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Artificial conductors constructed from molecular building
blocks can replicate unique low-dimensional electron-trans-
port phenomena depending on the nature of their molecular
components.[1] For example, Cu(DCNQI)2 (DCNQI=N,N’-
dicyanoquinodiimine) systems formed from coordination
polymers containing alternating 3D linkages between Cu
ion donors and organic DCNQI acceptors exhibit an inter-
esting metal–insulator (M–I) transition under high pressure.
This behavior is due to the interaction between the localized
3d-electron bands of the Cu ions and the p-electron con-
ductive bands of DCNQI.[2] Therefore, the appropriate
combination of donors and acceptors as molecular building

blocks, which often form an electron-conducting solid, plays
an important role in determining the electron-transport
character of a molecular crystal.

Molecules that form high-conductivity molecular solids,
particularly organic acceptors, have been limited thus far to
cyanoquinoid derivatives such as TCNQ[3] and DCNQI[4] and
the metal complex [M(dmit)2] (dmit= 1,3-dithiole-2-thioxo-
4,5-dithiolato).[5] Molecular conductors with various electron-
donor frameworks based on heterocyclic structures contain-
ing a chalcogen atom such as tetrathiafulvalene (TTF)[6] and
tetramethyltetraselenofulvalene (TMTSF)[7] have also been
realized, and studies are underway to discover a fundamental
molecule with a stable electron-accepting framework to form
molecular conductors with a desired transport behavior.
Herein, we report a modifiable electron acceptor with
5,6,11,12-tetraazanaphthacene (TANC) as a new fundamental
framework and the preparation of a high-conductivity crystal
(1) from CuI–TANC coordination polymers.

TANC was prepared by modifying a synthetic procedure
first reported by Hill.[8] The yellow precipitate obtained from
the thermal condensation between o-phenylenediamine and
oxamide contains 2,2’-bibenzimidazole and 5,11-dihydro-
5,6,11,12-tetraazanaphthacene (FFV) in a 3:1 ratio. This
mixture was oxidized with PbO2 in MeCN to give brown
crystals of TANC in 20% yield. The cyclic voltammogram of
TANC in MeCN exhibits two reversible one-step, one-
electron waves in the reverse sweep (E1

1/2=�0.20 and
E2

1/2=�0.88 V vs Ag/AgCl), which means that TANC is a
weaker electron acceptor than organic acceptors such as
TCNQ and DCNQI that form high-conductivity materials.[9]

Unfortunately, TANC cannot be employed as an organic
semiconductor with n-type characteristics.

The TANC radical anion can be isolated from an electron
disproportionate reaction between FFV and TANC under
basic conditions. This compound was obtained as a green
precipitate under anaerobic conditions, which immediately
turns gray upon exposure to air. The ESR spectrum of the
precipitate exhibits a typical anisotropic peak (g?= 2.011 and
gk= 2.0091) that stabilizes at room temperature (see the
Supporting Information).

The high-conductivity crystal 1, which has the composi-
tion [{Cu(TANC)}F0.5]n, was obtained from the reaction
between TANC and [Cu(MeCN)4]BF4 in MeOH/MeCN in
the form of thin, plate-like, indigo-blue crystals. The presence
of half an equivalent of nonstoichiometric F� ions was
determined by X-ray photoelectron spectroscopy (XPS)
measurements and quantitative chemical analysis for F�

ions. These F� ions are generated by the dissociation of
BF4

� anions in the reaction mixture.
Direct electron-conductivity measurements for a single

crystal of 1were performed by the conventional four-probe dc
method by varying the temperature (Figure 1). The crystals
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exhibit a high conductivity of 50 Scm�1 along the a axis at
300 K, and the conductivity sinks rapidly to 10�6 Scm�1 at
10 K, with a decrease in temperature. This behavior implies
that 1 is a semiconductor at ambient pressure.

An X-ray structure analysis was performed for a platelike
single crystal of 1 (0.41 E 0.15 E 0.03 mm3).[10] Figure 2a shows
a flat-ribbon structure with alternative linkages between the
Cu+ ions and TANC along the b axis. Two of the four N atoms
in the TANC framework, namely N(1) and N(1)*1 (“*1”: �x,
�y, �z), are coordinated to two different Cu+ ions. The
coordination structure around each Cu+ ion is approximately
linear didentate (Cu(1)�N(1)= 1.887(5) I). The two remain-
ing non-coordinating atoms (N(2) and N(2)*) reinforce the
coordination structure through weak C�H···N hydrogen
bonds (N(2)···C(2)*2= 3.772(9) I; “*2”: x�1, y+ 1, z). They

also affect the electron structure of the Cu+ ion by a weak
contact interaction. This interaction originates because the
lone-pair electrons of the N(2) and N(2)* atoms are directed
toward the Cu+ ion despite a long noncoordinating distance of
2.853(5) I between Cu(1) and N(2).

The flat-ribbon structures are arranged in segregated
stacks for each fragment of Cu+ ions and TANC along the
a axis in 1 to form 2D stacking layers (Figure 2b). The
shortest C�C distance between the stacked TANC molecules
within the layers is that between C(1) and C(7)*3 (3.184(9) I;
“*3”: �x, �y+ 1, �z). Few direct Cu�Cu interactions exist
between the ribbons in the layer because the shortest Cu(1)�
Cu(1)* distance is 3.95(2) I, which is greater than the total
van der Waals radius between two Cu+ ions. The non-
stoichiometric F� ions are located in the spaces between the
layers in a single unit separate the conductive layers along the
c axis (Figure 2c).

Conductivity anisotropy measurements were performed
for 1 at room temperature for the crystal directions (100) and
(010) using the Montgomery method.[11] The conductivity, sc,
is 6.90 E 10�3 Scm�1 for the (001) direction, which corre-
sponds to the smallest edge length among the three planes.
This value is smaller by four and two orders of magnitude
than sa (50.0 Scm�1 for the (100) direction) and sb

(0.91 Scm�1 for the (010) direction), respectively. This
variation occurs due to the alternating layers of F� ions that
disturb the conductivity through the (001) direction, which
means that the crystal behaves as an approximate pseudo-1D
molecular semiconductor based on the layer stacking along
the ab plane; the maximum amount of current flows through
the 1D stacked TANC arrays along the a axis.

This behavior as a 1D molecular conductor can also be
explained by extended HMckel calculations based on the
crystal structure of 1.[12] If the Cu atoms are not considered,
the LUMO band of the TANC molecules shows the following
intermolecular overlaps: 7.1 E 10�3 for the stacking direction
of the a axis and 0.7 E 10�3 for the interchain direction of the b
axis. This yields a 1D energy band along the stacking a axis
with a bandwidth of 0.28 eV and an interchain interaction
one-tenth that of the intrachain interaction. The tight-binding
approximation of the LUMO band yields a 1D energy band
and an open Fermi surface (Figure 3a).

Figure 1. Temperature-dependent conductivity of 1 at ambient pressure
using the typical four-probe dc method. The measurement was
performed by attaching an Au wire (f=10 mm) to the (001) face in a
crystal of 1 (0.78F0.22F0.03 mm3).

Figure 2. a) The structure of the oblique one-dimensional coordination
polymer in 1 with alternating linkages between Cu+ ions and TANC
showing the shortest Cu�Cu distance in the intrapolymer chain
(5.989(3) H); b) the segregated stacking of the coordination polymer
along the a axis to create two-dimensional stacking layers, which are
separated by other layers constructed from disordered F� ions (pink
spheres) along the c axis; c) a perspective view along the a axis
showing the stacking Cu�Cu distances (3.9451(2) H), the shortest C�C
distance (3.19 H) between the stacking TANC molecules, and the
shortest interlayer Cu�Cu stacking distance (14.721(7) H).

Figure 3. a) The energy dispersion and b) the Fermi surface of a crystal
of 1 calculated by the extended HJckel method with a tight-binding
approximation. The black line represents the energy band calculated
using only the TANC p band and the dotted line represents the energy
band obtained by considering the p–d interchain interactions of the
hybridization between Cu ions and the TANC LUMO (t?=0.01 eV).
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The whole band calculation, including the Cu orbitals,
shows that the Cu 3d bands are located around the HOMO
band and are completely occupied (Figure 3b). This result is
consistent with the existence of only Cu+ species (absence of
Cu2+), as observed by XPS. Furthermore, the nearly temper-
ature-independent spin susceptibility of 1 is regarded as being
Pauli-like, which also indicates the absence of Cu2+ species.
The density of the S= 1/2 local spin was estimated to be
1.15% from the Curie tail (see the Supporting Information).
Owing to the coordination of the TANC molecules to the Cu
atom, the orbital overlap between the TANC LUMO and the
Cu orbitals is considerable: 7.5 E 10�3 to the Cu 3d orbitals and
17.3 E 10�3 to the Cu 4p orbitals. However, the hybridization
of the Cu 3d orbitals with the TANC LUMO is weak because
the 3d levels are located entirely below the LUMO level.

As the Cu 3d orbitals are separated from the LUMO level
by more than 1 eV, the Cu3d–LUMO hybridization yields
t?= 2E 0.0752/D= 0.01 eV for the indirect interchain inter-
action between the TANC molecules through the Cu atom.
These values are similar in order to those for the direct
interchain interaction between the TANC molecules and are
consistent with the results of the conductivity anisotropy
measurements. The tight-binding energy band including this
indirect interaction is depicted in Figure 3b, which shows that
the 1D band remains essentially unchanged. Therefore, the
Cu 3d orbitals do not contribute significantly to the interchain
interaction because the Cu atom exists as Cu+.

Plots of the resistivity against 1/T for 1 yield a roughly
curved line, which indicates a behavior different from that of a
typical thermally excited semiconductor (see the Supporting
Information). Therefore, the temperature-dependent resis-
tivity of 1 at high pressure was measured up to approximately
8 GPa by using a cubic anvil apparatus.[13,14] The resistivity
increases uniformly until approximately 6.5 GPa, and it
decreases slightly at 8 GPa (see the Supporting Information).
This variation in the insulating behavior with pressure for 1 is
similar to that of Cu–DCNQI systems, which also exhibit an
increase in resistivity under high pressure.[15] The sharp
decrease in the resistivity above 6.5 GPa at 300 K may be
attributed to the enhanced overlap of p orbitals in TANC
molecules. However, it is difficult to understand the pressure-
enhanced insulating state. The temperature dependence of
the resistivity can be well fitted by the variable-range-hopping
(VRH) formula even under high pressures,[16] which suggests
that the spatially disordered F� ions play an important role in
the electron-transport behavior of 1. We therefore require a
model different from that of the Cu–DCNQI system to
understand the pressure-enhanced insulating behavior. The
large conductivity anisotropy (sa/sb/sc� 7000:117:1) suggests
that the energy levels of the Cu 4s and 3d orbitals are
significantly higher and lower than that of the TANC LUMO,
respectively. Hence, the Cu+ ions make no contribution to the
conduction band. This implies that the hybridization between
the Cu 3d orbital and the TANC LUMO is negligible at
ambient pressure. The random potential generated by the
spatially disordered F� ions may become stronger upon
application of pressure because the distance between the
layers with stacked TANC columns and those with disordered
F� ions decreases with an increase in pressure. As a result, the

application of pressure may increase the purity of the one-
dimensionality and the strength of the random potential as a
result of disordered F� ions. In other words, the 1D VRH is
enhanced with an increase in pressure up to 6.5 GPa.

We have reported the preparation of a new high-
conductivity crystal 1, which is constructed from coordination
polymers containing Cu+ ions and novel TANC acceptors. By
employing the simple fundamental framework of TANC, it
should be possible to convert the crystal structure into that of
other analogues and introduce a variety of substituented
groups such as a series of TCNQ and DCNQI acceptors.
Furthermore, according to the measurements of the temper-
ature-dependent resistivity under high pressure and the
conductivity anisotropy, it seems likely that the conduction
mechanism of 1 follows the 1D VRH formula based on the
disordered F� ions, which affects the stacking of the TANC
columns below 6.5 GPa. It should be possible to establish the
mechanism for the decrease in resistivity above 6.5 GPa by
preparing other Cu molecular conductors with TANC deriv-
atives.

Experimental Section
1: [Cu(MeCN)4]BF4 (0.34 g, 1.0 mmol) and TANC (40 mg,
0.17 mmol) were mixed in MeCN (36 mL) and stirred for 10 min.
The solution was filtered and divided into 18E 2-mL portions. MeOH
(8 mL) was added to each portion and the mixture was slowly
evaporated at room temperature. Deep-blue crystals were deposited
from the concentrated solution as thin, platelike rhombuses. Yield:
25.0 mg (50%). Elemental analysis (%) for C14H8CuF0.5N4: calcd C
55.08, H 2.64, Cu 20.81, F 3.11, N 18.35; found C 55.33, H 2.64, Cu
20.73, F 3.40, N 18.41.
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