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The intercalate compoundggCO,), has been synthesized by hot isostatically pressiggu@der 170 MPa
of CO, and 350 °C. Neutron powder diffraction studies conducted g4tGD,), between room temperature
and 5 K have been analyzed using Rietveld techniques and reveal a structural transition between a high-
temperaturg=250 K) face-centered cubic pha§Em3m, a=14.224(2) A(293 K)] and a low-temperature

(=150 K) monoclinic phase [P2,/n,

a=9.7438(9) A, b=9.7473(9) A, c=14.6121(11) A, B

=90.396)° (5 K)]. The CQ molecules occupy the octahedral interstices between ghenGlecules 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

Cgo molecules[S0163-182808)05545-3

INTRODUCTION

Crystallographic study
Powder neutron diffraction data were collected Xat

Over the past few years the trapping of gases interstitiall 1 663(1) A, over a temperature range 5-293 K, and a
in fullerite materials has received considerable attention, instep size of 0.1°, on the medium-resolution powder diffrac-

cluding the intercalation of atomic rare gadéte, Ne, Ar,
Kr, and Xe (Refs. 1-3 and molecular gases gHand
0,).57° The intercalation of CO into solid & has also re-
cently been reportetf.

Solid Gsois composed of g molecules held together in a
face-centered cubi¢fcc) array by van der Waals forces,

tometer (MRPD),'® using thermal neutrons from the High
Flux Australian ReactofHIFAR) nuclear reactor at the Aus-
tralian Nuclear Science and Technology Organisation
(ANSTO).}” The sample was housed in a vanadium can and
mounted in a closed-cycle helium refrigerator which allowed
cooling down to 5 K. Rietveld analysfSof the neutron dif-

which at room temperature are insufficient to prevent fredraction profiles was performed using the prograsPm

rotation of the Gy molecules. Cooling of the solid sees the

(Ref. 19 with a pseudo-Voigt peak shape function and an

domination of van der Waals forces over the thermal energynterpolated background.
of the Gy, molecules and orientational ordering occurs at

~249 K producing a structural transition from chnh?m)
to simple cubic(so) (Pa3).!! An isostructural phase transi-
tion occurs for GO, (Ref. 9 and (CO)Cqy (Ref. 10 as

well as for the rare gas intercalate phaBe€4, with transi-

RESULTS AND DISCUSSION

Figure 1 shows the powder neutron diffraction profiles of
Ceo(CO,), over the range 293 to 5 K, which indicates a struc-
tural transition with the lowering of temperature. A decrease

tion temperatures that decrease with increasing intercalai@ structural symmetry below~250 K is reflected in the

radius: 250 K R=Ar, x=1.0), 240 K(Kr, x=0.84), 210 K
(Xe, x=0.66) 3

Based on a cell constant ofgof approximately 14.19 A
the van der Waals radius of cubic close-packeg @ol-

splitting of diffraction lines, while the growth of peaks in the
20 region above-40° indicates orientational ordering of the
molecules in the sample. Examination of Fig. 1 indicates that
the structural transition is complete by 150 K. The refined

ecules is 5.01 A and the lattice contains one interstitial octacell parameters and=0 bond lengths of g(CO,), versus
hedral site of minimum radius 2.06 A and two tetrahedral

sites of minimum radius 1.13 A perggmolecule®!? Given

a C—0 bond length of 1.165 fRef. 13 and a van der Waals
radius for O of 1.52 A it is expected that C§) like the rare
gases, CO and £ should only occupy the octahedral inter-
stitial site. In addition, given the size of the G@olecules,

it is unlikely that they would be able to freely tumble in the
octahedral interstices as has been suggested,fordlecules
with a van der Waals radius of 2.00°A.

EXPERIMENT
Synthesis
Two grams of brown fcc g, powder(ultrapure 99.95 %,
SES Chemicals Ingwas hot isostatically pressed for 60 h at
350 °C under 170 MPa of CQo form Gg(CO,), .1°
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FIG. 1. Powder neutron diffraction profiles of{CGO,), over
the range 293 to 5 K.

14 780 ©1998 The American Physical Society



PRB 58 CHARACTERIZATION OF THE INTERCALATE . .. 14 781

TABLE I. Refined cell parameters and=80 bond length for g(CO,), .

Temp.(K)  Space group a(h) b (A) c(A) B c=0 (A)
293 Em3m 14.2242) 1.16%
260 14.1924)

255 14.1785)
250 14.15806)
150 P2,/n 9.786718) 9.788417) 14.615018) 90.38211) 1.123)
100 9.762112) 9.768212) 14.622614) 90.39717) 1.0713)
50 9.750611) 9.755911) 14.616Q13) 90.3837) 1.072)
5 9.74389) 9.74739) 14.612111) 90.39@6) 1.072)
Fixed.

temperature are given in Table I. Structural refinements from Simple geometric arguments suggest that the, G@I-
the diffraction data collected at 225 and 200 K within theecules should not be able to freely rotate within the octahe-
transition region were unsatisfactory using either the high- odral interstices. Refinements were made with the eight O
the low-temperature structural models; a consequence of iratoms of the four C@ molecules per unit cell disordered
sufficient resolution between peaks in the diffraction profile.over the 32f(x,x,x) sites, thus aligning the CQalong the
The nature of the structure ofgCO,), in the transition body diagonal of the cel[Rp,=3.2, goodness of fit (GOF)
region between 150 and 250 K has not been determineds 4.2, andRg=28.9] and providing the maximum space be-
although analysis of our current data suggests the possibilitfween the G molecules. Attempts to refine the O atoms on
of this being a two-phase region. other sites in the unit cell did not lead to an improvement in
the fit. Refinement of the oxygen position, isotropic thermal
parameters, and the occupancy of the,Gblecules gave
0.446216), 0.081) A2 and 0.822), although these param-
Figure 2 shows the observed, calculated, and differencgters were found to be highly correlated. The=O bond
powder neutron diffraction profiles forggCO,), at 293 K. |ength of 1.322) A was significantly longer than expected
Rietveld refinement indicates a good fit to the 131 observegtom the literature(1.165 A for CO, (Ref. 13 and was
reflections using a cubicem3m, a=14.224(2) model with  thought to be an artifact of refinement correlations. In the
CO, located in the octahedral interstices between tRg C final refinement the oxygen positions were fixed so as to give
molecules. Refinement of these data indicated no evidendbe above literature ££0 bond length, the thermal param-
for CO, occupying the tetrahedral interstices. The main erroeters were fixed at more physical values and the occupancy
in the fit is in the reflections at low& which can be attrib- was refined and found to be 0@). The fractional coordi-
uted to hexagonal stacking fault disorders that are generallgates and isotropic thermal parameters for this phase at 293
associated with §,2%%! As for previous studie§;*'>?°the K are given in Table II.
Cso molecules were modeled using a zero-order spherical
Bessel functionjy=sin(«Ry)/(xkRy) (k=4 sin 8/\). This
uniform distribution of the C atoms on the surface of a )
sphere of radiuR,=3.54 A reflects the orientational disor- ~ Figure 3 shows the observed, calculated, and difference
der produced by the unhindered rotation of thg @olecules ~ Neutron diffraction patterns forgCO,), at 5 K. Examina-
and has the additional advantage of reducing the number ¢fon of the increased number of reflections in this pattern
structural parameters for th%mo|ecu|e to tWORO; and an Clearly |nd|Cited that th|S phase Could not be reﬂned n the
isotropic thermal parameter. same theP a3 space group as the low-temperature forms of
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FIG. 2. The observe@+), calculated, and differendsolid lineg powder neutron diffraction profiles forggCO,), at 293 K.
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FIG. 3. The observed+), calculated and differendgolid lineg neutron diffraction patterns forgfCO,), at 5 K.

the parent compouficbr the rare gas intercalaté®Cqp [R
=Ar(x=1.0) 2 Kr(x=0.84), Xek=0.66)].3

Initial indexing of the reflections suggestedPecentered
tetragonal cell with a~9.76 A (=~ai/v2) and c

constructed by translating a cubic model fog,QRef. 22
into the tetragonal space group4,/mnm The fractional
coordinates were scaled to reflect the anisotropic cell dimen-
sions relative to the cubic model, so as to ensure spherical

~14.63 A; the newa parameter being generated by a 45°C,, molecules with radii of 3.54) A. By virtue of the 4 or

rotation of the crystallographic andy axes about the axis.

Figure 4 shows the relationship between B3 cell of the
parent compound and the reducealy2) X (a/v2)Xa cell
of the low-temperature form of (CO,),. Open circles in-

4 axis, all of the allowed tetragonal space groups led to a
constraint such that theggmolecules must be oriented in the
unit cell so as to give rise to a horizontal mirror plane. It was
clear from the poor fits (GOF200) to the observed data

dicate Go molecules atz=0 and shaded circles indicate that these tetragonal space groups were unsuitable and that

those atz=3; while the linesm; and m, indicate vertical

mirror planes in Gy and GyCO,),, respectively. Compari-

the mirror plane present in theggSmolecules did not lie in
the ab plane.

son of the lattice parameters of the reduced cell with the The poor fit to these data based on tetragona| space
equivalent values for the low-temperature form of,C groups suggested further reductions in symmetry. As a start-

[14.0411) A] (Ref. 1)) indicate a contraction along the
direction by 2% and an expansion along thdirection by

ing point for a model in an orthorhombic setting we trans-
formed the low-temperature model fogf3rom the reported

4% relative to the parent compound. Such an anisotropic

variation in cell volume suggested that the £@olecules

were oriented in the lattice approximately parallel to the

axis.

Attempts were made to refine the structure in a number of
different tetragonal settings. The initial structural model was

TABLE II. Fractional atomic coordinates and equivalent isotro-

pic thermal parametersB(,) (A?x100) for Gy(CO,), at 293 K,
with estimated standard deviations in parentheses.

Atom X y z Bq (A2x100)
CL o 0 0 1.01)°
ct 0.5 0.5 0.5 5.0
o° 045288 0.45288 0.45288 5.0

Boq= 8/37°[Ugy(aa* )2+ Uyy(bb*)? + Ugy(cct)?

+2U ,aa*bb* cosy+2U;5aa* cc* cosB+2Usbb* cc* cosal.
®The thermal parameter of C1 relates to freely rotating @ol-
ecules.

‘Occupancy of C@=0.8(0(2).

dCalculated position based on a 1.165 A bond length.

FIG. 4. The relationship between tRa3 cell of the Ggand the
(alv2)x(alv2)xa cell of the low-temperature form of
Cso(CO,),. Open circles indicate § molecules atz=0 and
shaded circles indicate those zt 3. m; (solid) and m, (dashedi
indicate vertical mirror planes inggand Gy CO,),, respectively.
Arrows denote the sense of tilting of the molecule along the
(x1*x1x1) directions(see text
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=y - TABLE Ill. Fractional atomic coordinates and equivalent isotro-
Pa3 space groupto the Pbca space group. Refinements . ;
P 9 Lﬁ) P group pic thermal parameterd$3(,) (A?x100) for G(CO,), at 5 K, with

were carried OUF after rota_tlons of thes{molecule W'th estimated standard deviations in parentheses.
respect to the unit cell axes in 5° or 10° steps. No satisfactory

solutions were obtained, although the series of rotations thag;ym % y 2 B (A2x100)
minimized the goodness of fit (GOFLO0) saw a mirror
plane of the G, molecules aligned approximately normal to C1 0.08781) —0.35021)  0.027Q1) 1.01)
the (110 direction. Cc2 0.02981) 0.35033) —0.05991) 1.0(1)
Lowering of the symmetry yet further to a monoclinic C3 0.21821) —0.28423) 0.042%1) 1.0(1)
(P2,/n) space group was necessary in order to generate theC4 —0.11691) —0.32594) —0.07141) 1.0
correct relationship between the two symmetry-relatgd C C5 0.00161) —0.32584) 0.10721) 1.001)
molecules in the unit cell:x,y,z) — (x+ 3,y + 3,2+ 3). Fur- C6 0.22382) —0.22311) —0.11912) 1.000)
ther small rotations(1°) of the G molecules yielded a c7 0.098%2) —0.28621) —0.13372) 1.001)
structure  [a=9.7438(9) A, b=9.7473(9) A, ¢ cs 0.28443) —0.22231) —0.02873) 1.01)
=14.6121(11) A, B=90.39q6)°] that gave a good fit ~C9 —0.19952) —0.30281)  0.00614) 1.0(1)
(Rp=3.1%, GOF=6.8,Rz=5.4%) to the observed data. In c10 -0.13933) -0.30271) 0.09623) 1.0(2)
order to avoid correlations between gthermal parameters c11 0.20883) 0.01232)  0.19924) 1.0(1)
and occupancy the latter was fixed at the value of 0.80 asci2 0.08112) —0.01251)  0.23683) 1.01)
determined from the room-temperature profile. The refinedciz 027642 —0.09301)  0.14623) 1.02)
fractional coordinates and isotropic thermal parameters forq4 ~0.02451) -0.09291)  0.23361) 1.001)
Ceo(CO,), are listed in Table Ill, while the nearest-neighbor -5 023781) 0.14443)  0.15641) 1.01)
intermolecular contacts betweegg@nd CQ molecules are 4 008141) —024243)  0.17321) 1.01)

given in Table IV. The refined unit cell is shown in Figah

. . . . C17 0.01691) —0.14144 0.22371 1.01
while the orientation of the COmolecules with respect to a0 ) 0 an

the ¢ axis is highlighted in Fig. ). Note that the oxygen Cig géégg ggiggg giggig 18&;
gt;nrﬁnsdaerfu'aedsj.acent to the pentagonal faces of the adjacerﬁzo 013622 0.24621)  0.15322) Lo

In order to confirm the monoclinic cell of the low- C2% ~ 0-331€) —0.00711) —0.09743) 1.02)
temperature form of g(C0O,),, a diffraction profile was col- c22 0.30872)  0.13261) —0.091G4) 1.001)
lected at a longer neutron wavelendth=1.9905(1) A]. €23 0.35243) —0.08781) —0.01513) 1.01)
The structure was refined in the monoclinic setting as well as©24 0.20513)  0.19772) —0.149Q4) 1.01)
an orthorhombic settingR2,/n with 3 fixed at 903. The ~ C25  0.2538) —0.08931) -0.162%3) 1.01)
monoclinic setting gave a superior fit to the ddtaono: ~ €26 ~ 0.3248&)  0.11971)  0.07513) 1.01)
Rp=4.1%, GOF=4.6%; ortho:Rp=5.6%, GOR=8.4%)  C27  03052)  0.19661) —0.00383) 1.03)
and it was clear from these refinements that some peak splitc28 ~ 0.3488) —0.026@1)  0.06883) 1.0(2)
tings were present which could not be explained using ortho-C29 ~ 0.129%2)  0.11821) —0.212G3) 1.001)
rhombic symmetry. C30 0.154(2) —0.02681) —0.218%3) 1.02)

The orientation of the § molecules with respect to one C 0 0 0.5 2.5
another in the low-temperature form of40CO,), are sub- 0 0.03932)  0.00831)  0.57033) 2.2(5)

stantially different to those observed in the low-temperature
form of the parent compounid.in the case of pure g, the  Beq= 8/377[U1y(aa*)? + Upy(bb*)? + Ugycc*)?

molecule centered &0,0,0 has hexagonal faces which are + 2Uj,aa* bb* cosy+2U zaa* cc* cospB+2Uzbb*cc* cosal.
normal to the(111) direction with pentagonal faces aligned

essentially normal to th¢110) direction[Fig. 6@)]. The ori-  planes (indicated by dashed lines,) in Cqo(CO,), have
entation places one of the molecule’s three mutually Oryeen rotated by approximately 45° relative to the vertical
th%]onal mirror planes vertical and perpendicular to themirror planes fn;) in Cg, As a consequence, both, and
(110) direction[Fig. 6b) andm, in Fig. 4.2 The orien-  m, retain similar orientations with respect to their structural
tational ordering in pure & is dominated by van der Waals axes. Comparison of these mirror planes ig {Fig. 6(b)]
bonding and electrostatic repulsion so as to have the most

electron-poor region&he pentagonal facg$acing the most TABLE IV. Intermolecular distance6l) in Cg(CO,), at 5 K.
electron-rich regiongthe interpentagon 6:6 bondsf adja-
cent G moleculedindicated by gray shading in Fig(l®]. C(Cep)-O (z axi9

The nearest-neighbor molecules(éﬂ,%),(i,%,%), a@(%,%,O) C14-0 3.031) C12-0 3.061) C30-0 3.301)
have hexagonal faces oriented norma{td1), (111), and C17-0 3.381) C29-O  3.481)

(111), respectively. This is illustrated in Fig. 4 by solid ar- C(Ce0)-O ((110)
rows, where the sense of the arrows indicates a tilting of thi£8-0 3.221) C9-0 3.391) C27-O0 3.531)
axis above the plane of the page. C3-0 3.5%1) C6-0 3.581)
The orientation of g, molecules in G(CO,), is deter- C(Cgp-C(CO,) ({110)
mined by van der Waals and electrostatic interactions beesg-c 3.4%1) C9-C 3.511) C3-C 3.521)

tween both the intercalated G@olecules and the neighbor- c27-c 3.521)
ing Cgso molecules. Figure 4 shows that the vertical mirror
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(b)

FIG. 6. The orientation of molecules in the low-temperature
form of pure Gy (a) Viewed along thg110) direction; the shaded

atoms are those of the interpentagonal 6:6 bond in the nearest-
neighbor Gy molecule;(b) viewed along th€110) direction. The
mirror planem; is in the plane of the page and the two mutually
orthogonal mirror planes of theggmolecule are represented by
dashed lines.

sions. Intercalation of CQinto the G lattice has effectively
forced the Gy molecules apart along tieaxis, allowing the
lattice to relax in thexy plane, leading to a pseudo-two-
dimensional structure. The=€0 bond length in the low-
temperature form of g(CO,), was refined to a value of
1.072) A; an 8% reduction in length compared to the room-
(b) temperature value. When this is related to the 4% reduction
in volume of the unit cell of g(CO,), between room tem-
FIG. 5. The low-temperature structure ofgiICO5),: (a) perature and 5 K, the strength of the compressive forces
Viewed along theb axis; (b) viewed along thg(110) direction,  acting axially on the C@molecules becomes apparent.
showing intermolecular contacts betweeg, @d CQ. The mirror The orientation of the COmolecules with respect to the
planem; is in the plane of the page and the two mutually orthogo-C,, molecules was also refined in the final structural model.
nal mirror planes of the ¢ molecule are represented by dashed The CQ, molecules were found to be oriented such that the
lines. C=0 bond was tilted approximately 21° from the plane
[Fig. 5@] and ~5° from the ac plane. The effect of this
and Go(COy)y [Fig. S(b)] indicate that their orientations also tjiting is to place the O atoms adjacent to a pentagonal face
differ by a ~15° rotation abou{110}). of the nearest-neighborggmolecule along the axis. Inter-
Examination of the cell parameters ofgand Gy(CO,)y molecular contact distances between the O atom of the CO
indicates a contraction along tleeand b directions and an molecules and the C atoms of the adjacent pentagonal face
expansion along the direction of the latter. The low- [Fig. 5b)] range from 3.0@l) to 3.481) A (Table IV). Elec-
temperature form of £ is a highly frustrated system with trostatic forces can also be envisaged between the &0Q
van der Waals and electrostatic interactions in three dimencg, molecules where the electron-poor pentagonal faces of
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the G, face the electron-rich oxygen atoms of the Q@ol- molecule and the two atoms of the adjacent 6:5 bond of the
ecules. The lowering of crystal symmetry to monoclinic in Cso molecule[2.395) and 2.5%4) A] suggest a significantly
the low-temperature form of gg(CO,), can thus be seen as stronger intermolecular interaction than is the case for
the net result of the interplay between van der Waals an€4,(CO,),. This is a consequence of the fact that the,CO
electrostatic forces, leading also to the tilting of £@ol-  molecule interacts symmetrically and most strongly with the
ecules away from the vertical. two axial G molecules of the distorted octahedron sur-
The combination of van der Waals and electrostatic interrounding it, while the CO molecule interacts primarily with
actions observed between molecules igy(CO,), at low  only one of the six g, molecules of a regular octahedron.
temperature has also been reported by van Smaalen and co-In conclusion, we have determined the structure of the
workers for (CO)Cqo (x=0.67) 2% In this instance, as in the intercalate compound CO,), at temperatures between 5
case of the rare gas intercalated compoufridthe cubic K and room temperature using powder neutron diffraction
close packing of the £ molecules was not disturbed by the and Rietveld techniques. A structural transition is observed
presence of the intercalate and the relative orientations of thieetween a high-temperature fcc phase and a low-temperature
Cso molecules were found to be the same as for the parentonoclinic phase in which theggand CQ molecules be-
compound. The intermolecular interactions reported forcome orientationally ordered; a consequence of electrostatic
(CO),Cqo do differ slightly from those observed in our and van der Waals interactions. Expansion of the low-
study. The results of their structural refinement using syntemperature structure along tleaxis due to vertically ori-
chrotron x-ray diffraction data led them to conclude that theented CQ leads to a reduction in the three-dimensional frus-
CO molecule was oriented such that the C atom, being th&ration observed in otherdgbased systems. The structure of
negative component of the dipole, was facing its nearestthis compound in the transition region between 150 and 250
neighbor Gy, molecule and positioned above an electron-K has not been adequately determined and is currently the
poor 6:5 bond. The distances between the C atom of the C®ubject of a high-resolution synchrotron diffraction study.
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