopic properties of 
this complex were consistent with this formulation (24). 

The compound was slightly soluble in tetrahydrofuran, giving a dark 
green solution, and a single crystal of the complex [(C 6H 5) 3P] 2Pt(»7 2-C 6 0) · 
C 4HgO suitable for an X-ray analysis was grown from this solvent by slow eva
poration. Although only a limited amount of data could be obtained, the struc
ture was solved (24) and is shown in Figure 2. The structure confirmed that 
the platinum atom was bound in a dihapto-manner to one of the 
carbon—carbon double bonds. The structure of the cage is similar to that 
reported by Hawkins et al. (25) for the osmium tetroxide derivative (t-
BuC 5 H 4 N) 2 OsO 4 C 6 0 . Accuracy in both the osmium tetroxide and platinum 
structures was rather poor owing to the limited amount of data available, and 
the atoms of the carbon cages could only be refined isotropically (24, 25). The 
experimental error of the C - C bond lengths in both structures was on the 
order of ±0.03 to ±0.04 Â. 

The two types of bonds within are those exo to the five-membered 
rings (at the fusions of two six-membered rings) and those within the five-
membered rings (at the junctions of five- and six-membered rings). Theoretical 
calculations suggest that the bonds exo to the C 5 rings should have the most 
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182 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

double-bond character and be shorter than bonds within the ring (72). In 
the platinum derivative, if the C—C bonds involved with Pt binding are 
excluded, the average value for the bonds exo to the five-membered rings is 
1.389 (±0.043) Â (range 1.318 (29) to 1.471 (35) A\ whereas the bonds within 
the five-membered rings average to 1.445 (±0.040) A (range 1.365 (30) to 1.534 
(39) Â). (The errors for bond lengths are the estimated standard deviations for 
the experimental bond-length determination; the error quoted for the average 
values is the standard deviation of the average.) These averages compare well 
with those found in (i-BuC.H 4 N) 2 OsO 4 C 6 0 , namely, 1.388 (9) and 1.432 (5) Â, 
respectively. Considering the accuracy of the osmium structure, we believe the 
errors reported by these authors for these averages are not meaningful (25). In 
our original paper (24), we estimated an error in these averages that was the 
approximate error in the C - C bond-length determinations (±0.03 Λ). We now 
think the best and most conservative error chosen should be the standard devi
ation of the calculated average of the bond measurements and have revised the 
errors for the averages in the platinum structure to approximately ±0.04 Â. 

We cannot know if the range of bond values found for each of the two 
classes of bonds in C ^ is owing to the experimental inaccuracy of the struc
tural determination, or if in fact there is a real range of values for these bonds 
in the solid state. Platinum is bound to the C ^ , and there are intermolecular 
C ^ to C ^ contacts (which may cause some electronic reorganization owing to 
charge transfer near such contacts); consequently, one "true value" or even a 
small range of values may not exist for each of the two classes of bonds in the 
structure. The error reported for the osmium tetroxide derivative was the stan
dard error (standard deviation divided by the square root of the number of 
measurements) (Hawkins, J., University of California, Berkeley, personal com
munication). We suggest that when it is not known or it cannot be determined 
experimentally if a single "true value" or at least a very small range of values 
exists for a set of bond measurements, calculation of a standard error is not 
valid, and the standard deviation is a more meaningful number. 

As can be seen in Figure 2, the bis(triphenylphosphine)platinum group 
coordinates at the fusion of two six-membered rings, consistent with these 
bonds being shorter and having the most double-bond character. This is the 
same site of reactivity seen for the osmium tetroxide derivative (25). Coordina
tion of platinum to C ^ pulls out the two attached carbons from the C ^ frame
work. Al l of the other carbons have an average distance to the C ^ centroid of 
3.53 Â, but the two attached to Pt are 3.63 and 3.73 Â from the centroid. This 
result is also reflected in the planarity of the rings, which are all planar to 
within 0.03 to 0.05 Â, except for those rings associated with platinum binding. 
The coordination sphere about Pt is very similar to that seen in related alkene 
complexes (24). For example, in Figure 3, the coordination sphere about Pt in 
[(C 6H 5) 3P] 2Pt(ry 2-C 6 Q) is compared to that for [(C 6H 5) 3P] 2Pt(r7 2-C 2H 4) (45). 
The triphenylphosphine ligands in the C ^ complex are bent back somewhat 
more (P-Pt-P = 102.4 (2)° versus 111.60 (7)° for the ethylene complex), a 
condition that can be attributed in part to the slightly greater steric bulk of C ^ 
relative to ethylene. 

We have just begun to investigate the synthesis of other metal deriva
tives of C ^ . A number of related compounds have now been prepared, includ
ing the complexes [(C 2H 5) 3P] 2Pt(r 7

2-C 6 0) and [(C 6 H 5 ) 3 P] 2 Pd(^-C 6 0 ) (Fagan, P. 
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1.434(2) 

1.502(30) 

2.115(23) 

Figure 3. Comparison of the platinum coordination spheres in [(C6H5)j-
P]2Pttf-C60) (bottom) (24) and [(C^^PJ^-CJi^) (top) (45). 
(Reproduced with permission from reference 24. Copyright 1991 American 
Association for the Advancement of Science.) 

J., unpublished results). We have also prepared a platinum-coated C^Q deriva
tive, namely, {[(C 2 H 5 ) 3 P] 2 Pt} 6 C 6 0 (47). This metal-coated derivative contains 
six platinum atoms in an octahedral array about the framework (as deter
mined by spectroscopy and a single-crystal X-ray analysis). Al l the platinum 
atoms are bound in a dihapto-fashion at the fusions of two six-membered rings, 
and excluding the ethyl groups, this molecule is a rare example of a compound 
with Th point-group symmetry. Other multiply-substituted derivatives of 
have been reported (23-30), but they usually occur as mixtures and have not 
(as of September 1991) been structurally characterized. This result may help in 
answering fundamental questions concerning C^, such as what, if any, 
geometrical preferences or electronic directing effects guide the substitution 
chemistry. It also shows that with proper control of electronic and steric fac
tors, the synthesis of a single well-defined multiply-substituted isomer of 
can be accomplished in good yield. 

Conclusion 

We have been able to prepare some of the first metal derivatives of C ^ , and 
these are also some of the best characterized derivatives that are known. 
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Clearly, the metal chemistry of and the other fullerenes will be quite exten
sive. Not only will the inorganic solution chemistry be vast, but a host of both 
binary and ternary solid-state inorganic compounds are likely to be synthesized. 
There is the potential that metal compounds of C ^ will make important con
tributions to catalytic and material sciences. Perhaps the most important 
observation from the organometallic chemistry is that the double bonds of C ^ 
behave like those in electron-poor arenes and alkenes. This observation points 
the way for not only metal chemistry, but organic reactions as well. 
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stretch and associated bending hot 
band of C 7 cluster, 14,15/ 

Addition reactions, C^, 162 
Adducts of C^, formed with primary and 

secondary amines, 167 
Alkali-intercalated C^, preparation and 

structure, 64 
Alkali fullerides, structural studies, 80 
Alkali metal doped C^ 
band structure calculations, 82 
conductivity, 76 
structural studies, 80 
superconductivity, 77-79 

Alkali metal doping, C^ and C^, 
apparatus and procedure, 76 

Amine addition, C^, 162-166 
Ammonia titration, boronated 

fullerenes, 147 
Anthracene, osmylation, 92,94/ 
Antisymmetric stretch 

C 7 cluster, 14 
linear C 9,12/ 
triplet linear C 4,11/ 

Β 

Band structure calculations, alkali metal 
doped C^, 82 

Bending modes 
effect on isomerization pathways, 13 
linear carbon clusters, 10 

Bending potential, C3,14 
Binomial distribution, fullerene 

isotopomers, 2-3 
Bond angles, osmylated C^, 99,102/ 
Bond lengths 

C a compounds, 48 
CgQ-platinum complex, 181 
osmylated C^, 100,102,103/ 

Bonding 
C 97 
C^-ruthenium complex, 180 
intermolecular, solid C^, 63 
linear carbon clusters, 10 

Boronated fullerenes 
ammonia titration, 147 
laser-shrinking, 149 

ten -Butylamine, addition to C^, 165 

C 

1 3 C NMR spectroscopy 
C ^ , 108 
use in determining mechanism of 

formation of fullerenes, 110 
C-C bond length refinement, C^, 47 

2 + 4 cycloaddition, 166 
addition reactions, 162-166 
adducts formed with primary and 

secondary amines, 167 
amine addition, 162-166 
analysis of structure, 99 
and C^ monoanion radical, IR spectrum, 44 
anion radical, ESR spectrum, 42 
as a plastic crystal, 55 
bond lengths, 48,97 
bond-length refinement, 47 
brief history of discovery, 25 
l 3 C NMR spectrum, liquid state, 108-111 
charged nucleophile addition, 165-166 
chemical reactivity, survey, 161-173 
crystal-packing environment, 47 
crystalline close-packed plane from 

idealized Fm 3 structure, 84 
crystalline maximal subgroups, 

icosahedral point group m 35,26,27/ 
dienophile reactivity of double bonds, 165 
dipolar cycloaddition, 165-166 
dipolarophile nature, 165 
doped orientation of C^ molecule, 30 
doped preparation and structure, 64 
doped films, microwave loss as function 

of temperature, 79 
doped with alkali metals, 76-82 
doped with Cs, X-ray powder 

diffractogram, 64,65/ 
doped with potassium, 76-81 
doped with rubidium, 77-81 
doping, possible ways, 142 
electrocyclic reactions, 162-163 
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INDEX 189 

—Continued 
ESR spectrum of anion radical, 42 
field-ionization mass spectrum, 129 
formation within carbon arc, 1 
fullerite, thermogravimetric analysis, 135 
Grignard addition, 162-163 
idealized symmetry model, 27-28 
IR spectrum, 44 
isotopically resolved mass spectra, 3 
mass chromatogram of osmate esters, 

93,95/ 
molecule crystal structure and symmetry, 26 
molecule interstitial sites, 73/ 
molecule motion, 30 
molecule packing models, 92,93/ 
negative ion chemical ionization mass 

spectrum, 162,164/ 
nucleophilic addition, 162 
one- and two-dimensional NMR studies, 

107-113 
organolithium reagent addition, 162-163 
orbital energies used to calculate 

electronic transitions, 43 
orientational order, 56 
osmate esters, mass chromatogram, 

93,95/ 
osmium tetroxide adduct, ORTEP drawing, 

97,98/99/ 
osmylated, See Osmylated 
osmylation, 92,94/ 
pentane solvates, 31 
plasma desorption mass spectrometry, 118 
platinum complex, bond lengths, 181 
production of gram quantities, 128 
production of macroscopic amounts, 153 
pure, electrical properties, 142 
purification, 167 
radical anions, HOMO-LUMO 

orbitals, 45 
reaction with metals, 177 
reaction with propylamine, ESR spectra, 

162,164/ 
reaction with Pt complexes, 180 
reaction withRu complexes, 178 
ruthenium complex, bonding, 180 
small molecule synthesis supported by 

isotopic scrambling and NMR 
experiments, 4 

soccer-ball geometry supported by 1 3 C 
NMR spectrum, 110 

—Continued 
solid 
compressibility, 63 
electronic and molecular structure, 82 
native defect, 57 

solid-state NMR spectra, 111-113 
solvated, single-crystal X-ray 

structure, 41-51 
solvates, pentane, 31 
structure analysis, 99 
sublimed crystals, 29 
sublimed films, 123 
temperature-programmed oxidation, 136-137 
thermal evolution profiles, 131,134/ 
thin films, preparation and analysis, 73 

1 3 C NMR spectrum, liquid state, 108-111 
field-ionization mass spectrum, 129 
one- and two-dimensional NMR studies, 

107-113 
pentane solvates, 31 
production of gram quantities, 128 
production of macroscopic amounts, 153 
radical anions, HOMO-LUMO orbitals, 45 
solvates, 31 
structure elucidated by 1 3 C NMR 

spectrum, 110 
sublimation, 31 
sublimed crystals, 29 
sublimed films, 123 
thermal evolution profiles, 131,134/ 
thin films, preparation and analysis, 73 

Carbon-arc synthesis of fullerenes 
determination of initial reactants, 2 
significance, 1 
See also Condensation of carbon 

Carbon atom, initial reactant for 
production of fullerenes, 4 

Carbon clusters 
FTICR apparatus for studying, 145 
involved in carbon-arc fullerene synthesis, 4 
molecular parameters, 19 
See also Linear carbon clusters 

Carbon condensation, equilibrium constant 
of isomerization reaction, 11 

Carbon species, ejected from graphite rod 
by carbon arc, 2 

Cesium-doped C^ 
cube face, 65,66/ 
X-ray powder diffractogram, 64,65/ 
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190 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Charged nucleophile addition, C^, 165-166 
Chemical model, Mlerene synthesis, 4 
Chemical reactivity 

C^, survey, 161-173 
fullerenes with metal complexes, 177 

Chromatographic analysis, crude reaction 
mixture from osmylation of C^, 96 

Close contact, osmylated C^ molecules in 
solid state, 97,101/ 

Closed-shell synthesis model, fullerenes, 17 
Cluster growth in one dimension, carbon 

condensation, 5-6 
Ousters, See Carbon clusters 
Collision complexes 
calculation of lifetimes, 7-9 
physics, 5 

Compressibility, solid C^, 63 
Computer modeling, structure of solvated 

pure C a , 46 
Condensation of carbon 
equilibrium constant of isomerization 

reaction, 11 
gas, mechanism of formation of 

fullerenes, 110 
monocyclic rings formed, 10 
three-dimensional clusters formed, 16 
vapor, various steps, 5-6 
See also Carbon-arc synthesis 

Conductivity 
alkali metal doped C^, 71-86 
apparatus for measuring, 74 
thin films of C^ and CT O, 73 

Conductors, effect of pi orbitals, 71 
Crystal-packing environment, C^, 47 
Crystal structure 

C œ , 26,58 
osmylated C^, 97 

Crystal(s) 
10-sided, formed by twinning, C^ and 

C T O pentane solvates, 33 
Cœ and C^, produced by pentane 

solvation, 31 
grown from hexanes, packing models, 92 
sublimed, C^ and CT O, 29 

Crystalline C^ 
close-packed plane from idealized Fm 3 

structure, 84 
maximal subgroups, icosahedral point 

group m 35,26,27/ 
Crystalline fullerenes, 25-37 

Cube face, Cs-doped C^, 65,66/ 
Cubic data-set refinement, solvated C^ 

structure, 46 
Cycloaddition, 2 + 4, C^, 165-166 
Cyclohexane, fit in C^ octahedral and 

tetrahedral voids, 47 

D 

Defect in solid C^, 57 
Degenerate bending modes, See Bending 

modes 
Desorption 
bulk fullerene extract, 131 
fullerenes from raw soot, 130 

Dienophile reactivity, C^, double 
bonds, 165 

Differential thermal analysis, fullerenes, 121 
Diffraction, pure C^, 29 
Diffraction patterns, indexed on basis of 

unit cell, 31,32/ 
Dipolar cycloaddition, C^, 165-166 
Dipolarophile nature, C^, 165 
Dispersions, vacant bands, C^, 84,85/ 
Doped C^, See C^, doped 
Doped fullerenes 
nomenclature and symbolism, 142 
reactivity, 155 

Doping 
C^, possible ways, 142 

and C T O with alkali metals, 76 
effect on electrical properties, 141 
fullerene cage, 143 
fullerenes, three methods, 141-157 
inside fullerene cage, 151 
preformed fullerenes, 156 
See also Intercalation 

Ε 

Electrocyclic reactions, C^, 162-163 
Electron diffraction patterns, C^ 

crystals, 58,59/ 
Electron spin resonance spectroscopy 

C^ anion radical, 42 
naphthalene-naphthalenide anion, 42 
reaction of C^, with propylamine, 

162,164/ 
Electronic properties, effect of 

directionality of pi orbitals, 71 
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INDEX 191 

Electronic structure 
and anions, 42 

solid C^j, EHT band structure 
calculations, 82 

Electronic transitions of C^, orbital 
energies used to calculate, 43 

Energies, vacant bands arising from fee 
lattice ofC^, 83 

Energy level expressions, for 
determination of carbon-cluster 
molecular parameters, 19 

Equilibrium constant, isomerization 
reaction, carbon condensation, 11 

Equilibrium ratios, dependence on 
temperature, chains and monocyclic 
rings, 12,13/ 

Ethylenediamine, addition to C^, 162 
Extraction, fullerenes from raw soot, 120 

F 

Field-ionization mass spectrometry, 
fullerenes, 128-129 

Fourier transform ion cyclotron resonance 
(FTICR) apparatus, details, 145 

Fourier transform ion cyclotron resonance 
(FTICR) mass spectrum, laser-vaporized 
target rods, 154 

Fragmentation of spheroidal carbon shells, 
mechanisms, 17 

Fullerene cage 
doping inside, 151 
doping outside, 143 

Fullerene ions, electronic structure and 
production of bulk quantities, 42 

Fullerene synthesis, chemical model, 4 
Fullerenes 
boronated 

ammonia titration, 147 
laser-shrinking, 149 

brief history of discovery, 25 
chemical reactivity, 161 
closed-shell synthesis model, 17 
crystalline, 25-37 
differential thermal analysis, 121 
doped, nomenclature and symbolism, 142 
doping, three methods, 141-157 
extracted from raw soot, 120 
formation within carbon arc, 1,16 
mass spectrometry, 128 

Fullerenes—Continued 
mechanism of formation, 110 
metals trapped inside cage, 152 
open-shell synthesis model, 16 
plasma desorption mass spectrometry, 118 
preformed, doping, 156 
production of gram quantities, 128 
proposed structures, 107 
SALI spectra, 130,132/ 
separation by extraction, 120 
separation by sublimation, 122 
temperature-programmed oxidation, 

136-137 
thermal desorption, 130 
thermal properties, 120 
thermogravimetric analysis, 120,135 

Fullerite (solid fullerenes), See Fullerenes 

G 

Graphite targets, laser vaporization, 153 
Grignard addition, C^, 162-163 
Growth mechanism, spheroidal carbon 

shells, 18 

H 

Harmonic vibrational frequencies, linear 
carbon clusters, 9t 

Helium-doped fullerenes, production, 156 
Heteroatom as part of fullerene, cage, 144 
High-resolution powder diffraction profiles 

C^ at 300 and 1 IK, 61,62/ 
solid C e f 57 

Highest occupied molecular orbitals, 
symmetry, small carbon clusters, 13,14/ 

HOMO-LUMO orbitals, C^ and C^ radical 
anions, 45 

HPLC trace, crude reaction mixture from 
osmylation of C^, 96 

Icosahedral point group m 35, crystalline, 
maximal subgroups, 26,27/ 

Insulators, effect of doping, 141 
Intercalated C^, See Cœ, doped 
Intercalation 
procedure, C^, 64 
See also Doping 
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192 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Intermediates involved in carbon-arc 
fullerene synthesis, 4 

Intermolecular bonding, solid C^, 63 
Internal energy of energized molecule, 

collision complex, 5 
Interstitial sites, C^ molecules, 73/ 
IR spectrum 

C^ and C ^ monoanion radical, 44 
C 7 cluster, 14,15/ 
singlet linear C 9,12/ 
triplet linear C 4,11/ 

Isomerization pathway, linear to cyclic, 
for small carbon clusters, 13 

Isomerization reaction, equilibrium 
constant, carbon condensation, 11 

Isothermal compressibility, solid C^, 63 
Isotopic scrambling experiments to 

determine initial reactants in 
carbon-arc synthesis of fullerenes, 2 

Isotopically resolved mass spectra, 
electron-impact ionized 13C-enriched 

Isotopomers of fullerenes, dispersion 
according to binomial distribution, 2-3 

Κ 

Kinetic model, collision complex, 5 

L 

Lanthanum-doped fullerenes, production, 
152,154 

Laser shrinking, boronated fullerenes, 149 
Laser vaporization 
boron-graphite composite target 

disc, 144 
graphite targets, 153 

Lattice parameters, C^ and C T O pentane 
solvates, 33 

Lifetimes, collision complexes, 7-9 
Linear carbon clusters 
bending modes and bonding, 10 
formed in condensation of carbon, 5 
harmonic vibrational frequencies, 7-9 
molecular constants, 7-9 
symmetries of HOMOs, 13 
See also Carbon clusters 

Liquid-state NMR spectroscopy, C^ and 
C™,108-111 

Lithium-doped fullerenes, production, 156 
Low-resolution single-crystal X-ray 

structure, fullerenes and monoanions, 
41-51 

M 

Magnetization 
potassium-doped C^, 79,8Qf 
rubidium-doped C^,, 80,81/ 

Mass chromatogram, C^ osmate esters, 
93,95/ 

Mass spectrometry 
evidence for small-molecule synthesis of 

fullerenes, 128 
isotopically resolved, C^, 3 
negative ion chemical ionization, C^,, 

162,164/ 
plasma desorption, description of 

technique, 117 
purified sample of C^, 118 

Mechanisms 
fragmentation of spheroidal carbon 

shells, 17 
growth of spheroidal carbon shells, 18 

Metal atoms, trapped inside fullerene 
clusters, 152 

Metal complexes, reaction with C^, 
177,180 

Metal-containing species, laser-vaporized 
target rods, 154 

Microwave loss as function of temperature, 
doped C^ films, 79 

Molecular conductors, effect of pi 
orbitals, 71 

Molecular constants, linear carbon 
clusters, 8r 

Molecular parameters, derived from 
measured IR and FIR spectra, 19 

Molecular rotations in solid C^, 26 
Molecular structure, solid C^ from MNDO 

optimization, 82 
Monoclinic unit cell, consistent with 

diffraction from pentane-solvated C^ 
and C T O , 32 

Monocyclic rings, formed in condensation 
of carbon, 10 

Morpholine, addition to C^, 165 
Motion, Co molecules, 30 
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INDEX 193 

Ν 

Naphthalene-naphthalenide anion, ESR 
spectrum, 42 

Negative ion chemical ionization mass 
spectrum, 162,164/ 

Nitrogen-doped fullerenes, unsuccessful 
attempts to produce, 151 

NMR spectroscopy 
liquid state, and C^, 108-111 
one- and two-dimensional, and C^, 

107-113 
potassium-doped C^, 80,81/ 
solid C a , 56 
solid state, behavior and properties of 

c « , n i 
See also 1 3 C NMR spectroscopy, 

Solid-state NMR spectroscopy 
Nomenclature, doped fullerenes, 142 
Nucleophiles, addition to C^, 162 

Ο 

Open-shell synthesis model for 
fullerenes, 16 

Organic conductors, effect of pi orbitals, 71 
Organolithium reagent addition, C^, 

162-163 
Organometallic reagents, reaction with 

C„. 178 
Orientation, Cw molecule, 30 
Orientational disorder, C^, and difficulty in 

obtaining crystal structure, 92 
Orientational order 

Ο ω , effect of temperature, 62 
molecules, 56,61 

solvated Ο ω , 46 
ORTEP drawing, C^-osmium tetroxide 

adduct, 97,98/99/ 
Osmate esters, characterization, 92 
Osmium tetroxide adduct, bond lengths 

compared to C^-Pt complex, 182 
Osmylated 
analysis of crystal structure, 97 
bond lengths, 100 
histogram of carbon-carbon bond lengths, 

102,103/ 
histogram of distances from calculated 

center of moiety to each C atom, 
99,101/ 

Osmylated —Continued 
histogram of sums of C - C - C angles, 

99,102/ 
unit cell, 97,10Qf 

Osmylation 
anthracene, 92,94/ 
0^,92,94/ 

Oxidation, temperature-programmed, 
fullerenes, 136-137 

Ρ 

Packing of molecules, models, 92,93/ 
Pentane-solvated or C^, model for 

twinning, 34 
Pentane solvates, Cœ and C^, 31 
Phenyl Grignard reagent, addition 

to C^, 162 
Pi orbitals, effect of directionality on 

electronic properties, 71 
Plasma desorption mass spectrometry 
description of technique, 117 
See also Mass spectrometry 

Platinum complexes, reaction with C^, 180 
Platinum coordination spheres, versus 

ethylene complexes, 183 
Potassium-doped Ο ω 

conductivity, 76 
magnetization, 79,80/ 
microwave loss as function of 

temperature, 79 
NMR spectrum, 80,81/ 
resistivity, 76,77/ 

Preparation, and ani?*^ 42 
Pressure, effect on isothermal 

compressibility, C^, 63 
Production 

gram quantities of fullerenes, 128 
macroscopic amounts of and C^, 153 

Propylamine, addition to C^, 162 
Puckered rings, stability, 14 
Purification of C^, 167 

R 

Raman spectra, film during rubidium 
doping, 77,78/ 

Reactivity, doped fullerenes, 155 
Refinement, based on single-crystal 

data, 29 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

A
ug

us
t 6

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 6
, 1

99
2 

| d
oi

: 1
0.

10
21

/b
k-

19
92

-0
48

1.
ix

00
2

In Fullerenes; Hammond, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1992. 



194 FULLERENES: SYNTHESIS, PROPERTIES, AND CHEMISTRY 

Resistivity 
Κ C^ film, 76,77/ 
potassium-doped C^, 77,78/ 

Rovibrational transitions, linear 
odd Cn, 19 

Rubidium-doped C ^ 
magnetization, 80,81/ 
microwave loss as function of 

temperature, 79 
Raman spectrum, 77,78/ 

Ruthenium complexes, reaction with 
C«>, 178 

S 

Scanning electron microscopy, 
pentane-solvated Οω crystal, 31,32/ 

Semiconductors, effect of doping, 141 
Separation of fullerenes 
by extraction, 120 
by sublimation, 122 

Single-crystal X-ray study, solid C^, 56 
Singlet linear C 9 , IR spectrum, 12/ 
Small-molecule synthesis of C^, supported 

by isotopic scrambling and NMR 
experiments, 4 

Solid C^, See C^, solid 
Solid-state NMR spectroscopy, behavior and 

properties of C^, 111 
Solvated C^, single-crystal X-ray 

structure, 41-51 
Solvated C^ structure, cubic data-set 

refinement, 46 
Solvated fullerenes, single-crystal X-ray 

structure, 41-51 
Solvates of Cœ, See C^, solvates 
Solvation, problems eliminated with 

sublimation, 29 
Spectroscopy, C^ and C T O anions, 42 
Spheroidal carbon shells 
mechanisms of fragmentation, 17 
mechanisms of growth, 18 

Spheron, temperature-programmed 
oxidation, 136-137 

Structure analysis 
alkali fullerides, 80 
C^ carbon cluster, 99 
carbon framework of C^, enabled by 

osmylation, 97 
solvated C^, X-ray studies, 46 

Sublimation 
C«,29 
to separate fullerenes from raw soot, 122 

Sublimed crystals, C^ and C^, 29 
Sublimed films, C^ and C T O , 123 
Superconducting bulk materials, 79 
Superconductivity 
alkali-intercalated C^, 64 
alkali metal doped C^, 71-86 

Surface analysis by laser ionization 
(SALI), fullerenes, 128,130,132/ 

Symbolism, doped fullerenes, 142 
Symmetry 

C^ molecule, 26 
HOMOs of odd-numbered linear Cn 

clusters, 13,14/ 
Symmetry model, C^, idealized model, 

27-28 
Synthesis 
Cœ from small carbon clusters, 1-20 
carbon-arc, See Carbon-arc synthesis 

Τ 

Temperature 
dependence of Κ , chains and monocyclic 

rings, 12 
effect on behavior of C 4 and C 1 0 

clusters, 13 
effect on magnetization of 

potassium-doped C^, 79,80f 
effect on magnetization of 

rubidium-doped C^,, 80,81/ 
effect on microwave loss, doped C^ 

films, 79 
effect on orientational order of C^, 62 
effect on resistivity of potassium-doped 

^,77,78/ 
Temperature-programmed oxidation, 

fullerenes, 136-137 
Thermal desorption, fullerenes, 130 
Thermal properties, fullerenes, 120 
Thermogravimetric analysis, fullerenes, 

120,135 
Thin films 

alkali metal doped Cœ and C^, 
conductivity, 76 

Cœ and CJO» preparation and analysis, 73 
Three-dimensional clusters, formed in 

condensation of carbon, 16 
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INDEX 195 

Three-zone oven, fullerene separation, 
123,124/ 

Titration, boronated fullerene ions, 
147-148 

Transition metal complexes, reaction with 
C„. 180 

Triethyl phosphite, addition to C^, 165 
Triplet linear C 4 , antisymmetric stretch, 11/ 
Twin domains, and C 7 0 pentane 

solvates, 33,34/35/ 

U 

Unit cell 
monoclinic, consistent with diffraction 

from pentane-solvated and C^, 32 
osmylated C^, 97,100/ 

V 

Vibrational state densities and bending 
modes, 10 

Vibrational state density of energized 
molecule, 7 

X 

X-ray diffraction 
and pentane solvates, 31 

ϋ ω crystal structure, 27 
X-ray powder diffraction profile 

Cs-doped C a , 64,65/ 
pure 0^,61,62/ 
solid C^, 55 

X-ray studies, structure of solvated 46 
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