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1 Introduction 
Low-dimensional ionic molecular solids have been the subject of 
intense research activity for over two decades because in many 
cases, they exhibit interesting electrical’ and magnetic proper- 
ties. 2,3  Co-operative magnetic phenomena, for example, have 
been observed in a series of salts containing S 2 t decamethyl- 
metallocene cations and planar polycyano-organic radical 
anions.2 Miller and co-workers rationalized the magnetic 
behaviour of these salts using the extended-McConnell confi- 
gurational admixture modeL3 Although this model is useful in 
explaining and predicting the magnetic properties of most of the 
known metallocene-based salts, its assumptions and its general 
validity have been q~es t ioned .~  

In an attempt to further test the extended-McConnell model 
and to establish a new class of molecular magnetic materials, it 
was decided to synthesize and study several molecular salts 
incorporating metallacarborane sandwich complexes of the 
nido-[7,8-C, -9H,  , I 2  -1igand and their substituted analogues 
(Figure 1). The chemical behaviour of these complexes has been 
widely studied by H a w t h ~ r n e , ~  but their potential in this area of 
molecular electronics has not previously been addressed. The 
metallacarborane complexes have the advantage of being more 
stable6 than their corresponding metallocene analogues, with 
which they are isoelectronic. The occurrence of the anionic 
metallacarborane complexes affords the opportunity of study- 
ing salts with organic radical cations (e.g. those derived from 
TTF and ET, see Figure 2), which are complementary to the 
metallocenium salts with anionic organic radicals. The possible 
formation of charge-transfer salts containing stacked organic 
donor molecules in mixed oxidation states is also of interest since 
these salts may show novel conducting properties. 

2 Discussion 

2.1 TTF Salts with Unsubstituted Metallacarborane Anions’ 
The TTF’+ salts of the unsubstituted metallacarborane anions, 
[TTF]‘+[M(C2B,H,,)2]- [ ( l ) ,  M = Cr; (2), M = Fe; (3), 
M = Nil have the metal ions in a formal oxidation state of + 3, 

M 

Figure I The molecular structure of a typical sandwich complex of the 
nido-[7,8-C2B,H, ,I* - ligand. 
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Figure 2 Selected organic donors and acceptors used for the synthesis of 
molecular materials. 
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but with d3, dS,  and d7 electronic configurations. The com- 
monly-employed method of preparing TTF'+ salts by metatheti- 
cal reaction with [TTF],[BF,], in acetonitriles proved not to be 
feasible for the preparation of compounds (1)-(3) as the 
resulting salts are more soluble in acetonitrile than 
[TTFIJBF,],. The charge-transfer salts (1) and (2) were 
prepared in good yields by the metathesis reaction of [TTFICl 
with Cs[Cr(C,B,H, ,),I or Na[Fe(C,B,H, ,),I, respectively, in 
water. The corresponding nickelacarborane charge-transfer salt 
(3) was obtained as large black crystals by the slow evaporation 
of a CH,Cl,/n-hexane (1:l) solution containing neutral TTF 
and the NilV complex commo-[3,3'-Ni(C2B,H 1)2] in equimolar 
quantities. 

The crystal lattice of (1) consists of chains of alternating 
[TTF]'+ and [Cr(C,B,H,,),]- ions which extend in the c- 
direction, as shown in Figure 3. The crystal structure may also be 
described in terms of alternating layers of [TTF]'+ and 
[Cr(C2B9H, ,),I - ions. No intermolecular bonding interactions 
are evident amongst the TTF]'+ ions, the closest intermolecular 

or anion-anion contacts. The shortest intrachain Cr...S dis- 
tances are 5.93 and 5.94 8, and the shortest interchain Cr.--S 
distances are 6.75 and 6.76 A. 

S..-S contact being 3.96 8, . There are also no short cation-anion 

Figure 3 Stereoscopic view of the packing of ions in crystals of (1). 

Y 

In contrast to ( l ) ,  discrete stacked dimers of [TTF]'+ cations 
occur in the crystal structures of (2) and (3), which are isomor- 
phous, as shown in Figure 4. The [TTF]'+ cations within the 
dimers are centrosymmetrically related and are fully eclipsed, 
with an interplanar separation of 3.44 A. Short intradimer S.-.S 
contacts of ca. 3.4 8, indicate significant bonding interactions 
between the paired [TTF]'+ ions making up the dimers. 

It is noteworthy that the molecular packing observed in (2) 
and (3) differs drastically from that observed in (1). An attempt 
to grow crystals of (2) which are isomorphous to (1) by seeding 
an acetone-ethanol solution of (2) with microcrystals of (1) was 
unsuccessful. The significantly lower density of crystals of (1) 
(1.365 g ern-,) compared to those of (2) (1.426 g cm-3) and (3) 
(1.437 g cm - ,) implies that the molecular packing in (1) is less 
efficient than that in (2) and (3). In an attempt to understand why 
the packing in (1) differs from that in (2) and (3), the molecular 
volumes, V,, and the moments of inertia, M , ,  M,,  and M ,  
( M I  2 M ,  2 M,) of the metallacarborane anions in ( I ) ,  (2), and 
(3) were calculated. The results are tabulated in Table 1 .  It can be 
seen that, whilst the molecular volumes of the three anions are 
very similar, the [Cr(C,B,H, ,),I- anion is significantly more 
prolate than its iron and nickel analogues. The greater prolate- 
ness of the chromacarborane anion is reflected in the lower 

Y 

" 2  

Figure 4 Stereoscoplc view of the molecular packing of (2) down the (10 - 1) direction. 
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Table 1 Volumes and moments of inertiaU of anions in 
compounds (1)-(3) 

An’on [Cr(C2B9H,1)21 [Fe(C7.B9Hi 1121 [N1(C7B9H, 1 ) 2 ]  

VmjA3 2770 277 2 270 8 
Ml jAZ  361 327 129 
MJA2 82 85 82 
M,/A’ 80 83 80 

Moments of inertia were calculated without mass weighting 

dimensionality of the molecular packing in ( I ) ,  in which the 
anions form sheets rather than the three-dimensional networks 
observed in (2) and (3) 

No cooperative magnetic behaviour is observed in com- 
pounds (1)--(3) down to 6 K The corrected molar magnetic 
susceptibilities of these compounds follow the Curie-Weiss 
expression, x = C/( T - 8), with small values of 0 ( -  2 5 K for 
( I ) ,  - 2 0 K for (2), and + 1 5 K for (3)], indicative of negligible 
interaction between the unpaired spins of the ions in the solids 
Correspondingly, the effective magnetic moments, 
p,A= J(8xr)], of all three compounds are effectively indepen- 
dent of temperature The absence of monomeric [TTF] * radical 
cations in the crystals of (2) and (3) is reflected in their pe*values 
(2 4 and 1 7 pB), which are characteristic of the [Fe(C,B,H, , ) 2 ]  

and [Ni(C,B,H, ,),I anions respectively The failure to observe 
cooperative magnetic behaviour in (2) and (3) is consistent with 
the extended-McConnell model, in which cooperative magnetic 
behaviour is only possible in systems where both the cation and 
anion have unpaired spins 

The pen of (l) ,  3 96 pB, is slightly lower than the value of 4 22 
pB calculated using the formula for two non-interacting spins 

of 1 73 and 3 85 pB for the cation and anion respectively The 
Cr S distances of 5 9 and 6 8 8, in ( 1 )  (vrde supra) are compar- 
able to the Fe N(TCNE) distances of 5 5-6 5 8, in 
[Cp:Fe]+[TCNE] + which is d bulk ferromagnet below 5K 
(8 = + 30 K) The lack of any significant cooperative behav- 
lour of (1) even at 6 K thus casts doubt on the simple mechanism 
proposed by Miller and co-workers to explain the spin-coupling 
between [Cp;Fe]+ and [TCNE] +, since Miller’s mechanism 
involves spin exchange between the Fe atom of [CpTFe]’ and N 
atoms of [TCNE] 

Conductivity measurements performed on crystals of com- 
pounds ( 1 )  and (3) indicate that (1) is a semiconductor 
(oRT = 3 x 10 S cm I ,  activation energy = 0 16 eV) and (3) is 
an insulator ( u R T <  lo-’ S cm * )  O The hlgh resistivity of 
compound (3) is consistent with the presence of isolated 
(TTF + ) 2  dimers in its crystal lattice 

[ (~e~) to t a~ l~  = [ ( ~ e f f ) c a t i o n l ~  + [ ( ~ e d a n i o n l ~ ,  assuming the peff values 

2.2 TTF Salts of a Thiophene-functionalized Ferracarborane 

Since intermolecular attractive interactions between sulfur 
atoms are known to exert a strong influence on the packing of 
molecules in crystals,’ I t  was envisaged that the introduction of 
thiophene substituents on the metallacarborane anion may 
enhance the TTF-metallacarborane interaction via S S con- 
tacts, thereby suppressing dimerization of TTF units and 
encouraging the propagation of mixed-valence TTF stacks 
Such an arrangement of TTF units is expected to show a higher 
electrical conductivity Alternatively, the thiophene groups 
may also engage in r-7~ interactions with the TTF units to 
produce unusual molecular arrangements, such as interleaved 
mixed stacks which lie in close proximity to the paramagnetic 
metal centres This arrangement may favour magnetic interac- 
tion between the spins on the cations and anions 

The synthesis of the thiophene-substituted ferracarborane 
commo-[3,3’-Fe( I-(thiophene-2-yl)-l ,2-C2B,H1,),]- (4) is sum- 
marized in Scheme 1 Since the asymmetric nido-[7-C4H,S)-7,8- 

Anion9 

CH3CN 
B10H14 + 2 CH3CN HZ + B10H12(NCCH3)2 

Toluene A 2 h 

I 

NaH THF 2, 3 h  

1 

FeCl ( t h o  

T H F A  1 3 h  
* 

Scheme 1 Synthesis of complex (4) 

Q Fe 

3- 
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= Cage carbon atom 

Fe 

@ 
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Scheme 2 The stereoisomers of complex (4) 

C2B9H, J 2  - (9) is expected to be formed as a racemate, complex 
(4) should be produced as a mixture of mem (DL), DD, and LL 
isomers (see Scheme 2) However, it has so far proved impossible 
to resolve the isomeric mixture In fact, there is yet no evidence 
for the existence of the meso-isomer, since only the DD and LL 
forms were detected in the crystal structures of the TTF salts ( 5 )  
and (6) vide znjia 

Reaction of [TTF] +C1- with the sodium salt of complex (4) in 
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aqueous solution led to the formation of 
[TTF] +[Fe(C,B9HloC4H3S),], - (6) Attempts to grow single 
crystals of the 1 1 salt from an acetone-ethanol mixture by slow 
evaporation yielded black plate-like crystals of the 5 2 mixed- 
valence salt [TTF],[Fe(C,B,HloC4H3S),], ( 5 )  instead The 
most probable source of the neutral/partially-oxidized TTF 
molecules in ( 5 )  is the reduction of [TTF] + by ethanol 

It is noteworthy, however, that slow evaporation of an 
acetone-ethanol solution containing [TTF] +[Fe(C,B,H, 
and half a molar equivalent of TTF yielded only crystals of 
[TTF] +[Fe(C,B,H, ]),I- This suggests that the 
[Fe(C,B,H, oC4H3S)2] anion itself favours the selective crys- 
tallization of the mixed-valence salt ( 5 )  

The formula unit of [TTF],[Fe(C,B9H,oC,H3S)2]2 ( 5 )  con- 
tains both DD- and LL- isomers of the [Fe(C2B,HlOC4H3S),]- 
anion, which are related by a crystallographic inversion centre 
The crystal lattice features centrosymmetric stacked trimers of 
TTF units which propagate along the a-axis, as shown in Figure 
5 The interplanar separation between the TTF units within a 
trimer is 3 47  A, whilst that between adjacent trimers is 3 54 8, 
Adjacent TTF trimers are bridged in the c-direction by another 
TTF unit, which lies approximately orthogonally to the TTF 
units in the trimers Short S S contacts of 3 56 8, link the 
bridging TTF to the centrosymmetrically related TTF trimers 
on either side, as illustrated in Figure 6 The continuous two- 
dimensional layer of linked TTF trimers produced is unprece- 
dented, the only other examples of this type of ‘orthogonal’ S S 
linkage by TTF units occurs in [TTF],[Pt(S,C,O,),] and 
[TTF],[Ni(S,C,H,),], where the linkage is between TTF 
dimers l o  For the nickel(I1) crystal, electrical conductivity 
along the bridging direction was established, indicating an 
appreciable interaction between the dimers and the bridging 
TTF units A similar packing motif also occurs in the crystal 
structure of [HMTTeF],[PF,], (HMTTeF = hexamethylene- 
tetratellurafulvalene), which adopts a layered structure featur- 
ing stacked trimers of HMTTeF units linked via short Te Te 
contacts with a bridging HMTTeF unit 

The only TTF-thiophene short S S contacts involve TTF 

units which are isolated from the TTF sheets in the crystal (S S 
3 50 A) Each of these TTF units bridges the thiophene-2-yl 
groups of two adjacent centrosymmetrically related ferracar- 
borane anions These TTF-linked anion pairs propagate along 
the a-axis to form a continuous ‘ribbon’ Therefore, the overall 
structure consists of layers of these ‘ribbons’ alternating with the 
TTF sheets as illustrated in Figure 5 

Single crystals of toluene-solvated (6) were grown by layering 
an acetone-dichloromethane (1 1) solution of (6) with toluene at 
ca - 20°C As in the structure of (5) ,  both the DD- and LL- 
isomers of the [Fe(C,B9HloC4H3S),]- anion are present in 
[TTF] +[Fe(C2B,H,,C4H3S),] C,H, (6) The [TTF] + cations 
form centrosymmetric stacked dimers in the crystal lattice, as 
shown in Figure 7 The [TTF] + units in each dimer are virtually 
eclipsed, with an interplanar separation of 3 45 A, and feature 
short intradimer S S distances of 3 4-3 5 8, Each [TTF ‘1, 
dimer is effectively isolated from other dimers by the surround- 
ing anions and toluene solvate molecules The toluene molecules 
are oriented in a face-to-edge manner with respect to the [TTF] + 

units, with a relatively short distance of 3 43 8, between S( 1 b) 
and the toluene ring centroid This indicates that there is an 
electrostatic attraction between the [TTF] + cation and the X -  

electron cloud of the solvate which stabilizes their juxtaposition 
in the crystal lattice 

Between 25 and 295 K the corrected molar magnetic suscepti- 
bilities of compounds ( 5 )  and (6) (the toluene-solvated crystals) 
follow the Curie-Weiss law, with 6 values of + 1 9 and + 0 5 K 
respectively The 0 values indicate that there is very weak 
ferromagnetic interaction between the unpaired spins of the ions 
in both compounds In accordance with the presence of spin- 
paired TTF trimers and dimers in compounds ( 5 )  and (6) 
respectively, there is no contribution from the [TTF] + cations to 
the overall susceptibilities of the compounds The average 
moment pdv[= ,/(SC)] of ( 5 )  between 25 and 295 K (3 0 pB) 
indicates the presence of two low-spin Fell1 centres, each having 
a moment of 2 2  pB, per formula unit of the compound 
[p&tdl = 2p&.(lll)] The corresponding value for (6) (2 0 pB) is 
consistent with the presence of one low-spin Fell1 centre per 
formula unit 

One of the criteria for intermolecular ferromagnetic coupling 
is that there must be no overlap between the magnetic orbitals of 
adjacent molecules l 3  This condition appears to be satisfied in 

Figure 5 The crystal packing of (5) ,  viewed down the c-axis 
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Figure 6 The two-dimensional sheet of interacting TTF units in the 
crystal lattice of compound ( 5 ) ,  viewed down the 6-axis The thin lines 
joining TTF units along the c direction indicate the short S S 
contacts 

Figure 7 The centrosymmetric unit of compound (6) 

both compounds (5) and (6) since there is no short inter-anion 
contact in either compound On the other hand, the very long 
distances between the iron atoms, on which the magnetic 
orbitals of the ferracarborane anions are localized,14 preclude 
strong spin-coupling between the ions (shortest Fe Fe dis- 
tances (5 ) ,9  88, (6), 9 28 A) It is interesting that the compound 
[TTF] +[Fe(C,B,H,,),]- (2), in which the [TTF] + cations are 
also dimerized and the Fe Fe distances are too long for 
significant orbital interaction between the Fe atoms (shortest 
Fe Fe distance 6 34 A), exhibits weak antiferromagnetic cou- 
pling between its anions (0 = - 2 0 K) (vide supra) This suggests 
that the thiophene groups may be involved in the mechanism of 
ferromagnetic coupling between the [Fe(C,B,H, ,),I- anions 

Electrical conductivity measurements on crystals of (5) and 

(6) indicated that compound (5) is a semiconductor 
( ~ 3 0 0 K  = 2 x 10 S cm l ,  activation energy = 0 22 eV) and 
compound (6) is an insulator ( U , ~ * K  I lo7 S cm- l )  

2.3 ET Saltsls 
The TTF derivative bis(ethylenedithio)tetrathiafulvalene (ET) 
(see Figure 2) is another widely-used donor molecule for the 
synthesis of organic conductors, and has yielded the largest 
number of superconducting cation-radical salts The crystal 
structures of the ET salts usually consist of alternating layers of 
ET and anion molecules The conducting behaviour of these 
salts are determined by their electronic and vibronic properties, 
which to a large extent are determined by the molecular packing 
and donor-donor and donor-anion interactions Thus, the size 
and shape of the anions are important factors governing the 
electrical properties of cation-radical salts of ET In the 8- 
(ET),X series of salts (X = linear triatomic monoanion), for 
example, whilst the isostructural [I3] -, [AuI,]-, and [IBr,] - 
salts’ (type I1 in the nomenclature of Williams et a1 )’ are 
superconductors with transition temperatures (T,’s) of 8, 5 0, 
and 2 8 K respectively, the salts of the smaller [ICl,]- and 
[BrICII- anions (type I or P’-phases) are semiconductors l 9  

This difference in behaviour has been attributed to the more 
anisotropic packing of ET molecules in the type I salts, which 
results in one-dimensional electronic band structures 2 o  For the 
type I1 salts, the T,’s increase with increasing anion size 
([IBr,]- < [AuI,]- < [I3]-), although the T, of 8 K for p- 
(ET),13 is attained with slight pressure (z 0 5 kbar) and shear l 6  

As part of our study of cation-radical salts of metallacarbor- 
ane anions, the ET salts of the complexes commo-[3,3’-Cr 
(1,2-C2B,H, ,),I- and commo-[3,3‘-Fe{ 1 -(thiophene-2-yl)- 1,2- 
C,B,H, 0>2]- were synthesized The use of monoanionic bis(di- 
carbolly1)metal complexes in this area is of interest because the 
complexes are rod-shaped and many of them are paramagnetic, 
making them good candidates for components of magnetic 
analogues of the existing 8-phase ET salts The study of such 
materials may contribute to the understanding of the relation- 
ship between magnetism and superconductivity , In particular, 
the chromacarborane complex chosen for study here combines 
high prolateness (length 12 8 A, maximum cross-sectional 
radius 3 7 A) and high spin ( S  = 3/2) Althou hits prolateness is 

sectional radius 2 2 A),1u its length exceeds that of the [I3]- 
anion (10 1 A) l a  It is of interest to find out which of these 
parameters have a greater effect on the arrangement of ET 
molecules in the cation-radical salt The thiophene-substituted 
ferracarborane [Fe{ 1 -(thiophene-2-yl)- 1 ,2-C,B9H 0}2] - (4) 
( S  = 1/2) is overall more discoidal in shape and hence is 
expected to favour a different packing motif of the ET mole- 
cules Since weak ferromagnetic interactions have been 
observed in the tetrathiafulvalenium (TTF) salts of this anion 
(8 = 1 9 and 0 5 K for [TTF],[Fe(C,B,H10C4H3S)2]2 and [TTF] 
[Fe(C2BgH,,C4H,S),] respectively (vide supra), it was hoped 
that the anion will favour ferromagnetic interactions in its ET 
salt as well 

The majority of the reported ET salts were prepared by 
electrocrystallization Chemical oxidation has only been 
employed in a few cases in which oxidizing precursors such as 
polyhalides or copper(1r) halides were used 2 2  In most other 
cases, the lack of oxidizing precursors for the anions precluded 
synthesis by direct charge-transfer reactions Although electro- 
crystallization is the best method for obtaining large single 
crystals of high quality, the conventional electrocrystallization 
apparatus suffers from the limitation that only a small amount 
of material can be produced each time Furthermore, multiple 
phases are often formed at a single electrode and the relative 
yields of each phase are sensitive to subtle differences in crystalli- 
zation conditions A reliable general method for the synthesis 
of ET salts via chemical oxidation is thus desirable 

On addition of H,02 to a THF solution of ET and 
H[Cr(C,B9H, ,),I at room temperature, the solution turned 

close to that of the [ICI,]- anion (length 8 7 if , maximum cross- 



208 CHEMICAL SOCIETY REVIEWS, 1995 

dark red-violet and shiny bronze needles of compound 
(ET),[Cr(C,B,H, (10) (25% yield) slowly precipitated 

4 ET + 2 H[Cr(C,B,H, + H , 0 2  -, 
(ET)2[Cr(C2B9H1 1121 + H2° 

The use of p-benzoquinone and 2,3-dichloro-5,6-dicyano-p- 
benzoquinone (DDQ) as oxidizing agents resulted in better 
yields of compound (1 0) (42 and 52% respectively) 

0 

4ET + 2H[Cr(C2B9H11)2] + 

/ "  
OH ' 

OH 

p-benzoquinone, X = Y = H 
DDQ. X = CI, Y = CN 

The compound (ET),[Fe(C,B,H, oC4H,S),] (1 1 )  was 
prepared by constant-current anodic oxidation of ET in the 
presence of [NBu;][Fe(C,B,H oC4H3S),] in I , 1,2-trichIoroeth- 
ane The electrocrystallization was carried out under nitrogen in 
a two-chamber H-cell in which the anodic and cathodic com- 
partments were separated by a fine-porosity gla5s frit Black 
plate-like crystals of (1 1) were formed at the bottom of the 
anodic chamber after 2 to 4 weeks The primary anodic and 
cathodic reactions are as follows 

Layers of ET molecules and [Cr(C,B,H, ]),I- anions alter- 
nate along the c-direction in the crystals of (lo), as shown in 
Figure 8 Each ET layer contains equivalent stacks of weakly- 
dimerized ET units which extend in the (010) direction Short 
interstack S S contacts (3 4-3 6 A) link adjacent stacks The 
intrastack S S distances (> 3 7 A) are much longer All the ET 
molecules in the structure are parallel and are more-or-less 
coplanar along the interstack direction, as shown in Figure 9 
Along the stack there are small longitudinal offsets between ET 
molecules within the dimers and pronounced sideways displace- 
ments, I e parallel to the short in-plane axes of the ET molecules, 
between dimers The packing motif of ET molecules within the 
layer thus corresponds to that in the type I /3'-(ET),X salts 
(X = [ICl,]-, [BrIClI-), which feature a similar stepwise pro- 
gression of ET dimers 2o  This indicates that the prolateness of 
the chromacarborane anion, rather than its length, has a greater 
effect on the packing of ET molecules The ET molecules in (1 0) 
are more loosely packed than those in /?'-(ET),(ICl,) and 8'- 
(ET),(BrICl) This is attributed to the large size of the 
[Cr(C2B9H, ]),I- anion 

Compound (1 1 )  has a unique structure because the anions 
form double layers with all the thiophene groups directed 
towards each other and away from the ET layers, as shown in 
Figure 10 This arrangement precludes the occurrence of S S 
interactions between the ET molecules and the thiophene 
groups There is no short S S contact between thiophene 
groups Both the DD and LL forms of the 
[Fe(C,B9H,oC,H3S)2J- anion are present in the structure, the 
meso-isomer is not observed The ET molecules are stacked 
along the (001) direction, and are engaged in weak pair-wise 

Figure 8 Packing diagrams of compound 10, showing the alternating 
layers of ET units and [Cr(C,B,H, ,),I anions (a) view down the a- 
axis, (b) view down the 6-axis (the dashed lines indicate S S distances 
less than 3 7 A) 

Y 

Figure 9 

-Z 

Diagram ofa  single layer of ET units in compound (lo), viewed 
down the long axes of the ET units, showing the stepwise progression 
of ET dimers 

interactions to form dimers Adjacent stacks are displaced 
relative to each other along the stacking direction by approxima- 
tely half the intrastack ET-ET distance, giving rise to a honey- 
comb network of interstack S S interactions (Figure 1 1 )  

As in compound (lo), the ET molecules in (1 1 )  are quite 
loosely packed The packing in compound (1 I), however, is 
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Figure 10 Packing diagrams of compound (1 l), showing the alternating ET single-layers and anion double-layers: (a) view down the b-axis, (b) view 
down the c-axis (the dashed lines indicate S...S distances shorter than 3.7 A). 

Figure 11 Illustration of the honeycomb network of intermolecular S.. .S interactions within a layer of ET units in compound ( I  I ) .  

more isotropic than that in compound (10). This is reflected in 
the narrower range of inter-ET centroid-centroid distances in 

An intense, broad charge-transfer band at ca. 4000 cm-’ 
dominates the infrared (IR) spectra of both compounds 
( 10)(Vmax 4400 cm- ’) and (1 1)  (S,,, 4200 cm- I ) .  The presence of 
this electronic band (band A in the notation of Torrance et al.)23 
is consistent with the average charge of + 0.5 on the ET 
molecules in compounds (10) and (1 t ) .  It does not, however, 
indicate whether the valence electrons are equally delocalized 
over all the ET molecules (‘mono-valence’ configuration) or are 
localized on individual molecules, with the crystal lattice con- 
taining equal numbers of (ET)* and (ET)+ molecules (‘mixed- 
valence’ configuration). 

The optical spectra of both compounds (10) and (1 1 )  (as KBr 
pellets) exhibit a prominent band at ca. 10 600 cm- (940 nm). 
This band, labelled ‘B’ by Torrance et al., is attributed to charge- 
transfer transitions between singly-charged (ET) + cations, i.e. 
[(ET)+, (ET)+] -+ [(ET)O, (ET)2 The relatively high inten- 

(1 11.15 

sity of band B in the spectra of (10) and (1 1) thus suggests the 
presence of (ET) + molecules in compounds (10) and (1 l ) ,  and 
hence the adoption of mixed-valence configurations by com- 
pounds (10) and (1 1). A mixed-valence ET salt is expected to 
contain ET molecules with different geometries corresponding 
to their different charges. The fact that the ET molecules in 
compound (1 0) are all crystallographically equivalent can be 
explained by noting that the single-crystal X-ray diffraction 
experiment provides a time-averaged structure if the crystal 
structure being studied is fluxional on the time-scale of the 
experiment. Some charge-transfer salts of TTF and tetrathia- 
tetracene which are apparently mono-valent within the time- 
scale of X-ray c ry~ta l lography~~ have been found to have mixed- 
valence configurations within the time-scale of X-ray photoelec- 
tron spectroscopy. 

Compound (10) (as a compressed pellet) has a room-tempera- 
ture electrical conductivity of ca. 2 x S cm-’. Variable- 
temperature resistance measurements (300-76 K) show that 
the conductivity of compound (10) is thermally activated. The 



210 CHEMICAL SOCIETY REVIEWS, 1995 

resistance data cannot, however, be fitted with the simple 
exponential law, R = A exp(Ed/kT), with constant activation 
energy Ed The high- and low-temperature regions of the plot 
could be separately fitted with the exponential law to yield 
activation energies of 0 1 1  and 0 073 eV respectively 

The conductivity of crystals of compound ( 1  1) at room 
temperature is ca 0 5 S cm The resistance of the crystals 
exhi bits complex temperature-dependence Two main semicon- 
ducting regions are observed, both of which have a low activa- 
tion energy of 0 046 eV These regions differ in the mobility of 
the conduction electrons, as indicated by the difference in their 
fitted pre-exponential factor A The gradient of the plot of In R 
vs T -  for compound (1  1 )  decreases gradually above 2 18 K and 
becomes nearly zero above ca 250 K This suggests that 
compound (1 1) undergoes a gradual transition to a pseudo- 
metallic state above 21 8 K 

The relatively loose packing of the ET molecules in com- 
pounds (10) and (1 1) is expected to result in electronic bands 
with narrow bandwidths Low-dimensional molecular conduc- 
tors with narrow bandwidths are more unstable towards locali- 
zation of conduction electrons and are therefore more likely to 
be non-metallic 2 6  The semiconducting behaviours of com- 
pounds (lo) and ( 1  1) are thus consistent with the nature of their 
molecular packing, especially for compound (lo), which has a 
more anisotropic arrangement of ET molecules This anisotro- 
pic character is expected to give rise to a one-dimensional band 
structure, thus making compound ( 1  0) more unstable towards a 
high-temperature metal-to-insulator transition 2 6  2 7  

Between 25 and 300 K the corrected molar magnetic suscepti- 
bilities of compounds (10) and (1 1) follow the Curie-Weiss law, 
the 0 values of - 1 1 and + 1 6 K respectively The 0 values 
indicate the presence of weak antiferromagnetic interactions in 
(10) and that of weak ferromagnetic interactions in ( I  1 )  Since 
the shortest metal-metal (M M) distances in compounds (10) 
and ( I  1) are 6 6 and 9 2 8, respectively, no strong magnetic 
interactions between the spins in compounds (10) and (1 1) are 
expected 

2.4 DDQ  salt^^*,*^ 
As a complement to the study of molecular materials which 
contain anionic metallacarboranes, the ferracarborane commo- 
[3,3’-Fe(4-(Me2S)-1 ,2-C2B9Hlo},] (12) and its charge-transfer 
salt with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), 
[3,3’-Fe(4-(Me,S)-1 ,2-C,B,Hlo),]+ [DDQ] - (1 3) were synthe- 
sized 2 8  Unusual metamagnetic and conducting charge-transfer 
salts of DDQ have previously been reported 3 0  The charge- 
compensated ligand nzdo-[9-(Me2S)-7,8-C2B9H 0] was chosen 
both for its ease of synthesis3 and because sulfur atoms have a 
propensity to engage in intermolecular bonding interactions, 
which may enhance the electronic interactions between the 
cations and anions in the solid state 

Reaction of excess FeCl,(thf), with a THF solution of Na[9- 
(Me,S)-7,8-C2 B,H, 0] (freshly prepared by deprotonation of 
[9-(Me,S)-7,8-C2B9Hl 1] (14) by NaH) at room temperature 
yielded a deep purple suspension from which (1 2) was isolated in 
61 Yo yield Since the asymmetric ligand [9-(Me2S)-7,8- 
C,B,H 0]- is expected to be formed as a racemate, complex (12) 
should be produced as a mixture of meso (DL)-, DD-, and LL- 
isomers (Scheme 3) Interestingly, the isomers have very differ- 
ent solubility properties, and are very easily separated Combi- 
nation of DD/LL-( 12) and DDQ in anhydrous dichloromethane 
solution yielded a black shiny crystalline precipitate of [3,3’- 
Fe{4-(Me2S)- 1 ,2-C2BgH 0)2] + [DDQ] - ( 1 3) 

The molecular structures of the cation and anion in (13) are 
shown in Figure 12 This is the first example of a cationic 
metallacarborane incorporating two dicarbollide ligands to be 
crystallographically characterized The [3,3’-Fe(4-(Me2S)- 1,2- 
C2B,Hlo),] + cation has non-crystallographic C,  symmetry and 
adopts a staggered sandwich structure with the carbon atoms of 
the two dicarbollide cages in a cisoid arrangement The distance 
of the Fe atom from each C2B3 face (1 54 A) is essentially the 

Fe 

DD LL 

0 =Cage carbon atom 

Me& 

%FSMe2 
Scheme 3 The stereoisomers of complex (1 2) 

Figure 12 Molecular structures of the cation and anion in compound 
(1 3 )  The carbon atoms of the dicarbollide cages are hatched 

same as the corresponding distance in [TTF] +[Fe(C,B,H, ,)J - 

The cations and anions pack to form alternating layers in the 
crystal (Figure 13) Within the [DDQ] - layer, the anions form 
zig-zag chains linked via short intermolecular electrostatic 
N C1 interactions “(9) C1( 1 a) = 3 21 A] Similar electrostatic 
C r N  C1 interactions have been observed in the crystal struc- 
tures of several other chloro-cyano-compounds, e g substituted 
1,2-dichloro-4,5-dicyanobenzenes and 4-~hlorobenzonitriles,~ 
but not previously in DDQ and its compounds The layer motif 
of the [DDQ] - anions observed here, which facilitates the 
formation of such ‘molecular tapes’, is also unprecedented In 
the solid state, [DDQ] anions usually form either segregated 
stacks (frequently with pair-wise interactions to form 
[(DDQ),], - d i m e r ~ ) ~ ~ ~  3 3  or are interleaved with the cations to 
form mixed stacks 3 0 n  34 

In addition to their mutual electrostatic attraction, the cation 
and anion layers are cross-linked by weak C-H 0 hydrogen 
bonds between the oxygen atoms of the [DDQ] anions and the 
hydrogen atoms attached to some of the carbon atoms of the 
dicarbollide cages The protonic character of the cage CH 
hydrogens ofthe [3,3’-Fe{4-(Me2S)-1 ,2-C2B9H,,),]+ cation can 
be attributed to the presence of the charge-compensating Me,S 
groups and the adjacent highly electron-attracting Fell’ atom 
The cooperative effect of this hydrogen-bonding between the 

(2) ( 1  53 A> 
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Figure 13 (d) Pdcking diagram of compound (1 3 )  showing the alternating layers of cations and anions (b) Diagram showing the packing of anions in 

(13) 

cations and anions must play an important role in stabilizing the 
layered structure of compound (1 3) 

Between 5 K and 270 K the corrected molar susceptibility of 
(13) follows the Curie-Weiss Law, with a 8 value of - 2 5 K, 
indicating that there is very weak interaction between the 
unpaired spins of the ions in (1 3) The unpaired spins on both the 
cations and anions contribute to the bulk magnetic susceptibility 
of the salt 

No spin coupling between the metallacarborane cations in 
(1 3) is expected because there are no short inter-cationic con- 
tacts Spin-spin interaction between the [DDQ] anions vra the 
short C = N C1 contacts is also unlikely in the light of molecu- 
lar orbital calculations by Miller and co-workers, which predict 
zero spin density on the C1 atoms of [DDQ] (reference 346) 
Miller’s calculations also indicate that within the [DDQ] 
radical anion, the highest spin densities reside on the quinoidal 
oxygen atoms Thus, the overall lack of significant spin interac- 
tion in (13), despite the fact that two [DDQ] anions are 
hydrogen-bonded to each ferracarborane cation via the quinoi- 

dal oxygen atoms, suggests that there is negligible delocalization 
of spin density from the Fell1 centre to the cage CH hydrogens in 
the [3,3’-Fe(4-( Me, S)- 1,2-C, B,H 0)2] + cation 

The room-temperature electrical conductivity of ( 1  3) (mea- 
sured on a single crystal) is less than 10 S cm l Thus, 
although the difference between the half-wave potentials of DD/ 
~ ~ - ( 1 2 )  and DDQ (JAZZ+! = 0 0 4  V) is small enough for the 
formation of a mixed-valence the failure to form 
DDQ stacks in the solid state results in the formation of an 
insulating solid 

The mixed-sandwich complex clusu-[3-(q 5-Cp*Fe){4-( Me,S)- 
1 ,2-C,B9H,,)] (15) was also synthesizedz9 in an attempt to study 
the effect of the Cp* ligand on interionic magnetic interactions in 
metallacarborane analogues of [(Cp*),Fe] + [TCNE] One of 
the proposed mechanisms for the ferromagnetism of the latter 
salt involves the delocalization of negative spin density onto the 
Cp* rings of the [(Cp*),Fe]+ cation 

The salt [Cp*Fe(C,B,H,,SMe,)]+[DDQ] (16) was 
obtained as a black microcrystalline precipitate in a direct 
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charge-transfer reaction of compound (1 5 )  with DDQ in di- 
chloromethane The [DDQ] radical anions form isolated 
stacked dimers in the crystal structure of (16) CH,Cl,, as shown 
in Figure 14 The short interplanar separation of 2 90 8, between 
the [DDQ] units in the dimer is indicative of strong bonding 
interactions and spin-pairing between the two radical anions 3 3  

Each [(DDQ)J2 dimer is sandwiched between the Cp* faces of 
two neighbouring [Cp*Fe(C,B9H, $Me,)] + cations The medn 
plane of the C ,  ring of each [DDQ] anion makes an angle of ca 
6" to the the Cp* ring plane and the distance between the 
centroids of the two rings is 3 72 A 

Compounds ( 1  6) is paramagnetic between 5 and 300 K, with a 
small Weiss constant, 8, of - 0 9 K The effective moment, pefi 
[ = J(S,T)], of the compound is virtually independent of tem- 
perature in the above temperature range, and has an average 
value pa"[ = ~'(8C)l of 2 4 pB This value, being close to that 
expected for a low-spin iron(II1) complex (2 3 pB), indicates that 
the organic radical anions in compound (16) do not contribute 
to the bulk magnetic susceptibility of the compound This is 
consistent with the presence of [(DDQ),], dimers in the crystal 
structure of ( 1  6) It is thus not surprising that compound ( I  6) 
does not exhibit any cooperative magnetic phenomenon 

Conductivity measurements were performed at room temper- 
ature on single crystals of compound (16), the conductivity of 
which was found to be less than 10 ' S cm The insulating 
nature of compound (16) is consistent with the presence of a 
strongly dimerized DDQ stack with negligible overlap between 
the [(DDQ),], dimers 

3 Summary 
The research which is described above has demonstrated that it 
IS possible to form a wide range of charge-transfer salts between 

metallacarborane sandwich complexes and organic donors dnd 
acceptors The stabilities of the metallacarborane sandwich 
compounds, especially with the metals in the + 3 oxidation 
state, has meant that it is possible to synthesize comparable 
complexes with alternative d-electron configurations The intro- 
duction of charge-compensating substituents onto the carbor- 
m e  cages has resulted in both anionic and cationic metallacar- 
borane components in the resultant charge-transfer salts The 
charge-transfer salts which have been made show many interest- 
ing features in the crystalline state The DDQ tapes in [3,3'-Fe(4- 
(Me,S)-l,2-C,B,Hi,},]+ [DDQ] (13) and the unusual sheet 
structure in the mixed valence TTF salt 
[TTE],[Fe(C,B,H, OC4H3S)Z]2 ( 5 )  are particularly novel The 
intermolecular magnetic interactions in the charge-transfer salts 
have proved to be quite weak, presumably because the metal 
spin density is not effectively delocalized to the surface of the 
ions Attempts to improve magnetic communicdtion by intro- 
ducing sulfur-containing substituents on the carborane ligands 
did not lead to significantly stronger magnetic interactions 
Despite their large volumes the metallacarborane ions did not 
interfere with the formation of conducting TTFiET arrays in 
many of the charge-transfer salts, which showed interesting 
variations in conductivity reflecting differences in the packing 
modes The co-existence of magnetic ions and conducting 
organic arrays is a relatively rare occurrence, but is a common 
feature in these compounds 
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Figure 14 Diagram of the molecular packing in compound (16) The thin lines between the cations dnd dnions mdlcdte short S 0 contdcts 
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