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cycle and of the latter as a dioxygen storage protein that requires
the ferrous state.

The present results show that reversible electron transfer to
imidazole-MP8 is controlled by three electrostatic gates, Pro-
tonation of thc heme propionate and deprotonation of the N-
terminal amino group decrease the midpoint potential of the
Fe(111)/Fe(I1) couple because of changes in Coulombic interaction
betwceen these groups and the metal ion. This models equivalent
electrostatic perturbations of the redox potential of various cy-
tochromes whcre ionizing groups have been identified as a heme
propionate (A(pK,) = ~1) or a noncoordinated His (A(pK,) =
~0.4') and means that electron uptake at one center is coupled
to proton uptake at another as decreased charge on the metal ion
raises the pK, of these ionizing groups. MP-8 has previously
proved a useful protein-free model for the peroxidase enzymes, 03!
for studying reactions of protein-free heme-bound dioxygen,3? and
for delineating features of hemoprotein topology that control access
to the heme.3* The effects described here now provide a plausible
mechanism for control of redox potentials and proton pumping
by the cytochromes. Work with other MP8 derivatives and other
small heme peptides that will further explore this hypothesis is
planned and will be reported elsewhere.
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The First Ambient Pressure Organic Superconductor
Containing Oxygen in the Donor Molecule,
Bm-(BEDO-TTF);Cuy(NCS);, T, = 1.06 K

In this communication, we report the discovery of supercon-
ductivity in an organic charge-transfer salt containing an oxy-
gen-bearing organic-donor molecule. A review of the literature!
on organic conductors and superconductors reveals that all such
superconductors are based on Se- or S-containing organic elec-
tron-donor molecules. In fact, an increasingly large number of
ambient-pressure organic superconductors occur as the atomic
number of the chalcogen atoms in the electron- donor molecule
decreases from Se to S. So far, one ambient-pressure supercon-
ductor has been discovered in an all-Se-containing system,
(TMTSF),ClO, (T, = 1.1 K),? and at least nine such supercon-
ductors are found in S-containing systems based on BEDT-TTF .2
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The latter system has yielded the highest transition temperature
obtained thus far in an organic superconductor, for x-(BEDT-
TTF),Cu(NCS),. T, > 10.4 K.* If this trend continues one might
expect to find a number of O-based organic superconductors, as
appropriatc organic electron-donor molecules are synthesized. As
suggested by Wud! and co-workers,®® there may be a remote
connection between oxygen containing organic superconductors
and Cu-0 high-T superconductors.’ In addition, according to
BCS theory'® (isotope effect), a lighter atom (oxygen) than S or
Sc in otherwise identical organic-donor molecules could cause T,
to rise in the lighter atom salt. Expanding on this possibility, we
point out that the discovery of superconductivity in an oxygen-
containing organic system could be important for systematically
expanding the range of possible organic superconductors and for
potentially establishing a link between organic superconductors
and the recently discovered high-temperature oxide supercon-
ductors.5 In fact, organic superconductors have many features
in common with the high-T, oxide superconductors; viz., both are
layered compounds, both have short anisotropic superconducting
coherence lengths (type-1I superconductors), and both have su-
perconducting ground-states competing with magnetic instabilities.
In this communication, we report the first organic superconductor
based on the oxygen-bearing electron-donor molecule BEDO-
TTF%” [BEDO-TTF is bis(ethylenedioxy)tetrathiafulvalene, 1],
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and a copper-containing inorganic anion. We describe herein the
synthesis of this new material, its crystal structure, its characteristic
ESR properties, inductive measurements of its superconductmg
transition, and its band electronic structure.

Synthesis and ESR Study. The salt, which we denote as -
(BEDO-TTF);Cuy(NCS),, was prepared by electrocrystallization
of the organic donor BEDO-TTF¢ (7.0 mg, 0.022 m mol),
CuSCN (27.5 mg, 0.23 m mol), KSCN (22.1 mg, 0.23 m mol),
and 18-crown-6 (~60 mg, 0.23 m mol) in 1,1,2-trichloroethane
with [0% (vol) absolute ethanol at room temperature. Crystal
growth was carried out in a drybox purged with nitrogen gas. The
current density applied was 0.07 uA /cm?, and small black crystals
were harvested after 25 days. Preliminary room-temperature ESR
data indicate an anisotropic single line absorption in which the
peak-to-peak line width varies from 17.5 to 27 G. No other line
width was observed in several samples, indicating that the title
compound is the only product formed under the above preparative
conditions. An analysis of the copper content was carried out by
use of an inductively coupled plasma/atomic emission spectrometer
(ICP/AES). A similar, but well-defined, compound, «-(BEDT-
TTF),Cu(NCS),, was also analyzed for comparison; % Cu, found
(caled) = 6.53 £ 0.33 (6.69). The result for 8,-(BEDO-
TTF);Cu,y(NCS)3; % Cu, found (caled) = 9.90 £ 0.50 (10.06).
Low-temperature single-crystal ESR studies revealed a monotonic
decrease in line width from 12,6 G at 150 Kto 1.5 G at 4.2 K,
and the ESR spin susceptibility was approximately constant from
150 to 30 K, below which temperature a Curie-like impurity tail
was obscrved. The Curie-like tail could be caused by chemical
contamination from a magnetic impurity or by the formation of
paramagnetic centers due to twinning or packing defects. The

constant spin susceptibility (30-150 K) is consistent with the Pauli
paramagnetism expected of a metallic specimen.
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Figure 1. Left: the unit ceil for 8,-(BEDO-TTF),Cu,y(NCS),, which
contains two anion layers and two layers of BEDO-TTF molecules. The
view is approximately down the a axis of the donor sublattice. Right:
planar Cuy(NCS);™ anion layers. The two independent Cu atoms have
slightly different coordination.

Structure.””'? Examination of numerous 3,-(BEDO-
TTF);Cu,(NCS); single crystals by use of X-ray diffraction
techniques showed a diffraction pattern in which a strong (fun-
damental) sublattice, exhibiting consistent diffraction intensities,
is interspersed with a commensurate superlattice (within our
resolution) whose diffraction intensities vary from crystal to
crystal.® The structure of the donor molecule layer, which may
be derived from the diffraction intensities of the sublattice re-
flections.® consists of BEDO-TTF molecules located with the
central carbon~carbon double bond on an inversion center. In
this unit cell, all donor molecules in the same layer are related
by unit cell translations. The donor molecule layers are separated
by anions that are constrained to lie on a crystallographic mirror
plane. In this model. a donor layer contains one-third of a
Cu,(NCS); anion unit; therefore, no reasonable anion mode! can
be derived from the sublattice. For a type-1 8, crystal® with both
sublattice (fundamental) and superlattice reflections, a reasonable
model for the anion layers is obtained as shown in Figure 1.9 The
Cu,(NCS);™ anion shown on the right side of Figure I is an
infinitely connected planar 2-dimensional polymer. This result
is in contrast to the Cu(NCS);™ ribbons found in x-(BEDT-
TTF),Cu(NCS),. a superconducting salt that can be synthesized
under conditions very similar to those described herein.* In the
BEDO-TTF salt, the ribbons found in the BEDT-TTF salt are
cross-linked by the elimination of half the terminal SCN™ units

Communications

583 T T g
g
x 582 h
>
Q
z
w
3
o 581 1
w
=
z
<
z
8 580 1
w
o
579 N " o L
0 1 2 3 4 5

TEMPERATURE (K)

Figure 2. Resonant frequency as a function of temperature as determined
by rf penetration depth measurements of 8,-(BEDO-TTF),Cu,(NCS),
in zero applied magnetic field (derived T, = 1.06 % 0.02 K at ambient
pressure).

and formation of bonds between the S atoms of the remaining
terminal thiocyanate ions with the copper atoms of a neighboring
chain. The zigzag chains found in x-(BEDT-TTF),Cu(NCS),
arc still evident in the 2-dimensional anion of (BEDO-
TTF);Cu,(NCS), (see Figure 1).

The donor-molecule layer depicted on the left side of Figure
I is only slightly distorted from that derived from the sublattice
reflections alone and is strikingly similar to that observed’ for
(BEDO-TTF),AuBr,. Whereas the salts of BEDT-TTF exhibit
great variety in donor molecule packing motifs,'? the salts of
BEDO-TTF reported to date all possess very similar donor
molecule packing patterns. An explanation for the occurrence
of a single donor packing mode for BEDO-TTF salts is the ex-
istence of short C~H-+O intermolecular hydrogen bonding con-
tacts, which appear to favor a single intermolecular donor packing
arrangement.'’

Further investigations to determine the origin of the (4, k., /
% '/,) superlattice reflections are planned. However, one pos-
sibility is that they arise from stacking faults similar to those
described by Ravy et al.'? for k-(BEDT-TTF),Cu(NCS),. If that
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Figure 3. (a, top) Dispersion relations of the highest three occupied bands
calculated for a donor-molecule layer of 8,,-(BEDO-TTF);Cu,(NCS),.
The dashed line refers to the Fermi level; T' = (0, 0), X = (a*/2,0), Z
=(0,c*/2),and M = (a*/2, ¢*/2). (b, bottom) Fermi surface associ-
ated with the highest occupied band of 8,,-(BEDO-TTF);Cu,(NCS); in
an extended zone scheme, where the parallelogram represents a primitive
cell in reciprocal space.

is also the case for 3,-(BEDO-TTF);Cu,(NCS);, then crystals
varying from single domain to those with a high density of stacking
faults would produce varying intensities for the (h, k, [ £ '/3)
satellite reflections.

Superconducting Transition. Superconductivity in the crystals
was detected by use of rf penetration depth measurements!? carried
out to temperatures as low as 0.58 K. In this method, super-
conductivity is detected by an increase in the resonant frequency
(~580 kHz) of an rf coil in an inductance—capacitance circuit
caused by the exclusion of the field in the test sample due to the
occurrence of diamagnetic shielding currents. This is an ac
shielding experiment and not a Meissner effect measurement, but
the increasing resonant frequency relative to that of the empty
coil is an approximate measure of the ac susceptibility and,
therefore, indicates the existence of volume superconductivity. A
plot of the resonant frequency versus temperature is illustrated
in Figure 2. This figure shows a change in the resonant frequency
of ~2.7 kHz below ~1 K for a sample of mass ~750 ug. The
large change in frequency relative to the mass indicates that the
sample itself rather than some minor impurity is the source of
the superconducting signal. The tail of the superconducting
transition begins near 1.2 K, but an extrapolation of the nearly
linear portion of the transition curve gives 7. = 1.06 £ 0.02 K
for the onset temperature of the bulk of the sample.

Band Electronic Structure. The electronic structure of 8-
(BEDO-TTF);Cuy(NCS); was examined by performing tight-
binding band calculations'* on its donor-molecule layer. Figure
Ja shows the dispersion relations of the three highest occupied
bands, which are largely represented by the HOMO of BEDO-
TTF. Asin the case of BEDT-TTF, the HOMO of BEDO-TTF
is mainly concentrated on the central TTF moiety. The donor-
molecule layer of 8,,-(BEDT-TTF);Cu,(NCS); has three mole-
cules per unit cell. With the formal oxidation (BEDO-TTF),*,

therefore, the highest occupied band of Figure 3a is half-filled.
The Fermi surface associated with this band is shown in Figure
3b, which consists of ellipse-like hole pockets centered at X and
its cquivalent points. Thus 8,-(BEDO-TTF);Cu,(NCS); is
predicted to be a two-dimensional metal. Although 3,.-(BEDO-
TTF);Cu,(NCS); is a 3:1 salt, its electronic structure has a
charactcristic feature found in almost all superconducting 2:1 salts,
viz., a half-filled band leading to a closed Fermi surface.'* The
donor-layer packing pattern of this salt is quite similar to that
of (BEDO-TTF),X (X~ = AuBr,, ClQ,).” The donor molecules
make short C—H--O contacts not only within each donor stack,
but also between adjacent donor stacks. Due to slight differences
in the interstack donor-donor overlap, 8,-(BEDO-TTF);Cu,-
(NCS); has a two-dimensional Fermi surface, but the (BEDO-
TTF),X (X~ = AuBr,” CIO,") salts have one-dimensional Fermi
surfaces.”

In summary, we have found the first organic superconductor
based on an oxygen-containing donor molecule. This result opens
up a completely new avenue in the search for organic supercon-
ductors with ever increasing transition temperatures.
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Synthesis and Structural Characterization of
[cis-(Cy,PCH,CH,PCy,)(neo-Pe)PtGa(neo-Pe),] (Cy =
¢-C¢Hyys neo-Pe = CH,C(CH,),)

We have been interested in the synthesis of organotransition-
metal—group III' complexes to serve as precursors for the de-
position of intermetallic films? of specified composition using
organometallic chemical vapor deposition (OMCVD).2 Mixed-
metal complexes such as dichloro(tetracarbonylcobalt)gallium(1IT)
tetrahydrofuranate? or platinumbis(dimethylglyoximato)bis(di-
methylgallium)® have given depositions of CoGa or PtGa,® that
are crystalline and highly reflective. However, these contain trace
contaminations of heteroatoms derived from the ligands. On the
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