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In the original publicatiohon the subject, g was depicted
with the aid of a soccer ball, but this representation soon gave
way to the familiar line drawing of chemical bonds between
nucleii2 To a large extent this dichotomy in the representation
of the fullerenes remains today, and it is the purpose of this
paper to pose and address the question that appears in the title.
Of course, in reality the answer is well-known, and neither the
sphere (Figurela) nor the polyhedron (Figure 1b) represgnt C
which like other molecules exists as a collection of nucleii with
an associated distribution of electron density. Nevertheless, it
is of interest to consider which of these conventional representa-
tions is most relevant for the fullerenes and in particular the
language most appropriate to the description of the shape of
these molecules and the geometry of the carbon atoms.

The importance of this question is made apparent by an
examination of the fullerene and buckybowl literature, in which
the terms pyramidalization and curvature are often used ® ©
interchangeably* The shape of these molecules is often Figure 2. Construction of the POAV1 pyramidalization anghs =
described in terms of curvature, but the definition of this term (6,, — 90)°] and the local or atomic curvature £ 1/R], at a conjugated
requires a smooth surface for which a tangent line exists at everycarbon atom C.
point on its graph. Thus, Figure 1a may be ascribed a curvature,
whereas Figure 1b has zero curvature along the bonds, but anthree directly bonded neighbors (atoms3). With this basis
undefined curvature at the nulceii (vertices). On the other hand, in place we can proceed immediately to a unified approach to
Figure 1b shows pyramidalized carbon atoms, whereas this issughe problem, by the construction of two geometrically related
is not raised by Figure 1a. The pyramidalization andlg) ( spheres (Figure 2).
obtained from ther-orbital axis vector (POAV) analysis has The POAV1 theory of pyramidalization may be related to
been shown to provide a useful index of the degree of the construction of a sphere of arbitrary radius with its center
nonplanarity and the strain energy at the individual carbon atomsat point C8 The intersection of the three bonds to the
in fullerenes> Thus, for Go and Ge where the carbon atoms  neighboring atoms with the surface of the sphere then defines
are no longer all equivalent, this analysis predicts the regio- a circle, and this circle together with the center of the sphere
chemical reactivity of these compounds toward certain |eads to a right cone. This cone generates the family of all
reagentS=’ But even here the POAV pyramidalization angle  hond directions for a given pyramidalization angle at the carbon
was referred to as the “local curvatufe’ln POAV1 theory atom C (Figure 2b§.
the sz-orbital axis vector is defined as that vector which makes  The spherical curvature implied by the carbon atom C and
equal anglesf;,) to the threes-bonds at a conjugated carbon  jts three neighbors is simply obtained by the construction of
atom, and the pyramidalization angle is obtainedas (0~ that sphere (radiu®), which has its surface defined by the
— 90)° (Figures 1 and 2j. Thus, implicit in this definition is  coordinates of these four points. The general case is solved

as in Figure 18. ) N ) . case is treated here and in Figure 2. We set all of the bond
It is possible to provide a unified approach to this question

and to integrate these two descriptions, by a consideration of
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Figure 1. Representations of g

(a)

(7) (@) Balch, A. L.; Catalano, V. J.; Lee, J. W.; Olmstead, M. M.; Parkin,
S. R.J. Am. Chem. Sod 991, 113 8953-8955. (b) Balch, A. L.; Lee, J.

(1) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R.
E. Nature1985 318 162-163.

(2) Zhang, Q. L.; O'Brien, S. C.; Heath, J. R.; Liu, Y.; Curl, R. F.; Kroto,
H. W.; Smalley, R. EJ. Phys. Chem1986 90, 525-528.

(3) (@)Acc. Chem. Red4992 25, 98—175. (b) Hirsch, AThe Chemistry
of the FullerenesThieme: Stuttgart, 1994. (c) Diederich, F.; Thilgen, C.
Sciencel996 271, 317-323.

(4) (a) Rabideau, P. W.; Sygula, Acc. Chem. Resl996 29, 235—
242. (b) Scott, L. T.; Bratcher, M. S.; Hagen, 5.Am. Chem. S0d.996
118 8743-8744.

(5) Haddon, R. CSciencel993 261, 1545-1550.

(6) (a) Hawkins, J. M.; Meyer, A.; Solow, M. Al. Am. Chem. Soc.
1993 115 7499-7500. (b) Hawkins, J. M.; Meyer, Asciencel993 260,
1918-1920.

S0002-7863(96)03765-1 CCC: $14.00

K. T.; Cahill, P. A. Sciencel994 264, 397-399. (i) Smith, A. B., IlI;
Strongin, R. M.; Brard, L.; Furst, G. T.; Romanow, W. J.; Owens, K. G.;
Goldschmidt, R. JJ. Chem. Soc., Chem. Commu894 2187-2188. (j)
Smith, A. B., lll; Strongin, R. M.; Brard, L.; Furst, G. T.; Romanow, W.
J.; Owens, K. G.; Goldschmidt, R. J.; King, @. Am. Chem. Sod.995
117, 5492-5502. (k) Zhang, X.-J.; Foote, C. 3. Am. Chem. S0d.995
117, 4271-4275. (I) Wilson, S. R.; Lu, QJ. Org. Chem1995 60, 6496~
6499. (m) Wang, Y.; Schuster, D. I.; Wilson, S. R.; Welch, CJ.JOrg.
Chem.1996 61, 5198-5199.

(8) Haddon, R. C.; Scott, L. TPure Appl. Chem1986 58, 137—143.

(9) (@) Haddon, R. CJ. Am. Chem. Sod 986 108 2837-2842. (b)
Haddon, R. CJ. Am. Chem. Sod.99Q 112, 3385-3389.

© 1997 American Chemical Society



1798 J. Am. Chem. Soc., Vol. 119, No. 7, 1997 Communications to the Editor

030 T T T T sphere. When the coordinates of the four defining points (C,
1, 2, and 3 in Figure 2a) are utilized, a system of nonhomoge-
neous equations may be solved to obtainyo, z, andR (=1/
k), and this procedure has been incorporated into the latest
version of the POAV3 prograr.

It is of interest to test how well the relationship holds in
practice. Utilizing the HF/3-21G geometifor Cgo with bond
) lengths of 1.367 and 1.453 (2) A, we obt#la= 11.64, R=
3.524 A, andc = 0.2837 AL, clearly showing the dependence
of curvature on bond length. As a further test, Figure 3 shows
a plot of Op versusc for Cgp and the five different carbon atoms
in C7o obtained from HF/3-21G geometriés.

An unconstrained fit to these data shows a straight-line
correlation coefficient of 0.9999 and gives a line which passes

Curvature, « (1/A°)

020 s o v 2 through the origin within the standard error of the fit. The value
POAV1 Pyramidalization Angle, 6., (deg) of the bond length (using eq 2) obtained from the gradient of

) o ) the line isa = 1.422 A. This result may be compared with the
ggoure 3. Plot of pyramidalization angle against curvature fgs &d mean bond length of 1.424 A obtained by averaging over the

18 bond lengths implicit in the definition of the geometries of

lengths to carbon C to be equal acand define this to be the ~ the six independent carbon atoms used in the plot. Thus, in
unit of radius of the sphere used in the POAV construction. €@l situations, irespective of the symmetry, the pyramidaliza-
This now leads to the construction shown in Figure 2b, and it N @ngles and curvatures at conjugated carbon atoms are

is apparent from the orthographic projection of the lower sphere diréctly proportional to a high order of accur?cy. anari
given in Figure 2c that Given the applicability of both measures of nonplanarity to

the geometry of the carbon atoms of the fullerenes, it is now
— — o _ — i appropriate to turn to the question of which is most suitable for
A(2R) = cos(180- 6,;) = sin¥,, — 90) =sinbp (1) chemical purposes (while recognizing that either one necessarily
involves a simplified model representation). Even in the solid
state, Gp undergoes the rapid rotation expected of a spherical
object, but below 260 K the molecule is known to undergo rapid
jumps between equivalent orientatiddsThus, deviations from
~ (20.)la @) the spherical geometry assumed in the above treatment are
P evident. The chemistry of the molecule originates primarily
from the strain present in the aromatic electronic structme.
Thus, there is an analytical relationship between the local or important key to the nature of the electronic structure of the
atomic curvature and the POAV pyramidalization angle for fullerenes is provided by the magnetic properiiesDoes Go
bonds of equal length; eq 2 also gives the relationship betweencorrespond to a spherical benzene? The ring current contribu-
the radii of the two spheres of Figure 2, which are equal when tion to the magnetism of benzene is rather well approximated
2sinfp=1, orfp = 30°. The POAV pyramidalization angle  as a free electron circulation of tikeelectrons about the 6-fold
is a function of the bond angles at the conjugated carbon atomaxis14 The diamagnetism of this circulation makes a large
alone, because the bond lengths are ignored in this treatmentcontribution to the magnetic properties as the usual counter-
Since the curvature is defined by the real coordinates of all of vailing Van Vleck paramagnetism is virtually absent in benzene,
the atoms, a length scale is implied. Nevertheless, in situationsbecause the deviations of the response of the electron density
where the bond lengths are similar, the pyramidalization angle distribution from rotational symmetry are very small. The
provides an index of local curvature as suggested by a numberbehavior of Gy is entirely distinct from this picture. In 3D
of authors, and it is clearly accurate to characterize the reactivity analogy with 2D benzene, a large diamagnetism is expected
of the fullerenes in terms of atomic or local curvature. Fes C  due to the free precession of the S&lectrons on the surface
with bond lengths of 1.4 A, we obtay = 11.64, R = 3.469 of a sphere, but this effect is almost completely canceled by
A, andx = 0.2882 A1, the large Van Vleck paramagnetisf® The Van Vleck
In the general case we cannot use the construction of Figurecontribution arises as a result of the deviations of the electronic
2, because with unequal bond lengths the coordinates of theresponse from spherical symmetA2> Thus, the topology of
atoms do not fall on the surface of the sphere defined in Figure the molecule is paramount, and henceg @nd the fullerenes)
2b. Nevertheless the separate components of the Figure mayare best modeled as polyhedra.
be used to independently solve for the pyramidalization angle JAG637659
and the curvature. The pyramidalization angle is independent (10) Haddon, R. CPOAV3 QCMP044 QCPE Bull 1995 15 (4), 81
of bond lengths and may be found as before. Figure 2Cis N0 (11) raghavachari, K.; Rohlfing, C. M. Phys. Chem992 96, 2463.
longer valid for obtaining the curvature, and the general equation  (12) Fischer, J. E.; Heiney, P. A.; Smith, A. B., Wcc. Chem. Res.

for a sphere must be utilized 1992 25, 112.
(13) Haddon, R. CNature1995 378 249-255.
2 2 2 (14) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, W.; Muhlencamp,JV.
X=X+ (=Y’ +(z—z)*=F €) Am. Chem. Socl994 116, 5298-5306.
(15) Elser, V.; Haddon, R. QNature 1987, 325 792-794.

whereR is the radius of the sphere given in Figure 2c. The
curvaturex of this sphere is given by

2sin6,
k=1R=
a
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where X, Yo, and zy are the coordinates of the center of the Diederich, F.J. Phys. Chem1991, 95, 3457-3459.



