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BEDT-TTF (ET) and cyananilic acid (H2CNAL) afforded charge transfer crystals by a diffusion method. The

chemical formula of the complex was deduced based on all the information concerning the elemental,

structural, electric, magnetic and optical analyses. The ET molecules form one-dimensional columnar stacks

composed of twisted dimers with a face-to-face overlap (a’-type stack). The acid works as an oxidant and is

deprotonated to form the monoanion, HCNAL12, which forms ribbon-like aggregation by means of hydrogen-

bonds. The ribbons form anion layers that sandwich the ET layer. The crystal is semiconductive with a room

temperature conductivity of 0.20–0.83 Scm21 and activation energy of 0.15 eV along the stacking direction,

though the band calculation by the extended Hückel method suggests a metallic nature, indicating strong

electron-correlation in this system. The complex is a Mott insulator and its magnetic susceptibility is described

by the one-dimensional S~1
2 antiferromagnetic Heisenberg chain model with J/kB~252¡3 K.

1 Introduction

Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF or ET,
Chart 1) has afforded a variety of charge-transfer (CT)
complexes because of its structural and electronic features.1

More than fifty two-dimensional (2D) superconductors have so
far been prepared. The high Tc ET superconductors, such as
k-(ET)2X [X~Cu(NCS)2, Cu[N(CN)2]Br, Cu[N(CN)2]Cl,
Cu(CN)[N(CN)2]] (Tc~10213 K), are located in their electro-
nic features between good metals, such as b-(ET)2I3, and Mott
insulators, such as b’-(ET)2X (X~BrICl, ICl2).2 An intriguing
feature of the Mott insulator k-(ET)2Cu2(CN)3, which is
located in the proximate neighbor of the 10 K class super-
conductors, is that it is transformed into a superconductor by
the application of pressure (Tc~3.5 K)3 or by slight modifica-
tion of the counter anion (Tc~3–10 K).4

Most of these complexes are composed of a combination of
partially charged, mainly z1

2, ET molecules and closed-shell
inorganic counter anions. Besides the inorganic anions, a
variety of organic ones have been developed for conductive or
magnetic ET complexes because of their easily designed
molecular and electronic structures.5 Among them polycyano-
carbons,5 polyfluoroalkanes6 and polynitrophenols7 have
afforded interesting materials, such as organic metals, super-
conductors, Mott insulators, etc.

Polynitrophenols and other kinds of compounds containing
hydroxide or amino groups, such as squaric acid, rhodizonic
acid,8 dimethylglyoxime,9 biimidazole,10 etc. are of interest
from the viewpoints of the band filling control of organic
conductors since they have different kinds of ionized species.
Some of the haloanilic acids (chloranilic, bromanilic, Chart 1)
have been used in the formation of organic metals with

BEDO-TTF in which they exist as monoanionic species.11

Among the anilic acids, nitranilic and cyananilic acid (2,5-
dicyano-3,6-dihydroxy-p-benzoquinone, H2CNAL) are some
of the strongest electron acceptors, as well as being Brönsted
acids bearing hydrogen-bonding sites. H2CNAL is a flat
molecule and may have a variety of species differing in the
number of protons (HnCNAL, n~0–4) and the charge
(HnCNALd, mainly 22¡d¡0). Recently, we have reported a
1D antiferromagnetic CT salt of tetramethyl-TTF (TMTTF);
(TMTTF)2HCNAL, in which H2CNAL is deprotonated to

Chart 1 Compounds discussed in the text.
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produce HCNAL12 during the preparation.12 In this report,
the preparation, crystal structure and physical properties of a
new Mott insulator a’-(ET)2HCNAL are described.

2 Experimental

H2CNAL was prepared according to the procedure reported in
the literature.13 ET and H2CNAL (0.05 mmol each) were each
placed at the bottom of a chamber of an H-shaped cell.
Diffusion of the starting materials in 12 mL of the mixed
solvent (benzonitrile–CS2~2 : 1) at room temperature for 1 to 4
weeks afforded black plates (mp 254–255 uC (decomp.)) of
which only few were suitable for X-ray analysis. Anal. Found:
C, 35.26; H, 1.79; N, 3.03%. Calcd for (ET)2HCNAL
(C28H17N2O4S16): C, 35.09; H, 1.79; N, 2.92%.

Optical measurements were carried out with a KBr disk on a
Perkin-Elmer 1000 Series FT-IR (resolution 4 cm21) for IR
and near-IR regions (400–7800 cm21) and on a Shimadzu
UV-3100 spectrometer for near-infrared, visible and ultraviolet
(UV–Vis–NIR) region (3800–42000 cm21).

DC conductivities of single crystals were measured by the
standard four-probe method using gold wires of 10 mm in
diameter with gold paste (Tokuriki, 8560-1A). EPR measure-
ments were performed on a JEOL-TE200 X band ESR
spectrometer with TE011 cavity whose temperature was
varied from room temperature to 3 K by means of an
Oxford ESR-910 cryostat. Static magnetic susceptibility was
measured by the aid of a SQUID magnetometer (Quantum
Design MPMS) from 300 K to 2 K.

X-Ray diffraction data were collected on an automated four-
circle diffractometer (Rigaku AFC5R) with graphite mono-
chromated Mo-Ka radiation at room temperature. All the
calculations were performed using the teXsan crystallographic
software package (Molecular Structure Corporation). The
crystal structure was solved by direct methods (SHELXS86)
and refined by full-matrix least squares (based on F). Although
the differential synthesis gave the peak positions corresponding
to all of the hydrogen atoms, the refinement of their positional
parameters did not afford the appropriate values due to its
small scattering factor. Hence, only their temperature factors
were refined during a series of the least squares procedure, in
which the positional and thermal parameters of non-hydrogen
atoms were optimized, and then the positional parameters of
hydrogen atoms were re-determined by the differential
synthesis to be adopted in the next series of refinements. The
site occupancy factor of the phenolic hydrogen was assumed to
be 0.5 and was not refined.

Band structure was calculated based on the crystal structures
at room temperature by extended Hückel tight-binding method
with single-f parameters.14

3 Results and discussion

3.1 Degree of charge transfer

The stoichiometry of the complex was deduced to be (ET)2X
based on the elemental analysis, where X is either H2CNALd2,
HCNAL(1zd’)2 or CNAL(2zd@)2.

The bond lengths of the ET molecules and UV–Vis–NIR
absorption spectrum of the complex provide valuable inform-
ation concerning the degree of CT and hence the nature of the
acceptor species.

Fig. 1 shows the molecular structures of the donor and anion.
From the bond lengths of ET, the charge (c) on this molecules
has been estimated adopting two methods. Guionneau et al.
derived the equation c~6.34727.363[(bzc)2(azd)], where a,
b, c, and d are averaged lengths of the bonds shown in Fig. 1
(left) assuming this donor molecule has D2h symmetry.15

According to this procedure, c is estimated as 0.52¡0.09 in the
title complex. Another method compares each bond length a to

d with those in the ET molecules of known charges (0, z1
2, z2

3,
z1, and z2).16 This procedure explicitly revealed the
inadequacy of using bond d in the estimation of c, since the
observed bond length of d (1.332(4) Å) is close to the neutral
species (1.333(4) Å),15 contrary to the optical and magnetic
data of this complex which support substantially ionized nature
of the ET molecules (vide infra). The evaluated c values based
on the bonds a, b and c are 0.58, 0.57 and 0.32, respectively, and
that affords the averaged value of c~0.49¡0.2.

For HCNAL, this anion showed a large deviation of bond
lengths depending on the counter components in the com-
plexes. The bond lengths in HCNAL in the several complexes
in refs. 12 and 17 are: a~1.50(2)–1.54(2), b~1.38(2)–1.445(6),
c~1.35(2)–1.43(1), d~1.21(1)–1.3(2), e~1.20(1)–1.31(1),
f~1.40(2)–1.46(2), and g~1.1(1)–1.15(1) Å (for the definitions
of a–g, see Fig. 1 (right)), within the range of which the bond
lengths observed in the title complex are accommodated.

Fig. 2 compares the absorption spectrum of the complex
(curve a) with that of ET?Br?H2O (curve b) in KBr. The
absorption bands at 10–116103 cm21 (labeled band C) and
16–176103 cm21 (labeled band D) are due to the intramole-
cular transitions of an ET cation radical molecule; from the
second HOMO to HOMO, and HOMO to LUMO, respec-
tively.16,18 The low energy CT transition (labeled band A)
below 56103 cm21 is ascribed to an electronic transition either
among the partially charged ET molecules or charge separated
ET molecules and is commonly observed in highly conductive
segregated materials. The optical transition between the fully
ionized ET molecules appears at 5–66103 cm21 (labeled band
B, indicated by an arrow), which is very weakly seen in curve a.
It has been known that the intensity of band B decreases as the
degree of ionicity of the ET molecule decreases from z1 in the
segregated column and band B is nearly extinguished at
z0.5.19 Therefore, the weak appearance of the optical band B
is indicative that an ET molecule is charged either slightly more

Fig. 1 The molecular plane projection of ET (left) and HCNAL (right)
in the title complex. Assuming D2h symmetry for the ET molecule, the
averaged bond lengths are: a~1.362(5), b~1.736(2), c~1.750(2),
d~1.332(4) Å. The site occupancy factor of the phenolic proton (H02)
of HCNAL is assumed to be 0.5.

Fig. 2 Absorption spectra of (ET)2HCNAL (a) and ET?Br?H2O (b) in
KBr. For bands A, B, C and D, see text. Arrow indicates band B in
curve b.
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than z0.5 with charge delocalization or exactly z0.5 with
charge localization, namely one electron per ET dimer.

According to these structural and optical results, the charge
on ET is deduced to be equal or very close to z0.5 and hence
the acceptor species are expected to be either HCNAL(1zd’)2

with d’ being equal or close to zero or a mixture of HCNAL12

and CNAL22 with the latter in nil or tiny amounts. Another
possibility for the anion species is a mixture of nearly equal
amounts of H2CNAL0 and CNAL22. However, this situation
is the least realistic one considering that the disproponation of
HCNAL12PH2CNALzCNAL22 is not easy since the
pK22pK1 is estimated to be more than 2.2,20 where pK1 and
pK2 mean the dissociation constants for the processes
H2CNALPHCNAL12zHz and HCNAL12PCNAL22zHz,
respectively. As a consequence, the complex is tentatively
formulated as (ET)2HCNAL in the following discussion.

3.2 Crystal and band structures

The (ET)2HCNAL complex crystallizes in the monoclinic
system. The lattice parameters are summarized in Table 1. The
molecular and crystal structures are shown in Fig. 3. One ET
molecule and half of the HCNAL one are crystallographically
unique. The ethylene groups of an ET molecule are in a
staggered conformation and deviate from the least squares
plane composed of the nearly planar remainder. Two ET
molecules form a face-to-face dimer with a twisted overlap
configuration (Fig. 3a). The dimers stack to form columns
along the a-axis with interplanar distances of 3.79 and 3.42 Å
(Fig. 3b). S…S contacts shorter than the sum of the van der
Waals (vdW) radii (sum of vdW radii~3.60 Å)21 are observed
(Fig. 3c) only along the side-by-side direction (3.529(2)–
3.573(2) Å) to form a donor layer in the ab-plane. The packing
structure of the ET molecules is classified into the a’-type in
which most of the ET compounds have been assigned to be
Mott insulators.22{

The HCNAL molecule is almost planar and produces an
infinite hydrogen-bonded ribbon along the a-axis with an
intermolecular O…O distance of 3.027(6) Å (Fig. 3d). The
ribbons are arranged to form an anion layer in the ab-plane.
The anion and donor layers stack alternately along the c-axis.
The ET and HCNAL layers are connected by short atomic
contacts between the end ethylene hydrogen atoms of ET and
oxygen atoms of HCNAL (2.556(3)–2.594(3) Å vs. sum of vdW
radii~2.72 Å).

The formation of a molecular ribbon-type aggregation by

complementary hydrogen-bonding has also been noted in the
neutral acid (fluoranilic, chloranilic or tetrahydroxy-p-benzo-
quinone)23 and (TMTTF)2HCNAL.12

Fig. 4 shows the energy dispersion, density of states and the

Table 1 Crystal and refinement data for (ET)2HCNAL

Chemical formula C28H17N2O4S16

Formula weight 958.51
Crystal system Monoclinic
Space group P2/c (#13)
a/Å 7.606(3)
b/Å 6.773(3)
c/Å 34.531(2)
b/u 93.12(1)
V/Å3 1776(1)
Z 2
Dc/g cm23 1.792
Diffractometer Rigaku AFC5R
Scan mode v–2h
2hmax/u 55
No. of intensity meas. 4741
Criterion for obs. reflection Fo¢1.5s(Fo)
Reflections used in LS 2449
No. of refined parameters 236
R 0.038

Fig. 3 Crystal structures of (ET)2HCNAL (a) viewed along the a-axis
and (b) the b-axis. Hydrogen atoms are drawn as spheres of 0.1 Å
radius. The hydrogen bonds between the anions are indicated by dotted
lines. (c) Molecular structure of ET molecules and side-by-side S…S
atomic contacts (3.529(2)–3.573(2) Å) which are shown by dashed lines.
(d) Molecular structure of HCNAL and hydrogen-bonded ribbon
structure of HCNAL molecules. The intermolecular O…O contacts
(3.027(6) Å) are shown by dashed lines. The site occupancy factor of the
phenolic hydrogen atoms is assumed to be 0.5. (e) Donor packing;
letters indicate intermolecular overlap integrals; a1~11.53, a2~5.24,
b~7.37, p~1.87, q~2.0661023.

{CCDC reference number 158796. See http://www.rsc.org/suppdata/
jm/b1/b101635k/ for crystallographic files in .cif or other electronic
format.

Fig. 4 Energy dispersion, density of states and Fermi surface of
a’-(ET)2HCNAL calculated by extended Hückel method with tight
binding approximation and single f-parameter (a) including or (b)
excluding the d-orbitals of the sulfur atoms of the ET molecules.
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Fermi surface calculated by the extended Hückel tight-binding
method based on the overlap integrals including (Fig. 3e, 4a) or
excluding (Fig. 4b) the 3d-orbitals of the sulfur atoms.
Although the calculated band structure exhibits a strong
dependency on the parameters used,7 the Fermi level always
lies in the upper branch of the dispersion as long as the
degree of CT is z0.5(1zd)(d%1), giving rise to a quasi 1D
Fermi surface open along the a- (Fig. 4a) or b- (Fig. 4b)
direction despite the structural two-dimensionality of the
conducting layer. The discrepancy between the directions of
the open Fermi surface in Fig. 4a and 4b stems from whether
the calculation includes the 3d-orbitals of sulfur or not;
generally the former overestimates the overlap integrals along
the b-direction (side-by-side direction) while the latter under-
estimates them. It is noteworthy that a band gap between the
upper and lower HOMO bands exists in Fig. 4b but not in
Fig. 4a.

3.3 Electric and magnetic properties

In spite of the presence of the Fermi surface in the band
calculation, the observed temperature dependence of conduc-
tivity is semiconductive. The four-probe method shows a room
temperature conductivity (sRT) of 0.20–0.83 Scm21 with an
activation energy of 0.15 eV (at 210–297 K) along the long axis
of a single crystal (a-axis). The origin of the semiconductive
behavior would be either (1) strong electron correlation in
comparison with the band width (Mott insulator)24 such as
a’-(ET)2X (X~CuCl2, Ag(CN)2, AuBr2, etc.),22 b’-(ET)2X
(X~BrICl, ICl2, AuCl2)25 and k-(ET)2Cu2(CN)3

3,4 or (2)
charge separation26 such as a-(ET)2IBr2 and h-(ET)2X
(X~RbCo(SCN)4, RbZn(SCN)4).27 As far as the crystal
structure and IR spectrum are concerned, charge separation
such as ET1zzET0 is not detected experimentally. Instead, the
strong electron correlation is the most plausible cause of the
localization of electrons in this system (vide infra).

The sRT value of the title complex is comparable
to those reported for the ET Mott insulators a’-(ET)2X
(X~AuBr2,22b pentacyanodicyclopentadienide(solvent)x,22e

sRT~(1–5)61021 Scm21) and k-(ET)2Cu2(CN)3 (sRT~3–
6 Scm21)3,4 and exceeds slightly those of a’-(ET)2X (X~
CuCl2,22b Ag(CN)2,22b IAuBr,22c HCl2,22f p-CH3C6H4SO3,22d

alkoxytetracyanoallylide (alkyl: methyl, ethyl, butyl),22g

sRT~261024–361023 Scm21) and b’-(ET)2X (X~ICl2,
AuCl2, sRT~1–361022 Scm21).25 The activation energy of
0.15 eV is comparable to those of a’- and b’-(ET)2X mentioned
above (ea~0.10–0.20 eV), except for the salts where X~
Ag(CN)2 and AuBr2 (ea~0.24–0.30 eV), and fairly large
compared with that of k-(ET)2Cu2(CN)3 (0.02–0.05 eV),
suggesting that a’-(ET)2(HCNAL) resides well away from the
boundary between Mott insulators and 10 K class super-
conductors in the Mott insulating side.

The definitive evidence to assign the title complex to be a
Mott insulator was afforded by the magnetic measurements.
The magnetic susceptibility x of polycrystalline material
was measured by a SQUID magnetometer with the external
magnetic field (H0) of 1 kOe. The temperature depend-
ence of x after the correction of core diamagnetism
(24.8261024 emu mol21) is shown in Fig. 5. The Curie
constant (5.2861023 emu mol21) corresponds to an impurity
of 1.4% of the complex. The large value of x at room
temperature (1.0561023 emu mol21) and the broad maximum
at around 90 K indicate the presence of localized spins (S~1

2)
coupled by antiferromagnetic interactions. It is well approxi-
mated by the 1D S~1

2 antiferromagnetic Heisenberg chain
model28 with the exchange interaction of about J/kB~255 K
using the least squares method (solid line in Fig. 5), however,
the position of the peak center is slightly different. To fit the
peak center, it is approximated by the same model with
J/kB~249 K (dashed line). Consequently, it is proper that the

magnetic susceptibility is semiquantitatively approximated
by the 1D antiferromagnetic Heisenberg chain model with
J/kB~249 to 255 K.

The absolute value of x at room temperature is comparable
to those of the conventional a’- and b’-type ET Mott insulators
((9–12)61024 emu mol21)22,25 and corresponds to ca. 82% of
that of the magnetically isolated spins; the Curie law gives a x
of 1.2561023 emu mol21 at 300 K when S~1

2 and g~2.00.29

The agreement between the theoretical and observed values in
Fig. 5 indicates the system to be a Mott insulator with one spin
per ET dimer.

The EPR measurements with the external magnetic field (H0)
perpendicular to the long axis of a single crystal indicate that a
Lorentzian signal is observed solely in the temperature region
above 50 K and is extinguished at lower temperatures. The
temperature dependence of EPR intensity above 50 K (Fig. 6a)
is qualitatively consistent with x in Fig. 5, confirming the
Bonner–Fisher type antiferromagnetic interactions. The peak-
to-peak line width (Hpp) of the EPR signal (Fig. 6b) shows
gradual broadening as temperature decreases from room
temperature (Hpp~4 Oe) down to 100K (7–8 Oe) then rather
rapid increase below it (16–17 Oe at 50 K). The increase of Hpp

below 100 K implies the formation of the local magnetic field
caused by the growing of the antiferromagnetic order. The
g-value (Fig. 6c) between room temperature and 100 K
(2.0056–2.0062) corresponds to the molecular g-value of an
ET cation radical.30 The appearance of only one EPR signal
with its g-value corresponding to the ET species confirms that

Fig. 5 Magnetic susceptibility of a’-(ET)2HCNAL by SQUID after
correction of Pascal diamagnetism. The Curie paramagnetism is
ascribed to the defect impurity of ca. 1.4% of the complex. The solid
and dashed curves are the fitting by the 1D Heisenberg antiferromagnet
model by Bonner–Fisher with the exchange interaction of J/kB~255 K
and 249 K, respectively.

Fig. 6 Temperature dependence of (a) EPR spin susceptibility (xspin),
(b) peak-to-peak line-width (Hpp) and (c) g-value of a’-(ET)2HCNAL
when H0^a. The dotted curves are guides for the eyes.
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the anion species are spinless. Therefore, together with the very
weak intensity of absorption band B in Fig. 2, the magnetic
results indicate that an ET dimer has one localized spin to give
rise to a Mott insulating state leading to a conclusion that the
anion species should be an exact monoanion, HCNAL12.

The origin of the optical band B is anticipated as an
electronic transition between the neighboring dimers. That will
then be related to the on-site Coulomb repulsion of ET dimer,
Udimer which is approximated by eqn. (1), where DE is the
energy splitting between upper- and lower-HOMOs of a dimer
(dimerization energy).31

Udimer~DEz[U2(U2z4DE2)12]/2 (1)

Since the on-site Coulomb repulsion U of an ET molecule is
larger than DE of the ET molecule, Udimer can be approximated
by DE. Therefore, it is very plausible that band B appears at
lower energy side than that in the Br salt (curve b in Fig. 2
indicated by an arrow) to overlap with band A in curve a in
Fig. 2. These results suggest that the density of states depicted
by Fig. 4b is more appropriate than that by Fig. 4a pointing
out that the extended Hückel calculation including the sulfur
3d-orbitals overestimates the side-by-side interaction in the
case of a’-type packing.

In conclusion, the optical, electric and magnetic measure-
ments disclosed that the cyananilic acid H2CNAL was
deprotonated into a monoanion, HCNAL12, during the crystal
growth by diffusion method, to form a new Mott insulator
a’-(ET)2HCNAL.
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