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Abstract

The recent advances in crystalline conducting molecular materials based on polyoxometalates (POMs) and organic donors of the tetrath
afulvalene (TTF) family or perylene are discussed. We emphasise the wide diversity of POM structural types and the variety of packing
architectures for the organic molecules that can be induced by these inorganic anions. Besides structural effects, we show that these hybri
can have interesting electric and/or magnetic properties. Thus, in the last years the common belief that this type of radical salts containing suc
big and highly charged anions could only exhibit poor conducting properties has been refuted by the production of new materials exhibiting
higher and higher conductivities and even metallic behavior down to very low temperatures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Recently, a new trend in the field of molecule-based
materials started to develop: the design of multifunctional
The field of molecular materials with electrical properties materials that combine properties not normally associated
started in 1965 with the discovery of the first molecular con- with a single material. Some intriguing applications of this
ductor, the salt-methylphenazenium)(TCNQ)] (TCNQ, concept would be to couple conductivity with magnetic
tetracyangp-quino-dimethane) followed by the discovery in  properties. In fact, this goal was propos@d in the mid
1973 of the salt (TTF)(TCNQR] (TTF, tetrathiafulvalene), 1980’s but has only recently begun to afford the first suc-
which constitutes the first example of a metallic charge trans- cessful results. Thus, although there are many examples of
fer complex containing the organic donor TTF ($ég. 1a). molecular materials exhibiting magnetic, electrical or optical
Since then, the synthesis of radical salts and charge transfeproperties, only very few of them present two or more of these
complexes with TTF and its derivatives has given rise to thou- properties simultaneously. Among them, the most significant
sands of molecular semiconductors, hundreds of metals andexamples in the field of magnetic conductors are probably:
almost a hundred superconductors. The first of these molec+(i) the synthesis in 1990 of [E3]JCuCls]-H20, the first
ular superconductors, the salts [TMTSK] (X=[PFg]~, molecular metallic conductor with a paramagnetic cefaker
[AsFg]~; TMTSF, tetramethyl-tetraselenafulvalene), were (ii) the synthesis in 1995 of [ER](H3O)Fe(ox}]-solvent
reported in 19793]. In the last two decades the search for [6], (ox=oxalate anion=g04°") and, in 1996, of
these materials has witnessed rapid development. Many newh-[BETS][FeCl]os5[GaCllo s [7], the first molecular su-
molecules have been designed which, when assembled in thggerconductors with paramagnetic centers and (iii) the recent
appropriate manner in the solid, have allowed researchers tosynthesis in 2000 of the layered material [EJMnCr(ox)z],
improve the conducting properties and even to increase thethe first molecular material that shows coexistence of fer-

superconducting critical temperatures. romagnetism and metallic conductivii§]. A recent review
covering the advances in this area has just appd8ted
Me Se Se-Me ;
N | : _ i I As can be seen from the aforementioned examples, the
[ > < ] s Se” electrical properties are usually provided by organic donors of
S @ S Me ) ¢ the TTF family, mainly ET (seEig. 1), whereas the magnetic

properties arise from simple inorganic molecular anions, as

s g _Me Me S S _Me in (i) and (ii), or from more complex extended magnetic lay-
(I >:< I I >:< I ers, as in (iii). Nevertheless, these are not the only bricks that
S S “Me Me S ST "Me can be used to construct multifunctional molecular materials.
(c) (d)

In between these two limits (molecular anions and extended
lattices) one can find the so-called polyoxometalate anions

O O O (POMSs), i.e., soluble molecular clusters of metal oxides of
S S Me S S nanometric size. These anions have shown to be suitable in-
| >:< | I >:< | organic building blocks to be combined with organic donors
S S Me S S for several reasons (see below). As organic molecular com-
ponents the choice is not limited to TTF type molecules;
(e) )

perylene donors and conducting polymers can also be used
in order to introduce electron delocalization in the solid. The
s S S S S S S organic donors and the POMs used so far to form the POM-
[ I >:< I j C[ >:< \HQ containing radical salts are listedrigs. 1 and 2respectively.
S S S s S S s Since 1988, in which the first POM-containing radical salt
® (h) of TTF was reporteflL0a], a large number of conducting ma-
Se_ g S Se S Se Se. S terials containing POMs with different topologies, charges,
[ I >:< I ] [ I >:< K j chemical compositions and magnetic moments have been ob-
se” S ST se s~ TSe Se” g tained and characterized. Most of these materials exhibit un-
) 0 usual structural and electronic features which are induced by
the special characteristics of POMs. These kind of materials
O O were the subjectin 1998 of an exhaustive reVigd} in which
O s s—_© . itbecame clear that, although POMs were very useful and ver-
[ I >:< I j O O satile building blocks for the preparation of hybrid molecu-
o 8 S o lar materials, the resulting materials exhibited poor electrical
() U] conductivities (low conductivities and semiconducting or in-

. . . , sulating behavior in most cases). However, in the last few
Fig. 1. Organic donors that have been combined with POMs: (a) TTF, (b) . . .
TMTSF., (c) DMCTTF, (d) TMTTF, () TPhTTF. (f) DMDPhTTF, (g) BEDT.  YE&rS some important achlevem_ents have been accompll_shed
TTF or ET, (h) BET-TTF or BET, (i) BEDS-TTF or BEST, () BEDT-TSF  IN this area, as for example the discovery of POM-containing
or BETS, (k) BEDO-TTF or BEDO, (I) perylene (per). radical salts exhibiting high electrical conductivities and even
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Fig. 2. POM structures used in the synthesis of TTF and perylene-based radi-
calsalts: (a) Lindqvist anion [¥D19]%~ (M = Mo or W), (b) monosubstituted
Lindgvist anion [MWs019]3~ (M=V or Nb), (c) disubstituted Lindqvist
anion [HVaW4010]3~, (d) Strandberg anion, (€) Anderson anion, §f)
octamolybdate aniof-[MogO26]*~, (g) decavanadate anion {3O,g]®",

(h) decatungstate anion [\§0s2]*~, (i) Keggin anion [X*M1,040] €~ "~
(M=W orMo; X=B" siV, PV sV Hy2* cd', cd', Fé"), (j) monosub-
stituted Keggin anion [XKYZ™ (H,0)M11030] 12— "—M— (X =SiV or PV;
M=W or Mo; Z=Cd', cd', Ni"", Mn'", zn", Fd"; Cr'"), (k) trisubstituted
Keggin anion, (I) Dawson—Wells anion, (m) monosubstituted Dawson—Wells
anion, (n) [My(H20)2(PWgO34)2]1%~ (M=Ca", Mn'"") (0) and (p) the two
enantiomeric forms of the anion H&onoloogg]G*.

metallic behavior. The present contribution covers the devel-
opments reported since 1998.

2. Special features of polyoxometalate-containing
molecular conductors

POMs present several important features that make them
suitable as inorganic building blocks for the construction
of the aforementioned functionally active solidd,12] In
this section we list these characteristics and briefly men-
tion some examples of hybrid salts in which their properties
have been greatly influenced by the presence of these cluster
anions.
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(i) POMs can be made soluble in polar organic solvents
and are very stable, maintaining their structure in solu-
tion as well as in the solid state. These chemical features
provide a means to obtain the solid-state associations of
these metal-oxide clusters with the organic donors by
using the electrocrystallization technique, which is the
usual method of choice for obtaining single crystals of
sufficient quality for structural and physical characteri-
zations.

Lindgvist and Keggin-type structure&i@. 2 are the
most stable and chemically versatiie POMs. There-
fore, they have been extensively used to prepare con-
ducting radical salts of TTFTable 1, ET (Table 2),

BET (Table 3, perylene Table 4 and other seleniated

or oxygenated donordéble 5. Among the Lindgvist
POMs, the ones that have been used are the dianions
[MgO16]2~ (M=Mo or W), and the substituted trian-
ions [M'W5019]3~ (M’ =V or Nb) and [HVoW4019]3~.
Numerous Keggin POMs have been used including non-
substituted anions ([XM12040]© "~ where M=W

or Mo are the constituent atoms, and X is an heteroatom
which can be magnetic or diamagnetic X ¥ BSi'V | PV,

SV H.2*, cd', cd', Fé"), and monosubstituted anions
of general formula [R*Z™ (H,0)M1103g] 12— " - M~
where Z is a 3d transition metal ion which replaces one
of the external constituent atoms (Z='C.Cd', Ni",
Mn”, Zn”, Fé” : Crlll )

(i) POMs are bulky anions which, due to the variety of

shapes and large sizes they exhibit, can induce new or-
ganic packing architectures and, therefore, new band
structures and electrical properties. In fact, the crys-
tal structures of these organic—inorganic hybrid mate-
rials are the result of the tendency of the planar organic
molecules to stack and that of the inorganic metal-oxide
clusters to adopt closed-packed lattices.

In general, the POM-containing radical salts of the
TTF type, or other related donors containing only in-
ner chalcogen atoms such as TMTTF or TMTSF, have a
marked tendency to afford 1D packing architectures asin
other TTF-based materials containing simple monoan-
ions. Examples of this kind are provided by the hybrids
salts of these donors and Keggin polyani¢ta,13]
(salts1l-4) or the salt$-11which contain Lindqvist type
polyanions with stoichiometry 3:1 (salés-10) [14,15]

or 4:1 (saltll) [16]. The 1D organic chains in these
salts are formed by dimers (as in the Lindqvist 44},
trimers (as in the Lindgvist sal8-10) or are weakly
tetramerized as a consequence of a Peierls-like distor-
tion (Keggin saltsl—4).

However, other radical salts of this type of donors afford
unusual organic packing architectures. An example is
provided by the phases containing Lindgvist polyanions
with a donor:anion stoichiometry of 2:1 (salt2-18)
[14c,14d,17] These phases do not show chains as in the
3:1 or 4:1 phases but rather isolated dimers of radical
cations interspersed with the polyanions. Accordingly,
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Structure and properties of radical salts containing TTF (or other simple derivatives) and POMs

Radical salt

Structure

Properties References

Keggin polyoxometalates

1

2

5

[TTF]6[SiM012040](NEt4)

[TTF]6[PM012040](NEts)

[TTF]s[SiW12040](NEts)

[TTF]6[PW12040])(NEts)

[TMTSF]3[PW12040]

Lindgvist anions

1D eclipsed stacks of TTFs and

isolated neutral TTFs
Same ad

Same ad

Same ad

Chains of donors formed by

Semiconductor
(orT=10"*ScnT?)
Semiconductor [13]
(orT=5x10"2Scnl)

Paramagnetic

Semiconductor [13b]
(orT=5x10"4Scnl)

Semiconductor [10]
(orT=3x102ScmY)

Paramagnetic

Insulator [10b]

[13a,13b,13c,13€]

alternating dimers and monomers

6 [TTF]3[WgO19] Chains of trimers Semiconductor [14a,14b]
(orT=1.4x103Scnl)
7 [TTF]3[M0gO19] Chains of trimers Semiconductor [14c,14d]
(orT=0.5x103ScnT?l)
8 [TMTSF]3[WgO19)-2DMF Chains of trimers Semiconductor [14a,14b]
(orT=1.3ScnTl, E;=200 meV)
9 [TMTSF]3[VW5019]-2DMF Chains of trimers Insulator [15]
10 [TMTSFL[NbW5019]-2DMF Chains of trimers Insulator [15]
11 [TTFJ4[WgO19]-¥2CH3CN Chains of dimers separated by Insulator [16]
isolated molecules
12 [TTF2[WeO1] Isolated dimers of TTFs Insulator diamagnetic [14c,14d]
13 [TTF]2[M06O19] Isolated dimers of TTFs Insulator diamagnetic [14c,14d]
14 [TMTTF]2[WgO19] Isolated dimers of TMTTFs Insulator diamagnetic [174
15 [TMTTF]2[M0gO19] Isolated dimers of TMTTFs Insulator diamagnetic [17a]
16 [TPhTTFR[WeO19] Isolated dimers of TPhTTFs Insulator diamagnetic [17b]
17 [DMDPhTTFL[M0gO19] Isolated dimers of DMDPhTTFs Insulator diamagnetic [17c]
18 [DMCTTF2[M06O19] Isolated dimers of DMCTTFs Insulator diamagnetic [17d]
Other polyoxomolybdates
19 [TTF]7[MogOgz6] Irregular chain packing of TTFs Semiconductor [19]
with strong interchain S - S (orT ~103Scml)
interactions
20 [TTF3[S2M05023]2(NMes)s-2CH3CN Well isolated chains made of TTF Insulator [20]
trimers
21 [TTF3[Cr(OH)sM0gO15]-2CH3CN-8H,O  Structure not solved Insulator [15]

these phases are diamagnetic insulators. The fact that
the dimers are fairly well isolated renders these com-
pounds suitable as model systems for studying the cou-
pling of electrons with molecular motions in radical salts
of TTF [18]. Other novel and original organic packing
architectures of TTF have been observed by using the
elongated anio-[MogO,g]*~ (Fig. 2) and the pla-

nar anion [$MosOz3]*~ (Fig. 2d) which give rise to

the radical saltd9 and20, respectively. Compountid

[19] exhibits an irregular chain packing having strong
interchain interactions through the sulfur atoms of TTF
molecules, giving rise to an increase of the organic di-
mensionality. In contrast, the structure of compo@nd

[20] is made of channels formed by the polyanions and
NMe4* cations in which well isolated TTF chains reside.

A larger variety of novel organic structural types are ob-
served among the structures of radical salts based on ET
(Table 3. This donor Fig. 1g) contains outer chalcogen
atoms which allow for an increase in the dimensionality

of the organic sublattice, giving rise to layered struc-
tures and quasi two-dimensional (2D) conductors. Ex-
amples are the radical salts with Lindgvist POMs with
stoichiometries 2:1 (sal&2and23) [17b,21] 5:1 (salts

24 and 25) [15,22] and 6:1 (salt26 and 27) [15,23].
Also with Keggin POMs the structures usually consist
of alternating inorganic and organic layers. Thus, radi-
cal salts with three different stoichiometries are obtained
with ET and Keggin-type polyanions: 3:1 (s28) [12b],

6:1 (salt29) [24] and 8:1. The 8:1 stoichiometry is ob-
tained with nonsubstituted (saB8-42) [25] and mono-
substitutedr-Keggin anions (salt43-51) [26]. The 8:1
compounds crystallize in three closely related structure
types namelya; (salts 30-37), az (salts 3849) and

ag (salts50-51), all consisting of alternating layers of
POMs and ET radicals with anrpacking mode. The or-
ganic layers are made of two types of stacks: a dimerized
chain and an eclipsed, regular one. In thephase the
Keggin units are linked through a bridging oxygen atom
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Table 2
Structure and properties of radical salts containing BEDT-TTF (ET) and polyoxometalates (POMS)
Radical salt Structure Properties References
Lingvist polyoxometalates
22 [ET]2[M0gO19] Layers formed by orthogonal ET  Insulator [17b,21]
dimers
23 [ET][WeO19) Layers formed by orthogonal ET  Insulator [17b,21]
dimers
24 [ET]5[VW5019]-5H,0 ET layers p-phase) M-I transition at 250K due to [22]
crystal cracks
25 [ET]s[HV 2W4044]-5H,0 Same a4 The crystal cracks near RT [15]
(orT=6.8x10"3ScnT?l)
26 [ET]l6[VW 5019]-DMF-2H,0 ET layers &-phase) Semiconductor [23]
(orTr=1.1Scm?)
27 [ET]s[NbW5044]-solvent Structure not solved; probably Probably similar td®26 [15]
isostructural t26
Keggin polyoxometalates
28 [ET[PW12040]-nTHF Not reported Not reported [12b]
29 [ET]6[PM012040]-4CHzCN-6H,0 ET layers (variant of the phase) Semiconductosgr =2 Scnt?, [24]

30 a1-[ET]g[SiW1204]

31 a1-[ET]g[PM012040]

32 a1-[ET]g[SiM012040]

33 a1-[ET]s[COW:12040]-5.5H,0

34 «y-[ET]g[FeW12040]-9H20

35 a1-[ET]s[CuW;2040]

36 a1-[ET]g[H2W12040]

37 a1-[ET]g[SM012040]

38 ap[ET]s[COW12040]-1/2CH;CN-3H,0

39 a2-[ET]g[BW12040]-2H,0

40 az-[ET][CuWi204]

41 ap-[ET]g[FeW1204]

42 ap-[ET]g[H2W12040]

43 a-[ET]g[SiFe(H:O)M011039]
44 az-[ET]g[PZn(H,0)W11030]
45 ap-[ET]g[PCo(H0)W11030]
46 az-[ET]g[PCu(H0)W11039]

47 a2-[ET]g[SiCu(H,O)Mo11039]

48 ()Lz-[ET] 8[SiCI’(H2 O)W11039]

49 az-[ET]g[PNi(H20)W11039]-2H,0

50 ()Lg-[ET]8n[PMn(H20)W11039]n-2nH20

ET layers @-phase) formed by
alternating eclipsed and
dimerized stacks; there are three
independent ETs; the POM’s
layers show a 2D arrangement
Same ass0

Same as80

Same a80

Same a80

Same as0

Same ass0

Same as0

Similar to thexy phases30-37),
but there are only two
independent ETs and the unit cell
parameters are different; the
POM's layers adopt an
intermediate dimensionality
between that of the; andag
phases§0-51)

Same a88

Same as38
Same as88
Same as38
Same as88
Same as38
Same as88
Same as38

Same as88

Same a8

Same a88

Similar to theny phase 30-37),
but the unit cell parameters are
different; the Keggin units are
linked through a bridging O atom
giving rise to a 1D chain

Ea =78 meV) paramagnetic
Semiconductor
(orr=0.15S chTl,

Ea ~100 meV)

Semiconductor
(orT=0.1ScnT?,
Es ~180 meV)
Semiconductor
(orT=1.5x10"3ScnT?)
Semiconductor
(orT=0.07S crrTl,
Ea=120meV)
Semiconductor
Semiconductor
Semiconductor
Semiconductor
Semiconductor

Semiconductor
(orT=0.03Scm?,
Ea=160meV)
Semiconductor
Semiconductor
Semiconductor
Semiconductor
Semiconductor
Semiconductor
Semiconductor
(orT=7x% 103scnt?,
Ea ~80meV)
Semiconductor
Semiconductor
Semiconductor
Semiconductor
(orT ~0.1Scnrl)

[25a,25f,25¢,25d,259]

[25f,25¢]

[25h]

[25b,25¢,25d]

[25¢,25d]
[25¢,25d]
[25¢,25d]
[33]

[25¢,25d]

[25¢,25d]

[25¢,25d]
[25¢,25d]
[25c¢,25d]
[26¢]
[26c]
[26¢]
[26c]

[34]

[26b,26¢]
[26¢]
[26a,26b,26c]
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Table 2 Continued
Radical salt Structure Properties References
51 a3-[ET]gn[PMn(H20)M011039]n Same a$0 Semiconductor [26¢]
52 [ET]s[PMo3NbWgOa0) Probably isostructural to the; Semiconductor [48]
phase 30-37)
53 a1-[ET]g[PM0o3WgOa0) Isostructural to the othet; salts Semiconductor [49]
(30-37) (orT ~8x 103Scni?,
Ea ~85meV)
54 a1-[ET]s[PNbW;1039S] Isostructural to the other; salts Semiconductor [34]
(30-37) (orT ~0.01Scmt)
Dawson polyoxometalates
55 [ET11[P2W18062]-H20 ET layers g-phase) formed by M-I transition at 220 K [27a,27Db]
zigzag chains
56 [ETh1[P2ReW;7062]-3H20 Isostructural t&5 M-I transition at 250 K [27c]
Other isopolyoxometalates
57 [ET14K2[M0gOy6]-DMF ET layers (pseud&) Semiconductor [45]
(oRrT ~2 % 104Scnrl;
E;=230meV)
58 [ET]s[M0gO26]-3DMF ET layers g phase) M-I transition at 60 K [46]
59 [ET]4[W10032] Chains of dimers of ETs Insulator [45]
surrounded by chains of POMs in
a chessboard-like arrangement
60 [ET]s[H3V10028]-4H20 ET layers g phase) made up of M-I transition at 135 K [42]
ladder chains
Other heteropolyoxometalates
61 [ET]sH4[C04(H20)2(PWgO34)2] Structure not solved Insulator; Contains a [28]
ferromagnetic Cgcluster in the
POM
62 [ETlsHa[Mn4(H20)2(PWoO34)2] Structure not solved Insulator; Contains an [28]
antiferromagnetic Mpcluster in
the POM
63 [ET4[Cr(OH)sM0gO1g]-2H,0 ET layers g phase); the POMs Insulator [52]
form regular face-to-face stacks
64 [ET]o[H4C0,M01003g]-4H,O ET layers made up of eclipsed Semiconductordgr =9 Scntl; [55]
stacks; the POM's layers E;=40meV)
comprise stacks made up of only
one enantiomer
Table 3
Structure and properties of radical salts containing perylene (per) and polyoxometalates (POMs)
Radical salt Structure Properties References
Lingvist polyoxometalates
65 (pery[MogO19] Organic layers alternated with mixed Diamagnetic. semiconductor [31]
layers formed by POMs and isolated per (orT ~0.2Scnl; E;=194 meV)
molecules S(300K)=610uS K1
66 (pery[WsO19] Similar to 65 Diamagnetic. semiconductor [31]
(orT ~0.8Scntl; E;=212 meV)
S(300K)=230uS K1
67 (pery[VWs019] Similar to 65 Paramagnetic semiconductor [31]
(orT ~3ScnTl; E;=129 meV)
S(300K)=—350uSK™!
Keggin polyoxometalates
68 (pery[PM012040]-CH2Cl> The POM's form channels occupied by Two semiconducting regimes separated [32]
two different stacks and isolated per by a structural transition at150 K:
molecules 1. (orT=69 ScnTl; E;=28.5meV);
2.E3=40.8meV
69 (pery[PMo12040]-CH3CN Isostructural t&8 Semiconductordgr =3.6 Scnt?; [32]
Ea=32meV)S(300K)=14.9.S K1
70 (pery[SiW12040]2(NBuUs)a The POM's form channels occupied by Semiconductordrr =0.85 S cntl; [32]

per stacks, isolated per molecules and
NBus* cations

E,=101 meV)S(300K)=—676uS Kt




1782 E. Coronado et al. / Coordination Chemistry Reviews 249 (2005) 1776—-1796
Table 4
Structure and properties of radical salts containing BET-TTF (BET) and polyoxometalates
Radical salt Structure Properties References
Lingvist polyoxometalates
71 [BET[WgO19] Dimers of BETs surrounded by POMs in Insulator [30]
a chessboard-like arrangement
72 [BET2[M0gO19] Isostructural to71 Insulator [30]
Keggin polyoxometalates
73 [BET]4[SiW12040]-CH3CN-2H,0 The POMs form a 2D hexagonal Insulator [30]
packing, leaving cavities occupied by
BET dimers partially disordered
Table 5
Structure and properties of radical salts containing seleniated or oxygenated donors and polyoxometalates (POMs)
Radical salt Structure Properties References
74 [BESTEH[PMO012040]-CH3CN-CH,Cl; Interpenetrated layers of POMs and Insulator paramagnetic [29]
BESTs
75 a1-[BETS]g[SM012040] Isostructural to the othet; salts B0-37) Several regimes [62]
76 [BEDOEK 2[BW12040]-11H,O Layers of BEDOsf§ phase) and layers Metallic down to 2K [63]

of POMs and intercalated*Kcations

which gives rise to an unprecedented chain of Keggin
anions. This result shows that also the organic part is
able to induce novel POM structures.

POMs having higher nuclearities and different shapes
have also been combined with ET. For example,
with the Dawson-Wells POMs BWV1g0g2]%~ and
[P2ReOW 7061]6~ (Fig. 2 and m) two isostructural
compounds have been obtained (s&isand56) [27].
Their structures consist of alternating layers of polyan-
ions and ET molecules which exhibit tigephase type

of packing and are formed by parallel chains of ETs
stacked in an exotic zigzag manner. Interestingly, six
crystallographically different ET molecules can be dis-
tinguished.

Even bigger POMs, such as the anionss[§H20),
(PWgO34)2]% (M =C0" or Mn'") (Fig. 2n) have been
combined with ET to yield radical salts with a 6:1 sto-
ichiometry (salt61 and62) [28] although their crystal
structure could not be solved.

Other organic donors have also been combined with
POMs. For example, BEST(g. 1i) has been combined
with the Keggin anion [PMg04q]3~ to afford the rad-
ical salt74, which exhibits an unusual structure with a
quasi 3D organic packin@9]. The structure and prop-
erties of this compound are discussed in more detail in
the next section. BETHig. 1h) is another interesting
donor that has been combined with POMs, although it

has usually given rise to poor quality crystals. For this (iv)

reason only three radical salts of this donor have been
studied with two Lindgvist anions (the isostructural salts
71 and72) and with the Keggin anion [Si\$O40]*~
(salt73) [30]. By using the Lindqvist polyanions, radical
salts with a 2:1 stoichiometry are obtained. The struc-
ture consists of face to face (BET), dimers with short

contacts between the central C and S atoms, surrounded
by polyanions such as to form an unusual 3D packing
of cations and anions reminiscent of NaCl. In this struc-
ture, short intermolecular contacts between the cation
pairs are present along tleeand b directions of the
triclinic cell. The structure of the salt3, containing a
Keggin anion, could not be completely solved as some
BETs are disordered within hexagonal channels created
by the anions, which form a 2D hexagonal packing.

(iii) POMs offer the possibility of varying the anionic charge

while maintaining their structure, enabling the control
of the electronic band filling in the resulting radical salt
and, therefore, the physical properties.

This feature has been illustrated in the TMTSF:
Lindgvist system (salt8-10) [14,15] By changing the
dianion [WsO19]%~ by the trianions [VWO19]%~ or
[NbW5019]3~, the organic portion reverts from amixed-
valence state to a completely ionized state. As a conse-
guence, sal8 is a semiconductor, while salsand10

are insulators. Other relevant example of this kind is pro-
vided by the radical salts of the perylene dorfeig( 1)

with Lindgvist anions having charges-2and 3- (salts
65-67) [31]. In this case, isostructural radical salts are
obtained which, depending on the charge of the polyan-
ion, show clear differences in the conducting properties
and in the mechanism of the conductivity. These salts
are discussed in detail in SectidriL

POMs are electron acceptors which, in some cases, can
be reduced by one or more electrons to give rise to mixed
valence clusters. This enables the formation of hybrid
materials in which delocalized electrons coexist in both
the organic network and the inorganic clusters.
Examples of this kind are provided by all the radical salts
containing the phosphomolybdate anion [PiM®40]3~
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which is always reduced by one electron and therefore tices have been detected, despite the large electron

presents a charge ef4 (with the exception of the pery- delocalization found in the organic layers. Finally
lene salts68 and 69 where the anion is not reduced) [M 4(H20)2(PWg034),] 1% anions (M =Cd and Mr')

[32]. Salts containing the anions [SD40]%~ (37and encapsulating tetranuclear magnetic clusters between
75) [33] and [PMa&WgO40] 3~ (53) [34] are also formed fragments of POMs were combined with ET (sd&ts

by reduced anions. In all these salts the presence of de- and 62) [28]. Again, no interactions between the two
localized electrons hopping over the metal centers of spin sublattices were found as these salts are insulators.
the inorganic polyanion is demonstrated by EPR spec-

troscopy.

The large charges and volumes of POMs, which have 3. Molecular conductors based on ET and new

been considered as an advantage in the previous parapolyoxometalates

graphs, usually induce irregular stacks and charge local-

ization in the organic sublattice which ultimately leads Two possible strategies have been explored to obtain new
to poor conducting properties. POM-containing radical salts exhibiting larger conductivities
A quick look atTables 1-4will be enough to check that  and/or a metallic-like behavior: (i) the use of POMs different
most of the POM-containing radical salts are insulators from those combined so far with ET. (ii) The use of other
or semiconductors. However, few exceptions are known donors. The two types of novel donors that have been used
that show metallic behavior at high temperatures and, are perylene and the selenium or oxygen derivatives of ET.
in one case, down to very low temperatures. The first These donors have shown to provide conducting materials
example that showed a metallic-like behavior was with very high conductivities or even superconductivity when
observed in radical salts of ET with the mixed-metal combined with simple aniori8c,35] In this section we will
Lindqvist anions [VWO19]3>~ and [HVoW4014]3~ focus on the results obtained in relation with point (i), while
with stoichiometry 5:1 24 and 25) [15,22] At high the results obtained in relation with point (i) will be presented
temperatures increases in the conductivities upon in the next section.

cooling (from 14Scm! at room temperature to

a maximum value of~30ScnT! at 250K) were 3.1. The polyoxovanadate fd1002g]3~

observed in sat?4. However, below this temperature a

metal—-insulator transition occurred that was attributed  All the previous radical salts were based on polyoxo-
to cracks on the single crystals resulting from a loss molybdates and polyoxotungstates. However, vanadium-
of water molecules. More recently other radical salts containing polyoxoanions are interesting as components
containing Dawson—Wells POMS8%and56) [27] have of new radical salts because they present a wide range
shown to be metallic at temperatures higher than 230 K. of interesting properties associated with their distinctive
At lower temperatures the salts become semiconductorstopologies and electronic structurg6]. These anions can
with a very low activation energy value. show compact structures like [¥O08]®~ [37], (Fig. 29)
POMs can act as ligands that incorporate one or more open complexes with ribbon, basket, or shell shd3&$,
paramagnetic transition metals ions at specific sites or even close host structures that can uptake neutral or ionic
of the polyoxoanion structure. The introduction of guest§39]. Many giant clusters are also known, for example,
magnetic character into the polyanion can produce the {Vig} cluster family[40]. Another feature of polyox-
novel materials in which delocalized electrons coexist ovanadates is their remarkable redox processes that make
with localized magnetic moments, thus affording the them interesting in several fields, such as magnetochemistry
opportunity to obtain molecular systems combining [41].

magnetic and conducting properties. Recently, we have reported the first polyoxovanadate-
The first radical salts containing paramagnetic POMs containing radical salt2]. This hybrid compound (s&80) is
were obtained using Keggin polyanions and ET (the formed by ET and [HV1002¢]3~ and has a donor:anion stoi-
a1, ap andas phases mentioned before, Skable 9. chiometry of 5:1. Its structure is formed by alternating layers
In these salts no magnetic effects arising from the d— of polyoxovanadate anions and cation layers of ET molecules
interaction between these localized d electrons and the(Fig. 3a). The organic layers adopt a packing motif typical of
itinerant = electrons were detected down to 2K. A the so-calle@®”-phase$43] (Fig. ). Itis composed of step-
possible reason for the lack of interactions could be the wise parallel chains of ETs formed by the repetition of groups
semiconducting nature of these radical salts. The para-of five eclipsed ETs following the sequence, CBABC,
magnetic Dawson—Wells polyanionJReOW;70g1] 6~ .... The chains are displaced to one another with interchain
was also combined with ET (s&bf) [27c]. EPR and distances being shorter that the intrachain ones. The shortest
magnetic susceptibility measurements confirmed the S- - - Sinterchain contacts range from 3.32 to 3 @hereas
coexistence of a conducting network with a para- the intrachain ones range from 3.75to 38 he interchain
magnetic Re(VI) $=1/2) center in the polyanion distances are much shorter that the sum of the van der Waals
but no significant interactions between both sublat- radii (3.6,&), showing that the system is really 2D and that
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the overlap of the organic radicals is important. Both charac-
teristics are key features for the electrical properties of this %0
material. 80 1 \

The 5:1 stoichiometry suggests a mixed valence state in 70
the organic part, with three positive charges distributed over — 604 '\
the five ETs. The degree of ionicity of each ET could be X
roughly estimated from the bond distances of the fulvalene 2 %0 "\
ring [44], suggesting that A-type molecules are completely o 407 :
ionized, while C and B molecules have a charge close to 30
+0.5, in agreement with the trianionic charge of the polyox- 20
ovanadate. The presence of partially oxidized ET molecules 10 -
in an extended bidimensional network is expected to favor o
the electrical conductivity. In fact the electrical conductivity 0 50 100 150 200 250 300

at room temperature is very high, 235 Schnand increases
up to 350 Scm? at 135K ig. 4); at lower temperatures a

(0

T/K

decrease upon further cooling is observed indicating the ap-Fig. 4. Electrical transport properties of compoud@ (a) temperature
pearance of a semiconducting regime. The metallic regime dependence of the electrical resistivity, (b) temperature dependence of
at high temperatures was confirmed by thermopower mea_the Qe'rivative dIp/d(1/T), (c) temperature dependence of the Seebeck
surements as well as the semiconducting transition at lowercOeieient

temperatures which is associated with the opening of an en-

ergy gap around 50 K, preceded by a fluctuating regime with

a gradual onset upon cooling belevi 40 K.
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3.2. The isopolyoxomolybdae][MogO24] 4~ made of two crystallographically different molecules (A and
B) which are arranged forming centrosymmetric dimers (AA)
The isopolyoxomolybdat@-[MogO»4]*~ (Fig. 2f) was surrounded by six molecules of type Bi¢. 5). This 2:1
first combined with TTF to give rise to salk9 with a pseudok type of packing resembles that observed in a salt of
donor:anion stoichiometry 7{LL9]. In this salt an unprece-  ET with the [Cr(ox}]3~ anion[6]. Several S- - S intradimer
dented 2D packing of the TTFs was observed having strongand dimer—-monomer contacts are shorter than trle sum of the
intra and interchain interactions, although the displacementvan der Waals radii (ranging between 3.41 and 3p8he
of two adjacent organic molecules limited the electronic delo- analysis of the bond distances indicates thatthe two ETs of the
calization, therefore accounting for the semiconducting be- dimer (A-type) are completely charged whereas the B-type
havior of this salt. This POM has recently been combined molecules are neutral. This charge distribution precludes any
with ET with the aim of improving the contacts between the €lectron delocalization in the organic layer and, accordingly,
organic molecules and so the electrical conductivity. Two compounds7is a semiconductor with a low room tempera-
different phases have been obtained having donor:anion stoure conductivity £-2 x 10~ Scnt!) and a high activation
ichiometries of 4:1 (sal67) and 6:1 (salt58). Both salts ~ energy (230 meV).
were obtained following similar electrocrystallization pro- ~ The synthesis, structure and physical properties of com-
cedures but starting from salts TBR[MogOy¢]-2H,0 and ~ pound58 have recently been reported by A. tagki et al.
TBA4[MogOog], respectively. This accounts for the presence [46] Its crystal structure is also made of alternating layers
of K* ions in57. of ET molecules and layers @-[MogOe]*~ polyanions
Compounds7 [45] is formed by alternated layers of ETs ~ and solvent molecules parallel to thbplane Fig. 63). The
and POMs Fig. 5a). The K cations and solvent molecules  organic layers are made up of three crystallographically dif-

are intercalated in between the anions. The organic layers arderent ET molecules, labelled A, B and C, which form stacks
following the sequence. ., ABC, ... in one chain, and the

reverse sequence in the adjacent stacks (ins€igneb).
There are no intrastack-S- S contacts shorter than the sum
ofthe van der Waals radii, although there are many short inter-
stack side-by-side S - S contacts. The existence of partially
oxidized ET molecules was confirmed by UV and Raman
spectroscopy. The salt exhibits metallic properties at high
temperaturesHig. 6b). The conductivity increases when the
temperature is lowered from a value of 3 Scthat room tem-
perature to a value of about 12 Scthat 60 K. Below this
temperature the conductivity shows a sharp decrease reach-
ing a value 5 orders of magnitude lower at about 4K. An
electrical conductivity anomaly was observed at about 180 K
and was confirmed by IR measurements. Above that tempera-
ture, electron—phonon scattering is the dominant mechanism
of the conductivity. Below 180 K the electron—electron inter-
actions become more important. At very low temperatures,
the hopping model of the electrical transport becomes the
dominant mechanism.

3.3. The isopolyoxotungstate [¢¥Dz35]*~

The polyanion [WO35]*~ can be considered as formed
by the union of two monovacant Lindgvist aniofsd. 2h).
When this anion is combined with ET the sa&tis obtained
[45]. The crystal structure can be described as formed by
chains of ET dimers which are surrounded by four parallel
chains of POMs and four chains of ET dimers in a chessboard-
like arrangementHig. 7).

Fig. 5. (a) View along the axis of the structure of the radical saitshowing Each dimeris formed by two crystallographically different
the alternating organic and inorganic layers. The carbon atoms are depictedeT molecules both having a charge of +1. Inside each dimer
gs white spheres, the sulphur atoms as hatched _spheres and the potassiumere aretwo shortS - S contacts (3_52 and 3_5‘35 but there

ions as crossed spheres. (b) View of the organic layer of comp&idnd . . o .

along the long molecular axis of the ET molecules. The crystallographically are no shortinterdimer contacts (?3‘5)4The Integer charge
independent ET molecules of type A and B are depicted in white and grey Of ET and the absence of delocalization pathways account for
color, respectively. the insulating behavior of this compound.
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tion of radical salts with ET is exemplified by comparing the
Fig. 6. (a) View along th® axis of the structure of compours®. (b) Tem- anions [PW>040]3~ and [PMa2040]3~. While the tungsten
perature dependence of the dc electrical conductivity of compbardset: derivative only forms one radical sa]l&) with this donor. the
view of the organic layer of compour&8 along the long molecular axis of olvbdenum derivative (Which can be more easil réduced)
the ET molecules. The carbon atoms are depicted as white spheres and thén y . y .
sulphur atoms as hatched spheres. Dotted lines represers $itermolec- forms t_WO salts 29 and 31). ACt}Ja||yv the reduction Of this
ular contacts shorter than the sum of the van der Waals radii £3.60 polyanion has been observed in all the reported radical salts
with TTF-type donors (saltg, 29, 31 and74).
3.4. Other, less common, Keggin polyoxometalates. Up to now [PMaNbWgO40]*~ and [PVWMo3040]°~ are

the only mixed Keggin POMs that have been combined with

As has been previously mentioned, the nonsubstituted ET (salts52 and53). Compounds2 was obtained by Bel-
Keggin POMs with general formula [XMOg40]"~ can be lito et al. [48] Although its unit cell parameters were not
modified by substitution of one of the constituent met- reported, it probably belongs to thag family (seeTable 2.
als M, by a first row transition metal Z, giving rise to In this saltthe POM is diamagnetic, as evidenced by the lack
monosubstituted Keggin polyanions formulated as XK of MoV signals in the ESR spectrum down to 85K. The au-
(H20)O39]™ . These two kinds of Keggin anions were com- thors also pointed out the possibility that this salt could be a
bined with ET to produce alarge family of radical salts having Spin—Peierls system, according to the observed sharp fall in
a stoichiometry 8:1. Other chemical modifications are possi- susceptibility at about 7 K. The compound is a semiconductor
ble within the Keggin structure. For example it is possible to with a room temperature conductivity of 0.037 Schand
obtain mixed Keggin POMs formed by different constituent an activation energy of 160 meV. CompoubiBlcrystallizes
atoms, such as Mo, W, V or Nb. This modification produces in thea; phasg49] as many of the ET radical salts contain-
anions in which the reduction potential depends on the ra- ing nonsubstituted Keggin polyanions (skble 2. In this
tio of the constituent atoms in the structy4&]. In general compound the triad of Mo atoms of the [RW03040]%~
POMs with higher content of Mo are better electron accep- anion appears as crystallographically disordered over the 12
tors and so, they can be reduced more easily. The influencepossible positions of the Keggin structure. This can be ex-
of the reduction potential of the Keggin POMs in the forma- plained by a rotational disorder of the Keggin anions around
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theC, axis, which makes it appear as a centrosymmetric unit. surface should be combined with TTF-type donors to explore
This kind of disorder has been found in many reported crys- this possibility.
tal structures of Keggin POM%0]. ESR measurements on
polycrystalline samples indicate that the polyanionisreduced 3.5. Planar polyoxometalates
by one electron and that therefore its charge should-%#e
The extra electron is delocalized over the three adjacent Mo  Planar POMs are not very common, Anderson—-Evans
atoms and therefore its ESR spectrum is different from the (Fig. 2e) and Strandberd={g. 2d) polyanions being almost
spectrum of the isostructural ET salt containing the polyanion the only examples. The combination of planar POMs
[PMo12040]*, in which the extra electron is fully delocal-  with TTF-type donors is interesting because due to their
ized over 12 Mo atoms (s&tl). The conductivity properties  planarity they can also form stacks and induce novel
of this salt are similar to those of the other members obthe  packing architectures in the organic sublattice. A radical salt
phase. Therefore, s&lBis a semiconductor witharoomtem- containing the diamagnetic Anderson—-Evans polyoxoanion
perature conductivity of-8 x 10-3Scnttand an activation  [TeWgO24]®~ and the donor EDT-TTF was reported by
energy of 85 meV. Boubekeur et al[65] in 1998. In the compound, formulated
Other chemical modifications are possible in the Keggin as  [EDT-TTFE{[Ca(H20)4]2[TeWsO24]-7H20}2,  the
structure, as for example the substitution of some terminal inorganic layers consists of a two-dimensional coordination
O atoms by S atoms. In this way polyoxothiometalates can polymer formed by polyoxometalates and®Caations. The
be obtained. The combination of polyoxothiometalates with organic sublattice adopts a novel tiling mode of the Kappa
TTF-type donors is interesting because- SS interactions slab containing eight crystallographically independent
between the anion and the radical donor can be establishedionors (labelled from A to H) organized in two trimeric units
(inadditiontothe S- - Sinteractions between the donors)and and an orthogonal dimer having a net charge distribution
this could influence the electronic dimensionalBg]. With of [(EDT-TTF°)aB(EDT-TTF)c p 2 (EDT-TTF) g 171,
this aim the Keggin polyoxothioanion [PMWNbSQzg]*—, in which accounts for the diamagnetic and insulating nature
which the S atoms is bonded to the Nb atom in a terminal of the compound. Other radical salts containing the un-
position, has been combined with ET (s&#) [34]. This symmetrical donor EDT-TTF and Keggin polyoxometalates
compound also crystallizes in the phase and the crystal exhibiting different conductivity properties (from insulating
structure reveals that the S atom of the POM (and thereforeto metallic) have been obtained by the same group by
the Nb atom to which it is bonded) is disordered over four standard and confined electrocrystallization metH6@§
positions of the Keggin anion. These positions are lyinginthe  Another radical salt containing the paramagnetic
crystallographi@cplane, far from the S atoms of the organic  Anderson—Evans polyoxoanion [Cr(OfJogO1g]3~ and
donors Fig. 8. Then, in this case, no-S- S interactionsare  ET was first prepared in 19915] and the crystal struc-
established between the anions and the donors. As the otheture has recently been reported by Ouahab ef5a. (salt
members of thex; family, compounds4 is a semiconduc-  63). Its crystal structure consists of alternating organic and
tor with a room temperature conductivity 690.01 S cnt?. inorganic layersKig. 9). The planar anions are connected
Other polyoxothiomolybdates with more S atoms in their

(b)

(a) \ h\ \ h / N (‘
NA A A / p /\ )
Xl ,,/{ A "&‘// /[ NS
DAL N
"‘{ 27T x‘/ ‘l’ x7 A \_‘/ _oF /x 2
N, 1 AR NS ) g
Y )Y v {7 4%/ 4y N
/"S ‘l 7 I /‘-\ 1 { S, /, 2
\/ ( 1“\‘ \‘l\ \/ { }’\, \‘[\ < /\ <
v vo o

\ /.. Fig. 9. (a) View of the structure of compouf@along theb axis. The carbon

C‘T’a atoms are depicted as white spheres, the sulphur atoms as hatched spheres
and the oxygen atoms of water molecules as crossed spheres. Dotted lines

representS.- S irztermolecular contacts shorter than the sum of the van der

Fig. 8. View of the alternating layers of the structure of compoB#drhe Waals radii (3.6@). (b) View of the POMs chains of compourG8 along

carbon atoms are depicted as white spheres and the sulphur atoms as hatchdfea axis. Dotted lines represent hydrogen bonding between the H atoms of

spheres. The hatched polyhedra indicate the position of the disordered Nbthe OH groups bonded to the central Cr atom (inside the black octahedra) of
atoms. one POM and the terminal oxygen atoms of the next POM.
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through short hydrogen bonds and present an unusual face-

to-face stacking mode giving rise to infinite regular chains of ®)
polyanions parallel to tha direction Fig. 9). The organic

layers exhibit the typicad-type mode of packing and contain
dimerized chains parallel to thedirection, i.e. perpendicular

to the POM chains. There are two crystallographically inde-
pendent molecules (A and B) which form chains following
the sequence. ., AABB, .... The two types of alternating
dimers bear different charges (1.2(1) and 1.7(1) for the AA
and BB dimers, respectively) accounting for the insulating
nature of this radical salt. Magnetic measurements indicate
the absence of significant exchange coupling between the
ET** radicals and the Cr(lll) spins located at the Anderson
polyaniong15].

Another interesting planar POM is the diamagnetic
hexaanion [HC()zM010033]6_ which has the additional fea-
ture that can exist in two enantiomeric fornfsd. 20 and p).
Chirality is an aspect of POMs that has not been exploited so
far. Still, this is one of the most promising aspects of these
anions as it provides the opportunity to design molecular ma-
terials coupling optical activity and conductivity. In fact, in
these two-network materials the chirality of the inorganic an-
ions will induce chirality in the crystal lattice, leading there-
fore to chiral conducting materig]S3]. The interest in chiral
conductors has been recently highlighted since, in addition to
the optical properties that would be present due to the chiral-
ity of the system, new phenomena has been predicted, namely pe
electrical magneto-chiral anisotrofy4]. This effect should b %"%
be observed in the magneto-transport properties of the ma—a,L.
terial. While in a non chiral conductor the resistance has an
even (quadratic) dependence on the external magnetic fieldFig. 10. (a) Projection of the structure of the radical €dtalong theb
(proportional td-|2), in a chiral conductor a new term arises axis. The carbon atoms are depicted as whiFe spheres and the sulphur atoms
that depends on the product between the external magneti¢> hatched spheres. (b) View of the organic layer of comp@uhalong

. e long molecular axis of the ET molecules. Dotted lines represents
field and the current throth the conductox, H. In fact, the intermolecular contacts shorter than the sum of the van der Waals radii
electrical resistanceR, is expected to have different values (3.604). The crystallographically independent ET molecules of type A and
upon reversal of both the direction of the current, and that of B are depicted in grey and white color, respectively.
the external magnetic field, i.e., wheéehanges te-I, or H
to —H. The electrical magneto-chiral anisotropies observed
thus far are quite small but it has been pointed out that they lattice of salt64 presents features of the well-knownand
may be interesting in spintronics since in chiral conductors B packing architectures. The inorganic layers are formed by
electrical resistance depends not only on the magnitude ofstacks of POMs parallel to theaxis. Each of these polyan-
spin polarization, but also on its direction. ion stacks is formed by only one enantiomer and alternates

Although salts formed by a pure enantiomer of the with stacks composed of the other enantiomer. Therefore, the
[H4CoMo01003g]®~ and ET have not been reported so far, most interesting feature of this structure is that each of these
the racemic mixture of this polyanion leads to the &t inorganic stacks lies near three consecutive organic stacks
with a donor:anion stoichiometry of 9{b5]. Its consists having the ET molecular planes all parallel, while the three
of alternating organic and inorganic layers parallel tolbe  next neighbouring organic stacks lie near the inorganic stack
plane Fig. 10a). The organic layers are made of two crystallo- made of POMs having the reverse chirality. Then, in this salt
graphically independent ET molecules (A and B) which form the unusual packing of the organic sublattice has likely been
eclipsed stacks parallel to theaxis. Each stack is formed by  induced by the chirality of the POMs which could have been
only A or B molecules in such a way that two stacks made mediated through short contacts of the type €l - - - O be-
up of A-type molecules alternate with one stack made up tween the organic and inorganic sublattice (these contacts
of only B-type molecules. The organic layers adopt and un- range between 2.44 and 3AR Concerning the electrical
usual packing in which the donors of three adjacent stacksproperties, salé4 is a semiconductor with a room tempera-
are parallel and form and angle of 5with the donors of ture conductivity of 9S cm! and a small activation energy
the next three stack&ig. 1). Therefore, the organic sub- of 40 meV.

<
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4. Molecular conductors based on other organic
donors

4.1. Salts with perylene

The perylene donoHjg. 1) is one of the most frequently
used donors in the preparation of highly conducting organic
solids[35a]. In fact, perylene (per) has been used to produce
many cation-radical salts with simple inorganic monoanions
(suchasBr [56], 1~ [57], CIO4~ [58], PRs~ and Asks ™ [59],
etc.) and some magnetic anions (F€CIFeBy—, M(mnt)~;

M =Au, Co, Cu, Fe, Ni, Pd, Pt; mnt=maleonitriledithiolate)
[60]. For these salts, high electrical conductivities at room
temperature (up to 1400Scr) have been measured in
some cases. A general feature of perylene salts is their one-
dimensional electronic character due to the absence of atoms
on the perylene molecule that can allow for in-plane inter-
actions. It is interesting to combine POM anions with the
perylene donor, because the distinctive geometries and big %
volumes of these anions can induce different packing patterns ~ 4lg
of the organic molecules, while their charges can influence ’lﬁ
the oxidation degree of the donors. All this would affect the <
transport properties of the resulting radical cation salts. Fig. 11. View along thex axis of the alternating layers of compourats

The first cation-radical salts of perylene and POMS g6and67. Carbon atoms are represented as white spheres.
have been prepared recently, using Lindgvist and Keggin
polyanions. Three different Lindgvist polyanions have been salts. In fact, the salts with the dianionic Lindqvist POMs are
used, namely [MgO19]%~, [WeO19]%~ and [VW5019]3~, diamagnetic and semiconductors with low room temperature
which have given rise to three radical salts formulated as conductivities (0.2 and 0.8 S ¢t for 65 and 66, respec-
(perx[Lindgvist] (salts65, 66and67, respectively)31]. The tively) and high activation energies (194 and 212 me\6for
crystal structures of the three compounds are very similar. and66, respectively), and show positive Seebeck coefficients
There is an organic layer parallel to the plane which is in the thermopower measurements (610 and23& " for
made up of perylene chains running along thdirection 65 and 66, respectively; se€ig. 12. In contrast,67 con-

(Fig. 13). The chains contain two types of crystallographi- tains the trianionic Lindgvist POM and is paramagnetic with
cally independent perylene molecules (A and B) which pack one unpaired electron and semiconducfég(12 but with
forming dimerswith the sequence, AABB, . ... The dimers a higher room temperature conductivity (3 St¥)) a lower

are almost eclipsed but there is a tilt angle~ef0° between activation energy (129 meV) and a negative Seebeck coeffi-
the AA and the BB dimers. The organic layers alternate with cient (-350.S K~1). Hence, the use of POMs having the
mixed layers formed by polyanions and isolated perylene same geometry but different charges, has enabled the control
molecules (of type C). This kind of structure had never been of the electronic band filling in the resulting perylene salts
observed in any radical salt with perylene and shows, onceand therefore, the tunning of the physical properties.

more, the ability of POMSs to induce novel structural typesin ~ The Keggin anions [PMO40]®~ and [SiWi2040]*~

the organic sublattices of organic radicals. have also been combined with perylef32]. Three diffe-

The intradimer distances are very similar in the AA rent cation-radical salts have been obtained, namely
(3.39,& in 65and 3.3 in 67) and in the BB dimers (3.4.@ (perk[PMo12040]-CH2Clo (salt 68), (perk[PMo12040]-
in 65 and 3.41A in 67) and these are also very close to the CH3CN (salt69) and (perd(TBA)4[SiW12040]2 (salt 70).
interdimer distances (3.335in 65and 3.3\ in 67). There- Salts 68 and 69 are isostructural and show seven crys-
fore, the size and the shape of the anion are the key factorgallographically independent perylene molecules, named A
determining the packing in the three salts, even if the anionic through G. The Keggin polyanions form an approximately
charge is different-{2 in 65and66, and—3 in 67). The only simple-primitive-cubic lattice which leaves large rhombo-
appreciable, but very important, effect of the anionic charge hedral cavities in which the perylene molecules form one-
deals with the charge distribution in the organic sublattice. dimensionakr-stacks parallel to tha axis (Fig. 13). There
Thus, while the isolated perylene molecule C remains neu- are two different kinds of organic stacks both having a repeat
tral, the stacked perylene molecules A and B have an averagaunit of four molecules following the sequences, BAAB,
oxidation state of (pes¥* in 65and66, and (per)®* in 67. ... in one chain and. ., CDDC,... in the other chain. The
This difference in the charge distribution accounts for the perylene units in different stacks form an angle of abouit.9.5
big differences observed in the physical properties of these The other perylene molecules of type E, F and G are iso-
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Fig. 13. (a) View of the structure of compour@8and69 along thea axis.

(b) View of the organic sublattice @8 and69 along theb axis including

the labelling of the seven crystallographically different perylene molecules.
Carbon atoms are represented as white spheres.

acteristics. The conductivity measurements 68rindicate

that this compound is a semiconductor with a room tem-
perature conductivity of 69 S cm. Interestingly, two dis-
tinct semiconducting regimes are observed which are sepa-
rated by a structural phase transition~&t50 K leading to

an abrupt decrease in conductivifyig. 158). The thermo-
electric power measurements show a plateau of the Seebeck

S/ pV K-1

(c) (1000/T) 1 K-1

Fig. 12. (a) Thermal variation of thg, T product, (b) plot of the logarithm of
the electrical conductivity vs. 100DANd (c) plot of the Seebeck coefficient
vs. 10007 for salts65, 66 and67.

lated and separate the organic stadkig.(13). The struc-
ture of salt70 is very different from that of the previous
salts. In this compound the Keggin anions pack in a pseudo
face-centred tetragonal lattice forming channels that are oc-
cupied by chains of perylene molecules or TBzations that
come from the starting salF{g. 14). There are five types of
perylene molecules named A through E. The first three form
chains along the axis following the sequence ., CBAAB,

..., while the other D and E molecules are almost orthogonal,

isolated and located between the_ POMS' . . Fig. 14. Projection of the structure of compoun@in the ab plane. The
The three perylene salts containing Keggin anions behavecarhon atoms are depicted as white spheres and the nitrogen atoms as crossed

as semiconductors although each one shows different charspheres.
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The magnetic susceptibility measurements of the three
compounds indicate a complete pairing of the electrons in
the perylene chains, even at room temperature. In contrast
with what has been observed with the TTF-type donors, with
perylene the phosphomolybdate Keggin anion is not reduced.

4.2. Salts with the seleno-substituted organic donors
BEST and BETS

Seleno-substituted organic donors related to the ET
molecule have attracted much interest in the field of the
molecular conductors, as they offer a means of increasing the
electrical conductivities thanks to the more extended 4d or-
bitals of the selenium, which enhance the donor—donor over-
laps[3c].

Two different seleno-substituted donors derivatives of
the ET molecule have been combined with POMs, namely
BEST and BETSKig. 1i and j). However, whereas ET has
been successfully combined with many different Keggin
polyoxoanions to give extensive series of crystalline radical
salts, the POM salts with seleno-substituted donors have
been much more difficult to obtain. Actually, only two dif-
ferent cation-radical salts could be structurally characterized
with the Keggin polyoxomolybdates [PMgO40]3~ and
[SMo012040]%~; with other POMs only black crystalline pow-
ders have been obtained. The two radical salts are formulated
as [BEDS-TTF}H[PMo012040]-CH3CN-CH2Cl, (74) and
a1-[BEDT-TSFE[SM012040] (75). The crystal structure of
74[29] is quite unusual since, although it presents a layered
structure, the two kinds of organic layers present in this
structure penetrate into the inorganic layers to afford a quasi
3D organic packing with several short intra and interlayer
contacts involving mainly the selenium atomisig. 16).
Another unusual feature of this structure is the fact that the
Keggin anions are not disordered, as occurs in most of the

coefficient at this temperatur€ify. 1%) confirming the ex-  salts of this anions with bulky, non polarising, catidf4].
istence of a subtle structural transition that originates mi- The short donor-anions interactions (the shortest-Gg
crocracks in the crystals. Therefore, at temperatures higherS---O and C--O distances are 2.95, 2.96 and 35()Zespec-
than ~150 K a semiconducting behavior with low activa- tively) may account for this observation. EPR and magnetic
tion energy (28.5 meV) and identical electron and hole mo- measurements show that in this salt the [RM] 4~ anion
bilities is observed, while below this temperature the salt is reduced by one electron, which is delocalized at high
becomes more insulating, with a higher activation energy temperatures but trapped at low temperatures. Moreover,
(40.8 meV). The conductivity 069, isostructural ta68, is the radical donors are fully oxidized, accounting for the
lower (3.6 S crm! at room temperature) and does not present insulating nature of this salt. Therefore, a small modification
any abrupt change upon cooling. The conductivity decreasesin the ET molecule (such as the substitution of S by Se in
monotonically when cooling down with an activation energy the periphery) has led to a drastic change in the composition
of 32 meV. The Seebeck confficient is positive in all the tem- or the resulting radical salts (from a stoichiometry 8:1-3:1)
perature range, with small values ranging from 34SK—1 and, therefore, in its structure and electronic properties.

at room temperature to 486 K~ at 100K. The positive In contrast, when the BETS donor (in which the inner
values indicate hole dominated electrical conductithis S atoms of ET are substituted by Se atoms) is combined
a semiconductor with a lower room temperature conduc- with the Keggin anion [SM@040]%~, compound?5 is ob-
tivity (0.85Scntl) and a much higher activation energy tained[33] which is isostructural to thew family previ-
(101 meV), indicating the presence of a larger gap. The See-ously described. This recent result allows for the comparison
beck coefficient is negative in all the temperature range andof the two isostructural salts containing the [S{d040]%~

its fast decrease, approximately a$,1s typical of a semi- polyanion and ET (salB7) or BETS (salt75), providing a
conductor. way to evaluate the influence of the seleniated donor on the
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observed in the selenium derivative seems to be in agreement
with the expectations provided by the more extended 4d or-
bitals of the selenium atoms, which enhance the donor—donor
overlaps.

4.3. Salts with the oxygen-substituted organic donor
BEDO

The oxygenated donor BED@iQ. 1K) is an interesting
candidate to be combined with POMs, as most radical
salts containing this donor are molecular metals, including
two superconductors: [BED@[Cux(NCS)] [35¢] and
[BEDO]2[ReQy]-H20[35d,35€] Moreover, BEDO-TTF
could establish stronger intermolecular interactions (of the
type O- - - O) with the metal-oxide clusters than the classical
P sulfur-containing donors.
¢ e The first POM-containing radical salt with BEDO

Fig. 16. View along théb axis of the structure of compourit showing has recently been reportdd3]. It can be formUIated as
the interpenetrated layers of POMs and BESTs. The carbon atoms are deIBEDO]BKZ[BW12040]'11H20 (salt 76) and its crystal
picted as white spheres, the sulphur atoms as hatched spheres, and the sel8tructure consists of alternating layers of organic donors and
nium atoms as crossed spheres. Dotted lines represensSSe - - Se and inorganic POMs Fig. 18a). The organic layers adopt the
Se~_~_ - S intermolecular contacts shorter than the sum of the van der Waals so-calledB” packing arrangemerﬁ#?)] (Fig. 183) with nu-

radi. merous short intermolecular-S S and S - - O separations

physical properties of these hybrids. Although only a prelim- (€SS than 3.60 and 3.3 respectively). These layers are

inary characterization has been performed, EPR measure/nade up of three crystallographically independent BEDO

ments indicate that the [SMgOag)?~ polyanion has been molec_ules (A—C) which arrangeforming very ur_liform stacks
reduced by two electrons and therefore has a chargedf following the sequence. ., ABC, .... in one chain, and the
both radical salts. These are the first examples of TTF-type OPPOSIte one.(., CBA, ...) in the adjacent chains. All three.
radical salts in which the POM has been reduced by two elec-iNdependent molecules have the same geometry and similar

trons. This is probably due to the low reduction potential of intramolecular bond lengths and angles. It underlines the
the [SM012040]2~ polyanion[62]. The conductivity proper- marked tendency of BEDO to form very unifornpacking
ties of compound87 and75 are slightly different Eig. 17). architectures as a result of the strong intermolecular S

While 37exhibits the typical semiconducting behavior shown and S --O interactions within the organic network, even
by all the members of the; family of ET salts with Keggin in the presence of the POM network. This is a noteworthy

anions 75exhibits a metallic behavior in the intermediate re-  difference with respectto the other radical salts of Keggin an-

gion of temperatures (in between 200 and 60 K). Below 60 K ions with the related donors ET, BEST or BETS, in which the

the semiconducting behavior is restored and the conductivity INPrganic network often induces organic networks wherein
values decrease quickly. The larger electron delocalizationh® organic molecules have very different conformations,
geometries and charges, and form very irregular and exotic

stacks, or even lose the typical 2D packing architectures.

L.

1 ] ~_ The inorganic layers are formed by the Keggin anions
124 oo~ and the K cations, that come from the reagent salt, fill-
10_‘ 75 ing the cavities or voids existing between the POMs. In the
] T~ other Keggin-based radical salts the organic donors fill these
~ 84 voids by “docking” of the outer ethylene groups into the
§ 6 cavities provided by the inorganic network. This feature is
° often one of the reasons leading to irregular stacks of the
44 donors, as we have previously described in this review. In
5] compound76 the insertion of K ions is related to the for-
| 37 “ mation of fully eclipsed stacks of BEDO units which can not
o+ @ —_— 7 fill the cavities created in the inorganic sublattice. Actually,
50 100 150 200 250 300 the K* ions play an essential role in stabilizing the structure
T/K of this salt. In fact, in the absence of* Kelectro-oxidation

. 5—
Fig. 17. Temperature dependence of the electrical conductwjtgf(com- of BEDO in presence of [8%040] d.o.es not afford any
pounds37 and 75. The measurements were made initially decreasing and product on the electrode. The conductivity measurements of

afterwards raising the temperature (see arrows). 76 reveals a metallic character across the studied temper-
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Fig. 19. Thermal variation of the conductivity)of compound’6 showing

the metallic behavior down to 2 K. The inset shows the plot of the thermal
variation of the resistivity) and the solid lines show the linear and quadratic
dependencies qf above and below 200 K, respectively.

with coexisting, or even coupling, conducting electrons and
localized magnetic moments. The synthetic strategy simply
consists in combining the BEDO donor with inorganic layers

of magnetic Keggin POMs and*ons. This would give rise

to a new series of molecular materials, similar to the reported
series with the ET donor, but with the advantage of having a
metallic behavior down to very low temperatures.

5. Concluding remarks

In this review we have highlighted the recent advances re-
ported in the interface between polyoxometalate complexes
Fig. 18. (a) Structure of the radical s@fi showing the alternating layers of  and molecular conductors. POM-containing radical salts have
the POMs and the organic donors. The carbon atoms are depicted as Whitedemonstrated that POMs can induce novel and very differ-
spheres, the sulphur atoms as hatched spheres, the oxygen atoms as small . e . . .
crossed spheres and the potassium ions as bigger crossed spheres. Dotte%m packing mOt_IfS in the, organic sublattice of the_se hybrid
lines represent the coordination of the potassium ions by water molecules Molecular materials. Besides the structural effects induced by
or oxygen atoms of the POMs. (b) View of the organic layer of compound these large inorganic anions in the organic network, POMs
76 along thec axis, showing th@” type of packing. Dotted lines represent  have shown to provide hybrid materials with interesting elec-
S...Sand S-_:O intermolecular contacts shorter than the sum of the van tronic properties. In fact, these molecular metal oxide clus-
der Waals radii. . .

ters have been successfully used not only in the synthesis of

many molecular semiconductors, but also to obtain metallic-
ature range (300-2K, sdég. 19. The room temperature like salts with broad metal-semiconductor transitions, and
conductivity is about 37 Scrt and gradually increases as even a molecular metal showing metallic conductivity down
the temperature is decreased to reach a maximum value oto 2 K.
910Scm?! at 2K. The temperature dependence of the re-  On the other hand, they have also allowed us to com-
sistivity shows a linear dependence from room temperature bine localized magnetic moments, delocalized electrons and
to 200 K, which is usually associated with electron—phonon even magnetic clusters, with the delocalized electrons of the
scattering. Below this temperature the resistivity is propor- organic sublattice, leading to materials with coexistence of
tional toT? (inset inFig. 19, typical of metallic organic salts  magnetic and conducting properties. Still, in all the reported
where electron—electron scattering in the dominant mecha-examples the two electronic networks behave in an indepen-
nism of conductivity. Compound6 is the first example ofa  dent way. One of the reasons that accounts for this lack of
POM-containing radical salt that exhibits a metallic behav- interaction is the poor conductivity of the materials at low
ior down to 2 K. This result demonstrates that it is possible temperatures. The recent preparation of a POM-containing
to use bulky and highly charged polyoxoanions as compo- molecular metal showing a large electron delocalization at
nents of new radical salts that behave as a metal and opensow temperatures constitutes a promising result in this con-
up the possibility of synthesizing new molecular materials text and needs to be exploited.

!
aA
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Finally, the unusual ability displayed by some POMs of [11] E. Coronado, C.J. @nez-Gara, Chem. Rev. 98 (1998) 237.
changing their anionic charge while keeping the size and [12] Several reviews have described the progress made by the combina-

shape, has also started to be exploited to tune the magnetic
and electrical properties in isostructural series of compounds.
Other abilities of POMSs, as for example the chiral properties
of some of them, need still to be exploited.

The examples reported here have shown the great potential
offered by these coordination complexes in the area of func-
tional molecular materials and the progress that still remains
to be done. Note that this application of POM chemistry is
very recent. In fact, most of the examples have been reported
inthe last decade. This developmentis not limited to crystals.
Hybrid films containing POMs also constitute an active focus
of interest in materials chemistf$2j,64].
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