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Single C-C bond in (Cgp) 2~
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The structure of the dimer phases of Rig@nd KCg, 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 g polymers. Molecular orientation and space group symmetry were also determined.
[S0163-182696)05643-3

The monoanionic fulleride®\Cg, (A=K,Rb,C9 have a The polycrystalline samples were prepared by the usual
rich phase diagram and show a number of interesting physiolid state reaction of stoichiometric amounts of K or Rb and
cal properties® The most prominent feature is the existencehigh purity (99.9% Cg, powder at 650 K. As in earlier stud-
of noncubic conducting and insulating phases observed whe@s, the powder samples were pure in the sense that only the
the high temperature>400 K) rocksalt phase is cooled fcc phase was observed at 473 K. However, this does not
slowly or quenched, respectively® The conducting phase is ensure that the sample will be structurally single phase after
a linear polymer formed by th@+ 2] cycloaddition reaction it is quenched. In previous data on the quenched dimer phase
between double bond§:!! shrinking the interfullerene dis- 0f RbCgo, @ minority (~20%) fcc coexisted with the mono-
tance by~1 A from the usual van der Waals valfighis  clinic dimer phasé’ It is not easy to correct the data for the
particular form of interfullerene bond was first hypothesizedinfluence of this phase, because the reflections severely over-
for photopolymerized @, (Ref. 12 and has subsequently lap. It was noted in differential scanning calorimetry stuflies
been shown to occur in pressure-po|ymeriz% @efs_ 13 that if the temperature is Cycled between 220 and 273 K, two
and 14 and Na,ACg,.*° An insulating phase is obtained by Weak endothermic peaks occur on the first heating, which are
rap|d|y Coo”ng from the rocksalt phase to below 273 K, absent in the fO||OWing CyCIes. We repeatEd this heat treat-
thereby preventing po|ymerizati0n_ X-ray powder diffraction ment and found that it eliminates the minority fcc phase. Itis
gave evidence for the formation of dimers in a monocliniccrucial to limit the time spent at 273 K, otherwise the meta-
metastable phasé&!’ It was originally described as having Stable dimer phase will start to transform into the polymer.
either an orthorhombic unit cell of eight fulleren@stho-II)
or a monoclinic unit cell of fout®!” but the quality of the
current data set excludes the orthorhombic lattice. Weak re-
flections, observed at low angles where the scattering factor
of Cgo can be approximated by a spherical charge distribu-
tion, revealef!” 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
distortiont® or the formation of covalent interfullerene
bonds®’ In this paper we report x-ray powder diffraction
results, and demonstrate that dimers are covalently bonded, 9.34A
and the dimer molecule forms through a single C-C inter-

fullerene t;onc_j. In agreement with our previous piG. 1. Monoclinic lattice of the dimer phases of AC The
suggestions! this bonding configuration is different from |oyer right corner shows the structureless dimer derived from pre-
that of the polymer. It is an intriguing question whether thisyjous works(Refs. 16 and 17 and the rest of the lattice shows the
dimer molecule occurs in otherggcompounds, and which  atomic configuration of Rbg found in this work. Bold and normal
are the conditions governing the different forms of inter-fullerenes and alkali-metal atoms areyat0 andy=1/2, respec-
fullerene bond formation. tively.
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FIG. 4. Rietveld plot of RbG, dimer phase for the model de-
scribed in text.

the molecular orientations. All observed reflections have
h+k even, implying either a C-centered or pseudocentered
cell. There are five plausible monoclinic space group sym-
metries:P2,/a and C2 generate all four fullerenes in the
unit cell from a specification of one, either with or without

FIG. 2. Quality of fit parameteR,,, as a function of intradimer ~an inversion centerC2/m also requires a single generating
contact point on the surface of the fullerene molecule. On the linea€C g, molecule but the extra-c mirror plane introduces bi-
grayscale white and black correspondRg,=10% and 14%, re- nary orientational disorder of dimers. Lower space group
spectively. symmetriesP2, or Pa, are required to describe more gen-

eral conformations of a dimer unit for which all 120 atomic
Parallel beam x-ray diffraction experiments were performedyositions must be given. Furthermore, the diffraction lines
at beamline X3B1 of the National Synchrotron Light Sourceindex equally well to two slightly different sets of the lattice
with a wavelength of 1.1501 A. The polycrystalline sampleparameters which differ only because of the deviation from
was held in 1 mm glass capillary and the powder spectrarthorhombic metricd® In this analysis, we have considered
were recorded at 220 K in thef2-3°—45° range. each combination of the above,and run approximately

An unconstrained Rietveld refinement is not feasible for108 Rietveld fits2°
this complex structure. The powder diffraction technique The initial steps of data analysis are the following. First
cannot reliably locate each of the sixty carbon atoms in thehe peak shape and monoclinic lattice parameters are deter-
irreducible volume of the unit cell. Instead, we rely on the mined by the LeBail techniqu@ which optimizes the profile
fact that the fit is sensitive to the position of all of the carbonfit without the use of any structural information. Then start-
atoms; we approximate the structure with undistorteg) C ing ball position and alkali-metal occupancy are optimized
molecules and search the space of fullerene orientationgom the low angle data. While the tilt around the monoclinic
spanned by three Euler angles, for the best agreement bb-axis is essential for describing superreflection intensities,
tween the calculated and observed diffraction pattern. In thigve did not find any evidence for a tilt out of tleec plane,
work we take an unbiased approach and do not presuppoggobably because it would lead to worse packing of mol-
covalent bonding within the dimer. As the space group is nokcules. Next, we generate atomic coordinates by rotating a
known in advance, it has to be determined in parallel withfullerene from a standard orientation so that the Eulerian

angles(defined in Ref. 22 # and ¢ define the intradimer

contact point on the fullerene surface, agdrotates the

dimer about its axis. Finally, we run a Rietveld refinement of

the ball position and carbon and alkali-metal thermal param-

aA. eters. This yields a measure of the quality of the fit, the

weighted profileR factor R,,, as a function of the fullerene
orientations(Results are identical for other figures of merit,
such as Brag@ factor R,.) The contrast between the best
and worst fits can be increased by using only the lggh-
region of the diffraction data.

In the space groupR2;/a, C2, andC2/m we can find
the minimumR,,, at each @,¢) 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 @ib)

FIG. 3. transconformation of the single-bondé€¢y) ,2~ dimer ~ =(90°,12°). In this orientation two vertices ofggface each
derived from this work(a) View alongb in the y=270° position. ~ other, i.e., the contact point coincides with a carbon atom.
(b) View along the dimer axis showing the intrafullerene regions This is very near to the bonding configuration hypothesized
around the interdimer bond. in Refs. 17 and 23. Other high-symmetry configurations cor-
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TABLE I. Structural parameters of the dimer phases of g&hd KCq.

RbCqq
Lattice parameters: 17.168)< 9.9295)x 19.2775) A® p=124.40°
Space group: P2, /a (cell choice 3 of No. 1%
LeBail fit Rwp=6.7%, x*=2.8
Rietveld fit Rwp=8.3%, x*=4.3
center of the rigid Gy: 0.006 0.000 0.246
Eulerian angles: 0=90° ¢p=12° 4)=318°
Atomic coordinates: Rt) 0.000 0.500 0.016
Rb(2) 0.000 0.500 0.516
Rb occupancy: 0.95
Rb thermal parameter: B=5 A2
C thermal parameter: B=3 A2
closest Rbl)-C distance: 3.20 A
closest RI2)-C distance: 3.35 A
KCeo
Lattice parameters: 17.1889x9.7935)% 19.2245) A3 p=124.10°
Space group: P2, /a (cell choice 3 of No. 1%
LeBail fit Rwp=7.1%, x*=3.1
Rietveld fit Rwp=8.9%, x*=4.8
center of the rigid Gg: 0.007 0.000 0.246
Eulerian angles 0=90° ¢p=12° y=281°
Atomic coordinates: K1) 0.000 0.500 0.013
K(2) 0.000 0.500 0.513
K occupancy: 0.93
K thermal parameter: B=4 A?
C thermal parameter: B=2 A2
closest K1)-C distance: 3.15 A
closest K2)-C distance: 3.26 A
respond to local maxima or saddle points Rf,(6,¢). (02,42), we made two-dimensional maps &,(#1,¥>)

Choosing the correct space group is a delicate problemaround high symmetry configuratios.g., atoms, middle of
Rwp(#) has two equal minima at positions related by thebonds, or faces chosen as contact pojrig rotating the two
a-c mirror plane and their disordered mixture is also pos-halves of the dimer independently. Again, the single-bonded
sible. The situation is very similar to tftmnnimmmam-  transdimer with inversion symmetry gave the best fit in the
biguity found in the polymer phasé.Rietveld fits in all sameP2, /a configuration described above.

three space groups have their minima at the same value of The best Rietveld fit for Rbg, is shown in Fig. 4 and the

¢ but this angle is different for Kg, and RbG,. P2;/a structural parameters for both samples are summarized in
gives the bestR,, (by 1.3% for KCs and 0.3% for Table. I. In this fit, the model is improvedR(,, from 9.4% to
RbCg) implying that there is no orientational disorder. We 8.2%) from the undistorted fullerene approximation by pull-
conclude that the dimer conformationtisins and the same ing out the bonding carbon atom and its three neighbors. The
dimer has different orientation in the two materials. We noteintermolecular C-C distance is set to 1.54 A in tetrahedral
that P2,/a is the only space group that allows the samecoordination, without introducing additional refinable param-
molecule(i.e., trans) without disorder in the different orien- eters. Unfortunately, it is not possible to get a stable refine-
tations we find for KGy and RbGy. The dimer molecule is ment of the positions of individual carbon atoms, as it was
shown in Fig. 3 and its orientation in the RiClattice in  for the higher symmetry polymer pha¥eThe likely expla-

Fig. 1. nation is that we are already so close to the best possible
Next we relaxed the condition that the two halves of the(LeBalil) fit that the “driving force” on each atom is random
dimer be related by an inversion or twofold rotation aboutnoise. The next largest improvement in the fit comes from
the monoclinicb axis. In that case, the orientations of the anisotropic thermal motion of the cations, similar to that seen

two fullerenes in a dimer are specified by independent Eulein the ACqy and NaACy, polymerstt1®

angles, 0,,¢1,¥1) and (0,,¢,,4,). The second dimer, at In conclusion, we have established that in metastable
(1/2,1/2,0, is generated by the symmetry operation in eitherphases of KG, and RbGy, covalently bondedCgp) ,2~
space grouf?2, or Pa. With various choices off;,¢;) and  dimer anions form through a single C-C interfullerene bond.



11852 BRIEF REPORTS 54
This type of interfullerene bond is different from the four-  Enlightening discussions with S. Pekker, M. Tegze, and
membered rings of g polymers, which was first suggested A. Janossy are gratefully acknowledged. This work was sup-
by the fact that the dime# polymer phase transition is not ported by Grants No. OTKA T016057, F0200@udapest
direct: " The sequence 0ACq phases has been success-j 5 NSF DMR-9501325, Swiss NSF No. 2100-037318
fully modeled with a single C-C bonded dinérSuch an (Lausanng and the U.S.—Hungarian Joint Fund No. 431.

interfullererene bond was already found in solution for : . .

L X L The SUNY X3 beamline at NSLS is supported by the Divi-
d d dicalg® and for(CsgN),,2® which lec- . i

imerized G radicals®and for(CsgN) ,” which is isoelec sion of Basic Energy Sciences of the U.S. Department of

tronic to(Cgg) ,2~ . There have been many calculations of the i .
Stability for various (CGO)Z dimers,27 but only one has Energy(DE-FGOZ-SGER45231 Research was carried out in

considere® the single-bonded, doubly charged anion struc-part at the National Synchrotron Light Source at Brookhaven
ture found here. We have recently learned that Prassides ahtftional Laboratory, which is supported by the U.S. Depart-
co-workerg® have found a monoclinic lattice foCsgN),, ment of Energy, Division of Materials Sciences and Division
which is similar to the dimer fulleride considered here. of Chemical Sciences.

13. Wwinter and H. Kuzmany, Solid State Commug4, 935 written by D.E. Cox, NSLS, Brookhaven, USA.
(1992. 2IA. LeBail et al, Mater. Res. Bull23, 447 (1988.
2Q. Zhuet al, Phys. Rev. B47, 13 948(1993. 22\We use Cartesian coordinates expressed in angstroms; akis

3A. Janossyet al, Phys. Rev. Lett71, 1091 (1993.

40. Chauvett al, Phys. Rev. Lett72, 2721(1994).

SM.C. Martin et al, Phys. Rev. B49, 10818(1994; 51, 3210
(1995.

5M. Kosakaet al., Phys. Rev. B51, 12 018(1995

L. Granasyet al, Solid State Commurf7, 573(1996.

8F. Bommeliet al, Phys. Rev. B51, 14 794(1995.

9v.J. Uemuraet al,, Phys. Rev. B62, R6991(1995; W.A. Mac-
Farlaneet al, ibid. 52, R6995(1995.

105, pekkeret al, Solid State Commurf0, 349 (1994.

11p w. Stephenst al., Nature370, 636 (1994).

12A M. Raoet al, Science259 955 (1993.

13y |wasaet al, Science264, 1570(1994; G. Oszlanyi and L.

Forro, Solid State Commu®3, 265 (1995.
M. Nunez-Regueir@t al, Phys. Rev. Lett74, 278(1995; C.H.

of the coordinate system is along the monoclihicthe z axis
along the dimer axis, i.e., rotated 1.2° towarérom c, andx=

yX z. The origin of this Cartesian system is also translated by
4.67 A alongz. The sixty carbon atoms are generated from the
positions (column vectors C1(0.700,0.000,3.479
C2(3.031,1.425,1.173 and C32.598,0.725,2.306by the point
groupm3, and subjected to the rotations

cogy sing 0\ /cos® 0O sind

—sing cosy O 0 1 0
0 0 1/ \—sind 0 co¥
cosp sing O

x| —sing cosp 0],
0 0 1

23T, pusztaiet al, Europhys. Lett32, 721(1995.

24K. Kamaraset al, Phys. Rev. B52, 11 488(1995.

253.R. Mortonet al,, J. Am. Chem. Socl14, 5454(1992.

263.C. Hummeleret al, Science269, 1554(1995.

27p.L. Stroutet al, Chem. Phys. Lett214, 576 (1993; N. Mat-
a’,b,c,B’, wherea~a’' and B~ g'. Their relation is expressed suzaweet al, J. Phys. ChenB8, 2555(1994); M. Menonet al,,
asa’?=a’+c2+2accogB anda’=a’?+c?+2a’ccos8’. Phys. Rev. B49, 13 966(1994; G.B. Adamset al, ibid. 50,

¥Details of the analysis inappropriate for inclusion in this paper are 17 471(1994; S. Osawaet al, Fullerene Sci. Technolto be
contained in a paper by G. Bendaleal. (unpublishedl published.

20For Rietveld refinements we used the programsProFwritten  28J. Kurti and K. Nemeth, Chem. Phys. Le256, 119 (1996.
by J. Rodriguez-Carvajal, ILL, Grenoble, France ambrpv  2°K. Prassidegprivate communication

Xu and G.E. Scuseirabid. 74, 274 (1995.
15Q. Zhu, Phys. Rev. B52, R723(1995.
16Q. Zhuet al, Phys. Rev. B51, 3966(1995.
17G. Oszlanyiet al, Phys. Rev. B51, 12 228(1995.
BThe two sets of lattice parameters are denotecafiyc,3 and



