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Characterization of the intercalate C60„CO2…x by powder neutron diffraction

M. James,* S. J. Kennedy, M. M. Elcombe, and G. E. Gadd
Australian Nuclear Science and Technology Organisation, Private Mail Bag 1, Menai NSW 2234, Australia

~Received 29 June 1998!

The intercalate compound C60~CO2!x has been synthesized by hot isostatically pressing C60 under 170 MPa
of CO2 and 350 °C. Neutron powder diffraction studies conducted on C60~CO2!x between room temperature
and 5 K have been analyzed using Rietveld techniques and reveal a structural transition between a high-

temperature~*250 K! face-centered cubic phase@Fm3̄m, a514.224(2) Å ~293 K!# and a low-temperature
~&150 K! monoclinic phase @P21 /n, a59.7438(9) Å, b59.7473(9) Å, c514.6121(11) Å, b
590.390(6)° ~5 K!#. The CO2 molecules occupy the octahedral interstices between the C60 molecules and are
oriented along the body diagonal of the high-temperature phase. In the low-temperature phase they are tilted
slightly away from thec axis so as to place the oxygen atoms adjacent to the center of a pentagonal face on the
C60 molecules.@S0163-1829~98!05545-3#
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INTRODUCTION

Over the past few years the trapping of gases interstiti
in fullerite materials has received considerable attention,
cluding the intercalation of atomic rare gases~He, Ne, Ar,
Kr, and Xe! ~Refs. 1–5! and molecular gases (H2 and
O2).

6–9 The intercalation of CO into solid C60 has also re-
cently been reported.10

Solid C60 is composed of C60 molecules held together in
face-centered cubic~fcc! array by van der Waals forces
which at room temperature are insufficient to prevent f
rotation of the C60 molecules. Cooling of the solid sees th
domination of van der Waals forces over the thermal ene
of the C60 molecules and orientational ordering occurs

;249 K producing a structural transition from fcc (Fm3̄m)

to simple cubic~sc! (Pa3̄).11 An isostructural phase trans
tion occurs for C60O2 ~Ref. 9! and (CO)xC60 ~Ref. 10! as
well as for the rare gas intercalate phasesRxC60 with transi-
tion temperatures that decrease with increasing interca
radius: 250 K (R5Ar, x51.0), 240 K~Kr, x50.84), 210 K
~Xe, x50.66).3

Based on a cell constant of C60 of approximately 14.19 Å
the van der Waals radius of cubic close-packed C60 mol-
ecules is 5.01 Å and the lattice contains one interstitial oc
hedral site of minimum radius 2.06 Å and two tetrahed
sites of minimum radius 1.13 Å per C60 molecule.6,12 Given
a C–O bond length of 1.165 Å~Ref. 13! and a van der Waals
radius for O of 1.52 Å,14 it is expected that CO2, like the rare
gases, CO and O2, should only occupy the octahedral inte
stitial site. In addition, given the size of the CO2 molecules,
it is unlikely that they would be able to freely tumble in th
octahedral interstices as has been suggested for O2 molecules
with a van der Waals radius of 2.00 Å.6

EXPERIMENT

Synthesis

Two grams of brown fcc C60 powder~ultrapure 99.951%,
SES Chemicals Inc.! was hot isostatically pressed for 60 h
350 °C under 170 MPa of CO2 to form C60~CO2!x .15
PRB 580163-1829/98/58~22!/14780~6!/$15.00
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Crystallographic study

Powder neutron diffraction data were collected atl
51.6663(1) Å, over a temperature range 5–293 K, an
step size of 0.1°, on the medium-resolution powder diffra
tometer ~MRPD!,16 using thermal neutrons from the Hig
Flux Australian Reactor~HIFAR! nuclear reactor at the Aus
tralian Nuclear Science and Technology Organisat
~ANSTO!.17 The sample was housed in a vanadium can a
mounted in a closed-cycle helium refrigerator which allow
cooling down to 5 K. Rietveld analysis18 of the neutron dif-
fraction profiles was performed using the programLHPM

~Ref. 19! with a pseudo-Voigt peak shape function and
interpolated background.

RESULTS AND DISCUSSION

Figure 1 shows the powder neutron diffraction profiles
C60~CO2!x over the range 293 to 5 K, which indicates a stru
tural transition with the lowering of temperature. A decrea
in structural symmetry below;250 K is reflected in the
splitting of diffraction lines, while the growth of peaks in th
2Q region above;40° indicates orientational ordering of th
molecules in the sample. Examination of Fig. 1 indicates t
the structural transition is complete by 150 K. The refin
cell parameters and CvO bond lengths of C60~CO2!x versus

FIG. 1. Powder neutron diffraction profiles of C60(CO2)x over
the range 293 to 5 K.
14 780 ©1998 The American Physical Society
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TABLE I. Refined cell parameters and CvO bond length for C60~CO2!x .

Temp.~K! Space group a ~Å! b ~Å! c ~Å! b ~°! CvO ~Å!

293 Fm3̄m 14.224~2! 1.165a

260 14.192~4!

255 14.178~5!

250 14.158~6!

150 P21 /n 9.7867~18! 9.7884~17! 14.6150~18! 90.382~11! 1.12~3!

100 9.7621~12! 9.7682~12! 14.6226~14! 90.397~7! 1.07~3!

50 9.7506~11! 9.7559~11! 14.6160~13! 90.383~7! 1.07~2!

5 9.7438~9! 9.7473~9! 14.6121~11! 90.390~6! 1.07~2!
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temperature are given in Table I. Structural refinements fr
the diffraction data collected at 225 and 200 K within t
transition region were unsatisfactory using either the high
the low-temperature structural models; a consequence o
sufficient resolution between peaks in the diffraction profi
The nature of the structure of C60~CO2!x in the transition
region between 150 and 250 K has not been determin
although analysis of our current data suggests the possib
of this being a two-phase region.

High-temperature phase

Figure 2 shows the observed, calculated, and differe
powder neutron diffraction profiles for C60~CO2!x at 293 K.
Rietveld refinement indicates a good fit to the 131 obser
reflections using a cubic@Fm3̄m, a514.224(2)# model with
CO2 located in the octahedral interstices between the60
molecules. Refinement of these data indicated no evide
for CO2 occupying the tetrahedral interstices. The main er
in the fit is in the reflections at low 2u, which can be attrib-
uted to hexagonal stacking fault disorders that are gene
associated with C60.

20,21 As for previous studies,1–3,15,20the
C60 molecules were modeled using a zero-order spher
Bessel function j 05sin(kR0)/(kR0) (k54p sinu/l). This
uniform distribution of the C atoms on the surface of
sphere of radiusR053.54 Å reflects the orientational diso
der produced by the unhindered rotation of the C60 molecules
and has the additional advantage of reducing the numbe
structural parameters for the C60 molecule to two,R0 , and an
isotropic thermal parameter.
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Simple geometric arguments suggest that the CO2 mol-
ecules should not be able to freely rotate within the octa
dral interstices. Refinements were made with the eigh
atoms of the four CO2 molecules per unit cell disordere
over the 32f (x,x,x) sites, thus aligning the CO2 along the
body diagonal of the cell@RP53.2, goodness of fit (GOF)
54.2, andRB58.9# and providing the maximum space b
tween the C60 molecules. Attempts to refine the O atoms
other sites in the unit cell did not lead to an improvement
the fit. Refinement of the oxygen position, isotropic therm
parameters, and the occupancy of the CO2 molecules gave
0.4462~16!, 0.08~1! Å2, and 0.82~2!, although these param
eters were found to be highly correlated. The CvO bond
length of 1.32~2! Å was significantly longer than expecte
from the literature~1.165 Å! for CO2 ~Ref. 13! and was
thought to be an artifact of refinement correlations. In t
final refinement the oxygen positions were fixed so as to g
the above literature CvO bond length, the thermal param
eters were fixed at more physical values and the occupa
was refined and found to be 0.80~2!. The fractional coordi-
nates and isotropic thermal parameters for this phase at
K are given in Table II.

Low-temperature phase

Figure 3 shows the observed, calculated, and differe
neutron diffraction patterns for C60~CO2!x at 5 K. Examina-
tion of the increased number of reflections in this patte
clearly indicated that this phase could not be refined in
same thePa3̄ space group as the low-temperature forms
FIG. 2. The observed~1!, calculated, and difference~solid lines! powder neutron diffraction profiles for C60(CO2)x at 293 K.
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FIG. 3. The observed~1!, calculated and difference~solid lines! neutron diffraction patterns for C60(CO2)x at 5 K.
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the parent compound8 or the rare gas intercalatesRxC60 @R
5Ar(x51.0),2 Kr(x50.84), Xe(x50.66)#.3

Initial indexing of the reflections suggested aP-centered
tetragonal cell with a;9.76 Å ('acubic/&) and c
;14.63 Å; the newa parameter being generated by a 4
rotation of the crystallographicx andy axes about thez axis.
Figure 4 shows the relationship between thePa3̄ cell of the
parent compound and the reduced (a/&)3(a/&)3a cell
of the low-temperature form of C60~CO2!x . Open circles in-
dicate C60 molecules atz50 and shaded circles indicat
those atz5 1

2 ; while the linesm1 and m2 indicate vertical
mirror planes in C60 and C60~CO2!x , respectively. Compari-
son of the lattice parameters of the reduced cell with
equivalent values for the low-temperature form of C60
@14.041~1! Å# ~Ref. 11! indicate a contraction along thea
direction by 2% and an expansion along thec direction by
4% relative to the parent compound. Such an anisotro
variation in cell volume suggested that the CO2 molecules
were oriented in the lattice approximately parallel to thez
axis.

Attempts were made to refine the structure in a numbe
different tetragonal settings. The initial structural model w

TABLE II. Fractional atomic coordinates and equivalent isotr
pic thermal parameters (Beq) (Å 23100) for C60~CO2!x at 293 K,
with estimated standard deviations in parentheses.

Atom x y z Beq
a (Å 23100)

C1 0 0 0 1.0~1!b

Cc 0.5 0.5 0.5 5.0
Oc 0.452 88d 0.452 88 0.452 88 5.0

aBeq5 8/3p2@U11(aa* )2 1 U22(bb* )2 1 U33(cc* )2

12U12aa* bb* cosg12U13aa* cc* cosb12U33bb* cc* cosa].
bThe thermal parameter of C1 relates to freely rotating C60 mol-
ecules.

cOccupancy of CO250.80(2).
dCalculated position based on a 1.165 Å bond length.
e
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f
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constructed by translating a cubic model for C60 ~Ref. 22!
into the tetragonal space groupP42 /mnm. The fractional
coordinates were scaled to reflect the anisotropic cell dim
sions relative to the cubic model, so as to ensure sphe
C60 molecules with radii of 3.54~1! Å. By virtue of the 4 or

4̄ axis, all of the allowed tetragonal space groups led t
constraint such that the C60 molecules must be oriented in th
unit cell so as to give rise to a horizontal mirror plane. It w
clear from the poor fits (GOF;200) to the observed dat
that these tetragonal space groups were unsuitable and
the mirror plane present in the C60 molecules did not lie in
the ab plane.

The poor fit to these data based on tetragonal sp
groups suggested further reductions in symmetry. As a s
ing point for a model in an orthorhombic setting we tran
formed the low-temperature model for C60 from the reported

FIG. 4. The relationship between thePa3̄ cell of the C60 and the
(a/&)3(a/&)3a cell of the low-temperature form o
C60(CO2)x . Open circles indicate C60 molecules atz50 and
shaded circles indicate those atz5

1
2 . m1 ~solid! and m2 ~dashed!

indicate vertical mirror planes in C60 and C60(CO2)x , respectively.
Arrows denote the sense of tilting of the molecule along
^616161& directions~see text!.
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Pa3̄ space group8 to the Pbca space group. Refinemen
were carried out after rotations of the C60 molecule with
respect to the unit cell axes in 5° or 10° steps. No satisfac
solutions were obtained, although the series of rotations
minimized the goodness of fit (GOF;100) saw a mirror
plane of the C60 molecules aligned approximately normal
the ^110& direction.

Lowering of the symmetry yet further to a monoclin
(P21 /n) space group was necessary in order to generate
correct relationship between the two symmetry-related60
molecules in the unit cell: (x,y,z)→(x1 1

2 ,ȳ1 1
2 ,z1 1

2 ). Fur-
ther small rotations~1°! of the C60 molecules yielded a
structure @a59.7438(9) Å, b59.7473(9) Å, c
514.6121(11) Å, b590.390(6)°# that gave a good fit
(RP53.1%, GOF56.8, RB55.4%) to the observed data. I
order to avoid correlations between CO2 thermal parameters
and occupancy the latter was fixed at the value of 0.80
determined from the room-temperature profile. The refin
fractional coordinates and isotropic thermal parameters
C60~CO2!x are listed in Table III, while the nearest-neighb
intermolecular contacts between C60 and CO2 molecules are
given in Table IV. The refined unit cell is shown in Fig. 5~a!,
while the orientation of the CO2 molecules with respect to
the c axis is highlighted in Fig. 5~b!. Note that the oxygen
atoms are adjacent to the pentagonal faces of the adja
C60 molecules.

In order to confirm the monoclinic cell of the low
temperature form of C60~CO2!x , a diffraction profile was col-
lected at a longer neutron wavelength@l51.9905(1) Å#.
The structure was refined in the monoclinic setting as wel
an orthorhombic setting (P21 /n with b fixed at 90°!. The
monoclinic setting gave a superior fit to the data~mono:
RP54.1%, GOF54.6%; ortho: RP55.6%, GOF58.4%)
and it was clear from these refinements that some peak s
tings were present which could not be explained using ort
rhombic symmetry.

The orientation of the C60 molecules with respect to on
another in the low-temperature form of C60~CO2!x are sub-
stantially different to those observed in the low-temperat
form of the parent compound.11 In the case of pure C60, the
molecule centered at~0,0,0! has hexagonal faces which a
normal to thê 111& direction with pentagonal faces aligne
essentially normal to thê110& direction@Fig. 6~a!#. The ori-
entation places one of the molecule’s three mutually
thogonal mirror planes vertical and perpendicular to

^11̄0& direction @Fig. 6~b! andm1 in Fig. 4#.11,23 The orien-
tational ordering in pure C60 is dominated by van der Waal
bonding and electrostatic repulsion so as to have the m
electron-poor regions~the pentagonal faces! facing the most
electron-rich regions~the interpentagon 6:6 bonds! of adja-
cent C60 molecules@indicated by gray shading in Fig. 6~b!#.
The nearest-neighbor molecules at~1

2,0,12!, ~0,1
2,

1
2!, and~1

2,
1
2,0!

have hexagonal faces oriented normal to^1̄1̄1&, ^11̄1&, and

^1̄11&, respectively. This is illustrated in Fig. 4 by solid a
rows, where the sense of the arrows indicates a tilting of
axis above the plane of the page.

The orientation of C60 molecules in C60~CO2!x is deter-
mined by van der Waals and electrostatic interactions
tween both the intercalated CO2 molecules and the neighbo
ing C60 molecules. Figure 4 shows that the vertical mirr
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planes ~indicated by dashed linesm2) in C60~CO2!x have
been rotated by approximately 45° relative to the verti
mirror planes (m1) in C60. As a consequence, bothm1 and
m2 retain similar orientations with respect to their structu
axes. Comparison of these mirror planes in C60 @Fig. 6~b!#

TABLE III. Fractional atomic coordinates and equivalent isotr
pic thermal parameters (Beq) (Å 23100) for C60~CO2!x at 5 K, with
estimated standard deviations in parentheses.

Atom x y z Beq
a (Å 23100)

C1 0.0873~1! 20.3502~1! 0.0270~1! 1.0~1!

C2 0.0293~1! 0.3503~3! 20.0599~1! 1.0~1!

C3 0.2182~1! 20.2842~3! 0.0425~1! 1.0~1!

C4 20.1169~1! 20.3259~4! 20.0714~1! 1.0~1!

C5 0.0016~1! 20.3258~4! 0.1072~1! 1.0~1!

C6 0.2238~2! 20.2231~1! 20.1191~2! 1.0~1!

C7 0.0985~2! 20.2862~1! 20.1337~2! 1.0~1!

C8 0.2844~3! 20.2223~1! 20.0287~3! 1.0~1!

C9 20.1995~2! 20.3025~1! 0.0061~4! 1.0~1!

C10 20.1393~3! 20.3022~1! 0.0962~3! 1.0~1!

C11 0.2088~3! 0.0123~2! 0.1992~4! 1.0~1!

C12 0.0811~2! 20.0125~1! 0.2368~3! 1.0~1!

C13 0.2764~2! 20.0930~1! 0.1462~3! 1.0~1!

C14 20.0245~1! 20.0929~1! 0.2336~1! 1.0~1!

C15 0.2378~1! 0.1444~3! 0.1564~1! 1.0~1!

C16 0.0814~1! 20.2424~3! 0.1732~1! 1.0~1!

C17 0.0169~1! 20.1414~4! 0.2237~1! 1.0~1!

C18 0.2142~1! 20.2169~4! 0.1335~1! 1.0~1!

C19 0.0038~2! 0.2205~1! 0.1924~2! 1.0~1!

C20 0.1362~2! 0.2462~1! 0.1532~2! 1.0~1!

C21 0.3319~3! 20.0071~1! 20.0974~3! 1.0~1!

C22 0.3087~2! 0.1326~1! 20.0910~4! 1.0~1!

C23 0.3521~3! 20.0878~1! 20.0151~3! 1.0~1!

C24 0.2057~3! 0.1977~2! 20.1490~4! 1.0~1!

C25 0.2533~2! 20.0893~1! 20.1625~3! 1.0~1!

C26 0.3245~2! 0.1197~1! 0.0751~3! 1.0~1!

C27 0.3052~2! 0.1966~1! 20.0038~3! 1.0~1!

C28 0.3483~2! 20.0260~1! 0.0688~3! 1.0~1!

C29 0.1299~2! 0.1182~1! 20.2120~3! 1.0~1!

C30 0.1540~2! 20.0268~1! 20.2185~3! 1.0~1!

C 0 0 0.5 2.1~5!

0 0.0393~2! 0.0083~1! 0.5703~3! 2.2~5!

aBeq5 8/3p2@U11(aa* )2 1 U22(bb* )2 1 U33(cc* )2

1 2U12aa* bb* cosg12U13aa* cc* cosb12U33bb* cc* cosa#.

TABLE IV. Intermolecular distances~Å! in C60~CO2!x at 5 K.

C~C60!-O ~z axis!
C14-O 3.03~1! C12-O 3.06~1! C30-O 3.30~1!

C17-O 3.33~1! C29-O 3.48~1!

C~C60!-O ~^110&!
C8-O 3.22~1! C9-O 3.39~1! C27-O 3.53~1!

C3-O 3.55~1! C6-O 3.58~1!

C~C60!-C~CO2! ~^110&!
C8-C 3.45~1! C9-C 3.51~1! C3-C 3.52~1!

C27-C 3.52~1!
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and C60~CO2!x @Fig. 5~b!# indicate that their orientations als
differ by a ;15° rotation about̂11̄0&.

Examination of the cell parameters of C60 and C60~CO2!x
indicates a contraction along thea and b directions and an
expansion along thec direction of the latter. The low-
temperature form of C60 is a highly frustrated system with
van der Waals and electrostatic interactions in three dim

FIG. 5. The low-temperature structure of C60(CO2)x : ~a!
Viewed along theb axis; ~b! viewed along thê 11̄0& direction,
showing intermolecular contacts between C60 and CO2. The mirror
planem2 is in the plane of the page and the two mutually orthog
nal mirror planes of the C60 molecule are represented by dash
lines.
n-

sions. Intercalation of CO2 into the C60 lattice has effectively
forced the C60 molecules apart along thez axis, allowing the
lattice to relax in thexy plane, leading to a pseudo-two
dimensional structure. The CvO bond length in the low-
temperature form of C60~CO2!x was refined to a value o
1.07~2! Å; an 8% reduction in length compared to the room
temperature value. When this is related to the 4% reduc
in volume of the unit cell of C60~CO2!x between room tem-
perature and 5 K, the strength of the compressive for
acting axially on the CO2 molecules becomes apparent.

The orientation of the CO2 molecules with respect to th
C60 molecules was also refined in the final structural mod
The CO2 molecules were found to be oriented such that
CvO bond was tilted approximately 21° from thebc plane
@Fig. 5~a!# and ;5° from the ac plane. The effect of this
tilting is to place the O atoms adjacent to a pentagonal f
of the nearest-neighbor C60 molecule along thez axis. Inter-
molecular contact distances between the O atom of the2
molecules and the C atoms of the adjacent pentagonal
@Fig. 5~b!# range from 3.03~1! to 3.48~1! Å ~Table IV!. Elec-
trostatic forces can also be envisaged between the CO2 and
C60 molecules where the electron-poor pentagonal faces

-

FIG. 6. The orientation of molecules in the low-temperatu
form of pure C60: ~a! Viewed along thê110& direction; the shaded
atoms are those of the interpentagonal 6:6 bond in the nea
neighbor C60 molecule;~b! viewed along thê11̄0& direction. The
mirror planem1 is in the plane of the page and the two mutua
orthogonal mirror planes of the C60 molecule are represented b
dashed lines.
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the C60 face the electron-rich oxygen atoms of the CO2 mol-
ecules. The lowering of crystal symmetry to monoclinic
the low-temperature form of C60~CO2!x can thus be seen a
the net result of the interplay between van der Waals
electrostatic forces, leading also to the tilting of CO2 mol-
ecules away from the vertical.

The combination of van der Waals and electrostatic in
actions observed between molecules in C60~CO2!x at low
temperature has also been reported by van Smaalen an
workers for (CO)xC60 (x50.67).10 In this instance, as in the
case of the rare gas intercalated compounds,2,3 the cubic
close packing of the C60 molecules was not disturbed by th
presence of the intercalate and the relative orientations o
C60 molecules were found to be the same as for the pa
compound. The intermolecular interactions reported
(CO)xC60 do differ slightly from those observed in ou
study. The results of their structural refinement using s
chrotron x-ray diffraction data led them to conclude that
CO molecule was oriented such that the C atom, being
negative component of the dipole, was facing its near
neighbor C60 molecule and positioned above an electro
poor 6:5 bond. The distances between the C atom of the
v
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e
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molecule and the two atoms of the adjacent 6:5 bond of
C60 molecule@2.39~5! and 2.55~4! Å# suggest a significantly
stronger intermolecular interaction than is the case
C60~CO2!x . This is a consequence of the fact that the C2
molecule interacts symmetrically and most strongly with
two axial C60 molecules of the distorted octahedron s
rounding it, while the CO molecule interacts primarily wi
only one of the six C60 molecules of a regular octahedron

In conclusion, we have determined the structure of
intercalate compound C60~CO2!x at temperatures between
K and room temperature using powder neutron diffract
and Rietveld techniques. A structural transition is obser
between a high-temperature fcc phase and a low-temper
monoclinic phase in which the C60 and CO2 molecules be-
come orientationally ordered; a consequence of electros
and van der Waals interactions. Expansion of the lo
temperature structure along thec axis due to vertically ori-
ented CO2 leads to a reduction in the three-dimensional fr
tration observed in other C60-based systems. The structure
this compound in the transition region between 150 and
K has not been adequately determined and is currently
subject of a high-resolution synchrotron diffraction study
.
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