
Single-Component Molecular Metals with Extended-TTF Dithiolate Ligands

Akiko Kobayashi,*,† Emiko Fujiwara,† and Hayao Kobayashi‡

Research Centre for Spectrochemistry, Graduate School of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan; and
Institute for Molecular Science, Myodaiji, Okazaki, Aichi 444-8585, Japan

Received March 8, 2004

Contents
1. Introduction 5243
2. Frontier Orbital Engineering in Molecular

Systems
5245

2.1. Design of π Metal Band 5245
2.2. Design of Molecule with Small HOMO−LUMO

Gap
5246

2.3. Molecular Design of a Metallic Crystal Based
on Intramolecular Electron Transfer between
HOMO and LUMO Bands

5247

2.4. Syntheses of Metal Dithiolate Complexes with
Extended-TTF Ligands

5247

2.4.1. Cross-Coupling Reaction 5248
2.4.2. Pseudo-Wittig Reaction 5248
2.4.3. Syntheses of Neutral Metal Complexes 5249

2.5. The First Single-Component Molecular Metal,
[Ni(tmdt)2]

5249

2.6. Analogous Single-Component Molecular
Metals

5253

3. Development of New Functional
Single-Component Molecular Conductors with
Extended-TTF Dithiolate Ligands

5256

3.1. Single-Component Paramagnetic Conductor
[Cu(dmdt)2]

5256

3.2. Metallic Crystal of [Co(dt)2]2 with a Dimeric
Conformation

5257

3.3. Single-Component Antiferromagnetic
Molecular Metal, [Au(tmdt)2], with TN around
100 K

5258

3.4. Single-Component Pd Complexes 5260
4. Infrared Electronic Absorption in

Single-Component Molecular Metals
5261

5. Conclusions and Future Prospects 5263
6. Acknowledgments 5263
7. References 5263

1. Introduction
About three decades ago, the existence of metal

electrons in molecular crystals was proved by X-ray
(or neutron) experiments on Peierls instability (or
giant Kohn anomaly) of a partially oxidized platinum
complex, K2[Pt(CN)4Br0.3]‚3H2O (KCP salt), with a
one-dimensional (1D) Pt chain structure.1,2 Though
high-pressure investigation of KCP salt suggested the
possibility of suppression of Peierls transition above

70 kbar,3 the insulating instability was considered
to be an inherent character of the molecular metal
system because the existence of molecular metals was
verified by the observation of the metal instability.
Almost at the same time, (TTF)(TCNQ) (TTF )
tetrathiafulvalene; TCNQ ) tetracyanoquinodimeth-
ane; for structures, see Chart 1) with a metallic state
down to about 55 K was discovered.4 These findings
aroused much interest of physicists and chemists and
opened a new era of low-dimensional molecular
metals. From the chemical viewpoint, these conduc-
tors provided a new challenging problem on the
design and development of molecular conductors
without metal instabilities. It may be said that the
recent development of organic conductors is based
mostly on the design of two-dimensional (2D) elec-
tronic states by the introduction of sulfur or selenium
atoms to π electron systems. The origin of the two-
dimensionality of the system can be interpreted on
the basis of the simple extended-Hückel tight-binding
band examinations, which provided a guiding prin-
ciple for the design of new molecular conductors.
Besides molecular conductors based on multi-sulfur
π-donor molecules, development of the molecular
conductors based on multi-sulfur π-acceptor mol-
ecules was also performed based on molecular de-
signing analysis using band structure calculations.
Needless to say, the first organic superconductor
(TMTSF)2PF6 (TMTSF ) tetramethyltetraselenaful-
valene) was discovered in 1980, which was most
important in the history of organic conductors.5 The
famous general phase diagram of a series of TMTSF
conductors including analogous TMTTF () tetra-
methyltetrathiafulvalene) systems was presented
around 1990.6 Examination of its crystal structures
and extended-Hückel tight-binding electronic band
structure calculations of this system provided an
important guideline for the design of 2D molecular
metals and superconductors.7 In (TMTSF)2PF6, close
intermolecular Se‚‚‚Se contacts were observed be-
tween the TMTSF stacks.8 From a structural-
chemical point of view, (TMTSF)2PF6 was the first
molecular conductor in which we clearly noticed the
existence of organic conductors with 2D conduction
pathways though the band structure calculation gave
a warped quasi-1D Fermi surface. From then on,
extensive efforts have been devoted to developing new
types of molecular metals and superconductors by
enhancing interstack interactions. The ideally 2D
organic metals with a superconducting ground state
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were confirmed by the first discoveries of the â- and
especially κ-type BEDT-TTF superconductors (BEDT-
TTF ) bis(ethylenedithio)tetrathiafulvalene).9-11 An-
other conductor which gave us an important hint was
a platinum dithiolate complex, (H3O)xLiy[Pt(mnt)2]‚
zH2O, exhibiting a metal-insulator (MI) transition
around 220 K [mnt ) 1,2-dicyano-1,2-ethylenedithi-
olato (maleonitriledithiolate)], where intermolecular
S‚‚‚S contacts were found to be essential to form a
conduction band similar to the case of organic con-
ductors based on TTF-like π donor molecules.12 The
first molecular superconductor based on transition
metal complexes is (TTF)[Ni(dmit)2]2, developed by
Cassoux et al. in 1986 (dmit ) 4,5-dimercapto-1,3-
dithiole-2-thion).13 [M(dmit)2] (M ) Ni, Pd) super-
conductors occupy a unique position because almost
all molecular superconductors were systems com-

posed of organic π donor molecules having TTF-like
skeletons. Although [Ni(dmit)2]n- resembles the BEDT-
TTF molecule, the transverse interactions were found
to be weaker than expected and were not sufficient
for the realization of the 2D molecular interaction.14

X-ray diffuse scattering experiments and the band
structure calculations including both the LUMO (the
lowest unoccupied molecular orbital) and the HOMO
(the highest occupied molecular orbital) bands of the
[Ni(dmit)2] acceptor molecules suggested the exist-
ence of the multi-Fermi surfaces in the TTF[Ni-
(dmit)2]2 system.15 In addition to the conventional
conductors based on π donor (or acceptor) molecules
and closed-shell inorganic counteranions (or cations),
magnetic organic conductors such as paramagnetic
organic superconductors,16 antiferromagnetic organic
superconductors,17 and ferromagnetic metals,18 con-
sisting of π donors and magnetic anions, have been
recently developed.
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Thus, an extremely large amount of progress has
been made in the field of molecular crystals in the
last quarter century. However, a difficult problem has
remained unsolved. The realization of a molecular
metal based on single-component molecules had been
one of the important targets in the field of molecular
conductors since the discovery of semiconducting
properties of organic materials around 1950.19,20 In
contrast to typical inorganic metals composed of
single elements, such as sodium and copper, all of
the molecular metals developed until recently had
consisted of more than two components. It has been
believed for a long time that the formation of elec-
tronic bands and the generation of charge carriers
by the intermolecular charge transfer between the
molecules constituting the band (designated by A)
and other chemical species (designated by B) are two
essential requirements to design molecular metals.
In some cases, both molecules A and B form conduc-
tion bands where the electron and the hole carriers
are generated on both A and B molecules. This is the
reason the design of metals composed of single-
component molecules is difficult. Needless to say, in
the first organic superconductor (TMTSF)2PF6, TMTSF
molecules form a conduction band and metal elec-
trons are produced by electron transfer between
TMTSF and PF6 [(TMTSF+0.5)2(PF6)-] (Figure 1a). In
the case of (TTF)(TCNQ) with segregated columns
of TTF and TCNQ, free carriers are generated in both
columns by partial charge transfer between TTF and
TCNQ (TTF+0.6TCNQ-0.6) (Figure 1b). Similar carrier
generation processes are also required in conducting
organic polymers (e.g. chemical doping of polyacet-
ylene21). The difficulty in designing a single-compo-
nent molecular metal is naturally related to the facts

that molecules usually have an even number of
electrons and that the highest occupied molecular
orbital is doubly occupied. There are trials to develop
highly conducting systems by using stable organic
radical molecules with singly occupied molecular
orbitals.22 However, these molecules tend to produce
narrow half-filled bands, where electrons will be
localized by correlation even when the electronic band
is formed. Thus, the molecular crystal consisting of
single-component molecules was long believed to be
an insulator because of the absence of the carriers.23

However, we have recently noticed the possibility
of carrier generation even in the single-component
molecular crystal and prepared the first example of
the crystal of a neutral transition metal complex with
extended-TTF ligands, [Ni(tmdt)2] (tmdt ) trimeth-
ylenetetrathiafulvalenedithiolate), exhibiting metallic
behavior down to very low temperature.24,25 More
recently, direct experimental evidence for the Fermi
surface in [Ni(tmdt)2] was obtained by detecting the
quantum oscillations in magnetization at very high
magnetic field (or the de Haas-van Alphen (dHvA)
effect).26 Torque magnetometry measurements of
single crystals of [Ni(tmdt)2] using a sensitive micro-
cantilever at low temperature revealed dHvA oscil-
latory signals for all directions of a magnetic field,
showing the presence of three-dimensional (3D)
electron and hole Fermi surfaces. Thus, the existence
of a single-component molecular metal has been
definitely confirmed.

This review will describe the frontier orbital engi-
neering for the design of a single-component molec-
ular metal first and then will present some examples
of recently developed single-component molecular
conductors with various extended-TTF ligands.

2. Frontier Orbital Engineering in Molecular
Systems

The molecule is a nanosized functional unit and
the frontier orbital engineering is a starting point in
the bottom-up construction of molecular systems with
desired electronic functions. In this section, the
design of π molecular metals is discussed on the basis
of a simple extended-Hückel tight-binding band
picture. Here, a π molecular metal stands for a metal
composed of molecules with the frontier orbitals
HOMO and/or LUMO with a “π character”.

2.1. Design of π Metal Band
As mentioned above, the “partial charge transfer”

between the electronic band derived from the HOMO
(or LUMO) and other chemical species had been
believed to be inevitable to generate the carriers in
the molecular crystal, and this was the reason all the
molecular metals developed before 2000 are com-
posed of more than two components. However, we
have recently noticed that the carrier generation will
become possible by the “electron transfer between
HOMO and LUMO bands” even in a “neutral single-
component molecular crystal” if we can develop a
molecule with a very small HOMO-LUMO gap and
sufficiently large intermolecular interactions (espe-
cially transverse intermolecular interactions). As
previously reported,25 in order to realize such a

Figure 1. Schematic picture illustrating two essential
requirements to design molecular metals: (1) the formation
of electronic bands and (2) the generation of charge carriers.
(a) TMTSF molecule forms a conduction band, and metal
electrons are generated by electron transfer between
TMTSF and PF6

- anions. (b) In the case of (TTF)(TCNQ),
free carriers are generated in both columns by partial
charge transfer between TTF and TCNQ.
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“electron transfer”, the energy difference between the
HOMO and LUMO (∆E) must be small compared
with the bandwidth (∆E < (WH + WL)/2, where WH
and WL are the widths of the HOMO and the LUMO
bands, respectively) (Figure 2a). Since the bandwidth
in an ordinary organic metal is about 0.5-1.0 eV, ∆E
must be less than 0.5 eV (≈4000 cm-1), which means
that a very anomalous molecule with electronic
excitation energy (or HOMO-LUMO gap) in the
infrared energy region must be developed in order
to meet this condition. In the following discussion,
we assume that the condition ∆E < (WH + WL)/2 is
satisfied. Since the symmetry of the HOMO is dif-
ferent from that of the LUMO, the sign of the
intermolecular overlap integral (S) (or the transfer
integral (t ) kS; k ≈ -10 eV)) of the HOMO-HOMO
interaction (SHH) is apt to be different from that of
the LUMO-LUMO interaction (SLL). This situation
is serious especially in highly 1D conductors with
“crossing bands” of HOMO and LUMO (see Figure
2b), because in this case the HOMO-LUMO interac-
tion (tHL) destroys Fermi surfaces. Since the HOMO
of the TTF-like π donor has the same sign on every
sulfur (or selenium) atom (Figure 3a), SHH has a
negative sign along the molecular stacking direction
(that is, the direction of the largest interaction) in
an ordinary conducting system. However, SLL tends
to have an opposite sign due to the “intermolecular
slipping configuration” frequently found in crystals
of molecular conductors where the neighboring mol-
ecule is displaced along the long axis of the molecule.
This is the reason the crossing bands tend to be
realized. One way to protect the Fermi surface from
HOMO-LUMO interaction (tHL) is the enhancement
of transverse interactions, which is almost the same
condition required to stabilize the metallic state of
the molecular conductor against 1D metal instability.
If the energy gap (∆ε) produced by the HOMO-
LUMO interaction is less than the bandwidth in the
transverse direction (wH, wL) (∆ε < wH, wL), it is
highly possible that the electron and hole carriers are
generated and the system becomes (semi-)metallic.25

Thus, in usual molecular conductors, the enhance-
ment of 2D intermolecular interactions (that is, wH
and wL) is essential.

On the other hand, if we can realize a molecular
arrangement where SHH and SLL have the same sign,
the system has “parallel bands”. Then the Fermi

surfaces are stable for the HOMO-LUMO interac-
tion (see Figure 2a). If the adjacent molecule slips
along the short-axis of the molecule, SLL becomes
negative in the same way as SHH. Then, the system
has parallel bands and large Fermi surfaces will be
derived from HOMO and LUMO bands.

We have recently found that Canadell et al. has
discussed independently the possibility of the exist-
ence of similar molecular metals by using “ internal
electron transfer” in the two-band systems.27

2.2. Design of Molecule with Small HOMO −LUMO
Gap

As mentioned above, if the energy of the top of the
HOMO band is higher than that of the bottom of the
LUMO band, the electrons and holes will be gener-
ated by the electron transfer between these two
bands. But this special situation will be possible only
when the HOMO-LUMO gap (∆E) is anomalously
small. To develop the metal system consisting of
single-component molecules, we must prepare a very
unusual molecule with (1) extremely small ∆E and

Figure 2. Schematic drawing of band structure (see
text): (a) parallel band; (b) crossing band. WH and WL show
the bandwidths of the HOMO band and the LUMO band,
respectively. ∆E is the HOMO-LUMO energy separation.
∆ε is an energy gap produced by the HOMO-LUMO
interaction. The transverse bandwidths WH and WL are
produced by transverse HOMO-HOMO and LUMO-
LUMO interactions.

Figure 3. Schematic drawing of (a) the HOMO of a TTF-
like π donor molecule, (b) the LUMO of a TMTTeN
molecule, and (c) the HOMO and LUMO of metal dithiolate
complexes, [Pt(mnt)2] and [Ni(dmit)2], and metal dithiolate
complexes with extended-TTF ligands, [Ni(ptdt)2], [Ni-
(tmdt)2], [Ni(dmdt)2], [Cu(dmdt)2], and [Pd(dt)2].
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(2) sufficiently large intermolecular interactions (es-
pecially transverse interactions). To satisfy these two
conditions simultaneously, we adopted the transition
metal dithiolate complexes with extended-TTF ligands.
Since the HOMO and LUMO of a metal dithiolate
complex can be roughly considered to be constructed
from bonding and antibonding combinations of left
and right ligand orbitals (except the small contribu-
tion of the d orbital of the central transition metal
atom), the HOMO-LUMO separation (∆E) will tend
to be small with increasing size of the extended-TTF
ligand system. An indication of a very small HOMO-
LUMO gap of this type of molecule was first sug-
gested by ab initio MO calculation of [Ni(ptdt)2] (ptdt
) propylenedithiotetrathiafulvalenedithiolate).28 In
addition, to obtain the large intermolecular trans-
verse interactions, it is very important to utilize the
molecule with TTF-like structure because the HOMO
of the TTF-like donor has the same sign on every
sulfur atom. In this case, all the intermolecular
contacts through sulfur atoms can contribute addi-
tively to enhance the intermolecular interaction.
Therefore, the realization of close transverse inter-
molecular contacts in these systems will mean the
realization of large transverse intermolecular inter-
actions. However, this is not always true in other
organic conductors composed of different multi-sulfur
π donor molecules. For example, in the case of the
well-known π donors TTN (or TSN) () tetrathion-
aphthacene), TSeN () tetraselenonaphthacene), and
TTeN () tetratelluronaphthacene) with peripheral
chalcogen atoms, the HOMO has a node on the
chalcogen-chalcogen bond, which tends to cancel
transverse HOMO-HOMO interactions through chal-
cogen atoms (Figure 3b).29

2.3. Molecular Design of a Metallic Crystal Based
on Intramolecular Electron Transfer between
HOMO and LUMO Bands

As mentioned above, the HOMO and LUMO of a
metal dithiolate complex with extended-TTF ligands
can be roughly written as φH ) φ1 + φ2 and φL ) φ1
- φ2 + cMφdπ, where φ1 and φ2 represent the left half
and the right half of the ligand wave function and
cMφdπ is the small contribution from the dπ orbital of
the central metal atom. Unlike φH, φL can be mixed
with the dπ orbital of the central metal atom. To
obtain a more precise picture of the symmetries and
the energy levels of the HOMO and LUMO of metal
complexes with TTF-like ligands, ab initio MO cal-
culations were performed on a [Ni(ptdt)2] molecule.28

The calculation of the singlet ground state of [Ni-
(ptdt)2] based on the optimized molecular structure,
which has a good planarity and has approximately a
D2h symmetry except for the propylenedithio group,
showed the symmetries of b2g for the HOMO and b1u
for the LUMO, which are similar to those of the dmit
metal complexes. The schematic drawings of the
HOMO and LUMO orbitals are shown in Figure 3c,
and their respective symmetries are consistent with
the above discussion. Comparison of the results of
calculations performed on the lowest triplet state and
the singlet state suggests that the energy difference
between the HOMO and LUMO is very small. To

obtain experimental evidence for the validity of this
simple idea for the orbital design of a π molecule with
a very small HOMO-LUMO gap, we compared the
bond lengths of dianionic and corresponding neutral
dithiolate complex molecules determined by X-ray
structure analyses. Table 1 shows the data for the
bond lengths of [Ni(tmdt)2] dianionic and neutral
molecules, which suggested the bonding nature of the
LUMO on CdC bonds and the antibonding nature
on CsS bonds, as expected from the frontier orbitals
shown in Figure 3c.30 Similar results were also
obtained in the [Cu(dmdt)2] system (see section 3.1).31

On the basis of these analyses, we could derive the
newly revised requirements for the design of molec-
ular metals, including single-component molecular
metal systems: (1) band formation by realizing a
suitable arrangement of the molecules with suitable
frontier molecular orbitals and (2) carrier generation
by the intermolecular charge transfer between the
molecules constituting the conduction band and other
chemical species or by intramolecular electron trans-
fer between HOMO and LUMO bands of the same
molecule.

2.4. Syntheses of Metal Dithiolate Complexes
with Extended-TTF Ligands

Before describing the first single-component mo-
lecular metal, we briefly mention syntheses of various
metal dithiolate complexes with extended-TTF ligands.
Several strategies can be used to prepare asymmetri-
cally bis-protected TTFs. The synthesis of such
structurally modified TTFs can be divided roughly
into two different synthetic methods. Namely, (i) the
most common method is the trialkyl phosphite medi-
ated cross-coupling reaction32 between appropriate
chalcogenons, and (ii) the other one is pseudo-Wittig
condensation33 leading to the desired species. Roughly
speaking, the former and latter are applicable to the
syntheses of the TTFs substituted with alkylthio or
alkyloxy groups and alkyl groups, respectively. 4,5-
Bis(2′-cyanoethylthio)-1,3-dithiole-2-thione (1) and
4,5-bis(2′-cyanoethylthio)-1,3-dithiol-2-one34 (2) were
selected as the key compounds for the synthesis of
asymmetrically bis-protected TTFs, because the TTFs
substituted with two polar cyanoethyl groups have
an advantage of an easy separation from byproducts
using column chromatography.

Table 1. Average Bond Lengths (Å) of the Dianion
(n ) 2-) and Neutral (n ) 0) [Ni(tmdt)2]n

bond n ) 2- n ) 0 ∆

a 2.2034(5) 2.177(1) -26
b 1.742(2) 1.717(3) -25
c 1.339(4) 1.352(6) 13
d 1.767(2) 1.750(3) -17
e 1.760(2) 1.742(3) -18
f 1.344(4) 1.360(5) 16
g 1.772(2) 1.751(3) -21
h 1.744(2) 1.731(3) 3
i 1.340(4) 1.333(6) -7
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2.4.1. Cross-Coupling Reaction
The mechanism proposed in the literature35,36 sug-

gests a thiophilic addition of trialkyl phosphite on the
chalcogen atom localized on the 2-position of the chal-
cogenone. A subsequent elimination of a chalcogeno
phosphite finally leads to the TTF skeleton. Accord-
ing to the difference of the substituents on the 4,5-
positions, the degree of the thiophilic addition by
trialkyl phosphite is determined. Synthesis of the
dithiolate ligand moieties with the alkylthio or alkyl-
oxy groups and the cyanoethyl-protecting groups was
performed according to the reported method by Becher
et al.37,38 The thiophilic addition of trialkyl phosphite
occurs easily for the 1,3-dithiole-2-chalcogenone with
the alkylthio or alkyloxy substituents on the 4,5-posi-
tions, while it is difficult to obtain the TTFs substitu-
ted with the alkyl groups on the 4,5-positions by such
a trialkyl phosphite-mediated cross-coupling reaction.

As shown in Scheme 1, cross-coupling reactions of
a mixture of the 4,5-bis(2′-cyanoethylthio)-1,3-dithiol-

2-one (2) and 1,3-dithiole-2-thione (3-5) with n-pro-
pylthio, propylenedithio, and ethylenedioxy groups
on the 4,5-positions were performed in neat trimethyl
phosphite or triethyl phosphite at 110 °C. The asym-
metrical TTFs (6-8) were obtained in good yields
(55-65%) after a silica gel column-chromatographic
separation (dichloromethane-n-hexane, chloroform,
or dichloromethane as eluate), respectively, followed
by the recrystallization from dichloromethane-etha-
nol, chloroform-ethanol, or dichloromethane-n-hex-
ane solutions. It is important to note that, due to the
high polarity of the cyanoethyl groups compared to
the alkylthio or alkyloxy groups, good chromato-
graphic separation of the reaction mixture could be
achieved. Thus, this methodology has been success-
fully employed in the preparation of the bis-cyano-
ethyl protected TTFs with the alkylthio or alkyloxy
substituents on the 4,5-positions.

2.4.2. Pseudo-Wittig Reaction

It is generally difficult to obtain the asymmetrically
bis-protected TTFs with the alkyl substituents in
sufficient yields by the cross-coupling reaction using
trialkyl phosphite. To prepare such compounds in
higher yield, we turned our attention to the pseudo-
Wittig condensation between the triphenylphospho-
nium tetrafluoroborate salt37 (9) and the 1,3-dithio-
lium hexafluorophosphate salt39 (14-17) having the
alkyl substituents on the 4,5-positions according to
the synthetic procedure reported by Becher et al.37

Compound 9 was obtained in a three-step synthesis
from 4,5-bis(2′-cyanoethylthio)-1,3-dithiole-2-thione
(1) in an overall yield of 63%, as shown in Scheme 2.
On the other hand, the peracid oxidation of the 1,3-
dithiole-2-thione derivatives (10-13) using m-chlo-
roperbenzoic acid in acetone at 0 °C and the subse-
quent addition of an aqueous solution of 60%

Scheme 1

Scheme 2
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hexafluorophosphoric acid gave the 1,3-dithiolium
hexafluorophosphate salt (14-17) in 65-85% yields
(see also Scheme 2). Because the cyanoethyl protec-
tive group is inactive to triethylamine, the asym-
metrically bis-protected TTFs can be prepared suc-
cessfully by the pseudo-Wittig reaction. Thus, the bis-
cyanoethylthio substituted TTFs (18-21) were isolated
from the reaction of the triphenylphosphonium salt
(9) and 1,3-dithiolium salts (14-17) with triethyl-
amine in acetonitrile at room temperature in 65-
90% yields by recrystallization from dichloromethane-
n-hexane or methanol after the separation by column
chromatography (silica gel, dichloromethane, or dichlo-
romethane-n-hexane).

2.4.3. Syntheses of Neutral Metal Complexes
In the bis-cyanoethylthio substituted TTFs (6-8,

18-21), the cyanoethyl groups are used to protect a
dithiolate ligand function and can be removed with
an excess of basic reagents. Thus, the deprotection
of the cyanoethyl group creates the coordination
ability of the dithiolate ligands toward a central
metal atom.25,40-42 As shown in Scheme 3, all of the
dianionic and monoanionic metal complexes (22-32)
were synthesized by almost the same methods under
a strictly inert atmosphere using the Schlenk tech-
nique because the anionic states of the metal com-
plexes are quite sensitive to oxygen. The dianionic
and monoanionic metal complexes coordinated by two
TTFs (22-32) were obtained as microcrystals by the
deprotection of the bis-cyanoethylthio substituted
TTFs (6-8, 18-21) using a methanol solution of
tetramethylammonium hydroxide or tetra-n-butyl-
ammonium hydroxide in dry tetrahydrofuran, fol-
lowed by the addition of a dry methanol solution
containing metal sources such as NiIICl2‚6H2O,

CuIICl2‚2H2O, HAuIIICl4‚4H2O, PdIICl2(PhCN)2, or
CoIICl2‚6H2O at -78 °C and a gradual temperature
increase to room temperature.

The neutral metal complexes consisting of a single-
component molecule (33-43) were obtained electro-
chemically from a 20% diethyl ether-acetonitrile,
acetonitrile, tetrahydrofuran, dichloromethane, or
benzonitrile solution containing the dianionic or
monoanionic species (22-32) and the supporting
electrolytes such as barium trithiocarbonate, tetra-
n-butylammonium perchlorate, or tetra-n-butylam-
monium hexafluorophosphate in a standard H-type
cell using two platinum electrodes (1 mm i.d. wires)
at room temperature or 40 °C within several weeks
by applying a constant current of 0.1-0.5 µA or a
regulated voltage of 1.0 V between the two electrodes
with a constant voltage supply, respectively (see also
Scheme 3). Table 2 shows the conditions of electro-
chemical syntheses of neutral metal complexes. Crys-
tals good enough to perform the single-crystal X-ray
structure analysis were obtained for the metal com-
plexes 33, 34, 36, 37, and 39, while the other metal
complexes (35, 38, and 40-43) were obtained as
microcrystals by electrochemical oxidation. The ob-
tained metal complexes (33-43) were insoluble in
conventional organic solvents and comparatively
stable in air.

2.5. The First Single-Component Molecular Metal,
[Ni(tmdt) 2]

Extended π systems, with many sulfur atoms in
the dithiolate ligands, have been thought to be of
interest from the standpoint that the electrons are
delocalized in the axis directions of the ligands,
resulting in not only the decreases of the HOMO-

Scheme 3
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LUMO gap and on-site Coulombic repulsions but also
the increasing of 2D or 3D interactions due to the
S‚‚‚S contacts of the ligands. The trial to synthesize
[Ni(S6C6(CF3)2)2] with di(trifluoromethyl)tetrathiaful-
valenedithiolate ligands was performed by Engler et
al. in 1979.43 Neutral complexes [Ni(C6S8R)2] (R )
Me, Et, nBu) were electrical conductors.40,44 The
possibility of metallic conduction had been suggested
in the crystal of the neutral [Ni(S8C6Me2)2] complex
in the small temperature region 300-275 K [σ(RT)
) 10-1 S cm-1].40,44 This value is 2 orders of magni-
tude larger than the room-temperature conductivity
of neutral [Ni(dmit)2] (3.5 × 10-3 S cm-1).45 And the
typical neutral metal bis-1,2-dithiolene complex shows
a much smaller conductivity around 10-5 or 10-6 S
cm-1.

The electrical conductivity of [Ni(ptdt)2] is 7 S cm-1

at room temperature, which is extremely high for a
neutral molecular crystal. The electrical resistivity
shows a monotonic increase down to 60 K with a very
small activation energy (0.03 eV) (Figure 4).28 The
molecular and crystal structures of neutral [Ni(ptdt)2]
are indicated in Figure 5. Figure 6 shows the inter-
molecular overlaps in neutral [Ni(ptdt)2], which are
larger than those in the monoanionic (Me4N)[Ni-
(ptdt)2] complex and also indicate that there are
transverse interactions in both compounds.41 This
structural feature was very unusual, considering that
the neutral molecule usually has no attractive inter-
actions between the neighboring molecules except for

weak van der Waals interactions. From these results,
we thought that the [Ni(ptdt)2] crystal would have a
unique electronic structure which realized the close
assembly of the molecules. The tight-binding band

Table 2. Electrochemical Oxidation of Metal Complexes

anionic complex electrolyte conditions product F (300 K)

(Me4N)2[Ni(dmdt)2] (nBu4N)PF6 (50 mg) MeCN [Ni(dmdt)2] 300-400 S cm-1

(0.2 µA, 14 days) metallic down to 230 K
(Me4N)2[Pd(dmdt)2] (Me4N)Cl (50 mg) MeCN [Pd(dmdt)2] 150 S cm-1

(0.4 µA, 10 days) semiconductor
(Me4N)2[Ni(tmdt)2] (nBu4N)ClO4 (50 mg) MeCN [Ni(tmdt)2] 400 S cm-1

(0.2 µA, 14 days) metallic down to 0.6 K
(Me4N)2[Co(dmdt)2] (nBu4N) (70 mg) MeCN [Co(dmdt)2] 0.05 S cm-1

(0.3-0.9 µA, 14 days) semiconductor, Ea ) 85 meV
(Me4N)2[Co(tmdt)2] (nBu4N)PF6 (80 mg) MeCN [Co(tmdt)2] 1.5 S cm-1

(0.3-0.9 µA, 14 days) semiconductor, Ea ) 24 meV
(Me4N)2[Cu(dmdt)2] (nBu4N)PF6 (50 mg) THF [Cu(dmdt)2] 3.0 S cm-1

(0.4 µA, 10 days) semiconductor, Ea ) 40 meV
(Me4N)2[Cu(tmdt)2] (Me4N)Cl (50 mg) MeCN [Cu(tmdt)2] 5.1 S cm-1

(0.4 µA, 10 days) semiconductor, Ea ) 63 meV
(nBu4N)[Au(tmdt)2] (nBu4N)ClO4 (80 mg) THF [Au(tmdt)2] 15 S cm-1

(0.2 µA, 21 days) Ea ) 20 meV (300-50 K)
(Me4N)[Au(dmdt)2] (nBu4N)ClO4 (80 mg) CH2Cl2 [Au(dmdt)2] 12 S cm-1

(0.2 µA, 21 days) Ea ) 9 meV (300-50 K)
(Me4N)2[Ni(dt)2] (nBu4N)ClO4 (50 mg) MeCN [Ni(dt)2] 16 S cm-1

(0.5 µA, 14 days) semiconductor, Ea ) 35 meV
(Me4N)2[Pd(dt)2] (nBu4N)ClO4 (50 mg) THF [Pd(dt)2] 0.3 S cm-1

(0.2 µA, 10 days) semiconductor, Ea ) 94 meV
(Me4N)2[Co(dt)2] (nBu4N)ClO4 (80 mg) PhCN [Co(dt)2]2 19 S cm-1

(0.5 µA, 14-21 days) (metal)
(Me4N)2[Ni(eodt)2] (nBu4N)ClO4 (80 mg) PhCN [Ni(eodt)2] 8 S cm-1

(0.5 mA, 21-28 days) metallic down to 120 K
(Me4N)2[Ni(chdt)2] (nBu4N)PF6 (80 mg) PhCN [Ni(chdt)2] 2 S cm-1

(1.0 V, 40 °C, 21-28 days) semiconductor, Ea ) 38 meV
(Me4N)2[Ni(hfdt)2] (nBu4N)PF6 (80 mg) PhCl [Ni(hfdt)2] 1.4 × 10-4 S cm-1

(1.0 µA, 14 days) semiconductor, Ea ) 22 meV
(Me4N)[Au(hfdt)2] (nBu4N)PF6 (80 mg) PhCl [Au(hfdt)2] 3.2 × 10-3 S cm-1

(1.0 µA, 14 days) semiconductor, Ea ) 220 meV
(Me4N)[Pd(C3-tdt)2] (nBu4N)ClO4 (60-80 mg) MeCN [Pd(C3-tdt)2] 1.9 × 10-2 S cm-1

(0.1 mA, 10 days) semiconductor
Ea ) 34 meV (300-120 K)
Ea ) 11 meV (120-80 K)

(Me4N)[Ni(ptdt)2] BaCS3 (95 mg) 20% Et2O-MeCN [Ni(ptdt)2] 7 S cm-1

(0.1 µA, 63 days) semiconductor, Ea ) 30 meV

Figure 4. Resistivity of [Ni(ptdt)2] at ambient pressure
and at high pressure (4.12 GPa). The phase transition from
high-conducting state to low-conducting state was observed
around 60 K at ambient pressure. The resistivity measure-
ment at 4.12 GPa was performed with the four-probe
method using the diamond-anvil cell.28 During the cooling
process, the resistivity was gradually increased down to
44 K, where the resistivity was 4 Ω cm. The resistivity then
began to decrease, taking a minimum value of about 0.5 Ω
cm. Below 16 K, the resistivity abruptly increased. There
was a small apparent metallic region within the temper-
ature range 44-20 K. High-pressure resistivity measure-
ment was made up to 72 GPa; however, the resistivity could
not be suppressed.

5250 Chemical Reviews, 2004, Vol. 104, No. 11 Kobayashi et al.



structure calculation of [Ni(ptdt)2] indicated that the
HOMO and the LUMO formed crossing bands, whose
Fermi surfaces tended to vanish due to the HOMO-
LUMO interactions. Only very small electron and
hole pockets appeared in the Fermi surface due to
the transverse interactions between neighboring
columns (Figure 7). On the basis of these analyses,

the guiding principle for the development of molec-
ular metals composed of single molecules was ob-
tained.28

Then, we prepared a Ni complex with extended-
TTF ligands, tmdt. Considering that the amplitudes
of the HOMO and LUMO of [Ni(ptdt)2] are small for
the sulfur atoms of the terminal propylenedithio
group (see Figure 3c), the sulfur atoms in the
terminal rings are not important in the construction
of the metal band. Therefore, we selected a more
planar and shorter extended-TTF ligand with a
trimethylene group (or a dimethyl group) instead of
alkylthio groups in order to increase molecular
interactions. The crystal and the band structure
analyses and the resistivity measurements of the
crystal of [Ni(tmdt)2] revealed that we obtained the
first 3D metal composed of single-component planar
molecules.24,25

Crystal structure determination was performed
using a black crystal with a size of 0.1 × 0.05 × 0.03
mm3. As the size of the crystal was very small, a
diffraction experiment was made on a Rigaku MER-
CURY CCD system at 123 K to collect a sufficient
number of reflections. The lattice constants are a )
6.376(3) Å, b ) 7.359(1) Å, c ) 12.012(7) Å, R )
90.384(7)°, â ) 96.688(4)°, γ ) 103.587(4)°, and V )
543.7(4) Å3 with space group P1h and Z ) 1. Neutral
[Ni(tmdt)2] molecules crystallize into a very simple
triclinic structure (Figure 8).24,25 The unit cell con-
tains only one molecule. The central Ni atoms are
on the lattice points, and half of the molecule is
crystallographically independent. The molecule is
ideally planar even in the terminal trimethylene
group, and the planar molecules are closely packed
in the crystal plane (021h) (Figure 8b). The average
Ni-S distance is 2.177(7) Å, and the S-Ni-S angle
is 92.29(4)° at 123 K. The CdC bond length in the
TTF skeleton is 1.362(5) Å. The bond lengths of
neutral and dianionic Ni(tmdt)2 molecules ([Ni(t-
mdt)2] and (nBu4N)2[Ni(tmdt)2]) are already compared
in Table 1 (see section 2.3). [Ni(tmdt)2] molecules
have S‚‚‚S transverse short contacts (3.350(2)-3.675-
(2) Å) along the [100] direction, which is shown in
Figure 9a. There are two types of overlap modes, and
in both cases almost half of the molecules are
overlapped. The average interplanar distance be-
tween the molecules on (0,0,0) and (1,1,1) is 3.677 Å,
and that between molecules on (0,0,0) and (1,0,1) is

Figure 5. (a) Molecular structure and (b) crystal structure
of [Ni(ptdt)2]. The [Ni(ptdt)2] molecule is almost planar
except the terminal propylene group and forms a regular
column along the a direction with an interplanar distance
of 3.376 Å. The short S‚‚‚S intermolecular distances
indicate the existence of intermolecular interactions. Crys-
tal data: NiS16C18H12, monoclinic, C2/m, a ) 10.096(4) Å,
b ) 11.802(4) Å, c ) 12.42(1) Å, â ) 108.74(6)°, Z ) 2, V )
1401(1) Å3.

Figure 6. (top) Mode of overlaps, molecular arrangement
along the transverse direction, and mode of overlaps along
the long axis of the molecule in [Ni(ptdt)2]. (bottom) Mode
of overlaps of [Ni(ptdt)2]- anion and molecular arrangement
along the transverse direction in (Me4N)[Ni(ptdt)2]‚Me2CO.

Figure 7. Band structure calculation indicating the cross-
ing band formation of the HOMO and LUMO in [Ni(ptdt)2].
Band energies and Fermi surfaces were calculated by
assuming the HOMO-LUMO gap ) 0.12 eV. Only very
small electron and hole pockets appeared in the Fermi
surface due to the transverse interactions between neigh-
boring columns.
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3.346 Å, which are shown in Figure 9b. Figure 9c
shows the end-on projection of [Ni(tmdt)2]. These
structural features suggest that the system has 3D
intermolecular interactions.

The single-crystal conductivity measurements of
[Ni(tmdt)2] were made nearly along the a-axis down
to 0.6 K using the four-probe method. The room-
temperature conductivity was 400 S cm-1, which is
almost 1 order of magnitude greater than those of
typical BEDT-TTF organic superconductors. The
metallic behavior was observed down to 0.6 K (Figure
10a).24,25 A compacted powder sample also gave high
conductivity [σ(RT) ) 200 S cm-1] and exhibited
metallic behavior down to 70 K, suggesting small
anisotropy of the resistivity, which is consistent with
the existence of 3D conduction paths (Figure 10a).
Molecular crystals of single-component molecules
have been considered to be typical crystals with
inherent insulating properties. However, [Ni(tmdt)2]
crystals have removed the boundary between molec-
ular crystals and metallic crystals.

The susceptibility measured on a polycrystalline
sample with a SQUID magnetometer within the
temperature range 2-300 K exhibited a weakly
temperature-dependent paramagnetic susceptibility
((2.6-3.1) × 10-4 emu mol-1), which is consistent
with the metallic nature of the system (Figure 10b).

As shown in Figure 3c, the HOMO and LUMO of
[Ni(tmdt)2] are similar to those of [Ni(ptdt)2]. How-
ever, the anisotropy of the intermolecular interac-
tions, is of course, quite different from that of
[Ni(ptdt)2]. The interstack overlap integrals are
shown in Table 3. There are large overlap integrals
along the [111] direction (B1, see Figure 9c) for the
LUMO-LUMO (3.2 × 10-3), for the HOMO-HOMO
(-4.8 × 10-3), for the HOMO-LUMO (4.1 × 10-3),
and for the LUMO-HOMO (-4.1 × 10-3) interac-
tions and along the [100] direction (A, see Figure 9c)
for the LUMO-LUMO (1.8 × 10-3) and for the

HOMO-HOMO (2.8 × 10-3) interactions, respec-
tively. Large overlap integrals are also seen along the
[001] direction (C, see Figure 9c) for the LUMO-
LUMO (1.8 × 10-3), for the HOMO-HOMO (-3.3 ×
10-3), for the HOMO-LUMO (2.4 × 10-3), and for
the LUMO-HOMO (-2.4 × 10-3) interactions, re-
spectively. These overlap integrals and the band
structure of [Ni(tmdt)2] were calculated on the basis
of the extended-Hückel parameters.46 These results
show that the system has 3D π bands. According to
the previous discussion, a 3D system having large
“transverse intermolecular interactions” in two direc-
tions is considered to be able to have fairly large
Fermi surfaces even when the HOMO and LUMO
form “crossing bands”. Extended Hückel MO calcula-
tions gave ∆E of about 0.10 eV. But the band
calculations were performed with varying ∆E values
because the precise estimation of the value of ∆E is
difficult. Fermi surfaces was obtained for ∆E < 0.34
eV. The calculated Fermi surfaces for ∆E ) 0.105 eV

Figure 8. (a) Molecular structure and (b) crystal structure
of [Ni(tmdt)2]. The molecule is ideally planar even in the
terminal trimethylene group. Neutral molecules crystallize
into a very simple triclinic structure, and the unit cell
contains only one molecule. Molecules are closely packed
to form the crystal plane (021h).

Figure 9. (a) Crystal structure of [Ni(tmdt)2] viewed along
the perpendicular axis of the molecular plane and inter-
molecular S‚‚‚S short contacts along the a-axis (3.35-3.67
Å). (b) Side view of the molecular stacking and interplanar
distances with S‚‚‚S short contacts. There are two types of
overlap modes, and in both cases almost half of the
molecules are overlapped. (c) End-on projection of [Ni-
(tmdt)2]. Overlap integrals in Table 3 were calculated along
the directions A, B1, B2, and C.
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are shown in Figure 11. Upper and lower bands are
mixed around the Fermi energy (εF), owing to the
mixing of HOMO and LUMO bands. The density of
state (DOS) and the band energy dispersion curves
are given in Figures 12 and 13, which show the
crossing band character of the electronic structure.

Recently, direct experimental evidence for the
Fermi surfaces in [Ni(tmdt)2] was obtained by detect-
ing the quantum oscillations in magnetization, the
dHvA effect. Torque magnetometry measurements of
single crystals of [Ni(tmdt)2] using a sensitive micro-
cantilever at low temperature in a high magnetic
field revealed the presence of electron and hole Fermi
surfaces. To compare the experimental results with
electronic structure calculations, the local density
approximation (LDA) calculations based on the ab
initio plane-wave norm-conserved pseudopotential

method with Troullier-Martins potentials were per-
formed by Ishibashi et al.26 The HOMO and LUMO
bandwidths were estimated to be 0.707 and 0.577 eV,
respectively, and the two bandwidths had an overlap
of 0.195 eV, which is consistent with the previous
calculations of Rovira et al.47 The revised extended-
Hückel tight-binding band calculations gave es-
sentially the same topology for the Fermi surfaces.26

An example of the extremal orbit is illustrated in
Figure 14 with the calculated Fermi surfaces. The
blue and red closed surfaces represent the hole and
electron Fermi pockets, and the volume of each
pocket occupies 3.5% of the first Brillouin zone. The
presence of the electron and hole Fermi surfaces
revealed by the dHvA oscillatory signals corresponds
well with the Fermi surfaces obtained by these band
structure calculations, which indicate that both
electron and hole 3D Fermi surfaces unambiguously
exist in this [Ni(tmdt)2].

2.6. Analogous Single-Component Molecular
Metals

Metallic behavior was also found in the crystal of
an analogous molecule, [Ni(dmdt)2] (dmdt ) dimeth-
yltetrathiafulvalenedithiolate). The room-tempera-

Figure 10. (a) Temperature dependence of resistivities of
single crystals (approximately along the a-axis) of [Ni-
(tmdt)2]. The room-temperature conductivity was 400 S
cm-1, and [Ni(tmdt)2] retained metallic conductivity down
to 0.6 K. A compaction pellet sample also gave high
conductivity [σ(RT) ) 200 S cm-1] and exhibited metallic
behavior down to 70 K, suggesting small anisotropy of the
resistivity. (b) Magnetic susceptibility ø of [Ni(tmdt)2]
crystals. The susceptibility measured on a polycrystalline
sample with a SQUID magnetometer within the temper-
ature range 2-300 K exhibited a weakly temperature-
dependent paramagnetic susceptibility ((2.6-3.1) × 10-4

emu mol-1), which is consistent with the metallic nature
of the system.

Table 3. Overlap Integrals of the HOMO and LUMO
(×10-3) of [Ni(tmdt)2] at 123 K

A B1 B2 C

HOMO-HOM O 2.8 -4.8 0 -3.3
LUMO-LUMO 1.8 3.2 -0.3 1.8
HOMO-LUM O 0.07 4.1 -0.4 2.4
LUMO-HOM O -0.07 -4.1 0.3 -2.4

Figure 11. Calculated electron (red) and hole (blue) Fermi
surfaces of [Ni(tmdt)2]. Calculations were made varying ∆E
by employing the parameters shown in ref 46. The HOMO-
LUMO gap ∆E is assumed as 0.105 eV. These Fermi
surfaces well conform with those obtained on the basis of
dHvA oscillation.

Figure 12. Density of states of [Ni(tmdt)2] calculated as-
suming ∆E of 0.105 eV. Lower band and upper band contri-
butions are shown by dotted lines. Bandwidth is 0.48 eV.
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ture conductivity measured on the compressed pellet
sample was (3-4) × 102 S cm-1 and retained metallic
behavior down to 230 K. Below this temperature, the
resistivity gradually increased but was still highly
conductive even at 4 K (Figure 15). The magnetic

Figure 16. Magnetic susceptibility measured on a poly-
crystalline sample from room temperature to 2 K. The
magnetic susceptibility was 2.9 × 10-4 emu mol-1 at room
temperature and gradually decreased with lowering tem-
perature. The magnetic properties are quite similar to
those of [Ni(tmdt)2].

Figure 17. (a) Crystal structure and molecular arrange-
ment viewed along the perpendicular axis of the molecule.
(b) View of the molecular stacking of [Ni(dmdt)2]. The unit
cell contains only one molecule. The central Ni atoms are
on the lattice points. The planar molecules are closely
packed in the crystal.

Figure 13. Band energy dispersion curves of [Ni(tmdt)2].
The crossing band character of the electronic structure of
[Ni(tmdt)2] is clearly shown. Upper and lower bands are
mixed around the Fermi energy (εF) and form electron and
hole Fermi surfaces.

Figure 14. (a) Hole (blue) and electron (red) Fermi
surfaces and the first Brillouin zone of [Ni(tmdt)2]. (b)
Extremal electron orbits for the field applied parallel to
b*. The corresponding extremal cross section size was
calculated by slicing Fermi surfaces.

Figure 15. Temperature dependence of the resistivities
of compacted pellet samples of [Ni(dmdt)2] showing metallic
behavior down to 230 K. The room-temperature conductiv-
ity was (3-4) × 102 S cm-1. Below 230 K the resistivity
gradually increased but was still highly conducting even
at 4 K.
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susceptibility was measured on a polycrystalline
sample from room temperature to 2 K. The magnetic
properties are quite similar to those of [Ni(tmdt)2].
The magnetic susceptibility was 2.9 × 10-4 emu mol-1

at room temperature and gradually decreased with
lowering temperature (Figure 16). The single-crystal
structure determination of [Ni(dmdt)2] was performed
on the Rigaku CCD X-ray system, and the crystal
structure is shown in Figure 17a. Crystal data:
C16H12S12Ni, triclinic, P1h, a ) 6.620(4) Å, b ) 7.615(6)
Å, c ) 11.561(8) Å, R ) 86.46(7)°, â ) 79.43(6)°, γ )
74.22(5)°, Z ) 1, V ) 551.2(8) Å3. Similar to [Ni-
(tmdt)2], neutral [Ni(dmdt)2] molecules crystallize
into a very simple triclinic structure (Figure 17a).48

The unit cell contains only one molecule. The central
Ni atoms are on the lattice points, and half of the
molecule is crystallographically independent. The
planar molecules are closely packed in the crystal
(Figure 17b). The average Ni-S distance is 2.173 Å,
and the S-Ni-S angle is 92.2(2)°. These results show
that the crystal of [Ni(dmdt)2] is the second single-
component molecular metal.

New nickel bis(dithiolene) complexes with the
ligands containing six-membered rings such as a
cyclohexeno-fused or ethylenedioxy-substituted TTF
skeleton, (nBu4N)[Ni(chdt)2], [Ni(chdt)2], (nBu4N)[Ni-
(eodt)2], and [Ni(eodt)2], were synthesized, and their
crystal structures and physical properties were ex-
amined (chdt ) cyclohexenotetrathiafulvalenedithio-
late, eodt ) ethylenedioxytetrathiafulvalenedithio-
late).49 The crystal structures of the monoanionic
complexes (nBu4N)[Ni(chdt)2] and (nBu4N)[Ni(eodt)2]

were determined (Figures 18 and 19). Both monoan-
ionic species have sandwiched structures, in which
the chains or layers of the nickel complexes and
cations are arranged alternately. Thus, the monoan-
ionic species indicated that there is no interchain or
interlayer S‚‚‚S contact less than the sum of van der
Waals radii (3.7 Å) between the complex molecules
along the sandwiched directions. On the other hand,
the close S‚‚‚S distances were observed only in the
transverse direction. The magnetic properties of the
monoanionic species (nBu4N)[Ni(chdt)2] and (nBu4N)-
[Ni(eodt)2] indicated the paramagnetism with the
antiferromagnetic interaction between the anions of
S ) 1/2 states. The magnetic behavior of the monoan-
ionic species (nBu4N)[Ni(chdt)2] is in good agreement
with the Bonner-Fisher model (J/kB ) -28 K), while
(nBu4N)[Ni(eodt)2] exhibits the Curie-Weiss behavior
(C ) 0.376 K emu mol-1 and θ ) -4.6 K). The neutral
species [Ni(chdt)2] and [Ni(eodt)2] showed fairly large
room-temperature electrical conductivities (1-10 S
cm-1), although the measurements were made on the
compressed pellets of samples. Especially, the com-
plex [Ni(eodt)2] showed metallic temperature depen-
dence down to 120 K and retained high conductivity
even at 0.6 K [σ(0.6 K)/σ(RT) ≈ 1/30] (Figure 20), which

Figure 18. (a) Crystal structure of (nBu4N)2[Ni(chdt)2]
projected onto the ac-plane. (b) One-dimensional array with
a constant interval of (nBu4N)2[Ni(chdt)2] viewed along the
c-axis. Each [Ni(chdt)2]- anion is arranged along the
diagonal direction in the ab- and ac-planes with an overlap
of only the terminal cyclohexene rings to each other.
Crystal data: C36H52S12NiN, monoclinic, C2/c, a ) 29.018(4)
Å, b ) 8.5822(8) Å, c ) 19.133(2) Å, â ) 113.628(5)°, Z )
4, V ) 4365.5(9) Å3.

Figure 19. (a) Anion arrangement projected onto the
bc-plane in (nBu4N)[Ni(eodt)2]. (b) Crystal structure of
(nBu4N)[Ni(eodt)2] projected onto the ac-plane. Crystal
data: C32H44S12NiN, monoclinic, P2/c, a ) 18.406(1) Å,
b ) 9.8418(5) Å, c ) 23.444(2) Å, â ) 101.280(4)°, Z ) 4,
V ) 4164.8(5) Å3.
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suggested the system to be essentially metallic down
to very low temperature.

3. Development of New Functional
Single-Component Molecular Conductors with
Extended-TTF Dithiolate Ligands

Since single-component molecular metals have
been developed, it is worthwhile to consider new
possibilities for the development of new functional
molecules provided by these discoveries. (1) Although
the resistivity measurements were made down to
about 0.5 K, superconductivity has not been discov-
ered yet. As mentioned above, the Fermi surfaces of
a [Ni(tmdt)2] crystal tend to be diminished by the
HOMO-LUMO interaction due to the crossing band
properties of the electronic structure. If we can obtain
a single-component molecular metal with a large
Fermi surface (or a large DOS at Fermi energy D(εF))
by controlling the sign and the magnitude of inter-
molecular HOMO-HOMO, LUMO-LUMO, and HO-
MO-LUMO interactions, it might be possible to
prepare a single-component molecular superconduc-
tor. (2) Similar to metal elements such as Na and
Cu, [Ni(tmdt)2] molecules self-assemble to form me-
tallic crystals. However, needless to say, there are
many differences between an atom and a molecule.
Although a nonmagnetic element such as Na and Cu
cannot be changed into a magnetic element such as
Fe and Co, [Ni(tmdt)2] can be converted into a
magnetic molecule by replacing the central Ni2+ atom
with magnetic atoms such as Cu2+ and Co2+. It is
well-known that the Curie temperature (Tc) for
ferromagnetic crystals composed of single organic
molecules such as p-nitrophenyl nitronyl nitroxide is
very low,50 but the transition temperature of a
molecular ferromagnet is expected to be much higher
if the intermolecular magnetic interaction is medi-
ated by conduction electrons. Therefore, magnetic
molecular conductors with high Tc values will be
expected when using magnetic analogues of [Ni-
(tmdt)2].

In this section, we will mention our recent topics
in the development of single-component molecular
conductors based on bis(tetrathiafulvalenedithiolato)-
metal (Cu, Co, Au, Pd) complexes.

3.1. Single-Component Paramagnetic Conductor
[Cu(dmdt) 2]

The structural, electrical, and magnetic properties
of crystals composed of a single-component copper
complex with an extended-TTF ligand, [Cu(dmdt)2],
were examined to contribute to clarifying the pos-
sibility of single-component magnetic molecular con-
ductors.31 Figure 21 shows the molecular structure
of the dianionic complex, [Cu(dmdt)2]2-, in (nBu4N)2-
[Cu(dmdt)2].31 The coordination geometry of copper
is a distorted tetrahedral symmetry, and the molec-
ular long axis is curved. The dihedral angle between
the least squares planes of two extended-TTF ligands
is 33.5°, which is smaller than those of the other
copper complexes such as [Cu(ptdt)2]2- (54.2°) (Figure
22) and [Cu(dmit)2]2- (57.3°).41,51 In the crystal struc-
ture determination of (Ph4P)2[Cu(ptdt)2]‚1.2(Me2CO),
we found that the geometry around the Cu atom is
tetrahedral but the ptdt ligands are large enough to
form conduction pathways, which showed the pos-
sibility of novel 2D or 3D intermolecular contacts
through ptdt ligands.41 The schematic stacking pat-
tern is shown in Figure 22a. In the case of [epy]2-
[Cu(dmit)2] (epy ) ethyl-pyridinium), owing to the
small size of the ligand, the stacking of [Cu(dmit)2]
is only via one side of the ligand, which prevents the
formation of a good conduction pathway.51

On the other hand, as shown in Figure 23a, the
molecular structure of the neutral complex [Cu-
(dmdt)2] is also nonplanar, while the dmdt ligand
moiety is almost ideally planar and has a straight
molecular long axis. The dihedral angle between the

Figure 20. Temperature dependence of electrical resis-
tivities of the neutral nickel complex [Ni(eodt)2]. Despite
the compressed pellet sample, the neutral [Ni(eodt)2]
showed fairly large room-temperature electrical conductivi-
ties (1-10 S cm-1) and the resistivity of the neutral
complex decreased down to ∼120 K. Below 120 K the
resistivity increased very slowly and the sample retained
fairly high conductivity even at 0.6 K [σ(0.6 K)/σ(RT) ≈
1/30]. These data show the system to be essentially metallic
down to very low temperature.

Figure 21. Molecular structure of a dianionic copper
complex in (nBu4N)2[Cu(dmdt)2]. The coordination geometry
of copper is greatly distorted from planar, and the molec-
ular long axis is curved. The dihedral angle between the
least-squares planes of two extended-TTF ligands is 33.5°.

Figure 22. (a) Schematic drawing of the molecular ar-
rangement and (b) overlapping mode of (Ph4P)2[Cu(ptdt)2]‚
1.2(Me2CO). The π-conjugated systems of the ptdt ligand
are large enough to form conduction pathways in the
crystal.
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ligand planes is 80.29°. In the case of the neutral [Cu-
(dmdt)2], both ligands overlap with adjacent ligands
and form a good conduction pathway. As shown in
Figure 23b, the neutral molecules take an unprec-
edented molecular arrangement. The molecular ar-
rangement in [Cu(dmdt)2] is completely different
from that in [Ni(tmdt)2], where, ideally, planar
molecules are closely packed to form a 3D metallic
band.24,25 One of the ligands of [Cu(dmdt)2] overlaps
face-to-face with the ligand of the adjacent molecule,
and the opposite side ligand overlaps with the ligand
of the third molecule. Thus, the dmdt ligands take
an arrangement similar to that of “κ-type organic
superconductors”, which was first found in 1987.10

S‚‚‚S contacts shorter than 3.45 Å exist between
adjacent molecules, as shown in Figure 23b. The
short S‚‚‚S contacts exist not only in the layer with
a κ-type ligand arrangement but also between the
adjacent layers. These structural features suggest the
possibility of the existence of 3D conduction path-
ways.

The resistivity measurements on the crystals of
[Cu(dmdt)2] showed fairly high conductivity, though
the quality of the crystals was poor (about 3 S cm-1

at room temperature). Despite the apparent semi-
conducting properties, the activation energy was very
small (40 meV), while the crystal of (nBu4N)2[Cu-
(dmdt)2] was found to be an insulator. The magnetic
susceptibilities of crystals [Cu(dmdt)2] and (nBu4N)2-

[Cu(dmdt)2] were measured by using a SQUID mag-
netometer. A Curie-Weiss behavior was observed for
(nBu4N)2[Cu(dmdt)2] (ørt ) 1.33 × 10-3 emu mol-1, C
) 0.40 K emu mol-1, θ ) -0.2 K), indicating the
existence of an isolated S ) 1/2 spin on each molecule.
The temperature dependence of the susceptibility of
[Cu(dmdt)2] was also completely fitted by a Curie-
Weiss plot (ørt ) 1.09 × 10-3 emu mol-1, C ) 0.33
emu K mol-1, θ ) -4.2 K). The Curie constant
suggests the existence of 84% of S ) 1/2 spin moments
(estimated on the basis of a g value (2.035) obtained
by ESR (electron spin resonance) experiments). These
results are inconsistent with the previous reports of
the other copper complexes, in which most of the
magnetic moments were lost by oxidation to the
neutral state. As briefly mentioned before, the bond
lengths of the neutral molecule ([Cu(dmdt)2]) show
a considerable difference from those of the dianion
in (nBu4N)2[Cu(dmdt)2] (Table 4). The schematic
drawing of the HOMO and LUMO of [Cu(dmdt)2] is
given in Figure 3c. Table 4 shows that by the
oxidation from [Cu(dmdt)2]2- to [Cu(dmdt)2]0 all the
CdC bonds become longer, indicating that the LUMO
has bonding character on each CdC bond. On the
other hand, except for bond h showing a very small
positive change, SsC bonds tend to be shortened,
suggesting antibonding character of the LUMO on
CsS bonds. Very large changes in bonds b and c
suggest the large amplitude of the LUMO on the S
and C atoms in the central five-membered ring.
These features are in good agreement with the
general features of the calculated molecular orbitals
and also those of extended-TTF ligand complexes
such as [Ni(ptdt)2]0+ and [Ni(tmdt)2]0+.24,25,28 In other
words, the molecular orbital symmetry on the ex-
tended-TTF ligands is similar to that of the HOMO
of the TTF-like molecule, as expected.28 The small
change of Cu-S bond length and the large change
in extended-TTF ligands indicate that the oxidation
of [Cu(dmdt)2]2- takes place mainly in the ligand
portion.

3.2. Metallic Crystal of [Co(dt) 2]2 with a Dimeric
Conformation

As mentioned before, a single-component cobalt
complex can be expected to be a magnetic conductor.
We synthesized a single-component cobalt complex
with tetrathiafulvalenedithiolate ligands.52 Since the

Figure 23. (a) Molecular structure and (b) crystal struc-
ture of [Cu(dmdt)2]. The S‚‚‚S contacts are shown as dotted
lines. The lowest part of the figure presents the arrange-
ment of the molecules projected along the molecular long
axis. The neutral molecules take an unprecedented molec-
ular arrangement. One of the ligands of [Cu(dmdt)2]
overlaps, face-to-face, with the ligand of the adjacent
molecule, and the opposite-side ligand overlaps with the
ligand of the third molecule.

Table 4. Average Bond Lengths (Å) of the Dianion (n
) 2-) and Neutral (n ) 0) [Cu(dmdt)2]n

bond n ) 2- n ) 0 ∆

a 2.287(1) 2.282(1) -5
b 1.738(3) 1.683(4) -55
c 1.341(4) 1.414(9) 73
d 1.766(3) 1.743(4) -23
e 1.756(3) 1.738(4) -18
f 1.342(5) 1.361(7) 19
g 1.758(3) 1.737(4) -21
h 1.748(3) 1.762(4) 14
i 1.330(5) 1.353(9) 23
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crystals were very small, the synchrotron radiation
X-ray powder diffraction experiment of this complex
was performed. The imaging plate detectors and the
large Debye-Scherrer camera at the facility Spring-8
BL02B2 were used. The structure was solved by the
genetic algorithm (GA)53 and refined by the MEM/
Rietveld method, which is a self-consistent iterative
analysis of a combination of the maximum entropy
method (MEM) and Rietveld analysis.54 This is the
novel metal complex whose structure was determined
by a powder diffraction experiment. The crystal data
for [Co(dt)2]2 (dt ) tetrathiafulvalenedithiolate) are
as follows: triclinic, P1h, a ) 11.7185(3) Å, b )
10.9513(2) Å, c ) 7.7336(1) Å, R ) 79.737(2)°, â )
96.474(2)°, γ ) 113.973(2)°, V ) 891.45(7) Å3, Z ) 1,
Rwp ) 0.053, and RI ) 0.082. [Co(dt)2]2 is a dimeric
molecule (Figure 24a). The cobalt atom has a slightly
distorted square pyramidal geometry. The Co-S
distances in a plane are 2.166-2.186 Å, and the
Co-S distance connecting two monomer units is
2.425 Å. The Co-S-Co angle is almost 89.1°. The
long ligands of Co(dt)2 are slightly distorted in
opposite directions, and each Co(dt)2 within a dimeric
molecule is parallel to the others. A unit cell contains
only one [Co(dt)2]2 dimeric molecule (Figure 24b). The
[Co(dt)2]2 dimeric molecule is surrounded by six
dimeric molecules along the molecular plane.

Resistivity measurements were made by the four-
probe method from room temperature down to 0.6 K
on a compaction pellet sample. The room-tempera-
ture conductivity of [Co(dt)2]2 is 19 S cm-1, a compar-
atively high conductivity despite the measurement
on the compressed pellet sample. The conductivity
at 0.55 K is about 1/10 of that at room temperature.
The magnetic susceptibility at room temperature is
3.5 × 10-4 emu mol-1, and it is almost constant above
50 K. 1.6% spins are considered to remain, if Co is
in the 3/2 high spin state. These data indicate that
[Co(dt)2]2 is essentially metallic, at least above 50 K.
Simple extended-Hückel tight-binding band calcula-

tions were performed, and 3D electron and hole
Fermi surfaces were obtained, which is consistent
with the expected metallic properties of [Co(dt)2]2.
Thus, [Co(dt)2]2 is a novel Co complex, where dimeric
molecules form a metallic crystal without localized
spins.

3.3. Single-Component Antiferromagnetic
Molecular Metal, [Au(tmdt) 2], with TN around 100
K

Unlike the neutral bis(dithiolato)nickel complex,
the neutral bis(dithiolato)gold complex has an odd
number of total electrons. However, similar to the
nickel complex, the bis(dithiolato)gold complex is
planar. In terms of valence electrons, the neutral bis-
(dithiolato)gold complex is isoelectronic to the planar
bis(dithiolato)nickel monoanionic complex with one
unpaired electron per molecule, which makes the
electromagnetic properties of the neutral gold com-
plex very attractive. It has been thought that these
unpaired electrons or holes in the bis(dithiolato)gold
complexes have a possibility to form a metallic band.
Some gold complexes were examined on the basis of
these ideas. Almeida et al. suggested the metallic
state of the crystal of the neutral gold dithiolene
complex, [Au(R-tpdt)2] (R-tpdt ) 2,3-thiophenedithi-
olate).55 Bjφrnholm et al. showed that the crystal of
[Au(bdt)2] (bdt ) benzene-1,2-dithiolate) consisting
of nearly uniform stacks of neutral molecular radicals
is a semiconductor with one charge carrier per
molecule and exhibits a weak dimerization of the
stack at low temperature.56 Schultz et al. found that,
in the insulating crystal of [Au(dddt)2] (dddt ) 5,6-
dihydro-1,4-dithiin-2,3-dithiolate), the molecules form
dimers, as in the case of neutral BEDT-TTF mol-
ecules.57 Recently, Fourmigué et al. prepared [Au-
(F2pdt)2] (F2pdt ) 6,6-difluoro-6,7-dihydro-5H-[1,4]-
dithiepine-2,3-dithiolate).58 The strong segregation
patterns by formation of a layered structure with
fluorous bilayers aroused interest in highly fluori-
nated molecules by introducing a CF2 group on a TTF
core.

The structural, electrical, and magnetic properties
of the crystals composed of single-component gold
complexes with extended-TTF ligands, [Au(dmdt)2]
and [Au(tmdt)2], were examined.59

Since the crystals were very small, synchrotron
radiation X-ray powder experiments were performed
to obtain the structural information of [Au(dmdt)2]
and [Au(tmdt)2]. The imaging plate detectors and the
Large Debye-Scherrer camera at the facility SPring-8
BL02B2 were used. The wavelength of incident
X-rays was 1 Å. The exposure time was 200 min.
Although sufficient diffraction patterns could not be
obtained on [Au(dmdt)2], an ideal X-ray powder
pattern of [Au(tmdt)2] was obtained in 0.02° steps in
2θ from 3.0° to 60.0°, which showed the crystal
structure of [Au(tmdt)2] to be isostructural to that of
the single-component molecular metal [Ni(tmdt)2]0+.
The lattice constants of [Au(tmdt)2] were determined
as a ) 6.4129(1) Å, b ) 7.5514(2) Å, c ) 12.1543(3)
Å, R ) 90.473(3)°, â ) 96.698(2)°, γ ) 103.008(3)°,
and V ) 569.21(2) Å3. The structure was analyzed
by the MEM/Rietveld method.54 The structure of [Au-

Figure 24. (a) Molecular structure of [Co(dt)2]2. (b) Crystal
structure of [Co(dt)2]2. The cobalt atom has a distorted
square pyramidal geometry. A unit cell contains only one
[Co(dt)2]2 dimeric molecule, which is surrounded by six [Co-
(dt)2]2 molecules.
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(tmdt)2] was successfully visualized as electron densi-
ties by using synchrotron radiation powder X-ray
diffraction, from which all the atoms were located.
The final R factors for 3751 points (the 2θ range for
analysis is 2.5 - 40.0°) were Rwp ) 2.8% and RI )
7.3%. Parts a and b, respectively, of Figure 25 show
the unit lattice and MEM electron density of [Au-
(tmdt)2] as an equicontour surface of 1.0 e Å-3. The
[Au(tmdt)2] molecule is almost planar. The gold atom
has a square planar coordination with the average
Au-S distance 2.296(2) Å and the S-Au-S angle
89.9(1)°. These values well correspond to those of the
neutral bis(dithiolato)gold complex [Au(dddt)2] (Au-
S, 2.304(5) Å; S-Au-S, 89.15(2)°). The intermolecu-

lar S‚‚‚S contacts less than the sum of the van der
Waals radii (3.43-3.64 Å) are a little longer than
those found in [Ni(tmdt)2] (Figure 26a). The average
interplanar distance between the molecules on (0,0,0)
and (1,1,1) is 3.543 Å and that between those on
(0,0,0,) and (1,0,1) is 3.667 Å (Figure 26b).

The resistivity measurements were made by the
four-probe method from room temperature down to
0.6 K on a compaction pellet sample of [Au(dmdt)2],
which gave a fairly large room-temperature conduc-
tivity of 12 S cm-1 and a very small activation energy
of 9 meV (50-300 K) (Figure 27a). The magnetic
susceptibilities of [Au(dmdt)2] were measured with
a SQUID magnetometer at 30 kOe in the tempera-
ture range from 300 to 1.9 K (Figure 27a). The data
were corrected for the diamagnetic contribution (ødia

) -3.25 × 10-4 emu mol-1). The magnetic suscepti-
bility was 3.4 × 10-4 emu mol-1 at room temperature
and showed Pauli-like paramagnetism at least above
50 K, which is consistent with the results of ESR
measurements. Despite the weakly semiconducting
behavior of the compaction sample, these data indi-
cate that [Au(dmdt)2] is essentially metallic at least
above 50 K.

The compaction pellet sample of [Au(tmdt)2] also
showed a large room-temperature conductivity of 15

Figure 25. (a) Unit lattice and MEM electron density of
[Au(tmdt)2] as an equi-contour surface of 1.0 e Å-3. (b)
Comparison of electron densities of [Au(tmdt)2] and [Ni-
(tmdt)2] around the central metal atoms, showing relatively
small bonding electron density on Au-S bonds. This
depends on the difference of the distribution of d electrons
of the central metal atoms.

Figure 26. (a) Crystal structure viewed along the per-
pendicular axis of the molecule. (b) Side view of the
molecular stacking of [Au(tmdt)2]. Intermolecular S‚‚‚S
contacts are a little longer than those found in [Ni(tmdt)2].
The average interplanar distance between molecules on
(0,0,0) and (1,1,1) is 3.543 Å, and that between those on
(0,0,0) and (1,0,1) is 3.667 Å.

Figure 27. (a) Resistivities and susceptibilities of [Au-
(dmdt)2]: (a) Resistivity of a compaction pellet (FRT ) 0.083
Ω cm, activation energy ) 9 meV). (b) Magnetic suscepti-
bility measured at 30 kOe. Magnetic susceptibility of 3.4
× 10-4 emu mol-1 at room temperature and Pauli-like
paramagnetism above 50 K. (b) Resistivities and suscep-
tibilities of [Au(tmdt)2]: (a) Resistivity of a compaction
pellet (FRT ) 0.067 Ω cm). These data indicate that [Au-
(dmdt)2] is essentially metallic at least above 50 K. (b) Spin
susceptibility by ESR of polycrystalline samples: spin
susceptibility at room temperature ) 3.8 × 10-4 emu mol-1,
∆Hpp ) 250 G, and g ) 2.005. (c-e) Magnetic susceptibili-
ties by SQUID at 30 (c < 300 K), 10 (d < 200 K), and 3 (e
< 200 K) kOe. No anomaly at 30 kOe and the susceptibility
decrease around 100 K below 10 kOe seem to suggest the
possibility that the 100 K transition is an antiferromagnetic
transition with the critical magnetic field of the spin
flipping transition between 10 and 30 kOe.
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S cm-1 and a small activation energy of 20 meV (50-
300 K) (Figure 27b). The XPS (X-ray photoelectron
spectroscopy) and NEXAFS (near edge X-ray absorp-
tion fine structure) measurements suggested the
valence of the central metal of the neutral gold
complex [Au(tmdt)2] to be almost the same as that
in [Au(tmdt)2]- and the existence of DOS at the Fermi
level, indicating the system to be a metal.60 ESR
spectra of polycrystalline samples of [Au(tmdt)2] were
measured in the temperature range 3.5-300 K
(Figure 27b). The spin susceptibility, peak-to-peak
line width, and g value at room temperature were øs
) 3.8 × 10-4 emu mol-1, ∆Hpp ) 250 G, and g )
2.005. As shown in Figure 27b, the øs values in-
creased gradually down to 130 K and decreased
abruptly at 100 K, where an onset of a rapid increase
of the line width was observed. These facts indicate
that [Au(tmdt)2] undergoes a magnetic transition
around 100 K while keeping its high conducting state.
The magnetic susceptibility of a polycrystalline sample
of [Au(tmdt)2] was measured with the SQUID mag-
netometer under magnetic fields of 30, 10, 5, and 3
kOe. As seen from Figure 27b, for magnetic fields
above 30 kOe, the susceptibilities were roughly
constant above 50 K, below which the magnetic
impurities seemed to dominate the susceptibility
behavior. Unlike the gradual increase of øs, the
magnetic susceptibilities were approximately con-
stant down to 100 K even at 3 kOe, indicating the
temperature dependence of øs to be possibly affected
by the skin effect of microwave. Around 100 K the
susceptibility decrease indicating the magnetic tran-
sition was observed, which was consistent with the
ESR behavior. To our knowledge, there has been no
molecular conductor exhibiting an (antiferro)mag-
netic transition at temperatures as high as 100 K
without loss of its high conductivity. But no anomaly
above 30 kOe and the susceptibility decrease around
100 K below 10 kOe seemd to suggest the possibility
that the 100 K transition was an antiferromagnetic
transition with the critical magnetic field of the spin
flipping transition between 10 and 30 kOe. Very
recently the first principle band structure calculation
was performed by Ishibashi et al.61 This calculation
suggested that the Fermi surface of [Au(tmdt)2]
contains warped Fermi surfaces, which can be nested,
and that a small Fermi surface still remains below
100 K, which retains the system as highly conducting
even at low temperature. 1H NMR studies of [Au-
(tmdt)2] by Kanoda et al. also revealed that the phase
transition that occurred around 85 K is the antifer-
romagnetic phase transition.62 The synchrotron X-ray
powder diffraction experiments from room tempera-
ture down to 20 K showed no extra change of the
crystal lattice occurred, which also suggested that the
phase transition is the SDW transition.63

3.4. Single-Component Pd Complexes
To compare the crystal structure and the electronic

structure of single component palladium complexes
with Ni complexes, we synthesized [Pd(dt)2]64 and
[Pd(C3-tdt)2] (C3-tdt ) di-n-propylthiotetrathiaful-
valenedithiolate).65

Since the sizes of the obtained crystals were very
small, we could not determine the crystal structure

of [Pd(dt)2] by X-ray single-crystal structure analysis.
Therefore, the synchrotron radiation X-ray powder
diffraction experiment was performed to gain infor-
mation on the crystal structure. The experiment was
carried out by the imaging plate detectors and the
Large Debye-Scherrer camera at the facility SPring-8
BL02B2. The wavelength of incident X-rays was 1
Å. The exposure time was 200 min. An ideal X-ray
powder pattern of [Pd(dt)2] was obtained in 0.02°
steps in 2θ from 3.0 to 60.0°.

The crystal structure of [Pd(dt)2] was successfully
analyzed by the GA and the MEM/Rietveld meth-
ods.53,54 Similar to the case of the [Co(dt)2]2 complex,
this is a unique example of the structure determi-
nation of the powder sample with unknown structure
by synchrotron radiation X-ray powder experiments.
The final R factors for 3751 points (the 2θ range for
analysis is 2.5-40.0°) were Rwp ) 3.9% and RI ) 7.1%,
respectively. The lattice constants of [Pd(dt)2] (C12H4-
S12Pd) are a ) 10.0465(2) Å, b ) 11.5882(2) Å, c )
7.9613(3) Å, â ) 96.7677(5)°, and V ) 920.41(2) Å3

with space group P21/m and Z ) 2. The crystal
structures of [Pd(dt)2] are shown in Figure 28. A
palladium atom has the square planar coordination
geometry, and twelve sulfur atoms on ligands exist
on the coplanarity. The palladium atom and the two
CdC bonds (C(3)sC(5) and C(4)sC(6)) on the TTF
frame are located on the mirror plane, and half of
the [Pd(dt)2] molecule is crystallographically inde-
pendent. The average Pd-S bond distance and the
average S-Pd-S angle are 2.288(2) Å and 86.5°,
respectively. As shown in Figure 28a, one [Pd(dt)2]
molecule contacts four molecules in the transverse
direction and overlaps with the upper two molecules.
The molecule is stacked along the [100] and [101h]
directions with slip distances of 10.046 and 13.379
Å, respectively. The interplanar distances are 3.39
Å between molecules A and B and 3.64 Å between

Figure 28. Crystal structure of [Pd(dt)2]. The palladium
atom has a square planar coordination geometry, and the
twelve sulfur atoms on the ligands are coplanar. (a)
Arrangement of [Pd(dt)2] viewed perpendicular to the
molecular plane. (b) Bridged structure of [Pd(dt)2] viewed
along the b-axis. One Pd(dt)2 molecule is adjacent to four
molecules in the transverse direction and overlaps with the
upper two molecules.
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molecules B and C. The Pd‚‚‚Pd distances are 13.532
Å for A and B, and 10.046 Å for B and C (Figure
28b). As illustrated in Figure 28a, there are many
intermolecular S‚‚‚S contacts less than the sum of
van der Waals radii along the transverse direction
and in the direction of [100] and [101h].

The electrical resistivity of the compressed pellet
sample of [Pd(dt)2] was measured by a usual four-
probe method down to 50 K, which showed the
semiconducting behavior with the room-temperature
conductivity of 0.3 S cm-1 and the activation energy
of 94 meV.

The extended-Hückel tight-binding band structure
calculation of [Pd(dt)2] was carried out by use of
Slater-type atomic orbitals. Schematic drawings of
the HOMO and LUMO orbitals of [Pd(dt)2] are shown
in Figure 3c. The molecule of [Pd(dt)2] has ap-
proximately D2h symmetry. As expected, the HOMO
has b1u symmetry and has the same sign on every
chalcogen atom. On the other hand, the symmetry
of the LUMO is b2g, and it has the nordal plane on
the central palladium atom. The obtained DOS is
shown in Figure 29. The band structure calculations
were performed with changing HOMO-LUMO gap
at 0 < ∆E < 1.0 eV. It is interesting that the semi-
conducting state was suggested for ∆E < 0.2 eV but
the weakly metallic state was suggested for ∆E >
0.25 eV. At first sight, these results seems to show
that the extremely small HOMO-LUMO gap, which
has been considered to be the most essential require-
ment for the realization of highly conducting single-
component molecular systems, is not a dominant
factor to produce the Fermi surfaces in this complex.
But the existence of a band gap for ∆E > 0.2 eV is
consistent with the large HOMO-LUMO interaction
being comparable to the HOMO-HOMO and LUMO-
LUMO interactions, which tends to produce the ener-
gy gap, especially when ∆E is small. Two large peaks
of the DOS separated by about 0.85 eV (Figure 29)
are consistent with the broad maximum of the
electronic absorption spectra of [Pd(dt)2] around 1 eV,
which is described in section 4.66 The semiconducting

properties of [Pd(dt)2] suggest ∆E to be less than 0.2
eV.

[Pd(C3-tdt)2] with bulky n-propylthio groups in the
terminal site is less conducting (σ(RT) ) 10-2 S cm-1).
The crystal structure of [Pd(C3-tdt)2] is shown in
Figure 30.65

4. Infrared Electronic Absorption in
Single-Component Molecular Metals

It is commonly accepted that the electronic energy
of a molecule is much higher than the vibrational
energy of a molecule. For example, the energy of the
longest-wavelength electronic absorption of a typical
π molecule, anthracene (3.4 eV), is much larger than
the vibrational energy of a hydrogen molecule (4400
cm-1 0.55 eV), namely, the highest energy of molec-
ular vibration. If a molecule with electronic excitation
in the infrared (IR) region can be designed, then the
molecular system is expected to have unprecedented
electronic properties. To develop a metallic crystal
consisting of single-component molecules, we have
synthesized molecules with unprecedentedly low
electronic excitation (or an unprecedentedly small
HOMO-LUMO gap).66

In general, the simplest “1D box model” of π-con-
jugated molecules predicts that the wavelength of the
longest wavelength electronic absorption (λmax) will
become longer as the size of the π molecule increases.
However, synthesizing molecules with very long π
systems is not trivial because of synthetic inacces-

Figure 29. Density of state of [Pd(dt)2]. The HOMO-
LUMO gap is assumed as 0.1 eV. The calculations suggest
that the semiconducting state exists when ∆E < 0.2 eV.
The semiconducting behavior of [Pd(dt)2] is consistent with
the result of the tight-binding band structure calculation,
suggesting large HOMO-LUMO interactions.

Figure 30. Crystal structure of [Pd(C3-tdt)2] projected
onto (a) the ac-plane and (b) the bc-plane. The molecular
structure is almost planar except for four n-propylthio
groups, and it is more planar than that of the monoanion
[Pd(C3-tdt)2]-. The complexes are stacked along the a
direction. Crystal data of [Pd(C3-tdt)2]: C24H28S16Pd, tri-
clinic, P1h, a ) 10.007(7) Å, b ) 12.019(9) Å, c ) 15.92(1) Å,
R ) 112.14(1)°, â ) 89.665(6)°, γ ) 90.02(1)°, Z ) 2, V )
1773(2) Å3.
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sibility, chemical instability, and poor solubility.67

Fused porphyrin is an example of molecules with
small electronic excitation energies. The absorption
maimum of fused porphyrin was observed at about
1250 nm (1.0 eV), and the absorption showed a strong
red shift with increasing numbers of fused porphy-
rins.68 It will be extremely difficult to prepare a fully
π conjugated porphyrin oligomer longer than an
icosamer (n > 20) without the effective conjugated
length (ECL) effect,69 which is also expected to show
a similar low-energy electronic excitation. Neverthe-
less, Tsuda and Osuka succeeded in preparing fully
conjugated linear porphyrin oligomers with electronic
absorption bands that reach into the IR region, and
λmax

-1 decreased as the number of porphyrins (n)
increased and that for n ) 12 (dodecamer) was about
3500 cm-1 (0.45 eV).67 Another example of a small
HOMO-LUMO gap (0.6 eV) is that for aromatic
heterocycles and a novel nonclassical thiophene with
pyrazine-dihydropyrazine whose lowest-energy ab-
sorption edge was observed at about 2100 nm.70 Two
polymers of syn-naphthodithiophenes (NDT) and
anti-NDT have very low band gaps of ∼0.8 eV.71 On
the other hand, the most straightforward way to
engineer a small HOMO-LUMO gap is to design a
molecule that incorporates covalently linked donor
and acceptor moieties. It has been reported that a
TTF-fluorene conjugate possesses the smallest HO-
MO-LUMO gap (0.3 eV) for closed-shell organic
compounds and exhibits an intramolecular charge-
transfer band around 8000 cm-1.72

We have synthesized and examined the electronic
absorption spectra of a transition metal complex with
extended-TTF dithiolate ligands [M(L)2] [M ) Ni, Pd;
L ) tmdt, dmdt, ptdt, and dt]. Since these complexes
are not soluble in the usual organic solvent, the
visible (vis) and IR spectra were measured on crys-
talline powder samples. Figure 31 shows the IR
spectra have molecular vibration peaks and broad
electronic absorption. [Ni(tmdt)2] and [Ni(dmdt)2]
exhibited the broadest absorption maxima around
2200 cm-1 (λmax

-1), which is much smaller than the
wavenumber for the porphyrine dodecamer (n ) 12,

λmax
-1 ≈ 3500 cm-1). So far as we know, this is the

smallest electronic absorption energy ever reported
for single-component molecular systems. On the other
hand, semiconducting complexes, [Ni(ptdt)2] and [Pd-
(dt)2], exhibited absorption maxima at 4700 and 7800
cm-1, respectively.

The electronic absorbance is considered to be
proportional to Djµ2, where Dj is the joint density of
state and µ is the transition dipole. We could show
that the E-dependence of Dj(E) can be regarded as
the calculated electronic spectrum. As shown in
Figure 32, the calculated absorption maximum was
around 0.3 eV for [Ni(tmdt)2] and [Ni(dmdt)2], around
0.6 eV for [Ni(ptdt)2], and around 0.9 eV for [Pd(dt)2],
which are consistent with the wavenumbers of the
observed absorption maxima: λmax

-1 ) 2200 cm-1

(0.27 eV) for [Ni(tmdt)2] and [Ni(dmdt)2], 4700 cm-1

(0.58 eV) for [Ni(ptdt)2], and 7800 cm-1 (0.97 eV) for
[Pd(dt)2]. These facts show that the single-component
molecular conductors are composed of the molecules
with an unprecedentedly small HOMO-LUMO gap.
Although the electronic absorptions around 2200
cm-1 of [Ni(tmdt)2] and [Ni(dmdt)2] seem to suggest
an extremely small HOMO-LUMO gap (∆E), the
[M(L)2] peaks blue shifted as the semiconducting
properties of the crystal increased, which indicates
that the band structure plays a crucial role.

The bonding and antibonding combinations of the
left and right ligand orbitals, respectively (φHOMO ≈
φligand1 + φligand2; φLUMO ≈ φligand1 - φligand2 + cMφdπ,
where cMφdπ is the small contribution from the dπ
orbital of the central metal atom), can approximate
the HOMO and LUMO of a [M(L)2] (M ) Ni, Pd, ...;
L ) extended-TTF ligand) molecule.28 The wave
function of the tight-binding band in Ni(L)2 (L )
tmdt, dmdt) crystals, which have one molecule in the
unit cell, can be written as Φ(k) ) (1/N)1/2[∑exp(ikRn)-
{cHOMO(k)φHOMO(r-Rn) + cLUMO(k)φLUMO(r-Rn)}], and
the transition dipole µ between Φocc(k) and Φvac(k) is
(cvac*HOMO(k)cocc

LUMO(k) + cvac*LUMO(k)cocc
HOMO(k))µHL,

where µHL is 〈φLUMO|r|φHOMO〉. Although a substantial
HOMO-LUMO mixing in several parts of the Bril-
louin zone was suggested by Rovira et al.,47 the
HOMO-LUMO mixing around the energy where the
DOS has a large value was tentatively assumed to
be not so serious due to the crossing-band nature of
the Ni(L)2 system. Then, µ ≈ µHL and the absorbance

Figure 31. Visible and IR spectra of (A) [Ni(tmdt)2] (400
S cm-1), [Ni(dmdt)2] (350 S cm-1), [Ni(ptdt)2] (7 S cm-1),
and [Pd(dt)2] (0.3 S cm-1). The room-temperature conduc-
tivities are in parentheses. The vis and IR spectra con-
nected smoothly around 6000 cm-1. The broad absorption
maximum (arrow) shifts to higher energy from 2200 to 7800
cm-1 as the semiconducting properties are increased.

Figure 32. Calculated joint density of states Dj(E) for (A)
[Ni(tmdt)2], (B) [Ni(dmdt)2], (C) [Ni(ptdt)2], and (D) [Pd-
(dt)2]. The E-dependence of Dj(E) is consistent with the
observed electronic absorption spectra for each system. The
arrows indicate the energies of observed absorption maxima
(λmax

-1).
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is approximately proportional to Dj(E) () ∑k(Docc-
(k,ε(k))Dvac(k,ε(k)+E)), when εF - E < ε(k) < εF (εF )
Fermi energy). Thus, the E-dependence of Dj(E) can
be roughly regarded as the calculated electronic
spectrum.

Since it is difficult to accurately estimate the ∆E,
the extended-Hückel tight-binding band structures
and the Dj(E) of [M(L)2] were calculated by varying
∆E at ∆E < 1.0 eV. The calculated spectra agreed
with the observed spectra when ∆E ) 0.14 ( 0.06
eV for [Ni(L)2] and 0.12 ( 0.08 eV for [Pd(dt)2]. Very
recently, Ishibashi has evaluated Dj(E) of [Ni(tmdt)2]
on the basis of the local density approximation (LDA)
band structure calculation using the ab initio plane-
wave norm-conserved pseudopotential method, which
gave essentially the same spectra around the absorp-
tion maximum.73 That is, ∆E seems to be less than
∼0.2 eV. It should be noted that λmax

-1 does not
correspond directly to the HOMO-LUMO gap (∆E).

Thus, the general feature of the IR electronic
spectra of [M(L)2], especially the blue shift of the IR
electronic absorption spectra, is well explained by the
calculated Dj(E). It may be said that the recent
developments in single-component molecular metals
were realized by successfully designing molecules
with unprecedentedly small HOMO-LUMO gaps.

5. Conclusions and Future Prospects
We presented the basic idea for the design of a

single-component molecular metal. The crucial step
is the development of a molecule with a small
HOMO-LUMO gap and a TTF skeleton. Needless
to say, in the π conjugated system, the HOMO-
LUMO gap can be reduced by extending the π
systems. However, we have proposed a new idea to
reduce the HOMO-LUMO gap, which will be useful
in future studies on the bottom-up construction of
new functional molecular systems because the prop-
erties of the molecular system are mainly governed
by the nature of the frontier orbitals. The syntheses,
the structure analyses, and the physical properties
of various single-component molecular conductors,
including the first single-component molecular metal,
[Ni(tmdt)2], were also presented. The discovery of a
single-component molecular metal has removed the
boundary of molecular crystals and metallic crystals,
which will provide various possibilities for future
studies on the development of new functional molec-
ular systems.
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