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Abstract

The fullerene compound C,, which exhibits a rather high electron affinity, undergoes an electron transfer reaction with the low-valent
cobalt(-I) complex Na[Co(CO),] to form the black compound NaCoC, - 3THF. The new material is characterized by elemental analyses,
by IR, Raman, 3C MAS-NMR and EPR spectroscopy, and by magnetic susceptibility measurements. It appears to contain covalent
C¢o-transition metal interactions, and therefore constitutes a new type of bimetallic fulleride compound. © 1997 Elsevier Science S.A.

1. Introduction

One of the most fascinating developments in modemn
chemistry has been the discovery of new molecular
allotropes of carbon such as Cg, and its higher homo-
logues. ! The electronic structure and chemistry of Cg,
especially, have been much studied and, consistent with
the presence of a triply degenerate LUMO, up to six
electrons can be added electrochemically to form the
series of anions [Cm]"‘ (n = 1-6; referred to collec-
tively as fullerides) [6,7]. Similar reductions may be
effected utilizing the alkali metals, and fulleride salts
M,Cs (M =Li, Na, K, Rb; n=1-3) have been iso-
lated and characterized; [4,5] some of these compounds
are semiconductors, others metals which, interestingly,
also behave as high temperature superconductors (7, >
30 K [4,5).

In contrast to the large number of known alkali metal
and alkaline earth compounds, fullerides doped with
bare transition metal atoms or ions are limited to as yet
rather ill-defined compounds of stoichiometries M, C,
(M = Pd, Pt), prepared by reaction of C, with zero-va-
lent metal complexes of dibenzylideneacetone (8-12],
and Eu,C,, prepared by reaction of C, with solutions
of europium metal in liquid ammonia [13]. However, it
seems likely that incorporation of transition metals, with
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variable numbers of d electrons, should result in the
formation of very interesting, possibly quite novel mate-
rials, and we now describe a new route, utilizing low
valent metal carbonyl complexes and of a probably
general nature, to the synthesis of transition metal ful-
lerides.

2. Methods and discussions

Since Cg4, has a high electron affinity (2.6-2.8 eV
[1-5D while carbonylate anions of the types
M (CO) y]z‘ (M = transition metal; x, y, z = integers)
have sufficiently low ionization potentials that they are
generally very good reducing agents [14-16]}, it was
anticipated that reactions of C, with, for instance,
Na[Co(CO)],, would involve electron transfer and the
concomitant formation of both a fulleride anion and the
unstable, 17-electron species Co(CO),. The latter dimer-
izes to [Co(CO),], with a second order rate constant of
4% 108 M~ ! sec™ ! [17], and the overall reaction could
be as in Eq. (1). Any orange dimer formed would be

readily identified on the basis of its carbonyl stretching
bands in the IR spectrum.

Cqo + nNa[Co(COY;] —» Na,Cqy + nCo(CO)s

l (1)

0.57[Co(CO)4],

On the other hand, loss of CO and incorporation of
the cobalt atoms into the fulleride lattice might also
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occur, giving rise to a novel type of cobalt-containing
fulleride as in Eq. (2):

Cgo + nNa[Co(CO)] — nNa®™ +C%7 +  a[Co(CO)4]

8
Na,Co,Cq, +4nCO

(2)

We have found that refluxing a suspension of Cg,
with a THF solution of Na[Co(CO),] [18] results in the
formation of a black precipitate and a dark solution
which contains no [Co(CO),], (IR). Apparent interme-
diates with v, at 1992, 1966 and 1920 cm™! were
observed temporarily, but the final solution exhibited no
carbonyl stretching bands. The solid was characterized
by elemental and thermogravimetric analyses, which
indicate that the molecular formula of the compound is
NaCoCyg, - 3THF. ?

The IR spectrum of NaCoC,, - 3THF (Nujol mull)
exhibits bands at 1428, 1181, 575 and 526 cm™!,
slightly broadened but similar in frequency to bands in
the spectra of C,;, and many C,-containing materials
[5]. Weak bands at 2970, 2844, 1067, 905, and 851
cm™! correspond to THF absorbances. The FT Raman
spectrum of solid NaCoC, - 3THF is completely repro-
ducible from one sample to the next, and is shown in
Fig. 1b, where it is compared with the Raman spectrum
of Cg, (Fig. 1a). Since the spectra were obtained under
identical conditions, the observed changes attest to sig-
nificant changes in the nature of the bonding on going
from Cg; to NaCoCy, - 3THF.

The predicted 10 Raman active vibrational modes [5]
of the Cy, molecule have been observed both in solid
state films and powders [5], and it has been further
established that n*-binding of C,, as an olefin in a
coordination compound [19-21] results in activation of
previously silent modes and splitting of degenerate
modes as a result of external influences which lower the
symmetry of the molecule. There is a striking resem-

2 A solution of Na[Co(CO),] [18] (28 mg, 0.14 mmol) in 100 ml
dried THF and containing a suspension of C, (100 mg, 0.14 mmol)
was refluxed under purified nitrogen for 10 h, the course of the
reaction being monitored by IR spectroscopy. The resulting black
solid was collected by filtration, washed with THF and toluene and
dried under reduced pressure. Combustion analyses for carbon and
hydrogen were performed on five different samples, neutron activa-
tion analyses for cobalt and sodium on three, with the following
results: %C (85.76, 84.08, 83.62, 85.16, 85.32; average 84.8), %H
(1.94, 2.10, 2.10, 2.01, 1.96; average 2.0), %Co (6.70, 5.59, 5.87;
average 6.05), %Na (1.14, 1.09, 1.08; average 1.1). NaCoC,, - 3THF
(calc.: C, 84.87; H, 2.37; Co, 5.78; Na, 2.26). Thermogravimetric
analysis of the product demonstrated a loss of ~ 16% at 102°C,
reasonably consistent with the molecular formula in which THF
constitutes ~ 21% of the product mass, and a further weight loss of
77% in the range 498—693 K, corresponding to loss of C,. Since the
analysis was performed in air; the remaining 7% would then consti-
tute cobalt and sodium oxides.

blance between the Raman spectrum of NaCoC, - 3THF
and those reported by Chase and Fagan [21] for a series
of complexes of nickel, palladium and platinum of the
type M(n*-C¢,)L, (L = tertiary phosphine), for which
reduction of the microsymmetry of C¢, from I, to C,,
resulted in many lower frequency normal modes becom-
ing Raman active.

Raman spectra of alkali metal fullerides [5] lack the
rich detail present in Fig. 1b. In these materials, alkali
metal ions are accommodated in the interstitial sites of a

g crystal lattice and there are no covalent interac-
tions between metal ions and Cy, molecules. Although
the latter undergo a weak Jahn-Teller distortion upon
reduction [5], the overall effects on the vibrational
spectra are minimal. Interestingly, the doping process
does result in frequency shifts which are dependent only
on the charge on the fulleride ion [5]; the narrow, strong
band of the A (2) pentagonal pinch mode (1467 cm™!
in Cg) [1-5] has been shown to shift to lower fre-
quency by ~6-7 cm™! per electron added to Coo>
independent of the nature of the alkali metal ion. On
this basis, the 8 cm™' shift observed for NaCoC,, -
3THF represents approximately a one electron reduction
of Cg,, consistent with the formulation. In view of the
effect that metal coordination has on the Raman spec-
trum of Cg;, it seems that the cobalt atoms present in
NaCoCg, - 3THF are not simply accommodated as
dopant species in the C,, lattice, but are in fact cova-
lently bonded to the C,. A weak band, attributable to a
CH stretching mode of coordinated THF, was also
observed at 1977 cm™'. However, THF is a weak
scatterer and all other THF modes are obscured by the
fulleride bands.

a)

b)
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Fig. 1. Raman spectra of (a) Cy, and (b) NaCoCyg, - 3THF.
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Consistent with this interpretation of the Raman data,
a ’C MAS-NMR spectrum of NaCoCyg, - 3THF exhib-
ited, in addition to THF resonances, resonances at o
162(w), 149(w), 145(s) and 137(w), quite different from
the spectrum of C, (& 143). While observation of *C
resonances may seem incompatible with the paramag-
netism of the material (see below), in fact ”C NMR
spectra have been reported for several paramagnetic
alkali metal fullerides.

Useful insight into the electronic structure of
NaCoC,, - 3THF has been obtained from magnetic sus-
ceptibility data and EPR and near IR spectroscopic
measurements. The solid material exhibits an EPR reso-
nance at g= 1999, the peak-to-peak width varying
from 10 G (at 90 K) to 40 G (at 298 K), rather similar
to the EPR spectrum of Cg; although g values for the
CZ; and C}; ions are comparable [22,23]. The near IR
spectrum in DMSO (the only solvent for the material
found to date) exhibits a band at 1074 nm, in the region
where Cg, (but not C, or CZ; absorb [5].

The magnetic susceptibility of the solid was mea-
sured over the temperature range 4—-310 K, and a plot of
magnetic moment vs. temperature is shown in Fig. 2.
The room temperature magnetic moment per mole of
NaCoC, - 3THF is ~3 BM, corresponding to two
unpaired electrons, and the data seem to imply the
presence of two paramagnetic centres undergoing a very
weak antiferromagnetic exchange. It is thus tempting to
infer a degree of magnetic coupling between pairs of
doublet (S =1/2) species such as Co(0) atoms, Cg,
anions and/or CoCg, molecules.

We can only speculate as yet about the structure, as
crystal growing experiments have to date yielded only
poorly diffracting materials. A polymeric lattice struc-
ture containing units of the type [—(n°-C ¢ X u-Co)n*-
C)-], (allylic and diene modes of coordination, re-
spectively) would result in 16-electron cobalt com-
plexes, but the magnetic and EPR spectroscopic proper-
ties of NaCoCy, - 3THF, discussed above, would seem
to require a weaker, much more novel type of metal—
ligand interaction. A polymeric structure containing di-
rect fullerene C—C bonds, as occurs with Cy, itself ([5],

L [elge]
3 o ° o o o Q
00©0®
0O
28 d:;;ﬁdﬂfp
J
g &
2
2 o
o
st ©
o
; I:D 1::0 1% 200 %0 30
Temp (K)

Fig. 2. Variation of magnetic moment of NaCoCg, -3THF with
temperature.

Chap. 11), may also be possible. As mentioned above,
the sodium content of the material is somewhat low
and, while the analyses may well be in error, the
formulation Na,;CoCg, - 3THF, with fullerene C-C
bonds is possible and could contribute to the lowering
of the symmetry which gives rise to the complex Raman
spectrum. On the other hand, the solubility in DMSO
and the observation of a fulleride spectrum in that
solvent, as well as the formation of an oxidation product
(see below), argue against this possibility. While little
chemistry of NaCoC, - 3THF has yet been studied, the
material is somewhat air-sensitive and exposure to air
results in both appearance of a resonance attributable to
Cq at & 143 in the "C MAS-NMR spectrum and in
complete loss of the EPR signal. Extraction of some Cg,
with toluene then becomes possible, consistent with
oxidation of the Cg, ion, but detailed Raman spectra of
the fully oxidized material cannot be obtained because
of intense fluorescence in the frequency range 5900-
9300 cm ™' (absolute, not Raman shifted frequencies). It
is anticipated that air oxidation of NaCoCg,-3THF
would result in the formation of CoQO, and we note that
Co(ID) ions in oxide lattices fluoresce in the near in-
frared [24]. Prior to the onset of strong fluorescence,
shifting of the A (2) pentagonal pinch mode from 1457
to 1467 cm ™! occurs, consistent with oxidation to Ce-
Attempts to better characterize this system chemically
and crystallographically continue. We are also investi-
gating the reactions of Cg, with other simple and com-
plex carbonylate anions, finding, for instance, that while
Na,[Fe(CO),] seems to form an analogous iron fulleride
compound, Na[Mn(CO);] and Na[CpFe(CO), ] take part
in simple electron transfer processes to form the corre-
sponding metal-metal bonded dimers [Mn(CO)], and
[CpFe(CO), ], and, presumably, NaC., [M. Bengough,
L. French, E. Jandciu, M.C. Baird, unpublished results].
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