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A new supramolecular copper complex with pyrazinoselenathiaful-
valene (=pyra-STF) as the ligand, [CuCl1.5(pyra-STF)], has been
synthesized. This complex forms a peculiar crystal structure; CuI

and Cl- construct 1D supramolecular chains with coordination of
the oxidized donor molecules, pyra-STF0.5+, as ligands. The
pseudo-1D donor-ligand columns afford high conductivity, 25 S
cm-1, at 298 K and are prohibited to be a complete singlet state
below 190 K by the linked, rigid 1D [CuCl1.5]n chains.

Functional charge-transfer complexes have attracted a
great deal of attention, and their magnetism, conductivity,
and permittivity have been investigated in view of funda-
mental science and application to molecular devices. Re-
cently, in addition to the magnetic charge-transfer salts,1-4

some metal complexes containing organic donors or accep-
tors as “ligands” have been synthesized and studied.5-19 Such
complexes are expected to show conductivity andmagnetism;
ligands such as tetrathiafulvalene (TTF) derivatives or
7,7,8,8-tetracyanoquinodimethane12,13 and DCNQI14-16 de-
rivatives can create conduction paths, and the d spins of the
metal centers can generatemagnetism.Moreover, thesemetal
complexes would have shorter donor-metal distances than
noncoordination charge-transfer complexes and could exhi-
bit peculiar structures and a wide range of magnetic interac-
tions between donor ligands and metal cations.
We have recently synthesized and studied copper com-

plexes coordinated by “pyrazino-fused” TTF derivatives,
which have much shorter donor-metal distances because
there is no spacer between the donor part and the pyrazine
ring (Figure 1). The short donor-metal distance could
effectively generate interactions between TTF parts and
coordinated metals or halogen’s parts. By taking advantage
of the interactions, we have constructed new complexes
possessing novel crystal structures, conductivities, and pecu-
liar magnetisms. First, we synthesized [CuIICl2(BP-TTF)]
[BP-TTF = bis(pyrazino)tetrathiafulvalene].17 This metal
complex is the first example with a pyrazino-fused TTF
derivative as a ligand. The magnetic susceptibility
of [CuCl2(BP-TTF)] follows the 1D Heisenberg model with
2J=-7Kdue to the antiferromagnetic interactions between
CuII spins through BP-TTF ligands. However, [CuCl2(BP-
TTF)] is an insulator because of the absence of carriers;
because BP-TTF has a high first-oxidation potential
(E1 = 1.05 V vs SCE), BP-TTF cannot be oxidized by CuII.
Second, we selected pyrazinotetrathiafulvalene (=pyra-
TTF), which has a lower oxidation potential than that of
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BP-TTF (E1= 0.68 V vs SCE), to induce electron transfer in
a copper complex.18 The obtained complex, [CuII-δCl2(pyra-
TTF)δ+], is also a supramolecule, and the magnetic suscept-
ibility of this complex follows the 2D Heisenberg model
with 2J = -20 K. In contrast with [CuCl2(BP-TTF)], this
complex is a semiconductorwithσRT=10-4 S cm-1.A slight
amount of intrinsic carrier doping occurred in [CuCl2(pyra-
TTF)] because of the low first-oxidation potential of
pyra-TTF. In the following step, we synthesized trans-
[CuIICl2(Dmt-pyra-STF)2] (Dmt-pyra-STF=dimethylthio-
pyrazinoselenathiafulvalene).19Dmt-pyra-STF (E1= 0.75 V
vs SCE) is a pyrazino-fused organic donor containing
Se atoms and two methylthio groups. The pyrazino-fused
“STF” derivatives can coordinate to a Cu ion, even though
the atomic orbital of Se is quite large. Moreover, systematic
studies of copper complexes with pyrazino-fused TTF li-
gands indicate that donor ligandswith oxidationpotentials in
the range of 0.75-0.68 V (vs SCE) have the abilitiy not only
to be oxidized by CuII but also to coordinate to Cu ions.
These previous studies have provided us with two strate-

gies to enhance the conductivity of a complex: (1) tuning of
the oxidation potential of an organic donor and (2) use of an
STFderivative.We therefore selected pyra-STF (E1=0.71V
vs SCE) in consideration of the above strategies and synthe-
sized a copper complex, [CuCl1.5(pyra-STF)]. We report
herein the synthesis, crystal structure, and physical properties
of [CuCl1.5(pyra-STF)].
The synthesis of pyra-STF was carried out by general

methods.20-22 Single crystals of [CuCl1.5(pyra-STF)] were
prepared by a diffusionmethodwith anH-shaped cell; 10 mg
of pyra-STF and 260 mg of TBA2Cu

IICl4 were added to the
diffusion cell, and n-butanol was then slowly added to the cell
under an argon atmosphere. After approximately 2 weeks,
black pillar crystals were collected by filtration and washed
with CH3OH. The composition of this complex was deter-
mined by scanning electron microscopy-energy-dispersive
spectrometry (JEOL JCM-5000-Oxford WDX 400) and
structural analysis.23

The single-crystal X-ray analysis of [CuCl1.5(pyra-STF)]
reveals that Cu+ andCl- construct 1D supramolecular chains
along the c axis, while Cu+ is coordinated by pyra-STF0.5+.
The donor is oxidized to 0.5+ by electron transfer from two
pyra-STF0 to Cu2+; the Cu “cation” is direcly coordinated by
the “cationic” donor ligand (Figure 2a). An ORTEP drawing

is shown inFigure 2b. Twokinds ofCl- ions exist at a normal
position and on an inversion center in the complex. There is
an interaction between Cl1 of the chain and Se1 of the donor,
Se1 3 3 3Cl1 = 3.542(2) Å, due to the “donor-metal shorter
distance” [sum of the van der Waals radii, r(Se) + r(Cl-) =
3.57 Å]. This interaction can be an important factor in
stabilizing the novel crystal structure. Furthermore, the
donors form weakly dimerized stacking columns to give a
β-type donor arrangement (Figure 2c). Themolecular orbital
of pyra-STF including N and Se atoms is calculated by
WinMOPAC (version 3.9.0, Fujitsu Ltd.). On the basis of
the obtained orbital, the overlap integrals are calculated24 to
be r1 = 17.6, r2 = 22.5, p1 = -1.13, p2 = 0.52, and p3 =
1.43 (�10-3). The interplanar distance of r1 is 3.500(4) Å and
that of r2 is 3.487(4) Å. These overlap integrals and band
calculations (see the Supporting Information) suggest that
this complex is a pseudo-1D conductor with weakly dimer-
ized donor molecules.
In order to confirm the oxidation state of the Cu ion and

the donor ligand, the electron spin resonance (ESR)measure-
ment was carried out with a Bruker EMS 9.3 GHz X-band
ESR spectrometer between 300 and 4 K. The observed
Lorentzian signal at 300 K is broad (ΔH = 200 G) because
of the Se atoms of the ligands. The temperature-independent
g value of 2.014 indicates the CuI and the oxidized pyra-STF
states (see the Supporting Information).

Figure 1. Pyrazino-fused TTF derivatives.

Figure 2. (a) Crystal structure and distribution of positive charge. (b)
ORTEP diagram and atomic numbering scheme (dotted line; Se 3 3 3Cl
contact). (c) Donor arrangement and overlap integrals of [CuCl1.5(pyra-
STF)].
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The resistivity measurement was performed on single
crystals of [CuCl1.5(pyra-STF)] with carbon paint as four-
probe contacts. The conductivity at room temperature is
high, with σRT = 25 S cm-1 owing to the introduction of
carriers and the contribution of large orbitals by Se atoms in
pyra-STF ligands. The resistivity shows semiconducting
behavior due to the slight dimerization of donors and reveals
a small anomaly around 190K in Figure 3 (T>190K,Ea=
31 meV; T < 190 K, Ea = 51 meV).
The temperature dependence ofmagnetic susceptibility for

[CuCl1.5(pyra-STF)] was investigated by a Quantum Design
MPMS-XL SQUID magnetometer under 10000 Oe (Fig-
ure 4). The magnetic susceptibility χ after subtraction of the
Pascal diamagnetic contribution at 300 K is comparably
small, 1.25� 10-4 emumol-1, and temperature-independent
down to 190 K. The χ values decrease slightly from 190 to
100 K to 1.05� 10-4 emu mol-1 because of slight distortion
to the singlet state. Below 100K, χ values increase because of
the Curie impurity.
The X-ray structural analysis of [CuCl1.5(pyra-STF)] at

120 K was carried out to investigate changes of the crystal
structure, the overlap integrals, and the dimensionality of this
complex below the anomaly. The structure at 120 K is
isostructural to that at room temperature.25 There are neither
drastic changes of the cell parameters nor the appearance of a
superlattice. The overlap integrals at 120 K are r1 = 18.3,
r2 = 23.7, p1 = -0.97, p2 = 0.62, and p3 = 1.62 (�10-3).
The degree of dimerization of the donors was a little

strengthened at 120 K (r2/r1 is 1.28 at 293 K and 1.30 at
120 K). According to these results, a charge ordering and a
distinct charge density wave (CDW) are ruled out as origins

of the anomaly. Moreover, the anomaly might not originate
from an antiferromagnetic order because of the constant
g value and no rapid increase of the line width by the ESR
measurement. No sudden phase transition to singlet states
has been observed by the linked, rigid 1D [CuCl1.5]n chains
and the larger molecular orbital of pyra-STF. The slight
distortion to an incomplete singlet state such as the quasi-
CDW state might induce the anomaly.
In conclusion, we have synthesized the supramolecular

copper(I) complex with oxidized pyrazino-fused TTF as the
ligand, [CuICl1.5(pyra-STF)

0.5+]. The supramolecular 1D
[CuCl1.5]n chain with coordination of pyra-STF0.5+ ligands
as a pendant was revealed by X-ray analysis. It is remarkable
that the cation ligands directly coordinate to the Cu+ cation.
The assembled pyra-STF0.5+ ligands construct highly con-
ducting paths with σRT = 25 S cm-1. The incomplete single
state below 190 K is observed by the competition between
pseudo-1D instability of conduction columns and the sup-
pression of a sudden transition by the linked, rigid 1D
supramolecular [CuCl1.5]n chains and the larger molecular
orbital of pyra-STF0.5+. The search for a more conductive
supramolecular metal complex is in progress by utilizing
extended strategies for tuning of the oxidation potential
and the introduction of STF derivatives.
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Figure 4. Temperature dependence of the magnetic susceptibility of
[CuCl1.5(pyra-STF)].

Figure 3. 1/T vs log F plot for [CuCl1.5(pyra-STF)].

(25) Crystal data for [CuCl1.5(pyra-STF)] at 120 K: C8H4N2S2CuCl1.5, fw
466.90, triclinic,P1 (No. 2), a=7.523(4) Å, b=11.723(6) Å, c=6.955(4) Å,
R = 90.71(5)�, β = 103.86(5)�, γ = 83.88(4)�, V = 592.1(6) Å3, Z = 2,
Dcalc = 2.619 g cm-3, R = 0.0442, Rw = 0.1058, GOF = 1.004.
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