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The structure of the dimer phases of RbC60 and KC60 were investigated by x-ray powder diffraction. We
have established that the dimer molecule forms through a single C-C interfullerene bond in contrast to the
four-membered rings of C60 polymers. Molecular orientation and space group symmetry were also determined.
@S0163-1829~96!05643-3#

The monoanionic fulleridesAC60 (A5K,Rb,Cs! have a
rich phase diagram and show a number of interesting physi-
cal properties.1–9The most prominent feature is the existence
of noncubic conducting and insulating phases observed when
the high temperature (.400 K! rocksalt2 phase is cooled
slowly or quenched, respectively.3–5The conducting phase is
a linear polymer formed by the@212# cycloaddition reaction
between double bonds,10,11 shrinking the interfullerene dis-
tance by;1 Å from the usual van der Waals value.4 This
particular form of interfullerene bond was first hypothesized
for photopolymerized C60 ~Ref. 12! and has subsequently
been shown to occur in pressure-polymerized C60 ~Refs. 13
and 14! and Na2AC60.

15 An insulating phase is obtained by
rapidly cooling from the rocksalt phase to below 273 K,
thereby preventing polymerization. X-ray powder diffraction
gave evidence for the formation of dimers in a monoclinic
metastable phase.16,17 It was originally described as having
either an orthorhombic unit cell of eight fullerenes~ortho-II!
or a monoclinic unit cell of four,16,17 but the quality of the
current data set excludes the orthorhombic lattice. Weak re-
flections, observed at low angles where the scattering factor
of C60 can be approximated by a spherical charge distribu-
tion, revealed16,17 the ordering of dimer chains illustrated in
Fig. 1. This allowed the determination of the interfullerene
distance and the orientation of the whole dimer unit, but not
the configuration of atoms within each fullerene.

Up to now, the atomic structure could not be determined
for this low-symmetry, large unit cell structure. It was de-
bated whether dimerization is the result of Peierls
distortion16 or the formation of covalent interfullerene
bonds.17 In this paper we report x-ray powder diffraction
results, and demonstrate that dimers are covalently bonded,
and the dimer molecule forms through a single C-C inter-
fullerene bond. In agreement with our previous
suggestions,17 this bonding configuration is different from
that of the polymer. It is an intriguing question whether this
dimer molecule occurs in other C60 compounds, and which
are the conditions governing the different forms of inter-
fullerene bond formation.

The polycrystalline samples were prepared by the usual
solid state reaction of stoichiometric amounts of K or Rb and
high purity ~99.9%! C60 powder at 650 K. As in earlier stud-
ies, the powder samples were pure in the sense that only the
fcc phase was observed at 473 K. However, this does not
ensure that the sample will be structurally single phase after
it is quenched. In previous data on the quenched dimer phase
of RbC60, a minority (;20%! fcc coexisted with the mono-
clinic dimer phase.17 It is not easy to correct the data for the
influence of this phase, because the reflections severely over-
lap. It was noted in differential scanning calorimetry studies7

that if the temperature is cycled between 220 and 273 K, two
weak endothermic peaks occur on the first heating, which are
absent in the following cycles. We repeated this heat treat-
ment and found that it eliminates the minority fcc phase. It is
crucial to limit the time spent at 273 K, otherwise the meta-
stable dimer phase will start to transform into the polymer.

FIG. 1. Monoclinic lattice of the dimer phases of AC60. The
lower right corner shows the structureless dimer derived from pre-
vious works~Refs. 16 and 17!, and the rest of the lattice shows the
atomic configuration of RbC60 found in this work. Bold and normal
fullerenes and alkali-metal atoms are aty50 andy51/2, respec-
tively.
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Parallel beam x-ray diffraction experiments were performed
at beamline X3B1 of the National Synchrotron Light Source
with a wavelength of 1.1501 Å. The polycrystalline sample
was held in 1 mm glass capillary and the powder spectra
were recorded at 220 K in the 2u53°–45° range.

An unconstrained Rietveld refinement is not feasible for
this complex structure. The powder diffraction technique
cannot reliably locate each of the sixty carbon atoms in the
irreducible volume of the unit cell. Instead, we rely on the
fact that the fit is sensitive to the position of all of the carbon
atoms; we approximate the structure with undistorted C60
molecules and search the space of fullerene orientations,
spanned by three Euler angles, for the best agreement be-
tween the calculated and observed diffraction pattern. In this
work we take an unbiased approach and do not presuppose
covalent bonding within the dimer. As the space group is not
known in advance, it has to be determined in parallel with

the molecular orientations. All observed reflections have
h1k even, implying either a C-centered or pseudocentered
cell. There are five plausible monoclinic space group sym-
metries:P21 /a andC2 generate all four fullerenes in the
unit cell from a specification of one, either with or without
an inversion center.C2/m also requires a single generating
C60 molecule but the extraa-c mirror plane introduces bi-
nary orientational disorder of dimers. Lower space group
symmetries,P21 or Pa, are required to describe more gen-
eral conformations of a dimer unit for which all 120 atomic
positions must be given. Furthermore, the diffraction lines
index equally well to two slightly different sets of the lattice
parameters which differ only because of the deviation from
orthorhombic metrics.18 In this analysis, we have considered
each combination of the above,19 and run approximately
106 Rietveld fits.20

The initial steps of data analysis are the following. First
the peak shape and monoclinic lattice parameters are deter-
mined by the LeBail technique,21 which optimizes the profile
fit without the use of any structural information. Then start-
ing ball position and alkali-metal occupancy are optimized
from the low angle data. While the tilt around the monoclinic
b axis is essential for describing superreflection intensities,
we did not find any evidence for a tilt out of thea-c plane,
probably because it would lead to worse packing of mol-
ecules. Next, we generate atomic coordinates by rotating a
fullerene from a standard orientation so that the Eulerian
angles~defined in Ref. 22! u and f define the intradimer
contact point on the fullerene surface, andc rotates the
dimer about its axis. Finally, we run a Rietveld refinement of
the ball position and carbon and alkali-metal thermal param-
eters. This yields a measure of the quality of the fit, the
weighted profileR factorRwp as a function of the fullerene
orientations.~Results are identical for other figures of merit,
such as BraggR factorRI .) The contrast between the best
and worst fits can be increased by using only the high-q
region of the diffraction data.

In the space groupsP21 /a, C2, andC2/m we can find
the minimumRwp at each (u,f) and represent it on a spheri-
cal surface~see Fig. 2!. There is a convincing global mini-
mum for both data sets and all space groups at (u,f)
5~90°,12°). In this orientation two vertices of C60 face each
other, i.e., the contact point coincides with a carbon atom.
This is very near to the bonding configuration hypothesized
in Refs. 17 and 23. Other high-symmetry configurations cor-

FIG. 2. Quality of fit parameterRwp as a function of intradimer
contact point on the surface of the fullerene molecule. On the linear
grayscale white and black correspond toRwp510% and 14%, re-
spectively.

FIG. 3. transconformation of the single-bonded~C60) 2
22 dimer

derived from this work.~a! View alongb in thec5270° position.
~b! View along the dimer axis showing the intrafullerene regions
around the interdimer bond.

FIG. 4. Rietveld plot of RbC60 dimer phase for the model de-
scribed in text.
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respond to local maxima or saddle points ofRwp(u,f).
Choosing the correct space group is a delicate problem.
Rwp(c) has two equal minima at positions related by the
a-c mirror plane and their disordered mixture is also pos-
sible. The situation is very similar to thePmnn-Immmam-
biguity found in the polymer phase.11 Rietveld fits in all
three space groups have their minima at the same value of
c but this angle is different for KC60 and RbC60. P21 /a
gives the bestRwp ~by 1.3% for KC60 and 0.3% for
RbC60) implying that there is no orientational disorder. We
conclude that the dimer conformation istrans and the same
dimer has different orientation in the two materials. We note
that P21 /a is the only space group that allows the same
molecule~i.e., trans! without disorder in the different orien-
tations we find for KC60 and RbC60. The dimer molecule is
shown in Fig. 3 and its orientation in the RbC60 lattice in
Fig. 1.

Next we relaxed the condition that the two halves of the
dimer be related by an inversion or twofold rotation about
the monoclinicb axis. In that case, the orientations of the
two fullerenes in a dimer are specified by independent Euler
angles, (u1,f1,c1) and (u2,f2,c2). The second dimer, at
~1/2,1/2,0!, is generated by the symmetry operation in either
space groupP21 or Pa. With various choices of (u1,f1) and

(u2,f2), we made two-dimensional maps ofRwp(c1,c2)
around high symmetry configurations~e.g., atoms, middle of
bonds, or faces chosen as contact points!, by rotating the two
halves of the dimer independently. Again, the single-bonded
transdimer with inversion symmetry gave the best fit in the
sameP21 /a configuration described above.

The best Rietveld fit for RbC60 is shown in Fig. 4 and the
structural parameters for both samples are summarized in
Table. I. In this fit, the model is improved (Rwp from 9.4% to
8.2%! from the undistorted fullerene approximation by pull-
ing out the bonding carbon atom and its three neighbors. The
intermolecular C-C distance is set to 1.54 Å in tetrahedral
coordination, without introducing additional refinable param-
eters. Unfortunately, it is not possible to get a stable refine-
ment of the positions of individual carbon atoms, as it was
for the higher symmetry polymer phase.11 The likely expla-
nation is that we are already so close to the best possible
~LeBail! fit that the ‘‘driving force’’ on each atom is random
noise. The next largest improvement in the fit comes from
anisotropic thermal motion of the cations, similar to that seen
in theAC60 and Na2AC60 polymers.

11,15

In conclusion, we have established that in metastable
phases of KC60 and RbC60, covalently bonded~C60) 2

22

dimer anions form through a single C-C interfullerene bond.

TABLE I. Structural parameters of the dimer phases of RbC60 and KC60.

RbC60

Lattice parameters: 17.141~5!39.929~5!319.277~5! Å 3 b5124.40°
Space group: P21 /a ~cell choice 3 of No. 14!
LeBail fit Rwp56.7%,x252.8
Rietveld fit Rwp58.3%,x254.3
center of the rigid C60: 0.006 0.000 0.246
Eulerian angles: u590° f512° c5318°
Atomic coordinates: Rb~1! 0.000 0.500 0.016

Rb~2! 0.000 0.500 0.516
Rb occupancy: 0.95
Rb thermal parameter: B55 Å2

C thermal parameter: B53 Å2

closest Rb~1!-C distance: 3.20 Å
closest Rb~2!-C distance: 3.35 Å

KC60

Lattice parameters: 17.153~5!39.793~5!319.224~5! Å 3 b5124.10°
Space group: P21 /a ~cell choice 3 of No. 14!
LeBail fit Rwp57.1%,x253.1
Rietveld fit Rwp58.9%,x254.8
center of the rigid C60: 0.007 0.000 0.246
Eulerian angles u590° f512° c5281°
Atomic coordinates: K~1! 0.000 0.500 0.013

K~2! 0.000 0.500 0.513
K occupancy: 0.93
K thermal parameter: B54 Å2

C thermal parameter: B52 Å2

closest K~1!-C distance: 3.15 Å
closest K~2!-C distance: 3.26 Å
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This type of interfullerene bond is different from the four-
membered rings of C60 polymers, which was first suggested
by the fact that the dimer→polymer phase transition is not
direct.17,24 The sequence ofAC60 phases has been success-
fully modeled with a single C-C bonded dimer.23 Such an
interfullererene bond was already found in solution for
dimerized C60 radicals

25 and for~C59N! 2,
26 which is isoelec-

tronic to~C60) 2
22. There have been many calculations of the

stability for various ~C60) 2 dimers,27 but only one has
considered28 the single-bonded, doubly charged anion struc-
ture found here. We have recently learned that Prassides and
co-workers29 have found a monoclinic lattice for~C59N! 2,
which is similar to the dimer fulleride considered here.
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