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1. Introduction

Building multifunctionality in a material is a hot
focus of research in contemporary materials science.
In this respect molecular chemistry provides unique
possibilities, as it allows us to design novel materials
that combine in the same crystal lattice two or more
physical properties which are difficult or impossible
to achieve in continuous lattice solids. A possible
approach to reach this goal consists of building up
hybrid solids formed by two molecular networks, such
as anion/cation salts, where each network furnishes
distinct properties to the solid. This approach can
give rise to the development of materials with
coexistence of properties, or to materials exhibiting
novel properties due to the mutual interaction be-
tween the two individual networks. Among these
hybrid materials, the magnetic molecular conductors
mixing magnetism with conductivity (or even super-
conductivity) have been the most extensively inves-
tigated. In this review we report the main achieve-
ments obtained in this novel area of research.

Planar organic donors and acceptors such as de-
rivatives of TTF and TCNQ, respectively, have been
widely used to synthesize molecular conductors and
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superconductors. In one of the earliest examples,
when TTF reacts with TCNQ, there is a partial
electron transfer from the donor to the acceptor to
form the charge-transfer salt [TTF]°" [TCNQI]°~, which
behaves as a metal. Its structure consists of uniform
segregated chains of donor and acceptor molecules,
which pack together in the solid state to give delo-
calized electron energy bands due to overlap between
the 7 orbitals of adjacent molecules. Electron delo-
calization is also found in solids formed by the ion-
radicals resulting from oxidation (or reduction) of one
of these two kinds of molecules and a charge-
compensating counterion. Such cation-radical salts
of organic donors, formulated as [donor],X,, have
given the most widely studied examples of molecular
conductors and superconductors. Typically, the coun-
terion X is a simple inorganic monoanion of the type
Cl-, Br~, 137, PFs~, AsFgs~, BF4~, Cl1O4~, NO;s™, ...; the
structures of these salts consist of segregated stacks
of the planar radical cations interleaved by the
inorganic anions (Figure 1). A straightforward way

Oeo Insulating

Figure 1. Schematic arrangement of an organic—inor-
ganic composite compound.

Inorganic

of incorporating localized magnetic moments into this
class of materials is to use magnetic anions as charge-
compensating counterions.

Inorganic chemistry provides a wide choice of metal
complexes of various nuclearities and dimensionali-
ties that can be used as charge-compensating coun-
terions of the conducting cation-radical salts. They
range from simple mononuclear complexes of the type
[MXy]"~ (M = Fe(III), Cu(ID; X = Cl, Br), [M(C504)3]>~
(M = Fe(IID), Cr(III)), or [M(CN)g]®~ (M = Fe(IID)) to
cluster-type complexes (polyoxometalates), to chain
complexes such as the substituted dithiolates
[M(mnt)o]~ (mnt = maleonitriledithiolate; M = Ni,
Pt, and Pd), to layered structures such as the
bimetallic oxalate complexes [MIDMIII)(C304)s]™
(M(I) = Mn, Co, Ni, Fe, Cu; M(III) = Fe, Cr). Most
of the examples so far reported of hybrid molecular
materials combining a conducting component with a
magnetic component are based on the above organic/
inorganic combination.>? In this review we concen-
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trate especially on the structures and properties of
cation-radical salts with transition metal-containing
anions. Before doing so, however, we summarize
some of the reasons that justify the intense effort
devoted to this kind of molecular material.

From a physical point of view hybrid materials
formed by two molecular networks are interesting
because they can permit the coexistence of distinct
physical properties originating in each network, or
novel and improved properties with respect to those
of the two networks alone, due to the interactions
between them. In the particular case of materials
combining magnetic and conducting properties, an
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important instance of coexistence that can be sought
is that between ferromagnetism and superconductiv-
ity. These two collective properties have long been
considered as mutually exclusive. Their coexistence
has been the subject of lengthy debate between solid-
state physicists and has been investigated from both
theoretical and experimental points of view in ex-
tended inorganic lattices.? A second reason for exam-
ining the interplay of the localized moments normally
found in molecular-based magnetic materials with
conduction electrons lies in the possibility of elec-
tronic interactions between s and d electrons. Such
interactions could play a significant part in stabiliz-
ing superconductivity in molecular-based magnetic
materials, and in exchange coupling between the
magnetic moments through the itinerant electrons
of the conducting sublattice (RKKY interaction).*
Over the last 15 years there have been many
attempts to introduce magnetic centers into conduct-
ing molecular lattices by synthesizing charge-transfer
salts with transition metal complexes as anions.
Because of the great diversity of metals, ligands,
connectivity, and structure types, it is difficult to
present a unified picture of what has been ac-
complished, but since the primary interest in the
present review concerns the transport properties of
molecular charge-transfer salts, the following sec-
tions are organized as (a) magnetic superconductors,
(b) magnetic conductors and semiconductors, (c)
ferromagnetic conductors, and (d) ferrimagnetic in-
sulators. The different organic donors used to form
such hybrid organic/inorganic materials are sum-
marized in Chart 1.
Chart 1
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2. Magnetic Superconductors

The fundamental difference between superconduc-
tivity and normal metallic conduction lies in the fact
that in the former the current carriers are pairs of
electrons (Cooper pairs), while in the latter, to a first
approximation, the electrons move independently.
Interaction between electrons and lattice vibrations
is the most common means of overcoming the Cou-
lomb repulsion, creating a modest attractive poten-
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Table 1. Structures and Physical Properties of BEDT-TTF Charge-Transfer Salts Containing Trisoxalatometalate

Anions: (BEDT-TTF),[AM(C204)s]:-Solvent

A M solvent packing electrical properties magnetic properties® ref
NH4 Fe CsH5CN layers of pseudo-« semiconductor (orr = PM: C =4.37 emu-K-mol; 16
donors anion 2 x 107* S-cm™1; 0=-0.11K
layers E,=0.140eV)
K Fe CsHsCN same as above semiconductor (ort = PM: C =4.44 emu-K'mol}; 16
1074 S-em™ 0=-025K
E,=0.141¢eV)
NH, Co CsH;CN same as above semiconductor (E, = 0.225 eV) DM 17a
NH, Al CsHsCN same as above semiconductor (E, = 0.222 eV) DM 17a
H;0 Cr CeH;CN same as above semiconductor (E, = 0.153 eV) PM: C =1.73 emu-K-mol}; 17a
6=-088K
Hs0 Cr CeHsCN " donor layers superconductor (7. = 6 K; PM: C =1.96 emu-K-mol1; 17b
anion layers H. =100 Oe) 0=-027K
H;0 Fe CeH;CN same as above superconductor (7. = 8.3 K; PM: C =4.38 emu-K-mol7; 16
H. =500 Oe) 6=-02K
H;0 Cr CsH5NO, same as above superconductor (7. = 6 K; PM 25
H. =100 Oe)
H30 Fe CeH5NO2 same as above superconductor (7. = 4 K; PM 25
H. =50 Oe)
Hs0 Fe CsHsN same as above; metal—insulator transition PM 18
1/4 donors at 116 K
disordered
H50 Cr CH.Cl; same as above; metal—insulator transition PM 19
1/4 donors at 200 K
disordered

@ PM = paramagnetic.

tial. However, the presence of a magnetic field can
overcome the pairing energy and return the super-
conductor to the normal state. Thus, superconductors
are characterized by critical field as well as critical
temperature. However, not only externally applied
fields are effective; in a ferromagnet there is the
internal field due to the ordered moments, while even
in antiferromagnets or paramagnets there are local
fields. It has therefore been pointed out with justice
that magnetism and superconductivity are inimical
to each other. Ginzburg® first pointed out that
coexistence between superconductivity and ferromag-
netism was impossible.

In conventional superconductors, even a few per-
cent of paramagnetic impurity atoms in the lattice
are sufficient to suppress superconductivity.® The
first compounds in which long-range magnetic order
and superconductivity both figured were discovered
in the 1970s, with the ternary lanthanide Rh borides
and Chevrel phases LnMogSs.”® On lowering the
temperature, the former first become superconduct-
ing (e.g. T is 8.9 K for the Er compound) but then
return to the normal state (T2 ~ 0.9 K in ErRh,B,)
when they become ferromagnetic. There is even a
narrow temperature range just above T2 over which
the two states coexist, although the magnetic order
is not collinear ferromagnetic but sinusoidal.®1° It is
certainly significant that in both series of compounds
the source of the magnetic moments is the 4f lattice
of lanthanide ions, while the superconductivity comes
from conduction bands formed mainly from the 4d
orbitals of the transition metal. Any exchange inter-
action is undoubtedly very weak, because of the large
distance between the two kinds of ion and small f—d
orbital overlap. Similar considerations are likely to
apply in the magnetic molecular charge-transfer
salts, where cations and anions are widely separated.
One recent example of an oxide superconductor is
even more spectacular: RuSroGdCuyOs has a layer

structure reminiscent of the high-temperature cu-
prate superconductors, with double CuO, layers
alternating with layers of corner-sharing RuOg octa-
hedra interspersed with Gd and Ba. It becomes
ferromagnetic at 132 K and superconducting at 40
K, without loss of ferromagnetism.!! The astonishing
lack of impact of the magnetic order on the super-
conductivity has been ascribed to a fortuitous effect
of crystal symmetry, ensuring that nodes in the
conduction electron density occur exactly at the
magnetic centers.

Several of the LnMogSg phases become antiferro-
magnetic rather than ferromagnetic at low temper-
ature, and in these cases the superconductivity is not
suppressed.'>13 For example, T\, and T\ are respec-
tively 1.4 and 0.8 K for GdMogSs. This is because the
localized magnetic moments vanish when averaged
over the scale of the superconductivity coherence
length of around 100 A. However, the critical field is
influenced by the onset of long-range antiferromag-
netic order, being decreased below T in LnMogSg
(Ln = Gd, Tb, Dy) but enhanced in SmRh4B,.

What differentiates molecular materials from the
extended inorganic solids is that the interactions
between the two molecular networks can be made
very weak, since the intermolecular contacts are of
the van der Waals type or hydrogen bonds. The usual
combination of a discrete magnetic anion with an
oxidized organic donor may be appropriate to obtain
a material exhibiting conductivity or even supercon-
ductivity, but most probably the magnetic network
will behave as a paramagnet down to very low
temperatures. This is the case of the two series of
magnetic superconductors so far discovered which are
based on the mononuclear metal complexes trisoxa-
latometalate [M(C204)3]3~ (M™ = Fe, Cr) and tetra-
halometalate [MX,]~ (X = Cl, Br; Ml = Fe) (sec-
tions 2.1 and 2.2 and Tables 1 and 2). A rational
strategy to introduce ferromagnetism in the material
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Table 2. Structures and Physical Properties of Charge-Transfer Salts Containing Tetra- and
Hexahalogenometalate Anions

compound packing electrical properties magnetic properties® ref
(TMTTF)[FeCly] orthogonal linear stacks; insulator (ogr > PM;0=-5K 44
isolated anions 1075 S:cm™?)
(TMTSF)[FeCl4] two independent AFM below 4 K; 46
linear stacks; C =4.2 emu-K-mol};
isolated anions 6=-75K
(perylene)s[FeCly] stacks of donor tetramers; semiconductor dimers of FeCl,; 54
anions in pairs (orr = 0.17 S:cm ™1 J=-126 K
E,=0.12¢eV)
(perylene)s[FeBr,] stacks of donor tetramers; semiconductor dimers of FeBr,; 54
anions in pairs J=-3.72K
(TTF)14[MnClyls TTF trimers and monomers; semiconductor PM; C =1.14 emu-K-mol }; 55, 56
isolated anions (orr = 0.15 S:cm™1; 0=—-4K
E,=0.2¢eV)
(TTF)14[CoClyly same as Mn salt semiconductor PM; C = 0.657 emu-K-mol™!; 55, 56
(orr = 0.15 Sccm™1; 0=—-4K
E,=0.2¢eV)
(TTF)[MnCls] 975 no structure semiconductor AFM Mn?" chain; 55
(ogr = 15 S:cm ™} C = 3.50 emu-K-mol-1;
E,=0.1eV) 6=-14 K
(BEDT-TTF)[MnClylos-0.4 no structure semiconductor PM; C = 1.30 emu-K-mol}; 57
(O’RT =0.5 S‘Cmfl) 0=-1K
(BEDT-TTF)[CoCl4lo3-04 no structure semiconductor PM; C = 0.87 emu-K-mol}; 57
(GRT =0.5 S'Cmfl) 0=-13K
(BEDT-TTF)3[MnCly]s p' donor layers; semiconductor 58
MnCly layers (orr = 25 Sem™1;
E.=0.04eV)
(BEDT-TTF)3[CuBr4] o-stacked layers; semiconductor AFM; C = 2.77 emu-K-mol™'; 68, 74
planar CuBr,>~ (ory = 0.25 Scm™1; 0 =—-140 K;
E,=0.07eV) 1st order transition 59 K
(TTMTTF)[CuBr4] nonplanar TTMTTF2+ insulator PM;0=-05K 74
(opr = 10712 S-cm™1)
(BETS);[FeClyl A donor stacks; metal—insulator AFM; TN =85 K 27
anion layers transition 8.5 K;
superconducting >
3.2 kbar
(BETS)z[FeCly] « donor stacks; superconducting: AFM; TN =045K 39
anion layers T.=0.1K
(BETS)z[FeBral « donor stacks; superconducting: AFM; TN=25K 38
anion layers T.=11K
(BET-TTF)s[FeCly] 2 types of donor layers; metal—insulator PM,; Fe:--Fe AFM dimers 61
isolated anions transition ~20 K at low temperature
(J=-0.22 K)
(BEDT-TTF)3[FeCly] layers of dimerized stacks; semiconductor: PM;0=—-4K 47
layers of anions E,=021eV
(BEDT-TTF)[FeBr,] donors dimerized; no stacks  insulator PM 47
(BEDT-TTF)3[CuCly]-H20 layers of stacked trimerized metal PM 62
donors; layers of anions
(BEDT-TTF)3[NiCl]-H,O layers of stacked trimerized = metal—insulator 73
donors; layers of anions transition 100 K
(BEDT-TTF)2[ReClg]-C¢H;CN  layers of z-stacked semiconductor PM; C =1.10 emu-K-mol}; 76
donors; layers of (orr =3 S:em ™} 0=-014 K
ReCis and CsH5CN E,~0.07-0.15 eV)
(BEDT-TTF):[IrClg] 3D lattice of donor semiconductor PM; C = 0.234 emu-K-mol™!; 76
dimers and anions (orr = 1072 S:em™ 60=-037K
E,=0.23¢eV)

@ PM = paramagnetic; AFM = antiferromagnetic.

is to use as inorganic anion an extended magnetic
layer, such as, for example, the bimetallic oxalato
complexes. However, this novel approach requires the
formation of the layered network at the same time
that the organic donor is oxidized. As we can imagine,
the crystallization of such a hybrid is not an easy
task. Furthermore, even if one succeeds in getting
crystals from such a combination, that does not
guarantee the superconductivity in the organic net-
work, as no control on the packing and oxidation
state of the donor is possible. Thus, the design and
crystallization of a ferromagnetic molecular super-
conductor remains a chemical challenge.

2.1. BEDT-TTF Salts with Trisoxalatometalate(lll)
Anions

Over the past few years numerous examples have
been found of two-dimensional bimetallic layers con-
taining dipositive cations, M, and trisoxalatometa-
late(IIT) anions, in which the oxalate ion acts as
bridging ligand, forming infinite sheets of approxi-
mately hexagonal symmetry, separated by bulky or-
ganic cations.'* In view of the unusual magnetic
properties of these compounds, the synthesis of com-
pounds containing similar anion lattices but inter-
leaved with BEDT-TTF molecules has been explored.
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A number of such compounds have been character-
ized to date and prove to have a rich variety of
structures and properties, among them being
superconductivity. The first series is (BEDT-TTF),-
[AM(C20y)s]-solvent (Table 1) (A" = H30, K, NHy;
MII) = Cr, Fe, Co, Al, Ga; solvent = C¢H;CN,
CsHsNO,, C5H5N).16712 While the stoichiometry is the
same in all the compounds, the structures fall into
two distinct series with contrasting physical proper-
ties. One, which is orthorhombic (Pbcn), is semicon-
ducting, with the organic molecules present as (BEDT-
TTF),2t and (BEDT-TTF)?, while the other, which is
monoclinic (C2/c), has BEDT-TTF packed in the "
arrangement'® and is the first example of a molecular
superconductor containing a lattice of paramagnetic
ions.?0

The crystal structures of both series of compounds
consist of alternate layers containing either BEDT-
TTF or [AM(C304)s]-solvent. The anion layers contain
alternating A and M forming an approximately
hexagonal network (Figure 2). The M are octahe-

L PRI 4

Figure 2. Schematic view of the anion layer in (BEDT-
TTF)4[AM(C504)3]-solvent (solvent = C¢gH5CN).

drally coordinated by three bidentate oxalate ions,
while the O atoms of the oxalate which are not
coordinated to M form cavities occupied by A. The
solvent molecules occupy roughly hexagonal cavities
in the [AM(C204)3] lattice. Chirality is a further
unusual feature of the anion layers. The point sym-
metry of [M(C204)3]®™ is D3, and the ion may exist in
two enantiomers. In the monoclinic superconductors
alternate anion layers are composed exclusively
either of one or the other, while in the orthorhombic
semiconductors the enantiomers are arranged in
alternate columns within each layer.

Although the anion layers are very similar, the
molecular arrangements in the BEDT-TTF layers are
quite different in the orthorhombic and monoclinic
series. In the monoclinic phases there are two inde-
pendent BEDT-TTF, whose central C=C bond lengths
differ markedly, indicating charges of 0 and +1. The
+1 ions occur as face-to-face dimers, surrounded by
monomeric neutral molecules (Figure 3). Molecular
planes of neighboring dimers along [011] are oriented
nearly orthogonal to one another, as in the «-phase
structure of (BEDT-TTF).X,2! but the planes of the
dimers along [100] are parallel. This combination of
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&

Figure 3. Packing of the BEDT-TTF in the orthorhombic
series (BEDT-TTF),[AM(C304)3]-solvent. (Reprinted with
permission from ref 17a. Copyright 2001 American Chemi-
cal Society.)

(BEDT-TTF)9?* surrounded by (BEDT-TTF)? has also
been observed?? in a BEDT-TTF salt with the poly-
oxometalate 3-[MogOg]*~. The (BEDT-TTF)? describe
an approximately hexagonal network, while the
(BEDT-TTF),>" are positioned near the oxalate ions,
with weak H-bonding between the terminal ethylene
groups and oxalate O. Packing of the BEDT-TTF in
the C2/c salts is quite different: there are no discrete
dimers but stacks with short S---S distances between
them, closely resembling the "-structure in metallic
(BEDT-TTF):AuBry?? and the pressure-induced su-
perconductor (BEDT-TTF);Cl2-2H,0%* (Figure 4).

While the orthorhombic salts are semiconductors,
the monoclinic ones are metals with conductivity of
~10% S:em™! at 200 K, decreasing monotonically by
a factor of about 8 down to temperatures between 7
and 8 K (A = H30"; M = Fe; solvent = CgH5CN)
and down to 3 K** (A™= H30"; M = Cr; solvent =
CsH5NOs), where they become superconducting (Fig-
ure 5, top).

In line with their contrasting electrical behavior,
the magnetic properties of the two series are also
quite different. The susceptibilities of the semicon-
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Figure 5. Temperature dependence of the resistivity (top)
and the magnetic susceptibility (bottom) of S"-(BEDT-
TTF)4[(H30)Fe(C204)3]-C¢H5CN. On the bottom the suscep-
tibility of (BEDT-TTF)4KFe(C304)3]C¢H5CN is also shown.
(Reprinted with permission from ref 16. Copyright 1995
American Chemical Society.)

ducting compounds obey the Curie—Weiss law from
2 to 300 K with the M dominating the measured
moment. In particular, there is little contribution
from the BEDT-TTF, including those molecules whose
bond lengths suggest a charge of +1. Hence, the
(BEDT-TTF)22" are spin-paired in the temperature
range studied (the singlet—triplet energy gap is
expected to be >500 K), while the remaining BEDT-
TTF do not contribute to the paramagnetic suscep-
tibility, in agreement with the assignment of zero
charge. On the other hand, the superconducting salts
obey the Curie—Weiss law from 300 to about 1 K

Coronado and Day

above T, though with a temperature independent
paramagnetic contribution. The measured Curie
constants are close to that predicted for M3* (Cr, Fe),
while the Weiss constants (—0.2 K) signify very weak
antiferromagnetic exchange between the M(III) mo-
ments. However, there is a strong diamagnetic
contribution in the superconducting temperature
range, returning to Curie—Weiss behavior above 10
K (Figure 5, bottom). While the EPR spectrum of the
semiconducting A = K, M = Fe compound consists
of a single narrow resonance, that of the A = H;3O,
M = Fe compound consists of two resonances: a
narrow one assigned to the Fe(III) by analogy with
the A = K compound, and a much broader resonance
from the conduction electrons. This situation is
reminiscent of that found in (BEDT-TTF)3[CuCly]-
H,0 (see section 3.1.1).

Recently, high frequency (71.3 GHz) EPR measure-
ments on the A = H30, M = Fe superconductor, with
the applied field perpendicular to the conducting
planes, have revealed the five-line spectrum antici-
pated for the S = 5/; Fe3*. The spectrum is unchanged
on passage from the normal to superconducting state
but undergoes a monotonic shift from 20 to 1.4 K,
with an incipient splitting at the lowest temperature,
which may signify the onset of short-range magnetic
correlations in the anion layer.?8

2.2. BETS Salts with Halometalate Anions

Among the large variety of conducting charge-
transfer salts containing monomeric transition metal
anions, very few show clear experimental evidence
of interaction between the pzr and d electron sublat-
tices. In particular, changes in conduction that can
be associated with ordering of d moments are quite
difficult to identify. Consequently, there has been a
lot of interest in the contrasting behavior in two
isomorphous salts A-(BETS):MCl; depending on
whether M is the closed-shell Gal or S = %/, Felll
(Figure 6). A detailed account of the properties of
these fascinating materials is given in this volume
by Kobayashi, but for completeness we summarize
the salient facts here (see Table 2). Both are metals,
but whereas the former becomes superconducting at
8.5 K, the latter undergoes antiferromagnetic order
accompanied by a sharp metal—insulator transition
almost at the same temperature.?” A clear correlation
between magnetic ordering and the conduction is
identified by the observation that the metallic state
can be re-established at low temperature on applying
fields in excess of 11 T, under which conditions the
Fe moments became saturated ferromagnetically.?82°

On the other hand, more recent studies of the
variation of the conductivity of both salts with
pressure throw some doubt on the significance of the
magnetic transition in bringing about the metal—
insulator transition. In fact, the metal—insulator
transition temperature falls with increasing hydro-
static pressure until it transforms sharply into a
transition to a superconducting state at 3.2 kbar. The
latter transition takes place at 1.8 K and decreases
with increasing pressure, as in most molecular
superconductors. At the same pressure, T, of the Ga
salt is 3.0 K, with nearly identical pressure depen-
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Figure 6. Crystal structure of 2-(BETS);[FeX,] X = Cl,
Br). (Reprinted with permission from ref 27. Copyright
1996 American Chemical Society.)

dence,?® suggesting that the properties of the conduc-
tion electrons are very similar in the nonmagnetic
and magnetic salts. The phase diagram of the [FeCly]~
salt is shown in Figure 7 (top) in the P,T-plane. This
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Figure 7. Electronic phase diagram of 1-(BETS);[FeCly]
in (top) the P,T-plane3? and (bottom) the H,T-plane. (Re-
printed with permission from Nature (http://www.nature.
com), ref 32. Copyright 2001 Nature Publishing Group.)

different low temperature conduction at ambient
pressure is therefore most likely to be due to the
small difference in their unit cell volumes.
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Above 3.5 kbar A-(BETS):FeCl, is an antiferromag-
netic metal above T, with a peak in the susceptibility
at 4 K and typical spin flip behavior at high field.3!
However, it was reported that in fields above 17 T
this salt becomes superconducting,3? and Figure 7
(bottom) shows the phase diagram in the H,T-plane.
It has since been shown that this field-stabilized
superconducting state reverts to the normal metallic
state above 42 T.33 Furthermore, in crystals where
the Fe is diluted with Ga, the superconducting phase
remains stable in lower magnetic fields as the Ga
concentration is increased?4 3¢ (Figure 8). To explain
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Figure 8. Superconducting properties of solid solutions
of Fe/Ga in the A-(BETS);[MCly phase (M = Fe, Ga).
(Reprinted with permission from ref 34. Copyright 2003
Elsevier.)

this unusual field dependent behavior, it has been
suggested that the applied magnetic field serves to
cancel the 7—d exchange field in the conducting
layers. This so-called Jaccarino—Peter effect was first
observed in the Chevrel phase magnetic supercon-
ductors.?” The effects of tilting the applied field have
also been comprehensively studied, as has the effect
of pressure on the transition.3*

In the BEDT-TTF salts, many superconductors
have the x-phase stacking arrangement, in which
face-to-face dimers are organized with the planes of
near neighbors orthogonal. It is therefore of great
interest to observe the properties of «-phase BETS
salts, bearing in mind that the latter have more
stable metallic states because of replacement of S by
Se in the central part of the molecule. Both [FeCly]~
and [FeBrs~ salts with this structure have been
reported; both are antiferromagnetic superconduc-
tors,3839 with T and T. being much lower in the
chloride than the bromide. In the chloride salt, the
resistivity changes at TN, which could be taken as
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evidence in this case that the &= and d electrons
interact. On the other hand, it may be the result of
a small movement in the lattice, possibly as a result
of magnetostriction. Further, while the magnetic
phase transition in the [FeBr]~ salt is fully three-
dimensional, the temperature dependence of the heat
capacity in the [FeCly] ™ case reveals considerable two-
dimensional character, since the magnetic entropy
only reaches 86% of its saturation value as high as
3T'N. Most likely, the more polarizable Br furnishes
a more effective exchange pathway than Cl.

In contrast to A-(BETS);FeCl,, where there are
numerous close halogen—chalcogen contacts that
facilitate 7—d interaction, in x-(BETS);FeBr4 no such
close contacts are found. Consequently, the metallic
state remains unaffected, where the Fe?" moments
order antiferromagnetically, with the antiferromag-
netic superconducting state being established at
lower temperature. Furthermore, the FeBr, salt
behaves as a metamagnet, undergoing an abrupt
transition from antiferromagnetic to a saturated
paramagnetic (forced ferromagnetic) state at 1.6 T.38
Significantly, this is precisely the field at which the
superconducting state reverts equally sharply to
metallic,® so it is a plausible hypothesis that the
internal field generated by the field-induced ferro-
magnetic saturation of the Fe3" moments destroys
the superconductivity. Because the transition is so
abrupt, it is even possible to modulate the resistance
by periodically modulating the applied field.*°

3. Magnetic Metals and Semiconductors

The combination of magnetic moments with con-
duction electrons in the same molecular material may
give rise to a simple superposition of magnetic and
conducting properties when the two sublattices are
electronically independent, or to a mutual influence
between these properties when they interact. In this
latter case the interaction between the two networks
may induce exchange coupling between the localized
magnetic moments through a mechanism that re-
sembles the so-called RKKY-type of exchange pro-
posed in the solid state to explain the magnetic
interactions in transition and rare-earth metals and
alloys.* This kind of indirect interaction is long-range,
in contrast to the superexchange one, and presents
an oscillatory behavior, which can give rise alter-
nately to ferro- or antiferromagnetic coupling, de-
pending on the distance between the moments. In the
lanthanide metals for example, the partly filled 4f
shells, which do not overlap significantly with neigh-
boring orbitals, give rise to strongly localized mag-
netic moments. Therefore, the coupling between these
f electron moments occurs via the conduction elec-
trons (mainly of s-type) which are strongly coupled
with the f electrons. Thanks to this intra-atomic f—s
coupling, the f electrons at a given site strongly
polarize the spins of those conduction electrons in the
vicinity. This local polarization leads to a modulation
of the electron densities in the band which is different
for the up and down spins. A second magnetic ion,
situated at a certain distance from this ion, will be
informed by the conduction electrons of its spin
direction. As a result, these two localized magnetic
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moments will be coupled by an effective coupling e/ing.
The sign and magnitude of this indirect coupling are
given by the following expression:

2
_ 97 Jnfny?
Ta =5 EF(N) F(2kyR)

where Jg;, is the direct interaction between localized
and itinerant spins, n/N is the number of conduction
electrons per magnetic site, and (2m.Er/h)"? is the
momentum of the electron at the Fermi level, Ef.
Therefore, this indirect interaction is expected to
be proportional to the direct interaction between
localized and itinerant spins. Its strength decreases
as 1/R3, where R is the distance between the mag-
netic sites, in the same way as a dipolar interaction.
Its sign is determined by the oscillating function F(x),
which can give either ferromagnetic or antiferromag-
netic coupling between the magnetic sites depending
on their separation R (Figure 9). The period for these
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Figure 9. Oscillating exchange interaction with distance
between two localized moments in the RKKY model.

oscillations depends on the concentration of conduc-
tion electrons, n, since in the free electron model kg
= (3/g7tn) 13,

In molecular conductors containing discrete mag-
netic anions, an indirect exchange interaction be-
tween the magnetic moments via the conduction
electrons is, in principle, possible. However, its
strength is expected to be quite small, as the direct
interaction between the two networks via a coupling
between the itinerant z electrons and the d electrons
of the magnetic center is also very weak. Still, the
physics associated with this exchange interaction
may differ in several respects from the one predicted
by the RKKY model. Thus, the model assumes that
the conduction electrons can be described by the free
electron model. In molecular conductors this model



Magnetic Molecular Conductors

is too crude, as the electrons are strongly correlated;
furthermore, the molecular systems have low dimen-
sional electronic structures. Furthermore, in classical
metals the direct interaction involves an intra-atomic
coupling between the unpaired electrons of the metal
(d or f) and the s electron carriers, while in the
magnetic synthetic metals this interaction involves
an intermolecular 7—d coupling. These important
differences justify the effort currently being devoted
to preparing and physically characterizing this novel
type of molecular material.

It is worth mentioning that the association between
cation-radicals and magnetic anions is not the only
way to obtain molecular materials having conducting
electrons and localized magnetic moments. Materials
formed by a single network can also provide examples
of this kind. An illustrative example is the compound
[Cu(pe)]®33*[I37]p33 (pc = phthalocyanine).*4? The
compound is a one-dimensional metal formed by
columnar stacks of partially oxidized Cu(pc) units
separated by a distance of 3.2 A. The electron
delocalization occurs through the overlap between the
m-molecular orbitals of aromatic rings of adjacent
phthalocyanine molecules. The paramagnetic Cu(II)
ions are embedded in this “Fermi sea” of itinerant
electrons. Owing to the large Cu—Cu distance, the
Cu?" ions are expected to be magnetically uncoupled.
However, coupling between the Cu2?" local moments
(represented as JJ4—q in Figure 10) of ~6 K has been
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Figure 10. Coupling between Cu?" moments in
[Cu(PC)]+0'33(I37)70‘33.

detected by EPR, NMR, and magnetic susceptibility
studies. It has been proposed that such coupling
occurs through the conduction electrons which are
strongly coupled to the local magnetic moments (J,—q4
coupling).

3.1. Mononuclear Metal Complexes
3.1.1. Tetrahalometalates

TT-carriers

Following the discovery of the first molecular
charge-transfer salts that behaved as superconduc-
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tors, many attempts have been made to synthesize
analogous compounds containing paramagnetic mo-
ments inside the lattice. The so-called Bechgaard
salts*? of TTF, TMTTF, and TMTSF contain diamag-
netic tetrahedral and octahedral anions such as
[CIO4]~ and [PFg] -, so it was natural to seek examples
with tetra- and hexahalometalates. These examples
are summarized in Table 2. The first such compound
whose structure was determined, (TMTTF)[FeCly],
however, has not only a different stoichiometry from
the 2:1 Bechgaard salts but a completely different
packing of the donor molecules, which form stacks
but with alternate long axes orthogonal and no
significant interaction between them, although there
are several S---Cl contacts of less than the sum of
the van der Waals radii.** Both this salt and one
containing [MnCly]?~ are semiconductors and para-
magnets with small negative Weiss constants. The
corresponding Se salt (TMTSF)[FeCly] was shown to
contain two kinds of columnar stacks, one with the
long molecular axes parallel and the other with it
orthogonal, as in the TMTTF salt.*> Curiously, this
structure was reported again, quite independently
and without reference to the earlier work.*¢ The
magnetic properties are dominated by the Fe, with
T at room temperature reaching 4.2 emu-K-mol™!
(cf. 4.375 for S = %/5). The [FeCly]~ are well isolated,
though as in the TMTTF salt, there are Se---Cl close
contacts. There is a small negative Weiss constant
(—=7.5 K), but significantly, the susceptibility becomes
anisotropic below 4 K, suggesting the onset of anti-
ferromagnetism .46

The tetrahaloferrate(III) salts of the extended
electron donor BEDT-TTF present a fascinating
contrast.*” Electrochemical synthesis under the same
conditions yielded different chemical stoichiometries
for the salts containing [FeCly]~ and [FeBry . The
structure of (BEDT-TTF);[FeCly] consists of dimer-
ized stacks of BEDT-TTF molecules separated by the
sheets of tetrahedral [FeCly]~ anions. The anions are
situated in an “anion cavity” formed by the ethylene
groups of the BEDT-TTF molecules, which are ar-
ranged in the sequence .. XYYXXYYX... (Figure 11).
Adjacent molecules of the same type (XX' and YY")
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Figure 11. Crystal structure of (BEDT-TTF);[FeClyl,
showing the XXYYXX stacking sequence of donor cations.
(Reprinted with permission from ref 47. Copyright 1990
Royal Society of Chemistry.)
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stack uniformly on top of each other but with a slight
displacement between neighbors along the long in-
plane molecular axis. On the other hand, the long
in-plane molecular axes of adjacent molecules of
different type (XY' and YX') are rotated relative to
one another. Furthermore, X and X' (or Y and Y') are
closer to each other (~3.60 A) than X and Y (3.81 A).
The shortest distances between BEDT-TTF molecules
are shorter than the sum of the van der Waals radii
of two sulfur atoms (3.60 A), thus suggesting the
possibility of a quasi-one-dimensional interaction
along the a direction.

On the other hand, in (BEDT-TTF)[FeBr4], there
are no stacks but planes of closely spaced BEDT-TTF,
in marked contrast to most of the compounds con-
taining this donor molecule. The only short S---S
distances (<3.50 A) are between two BEDT-TTF
molecules in different pairs, but there is no continu-
ous network of short S---S contacts through the
lattice. The [FeBr4~ form a three-dimensional lattice
separated by the pairs of BEDT-TTF molecules. One
[FeBr4]~ has short intermolecular distances to two
donor molecules, but no extended interaction between
BEDT-TTF molecules through the [FeBry  is pos-
sible, which correlates with the insulating behavior
of this compound.

The structure of the FeCl,™ salt is closely related
to those of (BEDT-TTF)y[InBry],*® a-(BEDT-TTF)s-
[PF¢],* B-(BEDT-TTF),[PF¢l,° and (BEDT-TTF).-
[AsFg],5t with the salts containing octahedral anions
exhibiting interstack side-by-side contact distances
nearly identical to those found in (BEDT-TTF)s-
[FeCly]. There are no short contact distances between
sulfur atoms along the molecular stacking direction
in any of these compounds, and so their conduction
properties are highly one-dimensional. For example,
in S-(BEDT-TTF)2[PFs] the ratio of the conductivities
along the direction of side-by-side contacts to those
along the molecular stacking direction is 200:1.4%:50
(BEDT-TTF);[FeCly] is also semiconducting, like the
PFs and AsFg salts, with an activation energy of 0.21
eV.

Given that the formal charge per donor molecule
is +15 in the [FeCly] ™ salt, the unpaired spins on the
organic cations contribute to the susceptibility. For
example, the molar susceptibility of (BEDT-TTF),-
[GaCly], which has a similar structure but a diamag-
netic anion, has a broad maximum near 90 K, which
can be fitted from 70 to 300 K either by a one-
dimensional (Bonner—Fisher) or quadratic layer an-
tiferromagnetic model to yield exchange parameters
J/k of respectively 66.5(5) and 89.6(1) K, similar to
those found in the semiconducting o' -(BEDT-TTF).X
with X = AuBrs, Ag(CN)g, or CuCly,5? where the
absolute values of the susceptibility agree with
expectations for localized moments corresponding to
S = /5 per pair of donor molecules. In the [FeCly]™
salt, on the other hand, the susceptibility is domi-
nated by the anion. From the low-temperature data,
a value of the Weiss constant can be extracted and
the parameters of the fit (S = %5, g = 2, 0 = —4 K)
can be used to calculate the difference between
observed and calculated susceptibility at all temper-
atures to obtain the contribution from the BEDT-
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Figure 12. Total susceptibility of (BEDT-TTF)z[FeCly]
(circles) and the BEDT-TTF contribution (squares). (Re-
printed with permission from ref 53. Copyright 1996
American Chemical Society.)

TTF. The resulting difference gives a good fit to a
singlet—triplet model (Figure 12).53

Apart from the organo-chalcogen donors, conduct-
ing charge-transfer salts are known with various
condensed ring aromatic molecules, of which the most
extensively studied is perylene (Per) (Chart 1). Thus,
it was pertinent to make salts of this donor with
transition metal-containing anions. The crystal struc-
tures of compounds with the stoichiometry (Per)s-
[FeX4] (X = CI, Br) consist of stacks of tetramerized
Per, and [FeXy] .54 The [FeXy]™ are located in pairs,
but with quite a large separation between the Fe
(~7.9 A). The Cl compound is a semiconductor with
a high room temperature conductivity (0.175 S-cm™1!)
and an activation energy of 0.12 eV. Magnetically,
the properties are dominated by the Fe, and no long
range order is reported, though the reported Weiss
constants (FeCly, —12.1 K; FeBry, —39.9 K) are quite
high. On the other hand, the susceptibility at low
temperature was fitted to a dimer model with J/k =
—1.26 K (FeCly) and —3.72 K (FeBr,), despite the long
distance between the Fe.

Turning to other tetrahalometalate anions, the first
reports of TTF salts with Mn and Co tetrahalo anions
did not identify either their precise stoichiometry or
crystal structure,?® but later work from the same
group®® defined the unusual composition (TTF)4-
[MClyy for M = Mn, Co, Zn, and Cd. The donor
molecules in the monoclinic structure are of two
types: each unit cell contains two (TTF);?* and a
TTF° orthogonal to one another, with the anions
isolated between the trimers. All three compounds,
whether magnetic or not, are semiconducting with
high room temperature conductivities in the region
of 0.1 Sem™!. The magnetic behavior of the Mn and
Co compounds is simple Curie—Weiss in type, with
small negative Weiss constants that may be related
to zero-field splitting rather than magnetic exchange.

The stoichiometries of the corresponding BEDT-
TTF salts were first deduced by elementary analysis
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alone as (BEDT-TTF)[MClylo3-04 for M = Mn, Co,
7Zn,%” but a crystal structure determination for one
example indicates that it is (BEDT-TTF)3[MnCly],.58
In the latter structure, there are alternating layers
containing, on one hand, BEDT-TTF* in the f'
stacking mode and, on the other, MnCl,2~ together
with isolated BEDT-TTF?2". This unusual alternative
has also been found in the nonmagnetic salt (BEDT-
TTF)5[HgoBr11].%? Both the structurally characterized
salt and the earlier ones are reported as semicon-
ducting with relatively high room temperature con-
ductivities, with (BEDT-TTF)3[MnCly]s, in particular,
being much more conducting than is usual for f'-
salts. Again, the magnetic behavior appears to be
that of a Curie—Weiss paramagnet. In fact, the EPR
of a BEDT-TTF—CoCly salt (of unspecified formula)
is said to contain signals from both conduction
electrons and localized 3d moments at low temper-
ature,® with the resonance field AH of the conduction
electrons showing a shift below 100 K. A plot of AH ™!
versus temperature is linear, suggesting that an
internal field is produced by the localized 3d mo-
ments, whose static susceptibility follows the Curie—
Weiss law. In contrast, (TTF)2[MnCl,] shows no EPR
signal due to TTF*. Observation of two EPR signals
in the CoCly salt indicates that the two spin systems
are behaving essentially independently of each other,
as in the BEDT-TTF—CuCly, salt described below but
in contrast to (BEDT-TTF)3[CuBr4].

Another interesting example is the radical salt
prepared with the BET-TTF donor (Chart 1) and the
paramagnetic [FeCly]~ anion: S-(BEDT-TTF)g[FeCly].5!
This salt shows a metallic behavior with a room
temperature conductivity of 60 S:cm™! and a M-I
transition around 20 K. The EPR spectrum of this
salt shows a single signal centered at g = 2.017 with
a line width of 400 G. No signal from the BET-TTF
is detected, in contrast with the isostructural salt of
the diamagnetic [GaCly] ™ anion that exhibits a signal
at g = 2.0065 with a line width of 13 G. Such a
feature has been attributed to the presence of a weak
exchange interaction between Fe(IIl) spins through
the conducting electrons.

The anions [CuX4?~ (X = Cl, Br) adopt a wide
variety of geometries, from square-planar to flattened
tetrahedral, and the crystal structures (and hence
properties) of the BEDT-TTF salts with these anions
are much more varied and interesting than those of
the other 3d ions. Among them is the first example
of a metallic molecular charge-transfer salt, (BEDT-
TTF)3[CuCly-H20,%? in which magnetic resonance
has been observed simultaneously from conduction
and localized electrons. Other examples, containing
[CuBr4]?~ and [CuClyBro]?, have the largest change
of conductivity with pressure ever seen in conducting
organic solids and more substantial interaction be-
tween the conduction electrons and 3d moments.

The crystal structure of (BEDT-TTF)s[CuCly]-H2O
consists of stacks of BEDT-TTF parallel to the c-axis,
with short interstack S—S contacts leading to the
formation of layers (Figure 13).62 The latter are
interleaved by the [CuCly?~ and H3O in the same
general arrangement as in (BEDT-TTF);FeCly. How-
ever, in (BEDT-TTF);CuCly-HO there are three
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Figure 13. BEDT-TTF layers in (BEDT-TTF);[CuCly]-
H50. (Reprinted with permission from ref 62a. Copyright
1992 American Chemical Society.)

crystallographically independent BEDT-TTF mol-
ecules (I, II, III) and two different stacks (A and B).
Stack A contains only BEDT-TTF of type I, and stack
B has an alternate arrangement of II and III. Within
the ac-plane, the stacks form an XYYXYYX array.
The anions lie in planes parallel to the layers of the
donor, within which pairs of [CuCly]?~ anions are
connected by hydrogen bonds through the two water
molecules to form discrete units. The Cu—Cl bond
lengths (average 2.25 A) and angles (150°) are both
quite normal for Cu(Il) halides with a Jahn—Teller
distortion. The bond lengths and angles of the three
independent BEDT-TTF molecules are almost identi-
cal while the two different overlap modes are the
same in each stack. (BEDT-TTF);[CuCls]-H5O is the
only BEDT-TTF salt with 3:2 charge stoichiometry
that remains metallic down to very low temperatures
at ambient pressure. Normally such salts undergo
metal (or semimetal) to insulator (or semiconductor)
transitions, some of which are sharp (e.g. (BEDT-
TTF)3(C104)2)% and others of which are broad (e.g.
(BEDT-TTF);Cly-2H50).64

Being metallic down to at least 400 mK, (BEDT-
TTF)s[CuCly]-H20 is a good prototype system to study
the interaction between localized moments and con-
duction electrons, which is shown by two observa-
tions.%® First, there is a shift in g value and broad-
ening of the EPR line, the former being distinctly
larger than those found in - or o’-phase BEDT-TTF
salts (2.003—2.010).%¢ Second, at low temperature the
spin susceptibility of the conduction electrons falls
below its Pauli limit while that of the localized
electrons increases. Most striking, however, the
product of the spin susceptibility of the Cu resonance
and the temperature rises at low temperature, indi-
cating a short-range ferromagnetic interaction. Fit-
ting the data to the Bleaney—Bowers®” model indi-
cates a ferromagnetic exchange constant of 4 K. Since
the shortest Cu—Cu distance is 8.5 A, the direct
exchange interaction between the Cu moments should
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be very small. On the other hand, the [CuCl,]?> are
arranged as dimers bridged by H;O, which may
provide an exchange pathway. Nor can we rule out
the possibility that exchange between Cu moments
is mediated by the free carriers of the BEDT-TTF
layers (the RKKY mechanism).

While the interaction between the BEDT-TTF and
the metal ion spins is weak yet observable in (BEDT-
TTF)3[CuCly]-H0, it is negligible in semiconducting
(BEDT-TTF)2[FeCly] and insulating (BEDT-TTF)-
[FeBr4].4” By contrast, in (BEDT-TTF);[CuBr2Cls] the
interaction between the two sublattices is strong, and
structural phase transitions transform the electrical
and magnetic properties.®® The crystal structures of
the [CuBr4/?~ and [CuCleBry|?~ salts are very differ-
ent from the [CuCly?~ salt, and their electronic
properties are unrelated. Whereas the [CuCly]?>~ form
a flattened tetrahedron, as expected for Jahn—Teller
d? ions, the anions in the bromo salts are square-
planar. In fact, this is the first compound in which
planar [CuBr4]?™ has been found.®® Nevertheless, the
stoichiometry of all three salts is 3:1. Two crystallo-
graphically independent BEDT-TTF molecules (X
and Y) are found in the bromo compounds; from their
bond lengths, the charges are defined as 0 and +1.7°
Both crystal structures consist of layers of BEDT-
TTF, stacked in XYYXYY sequence in the a-phase
mode of packing, separated by square-planar tetra-
halogenocuprate(Il) (Figure 14).
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Figure 14. Layers of BEDT-TTF and [CuBr4]?~ in (BEDT-

TTF)3[CuBry. (Reprinted with permission from ref 68.
Copyright 1994 American Physical Society.)

The room temperature conductivities of the
[CuBr4?>~ and [CuClyBr]?~ salts are very similar,
being low for metallic organic conductors and high
for semiconductors, but they are affected dramati-
cally by pressure,’%7 showing the largest increase
in conductivities with pressure of any known organic
conducting solids: 25 S-cm~!-kbar™! up to 8 kbar,
finally attaining a plateau at 22 kbar with 500 times
the ambient pressure value. At low temperatures (59
K) there are phase transitions that take both salts
from semimetallic to semiconducting at pressures
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Figure 15. Magnetic susceptibilities of (BEDT-TTF)s-
[CuBrqoXy]: (a) X = Br; (b) X = Cl. The dashed lines are
fits to the quadratic layer Heisenberg antiferromagnetic
model. (Reprinted with permission from ref 68. Copyright
1994 American Physical Society.)

above 3 kbar. Their magnetic properties are also
unusual in that the susceptibility of the conduction
electrons on the BEDT-TTF stacks is very high. The
abrupt drop in susceptibility (Figure 15) at low
temperature is due to the loss of the contribution
from these electrons. To account for a contribution
of this magnitude requires two spins per formula
unit, which are antiferromagnetically coupled, sug-
gesting that the [CuBr4?~ and [CuCl:Brs]?~ salts are
just on the insulator side of the Mott—Hubbard
transition. In such a case, semiconducting behavior
is not due to a gap in the one-electron density of
states but arises because the holes on the BEDT-TTF
stacks localize due to the strong Coulomb interaction.
The 3:2 charge stoichiometry of these salts requires
two holes per three BEDT-TTF sites, and as noted
above, the bond lengths show that two of the BEDT-
TTF molecules are charged and that one is neutral.
The transport properties are therefore those of a
“magnetic” semiconductor, with an activation energy
Ue/2, where U is the on-site Coulomb energy
associated with the transfer of a charge to place two
charges on a single site.

In contrast to metallic (BEDT-TTF);[CuCl4]-H-0,
only a single EPR line is seen in the bromo salts,
though the g values above the 55—60 K transition
are intermediate between those expected for a
Cu(Il) moment and for spins on BEDT-TTF sites.
Hence, the two spin systems interact significantly,
in contrast to the other magnetic anion salts.*”-%2 The
antiferromagnetic transition in (BEDT-TTF)3[CuBr,]
has also been confirmed by solid-state proton NMR,”
in which 71! shows a divergent anomaly at 8 K that
is still present under high pressure (about 10 K at 9
kbar) when the compound is metallic. The latter
shows that the localized Cu?t moments are still
present when the lattice is metallic. An isostructural
compound containing NiCl,?~ has also been reported.
In contrast to the Cu salt, it has a metal—insulator
transition at 100 K.”

Among other tetrabromocuprate(Il) salts of deriva-
tives of TTF, (TTM-TTF)CuBr; (tetramethyl-
thio-TTF) contains (TTM-TTF)?>* that are very
strongly distorted away from planar and a linear
Br:+-C-+-S-+-Br network.” As expected for a compound
containing a +2 donor cation, this salt is a good
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insulator and a Curie—Weiss paramagnet with a
Weiss constant less than 1 K.

3.1.2. Hexahalo Anions

Although quite a number of charge-transfer salts
containing organo-chalcogen donor cations have been
prepared with hexahalo anions which are diamag-
netic, such as [PtClg]>~, [SnClg]?2~, and so forth,”
rather few have been reported with paramagnetic
anions (see Table 2). In fact, the only examples
appear to be 0-(BEDT-TTF)4[ReClg]-CcHsCN, (BEDT-
TTF)2[IrClg],58 and a salt of dibenzo-TTF with
ReClg?"."" They are semiconductors, and the magnetic
properties are dominated by the paramagnetism of
the anions. Nevertheless, they present a number of
interesting structural features.

The structure of a-(BEDT-TTF)4[ReClg]-C¢HsCN
contains alternate layers of BEDT-TTF and
[ReClg]-CsH5;CN. The donor layers consist of two
crystallographically independent stacks, in one of
which the BEDT-TTF all carry a charge of +1 while
in the other they are all neutral. Correspondingly,
in the anion layers are rows of [ReClg]?™ alternating
with rows of C¢HsCN. Interaction between the cation
and anion layers appears to be determined largely
by Coulomb forces, since the stacks of (BEDT-TTF)"
are adjacent to the [ReClg]?~ while the (BEDT-TTF)?
are closest to the neutral solvent molecules. The
compound is a semiconductor with an activation
energy that varies slightly with temperature and a
relatively high room temperature conductivity (3
S-cm™! parallel to the layers and about 10 times less
in the perpendicular direction). The low-temperature
magnetic properties are dominated by the Curie—
Weiss behavior of the anion, but at higher temper-
atures a component due to the BEDT-TTF is appar-
ent. The latter was fitted successfully by a Heisenberg
antiferromagnetic alternating chain model with 1/
= —16 K and Jo/k = —13 K (Figure 16).

1.0 10.0 100.0
TIK
Figure 16. Susceptibility due to BEDT-TTF in o-(BEDT-
TTF)4[ReClg]-CcH5CN at 250 G (open circles) and 1000 G
(filled circles). The data are fitted to the alternating chain
AF model (T > 8 K) and the Bleaney—Bowers dimer model
(T < 8 K). (Reprinted with permission from ref 76.
Copyright 1997 Royal Society of Chemistry.)

Despite being electrocrystallized under the same
conditions, the IrClg?~ salt of BEDT-TTF has a
completely different structure from that of the ReClg?~
one.?* It contains no solvent of crystallization; neither
are there discrete layers of anions and cations.
Instead there are face-to-face dimers of BEDT-TTF
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forming a three-dimensional network through end-
to-end contacts, a relatively rare feature in BEDT-
TTF charge-transfer salts. Despite this, the com-
pound is a semiconductor with a room temperature
conductivity of 1072 S-cm™!, a fact that is explained
by its formulation as (BEDT-TTF")[IrClg]?~, rather
than the alternative (BEDT-TTFL5"),[IrClg]3~. The
formulation as an Ir'V salt is confirmed by the S =
/3 Curie—Weiss magnetic behavior of the anion,
combined with an exceptionally high intradimer
exchange constant of 965 K, fitted with the Bleaney—
Bowers model.”

3.1.3. Pseudohalide-Containing Anions

Apart from the high-symmetry octahedral and
tetrahedral halogeno complexes of transition metals,
a variety of other monomeric anions have been
incorporated into charge-transfer salts of TTF and
its derivatives, in the search for combinations of
conducting and magnetic properties. Some are com-
plexes of pseudo-halide ligands such as CN~ and
NCS-, while others are of lower symmetry with
mixed ligands (see Table 3). Among the latter are the
first examples of long-range ferrimagnetic order in
an organic—inorganic charge-transfer salt presented
in section 5, where one of the sublattices is furnished
by the px electrons of a molecular radical cation and
the other by the d electrons of the transition metal
complex anions. In a number of cases, the anions
have been designed specifically to promote interac-
tion between the organic and inorganic components
of the lattice by building into them S atoms of the
molecular donor.

The first hexacyanometalate salt of TTF was
formulated as (TTF)11[Fe(CN)gl3-5H20, an unusual
stoichiometry that indicates a particularly complex
structure.”® Eight of the TTF are present in dimerized
stacks and are assigned a charge of +1 from the bond
lengths. The remaining ones have their molecular
planes perpendicular to the stacks, two being neutral
and the remaining one +1. Close contacts are indeed
found between the [Fe(CN)]3~ and the TTF (N---S
3.09 A), but there is no report of cooperative magnetic
properties, though the compound is a semiconductor.
In contrast, BEDT-TTF salts with [M(CN)gl3~ (M =
Fe, Co, Cr) have more conventional structures with
alternating layers of cations and anions. Thus, (BEDT-
TTF);[M(CN)e]-10H,O (M = Fe, Co) have the -pack-
ing mode, albeit with a pentamer rather than the
more usual tetrameter repeat unit.” Both compounds
are semiconductors, although apparently there is
appreciable Pauli paramagnetism in the Co salt,
suggesting the presence of conduction electrons. A
further series, (BEDT-TTF)4NEt,)[M(CN)e]-3H>0O (M
= Fe, Co, Cr) has a «-packing mode, and at room
temperature all the BEDT-TTF have the same charge
of +0.5, as found in the superconducting salts with
the diamagnetic anions I3, Cu(NCS); ™, and so forth.8
Nevertheless, they are reported to be semiconducting
in the neighborhood of room temperature. The mag-
netic susceptibility corresponds to the sum of contri-
butions from the paramagnetic [Fe(CN)e]?~ and the
organic sublattice, with no evidence for interaction
between them. At 140 K, a sharp drop in susceptibil-



5432 Chemical Reviews, 2004, Vol. 104, No. 11

Coronado and Day

Table 3. Structures and Physical Properties of Charge-Transfer Salts Containing Pseudohalide Complex Anions

compound packing electrical properties magnetic properties® ref
(TTF)11[Fe(CN)sl5-5H20 dimerized stacks semiconductor 78
orthogonal (orr ~ 1072 S-cm™1)
monomers
(BEDT-TTF);[Fe(CN)s]-10H2O f-donor packing; semiconductor PM 79
pentamers (ogr ~ 0.02 S.cm™)
(BEDT-TTF)5[Co(CN)s]-10H20 p-donor packing; semiconductor Pauli paramagnet 79
pentamers (orr ~ 0.5 S:em ™)
(BEDT-TTF);NEt4[Fe(CN)]-3H20  «-donor layers semiconductor PM; C = 1.3 emu:K'mol! 79
(orTr ~ 0.2 S:em ™)
(BEDT-TTF)4NEt4[Co(CN)g]-3H20  «-donor layers semiconductor PM 79
(orr &~ 10 S:cm™1)
(BEDT-TTF)4NEt4[Cr(CN)s]-:3H2O  «-donor layers semiconductor PM 79
(orr ~ 0.15 S:cm™)
(BEST)4[Fe(CN)g] fB-donor packing semiconductor PM 81, 82
(orr ~ 11 S*ecm ™
E,=0.025¢eV)
(BEST)s[Fe(CN)s]2-H20 interpenetrated semiconductor PM 81, 82
layers of cations (ogr ~ 107¢ S:cm™?)
2+ and anions
(BET-TTF)4(NEty)2[Fe(CN)gl k-donor layers semiconductor PM 82
(opr ~ 11.6 S.cm™1;
E,=0.045¢eV)
(BEDT-TTF)2Cs[Co(NCS)4] a-donor layers metal—insulator 83
transition at 20 K
(O’RT =14 S~cm‘1)
(BEDT-TTF)4[Cr(NCS)s] - PhCN o-donor layers semiconductor PM 86, 87
(orr~ 5 x 1073 S-em ™%
E.=0.26eV)
(BEDT-TTF);NEt4[Cr(NCS)s]-THF f-donor layers semiconductor PM; C = emu-K-mol}; 86, 88
(opr ~ 10 S*cm ™) Dl =7.3cm™!
(BEDT-TTF)5[Cr(NCS)s]-(DMF), [-donor layers semiconductor PM; |ID|=28cm! 88
(orr ~ 5 S-cm™1)
(BEDT-TTF)55[Cr(NCS)g] [-donor layers semiconductor PM; |ID|=4.7cm™! 87, 88
(opr ~ 2 S:ecm ™1
E.=0.03eV)
(BEDT-TTF)4[Fe(NCS)s]-:CH.Cly cation and anion semiconductor PM; C = 4.926 emu-K'mol™1; 89
layers (orr =17 x 1073 S-em™}; 0=-0.19K
E,=0.7¢V)
(BEDT-TTF)4[Fe(NCS)g]-(pip) orthogonal semiconductor 90
dimers/monomers (o = 4.2 S:cm™
E.=0.25¢eV)
(BEDT-TTF);NEt4[Fe(NCS)s] f-donor layers semiconductor 90
(opr = 4.0 Sccm ™}
E,=0.03eV)
(BMDT-TTF)4[Cr(NCS)gl - 91
(BEDT-TTF)2[Cr(NCS)4(NH3)s] dimerized, donor semiconductor PM 89
layers; anion layers (opr = 30 S-ecm™1;
E,=0.056 V)
(BEDT-TTF);[Cr(NCS)4- no zr-stacking of semiconductor PM; C = 1.82 emu-K-mol}; 124
bipym]-25H20 anions and cations (orr = 0.015 S-cm ™1 0=-0.26K
E,=0.3¢eV)
(TMTTF)[Cr(NCS)sphen] donor dimers insulator AFM; TN =3.0K 126
(TMTSF)3[Cr(NCS)sphen] no close cation—anion semiconductor PM; C = 3.57 emu-K-mol ™ }; 126
contacts (orr = 0.022 S-cm ™1 60=-3.82K
E,=0.16¢eV)

@ PM = paramagnetic; AFM = antiferromagnetic.

ity arises from a charge disproportion among the
dimers in the «-structure, so that one consists of
BEDT-TTF" and another of neutral molecules. The
spin susceptibility measured by EPR confirms the
presence of the same transition in the isostructural
salt with diamagnetic [Co(CN)e]®~ as anion, indicat-
ing further that the anion plays only a minor role.”™

Three different salts of [Fe(CN)6]3~ with the or-
ganic donors BEST-TTF and BET-TTF (Chart 1)
have also been reported: S-(BEST-TTF),[Fe(CN)l,
(BEST-TTF);[Fe(CN)l2.H20, and «—(BET-TTF)4-
(NEty)2[Fe(CN)g].81:82 In the 3:2 phase the structure
shows an unusual interpenetration of the donor
molecules and the anions. This fact may be due to

the +2 charge of BEST-TTF (very unusual in any
TTF-type donor and unprecedented with BEST-TTF).
The magnetic properties of this salt correspond to the
paramagnetic [Fe(CN)g]®~ anions, as the organic
sublattice does not contribute. The 4:1 salt of the
BET-TTF donor presents the typical alternating
layers of anions and donors. The organic layers are
formed by only one BET-TTF molecule, with a charge
of /4, packed in a «-phase. The room temperature
conductivity is very high (11.6 S-em 1), although the
thermal behavior shows that this salt is a semicon-
ductor with a low activation energy of 0.045 eV. The
high electron delocalization of this salt is confirmed
by the ESR studies on a single crystal that show a
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Dysonian line when the magnetic field is parallel to
the organic layers.?

Because specific nonbonding interactions between
chalcogen atoms in neighboring molecules are such
a common feature of the solid state chemistry of the
group 16 elements, one strategy for promoting inter-
action between cation and anion sublattices in TTF-
type charge-transfer salts is to incorporate group 16
atoms in the anion, preferably in a terminal position.
The most convenient ligand for this purpose is NCS™,
which fortunately is bound to most transition metals
through N. A salt of BEDT-TTF with tetrahedral
[Co(NCS)4]?~ has the a-packing motif®? and is iso-
structural with the series of a-(BEDT-TTF);M[Hg-
(SCN)4] (M = NH,4, K, Rb), which has been much
studied by physicists because of the interplay be-
tween superconducting and antiferromagnetic ground
states.?4% Nevertheless, the compound a-(BEDT-
TTF).Cs[Co(NCS)4] is a metal but undergoes a metal—
insulator transition at 20 K, and in the crystal
structure there are no close BEDT-TTF---SCN con-
tacts. Such contacts are indeed found in the several
salts of BEDT-TTF prepared with the paramagnetic
anions [Cr(NCS)]3~ and [Fe(NCS)gl>~. With the
Cr(IIl) anion a 4:1 phase—(BEDT-TTF)4[Cr(NCS)6]-
PhCN—two 5:1 phases—f(-(BEDT-TTF)5;[Cr(NCS)e]-
(DMF), and -(BEDT-TTF)5(NEts):[Cr(NCS)s|(THF)—
and a 5.5:1 phase—(-(BEDT-TTF)5 5[Cr(NCS)s]—have
been prepared. Curiously, this last phase is closely
related to the two other 5:1 phases, since the extra
half BEDT-TTF molecule is located in the anion
layer, replacing the solvent molecules of the other
5:1 phases.? All these salts are semiconductors with
high room temperature conductivities in the range
1-10 S:cm™!. The magnetic properties correspond
to the sum of both sublattices with zero field split-
tings in the range 3—10.5 K in the Cr(III) ion.8"88
With the Fe(III) anion, two 4:1 phases—(BEDT-TTF),-
[Fe(NCS)g]-CH2Cl® and (BEDT-TTF),[Fe(NCS)g]-
(piperidine)®**—and one 5:1 phase—(BEDT-TTF)s(NEt,)-
[Fe(NCS)g]?°—have been prepared. The Cr(III) anion
has also been used with the bis(methylene)dithio-
TTF (BMDT-TTF) donor in the salt (BMDT-TTF),-
[Cr(NCS)e]. Most of these salts present short anion—
cation S---S contacts despite having a layer structure
with alternating anions and cations because one of
the NCS groups penetrates into the cation layer.
There are also close contacts between NCS groups
on neighboring anions, but despite these features the
Fe(III) compounds remain paramagnetic to 1.5 K (as
the Cr(III) salts) with only a very small Weiss
constant (—0.19 K in the (BEDT-TTF),[Fe(NCS)s]-
CHQCIQ salt).

3.2. Polynuclear Metal Complexes

One strategy for exploring the subtle structure—
property relationships in molecular charge-transfer
salts by chemical means is to compare isostructural
and isosymmetrical series. Furthermore, formation
of solid solutions could also help to achieve systematic
variations of structure and properties, for which
purpose it is of interest to identify anion types that
facilitate chemical doping. In this respect, poly-
nuclear metal complexes show promise in forming
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extended isostructural series with TTF and BEDT-
TTF. The anion size may be finely tuned by substi-
tuting the terminal and capping groups, and in
addition, different solvent molecules may nest in the
cavities between the cluster anions without greatly
altering the structure of the anion layer. Finally,
these salts are promising candidates for testing the
feasibility of anion layer doping, since the effects of
structural and electrostatic disorder are expected to
be small when the dopant is embedded within a thick
anion layer. Potential doping mechanisms include
mixed solvents (with the additional possibility of
including cations or anions in the cavity between the
clusters) and mixed anions.

3.2.1. Dimeric Anions

In the quest for compounds exhibiting magnetic
exchange interactions between metal ions situated
within the anion layers, it is logical to look for groups
that will bridge neighboring metal centers and trans-
mit superexchange between them. Ambidentate
ligands such as NCS~ and (C204)?  are simple
examples, and we begin by mentioning a few charge-
transfer salts in which these ligands bridge discrete
pairs of metals.

The anion [Fex(C204)5]4, which contains high spin
Fe™ ions bridged by one C2042~, has been incorpo-
rated in TTF,?2 TMTTF,?2 and BEDT-TTF? salts. In
every case the magnetic behavior is dominated by the
magnetic anion. In the TTF salt, which has the
stoichiometry (TTF);[Fea(C204)5]-:2PhMe-2H50, there
are chains of donors surrounded by the dimeric
anions and orthogonal TTF dimers, while, in the salt
(TMTTF)4[Fea(C204)5]- PhCN-4H0, there are segre-
gated stacks of donors and anions in a “checkerboard”
arrangement. During the synthesis of the above TTF
salt, another salt with the trisoxalatoferrate anion
is also formed. It is a 7:2 phase formulated as (TTF)-
[Fe(C204)3]2:4H0, where the TTFs are packed in
chains surrounded by four orthogonal dimers of TTF
molecules and four paramagnetic [Fe(C204)]?> an-
ions.?2 In the salt (BEDT-TTF).[Fes(C20y4)5], there are
closely spaced cation dimers, so that the overall
structure resembles the “checkerboard” arrangement
found in (BEDT-TTF):[Ge(C204)3]:C¢HsCN.%* The
dimers of spin-paired monopositive cations therefore
do not contribute to the magnetic properties; neither
are there layers of alternating anions and cations.
In all these salts, the antiferromagnetic exchange
between the Fell is quite comparable in magnitude
to that found in other oxalate-bridged Fe dimers.

Likewise, some salts containing oxalate-bridged
dimeric anions are (BEDT-TTF)5[MM'(C204)(NCS)s]
where MM’ is either CrFe or CrCr.?® Here the
presence of NCS™ is especially noteworthy because
of the opportunity it presents for cation—anion S---S
interactions. The latter compound does have a layer
lattice of alternating cations and anions, the former
being related to (but crucially different from) the
r-arrangement of orthogonal dimers. In this case the
dimers are interleaved by monomers, which are
assigned charges close to zero by band structure
calculations. In agreement with those calculations,
the compounds are semiconductors, albeit with rela-
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Figure 17. Crystal structure of (BEDT-TTF);[Rea(NCS)10]-2CH:Cly: (left) along the BEDT-TTF long axes; (right) along
the a-axis. (Reprinted with permission from ref 98. Copyright 1997 American Chemical Society.)

tively high room temperature conductivity and low
activation energy. From the standpoint of magnetism,
the principal feature of interest is a ferromagnetic
intradimer exchange interaction in the CrFe com-
pound, leading to the S = 4 dimer ground-state
expected for S = %/, (Cr) and %/, (Fe). For the CrCr
anion a metallic 8:1 phase with BEDT-TTF has also
been reported: (BEDT-TTF)s[Cra(C204)(NCS)s].?® The
room temperature conductivity for this salt is 0.1
S:cm™! and increases with decreasing temperature
to reach a value of 1 S-em ™! at 180 K.?¢ The magnetic
properties are dominated by the antiferromagnetic
behavior of the Cr—Cr dimer, as in the 5:1 phase.

Dimeric anions containing only NCS~ were first
synthesized many years ago in the form of
[Re2(NCS)10]"™ (n = 2, 3).97 The structures of their
BEDT-TTF salts are quite different, although the
anions themselves only vary slightly in geometry
with changing charge.?® The structure of the n = 3
compound consists of layers containing both cations
and anions with several very short S---S contacts
between them but no continuous network of closely
interacting BEDT-TTF (Figure 17). The total sus-
ceptibility is modeled best as the sum of Curie—Weiss
and dimer contributions, the former attributed to the
anions and the latter to one of the cations, whose spin
remains impaired while those of the remaining two
cations in the unit cell are paired.

A special case of a dimeric anion appears in the
semiconducting salts (TTF)s[Fe(tdas):] and (BEDT-
TTF)s[Fe(tdas)s] (tdas = 1,2,5-thiadiazole-3,4-dithio-
late). The structures of both salts show the typical
layered structure with dimerized chains in the an-
ionic layer and S or o packings in the TTF® and
BEDT-TTF1% salts, respectively. Both salts are semi-
conductors with room temperature conductivities of
0.03 and 1 S-cm ™! and activation energies of 0.18 and
0.10 eV, respectively. Due to the dimerization of the
[Fe(tdas)z]?>~ anions, the Fe(III) ion has a square-
pyramidal coordination. Therefore, it has a S = 3/,
ground spin state, as has been confirmed by magnetic
measurements and Moéssbauer spectroscopy in the
NBu," salt of this anion.!%%192 The magnetic data for
both salts are consistent with the formation of

antiferromagnetic dimers (J/k = —154 K for the TTF
salt and —99 K for the BEDT-TTF salt). In the
BEDT-TTF salt besides the contribution of the
Fe(III) dimers, there is a magnetic contribution from
the BEDT-TTF molecules that have been reproduced
with a model of interacting antiferromagnetic S =
/5 chains.1%9 There is also a 3:2 TTF salt with this
anion, although the structure is not known and the
magnetic properties show a Curie type behavior,
suggesting that in this case the anions are not
dimerized.!03

3.2.2. Polyoxometalate Clusters

Polyoxometalates (POMs) have been found to be
extremely versatile inorganic building blocks for
constructing organic/inorganic molecular materials
with unusual electronic properties. General reviews
that provide a perspective of the use of POMs in this
area can be found in ref 104. In the context of the
present review, these bulky metal-oxide clusters
possess several characteristics that have made them
suitable and attractive as magnetic counterions for
new TTF-type radical salts in which localized and
delocalized electrons can coexist: they are anions
that can be rendered soluble in polar organic sol-
vents; they can incorporate one or more magnetically
active transition metal ions at specific sites within
the cluster; and their molecular properties, such as
charge, shape, and size, can be easily varied. In
particular, it is possible to vary the anionic charge
while maintaining the structure of the POM.

A drawback of these bulky anions is that, although
they often stabilize unusual new packing arrange-
ments of the organic ions, their high charges tend to
localize the charges of the organic sublattice, making
it difficult to achieve high electrical conductivities
and metallic behaviors for these materials. All the
known radical salts with magnetic POMs are based
on the organic donor BEDT-TTF. The POMs used to
prepare these materials are depicted in Figure 18.
The magnetic and electrical properties of these
materials are summarized in Table 4.

3.2.2.1. Keggin Anions. o-Keggin anions of the
type [X""W12040]®7~ (abbreviated as [XW12]; Figure
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Figure 18. Types of magnetic polyoxometalates used as inorganic counterions for BEDT-TTF-type radical salts: (a)
nonsubstituted o-Keggin anions [X""W3040]® 7~ (X = Cull, Coll, Fellll ..); (b) monosubstituted o-Keggin anions
[Xnt+Zm+(Ho0)M;1 03] 127 7n~m~ (X = PV, SilV; M = MoYL, WVL; Z = Felll, Crll, Mn!l, Co!, Nill, Cull); (¢) the Dawson—Wells
anion [P;W13062]%~; (d) the monosubstituted Dawson—Wells anion [ReOPsW1704116~; (e) the magnetic anions [My(PWgO34)2]10~

(M = Co, Mn).
Table 4. Structures and Physical Properties of BEDT-TTF Charge-Transfer Salts Containing Polyoxometalate
Anions
compound packing electrical properties magnetic properties ref
ETs[MW12040]; layers of donors semiconductors; regular AF chains of 106

M = Co'l, Cull,Fel! (o-packing) made
of regular and

dimerized stacks

ETg[XWnM(H2O)O39];
M = Co'l, Cull, Nifl,
FeIH, CI‘IH; X = PIII’ Silv

layers of donors
(a-packing) made
of regular and
dimerized stacks

orr = 0.15—0.03 S:cm™1;
E,=0.094-0.159 eV

semiconductors;
orr = 0.15—0.03 S:cm™};
E.=0.094-0.159 eV

BEDT-TTF (J = —60 cm ™)
alternating with dimerized
AF chains (J = —310 cm™1)
in coexistence with
paramagnetic metal ions
regular AF chains of 108

BEDT-TTF (J = —80 cm™1)
alternating with dimerized
AF chains (J = —280 cm™1)
in coexistence with
paramagnetic metal ions

ETs[PM;:Mn(H20)O39]; layers of donors semiconductors; regular AF chains of 108
M =W, Mo (a-packing) made orr = 0.1 S-em™% BEDT-TTF alternating
of regular and E, ~ 100 meV with dimerized AF chains
dimerized stacks; in coexistence with
chains of paramagnetic manganese(II)
polyoxometalates ions
ET11[ReOP>sW17061] layers of donors metallic; ory = 11.8 Sccm™1; paramagnetic behavior 109
(B-packing) M-I transition at ~200 K; coming from non-interacting
E, =27 meV Re ions (S = 1/y)
ETsH4[M4y(PWyOs4)al; unknown insulator the magnetic behavior 111
M = Co'!, Mn!" corresponds to that of

the ferromagnetic Co™!
cluster or to the
antiferromagnetic Mn'cluster

18a) were first combined with BEDT-TTF molecules
to provide an extensive series of radical salts having
the general formula (BEDT-TTF)s[XW12040l(solv),
(solv = HsO, CH3CN). Here, the central tetrahedral
X0O,4 site may contain a diamagnetic heteroatom
(2(H"), Zn", BT and SilV)105.106 oy 3 paramagnetic one
(Cull, Co'l, Felll, ...).196 The compounds crystallize in
two closely related structure types, a; and ag, con-
sisting of alternating layers of BEDT-TTF molecules
with an o-packing mode and the inorganic Keggin
anions forming close-packed pseudohexagonal layers
in the ac-plane (Figure 19). In the organic layers
there are three (0; phase) or two (o2 phase) crystal-
lographically independent BEDT-TTF molecules which
form two types of stacks: a dimerized chain and an
eclipsed one. The shortest interchain S-S distances,
ranging from 3.46 to 3.52 A, are significantly shorter
than the intrachain ones (from 3.86 to 4.04 A),
emphasizing the two-dimensional character of the
packing. Another important feature of this structure
is the presence of short contacts between the organic
and the inorganic layers which take place between
the S atoms of the eclipsed chains and some terminal
O atoms of the polyoxoanions (3.15 A), and via

hydrogen bonds between the ethylene groups of the
BEDT-TTF molecules and several O atoms of the
anions (3.13 A).

From the electronic point of view, an inhomoge-
neous charge distribution was found in the organic
layer by Raman spectroscopy, in which the eclipsed
chain is formed by almost completely ionized (BEDT-
TTF)* ions, while the dimerized chain contains
partially charged BEDT-TTFs. This charge distribu-
tion accounts for the electrical and magnetic proper-
ties of these salts. All of them exhibit semiconducting
behavior (ogrr &~ 1071-10"2 S:cm~! and E, ~ 100—150
meV), independent of the charge in the organic
sublattice (see inset in Figure 20). As far as the mag-
netic properties are concerned, the localized electrons
in the eclipsed chain (one unpaired electron per
BEDT-TTF) account for the chain antiferromag-
netism, and the delocalized electrons in the mixed-
valence dimeric chain account for the presence of an
activated magnetic contribution at high temperatures
and for a Curie tail contribution at low temperatures
(Figure 20).

For those salts containing magnetic polyanions, the
isolation of the magnetic center (situated in the



5436 Chemical Reviews, 2004, Vol. 104, No. 11

a

Figure 19. (a) Structure of the radical salts (BEDT-TTF)s-
[XW12040] showing the layers of Keggin polyoxoanions and
the two types of chains, eclipsed and dimerized, in the
organic layers. (b) Projection of the organic layer showing
the structural relationship between the three crystal-
lographic a-phases. (Reprinted with permission from ref
106a. Copyright 1994 Wiley.)

central tetrahedral cavity of the Keggin structure)
precludes any significant magnetic interaction with
the organic spin-sublattice. In fact, the electron
paramagnetic resonance (EPR) spectra show both the
sharp signal of the radical cation and the signals
associated with the paramagnetic metal ions. These
salts represent the first examples of hybrid materials
based on polyoxometalates in which localized mag-
netic moments and itinerant electrons coexist in the
two molecular networks.

Coronado and Day
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Figure 20. Plot of the magnetic susceptibility (ym) vs T
for the (BEDT-TTF)s[BW15040] radical salt (filled circles).
Open circles correspond to the corrected magnetic suscep-
tibility (after subtracting a paramagnetic Curie-type con-
tribution). Solid lines represent the best fit to a model that
assumes an antiferromagnetic Heisenberg chain behavior
(with J ~ —30 ecm™1; the exchange Hamiltonian is written
as —2JS;S;) for the eclipsed chain and an activated
magnetic contribution (with J ~ —150 em™1) coming from
the dimeric chain. Inset: Semilogaritmic plot of the electri-
cal resistivity (Q-cm) vs reciprocal temperature. (Reprinted
with permission from ref 106a. Copyright 1994 Wiley.)

A salt containing the one-electron reduced poly-
oxometalate [PMo1204]*™ has also been reported.!0”
It crystallizes in the oy-structure, although some
structural disorder has been found. From the elec-
tronic point of view, this compound may be of special
interest, as it contains delocalized electrons in the
mixed-valence inorganic sublattice. However, the
magnetic properties of this compound, in particular,
the EPR spectroscopy, indicate that the latter elec-
trons do not interact with those of the organic
sublattice.

With the aim of bringing the magnetic moments
localized on the Keggin polyanions closer to the =«
electrons on the organic molecules, monosubstituted
Keggin anions having one magnetic ion at the poly-
oxometalate surface have been used.'® These are of
the type [X"Z" T (Hy0)M;;039]12-7~m~ (X = PV, Si'V;
M = MoV, WVL; Z = Felll, Crlll, Mn!., Co!!, Ni!l, Cul,
and Zn") (abbreviated as [XZM;;]; Figure 18b). They
can be considered as derived from the nonsubstituted
Keggin anions [X""M;2049]®™~ by simply replacing
one of the external constituent atoms and its terminal
oxygen atom by a 3d transition metal atom, Z, and a
water molecule, respectively. This series of semicon-
ducting BEDT-TTF radical salts maintains the gen-
eral stoichiometry (8:1) and the structural charac-
teristics of the previous family. In fact, most of them
crystallize in the og-structure (Z = Felll, Cr'll, Coll,
Ni', Cul, and Zn"). However, an unexpected ar-
rangement of the Keggin anions has been observed
in the Mn derivatives (BEDT-TTF)g[PMn!M;;] (M =
W, Mo). Here a related structure (namely as) has
been found in which the BEDT-TTFs are packed in
the same way as in the other two phases, while the
Keggin units are linked through a bridging oxygen
atom to give an unprecedented chain of Keggin
anions that runs along the c-axis of the monoclinic
cell (Figure 21). The organic stacking remains nearly
unchanged for the three crystalline a-phases.

The magnetic properties of this series are similar
to those observed in BEDT-TTF salts with nonsub-
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Figure 21. Structure of the {( BEDT-TTF)s[PMnW1;030]},
radical salt showing the chains formed by the Keggin units.
(Reprinted with permission from ref 108a. Copyright 1995
Wiley.)

stituted Keggin anions. No magnetic effects arising
from the d— interaction between these localized d
electrons and the itinerant = electrons are detected
down to 2 K, even though the two sublattices are
closer than in the salts of the nonsubstituted Keggin
anions. For example, in the Fe' derivative, the
magnetic behavior shows a decrease of the magnetic
moment on cooling, which must be attributed, as
before, to antiferromagnetic interactions in the or-
ganic sublattice, approaching the behavior of isolated
paramagnetic metal ions at low temperature (Figure
22a). On the other hand, 4 K EPR measurements
show signals characteristic of the two sublattices in
all cases: a narrow signal at g ~ 2 with line width of
25—40 G arising from the BEDT-TTF radicals, plus
broad signals that closely match those observed in
the But4N™ salts of the corresponding paramagnetic
Keggin anions (Figure 22b).

3.2.2.2. The Dawson—Wells Anion [P2W50¢21%".
The Dawson—Wells anion [PoW13062]%~ has also been
used to prepare radical salts. In this anion 18 WOg
octahedra share edges and corners, leaving two
tetrahedral sites inside, which are occupied by PV
atoms. Its external appearance shows two belts of six
octahedra capped by two groups of three octahedra
sharing edges (Figure 18c). Electrochemical oxidation
of BEDT-TTF in the presence of this polyanion leads
to the new radical salt (BEDT-TTF)1[PsWi50s2]*
3H20.19 The structure of this compound consists of
layers of anions and BEDT-TTF's alternating in the
ac-plane of the monoclinic cell (Figure 23a). Parallel
chains of BEDT-TTF molecules form the structural
arrangement of the organic layer. The organic mol-
ecules of neighboring chains are also parallel, leading
to the so-called f-phase (Figure 23b). What is re-
markable in this structure is the presence of six
crystallographically independent BEDT-TTF mol-
ecules (noted as A, B, C, D, E, and F in Figure 23c)
in such a way that each chain is formed by the
repetition of groups of 11 BEDT-TTF molecules
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Figure 22. Magnetic properties of the (BEDT-TTF)s-
[SiFel'l(H,0)Mo011039] compared to the tetrabutylammo-
nium (NBuy) salt of the [SiFe(H;0)Mo1:0359]°~ anion: (a)
plot of the y,T product vs T (b) comparison between the
EPR spectra performed at 4 K. In the spectrum of the ET
salt we observe the coexistence of the signal associated with
the radical (sharp signal centered at 3360 G, g = 2) and
the low field signals coming from the Fel'l ion (centered at
750 G (g = 8.9) and 1640 G (g = 4.1)). (Reprinted with
permission from ref 108c. Copyright 1998 American Chemi-
cal Society.)

following the sequence ...ABCDEFEDCBA... stacked
in a exotic zigzag mode. These unusual structural
features illustrate the ability of polyoxometalates to
create new kinds of packing in the organic compo-
nent. But the most attractive characteristic of this
salt concerns its electrical conductivity; it shows a
metallic-like behavior in the region 230—300 K with
an increase in the conductivity from ~5 S-em™! at
room temperature to 5.5 S-em ™! at 230 K. Below this
temperature the salt becomes semiconducting, with
a very low activation energy value of 0.013 eV (Figure
24a).

In view of this high conductivity, attempts have
been made to prepare a related compound containing
a magnetic center on the surface of the Dawson—
Wells polyanion. As a result, a novel compound
that contains a rhenium(VI) ion replacing a W in
the Dawson—Wells structure has been obtained
([ReOPyW1;0611%7; Figure 18d). It is isostructural to
the nonmagnetic one, and its electrical properties are
also very close to those observed in that compound
(Figure 24a). From the magnetic point of view, no
evidence of interactions between the two electronic
sublattices has been observed, despite the fact that
there are strong intermolecular anion—cation con-
tacts. In fact, the magnetic properties indicate the
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Figure 23. (a) Structure of the radical salt (BEDT-TTF);1[PsW15062]:3H0 showing the alternating organic and inorganic
layers. (b) View of the organic layer showing the -packing mode. (¢) View of the organic stacking showing the six different
BEDT-TTFs (A—F). (Reprinted with permission from ref 109b. Copyright 2000 Royal Society of Chemistry.)

presence of the spin S = 1/, of the Re'!, and EPR
measurements show a spectrum very similar to that
observed in the tetrabutylammonium salt of the
polyoxometalate (Figure 24b). This novel compound
constitutes an illustrative example of a hybrid salt
showing coexistence of a high electron delocalization
with localized magnetic moments.

3.2.2.3. The Magnetic Anions [M4(PWy034)2]10~
(M = Co?", Mn?"). Polyoxometalates of higher nucle-
arities have also been associated with organic donors.
Thus, the magnetic polyoxoanions [M4(PWgO34)2] 10~
(M2™ = Co, Mn), which have a metal nuclearity of
22, give black powders with TTF and crystalline
solids with BEDT-TTF.1!! These polyoxoanions are
of magnetic interest, since they contain a ferromag-
netic Coy cluster or an antiferromagnetic Mny cluster

encapsulated between two polyoxotungstate moieties
[PWy034] (See Figure 18e). This class of magnetic
systems is currently being investigated, since poly-
oxometalate chemistry provides ideal examples of
magnetic clusters of increasing nuclearities in which
the exchange interaction phenomenon, as well as the
interplay between electronic transfer and exchange,
can be studied at the molecular level.!12

The electrochemical oxidation of BEDT-TTF in the
presence of these magnetic anions affords the iso-
structural crystalline materials (BEDT-TTF)sHy-
[M4(PWyO34)2], which have four protons to compen-
sate the charge. The six BEDT-TTFs are completely
charged (+1), and the compounds are insulators. The
magnetic properties of these salts arise solely from
the anions. No influence coming from the organic
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Figure 24. (a) Thermal variation of the dc electrical
conductivity for (BEDT-TTF);1[P2W1062]-3H0 and (BEDT-
TTF)11[ReOP;ReW1706:]:3H30 showing the high conductiv-
ity at room temperature and the metallic behavior above
230 K. (b) EPR measurements at 4 K for the Re"! deriva-
tive. (Reprinted with permission from ref 109b. Copyright
2000 Royal Society of Chemistry.)

component on the magnetic coupling within or among
the clusters is detected down to 2 K. For example, in
the Co derivative the yT product shows a sharp
increase below 50 K upon cooling and a maximum
at ~9 K, which is analogous to that observed in the
K* salt and demonstrates that the ferromagnetic
cluster is maintained when we change K™ to BEDT-
TTF*. This also indicates a lack of interaction be-
tween the two components. This conclusion is sup-
ported by the EPR spectra performed at 4 K that
show the same features for both salts: a very broad
and anisotropic signal which extends from 1000 to
4000 G centered around 1620 G (g = 4.1) character-
istic of the Co4 cluster. No signal from the organic
radical is observed, indicating a complete pairing of
the spins of the (BEDT-TTF)" cations in the solid.

The two above compounds demonstrate the
ability of the high nuclearity polyoxometalates
[M4(PWg0O34)2]19~ to form crystalline organic/inorganic
radical salts with the BEDT-TTF donor. As such,
they constitute the first known examples of hybrid
materials containing a magnetic cluster and an
organic donor.
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To conclude this section, we can say that the
combination of magnetic polyoxometalates with TTF-
type organic donors has witnessed rapid progress in
the past few years. This hybrid approach has pro-
vided a variety of examples of radical salts with coex-
istence of localized magnetic moments with itinerant
electrons. This is the critical step toward the prepa-
ration of molecular materials combining useful mag-
netic and electrical properties. Thus far, however, the
weak nature of the cation/anion contacts as well as
the low conductivities exhibited by most of the
reported materials have prevented the observation
of an indirect interaction between the localized mag-
netic moments via the conducting electrons.

3.3. Chain Anions:; Maleonitriledithiolates

Planar metallocomplex anions of the type metal—
bisdichalcogenelene tend to form one-dimensional
packings in the solid state when they are combined
with the suitable cation. In the context of the molec-
ular conductors, the metal—bismaleonitriledithiolates
[M(mnt)o]~ (M(III) = Ni, Cu, Au, Pt, Pd, Co, and Fe)
(Figure 25, top) have been combined with perylene

N

NC

Figure 25. (top) Metal—bismaleonitriledithiolate com-
plexes [M(mnt)o]~ (M(III) = Ni, Cu, Au, Pt, Pd, Co, and
Fe). (bottom) Crystal structure of o-(Per)z[M(mnt)s].

(see Chart 1) to form the charge-transfer solids
PersM(mnt),. This organic molecule is one of the
oldest donors used in the preparation of highly
conducting solids. Due to the absence of any chalco-
gen atoms in the perylene molecule, all known
charge-transfer salts based on this donor have a
strong one-dimensional character, which is at the
origin of the electronic instabilities exhibited by these
salts. This feature contrasts with the two-dimen-
sional layered structures adopted by the BEDT-TTF
derivatives. A review that discusses the different
perylene based compounds can be found in ref 113.

The structures and properties of the PeroM(mnt),
salts are summarized in Table 5. They are all
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Table 5. Structures and Physical Properties of Perylene Charge-Transfer Salts

Coronado and Day

compound packing electrical properties magnetic properties ref
o-PersPt(mnt)q segregated stacks of metallic behavior along AF interactions between 114, 115
perylene and [Pt(mnt)s] ™ the stacking axis the spins S = /5 of the
complexes; lattice distortion (ogr = 700 S:cm™1); [Pt(mnt)s] ~ units
(tetramerization of the M-I transition at (J ~ =10 cm™Y);
perylene chain and T.=82K x vanishes below T,
dimerization of the inorganic
chain) below the
metal-to-insulator
(M~1I) transition
a-PersPd(mnt), same as Pt salt metallic behavior along AF interactions between 113
the stacking axis the spins S = Y, of the
(orr = 300 S:cm™1); [Pd(mnt)s]~ units
M-I transition at (J ~ =50 cm™1b);
T.=28 K x vanishes below T,
o-PersNi(mnt), same as Pt salt metallic behavior along AF interactions between 116, 117
the stacking axis the spins S = /5 of the
(ogr = 700 S:cm™1b); [Ni(mnt)s]~ units
M-I transition at (J ~ =100 cm™Y);
T.=25K x vanishes below T,
o-PeroFe(mnt), segregated stacks of perylene metallic behavior along AF interactions between 113
and [M(mnt)s]~ complexes; the stacking axis the spins S = %/, of the
lattice distortion (orr = 200 S-cm™1); [Fe(mnt)s] ™ units
(tetramerization of the M-I transition at (J ~ =150 cm™b)
perylene chain) observed T.=58K
below the metal-to-insulator
transition
o-PersM(mnt)s; same as Fe salt metallic behavior along weak Pauli paramagnetism 115, 116, 117
M = Au, Cu, Co the stacking axis that vanishes below T
(orr =700 S:cm ™!
for Au and Cu; 200
S-cm~! for Co); M—1I
transition at T\, =
12.2 K (Aw), 32 K (Cu),
and 73 K (Co)
B-PersM(mnt)s; segregated stacks of perylene semiconductors with larger susceptibility than 116, 117

M = Ni, Cu and [Pd(mnt)s]~ complexes;
structural disorder in the

perylene chains

(opr= 50 S-cm™1)

the o-phases; y follows

a T *law with o =

0.75 (Ni) and 0.8 (Cu)
that suggests random
exchange AF interactions
in the perylene chains

essentially isostructural and show similar lattice
parameters and diffraction patterns. In several cases
(at least for M = Ni, Cu, and Au), the crystals have
been obtained in two distinct crystallographic forms
denoted as a and . The structure consists of segre-
gated stacks of perylene and [M(mnt);]~ complexes
running along the b-axis. In the a-phase each stack
of [M(mnt)s]~ is surrounded by six stacks of perylene
molecules (Figure 25, bottom). The structure of the
[-phase is probably similar, although a full structural
refinement does not exist due to the presence of
structural disorder.

From the electronic point of view, the o-phase
produced the first examples of one-dimensional mo-
lecular metals where delocalized electron chains
coexist with chains of localized spins. In this respect,
some of the properties of these compounds resemble
those of Cu(Pc)I, a case where, as we have mentioned
earlier, the delocalized electrons belonging to the Pc
chain interact with the paramagnetic Cu(II) ions. The
properties of those derivatives containing the para-
magnetic metal complexes (M = Ni, Pd and Pt, and
Fe) are listed in Table 5 and compared with those of
derivatives containing diamagnetic metal complexes
(M = Au, Cu, and Co). The a-compounds are highly
conductive along the stacking axis b (~700 S-cm™!
for M = Au, Pt, Ni, and Cu; ~300 S:cm™! for M =

Pd; and ~200 S:cm ™! for M = Fe and Co derivatives),
showing a metallic regime at higher temperatures.
They undergo metal-to-insulator (M—I) transitions
at lower temperatures associated with a tetramer-
ization of the conducting perylene chains (2kr Peierls
transition) (Figure 26a). It is important to emphasize
that the magnetic character of the [M(mnt)z]~ chain
does not affect the transport properties and the M—1I
transition occurs in the same way, irrespective of the
paramagnetic or diamagnetic nature of the metal
complex.

As far as the magnetic properties are concerned,
those compounds with S = /5 [M(mnt)z] ~ units (M =
Pt, Pd, and Ni) undergo a spin—Peierls dimerization
of the localized spin chains at the same critical
temperature where the M—1I transition of the perylene
chain takes place. Such a dimerization can be fol-
lowed by the magnetic susceptibility. Thus, at tem-
peratures well above the transition, the susceptibility
indicates antiferromagnetic exchange interactions
within the chains with exchange constants of —15,
=75, and —150 K for Pt, Pd, and Ni derivatives,
respectively. This paramagnetic contribution van-
ishes at the M—I transition (Figure 26b). The fact
that a similar M-I transition also occurs in com-
pounds with diamagnetic [M(mnt)s] ™~ units indicates
that the Peierls instability in the perylene chain is
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Figure 26. Transport and magnetic properties of the o-(Per)s[M(mnt)o] (M(III) = Ni, Pt, Pd) hybrids. (Reprinted with

permission from ref 113. Copyright 1997 Wiley.)

the dominant one and the that spin—Peierls transi-
tion in the dithiolate chain is triggered by the
perylene chain distortion. The existence of an elec-
tronic coupling between the two kinds of chains is
still controversial. Clearly, the above picture does not
require the presence of any exchange interaction
between the itinerant electrons and the localized
spins, since the structural distortion in the perylene
chains can be sufficient to induce the dimerization
in the dithiolate chains. However, there are features
in the EPR spectra that suggest the presence of fast
spin exchange between the two sublattices.!'* An
additional insight is provided by the proton NMR
spin—lattice relaxation time in the Au and Pt com-
pounds, which is indicative of a coupling of the proton
spins of the perylene molecules to the localized spin
in the Pt compound.!!?

The S-compounds containing the diamagnetic Cu
complex and the paramagnetic Ni complex have also
been reported.''® Both are semiconductors with an
electrical conductivity at room temperature in the
range 50—80 S-cm™!, that is relatively high for
semiconductors. They exhibit a significantly larger
magnetic susceptibility than the o-phases. Indepen-
dently of the magnetic character of the metal com-
plexes, both follow a T~ behavior with a < 1, which
is typical of a random exchange antiferromagnetic
chain. This similarity suggests that the structural
disorder of this phase is essentially associated with
the perylene cations.!1”

4. Ferromagnetic Conductors

So far we have seen that it is possible to make a
variety of magnetic charge-transfer salts with dis-
crete or chain inorganic anions that can behave as
superconductors and metals, although many such
compounds are semiconductors. But, in general, their
magnetic properties are not of great interest because
they behave as paramagnets down to very low
temperatures due to the lack of extended interactions
between the metal centers in two or three dimen-
sions. A convenient way to obtain long-range mag-
netic order is to self-assemble in the hybrid material

bimetallic layer anions of the type [MII)M(III)-
(C204)3]~ (M(IT) = Mn, Co, Ni, Fe, Cu; M(III) = Fe,
Cr) which behave as ferro- or ferrimagnets with T’s
in the range 5.5—43 K. However, the formation of this
bimetallic M(I)M(III) lattice, using as templating
cation an organic donor, competes with the formation
of the A(DM(III) lattice, where A" = H30 or a group
1 cation, which has been shown to produce the series
of paramagnetic superconductors reported in section
2.1. Thus, synthetic approaches in the absence of
these A cations have to be used to reach this goal.

The first step toward building such an array
produced a salt containing alternating layers of TTF
and a trinuclear anion containing a central Mn(II)
with trans-oxalate-bridges to two Cr(III) (Figure 27).
The salt (TTF)4{MH(HQO)Q[CI‘(Czo4)3]2}'14H20 con-
tains strongly dimerized TTF" and hence is not
metallic. This compound exhibits an unprecedented
packing in the TTF layer similar to a «-phase,
although the interdimer distances are different in the
two directions. Its magnetic susceptibility is nicely
fitted by a Heisenberg exchange model for a linear
trimer with ferromagnetic Mn(II)—Cr(IIl) interac-
tions.!® Quite similar compounds occur for all the
combinations of M = Mn, Fe, Co, Ni, Cu; Ml = Cr,
Fe.!!® These materials are semiconductors and ex-
hibit either ferromagnetic or antiferromagnetic in-
teractions within the bimetallic trimers, leading to
high spin ground states. But, due to the discrete
nature of these species, no long magnetic ordering
has been observed (Table 6).

The goal of creating a magnetically ordered array
between the BEDT-TTF layers has been achieved by
the synthesis of a BEDT-TTF salt containing both
Mn(IT) and Cr(III) in a 2D oxalate-bridged layer.
The compound B-(BEDT-TTF);[MnCr(C204)3]'2° has
a structure related to the paramagnetic supercon-
ductors reported in section 2.1, but with Mn(II)
replacing H;O" within the honeycomb anion layer
and only highly disordered small solvent molecules
inside the hexagonal cavities (Figure 28). The inor-
ganic layers show an eclipsed stacking with respect
to each other. The BEDT-TTF layers adopt a typical
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Figure 27. Structure of the radical salts (TTF)4{ MX(H20)o[MM(C204)3]5} -:14Hs0 (M = Mn, Fe, Co, Ni, Cu; M!I = Cr, Fe)
showing the unprecedented pseudo-1D «-packing in the TTF layer and the presence in the inorganic layer of linear trimer

bimetallic oxalato complexes.

regular -phase arrangement with only one BEDT-
TTF molecule in the asymmetric unit. Very short
S—S contacts exist between 1D stacks (~3.4 A).
Recent X-ray data in a bimetallic Mn(II)Rh(III)
derivative have revealed the incommensurate nature
of these crystals,'?! where both networks do not
match, trying to impose their own rigidity. Therefore,
the actual stoichiometry of this salt is close to 2.7:1,
not 3:1, and the individual charge on the BEDT-TTF
molecules must be close to +0.40. Unfortunately, the
detailed structural relation between both subsystems
has not been found yet.

Having two-dimensionally infinite layers of Mn and
Cr bridged by oxalate ions, the compound behaves
as a ferromagnet, with T, of 5.5 K (Figure 29 top),
similar to A[MnCr(C,04)3] salts were A is a tetra-
alkylammonium cation.' The saturation magnetiza-
tion and coercive field are also similar (Figure 29,
center), although in this case the interlayer separa-
tion is almost twice, indicating that the magnetic
order in such systems has a 2D origin. In dramatic

contrast to the latter, however, which are insulators,
the BEDT-TTF salt is a metallic conductor, remain-
ing so down to 0.2 K without becoming supercon-
ducting (Figure 29, bottom). It remains to be seen to
what extent the properties of this remarkable com-
pound can be modified by further tuning of the lattice
through varying the metal ions or generating struc-
tures containing other donor packing arrangements
more commonly associated with superconductivity in
BEDT-TTF salts. Several new conducting molecular
magnets with either [MnCr(C204)s]~ or [CoCr(C204)s]~
layers have also been prepared with different TTF
derivatives, including the selenium substituted
BEST-TTF and BEDT-TSF.122 A summary of these
compounds is reported in Table 6. Magnetically, the
change of Mn by Co has raised the T up to 9—10 K
in these systems. From the conductivity point of view,
insulating, semiconducting, and metallic behaviors
have been observed, depending on the different
packing of the organic donors. In addition to S-pack-
ing, a-packings have also been found, such as in the
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Table 6. Structures and Physical Properties of Charge-Transfer Salts Containing Bimetallic Oxalate-Bridged

Anion Complexes

compound packing electrical properties magnetic properties ref
ET35[MCr(C204)3]-CH2Cls; layers of donors ($-packing), metals (opr = 250 S-em™  ferromagnetic 120, 122
M = Mn!l, Col and polymeric layers of (MnCr)* and 10 S:ecm™! (T.=5.5 K (MnCr)
bimetallic xalate-bridged (CoCr)?); in (CoCr) and 9.2 K (CoCr))
complexes charge localization
below ** K
BEST;3[MCr(C204)s]-CHCly; packing of donors unknown,; insulator?® ferromagnetic 122

M = Mn, Col!

BETS;3[MnCr(Cs04)3]-CH2Cls

BET;[MCr(C204)3]-CHCly;
M = Mn'l, Col

BEDO;[MnCr(C204)3]-CHoCly

ETx [MnRh(CQO4)3] ‘CHzClz;
x = 2.526(1)

TTF{ M(H20)2[M'(C204)3]2} -nH20;

M = Mn', Fel, Co'l, Ni!l: Cull;
— Ol Tl
M' = Cr'l, Fe

polymeric layers of bimetallic
oxalate-bridged complexes
layers of donors (o-packing),
and polymeric layers of
bimetallic xalate-bridged
complexes
packing of donors unknown;
polymeric layers of bimetallic
oxalate-bridged complexes
packing of donors unknown,;
polymeric layers of bimetallic
oxalate-bridged complexes
layers of donors ($-packing),
and polymeric layers of
bimetallic xalate-bridged
complexes
layers of donors (1D
pseudo-k-packing), and layers
of bimetallic oxalate-bridged
trimeric complexes

(T.=5.6 K(MnCr)
and 10.8 K (CoCr))

metal (orr = 1 S-cm™1);® ferromagnetic 123
charge localization (T.=55K)

below 150 K
metal (orr = 21 S:em™1);®  ferromagnetic 122

(T. = 5.5 K (MnCr)
and 13.0 K (CoCr))

charge localization
below 200 K

metal (orr = 1.4 S:em™1);? ferromagnetic 122
charge localization (T.=5.5K)
below 250 K
metal (orr = 13 S:em™1);¢  paramagnetic 121
charge localization
below 100 K
insulator? ferromagnetic 118,119
coupling (M' = Cr);
antiferromagnetic

coupling (M’ = Fe)

@ Measurements on single crystals. ® Measurements on pressed pellets.

o

e

salt a-[BETS]5[MnCr(C204)3], which also shows me-
tallic behavior at room temperature but semicon-
ducting behavior below 150 K due to charge local-
ization. No superconducting regime has been detected
even at very low temperatures, which keeps open the
question of whether the presence of magnetic order-
ing is responsible for destroying a possible supercon-

Figure 28. Packing of (a) the [MnCr(C304)s]~ anion layer, (b) the BEDT-TTF layer, and (c) the organic and inorganic
layers in (BEDT-TTF)3[MnCr(C204)s]. (Reprinted with permission from Nature (http://www.nature.com), ref 120. Copyright
2000 Nature Publishing Group.)

ducting state. Other factors could be relevant in this
regard, such as the structural incommensurability of
these phases.

5. Ferrimagnetic Insulators

In previous sections it has been shown that com-
bination of electric with magnetic properties can be
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achieved in two-network materials. Since the contacts
between these two networks are of the van der Waals
type, the electronic interactions between them re-
main very weak. For the same reason, within the
inorganic magnetic network, the interactions are also
very weak, and in most cases, they behave as
paramagnets. Thus, cooperative ferromagnetic prop-
erties have only been observed when the inorganic
network is formed by a 2D extended lattice. Another
possibility to reach this goal consists of making the
interactions between the two networks strong enough,
via m—m or covalent cation—anion interactions.

One example of this kind is provided by the charge-
transfer salts based on partially substituted pseudo-
halide complexes, of which the Reinecke’s anion
trans-[Cr(NCS)4(NHj3)o]~ is a prototype. The salt of
Reinecke’s anion itself, (BEDT-TTF); [Cr(NCS),-
(NHj)ol, which contains alternating layers of (BEDT-
TTF);" and anions, has magnetic properties domi-
nated by the latter®® but again no transition to long-
range magnetic order above 2 K, despite the presence
of several cation—anion S---S contacts less that 4 A.
When the NHj is replaced with an aromatic amine,
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however, the situation is transformed, because, in
favorable cases, the planar amines form stacks with
the donor cations, in addition to the S---S cation—
anion contacts. Under those circumstances, bulk
ferrimagnetic order is established: the first such case
in charge-transfer salts.

That 7—m cation—anion stacking is important for
observing bulk magnetic order in this class of com-
pound is demonstrated in a negative sense by the
example of (BEDT-TTF);[Cr(NCS)4(2,2'-bipyrimidine)]-
0.25H50. Despite containing an aromatic amine, the
structure does not have any s-stacking of the cations
and anions, although S---S cation—anion contacts are
present.!?* It is paramagnetic down to 2 K, with a
very small Weiss constant (—0.26 K).

The first ferrimagnetic charge-transfer salts with
a donor psr and an anion 3d sublattice were based
on the Reinecke’s anions with isoquinoline (CoH7IN)
as the base.!'?” In this case the anion [M(NCS)4-
(CoH7N)o]~ (with M = Cr or Fe) has the #trans-
configuration. Charge-transfer salts with 1:1 stoichi-
ometry are formed with BEDT-TTF (M = Cr, Fe) and
TTF (M = Cr), the bulk magnetic properties in every
instance being classically those of a ferrimagnet,
showing full long-range order below a critical tem-
perature T.. The temperature dependence of y,I" has
a shallow minimum decreasing from a room temper-
ature value close to that of donor spin Sp = Y/, and
anion Sx = %/, (for Cr3"). Below the minimum, y,,T
rises rapidly toward saturation at 7', after which yn,
remains constant so that y,7 decreases linearly.
Below T the isothermal magnetization saturates at
2 Nug for the Cr salt, corresponding to an antiferro-
magnetic alignment between S and Sp; there is also
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Table 7. Magnetic Parameters for Ferrimagnetic
Charge-Transfer Salts DIM(NCS)4B;]*®

I II IIT v

TJ/K 4.2 8.9 4.5 9.0
ymT (at 330 K)/emu-K'mol™! 226 218 475 222
minimum ym7/emu-K-mol ! 1.7 0.99 3.97 1.2

minimum 77K 9.9 16.9 14.8 17.5
coercive field/Oe 338 75 18 ~0
remanent M/Nug 042 074 038 ~O0
Mot at 7 T/Nug 2.0 2.1 4.3 1.7

eI. D = BEDT-TTF; M = Cr; B = CoH;N; ref 125. II:
D = TTF; M = Cr; B = CoH;N; ref 125. III: D = BEDT-TTF;
M = Fe; B = CoH;N; ref 125. IV: D = TTF; M = Cr; B = phen;

ref 126.

Figure 31. Crystal structures of (a) (TTF)[Cr(NCS)phen]
and (b) (TMTTF)[Cr(NCS)phen].

®
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a modest hysteresis. Typical magnetic data for these
compounds are shown in Figure 30, and the magnetic
parameters are listed in Table 7.

When isoquinoline is replaced by 1,10-phenanthro-
line, the anion necessarily has the cis-configuration,
but TTF, TMTTF, and TMTSF salts have also been
obtained.'? The TTF salt of [Cr(NCS)sphen]™ is a
ferrimagnetic insulator with 7. = 9 K (IV in Table
7), while the TMTTF salt is an antiferromagnetic
insulator (T = 3 K). In both compounds there are
close intermolecular contacts between the phenan-
throline and the donor as well as S---S contacts
between the cations and anions. The difference in the
bulk magnetic properties appears to be the result of
the larger steric requirement of TMTTF, because the
latter salt consists of dimerized cations while in the
TTF one there are stacks of alternating cations and
anions (Figure 31). The z-interaction between cations
and anions is also disrupted in the TMTTF compound
compared to the TTF one (Figure 32).1%7

The important role played by the cation—anion
w—am overlap in determining the collective magnetic
properties in this class of compounds is confirmed by
synthesizing a large number of salts of general type
DIM(NCS),L,,], where D is an organo-chalcogen
donor, M is Cr3* or Fe®", and L is an aromatic ligand
such as isoquinoline, phen, or their substituted
derivatives. Among the dozen or so such salts known
(see Tables 3 and 7), only the ones containing L., and
where the crystal structure indicates DL n—x
overlap, behave as long-range-ordered ferrimagnets
at low temperature.'?® Some salient magnetic pa-
rameters for those compounds are listed in Table 7.
In a few cases magnetic hysteresis has been observed,
while EPR directly confirms the presence of an
internal field in the ordered state by a substantial
apparent shift in the observed g-value below Tl.12%130

6. Conclusions

It is clear from this review that compounds con-
taining electron donor molecules of the kind that form
molecular metals and superconductors can be syn-
thesized with a wide variety of transition metal-
containing anions, which introduce localized mag-
netic moments into the lattice. Correspondingly,
while many of these contain alternating layers con-
sisting of cations and anions alone, they are formed

N

Figure 32. Cation—anion 7—x stacking in A[Cr(NCS),phen]: I, A = TTF; II, A = TMTTF.
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with many different packing motifs of the donor
cations. Insulators, semiconductors, metals, and su-
perconductors are all represented. Examples also
exist where the anions interact with the cations
through weak H-bonds, S---S contacts shorter than
the van der Waals distance, or m---7r stacking con-
tacts. Nevertheless, in the large majority of cases it
is fair to say that experimental evidence for exchange
interactions between donor 7 and metal d electrons,
or metal d electrons via a delocalized donor ;7 system,
is difficult to identify conclusively. Exceptions are
(BEDT-TTF);CuBr,8 and «-(BETS)sFeCly,383° but the
change in conductivity of the latter when the Fe(III)
moments order antiferromagnetically might also be
due to magnetostriction. While it is possible, too, that
the failure of the metallic compound (BEDT-TTF)s-
[MnCr(Cs0y4)3] to become superconducting at low
temperature may be the result of ferromagnetic order
in the anion layer, there is no unambiguous evidence
that this is the case.'?® It is true that in those salts
where S:--S and z---7 stacking interactions occur
between cations and anions, transitions to long-range
ferrimagnetic order occur, with one sublattice being
furnished by the cation & orbitals and the other by
the anion d orbitals. However, in that case the
interactions are strong enough to break up the donor
cation layers and, since cations and anions are
interdigitated, the resulting compounds are semicon-
ductors or insulators. Nevertheless, a rich harvest of
novel molecular materials has emerged, such as
paramagnetic and antiferromagnetic superconduc-
tors, a ferromagnetic metal, and ferromagnetic semi-
conductors. No doubt, further synthetic ingenuity will
uncover more novelty in the future.
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