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(BEDO-TTF)4[Fe(CN)5NO] was synthesized by electrocrystallization using the nitroprussides

M2[Fe(CN)5NO]?2H2O (M~K, Rb) as supporting electrolytes and TCE (1,1,2-trichloroethane) and DCE (1,2-

dichloroethane) as solvents. The crystal structure of this new salt (a~4.0251(3), b~15.266(2), c~19.259(2) AÊ ,

a~97.02(1), b~93.23(1), c~96.04(1)³, V~1165.1(2) AÊ 3, Z~3/4, space group P1Å) is characterized by the

presence of b@-type radical cation layers and anion layers containing disordered nitroprusside anions. The

stoichiometry was con®rmed by a micro-Raman spectroscopic study and the band structure and Fermi surface

of this new salt were studied by means of the extended HuÈckel tight binding method. (BEDO-

TTF)4[Fe(CN)5NO] is a two dimensional metal stable down to liquid helium temperatures.

Bis(ethylenedioxy)tetrathiafulvalene (BEDO-TTF)1 is the
oxygen substituted analogue of bis(ethylenedithio)tetrathiaful-
valene (BEDT-TTF).

Up to now many BEDO-TTF based radical cation salts with
inorganic and organic anions have been synthesized and
structurally characterized.2±22 A large number of them are
molecular metals including two superconductors (BEDO-
TTF)3Cu2(NCS)3

5 and (BEDO-TTF)2ReO4?H2O.7,8 It is
noteworthy that despite the similar size and shape of the
BEDT-TTF and BEDO-TTF donors, the conducting layers of
BEDO-TTF radical cation salts with a large variety of
counterions generally have a different architecture from
those of the corresponding BEDT-TTF salts. A comparison
of the crystal structures of many of the presently known
BEDO-TTF and BEDT-TTF organic metals leads to the
following observations:

(1) Whereas for the BEDT-TTF salts several packing motifs
of the radical cation layers (a, b, h, k, a@, b@ etc.) are
found, most of the BEDO-TTF salts have the common
b@ packing motif.{ The only exceptions are three a@-salts
[(BEDO-TTF)5(HCP)(PhCN)0.2,16 (BEDO-

TTF)6(HCDAH)25 and (BEDO-TTF)4Pt(CN)4?H2O17],
one h-salt [(BEDO-TTF)2Cl1.28(H3O)0.28(H2O)2.44

11±14]
and one k-salt [(BEDO-TTF)2CF3SO3

20].

(2) In general, the crystals of the BEDO-TTF salts are not
isostructural with those of the corresponding BEDT-
TTF salts. There are only two examples for which the
crystals are isostructural. However in these cases the
physical properties are different: b@-(BEDO-
TTF)2AuBr2 is a room temperature metal and exhibits
a metal to insulator transition at 260 K4 whereas b@-
(BEDT-TTF)2AuBr2 is metallic down to 1.4 K;26 k-
(BEDO-TTF)2CF3SO3 is a room temperature metal
exhibiting a metal to insulator transition at 150 K23

whereas k-(BEDT-TTF)2CF3SO3 is an insulator.27

(3) Radical cation salts of BEDT-TTF and BEDO-TTF
with the same anion have very often different composi-
tions. Consider for instance the following pairs of salts:
b-(BEDT-TTF)2ReO4

28 and b@-(BEDO-TTF)2ReO4?
H2O,7,8 a, b, h, k-(BEDT-TTF)2I3

29 and b''-(BEDO-
TTF)2.4I3,2 a@-(BEDT-TTF)2[CsHg(SCN)4]30 and b@-
(BEDO-TTF)5[CsHg(SCN)4]2.22

Recently a series of electroconducting radical cation salts
based on BEDT-TTF and some of its analogues with the
photochromic nitroprusside anion ([Fe(CN)5NO]22) have been
synthesized.31,32 The nitroprusside anion is interesting because
it possesses an extremely long-living metastable excited state at
low temperatures generated with laser light.33±38 This electronic
transition is probably accompanied by a change in the

{Full information on the packing motifs for donor layers in organic
metals can be found in the review papers by Mori.23,24
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geometry of the complex.34 With this fact in mind, it was
expected that the conducting properties of radical cation salts
of this anion could be interesting to study. The X-ray study of
the organic metals (BEDT-TTF)4M[Fe(CN)5NO]2 (M~K,
Rb) showed that the presence of the radical cation system in the
crystals affects the geometry of the nitroprusside anion. Thus,
the study of the photochromic properties of the radical cation
salts with the nitroprusside anion is of special interest.

In this work we report on the synthesis of (BEDO-
TTF)4[Fe(CN)5NO], a new radical cation salt of the nitroprus-
side anion. This salt has been characterized throughout single
crystal X-ray structural and Raman spectra studies, conduc-
tivity measurements as well as electronic band structure
calculations.

Experimental

Synthesis

Crystals of the BEDO-TTF salt with the nitroprusside anion
were grown under anaerobic conditions on platinum wire
electrodes (d~1 mm) in H-shaped electrocrystallization cells
under galvanostatic conditions (I~0.25 mA cm22) using the
nitroprussides (M2[Fe(CN)5NO] (M~Rb, K) or
[(C6H5)4P]2[Fe(CN)5NO]) as supporting electrolytes
(Table 1). The electrocrystallization was performed at
25 ³C. The composition of the salts was determined by X-ray
structural and/or X-ray microprobe analyses.

Electrical resistivity measurements

The resistivity was measured by a standard four-probe dc
method along the a-axis of the crystals. Contacts to the crystals
were glued with a graphite paste using 10±20 mm diameter
platinum wires.

X-Ray structure determination{

Examination of numerous single crystals of the BEDO-TTF
radical cation salt with the nitroprusside anion (Table 1) using
the X-ray diffraction photo technique showed the existence of
two types of single crystals: triclinic single crystals exhibiting
sharp Bragg re¯ections and orthorhombic single crystals with
very spreading diffuse re¯ections and the unit cell parameters:
a~4.14(1), b~10.30(2), c~38.5(1) AÊ , V~1642 AÊ 3. The X-ray
structural analysis was only performed for the triclinic single
crystals.

C45H32FeN6O17S16, M~1497.6, P1Å, a~4.0251(3),
b~15.266(2), c~19.259(2) AÊ , a~97.02(1), b~93.23(1),
c~96.04(1)³, V~1165.1(2) AÊ 3, m (Mo-Ka)~8.5 cm21, Z~3/
4. X-Ray experimental data (3143 re¯ections) were collected on
an Enraf Nonius CAD-4F diffractometer [T~295 K, Mo-Ka,
2hmax~50³] and averaged (Rav~1.2%) to yield 2735 non-zero
independent re¯ections. The structure was solved by a direct
method using the AREN programs39 and was re®ned in the
anisotropic±isotropic (for the anion atoms) approximation by
using the SHELXL-97 package40 to R~0.071 for 302

parameters. The positions of the hydrogen atoms were
determined geometrically and not re®ned.

The position of the nitroprusside anion could not be exactly
determined because of disorder in the anion layer. In fact, the
cell parameter found (a~4.025 AÊ ) was too small to accom-
modate the nitroprusside anion. What happens is that on
average there are three anions every four unit cells. Conse-
quently, a four-times larger a-parameter (#16.1 AÊ ) could have
been expected. However, disorder is too large to lead to a new
long-range order. Indeed, no superlattices were detected even
by rotation and Weissenberg methods. The structure described
here is thus an average one. A similar situation was also
reported earlier for several BEDO-TTF radical cation salts
such as (BEDO-TTF)2ClO4,4 (BEDO-
TTF)10[C(CN)3]4(H2O)3,16 (BEDO-TTF)4(SQA)(H2O)6,16

(BEDO-TTF)5(HCP)(PhCN)0.2
16 and (BEDO-

TTF)2Br(H2O)3,19 where the anions have not been exactly
localized.

Raman spectra

The triclinic single crystals from different syntheses (Entries 1
and 2, Table 1) were used. Spectra were measured using a
Renishaw Raman grating microscope spectrometer equipped
with a He±Ne laser (l~632.6 nm) in 180³ re¯ective geometry.
The spectral resolution was 2 cm21. The laser power was
attenuated down to 0.07 mW and focused into a 0.005 mm spot
on the sample surface. The incident light was polarized along
the [100] and [010] crystal axes and all polarization was
collected for the scattered light. A slight difference between the
two directions was observed in the absolute intensities of the
peaks but not in the Raman shift frequencies. Two Raman-

Fig. 1 Projection of the structure of (BEDO-TTF)4[Fe(CN)5NO] along
the a-direction.

Table 1 Conditions for the electrocrystallization of the (BEDO-TTF)4NP (NP~[Fe(CN)5NO]) salts

Entry Salt T/³C Solventa,b Electrolyte Time of crystallization Symmetry of crystals

1 (BEDO-TTF)4NP 25 DCE Rb2[NP]?2H2Oc 2 months Triclinic
2 (BEDO-TTF)4NP 25 TCE K2[NP]?2H2Oc 2 months Triclinic
3 (BEDO-TTF)4NP 25 DCE (C6H5)4P[NP] 1 month Orthorhombic
4 (BEDO-TTF)4NP 25 DCE K2[NP]?2H2Oc 1 month Orthorhombic
aDCE: 1,2-dichloroethane, TCE: 1,1,2-trichloroethane. bContains 5% EtOH. c18-crown-6-ether was added.

{CCDC reference number 1145/233. See http://www.rsc.org/suppdata/
jm/b0/b003433i for crystallographic ®les in .cif format.
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active CLC stretching vibrations of BEDO-TTF which
correlate linearly with the charge were used for testing.41

Band structure calculations

The electronic structure of (BEDO-TTF)4[Fe(CN)5NO] was
studied by means of the extended HuÈckel tight binding
method.42 A modi®ed Wolfsberg±Helmholtz formula43 was

used to calculate the non-diagonal Hij matrix elements.
Double-f orbitals44 for C, O and S were used. The exponents
and parameters used in the calculations were taken from
previous work.45

Results and discussion

Fig. 1 shows the crystal structure of (BEDO-
TTF)4[Fe(CN)5NO] viewed along the a-axis. The structure is

Table 2 Bond lengths d (AÊ ) and angles v (degrees) for the BEDO-TTF radical cations of (BEDO-TTF)4[Fe(CN)5NO]

Bond d/AÊ Angle v/³

S1±C1 1.733(7) C1±S1±C2 94.5(3)
S1±C2 1.744(7) C1±S2±C3 93.9(3)
S2±C1 1.748(6) C2±O1±C4 109.8(5)
S2±C3 1.729(7) C3±O2±C5 109.7(6)
O1±C2 1.345(8) S1±C1±C1' 122.0(7)
O1±C4 1.441(9) S2±C1±C1' 121.7(7)
O2±C3 1.356(8) S1±C2±O1 117.3(5)
O2±C5 1.452(9) S1±C2±C3 116.7(6)
C1±C1' 1.363(13) O1±C2±C3 125.9(7)
C2±C3 1.349(10) S2±C3±O2 117.4(5)
C4±C5 1.495(11) S2±C2±C2 118.5(6)
S3±C6 1.736(7) O2±C3±C2 124.2(7)
S3±C8 1.743(7) O1±C4±C5 110.9(6)
S4±C6 1.730(6) O2±C5±C4 111.4(6)
S4±C9 1.745(7) C6±S3±C8 93.7(3)
S5±C7 1.751(7) C6±S4±C9 94.1(3)
S5±C10 1.738(8) C7±S5±C10 94.1(3)
S6±C7 1.737(7) C7±S6±C11 94.6(3)
S6±C11 1.729(8) C8±O3±C12 110.6(5)
O3±C8 1.363(8) C9±O4±C13 110.3(5)
O3±C12 1.438(9) C10±O5±C14 109.1(6)
O4±C9 1.355(8) C11±O6±C15 111.1(6)
O4±C13 1.436(9) S3±C6±S4 117.3(4)
O5±C10 1.358(9) S3±C6±C7 121.4(5)
O5±C14 1.453(10) S4±C6±C7 121.3(5)
O6±C11 1.352(9) S5±C7±S6 116.2(4)
O6±C15 1.441(11) S5±C7±C6 121.6(5)
C6±C7 1.375(10) S6±C7±C6 122.2(5)
C8±C9 1.354(10) S3±C8±O3 118.3(5)
C10±C11 1.359(10) S3±C8±C9 117.9(5)
C12±C13 1.497(10) O3±C8±C9 123.8(6)
C14±C15 1.467(12) S4±C9±O4 118.3(5)

S4±C9±C8 117.0(5)
O4±C9±C8 124.7(6)
S5±C10±O5 117.5(6)
S5±C10±C11 117.5(6)
O5±C10±C11 125.0(7)
S6±C11±O6 118.5(6)
S6±C11±C10 117.6(6)
O6±C11±C10 123.9(7)
O3±C12±C13 110.4(6)
O4±C13±C12 111.0(6)
O5±C14±C15 112.3(7)
O6±C15±C14 111.4(7)

Fig. 2 Atom numbering for the BEDO-TTF radical cations I and II.
Fig. 3 Raman spectrum of the (BEDO-TTF)4[Fe(CN)5NO] single
crystals.
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characterized by BEDO-TTF radical cation layers alternating
with anion layers along the c-direction. The asymmetric unit
cell contains two BEDO-TTF molecules, one of them (I) lies on
a center of symmetry and the other one (II) in a general
position. Both donor molecules have an eclipsed conformation
of the outer ethylene groups as well as similar bond lengths and
angles (Table 2, see Fig. 2 for atom labelling). The nature of the
bond lengths and angle distribution probably corresponds to
(BEDO-TTF)0.5z. It is noteworthy that the CLC double bonds
C1±C1' [1.363(11) AÊ ] and C6±C7 [1.375(10) AÊ ] are longer than
the corresponding bond [1.342(9) AÊ ] in the neutral (BEDO-
TTF)0 molecule4 but shorter than in the BEDO-TTF1z radical
cation [1.398 AÊ ] of the (BEDO-TTF)I3 salt.46 These bond
lengths are close to those found in the 2 : 1 salts: (BEDO-
TTF)2ClO4,4 (BEDO-TTF)2ReO4?H2O,8 (BEDO-
TTF)2Br?3H2O,19 (BEDO-TTF)2CF3SO3

10 and (BEDO-
TTF)2Cl1.28(H3O)0.28(H2O)2.44.14

A representative Raman spectrum is shown in Fig. 3. Two
peaks are assigned to the stretching modes of the central (n3)
and ring (n2) CLC bonds of BEDO-TTF. No difference
between the spectra for the triclinic crystals from different
syntheses (Entries 1 and 2, Table 1) was detected within
experimental error. Recently we have found the following
linear correlations between the formal charge of BEDO-TTF

(r) and the experimental Raman shift frequencies n3 and n2:41

r~(1524:9{n3 (cm{1))=109:0; Dr~+0:05 (1)

r~(1660:8{n2 (cm{1))=74:1; Dr~+0:1 (2)

From the frequencies observed in this study we conclude that
r~0.50¡0.05, which is an important additional con®rmation
of the (BEDO-TTF)4[Fe(CN)5NO] composition for the radical
cation salt investigated.

The projection of the radical cation layer along the long
molecular axis is shown in Fig. 4a. The cation packing in
(BEDO-TTF)4[Fe(CN)5NO] is typical for most of the known
BEDO-TTF-based organic metals. It is known as ``I3-type''
according to Horiuchi et al.16 because it was ®rst found in
BEDO-TTF salts for (BEDO-TTF)2.4I3,2 or b@-type according
to the Mori structural classi®cation of the salts of BEDT-TTF
and analogues.23,24 The radical cation layers contain two non-
equivalent BEDO-TTF stacks parallel to the a-axis. The radical
cations I and II are nearly parallel (dihedral angle I±
II~0.6(2)³). The stacking axis is tilted 60³ (60.3³) with respect
to the molecular plane I (II) and 91.1³ (90.3³) with respect to
the central CLC bond. This means that the stacks are only
slipped along the transverse molecular axis (see Fig. 4b). The
interplanar separations are 3.486 and 3.495 AÊ for I±Ia and II±
IIa, respectively. The donor stacks exhibit short intermolecular
C±H¼O and S¼S distances (see interactions A and F in
Table 3). There are also short interstack contacts along the
[21Å0] (see interactions B and E in Table 3, dotted lines in
Fig. 4a) and [110] directions (see interaction D in Table 3,
dotted lines in Fig. 4a). Because of some disorder in the anion
part, the speci®c interactions between the donors and the
counterions could not be identi®ed satisfactorily.

The conductivity measurements were carried out on single
crystals along the stack direction (i.e., the a-axis) and the sRT

values obtained were 10±50 S cm21.31 The temperature depen-
dence of the dc resistivity along the a-axis exhibits metallic
character down to 1.3 K (Fig. 5). The study of the photo-
chromic properties of this salt is now in progress and will be
reported elsewhere.

The calculated band structure for the BEDO-TTF layers of
(BEDO-TTF)4[Fe(CN)5NO] in the region of the Fermi level is
shown in Fig. 6a. Since there are three donors per repeat unit of
the layer there are three bands mainly built from the HOMO of
BEDO-TTF. The HOMOs of donors I and II are very similar
in energy so that they strongly mix and lead to the quite
dispersive bands of Fig. 6a. According to the stoichiometry, the
BEDO-TTF donors have a z1/2 charge so that there are 4.5
electrons to ®ll these bands. Since the two higher bands
overlap, both are partially ®lled. The important dispersion and
partial occupation of these bands is in agreement with the
metallic character of the salt.

In order to correlate the details of the crystal and electronic
structure of this salt we have calculated the bHOMO±HOMO

interaction energies47 which are a useful measure of the nearest
neighbor HOMO±HOMO interactions in the layer. The
absolute values of these energies are reported in Table 3. It is
worth noting that the BEDO-TTF layers can be seen as a series
of parallel stacks of slipped donors along the a-direction, as a
series of parallel chains of donors making lateral contacts along
the [21Å0] direction, or as a series of parallel step-chains of
donors along the [110] direction. The stacks of slipped donors
are associated with interaction A or F, the chains along [21Å0]
with interactions B or E, and the step-chains with interactions
C and D. The interactions along the chains in the [21Å0]
direction and along the step chains are comparable while those
along the slipped stacks are smaller by a factor of two.
However the later ones are far from negligible so that we must
conclude that the BEDO-TTF layer is a strongly two-
dimensional network of HOMO±HOMO interactions.

Fig. 4 a) Projection of the radical cation layer of (BEDO-
TTF)4[Fe(CN)5NO] along the long molecular axis, and b) Overlap
mode within the radical cation stacks. The six different types of
donor¼donor intermolecular interactions (see Table 3 for the
associated short contacts) discussed in the text are shown in (a).
Donors I (II) are those related through interactions F (A) along the a-
direction.
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That the interactions along the step-chains are among the
stronger of the layer is also the case for most BEDT-TTF
radical cation salts with this type of packing (note that two
S¼S contacts of 3.700 and one of 3.717 AÊ are associated with
interaction C although they are not reported in Table 3 because
they are slightly longer that the usual metric criterion of
r¡3.70 AÊ to designate the short S¼S contacts). What may be
more surprising is that the interactions along the [21Å0] direction
which are lateral contacts and hence lead to p-type interactions
between the HOMOs, as opposed to the mainly s-type
interactions along the step-chains, are so strong. In the
analogous BEDT-TTF layers these interactions are smaller
by a factor of approximately two.32,47,48 The reason lies in the
very short S¼S contacts which override the intrinsic weakness
of the p-type interactions with respect to the s-type ones. These
very short contacts are a consequence of the smaller size of the
oxygen atoms with respect to the sulfur ones which allows for
closer lateral contacts between the two almost coplanar donors.
This is an important difference with the BEDT-TTF salts with
similar packing which of course in¯uences the nature of the
Fermi surface. As shown in Table 3, interactions B and E are
also associated with short S¼O contacts for the same reason.
However, these contacts do not play a role in the enhancement
of the HOMO±HOMO interactions for these lateral contacts
because, the HOMO of BEDO-TTF has a very small
contribution from the p orbitals of the oxygen sites. This is
in contrast with the situation in the BEDT-TTF salts where
although the outer sulfur p orbitals contribute to the BEDT-
TTF HOMO with a lesser weight than the inner ones
(approximately a third), this contribution is not negligible at
all. Consequently, the short contacts involving the oxygens of
BEDO-TTF can be neglected in rationalizing the strength of
the HOMO±HOMO interactions and thus, the dispersion of
the HOMO bands. Finally, note that the interactions along the
step-chains are twice larger than those along the slipped stacks.
Both types of interactions are mostly of s-type but, whereas in
the latter the two donors are slipped along the short molecular
axis, two adjacent donors of the step-chain are slipped along

both the short and long molecular axes. This leads to only two
S¼S contacts per interaction along the slipped stacks but three
(as well as some S¼C contacts) along the step-chains and thus,
to the larger bHOMO±HOMO interaction energies.

The important result of Table 3 is that the two different
interactions associated with a given mode of interaction (i.e.,
slipped stacks, chains with lateral contacts and step-chains) are
almost the same. In addition, the bHOMO±HOMO interaction
energies calculated for the prototypic BEDO-TTF layer of
(BEDO-TTF)2.4I3, with a repeat unit of just one donor, are also
very similar (0.1044 for the slipped stacks, 0.2204 for the chains
with lateral contacts and 0.1843 for the step-chains). This
means that, on the basis of the HOMO±HOMO interactions,
and despite some structural differences (i.e., some relative
slidings between adjacent pairs of donors though keeping the
general architecture of the I3-type network) the two salts are

Table 3 Short S¼S (r¡3.70 AÊ ), S¼O (r¡3.35 AÊ ) and C±H¼O (r (H¼O)¡2.72 AÊ ) distances as well as absolute values of the bHOMO±HOMO

interaction energies (eV) in the radical cation layer of (BEDO-TTF)4[Fe(CN)5NO].

Interactiona S¼S/AÊ S¼O/AÊ C ± H¼O/AÊ bHOMO±HOMO

A 3.620, 3.644 ± 2.635 (62), 2.706 (62) 0.0873
B 3.392 (62), 3.428 3.245 (62) ± 0.2129
C ± ± ± 0.1704
D 3.685, 3.690 ± ± 0.1855
E 3.391, 3.414, 3.443 3.203, 3.280 ± 0.2151
F 3.621 (62) ± 2.661, 2.662, 2.671, 2.696 0.0971
aSee Fig. 4a for labeling.

Fig. 5 Temperature dependence of dc resistivity for the (BEDO-
TTF)4[Fe(CN)5NO] single crystals.

Fig. 6 a) Calculated dispersion relations for the HOMO bands of the
donor layers of (BEDO-TTF)4[Fe(CN)5NO], b) calculated Fermi
surface, and c) idealized Fermi surface represented as a series of
superposing ellipses. This Fermi surface is very similar to that which
will be obtained after folding the Fermi surface for a b@-layer with a
single BEDT-TTFz1/2 as repeat unit.

J. Mater. Chem., 2000, 10, 2017±2023 2021



practically identical. Consequently, the Fermi surface calcu-
lated for (BEDO-TTF)4[Fe(CN)5NO] (see Fig. 6b) must be
strongly related to that for (BEDO-TTF)2.4I3 assuming the
same oxidation state for the donor.

As expected from the numerical values of the three different
interaction energies, the Fermi surface for (BEDO-TTF)2.4I3

16

is the typical one for a two-dimensional metal. It is a closed
loop with elliptical shape centered at the (b*/2, 0) point of the
two-dimensional Brillouin zone (b is the repeat vector along the
slipped stacks of this salt).16 We have veri®ed that this shape is
kept for reasonable changes of the BEDO-TTF oxidation state.
The repeat unit for the donor layers of (BEDO-
TTF)4[Fe(CN)5NO] now contains three donors along the
step-chains direction (i.e., (azb), a being the direction along
which the slipped stacks run). Thus the repeat unit is three
times larger than that of the parent layers of (BEDO-TTF)2.4I3

and, consequently, the Brillouin zone should be three times
smaller. This means that the Fermi surface for the donor layers
of (BEDO-TTF)4[Fe(CN)5NO] must be the appropriately
folded version of the ellipse-shape Fermi surface of (BEDO-
TTF)2.4I3 (assuming a z1/2 charge for the donors). The
expected Fermi surface on the basis of this reasoning would
look like that shown in Fig. 6c, which is a slightly idealized
version of the real Fermi surface (see Fig. 6b) where the weakly
avoided crossings have been neglected. Because of the folding,
the ellipses centered at the borderline of the Brillouin zone
parallel to the b*-direction, overlap and, in the real Fermi
surface (Fig. 6b), because of weakly avoided crossings, there is
a formally closed portion centered at X and a pair of very wavy
lines parallel to the b*-direction. This Fermi surface has no
nesting at all and thus it is not expected that (BEDO-
TTF)4[Fe(CN)5NO] can exhibit either charge or spin density
wave type instabilities leading to the total or partial suppres-
sion of the metallic state. In principle, it is predicted that at
least one Shubnikov±deHaas (SdH) frequency should be
observable in magnetoresistance experiments. In view of the
very weakly avoided crossings, even at low magnetic ®elds a
second frequency corresponding to the full ellipse could also be
observable through magnetic breakdown. Since there are 1.5
holes in the two partially ®lled bands (assuming the
stoichiometry proposed here) this frequency should very
closely correspond to a cross section area of three-quarters
of the Brillouin zone. So far it has not been possible to observe
SdH oscillations for this salt, presumably because of the anion
disorder.

The very weakly avoided crossings make immediately
apparent the parentage with the Fermi surface of (BEDO-
TTF)2.4I3. However this is so because of the simultaneous
occurrence of two facts. First, the two donors I and II, and thus
their HOMOs, are very similar. Second, the two different
HOMO±HOMO intermolecular interactions of each type (i.e.,
A and F, B and E,¼) are also very similar. However this is not
necessarily the case for any BEDO-TTF b@-type lattice. The
shape of the anion can force stronger differences which can lead
to stronger avoided crossings making the relationship with the
ellipse-like shape less apparent. Also, the shape of the anion
can lead to unit cells with different number of molecules and
thus different types of folding can be needed to generate the
appropriate Fermi surface from the parent I3-type one. Since
most frequently the ellipses will overlap, quite different shapes
for the real Fermi surfaces can be obtained after taking into
account the avoided crossings. Let us note that even two salts
which are structurally and electronically as similar as (BEDO-
TTF)4[Fe(CN)5NO] and (BEDO-TTF)2.4I3 can lead to differ-
ences in their Fermi surfaces that, if it were not for disorder
related problems, could have been observed in magnetoresis-
tance experiments. The analogies and differences between the
Fermi surfaces of different b@-type BEDO-TTF salts certainly
would be very interesting to study. A general theoretical study

of the possible Fermi surface shapes for b@-type BEDO-TTF
salts will be discussed elsewhere.49

Conclusion

The crystal and electronic structures as well as the Raman
spectra of the new radical cation salt (BEDO-
TTF)4[Fe(CN)5NO] have been studied. The present work
makes clear that despite using the same electrocrystallization
conditions, the nature of the donor has a strong in¯uence on
the composition and stoichiometry of the nitroprusside anion
salts.31 The singly charged inorganic cations (M) of the
M2[Fe(CN)5NO]?2H2O electrolytes enter into the composition
of the BEDT-TTF salts while the BEDO-TTF salts do not
incorporate these cations. Essentially, the (BEDT-
TTF)4M[Fe(CN)5NO]2 (M~Na, K, Rb, NH4, Tl, Cs) salts
contain triply charged anions (stoichiometry 4 : 32) and the
(BEDO-TTF)4[Fe(CN)5NO] salt contains a doubly charged
anion (stoichiometry 4 : 22). (BEDO-TTF)4[Fe(CN)5NO] is a
two-dimensional organic metal stable to very low temperatures
although it is not superconducting above 1.3 K. It does not
exhibit SdH oscillations in a magnetic ®eld. The lack of
superconductivity and SdH oscillations are probably related to
the disorder of the anions.

(BEDO-TTF)4[Fe(CN)5NO] is a new member of the family
of BEDO-TTF-based radical cation salts with the so-called I3-
or b@-type donor layers.23,24 Many BEDO-TTF salts with
inorganic and organic anions so far structurally analyzed
posses this very special donor molecular packing pattern. The
origin of this phenomenon can be attributed to the existence of
short (and strong) C±H¼O intermolecular hydrogen bonding
contacts,4,50 to the BEDO-TTF low ionization potential and
the ability of its self-aggregation.9,51 However it is noteworthy
that in spite of the similarity of the b@-type donor molecule
packing motifs the salts exhibit different electroconducting
properties.

Many BEDO-TTF-based organic metals with this type of
radical cation layers have been prepared and characterized but
only two of them (BEDO-TTF)3Cu(NCS)3

5 and (BEDO-
TTF)2ReO4?H2O7,8 have been found to be superconductors.
The radical cation salts (BEDO-TTF)2.4I3,2,19 (BEDO-
TTF)2Cl(H2O)3§,15 (BEDO-TTF)10[C(CN)3]4(H2O)3,16

(BEDO-TTF)4(SQA)(H2O)6
16 and (BEDO-TTF)2Br(H2O)3

19

are stable metals down to 1.3±4.0 K. But the radical cation salts
(BEDO-TTF)2AuBr2,4 (BEDO-TTF)2ClO4

5 (BEDO-
TTF)5[CsHg(SCN)4]2

22 and (BEDO-TTF)4[C4N6]H2O20 exhi-
bit a M±I transition at 260, 200, 85 and 8 K, respectively. Our
analysis of the electronic structure of the (BEDO-
TTF)4[Fe(CN)5NO] salt suggests that the Fermi surface of
all these systems must be strongly related. However, the shape
and chemical nature of the counter ions, which can vary the size
of the unit cell as well as lead to changes in the values of the
transfer integrals, can lead to subtle but signi®cant differences
in the band structure and Fermi surface of this type of BEDO-
TTF salts despite their common origin.

Finally, it is important to remember that we have been able
to determine the (BEDO-TTF) sublattice in the crystal
structure of (BEDO-TTF)4[Fe(CN)5NO] and we could not
observe any superlattice. Note, that for a related chemical
system, namely BEDO-TTFzRb2[Fe(CN)5NO]?2H2O±
TCEz5% EtOH, we obtained single crystals with a super-
lattice (a~4.1564, b~21.00, c~39.062 AÊ ) and some diffuse

§There are two crystal modi®cations of hydrated BEDO-TTF chloride.
Both are stable organic metals down to 1.3 K but have different types
of conducting layers and different counterion networks.15 One of
them11±13 was earlier classi®ed as ``Cl''-type16 (or h-type24). But now
that the b@-type has also been found for (BEDO-TTF)2Cl(H2O)3, the
Cl-type descriptor does not look quite appropriate.
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lines. According to microprobe X-ray analysis this salt
incorporates into its composition TCE solvent molecules.
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