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The title radical cation salts of MDT-TSF (methylenedithiotetraselenafulvalene) with
polyhalide anions prepared by electrocrystallization in the presence of various tetrabutyl-
ammonium trihalides show high conductivity at room temperature (>103 S cm-1) and become
superconductors at below 4.0-5.5 K under ambient pressure. Their crystal structures
elucidated by X-ray structural analysis are characterized by quasi two-dimensional conduct-
ing sheets consisting of uniform donor stacks. Their X-ray oscillation photographs reveal
the existence of an incommensurate anion lattice originating from the infinite polyhalide
chains. The chemical composition of these salts, as determined on the basis of the X-ray
photographs together with the combustion elemental analyses, is (MDT-TSF)X1.27-1.29 (X )
halogen). Considering that the most probable charged unit in the polyhalide chain is the
trihalide (X3

-), the charge-transfer degree on each donor molecule is estimated to be
nonstoichiometric, 0.42-0.43.

Introduction

The synthesis and characterization of new organic
superconductors has been an important topic in solid-
state science since the discovery of the first organic
superconductor (TMTSF)2PF6 (TMTSF: tetramethyltetra-
selenafulvalene) in 1979.1 Continuous endeavors to
develop advanced materials have created more than one
hundred molecular-based superconductors,2,3 the major-
ity of which are (Donor)2X-type radical cation salts,
where Donor is a TTF-type electron donor such as
BEDT-TTF [bis(ethylenedithio)tetrathiafulvalene],2a BO
[bis(ethylenedioxy)tetrathiafulvalene],4 BETS [bis(eth-
ylenedithio)tetraselenafulvalene],5 or MDT-TTF (meth-
ylenedithiotetrathiafulvalene),6 and X is a monovalent
inorganic anion. Among them, the most representative

are (BEDT-TTF)2X superconductors, and an organic
superconductor with the highest Tc, κ-(BEDT-TTF)2Cu-
[N(CN)2]Cl, was found from this family.7

Most of these organic superconductors, regardless of
the electron donors or the donor arrangements in the
conducting layers (usually distinguished by the Greek
phase names such as â, κ, λ8) are structurally character-
ized by quasi two-dimensional conducting donor layers,
the basic unit of which is a dimer consisting of two donor
molecules stacked on top of each other. Since the formal
charge on each donor molecule is +0.5 owing to the 2:1
donor-to-anion ratio, such dimerization makes the donor
HOMO band “effective half-filled”, which is regarded as
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one of the crucial conditions for the emergence of the
superconducting ground state.9

Recently, we have found a new organic superconduc-
tor, (MDT-TSF)(AuI2)0.436 with Tc ) 4.5 K,10a-c where
MDT-TSF is methylenedithiotetraselenafulvalene.11 This
organic superconductor is significantly different from
the conventional ones in terms of structural and elec-
tronic characteristics; its conducting layer consists of
uniform donor stacks without dimerization, and the
ratio of the donor to anion is not expressed as integers,
reflecting the fact that the AuI2 lattice is incom-
mensurate with the donor lattice. Such nonstoichio-
metric ratio brings the charge-transfer degree of the
donor to be +0.436. Although there have been several
reports on organic superconductors with uniform donor
stacks3b,12 or with an incommensurate anion lattice,13

their superconducting behaviors are strongly sample-
dependent or require high pressure. Thus, for the
development of such unique organic superconductors,
it is very important to know whether the structural

features of (MDT-TSF)(AuI2)0.436 are limited to just this
particular salt. From this standpoint, we have tried to
synthesize novel MDT-TSF salts with linear trihalide
anions such as I3

- and I2Br- and found that the four
new radical salts of MDT-TSF isostructural with the
AuI2 salt become superconductors.14 In this article, we
describe the synthesis, physical properties, and struc-
tural features of these MDT-TSF superconductors.

Experimental Section

Synthesis. The synthesis of MDT-TSF was described in
previous papers.10a,d Tetrabutylammonium salts [(n-Bu4N)X,
X ) I3,15 I2Br,16 IBr2

17] were prepared according to the reported
methods. Tetrabutylammonium iodochloride [(n-Bu4N)I2.9Cl0.1]
was obtained using a procedure similar to that for (n-
Bu4N)I2Br as follows.18 An equimolar mixture of tetrabutyl-
ammonium chloride [(n-Bu4N)Cl, 2.77 g, 10 mmol] and iodine
(2.54 g, 10 mmol) in a hot ethanol solution (50 mL) was slowly
cooled and allowed to stand overnight at room temperature.
The purple rods precipitated were collected, washed with cold
ethanol, and dried. Mp 66 °C. Anal. Calcd for C16H36NCl0.1I2.9:
C, 31.30; H, 5.91; N, 2.28; Cl, 0.58; I, 59.93. Found: C, 30.53;
H, 6.03; N, 2.29; Cl, 0.54; I, 58.86.
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respectively]. MDT-TSF (3-7 mg) was placed in the anode
compartment of a 20-mL H-shaped glass cell with a fine frit
dividing the anode and cathode compartments, and 10-20 mg
of the appropriate (n-Bu4N)X was placed in the cathode
compartment. Chlorobenzene containing 10% of ethanol (ca.
18 mL) was added, and the resulting solution was degassed
by a dry nitrogen stream. Electrodes made of 1-mm platinum
wires were set in the cell, and a constant current of 0.1-0.5
µA was applied. Within two weeks, bronze or golden-olive thin
needles of the radical cation salts of MDT-TSF grew on the
anode and the glass frit. The crystals were collected by
filtration, washed with dichloromethane, and dried.

Physical Properties. The electrical resistivities of the
crystals were measured along the needle direction (parallel
to the crystallographic a-axis) by the conventional four-probe
method in the range from room temperature to 1.5 K for 3 or
4.2 K for other salts, using gold wires with a diameter of 15
or 20 µm attached to the crystals with a gold conducting paste.
The magnetic susceptibility measurements were performed on
a SQUID magnetometer (Quantum Design MPMS-5) using
0.3-2.5 mg of randomly oriented crystals. The physical
properties of salts 1-4 are summarized in Table 1.

Determination of Compositions. The X-ray oscillation
photographs were taken on a Rigaku Raxis CS area detector
with graphite monochromated Mo KR radiation (λ ) 0.7107
Å) at room temperature. Elemental analyses of 1-4 were
carried out for C, H, N, S, Cl, Br, and I atoms in the
microanalytical laboratory at the Tokyo Institute of Technol-
ogy. Energy dispersion spectroscopy (EDS) was recorded on
an EDAX PV-9900 with an accelerated voltage of 16 kV at The
Center for Advanced Materials Analysis in Tokyo Institute of
Technology. The relative ratio of selenium and iodine was
estimated using KR line of selenium (11.22 keV) and LR line
of iodine (3.94 keV). The chemical composition was determined
on the basis of the elemental analysis together with informa-
tion from the X-ray photograph, and was in good agreement
with the ratio of the donor to iodine atom estimated from EDS.
Elemental analysis. (1) Calcd for C7H4S2Se4I1.27: C, 13.36; H,
0.64; S, 10.19; I, 25.61. Found: C, 13.37; H, 0.63; S, 10.47; I,
25.43. (2) Calcd for C7H4S2Se4I1.19Br0.08: C, 13.44; H, 0.64; S,
10.25; Br, 1.02; I, 24.14. Found: C, 13.43; H, 0.70; S, 10.17;
Br, 0.91; I, 24.04. (3) Calcd for C7H4S2Se4I0.77Br0.52: C, 13.84;
H, 0.66; S, 10.56; Br, 6.84; I, 15.89. Found: C, 14.04; H, 0.70;
S, 10.76; Br, 6.72; I, 15.81. (4) Calcd for C7H4S2Se4I1.27: C,
13.36; H, 0.64; S, 10.19; I, 25.61. Found: C, 13.43; H, 0.70; S,
10.19; I, 25.55.

X-ray Structural Analysis. The X-ray crystal structure
analyses were made on a Rigaku AFC7R four-circle diffract-
meter (Mo KR radiation, λ ) 0.7107 Å, graphite monochro-
mator, T ) 296 K, ω scan, 2θmax ) 55.0°). The structures were
solved with the direct method (SHELX 86)19 and refined by
full-matrix least-squares on |F|. The structural solutions were
obtained by applying a model in which the anion was mono-
atomic iodine, and the occupancy of the anion site was refined.
For salts 2 and 3 containing both the iodine and bromine
atoms, approximation that the contribution of each atom to
the occupancy of the anion site is proportional to the atomic
number (I 53 and Br 35) affords a reasonable weight of the
site that qualitatively agrees with the composition determined
based on the X-ray photograph and the elemental analysis.
All calculations were performed on the crystallographic soft-
ware package teXsan.20 The crystal data are listed in Table 2.

Results and Discussion

Synthesis of Radical Cation Salts. Electrocrystal-
lization of MDT-TSF in the presence of (n-Bu4N)I3, (n-
Bu4N)I2Br, and (n-Bu4N)IBr2 as electrolyte afforded the
respective salts 1-3 as bronze or golden-olive needles
with metallic luster possessing sufficient quality for
conductivity measurements and X-ray crystallographic
analyses. In contrast, (n-Bu4N)ICl2 and (n-Bu4N)Br3
having higher oxidation abilities, reacted immediately
with the donor in the solution, and no single crystal
formed. To examine another tetrabutylammonium tri-
halide salt with lower oxidation ability, we focused on
“(n-Bu4N)I2Cl” and attempted its synthesis in a manner
similar to the preparation of (n-Bu4N)I2Br. A reaction
of (n-Bu4N)Cl with an equimolar iodine in a hot ethanol
solution gave black crystals upon cooling. Elemental
analysis of the crystals, however, did not support the
expected composition of (n-Bu4N)I2Cl, but a largely
modified composition of (n-Bu4N)I2.9Cl0.1.18 Electro-

(19) Sheldrick, G. M. SHELXS86. In Crystallographic Computing
3; Sheldrick, G. M., Kruger, C., Goddard, R., Eds.; Oxford University
Press: Oxford; pp 175-189.

(20) teXsan: Single-Crystal Structure Analysis Software, Version
1.11; Molecular Structure Corporation, Rigaku Corporation, 2000.

Table 1. Conductive Properties and Chemical Composition of Salts 1-4

salt (n-Bu4N)X a σrt/S cm-1 b Tc
c/K chemical compositiond degree of CT e

1 I3 1.5 × 103 4.6 (4.4) (MDT-TSF)I1.27 0.42
2 I2Br 1.5 × 103 5.0 (4.8) (MDT-TSF)I1.19Br0.08 0.42
3 IBr2 1.3 × 103 4.0 (4.4) (MDT-TSF)I0.77Br0.52 0.43
4 I2.9Cl0.1 1.5 × 103 5.5 (5.0) (MDT-TSF)I1.27-δClδ (δ ≈ 0) 0.42

a Supporting electrolyte used in the electrocrystallization. b Measured on a single crystal with a four-probe method. c The midpoint of
resistivity drop is defined as Tc in the resistivity measurement, and the onset of diamagnetic transition in magnetic susceptibility
measurement with SQUID is in parentheses. d The chemical composition was determined on the basis of the X-ray oscillation photograph
and the elemental analysis as described in the text. e The degree of charge-transfer (CT) was estimated based on the assumption that the
trihalide anion is the charged species.

Table 2. Crystal Data for 1-4

1 2 3 4

formula C7H4S2Se4I1.27 C7H4S2Se4I1.19Br0.08 C7H4S2Se4I0.52Br0.77 C7H4S2Se4I1.27
formula weight 629.24 625.48 607.34 629.24
crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group Pnma Pnma Pnma Pnma
color of crystal golden-olive golden-olive bronze golden-olive
a/Å 4.013(4) 4.010(2) 4.026(8) 4.012(6)
b/Å 12.539(2) 12.543(2) 12.515(2) 12.546(3)
c/Å 25.620(2) 25.584(2) 25.315(3) 25.635(5)
V/Å3 1289(1) 1286.7(5) 1275(1) 1290(2)
temperature/K 296 296 296 296
Z 4 4 4 4
R; Rw 0.053; 0.051 0.027; 0.024 0.031; 0.045 0.048; 0.061
GOF 1.37 1.66 1.17 1.28
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crystallization of MDT-TSF in the presence of this
tetrabutylammonium salt afforded the radical cation
salts 4 as golden-olive needles.

Physical Properties. As summarized in Table 1, all
the salts were highly conductive at room temperature
(σrt > 103 S cm-1) and metallic down to low temperature
(Figure 1). Similarly to the conducting behavior of
(MDT-TSF)(AuI2)0.436,10 an abrupt drop of resistivity
around 4.0-5.5 K characteristic of a superconducting
transition was observed for all the salts as shown in
Figure 1 (inset).

To confirm the resistivity drop as a superconducting
transition, the magnetic susceptibility of the salts was
measured with a SQUID magnetometer. Figure 2 shows
the temperature dependence of zero-field-cooled (ZFC)
as well as field-cooled (FC) dc magnetization of ran-
domly oriented polycrystalline samples recorded under
an applied magnetic field of 5 Oe. All the salts show
large diamagnetic shielding, clearly showing that they
are superconductors. Judging from the diamagnetic
shielding at 2.0 K, the superconducting volume fractions
are ca. 90% for 1, 40% for 3, and roughly 100% for 2
and 4 of the estimated values for the perfect supercon-
ductivity, indicating that all the salts are bulk super-
conductors. The Tc determined with SQUID is slightly
lower than those found in the resistivity measurements
except for 3, and the orders of Tc are the same in both
measurements (Table 1).

Crystal Structures. X-ray crystallographic analyses
have revealed that all the salts belong to the ortho-
rhombic Pnma space group and are isostructural with
(MDT-TSF)(AuI2)0.436 as summarized in Table 2.10a

Figure 3 shows the crystal structure of salt 1 as a
representative. Half of the donor molecule is crystallo-
graphically independent, and a mirror symmetry opera-
tion along the molecular long axis gives the complete
donor molecule. The donor molecules are almost flat and
overlap in the so-called ring-over-bond8 and head-to-
head manner as shown in Figure 3(a). With this
overlapping manner, the donor molecules form a uni-
form stacking column along the a-axis. The donor stacks
are arranged in 2-fold periodicity along the transverse
direction (b-axis) with short Se-Se and Se-S contacts
to form a corrugated sheetlike donor layer as shown in
Figure 3(b). Between the donor layers, there are anion
channels surrounded by six donor stacks, and the anions
exist as infinite polyiodide chains running parallel to
the donor stacks (a-axis direction).

In the present structural analysis, the anisotropic
displacement parameter of the iodine atom for the a-axis
direction (U11) is very large, and furthermore, the length
of the a-axis (ca. 4 Å) is markedly shorter than the
expected length of the I3

- lattice (>9 Å). These facts

Figure 1. Temperature dependence of resistivities for 1-4.

Figure 2. Temperature dependence of ZFC (closed circle) and
FC (open circle) dc magnetizations for 1-4 [(a)-(d), respec-
tively] at an applied field of 5 Oe.

Figure 3. Crystal structure of 1: molecular structure and
overlap manner (a) and a-axis projection (b).
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indicate that the position of the iodine atom cannot be
precisely determined by the present analysis, suggesting
that the anion lattice is incommensurate with the donor
subcell. This is also supported by the optimized oc-
cupancy of the iodine atom being ca. 20% smaller than
the value expected from the usual 2:1 composition,
(MDT-TSF)2I3. The situation is the same for other salts
(2-4) prepared from the mixed trihalide anions. Thus,
it is not possible to determine the ratio of the donor to
the anion and the ratio of halogen atoms in the anion,
i.e., I/Br ratio or I/Cl ratio, in salts 2-4 by the present
X-ray analyses.

Composition and Degree of Charge-Transfer. To
decide the chemical composition of the salts, their X-ray
oscillation photographs were investigated together with
elemental analysis and EDS. Figure 4(a) shows an X-ray
photograph of 1, in which the ordinate is parallel to the
donor stacking axis (a-axis). In the photograph, together
with the strong Bragg spots originating from the donor
lattice (designated by “Donor 1, 2, 3”), there are clear
lines at a/d ) 1.266 and 2.517 in the reciprocal space.
The first layer line located at a/d ) 1.266 corresponds
to the length of 3.169 Å in the real space, which is
shorter than the reported length for I- lattice (ca. 4.3
Å), I3

- lattice (9.2-9.7 Å), and I5
- lattice (ca. 15.5 Å).21

On the other hand, the mean distance of the I-I bond

in the polyiodide linear chain is reported to be 2.8-3.2
Å,21 and thus, it is reasonable to assign the lines at a/d
) 1.266 and 2.517 to the infinite polyiodide lattice. The
ratio of the donor to iodine is accordingly determined
to be 1:1.266, which is in excellent agreement with
(MDT-TSF)I1.27 calculated from the combustion elemen-
tal analysis of 1 (see Experimental Section).

Because it has been reported that charged iodine
species in the solid can exist as I-, I3

-, or I5
-,21 the

actual charged unit in the polyiodide chains is any one
of these anionic species. Taking the isostructural organic
superconductor (MDT-TSF)(AuI2)0.436 into consideration,
it is rational to speculate that the charged iodine unit
is I3

-, leading to (MDT-TSF)(I3)0.42 possessing a similar
charge-transfer degree as that in the AuI2 salt. The
Raman spectrum of 1 also supports the existence of the
I3

- anion by the observation of a specific line around
100 cm-1, attributable to a symmetric stretching of the
I3

- anion.
The X-ray photograph of 2 [Figure 4(b)] contains clear

layer lines at a/d ) 1.267 and 2.517 together with weak
lines at a/d ) 0.259 and 0.1681. Because no line
corresponding to the I2Br- lattice is detected, the
existence of an infinite polyhalide chain with the mean
distance between halogen atoms of 3.166 Å can be
postulated. Thus, the ratio of the donor to the halogen
atom (iodine or bromine) in 2 is 1:1.267. The result of
EDS suggests that the ratio of donor to iodine atom is
1:1.19, which leads to the chemical composition of
(MDT-TSF)I1.19Br0.08. The elemental analysis is in excel-
lent agreement with this estimation. In the same
manner, the composition of 3 is determined to be (MDT-
TSF)I0.77Br0.52.

Similarly, the ratio of the donor to halogen atom in
salt 4 is determined to be 1:1.266 based on the first line
in the X-ray photograph assignable to the polymeric
halogen lattice [Figure 4(d)]. However, the EDS and
elemental analysis failed to detect a chlorine atom, and
thus the composition of 4 may be expressed as (MDT-
TSF)I1.27-δClδ (δ ≈ 0). The elemental analysis of 4 agrees
with this composition, which is seemingly identical to
that of 1 prepared in the presence of the ordinary (n-
Bu4N)I3.

Regardless of the salts, the ratio of the donor to
halogen atom is nearly 1:1.27. As discussed for salt 1,
it is reasonable to assume that the trihalide anion is
the charged species in the polyhalide chain, which
corresponds to the degree of charge-transfer, 0.42-0.43.
As shown in Table 1, the contents of iodine in 2-4 are
greater than that in the supporting electrolytes. Al-
though the reason for the spontaneous anion recon-
struction during electrocrystallization is not clear, it is
likely that the system prefers to include the infinite
polyiodide chains as a basic structure.

Electronic Band Structure Calculation. Using
the crystal structures and the degree of charge-transfer
determined as above, the band structures and Fermi
surfaces were calculated with the extended Hückel

(21) (a) Cowie, M.; Gleizes, A.; Grynkewich, G. W.; Kalina, D. W.;
McClure, M. S.; Scaringe, R. P.; Teitelbaum, R. C.; Ruby, S. L.; Ibers,
J. A.; Kannewurf, C. R.; Marks, T. J. J. Am. Chem. Soc. 1979, 101,
2921-2936. (b) Marks, T. J.; Kalina, D. W. In Extended Linear Chain
Compounds; Miller, J. S., Ed.; Plenum: New York, 1983; Vol. I,
Chapter 6.

Figure 4. X-ray oscillation photographs of 1-4 [(a)-(d),
respectively].

3254 Chem. Mater., Vol. 15, No. 17, 2003 Takimiya et al.



method and a tight-binding approximation22 using the
Hückel parameters recently developed for the selenium-
containing BETS salts.23,24 The calculated overlap in-
tegrals are summarized in Table 3. The band structure
and Fermi surface of 1 depicted in Figure 5 are quite
similar to those of the AuI2 salt.10b The calculated
overlap integrals and the band structures for 2-4 are
essentially the same as those of 1, indicating the
invariable electronic structures of the present salts.

Anion Dependence of Tc. The influence of anions
on the crystal structures and the superconducting
property in a series of â-(BEDT-TTF)2X (X ) I3,13 IBr2,15

AuI2
26) is well-documented;2a a longer anion brings a

larger unit cell (cell volume of the I3 salt ) 855.9 Å3,
the AuI2 salt ) 845.2 Å3, and the IBr2 salt ) 828.7 Å3),
which is correlated with the Tc (the I3 salt ) ca. 8 K,
the AuI2 salt ) 4.98 K, and the IBr2 salt ) 2.8 K). On
the other hand, the unit cell volumes of the present salts

1, 2, and 4 are almost equal to one another, and that of
3, which has the lowest Tc is smaller by only ca. 1% than
that of the other salts (Table 2). This can be attributed
to the fact that the present unit cells of the salts are
exclusively determined on the basis of the donor sub-
cells.

Instead of the unit cell size, we speculate that the
internal structure of the polymeric halogen chain re-
flected by the X-ray oscillation photographs may play
an important role in determining Tc. In the X-ray
photographs (Figure 4), together with the lines origi-
nating from the donor lattice (a/d ) 1, 2, 3) and
polyhalide infinite chains (a/d ) 1.26-1.29, 2.51-2.57),
extra lines around a/d ) 0.26, 0.85, and 1.7 exist. The
latter lines are much pronounced in salts 2 and 4, which
have higher Tc. Particularly, the noticeable difference
in Tc between 1 (4.6 K) and 4 (5.5 K), which are almost
identical in terms of their crystal structures and chemi-
cal composition, can be related to the absence (salt 1)
or presence (salt 4) of the extra lines in the X-ray
photographs [Figure 4(a) and (d) for 1 and 4, respec-
tively]. Because the origin of these extra lines is not
clear at this moment, further investigations to clarify
this point in relation with the actual factor for deter-
mining Tc are in progress.

Conclusion

Electrocrystallization of MDT-TSF in the presence of
tetrabutylammonium trihalide gave a series of new
superconducting salts. The conductivities of these salts
at room temperature are very high (>103 S cm-1), and
their Tc range from 4.0 to 5.5 K under ambient pressure.
X-ray studies elucidated the existence of uniform donor
stacks and an incommensurate anion lattice consisting
of linear polyhalide chains. Furthermore, the MDT-TSF
molecules in the present salts have a nonstoichiometric
charge-transfer degree. All these structural and elec-
tronic characteristics of the MDT-TSF superconductors
are quite different from those of conventional organic
superconductors such as â- and κ-(BEDT-TTF)2X salts
(X ) monovalent anion). Thus, it can be concluded that
the present MDT-TSF salts constitute a novel class of
organic superconductors. In addition, taking into con-
sideration the present data showing varying Tc with
subtle change of the anion structure, it might be possible
to change, hopefully increase, Tc by introducing different
polyhalogen anions, e.g. I5

-, I7
- etc. A study to this end

is now under way.
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Figure 5. Calculated overlap integrals (a) and band structure
and Fermi surface of 1 (b).

Table 3. Calculated Overlap Integrals of 1-4 (× 10-3)

1 2 3 4

a -29.5 -26.6 -23.8 -25.6
p1 1.88 2.76 3.38 3.12
p2 12.9 12.2 12.0 12.2
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