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Na4sCeo: An Alkali Intercalated Two-Dimensional Polymer
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The long-missing stoichiometric phase of /&g has been identified by Rietveld analysis of
synchrotron powder diffraction data. Its monoclinic structure is based on polymer plangs whé&e
each molecule forms four “single” bonds within the plane. This compound is not only the first fulleride
polymer with such bonds, but also the first two-dimensional polymer which is naturally intercalated
with alkali ions and can be synthesized at ambient pressurgC¢lés a metal and is expected to be a
prototype structure where electronic overlap between the planes can be tuned by the alkali cation size.
[S0031-9007(97)03291-2]

PACS numbers: 61.48.+c, 61.10.—i, 61.46.+w, 61.50.—f

A remarkable feature of & molecules is that they may = We started a search for a yet unreported stoichiometric
form bonds with each other leading to a variety of crystalphase in the N&Cq, system after realizing that in samples
structures and physical properties. Possible polymeriwith nominal composition ofc = 3 a minority noncubic
zation was first suggested for phototransformed puge C phase existed. The amount of the new phase did not
[1]. The convincing evidence for bonding was observeddepend on the synthetic method, reacting stoichiometric
in ACq alkali fulleride polymers [2—4]. The quality of amounts of G, and sodium metal or Naj\at 200—400C
structural [4] and NMR data [5,6] rendered the bondinggave the same result. This was in contrast to all previous
unquestionable, and suggested this scenario for systemeports, so we performed a systematic study inzhe
where experimental data were less convincing. Highx =< 6 composition range. Samples were prepared by the
pressure high-temperature synthesis of pugealso leads usual solid state reaction of£and Na metal, using copper
to polymerized structures [7—10], some of which are tworeaction tubes which were cleaned with HF beforehand.
dimensional. In all these cases the mechanism for bondfter two weeks of reaction at 20€ and an additional
formation is the Diels-Alder typ¢2 + 2] cycloaddition grinding process, the powder samples were sealed in
leading to a characteristic four-membered ring of carborquartz capillaries for x-ray diffraction. Parallel beam x-ray
atoms. Recently a different type of interfullerene bonddiffraction data were collected at beam line X3B1 of the
was detected [11] in a metastable phase [12,13)@f, National Synchrotron Light Source, Brookhaven National
where(Cg),>~ dimer anions are formed by joining single Laboratory. This synthesis led to a new phase at the
carbon atoms (one “single” bond). Up to now there havenominal compositionr = 4.2, and reproduced the known
been no reports on fulleride-polymer formation based orphases att = 2 and 6. The rest of the samples were
this type of bond. two-phase mixtures, so neither solid solution behavior nor

Alkali intercalation into the @ host lattice is a the previously reported stoichiometric= 3 phase was
successful technique [14] for synthesizing new fulleridesdetected.
among which superconducting;Cs, compounds have Figure 1 shows the x-ray diffractogram of the nominal
received extended attention [15]. The Mg, system x = 4.2 sample at 300 K. All reflections are indexed [22]
was studied during the search for highiets but neither  with a body-centered monoclinic unit cell with lattice pa-
superconductivity nor bond formation was found in thisrametersa = 11.24 A, b = 11.72 A, c = 1028 A, g =
system. Compositions withh = 2, 3, 6, and 10 were 96.2°. This unconventional monoclinic unit cell choice
identified [16,17], all with a face-centered cubic (fcc) (body center) was chosen to hageclose to 90 making
structure. In contrast to all the larger alkali cations,it easier to visualize the structure.
sodium preferentially occupies the tetrahedral sites and The monoclinic unit cell and the skeleton structure
multiple occupation of the octahedral site is reportedof Cg balls are shown in Fig. 2. It is immediately
for x = 6 and 10 [16—18]. This remarkable structural obvious that a special two-dimensional net is generated by
variance was appreciated but as dc conductivity [19the %(a + b + ¢) and %(a — b + ¢) nearest neighbor
and photoelectron spectroscopy [20] reported insulatinglirections. The nearest interfullerene distance within the
behavior for the entire composition range, interest for thiglane is 9.28 A while it is 9.93 A out of the plane. The
system has drooped. Recent experimental and theoretic@l28 A distance is nearly identical to the center-to-center
efforts focused on the incomplete charge transfer foseparation of singly bondetCsy),>~ [11] and (CsoN),

x > 6, while aroundx = 4 solid solution behavior was dimers [23] as it was shown by experiments [11,24] and
reported [21]. quantum chemical calculations [25]. It is plausible that
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three hexagon-pentagon and one hexagon-hexagon bonds
(see Fig. 3), then their 78 &entral angle is within 0.50f

the required intraplanar angle. This arrangement can have
four possible orientations relative to the lattice and there
is a second competing arrangement with a central angle of
81.1°. General fullerene orientation and absence of disor-
der can be simultaneously realized in the pseudocentered
space groupP2,/n. It is for Rietveld refinement to dis-
criminate these possibilities.

There are two symmetrically inequivalent sodium posi-
tions in the structure, which are located at centers of dis-
torted tetrahedra. One of the tetrahedral sites [denoted as
Na(2) in Table I] can also be viewed as a distorted octa-
hedral site split into two. The size of the alkali sites is a
FIG. 1. X-ray difffaction pattem of N&y. X rays of good match for the sodium ion. The multiplicity of both

wavelength 1.14893 A were selected by a double Si(111}Na p_ositions is four, so the ideal composition for the struc-
monochromator, and the diffracted beam was analyzed by &ure is NaCgp.

reflection from a Ge(111) crystal before the Nal scintillation The best Rietveld fit [26] is shown in Fig. 1 and
dfteCtOB I Obse{Veldt %ata darg_ﬁdenoted let/ th da;_t(;a I_Ioo'r‘%%ructural parameters are summarized in Table I. The fit
gﬂndsérlrl]ovc\)/:(%, r((i,?leC(l:Jti((i)r(1e poasri]tionsI g;/e?igis.p OPSf;lra?/nest%:s OIP?EQS sufficiently sensitive to the c_)rientation of th.e molecule
Rietveld fit are given in Table . as a whole but the powder diffraction technique cannot
reliably locate each of the 60 carbon atoms. To find
bond formation occurs at an orientation when carborthe best orientation of undistorted¢/Cwe performed
atoms simultaneously face each other in four directiongxtensiveRr,, mapping with Rietveld fits similar to that
within the plane (see Fig. 2). If so, the 78iBtraplanar described in Ref. [11]. We have taken an unbiased
angle must be close to the central angle between twapproach and searched the space of fullerene orientations
atoms of the undistorted¢gmolecule. in space groug2/m for the best agreement between the
The determination of space group and molecular orienealculated and observed diffraction patterns (definition of
tations is linked intimately. The trivial space grolgy/m Eulerian angles is given in Table I). Two orientations are
gives a fully ordered molecular structure only if the gen-clearly favored: (i, 6, ¢) = (—55.3°,25.8°,49.1°) and
erating Go molecule at (0,0, 0) is aligned with one of its (—124.7°,154.2°, —130.9°) corresponding to bonding
two-fold axes towards the monoclinicdirection. Other-  configurations depicted in Fig. 2 and are connected by
wise binary disorder is introduced and there is no sympoint symmetries 2 angi. Both orientations correspond
metry constraint on the fullerene orientation. Simpleto the 78.8 central angle of bonding atoms. There is
geometry considerations show that the latter case is momnly a 0.03 A tangential misfit between bond directions
favorable. If bonding atoms alor(é, % %) and(%, —%, % determined by the crystal lattice and corresponding atoms
are chosen so that they are at ends of a zigzag line afn the surface of the 4 molecule. The tangential
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TABLE I. Na,Cg, structural data derived from the Rietveld fit. Remaining differences
between the observed and calculated patterns can be accounted for by the exact molecular
geometry.

a=11235(5) A, b = 11.719(5) A, ¢ = 10.276(5) A, B = 96.16(5)°
12/m (cell choice 3 of #12)

(aR/m at (0,0,0)

= —553°, 0 =258°, ¢ =49.1°

Lattice parameters
Space group

aCeo Center
®Orientation

Occupancy= 1.00 B=2A?

Na* (1) (h) 2 at(3.y,0) y = 0.214(3)
Occupancy= 0.93(2) B=5A?

Na' (2) (i) m at (x,0,2) x = 0.698(3), z = 0.476(3)
Occupancy= 0.93(2) B=5A?

Reliability factors Ry, = 4.02%, R, = 3.12%, § = 2.2

#The Cartesian coordinates of the 60 carbon atoms at the reference position are generated by
m3 point group symmetry from the seed (expressed in angstrafi£).700, 0.000, 3.479), C2

(3.031, 1.425,1.173), C3(2.598, 0.725, 2.306).

*The G orientation is defined by the usual Eulerian angles; RoRot,(6)Rot.(¢) in a Car-

tesian coordinate system whexey, andz are alonga, b, anda X b, respectively.
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(Va,Y5,Y5)

FIG. 2. Left: Body-centered monoclinic unit cell of N2.
Fullerene molecules are denoted by balls; polymer planes are
emphasized by bold connections. The two types of face-sharing
tetrahedra which enclose sodium cations are also shown. Right:
Polymer plane of g showing the correct orientation and (V2,-Y2,%%2)
approximate distortion of the molecule. Orientational disorder
in 12/m is described by a two-fold rotation arouid FIG. 3. Bonding atoms of the undistorted,Gnolecule lying
at ends of a zigzag line of three 56 and one 66 bonds. The

- o . atoms close amw = 78.8° central angle which is within 05
misfit would be 0.17 A for the 81°Ichoice of central an- the intraplanar angle determined by the lattice.

gle described above and is clearly rejected by our analy-
sis. This indicates the ¢g molecule’s limited flexibility

to form polymer structures. The fit degrades only slightlygtrycture was analyzed on the basigdf+ 2] cycloaddi-

(ARyp = 0.2%) if one of the orientations is taken in space tjon honds while considering the reported lattice parame-
group P2,/n corresponding to complete orientational or- ters single bonds are more likely [29].

der. However, the symmetries é2/m constrain alkali The existence of stoichiometric Nag, raises new

positions to be at centers of fuIIe_r_ene tetrahe_dra, Whi_"%questions. Is the bond purely of-type or is there conju-
P2,/n leaves them at general positions. Atomic coordi-gation in the plane? What is the role of off-stoichiometry,
nates of the g molecule were not refined, and a compari-joes it affect magnetic and transport properties? On the
son with the results ofquantum (;hem!cal calcul_atlons Willkechnical side, reports on stoichiometric 3dg, and on

be necessary to resolve remaining discrepancies betweegg|iq solution behavior of N&Cqo thin films are at odds

observed and calculated intensities. The distortion of th¢ith the present result and this inconsistency must be re-
molecular shape is expected to be less dramatic than fiyyed.

a cycloadduct polymer. It might affect loy-intensities It is important to check if partial substitution of sodium
but not the molecular orientation determined in the presenf; the two inequivalent cation sites is possible while

analysis. . o preserving the structure. If yes, a family of compounds
The temperature dependent spin susceptibility of thenay emerge where the distance between polymeric planes

sample measu[(jd by ESR is shown in Fig. 4. Its maganq thus electronic properties can be tuned by the alkali

nitude 1.7 X 10~ emy/mole at 300 K is to be compared ¢ation size. We foresee a competition between body-

with 8 X 10_% emy/'mole of metallic Rb& suggesting a  centered tetragonal and monaclinic phases governed by
larger bandwidth for NgCsy. The spin susceptibility has

a weak temperature dependence; it cannot be fitted simply

with a Curie plus Pauli contribution. It rather resembles a S B S L B B
strongly correlated metal, like REand Cs( polymers. -8 1
Here we note that although N&g, is generally assumed T ‘lee .
to be nonmetallic, the gap is small and there is one report © ® o 1
in the literature [27] on the metallic behavior for Nz. § 3| ". _
The two-dimensional polymerized structure of stoichi- g I "\. |
ometric NaCgy is unique in several respects. This is o Ll Mon.... 0o® i
the first fulleride polymer with singly bonded monomers. "O o® "ﬁ._
It is the only two-dimensional polymer which is syn- S |
thesized at ambient pressure in contras{2ot 2] cy- 2
cloadduct polymers of puregg for which high-pressure, ol

high-temperature synthesis is inevitable. Metallic, Gl 0 50 100 150 200 250 300
is naturally intercalated with alkali ions while successful
doping of insulating & polymers has not been achieved. TEMPERATURE (K)

The present result prompts a reinvestigation obMN&  FIG. 4. Temperature dependent spin susceptibility ofQya
(A = Rb,C9 high-pressure linear polymers [28]. Their measured by ESR at 9.4 GHz.
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