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Synthesis, structure determination by single-crystal X-ray diffraction, and physical properties are reported and
compared for superconducting and semiconducting molecular charge-transfer salts with stoichiometry (BEDT-
TTF)JA'M"(C,04)3]-PhCN, where A= H30, NH,, K; M'"" = Cr, Fe, Co, Al; BEDT-TTF= bis(ethylenedithio)
tetrathiafulvalene. Attempts to substitutéMvith Ti, Ru, Rh, or Gd are also described. New compounds with M

= Co and Al are prepared and detailed structural comparisons are made across the whole series. Compounds
with A = H30* and M= Cr, Fe are monoclinic (space gro@g/c), at 150, 120 Ka = 10.240(1) A, 10.232(12)

A; b=19.965(1) A, 20.04(3) Ac = 34.905(1) A, 34.97(2) A8 = 93.69(1}, 93.25(119, respectively, both with

Z = 4. These salts are metallic at room temperature, becoming superconducting at 5.5(5) or 8.5(5) K, respectively.
A polymorph with A= H;0* and M= Cr is orthorhombic Rbcr) with a = 10.371(2) A,b = 19.518(3) A,c

= 35.646(3) A, andZ = 4 at 150 K. When A= NH4t, M = Fe, Co, Al, the compounds are also orthorhombic
(Pbcn), with a = 10.370(5) A, 10.340(1) A, 10.318(7) Ay = 19.588(12) A, 19.502(1) A, 19.460(4) &, =
35.790(8) A, 35.768(1) A, 35.808(8) A at 150 K, respectively, with= 4. All of the Pbcn phases are
semiconducting with activation energies between 0.15 and 0.22 eV. For those compounds which are thought to
contain HO™, Raman spectroscopy or=€C and C-S bond lengths of the BEDT-TTF molecules confirm the
presence of gD rather than HO. In the monoclinic compounds the BEDT-TTF molecules adqg@t packing

motif while in the orthorhombic phases (BEDT-TEBR)imers are surrounded by monomers. Raman spectra and
bond length analysis for the latter confirm that each molecule of the dimer has a charyevbile the remaining

donors are neutral. All of the compounds contain approximately hexagonal honeycomb layers obQ)M(C

and PhCN, with the solvent occupying a cavity bounded by [MY{s]3~ and A. In the monoclinic series each

layer contains one enantiomeric conformation of the chiral [MIfs]3~ anions with alternate layers having
opposite chirality, whereas in the orthorhombic series the enantiomers form chains within each layer. Analysis of
the supramolecular organization at the interface between the cation and anion layers shows that this difference is
responsible for the two different BEDT-TTF packing motifs, as a consequence of weak H-bonding interactions
between the terminal ethylene groups in the donor and the JOY)g]3~ oxygen atoms.

Introduction Most recent is RuSGdCwOg,® which becomes ferromagneti-
. . . cally ordered at a temperature (132 K) well above its super-
Since the 1957 report by Ginzbukgwhich set out the conductingT, (40 K).® Apart from the last example, all these

(r:rg):dr;té?igsm;?eiglsvﬁgrhe r?;\?grlfggr?l;ﬁtrlxgof:g:‘?or?scgurscl)ﬂ d systems involve exclusively 4f moments, so it is pertinent to

statge chemists to s’ynthesize superconducting compoun)(/js Con_sea_rch for highly (_:onducti_ng comp_ounds containing magnetic

taining arrays of magnetic ions. Among the earliest were the 3d ions. A potentially fertile area is that of molecplar-based

ternary borides such as ErEEhIZ followed by the Chevrel charge-transfer salts, where the first superconducting example
hases, e.q., BB, MoeSe? and ’the borocarbides Eri,C 4 was reported as long ago as 198 such sglts organochal-

P » €9 kOM—V0e 2 cogenide donor molecules form the cations and may be

combined with a wide variety of inorganic or organic anions.
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Some years ago we embarked on a systematic examination ofintra- and intermolecular distances. It is also important to clarify
transition metal complexes as anions in charge-transfer salts whether the monoclinic and orthorhombic compounds can be
and reported the first molecular superconductor which containedregarded as polymorphs with the same mean charge on the

paramagnetic metal ions (and incidentally the first superconduc-
tor of any kind containing paramagnetic 3d ioA§ubsequently
one other molecular system has been repditednd its
properties have been measured as a function of temperature
pressure, composition, and applied fields.

The paramagnetic molecular superconduttimitially for-
mulated ag"-(BEDT-TTF)[(H,0)Fe(GO,)s]-PhCN (BEDT-
TTF = bis(ethylenedithio)tetrathiafulvalene), consists of alter-
nating layers of BEDT-TTF cations and layers containing the
complex anions and solvent molecules. It is monoclidi2/€)
but, in parallel, an orthorhombic phasebcr developed, in
which the HO was replaced by K or NH;™ while retaining
the same overall arrangement of alternating cationic and anionic
layers. However, thePbcn derivatives are semiconducting,
principally because the packing of the BEDT-TTF is different:
in place of thef" packing motif as found in numerous other
superconducting BEDT-TTF charge-transfer salts is an arrange-
ment that we called “pseudd,® consisting of neutral BEDT-
TTF molecules surrounding a (BEDT-TT}, dimer. In both
phases the [Fe@,)3]3~ anion, together with the 40, K*, or
NH4*, forms a planar hexagonal honeycomb network, reminis-
cent of that found in the extensive series of molecular-based
bimetallic magnets with stoichiometry 'M"M" (C;Q4)3],
where here Ais an organic cation such as tetraalkyl- or
tetraarylammonium or -phosphoniu!® An important issue
arose as to why a similar arrangement of anions should lead to
two such different arrangements of the BEDT-TTF cations.
Furthermore, a crucial point of detail in relating the crystal and
electronic structure of the superconducting phase to its physical
properties concerns the mean charge on the BEDT-TTF. This
charge is balanced by that of the anion layer, so the deter-
mining factor is whether the water molecule is present 8 H
or H;O*. The earlier crystallographic wotkvas inconclusive,
but the water was assigned as,(H on considering the
O(H20)...O(oxalate) distances.

Itis clearly of interest to explore other phases with the general
formula (BEDT-TTF}[AM(C20.)3]-solvent, where M is a

BEDT-TTF cations and, if so, to clarify the physical origin of
the polymorphism. Here we report our efforts to prepare
materials with other metal ions, the crystal structures of two
new compounds with M= Co and Al, and their basic physical
characterization by transport and magnetic susceptibility mea-
surements. Additionally, we report Raman spectra of these and
the earlier compounds, which show in every case that the
(BEDT-TTF) unit has a+2 charge, irrespective of the donor
packing motif or the salt composition. A comparison of the
supramolecular organization of the monoclinic and orthorhombic
phases leads to an explanation for the different packing
arrangements of the donor cations, based on different spatial
distributions of the enantiomeric [M¢O4)3]°~ in the racemic
lattices. Preliminary brief accounts of part of this work have
appeared®1> It is interesting to note that recently a BEDT-
TTF salt with a bimetallic layer anion [MnCrgO,)s]~ was
reported to be metallic dowrt4 K and ferromagnetic below
5.5 K. However, only a partial structure was determined because
of disorder in the anion layer, and furthermore the included
solvent molecules were not locat&d.

Experimental Section

Synthesis of Starting Materials.Numerous tris(oxalato)metalate-
(Il) salts were synthesized by literature methods for use in the
subsequent electrochemical crystal growth of BEDT-TTF charge-
transfer salts. For the previously reported salts with-Nfe or Cr, see
the published articles for detafl$* The following starting materials
were also prepared as indicated and recrystallized several times before
use. (NH)g[TI(C204)3]'10H20,17 K3[Cf(C204)3]'2H20,18 (NH4)3[CO-
(C204)3] -3.5H0,!8 (NH4)3[RU(C204)3] -1.5H0,% K3[RU(C204)3] -4.5H0 2
(NH4)s[Rh(C04)3]*4.5H0 2122 Gh(C204)3* 10H0 2 (NH)3[AI(C 204)3] -
3H,0,8 K3[AI(C ;04)3]-3H20.18 The compositions were confirmed by
elemental analysis, carried out by University College London Mi-
croanalytical Laboratory. BEDT-TTF (Aldrich) was recrystallized from
CHCls, 18-crown-6 (Aldrich) was purified over MeCN, PhCN (Aldrich)
was fractionally distilled over s immediately prior to use, and®
was also freshly distilled.

Synthesis of BEDT-TTF Charge-Transfer Salts.Crystal growth

transition or even nontransition metal ion. to see how the 00k place in H-shaped electrocrystallization cells (maximum volume

transport and magnetic parameters change with the magnitud
of the magnetic moment, and any small systematic changes in

(8) Mallah, T.; Hollis, C.; Bott, S.; Kurmoo, M.; Day, B. Chem. Soc.,

Dalton Trans.199Q 859. Day, P.; Kurmoo, M.; Mallah, T.; Marsden,

I. R.; Allan, M. L.; Friend, R. H.; Pratt, F. L.; Hayes, W.; Chasseau,

D.; Bravic, G.; Ducasse LJ. Am. Chem. Socl992 114, 10722.

Marsden, I. R.; Alan, M. L.; Friend, R. H.; Kurmoo, M.; Kanazawa,

D.; Day, P.; Bravic, G.; Chasseau, D.; Ducasse, L.; HayesPNys.

Rev. B 1994 50, 2118. Kurmoo, M.; Day, P.; Giuonneau, P.; Gaulter,

J.; Chasseau, D.; Ducasse, L.; Allan, M. L.; Marsden, |. R.; Bravic,

G.; Friend, R. Hlnorg. Chem1996 35, 4719. Kepert, C. J.; Kurmoo,

M.; Day, P.Inorg. Chem1997, 36, 1128. Kepert, C. J.; Kurmoo, M.;

Day, P.J. Chem. Soc., Dalton Trank997, 607. Kepert, C. J.; Kurmoo,

M.; Day, P.J. Mater. Chem1997, 7, 221.

Kurmoo, M.; Graham, A. W.; Day, P.; Coles, S. J.; Hursthouse, M.

B.; Caulfield, J. L.; Singleton, J.; Pratt, F. L.; Hayes, W.; Ducasse,

L.; Guionneau, PJ. Am. Chem. Sod.995 117, 12209.

(10) Kobayashi, H.; Tomita, H.; Naito, T.; Kobayashi, A.; Sakai, F.;
Watanabe, T.; Cassoux, P. Am. Chem. Sod.996 118 368.

(11) Kobayashi, H.; Sato, A.; Arai, E.; Akutsu, H.; Kobayashi, A.; Cassoux,
P.J. Am. Chem. Socl1997, 119 12392. Sato, A.; Ojima, E.; Akutsu,
H.; Kobayashi, H.; Kobayashi, A.; Cassoux,Ghem. Lett1998 673.
Kobayashi, H.; Akutsu, H.; Ojima, E.; Sato, A.; Tanaka, H.; Kobayashi,
A.; Casoux, PSynth. Met1999 103 1837.

(12) Decurtins, S.; Schmalla, H. W.; Oswald, H. R.; Linden, A.; Ensling,
J.; Gutlich, P.; Hauser, Anorg. Chim. Actal994 216, 65.

(13) Mathioniere, C.; Nuttall, C. J.; Carling, S. G.; Day,IRorg. Chem.
1996 35, 1201.

9)

e50

mL) with a Pt electrode in each arm separated by a glass frit in the
‘H” cross piece. The cathode was protected by a second frit to prevent
contamination by reduction products. The cells were washed with aqua
regia followed by distilled HO and dried thoroughly. The electrodes
were cleaned with nitric acid, after which an ac current was passed
through them in dilute 5Oy, and finally they were washed in distilled
H.O and thoroughly dried.

In each case 100 mg of the tris(oxalato)metalate salt and 200 mg of
18-crown-6 were dissolved in 50 mL of PhCN. For those compounds
which finally contain HO™, the anion source was the ammonium salt,
and two drops of water were added after rapid stirring. Ten milligrams
of solid BEDT-TTF was placed in the anode side of the H-cell, and
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Properties of Charge Transfer Salts

the remainder of the cell was filled with the filtered PhCN mixture. At
a temperature of 295(X a constant current of A was applied across
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the molar susceptibility was corrected for core diamagnetism estimated
from Pascal’s constants. For the superconducting compounds a strong

the cell and where crystals grew on the anode they did so over anfield exclusion effect was observed when the samples were cooled in

average of 21 days.

Results of the crystal growth, with the named tris(oxalato)metalate
complexes, were as follows. (NH[Ti(C204)3]-10H,0: very thin
black needles. KCr(C;04)3]-3H.0O: no crystals grew over 21 days.
(NH4)3[C0o(C,04)3]+3.5H,0: black needle-shaped crystals which were
of good enough quality for single-crystal X-ray structural determina-
tion and were found to be (BEDT-TTHINH4)Co(GOs)s]-PhCN,I.
(NH4)3[Ru(C204)3]-1.5H0: no crystal growth occurred after 28
days. K[RuU(C04)3]+4.5H0: no crystals grew over 21 days. (Mgt
[Rh(C,04)3]+4.5H,0: a small amount of very small black needles

zero field b 2 K and a small field b5 G was applied. Magnetization
measurements were then made while heating the sample to 12 K, which
was assumed to be aboVe The MeissnerOchsenfeld field expulsion
effect is observed on keeping the field constant and then measuring
the magnetic susceptibility while recooling. Each superconductor
showed an increase in magnetization which indicated some flux
penetration.

Infrared Spectroscopy. Polarized optical reflectivity of single
crystals was recorded at ambient temperature from 800 to 4060cm
using a Perkin-Elmer 1710 spectrometer fitted with a Spectra Tech

grew over 14 days but formed as aggregates and were unsuitable formicroscope and a KRS5 polarizer. Measurements were made with the

physical measurements. §@,04)3*10H,0: large black plates. (Ni-
[AI(C204)3]-3H20: a small quantity of square plates of very good
quality which were suitable for single-crystal X-ray structural deter-
mination were found to be (BEDT-TTH{NH4)AI(C204)3]-PhCN,II .
K3[AI(C 204)3]-3H,0: no crystals grew over 21 days.

Enantiomericaly Pure Starting Materials. Since tris(oxalato)-
metalate complexes are chiral, the opportunity exists in principle to
make BEDT-TTF salts containing only a single enantiomer. For
example with A-(NH4)3[Cr(C;04)3]-H20 or A-(NHa)3[Cr(C204)4],
prepared by literature methoéfsno crystals grew in the first 12 days,
followed by a period of rapid growth for 3 days which yielded a large
guantity of black cube¥ However, with A-(NH,)3[Rh(C;O4)3]-H20
or A-K3[Cr(Cz04)3]*H20 no crystals had grown after 28 days.

Crystal Structure Determination. For M = Co, compound, a

electric vector both parallel and perpendicular to the edge of the crystal.
Ambient and low-temperature reflectivity was measured using a
Spectra-Tech IR-plan microscope fitted in the sample chamber of an
FT-IR Nicolet Magna 760 spectrometer. Spectra were collected between
600 and 4000 crt using an IR light source, MCT detector, KBr beam
splitter, and wire grid polarizer with 4 cm resolution; between 3500
and 10000 cmt using a white light source, MCT detector, quartz beam
splitter, and NIR/VIS Glan-Thompson polarizer with 32 ¢nmesolu-

tion; and between 9000 and 12000 ¢rusing a white light source, Si
detector, quartz beam splitter, and the same polarizer. Single crystals
were fixed on a copper sample holder with silicon grease. The crystal
face was adjusted to be nearly normal to the incident light using a
small goniometer head attached to an Oxford Instruments CF1104S
cryostat. The sample was covered by a radiation shield and vacuum

black needle single crystal was mounted on a glass fiber and positionegShroud with a KBr window. To avoid the sample being contaminated
on a Bruker smart CCD. The quality of the crystal was checked at at low temperature, the window of the radiation shield was only opened

room temperature from a cell parameter determination which gave anduring measurement. The absolute reflectivity was obtained by
orthorhombic crystal systema & 10.407(1) A,b =19.600(1) A.c = comparison with the reflected light from a Au mirror placed close to
36.162(1) A). Then the sample was cooled (4 K mMjnin order to the sample. At each temperature the reflectivity of this inner mirror
reduce the strong thermal agitation which usually affects the BEDT- Was monitored with respect to a gold mirror outside the cryostat
TTF/[M(C,04)3]" salts at room temperatu&The data collectionwas ~ chamber. Spectra from 10000 to 32000 émere measured using the
then run at 150(2) K with graphite-monochromated Ma Fadiation same microscope, _comblned with a _multlchannel detection system
(A = 0.71069 A). The diffraction frames were integrated using the (Atago Macs320) using a xenon lamp light source and Glan-Thompson
SAINT packag® and corrected with SADABS. The crystal structures ~ Polarizer. _

were solved and refined with the SHELXTL-plus prograthsor M Raman Spectroscopy.Raman spectra of single crystals were
= Al single plate crystals, X-ray diffraction data were collected at 150- Measured at room temperature with a Renishaw Ran;an_ Imaging
(2) K using an Enraf Nonius Kappa CCD area detector with Mp K~ Microscope using a HeNe laser { = 632.6 nm) with 10% filter.
radiation and an Oxford Cryosystem, Npen flow cryostat. The Samples were measured both parallel and perpendicular to the incident

structure was solved by direct methods and refined anisotropically on P€8m and were scanned from 100 to 4000 tmhile longer scans

F2 by full-matrix least squares using SHELXS7AIl hydrogen atoms ~ Were performed from 1150 to 1650 cinto observe the stretching

were placed in idealized positions and refined using a riding model. frequencies of the €C bonds in BEDT-TTF. Spectra were identical
Physical Measurements. Transport MeasurementsTransport when measured both parallel and perpendicular to the incident beam

measurements of low-resistance and metallic samples were made b)ﬂn the same plane of the crystal plates or needles) with only minor

the four-probe dc method. Two probe measurements were used forchanges in peak shifts and intensity. Spectra of metallic salts showed
samples with high intrinsic resistance where contact effects were considerably more noise and broader absorption than those of the

assumed to be negligible. Gold wire electrodes were attached to thesemlconductlng samples and of neutral BEDT-TTF.
crystal using Pt paint, and the attached wires were connected to a
standard eight-pin integrated circuit plug with Ag paint. Silver paint
was not used for contacts to the sample due to the possible formation Description of Crystal Structures. A common feature of
of AgS at the electrodecrystal interface. The eight-pin plugs were  charge-transfer salts, based on the donor molecule BEDT-TTF,
mounted in an Oxford instruments CF200 continuous-flow cryostat and s the spatial segregation of cations and anions into alternating
connected to a Hewlett-Packard 3478A digital multimeter. layers, although occasionally “chess board” patterns can appear
Magnetic Susceptlblll_ty.Magnetlc susceptibility data were measured o< \vith the [Ge(@Ds)3]* salt?® The structures of all of the
umse”:]?sivgr:amng’dn; ;esgncystglﬁ:essgﬂ?egﬁg;eg;?ﬁ]t:zaMsﬁzug alts of BEDT-TTF and tris(oxalato)metalate(lll) anions with
yery P g psule, hCN consist of layers of BEDT-TTF molecules interleaved
with anionic layers which contain [M(C,04)3]®~, PhCN, and
cations A = H3O™", NH4t or K™. Figure 1 shows an example
of the layered structure in one of these salts. Crystal data for
the new compounds are presented in Table 1 along with
comparative data for other compounds in this series; compounds
| andll are the new salts, aril —VI are included for structural
comparisons. The compound shorthahdV1, is used in the
other tables; compoundll is that with M= Fe and A= K.
As noted in the original worR,two distinct phases have been
found in this series with monoclinicd®@/c) and orthorhombic

Results and Discussion
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Figure 1. The layered structure in (BEDT-TTEAM(C 204)3]-PhCN
salts.

(Pbcn) space groups. Standard ORPERliagrams with the
atom-numbering scheme and 50% thermal ellipsoids for com-
poundsl andlIl with M = Co and Al, respectively, both of
which have thePbcnstructure, are shown in Figures 2 and 3.

Anion Layers. Within each anion layer, the 'Aand
[M'(C,04)3]%~ groups adopt a “honeycomb” arrangement with
a PhCN molecule occupying a hexagonal cavity (Figure 4, top).
The PhCN is fully ordered in the monoclinic phases with the
C=N bond directed toward the metal atom of the tris(oxalato)
anion, while in the orthorhombic phases it exhibits 2-fold
disorder over two static orientations with the= bonds
directed toward A The solvent may play a “templating” role
in stabilizing the lattice. The area of the cavityxid A2 smaller

Martin et al.

represents segregation by a layer of donor molecules). By
contrast, in the orthorhombic phases each anion layer contains
a 1:1 ratio ofA and A enantiomers arranged in alternating
rows with a .AA—AA—AA—AA... pattern (Figure 4, right).

In both phases there is a C2 rotation from one anion layer to
the next.

In all compounds the planes of the PhCN solvent molecule
are not parallel to the plane defined by the metal atoms in the
anionic layer, although to a different extent. In monoclinic
materials the solvent is slightly closer to one edge of the
hexagonal cavity than in orthorhombic salts. As a result, the
phenyl ring of the solvent lies close to the two oxalate ligands
which form the base of the hexagonal cavity (see dashed line
in Figure 4, top left). The planes of these two ligands make
angles of~70° to the plane of this cavity, and the phenyl ring
is almost parallel to these ligands, thus minimizing the void
space around the included solvent molecule. However, in the
orthorhombic phases, the phenyl ring is closer to the center of
the cavity.

Finally we examine the geometry of the [M{@4)3]3~
themselves. Figures 2 and 3 shows the atom-numbering scheme
used for comparing the bond lengths and angles, a selection of
which are listed in Table 3. First, it should be noted that the
M —O(oxalate) bonds are significantly shorter in the ortho-
rhombic salts with A= NH,4" than in any of the other structures,
while the M"—O(oxalate) bond lengths in the Cr salts are
slightly longer than those observed in the crystal structure of
(NH4)3[Cr(C204)3]:3H,0 (1.96 A at 293 R®). The inner G-C

in the orthorhombic series, because a longer metal to metal yisiances (not listed) are very similar and close to that expected
distance (c in Figure 4, top right) is needed to accommodate (1 28 A at 293 ). The O-M!—0O angles in most of the salts
the —C=N groups on either side, while the cavity in the gre |ess than the 8Found in the 293 K crystal structure of

monoclinic phases is extended along thaxis (a in Figure 4,
top left). The orthorhombic salt with M= Al and A = NH4

(NH4)3[Cr(C204)3]-3H20, being slightly smaller in the mono-
clinic phases (78:582.7) than the orthorhombic ones (86-9

has a slightly smaller cavity than the corresponding Cr, Fe, and 86.2).

Co salts, having a longer 'WM—A! distance (a in Figure 4, top
right) yet shorter “b” and “c” distances. The metals are
octahedrally coordinated to three bidentateQg?~ ligands
which conferD3 point symmetry about the metal. The O atoms
of the oxalato ion which are not coordinated to M bound a cavity
which is occupied by A(Figure 4, bottom). In the monoclinic
phase the Asite is approximately octahedral, whereas in the
orthorhombic one it also accommodates tweIC groups of

the PhCN, rendering the site eight coordinate. Furthermore, in
the orthorhombic phases the terminal O atoms are not disposedn

octahedrally because one of the three [MDg)3]®~ around the
Al cavity has chirality opposite to that of the other two (Figure
4, bottom right).

The mean A-O(oxalate) distances are close to those expected

for H-bonded cations for &= NH,4 or HzO. In both monoclinic

and orthorhombic phases, there are three crystallographically

independent [@D,4]2~ O atoms (02, O4, and O6 in Figures 2
and 3) at short distances from the cation A. In the monoclinic

structures, two of these distances are distinctly shorter than the

third (Table 2), which led to the initial suggestion thadtmight
be HO rather than KHO™.

Perhaps the most unusual aspect of these two series of
compounds concerns the chirality of the anion layer. Since the

[M(C,04)3]3~ has D3 point symmetry, it can exist in two
enantiomeric formsA and A. In the monoclinic phases, each
anionic layer consists exclusively of a single enantiomer (Figure
4, left), with the next layer containing only the other enantiomer,
to give a .A—A—A—A—A—A... repeating pattern (where

(30) Johnson, C. K. ORTEP. Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

BEDT-TTF Cation Layers. We find two quite different
types of packing of the donor molecules. The monoclinic phases
adopt ap" packing motif, similar to the pressure-induced
superconductor (BEDT-TTEGI,-2H,0 32 while the orthorhom-
bic phases have a novel “pseudbarrangement (Figure 5). In
the " phases, the planes of the BEDT-TTF molecules in
adjacent layers are twisted with respect to one another, a feature
only observed previously in a phase of (BEDT-TZAQ(CN),.%3
The two crystallographically independent BEDT-TTF are rotated
y 61.8 and 63.9, respectively, measured between the planar
central TTF portions of the donors, due to the steric influence
imposed upon them by the anion layer. The BEDT-TTF
molecules form regular stacks with numerous closeSS
distances, those below and close to the van der Waals distance
(3.6 A) being given in Table 4 and marked in Figure 5. The
shortest $-S contacts are side-to-side interactions between
neighboring stacks (Figure 5a), the shortest being between the
S atoms of adjacent outer, six-membered rings. The two
crystallographically independent BEDT-TTF molecules each
have a twisted and eclipsed conformation. The terminal ethylene
C—C bonds and €&C double bond lengths increase slightly

(31) Van Nierkerk, J. N.; Schoening, F. R. Acta Crystallogr.1952 5,
499.

(32) Rosseinsky, M. J.; Kurmoo, M.; Talham, D. R.; Day, P.; Chasseau,
D.; Watkin, D.;J. Chem. Soc., Chem. Commu®88 88. Gaultier,
J.; Gebrand-Brachetti, S.; Guionneau, P.; Kepert, C. J.; Chasseau, D.;
Ducasse, L.; Burrows, Y.; Kurmoo, M.; Day, B. Sol. State Chem.
1999 145, 496.

(33) Kurmoo, M.; Day, P.; Stringer, A. M.; Howard, J. A. K.; Ducasse,
L.; Pratt, F. L.; Singleton, J.; Hayes, W. Mater. Chem1993 3,
1161.
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Table 1. Summary of Crystal Data for Selected Compounds with the Stoichiometry (BEDTA{RI'®)" (C204)3]-PhCN

I Il 1 \Y, \Y \
m Co Al Fe cr Ccr Fe
Al NH. NH., HsO H;O H;O NH,
chem formula GaH41012832C0N,  CsgHaaO12S32AIN 2 CoaHaoFeNoO13Ss2 CsaH37013S32CrN Cs3H39013S3:CrN - CssHa1FENO12Ss2
alA 10.340(10) 10.318(7) 10.232(12) 10.240(1) 10.371(2) 10.370(5)
b/A 19.5016(2) 19.460(4) 20.04(3) 19.965(1) 19.518(3) 19.588(12)
c/A 35.7684(5) 35.808(8) 34.97(2) 34.905(1) 35.646(2) 35.790(8)
pldeg 90.0 90.0 93.25(11) 93.69(1) 90.0 90.0
VIA3 7212.6(14) 7190(5) 7157(13) 7121.6(2) 7216(2) 7270(6)
z 4 4 4 4 4 4
fw 1982.90 1950.96 1979.78 1973.76 1975.99 1974.61
crys syst orthorhombic orthorhombic monoclinic monoclinic orthorhombic orthorhombic
space group Pbcn Pbcn Qlc C2lc Pbcn Pbcn
TIK 150(2) 150(2) 120(2) 120(2) 150(2) 120(2)
MA 0.71073 (Mo k)  0.71073 0.71073 0.71073 0.71073 0.71073
Pecaiedd CNT3 1.825 1.798 1.835 1.809 2.137 1.804
w/mmt 1.226 1.019 1.207 1.141 1.146 1.187
R(Fo),° [l < 20(l)] R=0.0742 R=0.0437 R=0.0416 R=0.0394 R=0.0655 R=0.1557
Ry(Fo?)d Ry = 0.2046 Ry =0.1058 Ry = 0.0760 Ry, = 0.0907 Ry =0.1033 Ry, = 0.3831

aReference 9° Reference 145R = S (F, — Fo)/YFo. ¢ Ry = { T[W(Fo2 — F2)2/ 3 [W(FD)F} 2.

Figure 2. ORTEP® diagram with 50% thermal ellipsoids and the atom-
numbering scheme for compouhd(BEDT-TTF)[(NH4)Co(CGO4)3]*
PhCN.

Figure 4. The anionic layer in (BEDT-TTRJAM(C204)s]-PhCN for
the monoclinicC2/c (left) and orthorhombidPbcn (right) structures.

Table 2. Distances (A) from the Terminal O Atoms of
[M(C204)3]%~ to the Group A in the Title Compounds

compd TIK 04—A 06—A 02—-A

| 150(2)  2.947(10)  2.981(9) 3.001(9)

[ 150(2)  2.977(9) 2.881(9) 2.918(8)

i 1202)  2.917(5) 2.816(5) 2.952(5)

\Y 120(2)  2.960(4) 2.809(4) 3.038(4)

Y% 293(3)  3.011(7) 2.845(8) 3.058(7)
Figure 3. ORTEP® diagram with 50% thermal ellipsoids and the atom- xl iggg; gggéga gg%gég ggg%ggg
numbering scheme for Compouﬁd (BEDT-TTF);[(NH4)A|(Czo4)3]‘ Vil 120(2) 2866(8) 2834(7) 2885(7)

PhCN.

TTF),2" surrounded by six BEDT-TTHs unique to this series.

upon cooling from 293 to 120 K, an effect that is usually g 'ciosest 8-S contact distances occurring between the two

associated with an increase in charge. In the orthorhombic o/ les of the dimer are 3.43.45 A and the mode of
phases there are again two crystallographically independentoverlap found in the dimer is not quite the “bond-over-ring”
BEDT-TTF, each having the twisted and eclipsed conformation arrangement found in-(BEDT-TTF)X phase$* The shortest
at bo_th ends. S+++S contacts between dimer and monomer are-3382 A,
Adjacent donor layers are rotated by much greater angles than, 4 the shortest distance between monomers is-RE&F A.

in the 5 salts at 8.3'285'50 and 85.&8_7.8’._The layers consist . The S--S contacts in thé’bcn structures are listed in Table
of face-to-face dimers, each of which is surrounded by six

further donors. Neighboring dimers are arranged orthogonal to (34) Yamochi, H.; Kamatsu, T.; Matsukawa, N.: Saito, G.; Mori, T.;
each other as in the-phase salts, though the motif of (BEDT- Kusonoki, M.; Sakaguchi, KJ. Am. Chem. Sod.993 115 11319.
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Table 3. Selected Bond Lengths (A) and Angles (deg) about M in the Title Compounds

compd T/K M—-03 M—-01 M—05 03-M-03 05-M-01
| 150(2) 1.908(5) 1.908(5) 1.913(5) 85.8(3) 86.2(2)
Il 150(2) 1.888(6) 1.908(5) 1.906(6) 84.2(4) 83.9(2)
1] 120(2) 2.018(3) 2.007(3) 2.011(3) 78.5(2) 80.5(1)
\Y, 120(2) 1.984(2) 1.985(2) 1.966(2) 81.7(1) 82.7(1)
v 293(3) 1.983(5) 1.976(4) 1.957(4) 81.2(3) 82.7(2)
\Y 150(2) 1.973(6) 1.982(6) 1.966(6) 81.5(4) 83.5(3)
\ 120(2) 1.995(10) 2.00(11) 2.012(12) 81.1(6) 80.9(4)
VI 120(2) 2.000(4) 2.021(4) 2.021(4) 80.9(2) 81.0(2)
Table 4. S-++S Intermolecular Distances (A) in the Title
a 15 Compounds: (af2/c Phases and (PbcnPhase’s
(a) C2/c Stuctures
1 v \Y)
TIK 120(2) 120(2) 293(3)
S1-S5 3.49(1) 3.49(1) 3.56(1)
S1-S7 3.37(1) 3.35(1) 3.40(1)
S2-S10 3.47(1) 3.47(1) 3.57(1)
S2-S15 3.60(1) 3.61(1) 3.65(1)
S4-S10 3.44(1) 3.42(1) 3.51(1)
S8-S14 3.33(1) 3.34(1) 3.37(1)
S8-S16 3.30(1) 3.31(1) 3.35(1)
(b) PbcnStructures
| 1 \Y VI VI
TIK 150(2) 150(2) 150(2) 120(2) 120(2)

S16-S1  3.41(1) 3.38(1) 3.42(1) 3.41(3) 3.40(1)
S12-S13  3.58(1) 3.58(1) 3.58(1) 3.58(3) 3.59(1)
S12-S7  3.49(1) 3.48(1) 3.49(1) 3.49(3) 3.48(1)
S12-S5  351(1) 3.50(1) 3.52(1) 3.53(1) 3.52(1)
S15-S1  3.20(1) 3.19(1) 3.20(1) 3.21(3)  3.20(1)
S10-S15  3.45(1) 3.43(1) 3.45(1) 3.45(3) 3.45(1)
S14-S11  3.48(1) 3.46(1) 3.48(1) 3.48(3)  3.48(1)
S10-S5  3.43(1) 3.43(1) 3.41(1) 3.42(3) 3.43(1)
S13-S4  3.43(1) 3.42(1) 3.43(1) 3.46(3) 3.44(1)
S9-S8 3.49(1) 3.49(1) 3.51(1) 3.51(3) 3.51(1)

a See Figure 5 for atom numbering.

interaction, the [M(GQO4)3]®~ units are translated parallel to the
_ b axis (see Figure 1) on passing from one layer to the next to
Figure 5. Network of close §-S contacts between BEDT-TTF  an extent that matches the tilt in the long axes of the intervening
molecules in (&) monoclini€2/c structures with3" packing and (b)  BEDT-TTF molecules. The fact that H(ethylene)...O(oxalate)
orthorhombicPbcnstructures. : -

contacts are identical at both ends of the donor molecules
suggests very strongly that it is these contacts which stabilize
the structure.

4b, and a scheme of the contacts is shown in Figure 5. The
donor layers are identical, within experimental error, in all the o .
“pseudox” structures. A full list of bond lengths, angles, and . (?%cause_thi spatial d'Str'bet'on of tgeanSA elna_ntlome_rg
S-S contact distances for the previously unpublished salts with 'S different in the two sets of compounds, the relative positions
M = Co and Al are available as Supporting Information in CIF of the oxalato O atoms likewise differ. Hence the short atomic
contacts with the donor molecules are altered, resulting in the

format. The arrangement of the BEDT-TTF molecules is di- . . .
rected by the anion layer and is found to be sensitive to changest"\’O very different BEDT-TTF packing modes. Given that the

in the chirality of [M(G:Oz)s]> and even the solvent molecdfe.  distribution of the two [M(GO)s]>~ enantiomers determines
Anion Cation Interdependency. It has been suggested that the donor packing motif, it is pertinent to attempt th.e synthesis
weak H-bonding and/or steric interaction between the terminal ©f @ BEDT-TTF salt starting from a single enantiomer (see

’ i . " . .
ethylene groups of BEDT-TTF and the anion layer influences SYNthesis section). Since [Fef@)s]*" racemizes rapidly,
the packing arrangement of the donor layers and, thus, theCrystals were grown with Cr and Co complexes. When racemic

transport properties of the salts. “Docking” of the donor terminal [M(C204)s]°~ was used crystal growth started quickly whereas
ethylene groups into cavities between the ariibnis not a for the c_hlrally pure materials no crystals grew over the flr_st
relevant consideration in the present case since there are ndLZ days_ in the case of Cr. Presumably_ as the anion racemized
cavities of sufficient size when the hexagonal cavity is occupied N Solution, crystals of the orthorhombic phase grew over the
by a solvent molecule. Consequently, the packing mode of the next few days. However, in contrast to the orthorhomblc p_hases
donor is primarily influenced by short atomic contacts, i.e., 9rown from racemic (Nis[M(C204)z]-xH20 which all contain -
H-bonding between the BEDT-TTF terminal ethylene groups NH4* (Table 1), the orthorhombic crystals resulting from this

and the O atoms of [M(§.)s]>". Indeed to preserve this in situ racemization process contain®f. Clearly the nucle-
ation and crystal growth of these phases is a very subtle process

(35) Turner, S. S.; Day, P.: Malik, K. M. A. Hursthouse, M. Biorg. in which the packing mode of the two chiral enantiomers of
Chem.1999 38, 3543, [M(C,04)3]%" is a crucial factor.
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C2e Pben Table 5. The ChargeQ, Calculated from €C and C-S Bond
\ N Distance for the Two Crystallographically Independent BEDT-TTF
NA N\ LA Molecules (a and b); the Semiconducting Activation Energies of the
B S AT A PbcnPhases
SEYE . \
\'A\ \A e A'\ e A\ compd T/IK Q(BEDT-TTF) Q(BEDT-TTR) EadeV
MY AN AN T | 150(2) +0.2 +1.0 0.225
Y \ A \5,* SIS /A I 150(2) +0.1 +0.8 0.222
ATEVATEY A EE2 S NP7 SN o 12002) +0.4 +05 na
\ \4\\& AT A vV 120(2) +0.6 +0.7 n/a
NI N\ N\ v 293(3) +0.3 +0.4 nla
\Y 150(2 +0. +0.8 0.153
Figure 6. Schematic relationship between the BEDT-TTF donors VI 128523 _82 +8.8 0.140
viewed along their long axes (thick lines) and the anionic “honeycomb” 120(2) +0.1 408 0.141

layer (dashed lines) for monoclini€2/c (left) and orthorhombidbcn

(right) structures. lengthens the €C bonds which are bonding with respect to

Figure 6 shows a schematic representation of the position ofthe HOMO. There are also smaller changes to the bond lengths
the BEDT-TTF molecules with respect to the anion hexagonal in the outer six-membered rings of the molecule, but structural
layer. In those structures determined at 120 K, the three shortestisorder and increased thermal vibration impede the observation
O(oxalate)...H(donor) distances are from terminabQg}>~ of any systematic variation.
oxygen atoms. The-CH,CH,— terminal group interacts with Guionneau, Kepert, et 8l.showed that the charg®@ on a
four sites in the anion layer of the monoclinic structure: over BEDT-TTF molecule can be estimated using an empirical
the O adjacent to the phenyl ring of the PhCN, over tkeNC relationship betwee@ and the BEDT-TTF € S and G=C bond
group of PhCN, and above the'Mand in the space between lengths. This relationship provides an estimate of the charge
PhCN and one of the [f04]?~ units. In the orthorhombic salts  residing on a BEDT-TTF molecule with approximately twice
the —CH,CH,— groups also lie close to four sites in the anion the precision of the earlier correlatioffsHowever, it should
layer: the two BEDT-TTE ethylene groups are below the be noted that the assumption of a linear relationship relies upon
PhCN, while those of the BEDT-TTF dimer lie close to the O single structures for salts containing BEDT-TTand BEDT-
of the [M"'(C,04)3]%~. The close @+H contacts are similarin  TTF2*. Taking into account the standard deviations in bond
all the orthorhombic structures, the shortest being between 2.3lengths we estimate that this method is capable of obtaining
and 2.7 A. In Figure 6 (left) it is evident that the donor molecules charges to an error of 10%. From Table 5 it is clear that in all
which are H-bonded to an anionic layer of single [MQZ)3]®~ the salts with formulag”-(BEDT-TTFL[AM(C 204)3]-PhCN the
enantiomers gives rise a well-ordered packing motif of identi- two crystallographically independent BEDT-TTF molecules
cally orientated donors. In this case interaction with a phre  have charges close t80.5 (averaget0.48). Thus A is always
anionic layer gives a donor layer consisting of stacks propa- monopositive, indicating that the,® unit is in fact HO™. This
gating from bottom left to top right of Figure 6; interaction conclusion is also consistent with the site symmetry of th@ H
with a layer of theA enantiomer would give rise to an identical site (D3) with three H-bonds to the terminal O atoms of the
donor packing ranging from bottom right to top left. From Figure neighboring [M(GO4)3]3". It also suggests the more commonly
6 (right), it can be seen that in the orthorhombic case those observed 3/4 filling of the four BEDT-TTF HOMO bands rather
donor dimers which are close o enantiomers of the oxalato  than 5/8 filling, which would be required if BEDT-TTF had
anions have similar orientations to those in Figure 6 (left). 4-0.75 formal charge. The presence afd4 in the “pseudae”
Similarly those dimers in Figure 6 (right) which are closeAto salts is likewise supported since the two BEDT-TTF molecules
oxalato enantiomers have the same orientations to those in thenave charges of approximately 0 a#d (+0.1). The BEDT-
monoclinic structure which interact with a purely anionic TTF* form the face-to-face dimers which are surrounded by
layer. six neutral BEDT-TTF. Spin-pairing between the radical cations

The formal charge associated with each BEDT-TTF donor forming the dimers is confirmed by the magnetic susceptibility
molecule is an important aid to understanding the physical measurements, which contain no contribution from BEDT-TTF.
properties of these salts. The presence of more than one Raman Spectroscopy.Raman spectroscopy provides an
crystallographically independent BEDT-TTF molecule is found additional means for determining the charges on BEDT-TTF
in many charge-transfer salts, carrying with it the possibility of molecules by monitoring the two symmetric Raman active
charge localization. We have used both bond length analysisc=c stretching frequencies between 1400 and 15501cm
and Raman spectroscopy to estimate the charges associated Wit{designatedzg andv,%9). Table 6 listsuz and v, for each of the
the donor molecules. salts and the calculated charge on each BEDT-TTF molecule

Bond Length Analysis.Molecular orbital calculations onthe  according to the relations given by Wang et&figure 7 shows
BEDT-TTF molecule in various oxidation states indicate that examples of Raman spectra for tRbcn(Figure 7a) andC2/c
it is the central region of the BEDT-TTF molecule which (Figure 7b) phases. Raman spectra of fiiephase salts all
donates charge upon oxidation, and also undergoes the largesg¢ontain very strong., peaks between 1466 and 1475 ¢pand
changes in bond lengths, which vary monotonically and ap- g slightly weakers; peak between 1492 and 1498 cmThe
proximately linearly with charge. The charges on the BEDT- chargeQ(vs) calculated fromes is close to 0.5 in all cases
TTF cations have been estimated from the length of the central (Table 6), while those calculated from thgpeaks are slightly
C=C bond® and, more recently, through a systematic search jower (0.38 to 0.48"). The Pbcn series all show intense,

of the Cambridge Crystallographic Database to compare the peaks in the region 14931496 cnt! characteristic of BEDT-
formal charge from stoichiometry with the bond lengths in the

central TTF portion of the molecufé. Increased oxidation (37) Guionneau, P.; Kepert, C. J.; Chasseau, D.; Truter, M. R.; Day, P.

Synth. Met1997 86, 1973.
(36) For example, see: Abboud, K. A.; Clevenger, M. B.; de Oliveira, G. (38) Wang, H. H.; Ferraro, J. R.; Williams, J. M.; Geiser, U.; Schleuter, J.
F.; Talham, D. RJ. Am. Chem. Sod.993 1560. A. J. Chem. Soc., Chem. Commu994 1893.
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Figure 7. Raman spectra of (a) compouhdvith an orthorhombic
Pbcnstructure and (b) compourdd with a monoclinicC2/c structure.

Table 6. Raman Active Vibrational Frequenciess (@nd v4) for the

C=C Bonds in BEDT-TTF and Calculated Charges

compd V3 Va QV3 QV4
| 1551.7 1494.2 —0.15 0.15
1454.0 1402.8 0.99 1.19
Il 1550.8 1493.2 -0.14 0.17
1453.0 1403.7 1.00 1.18
(1510.6)
1] 1495 (sh) 1475.0 0.51 0.37
v 1491.7 1470.0 0.55 0.43
\% 1552.6 1494.2 —0.16 0.15
1454.0 1402.8 0.99 1.19
\| 1552.1 1494.6 —0.15 0.15
1454.2 1420.0 0.99 1.00
(1510.8)
BEDT-TTP 1552.6 1495.1 —0.16 0.15
(1511.5)

TTF and at 1403-1423 cn1! indicating BEDT-TTF. In

addition slightly weakers peaks occur between 1549 and 1553

cm™! (BEDT-TTF) and from 1454 to 1470 cmt (BEDT-

TTF). The relations of Wang et &f.give charges very close
to zero &0.025) for those molecules thought to be BEDT-?,TF

while for peaks assigned to BEDT-TTFthe value ofQ(v,) is

slightly larger than that oQ(v3), but in all cases gives charges

Martin et al.

Table 7. Curie (C) and Weiss §) Magnetic Constants for the Title

Compounds
C (emu K mot?)
calcd
compd obsd spin-only 6/IK
| n/a 0.00 n/a
I 2.84 3.001 +0.86
1l 4.38 4.377 —-1.29
v 1.876
2—150 K 1.96 -0.21
150-270 K 291 —61.5
Y, 1.73 1.876 +0.88
VI 4.37 4.377 +0.11
VIl 4.44 4.377 —0.25

(O—C—0 stretching vibration), 13641417 cnt! (O—C—-0O
symmetric stretch), and 1636.664 cnt! (O—C—0 asymmetric
stretch). Characteristic features of the spectra ofjthphases
are peaks at 872884 cnt! while pseudae phases have peaks
at ca.772, 924971, 1016-1026, 1036-1076, 10821124,
1147-1776, and 12041240 cntl. Very sharp bands are
observed in all pseudo-salts between 802 and 840, 1307 and
1354, 1364 and 1417, and 1636 and 1664 tm

In addition to sharp peaks due to localized molecular
vibrations, the infrared reflectivities of the metalfi¢-phases
contain broad reflectivity edges at the plasma frequency. The
reflectivity is only weakly dependent on whether the polarization
is parallel and perpendicular to the axis of the needlelike crystals,
both being measured in the same plane as the 2D BEDT-TTF
conducting network. As expected, the reflected intensity in-
creases slightly with decreasing temperature. The onset of high
reflectivity defines the plasma frequency as 5@0Q00 cnt.
Finally, for the materials prepared with M Ti or Gd, the
infrared spectra did not show any peaks which could be assigned
to the oxalate ligands and so no further physical properties were
investigated.

Conductivity Measurements.The monoclinic phases show
metal to superconducting transitioh,but all the orthorhombic
phases, including the new compounds, are semiconducting with
resistivity increasing exponentially with decreasing temperature.
The activation energies for the semiconductors are listed in Table
5. As shown above, the BEDT-TTF molecules in the ortho-
rhombic series form dimers of BEDT-TTFsurrounded by
BEDT-TTP. The neutral molecules have filled HOMOs, while
the monopositive donors have half-filled HOMOs. The dimer-
ization of the BEDT-TTF molecules leads to the formation of
a full band and an empty band separated by an energy gap.

Magnetic Properties. All the compounds that contain
paramagnetic 3d ions have moments close to that expected for
spin only contributions. In addition, the superconducting salts
show both flux exclusion and the Meissr&schenfeld flux
expulsion effect when cooled in fields below 50 G. Table 7
lists the Curie and Weiss constants extracted from plots of
inverse molar susceptibility versus temperature. All the Weiss
constants are close to zero, indicating that there is very little
interaction between paramagnetic centers. The plop'tf
(BEDT-TTF)}[(H30)Cr(G0O4)3]-PhCN shows a distinct change
in slope at~150 K, accompanied by a sharp drop in infrared

close to+1. In conclusion the Raman spectra confirm the reflectivity when the electric vector is perpendicular to the
charges estimated from the bond lengths, indicating that all saltsneedle axis. Above 150 K the Curie constant is higher than

contain a (BEDT-TTR/" moiety with molecule A being
monovalent.
Infrared Reflection Spectroscopy.In the infrared reflection

anticipated for C¥" (S= 9/,), and the Weiss constant ef61.5
K suggests antiferromagnetic interaction between metal centers.
However, the crystal structure of the {B)Cr salt has been

spectra of all the monoclinic and orthorhombic phases, peakssolved at both 120 and 293 K with no evidence for a structural
are observed in the regions 1264286 and 13071354 cn1?

phase transition.
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Conclusions quence, while the cavity occupied by éonsists of an approxi-

We have compared the structural and physical characteristicsr’nhateIyhoc'[ahedraII array |°f Ohatomls, that of the c;rthtc::hontilc
of a number of charge-transfer salts with the general formula phase has a more Irregular shape, ieaving space for the I\ atom

(BEDT-TTER[AM!(C,04)3]-PhCN where A= NH4*, K*, or of the PhCN to coordinate to'Abringing the coordi_nation
HsO" and M! = Cr, Fe, Co, or Al, the compounds with M number to 7. Eurthermore the array of O atoms which forms
Co and Al being new members of this series. Analysis of the the interface with the BEDT-TTF layers differs greatly and, via
C=C and G-S bond lengths and Raman spectra of the BEDT- H-bonding, promotes the different donor packing modes. In one

TTF molecules shows that, in all the examples containing water, €@5€ (A= HsO; M = Cr) both orthorhombic and monoclinic

it is in the form of HO* and not HO. The compounds fall phases have.been found. Our belief is that th|§ constitutes the

into two categories. Monoclinic phases with#A HzO and M" first example in any compound where polymorphism arises from

= Cr and Fe havg" packing of the BEDT-TTF and are room different spatial distributions of chiral enantiomers in a racemic

temperature metals, becoming superconducting at 5.5 K (Cr) crystal.

and 8.3 K (Fe). Since the magnetic moment of the 3d ion in  Clearly it will be of great interest to prepare BEDT-TTF salts

the Fe 6= %) compound is larger than in the C8 & 3/,), it analogous to the bimetallic tris(oxalato)metalate (ll, 11I) mo-

is clear that the presence of a higher paramagnetic moment inlecular based magné#s3because there would be a good chance

the lattice does not inhibit the superconductivity. A second series of combining metallic behavior or superconductivity with long-

of phases found for A= NHy, K, H3sO and M" = Cr, Fe, Co, range magnetic order in a molecular lattice. Efforts are continu-

Al are orthorhombic. The BEDT-TTF bond lengths and Raman ing along these themes.

spectra confirm the presence of two types of donor molecule:
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