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The Structure of the C¢, Molecule: X-Ray Crystal
Structure Determination of a Twin at 110 K

SHENGZHONG L1u, YING-JIE LU, MANFRED M. KAPPES,

JAMES A. IBERS*

Single-crystal x-ray diffraction methods were used to determine the crystal and
molecular structure of Cg, buckminsterfullerene. At 110 kelvin Cg, is cubic, apparent
Laue symmetry m3m, but it exhibits noncrystallographic systematic extinctions
indicative of a twin in which I(hkl) and I(khl) are superimposed. In fact, Cgq,
crystallizes with four molecules in space group T,°-Pa3 of the cubic system (Laue
symmetry m3) with lattice constant a = 14.052(5) angstroms (A) at 110 kelvin. The
twin components are equal. A given component, which has crystallographically
imposed symmetry 3 (Cj;), displays an ordered structure of a truncated icosahedron.
The five independent C=C bonds that join Cg4 rings average 1.355(9) A; the ten
independent C-C bonds that join C4 and C; rings average 1.467(21) A. The mean
atom-to-atom diameter of the Cq, molecule is 7.065(3) A. The molecules are very
tightly packed in the crystal structure, with intermolecular C-+C distances as short as

3.131(7) A.

THE RECENTLY DEVELOPED LARGE-
scale production (1, 2) and separa-
tion (3) methods for the all-carbon
molecules Cgp, Co, Crg/7g, Cga, and Coy
(fullerenes) have opened up new vistas in
organic and organometallic chemistry. Ap-
plications of these new substances to various
aspects of material science, including super-
conductivity (4, 5), ferromagnetism (6), and
the production of diamond films (7), also
appear to be promising. Cg, (buckminster-
fullerene), which is the most abundant
fullerene to be generated, has been the ob-
ject of much experimental and theoretical
scrutiny over the past year. Structural char-
acterization has included determination of
the space group Fm3 (8) or Fm3m (9),a =
14.2 A at room temperature, with a first-
order phase transition at 249 K (10) to a
primitive cubic cell, a = 14.04(1) Aat 11 K
(10). The radial distribution function, ob-
tained in neutron diffraction measurements
on Cgo powder at 300 K (17), contains 13
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distinct features that have been assigned to
all possible C-C separations across a trun-
cated icosahedral molecule, as first proposed
for this molecule by Kroto et al. (12).
Although nuclear magnetic resonance
(NMR) measurements (13, 14), whose time
scale differs from that of diffraction studies,
suggest the possibility of rapid, nearly iso-
tropic rotation of Cgq even below 249 K,
synchrotron x-ray powder diffraction results
(10) establish beyond doubt that orienta-
tional ordering in Cg sets in at the transi-
tion temperature. These data can be success-
fully fit with the use of an idealized (15)
icosahedral geometry for the Cq, molecule
in space group Pa3 (16). Although a satis-
factory refinement is obtained with a con-
strained rigid model that involves as a vari-
able an angle of rotation of a given molecule
about its local 3 axis, refinement of an
unconstrained model that would reveal the
details of the molecular geometry did not
prove possible (17). This constrained rigid
model is consistent with neutron diffraction
measurements on Cgo powder at 14 K (18).
Low-temperature ~ solid-state  '*C-NMR
measurements with use of Carr-Purcell se-
quencing (19) have also established icosahe-

dral molecular symmetry while providing
limits on the two unique (in this symmetry)
C-C bond distances [1.40(2) and 1.45(2)
A}, in good agreement with the Hartree-
Fock calculations of Scuseria (15) (1.370
and 1.448 A). Similarly, a number of vibra-
tional spectroscopic probes (20, 21) of Cg,
thin films are consistent with the presumed
molecular structure. While single-crystal
x-ray structures, determined without geo-
metrical constraints, for chemically deriva-
tized Cgo [Cgo(OsO,)(4-t-butylpyridine),
(22) and (PhsP),Pt(n*-Ceo)CoH,O (23)]
in fact show perturbed icosahedral frame-
works, the x-ray crystal structure of pure,
underivatized Cg, has remained elusive.
Here we present such a structure.
Cgo-containing soot was prepared by con-
tact-arc evaporation of graphite under He
(1, 24). Fullerenes were extracted in toluene,
and Cgq was separated from C, and higher
carbon clusters by column chromatography
(3). The C4y sample was washed in cold
cyclohexane to remove possible hydrocar-
bon contaminants. It was further purified by
partially redissolving it in benzene and filter-
ing the residual solid. Crystals obtained after
allowing the benzene to evaporate were dis-
solved in hot cyclohexane. The solution was
slowly cooled to room temperature and then
to 195 K. Cg crystals were harvested upon
subsequent warming of the frozen solution to
room temperature. Their purity was ascer-
tained by infrared (IR), Raman, and fast atom
bombardment (FAB) mass spectroscopy.
Several crystals were examined by x-ray
methods in the temperature range 150 to
110 K with similar results. Ultimately, x-ray
diffraction data were collected from a crystal
of approximate dimensions 0.2 mm by 0.2
mm by 0.3 mm that had been placed in the
cold stream (110 K) of a Nonius CAD4
diffractometer. Of the 4914 observations
Akl = 0, 6(CuKa) = 75° hkl < O,
8(CuKa) = 50°], 3168 have I = 30(I), a
clear indication of the lack of disorder. The
observations conform to Laue symmetry
m3m, with an R-index for averaging of
5.2%. However, the data display systematic
extinctions of the zonal reflections when
both indices are odd. The presence of these
noncrystallographic extinctions is a reason-
ably certain manifestation of twinning (25).
These extinctions can be understood if the
material is a twin with equal or nearly equal
components, each of which is in space group
T,6 — Pa3; this is a particularly attractive
explanation, since the synchrotron x-ray
powder data have been very well fit with an
idealized molecule in this space group (16).
Consequently, such a model was used for
the present refinement of the x-ray data. The
initial data were averaged in Laue symmetry
m3 to afford 1068 F2,, values. The F2,.
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values from the model are given by oF2,, +
(1 — a)F},;, where o would be 0.5 if the
two twin components were to contribute
equally. (Subsequent calculations estab-
lished that o« = 0.50.) The usual function
Sw(F2,, — F2,.)? was minimized. Rotation
of the molecule about its 3 axis in 2° inter-
vals between 0° and 120° followed by refine-
ment of scale factor established that the
coordinates from the constrained refinement
(17) are indeed a good starting point for the
unconstrained refinement. The final calcula-
tion involved 91 variables and converged to
R(F?) of 0.142 and to the usual R index,
R(F), of 0.10 for the 783 observations
having I = 3o(I). While this agreement
between observation and model is not as
good as the self-consistency of the data
would predict, it is probably the best that
can be accomplished without more elaborate
and possibly unjustified models for thermal
vibration or for twinning.

Figure 1 is a stereo view of the Cgq
molecule. Although the molecule has crys-
tallographically imposed 3 (C3;) symmetry,
it appears to be more symmetrical than that.
For example, the ten independent atoms are

separated from their inversion-related coun-
terparts by the narrow range of 7.048(11)
to 7.074(11) A, with the mean atom-to-
atom diameter of the Cg, molecule being
7.065(3) A. The two independent five-
membered rings and the four independent
six-membered rings are planar to within
experimental error. The five independent
C=C bonds that join the Cg4 rings range from
1.340(7) to 1.391(6) A and average
1.355(9) A; the ten independent C-C
bonds that join the C4 and Cg rings range
from 1.378(9) to 1.561(10) A and average
1.467(21) A. These may be compared with
the corresponding distances of 1.388(9) and
1.432(5) A in the Os derivative (22),
1.388(30) and 1.445(30) A in the Pt deriv-
ative (23), 1.370 and 1.448 A predicted from
an earlier ab initio calculation (15), and 1.406
and 1.446 A from a more recent one (26).
The observation of high-temperature su-
perconductivity in A;Cq, (A = alkali metal)
(4, 5) makes a comparison of the present
crystal structure with that proposed (27) for
K;C4o of interest. Synchrotron-radiation
measurements on K3;Cy, powders at room
temperature have been interpreted in terms

Fig. 1. A stereo drawing of the C4o molecule. The 50% probability ellipsoids of thermal vibration are
shown. Here and in succeeding figures only one twin component is shown.

Fig. 2. A stereo drawing of the Cg crystal structure about the pseudo-octahedral hole at ¥2,Y2,v4. Here

and in Fig. 3 the C atoms are drawn as spheres.

Fig. 3. A stereo drawing of the Cg, crystal structure about the pseudo-tetrahedral hole at V4,4, V4.
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of four formula units crystallizing in space
group Fm3m of the cubic system with a
lattice constant of 14.24 A, only slightly
larger than that found for Cgy. The K™
cations are proposed to occupy the eight
tetrahedral holes (at V4,%4,%) and the four
octahedral holes (at '2,Y3,'2). Space for
these cations could be ensured only if all Cq,
units “lock in” to one of two possible orien-
tations, which are proposed to be equally
probable. In both orientations eight of the
twenty hexagonal faces are oriented along
the [111] direction, but they differ in the
positions for the pentagonal faces. Figure 2
shows a stereo view of part of the present
crystal structure about the hole centered at
V2,15, V5, the shortest center-C distance is
3.64A. Figure 3 shows a stereo view of part
of the structure about the hole centered at
V4 Vs Ya; the shortest center-C distance be-
ing 2.67 A. The related K~C distances are
3.67 and 3.27 A in the proposed K;Cqq
structure (27). It is clear that in the Cgq
structure the molecules have “locked-in” to
an orientation that differs from that pro-
posed for K;Cgp. This is probably not sur-
prising in view of the steric and electronic
constraints imposed by the K* cations. The
molecules in the Cgq crystal structure are
tightly packed; while most of the intermo-
lecular distances are in the graphitic range of
about 3.3 A, intermolecular distances as
short as 3.131(7) A occur.

Owing to the relatively low imposed sym-
metry (3) there is no requirement that the
Cgo truncated icosahedron achieve its full
symmetry in the crystal structure. Indeed, it
can be seen in Figs. 2 and 3 that the atoms
that would be equivalent in the idealized
polyhedron have different nonbonding en-
vironments. These differences, in principle,
could lead to variations in metrical parame-
ters. Although in the present structure these
variations appear to be statistically signifi-
cant, we would prefer to ignore them in
view of the complexities of dériving a struc-
ture from a twinned crystal. However, it is
unlikely that a more reiiable structure of the
Cgo molecule can be obtained by x-ray dif-
fraction techniques, unless untwinned crys-
tals can be prepared, perhaps by growing the
material well below the phase transition
(249 K) or by co-crystallizing the material
with a solvent molecule to change the sym-
metry of the cell. Thus far, this latter ap-
proach has proved unsuccessful (28).
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Bond Lengths in Free Molecules of Buckminsterfullerene,
Ceo, from Gas-Phase Electron Diffraction

KeNNETH HEDBERG,* L1SE HEDBERG, DONALD S. BETHUNE,
C. A. BrRown, H. C. DornN, ROBERT D. JoHNSON, M. DE VRIES

Electron diffraction patterns of the fullerene Cg, in the gaseous state have been
obtained by volatilizing it from a newly designed oven-nozzle at 730°C. The many
peaks of the experimental radial distribution curve calculated from the scattered
intensity are completely consistent with icosahedral symmetry for the free molecule.
On the basis of this symmetry assumption, least-squares refinement of a model
incorporating all possible interatomic distances led to the values r,(C,—C;) = 1.458
(6) angstroms (A) for the thermal average bond length within the five-member ring
that is, for the bond fusing five- and six-member rings) and r,(C,—Cs) = 1.401(10)

for that connecting five-member rings (the bond fusing six-member rings). The
weighted average of the two bond lengths and the difference between them are the
values 1.439(2) A and 0.057(6) A, respectively. The diameter of the icosahedral sphere
is 7.113(10) A. The uncertainties in parentheses are estimated 20 values.

ESEARCH ON THE PROPERTIES OF
Rthe molecule “buckminsterfullerene,”

Cgo, has been increasing rapidly.
Among the many results now available, how-
ever, there is little information about the
lengths of the bonds. To date the most accurate
values appear to be those from nuclear magnet-

ic resonance (NMR) work (1) (1.45 + 0.015
A for the bonds within the five-member ring
and 1.40 + 0.015 A for the bonds connecting
five-member rings). There are also measure-
ments from neutron diffraction [1.44 A (2)and
1.42 A (3) for the weighted average distance].
All of these measurements were done on ma-

terial in condensed phases. There are also re-
sults from semiempirical and ab initio quantum
mechanical calculations; the most recent of
these includes the effect of electron correlation
at the MP2 level and predicts the bond lengths
at 1.445 A and 1.405 A (4). We carried out the
electron-diffraction study described here for
two reasons. First, it seemed quite likely the
results for the bond lengths would be more
precise than any presently available, and sec-
ond, these results for the gas-phase molecule
would be free from the effects of intermolecular
interaction that could conceivably play a role in
condensed phase measurements.

Our sample of Cq, was produced at IBM
with an arc fullerene generator (5, 6) and
removed from the soot utilizing toluene in a
soxhlet extractor. The extract was purified
by liquid chromatography (basic alumina)
with a gradient elution system of hexane and
chlorinated solvents, and characterized by
NMR (7, 8) and mass spectroscopy; separa-
tion has also been obtained using a 95/5
hexane/toluene system (9).

The electron diffraction work was done at
Oregon State University. In a usual type of
diffraction experiment, a well-columnated,

Table 1. Interatomic distances and root-mean-square amplitudes of vibration in Cg,. The symbol r, denotes the thermal average distance, r, the distance
consistent with the scattering equations, and / the root-mean-square amplitude of vibration. Quantities in parentheses are estimated 2o uncertainties; those
for 1, are estimated to be the same as for r,. Amplitudes in curly brackets were refined as a group. The term numbering corresponds to that in Fig. 3.

Term r.(A) ro(A) 1(A) Term r.(A) ro(A) 1(A)
R* 3.332, (45) ret 1.237, (53)

(foona)t 1436 (2) 1.439 Aroona$ 0.057 (6) 0.057

1-6 1.398 (10) 1.401 0.062 (8) 1-19 5.408 (10) 5.411 0136 (34)
1-2 1455  (6) 1.458 0.065 (5) 114’ 5.491 (8) 5.494 0133 (23)
1-3 2355 (10) 2.357 0.080 (10) 113" 5.795  (8) 5.798 0.129 (18)
1-7 2471 (5) 2474 0.083 (7) 1-15' 6.072 (8) 6.075 0.136} 3
1-12 2.853  (6) 2.857 0.097 (9) 1-8' 6.143 (8) 6.146 0.136 | (13)
1-8 3581 (5) 3.584 0.100 (7) 112’ 6513 (9) 6516 0.144
1-15 3.699  (6) 3.702 0.099 (12) 17" 6.667 (9) 6.670 0.144} (18)
1-13 4120 (6) 4123 0.109 (8) 1-3' 6.709 (10) 6.712 0.144
1-14 4517 (7) 4.520 0.115 (10) 12/ 6.960 (10) 6.963 0.145
1-19' 4617 (9) 4619 0.106 (23) 1-6' 6.972 (10) 6.975 0.145} 31)
1-18" 4841 (8) 4.844 0.117 (26) 11 7.110 (10) 7.113 0.145

1-18 5208 (9) 5.212 0.145 (40)

*Structure-defining parameter: distance from center of the icosahedral sphere to center of five-member ring.
FWeighted average of bond lengths.

five-member rings.
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§SBond length difference.

tStructure-defining parameter: radius of circle comprising the
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