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A Room-Temperature Molecular/Organic—Based

Magnet

JuaN M. MANRIQUEZ,* GORDON T. YEE, R. ScorT MCLEAN,
ARTHUR J. EPSTEIN, JOEL S. MILLERT

The reaction of bis(benzene)vanadium with tetracyanoethylene, TCNE, affords an
insoluble amorphous black solid that exhibits field-dependent magnetization and
hysteresis at room temperature. The critical temperature could not be estimated as it
exceeds 350 kelvin, the thermal decomposition temperature of the sample. The
empirical composition of the reported material is V(TCNE), -y(CH,Cl,) with x ~ 2
and y ~ 1/2. On the basis of the available magnetic and infrared data, three-
dimensional antiferromagnetic exchange of the donor and acceptor spins resulting in
ferrimagnetic behavior appears to be the mode of magnetic coupling.

ECENTLY THERE HAS BEEN GROW-
Ring interest in the preparation and

characterization of molecular/or-
ganic polymer-based materials that exhibit
cooperative magnetic interactions (that is,
ferro- and ferrimagnetic behavior) (1-6).
The electron-transfer salt [(FeCp*,]™
[TCNE]™ (Cp* = pentamethylcyclopen-
tadienide; TCNE = tetracyanoethylene)
is a bulk ferromagnet with a Curie tempera-
ture T, of 4.8 K (5, 6). Subsequent-
ly, [MnCp*,]'*[TCNQ] (TCNQ = 7,7,
8,8-tetracyano-p-quinodimethane) and
[MnCp*,]'* [TCNE] ~ were shown to have
T.s of 6.2 (7) and 8.8 (8) K, respectively.
These observed magnetic couplings and the
trend in T are consistent, respectively, with
the expectations of the extended-McConnell
configurational admixture (9) and two-
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spin-site mean-field Heisenberg models
(10).

In addition to these electron-transfer fer-
romagnetic materials, the concept of having
a large number of ferromagnetically coupled
unpaired electrons in orthogonal orbitals
was exploited by Day and co-workers in
studies of (cation),CrCl,. These com-
pounds have extended network structures in
two dimensions, T’s below 55 K, and are
optically transparent (11). The ferrimagnetic
coupling of differing spins sites has been
promoted by Kahn’s group, who used dif-
ferent metal ions (3) {for example, a Néel
temperature, Ty, of 14 K for Cu™Mn"-
(obbz)-H,O [obbz = oxamidobis(ben-
zoato) ]} (12), and by the groups of Gattes-
chi and Rey, who used metal ions and
nitroxide radicals in extended one-dimen-
sional (1-D) network structures (4) [for
example, 8.1 K Ty for Mn"(hfac),NITEt
(hfac = hexafluoroacetylacetonate; NITEt
= ethyl nitronyl nitroxide)] (13). Other
research groups have demonstrated the fer-
romagnetic coupling of spins in organic
systems (2, 5, 14); however, bulk coopera-
tive magnetic behavior has not been
achieved. Thus, to date magnetic ordering
temperatures for molecular/organic poly-
mer—based materials are all below that acces-

sible by liquid nitrogen.

We have extended our research aimed at
making high-T, molecular-based magnets
(5, 6, 9) to the reaction of V(C¢Hg), (15)
and TCNE (9). Like [Mn™Cp*,]'*,
[VI(CeHg),]'* is an S = 1 cation with a
3E,, ground state (ay,'e, %) (16, 17). The
addition of V(C4Hg), to an excess of
TCNE in dichloromethane at room temper-
ature results in the precipitation of a black
solid that is amorphous, as ascertained by
powder x-ray diffraction. The empirical
composition of this extremely air-sensitive
material is V(TCNE),yCH,Cl, (18), but
because of the extreme insolubility of the
precipitate and reactivity of the solvent, vari-
ations in composition as a function of prep-
aration conditions have been observed. The
first step in the reaction is electron transfer
from V(C¢Hg), to TCNE, which was fol-
lowed unexpectedly by loss of the benzene
ligands, as is evident from the infrared (IR)
spectra, which lack v 4y absorptions in the
3060- to 3100-cm™" region (19). All of the
materials exhibit strong, broad absorptions
at 2099 = 5 and 2188 + 9 cm™, which are
assigned to C=N (vcoy) or perhaps vy_c-c
(Fig. 1) (19). The breath of the vy ab-
sorptions and relatively low frequency are
consistent with the presence of reduced
TCNE, with some N atoms bound to V.

TCNE has been reported to be a o-N-
bound ligand for several V and Mn com-
plexes. VIVX(CgH;),(TCNE) (X = Cl, Br,
and I) (20) has vo_p absorptions at 2118,
2152, 2192, and 2211 cm™!. Likewise
Mn"(CO),(C<H;)(TCNE) (21, 22) exhib-
its vy absorptions at 2125m, 2205s, and
2230vw cm™!(m, medium, s, strong, and
vw, very weak). On the basis of the x-ray
structures of these model compounds, the
lower energy absorption is assigned to the
M<NC interaction, whereas the higher en-
ergy absorption is attributed to the CN
groups not bonded to M. With an increas-
ing number of M<NC interactions per
TCNE, the v absorptions shift to lower
energy {that is, 2125m, 2160vw, and
2205vw cm™! for [Mn(CO),(CsHs)l,
(TCNE), 2105s and 2150m cm™! for
[Mn(CO),(CsHs)]3(TCNE), and 2110s
and 2160m cm™! for [Mn(CQ),(CsHjs)],-
(TCNE)} (22). Additional model V-TCNE

Fig. 1. Representa-
tive infrared absorp-
tions in the 1900 to
2300 cm™! region
that are assigned to

vean for V(TCNE),: 2400 2000 1600
y(CH,CL). Frequency (cm-1)
REPORTS 1415
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complexes that would further aid in the
interpretation of the IR spectra are not yet
available. However, TCNE r-alkene bond-
ing to V is an unlikely bonding mode, as
vc=n Would then occur above 2210 cm™*!
(23).

Thus, on the basis of IR, x-ray diffraction,
and solubility data, the black precipitate is
best described as a 3-D network of V cations
linked together by N-bound, bridging
[TCNE] ™ ligands; the compound is not a
simple electron-transfer salt. Attempts to
discern the oxidation state of V by x-ray
photoelectron spectroscopy were unsuccess-
ful, however, the extreme oxygen sensitivity
of the compound suggests V(0), V(I), or
V(II).

The Faraday balance (24) magnetic sus-
ceptibility of V(TCNE),-y(CH,Cl,) exhib-
its a field-dependent magnetic susceptibility
and magnetization M between 1.4 and 350
K (Fig. 2) (25). The nearly linear increase of
M with decreasing T is noted, but it is not
understood at present. Hysteresis with a
coercive field of 60 G is observed at room
temperature (Fig. 3) and at 4.2 K. The
strong magnetic behavior of the material is
readily observed by its being attracted to a
permanent magnet at room temperature.
The critical temperature cannot be estimated
as it exceeds 350 K, the thermal decompo-
sition temperature of the sample. This mag-
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netic behavior is in stark contrast to the
antiferromagnetic behavior of V metal (T
= 245 K), VO (T = 117 K), and V,0,
(which does not exhibit magnetic order
above 4.2 K) (26). The amount of magne-
tism is equivalent to 1.5% by weight Fe at
room temperature and 6.8% by weight Fe at
2 K. This amount is in excess of that deter-
mined by inductively coupled plasma (ICP)
microanalysis (18). The sample exhibits a
strong electron paramagnetic resonance sig-
nal at g = 1.96098 and 1.95648 with a’
peak-to-peak linewidth of 28.8 and 54.3 G
at 298 and 96 K, respectively.

The magnetic material loses susceptibility
with time with a half-life of ~50 days at 297
K and rapidly decomposes in air at the
diffusion rate of oxygen and becomes non-
magnetic. The decomposed product has
much weaker absorptions at 2225 cm™’,
which is in the region reported for neutral
TCNE (27) as well as for TCNE wr-bonded
to metals (23). Thus, the only cyano-con-
taining species is TCNE. Furthermore,
upon treatment with air a broad (1200 to
1600 cm™') new IR feature appears.

Although the structure is as yet unknown,
it is interesting to speculate as to the type of
magnetic behavior present from this system.
From the IR data and elemental analysis we
can best formulate the precipitate as V'
(TCNE),"1/2(CH,Cl,) with § = 3/2 VI

and two S = 1/2 [TCNE]~ ligands (28).
For ferromagnetic coupling, S,,. is 5/2
and, assuming g is 2, the magnetization M is
expected to be 28 x 10% emuG/mol. For
antiferromagnetic coupling between the V'
and the two [TCNE] ™ ligands, and hence
ferrimagnetic behavior, as observed for mag-
netite (Fe;O,), the S, is 1/2 and M is
expected to be 5.6 x 10* emuG/mol. The
latter is in good agreement with the value of
6.0 x 103 emuG/mol observed at 2 K at
19.5 kG. The microscopic origin of the
substantially increased exchange interactions
that results in higher critical temperature
with respect to Fe™ and Mn™ electron-
transfer salts (10) is likely due to the direct
bonding of the TCNE N atoms to V (that
is, without the w-bound ligand spacer) and a
3-D network structure in the solid.
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Electronic States of K, Cgo: Insulating, Metallic, and

Superconducting Character

P. J. BENNING, JoSE Luis MARTINS, J. H. WEAVER,

L. P. E. CHIBANTE, R. E. SMALLEY

The recent report of electrical conductivity in the alkali metal fiillerides and the
discovery of superconductivity at 18 K for K, Cg, has raised fundamental questions
about the electronic states on either side of the Fermi level, their occupancy with K
intercalation, and the mechanism of superconductivity. Direct photoemission evidence
is presented of filling of bands derived from the lowest unoccupied molecular orbital
as a function of K incorporation for the metallic and insulating phases. This filling is
not rigid band-like, and it reflects disorder in the K sites. Theoretical analysis indicates
that K, C, is a strong coupling superconductor, and we suggest that the enhanced
electron-phonon interaction is related to the unique hybridization of the C sp-derived

states.

INCE THEIR DISCOVERY (1), THE

fullerenes have revealed a succession of

remarkable properties. These mole-
cules represent the third form of pure C,
joining sp®-bonded diamond and sp*-bond-
ed graphite but exhibiting an intermediate
form of hybridization of s- and p-states. For
Cso, the molecular structure is especially
symmetric with 60 equivalent atoms in a
soccer ball-like configuration (2, 3). While
these molecules are less stable by 0.4 eV per
atom than diamond or graphite (4) and they
can be burned (5), they are. exceptionally
stable against photofragmentation (6). Fol-
lowing the breakthrough in synthesis by
Kritschmer et al. (7), studies of solid-state
properties of single crystals of Cg, have
shown that the molecules rotate (2) in fcc
(face-centered-cubic) lattice sites (8) at tem-
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peratures well below 300 K. Photoemission
and inverse photoemission studies (9, 10)
have shown a richness in structure for the
occupied and empty electronic states of con-
densed Cqy and C,, as well as a novel
molecular plasmon (9). First principles cal-
culations have produced good agreement
with experiment (9-12), and charge delocal-
ization and: dispersive band formation have
been reported (10, 11). Alkali metal incor-
poration into the fullerite lattice has pro-
duced conducting fullerides (13). Finally,
the discovery of superconductivity (14) in
K, .Cqo at 18 K has generated intense interest
in the conduction band states and the role of
electron-phonon coupling.

This paper focuses on electronic structure
changes due to K incorporation in solid Cy,
starting with insulating Cg,, progressing
through the metallic state, and reaching the
insulating KCg, state. Photoemission spec-
tra demonstrate the occupancy of ~1-eV
wide bands derived from threefold degen-
erate lowest unoccupied molecular orbitals
(LUMO:s) of the molecule, but filling is not

simply rigid band-like. Instead, the entire
LUMO-derived band is evident after low
doping, and emission from that band in-
creases with K incorporation. We also ob-
serve band broadening associated with dis-
order in the K bonding sites. In addition,
increases in spectral width for the valence
band features reflect changes in the crystal
field, reduced molecular symmetry, and
modification of the band structure. Having
identified the band responsible for super-
conductivity, we provide an estimate of the
parameters relevant for superconductivity.
From theoretical analysis, we find strong
electron-phonon coupling and suggest that
s-p hybridization in the conduction band is
responsible for the increase in coupling
compared to intercalated graphite (4).
Insight into the likely structure of K-in-
corporated Cg, can be gained by analysis of
results for K-intercalated graphite (15)
where the structure can be explained in
terms of packing of K ions (ionic radius
1.33 A) between sheets of C (van der Waals
radius 1.68 A). With these atomic dimen-
sions and the lattice constant of the fcc
fullerene, 14.2 A, it follows that K ions
could occupy the interstitial tetrahedral
(1.15 A radius) and octahedral (2.1 A radi-
us) holes of the fcc lattice. The occupancy of
each site by one ion would give a stoichiom-
etry of K;Cgq. Our total-energy local-densi-
ty calculations confirm that this is an ener-
getically favored structure since the enthalpy
of formation is ~1 eV per K atom (4).
Fischer and co-workers (16) recently report-
ed an x-ray diffraction study of K, Cgo
grown at 200°C. Their results for the fully
reacted equilibrium phase showed a bcc
(body-centered-cubic) lattice with K ions
occupying tetrahedral sites. The occupancy
of each such site would give KsCqo with
each anion surrounded by 24 cations. For
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