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New bis(ethylenedithio)tetrathiafulvalene BEDT-TTF radical

cation salts with the [RuNOX5]
2� (X=Br, Cl) anions have been

synthesized. The crystal structures of j-(BEDT-TTF)4

[RuNOBr5] . C6H5CN (1): a=8.747(2), b=12.088(1), c=
17.300(2) (A, a=95.63(1), b=91.93(2), c=94.79(2)1, V=

1812.3(5) (A3, P %1; Z=1 and d-(BEDT-TTF)4[RuNOCl5]1.33

(2): a=6.721(1), b=15.016(2), c=35.386(3) (A, a=92.804(8),

V=3567.0(8) (A3
, I2/c, Z=2 have been determined. Their

electronic band structures and transport properties have been

studied. The radical cation salts j-(BEDT-TTF)4

[RuNOCl5] �C6H5CN (3) and d-(BEDT-TTF)4[RuNOBr5] (4)

have also been found to exist and are isostructural to 1 and 2,

respectively. Evidence for commensurate and incommensurate

structural modulations was found for 2 and 4, respectively. The

crystals of 1 and 3 are semiconductors while those of 2 and 4

exhibit an M–I transition at 50 and 80 K, respectively. # 2002

Elsevier Science (USA)

Key Words: organic conductors; radical cation salts; mono-

nitrosyls; X-ray and band structure.

1. INTRODUCTION

In the last few years, an increased interest has been
devoted to hybrid multifunctional materials combining
different physical properties: conductivity (or supercon-
ductivity) and magnetism [1–4], magnetism (or conductiv-
ity) and nonlinear optical properties [5–8], magnetism and
photochromism [9], etc. One of the main goals of our
recent work in this direction has been the search for a
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possible interplay between conductivity and photochro-
mism in molecular conductors by incorporating photo-
chromic metal complex anions into the radical cation salts
of typical organic p-donors. This can provoke a specific
interaction among the conducting and photochromic
groups in the same crystal and thus lead to the creation
of a novel electronic system in which the properties
of the anions are correlated cooperatively to the electron
transport. In this context, we have recently studied
radical cation salts of organic p-donors like BEDT-
TTF (bis(ethylenedithio)tetrathiafulvalene), BEDO-TTF
(bis(ethylenedioxy)tetrathiafulvalene), EDT-TTF (ethyle-
nedithiotetrathiafulvalene), DOET (dioxanediyldithioethy-
lenedithiotetrathiafulvalene), TTT (tetrathiotetracene)
and TSeT (tetraselenotetracene) with the [FeNO(CN)5]

2�

nitroprusside (NP) anion (10–16). The TTF (tetrathiaful-
valene), BET-TTF (bisethylenethiotetrathiafulvalene),
BEST (bis(ethylenedithio)tetraselenafulvalene) and BETS
(bis(ethylenediseleno)tetrathiafulvalene) radical cation
salts with NP anions are also known [17–20].

Metal mononitrosyl complexes, such as Na2[NP] � 2H2O,
have been found to possess extremely long-living electronic
excited states which can be induced by irradiation
with light in the 350–580 nm wavelength range under
liquid nitrogen temperature [21–26]. Such complexes
can be used as building blocks for the preparation
of new molecular conductors. In this contribution, we
would like to report on the synthesis, crystal and electronic
structures as well as transport properties of new
mixed valence BEDT-TTF radical cation salts with
the photochromic metal mononitrosyl complexes
[RuNOX5]

2� (X=Br, Cl) as counterions. The completely
ionic radical cation salts with these anions, (BETS)2

[RuNOBr5] and (BETS)2[RuNOCl5] have been previously
obtained [20].
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2. EXPERIMENTAL

2.1. Synthesis

The radical cation salts were synthesized on a platinum
wire electrode by the standard electrochemical oxidation of
the donor in an H-shaped cell under low constant current
(I ¼ 0:421 mA). The crystallization times vary from 6 to 20
days, depending on the salt. The conditions for the
synthesis of the radical salts are summarized in Table 1.

2.2. X-ray Crystal Structure Analysis

The single crystals were initially studied by the X-ray
photomethod (rotation and Weissenberg photographs) and
then the crystals of 1 and 2 were mounted on an Enraf
Nonius CAD4 diffractometer. Unit-cell parameters and the
orientation matrix were determined by a standard least-
squares refinement (Enraf Nonius CAD4 software) of the
setting angles of 25 automatically centered reflections.
Data collection was performed by the o-scan technique
[l(MoKa)=0.71073 (A, graphite monochromator] at room
temperature. Numerical data corrections were applied for
Lorenz, polarization and absorption (for the crystal 2, by
the program DIFABS in AREN) effects. Selected experi-
mental parameters and crystal data are listed in Table 2.
The structures were solved by direct methods using the
AREN program [27], followed by a Fourier synthesis, and
refined using the SHELXL-93 program [28]. All atoms
except hydrogen were refined anisotropically.
TABL

Conditions for the Synthesis and Conducting

Salt Reagents

BEDT-TTF (0.015 g)

(1) Cs2[RuNOBr5] (0.037 g)

k-(BEDT-TTF)4[RuNOBr5] �BN 18-crown-6-ether-6 (0.026 g)

(2) BEDT-TTF (0.015 g)

d-(BEDT-TTF)4[RuNOCl5]1.33 K2[RuNOCl5] (0.0175)

or 18-crown-6-ether-6 (0.026 g)

(BEDT-TTF)3[RuNOCl5] or

BEDT-TTF (0.015 g)

(Bu4N)2[RuNOCl5] (0.037 g)

(3) BEDT-TTF (0.015 g)

k-(BEDT-TTF)4[RuNOCl5] �BN (Bu4N)2[RuNOCl5] (0.037 g)

(4) BEDT-TTF (0.015 g)

d-(BEDT-TTF)4[RuNOBr5]x Cs2[RuNOBr5] (0.037 g)

ðxB1Þ 18-crown-6-ether-6 (0.026 g)

aMeasured in the ab plane.
bBNFbenzonitrile, C6H5CN.
cNBFnitrobenzene, C6H5NO2.
dMeasured along the c*-axis.
2.3. Electrical Resistivity Measurements

The d.c. resistivity measurements over the range 4.2–
300 K were performed by the standard four-probe method
on the best developed face of several single crystals (in the
ab plane) of each sample. In the case of crystal 3, the d.c.
measurement was performed along the c-axis since the ab
plane was not enough developed. Contacts to the crystals
were glued with a graphite paste using 10–20 mm diameter
platinum wires.

2.4. Band Structure Calculations

The tight-binding band structure calculations were based
upon the effective one-electron Hamiltonian of the
extended H .uckel method [29]. The off-diagonal matrix
elements of the Hamiltonian were calculated according to
the modified Wolfsberg–Helmholz formula [30]. All
valence electrons were explicitly taken into account in the
calculations and the basis set consisted of double-z Slater-
type orbitals for C and S and single-z Slater-type orbitals
for H. The exponents, contraction coefficients and atomic
parameters for C, S and H were taken from previous
work [31].

3. RESULTS AND DISCUSSION

The radical cation salts were obtained by electrochemical
oxidation of a solution containing the neutral BEDT-TTF
donor and the corresponding complex anion [RuNOBr5]

2�

or [RuNOCl5]
2�. To make these two anions soluble, we
E 1

Properties of the Radical Cation Salts 1–4

Solvent T ; 1C srt
a, S cm�1

BNb (20 ml) 10 1.2

C2H5OH (2 ml)

NBc (20 ml) 25 14–16

C2H5OH (2 ml)

25

BN or NB (20 ml)

BN (20 ml) 10 3� 10�3d

BN or NB (20 ml) 18 12

C2H5OH (2 ml)



TABLE 2

Crystal Data and Structure Determination Details for the

Radical Cation Salts j-(BEDT-TTF)4[RuNOBr5] . C6H5CN (1)

and d-(BEDT-TTF)4[RuNOCl5]1.33 (2)

1 2

Chemical formula C47H37Br5N2

ORuS32

C40H32Cl6.65N1.33

O1.33Ru1.33S32

Formula weight 2172.3 1948.7

a ( (A) 8.747(2) 6.721(1)

b ( (A) 12.088(1) 15.016(2)

c ( (A) 17.300(2) 35.386(3)

a (deg) 95.63(1) 92.804(8)

b (deg) 91.93(2) 90

g (deg) 94.79(2) 90

V ( (A3) 1812.4(5) 3567.0(8)

dcalc: (g cm�3) 1.990 1.814

Space group P%1 I2/c

Z 1 2

m (cm�1) 39.34 15.10

2ymax (deg) 50 40

Reflections collected 3662 2878

Independent reflections, I > 2sðIÞ 3352 1466

Rav: 0.0208 0.0110

No. of variables 476 216

R 0.0445 0.0350

Rwp 0.0823 0.0934

S 1.135 1.113
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have followed two different procedures. One involves the
prior preparation of the tetrabutylammonium salt of the
anion which is already soluble in the common organic
solvents. The other starts from a suspension of an alkaline
salt (K+ or Cs+) of the anion which is made soluble by
addition of crown ether and ethyl alcohol. Radical cation
salts grew as shiny, black, plate-like single crystals of
different size. The electrocrystallization temperature has a
critical effect on the composition of the salts (k- or d-
phases, see Table 1), while the solvents and electrolytes
used influence only the quality and size of the crystals.

3.1. k-(BEDT-TTF)4[RuNOBr5] �BN (1)
and k-(BEDT-TTF)4[RuNOCl5] �BN (3)

A projection of the crystal structure of 1 along the a-
direction is shown in Fig. 1a. The structure consists of
radical cation layers parallel to the ab plane, alternating
with layers of the [RuNOBr5]

2� anions and solvent
molecules, benzonitrile (BN, C6H5CN). The octahedral
non-symmetrical anions are located at inversion centers
and the non-symmetrical molecules of BN occupy inver-
sion centers too. The Ru–Br bond length trans to the
nitrosyl group (2.457(9) (A) is shorter than the average cis-
(Ru–Br) bond length of 2.522(1) (A. The Ru–N–O group is
approximately linear, with an Ru–N–O bond angle of
180(4)1 and a Ru–N bond distance of 1.76(2) (A. The values
of the cis-(Ru–Br) and Ru–N bond lengths as well as the
Ru–N–O angle are in good agreement with the correspond-
ing values in K2[RuNOBr5], 2.517(3), 1.724 (17) (A and
174.4(1.3)1, respectively (32). However, the trans-(Ru–Br)
bond length seems to be shorter [2.511(3) (A in
K2[RuNOBr5]] due to the statistical distribution of the
trans Br and NO ligands.

The projection of the radical cation layer along the
BEDT-TTF long molecular axis is shown in Fig. 1b. As in
all k-phase salts, the radical cation layer is formed by
dimers of the BEDT-TTF donors oriented in a roughly
orthogonal manner (the angle is about 81.06(7)1). The
radical cation layers are build from two types of
centrosymmetric dimers I–Ii and II–IIi with interplanar
distances 3.71 and 3.46 (A, respectively. The dimers have
different overlap modes (Fig. 2). It should be noted that
there are a number of short cation–anion and cation–
solvent contacts. Most of the contacts are associated with
the cation radical II: S?Br 3.699 (A, C?Br 3.50, 3.61,
3.66, 3.71 (A, S?O 3.32 (A, C?O 3.21 (A (cation–anion)
and S?C 3.50 (A, S?N 3.25 (A, C?N 3.25 (A (cation–
solvent), whereas only two contacts S?Br 3.586 (A and
C?Br 3.58 (A are associated with the radical cation I. It
should be noted that there is some intrinsic disorder in the
crystal 1, related to the orientation disordering of the
ethylenedithio groups of both BEDT-TTF at room
temperature and to the random orientation of solvent
molecules, C6H5CN.

The conductivity of 1 at room temperature is
D1.2O�1 cm�1 (Table 1). The temperature dependence of
the normalized resistivity, measured in the ab plane of the
crystals, which is parallel to the donor layers, is displayed
in Fig. 3. The resistivity increases upon cooling the sample,
indicating a semiconducting behavior. From a logarithmic
plot of the resistivity, we can estimate an activation energy
ðEaÞ of 0.04 eV.

The repeat unit of the BEDT-TTF layers contains four
donors. Thus, as shown in Fig. 4, the calculated band
structure for a donor layer of 1 contains four bands built
from the highest occupied molecular orbital (HOMO) of
the donors. As mentioned, the layers contain two different
donor molecules although from both structural and
electronic viewpoints these donors are quite similar (i.e.,
the difference in the central CaC bond lengths (1.363
(donor I) and 1.353 (donor II)) does not exceed 0.01 (A and
the difference in energy of their HOMOs is only 0.03 eV). It
is then surprising to see that the general shape of the band
structure is quite different from that of the usual k-phases
[33]. The reason for that can be understood when looking
at the strength of the different bHOMO–HOMO interaction
energies [34] of Table 3. Whereas in the usual k-phases, the
strength of the HOMO?HOMO interaction for the two
dimeric units is the same (when imposed by symmetry) or



FIG. 1. Crystal structure of k-(BEDT-TTF)4[RuNOBr5] �BN (1): (a) Structural projection along the a-direction, (b) projection of the radical cation

layer along the long molecular axis in which the different donor?donor interactions are labeled.
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FIG. 2. Side and top views of the overlap modes for the two different

donor?donor dimeric units in k-(BEDT-TTF)4[RuNOBr5] �BN (1):

(a) dimer I–Ii and (b) dimer II–IIi.
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FIG. 3. Temperature dependence of the relative resistivity for a single

crystal of k-(BEDT-TTF)4[RuNOBr5] �BN (1).
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FIG. 4. Band structure for a donor layer of k-(BEDT-TTF)4[Ru

NOBr5] �BN (1), where the dashed line refers to the Fermi level assuming

a metallic filling of the bands: G ¼ ð0; 0Þ; X=(a*/2, 0), Y=(0, b*/2),

M=(a*/2, b*/2), and S=(�a*/2, b*/2).
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very similar [33], in the present case one of the two is
almost three times larger (see interactions A and B in Table
3). This can be easily understood when the intra-dimer
overlap modes are considered. As shown in Fig. 2, there is
a large difference in the displacement along the long
molecular axis of the donor for the two dimeric units.
When the displacement is small, the four pairs of inner
sulfur atoms (i.e., those having a strong contribution to the
HOMO) are almost on top of each other. The more
favorable overlap mode and shorter inter-planar distance
(3.46 vs 3.71 (A) lead to quite shorter S?S contacts (cf.
interactions B and A in Table 3) and result in a
considerably stronger interaction for dimer II–IIi. Ulti-
mately, the difference in electronic structure with other
k-phases can thus be traced back to the different kind
of interactions of the two BEDT-TTF donors (I and II)
with the anion and solvent molecules discussed above.

Coming back to the band structure of Fig. 4, let us note
that if it was not for a small overlap in the region of Y and
M (or equivalently, S), there would be an energy gap
between the two upper bands. Given the stoichiometry of
the salt, there must be two holes in the four HOMO bands
of Fig. 4. Consequently, the small overlap between the two
bands leads to the appearance of hole pockets around Y
and electron pockets around M: The size of these pockets
is quite small, of the order of 2.5% of the cross section of
the first Brillouin zone and thus, 1 should exhibit a typical
semimetallic behavior. In principle, the apparent contra-
diction between the conductivity and band structure results
can be explained if we take into account the small number
of carriers and the disorder affecting the anions, solvent
molecules and donors. In such circumstances, an Ander-
son-like localization leading to the activated behavior of
the conductivity would be quite likely. Alternatively, it



TABLE 3

Absolute Values of the bHOMO–HOMO Intermolecular Inter-

action Energies (eV) and S?S Distances Shorter than 3.9 (A for

the Different Donor?Donor interactions in j-(BEDT-TTF)4

[RuNOBr5] . BN (1)

Interaction typea S?S distances ( (A) bHOMO�HOMO (eV)

A 3.753 (� 2), 3.896 (� 2) 0.2333

B 3.617 (� 2), 3.619 (� 2) 0.6185

C 3.632, 3.845 0.1140

D 3.715, 3.898 0.0262

E 3.701, 3.834, 3.839 0.1206

F 3.695 (� 2), 3.848 0.1989

G 3.482, 3.607, 3.625, 3.690, 3.840 0.0195

H 3.489 (� 2), 3.792 (� 2), 3.801 (� 2) 0.0991

aSee Fig. 1b for labeling.
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could be thought that some computational inaccuracy
(either due to the computational details themselves or to
some structural parameter which as a consequence of the
disorder was not determined precisely enough) could be at
the origin of the contradiction. However, a study of the
nature of the two upper bands in Fig. 4 suggests that
neither of the two explanations is probably quite correct.
The upper band is mostly built from the HOMO of the
BEDT-TTF donors leading to very strong interaction (i.e.,
the participation of the HOMOII amounts to practically
85%). This means that if this upper band is empty (second
explanation) or nearly empty (first explanation), the
BEDT-TTF donors leading to the stronger and weaker
interactions must be considered as (BEDT-TTF)+ and
(BEDT-TTF)0, respectively. However, this is in contrast
with the already noted structural and electronic similarity
between the two BEDT-TTF donors. These results suggest
that the band description of the electronic structure of 1 is
not appropriate. Most likely, a localized description in
which one electron is located in each of the two types of
dimers is more appropriate and naturally explains the
activated conductivity as well as the similarity in the two
donors.

It is worth noting that the crystal structure of 1 reminds
very much that of k-(BEDT-TTF)4PtCl6 �BN, which
undergoes a first-order transition at 250 K [35–37].
Probably, the crystals of 1 can also have some phase
transition at high temperatures. Indeed, our preliminary
results concerning the heating of the samples show that
there is a drastic change in the conductivity of the crystals
at around 345 K. A high-temperature X-ray study is needed
in order to confirm our assumption of a possible phase
transition.

According to X-ray diffraction work (rotation and
Weissenberg photographs) the radical cation salt 3 is
isostructural to 1. Unfortunately, it was not possible to find
a single crystal of good enough quality to carry out the
complete structural determination.

3.2. d-(BEDT-TTF)4[RuNOCl5]1.33 (2)
and d-(BEDT-TTF)4[RuNOBr5]x (xB1) (4)

Only the average structure could be determined for 2.

The unit-cell parameters are reported in Table 2. Evidence
for a commensurate and incommensurate structural
modulation was found from the appearance of satellite
reflections corresponding to 3a and 2.5a for 2 and 4,
respectively. Most probably, the structural modulation is
related to the anions’ position. The satellite reflections had
a diffuse character. The complete pattern of intensities for
the crystals 2 could be indexed with the primitive triclinic
supercell a0=20.15(3), b0=16.48(2), c0=37.75(3) (A, a0=
71.21(1), b0=90.05(1), g0=114.23(1)1, V=10700(2) (A3, Z=
6{(BEDT-TTF)4[RuNOCl5]1.33} or 8{d-(BEDT-TTF)3

[RuNOCl5]}.
Figure 5a shows the crystal structure of 2 viewed along

the a-axis. The structure is characterized by BEDT-TTF
radical cation layers alternating with anion layers along the
c-direction. The non-symmetrical anions [RuNOCl5]

2�

occupy inversion centers. We were unable to unambigu-
ously distinguish the N–O and Cl ligands because they are
statistically distributed over two coordination positions.
Nevertheless, we could identify the Cl ligands which are
trans and cis with respect to the nitrosyl group. The
[RuNOCl5]

2� anion is a slightly disordered octahedron
with a trans-(Ru–Cl) bond length of 2.357(2) (A and cis-
(Ru–Cl) bond lengths of 2.384(3) and 2.391(4) (A. These
bond lengths are in good agreement with the corresponding
values reported for K2[RuNOCl5] (i.e., trans-(Ru–Cl):
2.359(2) (A and cis-(Ru–Cl)av: 2.372(8) (A) [38] as well as
for Na2[RuNOCl5] � 6H2O (i.e., trans-(Ru–Cl): 2.352(3) (A
and cis-(Ru–Cl): 2.372–2.393(4) (A) [39]. Note that an
average equatorial Ru–Cl distance of 2.381(2) (A was found
in the radical cation salt (BETS)2[RuNOCl5] [20].

The radical cation layer is shown in Fig. 5b. The layer is
of the d-type and built from BEDT-TTF stacks running
along b. The molecular planes of the donors within the
stacks are parallel to each other. However, the long
molecular axes are not parallel but rotated with respect
to each other about a normal to the plane. According to
the stoichiometry, the nature of the bond lengths and the
angle distribution, the donors should correspond to
(BEDT-TTF)0.67+. Indeed, the central CaC bond length
(1.369(7) (A) is very close to the average value of the
corresponding bond (1.370(5) (A) in the stable organic
metal based on BEDT-TTF and the doubly charged
(CuCl4)

2� anion, (BEDT-TTF)3CuCl4H2O (40).
The calculated band structure for the donor layers of 2 is

shown in Fig. 6a and the absolute values of the
bHOMO�HOMO interaction energies (34) are reported in



FIG. 5. Crystal structure of d-(BEDT-TTF)4[RuNOCl5]1.33 (2): (a) structural projection along the a-direction, (b) projection of the radical cation

layer showing the different donor?donor interactions.
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FIG. 6. (a) Band structure and (b) Fermi surface calculated for a

donor layer of d-(BEDT-TTF)4[RuNOCl5]1.33 (2). The dashed line in (a)

refers to the Fermi level and G ¼ ð0; 0Þ; X=(a*/2, 0), Y=(0, b*/2) and

M=(a*/2, b*/2).

TABLE 4

Absolute Values of the bHOMO�HOMO Intermolecular Inter-

action Energies (eV) and S?S Distances Shorter than 3.9 (A for

the Different Donor?Donor Interactions in d-(BEDT-TTF)4

[RuNOCl5]1.33 (2)

Interaction typea S?S distances ( (A) bHOMO–HOMO (eV)

A 3.791 (� 2), 3.818, 3.865 0.2468

B 3.741 (� 2) 0.0718

C 3.697 (� 2), 3.769 (� 2), 3.863 (� 2) 0.2828

D 3.463, 3.490, 3.555 (� 2), 3.860 0.1155

E 3.962b 0.0492

aSee Fig. 5b for labelling.
bShortest S?S contact.
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Table 4. The repeat unit of the layer contains four
donor molecules and consequently, near the Fermi
level there are four bands mainly built from the HOMO
of the donors. According to the average charge of the
donors (+2/3), the four HOMO bands must contain 2.66
holes leading to the partial filling of the two upper bands.
The dispersion of these partially filled bands is comparable
to those of other metallic d-type BEDT-TTF salts
calculated with the same method and, consequently, 2 is
predicted to be metallic. The calculated Fermi surface is
shown in Fig. 6b and can be described as a series of
superposed rounded rhombuses. The area of the full
rounded rhombus is determined by the stoichiometry of
the salt and is 66% of the cross-sectional area of the first
Brillouin zone, whereas the area of the small overlapping
region is 5.2%. Thus, both the crystal and electronic
structure of this radical cation salt are suggestive of a two-
dimensional (2D) organic metal. This can be rationalized
on the basis of the bHOMO�HOMO interaction energies of
Table 4. From the viewpoint of the HOMO?HOMO
interactions, the donor layers of 2 can be described as a
series of parallel chains of twisted dimers (interactions
?A?C?A?C?) interacting considerably through the
side-by-side interactions D and to a lesser extent through
interactions B and E. Thus, a 2D metallic behavior is
expected for 2.

Regarding salt 4, on the basis of the analysis of single
crystal rotation and Weissenberg photographs, it was
found that it is isostructural with 2, although it has a
different structural modulation. Unfortunately, we could
not determine the complete crystal structure of 4. However,
the donor-to-anion ratio was determined to be approxi-
mately 4:1 on the basis of some crystallochemical
considerations taking into account the size of the
[RuNOCl5]

2� and [RuNOBr5]
2� anions, their commensur-

ability with the radical cation building block, and the
different types of structural modulation.

The normalized resistivity for single crystals of 2 and 4 in
the ab plane is shown in Fig. 7. The resistivity of d-(BEDT-
TTF)4[RuNOCl5]1.33 very slightly grows down to B50 K
(EaD0:006 eV) and then begins to increase sharply (metal-
to-insulator transition). It was also found that the room
conductivity and the R vs T curve measured along the a-
and b-axis are very similar. Thus, the conductivity in the ab
plane of d-(BEDT-TTF)4[RuNOCl5]1.33 is practically iso-
tropic. In the case of d-(BEDT-TTF)4[RuNOBr5]x, a sharp
increase of the resistivity occurs at a higher temperature
(B80 K) and the resistivity grows in a steeper way down to
80 K (EaD0:02 eV).

These results bring to the forefront two questions. First,
why these salts having 2D conducting layers exhibit an M–I
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transition? Second, what is the reason for the difference in
transition temperatures? A considerable number of radical
cation salts with a d-type packing of the conducting layer
are presently known [41]. They exhibit different electrical
behaviors which range from metallic to insulating. Only
two of them, (BEDT-TTF)4Cl2 � 4H2O [42] and (BEDT-
TTF)2Br � 3H2O [43], show metallic behavior down to very
low temperatures (20 and 4 K, respectively). Some of them,
like (BEDT-TTF)4Cl2 � 6H2O (44), (BEDT-TTF)2

BrC2H4(OH)2 [45] and d-(BEDT-TTF)2PF6 [46] exhibit
M–I transitions (at 150, 196 and 297 K, respectively). In all
d-salts, the conducting layer is formed by the BEDT-TTF
stacks, which run along the direction with a lattice
parameter of 14.854–14.993 (A (in our case the a-direction),
whereas the main short interstack S?S contacts occur in
the transverse direction with a lattice parameter of 6.607–
6.684 (A (in our case the b-direction). According to several
band structure calculations, these salts are considered to be
organic quasi-1D metals with a maximum conductivity
along the short inter-stack direction [41]. On the basis of
this observation, a unified view of the electronic structure
of the d-type phases, in which the metal-insulator transi-
tions result from a Fermi surface instability due to nesting
of the Fermi surface, was suggested [41]. However, the
present work casts some doubts on the generality of such
proposal. The Fermi surface of Fig. 6 clearly shows that
this is not the case for d-(BEDT-TTF)4[RuNOCl5]1.33

because the Fermi surface does not exhibit a nesting vector
which could justify an M–I transition. This Fermi surface
agrees very well with the already discussed isotropic
behavior of the conductivity within the ab plane. Let us
remind that 2D Fermi surfaces have also been reported for
d-(BEDT-TTF)2AuI2 [47, 48] and (BEDT-TTF)2Br � 3H2O
[43]. In addition, let us point that the modulation for 2 was
already observed at temperatures well above the M–I
transition so that it must originate from a different
phenomenon than that leading to the loss of the metallic
properties. Presumably, the presence of disorder and/or the
different periodicity of the anions and the donor arrange-
ment must be related to the M–I transitions at around 50 K
(2) and 80 K (4). However, the way in which the
modulation of the anion sublattice can influence the
behavior of the conducting electrons (in the presence of
disorder) is not at all clear at the present time. The
agreement between the conductivity and band structure
results clearly validates the Fermi surface of Fig. 6 and
suggests that the previously proposed 2D Fermi surfaces
for several d-phases must not necessarily be an artifact due
to the overestimation of the interactions along the stacking
axis (here the a-direction), as previously suggested (41). In
any case, our results clearly rule out that nesting in a
pseudo-1D Fermi surface is the origin of the M–I transition
for 2.

With respect to the second question, let us note that even
if some kind of chemical pressure effect could be proposed
as being at the origin of the different M–I temperatures, it
should be taken into account that the main structural
building block of these salts, (BEDT-TTF)4, has a different
charge for the two salts, þ2

3
and þ1

2
for 2 and 4,

respectively. In the absence of a complete crystal structure
for 4, we have estimated the hypothetical Fermi surface
assuming that a rigid band scheme works for the two
isostructural salts 2 and 4. The different filling leads also to
a different Fermi surface because now, as it can be easily
understood from Fig. 6a, the Fermi level does not cut the
G2X direction anymore. Thus, the Fermi surface is not
made from overlapping rounded rhombuses but from two
pairs of open and warped lines parallel to the a*-direction.
Even with all the reservations by which such a Fermi
surface should be taken, this result suggests that the two
salts could be more different from the electronic than from
the structural viewpoints. Let us remind that the two salts
have also different types of structural modulation. Without
a better knowledge of both the structure of 4 and the
influence of the modulation over the conducting electrons
in these d-salts, an answer to the second question above
would be premature.

In conclusion, the results concerning the new d-type salts
reported here suggest that we are still far from a sound
understanding of the structural and physical behavior of
this large class of organic conductors. Further work along
this line is certainly needed.
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