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ABSTRACT

The molecule Cgg, Buckminsterfullerene, was discoveredl~3
during laboratory experiments motivated by problems associated with
processes involving carbon in stars and space®’”. Astronomical

puzzles also lay behind the experiments gpich led to the molecule’s
extraction and structure confirmation®~ Although the resulting
breakthrough has opened up exciting new avenues of chemistry,
physics and materials science here on earth the original
astrophysical questions still remain and are even more tantalising
now than they were before. Some of the puzzles are here re-addressed
in the light of the new understanding which the fullerene discovery
has brought. Indeed we shall look at the questions through magenta
coloured spectacles and note that there are new and even more
intriguing parallels between the behaviour of carbon on earth and
space. The article contains a brief account of the processes
responsible for the synthesis of carbon in stars and its
dissemination throughout the Galaxy as this information is deemed
necessary to gain an intrinsic understanding of the amazing role
carbon plays in nature.

INTRODUCTION

There are several problems involving ca;?aplﬁpere some links
between Cgg, chains and dust are possible“’*"'"", perhaps even
likely, and it 1is wuseful to re-appraise some of the leading
questions in the light of our new understanding. The aim here is to
understand these questions better in the hope that answers will soon
be forthcoming. Fullerene-60 analogues are only 1likely to be
important in space if the geodesic cage structure (sigma electron
network) remains essentially intact and that the integrity of the
fullerene pi-electron system is disrupted as little as possible.
Otherwise a vast range of analogues appears feasible and/or cage
fragmentation would be expected to take plaff. Secondly, as
fullerenes are very photostable in cold beans and exhibit a
peculiar instability in some condensed phases1 they may be more
stable in space than on earth. The detailed arguments which suggest
that fullerene analogues may be the missing links in the Gﬁ.actic
Carbon Chain (of events) have been discussed by Kroto and Jura

The Diffuse Interstellar Bands (DIBs).

The identity of the carrier of the DIBs (a set of some 80
electronic absorption features which are too broad to be atomic
lines) has been a major puzzle ever since they were identified as
interstel}gr1 eatures in 1936. Their properties have been summarised
by Herbig~—>’ Numerous suggestions have been made as to the nature
of the carrier and at present the consensus lies between some
moderately large "stable" molecule and grain-like material in which
atoms are trapped giving rise to matrix-like spectra. The problem is
that this material appears to be is ubiquitously abundant even in
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the hostile env1ronment of space and yei7 astoundingig, has never
been identified on ‘earth. Recently Sarre and Fossey have shown
convincingly that five DIB features occur in emission from the "Red
Rectangle" a carbon-rich star, HD44179, which exhibits a bipolar
outflow with a roughly rectangular emission pattern. These featurig
are sitting on top of a very broad intense red continuum emission
which D%%ey has suggested is from some form of H/C containing
material“”. Cgp or an analogue was suggested as a possible carrier
when the molecule was first found to form spontaneously There are
intriguing parallels between fullerene-60 and the D{% iirf&eg which
have prompted the conjecture to be probed further? The
ubiquity of <13.6eV radiation indicates that if Cgg is formed in
space (and is as stable as beam exggrf¥ents suggest) it will be
ionised. The case for ionic analogues has been discussed“~. The
discovery of endggedral fullerene complexes in which the atom is
inside the cage such as (La) has prompted interest in the
astrophysical importance of such species §?$ several calculations
have been carried out on their spectra<”” Perhaps the most
interesting analogues are however exohedral complexes and the
possibility that charge transfer bands associated with such species
as ( )M" where M is an abundant interstellar species such as Na, K,
Ca, Fe, S, O etc has been discussed in detail™®. These ideas %xe
supported by the recent experimental results of Huang and Freiser?

The Unidentified 2170A Band.

Another feature which has also been the subject ff umerous
studies 1is a strong absorption centered at ca 2170A<°" This
feature is very strong and in general always observed at 2170A.
Stecher and Donn suggfsted this was caused by carbon when they first
detected the feature“”. The line shape is also relatively constant
although there are one or two objects in which %qg feature appears
to shift slightly3© Interestingly Day and Huffman have studied the
scattering from pure small carbon partiile and finds a feature
centered near 2400A. It has been noted that in the highly H-
depleted RCg Bor stars the feature appears to shift considerably -
to ca 2400A°". Protonated species are common in the ISM and thus the
possibility that a protonate% exohedral fullerene complex (+)H
should be seriously considered!?. such a species is expected to have
a very strong, very bfga charge-transfer electronic absorption
near 6eV (ca 2100A) whlch is quite close to 2170A, so a
contribution to the interstellar extinction from such a transition
may be important.

The Unidentified Infrared Bands (UIBs).

The development of sensitive IR telescopes hgg led to the
detection of IR emission from circumstellar material®<. Comparisons
between some discrete circumstellar features with 1laboratory IR
measurements of known polycyclic aromatic hydrocarbons (PAHs) are
suff1c1ent%¥ ggod that the assignment to PAH-like carriers is quite
convincing . The Cgg discovery suggests that hydrogenated
curved/partly-closing structures might also occur and such objects
have been %hown to yield certain IR features consistent with
observation

There are of course a multitude of possible species which can
form from some complex mix of small compounds to large aggregates of
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organic material such as soots and tars. It has been suggested34
that the interstellar radiation flux which pumps the observed bands
is such that the pattern of emission frequencies detected can be
used to set a bound on the size of the emitting species as
containing 20-40 atoms. This calculation however depends on the
assumption that on absorption of a photon the energy is uniformly
distributed and the species or grain emits IR radiation with a
characteristic thermalised profile. It is not however clear that
localised chromophore excitation cannot occur due to inefficient
enerqgy transfer in heterogeneous aggregates. Intramolecular
vibrational relaxation and the relationship with radiative processes
are poorly understood even for small molecules and even less so in
complex, loosely bound aggregates.

Of course hydrogen is present in copious quantities in mog;
astrophysical objeggs, however the observations of Gerhardt et al
and Howard et al have shown polyynes are a prelude to soot
formation and that Cgg forms in a sooting flame and can be
extracted. There 1is thus every prospect that fullerenes form
wherever polyynes and dust form in space, even in the presence of
hydrogen and oxygen. There is still some way to go before the
question of how important the role of non-planar carbonaceous
networks is during soot formation, however it shoul% be investigated
as soot formation appears to be so poorly understoo 9,

Interstellar and Circumstellar Dust

The dust in space is a most fascinating mﬁferial, playing key
roles in many important astrophysical processes 8, For instance it
appears that grain surface catalysis is the only way to explain the
formation of H; in space®”. For the purposes of this discussion we
note that the dust in the dark clouds protects molecules from
dissociation by starlight and so enables the heat generated on
gravitational collapse to be dissipated by 1low temperature
rotational emission by CO and so allow later phases of cloud
collapse to occur - ultimately to form new stars. Dust certainly
forms in the shells of red giant stars and also around novae,
supernovae, and planetary nebulae and the latter are proving to be
rather interesting sources of carbon. The planetary AFGL 2688 is a
hot stfr surrounded by a donut-shaped dense molecular gas and dust
cloud?lr42 The star sits in the hole in the middle of the donut
and emanating from the star, along the axis of the donut,_ is a
bipolar outflow of high velocity gas - H and CO at ca 50 km s~1. The
visible _emission contﬁgr has caused it to be called the "Egg
Nebula"®*". Rieu et al discovered a curious feature about this
star: T&g 4nionut contained the molecules that the ion-molecule
theories®~ readily explain (ammonia etc) but far out from the
center, the conical q} lar outflow is surrounded by hollow cone of
gas, rich in polyynes®“. It has been suggested that these chains 3§e
produced by grain fragmentation due to grain-grain collisions™>.
Carbon cluster beam photofragmentation studies have shown that
macroscopic cifbon clusters can break down to such chains and Cgg
also appears—“. Thus laboratory experiments suggest that Cgg
analogues may also occur in such regions“.

Studies of the polarisation of scattered light by interstellar

dust sugqﬁfts that it in some regions it may consist of elongated
particles“®. The work of Iijima4 and Endo®’ indicates how such
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elongated carbon microfibres may grow under conditions in which Cgg
forms. Microfibres ‘with diameters of 30-100A with graphite walls
containing from 2-50 layers of graphite have now been detected.
These structures gxe closely related to the structures observed

earlier by IlJlma . On tQF basis of our new understanding of closed
carbon giant networks? P, ssible growth mechanism for such
microfibers has been proposed . The possibility that such tiny

tubular graphite structures (Zeppelenes?) are feasible adds a new
dimension to the possible answers to a range of fascinating
spectroscopic astronomical observations such as those by Sellgren
who observed IR ?pi551on consistent with microscopic particles of
these dimensions Wright has suggested that sphergidal graphite
structure cannot account for the observed emission It should
however be noted that attention has been drawn to the fact that the
apparent epitaxial control of growth in general breaks down and in
later stages of accretion from the gas phase, graphite layers be%Sme
more chaotic and so-called "amorphous" texture appears to develop

Meteoritic Carbon

Most interesting observations have been made by Lewis et a154
who have detected diamond domains in meteorites. These inclusions
are most interesting and how they might arise is food for thought.
One suggestion is that they might form by metamorphosis, initiated
perhaps by shock waves, of the internal structure of quasi
icosahedrg% concentric shell graphite dust included in the
meteorite

One of the most intriguing aspects of the meteorites are their
curious isotope anomallgg Clayton has suggested that the
existence of almost pure Ne in some 3arbonaceous chondrites might
be explained if it %s a remanant of Na formed in supernovae. He
suggests that the 2252 (which has a 2.5 yr half-life) is ejected
from the star and co-condenses with carbon in the surrounding dust
shell. Tgs g;tection of endohedral metal complexes such as (M) whgre
M=La etc and the elegant recent observation of }g% encapsulation
during collisions with fullerene-60 by Weiske et al suggest that
the endohedral fullerene complexes might well play a role in these
well known isotope anomag&e involving carbon. Soon after the
discovery of Cgqg, Heymann considered the (He) complex from an
astrophysical viewpoint.

Conclusions

Several astrophysical problems have been described which
involve carbon chains and dust and attention has been drawn to
various chemical scenarios in the 1laboratory which yield very
similar conditions. The cluster beam studies indicate that chains
(or their monocyclic ring analogues) form first which then evolve
into fullerenes and carbon microparticles in some yet to bg fully
understood way. The fascinating observation of Rubin et al that
C3p monocylic rings dimerise spontaneously to Cgp can
rationalised by a scheme in which a concerted series of cyc%g-
addition steps can result in a graphitic/fullerene network
Furthermore recent evidence suggests that fullerenes may even be the
direct precursors of pure__carbon microparticle accreting carbon
directly from the vapor®“. oOn the basis of a wealth of
circumstantial evidence we have argued fullerene analogues must have
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pointed
that justify their carful consideration as carriers of
ubiquitous astrophysical features and that if they are
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been

out that "fullerene analogues do have several properties

some
not

responsible there is some other as yet wunidentified mystery

involving carbon to be unraveled"*.
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GREENBERG

a) What is the visual absorption by Cgp as a function
of wavelength.

b) Could it contribute to the observed extinction.

c) How much C is needed to produce visual extniction if
in Cs0

KROTO

a+b) The Cgp spectrum is now known and it is not
ovious that it contributes to any optical features. The
visible absorption is very weak. The bands at 2100 and
2500A are very strong. However in the regions where it is
likely to be seen (visibly) it is also 1likely to be
ionised so C60+ is probably the dominant analogue. Also
in any region where HCO" is abundant the most 1likely
species is CggH".

c) Visible extinction of the neutral Cgg molecule is
fairly weak as there are only forbidden transitions in
this region

GREENBERG

If DIBs are due to K then there should be an
anticorrelation between K absorption and the DIBs.
(Incidentally, I once - 30 years ago - questioned the cCa
line anticorrelation with the 4430A band to indicate ca
as a possible source of DIB carrier). Maybe Ca is a
better choice for your mechansim.

KROTO

Our paper (Kroto and Jura) suggests that the DIB
carriers might be CgoM ionised complexes where M is an
alkali metal or any abundant atom. Ca, Na K and Mg as
well as O and S etc are all excellent candidates for the
attached species. The Ca and K anticorrelation are
possibly interesting support for the proposal and in fact
we have discussed Ca in our paper. In my verbal
presentation I discussed K as an example of the type of
atom 1likely to give rise to charge  transfer bands.
(doubly charged species such as C60'Ca++ are also very
interesting species).

GREENBERG

If DIBs are due to K in/on Cgg do you need to give
the DIB strength. Could we be running into a cosmic
abundance problem since Nq/Neoy is large per DIB molecule.
KROTO

Under certain conditions in the 1laboratory the
amount of carbon in Cgg and other fullerenes to carbon in
soot varies from 10-20%. In benzene combustion flames it
can be as high as ca 7% of the soot collected. The charge
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transfer bands associated with exohedral coplexes of the
kind discussed’ are associated with electron jumps of the
order of 6-7A which are more than an order of magnitude
larger than for standard atomic and molecular electronic
transitions resulting in bands some 50-100 times stronger
than usual fully allowed transitions.

WILLIAMS

What is the C:H ratio in the experiments you do in
the lab?

KROTO

This is a difficult question to answer as the
process we observe is highly inhomogeneous. A pure carbon
plasma is vaporised from graphite surface by a laser into
a He/H, atmosphere. As the hot plasma expands the contact
surface causes complex reactions between carbon atoms
(which are themselves clustering) at the interface and
reacting with C and C/H radicals. Even in pulses with
He/H; ratio of ca 1:1 (by volume) we still see Cgg
formation. Even more remarkable is the observation by Ulf
Sassenberg and Bosse Lindgren in Stockholm who have seen
Cgp formation in pure oxygen gas pulses! Also, Howard and
his co-workers at MIT have seen some 7% of fullerene
material in soot from a benzene flame. To sum up, Cgg is
detected whenever carbon particles are produced in the
gas phase.

L d’/HENDECOURT

The production of Cgg by Krdtschmer (as well as
others) yields large amounts of Cgg in a very specific
way (plasma of carbon in He at "high" pressure). Are such
experiments applicable to the atmospheres of (carbon)
stars where hydrogen dominates and the expected pressures
are orders of magnitude smaller?

KROTO

I feel that the key factor is whether the conditions
favor carbonaceous dust production. Whenever we see
carbon particles In the laboratory we also invariably now
see Cgp. Intuition certainly suggests that the higher the
C/H ratio is, the higher the Cgg/soot ratio is 1likely to
be. When H/C = 0 we know Cgg can make up some 1515% of
the soot and RCorBor and similar stars are clearly ideal
objects. The recent combustion data suggest that even in
high (H+0)/C regions the Cgg to dust ratio may be between
1-10%
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