
VOLUME 74, NUMBER 2 PHYSICAL REVIEW LETTERS 9 JANUARY 1995

o ymerized Fullerite Structures

M. Nun
l

unez-Regueiro, * L. Marqu ~ J-L. H e
Centre de Recerehes sur l T ' B

un — ', * . es, — . odeau, O. Bethe oux, and M. Perroux2
sur es res Basses Temperatures, CNRS, BP )66 Cedex 09

Laboratoire de Cristallographie, CARS, BP4, reno e ranP 766 Cedex 09, 38042 Grenoble Fran
(Received 7 September 1994)

reno e, rance

We show in this Letter that heatin u
thata are metastable at room tern t d

ea ing under high pressure drives C to n
emperature and pressure. We re ort

6O o new distorted crystalline has

o nearest neighbor distances, do —10 and d"—
wi t eoretical calculations su~~orts the

o
—9.2 A. The excellent

as the ionong range order polymerizat f C h
ppo s t e view that these new carbon

ion o 6O t rou h c cloadd
on phases can be understood

the shorter intermolecular distances.
g y ition reactions that are at the origin of

PACS numbers: 61.46.+w, 81.40.Vw

Since the erst s nthesy esis of macroscopic amounts of
fullerenes, there he have been a number of studies of the be-
havior at high pressure of C6 [1—10].
sentiallsen ia y aimed at testing the properties under
conditions i.e. th

ies un er extreme
s, i.e., the resilience or breakdown of the C60

molecule. The products of the collapsed fullerite phase
can be very different: amorphous s '4 5 c
car on [, ], polycrystalline cubic diamond of 11

e [, ], microcrystalline graphite [4,5], or unidentified
disordered carbon phases [9,10]. Most of
ments were ermen s were performed at room temperature or under un-
controlled temperature cond t ~ h k . eyi ions (s oc waves). They
have the common limitation that the ra id a

ressure fre
a e rapid application of

pressure reezes the rotational movements of the buc
g a static orientational disorder [ll] that pre-

vents transformations to new o d d hor ere p ases.
On the other hand, it is known that C ca 60 can develop

y i ion reactions of different types. It has been

ol meriz
even reported that exposure to li h q12o ig t [ ] can cause the

numbers
po ymerization of the molecules into cluste f d'io c us ers o different
num ers o molecules. This reaction

eating of the polymerized film allows the recovery of
pristine C60. It is natural to thi k h
can ha encan appen in solid C60 under pressure at temperatures
that prevent the freezing of the C 1e 60 mo ecules into an ori-
entationally disordered structu I d dure. n ee some solid state
compressed phases that may be formed from ol d
molecules have

rom po ymerized
es have been recently reported [13,14]. In this

Letter we explore the ex eriperimental pressure-temperature
iagram and compare our results with theore

lations of the cohes
s wi t eoretical calcu-

e co esive properties of structures formed by
cycloaddition reactions compatible with the ori ina fac
centered cubic lattice.

For our experiments we used a belt apparatus ca bl f
y g up o 8 GPa at temperatures below 1500 C A

capa e o

received ure C frp 60 from MER was previously heated at
220 C for one week undunder dynamical vacuum in order t
minimize the ame amount of solvent present in the sam le. No

orer o

special care was takas a en to avoid contamination with
e samp e. No

en and thee treated soot was kept in air. About 30 mg of
i oxy-

~&

CO
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C60 were encapsulated in a Pt container ander an compressed
e e t apparatus for periods not exceedin 2 h. W

found reviouslp y [1] that C6O was not stable above 750 C
for the lowest pressure (-2.5 GP )
press a aratus s

a manageable with ourpp, so we started working just below this
temperature to maximize th e possi i ity of reaccomoda-
tion of the molecules under hi hig pressure.

tained un er
Cu Kn x-ray diffraction patterns of the he p ases ob-

under these conditions are totall differ

t esized at very high pressure [5] but are close to those
e 60. ypicalobtaine on fcc or orientationally order d C . T

diffraction patterns are shown in Fwn in ig. . They could not
e indexed on a single cubic, rhombohedric hex

or tetra onal h

', r om o e ric, hexagonal,

ferent s nt
g a p ase, but the evolution of patt f d

synthesis conditions indicates that we have mixture
of two different phases, rhomboh d 1o e ra R and tetragonal

tion
This assumption was supported b ele y e ectron diffrac-

ion patterns that show that struct fruc ures o our phases are
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distortions of fcc C6o structure having broad rejections,
lower symmetry space group, and no superlattice sports.
The general intensity distribution of these patterns could
be simulated in a first step using the form factor of spheri-
cal C60 shell, assuming a Lorentzian peak broadening due
to small grain size (~ 500 A.) . These simulations show
that the cage structure is maintained and allow the deter-
mination of the molecular positions that are different from
those of pristine C60 phases. For the samples of Fig. 1 we
obtain two phases, whose cell parameters are shown in
Table I. The majority one is a rhombohedral phase that
results from the compression of (111) fcc planes that
was reported previously [13,14]. The minority phase is
a tetragonal distortion obtained by a compression of the
quadratic (001) fcc planes. In the first case each mole-
cule retains a distance of -10 A with only half of the
twelve nearest neighbors approaching the other six by
0.8 A.. In the second case the distance to four nearest
neighbors molecules is reduced to 9.09 A (see Table I).
The new short distances between molecules are difficult
to interpret using nonbonding potentials. Rather, the new

0

value of -9.2 A corresponds to theoretical estimations
[15] of a polymerization process that proceeds through
2 + 2 cycloaddition of fullerene double bonds. In fact,
our samples are insoluble in toluene as photopolymerized
C60 films. Polymerized C60 molecules have been found
to convert back to the monomer by thermal annealing at
about 200 C [16]. We have annealed our samples at am-
bient pressure and at temperatures ranging from 100 to
250 C. We have verified that the original fcc structure is
recovered for short anneals (-2 h) above 200 C. It thus
seems probable that we are dealing with polymerized C60
phases.

Although it is easy to propose disordered polymerized
clusters of C60 molecules, the formation of long range or-
der polymerized phases is severely restricted by symme-
try. In the particular case of the precedent phases, we

must build up only planes of polymerized molecules,
as the distance between molecules of different planes
is not affected, and the interactions should remain of
van der Waals-type. Considering the geometry of the
C 6p molecule, the simplest possibility for the compressed
planes of the rhombohedral and tetragonal phases are the
ones shown in the insets R and T of Fig. 2. The 2 + 2
cycloaddition reaction of double bonds (66/66 bonds) is
possible and a ordered polymerized phase can thus be
formed for these structures.

Calculations of the structural and energetic properties
for these presumed structures have been performed using
a tight-binding potential model for carbon [17]. For
the rhombohedral phase the calculations predict that the
equilibrium intermolecular distance is 9.17 A, in good
agreement with the experimental value.

The relaxed structures show that the fullerene mole-
cules are no longer spheres, but are deformed by the new
bonding, and are being elongated along the direction of
polymerization. The theoretically obtained carbon atomic
positions were used to perform x-ray pattern simulations.
Allowing for a slight cell parameter scaling, we found that
in both the rhombohedral and the tetragonal phase they
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Table I. Structural parameters of the compressed fullerite
phases.
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Cell
parameterslA

a = 14.17

Distance
between

centers of
molecules/A

10.02

Volume/
molecule A'

711

Tetragonal a =b =9.09
c = 14.95

Orthorhombic
a = 9.26
b = 9.88
c = 14.22

Rhombohedral a = 9.19
c = 24.50

9.20
9.74

9.09
9.86
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9.82
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FIG. 2. X-ray diffraction patterns (thick lines) and simulations
(thin lines) for (a) an almost pure rhombohedral phase, (b) a
mixture of rhombohedral and tetragonal phases (* corresponds
to an impurity line), and (c) a pure orthorhombic phase. The
structural models of the rhombohedral (R), tetragonal (T), and
orthorhombic (0) phases are also shown.
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give a much better agreement with the experimental pat-
terns than those calculated using a uniform spherical shell
model, indicating that our phases can be explained by the
polymerization of C60 molecules. An additional improve-
ment was obtained by introducing a merohedral twin-
ning corresponding to molecular disorder. In Fig. 2(a),
we show the best simulation of an experimental pattern
corresponding to a sample that is an almost pure rhombo-
hedral phase (82% R, 18% T) synthesized at 4 GPa and
700 C. In Fig. 2(b), we give the simulation of the exper-
imental pattern corresponding to a mixed sample (65% R,
35% T) obtained at 3 GPa and 600 C. Although the re-
laxed theoretical structure is an orthorhombic one, stack-
ing disorder to 2D (100) planes induces a smearing of a
and b parameters, giving rise to a macroscopic tetragonal

structure. The atomic coordinates used in the x-ray pat-
terns are shown in Table II.

Working at higher pressures and lower temperatures
(8 GPa, 300 C), we have obtained a third phase (Ta-
bles I and II). Our analysis leads to a one-dimensional
polymerization of C60 molecules as it was previously ob-
served on K,C6o or Rb, C6o [18,19]. The experimental
x-ray powder pattern together with the best simulation are
shown in Fig. 2(c). In this case, a better agreement is
obtained using uniform spherical shells, instead of the re-
laxed theoretical positions. This is possibly explained by
the fact that the libration degrees of freedom are quenched
only along the chain axis, giving rise to a pseudouniform
spherical atomic distribution. The spectra of this phase
is close to the one of the compressed fcc phase of Iwasa

TABLE II. Atomic coordinates used in the x-ray pattern simulations.

Lattice constants

Space group
Atomic coordinates 0.456

0.225
0.391
0.190
0.016
0.157

Rhombohedral phase

a = 9.19 A, c = 24.5 A (hexagonal cell)
R3m
Cl
C2
C3
C4
C5
C6

0.012
0.024
0.065
0.075
0.096
0.130

Cl-Cl interfullerene distance 1.68 A
Cl-Cl intrafullerene distance 1.60 A
Cl-C2 and Cl-C3 intrafullerene distance 1.51 A

Other C-C distances remain in the range 1.37—1.47 A

Lattice constants

Space group
Atomic coordinates

Tetragonal phase

a = 9.09 A, c = 14.95 A

Immm

Cl
C2
C3
C4
C5
C6
C7
C8
C9

0.089
0.286
0.410
0.161
0.335
0.082
0.254
0.129
0.000

0.000
0.049
0.054
0.079
0.097
0.153
0.173
0.202
0.232

Cl-Cl interfullerene distance 1.64 A
Cl-Cl intrafullerene distance 1.63 A
Other C-C distances remain in the range 1.37—1.47 A

Orthorhombic phase

Lattice constants

Space group
Molecular center

positions
Molecular radius

a =9.26A, b =9.88A, c= 14.22K
Immm

0, 0, 0, and 1/2, 1/2, 1/2
3.55 A.
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et al. [14]. However, the diffuse scattering that exists in
our sample between 19 and 20 is only accounted for by
introducing the orthorhombic distortion.

Although our measurements do not allow an unam-
biguous structural determination, the agreement between
the measured spectra with the simulations obtained using
the relaxed atomic positions issued from the theoretical
calculations clearly indicates that C60 molecules are poly-
merized by moderately high compressions at high temper-
atures. The three obtained structures may be the first of
a rich variety of new carbon phases with potentially inter-
esting properties.
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