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The control of the relative molecular orientation of redox-
active molecules is of great importance for constructing
organic conductors and superconductors.[1] Ingenious manip-
ulation of noncovalent interactions such as hydrogen bonding
(H-bonding) is an efficient tool for creation of desired
molecular arrangements.[2] Thus, a variety of tetrathiafulva-
lene (TTF) derivatives with H-bonding functionality have
been synthesized.[3] However, most of these gave insulating or
semiconducting charge-transfer (CT) complexes and salts,[3]

while CT salts of ethylenedithio-TTF-CONHMe with inor-
ganic anions solely exhibited metallic behavior.[3c,d] The
imidazole ring system has been utilized as an interesting
building block for H-bonded CT complexes[4] and assembled
metal complexes.[5] Recently, we have designed TTF deriva-
tives substituted with an imidazole moiety, TTF-Im, for
exploring molecular conductors with highly ordered molec-
ular aggregation by H-bonding.[6] We report here the first
purely organic molecular metal based on the H-bonded CT
complex composed of TTF-Im and p-chloranil (CHL), in

which the component ratio and electron-accepting ability of
CHL are controlled by H-bonding.[7]

In CV measurements, TTF-Im shows the first oxidation
potential at �0.06 V vs Fc/Fc+, which is close to that of TTF
(�0.09 V).[6] Single crystals of TTF-Im were obtained by the
vapor diffusion method with hexane/THF.[8] In the crystal
structure of TTF-Im, the imidazole moiety is twisted by
15.5(1)8 from the TTF skeleton. The imidazole ring forms a
one-dimensional chain by N�H···N H-bonding interaction
(3.06 9) along the a axis in a zigzag fashion similar to that of
imidazole[9] (Figure 1). The TTF-Im molecule uniformly

stacks and forms a columnar structure parallel to the c axis
with a face-to-face distance of 3.66 9. The column is
connected by H-bonding and intercolumnar S···S contacts
(3.48 and 3.57 9) along the a axis (Figure 1) to give a three-
dimensional network.

The CT complex (TTF-Im)2(CHL) was obtained as black
needlelike crystals by diffusion of a solution of TTF-Im and
CHL in acetonitrile containing 2 vol% ethanol in an H-
shaped tube.[7, 10,11] The C=O stretching frequency of
1532 cm�1 in the IR spectrum indicates that the CHL
molecule exists as a radical anion.[12] Thus, the ionicity of
TTF-Im is estimated to be + 0.5.[13] Crystal structure analysis
shows that the molecular structure of TTF-Im is nearly
planar, with a small dihedral angle of 5.5(1)8 between the TTF
and imidazole moieties, and the CHL molecule lies on the
inversion center (Figure 2). The CHL forms a bifurcated triad
with two TTF-Im molecules through double N�H···O H-
bonding interactions. Because these H-bonds increase the
electron-accepting ability of the CHL molecule, the CHL in
the complex is a completely one-electron reduced.[14] Each
component molecule forms a uniform stacking column along
the a axis with interplanar distances of 3.46 9 for TTF-Im and
3.19 9 for CHL. Furthermore, side-by-side S···S contacts

Figure 1. Stereoview of the crystal packing of TTF-Im, showing N�H···N H-bond-
ing (red), p-stacking columns, and S···S contacts (green) between columns.
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between TTF columns (3.51–3.57 9) along the b axis form a
two-dimensional donor layer parallel to the ab plane.
Together with the double H-bonding of CHL, this results in
a three-dimensional network of intermolecular interactions in
the crystal.

Intermolecular overlap integrals of the HOMO of the
donor molecules in the CT complex, calculated by the
extended H?ckel method, are summarized in Figure 3a.[15]

Although the strongest overlap integral (s1) was observed
along the stacking direction, interactions on the same order of
magnitude (t3, t4) were also calculated in the side-by-side
directions. The tight-binding approximation gave the energy
dispersion, density of states, and Fermi surfaces shown in
Figure 3b–d. As shown in Figure 3b, the dispersion affords
two bands having a gap of 0.05 eV, the upper one of which is
half-filled. The main parts of the Fermi surfaces in Figure 3d
exhibit a strongly warped one-dimensional feature. Along
with these open surfaces, a hole pocket around point X was
derived.

The static paramagnetic susceptibility cp of
the polycrystalline sample showed nearly tem-
perature-independent behavior in the range of
170–350 K, and its value of + 5.7 C
10�4 emumol�1 per (TTF-Im)2(CHL) unit is
consistent with Pauli paramagnetism (Figure 4).
The cp value slightly decreased below 170 K, and
after passing through a minimum at 90 K, a
strongly temperature-dependent component
appeared to increase the total cp in the lower
temperature region (Figure 4). The magnetic
field dependence of the magnetization at 1.9 K
revealed that the temperature-dependent part of

cp is attributed to 1.1% of nearly isolated S= 1/2 spins.[16] No
such temperature-dependent contribution was observed
above 170 K, and this suggests that the generation of such a
component may be associated with the subtle anomaly
around 90–170 K.

The ESR spectra of the polycrystalline sample at 296 K
showed a single Lorentzian absorption with g= 2.0068
(Figure 5). The ESR linewidth DB[17] steadily decreased on
lowering the temperature (inset to Figure 5) and finally
became sharp enough to resolve g anisotropy as (gxx, gyy, gzz)=

Figure 2. Stereoview of the crystal packing of (TTF-Im)2(CHL). The dashed lines show the inter-
molecular interactions: N�H···O H-bonding (red) and S···S contacts (green).

Figure 3. a) Packing pattern of the donor molecules; letters indicate
intermolecular overlap integrals (s1=�20.77, t2=0.94, t3=�5.44,
t4=10.73, t5=�0.62). b) Energy dispersion, c) density of states, and
d) Fermi surface of (TTF-Im)2(CHL), calculated by the extended HFckel
method with tight-binding approximation.

Figure 4. Temperature dependence of magnetic susceptibility after
correction of Pascal diamagnetism for a polycrystalline sample of
(TTF-Im)2(CHL). The inset shows a magnification of the plot.

Figure 5. Temperature dependence of ESR spectra for a polycrystalline
sample of (TTF-Im)2(CHL). The inset shows the temperature depend-
ence of ESR linewidth DB.[17]
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(2.0101, 2.0075, 2.0028), which are characteristic values of
TTFC+ derivatives. The ESR signal intensity exhibits nearly
identical behavior to cp at all temperatures. The above results
show that the TTF-Im column acts a pathway for electrical
conduction. In contrast, no ESR absorption originating from
uniformly stacked CHLC� molecules was observed, probably
because the short interplane distance of CHLC� (3.19 9) and
the large orbital overlaps induce a strong antiferromagnetic
interaction that quenches paramagnetism. Density functional
theory calculations gave support to this conjecture. For a pair
of CHLC� molecules in the uniform column taken from the X-
ray structure, the exchange coupling was calculated to be
2J/kB=�2677 K,[18] which results in negligible paramagnetic
contribution below 350 K as long as a one-dimensional
magnetic chain is considered (Bonner–Fisher model[19]).

The temperature dependence of electrical conductivity
for the single crystal along the p-stacking direction confirms
metallic behavior down to about 180 K, below which the
resistivity increases gradually (activation energy 20 meV;
Figure 6). The room-temperature electrical conductivity of

this complex of srt= 124 Scm�1 is comparable to those of CT
salts of ethylenedithio-TTF-CONHMe[3c,d] and TTF-TCNQ
complexes,[20] and 104–107 orders of magnitude higher than
those of CT complexes with organic electron acceptors based
on H-bonded TTF derivatives.[3] Clarification of the subtle
anomaly in magnetic and electric properties at 90–180 K is the
subject of further study.

In conclusion, we have prepared the first purely organic
molecular metal based on an H-bonded CT complex. The
absence of an abrupt change like the Peierls transition shows
that the H-bonding interaction plays a vital role in transport
properties by increasing dimensionality. Furthermore, we
emphasize the ability of H-bonding interactions to control the
electron-accepting ability of CHL and the donor/acceptor
ratio by the formation of H-bonded triad of TTF-Im and
CHL. We believe that these salient features of H-bonding
interactions in purely organic CT complexes demonstrate a
new concept for the molecular design of organic conduc-
tors.[21]
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