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a b s t r a c t

Electrochemical oxidation of bis(ethylenedithio)tetraselenafulvalene (BETS) has been investigated.

Simple and complex dicyanamides of transition metals (Mn2þ , Ni2þ and Fe2þ) were used as

electrolytes. The correlation between composition of prepared radical cation salts and metal nature

in electrolytes was established. Manganese dicyanamides provide the formation of BETS salts with the

{Mn[N(CN)2]3}- and [N(CN)2]-XH2O anions. When Ni- or Fe-containing electrolytes were used only

metalless BETS salts, a00-BETS2[N(CN)2] �2H2O (I) and y-BETS2[N(CN)2] �3.6H2O (II), formed. Structures

and conducting properties of these salts were analyzed. Both salts exhibit layered structure. Conducting

radical cation layers have a00 (I)- or y-type (II). Anion sheets appear as two-dimensional polymer

networks of different types. These networks are formed by [N(CN)]2
� anions and water molecules

interlinked by hydrogen bonds. Salt I is a semiconductor and II demonstrates resistance drop down

to150 K at normal pressure and down to 72 K at �0.4 kbar pressure.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

In recent years interest has increased in the synthesis and
investigation of hybrid multi-functional compounds combining
conducting and magnetic properties. Very interesting examples of
these are low-dimensional conductors based on radical cation
salts of organic p-donors with paramagnetic metal complex ions
[1–10]. The structure of these hybrid materials is formed by two
subsystems (organic and inorganic) and each manifests different
physical properties. Conductivity is associated with p-electrons of
organic donor layers, whereas magnetism originates from loca-
lized spins of anion layers. A combination of conducting and
magnetic properties in crystals of radical cation salts and synergy
of these properties results in unique molecular materials and new
physical properties. Salts of bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) and its selenium substituted derivative bis(ethylene-
dithio)tetraselenafulvalene (BETS) have been of special interest.
For example, ferromagnetic metals based on BEDT-TTF [1,2] and
antiferromagnetic superconductors based on BETS [7,8] have been
prepared. Moreover, magnetic field-induced superconductivity
has been found in the l-(BETS)2FeCl4 crystals [3,4,7].
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In additional to conventional halide, cyanide and oxalate transi-
tion metal complexes were used as magnetic counter ions in radical
cation salts. In this paper we focus on dicyanamidometallates. These
complexes are characterized by a wide variety of structures and
different magnetic properties such as ferromagnetism, antiferro-
magnetism and paramagnetism, which are dependent on type of
exchange interactions between unpaired d-electrons of metal atoms
through bridging N(CN)2 ligands [11–15]. The character of exchange
interactions between unpaired electrons of metal atoms is, in turn,
defined by the structures of the salts.

When investigating electrochemical oxidation of BEDT-TTF in the
presence of dicyanamides of different metals (Mn2þ , Co2þ , Cr3þ and
Cu2þ) as electrolytes we found that different products form depend-
ing on metal used [15–19]. However, only the use of manganese
dicyanamide, Mn[N(CN)2]2, or a complex salt Ph4PMn[N(CN)2]3

resulted in the formation of radical cation salts with dicyanamido-
metallate anions: (BEDT-TTF)2Mn[N(CN)2]3 [15,19] and (BEDT-
TTF)2MnCu[N(CN)2]4 [19]. Recently, we have synthesized the first
radical cation salt of BETS with the dicyanamidomanganate(II) anion,
k-BETS2Mn[N(CN)2]3, which combines superconducting (Tc¼5.75 K
at P¼0.4 kbar) and antiferromagnetic properties [20–21].
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Correlations between the metal-dielectric phase transition in
the conducting BETS subsystem and the formation of short-range
magnetic ordering in the anion layers were found in this salt near
metal–insulator transition temperature.

Since the k-BETS2Mn[N(CN)2]3 crystals synthesized using the
procedure [20] form along with the crystals of another phase and
their fraction is not large, we continued our experiments on
oxidation of BETS and replaced the solvent and electrolyte used
earlier.

We also investigated simple and complex dicyanamide of
magnetically active metals: Ni[N(CN)2]2 and [(Me3Ph)P]Fe[N(CN)2]3

as electrolytes. Here we report synthesis, crystal structure and
conducting properties of two new BETS dicyanamides, a00-BETS2

[N(CN)2] �2H2O (I) and y-BETS2[N(CN)2] �3.6H2O (II) prepared in the
presence of dicyanamides of Ni and Fe, and the synthesis of the
k-BETS2Mn[N(CN)2]3 crystals grown using the new procedure.
2. Experimental

2.1. Synthesis

2.1.1. Crystals of k-BETS2Mn[N(CN)2]3

The rhomb-like k-BETS2Mn[N(CN)2]3 crystals were synthe-
sized by electrocrystallization of BETS (C1¼0.12�10�3 mol/l) in
the benzonitrile (20 ml)—abs. ethanol (2 ml) at constant current
I¼0.35 mA and 25 1C. The complex (Ph4P)Mn[N(CN)2]3 salt
(C2¼0.5�10�3 mol/l), prepared using the procedure [11], was
used as electrolyte.

2.1.2. Crystals of a00-BETS2[N(CN)2] � 2H2O

The crystals of a00-BETS2[N(CN)2] �2H2O (I) were prepared in
argon atmosphere as black elongated hexagons by electrochemical
oxidation of BETS (C1¼0.25�10�3 mol/l) in 1.1.2-trichloroethane
(20 ml) to which 10 w/w% of abs. ethanol was added. The reaction
was performed at constant current I¼0.3–0.5 mA at 25 1C using a
complex [(Me3Ph)P]Fe[N(CN)2]3 salt (C2¼0.5�10�3 mol/l) as elec-
trolyte [22]. The 0.30–0.70�0.25�0.05 mm3 crystals were grown
on a platinum anode for 3 weeks.

2.1.3. Crystals of y-BETS2[N(CN)2] � 3.6H2O and

a00-BETS2[N(CN)2] �2H2O

The y-BETS2[N(CN)2] �3.6H2O (II) crystals, which appeared as
aggregated irregular hexagons with sharing edge, were obtained
in a mixture with crystals I in argon atmosphere by electrocrys-
tallization of BETS (C1¼0.25�10�3 mol/l) in 1,1,2-trichlor-
oethane (20 ml) to which 10 w/w% of abs. ethanol was added.
The reaction was performed at constant current I¼0.5 mA at 25 1C
in argon atmosphere. Electrolyte consisted of a mixture of the
[(Ph)4P][N(CN)2] and Ni[N(CN)2]2 salts taken at a 1:1 ratio
(C2¼0.5�10�3 mol/l).

2.2. Electron-probe X-ray microanalysis

Preliminary composition of the salts was determined from the
electron-probe X-ray microanalysis (EPMA) on a JEOL JSM-5800L
scanning electron microscope (SEM) at 100-fold magnification
and 20 keV electron beam density. The depth of beam penetration
to the sample was 1–3 mm.

2.3. Single crystal X-ray analysis

X-ray analysis of crystals I and II was performed on a Bruker
APEX-II CCD diffractometer (a tube with a rotating anode FR591,
graphite monochromator, MoKa radiation, l¼0.71073 Å). An
array of experimental intensities of the crystals was refined to
absorption by multiple use of the SADABS program [23]. The
structures were solved by direct method using SHELXS-90 [24]
and refined by the full-matrix least-squares method using SHELX-
97 [25]. Nonhydrogen atoms were refined in anisotropic approx-
imation. For I, parameters of hydrogen atoms of the water
molecule were refined in isotropic approximation and the rest
hydrogen atoms were set geometrically using the ‘‘riding’’ model.

In the structure of II weakly populated and statistically
disordered atomic positions of the [N(CN)2]� anion and oxygen
atoms of the water molecule were revealed in the Fourier
synthesis of difference electron density and refined by the full-
matrix least-squares method taking into account stoichiometric
composition of the salt. Because of weak population of nitrogen
and carbon atoms in the anion and oxygen atoms in the water
molecule, their parameters were refined in isotropic approxima-
tion. For salt II, the parameters of all hydrogen atoms were set
geometrically.

The main crystallographic data and parameters of structure
refinement are presented for both salts in Table 1.

2.4. Resistivity measurements

D.c. measurements were performed using a standard four-
probe technique on an automated set in the 300–4.2 K range.
Platinum wires 10 mm in diameter were glued to the crystal with
DOTITE XC-12 graphite paste.

External pressure was generated by putting the mounted
crystal in a drop of silicone oil GKZ-136. Thus, 0.3–0.4 kbar
pressure was generated in the sample as a result of the difference
between thermal expansion coefficients of the crystal and silicone
oil at low temperatures [26].
3. Results and discussion

3.1. Crystal preparation

Electrochemical oxidation of the donor was performed in differ-
ent solvents such as benzonitrile–absolute ethanol or 1,1,2-trichlor-
oethane–96% ethanol mixtures in the presence of electrolytes
comprising simple and complex metal dicyanamides: (Ph4P)Mn
[N(CN)2]3, [(Me3Ph)P]Fe[N(CN)2]3, (Ph4P)[N(CN)2]þNi[N(CN)2]2.
The crystals were identified by EPMA and X-ray analysis.

It is known that the anion sublattice structure in anionic
M[N(CN)2]3

� complexes depends on a cation, which serves as a
molecular template. Depending on nature of the latter, it is
formed as chains [11,12], layers [11–14] or three-dimensional
networks [14,15]. Thus, the (Pr4N)[Mn[N(CN2)3] salt has a 3D
anionic lattice, which is formed as 2�2�2 perovskite super-
lattice, while that in the (Bu4N)Mn[N(CN2)3] complex is charac-
terized by double bridged (edge-sharing) dimer units, which are
further linked by single N(CN2)-bridges to form a 3D network
[14]. The salt (Ph4P)Mn[N(CN)2]3 [11] has 2D polymeric anion
layers similar to insulating layers in k-BETS2Mn[N(CN)2]3 [20],
which is optimal for k-crystals growth. Neutral Mn[N(CN)2]2 used
as electrolyte in [20] is characterized by 3D rutile-like structure.
This is a premise for poor reproducibility of the method because
of uncontrolled dissociation of neutral salt, which results in a
formation of two phases: k-BETS2Mn[N(CN)2]3 and mainly nee-
dle-like crystals in electrocrystallization of BETS [20]. Therefore,
we substituted Mn[N(CN)2]2 earlier used by us for (Ph4P)Mn
[N(CN)2]3. Electrochemical oxidation of BETS in the presence of
(Ph4P)Mn[N(CN)2]3 in the benzonitrile–abs.ethanol mixture
resulted in a preparation of one type crystals only. X-ray analysis
of the crystals showed them to be identical to k-BETS2Mn
[N(CN)2]3. When benzonitrile was replaced by 1,1,2-trichloroethane,



Fig. 1. Crystal structures of the radical cation salts a00-(BETS)2[N(CN)2] �2H2O (a) and y-(BETS)2[N(CN)2] �3.6H2O (b). Dashed lines by oxygen atoms show direction of

hydrogen bonds formed between dicyanamide anion and molecule water in the anion sheets.

Table 1

Crystallographic data and refined structural parameters for a00-BETS2[N(CN)2] �2H2O (I) n y-BETS2[N(CN)2] �3.6H2O (II).

I II

Empirical formula C22H20N3O2S8Se8 C22H23.2N3O3.6S8Se8

Molecular weight 1246.57 1275.40

T, K 123(1) 153(2)

Crystal size, mm 0.30�0.25�0.05 0.33�0.15�0.03

Crystal system Monoclinic Monoclinic

Space group P2(1)/c P2(1)/c

a, Å 17.506(1) 17.470(2)

b, Å 4.3356(5) 4.2876(5)

c, Å 23.061(2) 11.488(1)

a, deg. 90 90

b, deg. 99.85(1) 98.18(1)

g, deg. 90 90

V, Å3 1724.5(3) 851.8(2)

Z 2 1

rcalcd., g/cm3 2.401 2.486

m, mm�1 8.991 9.108

F (000) 1178 605

Total number of reflections 48 857 8576

Number of independent reflections 3113 1554

Number of observed reflections with IZ2s(I) 2627 1092

Number of refined parameters 256 122

R-factor and wR factor for independent reflections 0.0337/0.0745 0.0625/0.0897

R-factor and wR factor for observed reflections 0.0256/0.0647 0.0309/0.0568

GOF 1.076 1.052
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thin yellowish films grew on the anode. Their composition found
from EPMA and conducting properties corresponded to the
k-BETS2Mn[N(CN)2]3 complex.

Thus, the use of (Ph4P)Mn[N(CN)2]3 electrolyte in both
solvents provides the formation of a single phase only and a solvent
nature strongly affect crystal quality. In contrast to the previously
described procedure, the given procedure is well reproducible in
benzonitrile and allows preparation of high-quality crystals.

Electrochemical oxidation of BETS in the trichloroethane–
ethanol mixture in the presence of mixed electrolyte,
{(Ph4P)[N(CN)2]þNi[N(CN)2]2}, results in the formation of a
mixture of crystals of I and II. EPMA showed the absence of
nickel in composition of crystals of both types. Composition of
crystals was determined by a full X-ray analysis. To understand if
the addition of Ni[N(CN)2]2 affects phase transition of products,
we performed electrooxidation of BETS in similar conditions in
the presence of (Ph4P)[N(CN)2] electrolyte. Crystals of salt I only
were obtained in these conditions. The addition of Ni[N(CN)2]2

probably provides the growth of crystals of phase II.
Unlike electrolytes used by us only nickel dicyanamide dissolves

and dissociates in the trichloroethane-ethanol mixture poorly. This,
possibly, is a reason for the formation of crystals II together with I. It
should be noted that during electrocrystalisation several processes
can take place: dissolution, dissociation of electrolytes, forming of
new metalcomplex anions and growth of crystals of the radical
cation salts. Depending on metal nature of complex dicyanamide
salts their dissociation often accompay forming of new dicyanamide
anions. The combination and competition of these factors often
promotes a formation of several crystal phases of BEDT-TTF and
BETS salts.

Electrocrystallization of BETS using the [(Me3Ph)P]Fe[N(CN)2]3

complex as electrolyte provides formation of crystals whose com-
position showed no iron as it was determined from EPMA. The
crystals were found to be suitable for single-crystal analysis. X-ray
analysis showed that crystals prepared using this procedure is salt I.

3.2. Crystal structures

Radical cation salts I and II are characterized by a layered
structure in which conducting radical cation layers alternate with
inorganic polymer layers formed by dicyanamide anions and
water molecules along the a axis (Fig. 1a and b).

Crystal structure of I is constructed from crystallographically
independent BETS radical cations located in a general position, an
independent water molecule and an independent half of the
[N(CN)2]� anion. The anion is located close to the inversion center



Fig. 2. Radical cation layer in crystals of a00-(BETS)2[N(CN)2] �2H2O (a) and y-(BETS)2[N(CN)2] �3.6H2O (b). Dashed lines show short contact between heteroatoms S and Se.

Table 2
List of short intermolecular contacts in structure of salt a00-BETS2[N(CN)2] �2H2O (I).

Contact Contact length, Å Symmetry operation for

the 2nd atom in contact

Se1ySe3 3.852 (0.000) 1�x, y�0.5, 0.5�z

Se1ySe3 3.872 (0.000) 1�x, yþ0.5, 0.5�z

Se1yS7 3.515 (0.001) 1�x, y�0.5, 0.5�z

Se1yS7 3.658 (0.001) 1�x, yþ0.5, 0.5�z

Se2ySe2 3.774 (0.001) 1�x, 1�y, 1�z

Se2ySe2 3.950 (0.001) 1�x, 2�y, 1�z

Se2ySe4 3.700 (0.001) 1�x, 1�y, 1�z

Se2ySe4 3.872 (0.000) 1�x, 2�y, 1�z

Se3ySe3 3.905 (0.001) 1�x, y�0.5, 0.5�z

Se3ySe3 3.905 (0.001) 1�x, yþ0.5, 0.5�z

Se4yS6 3.716 (0.001) 1�x, 1�y, 1�z

S5yS7 3.589 (0.001) 1�x, y�0.5, 0.5�z

S5yS7 3.495 (0.001) 1�x, yþ0.5, 0.5�z

S6yS8 3.525 (0.001) 1�x, 2�y, 1�z

S8yN10 3.203 (0.011) 1�x, 2�y, 1�z

H1WyN30 2.057 (0.018) x, y, z

H1WyN50 2.147 (0.016) �x, �y, 1�z

H1WyN3’’ 2.086 (0.020) x, y, z

H1WyN5’’ 2.139 (0.020) �x, �y, 1�z

H2WyO0W 1.826 (0.018) �x, y�0.5, 0.5�z

O0WyN30 2.826 (0.012) x, y, z

O0WyN50 2.993 (0.014) �x, �y, 1�z

O0WyN3’’ 2.887 (0.021) x, y, z

O0WyN500 2.952 (0.022) �x, �y, 1�z

O0WyO0W 2.708 (0.006) �x, y�0.5, 0.5�z

Table 3

List of short intermolecular contacts in structure of salt y-(BETS)2[N(CN)2] �3.6H2O (II).

Contact Contact length, Å Symmetry operation for the

2nd atom in contact

Se1–Se1 3.835 (0.001) �X, �0.5þY, �0.5�Z

Se1–Se1 3.835 (0.001) �X, 0.5þY, �0.5�Z

Se1–Se2 3.746 (0.001) X, �0.5-Y, �0.5þZ

Se1–Se2 3.795 (0.001) X, 0.5�Y, �0.5þZ

Se2–S3 3.560 (0.002) X, �0.5�Y, 0.5þZ

Se2–S3 3.584 (0.002) X, 0.5�Y, 0.5þZ

S3–S4 3.553 (0.002) X, �0.5�Y, �0.5þZ

S3–S4 3.555 (0.002) X, 0.5�Y, �0.5þZ

N.D. Kushch et al. / Journal of Solid State Chemistry 184 (2011) 3074–3079 3077
i (0, 0, 1/2), it is disordered in four positions with 0.32 and 0.18
occupancies. One of the two ethylene groups of the BETS molecule is
disordered in the radical cation layer resulting in the appearance of
two conformations, ‘‘staggered’’ and ‘‘eclipsed’’, whose ratio is
0.063:0.937 at 123 K. This ratio is 0.15:0.85 in the BEDT-TTF salt
isostructural to I [16] at room temperature. Disorder in the radical
cation layers lowers upon cooling and the share of ‘‘staggered’’
conformation increases.

Crystal structure of salt II is constructed from a crystallographi-
cally independent half of the BETS radical cation, an independent
one-fourth of the [N(CN)2]� anion and an independent one-ninth of
the water molecule. The radical cation is located at the inversion
center i(0,0,0). In contrast to I, the ethylene groups in the BETS radical
cation of salt II are ordered and show ‘‘staggered’’ conformation.

The [N(CN)2]� anion and water molecules are disordered.
Population of nitrogen and carbon atoms in the anion is 0.25
and population of positions of oxygen atoms is 0.5 and 0.4.
Disordering of anions and water molecules in the crystal structure
of the salt is probably due to two crystal sublattices .The packing
mode of ordered radical cations in crystal II corresponds to crystal
lattice parameters (see Table 1) and packing mode of possibly
ordered [N(CN)2]� anions and water molecules is probably
described in the superlattice with b0 ¼4b.

Conducting layers of a’’-type in crystals I are built up of stacks
A and B of BETS. In stacks of the same type, radical cations are
parallel, equidistant (3.98 Å) and transverse-shifted relative to
each other. In a radical cation layer, the stacks alternate as -A-B-
B-A- with a dihedral angle between average planes of the BETS
molecules from stacks A and B (Fig. 2a) is �1271. Similar values of
angles were found in a’’-(BEDT-TTF)2[N(CN)2] �2H2O [16] and a0-
(BEDT-TTF)2Cu5I6 [27] isostructural to I. Due to shortened con-
tacts between heteroatoms whose value lower than the sum of
van-der Waals radii (Table 2), the radical cations from the
neighboring stacks form ribbons in the unit cell c direction. In
addition to shortened SyS, SySe and SeySe contacts inside the
ribbons, there are similar contacts between radical cations from
the neighboring ribbons (Table 2).

Besides mentioned shortened contacts within conducting
layers, there is also one shortened SyN contact linking radical
cations and dicyanamide groups from the anion layer. The contact
value is 3.203 Å.

Radical cation layers of salt II are of the y-type. They are
formed by stacks located at an angle of 114.61 to each other
(Fig. 2b). The radical cations in the stacks are parallel and the
interplanar distance between the neighboring molecules calcu-
lated for the atoms of the central TTF fragment is 4.1 Å, which is
somewhat higher than that in I. Each radical cation in the stack is
linked by short SyS, SySe and SeySe contacts with the BETS
molecules from the neighboring stacks. The values of short
contacts between heteroatoms are listed in Table 3.
The mode of radical cation overlapping in the stacks is similar
for both salts. This is so-called RA type [28].

The anion layers in both salts are composed of dicyanamide
anions and water molecules (Fig. 3a and b). These layers are of a
different type of two-dimensional networks, which are con-
structed by formation of hydrogen bonds between water mole-
cules and dicyanamide anions.



Fig. 3. Anion layer in the crystals of a00-(BETS)2[N(CN)2] �2H2O (a) and y-(BETS)2[N(CN)2] �3.6H2O (b) in bc plane. View of the hexagonal polymeric net formed by water

molecules in the anion sheets of crystal y-(BETS)2[N(CN)2] �3.6H2O (c).

Fig. 4. Temperature dependence of the resistivity measured parallel to conducting radical cation layers for a00-(BETS)2[N(CN)2] �2H2O (a) and y-(BETS)2[N(CN)2] �3.6H2O (b):

curve 1—resistivity at ambient pressure and curve 2—under a pressure of �0.4 kbar created by cooling in GKZ oil.
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Hydrogen bonds form along two directions (c n b axes) that are
distinguishable in the anion layer of salt I. In the direction of the c

axis, hydrogen bonds link hydrogen atoms of the water hydroxyl
group to terminal nitrogen atoms of the dicyanamide anion
(HW–N or O0W–N). In the transverse direction (along the b axis),
hydrogen bonds (HW–O0W or O0W–O0W) form by the water
molecules only. The values of hydrogen bonds are from 2.057 to
2.147 Å (HW–N) and 2.826–2.952 Å (O0WyN) (Table 2). The
values of hydrogen bonds between water molecules are 1.826
(HW–O0W) and 2.708 (O0W–O0W).

Disordered anion layers in salt II show a different type of
denser packing of the [N(CN)2]� anions and water molecules as
compared with crystals of I (see Table 1). Hydrogen bonds
between the [N(CN)2]� anions and those between water mole-
cules in II form a disordered two- dimensional network (Fig. 3b).
Fig. 3c shows a network with dicyanaimde groups excluded for
clarity. The network consists of hexagonal honeycomb cells
formed by water molecules due to hydrogen bonds between
them. Zig-zag chains of disordered dicyanamide anions are built
in the network along the b axis (Fig. 3b). Unfortunately, because
of strongly disordered anions and water molecules, lengths of the
formed hydrogen bonds cannot be estimated.

In addition to a00-(BEDT-TTF)2[N(CN)2] �2H2O [16] isostructural
to I, one more radical cation salt of BEDT-TTF with a dicyanamide
counter ion, namely, (BEDT-TTF)2[N(CN)2], is known [29]. In con-
trast to crystals I and II, anion layers of the latter salt do not involve
water molecules and consist of isolated ordered dicyanamide
anions only.
3.3. Resistivity measurements

Room-temperature conductivity of crystals I and II measured
in the plane of conducting layers is 0.1–0.5 O�1 cm�1 and
3–5 O�1 cm�1, respectively. With the temperature decrease,
I shows an exponential dependence of resistivity with activation
energy equal to 0.15 eV (Fig. 4a) similarly to that of a’’-(BEDT-
TTF)2[N(CN)2] �2H2O.
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Fig. 1b shows resistivity temperature dependence measured in
the plane of the BETS radical cation layers for the same crystal of salt
II at normal pressure (curve 1) and under pressure (curve 2). At
normal pressure the resistivity of the sample drops to the minimum
at 150 K and then slowly grows increasing by 30 times at 4.2 K.
Under external pressure of �0.4 kbar, the growth of resistivity at
4.2 K decreases by approximately 2 times and temperature of the
minimum shifts to 72 K. Such behavior of resistivity suggests a high
sensitivity of the electronic ground state salt II to external pressure.
It is known that conducting properties of the many BEDT-TTF and
BETS radical cation salts are very sensitive to pressure. In particular,
the metal–insulator transition at �27 K in k-BETS2Mn[N(CN)2]3 is
suppressed if the sample is cooled in a drop of silicon oil [20]
following with a transition to the superconducting state.

It should be noted that no minimum is observed in the R(T)
curve at 150 K in some samples II. Instead of minimum a weak
growth of the resistivity takes place in the range of 300–90 K,
followed by a stronger one below 90 K.
4. Conclusion

Electrochemical oxidation of BETS has been investigated in the
presence of simple or complex dicyanamide salts of Mn (II), Fe(II)
and Ni (II) as electrolytes and a well-reproducible procedure for
synthesis of magnetic superconductor k-BETS2Mn[N(CN)2]3 has
been developed. The correlation between nature of d-metal involved
in the electrolyte molecule and composition and structure of radical
cation salts of BETS was determined. It was found that for Mn
dicyanamides only, the BETS salt with tri(dicyanamido)manganate
anion are obtained, while in the presence of Ni- and Fe-dicyanamide
electrolytes BETS is electrooxidized to form two new BETS dicyana-
mides: a00-BETS2[N(CN)2] �2H2O (I) and y-BETS2[N(CN)2] �3.6H2O
(II). Their crystal structures were determined and conducting
properties were investigated. The salts show layered structure in
which the conducting radical cation layers of a00- or y-type in I and
II, respectively, alternate with nonconducting anion sheets. There
are several short contacts between SyS, SySe and SeySe heteroa-
toms in the radical cation layers. In I one short SyN contact is also
present, which links radical cations and dicyanamide groups of the
anion sheet. The two-dimensional anionic layers in both salts are
composed of [N(CN)2]� anions and water molecules linked by
hydrogen bonds. However, the layers have different structure. The
anion sheet in salt I consists of two type chains. Along the c axis, the
chains are formed by alternating dicyanamide anions and water
molecules, and in the perpendicular direction, the chains consist of
water molecules only. In salt II polymer layer appears as disordered
honeycomb network. Salt I is a semiconductor. Its room-tempera-
ture conductivity is 0.3–0.7 O�1 cm�1. Crystals II demonstrate a
weak drop of resistivity down to 150 K and a small growth below
this temperature. The application of �0.4 kbar pressure shifts the
minimum of the resistivity to 72 K.
5. Supplementary crystallographic data

CCDC 826851 for I and CCDC 826852 for II contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystal-
lographic Data Centre.
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