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Figure 3. Magnitude model indirect (!°F-'83W) chemical shift correla-
tion of (H,W ,FO39)H;s (0.3 M in D,0). The spectrum results from a
64 X 4096 data matrix. The delay time between scans was 2 s, and the
number of scans was 32. Spectral width in F2 = 5617.98 Hz. Spectral
width in F1 = 667.56 Hz. Apodization was with a sine bell squared in
both dimensions. The total acquisition time was 2 hours. The reference
for chemical shift scaling in F1 is 2 M Na,WQ, in D,0.
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Figure 4. Magnitude mode multiple-quantum ('*F-'3C) chemical shift
correlation of a mixture of fluorinated compounds in CDCI, (see text).
The spectrum obtained with the four pulses sequence'* results from a 256
X 8192 data matrix. The delay time between scans is 2 s, and the
number of scans is 256. Spectral width in F2 = 17314.4 Hz. Spectral
width in F1 = 10060.96 Hz. The spectrum was apodized by using an
exponential multiplication of 2 Hz in F2 and 8 Hz in F1.

extra information that can be gained in such systems will be
welcome for the biologist. Figure 4 is a good example of what
can be done on a test mixture of 17 mM CF;COOH, 20 mM
CF,CH;,0H, and 41 mM CgHF in a CDCl, solution.

We clearly show that it is possible to extend easily the inverse
experiments through the '*F detection. From experimental time
values comparison, it will be of particular interest for organo-

metallic/inorganic chemists to study the transition-metal center
X of fluorinated iron, osmium, or rhodium species where a J-
{('*F-X) coupling is present. On the other hand, it seems to be
also a very promising NMR tool for low concentration fluorinated
metabolite solutions.

Experimental Section. All the experiments have been run on
an AM400 instrument equipped with a 5-mm inverse probe head.
The proton channel of this probe head had been retuned at the
fluorine frequency (376.4 MHz). The fluorine frequency had been
generated by a BSV7 broad-band transmitter and the tungsten
frequency (16.67 MHz) via a BSV3/BX accessory with a 200-W
pulsed amplifier (3-66 MHz).

For the ('*F-!3C) experiment, the BSV3/BX accessory of the
spectrometer has been equipped with a 150-W pulsed amplifier
(5~122 MHz) and the determination of the 90°(*3C) pulse value
has been done directly on the mixture of the fluorinated compounds
via the standard procedure.!!

Registry No. (H,W,FO)H;, 78829-53-5; tungstate, 12737-86-9;
tungsten, 7440-33-7; fluorine, 7782-41-4.
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From Semiconductor-Semiconductor Transition (42 K) to
the Highest- T, Organic Superconductor,
x-(ET),Cu[N(CN),ICI (T, = 12.5 K)

In this communication we report the discovery of an organic
superconductor with the highest-T, (12.5 K) recorded following
the suppression of a semiconductor-semiconductor transition (42
K), which is accomplished by application of a minimal applied
hydrostatic pressure (0.3 kbar). Comprehensive structure—property
correlations for organic superconductors have been developed for
the isostructural B-phase salts, 3-(ET),X (X~ = 137, Auly,
1Br;))."?  Although several ambient-pressure superconductors
arc found in the «-phase salts,>“ reliable structure-property cor-
relations for these saits have not been developed due to the lack
of isostructural k-phase superconductors. The §- and x-phase salts
arc characterized by very different structural packing motifs, viz.,
corrugated-sheet networks® of ET molecules and orthogonally
arranged ET molecular dimers,? respectively. In this commu-
nication we report the discovery of a new «-phase superconductor,
k-(ET),;Cu[N(CN),]Cl, which is isostructural with the recently
prepared ambient-pressure superconductor k-(ET),Cu[N(CN),]Br
(T, = 11.6 K)* and therefore has band dispersion relations and
a Fermi surface® practically identical with those of x-(ET),Cu-
[N(CN),]Br.

Synthesis, ESR Spectroscopy, and Crystallographic Identifi-
cation. The new superconductor, «-(ET),Cu[N(CN),]Cl, was
prepared in the same fashion as the isostructural Br salt.* The

(1) Williams, J. M.; Schultz, A. J.; Wang, H. H.; Carison, K. D.; Beno, M.
A.; Emge, T. J.; Geiser, U.; Hawley, M. E.; Gray, K. E.; Venturini, E.
L.; Kwak, J. F.; Azevedo, L. J.; Schirber, J. E.; Whangbo, M.-H. In
Proceedings of the Yamada Conference XV on Physics and Chemistry
of Quasi One-Dimensional Conductors, Lake Kawaguchi, Japan, May
26-30, 1986; Tanaka, S., Uchinokura, K., Eds. Physica B 1986, /143,
346. ET is bis(ethylenedithio)tetrathiafulvalene.

(2) (a) Williams, J. M.; Wang, H. H.; Emge, T. J.; Geiser, U.; Beno, M.
A.; Carlson, K. D.; Thorn, R. J.; Schultz, A. J,; Whangbo, M.-H. Prog.
Inorg. Chem. 1987, 35, 51. (b) Whangbo, M.-H.; Williams, J. M.;
Schultz, A. J.; Emge, T. J.; Beno, M. A. J. Am. Chem. Soc. 1987, 109,
90. (c) Williams, J. M.; Kini, A. M_; Geiser, U.; Wang, H. H.; Carlson,
K. D.; Kwok, W. K.; Vandervoort, K. G.; Thompson, J. E.; Stupka, D.
L.; Jung, D.; Whangbo, M.-H. In Organic Superconductivity; Kresin,
V. Z, Little, W. A, Eds.; Plenum: New York, in press. (d) Whangbo,
M.-H.; Novoa, J. J.; Jung, D.; Williams, J. M.; Kini, A. M.; Wang, H.
H.; Geiser, U.; Beno, M. A.; Carlson, K. D. In Organic Superconduc-
tivity; Kresin, V. Z., Little, W. A, Eds.; Plenum: New York, in press.

(3) Summary describing the known x-phase organic superconductors: Jung,
D.; Evain, M.; Novoa, J. J.; Whangbo, M.-H_; Beno, M. A;; Kini, A.
M.; Schultz, A. J.; Williams, J. M.; Nigrey, P. J. Inorg. Chem. 1989,
28, 4516; 1990, 29, 1594,
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Figure 1. Plot of relative electrical resistivity at ambient pressure, R-
(T)/R(300 K), versus temperature for -(ET),;Cu[N(CN),]Cl, indicating
semiconducting behavior with a transition occurring at 42 K.

following chemicals were used during the electrocrystallization
synthesis: ET, 10 mg (0.026 mmol, Strem); CuCl, 57 mg (0.58
mmol, Aldrich); PPhyN(CN),, 158 mg (0.39 mmol).!* The solvent
used was 1,1,2-trichloroethane (TCE) and 10% (vol) absolute
ethanol (to promote crystal growth). The current densities applied
for different cells were between 0.1 and 0.5 uA/cm?  The
room-temperature ESR peak-to-peak line width is in the range
55-75 G, and the broad line width is comparable to that of the
isostructural bromide salt and all other k-phase salts.'#!> The Cl
and Br [V = 3317 (1) A%] derivatives are isostructural, with very
similar atom positional parameters,® and the crystallographic data
for the chloride salt at 298 K are as follows: a = 12.977 (3) A,
b=129.979 (4) A, ¢ =8.480 (2) A, V= 3299 (1) A?, space group
Pnma, and Z = 4.

Resistivity at Ambient Pressure. The four-probe resistivity, as
a function of temperature at ambient pressure, of a single-crystal
specimen of k-(ET),Cu[N(CN),]Cl is illustrated in Figure 1. The
room-temperature resistivity, p(300 K), for this specimen was
~0.5 Q@ cm. With decreasing temperatures, the resistivity is
weakly semiconductive with a thermal activation energy of ~12
meV below 300 K. Below 50 K, the resistivity is more strongly
semiconductive with an activation energy of ~52 meV. The
intersection of the two semiconductive regimes, as determined from
least-squares fits of the data to exponential expressions of the type
p = py exp(E/kT), gives a transition temperature of ~42 K. At
temperatures below 20 K, the resistivity behavior indicates another
change in the temperature dependence, although this may be an
artifact due to a saturation in the voltage compliance of the
current-generating device. Resistivity measurements of several
other single-crystal specimens gave very similar results in each
case. Tests for superconductivity at ambient pressure by rf
penetration depth measurements gave no indication of super-
conductivity to temperatures as low as 0.6 K.

It is of interest to compare the resistivity vs temperature be-
havior of this salt to that of the ambient-pressure superconductor
x-(ET),Cu[N(CN),;]Br.%#* The bromide-containing salt at am-
bient pressure initially shows very weak metallic resistive behavior
from 300 to 225 K and then semiconductive behavior at lower
temperatures with a thermal activation energy of ~6 meV; the
resistivity reaches a maximum near 100 K, below which tem-
perature it becomes strongly metallic and finally superconducting
with a resistive onset of 12.5 K and zero resistance within in-
strumental limits at 10.5 K.

Superconductivity. Superconductivity was observed at pressures

(4) Kini, A. M,; Geiser, U.; Wang, H. H.; Carlson, K. D.; Williams, J. M,;
Kwok, W. K.; Vandervoort, K. G.; Thompson, J. E.; Stupka, D.; Jung,
D.; Whangbo, M.-H. Inorg. Chem. 1990, 29, 2558.

(5) Williams, J. M.; Beno, M. A.; Wang, H. H,; Reed, P. E.; Azevedo, L.
J.; Schirber, J. E. Inorg. Chem. 1984, 23, 1790.

(6) Details on the tight-binding band electronic structure calculations
performed in our studies: (a) Whangbo, M.-H.; Williams, J. M.; Leung,
P. C. W,; Beno, M, A_; Emge, T. J,; Wang, H. H.; Carlson, K. D ;
Crabtree, G. W. J. Am. Chem. Soc. 1988, 107, 5815. (b) Whangbo,
M.-H.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 6093.

Inorganic Chemistry, Vol. 29, No. 18, 1990 3273

©{ET)oCulN(CN)IC!
15 T T .

s 140 ug sample
~13.2K ® 280 ug sample

T

i

. . ]
0.0 05 10 15 20
P (kbar)

Figure 2. Superconducting transition temperature of x-(ET),Cu[N-
(CN),]Cl versus hydrostatic pressure. The superconducting onset occurs
at 12.5 K (P = 0.3 kbar), and the extrapolated T, at ambient pressure
is 13.2 K.

above 0.3 kbar. These pressures were generated in solid He by
careful isobaric freezing of the He about the sample.” Super-
conducting onset temperatures were detected by use of an rf
impedance method discussed earlier,® and temperatures were
measured with a carbon glass thermometer affixed to the exterior
of the pressure vessel immediately adjacent to the sample. Since
the temperature is varied by adjusting the level of the experiment
above a He bath, gradients can occur especially at pressures below
0.3 kbar, and these always result in a thermometer reading lower
than the true sample temperature. We measured this gradient
and corrected for it with an internal thermometer consisting of
a chip of Nb in the coil with the sample. The Nb thermometer
is corrected for pressure by use of the literature value of ~0.2
K/kbar for dT,/dP, and the gradient correction is negligible for
pressures above 0.5 kbar. In this work, we use the identical
apparatus in which the closely related compound «-(ET),Cu[N-
(CN),]Br was studied under pressure.>!® This compound has
the highest reported ambient-pressure transition temperature for
an organic superconductor.

Our pressure results are summarized in Figure 2. A very weak
superconducting diamagnetic response is detected at 0.2 kbar, At
0.3 kbar, a very strong superconducting signature is observed at
12.5 K. This is more than 1 K higher than that observed in the
same apparatus for x-(ET),Cu[N(CN),]Br at this pressure. As
secn in Figure 2, T, is strongly decreased with pressure at a rate
of -3.4 K/kbar. This value is very similar to that observed in
k-(ET),Cu(NCS),, which has the largest pressure derivative of
T, reported for any material.!12 Extrapolation of T to ambient
pressure indicates that «-(ET),Cu[N(CN),]Cl would have a su-
perconducting transition temperature of ~13.2 K.

Conclusions. We have discovered the first two ET-based iso-
st\ructural k-phase organic superconductors, «-(ET),Cu[N-

(7) Schirber, J. E. Cryogenics 1970, 10, 418,

(8) Azevedo, L. J.; Schirber, J. E.; Williams, J. M.; Beno, M. A; Stephens,
D. R. Phys. Rev. 1984, B30, 1570.

(9) Schirber, J. E.; Overmyer, D. L.; Williams, J. M.; Kini, A. M.; Wang,
H. H. Physica C, in press.

(10) Schirber, J. E.; Williams, J. M.; Wang, H. H. Mol. Cryst. Liq. Cryst.
1990, /81, 285.

(11) Schirber, J. E.; Venturini, E. L.; Kini, A. M.; Wang, H. H.; Whitworth,
J. R,; Williams, J. M. Physica C 1988, /52, 157.

(12) Kang, W.; Jérome, D.; Lenoir, C.; Batail, P. J. Phys.. Condens. Matter
1990, 2, 1665.

(13) Kéhler, H.; Lischko, T. P.; Hartung, H.; Golub, A. M. Z. Anorg. Allg.
Chem. 1974, 403, 35.

(14) Wang, H. H.; Beno, M. A,; Carlson, K. D.; Geiser, U,; Kini, A. M.;
Montgomery, L. K.; Thompson, J. E.; Williams, J. M. In Organic
Superconductivity; Kresin, V. Z., Little, W. A,, Eds.; Plenum: New
York, in press.

(15) Wang, H. H.; Vogt, B. A.; Geiser, U.; Beno, M. A,; Carlson, K. D.;
Kleinjan, S.; Thorup, N.; Williams, J. M. Mol. Cryst. Lig. Cryst. 1990,
181, 135.
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(CN),]Br (T, = 11.6 K) and x-(ET),Cu{N(CN),]CI (T, = 12.5
K, 0.3 kbar), respectively. As in the case of x-(ET),Cu[N-
(CN),]Br, our band electronic structure calculations® show «-
(ET),Cu[N(CN),]CI to be a two-dimensional metal. Struc-
ture—properties correlations for x-phase superconductors are now
within rcach and await the discovery of another isostructural
superconducting salt. Extrapolation of T, to ambient pressures
for k-(ET),Cu{N(CN),]Cl indicates a T, of ~13.2 K, and efforts
arc underway to stabilize this material in the superconducting
ground state at ambient pressure.

Note Added in Proof. Four-probe resistance measurements with a Nb
reference thermometer in series with the sample give 7. = 12.8 K at 0.3
kbar. We define T, as the midpoint of the transition. The total transition
width is less than 0.2 K at this pressure.
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Chemistry in the Polar Intermetallic Host Zr,Sb,. Fifteen Interstitial Compounds

Eduardo Garcia and John D. Corbett*
Received November 23, 1989

Reactive (powder) sintering, arc-melting, vapor-phase-transport, and metal-flux methods have been explored for the synthesis of
single-phase samples of compounds ZrsSbyZ, in which an interstitial atom Z is bound in the centers of all zirconium trigonal-
antiprismatic sites in the ZrsSby host (Mn;Si; type). Products of arc-melting are generally the least satisfactory as they are often
substitutionally disordered or inhomogeneous and exhibit distinctly smalier lattice constants. Other procedures are described for
the preparation of usually single-phase samples with Z = C, O, Al, Si, P, S, Co, Ni, Cu, Zn, Ge, As, Se, Ru, and Ag. The structures
of two metal-flux products have been determined by single-crystal X-ray means (P6;/mem, Z = 2): ZrsSb,Si, a = 8.5409 (5)
A, c=58248(7) E., R/R, = 2.1/3.0%; ZrsSb,Zn, a = 8.6074 (7) A, c = 5.8362 A, R/R, = 1.3/1.3%. The bonding of Z results
primarily in small to moderate expansions of the relatively large zirconium cavity. The results of extended Hiickel band calculations
for ZrsSby and Zr,Sb,S show how zirconium states and electrons are diverted from the broad conduction band to form strong

Zr-Z bonds while the robust Zr-Sb and Zr-Zr bonding elsewhere in the structure is virtually unaffected.

Introduction

Cluster phases constructed from the early transition metals (T)
exhibit some unusual and distinctive solid-state chemistries. The
simplest to understand, and the most polar, are the many discrete
cluster halides (X) formed from T¢X,, units. Metal-rich binary
compounds formed between the same metals and the earlier
chalcogens, pnictogens, and other main-group elements (M) still
involve components with quite different valence-state energies,
and the assignment of valence electrons to valence and conduction
(or cluster) bands is usually quite straightforward.2 However,
the smaller fraction of M atoms means that even the binary
compounds frequently occur in structures that are so condensed
and complex that it is difficult to understand and discuss their
structures, bonding, and chemistry directly without a theoretical
band elaboration of each phase. Further reactions of most of these
to form related ternary phases, interstitial or not, have not been

(1) Ames Laboratory—DOE is operated for the U.S. Department of Energy
by lowa State University under Contract No. W-7405-Eng-82. This
research was supported by the Office of Basic Energy Sciences, Mate-
rials Sciences Division.

(2) Garcia, E.. Corbett, J. D. Inorg. Chem. 1988, 27, 2353,
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systematically investigated beyond a few carbides, hydrides, etc.
Cluster halides constructed from group 3 or 4 metals have
recently been found to exhibit a surprising property: all evidently
require an interstitial element centered within each metal octa-
hedron for thermodynamic stability.>~ Paralleling this, some
metallic chalcogenide, pnictide, etc. phases with relatively simple
cluster-based structures have been found to exhibit evidently
analogous reactions. In these cases, a variety of third elements
are taken up interstitially and without large structural changes
so that electronic changes accompanying the reactions are easier
to understand. The term “Nowotny phase” has been applied to
some of these.®
One particular family, TsM; phases with the Mn;Si;-type
structure, have a longstanding reputation for their ability to bond
a third interstitial element (Z) within T4 octahedral cavities
therein, or even to require the same for stability.”!! In fact, some
(3) Ziebarth, R. P,; Corbett, J. D. dAcc. Chem. Res. 1989, 22, 256.
(4) Rogel, F.; Zhang, J.; Payne, M. W.; Corbett, J. D. Adv. Chem. Ser.
1990, 226, 369.
(S) Payne, M. W.; Corbett, J. D. Inorg. Chem. 1990, 29, 2246; see also

references therein.
{6) Kieffer, R.; Benesovsky, F.; Lux, B. Planseeber. 1956, 4, 30.
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