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New radical cation salt BDA-TTP [2,5-bis(1,3-dithian-2-ylidene)-1,3,4,6-tetrathia-
pentalene] with iodomercurate anion of the (BDA-TTP)4Hg2I6 composition has
been synthesized. X-ray analysis at 100 K revealed the alternation of conducting
donor layers of the b-type and inorganic layers composed of the [Hg2I6]2� anions.
The compound shows a semiconducting temperature dependence of resistivity and
the temperature activation dependence of spin susceptibility.

Keywords: electrical conductivity; radical cation salts; X-ray diffraction

INTRODUCTION

Most of organic conductors synthesized by now are based on tetrathia-
fulvalene derivatives [1,2]. Mercury halides were found to form anions
of various composition and structure in radical cation salts of bis(ethy-
lenedithio)tetrathiafulvalene (BEDT-TTF) and its analogs [3], which
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affect the structure of conducting organic layers and electroconducting
properties of the compounds. In particular, the radical cation salts
(BEDT-TTF)4Hg2.89Br8 [4], (BEDT-TTF)4Hg2.78Cl8 [5], (BETS)4

Hg2.84Br8 [6] b (EDT-TTF)4[Hg3I8]1-x [7] are characterized by poly-
meric structures of anions and undergo a superconducting transition
upon cooling.

Recently, it has been found that the BDA-TTP [2,5-bis(1,3-dithian-
2-ylidene)-1,3,4,6-tetrathiapentalene] donor, which belongs to the
family different from the BEDT-TTF one, namely, the 1,3,4,6-
tetrathiapentalene family, forms organic superconductors with the
SbF6

�, AsF6
�, and PF6

� anions and is promising to be used in syntheses
of new organic conductors [8]. Thus, it was of interest to synthesize
radical cation salts of BDA-TTP with halomercurate anions and study
their electroconducting properties.

Recently [9] we have prepared the radical cation salts of BDA-TTP
with bromo- and iodomercurate anions of the (BDA-TTP)4Hg2Br6

and (BDA-TTP)6Hg4I10.34 compositions. The salts are composed of the
b-type conducting organic layers and the dimerized [Hg2Br6]2� and
[Hg4I10.34]2.34� anions. The present article reports on the synthesis
of the new radical cation salt of BDA-TTP with the iodomercurate
anion, (BDA-TTP)4Hg2I6 (1), and the study of its crystal structure at
100 K, conductivity, and ESR spectra.

EXPERIMENTAL PROCEDURE

Bu4NHgI3 was synthesized according to the procedure described in
[10]. The crystals of 1 were obtained by electrochemical oxidation of
BDA-TTP at 20�C and current of 0.5 mA. The 0.5 mm thick Pt wire
was used as an anode, and the 0.3 mm thick molybdenum wire was
used as a cathode. BDA-TTP (8.2 mg, 2 mmol) dissolved in 3 ml of
chlorobenzene was placed in the anodic chamber of the cell, the sol-
ution of HgI2 (23 mg, 0.05 mmol) and Bu4NHgI3 (82.4 mg 0.1 mmol)
in the chlorobenzene (5 ml)=dehydrated ethanol (0.8 ml) mixture was
added to both cathode and anode compartments to level both sides.
After seven days, the crystals of the BDA-TTP6Hg4I10.34 (2) compo-
sition described by us earlier in [9] were pealed off from the
anode. The crystals appeared as sharp edged plates. After that, the
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electrocrystallization process was carried out for ten days in similar
conditions to yield the crystals of 1 as bars.

Resistivity of single crystals was measured from 300 down to 140 K
by a standard dc four-probe technique with graphite paste.

The ESR spectra of the single crystals were recorded on a RADIO-
PAN SE=X-2547 spectrometer with 100 kHz magnetic modulation and
a maximum value of microwave power 100 mW equipped with a Radio-
pan TC-660 and RR-221 cryostat system. A single crystal was put in
the center of a quartz ampoule. The ESR line shape was close to the
Lorentzian line that allowed us to estimate paramagnetic suscepti-
bility of the crystal from the integral intensity of the ESR spectrum.

At T ¼ 100 K the crystals of C48H48S16Hg2I8 (0.37� 0.24� 0.10vv)
are triclinic, space group P �11, a ¼ 11.9799(7), b ¼ 17.729(1),
c ¼ 20.277(1) Å, a ¼ 105.100(1), b ¼ 100.097(1), c ¼ 106.507(1)�,
V ¼ 3839.3(4) Å3, Z ¼ 2 (Z0 ¼ 1), dcalc ¼ 2.434 g=cm�3, F(000) ¼ 2652.
The intensities of 47063 reflections were measured at 100 K on
an APEX II CCD diffractometer (k(MoKa) ¼ 0.71072 Å, graphite
monochromator, x-scanning, 2h < 58�), and 20369 independent reflec-
tions (Rint ¼ 0.0347) were used in the refinement. Absorption
(l ¼ 73.13 cm�1) was accounted for using the real shape of the crystal.
The structure was solved by a direct method and refined by the full-
matrix least-squares technique against F2

hkl with the anisotropic ther-
mal parameters for all non-hydrogen atoms. The positions of hydrogen
atoms were calculated geometrically and refined by the riding model.
The final values were R1 ¼ 0.0320 (against F2

hkl for 15744 observed
reflections with I > 2r(I)), wR2 ¼ 0.0690, GOF ¼ 1.017, and a total
number of refined parameters was 793. The SHELXTL PLUS 5.1
package [11] was used. CCDC 621566 contains the supplementary
crystallographic data for this article. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk.

RESULTS AND DISCUSSION

It is known [12] that compositions and structures of tetrahalcogenaful-
valene halomercurates obtained by electrocrystallization depend on
solvent, temperature, composition and concentration of a supporting
electrolyte. Dissociation and complex formation of halomercurate
salts, and, consequently, a set of halomercurate ions in solution are
defined by solvent and temperature. It was shown that the use of
five-percent EtOH=PhCl as a solvent and the HgI2=Bu4NHgI3 electro-
lyte in the electrochemical synthesis of iodomercurates of BETS [13],
EDT-TTF [7,14] and EDT-DTDSF [15] results in the formation of
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compounds of (Donor)4Hg3I8 stoichiometry. Among them, (EDT-
DTDSF)4[Hg3I8] shows a metallic behavior of the temperature depen-
dence of conductivity with the temperature decrease [15], (BETS)4

[Hg3I8] undergoes a metal-insulator transition [13], and (EDT-
TTF)4[Hg3I8]1�xundergoes a metal-superconductor transition [7,14].
BDA-TTP iodomercurates were synthesized in similar conditions.
However, the composition of the products of electrochemical oxidation
of BDA-TTP was found to be different. At the beginning, we observed
the growth of the crystals of the (BDA-TTP)6Hg4I10.34 salt (2), which is
characterized by the HgI2=[HgI3]� ¼ 0.71 ratio. The structure and the
properties of the salt were described in [9]. When the crystals of 2 were
removed from the electrode, which was then put back in the cell, the
crystals of 1 formed on it. The composition of the products and the
sequence of their formation were similar in the syntheses performed
at constant current I ¼ 0.5 mA and I ¼ 0.15 mA. A consequent formation
of 2 and 1 could be due to the changes in reagent concentrations
during the electrochemical synthesis or=and the differences in conduc-
tivities of crystals of 1 and 2. Generally [16], when tetrahalcogenaful-
valenes are electrooxidized in solution containing two or more
different anions, the crystals of highest conducting compounds grow
on an anode. Room-temperature measurements of conductivities of 1
and 2 afforded the same value r ¼ 2 S � cm�1. This implies that the
sequence of the formation of 1 and 2 is due to the changes in reagent
concentrations during the electrochemical synthesis. The increase in
the initial ratio of the supporting electrolyte components,
HgI2=[HgI3]� , to 0.72 results in the formation of salt 2 only, and the
crystals of 1 do not form.

Crystal structure of 1 was determined at 100 K. The independent
part of the unit cell involves four crystallographically nonequivalent
BDA-TTP radical cations (O, A, B, C) and the [Hg2I6]2� anion, so that
formal charge on each radical cation isþ0.5 e. The crystal packing of 1
is specified by the alternation of the iodomercurate layers along the c
axis and the BDA-TTP radical cation layers parallel to the ab plane
(Fig. 1). The BDA-TTP radical cations are nonplanar, only the central
C4S4 fragment being planar. In cations A, B, C, both six-membered
BDA-TTP cycles are characterized by chair conformation, while in cat-
ion O, one of the six-membered cycles has boat conformation. The rad-
ical cations are packed in stacks in the . . . OABCCBAO . . . sequence,
the molecules in the stacks being shifted in the opposite directions
with respect to each other along the longer molecular axis. The struc-
ture of the radical cation layer of 1 is shown in Figure 2. The shortened
S. . .S distances of 3.301(2)�3.590(2) Å were found in the layer. Such
contacts are formed both inside and between the stacks. The packing

154=[506] E. I. Zhilyaeva et al.
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FIGURE 2 Structure of cation layer in 1.

FIGURE 1 Total packing pattern of 1 along b axis.
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mode of the radical cations in the organic layer found in the structure
of 1 can be attributed to the so-called b-type, which is often observed in
conducting BEDT-TTF salts [17].

The iodomercurate layers of 1 are built of dimeric [Hg2I6]2� anions.
The mercury atoms in the [Hg2I6]2� dimer have a distorted tetra-
hedral configuration of the Hg-I bonds (see Fig. 1). The Hg–(I bridging)
bond lengths are within 2.8607(4)� 2.9142(4) Å, those of Hg–(I ter-
minal) are 2.6954(4)� 2.7233(4) Å, the bond lengths of both types
being quite close to the lengths of the corresponding Hg�I bonds in
the [Hg2I6]2– anion at 90 K of (EDT-DTDSF)4Hg3I8 [15] (2.85� 2.92
b2.71� 2.73 Å, respectively). The distance between the Hg atoms in
the [Hg2I6]2� anion in 1 is appreciably longer (4.0939(3) Å) than that
in (EDT-DTDSF)4Hg3I8 (3.94 Å).

It is of interest to compare the crystal structures of 1 and 2 [9] with
that of the previously synthesized bromomercurate analog of 1 of the
(BDA-TTP)4Hg2Br6 composition (3) [9]. In these structures, the radical
cations form stacks with the arrangement characteristic of b-type
structures. The structural motif of the conducting stack of 1 resembles
that of 3 (see Fig. 3). In the structures of both compounds, the stacks
are divided into tetramers, inside which the radical cations are zigzag
shifted by a distance approximately equal to the C=C bond length
along the longer molecular axis. The longitudinal shifts between the
tetramers are essentially larger and correspond to the tetrathiapenta-
lene bicycle width. In both salts, the radical cations inside the tetramers
are linked by S . . . S contacts shorter than the sum of van-der-Waals
radii. There are no short intermolecular S . . . S contacts between the
tetramers in the stack. The conducting layers of 1 and 3 differ in a num-
ber of shortened S . . . S contacts between the radical cations from the

FIGURE 3 Structure of cation layer in 3.
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neighboring stacks. In 1 four such contacts are per each radical cation,
while in 3 there are only three ones.

In the structure of 2 in contrast to those of 1 and 3, the stacks are
divided into triads, all radical cations being shifted along the longer
molecular axis to the same direction rather than in a zigzag manner
(Fig. 4). There are no shortened S . . . S contacts inside the stack, and
a number of shortened S . . . S contacts with the radical cations from
the neighboring stacks per one radical cation is higher than in 1 and
varies from five to six.

The above considered features of the crystal structures of 1–3 were
found at low temperatures (100 and 120 K) rather than at room
temperature. Nevertheless, they correlate with electroconducting
properties studied at temperatures higher than 120 K. The room-
temperature values of conductivity of all three compounds are almost
similar being equal to 1–2 S � cm�1 �1–3 exhibit a semiconducting beha-
vior of the temperature dependence of resistivity upon cooling (Fig. 5)
with the values of activation energy Ea ¼ 0.17, 0.05, and 0.31 eV (at
T ¼ 210� 293 K), which decrease in a strict succession with the
increasing number of shortened interstack S . . . S contacts per one
radical cation in each structure. The resistivity data for 1 taken down
to 140 K (Fig. 5) show slight changes in the slope of lgRT=R300K vs.
1=T curve in two points, namely, near 180 and 207 K, the activation
energy being equal to 0.24 eV within 207� 180 K and reverting to
the initial value 0.17 eV below 180 K.

The ESR spectroscopy is a highly sensitive technique for the study
of fine differences in the structures of radical cation layers. 1 exhibits
the ESR spectrum typical for organic radical cation salts, which con-
sists of a singlet line. The linewidth (DHpp) and g-value change upon
crystal rotating in magnetic field. The g-values vary from 2.0036 to
2.0095. The linewidths change within 16.1� 18.9 G. The ESR line

FIGURE 4 Structure of donor chain in 2.
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shape remains almost a Lorentzian one upon crystal rotation, the
above to below peak ratio (A=B) does not exceed 1.1. Though all
the salts 1–3 have the b-like packing of the cation layer near 100 K,
the room-temperature ESR linewidth range for 1 is approximately
two times larger than those for 2 and 3 [9] and is quite similar to those
of BEDT-TTF-based synthetic metals of the b-type packing [2]. The
DHpp for 2 and 3 (6.5–9.5 G and 5.0–8.0 G, respectively) are close to
those of the b0-phase of BEDT-TTF salts with a strongly dimerized
structure, low conductivity (0.01 S cm�1), and the Bonner-Fisher beha-
vior of ESR spin susceptibility.

Figure 6 shows the temperature dependences of linewidth DHpp,
g-factor and relative spin susceptibility for 1. The ESR linewidth
decreases with temperature as it derives from the Elliot dependence
for conducting compounds [2]. However, there is a certain peculiarity
in the character of a monotonic dip of the linewidth near 165 K and the
value of g-factor grows namely in this temperature range. The
decrease of relative spin susceptibility with temperature suggests an
activation character of the dependence of susceptibility similarly to
that for 3 [9], which is described by the following expression:

v � C=T� expð�D=TÞ ð1Þ

where D is an activation energy. The analysis of ln(v�T) as a function of
1=T (Fig. 7) reveals the changes in the slope of the curve near 183 K.
The value of activation energy calculated from the high-temperature

FIGURE 5 Dependence of logarithm of relative resistivity on inverted
temperature for 1, 2 and 3.
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FIGURE 6 Temperature dependences of g-factor, linewidth DHpp and relative
spin susceptibility v=vRT of ESR spectra for 1.
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portion of ln(v �T) as a function of 1=T is D1 ¼ 0.96 � 103 K, and that
calculated from the low-temperature portion is D2 ¼ 0.34 � 103 K. The
features of temperature dependences of g-factor and peak-to-peak
linewidth observed at 165–183 K as well as the change in the slope
of the curve ln(v �T) vs. 1=T allow us to assume certain rearrangement
in the structure of the radical cation layer.

CONCLUSION

A new conducting radical cation salt based on a relatively new donor
BDA-TTP, (BDA-TTP)4Hg2I6, has been synthesized and characterized.
This radical cation salt adopts the b-like packing motif found in other
BDA-TTP radical cation salts [8,9]. At 100 K the BDA-TTP donor mol-
ecule network consists of stacks, in which each radical cation forms
four short interstack S . . . S contacts, the conducting layers being
separated by sheets formed by dimeric [Hg2I6]2� anions. The title
compound is a semiconductor with room-temperature conductivity of
2 S � cm�1. The room-temperature ESR linewidths are within 16.1–
18.9 G, which are close to the values characteristic of b-type
BEDT-TTF salts and two times higher than those of other BDA-TTP
halomercurates [9]. The peculiarities of the temperature dependences

FIGURE 7 Dependence of ln(v �T) as a function of inverted temperature for
1 at random crystal orientation.
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of ESR parameters found at 165–183 K allow one to assume certain
rearrangement in the radical cation layers.
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