CROATICA CHEMICA ACTA CCACAA 68 (1) 241-267 (1995)

ISSN 0011-1643
CCA-2226 Conference Paper

On Mathematical Properties of
Buckminsterfullerene®

Nenad Trinajsti¢®, Milan Randi¢™ and Douglas J. Klein

Department of Marine Science, Texas A&M University,
Galveston, Texas 775563-1675, USA

Darko Babié

The Rugjer Boskovié Institute, P.O.B. 1016,
HR-41001 Zagreb, Croatia

Zlatko Mihalic

Faculty of Science, The University of Zagreb,
HR-41001 Zagreb, Croatia

Received July 8, 1994; revised September 26, 1994; accepted September 27, 1994

»The essential fact is simply that all the pictures
which science now draws of nature, and which
alone seem capable of according with observational
facts, are mathematical pictures«.

Sir James Jeans (1931)!

Some of the mathematical properties of buckminsterfullerene are con-
sidered, that is, geometrical, topological, group-theoretical and graph-theo-
retical properties. These mathematical properties are used to predict sev-
eral structural and chemical properties of buckminsterfullerene.

# Reported in part at MATH/CHEM/COMP 1994, an International Course and Conference on the Interfaces
between Mathematics, Chemistry and Computer Science, Dubrovnik, Croatia, June 26 — July 1, 1994.
* Permanent address: The Rugjer Boskovié Institute, P.O.B. 1016, HR-41001 Zagreb, Croatia

" Permanent address: Department of Mathematics and Computer Science, Drake University, Des Moines,
Towa 50311, USA



242 N. TRINAJSTIC ET AL.

INTRODUCTION

A pure carbon molecule consisting of 60 atoms, Cg4), was discovered by Kroto,
Heath, O'Brien, Curl and Smalley? in 1985 at Rice University in Houston. The mole-
cule was imaginatively named buckminsterfullerene after the American architect
Richard Buckminster Fuller (1895-1983). His pavillion in the shape of the geodesic
dome was used to house the American exhibition at Expo '67 in Montreal and stimu-
lated Kroto® to propose the buckminsterfullerene name for Cg,. It is perhaps inter-
esting to mention here that Kroto almost went to work for Buckminster Fuller, but
then the offer came from The University of Sussex and he remained in chemistry
for the benefit of the subject. The discoverers of Cg, were really after something else:
They vaporized graphite by laser irradiation in a high-pressure supersonic nozzle in
attempting to understand the mechanism by which long carbon-chains are formed
in interstellar space and circumstellar shells.*® Their experiments, however, re-
sulted in Cg, a cage molecule of unusual stability. It is clear from all documents that
the discovery of Cg, was serendipitous™ (as many discoveries in science are).® In this
example one can readily see the vanity of epistemological discourses on the suppos-
edly timeless rules of any »logic of scientific discovery«. The unexpected discovery
by Kroto, Heath, O'Brien, Curl and Smalley? is much more online with Pasteur's fa-
mous dictum:® »In the field of observation, chance favours the prepared mind« (Louis
Pasteur (1822-1895) said this in an official address delivered at the Faculty of Sci-
ences, University of Lille on December 7, 1854, when he became Professor of chem-
istry and Dean of the Faculty of Sciences there).!°

The work by Kroto, Heath, O'Brien, Curl and Smalley? represents the initial con-
tribution to a fast growing field of chemistry that is now known as fullerene chem-
istry."! The generic name fullerenes was proposed by Kroto for the family of carbon
cages C, (n = 20, 24, 26,...) and the decision to use this name was made during his
telephone conversation with Alex Nickon when they discussed the problem of nam-
ing carbon cages.!? Fullerenes also represent the third allotropic (and also the first
molecular) form of carbon,!® the other two carbon allotropes being graphite (the most
common form of carbon) and diamond (a sparkling, colorless and extremely hard
crystal). In this sense fullerenes are inorganic compounds, but they participate in
many typical organic reactions!* as well as in inorganic reactions.!®

In 1990 buckminsterfullerene finally became available in macroscopic quantities
via a remarkably simple procedure developed by Kriatschmer et al.1® In spite of the
work by Kratschmer et al., the interest in preparation of Cg4, (and other fullerenes)
by different routes is still a topic of considerable interest,'” and a method is also sug-
gested which results in a substantial reduction in the cost of purifying Cy, and C,,.'8
The procedure by Kratschmer et al.® made Cy, and fullerenes readily available and
caused an explosion of publications on various aspects of fullerene chemistry and
physics. Fullerene papers are appearing almost on daily basis in all kinds of chem-
istry journals, in many physics journals and in journals of general science.!® Braun
called this phenomenon quite appropriately »the epidemic spread of fullerene re-
search«.?’ A new journal has also appeared, entitled: »Fullerene Science and Tech-

" Derived from the word serendipity ((talent for) making fortunate and unexpected discoveries by chance)’
coined by the English writer Horace Walpole (1717-1797) from the Persian fairy tale The Three Princes
of Serendip. %
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nology«, entirely devoted to fullerenes. The shape of buckminsterfullerene is possibly
more familiar now than any other molecular structure, apart perhaps from the hexa-
gon representing benzene and the double helix modeling DNA. The impact of fuller-
enes on science is tremendous and is still difficult to assess.

Many interesting concepts concerning fullerenes, such as the three-dimensional
(spherical) aromaticity®! or the »onion-like« soot forming mechanisms,*?? have ap-
peared in the literature.?® The first clearest and best proposal relating to onion-
scrolling around Cgy-nucleus to form soot appeared in an article by the Rice Univer-
sity Group in 1986.%* Also, within a year or so after this article appeared the very
suggestive electron micrograph of Ijima? (though, actually, the picture was origi-
nally published in 1980 in the »Journal of Crystal Growth« without any chemical
structural interpretation).?® Many properties of Cg, ranging from its aromaticity to
superconductivity when it is doped by alkali metals, are often discussed in the fuller-
ene literature. However, it is less often mentioned that Cg, is also highly interesting
mathematical object.?” Buckminsterfullerene was referred to by its discoverers as
»unusually beautiful« and »uniquely elegant« molecule.? Hoffmann in a series of es-
says, 2® considered what makes a molecule beautiful. He pointed out that there are
many factors which may trigger an aesthetic response of an individual chemist to a
molecule. These are the shape or the structure of the molecule, the complex biologi-
cal function that the molecule performs, the quantized motion that the molecule un-
dergoes, the mystery of the mechanism of molecular construction by nature, etc. Per-
haps the mathematical properties of buckminsterrfullerene are part of the source of
its beauty?

The aim of this article is to review some of the mathematical properties of Cg,.
Furthermore, we also wish to stress that physical and chemical properties of buck-
minsterfullerene are direct consequences of its mathematical properties.

The article is structured as follows. In the next two sections the geometry and
topology of Cy, are, respectively, discussed. In the fourth section, the symmetry prop-
erties of Cg, are reviewed. The fifth section contains graph-theoretical studies per-
formed on the graph representation of buckminsterfullerene. We end the article with
the concluding remarks.

GEOMETRY OF BUCKMINSTERFULLERENE

The geometry of the c-skeleton of buckminsterfullerene is modeled by the trun-
cated icosahedron which is depicted in Figure 1.

%50
S
L

Figure 1. A model of buckminsterfullerene as truncated icosahedron.
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The truncated icosahedron has 60 vertices, 90 edges and 32 faces, 12 of which
are pentagonal and 20 hexagonal. Each pentagonal face is surrounded by hexagonal
faces. Each vertex of the truncated icosahedron is populated by a carbon atom and
each carbon atom is c-bonded to three other carbon atoms along the edges of the
truncated icosahedron. There are also 60 n-electrons available, which represent a
n-electron quasi-sea in which the o-skeleton of Cg, is immersed. The front cover of
the issue of »Nature« in which the buckminsterfullerene paper by Kroto, Heath,
O'Brien, Curl and Smalley? appeared visualizes the above as the truncated icosahe-
dron immersed in a cloud of dots (representing m-electrons).

The truncated icosahedron is one of 13 semiregular polyhedra known as the Ar-
chimedean polyhedra or Archimedean solids.?’ The first surviving description of Ar-
chimedean polyhedra is that by a Greek geometer Pappus of Alexandria who lived
during the fourth century (around 320-340 C.E.).?° It should be noted at this point
that Archimedean polyhedra are formed by truncating regular polyhedra named Pla-
tonic polyhedra (or Platonic solids)? in various ways. Pappus of Alexandria explicitly
attributes the invention of truncated Platonic polyhedra to Archimedes (287-212
B.C.E.). Hence, the name archimedene has also been proposed for Cg,.2* However,
Haymet?®! earlier proposed this name for a hypothetical carbon cage with 120 atoms
C199, modeled by the truncated icosidodecahedron containing 12 ten-membered rings,
20 six-membered rings and 30 four-membered rings.

The Archimedean polyhedra were rediscovered during the Renaissance by the
painter and mathematician Piero della Francesca.?*® It was, however, Johannes Ke-
pler (1571-1630) who catalogued the 13 Archimedean polyhedra in 1619 and gave
them their now generally accepted names.?? Kepler also discovered a class of non-
convex »semiregular« polyhedra, now known as the Keplerian polyhedra.

It has been already stated that the truncated icosahedron is a semiregular poly-
hedron. A semiregular polyhedron is a polyhedron whose faces are regular but dif-
ferent polygons and each of its vertices is symmetrically equivalent to every other.
The truncated icosahedron can be generated from the icosahedron depicted in Figure 2.

Figure 2. The structure of icosahedron.

The icosahedron is one of the five regular polyhedra and possesses 12 vertices,
30 edges and 20 trigonal faces. (A regular polyhedron is a polyhedron whose faces
are identical regular polygons such that each of its vertices is symmetrically equiva-
lent to every other). The isocahedron is truncated by cutting off each vertex along
a plane perpendicular to the fivefold axis of symmetry at the vertex. Since each vertex
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of the icosahedron is the meeting point of five triangular faces (see Figure 2), the
new faces created by the decollation of vertices are necessarily pentagonal faces.
Thus, the truncated icosahedron contains exactly 12 pentagons. The above process
of vertex decollation forces the 20 trigonal faces of the icosahedron to convert into
the 20 hexagonal faces of the truncated icosahedron. This process can easily be visu-
alized in two-dimensions by converting an equilateral triangle into a regular hexa-
gon by cutting off the vertices of the triangle.

But, though the buckminsterfullerene molecule has the symmetry of the
semiregular truncated icosahedron, it is not realized to be strictly semiregular. That
is,% the bonds radiating from pentagons are shorter than those on the sides of the
pentagons, so that the hexagonal faces do not form regular hexagons (see discussion
later in the text).

Let us end this section by mentioning that the surface structure of the slightly
deflated modern soccerball (or football in Europe) resembles to the truncated icosa-
hedron. This is the reason why soccerballene and footballene were also among the
proposed names for Cg,. Incidentally, the IUPAC name for Cg, is rather clumsy, es-

pecially for oral communications:233

hentriacontacyclo[29.29.0.02:14.03,12 04,59 05,10 06,58 97,55,
08,53 0921 11,20 (13,18 (15.30 (16,28 (17,25 (19.24 (22,52 .
023,50 02649 (27,47 (29,45 132,44 (33,60 (34,57 (3543 36,56
03741 38.54 939.51 (40.48 (4246 |hexaconta-1,3,5(10).6.8.11,
13(18),14,16,19,21,23.25.27.29,(45).30,32(44),33,35(43),36,38
(54), 39(51).40(48) 41,46 49.52.55,57.59-triacontaene.

TOPOLOGY OF BUCKMINSTERFULLERENE

The surface of any polyhedron in three-dimensional space is made up of two-di-
mensional faces, one-dimensional edges and zero-dimensional vertices. Euler's for-
mula relates faces (f), edges (e) and vertices (v) as follows:?’

f—-e+v=2. (1)

This beautifully simple formula is the first formula in topology. Some have
ranked Euler's formula as the second most beautiful mathematical formula.?® Topol-
ogy (»the rubber sheet geometry«) is the part of mathematics which deals with the
way objects are connected, without regard to the straightness and metric.?? There
are a number of proofs of Euler's formula in the literature.?¢

Euler's formula, of course, holds for the truncated icosahedron (f=32, e=90 and
v=60):
32-90+60=2. (2)

Since each vertex in the truncated icosahedron is a meeting point of three edges,
it is a trivalent vertex. Hence, this Archimedean polyhedron belongs to trivalent (or
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3-regular) polyhedra. For these polyhedra the number of edges and the number of
vertices are related by:

2e=3v. (3)

We will use this formula and Euler's formula, with an additional constraint that
pentagonal and hexagonal faces are the optimum faces for carbon cages.?’® The
number of edges in a polyhedron is also related to the number of n-sided faces (f,):*

2¢=Y nf, @

n

where the summation is over all the faces of the polyhedron. Formulae (3) and (4)
can be easily verified for the truncated icosahedron. One can rewrite Euler's formula
(1) by equating f =X f,

> fi-e+v=2. ' (5)

Variables ¢ and v can be eliminated from Eq. (5) by means of Eqgs. (3) and (4):

Y 6-n)f,=12. (6)

n

If we allow only pentagonal faces (f;) and hexagonal faces (f;) faces (based on
the chemical stability arguments which suggest restrictions on ring sizes and prefer
rings of sizes 5 and 6 over rings of sizes 3,4,7 and 8),3%3° then:

fs =12 W)
and from Egs. (3) and (5):
s =0/2—-10 . (8)
In the case of buckminsterfullerene:
fo=20. )

The importance of the above result is that Euler's theorem does not restrict the
number of hexagonal faces on the surface of a polyhedral fullerene, but requires ex-
actly 12 pentagons. The position of pentagonal faces on the surface of large fuller-
enes (C_, n > 60) determines their stability because cages with abutting (adjacent)
five-membered rings are less stable than those in which no two petagonal rings
abut.?”®40 For example, among 1812 isomers?*! of Cy,, only buckminsterfullerene has
no abutting five-membered rings and it is, consequently, predicted to be the most
stable of all Cyj-isomers.*@-© Buckminsterfullerene is the first fullerene in which
pentagons are completely surrounded by hexagons. All lower fullerenes (C,, n=20,
24,...,58) are destabilized to a certain degree by having two or more (depending on
size) adjacent pentagonal rings, as are also*!® all other fullerenes of sizes 68, 66,
64, 62 or 60.
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SYMMETRY OF BUCKMINSTERFULLERENE

We have already stated that the aesthetic appeal of buckminsterfullerene can
perhaps be attributed to its symmetry characteristics. This section will be devoted
to some of the symmetry properties of Cg,. Symmetry is an attribute of a body's
shape and does not depend on its size or its position in space. The theory of groups
is the appropriate mathematical framework for formalizing symmetry.4?

Buckminsterfullerene belongs to the I, point group,*® with elements E, 12 Cj,
12 CZ%, 20 Cy, 15 C,, 1, 12 Sy, 12 83, 20 Sg and 15 o,. Therefore, the order of the
buckminsterfullerene symmetry group is 120. The irreducible representation, of the I,
group associated to the n-MO eigenvectors of buckminsterfullerene, are as follows:*

[ =a (1) +11,(3) + 15,(3) + 28,(4) + 3N (5) + 2¢,,(3) + 2,,(3) + 2g,(4) + 2R (5) . (10)
The numbers in the parentheses indicate degeneracies, that is:

1x1 + 1x3 + 1x3 + 2x4 + 3x5 + 2x3 + 2x3 + 2x4 + 2x5 = 60 .

Their use in factoring the adjacency matrix and the Laplacian matrix will be
demonstrated in the next section.

As we have already stated, there are 1812 Cg-isomers. They differ considerably
in their symmetry characteristics.**®4% These 1812 isomers may be classified accord-
ing to their symmetries in the following groups:

C, (1508), C, (67), C, (189), C,, (9), Cy, (1), Cyy, (4), D, (19), D,
(3), D, (1), Dy, (1), D, (2), Do, (4), D, (1), S, (2), I, (1).

In the parentheses, numbers of Cgo-isomers belonging to a given point group are
given.

CONNECTIVITY IN BUCKMINSTERFULLERENE

The connectivity in a molecule is defined by the neighbourhood relationship, i.e.,
atoms in the molecule are either bonded or not.*® When considering connectivity, the
actual bond lengths do not play a role, only the existence of a chemical bond is im-
portant. The mathematical tool that underlies connectivity is the theory of graphs.*

Schlegel graphs

Projections of polyhedral objects are known as Schlegel diagrams.*® Graphs
which are used to depict polyhedra ¢an be called Schlegel graphs if all vertices are
at a finite distance from one another.*’ These are planar graphs. (A graph is planar
if it can be drawn in the plane in such a way that no two edges intersect or, in other
words, a graph is planar if it can be embedded in the plane). A graph in which every
vertex has the same valency is called a regular graph. If every vertex in graph G
has valency D, then G is said to be a regular graph of valency D or a D-regular
graph. The Schlegel graphs representing regular (Platonic) and semiregular (Ar-
chimedean) polyhedra are D-connected graphs, with D=3 for Cg,. The Schlegel graph
of buckminsterfullerene is shown in Figure 3.
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Figure 3. The Schlegel graph of buckminsterfullerene.

The leapfrog technique for generating higher fullerenes

A powerful graph-theoretical technique, called the leapfrog technique, was intro-
duced by Fowler and coworkers**@®50 for a systematic generation of certain fuller-
enes. The leapfrog technique consists of two steps: (1) the omnicapping process and
(2) the construction of the dual (or perhaps the inner dual). The initial polycyclic
(polygonal) graph is called the parent graph. The omnicapping process consists of
putting a vertex in the center of each face (polygon) of the polycyclic graph and then
connecting each newly created vertex with the vertices on the face boundary. This
process generates a fully triangulated polycyclic graph, called the delta graph, from
the parent graph. All faces in the delta graph are triangles. The dual of the delta
graph is created in the following way. A vertex is placed in the center of each triangle
of the delta graph (including the »outer« one) and, if two triangles have a common
edge e, then these are joined by an edge e” crossing only e. Alternatively one can
cap the »outer« face and make an inner dual. This technique can also be used to gen-
erate many different classes of polycyclic graphs.’! The overall operation gives a
novel polycyclic graph, called the leapfrog graph. An important point to emphasize
is that the symmetry characteristics of the parent graphs and leapfrog graphs are
the same.?? The leapfrog technique can be schematized as follows:

parent graph ormicapping process delta

construction of the (inner) dual

graph leapfrog graph

In the case of fullerenes the simplest example for the application of the leapfrog
technique is generation of buckminsterfullerene from the smallest fullerene C,, mod-
eled by the dodecahedron. The dodecahedron has 12 pentagonal faces. To simplify
presentation, the dodecahedron will be represented by the corresponding Schlegel
graph. The omnicapping process of the dodecahedral graph leads to the 32-vertex
60-face delta graph. Its 32 vertices are partitioned, according to their degrees, into
twelve 5-valent and twenty 6-valent vertices. In the next step the dual of the delta
graph is constructed by replacing each triangle by a vertex. In this process each 5-
valent vertex becomes the center of a pentagonal face and each 6-valent vertex be-
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comes the center of a hexagonal face of the delta graph. The final graph is a Schlegel
graph of the truncated icosahedron, a geometric model of buckminsterfullerene. The
above is diagrammatized in Figure 4. The construction of the inner dual of the delta
is shown in Figure 5.

Figure 4. The construction of the Schlegel graph representing buckminsterfullerene from the
Schlegel graph depicting dodecahedron by the leapfrog tehnique. ’

Figure 5. The dual graph obtained from the 32-vertex 60-face delta graph. The five outermost
triangles are missing in order to avoid the abstruseness of the picture.

Another, fully equivalent, way of performing the leapfrog transformation is by
taking first a dual of the fullerene graph and then truncating the vertices of the
dual.?® If we denote truncation, dualization and capping by T, D and C, then we evi-
dently have TD = DC (where as often done for operators to act on a space (here of
polyhedra) we order from right-to-left). That is, there is an »algebra« (or actually a
semigroup) of operations, which might also be extended, say to include the Ar-
chimedean operations of edge truncation and of »snubbing«.

Canonical labeling of the Schlegel graph corresponding to
buckminsterfullerene

The (vertex-)adjacency matrix A of buckminsterfullerene is a 60 x 60 sparse
matrix reflecting the connectivity of the structure. This matrix is shown in Table I.
The entries in the matrix are 1's for the adjacent vertices and 0's for non-adjacent
vertices.
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TABLE I

The adjacency matrix of buckminsterfullerene.
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TABLE II

Canonical adjacency list for buckminsterfullerene.

Labels of the Labels of the Labels of the
Atom : Atom ; Atom ;
adjacent adjacent adjacent
label label label
atoms atoms atoms

1 60 59 58 21 44 29 28 41 50 40 12
2 60 57 56 22 38 27 26 42 28 14 12
3 59 57 55 23 32 27 22 43 46 20 11
4 60 54 53 24 29 26 25 44 52 21 10
5 58 54 52 25 31 24 23 45 30 11 10
6 59 51 50 26 28 24 22 46 43 33 9
7 55 51 49 27 37 23 22 47 5535 8
8 57 48 47 28 42 26 21 48 17 9 8
9 56 48 46 29 30 24 21 49 3916 7
10 54 45 44 30 45 29 20 50 5841 6
13 53 45 43 31 25 20 19 51 13 7 6
12 52 42 41 32 23 19 18 52 4412 5
13 51 40 39 33 46 19 17 53 56 11- 4
14 42 40 38 34 35 18 17 54 10 5 4
15 39 38 37 35 47 34 16 55 47 7 3
16 49 36 35 36 37 18 16 56 53 9 2
17 48 34 33 37 36 27 15 57 8 3 2
18 36 34 32 38 22 15 14 58 50 5 1
19 33 32 31 39 49 15 13 59 6 3 1
20 43 31 30 40 41 14 13 60 4 2 1

Figure 6. Canonical labeling of the Schlegel graph corresponding to buckminsterfullerene.

malized« form of the Hiickel n-molecular theory (HMO).?” In fact, the graph-spectral
theory and Hiickel theory are isomorphic theories.?® Hence, one should refer to HMO
as topological molecular orbitals (TMOs), which they indeed are.

If we need the HMO mn-energy levels, we need only to diagonalize the adjacency
matrix. However, the adjacency matrix of buckminsterfullerene is invariant under
the action of the icosahedral symmetry group I,, and thus it can be reduced to the
block-diagonal form.*4%? Each block is associated with an irreducible representation
of I, and the block sizes are the multiplicities of such representations (see above).
The factored Hiickel determinant for buckminsterfullerene is given in Table III.
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TABLE III

The subdeterminants resulting from the action of the icosahe-
dral symmetry point group I; on the Hiickel determinant for
buckminsterfullerene. Note ¢ is equal to (V5 + 1)/2

Symmetry lable Hiickel subdeterminant

ay lc + 3|

tig ke~ ¢7?

tag e — ¥
x+1/2 6/2‘

8e 5/2 x-3/2

x+9/5 0 26 /5
0 x+1/2 +5/2
2V6/5 V5/2 x-3/10

x+¢? —¢!
-4 x

x "¢
-4 x+¢7"

t2u

8u

There are also graph-theoretical approaches described in the literature for a sim-
ple computation of eigenvalues for buckminsterfullerene. Such approaches, like that
of Davidson,* Dias,®* and Hosoya and Tsukano,®! are based on the clever fragmen-
tation of the Schlegel graph of buckminsterfullerene.

The HMO n-energy levels (corresponding to the graph-spectrum of buckminster-
fullerene) in B units are diagrammatized in Figure 7. We note that the lowest eigen-
value is equal to — 3.00. This is a characteristic of regular graphs, for which the low-
est eigenvalue is equal in magnitude to the valency of their vertices.

Hiickel n-electron energy E (HMO) of buckminsterfullerene is equal to twice the
sum of the occupied orbital energy levels, that is E,(HMO) = 93.168 f. A simple type
of Hiickel resonance energy,’? HRE, for Cy, is then given by:

HRE(C,,) = E(HMO) - 2 n_ = 33.17 B (11

where nc_¢ is the number of carbon-carbon double bonds in the molecule. Addition-
ally the HRE per n-electron, HRE/e, is:
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Figure 7. Hiickel energy levels in units of the parameter B of buckminsterfullerene.

HRE(Cg,)e = 0.55 f . (12)

This value is higher than the HRE/e value (0.33 ) for benzene, the prototype of an
aromatic molecule. Other models of aromaticity, which are also based on the Hiickel
n-energies but have more elaborate reference structures, give the opposite result,
that is, that buckminsterfullerene is less aromatic than benzene. Thus, the Zagreb
group model,®® in which the reference structure is approximated by two parameters,
gives HRE(Cgp)/e = 0.033 B and HRE(benzene)'e = 0.073  and the Hess-Schaad
model,% in which the reference structure is given in terms of six independent parame-
ters, gives HRE(Cgp)/e = 0.031 B and HRE(benzene)/e = 0.065 B, though a more carefully
parametrized version® gives HRE(Cgy)e = 0.0459 f and HRE(benzene)e = 0.0706 f.
The above is seen even better if we consider, that the ratio HRE(Cg4y)/HRE(ben-
zene) for the considered models, that is, the Hiickel model, the Zagreb model, the
Hess-Schaad and the Galveston model, respectively, is as follows: 1.67, 0.45, 0. 48
and 0.65.
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Hardness of buckminsterfullerene

The Hiickel theory for large systems such as fullerenes is a useful initial theo-
retical approach. For example, the inertness, and the vibronic interaction and intrin-
sic conductivity of buckminsterfullerene were studied using the Hiickel theory.®®
Similarly, the HOMO-LUMO gap (0.757 B), a qualitative reactivity index,%” was also
obtained from the Hiickel MOs of buckminsterfullerene.® This index is also much
smaller for buckminsterfullerene than benzene (HOMO-LUMO = 2f). Buckminster-
fullerene and benzene also considerably differ in their absolute chemical hardness.
The absolute hardness 1 has been introduced by Pearson, Parr and collabora-
tors.8%-"! For the conjugated molecule it can be calculated using the following expres-

sion:7%73

n = (HOMO — LUMO)/2 (13)

Absolute hardness appears to be a valuable reactivity criterion since it is defined
in terms of frontier orbitals. The bigger the values of 1, the harder a molecule, that
is, it is a less reactive molecule. The values of hardness for buckminsterfullerene and
benzene, respectively, are 0.378 (—B) and 1.000 (—B). These values show both mole-
cules to be hard, but benzene to be much harder than buckminsterfullerene. Trans-
lated into the chemical language, this means that buckminsterfullerene is more re-
active than benzene. Thus, neither the simple stability criteria nor the simple
reactivity criteria fully support the supposition, sometimes encountered in the lit-
erature, that buckminsterfullerene is the 3D version of benzene.

Topological resonance energy of buckminsterfullerene

The adjacency matrix gives also the characteristic polynomial of a graph.
Balasubramanian and Liu™ computed the characteristic polynomial for buckmin-
sterfullerene using the classical Le Verrier-Faddeev-Frame method,”® adopted for
use on the modern computers.”® The Le Verrier-Faddeev-Frame method is a very
convenient method for computing the characteristic polynomial of any matrix,”’
though it has historically been introduced for obtaining the characteristic polynomial
of the adjacency matrix. The characteristic polynomial of buckminsterfullerene is
shown in Table IV. Its zeros are, of course, identical to the Hiickel eigenvalues re-
ported in Figure 7.

Hosoya’ has computed the matching”™ (alternatively called reference® or acy-

clic®) polynomial of buckminsterfullerene. This polynomial contains only contribu-
tions from qualified acyclic subgraphs of G (these are the same subgraphs that enter
Sachs' construction of the characteristic polynomial,®? but only acyclic components
make a contribution). Thus, the characteristic polynomial and the matching polyno-
mial are closely related polynomials for any graph. They are, of course, identical for
acyclic graphs. The matching polynomial of buckminsterfullerene is shown in Table
V. Its zeros, because of the connection between the Hiickel theory and graph-spectral
theory, can also be presented as the energy levels of the reference structure corre-
sponding to buckminsterfullerene. They are given in Figure 8. Note that the roots
of the buckminsterfullerene matching polynomial do not show any degeneracies un-
like its characteristic polynomial. Here we also point out that since the smallest face
of Cg, is pentagonal, its characteristic polynomial and the matching polynomial nec-
essarily have the third coefficient identical.
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TABLE IV

The characteristic polynomial of buckminsterfullerene

x60 - 90x58 + 3825x56

+24x55 - 102160x54

- 1920x33 + 1925160x52

+72240x51 - 27244512x50

- 1700640x49 + 300906380x48

+28113600x47 - 2661033600x46

2 347208896x45 + 19180834020x44
+3327625680x43 - 114118295000x42

- 25376437920x41 + 565407465144x40

+ 156652575440x39 - 2346799508400x38
-792175427520%37 + 8189116955350x36
+3308173115904x35 - 24056403184260x34

- 11466942645600x 33+ 59443188508110x32
+33076275953760x31 - 123163094844616x30
- 79417625268960x29 + 212712221820840x28
+ 158412719276240x27 - 303315997028 160x26
- 261359090670624x25 + 351861389316780x24
+354145195147200x23 - 324375523213200x22
- 390055074762240x21 + 228227031040884x20
+344185906596720x19 - 122654402736360x18
- 238553091055200x17 + 29617003666920x 16
+ 126428882536240x 15 + 4679380503120x 14

- 49433493646080x 13 - 8131429397135x12
+13627897407360x11 + 3576552321006x 10

- 2527365617120x - 831616531095x8
+310065067080x7 + 108565938200x6

- 26034025632x5 - 7440712560x4
+1566501120x3 + 186416640x2

- 54743040x + 2985984

TABLE V
The acyclic polynomial of buckminsterfullerene

x60 - 90x58
+3825x56 - 102120x54
+1922040x52 - 27130596x50
+298317860x48 - 2619980460x46
+ 18697786680x44 - 109742831260x42
+534162544380x40 - 2168137517940x38
+7362904561730x36 - 20949286202160x34
+49924889888850x32 - 99463457244844x30
+ 165074851632300x28 - 227043126274260x26
+256967614454320x24 - 237135867688980x22
+ 176345540119296x20 - 104113567937140x18
+47883826976580x 16 - 16742486291340x 14
+4310718227685x12 - 783047312406x10
+94541532165x8 - 6946574300x6
+269272620x4 - 4202760x2
+12500
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Figure 8. Energy levels in units of the parameter B corresponding to a reference structure for
buckminsterfullerene.

The topological resonance energy (TRE) is a very useful measure of aromatic sta-
bility.80-81.83 It is defined as:

TRE = Z g; (x; — x%) (13)

where g; is the number of n-electrons populating each bonding energy level of a mole-
cule, the x;’s are solutions of the Hiickel determinant corresponding to the 7-energy
levels depicted in Figure 7 and x“'s are solutions of the matching polynomial (cor-
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responding to a reference structure, see Figure 8). The TRE/e value of buckminster-
fullerene is 0.027 B, while TRE/e for benzene is 0.045 B.%8 The ratio TRE(C60)/TRE(ben-
zene) = 0.60 is in this case, much closer to the Galveston model than to the Hiickel
model as reported above. These results again confirm that buckminsterfullerene is
an aromatic molecule, but less stable than benzene. After the initial experimental
results suggested that buckminsterfullerene was indeed an aromatic molecule, there
doubts were expressed in the literature about its aromaticity.’¢ There are also, of
course, other opinions expressed in the literature.®® However, one of the reviewers
of this paper pointed out quite strongly that Cg, is an ethylene-like molecule and
that chemical and physical evidences now agree that this is not an aromatic mole-
cule in any conventional sense.

VB model Of Cso

The last coefficient of the matching polynomial is equal to the number of Kekulé
structures (K) of buckminsterfullerene, that is K = 12.500. The principal Kekulé
structure (having every double bond in the maximum number, i.e., 2, of conjugated
circuits) of buckminsterfullerene is shown in Figure 9.

Figure 9. The principal Kekulé structure of buckminsterfullerene.

In this Kekulé structure of buckminsterfullerene every hexagonal face is repre-
sented by a Kekulé structure of benzene. This valence structure has the maximum
number (20) od Kekulé benzene rings. It should be the most important Kekulé struc-
ture of buckminsterfullerene according to the Fries rule,’® which precedes the
early VB method. The Fries rule is an empirical rule which states that the Kekulé
structures with the largest number of Kekulé benzene rings are dominant. The prin-
cipal Kekulé structure of buckminsterfullerene possesses the full symmetry of the
molecule. Cyvin and co-workers studied recently the characteristics of the buckmin-
sterfullerene Kekulé structures.®”

There are two types of bonds in buckminsterfullerene: bonds inside pentagonal
faces and bonds between six-membered rings. Using Pauling's bond orders®® and
Pauling-Brockway-Beach's bond order-bond length relationship,®® one obtains® a
bond order of 0.28 for a bond separating pentagonal and hexagonal rings, and a bond
order of 0.44 for a bond separating two hexagonal rings. The associated carbon-carb-
on bond lengths are 1.433 A and 1.403 A. Therefore, buckminsterfullerene is pre-
dicted to have 30 bonds of length 1.403 A and 60 bonds of 1.433 A. The Kekulé struc-
ture of buckminsterfullerene shown in Figure 9 is in accord with the above geometry.
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Kekulé structures can be also used to compute the resonance energy of buck-
minsterfullerene by means of the simple VB model named the conjugated-circuit
model.”! A graph-theoretical analysis of Kekulé structures leads to the concept of
conjugated circuits. The conjugated circuits are those circuits within the Kekulé
structure in which there is a regular alternation of carbon-carbon formal single and
double bonds. Hence, the conjugated circuits are necessarily of even length. The cir-
cuit decomposition of an individual Kekulé structure gives conjugated circuits of
sizes 4n + 2 (denoted by R,) and/or 4n (denoted by @,). The conjugated circuits may
be enumerated in a number of ways,’ but in the case of molecules with rotational
or translational symmetry the method based on the transfer-matrix represents a
very efficient and elegant procedure for obtaining the number of conjugated circuits
for a molecule.”® The conjugated circuits can be used to generate REs using the fol-
lowing expression:

RE = Y, (R, + q,Q,)/K (14)

where K is the Kekulé-structure count for the molecule, R, and @, are, respectively,
oppositely signed parameters corresponding to 4n + 2 and 4n conjugated circuits and
r, and q, are, respectively, the total counts of R, and @, circuits in all Kekulé struc-
tures of the molecule. The parameter R, measures the extent by which a specific
conjugated circuit of size 4n + 2 influences positively the thermodynamic stability
of a conjugated molecule and, thus, it contributes toward the aromatic stability of
the system. On the other hand, the parameter @, measures the extent by which a
specific conjugated circuit of size 4n influences negatively the thermodynamic sta-
bility of a molecule and, thus, has a destabilizing effect on the aromatic stability
of the molecule. In practical computations of the REs for fullerenes, the set of
conjugated circuits may often be truncated at circuits of size ten.”” The parametric
values taken from Randié et al.”V% (R, = 0.869 eV, R, = 0.247 eV, @, = —0.781 eV
and @, = —0.222 eV) lead to:

RE = (83160 R, + 59760 R,)/12500 = 6.6528 R, + 4.7808 R, (16)
RE = 6.96 eV (17)
RE/60 = 0.12 eV . (18)

Thus, the conjugated-circuit model also predicts benzene to be more aromatic
(RE/6 = 0.14 eV) than buckminsterfullerene. However, the ratio RE(Cg4))/RE(ben-
zene) = 0.86 is higher than for any of the above MO aromaticity models, but for the
original HMO model.

The number of spanning trees in buckminsterfullerene

The final point we wish to discuss in this section concerns the Laplacian matrix
of buckminsterfullerene and the computation of the spanning trees in buckminster-
fullerene. A spanning tree of a graph G is a connected acyclic subgraph containing
all the vertices of G. The concept of spanning tree underlies McWeeny's method® for
computing n-electron »ring-current« magnetic properties of conjugated molecules®
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and has also been used in attempts to quantify the complexity of a molecule.®” One
way to compute the number of the spanning tress of buckminsterfullerene is the pro-
cedure based on the spectrum of the Laplacian matrix.%®

The Laplacian matrix L of a graph (molecule) is defined as:%"@®

L=V-A (19)

where V is the degree (valency) matrix and A is the adjacency matrix of the graph.
The degree matrix V is a diagonal matrix whose entries are vertex degrees.

The number #G) of spanning trees of a graph G can be computed from the spec-
trum x,(L) of the Laplacian matrix:9"®

N
#G) = (1/N) H x, (L) (20)
i=2

(where i labels the eigenvectors in order of increasing eigenvalue).

Since all vertices in buckminsterfullere are of degree 3, its Laplacian matrix is
simply the adjacency matrix with negative entries and 3's on the diagonal.

The diagonalization of the Laplacian matrix again can be considerably simplified
by utilizing the irreducible representations of the I, point group. Hence, the deter-
minant of the 60 x 60 Laplacian matrix can be broken into blocks in the same way
as it was done with the adjacency matrix. The spectrum of the Laplacian matrix of
buckminsterfullerene is closely related to the spectrum of the adjacency matrix be-
cause the graph of Cg, is regular. The eigenvalues of the Laplacian matrix can be
obtained simply by subtracting the eingevalues of the adjacency matrix from the
common degree of vertices in buckminsterfullerene, that is 3. The spectrum of the
Laplacian matrix of buckminsterfullerene is given in Table VI.

It should be noted that the first Laplacian eigenvalue is always zero. This can
be easily seen if we write down the expression for the first Laplacian eigenvalue of
a D-regular graph:

x,(L) = D — x,(A) (21)

and then substitute D=3 and x,(4)=3.

Using Eq. (20) and the Laplacian spectrum given in Table VI we obtain the fol-
lowing value for the number of spanning tress in buckminsterfullerene by hand com-

putation:%?

HG) =27 x 35 x 5 x 11° x 19%/22 x 3 x 5 = 22 x 3% x 53 x 11° x 19° (22)
= 375,291,866,372,898,816,000 .
This number agrees with the value obtained by more involved machine compu-
tations.100

The mechanism of formation of buckminsterfullerene

The mechanism of formation of buckminsterfullerene is not yet understood.!°!
One may examine the possibility of assembling the molecule from a set of identical
fragments. Although it might seem unrealistic to suppose that in chaotic conditions,
as they are in carbon plasma,!?? only a single type of fragment adds into a growing
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TABLE VI

The spectrum of the Laplacian matrix of buckminsterfullerene

Eigenvalue Multiplicity

0
[9V2 — V10 — 2V(19—V5)])/4V2
(5 - V13)/2
[9V2 + V10 — 2V(19+V5))1/4v2
(7 -N17)/2

2
(7 = VBY2

[9V2 = V10 + 2V(19 — V5))/4V2
(9 — VB2

(5 + V13)/2

[9V2 + V10 + 2V(19 + V5)1/4V2
(7 + VB)/2

5

(7 + N17)/2

(9 + VB5)/2

WH A TTWOTW WOl WOotwH-

cage, mathematical implications of this hypothesis might be of importance for a syn-
thesis of fullerenes in less vigorous conditions. A recent study!'?®1%* showed that
buckminsterfullerene may be built up from carbon chains with 2, 3 or more atoms.
It is in full accord with the finding that buckminsterfullerene possesses a Hamil-
tonian cycle (a cycle passing exactly once through all atoms). There are®® 1090 dif-
ferent ways in which a Hamiltonian cycle may be realized in the buckminterfuller-
ene graph, but only 16 of them are so different that they cannot be interconnected
by the symmetry operations. It was a bit surprising to find'% that buckminsterfuller-
ene cannot be asssembled from star-shaped fragments composed of four carbon at-
oms, but that it is possible to construct it from isoprene-like monomers in many dif-
ferent ways (2420).1%

The results obtained by Diederich et al.'° implied that two C,, rings may coa-
lesce into buckminsterfullerene. There is also an older scheme by McKee and Hern-
don that describes how to make Cg, out of two Cy,.1% The fact that it can be realized
in only two different ways'* means that the coalescence process is subject to strin-
gent conditions.

Characterization of fullerenes

Characterization of fullerenes is an important subject since the numerous dif-
ferent but structurally similar isomers pose serious difficulties to chemical nomen-
clature. Chemists also need some practical tools to get orientation in the space of
fullerene isomers. One can try, for example, to characterize the fullerene isomers by
using topological indices, as it has been done in the case of the Cg, isomers!®! and
C,¢ isomers. 02

One of the interesting proposals is the characterization of fullerenes by the dis-
tance matrix of pentagons.’%® The element of the matrix is the distance between the
two pentagons determined by the corresponding row and column of the matrix, as
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measured by the number of edges on the shortest path concerning two vertices of
the pentagons. For buckminsterfullerene, this matrix is given in Figure 10, together
with its spectrum.

0 1 1 1 1 1 4 4 4 4 4 7
1 0 1 4 4 1 1 1 4 7 4 4
1 1 0 1 4 4 4 1 1 4 7 4
1 4 1 0 1 4 7 4 1 1 4 4
1 4 4 1 0 1 4 7 4 1 1 4
sp= 1 1 4 4 1 0 1 4 7 4 1 4
4 1 4 7 4 1 0 1 4 4 1 1
4 1 1 4 7 4 1 0 1 4 4 1
4 4 1 1 4 7 4 1 0 1 4 1
4 7 4 1 1 4 4 4 1 0 1 1
4 4 7 4 1 1 1 4 4 1 0 1
7 4 4 4 4 4 1 1 1 1 1 BJ

Spectar of the 5D matrix: {2,2,2,2,2,-0.29, -0.29, -0.29, -13.71, -13.71, -13.71, 32}

Figure 10. The characterization of buckminsterfullerene by the distance matrix °D of pentagons.

CONCLUDING REMARKS

In this article we have discussed several mathematical properties of a »uniquely
elegant« molecule, attractively called buckminsterfullerene, a parent of the whole
family of carbon cages named fullerenes. [IUPAC and CAS seem to have remained
relatively quiet about these names (although Dr Alan L. Goodson from CAS in his.
discussion at 208th American Chemical Society National Meeting — Applications of
Graph Theory to Chemical Structure Representation and Structure-Activity Studies:
Skolnik Award Symposium in Honor of A. T. Balaban (August 23, 1994) mentioned
that they are quietly investing a considerable efforts to come up with rational names
for carbon cages). However, the cover page of the Journal of Chemical Education,
August issue of 1993 (volume 70, number 8), had a Schlegel diagram of buckmin-
sterfullerene with the invitation beneath the diagram: »Name This Compound«. In
the same issue there is an article by David Eckroth!! entitled: »The Correct von
Baeyer Name for (Buckminster)-fullerane«, which, however, seems not to be quite cor-
rect, as pointed out by Balaban et al.3*®
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We have considered the geometrical, topological, group-theoretical and graph-
theoretical properties of buckminsterfullerene. The geometry of buckminsterfuller-
ene is depicted by the truncated icosahedron because all available early experimen-
tal data,3>112 pointed to such a geometry for this hollow carbon cage. The discovery
of buckminsterfullerene has also had an impact on mathematics by reviving the in-
terest in Platonic and Archimedean solids. Topological studies on buckminsterfuller-
ene reveal that its surface must have 12 pentagonal rings and 20 hexagonal rings.
The relationship between these rings is determined by simple energy arguments
based on chemical experience (but also on semi-quantitative arguments, such as
Hiickel's 4n + 2 rule, Dewar's PMO theory and the loop rule)®®3%113 which teach us,
first, that 5- and 6-membered rings are more stable than 3-, 4-, 7- and 8-membered
rings and, second, that energetically more favourable situations are these when 5-
membered rings are not adjacent but surrounded with 6-membered rings. It should
also be noted that every time a 7-membered ring is introduced into a fullerene, a
5-membered ring also needs to be introduced and thereby fullerene loses two hexa-
gons and gets destabilized. Fowler and Steer®*® proposed the 6n+60 (n = 0,2,4,6,...)
rule analogous to 4n+2 (n=1,2,...) rule for predicting stable giant fullerenes.!* The
K(4n+2) rule (K=natural integer, n=0,1,2,3,,...),!1° has also been proposed but it has
been shown to be of limited validity.!3

Buckminsterfullerene belongs to the I, point group which was not so long ago
considered by many to be of no importance for chemistry, so lists of character tables
have often omitted that for I,. But, this belief was shattered by the appearance of
buckminsterfullerene on the chemical stage and presumably the icosahedral group
will find its way now in standard chemistry texts on symmetry. The symmetry ar-
guments help to reduce labour in diagonalizing the adjacency matrix and the
Laplacian matrix of buckminsterfullerene and in addition they provide quantum
numbers. NMR, UV, IR, Raman spectra are easily deciphered using the selection
rules based on the buckminsterfullerene symmetry characteristics. Finally, the
graph-theoretical analysis of buckminsterfullerene has proved to be a fertile area for
obtaining many results of practical significance, such as predicting qualitatively the
aromaticity and reactivity of the molecule. Besides, the combinatorial graph theory
has also helped to obtain, in a simple way, the number of Kekulé structures and the
number of spanning trees of buckminsterfullerene. Similarly, the number of Cgy-iso-
mers was found, and it was proved, on the basis of the graph-theoretical arguments
coupled with a rather simple chemical reasoning, that the most stable structures
among 1812 isomers is precisely buckminsterfullerene, a single Cg;-isomer in which
all 5-membered rings are separated by 6-membered rings.

Acknowledgements. — This work was supported in part by the Robert A. Welch Foundation -
of Houston, by the donors of the Petroleum Research Fund, administered by the American
Chemical Society and by the Ministry of Science and Technology of the Republic of Croatia by
grants 1-07-159 and 1-07-185. We thank Professor H. W. Kroto FRS (Brighton) for useful sug-
gestions. We also thank referees for their constructive comments.

REFERENCES

dJ. Jeans, in Quantum Questions, K. Wilbur (Ed.), Shambhala Publ. Boston, 1984, p. 129.
H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, and R. E. Smalley, Nature 318 (1985) 162.
H. W. Kroto, Angew. Chem. Int. Edit. Engl. 31 (1992) 111.

H. W. Kroto, Proc. Roy. Inst. (London) 58 (1986) 45; Science 242 (1988) 1139.

e 0O RO 1=



ON MATHEMATICAL PROPERTIES OF BUCKMINSTERFULLERENE 263

5.

6.
T

11.
12.

13.
14.

15.
16.
17.

18.
19.

20.
21.

22.
23.

24.
25.

26.
27.

28.

29.
30.
31.

H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, and R. E. Smalley, Astrophys. J. 314
(1987) 352. :

H. W. Kroto, Phil. Trans. Roy. Soc. (London) A325 (1988) 405.

A. S. Hornby with A. P. Cowie and A. C. Gimson, Oxford Advanced Learner’s Dictionary of
Current English, 23rd Impression, Oxford University Press, Oxford, 1986, p. 778.

. (a) C. B. Hunt, Educ. Chem. 10 (1973) 102.

(b) E. Mendoza (Ed.), A Random Walk in Science, The Institute of Physics, London, 1980.
(c) C. V. Senoff, J. Chem. Educ. 67 (1990) 368.

J. Jacques, The Molecule and Its Double, McGraw-Hill, New York, 1993, p. 125.

e.g., R. Dubos, Pasteur and Modern Science, Science Tech Publishers/Springer-Verlag, Madi-
son, WI/Berlin, 1988.

A. Hirsch, Angew. Chem. Int. Edit. Engl. 32 (1993) 1138.

(a) H. W. Kroto, Nature 329 (1987) 529.

(b) A. Nickon and E. F. Silversmith, Organic Chemistry: The Name Game, Pergamon Press,
New York, 1987, p. 215.

(c) Private communication by H. W. Kroto to NT, July 26th, 1994.

F. Stoddart, Angew. Chem. Int. Edit. Engl. 30 (1991) 70.

(a) F. Wudl, Acc. Chem. Res. 25 (1992) 157.

(b) F. Wudl, in: Buckminsterfullerenes, W. E. Billups and M. A. Ciufolini (Eds.), VCH, New
York, 1993, p. 317.

(¢) R. Taylor and D. R. M. Walton, Nature 363 (1993) 685.

P. J. Fagan, J. C. Calabrese, and B. Malone, Acc. Chem. Res. 25 (1992) 134.

W. Kriatschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huffman, Nature 347 (1990) 354.
(a) G. H. Sastry, E. D. Jammis, G. Mehta, and S. R. Shah, J. Chem. Soc. Perkin Trans. 2
(1993) 1867.

(b) M.-Y. Wong, H.-C. Kang, K.-F. Mok, and G.-Q. Xu, Bull. Singapore Institute Chem. 21
(1993) 133.

(c¢) X. Zhou, Z. Gu, Y. Wu, B. Sun, J. Wang, Y. Sun, Z. Jin, Y. Xiong, and H. Fu, Carbon 32
(1994) 935.

J. L. Atwood, G. A. Koutsantonis, and C. L. Ralston, Nature 368 (1994) 229.

R. E. Smalley, in: Buckminsterfullerenes, W. E. Billups and M. A. Ciufolini (Eds.) VCH, New
York, 1993, p. VL.

T. Braun, Angew, Chem. Int. Edit. Engl. 81 (1992) 588.

(a) R. E. Haddon, L. E. Brus, and K. Raghavachari, Chem. Phys. Lett. 125 (1986) 459.

(b) P. W. Fowler and J. Woolrich, ibid. 127 (1986) 78.

H. W. Kroto, A. W. Allaf, and S. P. Balm, Chem. Rev. 91 (1991) 1213.

(a) D. Ugarte, Nature 359 (1992) 797.

(b) D. Ugarte, Chem. Phys. Lett. 209 (1993) 99.

Q. L. Zhang, S. C. O'Brien, J. R. Heath, Y. Liu, R. F. Curl, H. W. Kroto, and R. E. Smalley,
J. Phys. Chem. 90 (1986) 525.

S. Ijima, ibid. 91 (1987) 3466.

S. Ijima, JJ. Cryst. Growth 5 (1980) 675.

(a) T. G. Schmaltz, W. A. Seitz, D. J. Klein, and G. E. Hite, J. Amer. Chem. Soc. 110 (1988) 1113. -
(b) N. Trinajstié, Croat. Chem. Acta 66 (1993) 1113.

(c¢) F. Chung and S. Sternberg, Amer. Scientist 81 (1993) 56.

(d) F. Rioux, JJ. Chem. Educ. 71 (1994) 464.

(a) R. Hoffman, Amer. Scientist. 76 (1988) 389.

(b) R. Hoffman, ibid. 76 (1988) 604.

(c) R. Hoffman, ibid. 77 (1989) 177.

(d) R. Hoffman, ibid. 77 (1989) 330.

(e) R. Hoffman, ibid. 78 (1990) 14.

H. S. M. Coxeter, Regular Polytopes, Dover, New York, 1973, third edition.

E. Laxoras, Amer. Scientist, 81 (1993) 208.

A. D. Haymet, Chem. Phys. lett. 122 (1985) 421.



264 N. TRINAJSTIC ET AL.

32. (a) J. Kepler, Harmonice Mundi, Opera Omnia, Ch, Frisch (Ed.) Vol. 5, Frankfurt, 1864.
(b) A. Koestler, The Watershed (A biography of Johannes Kepler), Doubleday & Co., Garden
City, NY, 1960.

33. K. Hedberg, L. Hedberg, D. S. Bethune, C. A. Brown, H. C. Dorn, R. D. Johnson, and M. de
Vries, Science 254 (1991) 410.

34. (a) C. Riicker and G. Riicker, Chimia 44 (1990) 116.

(b) A. T. Balaban, D. Babié¢, and D, J. Klein, J. Chem. Educ. in press.
(c) D. Babi¢, A. T. Balaban, and J. D. Klein, JJ. Chem. Inf. Comput. Sci., submitted.

35. D. Wells, Math. Intelligencer 12 (1990) 37.

36. (a) J. Malkevitch, Mitteilungen aus den Mathem. Seminar Giessen, Heft 165 (Coxeter Fe-
stschrift) (Teil iii) 76.

(b) B. Griinbaum and G. C. Shephard, Amer. Math. Monthly 101 (1994) 109.

37. B. Griinbaum and T. S. Motzkin, Can. J. Math. 15 (1963) 744.

38. M. d. S. Dewar, The Molecular Orbital Theory of Organic Chemistry, McGraw-Hill, New York,
1969, Chapter 6.

39. D. J. Klein and N. Trinajstié, J. Amer. Chem. Soc. 106 (1984) 8050.

40. S. Petrle and D. K. Bohme, Nature 365 (1993) 426.

41. (a) X. Liu, D. J. Klein, T. G. Schmalz, and W. A. Seitz, J. Comput. Chem. 12 (1991) 1265.
(b) D. E. Manolopoulos, J. C. May, and S. E. Down, Chem Phys. Lett. 181 (1991) 105.

(¢) X. Liu, T. G. Schmalz, and D. J. Klein, ibid. 192 (1992) 331.
(d) D. Babié and N. Trinajstié¢, Comput. Chem. 17 (1993) 271.

42. (a) H. Weyl, Symmetry, University Press, Princeton, 1952.
(b) R. McWeeny, Symmetry - An Introduction of Group Theory and Its Applications, Pergamon
Press, Oxford, 1964.

43. (a) W. Byers Brown, Chem. Phys. Lett. 136 (1987) 128.
(b) W. O. J. Boo, J. Chem. Educ. 69 (1992) 605.
(¢) D. E. Manolopoulos and P. W. Fowler, J. Chem. Phys. 96 (1992) 7603.
(d) P. W. Fowler, D. E. Manolopoulos, D. B. Redmond, and R. P. Ryan, Chem. Phys. Lett. 202
(1993) 371.

44. R. A. Davidson, Theoret. Chim. Acta 58 (1981) 193.

45. (a) D. Babié¢, D. J. Klein, and C. H. Sah, Chem. Phys. Lett. 211 (1993) 235.

(b) N. Trinajstié, D. Babié, S. Nikolié, and Z. Mihalié, in: Chemical Group Theory — Introduc-
tion and Fundamentals, Vol. 3, D. Bonchev and D. H,. Rouvray, (Eds.) Abacus Press/Gordon
& Breach, New York, 1994, p. 133.

46. O. E. Polansky, in: Theoretical Models of Chemical Bonding. Part 1. . Atomic Hypothesis and
the Concept of Molecular Structure, Z. B. Maksié. (Ed.), Springer Verlag, Berlin, 1990, p. 29.

47. (a) W. T. Tutte, Connectivity in Graphs, University of Toronto Press, Toronto, 1966.

(b) J. A. Bondy and U. S. R. Murty, Graph Theory with Applications, North Holland/Elsevier,
Amsterdam, 1976.

48. V. Schlagel, Verhandlungen der Kaiserlichen Leopoldinisch- Carolinischen Deutschen Akade-
mie der Naturforscher 44 (1993) 343.

49. N. Trinajstié, Chemical Graph Theory, 2nd revised edition, CRC Press, Boca Raton, FL, 1992,
p-16.

50. (a) P. W. Fowler, Chem. Phys. Lett. 131 (1986) 444.

(b) P. W. Fowler and J. I. Steer, J. Chem. Soc., Chem. Commun. (1987) 1403.

(c) P. W. Fowler, J. Cremona, and J. 1. Steer, Theoret. Chim. Acta 73 (1988) 1.

(d) P. W. Fowler and D. B. Redmond, ibid. 83 (1992) 367.

(e) P. W. Fowler, J. Chem. Soc. Perkin Trans. 2 (1992) 145.

(f) D. E. Manolopolous, R. Woodall, and P. W. Fowler, JJ. Chem. Soc. Faraday Trans. 88 (1992) 2427.

(g) P. W. Fowler and S. A. Austin, J. Chem. Inf. Comput. Sci. 34 (1994) 264.
51. (a)d. R. Dias, Chem. Phys. Lett. 204 (1993) 486.

(b) J. R. Dias, Tetrahedron 49 (1993) 9207.

(c) J. R. Dias, Chem. Phys. Lett. 209 (1993) 439.

(d) J. R. Dias, New J. Chem. 18 (1994) 667.

(e) D. Babié, N. Trinajstié, and D. J. Klein, Croat. Chem. Acta 67 (1994) 37.



ON MATHEMATICAL PROPERTIES OF BUCKMINSTERFULLERENE 265

52.
53.

54.
55.

56.

57.
58.

59.

60.

61.

62.

63.

64.
65.

66.

67.
68.

69.

70.
71

72.
73.

74.
75.

76.

1

P. W. Fowler and D. B. Redmond, Theoret. Chim. Acta 83 (1992) 367.

(a) R. L. Johnston, J. Chem. Soc. Faraday Trans. 87 (1991) 3353.

(b) D. J. Klein and X. Liu, Int. J. Quantum Chem.: Quantum Chem. Symp., 28 (1994) 501.
M. Randié, J. Chem. Phys. 60 (1974) 3920.

D. M. Cvetkovié, M. Doob, and H. Sachs, Spectra of Graphs-Theory and Application, Acade-
mic Press, New York, 1980.

I. Gutman and N. Trinajstié, Topics Curr. Chem. 42 (1973) 49.

E. Huckel, Z. Phys. 60 (1931) 204.

(a) I. Gutman and N. Trinajstié, Croat. Chem. Acta 47 (1975) 507.

(b) C. A. Coulson, B. O'Leary, and R. B. Mallion, Hiickel Theory for Organic Chemists, Aca-
demic Press, London, 1978.

(¢) M. Randié and N. Trinajstié¢, Croat. Chem. Acta 67 (1994) 1.

(a) E. Brendsdal, S. J. Cyvin, B. N. Cyvin, J. Brunvoll, D. J. Klein, and W. A. Seitz, in: Qua-
sicrystal, Networks and Molecules with Fivefold Symmetry 1. Hargittai (Ed.) VCH, New York,
1990, p. 257.

(b) J. Liu, H. Shao, and Y. S. Jiang, Chem. Phys. lett. 210 (1993) 149.

(a) J. R. Dias, J. Chem. Ecud. 66 (1989) 1012.

(b) J. R. Dias, Molecular Orbital Calculations Using Chemical Graph Theory, Springer-Ver-
lag, Berlin 1993, p. 100.

H. Hosoya and Y. Tsukano, Fullerene Sci. Technol. 2 (1994) 381.

A. Graovac, I. Gutman, and N. Trinajstié, Topological Approach to the Chemistry of Conju-
gated Molecules, Springer-Verlag, Berlin, 1977.

(a) M. Milun, Z. Sobotka, and N. Trinajstié, J. Org. Chem. 87 (1972) 139.

(b) M. Randié, S. Nikolié¢, and N. Trinajstié¢, Croat. Chem. Acta 60 (1987) 595.

B. A. Hess and L. J. Schaad, J. Org. Chem. 51 (1986) 3902.

T. G. Schmalz, T. Zivkovié, and D. J. Klein, in MATH/CHEM/COMP 1987, R. C. Lacher
(Ed.), Elsevier, Amsterdam, 1988, p. 173.

(a) D. Amié and N. Trinajstié, J. Chem. Soc. Perkin Trans. 2 (1990) 1595.

(b) T'-X. Lii, Chem. Phys. Lett. 94 (1992) 67.

K. Fukui, Science 218 (1982) 747.

(a) B. L. Zhang, C. Z. Wang, and K. M. Ho, Chem. Phys. Lett. 193 (1992) 225.

(b) D. Plavsié, S. Nikolié¢, and N. Trinajstié, J. Mol. Struct. (Theochem) 277 (1992) 213.

(a) R. G. Pearson, J. Amer. Chem. Soc. 85 (1963) 7512.

(b) R. G. Pearson, ibid. 107 (1985) 6801.

(¢) R. G. Pearson, Proc. Nat. Acad. Sci. U.S.A. 83 (1986) 8440.

(d) R. G. Pearson, J. Amer. Chem. Soc. 110 (1988) 7684

R. G. Parr and R. G. Pearson, ibid. 105 (1983) 7512.

(a) Z. Zhou, R. G. Pearson, and J. F. Garst, Tetrahedron Lett. 29 (1988) 4843.

(b) Z. Zhou and H. V. Navangul, J. Phys. Org. Chem. 3 (1990) 7845.

(a) R. G. Pearson, J. Chem. Edu.c 64 ((1987) 561.

(b) R. G. Pearson, Chem. Brit. 27 (1991) 444.

Z. Zhou and R. G. Parr, J. Amer. Chem. Soc. 111 (1989) 7371.

K. Balasubramanian and X. Liu, J. Comput. Chem. 9 (1988) 406.

(a) P. S. Dwyer, Linear Computations, Wiley, New York, 1951.

(b) V. N. Faddeeva, Computational Methods of Linear Algebra, Dover, New York, 1959.

(¢) D. K. Faddeev and 1. S. Sominskii, Problems in Higher Algebra, Freeman, San Francisco,
1965.

(d) P. K¥ivka, Z. Jeridevi¢, and N. Trinajstié, Int. J. Quantum Chem.: Quantum Chem. Symp.
19 (1986) 129.

(a) K. Balasubramanian, Theoret. Chim. Acta 65 (1984) 49.

(b) K. Balasubramanian, J. Comput. Chem. 3 (1984) 387.

(¢) K. Balasubramanian, ibid. 11 (1990) 829.

(a) S. Nikolié, N. Trinajstié¢, Z. Mihalié¢, and S. Carter, Chem. Phys. Lett. 176 (1991) 21.

(b) Z. Mihalié, D. Veljan, D. Amié, S. Nikolié, D. Plavsié¢, and N. Trinajstié, J. Math. Chem.
11 (1992) 223.



266 N. TRINAJSTIC ET AL.

78.
79.
80.
81.

82.

83.

84.

85.

86.
87.

88.

89.

90.
91.

92.
93.

94.

95.

96.

97.

98.

(c) N. Trinajstié., D. Babié, S. Nikolié¢, D. Plavsié, D. Ami¢, and Z. Mihali¢, J. Chem. Inf. Com-
put. Sci. 34 (1994) 368.

H. Hosoya, Comput. Math. Appl. 12B (1986) 271.

E. J. Farrell, J. Comb. Theory 27B (1979) 75.

J.-1. Aihara, J. Amer. Chem. Soc. 98 (1986) 2750.

(a) I. Gutman, M. Milun, and N. Trinajstié¢, Math. Chem. (Miilheim /Ruhr) 1 (1975) 171.

(b) I. Gutman, M. Milun, and N. Trinajstié, J. Amer. Chem. Soc. 99 (1977) 1692.

(c) N. Trinajstié, in: Chemical Graph Theory - Introduction and Fundamentals, D. Bonchev
and D. H. Rouvray (Eds.), Abacus Press/Gordon&Breach, New York, 1991, p. 235.

(a) H. Sachs, Publ. Math (Debrecen) 11 (1964) 119.

(b) A. Graovac, I. Gutman, N. Trinajstié, and T. Zivkovié, Theoret. Chim. Acta 26 (1972) 67.
(a) J.-i. Aihara, Bull Chem. Soc. Japan 61 (1988) 2657.

(b) J.-i. Aihara, Sci. Amer. 266 (1992) 44.

(¢) J.-i. Aihara and S. Tagata, J. Chem. Soc. Perkin Trans. II (1994) 65.

(d) J.-i. Aihara, JJ. Mol. Struct. (Theochem) 811 (1994) 1.

(e) M. Manoharan, M. M. Balakrishnarajan, P. Venuvanalingam, and K. Balasubramanian,
Chem. Phys. Lett. 222 (1994) 95.

(f) D. Babié¢, unpulished results.

(a) R. Taylor and D. R. M. Walton, Nature 363 (1993) 685.

(b) P. W. Fowler, D. J. Collins, and S. J. Austin, /. Chem. Soc. Perkin Trans. II (1993) 275.
(a) R. C. Haddon, Nature 367 (1994) 214.

(b) M. Saunders, ibid. 367 (1994) 256.

K. Fries, Justus Liebigs Ann. Chem. 545 (1927) 121.

(a) E. Brendsdal and S. J. Cyvin, J. Mol. Struct. (Theochem) 188 (1989) 55.

(b) V. Elser, E. Brendsdal, S. J. Cyvin, J. Brunvoll, B. N. Cyvin, and D. J. Klein, in: Quasi-
crystal, Networks and Molecules with Fivefold Symmetry, 1. Hargittai (Ed.), VCH, New York,
1990. p. 265.

(a) W. C. Herndon, J. Amer. Chem. Soc. 96 (1974) 7605.(b) L. Pauling, Acta Cryst. B36 (1980)
1898.

(a) L. Pauling, L. O. Brockway, and dJ. Y. Beach, J. Amer. Chem. Soc. 57 (1935) 1705.

(b) W. C. Herndon and C. Parkanyi, J. Chem. Educ. 53 (1976) 689.

D. J. Klein, T. G. Schmalz, G. E. Hite, and W. A. Seitz, J. Amer. Chem. Soc. 108 (1986) 1301.
(a) M. Randié, Chem. Phys. Lett. 38 (1976) 68.

(b) M. Randié, J. Amer. Chem,. Soc. 99 (1977) 444.

(¢) M. Randié, Tetrahedron 88 (1977) 1905.

(d) M. Randié¢ and N. Trinajstié, J. Amer. Chem. Soc. 106 (1994) 4428.

(e) D. J. Klein and N. Trinajstié, Pure Appl. Chem. 61 (1989) 2107.

(f) D. J. Klein, Topics Curr. Chem. 153 (1990) 57.

(g) S. Nikolié, N. Trinajstié¢, and D. J. Klein. Comput.Chem. 14 (1990) 313.

(h) N. Trinajstié¢, S. Nikolié¢, and D. J. Klein, J. Mol. Struct. (Theochem) 229 (1991) 63.

D. J. Klein and X. Liu, J. Comput. Chem. 12 (1991) 1260.

(a) D. J. Klein, G. E. Hite, and T. G. Schmalz, J. Comput. Chem. 7 (1986) 443.

(b) D. J. Klein, W. A. Seitz, and T. G. Schmalz, in: Computational Chemical Graph Theory,
D. H. Rouvray (Ed.), Nova Science Publishers, Commack, NY, 1990. p. 127.

M. Randi¢, S. Nikoli¢, and N. Trinajstié, in: Graph Theory and Topology in Chemistry, R. B. King
and D. H. Rouvray (Eds.), Elsevier, Amsterdam, 1987, p. 429.

R. McWeeny, Mol. Phys. 1 (1958) 311.

(a) R. B. Mallion, Proc. Roy. Soc. (London) A841 (1975) 429.

(b) C. W. Haig and R. B. Mallion, Croat. Chem. Acta 62 (1989) 1.

(¢) R. B. Mallion, Nature 325 (1987) 760.

(a) B. Mohar, in: MATH/CHEM | COMP 1988, A. Graovac, (Ed.)., Elsevier, Amsterdam, 1989,
p- L.

(b) N. Trinajstié¢, S. Nikoli¢, and Z. Mihalié, in preparation.

B. Mohar, in: Graph Theory, Combinatorics and Applications, Y. Alavi, G. Chartrand, O. R.
Ollermann and A. J. Schwenk (Eds.), Wiley, New York, 1992. p. 871.



ON MATHEMATICAL PROPERTIES OF BUCKMINSTERFULLERENE 267

99.

100.

101.

102.

103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.

114.
115.

N. Trinajstié, Z. Mihalié, and F. E. Harris, Int. J. Quantum Chem.: Quantum Chem. Symp.,
28 (1994) 525.

(a) T. J. N. Brown, R. B. Mallion, P. Pollak, B. R. M. de Castro, and J. A. N. F. Gomes, .
Comput. Chem. 12 (1991) 1118.

(b) Z. Mihalié and N. Trinajstié, Fullerene Sci. Technol. 2 (1994) 89.

(a) R. E. Haufler, Y. Chai, L. P. F. Chibauts, J. Conceicao, C. Jin, L.-S. Wang, S. Maruyama,
and R. E. Smalley, Mat. Res. Soc. Proc. 206 (1991) 627.

(b) D. J. Klein and T. G. Schmalz, in: Buckminsterfullerenes, W. E. Billups and M. A. Ciu-
fulini (Eds.), VCH, New York, 1993, p. 83.

(c) H. Schmalz, Angew. Chem. Int. Ed. Engl. 32 (1993) 1412.

(d) R. F. Curl, Phil. Trans. Roy. Soc. London, A343 (1993) 19.

M. Broyer, A. Goeres , M. Pellarin, E. Sedlmayer, J. L. Vialle, and L. Woeste, Chem. Phys.
Lett. 198 (1992) 128.

D. Babié and N. Trinajstié, J. Mol. Struct. (Theochem) 303 (1994) 283.

D. Babié and N. Trinajstié, Fullerene Sci. Technol., 2 (1994) 343.

H. Vanéik, D. Babié, and N. Trinajstié, in preparation.

S. W. McElway, M. M. Ross, N. S. Goroff, and F. Diedierich, Science 259 (1993) 1594.

M. L. McKee and W. C. Herndon, J. Mol. Struct. (Theochem) 153 (1987) 75.

A. T. Balaban, D. J. Klein, H. Zhu, X. Liu, and M. Randié¢, in preparation.

0. Ori and M. D.'Mello, Chem. Phys. Lett. 197 (1992) 49. )

M. Randié, Fullerene Sci. Technol. 2 (1994) 427.

D. Eckroth, J. Chem. Educ. 70 (1993) 609.

R. D. Johnson, G. Meijer, and D. S. Bethune, J. Amer. Chem. Soc. 112 (1990) 8983.

(a) E. Hiickel, Z. Phys. 76 (1932) 628.

(b) I. Gutman and N. Trinajstié, Chem. Phys. Lett. 20 (1973) 257.

(c¢) I. Gutman and N. Trinajstié, J. Chem. Phys. 64 (1976) 4921.

H. W. Kroto, Chem. Brit. 26 (12990) 40

L.-F. Li and X.-Z. You, J. Mol. Struct. (Theochem) 280 (1993) 147.

SAZETAK
O matemati¢kim svojstvima buckminsterfullerena
N. Trinajstié, M. Randié, D. J. Klein, D. Babié i Z. Mihalié

Razmatrana su neka matematic¢ka svojstva buckminsterfullerena (npr. geometrijska, to-

pologijska, grupno-teorijska i graf-teorijska svojstva). Neka od tih matematickih svojstava uspjes-
no su uporabljena za predvidanje niza strukturnih i kemijskih svojstava buckminsterfullerena.





