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We introduce the development of conductive organic molecular assemblies including organic metals, superconduc-
tors, single component conductors, conductive films, and conductive liquids, particularly focusing on our own research
achievements of molecular design within the framework of both real and energy spaces.

1. Introduction: Background of Electric Conductivity

Figure 1 compares the room temperature (RT) electric con-
ductivity (ogrr) of organic and inorganic materials. One may
classify the materials as a metal (Orr > 10>Scm™"), semi-
conductor (10?> > ogy > 1071°Scm™!), and insulator (ort <
1071°Scm™!). Some selected organic conductors of charge-
transfer (CT) type and of single component are presented.
Their chemical formulas are depicted in Fig. 2. The organic
solids of CT complexes now cover almost the whole range
of orr up to 10° Sem™!. Among them it is noteworthy that
the organic superconductors consisting of TMTSF or ET mole-
cules are poor metals at RT. Some of them exhibit the oy as
small as 10° Scm™! with metallic or sometimes semiconduc-
tive temperature dependence. The single component organic
conductors, where the transition-metal coordination com-
pounds are not included, cover up to 107" Sem™! with semi-
conductive behavior.

Electric conductivity is represented by Eq. 1, where n, e,
and W are the carrier density (cm™3), charge of electron, and
carrier mobility (cm? V™! s71), respectively.

O = net. (H

The n and W are controllable through the chemical and phys-
ical methods as described in this review. For example, n is rep-
resented by Eq. 2 based on a band model for semiconductors
or insulators,

n o exp(—&y/2kpT), (@)

where kg is the Boltzmann constant and €, is the energy gap.
The &, of a solid composed of single component molecules or
CT complexes having a closed shell electronic structure
(Fig. 3) is then expressed by Eq. 3,

€e = AE =2t + 1), 3)
where AE is the HOMO-LUMO gap, and #; and ¢, are the in-
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Fig. 1. The room temperature conductivity (Scm™") is com-
pared between inorganic solids (right) and organic (charge
transfer and single component) solids (left). HMTTeF:
hexamethylenetetratellurafulvalene, TTF: tetrathiafulva-
lene, TCNQ: tetracyano-p-quinodimethane, TMTSF: tetra-
methyltetraselenafulvalene, ET: bis(ethylenedithio)-TTF
(BEDT-TTF), BTQBT: bis(1,2,5-thiadiazolo)-p-quinobis-
(1,3-dithiole), PDA: p-phenylenediamine, TTeC,;-TTF:
tetrakis(methyltelluro)-TTF, TTC,-TTF: tetrakis(alkyl-
thio)-TTF, TTN: tetrathionaphthacene (naphthacenol[5,6-
c,d:11,12-¢’  d'Tbis[1,2]dithiole), TNB: s-trinitrobenzene.

termolecular or inter-complex (between DA pairs) transfer in-
tegrals of HOMOs and LUMOs, respectively. Therefore, the
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Fig. 2. Chemicals in Fig. 1.
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Fig. 3. Schematic energy dispersion (right) of the band
structure of the crystal (middle) composed of a one-dimen-
sional array of neutral closed shell molecules with HOMO-
LUMO gap of AE (left), where k, £, €k, 41, and 41, are
the wavenumber, energy gap, Fermi energy, and band-
widths of valence and conduction bands, respectively.

carrier density can be tuned by the modification of AE, t;, t,,
and T for semiconductors and insulators.

According to the tight binding approximation, the (& can be
represented by Eq. 4 for a one-dimensional (1D) array com-
posed of molecules with an interplanar distance of a, indicat-
ing that the mobility is proportional to T¢, where T is the relax-
ation time.

W = 2d’ettcos ka/h* o Tt. 4

T depends on the scattering mechanism of the system, and is
inversely proportional to the product of density of states at
Fermi level D(€f) and the square of scattering potential Vj
(Eq. 5). Since D(€F) is equal to N/27t sin ka, T is represented
by Eq. 5, where N is the total number of electrons in the band.

1 27t sin ka
x 2= 2
D(&p)|Vs| NIV
Although there are many kinds of retarding sources such
as phonon, impurity, non-periodicity in the lattice, on-site
Coulomb repulsive energy, molecular vibration, etc., T can
be roughly proportional to a bandwidth W, which is equal to

®)

4t for 1D conductors and the ¢ is approximately proportional
to an overlap integral S.

Therefore, the conductivity of organic CT solids has been
improved through the design of the structures in the real space
(molecular and crystal structures) and also those in the energy
space (molecular and band electronic structures). Depending
on the itinerancy of electrons in the molecular assemblies,
the system varies from semiconductor (insulator) to metal in-
cluding exotic magnets originating from the localized spins.
Under a certain condition, the system becomes a superconduc-
tor owing to the formation of Cooper pairs.

Our research interests' ' have straddled a number of con-
ductive and magnetic organic assemblies including organic
metals, superconductors, spin-ladders, spin-liquid, etc. (Fig. 4).
The control of the chemical and physical parameters for elec-
tric transport, such as ionization potential (/p), electron affin-
ity (Ea), Madelung energy (M), on-site (U) and off-site (V)
Coulomb energies, density of state (D(€)), Fermi level (€ ~
chemical potential), bandwidth (W), transfer interaction (),
basicity (pKp), and acidity (pK,), which are controllable
through the molecular and crystal designs mentioned above,
is fundamental to the progress of organic (super)conductors.
The control of the self-assembling ability, dimensionality,
electron correlation, and geometry of the spin lattice is very
important to design the ground state of the electronic structure
(e.g., superconductor, metal, insulator, antiferromagnet, and
spin-liquid). The anisotropic electronic structures of organic
assemblies having very deformable molecular and crystal
structures with strong electron—phonon coupling have afforded
many fascinating electronic phase transitions caused by molec-
ular and/or lattice deformation, charge separation (charge or-
dering), density wave formation, etc., which can be controlled
by external stimuli: light, temperature (T), pressure (P, hydro-
static or uni-axial), magnetic (H), and electric (E) fields. These
features are demonstrated in Fig. 4 and will be described in
detail in this review.

2. Conductors of Single Component

In general, single component compounds composed of or-
ganic molecules are poor conductors even if they have radical
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Fig. 4. Concept of the development of organic metals, superconductors, and exotic magnets is based on the dynamics of electrons
in a soft, anisotropic, and nano-scaled molecular world. For inorganic electronics, charge, spin, and orbital are the three key issues.
For organic materials, on the other hand, softness (lattice and molecular) and internal freedom (molecular vibration, deformation,
and polarizability) should be taken into account additionally. Other keywords in Fig. 4 will be explained in the text.

Table 1. Transport Properties of Selected Single Component Compounds Composed of Neutral Radicals

Molecule Orr/Scm™! Ey/eV Ref.
1 Galvinoxyl 1.9 x 107! (364K) 1.36 11
2 DPPH (radical content = 90%) 1 x 10710 1.5 12
3 Violanthrone B (radical content = 36%) 1.4 x 1077 0.68 13
4 2-Cyano-10-methyl-5-phenazyl 3x 1077 0.72 14
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electrons. Table 1 summarizes the ogt and &, of selected neu-
tral radicals. Galvinoxyl (1) and 1,1-diphenyl-2-picrylhydrazyl
(DPPH, 2) radicals are stabilized by the introduction of steric
substituent groups, resulting in the spatial isolation of radical
electrons, and hence they are insulating.!"'?> Violanthrone B
(3) and 2-cyano-10-methyl-5-phenazyl (4) are planar mole-
cules and the radicals are stabilized by the large 7-moiety with
a non-bonding orbital for the former!® and by the capto—dative
(or push—pull) effect for the latter.'* The planarity of a mole-
cule is an important factor to increase the overlap integrals S
between molecules in an assembly, giving rise to the con-
ceivable conductivity (Eq. 6). However, the poor conductivity
of 3 and 4 indicates that the transfer integral ¢ is not much

improved.
o o8 o 2

(6)

Several organic and metal coordination compounds have
been reported to be highly conductive or metallic under ambi-

“ Me
OOO * " N
Yoy LT

N
o 3 4

ent conditions or in FET (field-effect transistor) systems. Su-
perconductivity has also been reported for some materials un-
der pressure. The first point to be mentioned for the single
component conductors is that the materials examined should
be very pure. However, conventional organic materials are
not highly pure compared with the inorganic ones since puri-
fication methods such as zone-melting cannot be applied ex-
cept for a few compounds (benzene, naphthalene, anthracene,
pyrene, perylene, etc.!®). The contamination with impurity will
deteriorate the intrinsic nature of the single component con-
ductors. Apart from organic impurity, moisture and oxygen
molecules affect the intrinsic transport properties. It is known
that oxygen molecules act as electron acceptor forming CT
complexes with many donor molecules such as polycyclic
aromatic hydrocarbons, aromatic amines, phthalocyanine(Pc)s
(Chart 1), TTFs, etc. (vide infra).

There have been several reports on conductivity measure-
ments under inappropriate conditions. The readers should be
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careful about the reported results: 1) How was the sample
purified and characterized to be a truly single component?
Among several conventional methods to characterize com-
pounds (optical, EPR, NMR, elemental analysis, EPMA, X-
ray diffraction analysis, etc.), elemental analysis (should be
in agreement with the calculated values within an error of
0.3%) is currently the most accurate quantitative way to check
the purity of a single component bulk solid, although the purity
is at most [100 — 0.3 x (number of elements)%]. 2) In what
kind of conditions was the conductivity measured? The intrin-
sic transport properties should be elucidated by the four-probe
method using inert paste or by a contactless method, under an
inert atmosphere. 3) Supporting information for the metallic
nature such as magnetic susceptibility, plasma absorption, or
thermoelectric power is indispensable.

2.1 High Pressure. Early in the 60s, the electric conduc-
tivity of several organic compounds, especially polycyclic ar-
omatic hydrocarbons, was studied under hydrostatic pressure
by Drickamer and Samara.'® In most cases, a rapid decrease
in resistivity was observed at the initial stage of pressuring,
followed by a gradual decrease and ultimately a plateau of re-
sistivity above ca. 30 GPa. Pentacene is the first organic metal
and showed a decrease in resistivity down to ca. 200K at 21.3
GPa.!” The activation energy eventually goes to zero at 27.0
GPa for a single crystal. Besides aromatic hydrocarbons, com-
pounds having a large 7-moiety, such as Pc,'® and compounds
having heavy atoms at the peripheral positions such as tetrase-
lenonaphthacene(tetracene) (naphthaceno[5,6-c,d:11,12-¢’,d']-
bis[1,2]diselenole) (TSeN or TSeT, 5),'°2? p-iodanil (tetra-
iodo-p-benzoquinone) (6)>>-2° and BTQBT (12)?%?7 have been
investigated since the 70s by Shirotani and Inokuchi et al. Un-
der hydrostatic pressure, these compounds show a rapid de-
crease in resistivity and become good conductors. For exam-
ple, p-iodanil is an insulator (ogr = 1 x 107'2Scm™") at am-
bient pressure and becomes conductive under pressure (Ort =
2 x 10Scm™! at 25 GPa).?3"3 TSeN was reported to be highly
conductive (ogr =1 x 107*Scm™!, &, = 0.32¢eV) at ambi-
ent conditions.!>?° However, it appears that the good conduc-
tivity is due to the formation of a CT complex with oxygen as
mentioned above, and the conductivity under vacuum (133 x
1078 Pa) is 8 x 1077 Scm™! with twice the energy gap (&g =
0.64eV). By applying a pressure of 20 GPa under a nitrogen
atmosphere, TSeN begins to show high conductivity (ort =
1 x 10S cm™!).2122 Tetratelluronaphthacene(tetracene)(naph-
thaceno[5,6-c,d:11,12-¢’ ,d']bis[1,2]ditellurole) (TTeN or TTeT,
7) also shows a fairly high conductivity (ogrr =1 x 107*
Scem™), although the measurement conditions are not clear.?8

HMTTeF shows a very rapid decrease in resistivity at the
initial pressure range followed by a gradual decrease above
10 GPa, but no metallic phase is expected to appear by apply-
ing further pressure (Fig. 5b).2° Since HMTTeF molecules are
connected to each other with two kinds of alternating intermo-
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Fig. 5. (a) Crystal structure of HMTTeF by Carroll et al.
indicating two kinds of short Te-Te atomic contacts
(Te(3)~-Te(3): 3.583 A, Te(4)--Te(d): 3.743 A).** Mono-
clinic, P2;/c, a = 6.623(2), b = 17.760(2), ¢ = 12.859(3)
A, B =99.05(3)°, Z =4, R =0.035. (b) Pressure depen-
dence of resistivity of HMTTeF solid.?® The line is a guide
to the eye. A high conductivity of 2 x 107*Scm™! (g, =
0.08¢eV) has also been reported on a single crystal of
HMTTeF.3!
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Fig. 6. Energy levels of a monomer (left), a dimer (middle),
and band structure of dimerized system (right) with intra-
and inter-dimer transfer interactions of #; and f,, respec-
tively, and the energy gap €, ~ AE — 2(t; + tp).

lecular Te--Te atomic contacts (3.583 and 3.743 10\) in the crys-
tal (Fig. 5a),%0 it is apparent that the system is composed of a
dimer of HMTTeF molecules. The band structure is schemati-
cally represented by Fig. 6, where #; and t, are the intra- and
inter-dimer transfer interactions, respectively. It is reasonable
to predict that the energy gap &, of the dimerized system is
very difficult to be suppressed by applying a pressure com-
pared to that of the uniform system since the dimerized system
has additional energy associated with lattice distortion.

The development of the diamond anvil cell (DAC) method
has provided a means of extremely high pressure, and the
method has been applied to several organic compounds.
Among them, p-iodanil (6) and hexaiodobenzene (8) were
found to exhibit metallic (semimetallic) and superconducting
nature under extremely high pressure by Shirotani, Shimizu,
Amaya, et al.>3-2332 p-Jodanil becomes metallic above 35 GPa
and exhibits superconductivity with a critical temperature (7.)
of about 2K at around 52 GPa.2*?° The T, of hexaiodobenzene
is 0.6-0.7 K at around 33 GPa and increases to about 2.3 K at
around 58 GPa.?? Although no details of the purity of the com-
pounds were described in the papers?>2>32 and a few % of
impurities (such as bromotriiodo-p-benzoquinone) may be in-
cluded in the p-iodanil examined,® it seems that such a specific
impurity does not severely affect the transport property of
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Table 2. Selected Examples of Organic (Super)conductors under Pressure

Molecule orr/Scm™! Ey/eV Characteristics Ref.
Pentacene 3x 107 1.5 ambient conditions 17
metallic 21.3GPa 17
59 TSeN 1 x107* 0.32 ambient conditions 19-22
8 x 1077 0.64 133 x 1078 Pa 21,22
1x 10 20-50 GPa 21,22
6 p-lodanil 1 x10°12 1.37 ambient conditions 21-25
2 x 10 25GPa 23-25
metallic 35GPa 23-25
superconducting 52GPa, 7. = 2K 23-25
8 10714 1.6 ambient conditions 23
metallic 35GPa 32
superconducting 33GPa T, = 0.6-0.7K 32
58GPa, T, =2.3K 32

a) Compaction pellet.
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Chart 2.

p-iodanil since both are structurally similar electron acceptors
with rather similar electron affinities.

Some metal complexes of [bis(1,2-dione dioximato)Pt]
exhibited an insulator—metal-semiconductor transition under
pressure.>*3* A continuous color change was observed in [bis-
(diphenylglyoximato)Pt!']3* under pressure, and thus has been
used as a pressure indicator.

2.2 Field Effect Transistors (FET). 2.2.1 p-Type FET:
Historically, the characteristic behaviors of FETs were ob-
served on polythiophene in 1987.3® A tutorial review article
has been published.>” FETs based on p-type compounds such
as pentacene,>® poly(3-hexylthiophene),’®*° and oligothio-
phenes*! in which holes are the major carriers, have received
the most attention (Chart 2). The FET mobility of pentacene
has been estimated to be 1.5cm? V' s~! or more, which is
comparable to that of amorphous silicon. However, such high

mobility might be caused by the presence of oxygen. High
FET mobilities have also been reported for naphthacene deriv-
atives, i.e., I-3cm? V~!s7! for single crystals of naphthacene
and 5,1 1—dichloronaphthacene,42 and thin films of tetrachalco-
genonaphthacenes (naphthaceno(5,6-c,d:11,12-¢’,d’bis[1,2]di-
chalcogenoles) (TTN, TSeN, and TTeN) and its derivatives
(MeyTTN and CLL,TTIN),* and ca. 8 and ca. 15cm*>V~!'s™!
for a rubrene single crystal** and that on a flexible poly-
(dimethylsiloxane),* respectively. An FET fabricated from
TMTSF, which has been comprised in many quasi 1D organic
superconductors (see 3.3.1), shows a relatively high FET mo-
bility of 0.2 cm?> V~!s7!.4 The value of 1.4cm?>V~!s~! has
been reported for single crystals of DT-TTF by drop casting.*
Also, random arrays of single-wall carbon nanotubes (SWNTs)
grown on silicon wafer show an extraordinarily high mobility
up to 270cm? V=!I 4
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However, it is uncertain whether all the reported FET mo-
bilities of organic materials are intrinsic. For the data on films,
the film morphology, grain boundaries, and roughness of the
surfaces affect the mobilities apart from the purity of the ma-
terials, incorporated solvent, and physically adsorbed oxygen
and water. Only the data on well-characterized single crystals
measured under well characterized circumstances are reliable.
Also, it should be noted that the highly conductive materials
of single component (next section) or CT complexes do not
exhibit FET characteristics owing to the poor on/off ratio.

2.2.2 n-Type FET: n-Channel compounds into which neg-
ative carriers can be injected are much rarer. The most useful
compound is perfluorinated copper phthalocyanine F;sCuPc,
which is the only n-type single component organic FET that
is stable in air and also has a mobility greater than 102
cm? V~!s~!, although it requires vacuum deposition on sub-
strates heated above 100°C.* Fullerenes Cg, Cq9, and Css
have shown relatively high mobilities of 8 x 1072, 2 x
103" and 2.1 x 1073 em? V! 571,32 respectively, but their
performances degrade upon exposure to air. Under a high vac-
uum without exposure to air, the mobility of Cgy increases up
to 0.56cm? V™! 571 33 Interestingly, treatment of the device
with tetrakis(dimethylamino)ethylene (TDAE) results in an
increase of the mobility by a factor of 3.°° Rather high mo-
bilities have also been reported for some FETs fabricated
from aromatic hydrocarbon derivatives such as N,N’-dialkyl-
1,4,5,8-naphthalenetetracarboxylic diimide (NTCDI, > 0.1
ecm?V~ls™H3* and N,N'-dioctyl-3,4,9,10-perylenetetracar-
boxylic diimide (PTCDI, 0.6 cm? V~!'s71).55 However, these

(A0

DBTTF

Chart 3.
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devices are highly oxygen-sensitive, and thus may not be suit-
able for practical applications. TCNQ was found to show sta-
ble FET performance in air with a maximum mobility as low
as 3 x 1072 em? V~1s71% but its extended 7-system tetra-
cyano-2,6-naphthoquinodimethane (TNAP) has an increased
mobility of ca. 3 x 103 em? V—ls~157

Although the system does not belong to a single component,
an n-type FET can be devised in terms of the combination of
semiconducting and metallic CT complexes having common
acceptor molecules to realize an all organic FET. For example,
a device consisting of semiconductive DBTTF-TCNQ crystals
(orr =4 x 1078 Scm™!) (Chart 3) as channels and metallic
TTF-TCNQ thin films as electrodes for carrier injections on
top of the crystals shows high mobility (ca. 1 cm?> V! s71)38
Such an all organic FET composed of CT complexes has
advantages concerning its stability against oxygen, moisture
and chemical impurities, and the tunability of the chemical po-
tentials of the organic metal electrodes composed of different
TTF derivatives to exhibit n-type, p-type, and bipolar FET
characteristics. Superior performance would be expected re-
garding the on/off ratio by using insulating TCNQ CT crystals
with segregated columns as channels.

2.3 Organic Conductors at Ambient Condition. These
organic compounds are classified into three classes: 1) neutral
closed shell molecule, 2) neutral 77-radical, and 3) zwitterionic
(betainic) rr-radical.

2.3.1 Neutral Closed Shell Molecule: Since the HOMO of
neutral closed shell molecules is occupied by two electrons,
they are generally insulating with a large band gap. They have
no itinerant carriers at 0 K. The band gap of the system is rep-
resented by Eq. 3, and thus the primary attempt is to use a mol-
ecule with small AE (dark colored compound) to decrease &,.

In order to increase t, the van der Waals interactions be-
tween alkyl groups have been introduced for TXC,-TTF
X =S (TTC,-TTF), Se (TSeC,-TTF), and Te (TTeC,-
TTF), Figs. 7a and 7b for X = S, n = 9) by Inokuchi, Saito,

@ ChHne2
X CnHn+10OH
mTTC,- TTF
* TSeCh-TTF |
ATTeC,TTF

200l Tl
0 5 10 15 20

Fig. 7. (a) Crystal structure of TTCy-TTF where the TTF skeletons are shaded.®! (b) Stack of TTCy-TTF molecules where the van
der Waals interactions between the alkyl chains (red arrows) fasten the central C¢Sg 77-moieties of TTCo-TTF tightly along the
direction indicated by blue arrow to enhance the molecular overlap (labeled as fastener effect).®!-6264% (¢) Molecular stacking of
TTC,-TTF* and TTC,-TTF®! molecules in solid. (d) Melting points of TXC,-TTF0%63656 are compared with those of alkanes

and alkyl alcohols.
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Table 3. Melting Point, Conductivity, Energy Gap, loniza-
tion Potential, and Mobility of TTC,-TTF60-626466.68.69

n Tm O'RTa) 8gﬂ> Ip
/°C /Scm™! /eV  JeV  Jem?VlsT!
1 965 34x107" 076  5.05
2 706 83x10°'" 058  5.15
3 304 1.0x107'°  1.04
4 246 1.6 x 1077 0.44
5 322 1.6x1078 0.58
6 286 33x10°8 0.56
7 440 2.6x1078 0.52
8 476 14x1078 042 480 6-7
9 568 20x10°8 042  4.65
10 594 27x10° 026 460  9-20
11 636 18x10° 0.34
12 685 19x10°8 0.50
13 727 43x10°8 0.48
14 765 13x10°% 0.66  4.70
15 793  34x1077 0.48
16 836 13x1077 0.56
17 84.1 63x10°8 0.52
18 850 15x107'% 096  4.85

a) Single crystals for the compounds with n = 1-11 and others
are compaction pellet samples.

et al.,’”*%° and TTC,-TTP (9) and its related molecule (10) by
Mori, Misaki, et al.”%”! In the case of TTC,-TTF (Table 3), the
melting point (7y,) decreases appreciably from n =1 to 4,
since the alkyl chains prevent the 77— intermolecular interac-
tions between CgSg moieties with each other as shown in
Fig. 7c for n = 1°° and 2.%! For n > 4, on the other hand,
the melting point shows an increase with increasing the length
of the alkyl chains (Fig. 7d),°%% since the van der Waals inter-
actions between the long alkyl chains fasten the central 77-moi-
ety composed of a CgSg skeleton tightly. The resulting colum-
nar structure of the 7r-part enhances ¢ (Fig. 7b), giving rise to
the considerably high conductivity, high mobility, and low ion-
ization potential, even though the redox potentials of TTC,-
TTF (E! 172 = 0.54, E21/2 = 0.78 eV vs saturated calomel elec-
trode (SCE) in CH;CN, cf. E'y» = 0.55, E?;/, = 0.79¢V for
ET) indicates that the electronic properties of an individual
molecule do not depend on the length of the alkyl chains. Sim-
ilar thermal behavior was observed for TXC,-TTF
(X = Se,%67 Te;5364 Fig. 7d). This kind of peculiar effect
observed in solids of TXC,-TTF with long alkyl chains was
labeled as the fastener effect.%!

A use of heteroatomic contacts (chalcogen--chalcogen,
chalcogen--nitrogen) is effective to increase conductivity as
observed for TTeN by Yagubskii, Neilands, Balodis, et al.,?®
TTeC,-TTF (Fig. 8) by Inokuchi, Saito, et al.,”> BTQBT
(Fig. 2) and BTDA-TCNQ (11) by Yamashita et al.,>6:2773
2,5-bis(methylthio)TCNQ (12) by Zambounis et al.,”* and bis-
(ethylenethio)-TTF (13) by Rovira et al.’> An extension of
the -moiety for TTP compounds is also effective to improve
conductivity. Some selected examples are summarized in
Table 4.

Even though such intermolecular interactions have so far
been introduced into the neutral closed shell molecules in or-
der to give conductive compounds, the #; and #, in Eq. 3 were
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Fig. 8. Crystal structure of TTeC,;-TTF. Two crystallo-
graphically independent molecules (A and B, the TTF
skeletons are shaded) form Te--Te atomic contacts (dotted
lines) along the b-axis to form a uniform conducting path
with considerably high conductivity and mobility.”?

not enough yet to afford a semimetal (€, = 0). Only pressure
has so far been able to extinguish the energy gap as described
in section 2.1. Although they are semiconductive, the increas-
ed intermolecular interactions give rise to a high carrier mobi-
lity of 6-20cm? V~!s~! (TOF: time of flight) for TTC,-TTF
(n = 8 and 10, single crystals),’®7® 19290 cm?> V~!s~! (TOF)
for TTeC,-TTF (single crystal),’> 0.1 (TOF) and 0.2 (FET)
em?V~!s™! for BTQBT (thin film),>” and 1.4cm?>V~!s™!
for DT-TTF (single crystal, FET).*

It appears that the unusually small band gap of 0.22¢eV for
1373 arises either from increased ¢ owing to the special inter-
molecular interactions or from some extrinsic cause including
impurity. LB films of 14 have been reported to be highly
conductive without carrier doping (1072Scm™').”7 However,
since such a high conductivity has not been observed for single
crystals of purified closed shell molecules based on TTF deriv-
atives, contamination with oxygen is one of the plausible caus-
es for the high conductivity (see section 4.4.1.3).

2.3.2 Neutral m-Radical: The conduction profile of a solid
composed of radicals is markedly different from that com-
posed of closed shell molecules. An excitation from the
HOMO band to LUMO band (Eq. 3) is not necessary, but an
electron correlation is the main source of excitation of elec-
trons in the radicals. Figure 9a shows a 1D array of neutral
radicals. An electron transfer from one radical to the neighbor-
ing one either by electric field or by light irradiation corre-
sponding to the CT transition requires an extra Coulomb repul-
sive energy (U — V) = U, where U and V are the bare
on-site and nearest neighboring Coulomb repulsive energies,
respectively. The solid of radicals has a full-filled valence band
composed of SOMOs as seen in Fig. 9b. An electron transfer
between radicals makes the higher energy state of SOMO by
U.sr with an energy gap of Uey — 41 (Eq. 8), where ¢’ is the
transfer integrals of SOMOs. In general, the bandwidth
(W = 4¢") of organic conductors lies in the range of 0.5-1¢V,
while the effective on-site Coulomb repulsive energy (Uess =
1-1.5eV) usually exceeds W (Eq. 7). Thus, the organic con-
ductors are strongly electron correlated systems and the Mott
criterion governs the transport properties; namely, the system
is a Mott insulator with an energy gap represented by Eq. 8
assuming that Eq. 7 is satisfied.”®% This is a rather common
situation for organic radicals.

W < Uk, (7
Sg = Ut — 4t . (8)
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Table 4. Selected Organic Conductors of Closed Shell Molecules

Molecule orr/Scm™! Ey/eV Characteristics® Ref.
TSeCg-TTF 1.3 x 107° — Fastener effect 67
9 1.7 x 107* (n = 4)» — Fastener effect? 70
10 2.5% 1073 (n=3)? — Fastener effect, EA: H deviates 71
0.36%, S deviates 0.51%
TTeC,-TTF 1.4 x 107 0.509 U =19-29cm? V=571 ¥ (TOF) 72
BTQBT 1x 107392 0.849 i = 0.1 (TOF), 0.2 (FET) cm?>V~!s~1® 26,27
DT-TTF 6 x 107°-6 x 10749 U =14cm?> V15719 (FET) 47
11 BTDA-TCNQ 3.7 x 1070 73
12 2 x 1073 (thin films) 0.48 U =6x10"*cm?V~!s! (calculated) 74
13 2.7 x 10749 0.229 EA: S deviates 0.3% 75
14 10~2 (LB films) — EA: only C, HY 77

a) Measured on single crystals. b) Thin films. c¢) Polycrystals by drop casting. d) The measurement conditions (under
inert gas, vacuum, or not) were not reported. e) EA: elemental analysis. TOF: time of flight method under an inert

atmosphere. FET: field effect transistor.
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The compounds 1 and 2 seem to have negligible intermolecu-
lar transfer interactions according to their insulating features
and Curie-like magnetic behaviors. The radicals 4, 15,% and
16%5-%7 (Chart 4) have been developed based on the concept
of the push—pull effect. Furthermore, the addition of the di-

thiadiazolyl ring is very efficient to stabilize radicals.?® They
have a small ¢ since there are no special intermolecular inter-
actions between the radical moieties for appropriate packing.
Hence, 16 is a typical Mott insulator and exhibits a weak fer-
romagnetism with canted antiferromagnetic interactions with
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Table 5. Selected Organic Conductors of Neutral Radicals and Biradicals

Molecules orr/Scm™! E,/eV Characteristics Ref.
15 5.7 x 107° — R = Me, black powder 84
16 no data — weak ferromagnet 7. = 35.5K 85,86
T. = 645K at 1.6GPa 87
17 <1072 (polymerize) dimer 89
189 2x 1074 0.55 o zig-zag chain 90
2 x 107 0.77 B: dimer 92
199 1074 0.44 head-to-tail dimer 91
a) Single crystal. b) Compaction pellet.
T. = 35.5K.35% The transition temperature is enhanced to " -
. K ydrodynamic (Boltzmann)
64.5 K by an application of pressure of 1.6 GPa.3” Some select- Ninel
ed organic conductors of neutral radicals and biradicals are 10" Diffusive
presented in Table 5. e
In order to increase transfer interactions, symmetrical radi- el 10° f§ N
cals or biradicals with dithiadiazolyl or thiadiazolyl rings (or o @ Ballistic W
with heavy atoms such as Se) at the periphery of the 77-moiety ; 10% 1 L
(17-19) have been developed by Cordes, Oakley, Haddon, et = | [~
al.¥-%2 instead of low-symmetric 15 and 16. Such a modifica- e ﬂ: |/
tion is also effective to decrease U.gr owing to the extended - L-— Localization
system. Although they exhibited much improved conductivi- Atom / | - Tunlnel | |
ties (Table 5), the large U and high reactivity are still crucial contact Tlo 102 |10® 10° T
for the itinerancy. For example, 17 transforms to polymer 2 i "
through covalent bonding under weak pressure.?® Therefore, FoL/R™ el

the compounds 16-19 are systems in which itinerancy, local-
ization, and reaction of the 7r-radical electrons compete with
each other.

One of the most important characteristics of organic mole-
cules for transport properties is the high polarizability. Even
though the neutral molecules and radicals described above
have a large polarizability, its effect on the transport properties
has not been obvious. In the following, the effect of polariza-
bility is discussed for zwitterionic radicals.

2.3.3 Zwitterionic (Betainic) -Radical: 2.3.3.1 Atomic
Wire vs Molecular Wire; Atomic wires have received much
attention in connection with the highly sophisticated electronic
devices operative at high temperatures. Joachim et al. pro-
posed a diagram (Fig. 10) for an atomic wire of length L
and width W composed of noble metals at low temperatures.”>
The elastic mean free path A of the carriers limits the dissi-
pationless regions (ballistic and tunnel regions), which range
ca. 10-103 A. If the organic molecule has nearly the same bal-
listic and tunnel regions as those of inorganic atoms, the mo-
lecular wires can have a very wide applicability for quantum
molecular electronic devices operative at RT. Application of
the diagram in Fig. 10 to prepare dissipationless organic wires
in the ballistic or tunnel regime is more or less feasible at low
temperatures, but unfeasible at RT since the mean free path for
organic materials is expected to be much shorter than those of
inorganic materials, e.g., A in Cu is ca. 300 A while that in
TTF or TCNQ molecules is 24-39 A at RT.%

Within the framework of band theory, the mean free path A

is represented by Eq. 9, where vp is the Fermi velocity.
A= URT.

)

Although no intramolecular A has been reported for organic
molecules, an intermolecular one was evaluated by Cowan.?

Fig. 10. Proposed transport phase diagram by Joachim et
al.” for an inorganic atomic wire of length L and width
W composed of noble metals at low temperature (djyel:
the inelastic A, Aq: the elastic A, Ag: the de Broglie car-
rier wavelength. For other terms, see Ref. 93). The dotted
lines indicate the ballistic and tunnel regions for a molecu-
lar system made of a TTF or TCNQ based molecule at RT
according to the evaluated Ajpga.!™*

The estimated intermolecular A (i) is ca. 3A at RT for
an organic metal TTF-TCNQ (0rr &~ 5 x 10> Scm™"), where
dissipative events are mainly originated from the interactions
with defect, phonon, electron (U), molecular vibration, and
conformational change. The last three interactions are the main
sources of dissipation in a single uni-molecule. The conduc-
tivity of TTF.TCNQ increases at low temperatures up to
1.4-1.5 x 10*Scm™! and Ajyer is then estimated to be ca.
50 A at 60K.% Since vy is represented by the first derivative
of energy dispersion by k (Eq. 10), the mean free path is pro-
portional to #2.

1 /0€ 2tasinka
vp=-|— =———— t
W\ ok /q_g, h

Then the Ajny, is estimated as 390-650 A (finga/finter & 0.7-0.9
eV/0.25eV) at low temperatures and 24-39 A at RT. So,
the tunneling and ballistic regimes in molecular systems
might be barely realized at high temperatures (dotted lines in
Fig. 10), although the band theory is not strictly applicable
for the nano-scale molecular wires. Importantly, it is indispen-
sable to weaken the interactions with charges on a molecule,
which is described in terms of U, in order to improve the elec-
tronic transport via the molecule in a single uni-molecule and
single component systems.

(10)
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Table 6. Selected Organic Conductors of Betainic Radicals
ORT &,y hver Characteristics® Ref.
/Scm™! /eV /10° cm™!
27 3.2x 107D — EA: 27.1.75H,0, N deviates ca. 0.6% 101
Caled: C, 63.24; H, 3.58; N, 25.81%
Found: C, 63.54; H, 3.44; N, 25.18%
29 5x 10729 0.269 ~4.0 EA: C deviates 0.5% 103,104
Calcd: C, 80.42; H, 7.10; N, 4.94; B, 1.90%
Found: C, 79.92; H, 7.02; N, 5.15; B, 1.81%
21 1 x107'® 0.4 — may be contaminated with 30. EA: see text 105,106
1.4 x 10719 0.23-0.46 4.8 EA'S Uy = 0.54-0.62¢eV, UY; = 0.28-0.50eV, 114
tg = 0.06-0.13eV, 1, = 0.01-0.03eV
20 1.2 x 103D 0.449 EA: no data 105,106
22 5% 1074D 0.51» 5.0 EA'S Uy = 0.62eV, US; = 0.52eV 113,114

ta = 0.05eV, ¥ = 0.004eV

23 5x 1072 0.18-0.23» 4.5

EA'S Ue = 0.56-0.62eV, UYy = 0.29-0.38¢V, 114

ta = 0.12-0.14 eV, 14¥ = 0.02-0.04eV

a) Single crystal. b) Compaction pellet. ¢c) EA: elemental analysis.

2.3.3.2 Effect of Polarizability; To relax the Mott criteri-
on, particular synthetic strategies such as the enlargement of
molecular size, the inclusion of heavy atoms in a molecule,
the increase in orbital degeneracy of SOMO, and the increment
in the electronic dimensionality of the assembly have been un-
dertaken for CT complexes.** Furthermore, the highly polar-
izable character of component molecules is predicted to de-
crease the Ugy value. For the anion radical salts of TCNQ,
LeBlanc suggested that the polarizable cation will reduce the
electron correlation energy on the TCNQ molecule according
to Eq. 11, where « is the molecular polarizability of the cation
and r is the distance between TCNQ and cation molecules.”®

o
Uit = (1 _ 7) U, (11)

73

An increase in conductivity with an increase in the size of
the cation dyes was reported for the TCNQ salts.”” However,
there have been no clear experimental evidence to certify the
validity of Eq. 11. It is expected that the intramolecular CT
radicals of (D-7—A)*® or (D-0—A)® have a largely suppressed

U value when the D or A part has significant polarizability.
In addition, the suppression may be achieved by the reduced
r value according to Eq. 11. Then the analogues of 19 seem
to be one of the most appropriate candidates for conductors
among the neutral radicals discussed in the previous section.
The small &€, value of 19 (Table 5) might be indicative of
the reduced U

In the following we will focus on the zwitterionic (betainic)
radicals since they would have a very polarized ground state. A
reduction of U.g can be achieved through the small molecular
size of betainic radicals. The reduced r is a critical issue owing
to the short A of organic molecules, and distinguishes the
fused betaines 20-23 (r = 4-5 A) from the non-fused neutral
molecules 24 (r > 10 z&)% or 25 and 26 (r = 6-7 z&) by Morita
et al.,”>1% and betaines 27 and 28 (r > 10 A) by Suzuki et
al.'%b192 (Chart 5). Selected organic conductors of betainic
radicals are summarized in Table 6.

The betainic radicals based on the TCNQ- and dicyano-
quinodiimine(DCNQI)-moieties (27 and 28) exhibit rather
poor conductivities orr = 1071072 Scm™!,'9:192 probably
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owing to the large r and poor intermolecular overlaps. A single
crystal of the phenalenyl-based betainic radical (29) developed
by Haddon et al. is one of the best conductors of purely organic
materials: Orr = 5 x 1072Scm™! with &, =0.26¢V, in spite
of its non-planar molecular structure.'?3 29 has a characteristic
feature to share one radical electron between two phenalenyl
groups; that is in good accordance with the concept of the
partial CT state which may give rise to high itinerancy of
the radical electron even for the large U of the phenalenyl
group. A bistable electronic behavior was observed between
320 and 350 K.'*

The mesomeric betainic radicals 20 and 21 derived from
the pyrimido fused TTFs have been reported by Neilands et
al.!%5-197 Very high ogr values of 107'=107*Scm™! on com-
paction pellet samples have been ascribed to strong intermo-
lecular interactions through complementary hydrogen-bonds.

2.3.3.3 Effect of Hydrogen Bond; The ability to form in-
termolecular hydrogen bonds is of importance to attain effi-
cient intermolecular interactions for molecular recognition of
nucleobases in biochemistry!%19 or for crystal engineering
in supramolecular chemistry,'®!!! but its essential role is
not clearly understood yet for electron transport in solids.
The transfer interactions caused by hydrogen bonds should
be uniform'!? for the electron transport (see section 4.2.6).
Non-uniform and alternating hydrogen bonds extinguish itiner-
ant electrons, forming spin singlet dimers. The high dimen-
sionality generated by the network of hydrogen bonds is useful
to suppress the Peierls- or Jahn-Teller-like instability relevant
to low-dimensional conductors.5%1%0

In many cases, however, non-uniform and alternating hy-
drogen bonds are formed. Then, the dimerized band structure
generated by two kinds of ¢ (see Fig. 6) has a rather narrow
HOMO band, which is highly susceptible to the electron cor-
relation U.s. Hence, alternating hydrogen bonds may be useful
to prepare radical salts composed of the dimerized unit, which
have attracted current interest in the organic (super)conductors
to exhibit exotic phase transitions as will be discussed in sec-
tions 3.2.2, 3.5, and 3.6.

2.3.3.4 Betainic Radicals of Pyrimido Fused TTF;
Neilands et al. prepared the betainic solids 20 and 21 by
the oxidation of the corresponding neutral species by I,
(Eq. 12).195:196 However, their very insoluble nature causes
difficulty in purification, and the elemental analyses showed
deviation from the calculated values (21, Calcd for C;oHg-
N;0S,: C, 38.20; H, 2.56; N, 13.36; S, 40.79%. Found: C,
37.5; H, 2.3; N, 12.9; S, 40.1%).'% It may be suggested that
the product in Ref. 105 includes 1-2% of the cation radical salt
30 (Eq. 12) (Calcd: C, 37.74-37.31; H, 2.54-2.51; N, 13.20-
13.05; S, 40.30-39.84%).

2 M
s S P
HN
x\)i>=<1 —
H,N" NS S" e

(12)
2 M 2 @ M
A5 @s-Me s@ s O
N S\; % HN Y
‘éi AN ‘ + \)ﬁ ’H\ l - |3
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Balodis, Saito, et al. improved the oxidation process in
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Eq. 12 as shown in Eq. 13 in order to isolate the pure betainic
radicals 21, 22,!13 and 23.11* For example, the crude neutral
compound was converted to the tetrabutylammonium (TBA)
salt 31 by TBA-OH, and the betainic radical 22 was then pre-
pared as a green powder either by the electrooxidation of 31 or
by mixing 31 with equimolar TCNQ, where the unreacted
TCNQ and the by-product TBATCNQ were easily removed
by washing with the solvents (CH;CN or DMF),!13:114

ﬁHUiz:

(m8AD)
Q

S s-_©O lectrooxidation. HN™
HNT Y electrooxidation_
/L@ > < I j TCNQ )\6'
o7 N S S Mo

22

The obtained betainic radicals 21-23 were extremely fine
powders including a small amount of solvent molecules
(CH3CN, DMF, or water). The optical, transport, and magnetic
properties are not sensitive to the amount of crystal solvents.
Structural refinement for 21-23 is currently unavailable even
by the Rietveld method for powder X-ray diffraction patterns.
On the other hand, the TBA salt 31 was obtained as single
crystals of 31-H,O.

As shown in Fig. 11, the anion molecules in 31 and water
molecules form a layer that is sandwiched by the layers of
TBA cations along the b-axis. Two non-equivalent anion
molecules form a side-by-side homo-dimer connected by ro-
bust hydrogen bonds, N-H--O (2.881(4), 2.891(4) Avs3.07A
for the sum of the van der Waals radii''® of N and O, Fig. 11a).
Similar strong self-complementarity has been observed in ura-
cilbetaine'!” and neutral species of 20,'% and it is thus likely
that such a feature is realized in the related betainic radicals
(20-23). In addition to the hydrogen bonds, short S--S contacts
(3.426(1) A vs 3.60 z&) connect neighboring homo-dimers
along the (a—c)-axes to form infinite ribbons of homo-dimers,
which are then connected with each other through hydrogen
bonds by the aid of water molecules, resulting in a stable 2D
sheet in the ac-plane (Fig. 11b).

20-23 are fairly conductive even in the pellet forms. Espe-
cially, 21 and 23 are the best conductors with a small energy
gap (Table 6) among the organic single component conductors
at ambient pressure. The UV—-vis—NIR spectra of 21-23 in KBr
exhibit a characteristic low-energy band below 5 x 103 cm™!
(Fig. 12), which is absent in solution.

It has been known that this band arises from CT between
radical molecules!!3119 and its transition energy is, therefore,
related to Ug. It should be stressed that the absorption bands
are located at a much lower energy than those of most 1:1 cat-
ion radical salts of TTF derivatives so far known.'!8-12! This
spectral feature emphasizes that U of the betainic radical
system is much reduced in comparison with that of the con-
ventional cation radical system. For example, the structurally
related cation radical salts, (TMTTF**)(Br~) and (EDO®")-
(IBr;7) (curve d in Fig. 12), exhibit the optical band at 10 x
103cm™! (1.24eV). It has been known that the molecular
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indicate hydrogen bonds (N-H--O, O-H--O, C-H--O) and S--S atomic contacts. The anion molecules forming one infinite ribbon
of homo-dimers connected by S-S contacts are shaded. Monoclinic, Cc, a = 20.251(1), b = 17.079(1), ¢ = 18.472(1) A, f =
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Fig. 12. Absorption spectra of betainic radicals; a) 22
(deconvoluted), b) 21, ¢) 23, and d) 1:1 salt of (EDO)IBr;
dispersed in KBr. The arrows indicate the peaks of absorp-
tion bands (shaded) related to U in solid.'™*

on-site Coulomb repulsion is reduced by the extension of the
TTF skeleton with alkylchalcogeno groups.®!2%12! For exam-
ple, such a CT band appears at 5.5-8.0 x 10*cm™! in the cat-
ion radical salts of ET."?%12!' A comparison with the optical
bands of (TMTTF**)(Br~) and (EDO**)(IBr, ™) implies that
Uegr in the solids 21-23 seems to be reduced more than twice
Ut < 0.62eV owing to the fused betainic nature, i.e., (1 —
a/r’) <1/2.

Although the conductivity of 21-23 is among the highest
for pure organic single component solids, the ot of the com-
pressed pellet of 22 was as low as 5 x 107*Scem™! (g, =
0.51eV), indicating either a less than excellent mobile nature
or a small number of carriers. The magnetic susceptibility ()
of 22 showed a Curie behavior down to 2K with a spin con-
centration of 2.8%, inferring that most of the spins are strongly
coupled probably owing to the strong self-complementary
dimerization. Accordingly, a weakening of the dimerization

is necessary to increase carrier density. Actually, 21 and 23,
which have no protons attached to the two pyrimido N atoms
and are therefore expected to show a weaker self-complemen-
tarity than 22 in solid, exhibited a much higher conductivity,
ogrr(pellet) = 1.4 x 107! Scm™! (g =0.23-0.46¢V) for 21
and 5 x 1072Scm~! (0.18-0.23¢eV) for 23. This result con-
firms that 21 and 23 are some of the best single component or-
ganic conductors having no transition-metals. However, the x
of 21 and 23 again indicate a strong coupling of radical elec-
trons; namely, only 2-2.5% of the Curie spins were observed
down to 2K, suggesting that the dimerization of the betainic
radicals is still significant.

Taking into account the dimerized feature of the com-
pounds, the absorption energy in a solid is approximated by
Eq. 14 based on a model for the isolated dimer with two elec-
trons,! 18122 where t4 and t;* are the intra- and inter-dimer
transfer integrals, respectively.

hver = Uer /2 + (Uett” /4 + 4145)'? — 414, (14)

For a dimerized system, the band gap €, should take into
account the effective correlation energy of the dimer, U9,
This is adequately approximated as Eq. 15 for Uy > 44,2
based on a model of the dimer with three electrons with V*
being the inter-dimer Coulomb repulsion, and the &, then
being expressed by Eq. 16.

Uett® = (U* + 16t4%)"/7 = 2ty — V¥ & Uegr — 214, (15)
Ey = effd - 4td*. (16)

Based on all the optical and transport data and the condi-
tion Uegr/4 > tq > Id* and Ugp < 0.62eV, the Uy, Ueffd,
tg, and t4* values are numerically estimated as summarized
in Table 6: Uy = 0.54-0.62eV, U9 = 0.28-0.52¢eV, t4 =
0.05-0.14eV, and #;* = 0.004-0.04 eV for betainic radicals
21-23. As expected, the evaluated U,g values are much small-
er than those of TTF, its alkyl-substituted derivatives (>1.0-
1.3eV),%120121 and even ET (0.68-0.99eV).!20121 Further-
more, it is worth noting that these betainic radicals have a
reduced U.;¢ compared to the dimerized ET superconductors
K-(ET)2X (Uer ~ 0.45-0.55eV).® This fact demonstrates the
effectiveness of self-complementarity by the hydrogen bonds
both for the carrier path formation (segregated stack or layer)
and for the carrier transport. However, except for the case of
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Fig. 13. Chemical structures of metal complexes.

Ugtd < W (=414™), which corresponds to the Mott criterion
for the dimerized system, a strong dimerization of the radicals
normally results in both the quenching of carriers and the gen-
eration of non-uniform transfer integrals, giving rise to a band
insulator. Accordingly, these results provide an advanced de-
sign to generate the carriers and lengthen the elastic A for pure-
ly organic materials: namely, a weakening of the dimerization,
an enhancement of inter-dimer transfer interactions or a forma-
tion of the conjugated homo-dimer bearing one electron.

The following are several important requirements for single
component conducting systems composed of organic radical
molecules.

1. Small electron correlation energy Ueg: Uesr is represented
as (1 — a/r*)(U — V) for a solid and (1 — &/r*)U for a mole-
cule. A betainic system is preferable to suppress U, since
it reduces the term (I — o/r*) owing to its very polarizable
nature.

2. Large « and small r: Although the enlargement of the
molecular size increases ¢, a significant benefit is not expected
owing to the reduced a/r3. Since the small molecular size is
essential, it is important to introduce heavy atoms into the
molecule. Thus, a mesomeric fused system having heavy
atoms is preferable.

3. Weak or no lattice distortion: Although a dimerization
provides a very diminished U, the lattice distortion in the
radical system normally results in a dimerization with a spin
singlet ground state, which gives rise to a thermally activated
semiconductor.

4. Large inter-dimer transfer interactions (2t4® > t4) for the

homo-dimers of radical molecules: This condition gives a
semi-metallic band structure with an overlapping of the upper
and lower HOMO bands of the assemblies composed of the
homo-dimers. In order to form a uniform band, a uniform seg-
regated column or layer consisting of the dimerized molecule
with a radical electron is necessary.

5. The formation of a conjugated homo-dimer having one
electron results in a half-filled HOMO band. This situation is
essentially identical to the partial CT state as observed in many
metallic and superconducting salts such as k-(ET), X, in which
an ET dimer with one hole forms a half-filled upper HOMO
band (see section 3.5).

Summarizing the above, a fusion of the cationic and anionic
moieties in one molecule should have an effect such as that
expressed by Eq. 11, and hence a zwitterionic (betainic) 7-
radical is expected to be a good candidate for a conductor com-
posed of a single component molecule.

2.4 Metal Complexes at Ambient Condition. Single mo-
lecular solids composed of organometallic molecules are not
well defined at present. The solids in this class (Fig. 13) satisfy
the following: 1) The constituent unit of the solid is composed
of transition-metals (M) coordinated by organic ligands (L):
M + nLL. — M(L),. 2) The complex M(L), is neutral. 3) Intra-
molecular chemical bonds are covalent, ionic, and/or coordi-
nation bonds. 4) Intermolecular chemical bonds are van der
Waals, hydrogen bonds, and/or metallic bonds, but not cova-
lent or coordination bonds.

Therefore, the single molecular solid system in this class
includes the assemblies of molecules such as organometallic
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molecules, metallocene, metal Pc, or many biological mole-
cules including coordinated metals, but does not include solids
composed of a transition-metal and a variety of ligands such as
DCNQI, TCNE, dicyanamide N(CN), ™, polyanion C,S44, or
their analogues (Chart 6), since the interaction between metal—
ligand units is a covalent or coordination bond. Also, endohe-
dral metallofullerenes are not classified into this group. These
single molecular solids may be equivocal to be termed as a sin-
gle component solid since the molecular unit includes more
than two components.

They have some characteristic features such as 1) mixed va-
lence of the transition-metals as deduced in cytochrome-c; that
contains four heme moieties coordinated by a protein,!?3-12
2) mixing of p—d orbitals resulting in a small HOMO-LUMO
gap as observed in square-planar dithiolate complexes RjR,—
M (R, Ry: organic ligand, M: transition-metal) 32-38,126-139
and 3) 3D crystal architectures as accomplished in Pc solids
41, 42, etc 1417146

The metallic behavior down to low temperatures was first
reported by Janczak et al. on a compaction pellet of Tl,Pc
4D with a very high conductivity of ort ~ 10*Scm™!
(four-probe method using indium lead wires). A specific 3D
arrangement of T1,Pc is anticipated to form a 3D semimetallic
band. However, the reproducibility of the transport property
and even of the synthesis of the molecule is poor.!4? The con-
ductivity of 41 by Suga et al.!*? is much less than that by
Janczak et al.'*! by a factor of 10'. Although the powder
X-ray diffraction patterns are identical to each other, the ele-
mental analysis of Tl,Pc prepared by Suga et al. indicates a
small amount of deficiency of TI. It is unclear whether the
small amount of metal-free Pc contaminated in 41 breaks the
conduction path composed of Tl,Pc. Also it is not clear wheth-
er Janczak et al. measured the powder X-ray diffraction pat-
terns on the sample that showed metallic behavior.

The (CN),CoPc compounds (42)(solv), developed by Inabe
et al. are highly conductive semiconductors of ot = 1071-
10°Sem™" with a small &, (0.12¢eV for solv = H,0) on single
crystals.'*® The crystals were obtained by the electrooxidation
of K[(CN),CoPc] in the appropriate solvent (CH3;CN, DMSO,
CHBr3, CHCl3, etc). The (CN),CoPc molecules form a specif-
ic 3D architecture with the solvent molecules. The evacuation
of the solvents deteriorates the conductivity. Therefore, the
compounds are not pure single- but multi-component conduc-
tors. In fact, solvent free (CN),CoPc obtained by the electro-
oxidation in CH3CN containing K,COs is a very poor conduc-
tor (Ogr = 2.2 x 107*Scem ™)1

Prior to the reports by Inabe et al., a similar compound,
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cyanocobalt(IIT)Pc [(CN)CoPc], was reported to be obtained
as single crystals without any solvents by the electrooxidation
of K[(CN),CoPc] in CH3CN in as early as 1985 by Orihashi et
al., although the elemental analysis data show a deviation from
the calculated values (Calced: C, 66.34, H, 2.70; N, 21.10; Co,
9.86%; Found: C, 65.44; H, 3.47; N, 21.18; Co, 9.91%).145146
The crystal is rather conductive (orr = 5.7 x 10Scm™!, &y =
0.08 eV) without decay for several months under ambient con-
ditions, in contrast with the case of solvated (CN),CoPc.
However, it is claimed by Inabe et al. that the crystals obtained
by the electrocrystallization of K[(CN),CoPc] in pure CH;CN
are exclusively K[(CN),CoPc],-5CH3;CN. Its calculated ele-
mental analysis value (C, 59.35%) differs from that found in
(CN)CoPc prepared by Orihashi et al. So far nobody has repro-
duced the air stable single component conductor (CN)CoPc.

Cl,MPc (M = Fe, Cr, and Co) (43) has a similar molecular
structure to that of TI,Pc or (CN),CoPc and exhibits a good
conductivity of 1 x 1072—1 x 1073 Scm~!.147

Highly conductive metal complex solids Pt(bqd), (39)
(orTr =3.3 x 1073 Sem™!, &, = 0.50eV) and Ni(dmit), (32)
(0t = 3.5 x 1073 Scm™!) were reported in as early as 1972
by Megnamisi-Belombe'!*® and 1991 by Cassoux et al.,'?® re-
spectively. The former eventually becomes a metal under pres-
sure as described in section 2.1.3% In 1996, Narvor et al. report-
ed that a compaction pellet of 33¢ (M = Ni, X = S, R = Me,
the authors stated that the product is “analytically pure” but no
elemental analysis data were presented) showed metallic be-
havior down to 275 K,'?” without any graphic data. In 1998
1999, Ueda et al. reported the highly conductive semiconduc-
tors 33b, 33d, 33e, and 33f.'2%12° Especially single crystals of
33d (M = Ni, X = Se, R = Et) showed a high conductivity of
orr = 2.8Scm™! with a very small gap of & = 0.028¢eV,!?
and 33e (M = Cu, X = S, 2R = -CH,CH,-) was more con-
ductive even in the pellet sample (orr = 3.7Scm™!).!?° The
magnetic susceptibility of 33e after subtracting the Curie term
(Curie constant: 1.2 x 1072 emu K mol™") is temperature inde-
pendent as expected from Pauli paramagnetism (3.6 x 107*
emu mol~").'?” However, the purity is not accurately described
(elemental analysis data only for C and H, or description as
“analytically pure”). In 1999, Kobayashi et al. also reported
the highly conductive semiconductor 34 (ogy =7Scm™!,
&, = 0.06eV for single crystal).'*® They analyzed its purity
by EPMA, which gives about one order less accuracy than
the elemental analysis. Although numerous reports on highly
conductive single component coordination compounds have
appeared since 2000,3-140 the characterizations of some com-
pounds are insufficient to claim the metallic single molecular
solid, concerning the purity, measurement conditions, experi-
mental information, etc. Note that most authors stated that their
material is a “first single-component metal or good conductor,”
without mentioning pentacene and p-iodanil under pressure
(see section 2.1)!72*25 or TI,Pc at ambient conditions.'*!

37 showed a semiconductive temperature dependence
(Orr =6Scm™!, &; =0.039¢€V) in the polycrystalline sam-
ple,'3® although the authors stated that 37 is a “metal” based
on both the magnetic susceptibility at RT and the temperature
dependence of susceptibility, which are indicative of the Pauli
paramagnetism above 50 K. However, it seems that the mate-
rial is impure according to the elemental analysis data.
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Table 7. Selected Metal Complex Conductors
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Sample? ORT Transport properties® Reported characteristics® Ref.
/Scm™!
33c p. 4P 107! metal (300-275 K), “analytically pure,” no EA 127

semi (275-90K,
g, = 0.10eV)

33d s, 4P 2.8 semi (€, = 0.028eV)

crystal structure, EPR, SQUID (¥ opy = 7-2-8.1 x 107* 128

emumol '), no EA

33e p, 4P 3.7 semi (&g = 0.10eV) EA (C, H), EPR, SQUID () oy = 3.6 x 107* 129
emumol ™)
34 s, 4P 7 semi (€5 = 0.06eV) EPMA (Ni/S = 1/14.6, not agreeable), crystal 130

structure, ogp(2.44 GPa) = 20S cm™', band calc., no EA

35a s, 4P 4 x 10? metal (>0.6K) EA (C, H, S), crystal structure, SQUID (Pauli-like x = 132-134
2.6-3.1 x 10~* emu/mol), band calc. dHVA oscillation

36a  p, 4P  3-4x 10> metal (>230K) EA (C, H, S), SQUID (xgr = 2.9 x 10~*emumol ') 134

37 poly, 6 semi (£ = 0.0390eV at  EA (C, H, S; C deviates ca. 0.6%), SQUID 138

2P RT, 0.0070eV at 20K) (Pauli-like down to 50K, xgrr = 2.5 x 10~ emumol ™),

Seebeck (5.5uVK~! at RT)

38 p, 4P metal (>120K) EPR (Dysonian, A/B = 2.1 at 220K), no EA 139

40 p, 2P 14 metal? EA (C, H, N), crystal structure, EPR (g = 2.00 at RT), 140
no SQUID signal

41 p, 4P >10* metal (>5K) powder X-ray, phase transition at ca. 270K, no EA 141

41 p.2P  7x 107" semi (g, = 0.62¢eV) EA(C, H, N; C deviates ca. 1.3%, N deviates ca. 0.6%), 142
powder X-ray, SEM

42a s, 2P 1 semi (RT-100 K) crystal structure, no EA 143

144

a) s: single crystal, p: compaction pellet, poly: polycrystal, 2P: two-probe method, 4P: four-probe method. b) semi: semiconductor.
c) EA: elemental analysis (agreement is within 0.3% unless otherwise mentioned for the elements in the parenthesis), “analytically
pure”: no data for the elemental analysis, MEM: maximum entropy method, dHvA: de Haas-van Alphen.

Recently, it was reported that compound 40 showed a high
conductivity of orr = 14Scm™' as a compressed pellet.!40
The authors claimed it to be the first highly conductive sin-
gle-component molecular material different from the TTF (or
dithiolate)-type. However, the measurement was performed
by a two-probe method, which is not appropriate for highly
conductive materials. Furthermore, no significant SQUID re-
sponse was observed for 200K > T > 5K, and the color is
brownish-yellow, which cannot be explained by the presence
of itinerant electrons in common. Temperature dependences
of resistivity and optical properties are necessary to verify
the results.

In 1979, Kimura, Inokuchi, et al. reported that the thin films
of cytochrome-c; with a mixed-valence state (Fe?>* /Fe’*) ex-
hibited a high RT conductivity, which increases as temperature
decreases (2 x 1072Scm™! at 268 K).!2*>-125 The high conduc-
tivity was interpreted in terms of the percolation theory. The
temperature dependence of conductivity in the highly conduc-
tive region is opposite to that of semiconductors and may pre-
clude the ionic conduction as a dominant contribution. Howev-
er, since the high conductivity is realized under the presence of
hydrogenase and hydrogen, the system is not strictly a single-
but multicomponent molecular solid.

At present, 35a prepared by Tanaka et al. is the most relia-
ble metal in this category (ory =4 x 10>Scm™!, metallic
down to 0.6 K) based on its purity (elemental analysis (C, H,
and S), crystal structure), temperature dependence of resistiv-
ity and magnetic susceptibility, and de Haas-van Alphen
(dHvA) oscillations.!3%-134

3. Conductors of Charge Transfer Type

In this section, the design of molecular and crystal structures
of (super)conductors will be described. We emphasize the
strategies to obtain organic metals or other functional CT com-
plexes in connection with the ionicity in the solid. Then, we
discuss the strategies to increase (or decrease) the electronic
dimensionality aiming to suppress (or induce) metal-insulator
transition, the structural and physical properties of the ground
state, and phase diagram and multi-critical points of TMTSF
and ET superconductors.

The review articles and textbooks? 10931497160 treat the fun-
damental concept, molecular design, and strategy to prepare
organic metals and/or superconductors mainly from the chem-
ical viewpoint. The readers can get information about funda-
mental knowledge concerning the physical properties (trans-
port, magnetic, optical, structural, and/or superconducting)
of organic conductors from many books.'®'-1% In addition,
there are many review articles and conference proceedings
concerning the conductive CT complexes.'®” The data mainly
in the period 1972-1998 were accumulated by a Japanese
group'®® on the subjects of 1) synthesis of donor and acceptor
molecules and their molecular properties, 2) ionization poten-
tials of donor molecules and electron affinities of acceptor
molecules, 3) structural and physical properties of ET, BEDT-
TSF (BETS), BEDO-TTF (BO), TTP, and DCNQI complexes
(molecular structures are depicted in Fig. 14), 4) transport
properties of other CT complexes, 5) magnetic properties of
molecules, molecular solids, and CT complexes, 6) optical
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Fig. 14. Donor, acceptor, and organic anion in text. The upper figure represents the strategy for chemical modification of the TTF
molecule to increase (red arrows) or decrease (blue arrows) the electronic dimensionality by the aid of an increase or suppress the

self-assembling ability of the donor molecules, respectively.

properties (reflectance and absorption), 7) organic conduc-
tors under pressure, 8) neutral-ionic systems, 9) Langmuir—
Blodgett films, 10) superconducting properties including Ceo
materials, and 11) transport properties (Fermi surface, magne-
toresistance, specific heat, and magnetic susceptibility) in the
normal state of organic superconductors.

The first highly conducting organic CT compound, peryl-
ene-bromide was prepared by Akamatu, Inokuchi, and
Matsunaga in 1954.'% In as early as 1964, organic supercon-
ductors having a high critical temperature (7,) were predicted

by Little based on the electron—exciton interaction by the in-
corporation of high polarizability through a suitable molecular
pendant on a conjugated 1D polymeric backbone.!” Little’s
theory accelerated the study of organic conductors to a great
extent. In 1968, Ginzburg extended Little’s 1D model to a
2D model,'”! since the 1D system has instability inherent to
low-dimensionality.'”> The most extensively studied acceptor
molecule is TCNQ, prepared in 1960 by Acker et al.,'”® while
the corresponding donor is TTF, prepared in 1970 by Coffen'”*
and Wudl et al.!” In 1973, the first organic metal TTF-TCNQ
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Fig. 15. Ionicity diagram for TTF.TCNQ system plotted as

E{(A) vs E{(D) (vs SCE) after modification of the original
diagram in Ref. 184. A: insulators or semiconductors; O:
highly conducting in compaction studies; @: organic met-
als. Some donors are A: TTN, B: TMTTF, D: TTF, E:
HMTTF, F: HMTSF, G: TMTSF, H: TSF, J: TTC,-TTF,
K: ET, L: DBTTF. Some TCNQs are a: 2,5-(CN),, b: F4,
e: 2,5-Ip, i: F, m: TCNQ, p: 2,5-Et,. Complexes 1-7 are
HMTTF-F,TCNQ, HMTSF.F,TCNQ, TTF.TCNQ,
TMTSF.TCNQ, TSF.Et;,TCNQ, ET.TCNQ, and
DBTTF.CI,TCNQ, respectively. (Ej(A) and E;(D) in
this figure are the peak values). Region I: neutral, II:
partial CT, III: fully ionic. Line a: AE(DA) = —0.02V,
b: AE(DA) = 0.34 V.

was synthesized by Ferraris et al.!”® and Coleman et al.!'”’
Since then, more than two thousand metallic and highly con-
ductive organic CT complexes have been synthesized.

3.1 Donor-Acceptor (DA) Complexes. 3.1.1 Strategy to
Obtain Organic Metals: According to the most simplified
theory by McConnell, Hoffman, and Metzger,'’® the boundary
of the ionicity in CT complex solids is represented by the for-
mula

In —Ex =M, (17)

where Ip, Ex, and M are the ionization potential of the donor
(D), electron affinity of the acceptor (A), and Madelung energy
in the crystal, respectively. The real system contains additional
effects such as transfer interactions,'”3° jonicity dependence
of M,'8! and size and shape effects on M.I82183 Aq g result,
there appears to be a narrow region of partial CT state, which
is one of the most essential requirements for organic metals,
between the fully ionic (Ip — Ex < M) and the fully neutral
(Ip — Ea > M) regions. Consequently, conventional 1:1 CT
solids D*t A%~ are classified into three groups; namely, ) neu-
tral insulator (0 < § < §.), II) partially ionic conductor when
Ip —Er~M (6. <8 < 1), and II) fully ionic insulator
(8§ = 1) as demonstrated by Saito and Ferraris for the family
of TTF.-TCNQ (Fig. 15).'3* The threshold value 8. depends
on the electronic dimensionality of a specific DA system and
decreases with increasing the dimensionality of the system.
Below the threshold value the system prefers to form alternat-
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ing stacks rather than segregated ones, owing to the decrease in
both the kinetic and Madelung energies with decreasing 8, thus
affording an insulator.

Figure 15 is a diagram of structurally related acceptors on
the vertical line and structurally related donor molecules on
the horizontal line for the conventional 1:1 TTF-TCNQ sys-
tem (the donor and acceptor molecules are presented in
Fig. 14)."% The two lines a and b in Fig. 15 are connected
with a modified Eq. 17, Ex = Ip — M(§), and have been used
to discriminate the three regions. The partial CT regime is rep-
resented by Eq. 18 and is located between the two lines a and
b in Fig. 15, where AE(DA) (=E (D) — E|(A): E, first redox
potential vs SCE) is a redox version of (Ip — Ex) and &, is
estimated as 0.5.

—0.02 < AE(DA) < 0.34 V. (18)

In the partially CT regime, the complex is either highly con-
ductive (O) or metal (®) when it has uniformly spaced and
charged segregated columns. Otherwise, it becomes an insula-
tor (A) when it forms either non-uniform segregated columns,
charge-ordered state, SDW (spin density wave) state, or anion-
ordered state. Also, it becomes a semiconductor when it forms
alternating stacks. In this case, the complex resides close to
the neutral-ionic (N-I) phase transition like TTF-p-chloranil
(§ =03« 8=0.7). Some charge-ordered insulators and
N-I systems exhibit photo-induced and/or electric field-
induced switching phenomena (see setion 4.3).

In the fully ionic region, the complex is an insulator of Mott
type, Peierls type, antiferromagnet, or spin-Peierls type.

3.1.2 Organic Metal, Mott Insulator, and Complex Iso-
mer: lonicity Diagram: The 1:1 CT solids of the TTF.
TCNQ system in the region of AE(DA) < —0.02V (above the
upper borderline a in Fig. 15) are fully ionic insulators includ-
ing magnetic systems (Mott insulators; HMTTF.F,TCNQ!'#
(1) and HMTSF-F,TCNQ (2)'%-138 in Fig. 15) and spin-
Peierls ones (TTF[M(tfd);] (M = Cu, Au)'®-1°!). Those in
the region of AE(DA) > 0.34V (below the lower borderline
b in Fig. 15) prefer an alternating stacking, and thus are insu-
lating with small ionicity (6 < 0.5). Near the lower borderline,
the bistability concerning the ionicity between the neutral and
partial CT states is realized: namely, the monotropic complex
isomers (TMTSF-TCNQ (4),'°>1% TSF.Et,TCNQ (5),'” and
ET-TCNQ (6)!84198-204) Table 8 summarizes selected exam-
ples of monotropic complex isomers. The former two (4 and
5) are within the partial CT regime in Fig. 15 and afford me-
tallic segregated complexes preferentially. They also afford in-
sulating alternating complexes. Even though ET.TCNQ (6) is
expected to afford a neutral insulating complex based on its
AE(DA) value,'® a highly conductive one has been prepared
by Mizuno, Cava, and Garito.'%® Subsequent work by Saito,
Enoki, et al. to explore the ionicity diagram (Fig. 15, which
originally lacked the insulating ET-TCNQ) afforded the neu-
tral and insulating complex isomers.'* The conductive and in-
sulating phases of ET.TCNQ exhibit CT bands at 3.6 and
5.7 x 10* cm™" in KBr, respectively.'® These results indicate
that the ET-TCNQ system is actually located in close vicinity
of the boundary of complex isomerization from the neutral
side, and furthermore, suggest that the ET molecule has a sig-
nificant ability to form a segregated column (see section 3.4).
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Table 8. Selected Examples of Monotropic Complex Isomers

D.AY D:A, Characteristics Ref.
Tonicity(8)
TMTSF.TCNQ 1:1, 0.21 red, alternating, insulating 192-196
1:1, 0.57 black, segregated, metal (ogtr = 1.2 X 10°Scm™!, Tyy = 65K)
TSF.Et,; TCNQ 1:1, neutral  red, alternating, insulating 197
1:1, partial  black, segregated, metal (0gr = 8 x 10>Scm™!, Ty = 100K)
ET.TCNQ 1:1, ca. 0.2 monoclinic, alternating, insulating (Ort = 1076Scm™) 198-201
1:1, 0.5 triclinic, segregated, metal (Orr = 10Scm™!, Tyy = 300K), AF (Ty = 3K) 199-202
1:1, 0.74 triclinic, segregated, metal (Ort = 30Scm™!, no Ty, anomalies at 20K) 203,204
TTF-QCly 1:1,0.3 orr = 107> Scm™!, neutral—ionic phase transition (7y; = 81 K) 208-213
—, 0.71 orr = 1072Scm™!, black needles, stoichiometry is unknown 214
1:1, 1 insulating, black needles, dimerized (D**),, (A®"), 209,214
BMDTP-TCNQ  1:1, 0.31 black, orr = 3.4 x 107°Scem™!, &, = 0.52eV 215,216
1:1, 0.71 black, ogyr = 1.1 x 10?Scm™!, Tyy = 110K
a) QCly: p-chloranil, BMDTP: 2,7-bis(methylthio)-1,6-dithiapyrene.
Accordingly, Saito, Enoki, et al. started to explore the CT
complexes based on the ET molecules, and resulted in the dis- 3.0 'D_Ef:M lo—Er > .
covery of the 2D ET conductors.??>2% As for the ET-TCNQ i y
system, crystal structures of both isomers (monoclinic and tri- 25} i Wiy
clinic, Table 8) were determined by Mori and Inokuchi.?00-20! ! v fy/X
The triclinic phase becomes a Mott insulator with a unit of the o 20 Do sfi?
TCNQ dimer with S =1/2 spin below the metal-insulator < hver | hver gr
(M) transition at 300 K, and then becomes an antiferromagnet _é’ 1sp DA DOA;
with Ty = 3K.?%? Another triclinic phase with § = 0.74 was c o %
discovered recently and is metallic down to very low temper- 10+ §, !]1-:}-{ L 1
atures.?%32%4 TTF.TCNQ (3) is a typical metal with § = 0.59 B\
and exhibits a Peierls transition at Tyy = 59 K. 161,162 0.5 ¢ E F
DBTTF-CI,TCNQ (7) resides in the partial CT regime rath- fionic | B neutral
er close to the upper border line a. The complex exhibits a 0 To5 F19 +15 +20 ¥25

Peierls transition at Ty = 180 K, and then the insulating phase
exhibits the second phase transition at 38 K due to the spin-
Peierls instability.20”

3.1.3 Neutral-Ionic System: Torrance et al. used the CT
transition energies of neutral (hverN, Eq. 19) and ionic (hver!,
Eq. 20) solid complexes to discriminate between the neutral
and ionic CT complexes having alternating stacks (Fig. 16):2%%

/’lVCTN =Ip—FEp— o + X, (19)
hver' = —Ip + Ex + Qo — DC' + X', (20)

where « is the Madelung constant, C’ is the averaged electro-
static attraction energy between neighboring D and A mole-
cules, and X and X’ are mainly resonance stabilization ener-
gies. So the N-I phase boundary condition (hverN = hverh)
gives

In — Ex = aC + (X' = X), 1)

which is in principle the same criterion as Eq. 17. By the aid of
Fig. 16, Torrance et al. discovered a new enantiotropic phase
transition (7xy) at 81 K for TTF-QCl, (F in Fig. 16) from a
neutral (§ = 0.3) to ionic (§ = 0.7) state (N-I system).2®

D03+ A03— s DO7+A07—. (22)

A similar diagram to Fig. 16 for a benzidine TCNQ system
plotted as resistivity (0gy) or activation energy for conduction
(€2) vs (Ip — Ep) revealed that 3,3",5,5'-tetramethylbenzidine «
TCNQ (C in Fig. 17) is another N-I system, showing the high-
est Txp (205 K) at ambient pressure.”!”-?!8 Some selected exam-

AE(DA) /V

Fig. 16. Ionicity diagram by Torrance et al. for CT com-
plexes with alternating columns plotted as hvcr vs
AE(DA).2% B: ionic and [J: neutral complexes. Dashed
vertical line corresponds to Eq. 21 (Eq. 17). The V-shaped
line represents Eqgs. 19 and 20. Some complexes are A:
TMPD-.F,TCNQ, B: dihydrodimethylphenazine.TCNQ,
C: TMPD-.TCNQ, E: tetramethyldiaminopyrene. TCNQ,
F: TTF-QCl;, H: DBTTF.TCNQ, and L: perylene-
F,TCNQ.

ples of enantiotropic N-I systems are shown in Table 9. The
high conductivity of the N-I system with alternating columns
has been interpreted by the soliton or domain wall model,??°
and they exhibit memory or switching phenomena.?!322% In or-
der to develop new molecular devices, an N-I system showing
the transition near RT and ambient pressure with large ionicity
change, quick response time (switching) or bistability (memo-
ry), and high durability is worth being explored.

3.1.4 Ionicity Diagram: Figure 18 presents the ionicity
diagrams for a 1,6-dithiapyrene system by Nakasuji,?>* and
BO,>** EOET,* and HMTTeF systems?**23 by Saito et al.
The solid V-shaped line represents Eqgs. 19 and 20 for the
TTF-.p-quinone system, where AE(DA) is used instead of
(Ip — Ea). Since the Ej(A) of the TCNQ system deviates from
the p-quinone system towards the lower side by 0.13-0.16'V,
an appropriate V-shaped line for the TCNQ system was ob-
tained by a parallel shift of the V-shaped line by such a differ-
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Fig. 17. Tonicity and conductivity diagram for 3,3’,5,5'-
tetramethylbenzidine. TCNQ system plotted as log pgr
and activation energy for conduction &, vs (Ip — Ex).2"”
A: F,TCNQ, B: FTCNQ, C: TCNQ, D: Me,TCNQ, E:
(MeO), TCNQ.

ence in E|(A) (Figs. 18b-18d, dotted V-shape line). The two
vertical lines represent Eq. 18 and the horizontal line indicates
hver =5 x 103cm™!. The following are remarks derived
from Fig. 18:

1) The complexes exhibiting hvcr values below the hori-
zontal line have both a partial CT state and a segregated col-
umn or layer, and thus are good candidates for organic metals
(Care should be taken that an insulating complex with a partial
CT state having 1) a Mott insulating state with dimer as a unit,
2) a charge-separated (or charge-ordered) state, or 3) a distort-
ed lattice, also exhibits a low Avcr).

2) In the metallic state, the BO, EOET, and HMTTeF com-
plexes exhibit a wider range of AE(DA) than the TTF-TCNQ
system. This indicates that a stable and high-dimensional me-
tallic state is realized by the self-assembling ability of the do-
nor molecules (see also Fig. 14),23+2%3 which was confirmed
by structural analysis. A similar wide range of AE(DA) was
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observed for 2D CT complexes of BEDO-DBTTF.'?’ The
EDO complexes, however, exhibit nearly the same AE(DA)
region for conductors as that for the TTF.-TCNQ system
(Fig. 19), indicating a substantial decrease in the self-assem-
bling ability of EDO molecules in comparison with BO.2#

3) In general, the complexes residing on the V-shaped line
have an alternating column (it should be noted, however, that
some fully ionic complexes having an alternating column ex-
hibit no #vcr! but an absorption due to the electron transfer be-
tween radicals of the same component). All the complexes
having an alternating column are insulators except those
allocated near the N-I boundary (Group C). For example,
HMTTeF-Et, TCNQ-(THF), (1 in Fig. 18d) and HMTTeF-
BTDA-TCNQ-(THF), (2 in Fig. 18d) are metallic with ort
of 0.5-10 and 80-100Scm™!, respectively. The conduction
in these metallic complexes having alternating columns is ex-
plained by the soliton or domain-wall mechanism (see section
4.3.3)28

4) The complexes residing far above the V-shaped line have
a molecular packing that is disadvantageous for CT interac-
tions (such as clathrate, Group E?3+23),

In summary, a metallic band structure is realized when the
system has the partial CT state and molecules form uniform
segregated columns or layers. The partial CT state can be pre-
dicted and controlled by (Ip — E) or AE(DA) for a specific
DA system, and the complex exhibits a low lying CT band be-
low 5 x 10*cm™!. The diagram of ionicity as depicted in
Figs. 15-19 is a clue to explore functional conductors of CT
type such as molecular metals, Mott insulators, N-I systems,
complex isomers, and self-assembled 2D conductors. Similar
diagrams for other systems have been proposed for p-phenyl-
enediamine,'®? benzidine,'®* 1,4,6,8-tetrakis(dimethylamino)-
pyrene (TDAP),>* and Cg (see section 5.2)%*® concerning the
charge-transfer interaction, and for aniline-.picric acid (see
section 4.2.1),1247 2,2’-biimidazole,>*® and dihydrotetracya-
nodiphenoquinodimethane (4,4’-bis(dicyanomethyl)biphenyl)
(H,TCNDQ)** concerning the charge and proton-transfer in-
teractions (Chart 7).

3.2 Radical Salts. 3.2.1 Stoichiometry: The Mott crite-
rion implies that a 1:1 organic radical salt with W < Uy is a
Mott insulator when the salt has a uniform segregated stack-
ing.”® As a consequence, the requirement for an organic metal
for the radical salt is to obtain a salt with m:n (m # n) stoichi-
ometry together with uniform segregated stacking. However,

Table 9. Selected Examples of Enantiotropic Complex Isomers (N-I System)

D¥ AP D:A Tn® Pa® Change of § Ref.
/K /GPa
TTF QCly 1:1 81 1.1 0.3 — 0.7 208-213,219,221-223
QBry 2:1 2.7 226
Qly 1:1 1.9 227-229
Qly 2:1 3.1 0.46 — 0.54 227-229
2,6-Me, TTF QCly 1:1 65 1.2 230
3,3’,5,5'-TMB TCNQ 1:1 205 0.59 — 0.69 218,224
TTF Me,DCNQI 1:1 0.9 AS=0.8 231
CMPD Me, DCNQI 1:1 200 232

a) Me, TTF: dimethyl-TTF, TMB: tetramethylbenzidine, CMPD: 2-chloro-5-methyl-p-phenylenediamine.
b) Me;DCNQI: 2,5-dimethyldicyanoquinodiimine. c) N-I transition temperature at ambient pressure.

d) N-I transition under pressure at RT.
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Fig. 18. Diagram of ionicity, conductivity, and stacking of DA complexes. The first transition energy in a solid (hVcr) is plotted
against the difference in half-wave redox potential between donor ((a) 1,6-dithiapyrene,?** (b) BO,?** (c) EOET,?* and (d)
HMTTeF?*-238) and acceptor molecules AE(DA). (a) by Nakasuji: See Ref. 233 as for symbols. (b)—(d) by Saito et al.: Group
A: fully ionic complexes, B: partial CT one with segregated column, C: partial CT ones with alternating column, D: neutral ones
with alternating column, and E: clathrate ones. Metallic or highly conductive complexes are depicted by circles (Group B) and
poor conductive ones by triangles in (b)—(d) among which the complexes depicted by green triangles (mainly Group C) are con-
siderably conductive. In general, the complexes residing on the V-shaped line have alternating columns and are insulating while
those below 5 x 103 cm™! have segregated columns or layers and are conductive. The donor molecules having self-assembling
ability afford a wider range of AE(DA) for metals than that for the low-dimensional TTF-TCNQ system, which is limited within
two vertical lines. (b) BO complexes with F4sTCNQ (1: 1:1, 2: 9:5:5THF), TCNQ (3), C14TCNQ (4: 9:4:2H,0), and H,TNBP
(5: 3,3',5,5'-tetranitrobiphenyl-4,4’-diol). 3 and 4 are highly conductive, while 5 is a clathrate complex. (d) HMTTeF complexes
with Et; TCNQ (1) and BTDA-TCNQ (2) are metallic with alternating stacks. Complexes with bromanillic acid (3), chloranillic
acid (4), and H,TNBP (5) are highly conductive probably owing to the partial proton transfer from the acceptor molecules.

several exceptions exhibiting a metallic behavior even with 1:1
stoichiometry have been reported by Shibaeva et al.,>° Mori
et al.,>1>2 and Takimiya et al.>>® These complexes are based
on molecules having an extended 77-moiety or self-assembling
ability (Table 10).

The stoichiometry is one of the key parameters that govern
the transport property of the CT complexes. Except for some
special cases, however, the stoichiometry cannot be controlled
or designed apriori even in the DA type complexes, where the
conventional stoichiometries are 1:1, 2:1, 3:2, 2:3, and 1:2.
Some have multiple and unconventional ratios (Table 11).

In several cases, the DA or DA, complex composed of
very strong acceptor or donor molecules, respectively, has

structural and physical features characteristic to radical salts;
namely, the excess component molecules form a segregated
column, while the counterpart molecules play the role of coun-
ter ion and stack between the columns with its molecular plane
parallel to the column (i.e. (TMTTF),HCBD,” (TMTSF),-
aza-TCNQ (Chart 8),%*" and (TMTSF),CF;TCNQ®). Simi-
larly, some radical salts have an unconventional ratio, i.e.,
(perylene), X, 4 (X = PFs, AsFg, opr = 1.4 x 10> Scm™"),2!
(TTF)(HSO4)1.17  (orr =29Scem™"),71272 TTN(NO3) 74
(orr = 500Scm™1),2” TTN(PFs )61 (OrT = 762Scm™"),273274
and some of the salts listed in Table 11. Especially the uncon-
ventional stoichiometry is rather common for the transition-
metal coordination compounds: (TBA),[Ni(dmit),];(CH;CN),,>”
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Table 10. Selected Metallic Salts with 1:1 Stoichiometry

Complex? orr/Scm™! Tvi/K Ref.
8-(ET)-13(TCE)y 3 1-2 x 102 130 250
TTM-TTP.I; 7 x 10? 160 251
(TTM-DSDTP)GaCl, 2.8 x 10? 60 252
DMTSA.-BF, 4.5 x 102 180 253
DMTSA-NO; 4.4 x 10% 220 253
a) TCE: 1,1,2-trichloroethane.
279 e Mes SMe
Me S X~ ~-S S
| = I =1
Me MeSjiS XIS S:[SMe
Se—Se XfS: TTM—TTP
X=Se: TTM-DSDTP
DMTSA

K| 64[Pt(0x),1(H;0),,2"® [Ni(Pc)]I, (x = 0.56-1.74, iodines are
1;7),%77?78 [Ni(bqd),]To.5o(PhMe)o 3, (iodines are I37),>”? and
[Ni(dpg), ]I (iodines are Is~),28%28! where ox and bqd are oxa-
lato and benzoquinonedioximato, respectively. The degree of
CT (8) can be evaluated based on stoichiometry, where the §
value is connected with the Fermi wavenumber (kg) by Eq. 23.

T
kp = Z& (23)

3.2.2 Mott Insulator with a Unit of Dimer: The D,X (X:
monoanion) and MA, (M: monocation) are the most common
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stoichiometries for conductive radical salts including super-
conductors. In the framework of the weak electron correlation,
the system has a three-quarter-filled band (kg = (1 — g)% =
i—’;) for the former or a quarter-filled band (kg = ‘;—Z =7) for
the latter. Many of the 2:1 (or 1:2) salts have a dimerized na-
ture within the segregated stack or layer such as (TMTSF),X,
a'-, B-, B'-, or k-type packing of (ET),X, etc.,'>"'%* and the
HOMO band is split into upper and lower bands due to di-
merization (Fig. 20).

The upper-HOMO band for D,X or lower-LUMO band for
MA,; is half-filled provided that U is negligible compared to
the bandwidth of the upper (Wy) or lower band (Wr). The en-
ergy splitting of the upper and the lower bands (AE4) corre-
sponds to the dimerization energy of a pair (AEq = 2t4, where
tq is the intra-dimer transfer integral). The on-site Coulomb
repulsion of a dimer (Uy) is newly defined as'??

(U — JU? +4AE4?)
5 .

Uy = AEq + (24)

Since U of a D or A molecule is much larger than the AEy val-
ues of those molecules, Uy can be approximated by AEy.282
So, the Mott criterion is modified as “when the AEy value is
sufficiently larger than the bandwidth of the upper or lower
band (AEg > Wy(or 1)), the 3/4- or 1/4-filled electronic system
turns into a Mott insulating state.” Therefore, the Mott criteri-
on for dimerized D,X or MA, is expressed by Eq. 25.

Mott insulator
metal (25)

AEg > Wyor L)
AE; < Wyor L)

The tight-binding model based on the extended Hiickel method
well discriminates Mott insulators (Wyr1)/AEq < 1) and
metals (Wyerr)/AEq > 1) (see section 3.6.1). Most of the
10K class ET superconductors have the ratio of Wy/AE; ~
1.1-1.2 suggesting the significant electron correlation. Many
of them are highly conductive despite their name as “Mott in-
sulator,” and the most pronounced character is the enhanced
magnetic susceptibility as expressed by Eq. 26:283

Xo _ Xo
1 —DERUesr 1 —&’

Xobs = (26)
where the observed X, is enhanced by the Stoner factor &
(<1) in comparison with the noninteracting x,. Usually it
has been observed that the spin susceptibility of the metallic
(ET),X ranges 3—4 x 10~ emumol~', while the typical Mott
insulating (ET),X has 2-3 times enhanced susceptibility at RT.
Table 12 summarizes selected examples of (ET), X Mott insu-
lators, where only salts with sufficient resistivity and magnetic
susceptibility data are listed.

3.3 Strategy to Increase (or Decrease) Electronic Dimen-
sionality Aiming to Suppress (or Induce) Metal-Insulator
Transition. Since the metallic state in the low-dimensional
electronic system is unstable, an increase in the electronic di-
mensionality is necessary to suppress the complete nesting of
Fermi surfaces by 2kr modulation. Several attempts have been
made through both physical methods such as “pressure” and
chemical methods such as “heavy atom substitution” (from
TTF to TMTSF, HMTTeF, and their analogues) or “peripheral
addition of alkylchalcogeno groups” (from TTF to BO, EOET,
ET, and their analogues) (see Fig. 14).510
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Table 11. Selected Organic Conductors Having Multiple Stoichiometries

D or cation A or anion Ratio® ogrr and characteristics? Ref.
DA Type
TMTTF HCBD 1:1 <l x 1071 59,254,255
2:1 3.0 x 1074 (€ = 0.32¢V), AF 59,254,255
TMTTF TCNQ 1:1 6.0 x 10% (Tyr = 65K) 256
1.3:2 1.0 x 10 257
1.66:2 5.0 x 10 (Tyy = 150K) 257
BEDO-DBTTF Me, TCNQ 1:1 <1073, alternating, neutral CT 120
3:1:PhCl 33 120
(MeO), TCNQ 1:1 <1078, alternating, neutral CT 120
2:1 3.2 120
TTT TCNQ 1:1 1 258
1:2 20-160 (metal, Trax = 90K) 155
TTC,-TTF TCNQ 1:1 2.6 x 107° (€, = 0.60eV), DDAA stacking 60,259
2:1 1.8 x 1073 (&g = 0.34¢eV), DDADDA stacking 60,259
Ferrocene Au(dmit); 1:3 0.12 (&4 = 0.084¢V) 260
1:4 0.1 (¢, =0.112¢eV) 261

Cation Radical Salt

Perylene AsFg™ 2:1:0.66(THF) 50-100 262
2:1.4 1.4 x 10° 262
2:1.5:0.5(THF) 1.4 x 10° 262
6:1 0.5 262
Perylene Ni(mnt), ™~ 2:1 300-700 (metal, Ty = 25 K), dimerized Ni(mnt); 263-264
2:1 8 50 (metal, Tyax = 255K) 263-264
ET Pd(dto),>~ 2:1 B 6.0 x 1073 (&, = 0.36eV), D**D** A2~ alternating 121
21y 4.3 x 107 (&, = 0.44eV), D**D** A~ alternating 121
4:1 1 (metal) 121
ET Ni(dto),%~ 2:1 1.5 x 107 (&, = 0.62eV) 121
4:1 10 (metal > 60 mK) 265
ET TNBP*~ 4:1 50-80 (metal > 3 K), (ET?>*),(TNBP>") 266
2:1 0.2 (&, = 0.178eV), (ET’>*),(HTNBP") 266
ET ClO4~ 2:1:0.5(TCE) 25-30 (metal, see section 3.3.3) 205
2:1:dioxane 1 (semiconductor) 267,268
3:2 50 (Tyy = 170K) 267,268
1:2 insulator 267,268
BO I3~ 2.4:1 100-280 (metal > 1.2K) 239
1:1 10° (&, =0.86eV) 234
1:2 <107° 241
BO HCTMM?*~ 5:1:2(PhCN) 70-140 (metal > 1.5K) 234
4:1:2(TCE) 100-110 (metal, Ty = 170K) 234

a) PhCN: benzonitrile. b) Top: transition temperature of the order—disorder of anion, AF: antiferromagnet.

NC CN Vi
o
NC CN Wy
aza-TCNQ
Chart 8. HOMO. rjg w
monomd:™* &
3.3.1 Heavy Atom Substitution: Self-Assembling Ability i
of TMTSF Molecules, Se--Se Atomic Contacts, and 1D
Superconductors: The most successful molecule by “heavy |
atom substitution” is the TMTSF molecule, which has provid- solid
ed eight organic superconductors with inorganic counter Fig. 20. Schematic band structure of the dimerized system
anions X; (TMTSF),X mainly was developed by Bechgaard with three electrons per dimer. AEq is the dimerization
et al. (Table 13).162-164319-328 Among them, the superconduct- energy. Wy, Wi, and W are the upper, lower, and total

ing NbFg salt was recently obtained by electrocrystallization bandwidths, respectively.’
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Table 12. Selected Examples of (ET),X Mott Insulators
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X® ORT &y Xspin/€IIU (|J|/ks)/K ~ Magnetic behavior and Ref.
/Scm™! /eV mol~! at RT ground state® 0,%)
o IBn, 3 0.32 ~1 x 1073 53, 26 CO(200K) 284-286
o CuCly 4 x 1072 04-06 9.0x 10~ 55 Bonner—Fisher 287,288
o AuBr, I x107'=5x 1073 0.48 9.0 x 107* 53 Bonner-Fisher 287,288
o’ Ag(CN), 3 x 1072 0.60 9.3 x 107* 59 SP(Tsp = 5.8K) 287,288
o HCl, 6 x 10~ nodata 1.1 x 1073 no data 289
o' R-TCA
R = OMe, TCE 1.4 x 1073 0.20 1.2 x 1073 60 Bonner—Fisher 290,291
OEt, THF 2.6 x 1073 0.36 1.1 x 1073 67 Bonner—Fisher 290,291
OBu 28 x 1073 0.22 1.0 x 1073 80 Bonner-Fisher 290,291
NH,, THF 9.1 x 107 0.28 1.1 x 1073 65 Bonner—Fisher 290,291
o’ HCNAL 2.0-8.3 x 107! 0.30 1.0 x 1073 49-55 Bonner—Fisher 292
o”  picrate, THF 3x 107! 0.11 8.7 x 107 143, 60 alternate chain model 293
B 1ClL 3 x 1072 0.24 9.5x 107* 59 AF(Ty = 22K) 285,286
B IBrCl 1.5 x 1072 0.22 1.1x 1073 AF(Ty = 19.5K) 294
B AuCl, 10-1-102 0.24 9.5 x 1074 59 AF(Ty = 28K) 285,286
n  Ag(CN), 1071-10 0.30 8.5x 1074 ~156 singlet—triplet 295
n  Au(CN), 10~'-10 0.30 8.5x%x 1074 ~156 singlet—triplet 295
6 Cuy(CN)[N(CN)], 2-16 ~0.20 1073 48.3 CO < 220K 296,297
k  Cu[N(CN),]Cl1 2 0.024 46 x 107 160 AF(<22K), AFMR 298-300
k  Cu[N(CN),]|Br® — — 43 x 107 — AF(<15K), AFMR 301,302
Kk Cuy(CN)s 2-7 ~0.10 47 x 10~ 250 spin-liquid 303-305
8§  GaCly 1 x 107! 0.4 ~1 x 1073 70 two-leg spin-ladder 286,306,
307
Br(solv)
solv = EG 1.7,metal > 190K  0.06 1.1x 1073 150 308
8 solv=PG 2.5 x 1073 0.48 1.2 x 1073 85 Bonner-Fisher > 180K 308
75 singlet-triplet < 180K
6  CuBrs* 3:1 1 ~0.14 2.8 x 1073 Mott insulator > 59 K, no magnetic 309

contribution of ET below 59 K,
AF(Cu*t, Ty = 7.6K)

a) EG: ethylene glycol, PG: propylene glycol. b) AF: antiferromagnet, SP: spin-Peierls system, CO: charge-ordering. The ground
state of the Mott insulators &’-(ET),X (X = Au(CN),, R-TCA, HCNAL, HCTMM (4:1)) composed of twisted ET dimers has not
been clarified yet. Besides the salts in the Table, the following o, 8, and §'-salts might be Mott insulators though the magnetic
data are not reported, a’-(ET),X (X = IBrC1,31%3!! AuBrlL3!? p-MeCgH4S03,313 Cp(CN)s(solv), (Cp: cyclopentadienyl, solv =
TCE, THF),>'* MeO-TCA(THF),?! and 4:1 HCTMM(PhCN)3"%), B-(ET),InBry4,3' 8-(ET),AuBr,,’'7 and §'-(ET),Gal,.>'8 ¢) D-

salt, rapid cool; see section 3.5.4.2.

with RT ionic liquid EMI-NbF¢ (EMI: 1-ethyl-3-methylimida-
zolium) as an electrolyte by us.3?® It has been reported that
(TMTSF);NbFs prepared by TBA-NbFs is of low quality
and does not exhibit a superconducting behavior.’>* The crys-
tal structure of (TMTSF),NbF is depicted in Fig. 21,328 where
TMTSF molecules form a zig-zag dimer that forms a segregat-
ed column along the face-to-face direction (a-axis) with no
short Se--Se atomic contacts. Along the side-by-side direction
(b-axis), no short Se--Se contacts less than the sum of the van
der Waals radii (3.80 A) are present, although such interactions
have been observed for the ClO4 and FSOj salts. Therefore, it
is said that the self-assembling ability of TMTSF molecules by
the aid of m—7 and Se--Se interactions is not significant. The
Fermi surface of (TMTSF),X is not closed, but open with fair
warping due to the lack of adequate side-by-side transfer inter-
actions (Fig. 21d). The degree of warping depends on the size
of X, which affects the intermolecular Se--Se atomic distances
along the b-axis. The quasi-1D feature gives rise to a variety of
phase transitions, such as the MI transition caused by the or-
der—disorder (OD) of anion molecules and SDW formation,

and superconducting transition.

On the other hand, the isomorphous (TMTTF),X salts de-
veloped by Fabre, Delhaes, et al.329-333 have much weaker
side-by-side transfer interactions and stronger dimerization
along the face-to-face direction than those of (TMTSF),X,
and also undergo a wide variety of phase transitions (charge
ordering, anion ordering, SDW, spin-Peierls, and supercon-
ducting, Table 14). Charge-localized feature is claimed even
in the high-temperature region, where a metallic temperature
dependence is experimentally observed in resistivity.33* A high
pressure above 2.0 GPa induced a superconducting state for
X = Br,**® 5.2-5.4GPa for X = PF,** and 3.35-3.75GPa
for X = BF,.3%7

For (TMTSF), X, the anion resides at the inversion center,
and thus, the OD transition of octahedral anions does not affect
the lattice symmetry. On the other hand, the OD transition of
tetrahedral and pseudo-tetrahedral anions modifies the lattice
symmetry. When the superlattice generated by the OD transi-
tion corresponds to the nesting vector of the Fermi surface
(2a x 2b, Fig. 21d), the metallic salt becomes an insulator
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Table 13. Organic Superconductors of (TMTSF),X!62-164,319-328

X Symmetry ORT Tnax® P, T, Characteristics®
/Scm™! /K /GPa /K
PF¢ octahedral 540 12-15 0.65 1.1 SDW(12K), FISDW
AsFg octahedral 430 12-15 0.95 1.1 SDW(12K, J = 604 K)
SbF¢ octahedral 500 12-17 1.05 0.38 SDW(17K)
NbFj octahedral 120 12 1.2 1.12 SDW(12K), see section 4.6.3
TaFg octahedral 300 15 1.1 1.35 SDW(11K)
ClOy tetrahedral 700 — 0 1.4 OD(24 K, a x 2b x 2c), FISDW,
y =105, =114, ®=213K
— 5 — — SDW(5 K) by rapid cool
ReOy tetrahedral 300 ~182 0.95 1.2 OD(177K, 2a x 2b x 2c¢)
FSO;3 pseudo- 1000 ~88 0.5 3 OD(88K, 2a x 2b x 2¢)
tetrahedral

a) Thax: temperature at maximum conductivity. b) SDW: spin density wave, OD: order—disorder transition
of anion and newly formed superlattice, FISDW: field induced SDW,

y: Sommerfeld coefficient, mJ mol~! K~2
B: mImol~! K—*
©®: Debye temperature, K

y = ks D(Er)/3 Q@7
B = 487Nkg /56 (28)
T. «x @exp(—1/gD'(€p)) (29)

kg: Boltzmann constant, g: coupling constant, D’(€g): density of states at Fermi level per one spin.

Fig. 21. Crystal structure of (TMTSF),NbFy.3? Triclinic,
Pl, a=17290(4), b=17.7262), c=13.90005)A, o=
82.86(2), B =185.50(3), y =71.573)°, V =735.26 A3,
Z=1, R=0.0682. (a) Segregated column of TMTSF
molecules. The numbers indicate the overlap integrals
in 1073 units. (b) View along the b*-axis. (c) Se-Se
atomic contacts (d;, dy) along the side-by-side direction.
(d) Calculated Fermi surface of (TMTSF),NbFg.

(X = ReOy, FSO3). Since the superlattice for the ClO4 salt
(a x 2b x 2¢) does not correspond to the nesting vector,>38
the CIOy4 salt remains metallic through the OD transition by
slow cooling. Very rapid cooling, however, induces a disorder
of the anion molecules,>*° and a metallic state remains until an
SDW transition at 5 K.3° An intermediate cooling rate produc-
es an increase in resistivity below 5K and then a supercon-
ducting transition near 1K,3*!34? suggesting the coexistence
of SDW and superconducting states. The salts with octahedral
anions exhibit the SDW transition under ambient pressure. The
EPR, NMR, and magnetic susceptibility measurements clearly

confirmed the antiferromagnetically ordered state.’*3-346 The
SDW wave vector was estimated as Qp, = 0.24b* and Q.
—0.06¢c*, and its amplitude of 0.08 iy by 'HNMR measure-
ments.>*® An application of pressure, in general, increases the
warping of the Fermi surface and suppresses the MI transition
resulting in the superconductivity (see section 4.6.3 for X =
NbFg). For the ReO4 salt at 1.08 GPa, a metal-insulator—
metal-superconductor reentrant behavior with thermal hyster-
esis was reported by Parkin et al. (Fig. 22).32

Williams et al. reported fairly good linear relations be-
tween the transition temperatures and unit cell volume or
the average intercolumn Se--Se distance [(2d; +dy)/31.34
Also, the transition temperature and critical pressure are relat-
ed with the ion size of the anion as pointed out by Cowan,”
Kistenmacher,**® and Saito et al.® (Fig. 23).

(TMTSF),ClOy is the only ambient pressure superconductor
among the TMTSF salts. The important parameters concerning
the superconductivity, i.e. upper critical magnetic field H,,
critical current J., Sommerfeld coefficient y, Debye tempera-
ture @, etc. (the ¥ and @ are closely related to the T; of the
BCS-type superconductor as expressed by Egs. 27-29 in the
footnote of Table 13), have been extensively studied for this
salt.!92164 The following are remarkable observations on
TMTSF superconductors.

Lee et al. reported that the upper critical magnetic field of
the PFg salt (H., = 6(//b"),4(//a) Tesla at 0.1 K) is far beyond
the Pauli limit (Hp,yi) for a BCS-type superconductor with
weak coupling (Fig. 24).3*° For the 2D ET superconductors
an H,, value larger than Hp,,; has also been noticed (see
3.5.4.1). The Pauli limit is a critical magnetic field for breaking
of singlet Cooper pair due to the Zeeman energy of spins. For a
free-electron gas model, the Pauli limit (Hp,y;) is given by
Eq. 30,

Hpaui = (30)

Ao
V2ug

where (g is the Bohr magneton, and A is the gap parameter
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Table 14. Selected Conductors of (TMTTEF),X329-337

X Symmetry ogrr/Scm™! Trnax /K? P./GPa T./K Characteristics¥

on-set

PFq octahedral 20 245 52-54 1.4-1.8 SP(15K), SC

AsFg octahedral 25 105 SP(11K)

SbFg octahedral 10 154 SDW(7 K)

ClOy4 tetrahedral 30 230 OD(71K, 2a x b x ¢)

ReOy tetrahedral 33 230 OD(162K, 2a x 2b x 2c¢)

BF, tetrahedral 50 190 3.35-3.75 1.38 OD(40K), SDW + SC coexist
NO; triangular 95 208 OD (40K, 2a x b x ¢)

SCN linear 60 240 OD(160K, a x 2b x 2c) SDW(9K)
Br spherical 260 100 2.6 0.8 SDW(13K), SC

a) Tax, SDW, OD:

Resistance(normalized)

Y

JRPTY  Satend
ce oo
Sco o o0 o 000 0000

ene o @
0000 © O

L L

see footnote of Table 13. SP: spin-Peierls transition, SC: superconductivity.
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(TMTSF);ReO4 at 1.08 GPa by Parkin et al. Applying
pressure partially suppresses the order—disorder transition
of ReOy4 anion and induce metal-insulator-metal-super-

conductor behavior.’>> @: cooling, O: heating.
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Fig. 23. Metal-insulator transition (7y;: @ OD, O SDW)
and critical pressure (P.: l) of (TMTSF),X as a function
of the anion radius in parentheses (A). 1: X = BF4 (2.72),
2: ClO4 (2.84), 3: FSO3 (2.89), 4: F,PO, (2.92), 5: PFq
(2.95), 6: BrO4 (3.01), 7: AsFg (3.05), 8: ReO4 (3.12),
9: SbFs (3.19), 10: NbFg (3.20), 11: TaFg (3.29).6-95-348
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Fig. 24. Temperature dependence of H, of (TMTSF),PFg
by Lee et al. Pauli limit is 2.6 T.3¥

at 0K. Since 24 is equal to 3.53kg7. for a BCS-type super-
conductor with weak coupling, the H., value should be limited
by Hpaui expressed by Eq. 31.

Hpau“ = 186TC (Tesla) (31)

Takigawa et al. reported for the ClOy4 salt that the inverse
of the relaxation time of "HNMR absorption T;~! does not
show the Hebel-Slichter coherence peak (Fig. 25),>° which
should be observed just below 7. for a normal BCS-type su-
perconductor having an isotropic gap.3®! Field-induced SDW
(FISDW) states were extensively studied by Chaikin et al.
and others; namely, the application of magnetic field breaks
the superconducting state and induces a sequence of SDW
states like a cascade above 3 Tesla (Fig. 26).3°>%3 Osada
et al. observed a sliding of SDW based on the non-ohmic trans-
port behavior in the FISDW state.3>*

A generalized phase diagram including (TMTTF),X and
(TMTSF),X was proposed by Jerome (Fig. 27).3 The super-
conducting phase neighbors the magnetic phase (SDW state)
and 7. decreases with increasing the pressure owing to the
decrease of D(EE).

3.3.2 Peripheral Addition of Alkylchalcogeno Groups:
BO and ET Complexes: The “peripheral addition of alkyl-
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Fig. 25. Temperature dependence of 1/T; of 'HNMR of
(TMTSF),ClOy4. 1/T; below T. shows T3 dependence.350
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Fig. 26. Temperature-magnetic field phase diagram of
(TMTSF),ClO4 by Maesato et al. showing field-induced
SDW (FISDW) states.33%333
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chalcogeno groups” to a parent molecule TTF has successfully
produced 2D ET2%206 and BOZ4239-241 conductors. The
Fermi surfaces and density of states (DOS) of k-(ET),Cu-
(NCS),*% and (BO), 413>** calculated by tight-binding approx-
imation based on the extended Hiickel calculation (Fig. 28) re-
vealed the existence of a 2D Fermi surface, and hence, increas-
ed electronic dimensionality. The validity of the calculated
Fermi surface of k-(ET),Cu(NCS), has been experimentally
confirmed by the magnetoresistance oscillations (Shubnikov-
de Haas,>® angular dependent magnetoresistance oscillations
(AMRO),**7 and magnetic breakdown phenomenon®?). Gen-
eral information on the quantum oscillations is available in
Refs. 164-166. For k-(ET),Cu(NCS),, the effective mass of
electrons was evaluated to m, = 3.5m, from the quantum os-
cillations in the 2D closed ellipsoidal Fermi surface around
Z-point («-orbit) and m. = 6.5m, in the big circular Fermi sur-
face after magnetic breakdown (B-orbit), where m, is cyclo-
tron mass and m, is electron mass (see section 3.5.2).

The calculation of the band structures and Fermi surfaces of

oL (TMTSF)2X & (TMTTF)2X
X
° CL ™. conductor
= 10
@
o
€
21
Pressure —
0.5GPa

Fig. 27. Generalized phase diagram for the (TMTSF),X
and (TMTTF),X by Jerome.>> CL, SP, SDW, and SC re-
fer to charge-localized (which corresponds to charge-or-
dered state), spin-Peierls, spin density wave and supercon-
ducting states, respectively. The salts a—d at ambient pres-
sure locates in the generalized diagram. a: (TMTTF),PF,
b: (TMTTF),Br, ¢: (TMTSF),PF¢, d: (TMTSF),ClOy.
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Fig. 28. Calculated Fermi surface, energy dispersion, and density of states (DOS) of (a) «-(ET),Cu(NCS),>° and (b) (BO), 4132
(see also Fig. 35). Arrows in the Fermi surface (a) indicate the trajectory of electrons for the Shubnikov-de Haas effect; the -orbit
(red) is that around the 2D cylindrical hole-like Fermi surface and the B-orbit (blue) is the magnetic breakdown orbit.
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ET, BO, and their related conductors was developed by Mori et
al. on the basis of the tight-binding approximation using the ex-
tended Hiickel calculation.?>® More sophisticated methods (lo-
cal density functional approximation and augmented spherical
wave algorithm) do not give much different results.>*® The
transfer integral 7 is readily taken to be proportional to the over-
lap integral S; t = —aS (¢ = 10eV). In the cation radical salts
of ET, the conduction band is solely determined by the HOMO
band of ET since the LUMO and second HOMO bands of
ET and the orbitals of the closed-shell anion are considerably
far away in energy. Owing to the symmetry of the HOMO,
the overlap integral is very sensitive to the parameter ¢ in
Fig. 29 and has extremes at ¢ = 0, ~30, ~60, and 90°.

However, the calculated Fermi surface depends consider-
ably on the {-value of the Slater orbital and whether the d-
orbital of the sulfur atom is included or not. The Fermi sur-
faces of o-(ET),KHg(SCN), calculated based on the crystal
structures at 298 and 104 K using different parameters are
compared in Fig. 30.° The results in Figs. 30b—30d are incon-
sistent with the 2D conducting behavior, partial nesting of the
Fermi surface, and reconstruction of the Fermi surface at low
temperatures (see section 3.5.6). The coexistence of the 2D
and 1D Fermi surfaces was confirmed by the Fermi surface
topology (Fermiology)*®'3%* and is in good agreement with
Figs. 30a and 30e.

The robust intermolecular interactions in the BO complexes
provide a metallic state with a wide band even in the strongly
disordered systems such as LB films (see section 4.4.1), reticu-
late doped polymer films (see section 4.4.3), compressed pel-
lets, etc., regardless of the sort, shape, and size of acceptor or
anion molecules,?34239-241.369-372 Ag a result, the BO complexes

Fig. 29. Relative orientation of an ET dimer. The face-to-
face and side-by-side arrangements correspond to ¢ =0
and 90°, respectively.*
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hardly exhibit any phase transition including the superconduct-
ing one (only two superconducting salts with 7. < 1.5K were
found, see Table 15).37337% The structural features of 2D BO
complexes are described in sections 3.4.1 and 3.4.2.

3.3.3 Stable Organic Metal (ET),CIO4(TCE)¢s: The
first 2D organic metal (ET),ClO4(TCE)o s, with 0,/0 | rang-
ing from 0.9 (RT) to 0.4 (2K), was synthesized in 1982 by
Saito et al.20%206:373-379 The ET molecules form a pseudo-
segregated column along the [102] direction (¢p = 60°), al-
though there is no direct face-to-face (¢p = 90°) overlapping
(Fig. 31a).° Short S--S contacts less than the sum of the
van der Waals radii (3.60 A)!'® are observed along the [100]
(¢ = 0°) and [102] (¢p = 30°) directions. Therefore, the largest
transfer integral is along [IOQ], and then [100], while [102] is
the smallest. The most conductive direction is along the S--S
network [102] (orr = 25-30Scm™!). The disordered TCE
starts to order below 180K and tends to be completed below
about 90 K.37® This disorder—order transition of TCE is associ-
ated with the conformational ordering of the ethylene groups
of ET molecules.

By slow cooling of the salt in the range of 205 and 160K,
Pauli susceptibility at RT decreases sharply by 56% at 25K,
below which the value is constant. The thermopower shows
an abrupt shift to the positive side below 25 K. The electrical
resistivity shows T2 dependence above 80K, a slight increase
below 40-50K, and then a constant value below about 10 K
(Figs. 31c and 31d). By rapid cooling, on the other hand, the
salt retains metallic behavior down to 0.8 K as confirmed both
by magnetic susceptibility and resistivity (Fig. 31d).37%377 The
rapid cooling may cause the incomplete order—disorder transi-
tion of both terminal ethylene groups of ET molecules and the
TCE molecules, and the incompleteness generates a random
deformation of ET molecules, which influences the electron-
hopping rate in the ET sheets. The random distribution of
transfer integrals under the rapid cooling condition can sup-
press the phase transition at low temperatures if the random-
ness overcomes the gap generated by the transition. The band
calculation of the salt indicates a semimetallic nature with a
Fermi surface consisting of both small electron and hole parts
(Fig. 31b).>° Then, the semimetal-semimetal transition at
25 K seems to be associated with the disappearance of the elec-
tron Fermi surface through the nesting instability.

0

~<
&

T=104K

Fig. 30. Calculated Fermi surfaces of «-(ET),KHg(SCN), by tight-binding approximation based on the extended Hiickel method,
(a) including d-orbital of sulfur atoms with single-{ from Ref. 359, (b) including d-orbital of sulfur atoms with single-{ from
Ref. 365, (c) excluding d-orbital of sulfur atoms with single-{ from Ref. 366, (d) excluding d-orbital of sulfur atoms with sin-
gle-¢ from Ref. 367, and (e) excluding d-orbital of sulfur atoms with double-¢ from Ref. 368.
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Table 15. Organic Superconductors of ET(1) and BO(2)

Anion, symmetry, ratio,

GRTb)y Tmax’ PCC)3

Characteristics? Ref.

and phase¥ and T,
1 13, linear, 2:1, B 60, no, 0, 1.5 SdH, AMRO, dHvVA(~25%, ~0.5m.; 443,444
103%, 4.0m,), IIE
I3, linear, 2:1, ,3 —, no, 0, 2.0 anneal below 110K for > 20h 445
I3, linear, 2:1, By —, no, 0, 8.1 press By, SAH(51%, 4.65m,), no IIE 446-448
I3, linear, 2:1, oy —, no, 0, &8 heat «-, &€-, or {-phase 449
I3, linear, 3:2.5, y 20, no, 0, 2.5 charge of donor = +2.5/3 450
13, linear, 2:1, 0 30, no, 0, 3.6 SdH, AMRO, dHvA(19%, 1.8m.; 102%, 3.5m.) 451
I3, linear, 2:1, « 30, no, 0, 3.6 SdH, dHvVA(15%, 1.9m.; 102%, 3.9m.), 452
y=18.9, =103, ® =218
IBr», linear, 2:1, B 20, no, 0, 2.7 SdH, AMRO, dHvVA(X53%, ~4.2m.) 453
Auly, linear, 2:1, B 60, no, 0, 4.9 SdH, dHvA(2.0m., 0.3m,) 454
ICl,, linear, 2:1, ,3’ —, semi, 8.2, 14.2  on-set 7., mid-point 7, = 13.4K, 455
for ort see Table 12
IBrCl, linear, 2:1, 8’ —, semi, 8.0, 7.2 on-set T, for oy see Table 12 294
Cu(CF3)4-TCE, planar, 2:1, k. —, —, 0,40 T. is the on-set one for all M(CF3), salts
Cu(CF3)4-TCE, planar, 2:1, ky —,—,0,9.2 456,457
Ag(CF3),-TCE, planar, 2:1, ki — —, 0,24 y ~ 50, B=18, ©® =203
Ag(CF3)4-TCE, planar, 2:1, ky —, —, 0, 11.1
Au(CF3)4-TCE, planar, 2:1, k. — —,0,2.1
Au(CF3),-TCE, planar, 2:1, ky —, —, 0, 10.5
Cu(CF;)4-TBE, planar, 2:1, ki —, —, 0,52 456,457
Ag(CF3)4-TBE, planar, 2:1, k. —, —, 0,48
Ag(CF3)4-TBE, planar, 2:1, ky — —, 0,72
Au(CF3)4-TBE, planar, 2:1, ki —, —, 0,58
Cu(CF3)4-121DBC, planar, 2:1, ki, —, —, 0,55 456,457
Ag(CF3)4+121DBC, planar, 2:1, k. —, —, 0,45
Au(CF3)4+121DBC, planar, 2:1, ki —, —, 0,50
Cu(CF3)4-121DCB, planar, 2:1, ki, —, —, 0,35 456,457
Ag(CF3)4+121DCB, planar, 2:1, k. —, —, 0,38
Ag(CF3)4+121DCB, planar, 2:1, kg — —, 0,73
Au(CF3)4+121DCB, planar, 2:1, k. —, —, 0,32
Cu(CF3)4-112DCB, planar, 2:1, k. —, —, 0,49 456,457
Ag(CF3)4+112DCB, planar, 2:1, ki —, —,0,4.1
Ag(CF3)4+112DCB, planar, 2:1, ky —, —,0,10.2
Au(CF3)4-112DCB, planar, 2:1, ki —, —,0,5.0
Cl,(H;0),, cluster, 3:1, ,3" 500, 700, 1.6, 2 dianion, charge of donor = +2/3 458,459
Pd(CN),-H,O, cluster, 4:1, 8" 100, 70, 0.7, 1.2 dianion 460
Pt(CN)4-H,O, cluster, 4:1, ,3" 280, 120, 0.65, 2 dianion 461
ReQy, tetrahedral, 2:1, 8 200, 81, 0.04, 2 462
Fe(ox)3 -H30-PhCN, octahedral, 4:1, 8" 1072, no, 0, 7.0 dianion, AMRO T,(on-set) = 8.6 K 463
Cr(ox)3 -H30-PhCN, octahedral, 4:1, 8" —,—, 0,60 dianion, on-set T, 464
Fe(ox)3+A-PhNO,, octahedral, 4:1, 8" — —, 0,62 dianion, on-set 7., A = H3;0 or NH, 465
Cr(ox)3-A-PhNO,, octahedral, 4:1, 8" — —, 0,58 dianion, on-set 7., A = H30 or NH,4 465
Ga(ox)3 -H30-pyridine, octahedral, 4:1, 87  10.4,50-60,0,2 dianion, on-set 7, 466
Ga(ox)3 -H30.PhNO,, octahedral, 4:1, ,B" 20.2, —, 0, 7.5 dianion, on-set 7 466
SFsCH,CF,S03, none, 2:1, B’ —, 10, 0, 5.3 SAH(13%, 1.9m.), y = 18.7, B=12.2, ©® =221 467
—, no, 0.2, 6.36 uniaxial strain(see section 3.5.4.3¢) 566

While the neutral ET molecule is non-planar, it becomes al-
most flat on formation of the partial CT complex except for the
terminal ethylene groups, which are thermally disordered at
high temperatures (Fig. 32).37°-38 The main conformations
of the terminal ethylene groups of the ET molecule are illustrat-
ed by A and Cin Fig. 32 (A and B are equivalent with opposite
conformations of the ethylene group). The relation between two
terminal ethylene groups is either eclipsed (D in Fig. 32) or

Continued on next page.

staggered (E in Fig. 32) in the A or B conformation. It was
pointed out by Leung et al. that the ethylene conformation is
one of the key parameters determining the physical and struc-
tural properties including the superconductivity.33?

3.3.4 Packing Characteristics of ET Molecules: ET
molecules tend to pile up one after the other with sliding to
each other so as to minimize the steric hindrance caused by
the terminal ethylene groups. Such a molecular packing leaves
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Continued.
Anion, symmetry, ratio, orr?, Tmaxs P, Characteristics? Ref.
and phase® and T,
KHg(SCN),, polymer, 2:1, « 100, no, 0, 0.3 SdH, AMRO(16%, 1.4m; 13%, 2.53m.), 394,400
y=64, =116, ©® =223
— —, 1,15 uniaxial strain(see section 3.5.4.3)
NH4Hg(SCN)y4, polymer, 2:1, o 380, no, 0, 1.7 SdH, AMRO(13%, 2.1m,), 394,396
y =26, =128, ©® =221
—, —, 05,6 uniaxial strain (see section 3.5.4.3)
RbHg(SCN)y, polymer, 2:1, o 6, no, 0, 0.5 SdH, AMRO(16.5%, 1.5m.), 398,401
y=171,8=11.1,6 =226
TIHg(SCN)4, polymer, 2:1, o —, no, 0, 0.1 SdH, AMRO(16%, 1.5m.; 103%, 4.0m.) 402
Ag(CN),-H,O, cluster, 2:1, k¥ 37, 150, 0, 5.0 SdH(17%, 2.7m.) 468
Hg, 75Clg, polymer, 4:1, K 30, 25, 1.2, 1.8 dianion 469
Hg) 39Brg, polymer, 4:1, k 5,18,0,4.3 dianion 470
—, —, 0.35,6.7 471
Cu(NCS),, polymer, 2:1, k 40, 90, 0, 10.4 SdH, AMRO, dHvA(15.7%, 3.5m.; 105%, 472478
6.5m.), ¥y =25, =112, ©® =215
Deuterated salt —, —, 0,112 IIE 300
Cu[N(CN),]Br, polymer, 2:1, k 50, 50-90, 0, 11.8  SdH(106%, 6.4m,. at 0.9 GPa), AMRO, 479,480
y =22, =128, =210 488
Deuterated salt —, —, 0,11.2 normal isotope effect 481
Cu[N(CN),]Cl, polymer, 2:1, k 2, semi, 0.03, 12.8  SdH, AMRO(15.5%, 102% at 0.77 GPa), 298,488
reentrant super
Deuterated salt —, —, 0.03, 13.1 1IE 300
Cu[N(CN),]Cl1,Br_,, polymer, 2:1, k —, —, 0,10 x=0.15 482
—, —, 0,115 x=0.25 482
—, —, 0,113 x=0.5 482
Cu[N(CN),]Brgolo.1, polymer, 2:1, k —, semi, 0.3, 5.9 483
Cu[N(CN), ]I, polymer, 2:1, k& 1, =200, 0.12, 7.7 484
Cu(CN)[N(CN);], polymer, 2:1, K 50, no, 0, 11.2 AMRO 304,485-
Deuterated salt —, —, 0,123 1IE 488
Cu,(CN)s, polymer, 2:1, K 10, semi,0.15, 2.8 SdH, AMRO(3.1% at AP; 96%, 303,304,
4.5m, at 0.8 GPa), spin-liquid 489,490
Cuy_y(CN)3_2,[N(CN),],, polymer, 2:1, k  —, —, 0, 3-11 K'-(ET),Cu,(CN); 491-494
2 Cup(NCS)s, polymer, 3:1 22, no, 0, 1.06 charge of donor = +1/3 373
ReO,-H,0, tetrahedral, 2:1 200, 2.5, 0, 1.5 SdH(0.7%, 1.15me; 1.5%, 0.9m,) 374

a) TCE: 1,1,2-trichloroethane, TBE: 1,1,2-tribromoethane, 121DBC: 1,2-dibromo-1-chloroethane, 121DCB: 1,2-dichloro-1-bromo-
ethane, 112DCBE: 1,1-dichloro-2-bromoethane, PACN: benzonitrile, ox: oxalate dianion. b) S cm™', semi: semiconductor. c) hydro-
static pressure until otherwise mentioned, GPa. d) IIE: inverse isotope effect, SAH: Shubnikov-de Haas oscillations, dHvA: de Haas-
van Alphen oscillations, AMRO: angle dependent magnetoresistance oscillations, the numbers in parenthesis are the area of the Fermi

surface relative to the first Brillouin zone and the cyclotron mass, m.: electron mass, ¥, ,3, ®: see footnote of Table 13.
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Fig. 31. (a) Packing arrangement of ET molecules in the first 2D metal (ET),ClO4(TCE)ys at RT.*”® (b) Calculated Fermi sur-
face,> and (c, d) the temperature dependence of electrical resistivity.?%>-376377 The figure (d) demonstrates the difference between
the slow (O) and rapid cooling conditions (@).
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Fig. 32. Molecular shape of an ET molecule in (a) a neutral solid and (b) k-(ET),Cu(CN)[N(CN),]. The main conformations of a
terminal ethylene group of an ET molecule (A—C) and the relation of the two ethylene groups (D: eclipsed, E: staggered).
Projection views of an ET molecule along the long molecular axis for the eclipsed and staggered ones in k-(ET), Cu(CN)[N(CN),].
S—=-S in A(B) and C, and the big circle in D and E represent the C¢Sg plane viewed along the long molecular axis.

Fig. 33. Schematic view of «-(ET),Cu(NCS), indicating

anion openings and transfer interactions (¢, ¢, and tl).384

cavities along the molecular long axis, where counter anions
and sometimes solvent molecules occupy. This tendency leads
to a relatively small #;,. Hence, ET salts are poorly conductive
compared with BO and TMTSF salts.

ET molecules also have a strong tendency to form proxi-
mate intermolecular S-S contacts along the side-by-side direc-
tion leading to an increment of 7,. The ET conductors are
composed of alternating structures of a 2D conducting layer
and insulating anion layer. Significant donor—anion interac-
tions arise from the short atomic contacts between the ethylene
hydrogen atoms of ET and anion atoms around the anion open-
ings in the anion layer as schematically shown in Fig. 33.38
However, the donor—donor interactions through the anion
opening are very small, since the electron densities on the
terminal ethylene groups are negligible'? and the distance
between ET molecules along this direction is rather long.
Therefore, the transfer integrals along this direction (7)) is
the smallest (¢t > ¢, > t,/) and the transport is governed by
tunneling through the metal—insulator junction.3%3

These competing different kinds of donor—donor and donor—
anion intermolecular interactions and the large conformational
freedom of the terminal ethylene groups together with the rath-
er flexible molecular framework give ET complexes having a
variety of crystal and electronic structures. Even with a partic-
ular anion, ET molecules form a variety of CT complexes with
different ET packings. They have the same composition with
different crystal structures (polymorphism) or different compo-
sitions (sometimes the inclusion of solvent molecules) depend-
ing on the crystal-growth condition. Single crystals with differ-

ent crystal structures sometimes grow together and should be
separated either based on the morphology under a microscope,
by structural inspection, or by inspecting physical properties
such as EPR signal and electrical conductivity.

In addition, the fairly narrow bandwidth and strong electron
correlation of the ET complexes have afforded a variety of
functional materials: namely, 2D superconductors (Table 15,
more than 50 superconductors, 7. (mid-point) < 13.4 K), Mott
insulators (Table 12, including spin-Peierls systems,?87-288.308
antiferromagnets,285:286.294.298-302309  and  spin-liquid!%-305),
ID metal with CDW transition (ReQ,,3%03%7 B-PFq 38838
B-AsFg, 30 B-SbFg, 3031 C(CN);,%? and Pt(ox), (4:1)%%73%3),
2D metal with CDW transition (¢-MHg(SCN); (M = K,
Rb,361-364.394-401 3 TI402) and -TIHg(SeCN)44%3), 2D metal
with FISDW transition (8”-AuBr,***), charge-ordered insula-
tors??6:297:405-407 (§_Cu, (CN)[N(CN), |, 0-MM’(SCN)4 (MM’ =
RbCo, RbZn, and CsZn), k-(ET)4PtClg-C¢HsCN, and triclin-
ic form of k-(ET)4(NEts)[M(CN)s]-3H,0 (M = Fe'l, Co',
and Cr'™M)), spin-ladder systems (Zn(SCN); (1:1)*%® and -
GaCl4%%%), monotropic complex isomers (Table 8),'%8-204 and
2D metallic ones down to low temperatures (CuCly(H,O)
(3:1)’409,410 Br (3:2)’411 ﬂ-IzBr,412’413 ﬂ,’-IC12,414‘415 IB"_
AuBr, 416417 B”_AuBrL*'® 9-Ag(CN),,*"” k-Hg[(SCN);F],*%
Cuslg,*?! BF4(TCE) 5 (rapid cool),*??423 C104(TCE), 5 (rapid
cool),>’® (IBr,),(TCE)y 5 (annealed),*** and Hg,Cls (chloro-
benzene) (4:1)*®).

In summary, the characteristic features of the ET molecule
and complexes are the following:

1) Non-planar neutral ET molecules become almost flat ex-
cept the terminal ethylene groups in the ionic and partial CT
complexes. The terminal ethylene groups are orientationally
disordered at high-temperature.

2) ET molecules tend to pile up one after the other with slid-
ing into each other so as to minimize the steric hindrance
caused by the terminal ethylene groups. The perpendicular
transfer interactions (7, ) originated from the side-by-side prox-
imate S--S contacts are comparable to the parallel ones (f),
giving rise to a 2D conducting layer.

3) The 2D conducting ET layer and insulating anion layer
stack alternatingly to form a layered ET conductor. The anion
layer has openings through which the neighboring ET layers
have interlayer interactions (¢,/) with each other by the tunnel-
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Fig. 34. Temperature dependence of (a) resistivity and (b) magnetic susceptibility of (EDO),PF¢. Arrows indicate the MI transi-
tion. (c) Calculated Fermi surface of (EDO),PFg, where the arrow indicates the nesting vector. (d) Molecular structures of neutral

and monocationic EDO molecules.*2°

ing effect, giving rise to 1, >t > .

4) Different kinds of ET--ET and ET--anion intermolecular
interactions, large conformational freedom of ethylene groups,
flexible molecular framework, fairly narrow bandwidth and
strong electron correlation provide a rich variety of ET com-
plexes with different crystal and electronic structures.

3.3.5 New Metal-Insulator Transition: To destabilize the
metallic state of the BO complexes, the substitution of one eth-
ylenedioxy group with an ethylenedithio group (BO — EOET,
Fig. 14)?3>242 or the elimination of one ethylenedioxy group
(BO — EDO, Fig. 14)?#426427 was found to be very efficient
owing to the weakened self-assembling ability (Fig. 14). The
(EDO),X salts (X = PFg, AsFg, and SbFs) have a quasi-1D
Fermi surface and exhibit a peculiar first-order MI transition
(Fig. 34) at rather high temperatures (240-280 K). The phase
transition consists of a cooperative mechanism with charge-or-
dering, anion order—disorder and Peierls-like instability, which
induces a doubled lattice periodicity giving rise 2kg nesting.
Also, the transition has a thermal hysteresis as probed by the
magnetic susceptibility and is related to the flexibility of the
EDO molecules (Fig. 34d). The deformation of EDO mole-
cules and local Coulomb interaction between EDO and anion
molecules are anticipated to trigger the new cooperative MI
transition. The high-temperature metallic phase is composed
of flat EDO molecules with +0.5 charge, while the low-tem-
perature insulating phase is composed of both flat monocations
and bent neutral EDO molecules with a charge-ordered stripe
[+1,41,0,0]. This stripe is different from those so far known,

[0, 41,0, +1] stripe for H-(ET),MM’(SCN),4,*% indicating that
the neighbor-site Coulomb repulsion energy is not dominant
compared to the transfer energy within the (EDO'*), dimer.
Laser irradiation onto the insulating (EDO),PF¢ crystal indu-
ces a phase transition to the metallic state within a few pico-
seconds (see section 4.3.1.3).428

3.4 Design of Molecular and Crystal Structures for
(Super)conductors. 3.4.1 Alternating or Segregated Pack-
ing and Donor Packing Pattern: Many researchers still
think that it is impossible to predict the packing pattern of
component molecules in the solid. In some cases for CT com-
plexes, however, it is incorrect. The key parameters are the de-
gree of CT (8) and the self-assembling ability of component
molecules.

When the component molecules have no strong self-assem-
bling ability, it is difficult to obtain neutral CT complexes
(8 < 0.5) with segregated packing except for some special cas-
es having a clathrate character (i.e. 4,4'-dinitrobiphenyl com-
plexes with benzidines, biphenyls, etc.*?*** and Cg com-
plexes with OMTTEF,>* ET,*! etc.).

In the TTF.p-benzoquinone system, both component mole-
cules have a weak self-assembling ability. Therefore, except
for several highly conductive ones, (TMTTF.2,3-dicyano-
1,4-naphthoquinone, HMTTF.2,3-dicyano-p-benzoquinone
(Q(CN),), DBTTF.DDQ, DBTTF-DBDQ, TTF-.p-fluoranil
(tetrafluoro-p-benzoquinone, QF,4), and TMTTF-QXy (X =F,
Cl, and Br)),209:214,236432-435 105t of them have the alternating
stacking in the range of 0 < § < 1. Based on a plot similar to
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Fig. 35. Donor packing and Fermi surface for BO compounds. (a) Face-to-face packing (dotted red lines indicate the CH--O hydro-
gen bonds), (b) side-by-side contacts (dotted red lines indicate the short S--S atomic contacts), and calculated Fermi surfaces of

(¢) (BO)s(HCTMM)(PhCN), and (d) (BO),Cl(H,0);.2*

(b1)

Fig. 36. Schematic figures of S-S atomic contacts in typical (a) BO, (b) EOET, and (c) ET compounds. Dotted lines indicate the
comparatively short S-S atomic contacts. Thick dotted lines: Si,-Sip, medium one: Sj,-Soye and thin one: Syy++Seye. The S-S
contacts in the four side-by-side EOET molecules: (b1) EOET-TCNQ,?® (b2) metallic 8”-(EOET),AuBr,?*? and (b3) Mott

insulator o’~(EOET),Cu[N(CN),]Br.2*?

Fig. 15 using half-wave redox potentials, all of the conductive
TTF-.p-benzoquinone complexes mentioned above belong to
the range of —0.04 (for TTC,-TTF-DDQ) < AE(DA) <
0.31V (for TTF-QF,), which is comparable to Eq. 18.236043

With increasing the self-assembling ability of the compo-
nent molecules (mainly donor molecules) the AE(DA) range
for conductors expands, as shown in Fig. 18, and most of the
DA complexes in this region with a low hver band form seg-
regated columns or layers. These columns and layers are stabi-
lized by transfer interactions between the donor molecules.
The typical example is the BO system. Figures 35a and 35b
show one of the common packing patterns of the BO mole-
cules. The strong self-assembling ability of the BO molecules
arises from both the CH--O hydrogen bonds in the face-to-face
direction (Fig. 35a) and robust transfer interactions in two
different oblique directions owing to the strong S--S atomic
contacts (Fig. 35b). These afford both a wide valence range
of metallic state (0.33 <8 < 0.63) and a limited number of
preferable packing patterns giving rise to a stable 2D metallic
state, 234240

3.4.2 Self-Assembling Ability of BO and EOET Mole-
cules: Based on the structural analysis of EOET.TCNQ,?®
it was observed that the EOET molecule also has a self-assem-
bling ability, but it is much weaker than that of the BO mole-
cule. EOET-TCNQ has a sharp transition from semimetal
or narrow-gap semiconductor to magnetic insulator at 120 K.
Figure 36 schematically demonstrates the typical S-S atomic
contacts in the side-by-side direction in (a) BO, (b) EOET, and
(c) ET compounds. Since the HOMO coefficients of the inner
chalcogen atoms of these molecules are generally 3—4 times
greater than those of the outer chalcogens,'?° the transfer inter-
actions generated by the Sj,-Si, contacts in the side-by-side
direction are significantly important compared to those by

the SipXoue and Xy Xoye contacts (X: O or S). For the BO
compounds, the size difference between the oxygen and sulfur
atoms enables the formation of robust side-by-side Si,-Sip
contacts (Fig. 36a). On the other hand, smaller transfer interac-
tions are expected in the EOET system owing to its molecular
geometry. Furthermore, particular side-by-side S--S atomic
contacts between EOET molecules can be constructed owing
to the low-symmetric molecular shape of EOET (Figs. 36b1-
36b3).

Figure 36b1 is of the side-by-side packing in EOET-TCNQ
suggesting the reduced self-assembling ability of the EOET
molecule compared to that of BO. The side-by-side packing
in Fig. 36b2 is the most favorable for EOET complexes with
large transfer interactions, in which each EOET molecule is ar-
ranged alternately and the robust S;,--S;, contacts are uniform
in the side-by-side direction. This pattern affords 8”-(EOET),-
AuBr, showing a metallic behavior down to 1.6K.?*> The
EOET molecule is also prone to afford an o/-type stacking
(o/-(EOET),X: X = AuBr, and Cu[N(CN),]Br) similar to
the ET molecules, where the twisted donor dimers form segre-
gated columns and then form the side-by-side packing pattern
as depicted in Fig. 36b3. Both o-salts are Mott insulators at
RT and the magnetic behaviors are characteristic to an antifer-
romagnet for the AuBr, salt (Ty = 9K).2*

3.4.3 Self-Assembling Ability of ET Molecule, Packing
Patterns, and Superconductors: The steric hindrance exert-
ed by the bulky six-membered rings of ET molecules prevents
the formation of Sj,-S;, contacts (Fig. 36¢c). No particular
Sin-+Sout patterns are favorable as well. As a consequence, var-
ious kinds of S--S contacts are produced depending on the do-
nor packing patterns (®-, B-, 0-, k-phases, and so forth), and
are comparable to the other intermolecular interactions: i.e.,
face-to-face (;7-77) and donor--anion (H-bonds) interactions.
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Fig. 37. The packing of ET molecules in the bulk (a) and
surface (b) of B-(ET),I3. Every two ET columns (C,
column) along [110] shift by A in this direction in the sur-
face structure measured by STM. The uniform separation
between columns C; and C; in the bulk structure changes
to the alternating separation D, = 8.4 Aand D, = 6.8Ain
the surface structure.*3

Any interaction could not solely determine the donor packing
picture. It is thus much more difficult to predict the donor
packing pattern for the ET system compared to those of BO
and EOET, especially for salts with small and discrete anions.

In the ET cation radical salts with discrete linear anions
such as I3 and I, Br, the component molecules have great free-
dom of motion and the donor packing pattern can be changed
by thermal or pressure treatment.*3¢%¥7 Scanning tunneling mi-
croscope (STM) measurements revealed that the surface struc-
ture of B-(ET),I; crystals contains many defects, voids, and re-
construction of donor packing (Fig. 37) attributed to the unsta-
ble structure of the anion layers,**® while the surface structures
of salts with polymerized anions such as «-(ET),Cu(NCS),**
and «-(ET),[MHg(SCN)4] (M = NH, and K)**%44! are stable
with no defects.

The polymerized anion molecules in k-(ET),Cu(NCS),
form an anion layer having openings, as seen in Fig. 33.3%
Two ET molecules form a dimer unit that fits into each open-
ing. In more accurate detail, the hydrogen atom of one ethyl-
ene group of the ET molecule fits into the core created by
anion molecules, like a key—keyhole relation. The position
of such an ethylene hydrogen atom projected onto the anion
cores produces unique patterns called o, B, 6, and k-types
(Fig. 38).%2 It means that the ET molecules arrange according
to the anion core or opening pattern created by polymerized
anions. Thereby, the intermolecular interaction within the
anion layers is a dominant factor governing the donor packing
pattern.

All the ET and BO superconductors so far known are sum-
marized in Table 15. In the following sections, the B-type with
discrete linear anions (I3, Aul,, and IBr,) and x-type with poly-
merized anions of ET superconductors are mainly described.

3.5 Two-Dimensional ET Superconductors. 3.5.1 -
(ET),I3:  B-(ET)I; (T. = 1.5K), discovered by Yagubskii
et al., is the first ambient pressure superconductor in the
ET family.*** This salt is called “low T. B-(ET),15” or “B; -
(ET),15.” The ET molecules are slightly dimerized in a face-

Fig. 38. The relation between anion core and donor pack-
ing patterns in ET complexes. (a) o-Type (each four ET
molecules are the repeating unit and fit to four uniform
anion cores), (b) B-type (each two ET molecules are the
repeating unit and fit to big and small anion cores), (c)
O-type (each ET molecule is the repeating unit to fit to a
uniform anion core), and (d) k-type (each two ET mole-
cules fit to two uniform anion cores and they are arranged
orthogonally to each other. The unit of two anion cores in
(d) corresponds to the anion opening in Fig. 33).44?

€ 4
o\é»am

Fig. 39. (a) Crystal structure of S-(ET),I3 at RT. Triclinic,
P1, a=6.609(1), b=09.083(1), c=152672)A, o=
85.63(2), B =95.62(2), y=70.22(2)°, V =852.2 A3,
Z =1 by Shibaeva et al. The I3 anions are arranged
along the (a + b) axis.*** (b) Calculated Fermi surface of

B-(ET),1; based on the donor packing in (a) and optical
data 495496

to-face manner to form a column (Fig. 39a). Short S-S atomic
contacts were observed between the columns but not within a
column. The linear anions are located on the inversion center.
Very short C-H--I contacts were observed between orienta-
tionally disordered ethylene groups and I5.

By cooling the crystals at ambient pressure, a superlattice
appears at 175K with incommensurate modulations of ET
and I3 to each other.*”’ Then, the orientationally disordered
ethylene groups near I3, which have either the A or B config-
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Fig. 40. Plots of T, vs (a) pressure by Tokumoto et al.>®' and (b) unit cell volume (at 298 K) by Williams et al. for S-(ET),X

(X = I, IBry, and Aul,).>?

uration (Fig. 32), order so as to make a new periodicity ac-
cording to the incommensurate superlattice periodicity. This
is the B, -phase. The formation of the superlattice at 175K
was suppressed by the pressure above 0.04 GPa. Then the
two ethylene groups were fixed in the eclipsed conformation
to give rise to a distinct superconductor having 7. of 8.1K
(designated as “high T, S-phase” or “By-phase”).*46447 The
high 7. phase is a metastable one and can only be isolated
by depressurizing the crystal below 125 K.

The Fermi surface deduced both from the crystal structure
at RT and from optical measurements exhibits a large closed
hole-like surface, which shares 50% of the first Brillouin zone
(Bz) (Fig. 39b).4>34% The SdH measurements of the By-phase
indicated that the closed Fermi surface corresponds to ca.
51% of the first Bz (m. = 4.65m,), which is in good agreement
with the calculated one.**® From the beating of the oscilla-
tions, f,/t. & 30 was evaluated. On the other hand, the SdH
and dHVA results on the f; -phase were not consistent with
Fig. 39b; namely, a closed orbit with only 22-25% (m. =
0.4-0.5me) or 103% (4.0m,) of the first Bz was detected. The
beating afforded , /¢, = 23-25. The Fermi surface of the f, -
phase has not been proposed yet.

Soon after the discovery of B-(ET),l3, other superconduct-
ing phases based on I3 ()/—(ET)3IZ_5,45O 6-(ET),15,%" and «-
(ET),15*?) and the modified anions (8-(ET),IBr,,*3* B-(ET),-
Aul,**) have been prepared. In addition, a-(ET),I3, which
shows an MI transition at 135K, was converted to mosaic
polycrystals of B-(ET),I; with T. ~ 8 K by tempering at 70—
100°C for more than 3 days.****9 Since the T, ~ 8K phase
thus obtained was stable and can be isolated at ambient pres-
sure, it was designated as ¢ -(ET),I3. The AMRO was first ob-
served on B-(ET),IBr,** and 6-(ET),13,°% and subsequently
has been utilized to study the precise shape of the Fermi sur-
face topologically,!64-166

The B-type donor stacking has been realized by use of linear
counter anions I3 (anion length is 10.1-10.2 IOX), Aul, (9.4 IOX),
L,Br (9.7 A), and IBr, (9.3-9.4 A). Among them, B-(ET),1,Br
is the only non-superconducting metal due to the disordered
orientation of the unsymmetrical anion, I-I-Br. Neither the
IBr, or Aul, salt exhibits the superlattice formation, and the

ethylene groups were in the eclipsed conformation. Therefore,
By-(ET),I; is isostructural to those of the B-phase salts of
Aul, and IBr;.

To explain the effect of the size of a linear anion on T of the
B-phase salts, some interesting correlations have been proposed
between 7. and structural parameters, such as lattice pressure
by Tokumoto et al. (Fig. 40a),°°! unit cell volume by Williams
et al. (Fig. 40b),>°2 and anion length by Kistenmacher.** The
lattice pressure, or sometimes termed the chemical pressure, is
a hypothetical pressure to represent the lattice compression,
and is used as one of the parameters to measure the effect of
chemical substitution on the physical properties among iso-
morphous crystals. By applying the lattice-pressure model to
the change in the lattice parameter along the (a + b)-axis,
one finds that B-(ET),Aul, and B-(ET),IBr,, both of which
have an isomorphous structure to fj-salt instead of B, -salt,
are placed on the T, vs pressure phase diagram of B,;-(ET),l;
(Fig. 40) at ca. 0.37 and 0.42 GPa, respectively.’*! Figures 40a
and 40b demonstrate that 7. increases with increasing the
length of the symmetric linear anion or application of negative
pressure, resulting in an increase in D(Er) mainly due to the
decrease in ).

Then, a longer linear anion than I is postulated to yield a 8-
phase salt with T, higher than 8 K. However, triiodide is the
longest one among the symmetric linear polyhalides, and thus,
a variety of longer anions of metal halides and metal pseudoha-
lides has been investigated, where the metals are Cu, Ag, Hg,
Ni, Pd, etc. and the pseudohalides are CN, OCN, SCN, SeCN,
etc. The first organic superconductor with 7. above 10K was
prepared by Urayama(Mori) and Saito et al. with the anion of
Cu(NCS), in 1988.472 The salt was found to be k-phase instead
of B-phase, and the anion Cu(NCS), was neither symmetric,
linear, nor discrete, but formed a zig-zag polymer.

3.5.2 k-(ET),Cu(NCS), and Other k-Type 10K Class ET
Superconductors: «-(ET),Cu(NCS), exhibits a complicat-
ed temperature dependence of resistivity (Fig. 41). Most sam-
ples exhibited a metallic temperature dependence from RT
(ort(//c) = 1040S em™!, 0, *:04:0, = 1/600:1:1.2) to 250
270K, followed by a semiconductor-like behavior down to ca.
90 K. Then, it showed a metallic behavior again with super-
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conducting transition with 7T.(mid-point) = 10.4K.*’> The
deuterated salt shows an inverse isotope effect (on-set 7. =
11.4K, off-set T, = 10.7K, and mid-point 7. = 11.1-11.2
KA74-478),

The crystal structure of «-(ET),Cu(NCS), is shown in
Fig. 42. Two ET molecules form a dimer with +1 charge
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Fig. 41. Temperature dependence of the resistivity of k-
(ET),Cu(CN)[N(CN), ], k-(ET),Cu(NCS),, k-(ET),Cu[N-
(CN),]Br, and k-(ET),Cu[N(CN),]C1.38

(b)

Bull. Chem. Soc. Jpn. Vol. 80, No. 1 (2007) 35

(S = 1/2). The ET dimers are arranged orthogonally to each
other to form a conducting layer of k-type in the bc-plane
(see also Figs. 33 and 38d), which is sandwiched by the insu-
lating and non-magnetic anion layers along the a-axis. Based
on the donor packing, the Fermi surface in Fig. 28a is calculat-
ed. The anion molecules Cu(NCS), are polymerized and the
infinite zig-zag anion chains extend along the b-axis, where
Cu'* is connected with one kind of NCS to form the infinite
chain and the other kind of NCS is attached to Cu!" triangu-
larly as a pendant (Fig. 43b).

The T, of ET salts has risen by the discovery of new k-type
salts by Williams et al. with large and thin anions Cu[N-
(CN)2]Y (Y = Cl and Br) in 1990, where dicyanamide (N=
C-N-C=N)~ bridges Cu'* to form a zig-zag polymer and Y
attaches to Cu'* as a pendant (Fig. 43c).2%%47° Figure 44a
illustrates the crystal structure of x-(ET),Cu[N(CN),]Cl. An-
other superconductor with 7, above 10K was developed in
1991 by replacing halogen Y in the Cu[N(CN),]Y anion with
pseudohalogen CN by Komatsu, Saito, et al.3**3%* In this salt,
however, Cu!* ions are connected by the ligand CN instead of
N(CN),, which now plays the role of the pendant (Fig. 43a).
As a consequence, the anion is represented as Cu(CN)-
[N(CN);] instead of Cu[N(CN),](CN).

These four 10K class superconductors, k-(ET),X {X = Cu-
(NCS),, Cu(CN)[N(CN),], Cu[N(CN),]Cl, and Cu[N(CN),]Br},

(c)

Fig. 42. (a) Crystal structure of k-(ET),Cu(NCS), (dextro-rotatory form).*’> Monoclinic, P2, a = 16.248(5), b = 8.440(2), c =
13.124(5) A, B = 110.30(3)°, V = 1688.0(9) A3, Z = 2, R = 0.084. (b) Packing of ET molecules viewed along the molecular long
axis. (c) Micrograph of single crystals k-(ET),Cu(NCS), (Courtesy of H. Ueba).

Fig. 43. Anion structures of k-(ET),X; (a) X = Cu(CN)[N(CN);], (b) X = Cu(NCS),, and (c) X = Cu[N(CN),]Y (Y = ClI and Br).
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Fig. 44. (a) Crystal structure and (b) calculated Fermi sur-
face of k-(ET),Cu[N(CN),]CIl. Orthorhombic, Pnma, a =
12.977(3), b =29.977(4), ¢ = 8.480(2) A, V = 3299(1)
A3, Z =4, R=0.0682%

Bloo y=3/4

share some common structural and physical properties, and
hence, construct a sub-group in the study of ET superconduc-
tors. On the other hand, other 10K class k-type superconduc-
tors with the M(CF3)4 anion (M = Ag and Cu) developed by
Schlueter et al.¥%*7 (Table 15) have a slight difference in
the sense that the anion is not polymerized but discrete and
the crystals include disordered solvent.

These four salts are classified into two groups according to
the crystal symmetry: namely monoclinic P2; for X = Cu-
(NCS), and Cu(CN)[N(CN),], and orthorhombic Pnma for
X = Cu[N(CN),]Cl and Cu[N(CN),]Br. The donor packing
patterns are similar to each other. There are two crystallo-
graphically independent ET molecules in the P2; symmetry
salts, while there is only one in the Pnma symmetry salts. Re-
flecting the crystal symmetry, the calculated Fermi surfaces of
the P2 salts showed the certain energy gap between a 1D elec-
tron-like Fermi surface and a 2D cylindrical hole-like one (-
orbit) (Fig. 28a), while such a gap is absent in the Pnma salts
(Fig. 44b).

At low temperatures, K-(ET),Cu(NCS);, has ordered ethyl-
ene groups of ET in a staggered configuration, while those
of the other three salts order in an eclipsed configuration
(<120K).

Up to now only x-(ET),Cu(NCS), shows the reliable SdH
and dHvVA effects at ambient pressure among these four salts
(Table 15). The SdH effects (666 T, Fig. 45) corresponding
to the extremal cross-sectional area of 18% of Bz were ob-
served above 8 T by Oshima et al., which is in excellent agree-
ment with the calculated Fermi surface in Fig. 28a.3%¢

The estimated cyclotron mass of the «-orbit myy, = 3.5-
3.6m, which is considerably larger than the calculated band
mass mpy = 0.9m.. The interlayer band width 4¢,, was esti-
mated to be 1.6 meV. The magnetic breakdown oscillations,
which correspond just 100% of Bz or extremal B-orbit in
Fig. 28a, were observed above 20T (m.g = Tme, cf. myg =
1.3m,).33%30> The m,. and energy gap between the 1D orbit
and o-orbit decrease under pressure (meq = 1.4me, meg =
2.7me, energy gap ~ lmeV at 1.63GPa). The cyclotron-
resonance mass for the o-orbit is estimated to be m. =
1.18m,., which is close to the calculated band mass but con-
siderably smaller than the cyclotron mass indicating the pres-
ence of strong electron—electron interaction.’®® x-(ET),Cu[N-
(CN),]Br and k-(ET),Cu[N(CN),]ClI exhibited quantum oscil-
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Fig. 45. Shubnikov-de Haas oscillations of «-(ET),Cu-
(NCS),.3¢ This is the first observation of quantum oscilla-
tions on an organic compound. Current and magnetic field
are applied along the a*-axis.

lations under pressure.*s8

Although the four 10K class ET salts have similar structural
aspects, their transport properties differ apparently (Fig. 41 for
resistivity and Fig. 46 for EPR, see also section 3.6.1). k-
(ET),Cu(CN)[N(CN);,] showed a monotonous decrease in re-
sistivity (ca. 5-50Scm™! // b, oy /01 ~ 230 at RT) with up-
per curvature down to the superconducting transition (Fig. 41).
K-(ET),Cu[N(CN),]Br (0r7(//2D plane) = 2-50S cm ™!, oy/
o = 200) exhibited a similar behavior to that of k-(ET),Cu-
(NCS),, usually without a metallic regime near RT (Fig. 41).
Kk-(ET),Cu[N(CN),]Cl (ort & 2Scm™!, oop/0) = 100-150)
is semiconducting (£, = 24 meV) at ambient pressure with a
semiconductor—semiconductor transition at ca. 42K due to
the occurrence of an antiferromagnetic fluctuation.?*® Below
42K the resistivity increased more rapidly (€, = 104 meV).
The spin canting of antiferromagnetically ordered spins gave
rise to a weak ferromagnet below 22 K.?*° Under a weak pres-
sure, the semiconductive behavior below 42 K was suppres-
sed and k-(ET),Cu[N(CN),]CI showed a similar temperature
dependence to that of k-(ET),Cu[N(CN),]Br and k-(ET),Cu-
(NCS),.

Nakamura et al. found that the temperature dependence of
the EPR linewidth AH, and g-values of the P2; salts are
clearly different from those of the Pnma ones (Fig. 46).>%7
For the salt of X = Cu[N(CN);]Br, the AH,;, increased mono-
tonically from RT to around 60 K, below which turned to de-
crease. The g-values along the principal axes were almost con-
stant down to 50K and then slightly decreased below it. For
X = Cu[N(CN);,]Cl, the antiferromagnetic interactions caused
the broadening of AHp, and increase in g-values below 35K.
However, the temperature dependence of AHj, and g-values
above 60 K were essentially the same as those of the salt of
X = Cu[N(CN);]Br.

For the P2, salts (X = Cu(NCS), and Cu(CN)[N(CN),]),
on the other hand, the temperature dependence of AH,, and
g-values, especially in the anisotropic behaviors along the b-
axis below 40-50K, are quite different from those of the
Pnma salts. Along the b-axis, AHy, shows an extreme broad-
ening (23 mT at 40K for the Cu(NCS); salt) and the g-values
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Fig. 46. Temperature dependence of EPR parameters (Xyy, spin, peak-to-peak linewidth AH,,, and g-value) of k-(ET),X; (a)
X = Cu(CN)[N(CN),] (P2)), (b) X = Cu(NCS), (P2), (c) X = Cu[N(CN),]Br (Pnma), and (d) X = Cu[N(CN),]Cl (Pnma).>"?

show a divergent increase below 50 K. The temperature depen-
dence of AH,, does not follow the Elliot mechanism and that
of g-values cannot be interpreted by any known theory.

The H-salt of k-(ET),Cu[N(CN),]CI shows a complicated
T-P phase diagram (Fig. 47a) as elucidated by Ishiguro, Ito,
et al 88308311 The galt exhibits a non-metallic behavior like
K-(ET),Cu[N(CN);,]Br or k-(ET),Cu(NCS), at higher temper-
atures (N1), and below 60K the EPR linewidth and intensity
start to decrease indicating the occurrence of the low-dimen-
sional antiferromagnetic fluctuation (N2) down to 30-35K.3!4
Below it the EPR linewidth and g-value start to increase while
EPR intensity still decreases sharply owing to the growth of
the 3D antiferromagnetically ordered phase (N3). The EPR
signal abruptly disappears below 22 K and the salt becomes
a weak ferromagnet (N4). The '"HNMR and AC magnetic sus-
ceptibility indicate the coexistence of weak ferromagnetic and
superconducting phases below 13 K (incomplete superconduct-
ing phase; I-SC-2, see section 4.7.2).5!> Under a pressure of
ca. 20-30MPa another incomplete superconducting phase
(I-SC-1) appears and the complete superconducting (C-SC)
phase neighbors this phase at higher pressures. Below these
SC phases, the reentrant nonmetallic (RN) phase was ob-
served. Similar 7-P phase diagrams were obtained for the
D-salts of k-(ET),X (X = Cu[N(CN),]CP'! (Fig. 47b) and
X = Cu[N(CN),|Br*0>#1513 (Fig. 47c) with a parallel shift
of pressure. They are allocated at the higher and lower pressure
sides of the H-salt of X = Cu[N(CN),]ClI for the Br and CI
salts, respectively.

Contrary to the H-salt, k-(dg-ET), Cu[N(CN),]ClI did not ex-

hibit the coexistence of the superconducting and antiferromag-
netic phases. A new signal originating from the antiferromag-
netic resonance (AFMR) appeared below 15 K after the disap-
pearance of the EPR signal originating from (ET),*" (Figs. 48a
and 48b).>'* Subsequent investigation in the submillimeter
wave region confirmed the resonance being AFMR.>'¢ The
AFMR signal was also observed for the semiconductive «-
(dg-ET)>Cu[N(CN),]Br obtained by rapid cooling.30>>!7

3.5.3 Effective Volume and Prospect of 7. in ET Super-
conductors: We have observed a linear relation between T
and the effective volume V¢, which is defined as the space that
one conduction electron can occupy in a unit cell (Fig. 49):47

Vett = (Vcell - Vanion)/Na (32)

where Veeil, Vanion, and N are the unit-cell volume, the approx-
imate anion volume, and the number of carriers per formula
unit of the ET salt at RT, respectively.*’* Although the calculat-
ed Vg contains an uncertainty due to the inaccurate estimation
of Vianion, @ linear relation exists between T, and V¢ among ET
superconductors with different phases and anions, supporting
the idea that a low density of ET molecules in a crystal induces
a narrow band width, and thereby, a high D(EF).

Large anions such as MHg(SCN),~ (M = K and NH,) in
o-(ET);MHg(SCN)4, developed by Oshima, Urayama (Mori),
Saito, et al.,?**33 increase Ve considerably, and thus, are
expected to increase Veg. The crystal structure of «-(ET),-
MHg(SCN), indicates that the 2D conducting layers are sepa-
rated from each other by ca. 7 A by a thick anion layer and the
salts may have a highly 2D electronic nature (Fig. 50). These
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Fig. 47. Pressure-temperature phase diagram of (a) H-salt of k-(ET),Cu[N(CN),]C1,488310311 (b) D-salt of «-(ET),Cu[N(CN),]-
C1,319311 and (c) D-salt of k-(ET),Cu[N(CN),]Br’!3 (M: metallic phase, N1-N4: nonmetallic phase, RN: reentrant nonmetallic
phase, C-SC: complete superconducting phase, I-SC-1, I-SC-2: incomplete superconducting phase. The nature of N1 is not clari-
fied yet.!%* The triple critical points of N2, N3, and M phases indicate that the lattice pressure increases in the order of K-
(ET),Cu[N(CN),]CI (D) — k-(ET),Cu[N(CN),]Cl (H) — «-(ET),Cu[N(CN),]Br (D) by ca. 10 and ca. 20 MPa, respectively.
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Fig. 48. Antiferromagnetic resonance (AFMR) signal of «-(dg-ET),Cu[N(CN),]Cl (a,b)>'* and «-(dg-ET),Cu[N(CN),]Br (c).’'7 (a)
AFMR appears below ca. 15K at a different resonance field (H,s) from that of ET EPR signal. 7w indicates the temperature of
the weak magnetic ordering (=24 K for the D-salt). (b) Angular dependence of the AFMR within the bc-plane at 2.5 K. Hsg means
the spin-flop field. (c) Angular dependence of the AFMR signal within the (a) ab-, (b) cb-, and (c) ac-planes at 4.2 K. The angle 0°
corresponds to the a-, c-, and c-directions, respectively. The solid lines fit the standard theory assuming that a-, b-, and c-axes are
easy, hard, and intermediate axes, respectively.
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salts were metallic down to 4K and then superconductivity
was observed below 2K.3%0:400401 The results indicate that
the thick and bulky anions increase Vo sufficiently to sup-
press Vg and give rise to a low 7. As a consequence, “an ex-
panded anion that forms a thin anion layer” has been proposed
as an appropriate anion-design strategy.>>'® The substantial
reduction of T in «-(ET),MHg(SCN), also suggests the im-
portance of the interlayer interactions (¢,) through an anion
opening.

The large thermal contraction of organic crystals is one of
the factors reducing 7.. The unit-cell of x-(ET),Cu(NCS),
contracts by 63.6A3 (or 31.8 A3 per ET dimer) from RT to
15K.>!1° This corresponds roughly to a 10K reduction in T,
according to the relation in Fig. 49. In order to suppress the
thermal contraction, the use of “a structurally 2D anion layer
that is able to provide short anion--donor contacts” would be
effective.>>!8

Since the Vynion has a large ambiguity due to the complicat-
ed polymerized anions, a Vs value, which corresponds to the
sum of the space for C¢Sg skeletons of ET and the intra-donor-
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layer overlap space between them per two carriers, was pro-
posed by Yamochi et al.**? Figure 51 includes only the ambi-
ent-pressure superconductors of various phases. Except for
a-(ET);MHg(SCN); (M: K (a) and NHy, (b)), B-(ET)1; (c),
and k’-(ET),Cu,(CN); (g, see section 3.5.5), which have cer-
tain reasons to suppress T¢, the plot is represented by the linear
relationship

T, [K] = 0.131 Ve [A3] — 121. (33)

Summarizing the above, the packing density of the ET
molecules and hence the ¢, and 7, in Fig. 33 decrease with
increasing the basal area of the anion opening. This results
in a metallic state with increased D(E), and then eventually
in a Mott insulating state. With decreasing the thickness of
the opening, on the other hand, the interactions between donor
layers (# in Fig. 33) and hence the 3D nature of the electronic
structure will increase. This may give rise to an increase in T,
(see section 3.5.4.3). The donor--anion atomic contacts are ex-
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Fig. 49. A plot of T, vs Vg of 1: (ET),ReOy, 2: B~(ET),-
IBr,, 3: k-(ET),Cuy(CN)3, 4: k-(ET),13, 5: 6-(ET),l3, 6:
Bu-(ET)oLs, 6 B ~(ET)yI5, 7: B-(ET),Auly, 8: k-(ET),-
Cu(NCS),, 9: k-(ET),Cu(CN)[N(CN),], 10: k~(ET),Cu-
[N(CN),IBr, and 11: k-(ET),Cu[N(CN),]CL*’* The line
is a guide to the eye.
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Fig. 51. A plot of Ve for (ET),X.*? (a): a-(ET),KHg-
(SCN)4, (b): a-(ET);NH4HE(SCN)4, (¢) B-(ET).l3, (d)
B-(ET)IBr,, (e) k-(ET)ls, (f) 6-(ET)ls, (2) K'-(ET),-
Cuy(CN)3, (h) B-(ET)Auly, (i) k-(ET),Ag(CN),-H,O0,
() k-(ET)2Cu(NCS)2, (k) k-(ET)2Cu(CN)[N(CN).], (1)
k-(ET),Cu[N(CN),]Br.

.
’

Fig. 50.

(a) Crystal structure of a-(ET),KHg(SCN)4. The ET conducting layer is sandwiched by the anion layer. (b),(c) The sche-

matic view of the units of anion layer, Hg(SCN), and K(NCS),.3** Triclinic, P1, a = 10.082(10), b = 20.565(4), ¢ = 9.933(2) A,
o =103.70(2), B =90.91(4), y =93.06(4)°, V = 1997(2) A3, Z = 2, R = 0.0696.
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Fig. 52. Upper magnetic critical field H, of x-(ET),Cu-
(NCS), determined by the resistance recovery by the mag-
netic field (O: midpoint, M: on-set). Arrow indicates
Hpaui7*8 // and L represent the parallel and perpendic-
ular to the 2D conducting plane.

pected to suppress the thermal contraction, which leads to the
reduced D(Ef). Aiming to increase T, it is therefore proposed
to “use an expanded and thin anion that forms a thin anion lay-
er and provides both the loose donor packing to increase D(Ef)
and strong anion--donor atomic contacts to suppress thermal
contraction.”?>!® The superconductors having high 7, may re-
side close to the Mott insulating state, and it is expected that
the T¢ of the ET system rises to 20-25 K under optimal condi-
tions for the crystal structure.

3.5.4 Superconducting Characteristics of ET Super-
conductors: 3.5.4.1 Upper Critical Magnetic Field; The
resistance recovery curves with a magnetic field are very broad
for the transition, especially at lower temperatures. Since the
resistive transition under a magnetic field is dominated by
the fluxoid motion or distribution of T, the determination of
the upper critical field is rather difficult. k-(ET),Cu(NCS),
gave a higher H., value in the 2D plane than Hp,y;, which is
indicated by the horizontal arrow in Fig. 52477478 A recent
magnetoresistance measurement at low temperature revealed
that H, at 450mK comfortably exceeded Hp,y; by ca. 50%
without any saturation.’?°

The renormalization theory applied to the layered supercon-
ductors gives Ginzburg-Landau coherence lengths (§(0K) =
29 and 23 A for parallel to the 2D-layer, and 3.1 and 5.8 A
for perpendicular to the 2D-layer) for x-(ET),Cu(NCS), and
k-(ET),Cu[N(CN),]Br, respectively.*8!2! It is noteworthy
that the £ values perpendicular to the 2D plane are shorter than
the thickness of the 2D conducting layer (14-15 A).

3.5.4.2 Inverse Isotope Effect; Currently, ﬂ'—(ET)ZICh
(T, = 13.4K at 8.2 GPa, only on-set 7. of 14.2K was report-
ed®> and mid-point T, of 13.4K is extrapolated by us) and
the deuterated salt x-(dg-ET),Cu[N(CN),]CI (7. = 13.1K at
0.03 GPa)*® show the highest 7, under pressure, while both
are Mott insulators at ambient pressure. At ambient pressure,
Kk-(dg-ET),Cu(CN)[N(CN),] shows the highest T, of 12.3 K*¢
followed by «-(hg-ET),Cu[N(CN),]Br (T, = 11.8K).*°

The inverse isotope effect is one of the unresolved problems
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Fig. 53. Superconducting critical temperature 7. of k-
(ET),Cu(NCS), by RF penetration measurement.*’* The
arrows indicate the highest 7. of the H- (7, = 10.4K)
and D- (7. = 11.2K) salts determined by resistivity mea-
surements (mid-point), where early works report the high-
est T, of the D-salt as 11.0-11.1 K 474477478486

in organic superconductors. The resistivity measurement for
BL-(ET):1; shows an inverse isotope effect: namely, T, =
1.15K for H-salt and 7, = 1.43K for D-salt.*** For Bu-
(ET),15, the T, of H-salt was reported to be almost equal or
a little higher than that of D-salt.**® However, the inverse iso-
tope effect for B-(ET),l3 is not convincing since its T is so
sensitive to the external and internal circumstances as describ-
ed in section 3.5.1.

A clear inverse isotope effect has so far been observed for
K-(ET),Cu(NCS), (for example, T, = 10.4K for H-salt and
112K for D-salt, AT, = +0.8 K),474476:478:522-524 - (ET),-
Cu(CN)[N(CN),] (for example, T, = 11.2K for H-salt and
123K for D-salt, AT.=-+1.1K),*®® and «k-(ET),Cu[N-
(CN);ICI (for example, T. = 12.8 K for H-salt and 13.1K
for D-salt at 0.03 GPa, AT, = +0.3 K),?* while a normal iso-
tope effect has been for k-(ET),Cu[N(CN),]Br (for example,
T. =12.15K for H-salt and 11.92K for D-salt, AT, =
—0.23 K).480:481,522-526 Gince the superconductivity of k-(ET),-
Cu[N(CN),]CI appears only under pressure, no proper discus-
sion concerning the isotope effect is possible unless the uniax-
ial stress method is applied on the salt (see next section). These
above results were obtained by resistivity measurements.

For magnetic susceptibility measurements, where 7T is de-
fined by the intersection of the linear extrapolations of the para-
magnetic and the abrupt changing region, x-(ET),Cu(NCS),
shows the average T, = 9.9 K for 7 samples of the D-salt and
9.4K for 9 samples of the H-salt (AT, = 0.5K) (Fig. 53).47
Although the T, of the salt with ET molecules containing
13C isotopes at the outer ethylene groups is found to lie be-
tween those of H- and D-salts determined by resistivity mea-
surements (average 7. = 10.38, 10.64, and 10.89K for H-,
13C(outer)-, and D-salts, respectively),478 the static susceptibil-
ity measurements are indicative either of the inverse isotope
effect*’® or of negligible change in T, i.e., H- (T, = 8.7 &
0.2K), and '3C-salts (8.6 & 0.2 K);*8! hence the isotope effect
for 13C-salt is not conclusive. The labeling of N atoms of the
SCN ligands by >N gives no significant change in 7, as deter-
mined by resistivity measurements.*”’

A convincing inverse isotope shift between H- and D-salts
was also observed in k-(ET),Cu(CN)[N(CN),].*8 Figure 54
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Fig. 54. Superconducting critical temperatures 7, of k-
(ET),Cu(CN)[N(CN),] determined by the magnetic sus-
ceptibility (red) and resistivity (blue, mid-point) measure-
ments for the H-, '3C-, and D-salts. Green triangles indi-
cate the respective average values (Ref. 486 and unpub-
lished result by N. Matsukawa and G. Saito).

demonstrates the T, of K-(ET),Cu(CN)[N(CN),] composed of
hg-, dg-, and '3C-ET determined by magnetic susceptibility
and resistance measurements. The 7, determined by magnetic
susceptibility (red squares) ranges 9.9-10.3 K for 5 single crys-
tals of the H-salt (average T, of 10.14K), 10.5-10.6K for 5
single crystals of the 3C-salt (average 7. of 10.56K), and
11.6-11.7K for 6 single crystals of the D-salt (averaged T,
of 11.62K). On the other hand, 7. determined by resistivity
measurements (blue squares) are very scattered. The highest
and lowest T are 10.2 and 11.2K for the H-salt (average for
6 single crystals T, = 10.75K), 9.9 and 10.6 K for the '3C-salt
(only two single crystals), and 11.1 and 12.3K for the D-salt
(average for 7 single crystals 7, = 11.47 K). Although it is un-
certain whether the T of the '3C-salt is higher than that of the
H-salt, it is clearly concluded that the D-salt has a much higher
average T, than the H-salt (inverse isotope effect) by 0.72K
(resistivity measurements) and 1.48 K (magnetic measure-
ments).

The isotope effect observed in the D-salt is just the opposite
to that expected from the simple BCS theory as follows:

T. x ©  (isotope mass)™*, « =0.5. (34)

In the above salts, the o values are evaluated to be ca. —4.6
and —3.6 for X = Cu(CN)[N(CN);,] and Cu(NCS),, respec-
tively. Since the terminal ethylene groups of ET molecules
have specific contacts of C—H--anion, it is expected that the
phonon related to the C—H--anion vibration mediates the for-
mation of Cooper pairs.*’>

Besides that, the following “geometrical isotope effect” was
proposed by Toyota as a plausible cause.’”’ In general, the
conducting plane of the H-salt is more chemically pressurized
than that of the D-salt, and the D-salt has a larger unit cell vol-
ume. The unit cell volume of k-(dg-ET),Cu[N(CN),|Br is
about 0.16% larger than that of H-salt.’'® A similar structural
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isotope effect is seen in k-(ET),Cu[N(CN),]Cl, where the tri-
ple-critical point of the H-salt is shifted to the higher pressure
side by ca. 10 MPa in the D-salt (Fig. 47). If the geometrical
isotope effect is the dominant factor and 0.16% of volume ex-
pansion is realized by deuteration for the salts X = Cu(NCS),
and Cu(CN)[N(CN);], the increase in V. by ca. 1.3-1.4 A3
and, as a result, the increase in 7. by 0.4 K is expected from
the relation in Fig. 49. Therefore, the geometrical isotope ef-
fect is not sufficient to explain the observed isotope effect
(AT, = 0.72-1.48 K) for the salts X = Cu(CN)[N(CN),] and
Cu(NCS),. Furthermore, the unit cell volume of k-(dg-ET),-
Cu(NCS); is not larger, but smaller than that of the H-salt,>'°
indicating that the inverse isotope effect cannot be rationalized
by the geometrical isotope effect.

Later, Kini et al. reported a comprehensive work on the
isotope effect by labeling ET molecules with D, 3C, and
343 isotopes and Cu(NCS), molecules with 3C and N iso-
topes.>222* Static susceptibility shows an inverse isotope ef-
fect concerning hydrogen atoms with A7, = 0.30 £ 0.07K
(14 samples), which is the amount explainable by the “geomet-
rical isotope effect” if the D-salt has a larger unit cell than
the H-salt, but no discernible shift for the '*C(outer)- and
13C(central)-salts. The normal isotope effect with o = 0.26 £+
0.11 was observed in the 3C(outer)3*S-salt (19 samples). No
discernible isotope shift in the '*C(central)- and normal shift
in the '3C(outer)**S-salts suggest that the intramolecular C=C
(central) and C-S vibrations of the TTF skeleton, which are
closely associated with electrons through the e-mv coupling,>?3
are independent of the pairing phenomena. Furthermore, no
discernible shift of 7, in the Cu(!’N!3CS),-salt indicates that
any intramolecular vibrations in the anion molecule are not as-
sociated with the pairing phenomena. Kini et al. summarized
that the normal isotope effect is observed in the conducting
layer, and the inverse isotope effect (suggesting an unconven-
tional mechanism for electron-pairing) is seen in the non-con-
ducting layer. They mentioned that the latter result is likely re-
lated to the interlayer coupling involving electronic tunneling,
as a consequence of the quasi-2D of the system.

The isotope effect of k-(ET),Cu[N(CN);,]Br is rather com-
plicated. Figure 55 presents the four typical temperature de-
pendences of resistivity for a single crystal of the D-salt.’?
Curve 1 is similar to that of the H-salt and shows a semicon-
ductor-metal-superconductor behavior with 7, being lower
than that of the H-salt (7.(D-salt) = 11.2K vs T.(H-salt) =
11.7 K, inset of Fig. 55). The magnetic susceptibility measure-
ments indicate nearly the same shift (A7, = —0.4K) in go-
ing from the H-salt (7. = 11.3K) to D-salt (7. = 10.9K).
Tokumoto et al. reported AT, = —0.9K by the magnetization
measurements’”” and Wang et al. observed AT, = —0.5K
by the 1f method.**° Curve 2 was sometimes observed in both
H- and D-salts, in the parallel and perpendicular directions to
the ac-plane, with a resistivity maximum at around 40-50 K. A
few crystals of the D-salt exhibited curve 3 with a broad super-
conducting transition. Curve 4 was observed only for the
D-salt in one batch for the measurements along the b-axis,
and showed no trace of superconductivity. Initially it was
speculated that the gold wires (for the four probe method)
for the resistivity measurements provide a subtle pressure on
the sample by cooling, and the different pressure from sample
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Fig. 55. Four typical temperature dependencies of resistiv-
ity ([1]-[4]) for a single crystal of k-(dg-ET),Cu[N(CN),]-
Br. [1] shows a similar behavior to the H-salt and exhibits
two broad maxima between 70-100 K. [2] shows a peak at
around 40 K. [3] shows two peaks at 3040K and 11 K. [4]
does not show the superconducting transition. The inset
compares the superconducting transition of the H- and
D-salts.’?

to sample might give rise to the different behaviors as observed
in Fig. 55. Later it was found that rapid cooling of the sample
induces an antiferromagnetic state instead of a superconduct-
ing state in the D-salt.’!” Accordingly, it has been postulated
that an inverse isotope effect is observed for x-(ET),Cu[N-
(CN),]Br when the sample is cooled slowly through the phase
transition at around 80 K associated with the abnormal lattice
dilation change.>** However, nobody has so far succeeded in
observing the inverse isotope effect in k-(ET),Cu[N(CN),]Br
even cooling at a rate of 0.02 Kmin~!.52¢ So the “geometrical
isotope effect” cannot fully explain the isotope effect of k-
(ET),X including the Cu[N(CN),]Br salt.

It is very crucial to cool slowly down to near 120 and 80K
to observe the intrinsic properties of k-(ET),Cu[N(CN),]Br.
The former temperature is associated with the partial (ca.
88% in the eclipsed and 12% in the staggered) order of the eth-
ylene conformation being connected with the ethylene dynam-
ics, while the latter temperature is associated with lattice dila-
tion and ethylene groups are ordered completely. This feature
reflects the penetration depth measurements on k-(ET),Cu-
[N(CN),]Br and «-(ET),Cu(NCS), with cooling slowly only
below 100K as follows:3! 1) The penetration depth did not
change with cooling rate for the Cu(NCS), salt since the salt
does not have conformational phase transition below 100K
and gave short penetration depth (1, =430nm) caused by
the enhanced electron scattering by the conformational disor-
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Fig. 56. Proposed phase diagram by Kanoda for k-
(ET),X.33? Geometrical isotope effect is represented by
the arrow above the figure. The diagram can include
X = Cu(NCS),, Cu[N(CN),]Br, and Cu[N(CN),]Cl but
cannot include both k-(ET),Cu,(CN); (see section 3.6.3)
and k-(ET),Cu(CN)[N(CN);], which does not exhibit
paramagnetic non-metallic phase although the 7 is higher
than that of X = Cu(NCS),. Also, the metallic region ob-
served above 250-270K in k-(ET),Cu(NCS); is avoided
in the diagram. In order to include other k-type ET salts
that exhibit a metal-insulator transiton such as X = Hg-
(SCN);_4Y, (@a=1 for Y =Cl, Br, and I, a =2 for
Y = CI),°3% a bell-shaped region of insulating state is
proposed separately far right side of the superconducting
region.>3¢

ders of ethylene groups. 2) The penetration depths for the
Cu[N(CN),]Br salt, which has a disordered ethylene confor-
mation, were dependent on the lattice dilation at around
80K, and were estimated to be 570 nm for slow cooling and
690 nm for rapid cooling.

Kanoda et al. prepared the deuterated ET salts substituted
at different sites with different numbers of D atoms. They per-
formed 'HNMR measurement,’*? and found that the D-salt of
K-(ET),Cu[N(CN),]Br resides in close proximity to the boun-
dary between metal (paramagnetic metal) and paramagnetic
non-metal, which corresponds to the N1 phase in Fig. 47. They
proposed a T—P phase diagram for k-(ET),X (Fig. 56) and put
the salts X = Cu(NCS),, Cu[N(CN),]Br, and Cu[N(CN),]Cl
from the right in the diagram.>*? This diagram is quite simpli-
fied compared with the experimentally observed complicated
ones (Fig. 47), but is very convenient and useful to explain
why the D-salt of k-(ET),Cu[N(CN),]Br behaves so sensitive-
ly to pressure.

The “geometrical isotope effect” implys that the D-salt cor-
responds to an application of negative pressure to the H-salt
along the interlayer direction. The phase diagram in Fig. 56
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Table 16. Superconductivity under Hydrostatic and Uniaxial Pressure
Salt Method? //®  Max. P/GPa® Max. T./K? (dT./dP)/K GPa~!® Ref.
(TMTSF),Cl104 hydro AP 14 —1.0* 539
(TMTSF),PF¢ hydro 0.65 14 —0.9* 546
oil a 1 0.9(on-set) — 547
a-(ET),1;5 hydro 2D metal down to low T (at 2 GPa), no T, at AP 548
epoxy a 0.2 7.2(on-set) — 548
b metal down to low T (0.3-0.5 GPa) 548
a-(ET), AP 0.3 399
KHg(SCN)4 epoxy b* 0.28 1.6 +6.6 549
oil a 1 no T, 550
b* 1 1.2 +1.4 550
c 1 1.5 +1.7 550
a-(ET), AP 1.7 396
NH4Hg(SCN)4 epoxy b* 0.38 34 +8.4 549
oil a 0 14 —-1.3, 551,552
0.4GPa < CDW < 0.6GPa
b* 1 4.5 +2.8 551,552
c 0.5 6 +9 - —6 551,552
BL-(ET),l; hydro AP 1.5 —3* 540
By-(ET).15 hydro AP 8.1 —14%* 541
B-(ET),1Br, hydro AP 2.7 —7* 542
B-(ET),Aul, hydro AP 4.9 —10* 543
Kk-(ET), hydro AP 10.4 —(30-35)* 537
Cu(NCS), tensile b Ab/b=95x%x10"3 AT.=0.6+0.5 553
c Ac/c=27%x10"2 AT.=00%1.0 553
epoxy a decrease —16 554
b decrease 554
c 0.075 10.7 +16 — —18 554
comp epoxy a -20 555
epoxy b decrease —1.9(0-0.2 GPa), —25(0.2-0.4 GPa) 556
c 0.1 AT. = 1.3 +13 - =5 556
Kk-(ET), hydro AP 11.8 —24%* 538
Cu[N(CN),]Br epoxy a 0 9.0 —16.8 558
c 0.2 12.2 +6.0 > —17.5 558
k-(ET), hydro 0.03 12.8 —34%* 300
Cu[N(CN),]C1
k-(ET), hydro AP 11.2 —25* 487
Cu(CN)[N(CN),]
Kk-(ET),Cu,(CN)3 hydro 0.15 2.8 —12.5 303
epoxy a* +10.2 — =3.0 557,559
0.5 6.8 +13 - 2.6 557,559
c 0.3 7.3 4247 - =32 557,559
+233 - —44

a) AP: ambient pressure, hydro: hydrostatic, epoxy: uniaxial strain by epoxy method, oil: uniaxial strain by oil method, comp: uni-
axial compressive stress, tensile: uniaxial elongation stress. b) Direction of applied pressure. c) The pressure where the maximum 7
is observed. d) Maximum 7. e) *: d7T,./dP with hydrostatic pressure. — indicates that d7,/dP changes at higher pressures.

and “geometrical isotope effect” point out that 7, increases
with decreasing pressure if only the parameter U/W or D(Ef)
is taken into account. This tendency has been observed under
hydrostatic pressure. However, the geometrical isotope effect
and also the T—P phase diagram in Fig. 56 should be renewed
taking into account the electronic and structural anisotropy
since the thermal expansion coefficients of x-(ET),X salts
are known to be anisotropic as discussed in the next section.

3.5.4.3 (Super)conductivity Under Hydrostatic- and Uni-
axial-Strain; a. Hydrostatic Pressure; In general, T,
decreases rapidly with increasing hydrostatic pressure (d7./
dP = —(30-35) KGPa~! for X = Cu(NCS),>*’ and —24

K GPa~! for Cu[N(CN),]Br),>* in good accordance with the
D(€r) consideration except for some special cases, X =
Hg goBrg (dT./dP ~ +13 K GPa~!)*"! and Cu[N(CN),]Cl,>%®
for which T, increases with increasing pressure at low pres-
sures then is suppressed at higher pressures (d7./dP = —34
KGPa1).3® The suppression rates of T. by pressure for
the 10K class superconductors are remarkably high com-
pared to other superconductors (d7,/dP = —1.0K GPa™!
for (TMTSF),Cl04,%% —(9-10) K GPa™! for f; -(ET),l5,448:340
—14KGPa™! for By-(ET),15,°* —7KGPa~! for B-(ET),-
IBr,,>* —10KGPa~! for B-(ET),Aul,,>¥ —7.8 KGPa~! for
K3Cgo,>** and —9.7 K GPa~! for Rb3Cgy°*). Table 16 summa-
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rizes the pressure dependence of 7. for selected TMTSF and
ET salts.

The hydrostatic pressure method, however, has a marked
disadvantage in that it can not provide any information con-
cerning the anisotropy of the anisotropic organic conductors.
Now it becomes rather clear that physical data obtained under
hydrostatic pressure do not reflect the real and even averaged
electronic structures. The recent high-pressure works by the
uniaxial strain method clearly indicate that the pressure depen-
dence of T is very anisotropic as reflected in the anisotropic
electronic structure of the organic conductors. Furthermore,
for several salts the T, increases under uniaxial strain along
a certain direction as shown in Table 16. The uniaxial strain
method (epoxy or oil-method in Table 16) can shrink an or-
ganic crystal in a certain direction without causing Poisson’s
effect when the sample embedded in epoxy resin or oil is kept
in a clamp pressure cell.>

b. Thermal Expansion Coefficient; Kund et al. observed
discontinuous changes of the thermal expansion coefficient
in K-(ET),Cu[N(CN),]Br and deduced that the uniaxial-stress
dependence of T, is highly anisotropic.’®® They have evaluat-
ed the uniaxial stress dependence of 7. along the ith crystal-
lographic direction in the limit of vanishing stress: [d7./
dpilsimo (i = a, b, and ¢), based on the data for the second-
order jumps of the thermal expansion coefficients A«; at T,
using the Ehrenfest relation (Eq. 35), where AC; is the discon-
tinuity in the specific heat at Tt.

1 AC, [dT,
—p[ } ) (35)
oi—0

Aa,- = —_—
Vmol Tc dpi

The dT./dp; values of k-(ET),Cu[N(CN),]Br obtained from
the thermal expansion coefficients are —(22-24), £(1-2),
and —(2—4) K GPa~! for the a-, b-, and c-axes, respectively,
indicating that the superconductivity is very sensitive to the
a-axis parameter that is the direction of the 2D Fermi surface
and anion chain. It is noteworthy that the negligibly small
dT./dp, along the interlayer direction suggests the negligible
“geometrical isotope effect” in this salt. However, considera-
bly different data were reported by Miiller et al., especially
along the interlayer direction, i.e., d7,/dp; = —11.6, —12.6,
and —1.2 KGPa™! for a-, b-, and c-axes, respectively, indicat-
ing that the “geometrical isotope effect” should be clearly
detected.”®! So far no reliable thermal expansion coefficients
have been reported on this salt.

As for k-(ET),Cu(NCS),, the dT./dp; values were reported
as —48 KGPa~! along the g-axis and —11 KGPa~' along the
c-axis by Lang et al.,’%2 and —32.0, 0, and +14.6 KGPa™!
along the a-, b-, and c-axes, respectively, by Kund et al.>®
Again no good coincidence was observed between the values
along the c-axis (direction of 2D Fermi surface). Later, Lang
et al.>®* reported considerably different data for the D-salt of
Kk-(ET),Cu(NCS), from their previous data for the H-salt:
dT./dp; = —62, —1.4, and +34.4 K GPa~! for a-, b-, and c-ax-
es, respectively. They claimed that the large difference between
the H- and D-salts along the c-axis is due to the crystal imper-
fection of their H-salt. So large negative and positive values
along the a- and c-axes, respectively, and a nearly negligible
value along the b-axis are the experimentally expected ones.

The large negative value along the a-axis (interlayer direc-
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Fig. 57. Pressure dependence of T, (on-set) of k-(hg-ET),-
Cu(NCS), under uniaxial strain.’>® The value of the exter-
nal pressure applied at RT is adopted.

tion) suggests a large “geometrical inverse-isotope effect” in
this salt, though the a-axis is invariant (ca. 0.03%) between
H- and D-salts.’!° On the other hand, provided that the dT./
dp; along the c-axis is positive, an increase in 7. is readily ex-
pected by an applying pressure along this direction.

c. Uniaxial-Strain on k-(ET),Cu(NCS),, k-(ET),Cu[N-
(CN),;]Br, a-(ET),KHg(SCN)4, and Other Salts; k-(ET),-
Cu(NCS), and k-(ET),Cu[N(CN);]Br: The d7./dp; values
so far reported for k-(ET),Cu(NCS), suggest a negligible pres-
sure effect on T, along the b-axis. As early as 1990, however,
Kusuhara et al. observed an increase in 7, (AT, = 0.6 £0.5
K) by applying elongation tensile stress along the b-axis.>>
On the other hand, an application of elongational stress along
the c-axis, which is expected to increase T, based on d7./dp;,
gave rise to a negligible effect on 7, (AT, = 0.0 & 1.0K).>>
Tokumoto et al. reported varied 7. by applying a uniaxial com-
pressive stress.”>* They observed a gradual decrease in T,
along the b-axis stress, while an increase in 7, to 10.7K at
0.07 GPa by the c-axis stress is in good agreement with the
prediction of positive d7./dp;. At higher pressures the 7.
decreases with dT,./dP. ~ —17K GPa~!, which is similar to
the monotonous decrease in 7, by the a-axis stress (d7./
dP, ~ —15KGPa~!). Campos et al. applied a uniaxial com-
pressive stress using the epoxy-method, and found a significant
decrease in 7. by d7./dP, = —20K GPa~!.5% Note that this
method is susceptible to Poisson’ effect since the epoxy resin
embedding the sample is not kept in a clamp cell.

A uniaxial strain using the epoxy-method without involving
Poisson’s effect (Fig. 57) along the c-axis increases 7. with
dT./dP. = +13 K GPa~! up to 0.1 GPa followed by a decrease
with dT./dP. ~ —12 K GPa~!.%¢ On the other hand, a uniax-
ial strain along the b-axis decreases 7, very gradually up to
0.2GPa and then rather rapidly (d7./dP.~ —28 KGPa™!).
Along the interlayer direction (//a*), T. decreases monotoni-
cally (dT./dP, ~ —(11-17) K GPa™!).

Summarizing the uniaxial strain effect on k-(ET),Cu-
(NCS),, T, increases along the c-axis (direction to the 2D
Fermi surface) in the initial pressure range (<0.1 GPa, AT, =
1.3), while decreases by applying pressure along other direc-
tions.

As for k-(ET),Cu[N(CN);,]Br, T. increases slightly up to
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0.2GPa (AT, ~ 1K) when the uniaxial strain is applied along
the c-axis, which is parallel to the 1D Fermi surface.’®® The
result conflicts with the prediction by the thermal expansion
coefficient (d7./dp. = —(1-4) KGPa™h). Along the a-axis
(parallel to the 2D Fermi surface) strain, 7, decreases mono-
tonically in agreement with the thermal expansion coefficient.

The Cu(NCS), and Cu[N(CN),]Br salts behave quite differ-
ently concerning the topological aspect of the Fermi surface,
indicating that the T, change can not be interpreted by the
Fermi surface change under uniaxial strain.>>%35% Figure 58
demonstrates the 7. of several k-(ET),X superconductors with
respect to the two parameters U/W and ¢’ /t, where the latter
represents the electronic anisotropy of the k-type ET salt,
and 7 and ¢’ are the transfer integrals between the neighboring
ET dimers (see section 3.6.3). The uniaxial strain experiments
clearly revealed that T increases as U/W approaches unity
and as '/t departs from unity.>> In order to rationalize the
increased 7. under uniaxial strain along a certain axis and to
investigate the relation between Fermi surface and transport
properties, structural analysis under the uniaxial strain in the
superconducting state is indispensable.

o-(ET),MHg(SCN)4 Salts (M = K and NHy): Campos et

(d

Fig. 58. T. of k-(ET),X salts are plotted as a function of
¢/t and U/W.5° X = I (a), Ag(CN),-H,0 (b), Cu(CN)-
[N(CN),] (c), and Cu[N(CN),]CI (d). Blue and yellow
arrows indicate the direction of ¢/t decreases and U/W
increases, respectively. Red arrows correspond to the
change of 7. by applying uniaxial strain. The uniaxial
strain experiments on (a)—(d) are underway.
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al. observed an increase in 7, to 2K (on-set) of o-(ET),-
KHg(SCN)4, which has T, of 0.3K at ambient pressure, by
applying uniaxial stress by the epoxy-method along the b*-
axis.”*® Figure 59 demonstrates the anisotropic behavior of
the superconductivity of a-(ET),KHg(SCN); under uniaxial
strain using the oil-method by Maesato et al.>>® At ambient
pressure, the resistivity hump due to the formation of density
wave®® (most probably CDW) is clearly seen at around 8 K
in all directions. Under the ag-axis (//side-by-side direction)
uniaxial strain, the resistivity hump is easily suppressed but
no superconductivity was detected up to 1.0GPa down to
0.5 K. On the other hand, the hump persisted up to 0.3-0.5 GPa
along the other directions and the 7 increased up to 1.2 and
1.5 K under uniaxial strain of 1.0 GPa along the b*-(interlayer
direction) and c- (//1D Fermi surface) axes, respectively.

The T, of a-(ET),NH4Hg(SCN), increases up to 6 and
4.5K under uniaxial strain of 0.5 and 1.0 GPa along the c-
and b*-axes, respectively.551 Along the a-axis, however, T, de-
creases monotonically as an applied pressure increases up to
0.6 GPa, above which the superconductivity eventually disap-
pears. A resistivity hump analogous to that observed in -
(ET),KHg(SCN), appears below ca. 10 K, indicating the for-
mation of the density wave state between 0.4 and 0.6 GPa.
Other Salts: As for k-(ET),Cuy(CN)3, the superconductivity
easily appears by uniaxial strain along all directions and the
T, increases at the initial pressure range,”’ in marked contrast
to the monotonic decrease in T, under hydrostatic pressure.*’!
The details will be described in connection with the spin-liquid
ground state in section 3.6.4.

At ambient pressure, B”-(ET),SFsCH,CF,SO; exhibits a
metallic temperature dependence in the 2D ab-plane above
T, of 5.2-5.3K (mid-point).*” The uniaxial strain along the
b-axis increases the 7, at the initial compression region
(T. = 6.36K at 0.2 GPa, Fig. 60), while the T, is nearly un-
changed by the strain along the o’-axis.’®® Along the inter-lay-
er direction (c*-axis), the T, is rapidly suppressed by the uni-
axial strain. These results are qualitatively consistent with the
results of the uniaxial pressure coefficients of 7, deduced from
the thermal-expansion study. %

As mentioned in section 3.3.5, (EDO),PFg exhibits a first-
order metal-insulator transition consisting of cooperative
mechanisms with charge-ordering with molecular deformation,
partial freezing of the anion disorder, and 2kg doubling of
lattice periodicity at around 280 K.*?® When the uniaxial strain
is applied along the b- and a’-axes, which correspond to the
stacking and interstack directions, respectively, the metal—in-
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Fig. 59. Pressure dependence of T. of a-(ET),KHg(SCN), using uni-axial strain (oil method) along the a-, b*-, and c-axes by
Maesato et al. The T, at ambient pressure is ca. 0.3 K. The value of the external pressure applied at RT is adopted.>>*!
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sulator transition temperature slightly decreases or remains un-
changed and the jump of resistivity is suppressed with increas-
ing the strain at the initial compression stage (Fig. 61a).%’ On
the other hand, the Ty increases remarkably up to above RT
by the strain along the c*-axis, which corresponds to the inter-
layer direction (Fig. 61a). These results indicate that the strain
along the interlayer (//c*) direction is effective to stabilize the
insulating phase in comparison with those along the intralayer
directions. The low-temperature X-ray diffraction measure-
ment at ambient pressure revealed that the intralayer direction
is unexpectedly expanded just below Tyy, while the interlayer
distance is shortened below the temperature because the anion
is slightly inserted into the donor layer. Therefore, the increas-
ed Ty by the uniaxial strain along the interlayer direction is
consistent with the anisotropic lattice distortion.

With applying large strain along each direction, the insula-
tor phase was suppressed and the metallic phase was stabi-
lized. The MI transition occurred at lower than 150K with a
feature of second-order (Fig. 61b).

It should be emphasized again that the behavior under hy-
drostatic pressure corresponds neither to the averaged nor to
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Fig. 60. Temperature dependence of resistance of f”-
(ET),SFsCH,CF,SOj3 under the uniaxial strain at 0.2 GPa.
in the low-temperature region.”®® The black circle, red tri-
angle, and green triangle correspond to the strain applied
parallel to the a’-, b-, and c*-axes, respectively.
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any anisotropic behaviors under uniaxial strain. Hence, the hy-
drostatic pressure experiments on the organic conductors hav-
ing a strong anisotropic electronic structure should be replaced
by a more appropriate method, a uniaxial strain (epoxy- or oil-)
method; although, it should be noted that the epoxy-method is
rather unreliable concerning the magnitude of pressure at low-
pressure region (<0.1 GPa).

3.5.4.4 Symmetry of Superconductivity; No Hebel-
Slichter coherence peak was observed in either «x-(ET),Cu-
(NCS), (Fig. 62)°% or x-(ET),Cu[N(CN),]Br’®® in 'HNMR
measurements, ruling out the possibility of the BCS s-wave
state. Similar behavior has been reported for Sy-(ET),15°%°
and k-(ET),Cu,(CN); under hydrostatic pressure in '*C NMR
measurements.’’® Far below 7. an enhancement of 7, was
observed for k-(ET),Cu(NCS), just like By-(ET),15,°% but

Korringa law
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o :f/ o <
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Fig. 62. Relaxation time T; of 'HNMR of x-(ET),Cu-
(NCS),. Korringa law (7,7 = 1100sK) is seen between
100-10K. The decrease in 7} at around 10K is due to
the superconducting transition. No Hebel-Slichter peak
is observed just below 7. (indicated by arrow). The
increase in T; below 5K is due to vortex motion.’*® The
abnormal behavior above 100K is ascribed to the dynam-
ics of disordered ethylene protons of the ET molecules.

R
r‘; (b) ]
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Temperature dependence of resistivity of (EDO),PFg under the uniaxial strain (a) at 0.2 GPa, where the arrow indicates the

Ty at ambient pressure, and (b) at 1.6 GPa.>®’ Black, red, and green curves correspond to the strain applied along to the a’'-, b-,

and c*-axes, respectively.
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Fig. 63. Calculated density of state (DOS) of ET superconductors; (a) o-(ET),NH4Hg(SCN)4, (b) B-(ET), 13, (¢) k-(ET),I3, and
(d) 6-(ET),I5 based on the crystal structures at RT. The Fermi levels for the degree of CT (§) of ET molecules of 1/4, 1/2,

and 5/6 are depicted by solid lines.°®

the enhancement was more enormous. %8 It seems that the 7 !
enhancement in Fig. 62 is caused by vortex melting.>%®

The magnetic field penetration depth A for x-(ET),Cu-
(NCS), was estimated to be A, = 640-980nm by p.SR571
and reversible magnetization, 4, = 4 x 10* nm by microwave
impedance,’”? and 1.9-2.1 x 10° nm by complex susceptibili-
ty. Therefore, the anisotropy of the penetration depth A ,/4
is 40-310. The anisotropy of superconducting effective mass
was estimated within the range of 2 x 103-10°. These results
imply an extreme 2D nature of the superconductivity.

The symmetry of the superconducting state of k-(ET),Cu-
(NCS), has been controversially described as normal BCS-
type by Harshman et al.’”® Klein et al.,* Lang et al.’”
and Dressel et al.,>’® or non-BCS type by Kanoda et al.,>”’
Uemura et al.,>’37 Achkir et al.,®° and Belin et al.,’®! based
on the penetration depth, relaxation rate, and tunnel-gap
measurements. As early as 1990-1991, Kanoda et al.>”’ and
Uemura et al.”’® reported that A(7) evaluated by the suscepti-
bility, SR, and microwave surface impedance measurements
is apparently dependent on temperature (T or T?), suggesting
the presence of the anisotropic superconducting gap. These re-
sults, however, contradict those of other uSR, surface impe-
dance, and reversible magnetization measurements’’>70 that
show almost temperature independent A(T) as expected for
BCS-type superconductors. Other types of measurements are
also in disagreement with each other concerning superconduct-
ing character. DC magnetization measurements suggest that
the salt is in the weak coupling limit, while the specific heat
studies [y = 34(or 25)mJmol~' K2, AC =7.3 x 10> (or
5.3 x 10®)mImol~' K~!, AC/yT, > 2, ® =223 (or 215)K]
imply that the salt is a strong coupling superconductor of
BCS type.>®?

Scanning tunneling spectroscopy showed the V-shaped gap
structure in the 2D surface,’®? as expected for the d-wave sym-
metry. Perpendicular to the bc-plane, the tunneling spectrum
varied its shape depending on the tip direction, strongly indi-
cating the gap anisotropy: namely, d-wave symmetry with line
nodes along the direction 45° from the c-axis.

Recently, it was found by thermal conductivity measure-
ments that the symmetry is of d,. %

3.5.5 Control of U/W and Band Filling: Mixed Crystals
between K-(ET);Cu(CN)[N(CN);] and k-(ET);Cuz(CN);3:
K'-(ET),Cuy(CN)3:  The calculated D(Eg) of ET salts (-,

B-, 6-, and k-types) increases with increasing 6 from 0.5 to
0.8 regardless of the packing pattern (Fig. 63).% This indicates
that a highly oxidized state of ET with more than +1/2 is pref-
erable to raise 7. with respect to D(€g). However, no such at-
tempts (hole doping into (ET),X) have so far been forwarded.
Attempts to shift the Fermi level by replacing a part of Cu*
with Cu?* in k-(ET),Cu(NCS), (electron doping) during the
electrocrystallization have been unsuccessful in our group.
Figure 64a schematically illustrates the conversion of a Mott
insulator into metal, either by applying pressure, which is in
principle equal to the increase of transfer integral, or by shift-
ing the chemical potential, which corresponds to the carrier
doping. The Mott insulator k-(ET),Cu,(CN)3 (see also section
3.6) is converted to metal by applying a hydrostatic pressure of
0.35 GPa (Fig. 64b), in which a Mott insulator—metal transition
was observed at 13—14 K with a decrease of resistivity by a
factor of 10°.4°! On the other hand, k’-(ET),Cu,(CN)3, which
was prepared by the presence of CuCN and [N(CN),]'~ as
supporting electrolytes and has nearly the same crystal struc-
ture as that of x-(ET),Cu,y(CN); containing a small amount
of Cu’*, exhibited metallic behavior and superconducting
transition without a Mott insulating state (Fig. 64c).*914%2

Later, it was found that k’-(ET),Cu(CN); has the chemical
formula (ET)2(Cu'"5_,_,Cu?* ){(CN);_,[N(CN),],} and its
metallic and superconducting natures are governed by the con-
tent of Cu?* and ligand [NC-N—-CN]'~, which can be replaced
by the ligand [NC—Cu—CN]!~ in the anion layer owing to their
very similar shape, size, and equal charge (Fig. 65).4%3 For x =
0 and y = 0, the salt is the Mott insulator k-(ET),Cu,(CN)s,
while the other extreme side (x = 0, y = 1) is k-(ET),Cu(CN)-
[N(CN),] with T, = 11.2K at ambient pressure.39+48-487 By
changing both x (80-1200 ppm) and y (preferential values of
y are 0.05, 0.3-0.4, and 0.8), the T, is tuned from 3 to 11K
(Fig. 66). Figure 66 shows the relation between the mixing ra-
tio y and T for the k’-salt (22 out of 99 batches so far prepared
include superconducting crystals) and the following are the
noticeable features.

1) Between Mott insulator (point a) and 11 K superconduc-
tor (point e), superconducting crystals appear with the prefer-
ential ratio y of 0.05 (point b), 0.3 (point ¢), and 0.8 (point d).
It is worth mentioning that even 5% of N(CN), induces super-
conductivity. The mixing of the two kinds of ligand in the
anion layer was found to be uniform and homogeneous, and
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(a) A schematic phase diagram of a Mott insulator. The abscissa represents intermolecular transfer interaction and the

ordinate the chemical potential { (*~€f). A Mott insulator can be converted into a metal either by applying pressure or carrier
doping. Temperature dependence of resistivity of (b) k-(ET),Cu,(CN); and (c) &’-(ET),Cu,(CN)3 (Cu?>* = 430 ppm, the content

of [N(CN),]!~ is unknown) under various hydrostatic pressures. The indicated pressures have been measured at RT. The solid
6,491

lines are guides to the eye.

(b)

Fig. 65. The anion structures of (a) kK-(ET),Cu,(CN); and (c) k-(ET);Cu(CN)[N(CN),]. (b) A schematic figure of k’-(ET),-

(Cutyos, Cu2t ) {(CN)3_3, [N(CN)21, ) with y ~ 0.1,

04 06
y [IN(CN)2]

Fig. 66. Relation between the content of N(CN),, y and T,
in several crystals of k’-salt: K-(ET)2(Cu' ")y, (Cu®"),-
(CN)3_2y[N(CN);],. As for points a—e, see text. Dashed
line indicates the samples of y A 0.3.4%3

0.8 1.0

it can thus be denied both the simple mixing of 95% of
Mott insulator k-(ET),Cu,(CN)3 and 5% of k-(ET),Cu(CN)-
[N(CN),] domains and the random orientation of NC-X-CN
(X = Cu or N) in a single crystal. Interestingly, most of the
crystals in a batch have the same x and y values (the errors
in x and y are ca. 10 and 5%, respectively).

2) In general, a higher T is realized with larger y. This ten-
dency is represented by line connecting points a and e in
Fig. 66. Since the ratio of the bandwidth of the upper Hubbard
band Wy (see Fig. 20) to Uy is evaluated to be 1.11 and 1.16
for k-(ET),Cuy(CN); and k-(ET),Cu(CN)[N(CN),], respec-
tively, it seems that the partial replacement of NC—-Cu-CN
in the Mott insulator K-(ET),Cu,(CN); by NC-N-CN increas-
es the ratio Wy /Uy. This is the direction to the horizontal right
side of the Mott insulating phase in Fig. 64a. Therefore, the in-
crease in y simply increases Wy /Uy and the 7. of the resulting
salt k-(ET),Cuy—, {(CN)3_2,[N(CN),],} is expected to follow
the blue line in Fig. 66.

The similar size and shape as well as the same charge of
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(c)

(a) Magnetoresistance oscillations of @-(ET),KHg(SCN),. The SdH oscillations are indicated by thin arrows and a kink at

around 22 T is indicated by thick arrows.”®® (b) The arrow Q in the Fermi surface of a-(ET),KHg(SCN)y indicates the Q vector
for the reconstruction of the Fermi surface. (c) The reconstructed Fermi surface by Kartsovnik et al.’¥® Shaded part is the new
Brillouin zone, and A and A are the magnetic breakdown orbital and 2D cylindrical orbit, respectively, which were experimen-

tally confirmed by SdH and dHvA oscillations.

CN-X-CN (X = N, Cu) enable the exchange of ligand be-
tween Cuy(CN); {=(CuCN)’ + (NC-Cu—-CN)'~} and Cu-
(CN)[N(CN),;] {=(CuCN)? + (NC-N-CN)!~} resulting in
the comparable lattice parameters among k-(ET),Cu,(CN)3,
k-(ET),Cu(CN)[N(CN);] and their alloy, «’-salts.

There are many points far departing from the blue line in
Fig. 66, which is related to the varied content of Cu?t for a
fixed y. The content of Cu?>* is non-zero (x = 80—1200 ppm)
except for the two extreme cases of y =0 and 1 (x = 0 ppm).

3) Aty = 0.3, the T, covers from 3 to 10K and the crystals
with different 7, have different x values. This corresponds to
the vertical shift of the phase in Fig. 64a since the charge of
ET is modified from +0.5 to +0.5(1 — x). A tendency is ob-
served that T, increases with increasing the content of Cu?*
up to 400 ppm and then 7, decreases.**! However, the obvious
relation between T, and the content of Cu2* has still not been
completely elucidated due to the lack of sufficient data.

These experimental facts indicate that this system could be
an excellent model of band filling control and would be a good
candidate for making a superlattice structure composed of
Mott insulator/superconductor heterojunctions. It should be
emphasized that their lattice parameters are kept nearly con-
stant through such an anion modification, which is the most
essential feature for achieving successful tuning of 7. in an
organic superconductor.

3.5.6 Electronic Structures of a-(ET),MHg(SCN)4: As
briefly mentioned in section 3.5.3, 2D superconductors
a-(ET),MHg(SCN); (M = K, NHy, Rb, and TI) form a
group according to their crystal and electronic structures
(Fig. 50).394393.398.399 Their calculated band structures consist
of 1D and 2D Fermi surfaces as depicted in Figs. 30a and
30e. The 1D Fermi surface of a-(ET);MHg(SCN); (M = K,
Rb, and T1) tends to nest, forming a density wave state below
8 K. The diffuse X-ray study indicates the most plausible den-
sity wave to be CDW.%® Since the nesting does not diminish
the 2D Fermi surface, the temperature dependence of resistiv-
ity exhibits a weak hump at around 8§ K without losing the
metallic behavior (Fig. 59). The salt showed SdH oscillations
with an abnormal kink at around 22T, as observed by Osada
et al. (Fig. 67a),7% which differs from those of the NH, salt.>®’
AMRO of the K salt showed a drastic phase change at around

8 K.>%8 Kartsovnik et al. explained these behaviors in terms of
the reconstruction of the Fermi surface through the nesting of
the 1D Fermi part as seen in Figs. 67b and 67¢.°% However,
the shape of the reconstructed Fermi surface is not completely
settled for the a-(ET);MHg(SCN), family.36+3%9-5% For o-
(ET),NH4Hg(SCN)y, the nesting of the 1D Fermi surface does
not occur at ambient pressure, but occurs under an applied
pressure of 0.4-0.6 GPa below 10 K. Above 0.6 GPa, the nest-
ing disappears again and the salt shows a metallic state down
to 0.5 K333

3.6 Ground State of 10 K Class ET Superconductors. In
this section, the electronic ground states of a series of -
(ET),X (10K class superconductors with X = Cu(CN)[N-
(CN);z], Cu(NCS),, Cu[N(CN),]Br, and Cu[N(CN),]Cl, and a
Mott insulator with X = Cu,(CN)3;) at both high- and low-
temperatures are elucidated.

3.6.1 Electron Correlation and Band Parameters: The
organic superconductors having 7, near 10 K exhibit intriguing
transport properties originating from the strongly correlated
electronic structure, similar to high 7, cuprate®® and Cgg su-
perconductors.”® Figure 68 compares the resistivity of 10K
class superconductors (kK-(ET),Cu(CN)[N(CN);] (2), k-(ET),-
Cu(NCS); (3), k-(ET),Cu[N(CN),]Br (4), and k-(ET),Cu[N-
(CN),]Cl (5)) with those of Mott insulators x-(ET),Cu,(CN)3
(6) and strongly electron- correlated 6-(ET),Cu,(CN)[N-
(CN), 1, (7),%°6%°7 and a good metal having low T, B-(ET),-
Aul, (1). Some characteristics of these salts together with oth-
er ET salts are summarized in Table 17.

The Mott insulator k-(ET),Cuy(CN);3 (6) shows a compara-
ble orr value to those of 2-5 and 7. The energy gap €, of 6
(0.10-0.12¢eV) is twice that of 5 (0.024eV) and half that of
7 (0.17-0.19eV). The semiconductive region of 3-5, which
is called a paramagnetic non-metallic phase in Fig. 56, is
postulated to be a Mott insulating state. In this case, the mag-
netic susceptibility would exhibit the enhancement due to the
electron correlation (Eq. 26). However, the enhancement is
not significant compared to those of typical Mott insulators
of o'-, B-, 0-, and &§'-types as seen in Table 12. The magnetic
susceptibility, optical, thermopower, and other measurements
confirmed that the semiconductive-like region of 3 and 4 is
neither a typical Mott insulator nor typical metal. The origin
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Fig. 68. Temperature dependences of resistivity for 10K
class superconductors k-(ET),X (X = Cu(CN)[N(CN),]
(2), Cu(NCS); (3), Cu[N(CN),]Br (4), and Cu[N(CN),]Cl
(5)) are compared with those of a good metal with low
T. B-(ET)Aul, (1) and Mott insulator x-(ET),Cuy(CN);
(6) and strongly electron correlated 0-(ET),Cuy(CN)[N-
(CN),]» (7) at ambient pressure. The temperature depend-
ences of 2-5 is the same as depicted in Fig. 41.

Table 17. Characteristic Properties of ET Salts 1-7 and Others
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of the regime is still controversial:!3%:384327:332.597-599 hamely,
strong electron correlation,38+327-332597 freezing of the ethyl-
ene disorder,'® the structural effect including the abnormal
lattice dilation change, which was observed in 4 near
80 K>3%5%8 byt not in 3, the contribution of the thermally excit-
ed carriers from the flat portions of the occupied bands to the
unoccupied bands,”*® mixed valency of the Cu ion, and so on,
have been proposed, but the strong electron correlation is the
most plausible cause.

The resistivity behavior of 2 suggests that the semiconduc-
tive region may be hidden above ca. 70 K, and hence, the elec-
tron correlation increases in the order of 1 <2 <3 <4 <
5<6<T7.

Figure 69 demonstrates the temperature dependence of
the Xy, of these salts. Most of the data were obtained under
the same conditions by our group. k-(ET),Cu(CN)[N(CN),],
which behaves very similarly to k-(ET),Cu(NCS),, k-(ET),-
Cu[N(CN),]Br, and k-(ET),Cu[N(CN),]CI above 50K, is not
included in Fig. 69 to simplify the figure.

At RT, the EPR or static magnetic susceptibility (Xpin),
which is a good macroscopic probe for the electron correlation
as expressed by Eq. 26,283 of 2-6 lies in the range of 4.4—
5.5 x 107*emumol~! at RT, and the values are intermediate
between those of typical Mott insulators 8'-(ET),X (X = ICl,
and AuCly) (9.3-10 x 10~* emumol~!) and the metal 1 (3.4 x
10~*emumol~") (Table 17, Fig. 69). It is noticed that the
Xspin Values of 2-6 are rather close to that of the good metal
B-(ET),15 (4.6 x 10~*emumol™!).

I  Good metal Conductivity XRT Wu, ¢/ Ethylene Ref.
II 10K class superconductor ORrt (&) EPR.? static? Wu/AE® conformation” for x
III Mott insulator /Scm~!(eV) /10~* emu mol~!
I
a) k-(ET),1;5 30 no data 0.61, 1.24 0.58 E at RT —
b) B-(ET),IBr, 20 —© 0.60, 122 — E at RT —
¢) B-(ET)L; 60 4.6 0.59,1.23 — E+S < 175K 600
d) B-(ET)Aul, 1 20-60 34 0.57,1.14 — E at RT 601
II
e) k-(ET),Ag(CN),H,0 37 4.0 0.54, 1.15 0.60 S+ E at RT 507
f) k-(ET),Cu(CN)[N(CN),] 2 5-50 4.6 052, 1.16 0.66-0.71 S+E at RT 485,507
g) k-(ET),Cu(NCS), 3 5440 45-46,44-45 057,124 0.82-0.86 S < 120K 507,532
h) k-(ET),Cu[N(CN),]Br 4 5-50 4.5-5.5,44-45 0.55,1.12 0.68 E(88%) + S(12%) 507,532
at 127K for H-salt
i) k-(ET),Cu[N(CN),]Cl 5 2(0.024 > 42K) 4.5, 4.5-4.6 0.56, 1.10 0.75 E < 120K 507,514
11T
j) k-(ET),Cuy(CN); 6 2-7(0.10 > 100K) 5.5,4.7 0.50, 1.11  1.06 S < 120K 490
k) 6-(ET),Cup(CN)[N(CN),], 7 2-16 (0.17-0.19) 9.3, 10 — E at RT 296
1) ET-TCNQ 10 8.8 041,080 — E at RT 202
m) B'-(ET),ICl, 3 x 1072 9.6 027,049 — E at RT 285,286
n) B/~(ET),IBrCl 15x 1072 (022) —, 115 0.26, 048 — E> 120K 294
0) B-(ET),AuCl, 10-1-102 9.6 025,047 — E at RT 285,286

a) Measured in our laboratory except a, b, d, and n. b) Measured by Kanoda for salts

5532 ¢) Wy/AEq is a ratio of the upper band-

width (Wy = 0.50-0.57 eV) to dimerization energy (AEy = 0.45-0.51eV), which is a measure of W/U, (see Eq. 24 and Fig. 20).
The calculated W of salt 7 (not dimerized ET system) is 0.65eV. d) As for transfer integrals ¢ and ¢, see Fig. 72. e) E. L. Venturini
et al. (Synth. Met. 1988, 27, A243) reported EPR x below 100 K, but their x values are unexpectedly large (8.3 x 10~* emumol~! for
B-(ET),IBr; and 6.0 x 10~*emumol~' for B-(ET),I5 at 100K). f) E: eclipsed, S: staggered.
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Fig. 69. Temperature dependence of EPR spin susceptibili-
ty Xspin Of @ single crystal of a good metal B-(ET),Aul, (1,
@), those of 10K class superconductors k-(ET),X (X =
Cu(NCS); (3, H), Cu[N(CN),]Br (4, @), and Cu[N(CN),]-
Cl1 (5, ©)), a Mott insulator k-(ET),Cu;(CN);3 (6, l), and a
strongly electron-correlated insulator 6-(ET),Cu,(CN)-
[N(CN),1» (7, ®). k-(ET),Cu(CN)[N(CN),] (2) exhibit a
very similar temperature dependence to those of 3-5 from
RT (~4.7 x 10~*emumol~") to 30 K, and then monotoni-
cally decrease down to 20K (3.3 x 10~* emu mol ') with-
out any anomaly (not depicted in this figure).

Between RT and 100 K, the magnetic susceptibility of Mott
insulators 5 and 6 indicates that both have a similar electronic
state to those of the electron-correlated 10K class supercon-
ductors 2—4 rather than the strongly electron-correlated insu-
lator 6-(ET),Cuy(CN)[N(CN),], (7) and the good metal B-
(ET),Aul, (1). The Xspin of § gradually decreases as tempera-
ture decreases in the range of 20-200K as observed for 2—4
(Xspin =7 X 10~* emumol~!). Although 6 exhibits a signifi-
cant enhancement of X, below 200K, the enhancement of
Xspin at low temperatures is not as significant as those for 7
(2.2-2.4 x 103 emumol~!' at ~40K) and S-(ET),X (X =
ICL, and AuClL) (1.3 x 103 emumol~! at ~100K). Since
all these ET salts have nearly the same calculated bandwidth
W (0.50-0.65 eV), the electron correlation in 6 is roughly anal-
ogous to those for 2-5 with slightly more enhanced electron
correlation. From this aspect, the electron-correlated systems
2-6 (f—j in Table 17) form a sub-group that is distinctly differ-
ent from the typical Mott insulators (I-o in Table 17) and is
slightly different from the good ET metals (a—d in Table 17).

13CNMR measurements by Kawamoto et al.®02%% on 3-5
and B; -(ET),l; clarified their electronic structures more pre-
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Fig. 70. BCNMR measurements on k-(ET),Cu(NCS); (3),

k-(ET),Cu[N(CN),|Br (4), k-(ET),Cu[N(CN),]Cl (5),
and B, -(ET),I; by Kawamoto et al.>3>602603 Thick arrows
indicate the points at 180 K and 50-60 K.

cisely. As seen in Fig. 70, the (T} T)_1 values of 3-5 are close
to that of B; -(ET),I; above 180K, below which these values
exhibited an appreciable increase down to around 50K due
to the highly correlated nature of the metallic phase. The elec-
tron correlation somehow ceased to grow in 3 and 4 below 50—
60 K and they went towards the superconducting ground state.
On the other hand, the electron correlation grew larger below
60K in 5 to form an antiferromagnetic ground state at ambient
pressure. This figure also indicates that the electronic states of
these salts including B-(ET),I; in the high-temperature regime
are not distinctive to each other. Based on these observations,
the metallic (or semiconductive) electronic states of 2—6 at
high temperatures are tentatively designated by us as the “fuz-
zy metallic state.”384

The electronic states of these salts at high temperatures
are well discriminated by the band parameters calculated
by a tight-binding model based on the extended Hiickel meth-
0d.38491 Table 17 summarizes the ratio Wy/AE4 and Fig. 71
demonstrates the relation between Wy /AE4 and Wy for the ET
compounds having dimerized ET molecules.’®* Wy and AE,
are the calculated upper-HOMO bandwidth and the dimeriza-
tion energy, respectively, and Wy /AEy corresponds to W /Ut
for a dimerized system since Uy & AEy (Eq. 24).

1) A nearly linear relation exists between the Wy /AE, and
Wy values among the ET compounds with dimerized ET mole-
cules. This relation suggests that Wy offers a measure of the
ratio W/ Ugg.

2) Typical Mott insulators reside at the lower-left side (1-o
in Fig. 71), while good metals (a—d) reside at the upper-right
side, though B-(ET),Aul, (d) has a slightly small Wy/AE4
owing to the rather large AE, value (0.50eV).
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Fig. 71. A relation between dimerization energy (AE,) and

bandwidth of the upper band (Wy) for ET compounds hav-
ing dimerized ET molecules. (a) k-(ET),15; (b) B-(ET),-
IBry; (¢) B-EThly; (d) B-(EThAub; (e) k-(ET)Ag-
(CN)2-H, 05 (f) k-(ET)2Cu(CN)[N(CN)2]; (g) k-(ET),Cu-
(NCS)2; (h) k-(ET)2Cu[N(CN)2]Br; (i) k-(ET)2Cu[N-
(CN)LICIL; (j) k-(ET),Cua(CN)3; (1) ET-TCNQ(triclinic);
(m) B'-(ET),ICl,; (n) B'-(ET),BrICI; and (o) 8'-(ET),Au-
ClL.,®%* 0: good metal, @:10K class superconductor, A: j,
and A: typical Mott insulator.

3) The 10K superconductors (f—i) together with x-(ET),Ag-
(CN),+-H,0 (e) reside between the Mott insulators and good
metals with Wy/AE, of 1.1-1.2, while k-(ET),Cu(NCS), (g)
has a slightly large Wy/AE4 owing to the small AE, value
(0.46¢eV).

4) Figure 71 strongly suggests that compounds showing a
resistivity hump (see Fig. 68) have rather a small Wy/AE;
value, which displays a strong electron correlation.

5) A Mott insulator having Wy /AEjy close to unity is able to
be converted to a metal or a superconductor by slight band fill-
ing change [e.g., k-(ET);Cuy(CN);3 (j) = «'-(ET),Cuy(CN)s3,
see section 3.5.5].

6) A Mott insulator having Wy /AEq far from unity becomes
a superconductor under extremely high pressure (m).*>>

3.6.2 Magnetic Ordering and Superconductivity:
Figures 68-70 indicate that the ground states of the k-salts
2-5 are of either superconducting or antiferromagnetic ordered
state. The electronic structures of organic and cuprate super-
conductors have been extensively studied and it is generally
observed that the superconducting state is located in close
proximity to the magnetic-ordered state (SDW or antiferro-
magnet). This feature is also observed in the Cg system.>?®

Below 20K, the X, of 6 starts to decrease rapidly as if a
spin-ordered state is realized such as 5 (Fig. 69) and deuterated
4. However, the ground state of 6 differs from them distinctly;
namely, the EPR, SQUID, '"HNMR, and uSR measurements
confirmed that the X, approaches to zero but does not vanish
down to 1.4, 1.9, 0.03, and 0.02 K, respectively, indicating that
the ground state is non-spin-ordered state, i.e., spin-liquid
state.*> Furthermore, the spin-liquid state is found to neighbor
the superconducting state in 6, which has a strong spin frustra-
tion at ambient pressure owing to its peculiar spin-lattice ge-
ometry. These peculiar behaviors will be fully discussed in
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Fig. 72.

(a) Donor packing pattern of k-(ET),Cuy(CN);
along the a-axis (transfer integrals; t,; = 22meV, t, =
12meV, t, = 8meV, and 7, = 3meV) and (b) triangular
spin lattice (¢ /t = 1.06; t" = tp, t = (|t,| + |t4])/2) com-
posed of the ET dimer, which is encircled by an ellipsoid

in (a) and represented by closed circles in (b).3%
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Fig. 73. Line shape of 'HNMR of (a) k-(ET);Cuy(CN)33%
and (b) k-(ET),Cu[N(CN),]C1.6%

the next section, in connection with the significant spin frustra-
tion arising from its spin-lattice geometry.

3.6.3 Electronic Anisotropy and Spin Ordering: «-
(ET);Cuy(CN)3 (6) has been known to exhibit a variety of
physical properties by inclusion of a very small amount of
Cu?*, [N(CN),'~], or other species depending on the prepara-
tion conditions as described in section 3.5.5303-305485-493
However, the electrooxidation of ET molecules using support-
ing electrolytes, KCN, CuCN, and 18-crown-6 ether exclusive-
ly provides pure 6 as black plates, as confirmed by the X-ray
structural analysis,**!”% and EPR*' and Raman spectra.*>3
Figure 72 shows the donor packing of 6, where an ET dimer
is a unit with § = 1/2 spin to form the triangular lattice with
two kinds of transfer integrals, = (|f,| + |t4|)/2 and ¢ =
2 /2.004:605

Figure 73 compares the line shape of the 'HNMR absorp-
tion of 6’ and k-(ET),Cu[N(CN),]Cl (5).9° The latter salt
exhibited a broadening of the absorption band below 30K
and a drastic change was observed below 27 K. The broaden-
ing and splitting of the band below 27 K are ascribed to the lo-
cal magnetic field by the formation of 3D antiferromagnetic
ordering. On the other hand, the absorption band of 6 remains
almost invariant down to 32 mK.
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Fig. 74. Temperature dependence of resistance of k-(ET),Cuy(CN); by uni-axial strain epoxy-method along the b- (left, ¢/t

increases) and c-axes (right, ¢/t decreases).>’

The appearance of the non-spin-ordered (spin-liquid) state
in 6 can be explained in terms of the spin geometry of k-
(ET),X salts, which forms an anisotropic triangular lattice with
varied ¢/t (Table 17). Although the Mott insulators 5 and deu-
terated 4 have nearly the same W/U.g as that of 6, the less
frustrated spins in 5 (¢/r~0.75) and D-salt of 4
(7' /t = 0.68 for the H-salt) can lead to an antiferromagnetic
state. On the other hand, since the spin frustration is very sig-
nificant in 6 (#'/t = 1.06), the formation of the antiferromag-
netic and superconducting states are suppressed at ambient
pressure. Then the salt 6 forms the unprecedented spin-liquid
state, which can be placed in Fig. 56 by adding another axis
'/t besides U/W.

In summary, the Mott insulator 6 has a similar electronic
structure to those of the 10K class superconductors (2-5),
which are poor metals having the “fuzzy metallic state” and
reside between good metals and typical Mott insulators, at high
temperatures. However, owing to the nearly uniform triangular
spin lattice, the salt exhibits a spin-liquid state at ambient pres-
sure, in contrast to the spin-ordered antiferromagnetic state in
5 and D-salt of 4.

3.6.4 Superconducting State Neighboring to Spin Liquid
State: Figure 74 shows the pressure dependence of resistance
of 6 along the b- and c-axes by the uniaxial strain epoxy-meth-
od. Along the c-axis, the salt shows a characteristic semicon-
ductor-metal-superconductor behavior in the pressure range
of 0.1-0.4 GPa, and the semiconductor-like region disappears
above 0.5 GPa. Along the b-axis, on the other hand, the semi-
conductive region remains clearly even at 0.5 GPa. The fact
that 6 undergoes a transition from being a Mott insulator to
metal even by a weak pressure strongly indicates a marginal
W /Ueg value similar to 5 and deuterated 4 at higher tempera-
tures under ambient pressure.

The uniaxial strains along the b- and c-axes result in an
increase and decrease in ¢’ /t, respectively. In both cases it is
evident that a superconducting state readily appears since the
'/t deviates from unity, i.e., the spin frustration is released
by the uniaxial strain. It is noteworthy that the appearance of
the superconducting state and its 7;’s are fairly anisotropic.

Figure 75 compares the pressure dependence of on-set 7,
using the uniaxial method with the hydrostatic one, which
gives T.(on-set) = 3.9K at P.=0.06GPa.*®! There are
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Fig. 75. Pressure dependence of on-set 7. of k-(ET),Cu,-
(CN); by the uni-axial strain and hydrostatic pressure
methods, where the external pressures are those applied
at RT for the former and those subtracted by 0.3 GPa from
the value at RT for the latter.>®

marked differences between them; namely, the uniaxial meth-
od affords 1) a much higher T, value, 2) an increase of T, at
the initial pressure region, 3) an anisotropic pressure depen-
dence, and 4) a very slow decay of T, by applying high pres-
sure (—dT,./dP = 2.6 vs 0.16 KGPa~!; however, this result is
equivocal since the actual pressure applied on the crystals is
not scaled between two methods with different pressure me-
dia). Under the uniaxial strain along the c-axis, the supercon-
ducting state appears at 7. = 5.8 K (P, = 0.1 GPa) and T, in-
creases up to 7.2 K (24% increase in T;) at 0.3 GPa. A similar
result was obtained along the b-axis. The superconducting
state appears at P, = 0.1 GPa with 7. = 3.8 K and T, increases
up to 6.8 K at 0.5 GPa (79% increase in T.). Along the a*-axis,
which is nearly perpendicular to the ET layer and is expected
to be insensitive to the strain, the superconducting state ap-
pears above 0.3 GPa with T, = 5.4 K. The P, is notably higher
than those in the bc-plane and the T is not as sensitive to pres-
sure as expected.

The appearance of the superconducting state is interpreted
by the increase in W/ Uy and the deviation of ¢/ /¢ from unity.
The former effect promotes the delocalization of electrons and
the latter reduces the spin frustration. The increase in 7 in the
initial pressure regime might be ascribed to the reduction of
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the spin frustration. The following decrease in 7, in whole
measured directions might be explained by the decrease in
D(Eg) owing to the increase in W. It has been known that
the transfer integral #, is sensitively enhanced by applying
pressure in comparison with #, for 3,907 and similar features
are also expected in 6; therefore, it is reasonable that the max-
imum of 7, emerges quickly in the c-axis since the strain caus-
es greater changes in both W/ U and ¢ /¢ than in the case of
b-axis strain.

A T-P phase diagram for k-(ET),Cu,(CN); in the low-tem-
perature region is depicted in Fig. 76. An application of uniax-
ial strain on 6 leads to the anisotropic appearance of the super-
conducting state with an increase in 7¢ in the initial pressure
region. An applying pressure can modify W/ U, electron-cor-
relation, D(EF), and ¢’ /¢ simultaneously. It should be noted that
all these effects are highly anisotropic in a system having an-
isotropic crystal and electronic structures. The appearance of
the superconducting state immediately after the release of the
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spin frustration in the spin liquid state is an indication of the

importance of the magnetic mediation for superconductivity.
3.7 Other Superconductors Based on TTF and M(dmit),

Derivatives. Table 18 contains other superconductors besides

t'/t
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Fig. 76. Temperature-uniaxial pressure phase diagram of
k-(ET),Cu,(CN); in the low-temperature region.>’°

Table 18. Other Selected Superconductors Based on TTF, TTP, and M(dmit), Derivatives

Anion,¥ symmetry, ORT Tiax P, T, Characteristics® Ref.
ratio, and phase /Scem™! /K /GPa /K
BETS GaCly, tetrahedral, 2:1, A 50 no 0 5.5 mid-point, SAH(100%) 609-613
FeCly, tetrahedral, 2:1, A — no 0.3 1.8 mid-point, Ty = Tyr = 8.3 K,
FISC(33T)
GaBry, tetrahedral, 2:1, k 30-50 70 0 1 mid-point
FeCly, tetrahedral, 2:1, K — no 0 0.17 Tn=045K
FeBry, tetrahedral, 2:1, k — 60 0 1.1 mid-point, Ty = 2.5K,
FISC (12.5T)
TICly, tetrahedral, 2:1, k 20 90 0 2.5
CI,TCNQ, planar, 2:1 — — 0.35 1.3 mid-point 614
BEDS-TTF  Cu[N(CN),IBr, 2:1, 0.1 no 015 75 615
EDT-TTF Hgs_slg (8: 0.1-0.2), B 15 no 0 8.1 616
DMET I3, linear, 2:1, B 170 — 0 0.47 617,618
Auly, linear, 2:1, 8 300 40 0.5 0.55 SDW(QR0K)
IBry, linear, 2:1, B 210 — 0 0.58
Au(CN),, linear, 2:1, B8 2500 25 0.25 1.1 SDW(25K)
AuBr, linear, 2:1, 8 14 150-180 0.15 1.6 SDW(2.8K)
AuBr;, linear, 2:1, K 200 150 0 1.9 dHVA(R104%, 6.0m,;
21%, 3.8m.)
AuCl,, linear, 2:1, B 230 — 0 0.83
CuCly, linear, 2:1, 8 1250 — 0 0.8 619
DMET-TSF  Aul,, linear, 2:1 — — 0 0.58 on-set 620
I3, linear, 2:1 — — 0 0.4 on-set
S,S-DM ClQy, tetrahedral, 2:1, 0.05 75 0.58 2.6 on-set 621
BEDT-TTF
meso-DM PFs, octahedral, 2:1, 8 15 no 0.40 4.3 on-set 622
BEDT-TTF
TMET-STF  BF,, tetrahedral, 2:1 50 — 0 4.1 on-set 623
ESET-TTF Cu[N(CN),]Br, 2:1, « — — 0.32 4.8 on-set 624
MDT-TTF Aul,, linear, 2:1, k 20 — 0 4.5 y =35, B =16.50, 625,626
Hebel-Slichter peak
MDT-TSF Aul,, linear, 2:0.88, 2000 no 0 4.5 on-set 627,628
I3, linear, 2:0.85, ,3 1500 no 0 4.6 mid-point 629
MDT-ST I, 1:1.3, B 600-1200 no 0 3.6 mid-point 630
LBr, 1:1.3, 8 400 no 0 3.2 mid-point
MDT-TS Aul,, linear, 2:0.88, ,3 600 no 1.14 4.7 on-set 631
MDSe-TSF  Br, 2:1, « 200-1000  no 0 4 on-set 632
DIETS Au(CN)y, planar, 2:1, 6 5 no 1.0 8.6 on-set 633

Continued on next page.
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Continued.
Anion,¥ symmetry, ORT Tnax P, T. Characteristics® Ref.
ratio, and phase /Sem™! /K /GPa /K
DODHT PF, octahedral, 2:1, 8" 0.92 no 1.65 3.1 on-set 634
AsFg, octahedral, 2:1, ,B" 1.2 no 1.65 3.3 on-set
BF,-H,0, tetrahedral, 2:1, ,3" 2.8 no 1.55 3.2 on-set 635
DTEDT Au(CN),, linear, 3:1 15 4 0 4 on-set 636
BDA-TTP PFs, octahedral, 2:1, B 3.8 — 0 59 on-set 637
AsFg, octahedral, 2:1, 8 2.9 160 0 5.8 on-set
SbFs, octahedral, 2:1, B 1.5 150 0 7.5 on-set
GaCly, tetrahedral, 2:1, B 53 no 0.76 3.1 on-set, SAH 638
FeCly, tetrahedral, 2:1, 8 94 no 0.63 2 on-set, SAH 639
Ni(dmit), TTF, 1:2, « 300 — 0.7 1.6 on-set 640
NMey, 1:2, B 60 100 0.7 5 on-set
EDT-TTF, 1:2, o 100 12 0 1.3 on-set, SDW, SdH 641
Pd(dmit), TTF, 1:2, a 800 245 2.2 1.7 on-set 642
TTF, 1:2, o/ — — 2.4 5.93  on-set
NMey, 1:2, B 30 semi 0.65 6.2 on-set
NMe,Et,, 1:2, o 10-80 no 0.24 4 on-set 643
PMe,Et,, 1:2, B 10 no 0.70 4 on-set 644

a) NMey: tetramethylammonium, NMe,Et,: diethyldimethylammonium, PMe,Et,: diethyldimethylphosphonium. b) y, B: see foot-

note of Table 13, FISC: Field-induced superconductor.

) G0 (= D) I
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LA (X=X
Se S S S Se S |
TMET-STF DIETS

= (X O XL LX)

MDT-TTF MDT-TSF MDT-ST

T

Tu

DODHT BDA-TTP

ET, BO, TMTSF, and TMTTF, which are composed of sym-
metric (BETS and BEDS-TTF) or unsymmetric donors (EDT-
TTF, DMET, DMET-TSF, MDT-TTF, MDT-TS, MDT-ST,
MDT-TSF, MDSe-TSF, S,S-DMBEDT-TTF, meso-DMBEDT-
TTF, TMET-STF, ESET-TTF, DIETS, DODHT, and DTEDT)
as well as M(dmit),. The T.’s of them are less than 10 K. Cgp
superconductors are described in section S. The reported T, of
most superconductors recently prepared are the on-set temper-
atures, which are approximately 0.5-1 K higher than the mid-
point values.

Compared with the ET salts, the BETS salts have large side-
by-side transfer interactions and thus less weak electron corre-
lations for the k-phase.®®® The BETS superconductors, espe-
cially with 1-69%610 or k-type packings,%''-%!3 have been stud-
ied in terms of the competition of magnetic ordering and su-
perconductivity, and will be briefly reviewed in section 4.7.

BEDS-TTF gave a rather high 7, (=7.5K) under pressure
with Cu[N(CN),]Br.6"

DMET is a hybrid molecule between TMTSF and ET, and

MDT-TS MDSe-TSF

0 Q0 Iy

DTEDT

has afforded eight superconductors with linear anion mole-
cules.®!7018 Except for k-(DMET),AuBr;, they have quasi-1D
electronic structures like the TMTSF salts and show SDW insta-
bility in Aul,, Au(CN),, and AuBr, salts. k-(DMET),AuBr;
has a 2D electronic structure owing to the k-type donor packing
and exhibits dHvA oscillations. The salt exhibits a semiconduc-
tive behavior down to 120-180 K, followed by a metallic and
then a superconducting transition at ambient pressure.

MDT-TTF gives a k-type superconductor with the linear
anion Aul,, k-(MDT-TTF),Aul,%% exhibiting a monotonous
decrease in resistivity down to low temperatures with a super-
conducting transition at 4.5K. '"HNMR measurements re-
vealed a Hebel-Slichter coherence peak just below T, indicat-
ing a BCS-type gap with s-symmetry.52

The (tetraalkylammonium)[M(dmit),], system is of n-type
superconductors, while M(dmit), superconductors with TTF
derivatives have two kinds of carriers. 'THNMR and diffuse
X-ray measurements claimed that TTF molecules in (TTF)-
[Ni(dmit),],, which is metallic down to 0.49 K at ambient
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Fig. 77. Future perspectives of organic/molecular electronics. The figure was made based on the proposed one by Cowan and

Wiygul®

and modified by Saito taking into account the recent development of the functional molecular materials. The inorganic

functional materials were rapidly developed recently by three main concepts; charge-spin-orbital, while the development of the
sophisticated organic/molecular materials need further two concepts; softness and internal freedom as shown in the top of the
figure. The advantage of the organic/molecular materials is the high sensitivity to the external stimuli, depicted in yellow area
in the top of the figure, compared to the inorganic materials since the intermolecular transfer interactions ¢ are commonly much
smaller than those in the inorganic ones. Consequently, a gigantic and ultra-fast response can be created by small stimuli, though
the small ¢ gives rise to small band, magnetic, optical and thermal parameters. The basic materials, phenomena and concepts
are represented in blue squares and the devices, applications and field of study are allocated at the very outside of the figure

in red squares.

pressure and becomes superconducting below 1.62K under
0.7 GPa, have a charge of +0.8.5° There are many S--S atomic
contacts between TTF and Ni(dmit), columns. The band calcu-
lation including the HOMO and LUMO of Ni(dmit), indicates
a small 2D pocket at around the T" point, which seems to sup-
press the Peierls instability. An application of modest pressure
extinguishes the pocket, and thus the salt becomes a 1D metal
exhibiting CDW instability. In this system, only (EDT-
TTF)[Ni(dmit),] is an ambient pressure superconductor,®*! in
which the EDT-TTF and Ni(dmit); columns extend along
[110] and [010] directions, respectively. However, the degree
of CT has not been determined yet.

4. Conductors with Other Functionalities

4.1 Strategy.
perspectives of organic materials for molecular devices.
Figure 77 depicts the modified version of organic/molecular
electronics including spinics, photonics, ionics, and so on,
based on the recent development of materials science.

In this chapter, we describe multi-functional solids as well
as liquids that exhibit competitive or cooperative phenomena
among the itinerant and/or localized electrons, protons or

In 1986, Cowan et al. described the future
645

molecular ions. These materials are represented by some
keywords enclosed by blue squares in Fig. 77. In section 4.2,
sr-molecular solids concerning the proton-transfer (PT) and
charge-transfer (CT) interactions will be described emphasiz-
ing the complex isomerization, complexes having simultane-
ous operation of PT and CT interactions, radical formation,
band filling, nucleobase conductors, and ionic conductors
based on PT interaction. Carrier doping by electric field, pho-
ton, etc. will be mentioned in section 4.3. Conducting films of
Langmuir—Blodgett type, self-assembled monolayers, reticu-
late doped polymer films, and evaporated thin films based on
CT complexes will be treated in section 4.4, followed by con-
ducting melts of CT type and conducting CT solids with a low
melting point in section 4.5. Conducting properties of ionic
liquids are discussed in section 4.6, together with the magnetic
behaviors of the conducting and paramagnetic ionic liquids
and the preparation of superconducting radical salts using ionic
liquids. Section 4.7 includes the magnetic (super)conductors.
Non-linear optical properties of intramolecular betainic com-
pounds will be discussed with respect to the intramolecular
CT degree in section 4.8.

All of the organic molecules have multi-functional nature
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mum potential for the N-I system for switching (upper, potential barrier between stable and metastable states is small and ther-
mally accessible) and memory (lower, potential barrier is rather high AE > kgT). 1D (c) and 2D (d) diagrams for searching the

boundary zone and functional materials.

and provide plural intermolecular interactions depending on
the nature of counter component, morphology (solid, films,
uni-molecule, etc.) and external circumstances. For example,
the CT interaction between D and A molecules in a solid
are broken down into two kinds of interactions; Interaction I:
electron transfer from neutral D to A molecules that costs
(Ip — Ea), and Interaction II: Madelung energy M, as describ-
ed in section 3.1.1. The situation is schematically illustrated in
Fig. 78. Figure 78a represents the system with double-mini-
mum potential as a balance like the Yajirobe of a Japanese
toy (Fig. 78b), where the boundary condition is (Ip — Ex) &
M. The condition is experimentally determined by a one-di-
mensional (Fig. 78c, i.e., Figs. 16-19) or two-dimensional plot
(Fig. 78d, i.e., Fig. 15) for the combination of D and A. One
can expect that the balance between the interactions I and II
can be controlled easily by the external stimuli (solvent polar-
ity, concentration, pH, temperature, pressure, electric field,
magnetic field, photon irradiation, and so on). The controllabil-
ity increases as the system approaches the boundary area. The
system shows a variety of phase transitions (i.e., metal < in-
sulator, Mott insulator <> metal, spin-liquid <> superconduc-
tor, and neutral <> ionic as mentioned in Chap. 3), monotropic
(see Table 8) and enantiotropic (see Table 9) complex isomer-
izations, and switching or memory effect depending on the
potential depths and barrier height AE in Fig. 78b. Also, it
shows multiple stoichiometry (see Table 11), polymorphism
(see Table 15), or phase transitions in solids (i.e., ¥-(ET);I5 —
o -(ET),13,%! see Table 15) depending on the number of po-
tential minima.

In order to find a system that affords such intriguing phe-
nomena (isomerization, phase transition, polymorphism, bista-
bility, or multi-critical phenomena), one should elucidate the
nature of the essential intermolecular interactions governing

the phenomena by breaking down them into the physical pa-
rameters, followed by the translation from the physical ones
to chemical parameters. Then it is easy to find and develop
a system close to the proximity of the boundary zone (see sec-
tion 6).

4.2 Proton-Transfer (PT) and Charge-Transfer (CT)
Interactions. Figure 79 shows a family tree of organic -
molecular complexes with component molecules having the
ability of PT and/or CT proposed by Saito and Inokuchi.%4¢
A similar family tree has also been proposed by Herbstein.!>°
In Chap. 3 the ionic CT complexes, radical salts and N-I tran-
sition in Fig. 79 have been described.

As shown in the next section, PT interactions contribute to
the phase transition, radical formation, band filling, ionic con-
duction, and so on.

4.2.1 PT, CT, and PT-CT Complex Isomerisation:
Herbstein described in his review!'>® that Pfeiffer suggested
many years ago®’ that the interaction between the two compo-
nents in molecular compounds could be considered as an inter-
action between particular force fields localized in different re-
gions of the component molecules. If more than one type of
force field was present in each of the components then isomer-
ic molecular complexes could be obtained depending on which
pair of force fields predominated—termed as complex isomer-
ization by Herte] 54864

For example, aniline and its derivatives are bi-functional
molecules concerning the charge(electron)-transfer and PT in-
teractions (Fig. 80): anilines have an electron-donating ability
as well as proton-accepting ability (Brgnsted base). On the
other hand, picric acid is a typical organic Brgnsted acid and
it also acts as an electron acceptor. For PT interaction, pK,,
pKy, and Coulomb energy are the important parameters, while
Ip, Ex, and M should be taken into account for CT interaction.
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Fig. 80. Schematic figure representing a system with two
competing intermolecular interactions I (PT) and II (CT).
In PT interaction, pK,, pKp, and Coulomb interaction are
the main parameters, while in CT interaction, Ip, Ea,
and Coulomb interaction (Madelung energy, M) are the
main parameters.

As early as the 1920s and 1930s, Hertel et al.**$-%%9 noticed
that “Progressive weakening of the acid-base interaction and
strengthening of the donor—acceptor interaction should pro-
duce binary compounds which range in type from “true pheno-
lates” at one end of the series to “true molecular compounds”
at the other. In the intermediate situations, same partners form
either phenolates or molecular compounds, depending on am-
bient conditions”—according to a paper by Herbstein.'”° As a
result, the combination of a particular base (D) and acid (AH)
affords either a PT complex or a CT complex in a solid
(Egs. 36 and 37).1:247:648-669

PT Type: D+ AH — DH*-A~ (36)
CT Type: D+ AH — D+ . AH*(§ ~ 0). (37)

For example, aniline (D) gives an orange-yellow ionic salt
with picric acid (AH), namely anilinium picrate by the PT in-
teraction. The yellowish color is ascribed to the picrate ion
(A7) and the salt does not exhibit a free NH; stretching mode
but rather a broad NH; ™ mode in the IR spectrum. On the other
hand, diphenylamine and picric acid give a red-black solid of
CT-type and the free NH stretching mode is observed in the IR

646

spectrum. The UV-vis and IR spectra easily distinguish the
two kinds of 7t-molecular complexes, PT and CT complexes.
Since picric acid is too weak an electron acceptor to withdraw
an electron from the HOMO of aniline derivatives, the CT
complexes based on picric acid are classified as neutral CT
complexes (6 ~ 0) in Fig. 79.

In accordance with Hertel’s concept, we have found that in
the molecular complexes between aromatic amines and picric
acid (pK, = 0.96), both CT and PT interactions compete with
each other and the complexes are clearly divided into two types
in a solid"**” depending on the difference of their acidities:
ApK, = [pK, — (14 — pK})] as shown in Fig. 81-@.!247:64 Sim-
ilarly, the complexes with 2,4-dinitrophenol (pK, = 4.09) and
with 2,6-dinitrophenol (pK, = 3.58) have clearly been divided
as shown in Figs. 81-®, and 81-®, respectively.!04%%6! The fig-
ure demonstrates that a critical value of ApK, for the boundary
between the PT and CT types lies in the range of Eq. 38:

— 1< ApK, < 1. 38)

The CT complexes are afforded exclusively when ApK, is
larger than the critical value, while the PT complexes are ob-
tained when ApK, is less than the critical value. This observa-
tion indicates that the Brgnsted acid-base interaction domi-
nates over the CT interaction. A similar situation has also been
observed by Johnson et al. in the combination of a variety of
pyridines (pyridine, collidine, and lutidine)-benzoic acids (di-
methyl, chloro, nitro, dinitro, and so on) complexes, where
the critical value of ApK, is ca. —3.7.87

Several complexes near the boundary region of Eq. 38 have
been known to show enantiotropic (Eq. 39) or monotropic
(Eq. 40) complex isomerization as suggested by Hertel et
al648:649.651.652 and Pfeiffer®’ prior to the birth of the Mulliken
CT theory. Later, Briegleb et al. elucidated spectroscopically
such an isomerization.®>>%¢ Hertel et al. studied the crystal
structures of both types of 4-bromo-1-naphthylamine.2,6-
dinitrophenol monotropic complexes.®3! Carstensen—Oeser et
al. and Bernstein et al. studied structural aspects of the CT iso-
mer of 1-bromo-2-naphthylamine-picric acid®*® and Kofler’s
ternary complex (pyridinium- 1-naphthylamine - picrate),%’? re
spectively.
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Fig. 81. Complexes between aromatic amines (1-38) and @ picric acid (pK, = 0.96), @ 2,4-dinitrophenol (pK, = 4.09), or @ 2,6-
dinitrophenol (pK, = 3.58). Complexes of PT type and of CT type are plotted above and below the horizontal line, respectively.
Some aromatic amines are 1: N,N-diethyl-m-toluidine, 14: aniline, 18: m-anisidine, 19: p-chloroaniline, 23: m-chloroaniline, 25:
o-chloroaniline, 32: 2,5-dichloroaniline, 36: skatole, 38: indole.!

Table 19. Selected Examples of Enantiotropic PT-CT Complex Isomers

Electron donor Electron acceptor ApK, TerocT Tn/ AH/ Ref.
(Proton acceptor) (Proton donor) /°C °C kcal mol ™!
o-Bromoaniline picric acid —1.59 103-110 128 6.7 648,669
o-lodoaniline picric acid —1.64 100-107 112 6.2 649,655,669
2,5-Dichloroaniline picric acid —0.61 74 87 4.2 668
1-Chloro-2-naphthylamine picric acid 128-138 174 8.0 649,669
4-Chloro-1-naphthylamine 2,6-dinitrophenol 76 80 649
o-Chloroaniline 1,3,5-trinitro- —-2.06 ca. 133 2.2 667
benzoic acid
DH" A~ = D¥..AH?" (§ ~ 0) (39)
OH OH
O,N NO, O,N NO, O,N NO,
Me Me’ Me
NO, NO, NO,
Picric acid Methylpicric acid Dimethylpicric acid

Saito, Matsunaga, and co-workers extended the CT-PT
competing system using aromatic amines and diamines as
proton acceptor molecules and polynitrophenols (picric acid,
methylpicric acid, dimethylpicric acid), 3,3’,5,5'-tetranitro-
4,4 -biphenyldiol (H,TNBP) and benzoic acids (2,4,6-trinitro-
benzoic acid, 3,5-dinitrobenzoic acid) as proton donor mole-
cules 247-059-669.671 Eqp example, 2,5-dichloroaniline and picric
acid afforded a yellow solid (PT type) at RT that was trans-
formed to a red solid (CT type) by heating at 74 °C reversibly
(Fig. 81-®, 32).9% When chloroform was employed as the sol-
vent and the mixture was kept in a refrigerator for a few days,
the 1:1 yellow salt transformed to a 1:3 red CT solid. Table 19
summarizes selected examples of enantiotropic 1:1 PT-CT
complex isomers, where Tpr.cr and AH are the transition
temperature and phase-transition enthalpy, respectively. The
low- and high-temperature phases are PT and CT types, re-
spectively, and in general the transition is not sharp.

The combination of 3,3’-dimethoxybenzidine and H, TNBP
afforded both a 1:1 CT complex (black) and 1:1 PT complex
(orange) simultaneously, which is monotropic complex iso-

merization.® The two kinds of complexes were separated

under a microscope and Figure 82 shows their IR and UV-
vis spectra. The PT complex (a) exhibited a broad NH3*
stretching mode near 2500cm™! and an absorption band at
23 x 103 cm™! characteristic of deprotonated H, TNBP, name-
ly HTNBP!~. On the other hand, the CT complex (b) exhibited
free NH, stretching modes at around 3500cm~! and a CT
band at 15 x 103 cm™". Selected monotropic PT-CT complex
isomers are summarized in Table 20.

Summarizing the above, CT and PT interactions compete
with each other in the molecular complexes composed of aro-
matic amines and polynitrophenols. The PT-type solid is pre-
dominantly produced for ApK, < —1, while the CT one is
for ApK, > 1, indicating that the parameters in the PT inter-
action (pK, and pKj}) are very convenient to predict the type
of solid. Enantiotropic or monotropic complexes are produced
near the boundary region (—1 < ApK, < 1) depending on the
solvent, temperature, concentration, and so on.

4.2.2 CPT Type and Amino Acid Complex: In several
complexes, a simultaneous operation of CT and PT interac-
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IR spectra (left, hexachlorobutadiene) and UV-vis spectra (right, KBr) of the PT (a) and CT (b) type complexes of

3,3’-dimethoxybenzidine and 3,3’,5,5'-tetranitro-4,4’-biphenyldiol.5%*

Table 20. Selected Examples of Monotropic PT-CT Complex Isomers

Electron donor
(Proton acceptor)

Electron acceptor
(Proton donor)

T,/°C Ref.

o-Bromoaniline
4-Bromo-1-naphthylamine
3,3’-Dimethoxybenzidine

methylpicric acid
2,6-dinitrophenol

3,3’,5,5'-tetranitro-
4,4’ -biphenyldiol

PT type: 102-103, CT type: 74-75 665
PT type: 91.5, CT type: 84.5 651
PT type: gradually changes to CT 664
type above 244 °C

663,670,674

(H,TNBP) CT type: 250 (dec.)
benzidine, %2 3,3’—dirnethylbenzidine,662 tryptophan,
,ﬁ PT serotonin,57%673 etc. In the case of benzidine (H,N-¢)-¢-NH,)
. J o derivatives, the donor ability of DH* (H,N-¢-¢-NH3 ) is con-
DH™..A DH..A DiH™--A siderably reduced compared with that of free benzidine. As a

.~1c7)
DH"..A” D Dy
@ &) ®3)

Fig. 83. Three kinds of CPT type complexes.

tions is possible as schematically illustrated in Fig. 83. These
complexes are denoted as CPT type by Saito and Matsunaga®®?
and are usually composed of the aromatic amines having a large
JT-moiety or amino acids. Figure 83 illustrates three kinds of
CPT type and Table 21 summarizes selected examples for
each type. It should be noted that the anion of acceptor mole-
cule A~ acts as an electron rich species; namely, an electron
donor in solution or gas, while the deprotonated Brgnsted acid
acts as an electron acceptor in solids. For example, the excess
charge on the phenolate oxygen does not delocalize but is fixed
by the nearby counter cation. Therefore, alkaline salts of picric
acid have almost the same electron-accepting ability as s-tri-
nitrobenzene (TNB),% contrary to the MO calculation, which
predicts that the picrate molecule is an electron donor.®”

(1) An electron donor (=proton acceptor) D and an electron
acceptor (proton donor) AH form a complex by the PT inter-
action, DHT--A~, and in addition some part of the DH™ moie-
ty shows CT interaction with the neighboring A~ part. This
kind of CPT complex was obtained for N,N,N',N'-tetramethyl-

result, the complex is lightly colored and the CT band appears
at a wavelength shorter than that expected for the benzidine-
TNB complex. On the other hand, the protonated serotonin
and tryptophan have nearly the same electron donor ability
as those of the non-protonated molecules, and the CPT com-
plexes exhibit CT bands similar to that of indole- picric acid.
Figure 84 shows the crystal structure of serotonin-picrate.
H,0 by Thewald and Bugg.%’® The crystal structures of trypt-
amine-picrate and tryptophan - picrate - methanol were reported
by Gartland et al.,’* and the polarized reflection spectra of the
picrate salts of tryptophan, serotonin, nicotinamide, and trypt-
amine were studied by Tanaka.®”°

(2) Free D molecules form CT interactions with the A~ part
in the PT complex DHT -~ A~ resulting in a 2:1 complex. Since
the free D molecule is the electron donor, the CT band appears
nearly at the same energy as that of the D-TNB complex. Sev-
eral examples have been found between aromatic amines and
polynitrophenols (Table 21).634659.662.664

(3) The second donor molecule (D,) forms a CT interac-
tion with the A~ part in the PT complex of DH* - A~ resulting
in a 1:1:1 ternary complex. In Kofler’s ternary complex of
pyridine - 1-naphthylamine-picric acid,®*63%672 pyridine is a
stronger base than 1-naphthylamine, and therefore, forms pyri-
dinium picrate (yellowish orange). Then, the picrate ion acts as
an electron acceptor to form the CT interaction with 1-naph-
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Electron donor Electron acceptor Ratio Color Ref.
(Proton acceptor) (Proton donor)

1) N,N,N'.N'-Tetramethylbenzidine picric acid 1:1 yellow brown 662
3,3’-Dimethylbenzidine picric acid 1:1 red 662
Tryptophan picric acid 1:1 red 663,670,674

2) 1-Naphthylamine picric acid 2:1 red 654,659
Benzidine picric acid 2:1 black 662
o0-Anisidine H,TNBP 5:1 red 664

3) Pyridine + 1-naphthylamine picric acid 1:1:1 red 664,659,672
D+ AH — DH* A~ & D% ..AH*" (§ ~ 0) (40)

X X ©]
CH,CH-COO
)
2 2 \ Tryptophan
Y Y N
X=Y=H : Benzidine
X=H, Y=Me : 3,3-Dimethylbenzidine (o-Tolidine) Ho. CH,CHyNH,
X=H, Y=OMe : 3,3-Dimethoxybenzidine (o-Dianisidine) X \
X=Cl, Y=Me : 3,3'-Dichloro-5,5-dimethylbenzidine \CG Serotonin
X=Br,Y=Me : 3,3'-Dibromo-5,5'-dimethylbenzidine = N
H
CH,CH,NH,
MezNNMez ‘ X N\ Tryptamine
N,N,N',N'-Tetramethylbenzidine 7 H

(b)

H,CHoNH,

c
Ho
A\
N
H
CH
HO
. N\
N
H

OH
O,N NO,
+
NO,

®
2CHNH3 - O,N

o
o) NO,
O,N

Fig. 84. (a) Crystal structure and (b) chemical reaction of CPT complex, serotonin-picrate-H,O (red) by Thewald and Bugg.5”?
Monoclinic, P2;/c, a = 14.172(3), b = 6.908(2), ¢ = 18.749(3) A, B = 101.65(2)°, V = 1797.7 A3, Z = 4, R = 0.073. The red
color of the crystal is due to the CT transition from the 77-moiety of serotonin to the trinitrobenzene moiety of picrate.

thylamine resulting in a red CT ternary complex.

In summary, a simultaneous operation of CT and PT inter-
actions within a molecular complex is possible and such a
complex is denoted as CPT type. Three kinds of CPT type
have been prepared between aromatic amines having a large
JT-moiety or amino acids and polynitrophenols.

4.2.3 PT Type and Cation Radical Salt: 3,3’-Dibromo-
5,5'-dimethylbenzidine afforded an orange PT complex (1:1,
a in Fig. 85) with picric acid from benzene.®®> The PT com-
plex exhibited a broad absorption band at around 27-28 x
103 cm~! originating from the intramolecular transition of pic-
rate. The IR spectrum of the PT complex exhibited both NH;
and NH3™ stretching modes, indicating that one of the amino
groups of the benzidine molecule was protonated. On the other
hand, only a black 1:1 neutral CT complex (b in Fig. 85) was
obtained from chloroform. The CT band is observed at

1820 x 10°cm™!. The IR spectrum of the CT complex did
not show the NH3™ stretching mode in the region of 2500—
2800cm™!. Therefore, this combination is another example
of a monotropic complex isomer. Interestingly, the black CT
complex changed to a green solid by prolonged storage in
air (c in Fig. 85).%7° The green solid exhibited a strong absorp-
tion band in the IR region below 5 x 10°cm™! (Band A),
which hid the NH, or NH;* band. The Band A is ascribed
to an electronic transition either in the partially charged state
(intraband transition for a metal, see section 3.1.4 and Figs. 18
and 19) or in the charge-separated state, which is equal to
charge-ordered or charge disproportionated state (Eq. 41).

n
D'D°D'D°D* — D'D'DD°D? @1

These optical spectra indicate that the neutral CT complex
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Fig. 85. UV-vis (left, KBr) and IR (right, hexachlorobutadiene) spectra of the complexes composed of 3,3’-dibromo-5,5’-dimethyl-
benzidine and picric acid. (a) 1:1 oragne PT complex from benzene, (b) 1:1 black CT complex from chloroform, and (c) green cation
radical salt obtained by air oxidation of (b).®”> The arrow in the UV—-vis spectra indicates the Band A. The scheme below the figure
illustrates the chemical reactions between 3,3’-dibromo-5,5’-dimethylbenzidine and picric acid followed by air oxidation.

D-AH was changed to the cation radical salt Dy(A™),(AH),—,
as in Eq. 42, where the cation radical of 3,3’-dibromo-5,5"-
dimethylbenzidine has a partial CT state and the counter anion
is the picrate as formulated in the chemical equation below
Fig. 85. The content of picrate x in Eq. 42 increases with time
in the month scale. Similarly, the black CT complex (b) was
converted to a green cation radical salt (c) during the recrystal-
lization from ethanol. The black CT complex is an insulator
(ort < 1078 Scm™") while the green solid from ethanol is
conductive (10721073 Scm™!, compressed pellet).

8D-AH + x0, — 4Dy(A7)(AH)>_, + 2xH,0.  (42)

The complex formation of the 3,3’-dichloro-5,5’-dimethyl-
benzidine with picric acid in ethanol afforded a yellow 1:1
PT solid,%? while prolonged boiling in ethanol in open air
directly afforded the green cation radical salt of the 3,3’-di-
chloro-5,5’-dimethylbenzidine with the picrate anion (o ~
1073 Sem™!, compressed pellet).673

This kind of cation radical conductor D,(A™) produced by
the mixing D and Brgnsted acid AH, as in Eq. 43, has also
been afforded in the combination of ET, BO, or HMTTeF with
anilinic acid (2,5-dihydroxy-p-benzoquinone) derivatives (see
Fig 14, ET.cyananilic acid,?*?67%77 BO.chloranilic acid,?**
HMTTeF-bromanilic acid,?3¢23® and HMTTeF.chloranilic
acid?*%-238) by loosing proton(s) during the complex formation.

All of them are highly conductive even in the pellet form. It is
probable that the formation of the metallic LB films based on
BO and carboxylic acid (see section 4.4.1.3) is based on the
same mechanism.

8D + 4AH + O, — 4D,(A™) + 2H,0. (43)

In summary, CT complexes of aromatic diamine and picric
acid can be converted to conductive cation radical salts of
picrate by air oxidation both in the solid state and in solu-
tion. Similarly, cation radical conductors D,(A™) based on a
Brgnsted acid AH (mainly anilinic acid derivatives) have been
obtained by mixing D and AH in solution in open air.

4.2.4 Band Filling Control by PT: Cation Radical For-
mation with 3,3',5,5'-Tetranitro-4,4'-biphenyldiol Dianion
(TNBP?-): In the preparation of cation radical salts, some
deprotonated organic Brgnsted acids have been incorporated
as counter anion molecules by the electrochemical oxidation
of donor molecules in the presence of the alkaline or tetra-
alkylammonium salt of each anion molecule such as oxalate,
acetate, maleate, fumarate, and tosylate by Kathirgamanathan,
Rosseinsky, and Mucklejohn®’® and cyanoform (CF~) by
Argonne group®”® and Saito’s group.23+680:681 Other organic an-
ions employed in Saito’s group for the preparation of conduc-
tors by electrocrystallization are depicted below in Table 22
and are 1,1,3,3-tetracyanoallyl anion derivatives (TCA~, RO-
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Table 22. Selected Metallic Cation Radical Salts Composed of Organic Counter Anion Molecules (see also Tables 11,
12, and 15 for ET-TNBP (4:1), BO-HCTMM (5:1:(PhCN),, 4:1:(TCE),), and ET.SFsCH,CF,S05(2:1))

Donor Anion Composition ORT Twvi Ref.
D:X:(solv) /Scm™! /K
BO CF- 10:4:3H,0 1.1 x 10% <13 234
BO PCA~ 8:4:1H,0 33 x 10 16 234
BO MeO-TCA~ 9:4:5H,0 10? — 684
BO EtO-TCA™ 2:1 10 ca. 150, metallic < 40K 684
2:1:0.75(H,0) 30 ca. 180 681
BO BuO-TCA™ 5:2:0.5THF 7 — 684
BO CM-TCA~ 5:2:2CH;CN 5.0 x 10 — 684
BO PiO~ 6:3:1TCE 2 x 10? <14 234
BO SQA2- 4:1:6H,0 1.7 x 10% <14 234
BO DHCP?~ 5:1:2THF 10? <8 684,690
BO TNBP2- 3:1:2H,0 3.0 x 10 <42 692
ET CF~ 2:1 5 ca. 180 679,680
ET MeO-TCA~ 2:1 (B 1.2 x 107 <25 290
ET MeS-TCA™ 2:1 1.0 x 10% <25 291
ET MeNH-TCA~ 2:1 8 x 10 <25 291
ET PiO~ 3:2:xH,0 1.6 x 10 ca. 100-150 693
ET DHCP?- 4:1:xTHF(x = 2) 10-10? 180 690
ET DHCP* 4:1:xTHF(x ~ 2) 10-10? <13 690
EDT-TTF DHCP*~ unknown 102 — 690
BVDT-TTF DHCP?- unknown 10? — 690
CN R on CN CN
NC)\QCN NC\%\(@CN \C(N \CKN NO, O,N j:(
CF CN CN CN
R=H :TCA- TCAP" HCAPD i i :
;8:\:szzggif)gPr,'-‘§BLCARO-TCA Trlnllrorerigrzmnolale SQAZ
;,\CA:ZQEMSMN:%A =SMe : MeS-TCA" (Styphnate)
=CN :PCA NG
NC._ _CN O Né FN C>:k
CN
NC CN NC CN NC NN CN [IH][I%I]
S) o q © O
CN CN CN CN NC CN EDT-TTF BVDT-TTF
HCTMMZ HCP? HCDAH? DHcpz
HOOH HO
2 2
HZTNBP HTNBPl' TNBP'
Chart 9.

TCA™ (see Table 12)),290-291.681-685 tetracyano-2-aza-2-propen-
1-ide (TCAP™),5% pentacyanoallyl anion (PCA™),234680.685.686
hexacyanotrimethylenemethanide (1,1,3,3-tetracyano-2-(dicya-
nomethylene)propane, HCTMM?™),234680.685 1 1 7 5 6 6-hexa-
cyano-3,4-diaza-2,4-hexadiene-1,6-diide (HCDAH?),687.688
2-(dicyanomethylene)-1,1,3,4,5,5-hexacyano-3-pentene-1,5-
diide (DHCP?7),084689.6%  3_(dicyanomethylene)cyclopro-
pene-1,2-diylbis(dicyanomethanide) (HCP?7),%3* 1,1,2,4,5,5-
hexacyano-3-aza-1,4-pentadien-3-ide (HCAPD™),?** squa-
rate (SQA?7),23* picrate (PiO~ (see Table 12)),234293691 tri-
nitroresorcinolate (styphnate™),2?>%! and tetranitrobiphenolate
(3,3',5,5 -tetranitrobiphenyl-4,4'-diolate, ~TNBP?™),206:295.692
Some selected metallic salts are summarized in Table 22.

In the system of the cation radical salt with a deprotonated

Brgnsted acid, the precise determination of the composition
and the characterization of the anion species are crucial for
the understanding of the physical properties.

H,TNBP is a proton donor forming the monoanion HTNBP~
and dianion TNBP?~ (pKa = 1.92, pK,, =4.7 in acetone:
water = 2:1) (Chart 9). Nishimura, Saito, et al. obtained two
kinds of ET cation radical salts by the electrooxidation of ET
molecules in the presence of (TBA), TNBP, a 4:1 metallic com-
plex and 2:1 semiconductive one (Table 11).2°6 The chemical
formula of the 4:1 salt was deduced to be (ET?>T),(TNBP?")
based on the elemental analysis, X-ray structural analysis
(Fig. 86), appearance of the optical band characteristic of the
partial charged state of ET molecules (Band A in Fig. 87),
magnetic susceptibility, and '*CCP/MASNMR (Fig. 88).
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Fig. 86. (a) Crystal structure of (ET)4(TNBP). Triclinic, P1, a = 8.691(1), b = 12.936(1), ¢ = 16.208(2) A, o =97.376(9), B =
96.234(9), ¥ = 103.888(9)°, V = 1735.9(3) A%, Z=1, R =0.0656. A and B represent two crystallographically independent
ET molecules and the numbers are interplanar distances. The 2D conducting layer of ET molecules in the ab-plane is sandwiched

by the TNBP?~ anion molecules along the c-axis. (b) The calculated Fermi surfaces.

a

Absorbance / arb. units

0 20 40
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Fig. 87. Absorption spectra of (a) (ET)4(TNBP), (b) (ET),-
(HTNBP), and (c) ET-Br in KBr and, (d) (TBA),(TNBP)
in CH3CN.%%® Band A is a transition expressed by Eq. 41.
Band B is ascribed to the transition represented in Fig. 9
and Eq. 44. Band C is the intramolecular transition of an
ET cation radical molecule (2nd HOMO to HOMO transi-
tion). Band D is the transition from HOMO to LUMO of
the ET cation radical.

Two crystallographically independent ET molecules (A and B)
form a 2D conducting layer in the ab-plane, which is sand-
wiched by the layers composed of one independent TNBP>~
(Fig. 86a). A semimetallic Fermi surface was predicted based
on the crystal structure (Fig. 86b). The salt is metallic down to
3K (o3k = 2.8 x 10°Sem™!) with T2 dependence of resistiv-
ity (0 = 1.63 x 1077T? 4 7.73 x 10~*). The absorption spec-
trum of the salt (a in Fig. 87) exhibited Band A but did not
exhibit Band B, supporting the +0.5 charged ET molecules.
The solid-state '3C CP/MASNMR spectrum®? of the 4:1
salt (1a in Fig. 88) is compared with those of H,TNBP and
(TBA),(TNBP?™). The significant distinction between the lat-
ter two species is the chemical shift of carbon atoms connected
to the phenolic oxygen appeared at 150 ppm (thick arrow in
Fig. 88) and 161 ppm (thin arrow), respectively. Therefore, it
is concluded that the 4:1 salt is composed of TNBP?~ and does
not contain either HTNBP!~ or H,TNBP within the experi-
mental error.

266

T T T T T

M
Mo
MWVM

H,TNBP
M TNBP?
160 140 120

chemical shift / ppm

Fig. 88. '3CCP/MASNMR spectra of TNBP complexes.
Peaks indicated by thin and thick arrows are derived from
the neutral and ionic phenol groups, respectively. 1a: 4:1
ET salt, 1b: 2:1 ET salt, 2a: 2:1 TMTSF salt (black plate),
3a: 3:1:2(H,0) BO salt.?

Curve b in Fig. 87 represents the absorption spectrum of
the 2:1 ET salt. The spectrum clearly indicates the presence
of Band A and the absence of Band B, which corresponds to
the transition by Eq. 44, and all features are very similar to
those of the 4:1 salt. If the anion species are TNBP?~ like
the 4:1 salt, the 2:1 salt should be (D*),(A%>") and exhibit
Band B instead of Band A.

n

D'D'D'D'D*— D'D*D°D'D*

It is known that the intensity of Band B decreases as the
ionicity (8) of the ET molecule departs from +1 and the band
substantially extinguishes at 4+0.5.9* The presence of Band A
and the absence of Band B show that either the stoichiom-
etry is not exactly 2:1 but the salt is anion deficient (ET),-
(TNBP?7),_,, where x equals 0.5, or the anion species are
not TNBP?>~ but [(TNBP?),_,(HTNBP~),]™>*’ and y in
(ET)Z(TNBPZ_)I,},(HTNBP‘)y nearly equals unity. The for-
mer case is completely inconsistent with the results of the
elemental analysis. Hence, although the '3C CP/MAS NMR
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Fig. 89. Optical conductivities of five single crystals (1-5)
of 2:1 TMTSF salt with H,TNBP (plate phase).®?

spectrum of the 2:1 salt is not resolved probably due to an
extremely disordered structure, the optical spectrum, high
conductivity (orr = 0.2Scm™!, &, = 0.178 V), nearly con-
stant magnetic susceptibility down to 100K (x = 8.2 x 10~*
emu mol~!) followed by an increase down to 20K (1.5 x 1073
emumol™!), and the appearance of a, mode (1330-1338
cm™') in the IR spectrum deduced that the 2:1 salt is (ET),-
(HTNBP™), (x &~ 1) having a distorted segregated column.

The formation of HTNBP™ during the course of electrocrys-
tallization is ascribed to the equilibrium with water coming
from moisture (Eq. 45).

(TBA)(TNBP?*") + H,0
= (TBA)(HTNBP™) + TBA(OH™) (45)

The BO molecules afforded a metallic 3:1:2(H,O) salt and
the 3C CP/MASNMR spectrum clearly indicates the coexis-
tence of TNBP2~, HTNBP, and/or H,TNBP. Based on the
frequency of Raman active C=C stretching modes, the charge
of the BO molecules was determined as § ~ 0.4,>*" indicating
that the average charge of the anion species is —1.2. Then, the
anion species is regarded as the mixture of TNBP?~ and
HTNBP!~, since the fraction of H,TNBP is negligible based
on its pK, value. The salt exhibited Band A at 2.4 x 10° cm™!.
All these data pointed out that the formula of the salt is
(BO*+M)3[(TNBP*™ ) ,(HTNBP' )y 5](H,0)s.

The TMTSF molecules afforded three kinds of salts, i.e.
elongated plates, blocks, and thin needles with the composition
of 2:1, 2:1, and 6:4:1(THF), respectively.®®? The first one is the
major product with semiconductive behavior with ory = 2—
8 x 1073Scem™! (&, = 0.34-0.42¢V) and can be easily sepa-
rated from the others by its morphology and lattice parameters.
Figure 89 shows the optical conductivities of five single crys-
tals derived from the reflection spectra along the stacking axis,
where the crystals were obtained in the same batch and have
the same lattice parameters. These spectra indicate that the
charge of TMTSF molecules in each crystal varies between
40.5 and +1, leading to the varied chemical species as
(TMTSF!—*/2+),[(TNBP?7), _,(HTNBP'),](0 < x < 1).

Summarizing the above, the TNBP>~ molecules can afford
HTNBP'~ species during the course of electrocrystallization,
and thus, the variable band filling can be achieved for the cat-
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Fig. 90. The hydroquinone-p-benzoquinone system con-

cerning 2 electrons x 2 protons with 3 x 3 species. Im-
portant reactions are presented in Eqs. 46—48.

ion radical salts using the species H,TNBP?~"~ by electro-
crystallization in a solution with constant pH.

4.2.5 Multiple PT and CT System and Neutral Radical:
The hydroquinone (H,Q)-p-benzoquinone (Q) is a well-known
system of multi PT and CT (or electron transfer).?®> In this sys-
tem, two electrons and two protons are concerned leading to
3 x 3 chemical species. Some important reactions in Fig. 90
are summarized in Eqs. 46-48.

Equation 46 represents the conventional redox processes in
aprotic and protic solvents. Equation 47 is the hydride-transfer
process that has been used to prepare aromatic rings®®® and
several anion radical salts®”-% as shown in Fig. 91. The reac-
tion 1 is the typical aromatization reaction by

e o e ,_ Hf _ H*f
Q Q Q HQ H,Q (46)
E'yp E'yp pK; pKy
H*+2e or H*+e or H™ HO- 47)
+ - H —(H*+¢) or —H*
H*+e or H HQ' (H"+e) or —H H2Q (48)

2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), while the re-
actions 2 and 3 have been studied from the biological aspect for
the conversion from dihydronicotinamide NADH to nicotin-
amide having the pyridinium skeleton NAD*.99%7% By yse of
acridane derivatives (reaction 3 in Fig. 91), highly conductive
TCNQ anion radical salts have been prepared by Saito and
Colter.5%

Equation 48 suggests that the hydrogen transfer from hydro-
quinone to p-benzoquinone results in a degenerate solid sys-
tem composed of neutral radical species HQ®, Q + H,Q —
2(HQ)*. Mitani, Saito, et al. applied pressure to the CT com-
plex quinhydrone H,Q-Q aiming to realize the degenerate
state (Fig. 92).7%! The neutral CT complex of quinhydrone re-
sides at the far right side of the CT region in Fig. 81 since
ApK, is estimated to be about +17. Consequently extremely
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Fig. 91. Some examples of hydride (or H" + 2e, or H® + e) transfer reaction.
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Fig. 92. Neutral radical solid based on hydroquinone-

p-quinone system.

high pressure was required to diminish the energy gap originat-
ing from the on-site Coulomb repulsion expressed by Eq. 8,
and to form the metallic single component solid (HQ®),,. How-
ever, so far no such metallic phase has been obtained under
a hydrostatic pressure of up to 2.5 GPa, although the IR and
UV-vis spectra indicate melting the hydrogen lattice.””! A
tight binding calculation on a quinhydrone type model com-
plex, which does not include the electron correlation, predicts
that the degenerate and metallic state will be achieved under
extremely high pressure giving the DA distance of 2.6 A.702

4.2.6 Nucleobase Conductors: Much effort has been fo-
cused into the study of electron transport in biological materi-
als.”03-795 Plenty of controversial reports have forwarded con-
cerning the metallic or highly conductive properties’® of pure
DNA molecules, but it seems that the DNA molecules turned
out to be insulating.”®” A variety of transport studies have been
performed on biological materials, such as hemoglobin, amino
acids, proteins, polypeptides, and so on by Eley and Spivey’®®
and others. Most of them are insulating (<1077 Scm™! at
RT)7% except for cytochrome-c; (see section 2.4).!23-12

Several attempts have been undertaken to investigate the CT
complexes in a variety of biochemical systems, especially
using nucleobases (Chart 10).7%% Estimation of the ionization
potentials (Ip) of the nucleobases, as potential components in
CT complexes, indicate that they are reasonably effective 77-
donors, particularly in the case of guanine: Ip = 7.64-7.85eV
vs adenine (7.80-8.26¢eV), cytosine (8.45-8.74¢eV), and thy-
mine (8.74-8.87 eV).709-712

. NH, o) NH, 0
Me
TN T 7))
KN N HN)\N N O)\N O)\N
H He H H H
Adenine Guanine Cytosine ~ Thymine
Chart 10.

Slifkin and Kushelevsky have studied CT complex forma-
tion of nucleobases or nucleosides and p-chloranil.”'* The only
CT solid they obtained was guanine-p-chloranil with a CT
band at ca. 370nm (in KBr), and the others afforded the un-
reacted components (with purine, uracil, and uridine) or the
destructed p-chloranil (with adenine, adenosine, cytosine, thy-
mine, and so on). The CT energy strongly suggests that the
guanine-p-chloranil they obtained is classified as a neutral
CT solid, and hence is insulating.

Sheina et al. obtained dark blue CT solids of TCNQ with
nucleobases and their derivatives, and studied their spectro-
scopic properties in solution.”'* The solids can be classified
as 1) 2:1 ionic CT solids composed of TCNQ*®~ (cytosine, 1-
methylcytosine), 2) neutral CT solids (2:1 with N;,9-dimethyl-
guanine, 4:1 with 9-methylguanine, unknown stoichiometry
with 9-methyladenine). Thin films by cosublimation of nu-
cleobases and TCNQ were also studied at 77 K and after an-
nealing at 298-350K.7!5 Since they exhibit a linear relation
between hver and Ip as expressed by Eq. 19, all nucleobases
are expected to form neutral CT complexes with DA alternat-
ing stacks in the films at 77 K. They also detected TCNQ®~
and (TCNQ*7), by heating the films up to 350K for uracil
and cytosine. No conducting property was elucidated.

Bazhina et al. have studied conductivity, EPR and the Hall
effect of CT solids of TCNQ with cystein and guanine.”'® They
reported that the conductivity of cystein-TCNQ is less than
1078 Scm™! with the activation energy €, = 0.5eV. The dom-
inant carriers are electrons (Seebeck coefficient < 0) and the
mobility at 295K are 0.4 x 10~*cm? V~! 57! for the guanine
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Table 23. Results for Cytosine CT Complexes with TCNQ Derivatives

Acceptor Appearance D:A UV-vis/10° cm™! o (&)
Ven/em™! A B C D /Sem™! (eV)
TCNQ black platelets 2:1 2188,2171,2157 —, 7.1, 11.7, 16.5 3 x 1072 (0.14)
black microcrystals 1:1:0.5(H,0) 2188,2169,2157 —, 7.0, 11.7, 164 1 x 107 (0.12)
MeTCNQ black powder 1:1 2202,2082 34, —, 10.5,17.1 ~2 (0.042)
11.5

complex and 1.7 x 10~*cm? V! s7! for the cystein complex
(the stoichiometry of both complexes and orr of guanine-
TCNQ are not described).

Although several electric conductors have been developed
based on the pyrimido-fused-TTF derivatives'®!!% and CT
complexes using TTF derivatives having a nucleobase as the
pendant (see section 2.3.3),°>'% no highly conductive even
semiconductive CT complexes based on pure nucleobases
have been prepared.

Our recent study to prepare conducting CT complexes using
cytosine revealed that the protonated states and the character-
istic pattern of the complementary hydrogen bonds between
cytosine molecules contribute to construct effective molecular
packing and to control the electronic structure of TCNQ mole-
cules for electronic conductors.”!”

CT complexes based on cytosine and TCNQ were prepared
by mixing a MeOH solution of cytosine and a CH3CN solution
of TCNQ derivatives (R-TCNQ) in varied mixing ratios, and
the solutions were concentrated by standing in open air. The
products are classified into three categories: 1) Ionic insulators
of (DHD™)(R-TCNQ-OMe ™), 2) Fully ionic CT salts of (DH*
or DHD™)(R-TCNQ®"), and 3) Partially ionic CT salts of
(DHD*)(R-TCNQ%3~),, where DH* and DHD™ are protonat-
ed cytosine and hemiprotonated cytosine pair, respectively, and
R-TCNQ-OMe™ is the MeO substituted R-TCNQ anion. It is
amazing that even weak acceptors (2,5-Me,, 2,5-Et,TCNQ),
which are hardly ionized by the ET molecule (Ip = 7.6eV)
(see Fig. 15), are ionized by cytosine to give ionic CT salts.

Table 23 summarizes the appearance, the ratio of D:A by
elemental analysis, energies of UV—vis and IR absorptions in
solids, and conductivity data for the TCNQ and MeTCNQ
complexes.

The absorption spectra of the TCNQ complexes are present-
ed in Fig. 93. The direct mixing of TCNQ and cytosine gave
black polycrystalline 2:1 and 1:1:0.5(H,0) complexes. IR
spectra (2225, 2222cm™! for A® and 2196, 2182cm™! for
A'7)120 and UV—vis spectra (no Band A) indicate that TCNQ
molecules are fully ionized in both complexes. Based on the
close similarity of the spectra to that of K- TCNQ, it is deduced
that the complexes have a segregated column of TCNQ*~, and
thus, the optical band at ca. 7.0 x 103cm™! is ascribed to
Band B of the TCNQ anion instead of the CT transition from
TCNQ*~ to cytosine®*. The appearance of a weak Band C sug-
gests a weak dimerization of TCNQ®~ or isolated TCNQ*~.
While Bands D and E are ascribed to the intramolecular transi-
tion of TCNQ*®~. EPR spectra exhibited only a TCNQ®~ signal
(g = 2.0024-2.0030). Therefore, the chemical formula of the
2:1 complex is deduced as (DHD)!*(TCNQ*~).

Although the direct reaction of cytosine with TCNQ hardly
afforded single crystals, slow diffusion of cytosine and TCNQ

Absorbance / arb. units

Wavenumber / 10° cm™

Fig. 93. Absorption spectra of cytosine-TCNQ complexes
with a ratio of a) 2:1 and b) 1:1:0.5(H,0O) in comparison
with ¢) K-TCNQ complex.

or methathesis of the mixture of cytosine (pKy = 4.55) and cy-
tosine-HCI with TCNQ provided the black platelets that gave
identical elemental analysis, optical and EPR data with those
of the polycrystalline sample. Figure 94 presents the crystal
structure of the 2:1 complex, which has uniform segregated
stacks of TCNQ. Cytosine molecules form a dimer by self-
complementary three hydrogen bonds (N-H--O = 1.86 A, N-
H--N =1.94 A) (Figs. 94b and 95). Therefore, the cation spe-
cies is the hemiprotonated pair between the cytosine molecule
(D) and protonated cytosine molecule (DH™), (DHD)™ as has
been observed by Marsh and others.”'® Furthermore, the hy-
drogen-bonded cytosine dimer interacts with the neighboring
dimers by self-complementary two hydrogen bonds (N-H--
0 =202 A) to form a flat 1D ribbon along the b-axis. The hy-
drogen-bonded 1D infinite ribbons of (DHD)™ form a segre-
gated 2D layer parallel to the bc-plane with an inter-ribbon
separation of 3.32A and width of 9.10A (Figs. 94b and
94c), probably arising from 77— interactions among the hemi-
protonated dimers. This unique 2D architecture of polymerized
cytosine prompts the formation of uniform 1D columns of
TCNQ®~ along the g-axis, and the columns arrange along
the b-axis by the aid of short hydrogen bonds between cytosine
and TCNQ (C-H~N = 2.37A, N-H~N = 1.94A) and be-
tween TCNQ molecules (C-H--N = 2.58 A) to form the 2D
layer. The TCNQ anions formed bond-over-ring type overlap
with an interplanar distance of 3.14 A, which is favorable for
high conductivity (Fig. 95b). Within the experimental accura-
cy of X-ray structural analysis, no dimerization was detected
for the TCNQ anions. The overlap integral along the stacking
direction (S = 20.4 x 1073) exceeds those of other directions
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(a) Crystal structure of cytosine-TCNQ 2:1 complex viewed along the b-axis. (b) View along the a-axis. Dotted lines in-

dicate short hydrogen bonds. Triclinic, P1, a = 3.7640(9), b = 7.408(2), ¢ = 17.010(5) A a= 88.26(2), f=289.74(2), y =
84.65(2)°, V = 472.012) A3, Z = 1, R = 0.0669. (c) Schematic view to show the 2D layer of TCNQ and hydrogen-bonded cyto-

sine ribbons.

@

Fig. 95. (a) Cytosine dimer with self-complementary three
hydrogen bonds along the c-axis, then the dimers are con-
nected by two hydrogen bonds along the b-axis to form
a thin and flat polycationic ribbon. (b) Ring over bond
overlap pattern of TCNQ molecules within the conducting
column.

(S < 107, indicating 1D electronic character.

The single crystal shows a relatively high conductivity of
orr = 1072Sem™! (//b, €, = 0.14eV) in comparison with
most TCNQ Mott insulators, which usually show conductivity
less than 107*Scm™!. It should be noted that the Band B of
the 2:1 as well as 1:1 complex in Fig. 93 is allocated at lower
energy (7.0-7.1 x 103 cm™") than that of K-TCNQ (8.5 x 10°
cm™!). As mentioned in section 2.3.3.4, this fact indicates that
the U in the complex is depressed by the very polarizable

nature of the cytosine cation molecules. That might be one
of the most favorable features of nucleobases for highly con-
ductive anion radical salts.

The solvated 1:1 complex is deduced as (DH)(TCNQ®™),
having nearly uniform segregated columns of TCNQ®~ al-
though no structural information was available concerning
the packing mode of DH*. The IR spectrum in the hydrogen-
bond region is very similar to that of the 2:1 complex. The
complex is semiconductive (orr = 10"*Scm™', &, =0.12
eV) in pellet form and may be comparable to the 2:1 salt of
a single crystal.

The MeTCNQ complexes show quite different features from
the TCNQ complexes above mentioned. So far only the 1:1
CT complex has been produced even by changing the mixing
ratio widely (products with nearly a 2:1 ratio was the salt of
Me-TCNQ-OMe ™). The C=N stretching mode of the 1:1 com-
plex (2202, 2082cm™') is distinct from those of the neutral
(2223 cm™") and monoanionic MeTCNQ (2190, 2171 cm™!),
and thus may indicate the partially ionized MeTCNQ mole-
cules. The appearance of Band A at 3.4 x 10° cm™! (Fig. 96)
is in good agreement with this conjecture. The close similarity
of the UV-vis—NIR spectrum to that of BMI(TCNQ), (BMI:
1-butyl-3-methylimidazolium, see section 4.5.3 and Table 27)
in Fig. 96 suggests the uniform segregated column of partially
ionized MeTCNQ molecules in the solid. The characteristic
optical feature is the appearance of both Band A and the slight
splitting in the 10~12 x 10° cm™! range. The former is associ-
ated with the partial CT state of the species, and the latter is
ascribable to the monomerized anion molecules, as has been
observed in many highly conducting 1:1 TCNQ complexes
with TTF, TSF, or NMP or a 1:2 complex with acridinium.!!®



G. Saito et al.

Absorbance / arb. units

0 10 20 30 40
Wavenumber / 10° cm™

Fig. 96. Comparison of the UV-vis—NIR spectra of (a) 1:1
cytosine complexes of MeTCNQ with (b) BMI(TCNQ),,
where BMI is 1-butyl-3-methylimidazolium.

The most attractive feature of the 1:1 MeTCNQ complex is
the excellent conductivity (orr =2Scm™!, &, = 0.042¢V)
observed on the compressed pellet sample. The EPR measure-
ments indicate a narrow absorption peak (AH = 0.38-0.53 G)
ascribable to MeTCNQ*~ (g = 2.0029-2.0032). Consequent-
ly, the 1:1 complex is formulated as (DHD)'*(A%7),.

Summarizing the above, a nucleobase, cytosine afforded
both 2:1 and 1:1 semiconductive solids with TCNQ in the
orr = 1072Scm™! range. On the other hand, a 1:1 CT solid
with MeTCNQ is highly conductive (ogr is a few Scm™!
for a pellet sample). The absorption spectrum and EPR mea-
surements revealed that cytosine is not a good electron donor
but a good proton acceptor and acts as a polarizable counter
cation reducing on-site Coulomb energy for conduction. The
characteristic pattern of the complementary hydrogen bonds
of cytosine molecules contribute to construct effective molec-
ular packing and to control the electronic structure of TCNQ
molecules for electronic conductors.

4.2.7 Band Filling Control: The most difficult point in
band filling for organic conductors is to keep the crystal struc-
ture unchanged during the control of Fermi level (chemical po-
tential). Otherwise, the plural changes of Fermi level (carrier
doping), transfer interactions, polarizability, dipole moment,
and so on affect the transport properties and it is, thus, difficult
to discuss solely the relation between the band filling and
transport properties. Also, the induced disorder will cause
some undesirable effects. Although there have been three ma-
jor strategies to control the band filling in organic conductors
(see also section 3.5.5), most of the reported works have failed
to keep the crystal structure unchanged.

4.2.7.1 Strategy for Band Filling Control I: Mixing of
Different Charges; This is a replacement of some fraction
of the constituent molecules by analogous molecules with dif-
ferent charges, Ip or E5 aiming to give isostructural com-
pounds with unchanged transfer interactions. Typical exam-
ples are as follows:

1) Anion radical salts with mixed counter cations such as
(NMP), _(phenazine), TCNQ,”" Cu;_ M, (DCNQI), (M = Li
and Zn),’? and many Cg, superconductors (see section 5.1).7-164
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2) DA-type complexes with mixed donor molecules such as
(TTF),_(TSF),TCNQ,”*! or mixed acceptor molecules such
as (ET)(TCNQ), _(F,TCNQ),.”*

3) Cation radical salts with mixed anions such as (ET),-
[(Mn"'Cly);_,(Fe"Cly),]"* and (ET),[(M"Cly);_(Ga"™'Cly),]
(M = Co and Zn).”**

Among them, almost all systems, except for Cgy and the last
two, used guest molecules with considerably different sizes
and/or symmetry, and hence, the transfer interactions are inevi-
tably modified from those in the parent system, although the
mixed crystals have the isostructural crystal structure. There-
fore, it is inappropriate to ascribe the change of transport prop-
erties of the mixed crystals to the band filling change solely.

The salt with binary counter anions or cations is an excellent
way from the point of band filling control. An early work by
Kumai et al. is a substitution of the tetrahedral monoanion
MX, by dianion M'X, with subtle structural modification,
such as (ET)y[(MnHC14)x(FeIHC14) 1—x], where the substitution
of 5000 ppm of Mn"'Cl; by FeCl; converted the semicon-
ducting (ET),(MnCl,) into a metallic one.”?> Mori et al. have
extended this idea to several ET systems with [(MCl,),(Ga"l-
Cly)i—x] M = Co and Zn).”?* They claimed that their work
was the first systematic success in realizing the metallic state
by band filling control. However, it is incorrect because
the conversions from insulating to metallic phase in (ET),-
[Mn"Cly)(Fe™Cly),_,]"** and from the Mott insulating to
superconducting phase in k-(ET)(Cu',_,_,Cu™,){(CN);_5,[N-
(CN)2ly} (see section 3.2.5)*24% have already been reported.
In the latter case, the substitution of Cu' and Cu"" (x = 0-1200
ppm) belongs to Strategy I, while the substitution of NC-Cu—
CN by NC-N-CN with analogous shape and size (y = 0-1)
belongs to Strategy II, as will be mentioned below. By keeping
the anion moiety constant, for example at y = 0.35, T, ranges
from 3.2K to 10K with different x indicating the modified T¢
by band filling control. This is the only success in realizing an
organic superconductor by band filling control. Even in these
systems, of course, a subtle modification of transfer integrals
caused by changing the size of the counterparts should be seri-
ously taken into account.

Especially the smallest atomic particle, a proton, has at-
tracted much attention in such studies. The anion radical
salt [(D°);_.(DH"),J(A)*~ or cation radical salt (D)**[(A™),-
(AH®),_,] is one of the target systems for band filling control
when both conditions, 1) the x can be controlled continuously
in a certain range and 2) the crystal structures are unchanged,
are satisfied. Polynitrophenoles such as H, TNBP, described in
section 4.2.4, and other kinds of compounds having a hydrox-
ide or amino group such as diaminoglyoxime’? and 2,2’-bi-
imidazole (H,BIM)?*3726.727 have been used in the preparation
of organic metals from the view point of band filling control,
since they have a varied number of protons and charge with
marginal structural modification.

4.2.7.2 Band Filling Control by PT Interaction in 2,2'-
Biimidazole System and Protonic Conductor; Akutagawa,
Saito, and co-workers have used 2,2’-biimidazole and its deriv-
atives, which belong to a system with 4 electrons and 4 pro-
tons, i.e., 5 x 5 species with the electronic structure from
5m-57 to 777 (Fig. 97).248.727

The neutral biimidazole (H,BIM) is a proton acceptor and
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Fig. 97. Proton-transfer and electron-transfer diagram of 2,2’-biimidazole (H,BIM).2*3727 Not all species are depicted.

the pK, values (in DMF:H,O = 7:3) of the monocation
(H3BIM™, 4.60) and dication (H;BIM?*, —0.24) indicate that
they are stronger proton donors than hydroquinone (pK, =
10.5) and H,DDQ (pKa = 5.14, pKay = 7.46). Also, the
H,BIM molecule is a weak electron donor like naphthalene.?

The metathesis reaction between H;BIM™* .1~ or HyBIM%*-
(I7), and an anion radical salt of TCNQ affords a reaction
product instead of a simple exchange product, through the
CT and PT interactions.”*® In the metathesis reaction between
H;BIM*' and Li-TCNQ, the following processes (Eq. 49)
were deduced based on the spectroscopic analysis of the prod-
ucts, which include HyA® and A°, where BIM and TCNQ are
labeled as D° and A°, respectively.

H3;D* + A*~ — aH;D' + (1 — a)H,D°
+ oA + (1 — o)HA®
(1 — @)HA® = 0.5(1 — 0)H,A% + 0.5(1 — o) A?

HiD' + A*™ — [H3D 1o [HaDlo 501 —o [A* "1 [AT0 51— 4
+0.5(1 — a)H,A% + 0.5(1 — a)H,D°  (49)

The elemental analyses of the reaction products revealed
that o = 0.76; and therefore, the complex is represented as
[H3BIM "o g6[HoBIM®]o 14 [TCNQ®*~]9.86[ TCNQ"]o.14, which
is a mixed PT and CT complex. This black solid was an insu-
lator (5.9 x 10783 Scm™!, &, = 0.37eV) with the first CT band
at 5.1 x 10° cm™!. Several mixed CT-PT complexes have been

gs%se

H,BBIM

Chart 11.

prepared using H,BIM and TCNQ derivatives.?*

By using 2,2'-bi-1H-benzimidazole (H,BBIM) (Chart 11)
one can obtain a metallic proton—electron mixed conductor,
(H3;BBIM*)(TCNQ)(Cl1 ™)y 5(H,0).7?® By adjusting the pH of
the crystallization solvent to ca. 1.2, at which H;BBIM*
became the dominant species in the solution, single crystals
of (H3BBIM™)(TCNQ)(CI™)o.5(H,O) were harvested. The salt
is composed of individual segregated uniform stacks of
H;BBIM+ and TCNQ®3~ molecules, both of which surround
a channel accommodating disordered C1~ and H,O molecules
(Fig. 98). The bond lengths of TCNQ suggest that the § of
TCNQ is nearly 0.5 and the complex exhibits the first CT band
(Band A) at 3.2 x 103 cm™!. The complex is metallic (Orr =
10Scm™") down to 250K, followed by a semiconductive be-
havior with €, = 0.04eV down to 100K (Fig. 99b). The com-
plex obtained from a pH = 1.00 solution exhibits a wider me-
tallic range (Fig. 99a), while that from a pH = 1.70 solution
exhibits a semiconductive behavior in the entire temperature
range (Fig. 99¢).
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The diffuse X-ray analysis down to 100K and IR spectra
down to 20K indicate both the possible formation of the
[C17-(H,0),] sublattice below 200 K and the dimerization of
TCNQ molecules along the c-axis. The magnetic susceptibility
was not extinguished by the transition, indicating that the
metal-insulator transition is not due to the Peierls instability.
Below 250K, its temperature dependence is expressed by a
one-dimensional linear Heisenberg antiferromagnetic chain
model with a magnetic exchange energy (J/kg) of —59 K.
So, the metallic state with uniform TCNQ?>~ stack becomes
a Mott insulating state with dimerized TCNQ, (TCNQ;)*~ as
a unit at low temperatures (<100 K).

Since the water molecules in the channel are liquid-like be-
fore freezing into the [Cl™-(H,O),] sublattice above 200K,
high proton conductivity (ogr = 1 x 107> Scm™') was realiz-
ed through the 1D channel and ceased below 200 K. To our
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knowledge, this system is the first proton-conducting metallic
radical salt.

Very recently there appeared a second “first proton-conduct-
ing metallic radical salt,”’? B"-(ET)4[(cation)M™(C,04)3],-
[(cation),([18]crown-6 ether)]sH,O (M™ = Cr and Ga; cat-
ion = H;O"/NH4 ™), with metallic electric conductivity down
to 190K (Cr) or 240K (Ga) (orr = 2-3 x 10*Scm™!) and
proton conductivity (Ort = 3 X 1073 Scm™!). The latter de-
creases as temperature decreases and attains ca. 107 Scm™!
at 260 K.

The proton conduction by use of crown ether or its
analogues is not unique. Akutagawa, Nakamura, et al. devel-
oped the system including a mixed counter cation [(crown
ether);_,(M™-crown ether),] for the band filling of the TCNQ
anion radical salt.”>? This mixed counter ion seems very appro-
priate for the band filling compared with biimidazole, since
only the central part is modified. The system initially attracted
an interest in connection with the coupled electronic and ionic
conduction, but the rather strong interaction between M+ and
crown ether prohibited the latter conduction. A TCNQ com-
plex of 1,4-diazabicyclo[2.2.2]octane (DABCO) (Chart 12)
exhibited proton conduction.”?!

4.2.7.3 Band Filling Control by PT Interaction in Di-
aminoglyoxime System; Kitagawa, Mitani, et al. have de-
veloped metallic TCNQ salts using the partially deproton-
ated Pd(H,edag), molecule as the counter cation, where
Hedag is ethylenediaminoglyoxime.”” The charge of the
[Pd(H,edag),]** molecule changes from +2 to 0 depend-
ing on the pH in solution (Scheme 1). They prepared [Pd-
(Hyedag),(Hedag),_,]*"TCNQ*~ complexes having partial
CT and PT states (mainly x = 0.2, 0.7, and 1.0), and observed
metallic temperature dependence down to typically ca. 180K
for x=0.7 (Orr ~#90Scm™"). The crystals are insulators
with x = 0.2 and 1.0 (Mott insulator). Therefore, the partial
PT from x = 1 to x = 0.7 corresponds to hole injection into
a completely filled lower Hubbard band. The IR active by,
mode of C=N stretching splits into two peaks below Ty, in-
dicating the charge disproportionation. A long superstructure
appears along the stacking c-axis (12 x ¢). It is currently un-
clear why the phase with x = 0.7 (or 3/4 might be more plau-
sible) is so stable.
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4.2.7.4 Strategy for Band Filling Control II: Usage of a
Mixed Counterpart of Different Size but of the Same
Charge; Although this strategy is not a real band filling con-
trol, it modifies straightforwardly the transfer integrals and
would affect the chemical potential depending on the band
dispersion and the change of Ugg. In this sense this method
shares a common concept with lattice or chemical pressure
and has been applied to molecular superconductors such as
(TMTSF),_(TMTTF),Cl04,*?>  k-(ET),_(BEDT-STF),Cu-
[N(CN),Br,3 B-(ET)(I3);—(IBr2);,”** k-(ET);Cu[N(CN), |-
Cl_,Br,,* A-(BETS),GaXy_.X', (X, X: CL Br),”* and
M;_M’,Ceo (M, M’: K, Rb, and Cs).73° In all cases, however,
the band filling control has not been achieved.

4.2.7.5 Strategy for Band Filling Control III: External
Stimulus;  For the real band filling control, an application
of physical stimulus that changes the valence state of the com-
ponents without any structural modification would be the ideal
method. Magnetic and electric field application and photon
irradiation are good candidates. Owing to the insufficient ener-
gy, an application of magnetic field has been limited to induce
phase transition at low temperatures, either on the insulating
phase to recover the metallic (or superconducting) phase or
on the metallic phase to induce the insulating phase. The latter
is rather common to organic conductors (i.e., FISDW, see sec-
tion 3.3.1). In the former case, the reentrant metallic or super-
conducting phase has been observed on Chevrel compounds’?’
or BETS compounds.®'%613

Electric field has also been applied on a Peierls or SDW in-
sulator to depin the density wave, giving rise to a non-linear
electric conduction. However, these phenomena are not associ-
ated with the change of the valence state of the components,
and hence, definitely differ from the band filling control.

FET is a typical system for carrier doping by electric
field without deteriorating crystal structure (see section 2.2).
Switching and memory phenomena observed in several TCNQ
materials,??*738-740 and photo-induced phase transition (PIPT)
observed in the DA system near the N-I boundary (see section
3.1.3),2'822¢ TCNQ,’*! EDO,**® and DCNQI salts’*>73 also
belong to this strategy. The PIPT is a characteristic cooperative
phenomenon of a strongly coupled electron and phonon (or
molecular vibration) system. In the next section, some exam-
ples in Strategy III will be described.

4.3 Carrier Doping by Electric Field Application or Pho-
ton Irradiation. 4.3.1 Switching and Memory Effects:
Metal-Insulator System: 4.3.1.1 Anion Radical Salts M-A
(M = Cu, K, and Rb; A = TCNQ, TNAP, TCNE, etc.);
Potember, Cowan, and co-workers have discovered a switch-
ing and/or memory effect in the fully ionic anion radical salts
of TCNQ derivatives by electric field application’® or laser
irradiation.”>® Anion radical salts of TCNQ analogues with
strong electron accepting ability, such as F,TCNQ and TNAP,
exhibited both switching (from high-resistive state to high-
conductive state) and memory effects (termed as memory
switching; the lower double well potential in Fig. 78b), while
the salts with weak acceptors such as TCNQ exhibited only the
switching effect (termed as threshold switching; the upper dou-
ble well potential in Fig. 78b). To our knowledge, this is the
first observation of an electric field- and photo-induced insula-
tor—metal transition (although the real metallic behavior is not
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reported) at ambient conditions. They postulated that the elec-
tric field application or laser irradiation induced a back CT to
give Cu’TCNQ®, which was confirmed by IR spectroscopy.
This results in the conductive partial CT state (Eq. 50; M =
Cu and Ag), which corresponds to the hole injection to semi-
conductor (or Mott insulator).

[M+(R'TCNQ7)]11
E or hv
——— M°% + [M*(R-TCNQ )], + (R-TCNQ"), (50)
A

Unfortunately, their works were performed on thin films of
TCNQ salts and provided no detailed evidence for the changes
of the electronic and crystal structures. The threshold electric
field was 8.1 x 10 Vem™! for Cut-TNAP~. The switching
speed is reported to be less than 10 ns. If the switching is asso-
ciated only with the electronic structure, the switching time
should be in the order of fs. The sensitivity (the number of
molecules that are converted by one photon) was not reported.

A single crystal of K- TCNQ was subjected to an electric
field of more than 10°Vcm~™' by Kumai, Tokura, and
Okimoto, giving rise to a switch from the off- to on-state at
180 K.740 Of particular interest is that the switching effect is
observed when the electric field is applied along the stacking
direction of TCNQ anion radicals. The authors claimed that
the on-state is metallic since the resistivity is nearly tempera-
ture independent. Since K- TCNQ is an insulator composed of
dimerized TCNQ anions at low temperatures, the field-induced
on-state might form a uniform stack of TCNQ molecules. The
photo-induced conductive phase was realized for several or-
ganic salts by Koshihara et al.,”*' suggesting that the photo-
(or electric field-) induced insulator—metal transition might
be rather common for an organic Mott insulator or weakly
dimerized insulator with § = 1.

4.3.1.2 M(DMDCNQI); (M = Cu and Ag); The structur-
al MI transition observed for Cu(dg-DMDCNQI), at ca. 78 K,
in which six methyl hydrogens of DMDCNQI are deuterated,
is accompanied by the charge ordering from Cu*/3* (metallic
phase) to Cu?>*Cu'*Cu!* (insulating phase). The photo irradi-
ation to the insulating state by Karutz, Wolf, et al. led to the
switching to the conducting state within 20 ps.”*> Thus, the
photo irradiation relaxed both the structural distortion and
charge dispropotionation.

Recently, Naito, Inabe, et al. reported that the switching
mechanism of Ag(DMDCNQI), is different from those men-
tioned above. The crystal is metallic at RT without light irra-
diation and becomes semiconductive at the place where the
light was irradiated to induce the reaction in Eq. 51.7* The il-
luminated area’s color turned from black to white and persist-
ed for several months. The authors claimed that this was a new
doping method, but there have been several examples, includ-
ing Ag-TCNQ, in which the valence state of the components
has been modified by the light irradiation to induce a switching
phenomenon in the segregated CT solids (Eq. 50) and line or
pattern generation has been observed for light exposure above
certain threshold levels.”3® Moreover, the light irradiation on
Ag(DMDCNQI), generates a semiconducting phase instead
of a metallic phase. Therefore, one may suspect that the irra-
diation afforded the decomposed segment (Ag(’)(AO) surround-
ed by metallic domain (Ag*)(A%°7), as shown by Eq. 52, and
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Fig. 100. Crystal structures of (EDO-TTF or EDO),PF; in the insulating state at 260 K, where MEM equi-charge-density surfaces
is at the level of 0.7 eA=3. (a) Viewed along the EDO stacking direction. (b) Side view of the EDO column. (c) Charge-ordered
pattern viewed along the c-axis. (d) Side view of the MEM equi-charge-density surface of the EDO column, where the level of the
surface is 0.13 eA~>. The PFj is colored in red, and the EDO molecules are colored in blue and yellow for the flat and bent shapes,

respectively.’®
thus, the white color may arise from the deposition of Ag®
metal due to the destruction of Ag(DMDCNQI),.

Ag+(A°-5—)2 L}
{ (Agh);([API97], 4 xAg” (51
{(1 = 0(AgT A7)y} + (x(Ag”) 4 2x(A")} (52)

Structural information on the spot where the light was illumi-
nated is necessary for confirming the validity of Eq. 51.
4.3.1.3 Visualization of Charge Ordering in (EDO),PF
and Ultrafast Photo-Induced Phase Transition (PIPT);
The 3/4-filled band conductor (EDO),PFs shows a peculiar
MI transition at Ty = 278 K (see section 3.3.5).426-428 The
MI transition is the cooperative actions of Peierls distortion,
charge ordering, and anion ordering together with a molecular
deformation of EDO molecules. The charge-ordering pattern
in the insulating phase was deduced to be [0, 0, +1,+1,...] by
Raman spectroscopy, which is associated with the weak neigh-
bor-site Coulomb repulsion.*?”-”#* The charge density distribu-
tion of the ordered state was visualized by Aoyagi, Takata, et
al., based on a combination of the MEM (maximum entropy
method) and Rietveld analyses of the synchrotron X-ray pow-
der diffraction profiles (Fig. 100).”* The unit cell is doubled in
the insulator phase, corresponding to a Peierls instability. The
PF¢ anions are rotationally disordered in the metallic phase,
whereas they are ordered in the insulator phase (Figs. 100a
and 100b). Two types of EDO molecules are present in the in-
sulator phase: namely, flat and bent molecules. The flat one has
an excess charge close to +1e, and the positive charge is con-
centrated mainly on a sulfur atom nearest the PF¢ anion. The
distance between the sulfur atom and the anion is shortened
by the displacement of EDO molecules through the MI transi-

tion. Together with the varied Ty for (d,-EDO),PF¢ and the
salts with more bulky anions (AsFg, SbFe) (vide infra), it is
postulated that the local electrostatic interactions between
the sulfur atom and the anion and between the hydrogen atoms
attached to the five-membered ring of EDO and the anion are
closely related to the hole trapping on the sulfur atom and the
anion ordering. The charge rich and poor EDO dimers alter-
nate with a periodicity of the 2k nesting vector (Fig. 34c) due
to the Peierls instability. As a result, [0,0,+1,41,...] type
charge ordering is produced along the nesting vector as shown
in Fig. 100c.

The equi-charge-density surface of the insulating EDO col-
umn at the level of 0.13eA3 is shown in Fig. 100d. Weak
charge density overlaps between the flat molecules can be seen
as two S-S bonds, whereas it is not present both between flat
and bent molecules and between bent molecules, visualizing
the spin-singlet dimer.

This study revealed that the molecular displacements ob-
served in the MI transition assist both the anion ordering and
the electrostatic and electronic stabilizations of the crystal
structure in the insulator phase. The cooperative phenomenon
in this peculiar MI transition shall be regarded as a result of the
displacement and deformation of EDO molecules during the
phase transition. The thermal analysis of (EDO),PF¢ revealed
that the MI transition is the catastropic cooperation of multiple
instabilities as mentioned above.’

Figure 101a shows the temperature dependence of reflectiv-
ity with the light polarized along the EDO stacking direction
by Drozdova et al.”** In the metallic phase, the reflectance as-
cribable to the plasma oscillations is observed below 10 x 103
cm™!. A weak reflectivity at around 13.0 x 103 cm™! is ascrib-
ed to the interband transition from the 2nd-HOMO to HOMO
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bands in the metallic phase or that from the upper 2nd-HOMO
level to upper HOMO level of an isolated dimer in the insulat-
ing phase. In the insulating phase, on the other hand, the plas-
ma reflection disappears and new reflectances centered around
5x 103 and 11.1 x 103 cm™" appear. Figure 101b is the opti-
cal conductivity obtained by Kramers—Kronig conversion of
the reflectance data. Using a Hubbard model for symmetric
tetramers, the two bands in the insulating phase were mainly
assigned to the transition from [0110) to [1100) and |0200),
corresponding to D*D*D’D? and DD+ DD configurations,
respectively. Therefore, the bands are related to V and U.

Recently, ultrafast photo-switching from insulator to metal-
lic phase due to the melting of the charge-ordered state was ob-
served at around RT (*265K) by Koshihara et al.*?747 The
crystal surface was excited by laser irradiation with a pulse
width of 0.12 ps. The excitation photon energy (1.55eV) was
nearly resonant to the CT band at 11.1 x 103 cm™! (1.37eV),
directly reflecting the excitation of the charge-ordered state.
The reflectance change AR/R from insulating to metallic states
exhibits negative and positive maxima at 1.38 and 1.66 eV, re-
spectively (Fig. 102a). Figure 102b clearly indicates that the
positive and negative reflectance changes appear at the probe
photon energies of 1.38 and 1.70eV, respectively.

The life-time of the photo-induced metallic phase strongly
depends on the excitation intensity. In the case of the 2 x
108 cm™3 excitation condition, the reflectance change was
complete within only about 1.5 ps. Therefore, it is said that
the melting of the charge-ordered state accompanied by the in-
sulator-to-metal phase conversion occurs within the 1.5 ps af-
ter excitation with threshold-like behavior (threshold photon
density is 10'8 cm™3). The excitation intensity corresponds to
a single excitation photon for 540-1500 molecules. Within
the resolution time (1 us), the electric conductivity was largely
enhanced (more than 5 orders of magnitude) just after photo-
excitation. The rate of recovery from the photo-induced metal-
lic state to the original insulating state can be extensively con-
trolled by changing the excitation intensity (1 ps—100 s).

To realize a molecular phase-switching device controllable
by light irradiation with a 1 picosecond response time (i.e.,
THz region), it is essential to develop a material that shows
highly sensitive and ultra-fast PIPT phenomena near RT with
high repeatability and durability. Such an ultra-fast transition
has been observed in a purely electronic origin. Although the
ultra-fast transition (within a few hundred fs) accompanied
by the molecular conformational change has been observed
for systems such as retinal in rhodopsin,” this is a uni-molec-
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ular nano-system. As for the meso-size scale switch, an elec-
tron-lattice coupled coherent system is necessary for the ultra-
fast transition.

In the (EDO),X system, the Ty was tuned by the chemical
modifications as mentioned above. Deuteration of EDO (d,-
EDO) (Chart 13) increased Ty by ca. 2.5 K, while complexa-
tion with larger counter anions decreased Ty in the order
of X = ClO4 (>337K) > PF¢ (278 K) > AsFg (ca. 268K) >
SbFg (ca. 240K).7%7%0 These findings indicate the important
role of Coulomb attractive energy in the MI transition of the
system.

The following neutral-ionic (N-I) transition system is an-
other example for the electron—lattice coupled system in the
mesoscopic region by an optical phonon mode with k=0
via an electron-lattice interacting channel; however, tuning
of Tnp has not fully succeeded.

4.3.2 Neutral-Ionic Phase Transition, Ferroelectricity,
Soliton and Domain Wall: The N-I phase transition describ-
ed in section 3.1.3 is one of the enantiotropic complex iso-
merizations and some examples are summarized in Table 9.
The first-order phase transition observed in TTF-p-chloranil
at 81 K?® is accompanied by the appearance of the a, mode
in the IR spectra, indicating symmetry lowering. In accordance
with the spectral feature, an accurate X-ray analysis showed
the dimerization of the DA pair in the ionic phase (Eq. 53,
where a dimerized pair is represented by DA).

D0.3+A0.37D0.3+A0.37D0.3+A0.37
N D0.7+A0.77 D0‘7+A0'77 DO.7+AO.77 (53)
In the ionic lattice, the two sequences - - D7+ A0
D0.7+A0.77 D0.7+A0.77_ .. and . .A0.77D0.7+ A0.77D0.7+

A%7~D%7*. .. are degenerate in energy. In the following, the
charge of the D and A species is represented by integers for
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simplicity (0 for neutral and + or — for ionic species; howev-
er, remember that the species have a fractional charge of either
4+ or £(1 — §)). The N-I phase transition also exhibits a rapid
increase in magnetic susceptibility that follows the Curie law
with very narrow EPR linewidth due to motional narrowing.?!"
The Curie constant indicates that one molecule per about 10*
molecules is ionized. The electric conductivity also increases
by one order of magnitude as seen in Fig. 103a (0~ 5 x
107 Scm™! just below 81K). The dimerization of ionic spe-
cies generally extinguishes Curie spins, but the formation of
ionic solitons (D** or A*") in Eq. 54 and neutral solitons in
Eq. 55 can contribute to the magnetic and transport properties,
respectively.”!

DtA-D*A"D™A"D* or ADTA*DTA"D*A~ (54)
Dt*A"DTA"DA"D* or ATDT A°D*A- DA~ (55)

Equation 56 shows a 1D lattice composed of three domains, A,
B, and C, which are separated from each other by domain
walls |. The ionic solitons can move without any energy cost
as demonstrated from Eqs. 56-58.

A B (03
DA %(g AD'|AD°A’D°A°D°AD°A’DIA DA a ‘D*'A" (56)
%@ AD'AD'|AD°A°D°A’D°A’D°A’DYAD'AD @ - (57)
\A
D'ADADAD AD'|AD°A°D°A°D°AD°A’DYAD'AD'AD @ A (58)

The ot of TTF-p-chloranil is 107> Scm™!. The number of
ionic domains increases as pressure increases up to 0.8 GPa, at
which the RT conductivity attains as high as 1 Scm™!.732 The
transport in the low-pressure region was interpreted by the dy-
namics of domain wall,220-233 that produce ionic solitons as
shown from Eqs. 59-62. Further increases in pressure suppress
the conductivity. At 1.1 GPa, the crystal is composed of only
the dimerized ionic phase with no dynamic exchange of DA
pairs. Figure 103a shows the temperature and pressure depend-

ences of conductivity proposed by Mitani et al.”>?

D'AD'AD'A|D°AD°AD°AD°AD°AYD'AD'AD'A (59)
'8 &
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(a) Temperature and pressure dependence of electric conductivity of TTF-p-chloranil. The first-order phase-transition tem-

perature (Ty; = 81 K at ambient pressure) shifts to higher temperatures with weakening the cusp as pressure increases.’”? (b) T—P
phase diagram by Cailleau et al. for indicating the paraelectric neutral (Np,r,), paraelectric ionic (Ipar), and ferroelectric ionic (Iferro)
phases. C is the estimated tricritical point.”>* O: neutron scattering, [J: NQR, <: vibrational spectroscopy, A: conductivity.
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Table 24. DA Alternating CT Solids Exhibiting Switching Effect with the Threshold Electric Field (Ey,) at 190 K
and Activation Energy for Conduction (&,) (Alphabet is the Symbol in Fig. 106)

Neutral En/Vemt  gyeV lonic En/Vemt  greV
| TMB*Me,TCNQ 7.0x 10* 0.40 E Me,PhesF,TCNQ 4.7 x 10* 0.38
H TMB*TCNQ 2.5x10% 0.20 D TMB*F,TCNQ 1.6 x 10* 0.35
G TTFep-QCl4 2.4x10* 0.19 C TMPDsTCNQ 1.2 x10* 0.36
F TTFep-QCl, 3.1x10° 0.09 B TMBFTCNQ 6.5x 10° 0.22
A TTeC,-TTFTCNQ 1.4x10° 0.11

a) TMB: 3,3',5,5'-tetramethylbenzidine, p-QCl;: trichloro-p-benzoquinone, p-QCly: tetrachloro-p-benzoquinone,

Me,Phe: dihydrodimethylphenazine. The arrows indicate the order approaching to the N-I boundary.
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Fig. 104. [-V characteristics of the TTeC,—-TTF-TCNQ

complex with external resistance of Ry = 0.1-10MQ.
At 150K, the system becomes on-state at ca. 100V and
returns back to off-state at ca. 70 V.2%

Afterwards, Lemée-Cailleau and co-workers revealed that
the transition between paraelectric N and I phases (ionicity)
is distinct from the transition between paraelectric N and ferro-
electric I phases (dimerization), on the basis of X-ray diffrac-
tion and NQR (nuclear quadrupole resonance) measurements
(Fig. 103b).733 This finding seems to be consistent with the
fact that the pressure at which RT conductivity shows a max-
imum (ca. 0.8 GPa)’? is significantly low in comparison with
that of the dimerization transition (ca. 1.1 GPa).

Switching and memory effects have also been observed in
the CT complexes with alternating stacks, especially when
they are close to the N-I phase boundary, by Iwasa, Tokura,
et al218:221.223.224 Taple 24 summarizes selected examples with
the threshold electric field for the switching (Ey,) and activa-
tion energy (€,) for conduction.

Figure 104 shows the relation between the applied voltage
and the observed current for a TTeC,-TTF.TCNQ single crys-
tal, which is connected with the external resistance (R, = 0.1—
10MQ) as depicted in the figure. At high temperatures, there
are no switching or memory phenomena in the /-V character-
istics. At 170 K, however, the sample exhibited a switching ef-
fect at ca. 60V from the off- to on-state with a small hystere-
sis. Figure 105 presents the relation between the current den-
sity and the electric field operating in the crystal. At low tem-
peratures, the current density increased below 7, = 240K in
TTeC;-TTF-TCNQ. The Ey, value is related with the activa-
tion energy for conduction and becomes small when the sys-
tem approaches the N-I boundary as seen in Fig. 106.

Fig. 105. Current density vs electric field of TTeC;-
TTF.-TCNQ complex. At 160K, a transition to on-state
occurs at around E = 1100V cm~!. The threshold electric
field is indicated by open circles.??®
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Fig. 106. Relation between threshold electric field (Ey)
and activation energy for conduction (€,) for the ionic
(filled rectangle) and neutral (open rectangle) CT solids.
A: TTeC,-TTF-TCNQ, B: 3,5-TMB.FTCNQ, C: TMPD.
TCNQ, D: 3,5-TMB-F,TCNQ, E: Me,Phe-F,TCNQ, F:
TTF.p-chloranil, G: TTF-trichloro-p-benzoquinone, H:
3,5-TMB.TCNQ, I: 3,5-TMB-Me,TCNQ.2**

Laser-induced phase transition was studied on TTF-p-chlo-
ranil.??>7#! The sensitivity is 280-2800 molecules per photon
and the switching rate is 100 ps. The switching requires melt-
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Table 25. Selected CT Complexes with Switching, Memory, or Sliding SDW Phenomena®

Mechanism  Complex Electric field induced Photo induced
Threshold  Operating Ref. Threshold Sensitivity  Response Operating Ref.
field Ey, T/K photon molecule time T/K
/Vem™! density/cm™ /photon /s
Mott or Cu-TCNQUD)?¥ 4 x 10° RT 738 1500 Wem =2 RT 739
spin-Peierls ~ Cu-TNAP 8 x 10° RT 738 — — — —
insulator <+  K.TCNQ >103 <~230 740 ~20 dimers c¢) <394 741
Partial CT or Rb-TCNQ — — <10 15p e)
Metal® Ag(DMDCNQI), — — 3-5 days RT 743
Mott + Peierls
ms“f‘“’r Cu(dg-DMDCNQI), — — ~10% Wem ™2 iloe(itrons 20 p <78 742
Metal
CO insulator (EDO),PFg — — 2 x 1018 500-1500 1.5-2p 270 434,747
3 o-(ET), I3 — — 120 n 4 f)
Metal 6-(ET),CsZn(SCN); 3-4.5 x 10> <20 2)
(//b)
Tonic <> TTF-. p-Chloranil 3.1 x 103 190 224,225 1.8 x 10 280-2800  20-100 p 77 222,754
Neutral TTeC;-TTF.-TCNQ 1.2 x 10° <240 224,225 c) <300 741
L (TMTSF),Cl04 <5x107* 15 354 — — — —
Sliding SDW 1\1sE),NO; 4x1072 6 h) — — — —

a) —: no experiments. b) Partial CT or metallic behavior has not been observed by thermal variation except Ag(DMDCNQI),. c)
According to the time-dependence of photo-induced reflectivity change,’*! the response times for TTeC;-TTF-TCNQ and K-TCNQ
are a few times and a few hundred times faster, respectively, than that for TTF- p-chloranil. d) R. A. Heintz, H. Zhao, X. Ouyang, G.
Grandinetti, J. Cowen, K. R. Dunbar, Inorg. Chem. 1999, 38, 144. e) H. Okamoto, private communication. f) N. Tajima, J. Fujisawa,
N. Naka, T. Ishihara, R. Kato, Y. Nishio, K. Kajita, J. Phys. Soc. Jpn. 2005, 74, 511. g) K. Inagaki, 1. Terasaki, H. Mori, T. Mori,
J. Phys. Soc. Jpn. 2004, 73, 3364. h) S. Tomic, J. R. Cooper, D. Jerome, K. Bechgaard, Phys. Rev. Lett. 1989, 62, 462.

ing of the dimerization in the ionic phase, which may reflect
the rather slow switching rate in this system. Since the switch-
ing occurs at a temperature close to the N-I phase transition, it
is necessary to find a N-I transition system with a transition
temperature near RT with a small activation energy for con-
duction in order to realize excellent performance for photo-
reflectivity change near RT.

The structural change from the photo-induced metastable
state to the stable state was studied for TTF-.p-chloranil by
time resolved ultra-fast X-ray analysis. The switching rate
from the ionic state to neutral state (probably metastable state)
was found to be 20 ps (at 77 K).”>*

Table 25 summarizes the characteristic features of selected
switching and/or memory materials in sections 4.3.1 and 4.3.2,
together with sliding SDW systems.

Summarizing sections 4.3.1 and 4.3.2, the Mott insulators
including weakly dimerized, charge-ordered insulators, and
N-I transition systems exhibit a fast phase transition (switch-
ing or memory phenomenon) induced by electric field applica-
tion or photo irradiation. For the former two systems, the phase
transitions caused a pronounced change in reflectance and con-
ductivity from insulating to metallic features. The third system
also exhibited a change in conductivity and dielectric response
connected with the transport of solitons and/or domain walls,
dynamic dimerization, and ferroelectricity. The response is
very fast in systems with weak electron—phonon interactions,
but the transition efficiency is improved with increasing elec-
tron—phonon or e-mv interactions. Tuning of operating tem-
perature up to RT and of threshold electric field or photon den-
sity is necessary work in the future.

Ferroelectric phenomena of the DA complexes have been
investigated by Horiuchi et al. on the following systems: TTF-.
p-chloranil and its analogues in connection with the N-I tran-
sition phenomena,’”> phenazine-TCNQ and its analogues in
connection with the order—disorder transition phenomena,756
and phenazine - haloanilic acids (chloranilic or bromanilic acid)
in connection with the displacive mechanism through intermo-
lecular hydrogen bonds.”>” Although the last system is com-
prised of nonpolar molecules, it exhibits a large dielectric po-
larization (Err(//b) > 100, E7,—253x(//b) ~ 3000) with insu-
lating nature (OrT < 10~8Scm™!) caused by the subtle dis-
placement of component molecules connected by hydrogen
bonds. The application of hydrostatic pressure drastically in-
creased T, (T, ~ RT at 0.6 GPa).

Although the design of a system with displacive-mechanism
is difficult, it should be emphasized that most 77-molecules in
this review are soft acids or soft bases in Pearson’s term. Thus,
they have a huge electronic polarizability and are susceptible
to external stimuli when the ionicity and mutual orientation
of the molecules are appropriately designed.

4.3.3 Metallic DA Alternating Complexes with Mixed
Neutral and Ionic Valence States at RT: HMTTeF Com-
plexes of Et;TCNQ and BTDA-TCNQ: The title complexes
are the first DA alternating stack system exhibiting a metallic
behavior near RT.?** The transport mechanism is interpreted
by the dynamics of the soliton and domain wall.

Contrary to the segregated stack CT complexes, all of the al-
ternating stack CT complexes are semiconducting since the va-
lence band is fully filled at any degree of CT.%> Although it was
predicted that the degeneration of valence and conduction
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Fig. 108. Crystal structure of as-grown (HMTTeF)(Et, TCNQ)(THF),. The ethyl groups are disordered. THF molecules are not
depicted. Orthorhombic, Immm, a = 13.170(1), b = 16.781(2), ¢ = 7.471(1) A, V = 1651.1(2) A3, Z = 2, R = 0.0524.2%

bands results in a semimetallic band structure for § = 0.63,738

such a system has not yet been experimentally realized.

Single crystals of the HMTTeF complexes were prepared by
mixing each purified component molecules in a mixed solvent
of 1,2-dichloroethane/THF as dark green long plates. As-
grown single crystals include the THF molecules, which can
be evaporated off without deteriorating the crystal. The aver-
age amount of THF molecules (x) in the crystals, (HMTTeF)-
(A)(THF),, changed from 1.0 to 0.5 depending on the batch.
For the samples in average x = 0.5 batch, the ogrr ranges
0.3-10Scm™" for the Et,TCNQ and 80-100Scm™! for the
BTDA-TCNQ complexes. For the Et;TCNQ complex, a me-
tallic temperature dependence was observed on 12 out of 18
crystals in a batch. The following results were obtained for
the Et; TCNQ complex, and similar phenomena were also ob-
served for the BTDA-TCNQ complex.

The complex is metallic down to 230K and the &€, below
T is 16 meV. (Fig. 107a). The metallic behavior is improved
by evaporating off the THF molecules from the crystals by
heating to around 80-100°C. Single crystals thus tempered
showed well reproducible physical data. Figure 107b shows
the electric conductivity of the tempered crystals along the

stacking direction. The orr of the tempered crystals is 10—
40Scm~! and increases with decreasing temperature down
to 200 K. Below the temperature, the conductivity decreases
very gradually with an activation energy of 8-9 meV.

The HMTTeF and Et, TCNQ molecules stack alternatingly
along the c-axis with an overlap integral (Sp;.o; = —4.73 %
10~3), which exceeds others by more than one order of magni-
tude (SDI»D3 =0.09 x 1073, SAI»AZ = 0, SDI,AQ =—-047 x
1073), where Sp;.a; is the overlap integral between D1 and
Al molecules in Fig. 108. The band calculation predicts that
the electronic structure has no semimetallic character. The va-
lence band would be fully filled in the range of 0 < § < 1, and
thus a metallic behavior is not expected for the HMTTeF-
Et; TCNQ complex within a framework of band theory. A plot
of hver vs AE (Fig. 18d, 1 and 2) indicates that the Et; TCNQ
(hver =5.1x100ecm™! and AE = +40.31V) and BTDA-
TCNQ (hver =5.0 x 10°cm™' and AE = 40.43V) com-
plexes are allocated in the neutral side and in close vicinity
of the bottom of the V-shaped line, suggesting that the lattice
energy of the ionic domain is comparable to that of the neutral
domain in the crystal.

It was found that the ionicity is sensitive to and increases by
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id line is fit to Eq. 63.
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mechanical stress such as pulverization of the crystals like 1,6-
diaminopyrene - p-chloranil.”*® In the Raman spectrum on the
single crystals, the C=C stretching modes of the quinonoide
ring of Et;TCNQ and central C=C of HMTTeF support the
mixing of different kinds of species with respect to the ionic-
ity. The & is roughly estimated to be 0.4 and 0.6 for the neutral
and ionic species, respectively. In addition, a small amount of
fully neutral (§ = 0) and ionic (§ = 1) species coexist in a sin-
gle crystal. The temperature dependence of the Raman spec-
trum reveals that the relative intensity of the peaks remained
almost constant down to 5K, indicating that the domain size
is insensitive to temperature. Similarly, comparison of its
C=N modes in the IR spectrum with those of neutral and
monoanionic Et; TCNQ reveals that the complex is composed
of an admixture of the neutral and ionic species. In addition,
the appearance of the a;, mode of C=N stretching strongly
indicates lattice dimerization in the DA alternating stack.

Temperature dependence of the magnetic susceptibility ()
of HMTTeF-Et,TCNQ single crystals is shown in Fig. 109.
The x decreases monotonically from RT to ca. 60K and then
increases rapidly below it. The x in the low-temperature
region is represented by the Curie-Weiss law (Xcyie = C/
(T — 6), C: Curie constant, §: Weiss temperature), which is
caused by solitons like TTF-.p-chloranil.?!® The increase in
x with increasing temperatures above 60 K is possibly ascribed
to the formation of solitons by the migration of domain walls,
and thus might be fit to the singlet-triplet excitation mecha-
nism of DA dimers (DYA~ — D** + A*) (Eq. 63). Then,
the fitting parameters are determined as ), = —3.72 x 107
emumol !, A =291 x 10 3emuKmol™!,8 = —0.48K, B =
8.71 x 1072 emu K mol~!, and J/kg = 250.0 K. The Curie and
the singlet-triplet paramagnetic species amount to 0.39 and
11.6% of the DA pairs, respectively.

2J
dexp| ———
)

X=Xcore+m+? 27
14+ 3exp| ——
kgT

The concentration of solitons depends on the speeds of mi-
gration of both solitons and domain walls. When the former is

(63)
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Fig. 110. Magnetic susceptibility of tempered HMTTeF-
Et, TCNQ. Open circles are experimental data and the sol-
id line is fit to Eq. 64.

much slower than the latter, no increase in solitons is account-
ed since the D* and A~ solitons neighboring the domain wall
(Eq. 60) are immediately annihilated by further migration of
the domain walls toward the left hand side as shown in Egs.
60-62, where the D* soliton is reduced to D® and the A~ sol-
iton forms an A~D™ pair. The highly conductive nature of this
complex is, therefore, attributed to the pair breaking of DT A~
by the motion of the domain wall (Egs. 59 and 60) and more
rapid migration of the D* and A~ solitons than that of the do-
main walls (Egs. 61 and 62). Therefore, the conductivity and
the carrier generation are subjected to the speed of domain
wall migration. Based on the conducting behavior below 200
K, the energy for the carrier generation is deduced to be
18 meV (209 K), which is much less than the energy gap be-
tween singlet and triplet in the last term of Eq. 63 (2J/kg =
500 K). Then, the spin susceptibility after subtracting the core
diamagnetism (X.,.) and Curie term (Xc,4.) from Eq. 63
should include both the spins of mobile solitons (),,,), which
are related to the conductivity with an activation energy of 8—
9meV, and the thermally activated localized spins within the
ionic domains (). Taking the exchange interactions between
DT and A~ within a dimer and between dimers as J and J’,
respectively, the net spin susceptibility is represented by
Eq. 64 and the total spin susceptibility x is shown in Fig. 110.
Now the fitting parameters are B’ = 1.19 x 107> emu K mol ',
B” =8.91 x 107 2emuK mol~!, and J'/kg = 362 K.

2J
| dexpl ——
B ksT

X — Xcore — Xcurie = Xms + Xis

2(J" — J))
dexp| —————
B ksT

143 20 —=J0) T 143 2J
€X _ ex —

P\ ket P\T ket
with 2(J’ —J) = 0.018eV (64)

The metallic conduction may be explained in terms of the
generation and migration of solitons and domain walls in the
crystal. As temperature rises the number of solitons generated
by the migration of domain walls increases according to the
first term in Eq. 64. The domain wall migration is of thermally
activated type with the activation energy of 8-9meV
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(&; = 186209 K). The solitons thus created move rapidly in
the crystal and are retarded probably due to the soliton—phonon
interaction at higher temperatures.

4.4 Conducting Films. In this section, the conducting
films of the monolayer and multilayers such as Langmuir—
Blodgett (LB) films, self-assembled monolayers (SAMs),
reticulate doped polymer (RDP) films, and evaporated thin
films are described. Several review articles for conducting
LB films,’%%761 SAMs,792-76* and RDP films’% have been pub-
lished. The FET films have been summarized in section 2.2.

4.4.1 Langmuir-Blodgett Films: The LB films of CT type
have been developed as follows.”®76! 1) As for the DA type,
the DO+ A%~ part acts as the hydrophilic moiety and the long
alkyl chains attached to the D or A molecules act as the hydro-
phobic moiety. As for the radical salt type, long alkyl chains
have been attached either to the radical moiety or to the coun-
ter ion. However, in order to fulfill one of the essential require-
ments for an organic metal, namely the aggregation of uniform
segregated column, it is more appropriate to use component
molecules that contribute to the conductivity, with short or
no alkyl chains. 2) In general, equimolar arachic (arachidic
or icosanoic) acid (Ci9H3gCOOH) or behenic acid (C,;Hyz-
COOH) has been employed as the matrix in order to have well
packed LB films. However, this process and also the use of
long alkyl chains in either D or A part may depress the conduc-
tivity. 3) Therefore, the use of component molecules having
self-assembling ability, such as M(dmit),, BO, TTP, etc. (see
section 3.1), is favorable to prepare conducting LB films. 4)
High conductivity is often realized after the secondary treat-
ment by I, or electrooxidation of the LB films. The stoichiom-
etry of the LB films after the secondary treatment has not been
confirmed. Table 26 summarizes the selective highly conduc-
tive LB films.

4.4.1.1 TCNQ Anion Radical Salts; The conducting LB
films were first developed in 1985 based on the anion radical
salt of TCNQ with pyridinium derivatives having long alkyl
chains (CsHsN—Cy,Hys) by Ruaudel-Teixier et al.’®® The con-
ductive LB films (ogr = 0.1Scm™!, &, =0.30eV) were ob-
tained without any matrix but after the secondary treatment
with I,. It was claimed that the as-grown film consists of sheets
of (TCNQ*™), dimers with a molecular plane nearly parallel to
the surface of the substrate, and that the secondary treatment
results in the reorientation of the TCNQ molecules to arrange
their molecular planes and long axes roughly perpendicular
to the substrate surface.””” The LB films of phosphonium
and sulfonium salts [PMe3;(C;gH3s7), SMe,(CgHs7), and
SMeEt(C;gH37)] of TCNQ were also conductive after the sec-
ondary treatment.”®’-7%° The authors claimed high conductivity
of ogry = 40S cm™! based on the analysis of the optical spec-
tra of the “semiconducting” LB films. The high conductivity,
however, can only be realized in the LB films consisting of a
partial CT complex. Since the original TCNQ LB films before
secondary treatment are insulating, the second treatment modi-
fies not only the molecular packing but also the electronic
structure from DTX™ to DY[(X7)1_(X%, + (W™),], where
W~ is the unknown anion species. Dhindsa et al. reported that
multilayer films deposited from the 1:1 salt of N-octadecylpyri-
dinium-TCNQ exhibited a significant conductivity (ca. 1072
Scm™!) that exceeds those of usual 1:1 TCNQ salts.””® They
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performed XPS analysis on the deposited film and found three
distinct nitrogen environments: negatively, neutral, and posi-
tively charged species, while only negatively and positively
charged species on the 1:1 powder sample. They deduced the
composition of the complex in the LB films to be (N-octa-
decylpyridinium)[(TCNQ®*),_.(TCNQ®),(OH™),] and the
generation of OH™ species from the oxygen dissolved in the
water subphase.”’

Since TCNQ molecules do not have excellent self-assem-
bling ability to form segregated columns or layers by them-
selves, the preparation of conductive TCNQ LB films is rather
difficult.

4.4.1.2 M(dmit), Anion Radical Salts; The metal com-
plex compounds M(dmit), have an excellent self-assembling
ability in comparison with that of TCNQ, since the peripheral
sulfur atoms contribute to the cohesion of the lattice. Some of
the alkylammonium [NMey_,,(C,Hzp41)m] salts of M(dmit),
with a matrix of arachidic acid are highly conductive [(m, n,
M, orr/Scm™!) = (1, 10, Ni, 1.0), (2, 10, Au, 1.4), (3, 10,
Ni, 1.4), (3, 14, Au, 19), and (4, 10, Ni, 1.6)] after secondary
treatment by Br, or electrochemical oxidation in aqueous
LiClO, solution.””” Some LB films are conductive without
the matrix [(2, 10, Pd, 1.0), (4, 10, Pd, 5.1)].77%77!" Besides
the semiconductive LB films, two metallic LB films were pre-
pared after the secondary treatment of electrooxidation [(2, 14,
Au, 40), (3, 10, Au, 40)] by Miura et al.”72773 The former and
the latter are metallic near RT without and with the matrix, re-
spectively. These LB films after the secondary treatment are
rather fragile and the degradation of the LB films soon de-
stroys the conductive behaviors.

4.4.1.3 Cation Radical Salts of TTF Derivatives; Most of
the TTF derivatives used for the conducting LB films are com-
prized of the basic skeleton of ET, TTC,-TTF or C,TET-TTF.
Their self-assembling ability is inferior to that of BO, resulting
in less conductive LB films (ory & 1-2Scm™!) than those
based on BO (ogrr ~#40Scm™!). In general, the LB films
based on TTF derivatives have been prepared using behenic
acid or arachidic acid, then the films are treated by I, or FeCl;
to create the radical electrons to give rise to conductivity.
Transport properties of the conductive LB films (orr > 1
Scm™!) are summarized in Table 26.

Among them, the BO LB films exhibit a metallic behavior
down to 14K.77777® The films were prepared by deposition
of a 2:1 and 1:1 mixture of BO and behenic acid without the
secondary treatment by Ohnuki et al.””’ The structure was de-
termined by X-ray diffraction measurements to be a Y-type
film. Based on the IR spectra the ionization mechanism of
BO in the film formation process is deduced to be the depro-
tonation of the carboxylic acid (Eq. 65). However, the details
of the succeeding reaction of H* thus formed is unknown.

BO + C,;H43COOH — BO*t + C,1Hyi3COO™ + Ht (65)

A negative magnetoresistance was observed for the LB
films prepared by BO and stearic acid (C;7H35COOH), which
showed metallic behavior down to 120K.7”°

The donor molecules 2,7 4,776 and 6”7 are reported by
Dhindsa et al. and Goldenberg et al. to give LB films of
Oorr =4 x 1072, 1072-1073, and 1072-1073 Scm™!, respec-
tively, without any secondary treatment. Some LB films com-
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Table 26. Selected Examples of Highly Conductive LB Films

81

Dor A Anion or Cation Matrix Treatment® ORrt/S cm™! (Eg/eV) Ref.
Anion Radical Salt Type
TCNQ C5H5N—C22H45 no Iz 0.1 (030) 766
TCNQ PMe;(C gHs37) no I, 402 767
TCNQ SMCz(C13H37) no 12 40b) 768
TCNQ SMeEt(C;sHs7) no L 40D 769
Au(dmit), NMes3(CioHy1) arachidic acid Br, 1.0 770
Au(dmit), NMe, (CioHz1)2 arachidic acid EO/LiCIO4 14 770
Ni(dmit), NMe(C;oHz1)3 arachidic acid EO/LiCIO4 1.4 770
Au(dmit), NMe(C4Hp9)3 arachidic acid EO/LiCIO4 19 770
Ni(dmit), N(CioHz1)4 arachidic acid Br, 1.6 770
Pd(dmit), NMe,(CigHs1 )2 no EO/L]C]O4 1.0 770
Pd(dmlt)2 NMG(C 10H21 )3 no EO/L1C104 5.1 771
Au(dmit), NMe(C;4Hy9)3 no EO/LiCIO4 40 (metallic) 772
Au(dmit), NMe(CioHz1)3 arachidic acid EO/LiCIO4 40 (metallic) 773
Cation Radical Salt Type
1 behenic acid I, 1 (0.04) 774
2 no 1, 1 (0.18) 775
4 tricosanoic acid I, 1 776
BO behenic acid no 40 (metallic) > 14K 777,778
stearic acid no metallic > 120K 779
EOET behenic acid no 2 777
6 no no no 102 77
DA Type
TMTTF CsTCNQ no no 0.1 (0.19) 780
TMTTF Ci4TCNQ no no 1 781,782
BO C,TCNQ(n = 10,14) arachidic acid no 1-10 (metallic) 783-785
3 CisTCNQ no no 2.5 786,787
3 9 no I, 1 788
9 no FeCl; 2 789
7 9 no no 5 790
5 Cu(dmit), stearic acid I, 1.1 791
5 Ni(dmit), no no 40 792
8 CsTCNQ no I, 1 (mixed layer) 793
no I 150 (alternate layer)
TTF TCNQ no no 5.5 794
BO CF;TCNQ arachidic acid no 3.7 795
BO (Me0O),TCNQ arachidic acid no 11.3 (metallic) 796
a) EO: electrooxidation. b) Optical conductivity.
SCygHa7 COC16H33 CrHaons1
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posed of 4 showed an increase in RT conductivity (107!
Scm~!) upon storage in air for 10 days.”’® The conductivity
is not very impressive compared with those in Table 26, but

is very remarkable considering the fact that the material is
composed of a single component with a closed shell electronic
structure (the highest conductivity is orr =1 x 1073 Sem™!
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(a) Temperature dependence of electrical conductivity for BO-C;(TCNQ-arachidic acid LB films: (a) 1:1, (b) 1:2, (c) 1:3,

and (d) 1:4 ratio of C;oTCNQ to acachidic acid. (b) Simulation of the electrical conductivity based on the modified 2D metal—
semiconductor—insulator percolation model with p5 = 0.39, Cy,s = 480, and E = 120 K.3°

for BTQBT single crystals, see section 2.3.1). The formation
of highly conductive LB films of 2, 4, and 6 suggests either
that the LB method might pack 77-moieties more tightly than
that in the single crystals (compressed pellets of 2 and 4 show
orr values of 10~ and 10712 S cm™!, respectively),”>"7° or
that the prepared LB films have an impurity level for transport
owing to the formation of a CT complex with oxygen. The lat-
ter is more plausible based on the experimental result, which
shows an increase in conductivity of the LB films upon storage
in air. In the case of LB films of 4 in the matrix of 22-tricose-
noic acid (9:1) (orr = 1072-1073Scm™1),”76 an ionization of
4 by a similar reaction to Eq. 65 is possible besides the forma-
tion of a CT complex with oxygen. Other explanation would
be the formation of OH™ from the CT complex with oxygen
in the water subphase (Eq. 66) according to the proposal for
the TCNQ system in section 4.4.1.1 by Ward et al.”

R-TTF + x0, — (R-TTFY),_ (R-TTF*+.0,%7),
20 R-TTFY),_, (R-TTF*+-OH),, (66)
4.4.1.4 DA Type; The LB films of DA type, in general, do
not need the secondary treatment but need the matrix to exhibit
high conductivity as first reported on TMTTF-C;3TCNQ
(orr = 0.1Scm™1).78 The following are highly conductive
(>1Scm™!) LB films of DA type in which one component
has a long alkyl chain: 1Scm™! for TMTTF.C;,TCNQ,’8!:82
1-10Scm™~! for BO-C,TCNQ (n = 10, 14),7837% 2.5Scm™!
for 3.CcTCNQ,’®787 58cm~! for 7.9, and 40Scm™!
for 5.Ni(dmit),.”?

Since the C, TCNQ molecule has a similar electron affinity
to that of MeTCNQ (E';/, = 0.17-0.21V vs SCE, cf. 0.19V
for MeTCNQ), it is reasonable that 3 and 8 are not strong
enough electron donors to afford a partial CT state in the com-
plexes with C,TCNQ. Also, since TCNAQ (E! 12 =—0.32V)
is a very weak acceptor molecule, 3 and 7 can not form a
partial CT state with 9. Therefore, the high conductivity of
3.CcTCNQ, 8-C;sTCNQ, and 3-9 was only realized by the
oxidation of the donor moieties by secondary treatment with
I, or FeCl;. The high conductivity of 5.Cu(dmit), might be
explained similarly, but that of 7.9 without secondary treat-
ment is extraordinal. The latter result suggests either that the

LB method relaxes the requirement for an organic metal con-
cerning the ionicity owing to the densely packed aggregation
or that the formation of a CT complex with oxygen. The latter
is more plausible and would then explain the extremely high
conductivity of the LB films by the formation of a mixed-
valence state as expressed by Eq. 66.

The first metallic LB films of DA type were prepared by
Nakamura et al. based on BO complexes from the water—air
interface.”8378* The LB films were prepared by the deposition
of a 1:1 mixture of the CT complex (BO);o(C;oTCNQ)4(H,0O)
and arachidic acid on a quartz or poly(ethylene terephthalate)
substrate. The conductivity measurement exhibited metallic
behavior down to ca. 250K (Fig. 111), and both the thermo-
electric power and EPR measurements proved the metallic
nature within a domain (~a few um?) at least down to ca.
S0K.” In relation with that, the pellet sample of the bulk
CT complex exhibits a metallic behavior down to around
140K followed by a gradual increase of resistivity.

The conducting behavior was analyzed by Ogasawara,
Ishiguro, et al. utilizing a concept of the 2D percolation model.
The coexistence of the metallic, semiconducting, and insulat-
ing domains in a film was assumed with the following param-
eters: p;: ratio of CT complex within the film, p,: ratio of me-
tallic CT complex within the CT complex region, Cy,: ratio of
conductance of the metallic one to semiconducting one, and E:
activation energy between the semiconducting sites.3®° Since
the actual dimensionality of the LB film was deduced to be
2.4, the values of site occupancy p; (i = 1,2) were transformed
into those for 2D (p;’) and the p, was estimated from the X-ray
diffraction analysis to be 0.25, which corresponds to p,’ =
0.39. The p; values can be estimated from both the ratio of
BO/C(TCNQ in the complex (=2.5) and the mixing ratio
of the C;(TCNQ and arachidic acid (1:X) as p; = 2.5/2.5+
X). Then, the effective occupancy factor p;’ was evaluated
as 0.78, 0.66, 0.57, and 0.52 for LB films with 1:1, 1:2, 1:3,
and 1:4 ratio of C;yTCNQ to arachidic acid, respectively.
The temperature dependence of the conductivity (Fig. 111a)
was well reproduced by the calculation based on a modified
2D percolation model with p,’ =0.39, Cp, =480, and
E = 120K with p," values slightly different from those calcu-
lated above; 0.79, 0.67, 0.60, and 0.55 for 1:1, 1:2, 1:3, and 1:4
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LB films, respectively (Fig. 111b). The semiconducting behav-
ior with a small activation energy of 120K arises from the dis-
tributed disorder in the metallic CT complex.

Spin-lattice relaxation time of 'HNMR in polycrystalline
(BO)10(C19oTCNQ)4(H,0) has been measured at the low-tem-
perature range of 2-50 K by Tsukada et al.3*! A Korringa-like
behavior was observed down to about 30K and the Anderson
localization was detected at lower temperatures. The spin-lat-
tice relaxation time of protons in the BO-C;iTCNQ-arachidic
acid LB films also indicated the occurrence of Anderson local-
ization in the temperature region of 2—14 K .80

Even component molecules having no long alkyl chain af-
ford highly conductive LB films, although the films were not
well organized: 5.5S cm~! for TTF-TCNQ,”* 3.7Scm™! for
BO-CF;TCNQ,” and 11.3Scm™! for BO-(MeO),TCNQ.”
The 1:1 mixture of the CT complex BO-(MeO),TCNQ and
arachidic acid afforded deposited films showing a metallic be-
havior down to ca. 180K (Fig. 112). EPR study supports the
metallic nature down to ca. 50K.7%

Accordingly, the component molecules should have a strong
self-assembling ability in the 7T-moieties (see section 2.3) and
short hydrophobic alkyl chains in order to have highly conduc-
tive LB films. In this case, however, the fabrication of structur-
ally well defined LB films is difficult.

It has been reported that some LB films composed of
dimethylbis(tetradecyl)ammonium[M(dmit),] (7, < 3.9K),3%
and Cgy doped with K (7. < 8.1 K)®¥* and Rb (T, < 23 K)8%
exhibit superconductivity, which was detected by the AC com-
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Fig. 112. Temperature dependence of electrical conductiv-
ity for (a) BO-(MeQO),TCNQ-arachidic acid LB films in
comparison with that of (b) BO-C;oTCNQ-arachidic acid
LB films.”®
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plex magnetic susceptibility or low magnetic field microwave
absorption measurements. However, both the structural disor-
der inherent to the LB films and the low-dimensional nature
originating from the thin-layer structure severely prohibit the
observation for the superconductivity by resistivity measure-
ments.

4.4.2 Self-Assembled Monolayers (SAMs): In 1983,
Nuzzo and Allara showed the formation of a covalent bond
between alkanethiolates and a gold surface by adsorption of di-
alkyl disulfides from a dilute solution.®%® The films labeled as
“self-assembled monolayers (SAMs)” have been an important
strategy for exploiting well-ordered and stable applications
such as wetting, corrosion inhibition, molecular sensors, and
nanopatterning. SAMs have less voids, disorders, and defects
than the LB films. Recently, alkanethiols or dialkyl disulfides
have been chemically attached not only on Au, Pt, Ag, and
Cu metals, but also on GaAs, CdS, and ITO (Sn-doped
In,03).762763 In this section, we focus on SAMs composed both
of electron-accepting and of electron-donating components.

Ward and Yip prepared SAMs with CT interactions, for
which a mixed monolayer composed of 16-mercaptoalkyl-
tetrathiafulvalenecarboxylate (11) (Chart 14) and 16-mercap-
tohexadecanoic acetic acid or hexadecane-1-thiol on a gold
substrate was immersed in a TCNQ/chloroform solution.?%
The layer-by-layer method results in a sizable frequency shift
of C=N and C=O stretching modes, strongly indicating the
presence of CT between the TTF moiety and TCNQ. Likewise,
CT interactions were observed by immersing either the mono-
layer of TMPD thiols (12) into a TCNQ/acetonitrile solution
or the monolayer of TCNQ disulfides (13) into a TMPD/ben-
zene solution.??” However, these reports have given no struc-
tural information for the resulting SAMs.

Yuge, Enoki, and co-workers prepared new-type SAMs con-
sisting of alternating TTF-CH,SH (14) and TCNQ molecules
by immersing the gold substrate into a TTF-CH,SH/TCNQ
mixed solution (coadsorption method) for the purpose of get-
ting conductive SAMs.81% A downshift of the C=N stretching
mode by 25cm™' is firm evidence for CT between TTF-
CH,SH and TCNQ. Scanning tunneling microscopy and sur-
face plasmon resonance measurements strongly suggest that
both component molecules arrange nearly normal to the gold
substrate surface. The layer-by-layer method, on the other
hand, gave a column structure, in which TCNQ molecules
were merely placed over a TTF-CH,SH monolayer because
of the densely packed TTF-CH,SH molecules arranged nearly
normal to the gold substrate surface. Hence, CT did not appear
in the resulting SAMs.

CN NC CN

(CH2)10S-S(CH2)10

13
CN NC CN

Chart 14.
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films.81

Also, they prepared SAMs containing F4TCNQ instead of
TCNQ by means of both methods.®!! SAMs prepared by the
layer-by-layer method contain the reduced F,TCNQ together
with its neutral species despite their column structure. In the
case of the co-adsorption method, complete CT was observed
as expected from their redox properties.

In order to elucidate the conductive SAMs, it is necessary to
replace the Au substrate with the insulating ones.

4.4.3 Reticulate Doped Polymer (RDP) Films: The dop-
ing of CT complexes dispersed in polymer films is one of the
effective methods to prepare conducting films. The first con-
ducting RDP films were prepared by casting a 1wt% o-di-
chlorobenzene solution of TTN-TCNQ in polycarbonate on
a glass substrate by Jeszka et al. in 1981.8!2 The CT complex
is crystallized in the polycarbonate after evaporation of the sol-
vent and the conduction path is generated by the connection of
the TTN.TCNQ microcrystals. The percolation theory satis-
factorily explains the electric conductivity of the films includ-
ing only 1wt % of the CT solid. From this point of view, 2D
conductors comprising molecules with self-assembling nature
are good candidates for highly conducting RDP films.

Well-organized RDP films were afforded by either casting a
solution of a CT solid as described above, or casting a solution
of one component molecule and then generating radicals
by redox reaction. However, highly conducting RDP films
remain sparse because many of the highly conducting CT sol-
ids are insoluble in conventional organic solvents and the com-
ponent molecules having self-assembling ability are limited
(M(dmit),, Pc, TTP, ET, BO, EOET, etc.).

Laukhina, Ulanski, et al. prepared RDP films composed of
ET in polycarbonate (2wt %) treated with CH,Cl,/I, vapors
and then annealed at 137 or 155°C to convert the o-form to
the superconducting o-(ET),I5. The film is metallic and ex-
hibits a broad superconducting transition below 7 K.3!3

The RDP films of BO compounds show metallic behavior
that have been prepared by Tracz, Jeszka, and our group.’'#
The casting of a hot o-dichlorobenzene solution of polycarbon-
ate containing ca. 1 wt % of BO on a glass substrate gives an
insulating film. The film was subjected to the vapor of an or-
ganic solvent containing iodine or bromine to form conducting
BO complexes near the film surface. The surface resistivity is

'BO-Br

(BO)2Br(H20)3

emmmmm—— e —— =) m— >

Absorbance [ arb. units

0 10 20

Wavenumber/10°cm’

Fig. 114. Optical absorption spectra of a single crystal of
(BO),Br(H,0)3 and bromine-doped RDP films with an
incident light perpendicular (L) and oblique (ca. 30°) to
the film surface 8"

1 x 1073 S/ at RT, and the bulk conductivity concerning the
thickness of the conducting layer is ca. 10% to 10° Scm™!.

Single crystals of the iodide and bromide salts are metallic
down to low temperatures (1.3 and 4 K, respectively) as seen in
Fig. 113a. On the other hand, the iodine- and bromine-doped
RDP films are metallic down to 17 and 65K, respectively
(Fig. 113b),%!5 with less conductivity enhancement compared
to the single crystals. The resistance of the bromine-doped
RDP films decreased by a factor of 2.1 down to 65K, below
which the resistance gradually increased though it was still
smaller than the RT value even at 4 K.

The metallic films treated by iodine are deeply colored ow-
ing to the presence of I3~ anions (Fig. 115a). The I3~ anions
can be replaced with Br~ by immersing the films into a KBr
aqueous solution (Fig. 115b). Figure 114 shows the optical ab-
sorption spectra of the single crystal (BO),Br(H,O); and the
bromine-doped RDP films.3!> Band A is ascribed to the intra-
band optical transition in metal. It has been known that the BO
salts having the segregated stack of fully ionized BO** or
(BO**1), exhibit a characteristic band around 8-10 x 10° cm™!
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(a) (C) Light

(b) l &

iu!d‘. ¢

Fig. 115. The iodine-doped BO RDP film is black (a) and
turned to transparent (b) after immersing into an aq. KBr
solution. (c) Schematic drawing of molecular orientation
in RDP films. Hexagonal thick plates represent the metal-
lic crystallites, where only one donor layer is illustrated.
In one of the rectangular plates, the molecular shape of
BO is drawn.81

(Band B).234241815 Thys, the absence of the Band B in the RDP
films in Fig. 114 indicates that the segregated stack of BO
molecules in the crystallites contains no aggregation of BO®™.

The Band C is assigned to the intramolecular excitation
from the 2nd-HOMO (b3,) to HOMO (b,) of the BO molecule
and is commonly seen around 13 x 10°cm™!.23* The weak
Band D, which is also observed as the lowest electronic band
of neutral BO, is attributed to the excitation from HOMO to
LUMO. Compared with the spectra of the (BO),Br(H,0); sin-
gle crystal, the Band C is very weak in the films. The intensity
of Band C is dependent on the direction of the incident light;
the absorbance increases distinctly when the film surface is
tilted from perpendicular to oblique to the incident light. These
anisotropic optical properties strongly indicate that the ionized
BO molecules are well oriented in the films. Since the intramo-
lecular transitions C and D are polarized along the long axis of
the BO molecule, it appears that this molecular axis is almost
perpendicular to the film surface as schematized in Fig. 115c.
The 2D donor layer in (BO),Br(H,O); is nearly perpendicular
to the molecular long axis of BO®!3 and the crystal grows with
the developed planes parallel to the conducting 2D layers.
These observations, therefore, strongly suggest that these me-
tallic microcrystals grow parallel to the film plane, as depicted
in Fig. 115c.

Summarizing the above, the bromine-doped films are highly
transparent in the visible region (Figs. 114 and 115b) since BO
molecules are arranged with the molecular long axis normal to
the film surface and the optical transitions in the visible region
are polarized along the long axis of BO (Fig. 115¢).8!3 This
orientational manner in the BO-iodide RDP films is supported
by the scanning electron microscopy, X-ray diffraction, and
atomic force microscopy.’!4816

4.4.4 Evaporated Thin Films: Evaporation methods (co-
sublimation, chemical vapor deposition (CVD)) are the most
common to prepare thin films of CT type. Co-sublimation
has also afforded single crystals [(TTN),Is, (TSeN)I, (x =
0.5, 0.71, and 0.77), TTF-QCl4]?!9817-819 or complexes with
different stoichiometry from that obtained by the solution
method (TMTTF-TCNQ); 1:1 metal from solution, and 1.3:2
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and 1.66:2 semiconducors by co-sublimation).?3¢2%7

4.4.4.1 DA Type; Immediately after the discovery of the
first organic metal TTF-TCNQ, many reports on thin films
processing of this complex have appeared, mainly by the sub-
limation of its bulk crystal in high vacuum (10~3~10~* Pa) on
single crystals such as NaCl,82° KCL,%2! and KBr.822 Thin films
of TTF.-TCNQ were also fabricated as electrodes for carrier
injections on a semiconducting DA complex as channels for
an FET device (see section 2.2.2).°® Thin films grown by
CVD at ambient pressure have also been reported.??> Most of
these films have shown semiconducting behavior even above
49-50K, at which Peierls transition occurs in single crystals.

4.4.4.2 Cation Radical Salt; Yudasaka, Saito, et al. pre-
pared thin films of TTF-Iy7; on a mica substrate, utilizing co-
sublimation of TTF and iodide.??*#25 By controlling the tem-
perature of substrates (75) and the iodine evaporation source
temperature (7'(1)), the films were grown epitaxially as demon-
strated in Fig. 116a. This is one of the first reports of epitaxial-
ly grown conducting thin films of CT type. When T([) is kept
at about 0°C, the stacking c-axis of TTF-Iy7; film is parallel
to the mica surface and makes angles of about +30° or
—30° with the b-axis of the mica substrates. While when
T(I) is about 20 °C, the c-axis of TTF-Iy7; film is perpendic-
ular to the mica surface. The films exhibit dichroism with pale
and strong purple domains (Fig. 116a), which are exchanged
by rotating the polarizer or the sample with a period of 180°.
The anisotropic optical absorption (Fig. 116b) indicates that
the intramolecular transitions of TTF*t (400 and 560nm)
are polarized perpendicular to the c-axis and the intermole-
cular CT band (Band B, 830nm) is parallel to the c-axis in
agreement with the single crystal optical work.®** The film
shows semiconducting behavior, despite its RT conductivity
as high as 102-10°Scm™' (//c). The conductivity anisotropy
(Fig. 116¢) shows a clear thermal hysteresis along the c-axis
reminiscent of that of a single crystal,®?® while no hysteresis
was detected perpendicular to the c-axis with less RT conduc-
tivity than that along the c-axis by a factor of about 102,

High vacuum evaporation (<1 x 1073 Pa) of single crystal
«o-(ET),I3 accompanied by tempering the as-grown thin film
gave the epitaxial o,-(ET),I; phase on the glass substrate by
Kawabata et al.3?73%8 A sizeable falloff of the magnetization
below ca. 5K is indicative of the appearance of superconduc-
tivity. Afterwards it was found that the thin films of the -
phase deposited on quartz glass showed a low-field micro-
wave absorption below 9K, although the semiconducting
behavior was observed down to ca. 100K (orr = 3 x 1072
Scm™1).827828 This finding suggests the occurrence of super-
conductivity below 9K, which substantially exceeds that of
the previous work and is comparable to that of the single
crystal #¥

Thin films of iodine-doped NiPc were also grown on a
quartz glass substrate3?® in the same manner as TTF-Iy7,. In-
terestingly, it shows metallic behavior, although the RT value
is as low as 0.1-1 Scm™".

Thin films of (BO), 413 were grown on a single crystal NaCl
under high vacuum condition of 1073 Pa, and showed a RT
conductivity of 1 Sem™" with &, = 0.04 eV %

4.5 Conducting Melt, Conductors with Low Melting
Point, and Organic Semiconductor Condensers (OS-CON).
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In the following, the neutral DA type CT complex that exhibits
arapid increase in conductivity during melting, the cation radi-
cal salts of TTF derivatives with low melting point, and the
anion radical salts of TCNQ with imidazolium cations with
low melting point will be described.

4.5.1 Neutral DA Complex with Low Melting Point:
Neutral CT complexes D%+ A% (§ ~ 0) normally have a low-
er melting temperature than those of ionic CT complexes
(8 > 0.5), since the Madelung energy in the former makes a
very small contribution to the lattice energy compared with
that in the latter. For the neutral CT complex with alternating
stack, i) the number of conduction carriers is negligible at low
temperature since § ~ 0, and ii) there is no conduction path
with a small activation energy owing to alternating stacks
composed of D and A molecules having different potential en-
ergies. Consequently, neutral alternating complexes with high
conductivity have rarely appeared (see sections 3.1.3 and
4.3.3). Furthermore, most studies on the transport properties
of CT complexes have been made on solids, while there have
been no such studies in the liquid state. Only a few studies on
the optical characterization of the molten CT complexes have
been reported.®3! In the following we describe a drastic de-
crease in resistivity by a factor of 10°-10° upon the melt-
ing of a neutral alternating CT complex, C;TET-TTF.TCNQ
(Chart 15).

Syntheses and characterizations of C,TET-TTF have been
studied by Otsuka, Saito, et al.332 The molecules with inter-
mediate alkyl chain lengths exhibited considerably low melt-
ing points owing to the increased fusion entropy (Fig. 117,
also see Fig. 7d), although C, TET-TTF with n =5, 6, 8, or 9
have not been prepared yet. Among the C, TET-TTF molecules
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Fig. 117. Melting points of C,TET-TTF in comparison
with those of TTC,-TTF materials. (n, T,,/°C) = (1, 80),
(2,79), (3,59), 4,57), (7, 11), (10, 41), (13, 61), (16, 73),
and (18, 77).

in existence, the lowest melting point was observed at n =7
(T, = 11°C). The ionization potentials of C,TET-TTF are
nearly the same as that of ET, but complex formation is con-
siderably restricted with increasing n.

Among the CT complexes of C;TET-TTF, the dark brown
plates of 1:1 C;TET-TTF.TCNQ exhibited very peculiar
structural and transport features.®¥>83% The sm-electron rich
parts, namely the CgSg part of C;TET-TTF and TCNQ, form
a DA alternating stack with alternating interplanar distances
of 3.44 and 3.51 A and afford a 7r-electron layer in the ac-
plane (termed sr-electron layer in Fig. 118). The sm-electron
layer is sandwiched by the 2D hydrophobic alkyl layers
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Fig. 118. Crystal structure of C;TET-TTF.TCNQ. Triclin-
ic, P1, a = 9.732(3), b = 27.833(6), ¢ = 7.946(2) A, a =
102.02(2), B =108.14(3), y = 68.27(2)°, V = 1890(1)
A3, Z =2, R = 0.063.832833 7_Electron layer is composed
of alternating array of Cg¢Sg part of C;TET-TTF and
TCNQ molecules. Paraffin layer is composed of interpene-
trated heptyl chains of C;TET-TTF molecules. These two
layers stack alternatingly along the b-axis.

(termed paraffin layer in Fig. 118) consisting of interpenetrat-
ed heptyl chains, which are alternately attached to two differ-
ent adjacent DA stacks. As a result, the bilayer composed of
the repeating unit of 7r-electron|paraffin|z-electron is formed
with a thickness of 8-9 A for each segment. The very small
DA overlap integrals (0.2-1.8 x 1073) suggest that the CT in-
teractions of 77-moieties do not dominate the lattice formation
but the vdW ones of the alkyl chains do. Owing to these unfav-
orable crystal and electronic features, electron transport is con-
siderably restricted, namely the pg of the compaction pellet is
very high: 10°~10"! Q@ cm with €, = 0.50€V up to 47-50°C
(denoted high resistive (HR) phase, Fig. 119a).

At around 50 °C the resistivity starts to drop by a factor of
10°-10% and reaches 3-8 x 10° Q cm for the pellet sample. A
single crystal also showed a drop of p in the range of 52-57°C
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—
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to reach 1.5 x 10* @ cm at 57 °C along the nearly b-axis, while
it was 2-3 x 10° Q cm along the a- or c-axis. The transition at
50-57 °C causes the color to change to yellow, but it is not a
conventional solid—solid phase transition. A structural analysis
at 47 °C indicates a significant increase in the angle (S)-C-C-
C in one of the alkyl chains, suggesting that the thermal mo-
tion of alkyl chains triggers the transition. The intensity of
each Bragg spot starts to decrease markedly above 52 °C, but
they faintly remain up to 57 °C. These observations together
with the anisotropic behavior in p in this temperature range
suggest that the crystal becomes partly amorphous but includes
some regular structure (denoted low resistive I phase (LR-I),
Fig. 119).

Such a decrease in p has been observed in a liquid crystal-
line viologen by Tabushi et al.®3* A high conductivity in the
liquid crystal (1.2 x 1073 Scm™! at 110°C) is interpreted by
the ionic conduction of the viologen cation, cation radical,
and iodine, where the liquid-crystallite state was indispensable
for yielding the conductivity. In the system of C;TET-TTF.
TCNQ, however, a crystalline framework is not necessary
for conduction as shown below.

The p increases gradually above 60 °C and no essential in-
creases were noticed above 80 °C. This abnormal phase, where
the p increases as temperature increases like a metal, is denot-
ed LR-II. The low-resistive behavior persisted reversibly
between —22 and +80°C with p = 2.5-6.0 x exp(€,/2kgT),
where €, =0.50eV (denoted LR-III). No further thermal
changes imply that the behavior of p in LR-II is intrinsic
and that LR-III is a supercooled state: storage of LR-III at
—75°C for 1 year gave no appreciable change, while the stor-
age at RT for 2 months caused it to transform back into HR.
Without mechanical stimulus, the shape of the crystal is essen-
tially kept up to the decomposition point at around 213°C
(Figs. 120a and 120b). Once a stimulus is added to a part of
LR (II and IIT) at any temperature, however, slurry containing
microcrystals and viscous oil spills from inside the crystal
(Figs. 120c and 120d). The X-ray diffraction analysis and op-
tical spectra revealed that the microcrystals are composed of
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Fig. 119. Temperature dependence of (a) resistivity 0 and (b) spin susceptibility Xy, Of C,TET-TTF-TCNQ.?3 (a) Arrows indi-
cate the heating and cooling processes. At 80 °C the pellet sample was kept for 2 h. (b) The polycrystals were kept at 83 °C for 2 h.

HR: high resistive state. LR-I, II, III: low resistive states.
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Fig. 120.

Micrographs of a C;TET-TTF.TCNQ single crystal at RT before (a, HR) and after heating (b, LR, kept above 60 °C for

10 min), then added mechanical stimulus at one edge (c), finally pulverized (d) showing a slurry composed of microcrystals

(8-10 x 2 um?).8%

T
e
S
T

GG

Fig. 121. Schematic illustrations of the (a) high-resistive (HR) phase (D?+ A% )i, (b) one of 2D melts (D% A )op merr, and (c)
3D melt (D*F A% )3p men composed of C;TET-TTF (red parallelograms with tails), TCNQ (black parallelograms without tails)
molecules, TCNQ solid (closed blocks in (c)), and electrodes (thick closed bars).

TCNQ? and the oil consists of C;TET-TTF® and a nearly neu-
tral CT complex (D), + A%~ (n is unknown, 8’ ~ 0) dissolved
in the liquid donor. The dissolved complex exhibits a broad
weak CT band at 6.7 x 10> cm™!. Such a CT band appears at
a little higher energy of 7.5 x 103cm™! in the KBr pellet of
HR. The temperature dependence of p of the slurry was nearly
the same as that of LR-III.

Since the observed low p was not attributable to either
C;TET-TTF (pgp-c = 10°-10"° Qcm) or TCNQ (2 x 107
Qcm), EPR data were examined to assign the charge carriers
(Fig. 119b). The EPR intensity (X,) of the HR phase is neg-
ligible, i.e. 107*% of S = 1/2 Curie spins. On heating, it starts
to increase rapidly at around 50°C to attain 10~® emumol~!
above 60°C, which corresponds to 0.1% of S = 1/2 Curie
spins. The X, follows the Curie law for LR-III down to
2K with two EPR signals at g = 2.006-2.009 and 2.003.
The whole temperature dependence of X, coincides with that
of p, confirming that the very small and constant amount of
radical species, C;TET-TTF** (its g value is not known but

g = 2.007 for ET*") and/or TCNQ®~ (g = 2.0027), are re-
sponsible for the carrier transport.

The above results are essentially compatible with the fol-
lowing scenario (Fig. 121). 1) At around 50°C, a part of the
crystalline phase HR (Fig. 121a) transforms gradually into a
disordered bilayer phase (D% A% )op melt (Fig. 121b), where
the dynamics of carriers are restricted within the layer. 2) A
part of the (D‘HA‘S’)ZD melt changes promptly to a 3D melt
(D% A% )3p mere (Fig. 121¢), which includes the neutral liquid
C,;TET-TTF (D°(lig)), neutral TCNQ (A°(dis)), solid TCNQ
(A°(solid)), and neutral CT complex ((D),®+A%~(dis)). The
complex has an equilibrium with A%(dis) and D°(liq), where
M(dis) represents the dissolved species in D°(lig). 3) The
(D5+A5‘)3D mele also includes ionic species (D*t(dis) +
A°®~(dis)) since a simultaneous increase in conductivity and
Xspin 10 LR is only possible with the presence of such species
in an equilibrium with (D)5 +AY~(dis).

The LR-I state may be an inhomogeneous mixture of HR,
and 2D and 3D melts, where the 3D melt is sandwiched by
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the 2D layers of complexes and the content of the HR phase
decreases with increasing temperature up to 60°C. In the
LR-II state the portion of the 2D melt decreases with increas-
ing temperature corresponding to the increase in resistivity.
In the LR-III state the whole 2D melt is consumed and the
equlibrium described at the bottom of Fig. 121 is reasonably
deduced based on the observations mentioned above.

Although a highly conductive ionic liquid (ca. 107! Scm™!)
was reported for imidazolium salts (see section 4.6.1),%% to our
knowledge no organic melts have an electronic conductivity of
1073 Sem™! even at around 50 °C. It is worth noting that a rap-
id decrease in o during melting has been observed for aromatic
hydrocarbons.?3¢ The decrement of p by a factor of 10?-10*
has been interpreted by the increase in mobility of charge car-
riers, rather than both the increase in the number of carriers
and the contribution of ionic conduction by molecular ions.
For C;TET-TTF.TCNQ, the decrement of p in the LR-I is al-
so not ascribed to the ionic conduction, but to both the gener-
ation of radical species and the dynamics of a small amount of
the radicals in liquid, where the presence of A(solid) is indis-
pensable for the constant carrier concentration. Since the elec-
tron transport occurs in a large excess of donor liquid, a suc-
cessive electron hopping between D and a tiny amount of
D** molecules, instead of between the acceptor species, is
the most plausible mechanism. Two long alkyl chains attached
to the melt of the C;TET-TTF molecule might lead to the for-
mation of a self-assembled matrix as depicted in Fig. 122.
Then, the electron transfer between the donor molecules in
the donor array is expected as shown by Eq. 67, which is very
reminiscent of that observed in the segregated column in high-
ly conductive CT solids.

D**DDD — DD**DD — DDD**D — DDDD** (67)

The mobility @ of carriers in the fluid is estimated as

W0

Fig. 122. Proposed schematic view of the C;TET-TTF**
radical molecules (D**) in an assembly of donor mole-
cules. Ellipsoids represent the C¢Sg moiety of C;TET-
TTF and tails represent heptyl chains.
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3.0 x 1072cm? V~!'s7! in the range of 50-60°C based on
W = o/ne with n = 2.1 x 1088 cm™3,

4.5.2 Cation Radical Salts with Low Melting Point: Cat-
ion radical salts with a low melting point have been prepared
in our group using TTC,-TTF molecules (T}, = 44.0°C). Mix-
ing of neutral TTC;-TTF with the radical salt (TTC;-TTF>*)-
(Br;7), in a certain ratio gave mixed-valence salts (TTC;-
TTF")(Br3™),, and their characteristics varied depending on
the dopant concentration. In the case of 1 < n < 2, the result-
ing compounds are purple crystallites, while dark brown vis-
cous liquids were obtained in the case of 0 < n < 1. The con-
ductivity at RT lies in the range of 107°-10~7 Scm™! for the
liquid form (maximum value is 8 x 107®Scm™"), and the
ion aggregations lead to a slight increase in conductivity (max-
imum value is 2 x 1073 Scm™"). It is thus apparent that the
conduction is entirely between TTC;-TTF"™ molecules instead
of the Br3~ anions and is, therefore, attributed to electrons
(holes).

When neutral TTC;-TTF and nitrosyltetrafluoroborate
(NOBF,) were reacted in hexane, viscous liquids (TTC7-
TTF")(BF,~), were obtained. As the doped concentration
increased, the color changed from initially dark brown to deep
green and then blue. Although the conductivity at RT increases
as the mixing ratio of starting materials approaches unity
(n = 1, maximum value is 4 x 1077 Scm™!), the values are
much less than those of the tribromide salts.

4.5.3 TCNQ Anion Radical Salts with Low Melting
Point: Since most of the melting (or decomposition) points
of TCNQ complexes are over 200°C, the studies of TCNQ
complexes have mainly been carried out in the solid state. As
for TCNQ complexes with a low melting point, a mixed crys-
tal of propylisoquinolinium, methylisoquinolinium, TCNQ,
and MeTCNQ has been reported to show a melting point
as low as 80°C.37 1:1 salts of I-alkyl-3-methylimidazolium
(alkyl = methyl, ethyl, n-propyl, n-butyl, and n-hexyl) also
show a rather low melting point (Table 27).83% EMI.TCNQ
forms a 1D column composed of TCNQ dimers (Chart 16).8%°
Their RT conductivities are significantly low (107°-107°

H

Et 1)\3 Me
\N @ N

Chart 16.

Table 27. RT Conductivity (ogr/Scm™") and Melting Points (7,/°C) of TCNQ Anion Radical Salts of 1-Alkyl(R!)-3-
methylimidazolium and Melting Points of 1:1 EMI Salts of R-TCNQ

R! 1:19 2:39 1:29 R-TCNQ 1:1EMI salt®
ORT T ORT ORT Trn® R T
CH; 8 x 1078 174-177 7% 107 no solid H 139.9-140.2
C,H; 4 %1078 143-146 2% 1073 5% 107 225-226 CHj 128.8-129.4
n-C3Hy 3x107° 159-161 2 x 1072 no solid CF; 144.3-144.7
n-C4Hg 3 x 1077 154-156 2 x 107! 2 x 107! 190-194 n-CoHy, ca. 40
n-C¢H;z 7% 107° 124-126 4 x 1072 no solid

a) Ref. 838. b) Ref. 840. c) Decomposition point.
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(a) Temperature dependence of conductivity of 1:1 EMI-TCNQ salt. The solid state has an activation energy of 0.41 eV

and shows an increase in conductivity by five orders of magnitude by melting. Supercooled liquid state has an activation energy of

0.38eV. (b) Temperature dependence of EPR spin susceptibility.

Scm™!) in comparison with those of the 2:3 salts (107'-1073
Scm!), where the melting points of the 2:3 salts have not
been reported.33®

We prepared 1:2 salts of 1-alkyl-3-methylimidazolium
(alkyl = ethyl and n-butyl)®¥ and investigated their thermal
and physical properties (Table 27). Both are solid at RT, and
have a higher melting point than those of the 1:1 salts owing
to the increased cohesive energy. The decrease in melting
point was observed by utilizing TCNQ derivatives (R-TCNQ).
In the 1:1 EMI salts, the melting point decreased in the order
of R = CF3, H, CH3, and n—Clngl.

The conducting behavior in the liquid state has not been
reported for the TCNQ salts. We found that the conductivity
of 1:1 EMI-TCNQ increased by five orders of magnitude by
melting and decreased by three orders of magnitude by freez-
ing (Fig. 123a).34 The salt shows the hysteresis of the temper-
ature dependence of conductivity. The salt was semiconduc-
tive with &, = 0.41 and 0.38 eV for the solid and liquid states,
respectively. The value of conductivity in the liquid state (ca.
10~2Scm™") was significantly high compared with those of
ordinary monovalent TCNQ salts (<10 Scm™!). It seems
that the high conductivity in the liquid state was realized by
the increase in conducting carriers by the dissociation of di-
mers ((TCNQ®*™), = 2TCNQ*") and the contribution of ionic
conductivity in addition to electronic conductivity of TCNQ®~.
This salt kept the supercooled liquid state down to around
100°C, which was lower than its melting point by 40°C.

4.5.4 Organic Semiconductor Condenser (OS-CON):
Organic semiconductor condenser (OS-CON) was developed
by Niwa using a highly conductive 1:2 TCNQ salt having a
low melting point: N-n-butylisoquinolinium(TCNQ), (T, =
210-220°C).34! The salt has a high conductivity of orr =
0.3Scm™!, even after melting without decomposition. He used
the TCNQ salt as an electrolyte of the alumina condenser, in
which the static capacitance C is represented by Eq. 68:

C x £S/d, (68)

where &, S, and d are the dielectric constant (€ &~ 8-10), sur-

840

1R
\ at 20°C
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Fig. 124. Frequency dependence of impedance of several
condensers taken from Ref. 843. All: alumina condenser
(common), Ta: tantalum condenser, Al2: alumina con-
denser (high performance), OS: OS-CON. The dashed line
represents the ideal line.$*3

face area and thickness of alumina, respectively. The impe-
dance (Z) of the alumina condenser, which is schematically
represented as “lead wire | aluminium anode | dielectric sub-
stance | electrolyte | aluminium cathode | lead wire,” is formu-
lated by Eq. 69 using the equivalent series resistance of the
electrolyte (ESR), equivalent direct inductance of the alumini-
um and lead wire (L) and frequency f.

2
Z| = :(ESR)2 + <2nfL - ﬁ) }

The impedance is dominated by the last term for small f
(<10kHz), by the middle term for large f (*MHz), and the first
term in the intermediate region (10°—~103kHz). The OS-CON
shows better frequency characteristics compared with those
of the tantalum and alumina condensers (Fig. 124).842843 In-
stead of the TCNQ CT solid, conductive doped polypyrrole
films are also used for OS-CON.343 Currently, OS-CON is com-

1/2
(69)
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Table 28. Properties of Selected Conductive EMI-X Ionic Liquids

X Tn Ty d n o X Ref. for o
/°C /°C /gcm™3 /cP /Scm™! /emu mol !

F(HF), ;¥ —-90 ca. 300 1.14 49 10 x 1072 — 835,849,850

N(CN), —12 ca. 240 1.08 17 2.7 — 852

AlCly 8 1.29 18 2.3 — 853

Ga''cl, 11 ca. 130 1.53 16 2.0 — 854

(GaIHC14)0'5(FeHICl4)()A5 15 ca. 190 1.46 16 2.0 8.1x 1073 854

FemCl4 18 ca. 280 1.42 18 1.8 1.6 x 1072 854

C(CN)s “11 ca 240 111 18 18 — 852

BE, 11 ca. 420 1.24 43 1.3-1.4 — 856-858

a) T, = —65°Candd = 1.16gcm*3 were also reported (Ref. 850). b) T;,, = 6, 14.6, and 15°C, d = 1.28gcm*3, and

1 = 32 cP were also reported (Refs. 857, 859).

® N
l | O
Me H H™® e
1-methyl 2-methyl-1- 1-methyl
pyrazolium  pyrrolinium pyrrolidinium
Chart 17.

mercially available and widely used in applications such as
for the smoothing capacitor of the switching power supply.

4.6 Ionic Liquids. 4.6.1 Ionic Conductivity: The inves-
tigation of RT ionic liquids has largely focused on systems
comprised of 1,3-dialkylimidazolium cations and tetrachloro-
aluminate (AICly) anions.?** These systems have many fasci-
nating properties such as negligible vapor pressure, thermal sta-
bility, wide electrochemical window, low viscosity, and high
ionic conductivity, but they are unstable in air and water.
Following a report on air-stable EMI-based RT ionic liquids
containing tetrafluoroborate (BF;) and acetate (CH3CO,)
anions in 1992 by Wilkes and Zaworotko,?* a wide range of
new ionic liquids have been developed incorporating many
kinds of anions.?*¢348 Among them, some EMI salts are more
conductive than a 0.1 M KCl solution (1.3 x 1072Scm™! at
25°C), i.e., 1.0 x 107! Scm™! for polyhydrofluoride (H,F3/
H3F,), 83984980 97 % 1072Scm™" for dicyanamide (N-
(CN),), 81852 23 % 1072Sem™! for AICL, % 2.0 x 1072
Sem™! for Ga'C1,,3%*8% 1.8 x 1072Scm™! for cyanoform
(C(CN)3)%? and FeMCl1,,85485 and 1.3-1.4 x 1072Scm™!
for BF,.836-838 Table 28 summarizes the some physical proper-
ties of these ionic liquids.

Apart from the EMI cation, a few ionic liquids formed with
BF, also show a relatively high ionic conductivity, i.e.,
1.9 x 1072 Scm™! for 1-methylpyrazolium, 1.6 x 1072 Scm™!
for 2-methyl-1-pyrrolinium, and 1.6 x 1072Scm™! for 1I-
methylpyrrolidinium (Chart 17).3%° The high conductivity is
closely associated with the high fluidity, and in general these
liquids are prone to follow the so-called “Walden rule.”8¢!

As early as the 1910s, Walden pointed out that the product
of equivalent conductivity (A = oM /d, M: formula weight of
liquid) and viscosity (17) remains constant in a wide range of
aqueous solution systems.®! Provided that the effective hydro-
dynamic radius of species i (r;) is not much different from salt
to salt, the empirical relation can be derived from the combi-
nation of the Stokes—Einstein equation (Eq. 70),%> where D;

T T T T T T T
’

=
o

A/Scm?mol?

=

1072 10?
nt/cP?

Fig. 125. A plot of the equivalent conductivity (A) against
the reciprocal of viscosity (~!) for EMI.X ionic liquids
with melting point below RT. Triangles represent non sim-
ple-type ionic liquids. The solid line is the least-squares fit
to the data, and the dashed line is the ideal Walden line
(see text). 1: X = F(HF),3,333:849850 2: Fe( sGag 5Cly,3*
3: GaCly,* 4: FeCl,%* 5. N(CN),.82 6: AICL,,%3
7: C(CN)3,%2 8: (CF3S0,),N%* 9: CF;CO0,.% 10:
BF,, 588 11: CF3803,%% 12: CuCl,,%3 13: NbFg,36°
14: TaFg,%% 15: SbFs,%7 16: WF;,%7 19: C3F,CO,,%¢*
22: CF;BF;3,*? 23: C,FsBF3,%? 24: C3F;BF3,%? 25:
C4F9BF;.872

is the self-diffusivity of species i and N, is Avogadro’s num-
ber, and the Nernst-Einstein equation (Eq. 71),863 where z is
the charge of species i and F is the Faraday constant.

D; = RT/67T77)‘iNA, (70)
D; = RT Ay /|zil*F2, (71)
An = (|zi|*F?/67NA)(1/r;) ~ constant. (72)

Figure 125 demonstrates the relation between A and n~! for
EMI-based RT ionic liquids, and similar behavior was reported
for the other imidazolium salts.33° Of particular importance is
that the ionic liquids reside below the line evaluated from the
data of KCl aqueous solutions, in which the ions are complete-
ly dissociated. A departure from the ideal Walden line is
strongly indicative of the formation of ion pairs and/or associ-
ations of a significant fraction of ions.
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Fig. 126. A plot of the ionic conductivity (o) against the
reciprocal of molecular weight of the anion (M 1y for
EMI-X ionic liquids. Group a (red circles): 16, 18
(CH3S03), 19, 20 ((CF3S0,)3C), b (blue circles): S, 7—
15, 17 (SeCN), 21 (BCly), 22-25, ¢ (gray circles): 3, 4,
6. Numbers are the same as those in Fig. 125.

For the ionic liquids, Coulomb interaction is a dominant fac-
tor in the intermolecular interaction, and depends upon the dis-
tribution of spatial charge on each component ion, Pearson’s
acid-base strength, coordination ability, and so on. Since A
can be represented by oM /d, the Walden rule is equal to the
relation Eq. 73, where C; is a constant.

o = Cid/riMn = (Ci/r)(d/mM™". (73)

Figure 126 presents a plot of the ionic conductivity (o)
against the reciprocal of molecular weight of the anion
(M,~") for simple-type EMI-based RT ionic liquids. Accord-
ing to Eq. 73, they can be classified into three categories
(groups a—c) based on a parameter d/7, which roughly corre-
sponds to a slope of the o vs M, ™! plot.

a) d/n < 0.02: X = WF; (16),%7 CH3S0; (18),%% C;F;-
CO; (19),%6* and (CF3S0,);C (20).87°

b) 0.02 < d/n < 0.07: X = N(CN), (5),2 C(CN); (7),%>2
(CF3S0,):N (8),3* CF;CO; (9),%* BE, (10),%985% CF;S0;
11),3%* CuCl, (12),3% NbFs (13),86° TaF (14),%° SbF
(15),%7 SeCN (17),*° BCl; (21),*"! and C,F,,1BF; (n =
1-4, 22-25) 872

¢) d/n > 0.07: X = GaCly (3),3548% FeCl, (4),83*3% and
AICl, (6).8353

The highly viscous salts in group a show low ionic conduc-
tivity, which is insensitive to M,, presumably indicating that
the individual molecules are largely retarded by strong and
specific intermolecular interactions to have a poor self-diffu-
sivity. Especially for salt 18, it appears that CH3SO3 anion suf-
fers severely from the significant interionic Coulomb interac-
tion with EMI cation due to its hard basicity and the negative
charge confined on the SOz group. Since a CH3 group has a
less electron-withdrawing ability in comparison with a CF;
group, it inhibits the extensive dispersion of the negative
charge on each anion, and thus, gives rise to an increase in
the interionic Coulomb interactions. The situation might be
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the same for the acetate salt (M,~! = 0.0169 g~! mol; the salt
is not plotted in Fig. 126 due to no density data), which shows
a low conductivity of 2.8 x 107> Scm™' and high viscosity
of 162cP.38% The long alkyl chain and hard basicity of
C3F;CO; in salt 19 and large molecular weight and low sym-
metry of WF; (C3, symmetry®’) in salt 16 might cause their
high viscosity and low conductivity. The poor conductivity
(ca. 4.5 x 1073 Scm™") with rather high fluidity (21cP) of
EMI.SCN (M, = 0.0172 ¢! mol; the salt is also not plotted
in Fig. 126 due to no density data)®”* might be indicative of
the formation of neutral thiocyanogens, which can not contrib-
ute the ionic conductivity.

The salts in group b have a tendency to increase the ionic
conductivity with decreasing the M,, which is in agreement
with Eq. 73. Although cyano groups included in salts 5 and
7 have a strong ability for coordination to cations (see section
3.5.2 and Ref. 874), these salts show a significantly high ionic
conductivity. Especially, the planar C(CN); anion in salt 7
shows a conformational change to a pseudo-tetrahedral shape
when it coordinates to the hydrogen atoms of EMI, and such
a structural change apparently inhibits the ion diffusion. Then,
the observed high conductivity is associated with the exten-
sively dispersed negative charge on each anion owing to the
terminal cyano groups. Many salts in this group contain anions
with C,F,,+1 group (8, 9, 11, and 22-25), which also promotes
the dispersion of the negative charge on each anion. The
tendency among group b predicts a high conductivity of ca.
5x1072Scm~! for EMI salts with light anions such as
CN~ and NH, ™, provided that these salts form a liquid state
at RT.

All the salts in group ¢ contain tetrachlorometalate (M™Cl,)
anions, and have less retarding sources than those in groups
a and b for the ion diffusion. It appears that the chloride
atoms of GaCly (3), FeCly (4), and AlCl4 (6) anions coordinate
to the hydrogen atoms of EMI as was observed in the 2:1
salt (EMI),Fe'Cl, (T, = 86°C).%* The crystal structure of
(EMI),Fe'Cl; was determined by synchrotron X-ray powder
diffraction. In the crystal, four EMI cations surround the anion
with Fe(2) in a tetrahedral fashion involving hydrogen atoms
bonded to C(2) positions (Fig. 127a), suggesting the presence
of hydrogen bonds. On the other hand, the anion with Fe(1) are
surrounded tetrahedrally by eight EMI cations through hydro-
gen bonds with C(4) and C(5). Accordingly, the EMI cation is
surrounded by three anions as seen in Fig. 127b. It is possible

;rc(z) HP‘
¢ c*(‘“f&

C<4> L~L C(5>

Fe(1)

Fe(1)

Fig. 127. Interionic contacts between EMI cation and
Fe''Cl, anion in (EMI),Fe''Cly (a) around Fe''Cl, anion
with Fe(2) and (b) around EMI cation at 300 K. Short
C-H--Cl contacts are shown by dashed lines.3>*
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Fig. 128. Temperature dependence of (a) the real part of AC susceptibility (', 1 Oe, 20 Hz) and (b) the reciprocal of DC suscepti-
bility (x~!, 100 Oe) on heating process. The vertical arrows indicate the melting points. Solid curves correspond to the Curie—
Weiss fit. 1: Fe''Cly, 2: Fe'lly sGallly sCly, 3: Gal'Cly, 4: FellCl, salts.854883

that such a hydrogen bond exists even in the liquid state to sup-
press the ion diffusion of the component ions. The highly con-
ductive behavior might arise from the nephelauxetic (or elec-
tron cloud expanding) effect, which leads to the reduction of
the negative charge on anion surface, and thus, the reduction
of the interionic Coulomb interactions.

Summarizing the above, the high ionic conductivity in the
simple-type ionic liquids will be realized by 1) the reduction
of the molecular weight of component ions (i.e., 1,3-dimethyl-
imidazolium salt formed with N(CN), exhibits a higher ionic
conductivity (3.6 x 1072Scm™! at 25°C) than that of corre-
sponding EMI salt®”), and 2) the suppression of the interionic
Coulomb interactions based on the concepts of Pearson’s acid—
base interaction, nephelauxetic effect, and so on.

4.6.2 Paramagnetic Ionic Liquids: Conductive and mag-
netic composite liquids have been extensively studied for some
inorganic systems such as alkali and transition metals and al-
loys,}”¢ and colloidal magnetic fluids dispersing iron nanopar-
ticles,3”7 in which carriers are electrons (or holes), and a cop-
per sulfate aqueous solution showing reversed Moses effect,?’8
in which the carriers are ions. For organic systems, how-
ever, only a few materials have been known as paramagnetic
liquids. The neutral radicals, dithiazolyl or dithiadiazolyl com-
pounds (Table 29),87°-382 form a liquid state at RT, but it is
readily expected that the neutral radical liquids do not show
an effective electric conductivity.

We found that the magnetic susceptibility of EMI.Felll-
Cly containing paramagnetic Fe ions (Table 28) follows
the Curie-Weiss law in both liquid and solid states
(Fig. 128).854833883 A Curie constant of 4.33 emuKmol ™!
can be explained by uncorrelated S = 5/2 Fel spins (spin-
only value is 4.38emuKmol™'), suggesting a high-spin
electronic state of the Fe'Cl, anions. The values substan-
tially exceed those estimated for the paramagnetic organic
liquids composed of neutral radicals with § = 1/2 spins (ca.
0.2emuK mol~1).87°-882 [t is thus apparent that the EMI.
Fe''Cly salt is a highly conductive paramagnetic RT ionic lig-
uid and, to our knowledge, this represents the first observation

of bi-functionality on highly ionic conductivity and paramag-
netic behavior among ionic liquids.

Later, Hamaguchi and Hayashi claimed®®* that they discov-
ered a “magnetic” ionic liquid BMI.FeCly, which was attract-
ed by a magnet at RT. However, their claims are inappropriate
since 1) BMI.FeCly is a paramagnetic liquid and such liquids
have been already known as mentioned above,334:855.879-882
2) it is wholly reasonable that the paramagnetic material is
attracted to a magnet regardless of its form (more than 150
years ago, Faraday classified materials into either diamagnetic
(repeled by magnet) or paramagnetic (attracted by magnet)
ones®®) and 3) the physical and chemical characterizations
concerning the purity of the ionic liquid are hardly presented
in their paper (Table 29), though the purities are critical for
molecular magnets.

EMI-Fe'Cl, exhibits a slight thermal hysteresis in suscep-
tibility at around the melting and freezing temperatures
(Fig. 129). This feature might be caused by the antiferromag-
netic interactions between Fe'Cl, anions within an ion asso-
ciation in the liquid state.

On further cooling, the magnetic susceptibility of the solidi-
fied EMI-Fe'Cl, shows an antiferromagnetic transition at
4.2 K regardless of the cooling rate (Fig. 130). The data indi-
cated by open circles in Fig. 130 were obtained after immers-
ing the sample directly in liquid helium (quenched) and then
cooling down to 2K under zero-magnetic field (zero-field
cooling, ZFC). ZFC data of the sample at the very slow cool-
ing rate of —0.5 Kmin~' (relaxed) are shown by closed circles,
which also indicate the occurrence of the antiferromagnetic
transition at Ty with smaller magnetic susceptibility than the
quenched sample below Tn. The extrapolated X, value to
0K for the relaxed sample corresponds to ca. 2/3 of the max-
imum Y value at Ty as expected from Eq. 74.

Xopin(T = 0K) = (X, + 2% )r=0K)/3
= 2XJ_(T=0K)/3 = 2XJ.(T=TN)/3' (74)

The relaxed sample exhibits the spin-flop behavior at 2 K with
a spin-flop magnetic field of Hsr &~ 8 kOe (inset of Fig. 130).
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Table 29. Organic Magnetic RT Liquids Other than EMI-Fe!!'Cl, and (EMI)[(Fe!'Cl,)o 5(Ga™Cly)os 1"

Ty or T, Ty or Ty, d n o Mo at RT  Ref.
/°C J°C Jgem™  /cP /Sem™! /It
1) Pure organic one
Dithiazolyl (1) 12(Tyn) 119(Tsp) 1.63 no no 1.53® 879-881
Dithiadiazolyl (2) 0-1(Ty) no no no no 1.5» 880
Dithiadiazolyl (3) 20-21(Tw) no no no no 1.4» 880
2) With transition metal
BMI.FeCly no no no no no ca. 5.7 884
—85(T,) no no ca. 309 ca. 8 x 10739 no 888
—88(T,) ca. 280(Ty) 1.38(20°C) 34(25°C) 8.9 x 1073 (25°C) 5.80 889
C¢MI.FeCly —86(T,) ca. 320(Ty) 1.33(20°C) 45(25°C) 4.7 x 1073 (25°C) 5.86 889
CgMI-.FeCly —84(Ty) ca. 280(Ty) 1.28(20°C) 77(25°C) 2.2x 1073 (25°C) 5.86 889
BMI-FeBr, —83(Ty), —2(Tm) ca. 290(Ty) 1.98(20°C) 62(25°C) 5.5 x 1073 (25°C) 5.74 889
C¢MI-FeBry —82(Ty) ca. 270(Ty) 1.86(20°C) 95(25°C) 2.8 x 1073 (25°C) 5.76 889
CgMI-FeBry —81(Ty) ca. 260(Ty) 1.74(20°C) 121(25°C) 1.4 x 1073 (25°C) 5.78 889
BDMI-FeCly T <RT no no no no no 890

a) no: no data have been reported. b) Extrapolated values from solution measurements are 1.91-1.96 jig. c) Values were estimated

from graphic data.
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Fig. 129. Temperature dependence of X7 of the EMI.
FeCly in the temperature range of 275-305 K on heating
(@) and cooling (O) processes in an applied field of
10kOe. Melting (Ty,) and freezing (7¢) temperatures are
determined by DSC thermograms.?3

Both the absence of hysteresis between ZFC and FC processes
and the observation of spin-flop strongly indicate that the
behavior is not due to the spin-glass forming,®387 but arises
from the antiferromagnetic ordering. The fractional value of
X by quenching suggests that the anion parts in the quenched
sample consist of both the antiferromagnetic and paramagnetic
domains. For (EMI)[(Fe™Cly)5(Ga™Cly)5], on the other
hand, long-range magnetic ordering was not substantially de-

S—S R,

Rl\N@N/Me

3 BMI: R1 = n-C4Hg, Ry = H
CgMI: Ry = n-CgHig, Ry = H
CgMI: Ry = n-CgHy7, Ry = H

BDMI: R; = n-C4Hg, Ry = CHj
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Fig. 130. Spin susceptibility of EMI-Fe'Cl, at low tem-
peratures. Data obtained by slow cooling (—0.5 Kmin™!,
closed circle) and by quenching (open circle). Inset shows
the relaxed sample at 8 K (open circle) and 2 K (closed cir-
cle) indicating the spin-flop phenomenon at the magnetic

field of ca. 8 kOe (arrow).3>*

veloped down to 1.9K. This finding strongly indicates that
the anion part of solidified (EMI)[(Fe™Cly)5(Ga™Cly)o 5] is
a homogenous mixture instead of a mixture of segregated
domains of [FeCl;] and [Ga'Cly], or that an aggregation
of [Fe'Cl,], if any, has a size hardly exhibiting antiferromag-
netic behavior.
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4.6.3 Preparation of Cation Radical Salts Using Ionic
Liquids: Superconductor (TMTSF),NbF¢ and so on: Since
ionic liquids are highly conductive and commonly composed
of organic cation and inorganic anion molecules, they might
be used as electrolytes for electrocrystallization of cation radi-
cal salts. No other solvents are needed when the donor species
are soluble in the ionic liquids. Even a non-polar solvent such
as benzene, which usually affords a less conductive solution of
electrolyte and is therefore unfavorable for the electrocrystal-
lization, can be used without any trouble.

In most cases, the obtained salts are identical with those pre-
pared using conventional electrolytes such as TBA-X. In some
cases, however, the ionic liquids have provided new or high
quality salts which have not been harvested by using conven-
tional electrolytes. In this section, the preparation of TMTSF,
ET, and EDO salts using EMI-X (X = F(HF),3, SbFe, and
NbFg) will be described briefly. Since these donor molecules
are not soluble in the ionic liquids, one has to add an organic
solvent such as 1,1,2-trichloroethane, THF, benzonitrile, etc.

EMI.NbFg affords needle shaped single crystals of
(TMTSF),NbFg (see section 3.3.1).3% Although the salt was
previously obtained by Bechgaard using TBA -NbF,3248!
no detailed data have been reported concerning the crystal
structure owing to the poor quality of single crystals and no
superconductivity was detected up to 1.2 GPa.3?*

(TMTSF),NDbFg is isostructural to the other (TMTSF),X and
includes disordered NbF4 anions (Figs. 21a-21c). The trans-
port measurements indicate a metal-insulator transition at
12K at ambient pressure and the Ty decreases with increas-
ing pressure, ca. 5K at 1.0 GPa (Fig. 131). A superconducting
transition with an on-set temperature of 1.26 K (mid-point
T. = 1.12K) was observed at 1.2 GPa. A previous observation
by Pedersen et al. that the spin susceptibility sharply drops
below 14 K®¥! strongly suggests the occurrence of the SDW
transition at around 12K in this salt.

EMI.F(HF), 3, in which H,F5;~ and H3F;~ anions are inter-
mingled, gives single crystals of a new Mott insulator, o/'-
(ET),H,F3.32 The electrooxidation of EDO in the presence
of TBA-SbFg provides (EDO)4(SbyFy)o85(H20)4, which is
not isostructural to (EDO),X (X = PFg, AsFg) and shows no
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(TMTSF),NbFs with a superconducting transition with
on-set at 1.26K at 1.2 GPa.3®8
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metal-insulator transition as described in section 4.3.1.3. On
the other hand, ionic liquid EMI-SbFs produces single crystals
of (EDO),SbF¢ having the metal-insulator transition at a
lower temperature (ca. 240K) than that for (EDO),PFg, as
expected.”?

4.7 Magnetic (Super)conductors. For the conductive and
magnetic multi-functional solids, the competitive or coopera-
tive phenomena of the itinerant and localized electrons are cur-
rently some of the most intensively investigated subjects or
systems, e.g. high T, oxide superconductors,3** organic super-
conductors,'921%4 Kondo effect,®* d—7r interaction,?®> GMR
(giant magnetoresistance),?*® and so on, from the point of basic
as well as applied researches in materials science. Most of
the organic ferro- or ferrimagnets are electrically insulators
composed of either pure organic compounds (single compo-
nent, T, < 1.48K),%7 fully ionic CT complexes between met-
allocene and acceptor molecules (i.e., decamethylferrocene-
TCNE; T. = 4.8 K),3* or coordination polymers between tran-
sition-metal and organic acceptor molecules (i.e. V[TCNE],-
yCH,Cl,, x ~ 2, y ~ 0.5, T, ~ 400K).8

Since both the intermolecular interactions and spin degener-
acy of organic species are small compared with those of tran-
sition metals, the magnetic parameters of organic magnets can-
not compete with those of the inorganic magnets. Therefore, it
is very common that in the organic magnetic conductors the
organic part delivers the itinerant electrons and the inorganic
species (transition metals) have the localized spins.

4.7.1 Spins from Transition Metals: Organic/Inorganic
Hybrid System: CuPc(I3);/;3 might have been the first com-
pound to produce the exchange interaction between conducting
7-carriers and localized d-spins reported in 1986.°C An obser-
vation of negative magnetoresistance for Cu,Ni;_,Pc(I3)/3 at
low temperatures supports the presence of the d—7 interac-
tions.”! Recently, similar phenomena have been reported for
some systems such as A-(BETS),FeCly (Tx = 8.3 K),”2 Ph,P-
[Fe(Pe)(CN)2l2 (Og=181)/ Puti=oty =~ 0.07 at 20 K),’% and
Eug_Sr,Cqo (ferromagnetic transition at 10-14K, py_oT)/
Pr=0T) = 1073 for EugCqo at 1K indicating strong 77—f inter-
action).”*

The paramagnetic organic superconductor, 8'-(ET)4[(H;0)-
Fe(0x)3](C¢HsCN) (1) with 7, = 7.0K (on-set 8.6K) was
reported by Kurmoo, Day, and co-workers in 1995,%%3 where
early reports have indicated it as H>O instead of H3O". The
corresponding Cr salt is also a superconductor, but with
a slightly lower T. (6.0K) than that of the Fe salt** (see
Table 15). The crystal consists of alternating 2D layers
of ET%3* molecules and the other species that form the 2D
honeycomb layer.

The bimetallic anions of [M"M’™(0x);]'~ (M = Mn, Fe,
Co, Ni, and Cu; M’ = Cr, Fe, and Ni) have been known to af-
ford a 2D anion layer consisting of alternating stacks of Ml
and M' jons interconnected through ox bridges for the Ry;N*,
Ph,P", decamethylmetallocenium, or ET salt as reported by
Tamaki, Okawa, et al.”®>%% and others.®’°'° The tetraalkyl-
ammonium salts of [M"Cr™(0x);]'~ were found to be a ferro-
magnet with T, = 6-14 K,%% while those of [M"Fe(0x)3]!~
(M =Fe and Ni) were ferrimagnets with Ty = 28-48
K.906:911912 The combination of hyperpolarizable cation chro-
mophore of N-heptyl-4-methoxystilbazolium with [M™M'-
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Fig. 132. Temperature dependence of magnetic and transport properties of a powder sample of (BO)3;[FeCr(ox);](H;0)35.°" (a)
xT value after subtracting the core diamagnetism of the components and paramagnetism of the conduction electrons. (b) Conduc-
tivity (o)) and EPR parameters of conduction electrons (spin susceptivility (), line width (AH,p), and g-value).

(0x)3]'~ afforded nonlinear optical ferromagnets with T, =
5.7-12.5 K, where no significant interactions were noticed be-
tween the cation and anion parts.’'®> Hence, in order to prepare
molecular metallic ferro- or ferrimagnets, the simplest way is
to combine [M™M'™(0x);]'~ with a donor molecule that has
self-assembling ability such as ET or BO in the form of 2D
assemblies.

In 2000, Coronado et al. prepared the conducting ET salt
(ET);[Mn"'Cr'"(ox)3] (2) with a ferromagnetically ordered bi-
metallic oxalate-based 2D honeycomb layer.”'# The metallic
behavior remains down to 0.3 K, and is unaffected by the mag-
netic ordering of the bimetallic layer at 5.5 K. It seems that the
small CT degree of ET molecules (41/3) results in the diffi-
culty in the preparation of the single crystals, and other groups
have hardly succeeded in reproducing the growth of single
crystals.

Similar magnetic metals have been subsequently prepared
by utilizing BO: (BO);[Fe"'Cr'(0x);](H,0)35 (3) by our
group’” and BETS, (BETS),[MnCr(ox)3](CH,Cl,) (x ~ 3)°°
(4) by Coronado et al. Although the latter complex was claim-
ed to be a molecular magnetic metal, it shows metallic behav-
ior only above 150K and the ferromagnetic ordering occurred
in the non-metallic region (7, ~ 5.5 K). All compounds have
no pronounced interactions between conducting ir-carriers
and localized d-spins.

Polycrystalline 3 was prepared by metathesis between
(BO),(BF4)(H,0), (x =~ 2) and K3Cr(ox)3(H,0);3 in the pres-
ence of FeSO,4-7H,0. So far attempts to obtain single crystals
have been unsuccessful. The compaction pellet sample shows
a conductivity of ogrr &~ 7Scm™' with a metallic behavior
with a maximum of conductivity at around 120K (=15
Scm™!). Below it, the conductivity gradually decreases (3—4
Scm™! at 2.8K, top panel of Fig. 132b) with an energy gap
for conduction being far less than kg7 (€, = 38.5 and 1.16K
for the temperature range of 70-35 and 8—4 K, respectively),
suggesting that the metallic state persists down to low temper-
atures.

The effective magnetic moment after subtracting core dia-
magnetism was estimated to be 4.82 ug at 300K, which is
considerably smaller than the spin-only value of 6.24 gy for
the magnetically dilute Fe''(S = 2)-Cr'"'(§ = 3/2) system.
The appearance of a round minimum around 40K suggests
the ferrimagnetic state of this complex. The magnetization
curve measured at 1.9K indicates that the magnetization is
not saturated even at 50kOe with 2.71 (g, which exceeds
the saturation magnetization (M) for the ferrimagnetically
ordered Fe"-Cr™ network (M, = 1 itg). The coercive field
and Curie temperature are ca. 50G at 5K and 7. = 10.7K,
respectively.

The EPR spectra (Fig. 132b) showed one Lorentzian signal
down to 4 K. The g-value, linewidth (AH,,;,), and the spin sus-
ceptibility () at RT were 2.0028, 42.8G, and 4.8 x 10~*
emumol ™!, respectively, and the signal is ascribed to the
BO** radical spin. No anomaly was observed for the EPR sig-
nal at around 120 K. The drastic change of the EPR parameters
observed below 15K, which is a little above T, definitely
shows that the dynamics of itinerant electrons are influenced
by the precursory fluctuation of the 3D ferromagnetic ordering
on Fe™-Cr™ layers.

Kobayashi and his co-workers have developed BETS salts
formed with tetrahedral anions MXy (M = Fe and Ga; X =
Cl and Br).6!1-613.902917 The initial notable finding is the A-
(BETS),GaCly with a superconducting transition at 8K
(mid-point 5.5 K) and the A-(BETS),FeCly (5) with a coupled
antiferromagnetic and metal-insulator transitions at 8.3 K. For
the FeCly salt, a relaxor ferroelectric behavior in the metallic
state below 70 K°'8 and a firm nonlinear electrical transport as-
sociated with the negative resistance effect in the magnetic or-
dered state have been observed.®!® Moreover, it has been found
by Uji et al. that the FeCly salt shows the field-induced super-
conducting transition under a magnetic field of 18-41T ap-
plied exactly parallel to the conducting layers.®'? Interestingly,
the A-(BETS),Fe,Ga;_, X, passes through a superconducting
to insulating transition on cooling.”?® The k-(BETS),FeX,
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Table 30. Magnetic Conductors of Organic/Inorganic Hybrid and Organic (7) System®

Ferromagnet Ferrimagnet Antiferromagnet Paramagnet
Metal 2, 4% 8% 9 3 5 11*, 12*, 13 common
Superconductor 10 6,7 1, 14-16

a) 1: B"-(ET)4[(H30)Fe™(0x)3](CsHsCN), 2: (ET)3[Mn"Cr'"(0x);](CH,Cl,), 3: (BO);[Fe'Cr'l-
(0x)3](H,0)3 5, 4: (BETS),[MnCr(0x)3](CH,Cl,) (x & 3),°'® which is not a metal in the ferromag-
netic regime, 5: A-(BETS),FeCly, 6: k-(BETS),FeXy, 7: k~(ET),Cu[N(CN),]Cl, 8: (EDO-TTFI,),-
M(mnt), (M = Ni, Pt), which has Ty; at around 90K and exhibits ferromagnetic interactions
between M(mnt), molecules but no ferromagnetic order. The spins show antiferromagnetic order
(Tn =5.5K) for M = Pt, J. Nishijo, E. Ogura, J. Yamaura, A. Miyazaki, T. Enoki, T. Takano,
Y. Kuwatani, M. Iyoda, Solid State Commun. 2000, 116, 661. 9: polymeric Cgy (see next section).
However, the paper was very recently retracted by a part of authors, Nature 2006, 440, 707. 10:
Ce,Cep, Coexistence of superconductivity and ferromagnetism is reported by Maruyama et al.
(see section 5.1),°% 11: (DMET),FeBr,, which has Ty at around 40K and Ty at 3.7 K, so no real
coextistence of metal and AF phases is realized, K. Enomoto, J. Yamaura, A. Miyazaki, T. Enoki,
Bull. Chem. Soc. Jpn. 2003, 76, 945. 12: -(BDA-TTP),(FeCly), which has Ty at 113K and Ty
at 8.5K at ambient pressure. Under pressure it became superconducting (7. < 2K at 0.63 GPa),
E. S. Choi, D. Graf, J. S. Brooks, J. Yamada, H. Akutsu, K. Kikuchi, M. Tokumoto, Phys. Rev.
B 2004, 70, 024517/1. 13: (EDO-TTFVO),FeCly, H. Fujiwara, K. Wada, T. Hiraoka, T. Hayashi,
T. Sugimoto, H. Nakazumi, K. Yokogawa, M. Teramura, S. Yasuzuka, K. Murata, T. Mori, J.
Am. Chem. Soc. 2005, 127, 14166. 14: B"-(ET)4[A-Cr(ox)3;](C¢HsNO,) (A = H30 or NHy),*®
15: B”-(ET)4[A-Fe(ox)31(C¢HsNO,) (A = H30 or NH,),* 16: B”-(ET)4[H30-Fe(ox)3](C¢HsBr),
E. Coronado, S. Curreli, C. Gimenez-Saiz, C. J. Gémez-Garcia, J. Mater. Chem. 2005, 15, 1429.
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(X = ClI and Br) (6) are antiferromagnetic superconductors,
where the transition temperatures were Ty = 2.5K and T, =
1.1K for the Br salt, and Ty = 0.45K and 7, = 0.17K for
the CI salt.”?! These organic/inorganic hybrid systems are
summarized in Table 30, where a magnetic conductor exhibit-
ing magnetic and conducting phenomena at different tempera-
ture regimes is also included (indicated by *), since at this
moment the definition of “coexistence of multifunction” is
ambiguous.

Similar phenomena, namely antiferromagnetic, ferromag-
netic, or field-induced superconductivity, have been observed
in several inorganic solids such as the Chevrel phase’?” and
heavy-fermion system.???

Aiming to combine magnetic and conductive properties
within a system, several donor molecules having the coordina-
tion ability for paramagnetic transition metals have been pro-
posed.®?>?2* Commonly such a donor consists of both 77-donor
and n-donor moieties connected by a single bond similar to
24-26 in section 2.3.3. The generation of metallic conductivity
has been the key issue for such a system so far.

4.7.2 Spins from the Same Source: In some systems both
itinerant and localized electrons arise from the same source
and such systems are the real target for organic magnetic con-
ductors. However, the experimental works remain sparse since
a promising molecular design is currently not present. The
Mott insulator k-(ET),Cu[N(CN),]Cl (7) exhibits an antiferro-
magnetic transition at 27 K under ambient pressure>®® and a su-
perconducting transition at 12.8 K under a subtle applied pres-
sure (0.03 GPa, see Fig. 47).2% Studies under helium gas pres-
sure show firm evidence of the coexistence of superconducting
and antiferromagnetic phases,”*-°%° where the radical elec-
trons of ET molecules play both roles of localized and itinerant
ones (Fig. 133).

Some Mott insulators are highly conductive as mentioned in
sections 2.3.2 and 3.2.2. It seems that the electrons in these sol-

ids reside near the critical region among the localization, itin-
erancy, and reaction.

The soft ferromagnet TDAE.Cqy (7. = 16.1 K)?3 was
thought to belong to this group where only the spins on Cgg
play a crucial role for magnetism. No EPR signals were detect-
ed concerning the spins on TDAE®*, suggesting strong di-
merization of the spins (see section 5.5). However, the poor
conductivity of single crystals (g =5 x 107> Scm™! and
&, = 0.6eV > 150K) reveals the localized nature.’*!

It was recently reported that the compressed crystals of
polymeric Cgp exhibited a ferromagnetic ordering as high as
500 K,”*? although it is not a CT complex. The Cgy molecules
were treated at 6 GPa in the range of (1025-1050) K to give a
2D [2 + 2] covalently linked and highly oriented rhombo-
hedral phase, which exhibited a small magnetic moment of
0.4 ;g per Cep molecule atom. However, this paper was very
recently retracted by a part of authors. As for the transport
properties, the rhombohedral Cgy polymer is metallic down
to 30K in the (001) plane, but semiconductive for the out-
of-plane conductivity.”>> When one applies higher pressures
(<13 GPa) at higher temperatures (<2000K) on a Cgp solid,
a superhard (harder than diamond) polymers with semiconduc-
tive nature was realized. The density of the product (2.9-
3.3gcm™3) was between those of graphite (2.27 gcm™) and
diamond (3.51 gcm™3). The conductivity was sample depend-
ent: 2 x 107110 x 107°Scm~! with &, = 0.01-0.3eV.”*

Some RT ferromagnets with a relatively high conductivity
have been reported for 2:3 TCNQ anion radical salts, i.e.,
(Me4P),(Me, TCNQ); (37 Scem™!) and (MeyN),(Me, TCNQ);
(15Scm™"),%* in which the valence state on anion molecules
(A) is disproportionate, such as A*~ A*~ A, Their saturation
magnetizations are marginally small, corresponding to the un-
paired spin of 6 x 1074-2.6 x 10~ uy per formula unit.

A realistic model for a metallic ferromagnet has been pro-
posed by Wudl et al.”*®
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Fig. 133. Coexistence of the superconducting and antiferromagnetic phases in K-(ET), Cu[N(CN),]Cl. (a) Temperature dependence
of magnetization at 0.031 GPa in a magnetic field of 1 Oe in the ac-plane. Tr: weak ferromagnetic transition temperature, 7,; and
Te2: upper and lower superconducting transition temperatures. Arrows indicate the direction of the temperature sweep. In this
experiment, the sample is k-(ET),Cu[N(CN),]ClygsBrq.15.°2® (b) Temperature dependence of the intralayer resistivities.’'? (c) Pro-
portion of nuclear spins in the antiferromagnetic (AF) and superconducting (SC) states evaluated by the analysis of 'HNMR spec-

tra at 8.5 K by Lefebvre et al. Arrows indicate the direction of the pressure sweep.

4.8 D-t-A Compounds: Ionicity, Structures, and Non-
Linear Optical Properties. The intramolecular CT com-
pounds composed of donor (D) and acceptor (A) parts link-
ed by a m-bond, D-1-A, have been studied as a source of
functional soft materials, such as indicators of solvent polar-
ity,937’938 molecular rectifiers,®3°%** non-linear optics,g‘“"954
photovoltaic®>*7 and photochromic materials,?%93895
molecular conductors,349%101105,106.959.960 anq magnets.®> In
particular, the reaction products through a Stork enamine-
type reaction between strong electron acceptors such as
TCNQ,938_943’949’952’958 F4TCNQ,938’949 TCNE,945’961 or p-
chloranil,’®? and tertiary amine derivatives have been focused
on. The structural information has provided valuable aspects in
connection with the reaction process, molecular and solid-state
properties, and ionicity (8) of the D-71—A solids.%3%:949:963-965

Although the ionicity of the intermolecular CT compounds
has been quantitatively discussed in the description of
electronic properties!>> 164184 and phase transitions (Peierls,
Mott, charge order, neutral—ionic)'78208966 of organic (super)-
conductors, not so many quantitative experiments concern-
ing functionality vs § have been done for the intramolec-
ular CT compounds except for a few cases,”*°* owing to
the difficulty of obtaining § of D**—7—A%. For the intra-
molecular CT compounds, either a complete neutral (§ = 0)
or zwitterionic (6 = 1) ground state has often been antici-

929

pated 938,940,942,944,945,949,952,955,967-969

Here, we present an evaluation of the intramolecular CT de-
gree § from the solvatochromic shift, and the crystal and mo-
lecular structures of D-7—A compounds I,-3CNQ-R (n: alkyl
chain C,Hy,; attached to indoline (I) moiety, R: substituents
attached to 3CNQ moiety, see Fig. 134) prepared by the Stork-
enamine type reaction between I and TCNQ derivatives (R-
TCNQ), and discuss the relation between the ionicity and the
calculated molecular polarizability (&) and hyperpolarizability
(B and ¥).°7%7 The second harmonic generation (SHG) on
the hybrid LB films and clays composed of D—7—A molecules
has also been studied by Kawamata, Saito, et al.®’> The follow-
ing compounds afforded single crystals and crystal and molec-
ular structures were determined so far: (I;-3CNQ-F,)(CH3-
CN)os, (I1-3CNQ-F)(CH3CN)o 5, I;-3CNQ-F, (I;-3CNQ-H),-
(TCNQ), (I;-3CNQ-(MeO),), (I;-3CNQ-(EtO)2)(CH3CN),
(I3-3CNQ-H)(CH3CN), Is-3CNQ-H(green plate), Is-3CNQ-
H(green rod), (Is-3CNQ-CF3), I;-3CNQ-H(green plate), I;-
3CNQ-H(golden block), Ig-3CNQ-H, I;0-3CNQ-H, and Iyy-
3CNQ-H. The I,-3CNQ-R compounds we obtained are sum-
marized in Table 31.

4.8.1 Melting Points and Color: A plot of the melting
point of I,-3CNQ-H compounds so far prepared against the
alkyl chain length (Fig. 135a) is qualitatively analogous to that
observed for the TTC,-TTF compounds; namely, the melting
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Fig. 134. Chemicals in this section. ¢: dihedral angle between the planar parts of indoline and R-3CNQ moieties (¢). The schematic

ionic characters of the molecules are shown in (¢) and (g) with ionicity of § and 1, respectively. The degree of intramolecular CT
(8) is omitted for simplicity for (d)—(f). a’—¢’ in (b) and a—e in (e) represent the corresponding bonds or bond lengths. The C=N
group close to the indoline moiety in I,-3CNQ-R is labeled CN1 (e).

Table 31. Characteristics of Reaction Products I,-3CNQ-R and R-TCNQ

No. R;inI R in I1,-3CNQ-R? Color Tmor Ty  IR® vey/cm™! UV-vis¥ /nm
C,Hyup1 R-TCNQ & shape /°C Solution Solid
n E/V® MeOH  PhCl
1 1 Fs4 I,-3CNQ-F, black >250 2192s 712 825 —
+0.60 powder 2186 607 744sh 588
2 1 CF; I,-3CNQ-CF; green 222 2192s — 801 840sh
+0.44 block 661 731 668
3 1 F, (I;-3CNQ-F,)(AN)g 5 black 224-226  2179s — 803 810sh
+0.41 rod 2152 657 728 674
4 1 F I,-3CNQ-F green 224-226  2187s 798sh 808 850
+0.32 block 2156 720 734 694
5 (I,;-3CNQ-F)(AN)g 5 black 221-222  2178s 779sh 795 830sh
block 2147 692 722 690
657sh
6 1 H I,-3CNQ-H green 249-251  2193s 779 794 858sh
+0.22 powder 2184sh 720 726 708
2167
7 1 (I;-3CNQ-H),(TCNQ)  black 230-232 2212 780 793 1250sh
block 2185s 723 726 848sh
2175 656sh  665sh 730
394 403 398
8 1 Me I,-3CNQ-Me green 243-245 2214 787 810sh  838sh
+0.20 powder 2190s 726 723 754
9 1 (MeO), I,-3CNQ-(MeO),® green 247-249 2214 749 773sh  820sh
+0.05 plate 2193s 694 693 702
10 1 (EtO), 1;-3CNQ-(EtO), green 226-228 2217 750 771sh 806
+0.01 powder 2189s 694 691 716
11 1 1,-3CNQ-(EtO), - AN green D b b b b
needle
12 3 H I;-3CNQ-H green 222-225 2189s 800 806 852
block 2181s 732 733 744
2148 665sh  674sh  668sh

Continued on next page.
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Continued.
No. R;inI R in I,-3CNQ-RY Color Tmnor Ty IRD veoy/cm™! UV-vis® /nm
C,Hapi1 R-TCNQ & shape /°C Solution Solid
n E/VY MeOH  PhCl
13 6 H I,-3CNQ-H green 190-191 2214 800 805 852
plate/ 2193s 732 734 748
rod 2168 664sh 675sh 674sh
14 6 CF; I4-3CNQ-CF; green 190-191 2191s 756sh 814 826sh
block 2127sh 716 743 738
657sh 673sh 660sh
15 7 H I;-3CNQ-H green 179-184 2215 799 805 858
plate/ 2193s 733 733 746
block 2166 663sh 671sh 670sh
16 8 H (Ig-3CNQ-H)(Bz)o 5 green 158-159 2211 801 804 872
block 2194s 733 734 748
2167 662sh 670sh 680sh
17 10 H I,0-3CNQ-H green 148 2218 800 805 842
block 2182s 733 734 746
2153 670sh 675sh 678sh
18 14 H I,4-3CNQ-H golden 122 2213 800 805 846
powder 2196s 732 735 754
19 16 H I,6-3CNQ-H green 104-105 2215 801 801 945sh
powder 2196s 733 733 858
663sh 663sh 758
20 18 H I,5-3CNQ-H green 93 2195s 801 806 854
powder 2169 733 735 750
678sh
21 20 H I0-3CNQ-H golden 104-105 2218 800 805 852
plate 2192s 733 734 758
2181 670sh 676sh 678sh
2169
22 22 H I,-3CNQ-H golden 105-106 2219 801 806 850
powder 2192s 733 734 754

a) E: Redox potential. 0.1 M TBA-BF,, CH3CN, Pt electrodes vs SCE. b) KBr pellet. c) Peak position. d) AN: CH3CN, Bz: benzene.
e) The data for I-(MeO), are those on the mixture of Phases o and B. f) Not measured owing to the poor yield.
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Fig. 135.

(a) Melting points of I,-3CNQ-H compounds (A represents a decomposition point for n =1 and 2). (b) Crystals of

I-3CNQ-CF;. (c) A supercooled melt of I0-3CNQ-H was stretched into strings by hand (left) then treated at around 70 °C to

solidify (right).

point decreases with increasing n at the initial stage and then
increases after having a minimum (Fig. 7d). The minimum
appears at n = 4 for TTC,-TTF,%° n =5 for TSeC,-TTF,%
and n =6 for TTeC,-TTF.%5 For TTC,-TTF compounds it
has been clarified that in the small n region (n < 4) intermolec-
ular interactions of the 77-moieties are dominant in the crystal,
while in the large n region (n > 5) intermolecular interactions
associated with alkyl chains (Fastener effect) play an important

role.%® Accordingly, it is most plausible that the self-assem-
bling nature arising from the van der Waals interaction be-
tween alkyl chains emerges when # is around 18 for I,-3CNQ-
R compounds.

I,,-3CNQ-R compounds with small n (<10) have green color
and change their color to gold with further increase in n (Fig.
135b). A melt of I,-3CNQ-H (n =20, Ty, = 104-105°C)
can be transformed into a string by elongation easily: a prelimi-
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nary experiment reveals that thready strings were obtained by
stretching a supercooled melt (dark brown) even by hand into
70-120 um in diameter. The stretched melt was solidified by
treating it around 70 °C, recovering golden luster (Fig. 135c).

4.8.2 Ionicity Determined by Solvatochromism: L.-
3CNQ-R has four absorption bands in the visible region. How-
ever, in general, two absorption peaks (labeled A and B)
between 700-850nm and a shoulder at 550-700 nm appear
(Table 31, Fig. 136) similar to those of the analogous com-
pounds.®38:940.942.949.952 peak B is used in the following analy-
sis. When the overlap of the peaks was significant, the posi-
tions of the peaks were determined by line deconvolution into
four Gaussian bands.

In polar solvents a hypsochromic band shift was observed
for the molecule derived from a strong acceptor in the TCNQ
system, confirming its ground state to be ionic. However, in
solvents less polar than chlorobenzene, a bathochromic band
shift was observed,”'°%7 indicating a change of ground state
from ionic to neutral states. Consequently, we exclude the sol-
vents having smaller Reichardt’s Er values®’ than that of
chlorobenzene in the evaluation of § so as not to mix opposite
solvatochromic effects for each I,-3CNQ-R.

The examination of the transition energy of Peak B
(hver(B)) in connection with the relative permittivity €, and
Er of solvent revealed. 1) Er has a linear relation with
hver(B) (Eq. 75, Fig. 137) but &; does not, and 2) the slope
a of each line varies in good accordance with the redox
potentials of R-TCNQ (Table 32).

hVCT(B) =aFEr +b. (75)

(b)

Absorbance / arb. units

(©

(d)
\ \ \

500 600 700 800 900
Wavelength / nm

Fig. 136. Absorption spectra of the I;-3CNQ-(EtO), mole-
cule in (a) methanol, (b) acetonitrile, (c) acetone, and (d)
chlorobenzene.””!
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The CT energy for an ionic complex D*tA%~ (§ > 0.5),
hver! (Eq. 76), is related to &; in terms of both the Coulomb
attractive (e?/€&,r) and solvation (AG ~ 1 — 1/€,) energies
in solution.”” Here, r is the distance between D%+ and A%~
AG is the difference between the solvation energies for DA°
and D't A!~ states, and X is the resonance stabilization energy.

hver' = —Ip + Ea 4+ (28 — D)e?/&,r — (28 — DAG + X. (76)

It is reasonably expected that hver! ~ hverN at § = 0.5, re-
sulting in a practically €. !independent CT energy.”’® We pre-
sume that Eq. 76 for DI+ AY- complexes is valid for D
A%~ molecules as well.

The Et values are the intramolecular CT energies of the
zwitterionic Reichardt’s dye (§ = 1) (Chart 18) in various sol-
vents,”” and are formulated by Eq. 77, where ', AG’, and X’
represent the same meaning for the corresponding terms in
Eq. 76.

Er = —I(D-1-A) + E(D-—A) + ¢*/&7 — AG' + X'. (77)

Equations 76 and 77 afford an apparent linear relation be-
tween hvcr and Er provided that § is insensitive to Et. If §
is a function of E, a quadratic behavior is expected in a plot
of hver! vs Er, contrary to the observed linear one in Fig. 137.

To go further we need information about (Ip — Ep) of
I,-3CNQ-R. Figure 138 compares the redox potentials of
I,-3CNQ-R and respective R-TCNQ with the Hammett o
values.””” All I,-3CNQ-R exhibit three one-electron redox

50
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Fig. 137. A plot of hvcy values of I;-3CNQ-R (R = Fy
(A), F, (O), H (O), and (MeO), (#)) in a variety of sol-
vents vs Reichardt’s Et values of the solvents (a. metha-
nol; b, acetonitrile; c, acetone; d, chlorobenzene). For I;-
3CNQ-F, the peak positions were determined by deconvo-
lution, and for others direct peak positions were plotted.””!

Table 32. Slope in Eq. 75 and Estimated CT Degree (8) of Compounds I;-3CNQ-R

R=F, CF; F, F H Me (MeO), (EtO),
a(x1072) 56.3 236 234 419 089 —0.75 —0.45 —0.85
89 1.00 071 071 054 051 0.49 0.50 0.49

a) Direct use of Peak B.
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Fig. 138. Plot of redox potentials of I;-3CNQ-R (©: E}, O:
E,, @: E3) and corresponding TCNQs (M, [J) against the
Hammett 0. The chemical species in the regions separated
by solid lines are represented by M2+, M*+, M°, and M*~
for M = I;-3CNQ-R (R = a: F4, b: CF3, c: F,,d: F, e: H,
f: Me, g: (MeO),, h: (EtO),).””!

steps. The first two, in the 4+0.7—+1.0V range (E;: ©, E;: O),
are insensitive to the Hammett o values, showing that these
two are mainly associated with the D-part. Their much more
positive values than those of E%!~/, of the corresponding
R-TCNQ (M) confirm that these steps are ascribed to essential-
ly Eq. 78,
M2+ (D*+-1-A%) = M*H(D**--A”)
= MY(D’-7-A?), (78)
where M represents a whole D-77—A molecule. The third E;3
at —0.25-—-0.50V (@) shows a linear dependence on the
Hammett o value with both a much more negative magnitude
and a less steep slope compared to E'~/27, 2 of the corre-
sponding R-TCNQ (), indicating that this step is ascribed to
MO(D’-7r-A? < D**—-A*")
= M*~(mainly D**-r—A>"). (79)
Therefore, Fig. 138 indicates that the (Ip — Ea) process of M,
namely
Mt =M’ = M*~ (80)

which corresponds to the separation between E; and E3 (AE),
varies weakly with the Hammett o value (AE = —0.210 +
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1.12), and this implies that the (Ip — E) term in Eq. 76 is a
linear function of 8. Hence, Eq. 76 is modified to Eq. 81.

hver' = (28 — 1)(€?/&r — AG+ C)+ (X — Cy). (8D

To evaluate 8, we need the magnitude of the slope a; of a
plot of hver vs Etp for I;-3CNQ-R having & = 1, where
Eq. 76 is expressed as

hver! = (&2/&r — AG + C)) + (X — Cy) = a1Er + by, (82)

then the ratio a/a; (28 — 1) gives the ionicity & on the rea-
sonable assumption that the r and AG values do not vary sig-
nificantly among the I;-3CNQ-R molecules. By taking the § of
I,-3CNQ-F; as unity, the relative CT degree § is calculated
(Table 32).

The relation between the estimated § value in solution and
the E%1—, »2 of R-TCNQ is utilized for the synthesis of a
new I;-3CNQ-R for desired 8. Also, the relation of their redox
properties as shown in Fig. 138 is utilized to elucidate the
ionicity-functionality relation of a D—-77—A uni-molecule.

It is interesting to note that the § of I;-3CNQ-H is close to
0.5, consistent with Er-insensitive CT energy (Fig. 137, 0J),
giving rise to nearly the same electronic structures between
the ground D¥*—7—A%" and its excited D!-9+t_g_A0--
states by intramolecular electron transfer. Thus, the I;-3CNQ-
H molecule is expected to be useful for the intermolecular
electron transport but inactive for intramolecular rectification,
in which a molecule with a high § value like I;-3CNQ-F; is
required. As for an indicator of a solvent®>”-*3® having a wide
solvatochromic effect, a system not only with a large slope in
Fig. 137, but also with a small r value is important according
to Eq. 76. As for a photovoltaic material, which requires a sta-
ble charge-separated state, the I;-3CNQ-R system is not ade-
quate since it exhibits a spontaneous relaxation of the charge-
separated state to the neutral one as observed in Fig. 138.

4.8.3 Molecular and Crystal Structures and Ionicity: In
this section, only the typical molecular and crystal structures
will be described emphasizing the molecular conformation
(Types I and 11, see Fig. 134), molecular planality, and molec-
ular packing.

4.8.3.1 Molecular and Crystal Structures of (I;-3CNQ-
F;)(CH3CN)g.5; Figure 139 illustrates the molecular struc-
ture of I;-3CNQ-F, and the crystal structure of (I;-3CNQ-
F,)(CH3CN)ps viewed along the c-axis. The I;-3CNQ-F,
molecule has a Type I conformation with a dihedral angle
¢ of 31.5°. This conformation is different from the ana-
logues of D-r—A compounds such as DEMI-3CNQ (Type II,
Fig. 134g).938939.949.978-980 The different conformation origi-
nates both from the steric repulsion between the CN1 and
3,3-dimethyl group of the indoline moiety and from the
Coulomb attractive interaction between the electronegative
CN1 and positively charged N-methyl group. The fluorine
atoms are located at the 3,6-position of the 3CNQ moiety,
and the fluorine atom closer to the indoline-moiety (F1) is
located opposite to the CN1 group, probably owing to their
Coulomb repulsion. In addition, an intramolecular C—H--F hy-
drogen bond (dashed line in Fig. 139a) with a H--F distance of
221A (cf. the sum of vdW radii of H and F is 2.67 1&) favors
the 3,6-position isomer of the 3CNQ-F, moiety. Figure 139b
depicts the planarity of the 3CNQ-R moiety with the angles
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Fig. 139. Molecular (a, b) and crystal (c) structures of (I;-3CNQ-F;)(CH3CN)g 5. Monoclinic, C2/c, a = 23.588(3), b = 8.663(1),
c = 20.958(3) A, B = 108.549(6)°, V = 4060.1(8) A3, Z=18, R=0.051. The dotted line in (a) indicates an intramolecular
C-H--F hydrogen bond. The dihedral and deviation angles between the benzenoid ring and the terminal dicyanomethylene group
(61) and the CN1 group (8,), respectively, are shown in (b). The dotted ellipsoid indicates dimerized 3CNQ-F, moieties of two
adjacent molecules of I;-3CNQ-F,. The arrow indicates the segregated columns of the 3CNQ-F, moieties.

Table 33. Structural Parameters, Ionicity Derived from Bond Length Ratio (BLR) and Ground State Dipole Moment ((,) of Selected

I,-3CNQ-R Compounds and (I;-3CNQ-H),(TCNQ)

Compound (I;-3CNQ-F;)  (I}-3CNQ-F)  (I3-3CNQ-H)  I4-3CNQ-CF; I0-3CNQ-H (I;-3CNQ-H),(TCNQ)
«(AN)o s «(AN)o s -(AN) mol-1 mol-2 mol-1 mol-2

Type 1 1 I 1T II I I 1T
Postion of R 3,6- 3- — 6- — — — —
Dihedral angle/°
1) 31.5 31.3 45.2 163.2 159.6 170.3 52.8 170.8
0, 9.9 11.1 22 2.0 34 1.2 6.7 5.1
6, 18.4 17.6 33 4.7 2.6 10.8 2.8 2.2
Interplanar distance/z&
A-part intra 3.45 3.39 3.45 3.57 3.41 3.26

inter — 6.94 — — — —
D-part intra 3.49 6.52 3.49 — — 3.50

inter 5.31 — 5.31 — 7.41 3.83
BLR 1.615 1.599 1.593 1.567 1.544 1.541 — —
OBLR 0.90 0.83 0.80 0.68 0.59 0.58 0.80 0.69
Mg 279 25.5 25.0 22.0 — — 24.9 19.5
Sdipole 0.70 0.68 0.66 0.58 — — 0.65 0.57

a) The molecule has too many atoms to calculate (MOPAC 97).

0, and 6,, which are summarized in Table 33. The 3CNQ-R
moiety flattens as the 6; and 0, values decrease with decreas-
ing the acceptor strength of R-TCNQ. This is owing to the in-
crease in bond order of bonds e and d in Fig. 134e, respective-
ly. The large 6; value of molecule I;-3CNQ-F, (9.9°) indicates
that the bond e has more or less a single bond character.

In the crystal, two I;-3CNQ-F, molecules form a dimer of
3CNQ-F, moieties having an inversion center (dotted ellip-
soids in Fig. 139¢c). Within the dimer, the 3CNQ-F, moieties
form a face-to-face packing with an interplanar distance of
3.41 A. Such a dimerization has been observed in many intra-
molecular CT compounds.?3!932942971-973 The dimers form a
segregated stack along the b-axis (as shown by the arrows in

Fig. 139c). The long interdimer separation of 7.07 A, which
is due to the inclusion of an acetonitrile molecule between
dimers, indicates that the 3CNQ-F, dimers are isolated from
each other. No close contact between the indoline moieties
is present due to the steric repulsion between the 3,3-dimethyl
groups of adjacent dimers.

4.8.3.2 Molecular and Crystal Structures of Is-3CNQ-
CF3; Molecular structure of Ig-3CNQ-CF; in the crystal is
illustrated in Fig. 140a. The molecule has a Type II conforma-
tion with a dihedral angle ¢ of 163.2°. A trifluoromethyl group
exists at the 6-position. It is noted that the 6-position is the fur-
thest from the cyano leaving group. In contrast to I;-3CNQ-F,
which includes three positional isomers, the observation of on-
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ly one 6-CF; positional isomer in I5-3CNQ-CF; is due to the
steric hindrance of the bulky CF; group. The 6, and 6, values
of each crystal are small enough to exhibit the planar structure
of the 3CNQ-CF; moiety. Two adjacent 3CNQ-CF3 moieties
form a face-to-face dimer with an interplanar distance of
3.57A as shown by shaded areas in Fig. 140b, while there
are no significant proximities between indoline moieties.
These features are very similar to those of Is-3CNQ-H and
I;-3CNQ-H (both have two polymorphs).

4.8.3.3 Molecular and Crystal Structures of I5)-3CNQ-
H; There are two crystallographically independent molecules,
namely mol-1 and mol-2, indicated in Fig. 141a. Both mole-
cules have a Type II conformation with ¢ of 159.6 and
170.3°, respectively, and the latter has a nearly planar indo-
line-3CNQ moiety. In the crystal, four indoline-3CNQ moie-
ties form a tetramer in the sequence of mol-2--mol-1--mol-
1--mol-2 as shown in Fig. 141a. The inversion center lies
between two mol-1s, which are parallel to each other with
the interplaner distance of 3.41 A. The dihedral angle between
mol-1 and mol-2 is 14.9°. The tetramers of indoline-3CNQ-H
moieties and alkyl chains (n-Cy0H4;) form alternating 2D

Fig. 140.

(a) Molecular structure and (b) crystal structure
viewed along the a-axis of I-3CNQ-CF;. The shaded
area indicates dimerized 3CNQ-CF; moieties. Triclinic,
P1, a=8.866(2), b= 12.388(3), ¢ = 12.5793) A, o =
76.41(1), B =182.26(1), y=76.82(1)°, V = 1302.7(4)

A3, Z=2,R=0.081.
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Fig. 141.
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sheets along the c-axis (Fig. 141b). Similar self-aggregation
of sr-moieties has been observed for TTC,-TTF molecules
with long alkyl chains (see section 2.3.1 and Fig. 7) and the
C;TET-TTF-TCNQ complex (see section 4.5.1, and Fig. 118),
where tight interchain interactions assisted a proximate face-
to-face contact of 7T-moieties (termed as the Fastener effect).!
This layered structure between I)-3CNQ-H suggests that
the self-assembling ability of alkyl chains is dominant in the
crystal.

4.8.3.4 Molecular and Crystal Structures of (I;-3CNQ-
H)>(TCNQ); Among the series of I,-3CNQ-R compounds,
1;-3CNQ-H and I4-3CNQ-H molecules form 2:1 and 1:1 ad-
ducts with the starting reagent TCNQ, respectively. Here, the
2:1 adduct will be described. The crystal consists of a segregat-
ed column of the acceptor moieties (3CNQ-H and TCNQ), and
the column results in an extra absorption band at 1250 nm.

Two molecules of I;-3CNQ-H, mol-1 (Fig. 142a) and mol-2
(Fig. 142b), and two halves of TCNQ (TCNQ-1, TCNQ-2)
molecules are crystallographically independent. The 3CNQ-
H moiety is almost flat in both mol-1 and mol-2 molecules
0, =5.1-6.7°, 0, = 2.2-2.8°). However, mol-1 is considera-
bly deformed with ¢ = 52.8°, which is larger than those
observed in the (I;-3CNQ-F,)(CH3CN)ys and (I;-3CNQ-F)-
(CH3CN)g 5, and is similar to those in I1-3CNQ-(MeO),, (I;-
3CNQ-(EtO),)(CH3CN) and I;p-3CNQ-H. Mol-2 has a rather
planar structure with ¢ = 170.8° and is similar to that in I-
3CNQ-H(mol-2). Mol-1 has the Type I conformation, while
mol-2 has Type II. Figure 142c presents the crystal structure
of (I;-3CNQ-H),(TCNQ) as viewed along the a-axis. The
most pronounced and unique feature is that the 3CNQ-H moie-
ties of two D-7—A molecules and a TCNQ molecule form a
column composed of the triad 3CNQ-H--TCNQ--3CNQ-H
along the c-axis as indicated by arrows in Fig. 142c. The col-
umn is comprised of two kinds of triads; triad A is (mol-1)--
TCNQ-1--(mol-1) and triad B is (mol-2)--TCNQ-2--(mol-2)
in a zig-zag sequence. In each triad the molecular planes of
3CNQ-H and TCNQ are nearly parallel to each other and an
inversion center exists at the center of TCNQ. The interplanar
separations between TCNQ and 3CNQ-H are 3.26 A. The seg-
regated column is distorted in a way that the neighboring triads
have a slightly different stacking direction at about 21.7°.

ndoline-3CNQ
etramers

(a) A tetramer of indoline-3CNQ moieties in the crystal of I,p-3CNQ-H. (b) The b-axis projection of I;-3CNQ-H. Tri-

clinic, P1, a = 14.240(4), b = 13.320(2), ¢ = 21.227(5) A, o = 101.883(9), B =100.34309), y =96.11(1)°, V = 3833(1) A3,

Z =4, R=0.075.
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Fig. 142. Molecular structures of (a) mol-1 and (b) mol-2 of I;-3CNQ-H in (I;-3CNQ-H),(TCNQ). (c) Crystal structure of (I;-
3CNQ-H),(TCNQ) viewed along the a-axis. Zig-zag arrows indicate the segregated column of the 3CNQ-H--TCNQ--3CNQ-H
moieties. The indoline moieties are hatched. Triclinic, P1, a = 8.050(1), b = 15.621(2), ¢ = 20.489(2) A o= 70.920(5), B =
81.897(5), y = 87.003(6)°, V = 2410.6(4) A3, Z =2, R =0.046.

However, the intermolecular overlap integrals between the
neighboring triads (3.3 x 10%) are close to those within the tri-
ads (3.8 x 10°) Thus, it is possible for the 3CNQ-H-TCNQ--
3CNQ-H units to share the negative charge of —2§ as
3CNQ-H®-9~..TCNQ¥*~ .3CNQ-H®~9~ namely (D*+-m—
A®=07),(TCNQ¥*"). The bond lengths by structural analy-
sis”! and the C=N stretching frequency!'®* of the TCNQ mole-
cule and UV-vis—NIR spectrum of the adduct deduced the
ionic formula of (D%%+_7—A%46-),(TCNQ"**~) to (D*7>*+—
n—_AO.GO— )2(TCNQ0'24_ )

The indoline moieties also align along the c-axis, where one
dyad is the repeating unit with a rather large interplanar sepa-
ration of 3.50 and 3.83 A. The dihedral angle between two dy-
ads is 26.7°. As a result, the intermolecular interactions among
the indoline moieties are rarely expected in comparison with
those in the segregated column of 3CNQ-H and TCNQ.

4.8.4 Intramolecular Ionicicity Based on Molecular
Structures of I,-3CNQ-R: The bond lengths a’, &', and ¢/
of a TCNQ molecule (Fig. 134b) have been used to estimate
the ionicity of TCNQ molecules in intermolecular CT sol-
ids.”’* Similarly, the bond lengths labeled a—e of I,-3CNQ-R
(Fig. 134e) are expected to be sensitive to the ionicity, because
the bonds a and ¢ should have a double- or single-bond char-
acter and the bonds b, d, and e should have a single- or double-
bond one in the zwitterionic (8§ = 1) or neutral (§ = 0) form,
respectively. It is then adequate to utilize a bond length ratio
(BLR) defined as (b+d +e)/(a+ c), as a measure of the
intramolecular ionicity (§) of the I,-3CNQ-R compounds
(Table 33). Using the experimental data for the bond lengths
of single (1.451 A) and double (1.332A) C—C bonds in a 7-
conjugated chain®? and those of ionic (1.324 A) and neutral
(1.384 A) C-N bonds (bond a) in an indoline ring,”®3 the
BLR values for § = 1 and § = 0 are calculated to be 1.639
and 1.410, respectively. Then the ionicity (8prg) is estimated

based on Eq. 83 assuming a linear relation between dgrr and
BLR values (Table 33, also dgir = 0.76 (I;-3CNQ-F, mol-1),
0.64 (I;-3CNQ-F, mol-2), 0.53 (I;-3CNQ-(MeO),), 0.53 (I;-
3CNQ-(EtO),), 0.58 (I4-3CNQ-H, « phase), 0.56 (Is-3CNQ-
H, B phase), 0.58 (I;-3CNQ-H, S phase), 0.55 (Is-3CNQ-H,
mol-1), 0.54 (Is-3CNQ-H, mol-2), and 0.77 (I;)-3CNQ-H)).

SpLr = 4.36 x (BLR) — 6.14. (83)

As shown in Fig. 143, the BLR values are linearly related
with the first redox potentials (E'}2) of R-TCNQ for each type
of conformation. The BLR is not much affected by the alkyl
chain length on the indoline moiety: namely, the compounds
13, 15, 16, and 21 with different lengths of alkyl chain have
nearly the same BLR values. It is worth noting that the BLR
values of Type I and II conformations differ considerably.
The BLR values of Type II conformation are lower than those
of corresponding molecules with Type I conformation.

Ground state dipole moments ({4,) evaluated by molecular
orbital calculations are plotted against BLR values in Fig. 144.
The p, values are linearly related with the BLR values for
each type of conformation. Also, the length of alkyl chain
(see 13a, 13b, 15b, and 16) has no significant effect on the
Mo value. Figure 145 compares the excited state dipole mo-
ment (i), dipole moment difference (i, — [,), and dipole
moment sum (i, + W,) together with p, for I;-3CNQ-R
compounds with Type I conformation.

The approximated dipole moments of the ground and excit-
ed states are expressed as

My = ded, (84)
and
e = (1 — 8)ed, (85)

respectively, where d is the distance between D and A moie-
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Fig. 143. A plot of bond length ratio (BLR) of I,-3CNQ-R
against the first redox potential (E', ,2) of R-TCNQ. Red
circles and yellow triangles represent the molecules with
Type I and II conformations, respectively. Numbers are
the same as those in Table 31. § has two crystallographi-
cally independent molecules (2-F, 3-F) and each molecule
has two positional isomers. 9 also has two positional iso-
mers. 13 and 15 have two polymorphs each.

30 T T T
I 3
I o/
o 25'_ 12 &5(3-F) |
2 017
) L
a I
T s
[ Co-
1 9 &-15b
- 16(mol-1,2) 1
159 155 16
BLR

Fig. 144. Plot of ground state dipole moment (i, ) evaluat-
ed by CNDO/S MO calculation against BLR. Lines are
guide to eyes for Type I (O) and II (/) molecules. Num-
bers are the same as those in Table 31.

ties. Then, the dipole difference (i, — [4,) is represented as
(Ke — M) = (1 = 28)ed. (86)

Although some scatter is seen in the plot of (i, — [Ly) VS
BLR, the (4, — i) value is equal to zero at around BLR =
1.51, which should correspond to the ionicity § = 0.5 in the
crystal as expected from Eq. 86.

Figure 145 includes a plot of (i, + [.) against BLR. If
BLR is simply proportional to §, the (i, + () value is nearly
constant at ed, according to Eqs. 84 and 85. However, the plot
is inconsistent with the expectation, indicating that for I,-
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Fig. 145. Plot of CNDO/S dipole moments of the ground
(Hg: O) and excited (H.: A) states, dipole difference
(e — g ) and dipole sum (i, + [ ©) evaluated
by CNDO/S MO calculation against BLR for I;-3CNQ-
R with Type I coformation. Numbers are the same as those
in Table 31. 9: 2,5-(MeO),, 9": 3,6-(MeO),. 9”: R =
(MeO),, B phase. The least squares fit afford; Mo =
94.8 x (BLR) — 127, ., =22.8 x (BLR)+494, u.—
Mgy = —118 x (BLR) + 177, p, + (. = 72.0 x (BLR) —
78.0.

3CNQ-R compounds d is variable depending on the ionicity,
position of substituents, molecular conformation, etc. So, we
conclude that the BLR value is not a linear function of § as
postulated in Eq. 83. Since dipole moments (Eqgs. 84 and 85)
and the transition dipole moment (vide infra) are functions
of 8, we exploited a more appropriate parameter pertaining
to the ionicity.

The linear BLR dependency of [y, M., (U — M), and
(Mg + Ue) is expressed as a;(BLR) + b; (i = 14, respective-
ly: where a3 = (ay — ay), bz = (b, — by), as = (a; + a;), and
by = (b1 + by)). The relation between ©, — He = (1 —28)ed
and (4. + Mg) =ed in Fig. 145 provides a3;(BLR) + b3 =
(1 — 28)[as(BLR) + b4] and consequently affords a non-linear
relation between BLR and &:

ba(1 —268) — b3
as(1 =28) — a3
(i D)1 —28) + (b1 — bo)
S (@ta)(1-20)+ (@ —a)
Then the following relation is obtained between the calculated
(Ue — Mg) (=A) and 6 for I,-3CNQ-R as

d = (a1 A+ O)/l(a + a)A+2C], C = axby —aiby. (88)

BLR = —

87)

By using Eq. 88, one may obtain new § values (Sgipole)s
which reproduce the calculated dipole moments, and hence,
are more affected by BLR, molecular conformation, position
of substituents, and the change of d, in comparison with
dpLr. The estimated Ggipole Values are summarized in Table 33
(the following 3dipo1e values were also evaluated for I;-3CNQ-
R 0.55 (R = (MeO),, 2,5-isomer and 3,6-isomer, & phase),
0.52 ((MeO),, B phase), and 0.58 ((EtO),) for Type I confor-
mation, and 0.60 (F, 2-isomer, mol-1), 0.59 (F, 6-isomer,
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Fig. 146. Plot of CNDO/S polarizability ¢ (a), B (b), and ¥ (c) against 8dipole for I,-3CNQ-R compounds. 1: I;-3CNQ-F; in 3, 2:
I;-3CNQ-Fin 5, 3: I;-3CNQ-F in 4(mol-1) (3: 2-F isomer, 3’: 6-F isomer), 4: I;-3CNQ-F in 4(mol-2) (4: 2-F, 4’: 3-F), 5: 7(mol-1),
6: 7(mol-2), 7: 9, Phase o (7: 2,5-isomer, 7’: 3,6-isomer), 8: 9, Phase B, 9: 11. Red and yellow circles represent Type I and
Type II configurations, respectively. Dotted curves (least squares fit for all data) represent the theoretically expected ones from
Egs. 94-96: o = 3.15 x 102 8°(1 — 8> +42.9, B=7.17 x 10* (1 — 8>(1 — 28), y = 2.14 x 10° §*(1 — 8)*(1 — 58 + 56%).
Dashed curves are modified ones; & = 1.62 x 10? 82(1 — 8)> +49.2 (least squares fit for only data for Type I), B = 7.93 x
10* 8%(1 — 8)*(1 — 28) (parameters are modified to fit 1), and ¥ = 3.11 x 10% 8*(1 — 8)*(1 — 56 + 58%) (parameters are modified

to fit 3 and 3').

mol-1), 0.57 (F, 2-isomer, mol-2), and 0.59 (F, 3-isomer, mol-
2) for Type II conformation).

Summarizing the above, the structural parameter BLR re-
flects well the ground and excited dipole moments, and relates
the solid ionicity as expressed in Eq. 88. Among the I,,-3CNQ-
R compounds, Type I conformation gives a higher § than
Type II conformation. This feature arises from the fact that
Type I is a more favorable conformation for the ionic struc-
ture, in which the positive charged N-alkyl group of the indo-
line moiety locates close to the negatively charged CN group
of the 3CNQ-R moiety. In conclusion, the values of § and u
of I,-3CNQ-R compounds depend on both the electron-accept-
ing ability of the 3CNQ-R moiety and the molecular confor-
mation (Types I and II), but are insensitive to the alkyl chain
length in the indoline moiety.

4.8.5 Non-Linear Optical Properties: = The molecular
polarization (p) can be expanded as a power series in the elec-
tromagnetic field (E):

p=W,+QE+BE*+YE +. ... (89)

For D-m—A molecules such as compounds I,-3CNQ-R, the
two-level model concerning the ground and CT excited states
can be utilized for an adequate approximation for non-resonant
o and B as

o x luegz/Eeg 18 & Megz(:u'e - :u'g)/Eegz’ (90)

where [, is the transition dipole moment and E, is the ener-
gy difference between the ground (g) and excited (e) states.
While a non-resonant ) is generally approximated based on
the three-level model 274984

Y & [I‘LegZ(:ue - 'ug)Z - /’Leg4]/Eeg3
+ /’Leg2ﬂe’e2/Eeg2Ee’g,

where ¢’ means the second excited state.
However, it was reported that the two-level model, where ¢’

oD

is neglected, can be applied for some D-7-A molecules,
which show a lower-energy CT transition with a large transi-
tion dipole moment (large (L., and small E¢,) and a large dif-
ference in dipole moment between the ground and excited
states ({4, — [,). In this case, Eq. 91 can be simplified to

Y X [/"Legz(u’e - M’g)z - /"Leg4]/Eeg3' (92)

According to Mulliken’s CT theory,”®® on the other hand, the
transition dipole moment between ground and excited states

can be expressed in terms of the ionicity § as follows:
ey = 8'2(1 — 8)'ed. (93)

Also, according to the theoretical treatment by Ducuing and
Flytzanis based on the point charge model,”®® & and 8 can
be approximated using § by Egs. 94 and 95, respectively.

o o 821 — 8)2.
B o 8 (1 —8)%(1 —26).

94)
(95)

By putting Egs. 86, 93-95 into Eq. 92, y can be expressed as a
function of §,

Yy x [Megz(u’e - /’l’g)2 - Meg4]/Eeg3
= O[,B{[(/Le - /’Lg)z - :u/eg4]/[(:u/e - Mg)/’begz]}

o 841 — 8)*(1 — 58 + 58%). (96)

Based on Egs. 94-96, o has a maximum at § = 0.5 and
minima at § =0 and 1, |B| has maxima at § = 0.31 and
0.69 and minima at § = 0, 0.5, and 1, and |y| has maxima at
6 =0.2, 0.5, and 0.8 and minima at § = 0, 0.28, 0.72 and 1.
As seen in Fig. 146, the o, B, and y values of I,-3CNQ-R
evaluated based on their molecular structures (CNDO/S polar-
izability) are well fit to Eqgs. 94-96, respectively. The depend-
ences of o, B, and Y on Sgipole as expressed by Eqs. 94-96 are
similar to those on the bond-length alternation (BLA) by
Marder et al.®*’ and mixing between the two limiting-reso-
nance forms (MIX) by Barzoukas et al.**®
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Summarizing the above, the ionicity is a fundamental pa-
rameter governing o, B, and y. Of most importance is that
these linear and non-linear optical parameters have a maxi-
mum absolute value at a certain partial degree of CT and the
& can be tuned by chemical modification of D- and A-moieties
of D-r—A compounds, while it is difficult to control the BLA
and MIX values chemically.

It has been reported that the insulating neutral CT com-
plexes, perylene-TCNE, perylene-TCNQ, pyrene-9,10-phen-
anthrenequinone, and 9,10-phenanthrene-DDQ show a high
third-order optical non-linearity (x‘®).°®” Their degree of CT
may be close to 0.2-0.3, although no data have been reported.
Also, the 2D organic metal a-(ET),I; (6 = 0.5) was reported
to show a large x® value originating from the plasma elec-
trons based on Eq. 97,7898

2304 A2 , of € 22 +1
Wp T <ﬁ) m, (97)

3 _
XV ="
where n is the index of refraction, A is the wavelength, w, is
the plasma frequency, T is the relaxation time, and m™ is the
effective mass.

5. Fullerene CT Complexes

5.1 Fullerene Superconductors. Immediately after the
isolation of macroscopic quantities of Cg solid by Kriatschmer
and Huffman,” highly conducting®' and superconducting®?
behaviors were verified for the K-doped compounds at Bell
laboratories. The structural refinement based on the powder
X-ray diffraction profile denotes that the composition of the
superconducting phase is K3Cgqy and the diffraction pattern
can be indexed to be a face-centered cubic (fcc) structure.?
The lattice parameter (a = 14.24 A) is apparently expanded
relative to the undoped cubic Cgp (a = 14.17 A). In the doped
compound, K ions occupy the two types of interstitial sites,
one being the larger octahedral site (o-site, r = 2.06 A) and
the other being the two smaller tetrahedral sites (z-site, r =
1.12 A) per Cgo molecule. The space group Fm3m determined
by the Rietveld method indicates that Cgy molecules are disor-
dered over two orientations differing by 90° of rotation about
(100) (so-called “merohedral disorder”).

The superconductivity has been observed for many A;Ce
(A: alkali metal), e.g., K3Cqy (T = 19K by Hebard et al.?*?),
RbsCqp (T, =29K by Rosseinsky et al.?%), Rb,CsCey
(T. = 31 K by Tanigaki et al.”®>) and RbCs,Cg (T. = 33K
by Tanigaki et al.”®), and their structures determined to be
analogous to that of K3Cqy with varying lattice constants.
The T, varies monotonously with lattice constant, independ-
ently of the type of the alkali dopant.”®>?% In simple terms,
this behavior arises from a narrowing of the bandwidth and
an increase in D(Eg) as the lattice constant increases. On the
other hand, NH3K3Cgy and Cs3Cgp, both of which might be
expected for higher 7, considering their sizable dopants, form
a non-fcc packing at ambient pressure®’* and no longer
exhibit a superconducting behavior. Under applied pressure,
however, both compounds pass through a superconducting
transition at 28 K'%0 and 40 K,*°3 respectively. It is likely that
a superconductor—nonsuperconductor boundary exists in this
vicinity, and seems to be re-crossed by applying pressure. Note
that the reproducibility of the pressure-induced superconduct-
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Fig. 147. A plot of T, against carrier concentration (Cegp" ™)
in Cgo superconductors by Yildirim et al. 7, values are
scaled by those of Nay,CsCg (11.6 K, left side) and K3Cgg
(19K, right side).'%!

ing phases has not been present. Also it has been found that
T. in the Rbs_,Cs,Cgp system gradually increases as the mix-
ing ratio approaches x = 2.7%¢ Further increasing the nominal
ratio of Cs leads to a sizable decrease of T, although the lat-
tice keeps the fcc structure for x < 2.65(2). Band-filling con-
trol has been realized for several systems, Na,Cs,Cqp (0 <
x < 1),/ K3 Ba,Cep (0 <x<1)'%" and Li,CsCep (2 <
X < 6),192 and shows that the 7. decreases sharply as the
valence state on Cgy deviates from —3 (Fig. 147).

Among the alkali-doped compounds, three other well-docu-
mented systems are ACqo (A: K, Rb, and Cs; see section 5.3),
A4Coo (A: K and Rb),'" and A¢Ceo (A: K, Rb, and Cs).!%™
A4Cgp has a body-centered tetragonal (bct) packing and is a
nonmagnetic insulator owing to the combination of both the
Jahn-Teller and electron correlation effect.'%> For A¢Cgp, on
the other hand, the crystal structure is body-centered cubic
(bee) and the compounds are essentially insulators due to the
full occupation of the triply degenerate LUMO (zy,) level.

Highly doped fullerides with alkali-earth or rare-earth met-
als afforded a variety of intriguing transport and magnetic
features. Some non-cubic superconductors have been obtained
for Yb,.75Ce0 (Te = 6 K),'%% Sm, 75Ce0 (T = 8 K),'%7 BayCy
(T, = 6.7K),'%%19 and SryCe (T = 4.4K).%% EueCoo with
bce packing undergoes a ferromagnetic transition at 12 K, aris-
ing from Eu?* cations with S =7/2 spin,'®!® and shows a
giant negative magnetoresistance arising from a significant
7—f coupling between the conduction electrons on Cgy and
localized 4f-electrons on Eu (see section 4.7.1).°%* Ce,Cq
shows the coexistence of superconductivity and ferromagnet-
ism below 13.5 K, although its crystal structure and composi-
tion are currently unclear.%%’

There have been some excellent literatures on the supercon-
ducting fullerides including the crystal structures, valence
states, and superconducting properties.”*®1%!! However, they
did not mention the issue of the partial CT state, which is com-
mon for low-dimensional organic metals, being difficult to re-
alize for Cgp-based CT complexes. In the following, we will
focus on the fullerene-based CT complexes: their molecular
and crystal structures as well as the electronic states.

5.2 Ionicity and Polymeric State of Fullerenes. Mono-
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(a) Phase diagram of Cgy CT complexes plotted as E;(A) vs E;(D): @, fully ionic ground state (§ > 1, complexes with

TDAE and stronger electron donors); O, x, neutral ground state (complexes with OMTTF and weaker electron donors). Lines a
and b represent the partial CT state for low-D metal.>*¢ (b) Comparison of CT bands of a number of CT complexes in the solid
state (hvep™d) and calculated ones (hver®) for a number of CT complexes: O, @, complex with neutral to partially ionic
(8 < 0.5) ground state with alternating stacking or layer; A, complex with a fully to partially ionic (6 > 0.5) ground state with
low-to-moderate electric conductivity; A, complex with partially ionic ground state with high conductivity; a, 3,3’,5,5’-tetrameth-
ylbenzidine(TMB)-TCNQ, b, TMB.FTCNQ, ¢, TTeC;-TTF.TCNQ, d, TTF-QCly, e, perylene-HCBD; 1-7, C¢, complexes with
OMTTF, HMTTF, 1,6-DTP, BO, EDT-TTF, TSeC,-TTF, and ET, respectively.?*¢

a

(b)

Fig. 149. (a) Crystal structure of (ET),Cg by Izuoka et al.'®'3 Monoclinic, C2/c, a = 25.956(3), b = 21.889(3), ¢ = 9.923(2) A,
B =105.08(1)°, V = 5444(1) A3, Z=4,R=0.058, T = 150K. Two Ceo molecules are surrounded by four deformed ET mole-
cules and Cg, molecules stack along the c-axis. (b) Crystal structure of OMTTEF.Cgy-PhH:?* Triclinic, Pi, a = 10.320(1),
b =13.676(1), ¢ = 10.024(1) A, o = 95.68(1), B =195.74(1), y = 125.42(1)°, V = 1125.4(3) A3, Z=1, R=0.135. The Cq
molecules form a 2D layer in the ac-plane, and the layers are separated from each other in the c-direction by the layer composed

of OMTTF and solvent molecules.

meric neutral Cgy and ionic Cgy"~ molecules are incorporated
with a variety of electron donors to afford metals, supercon-
ductors, ferromagnets, photoconductors, photovoltaic materi-
als, etc. Since the electron-accepting ability of Cg is weak,
ionic complexes with fullerenes are obtainable by use of strong
electron donors, such as alkali metals, metallocenes, amines,
or phosphines. The redox difference between two components
AE(DA) should satisfy Eq. 98 as discussed in section 3.1. The
ionicity diagram of the Cg9 CT complex shown in Fig. 148a
indicates that the redox potential of donor molecules should
be less than —0.46V to afford a fully ionic Cgy complex
(Eq. 99).246

AE < —0.02V. (98)
Ei(D) < —-0.46V. (99)

Most TTF derivatives (OMTTF, HMTTF, ET, TTT, etc.)

afforded CT complexes with their CT bands allocated in the
neutral regime as expected from their weak donating abilities
(Fig. 148b).2%6

Owing to the spherical shape of fullerenes, it is commonly
observed that flat donor molecules are deformed and/or
solvent molecules are accommodated in CT solids, such
as (C,TET-TTF)(Cg)2,'%'? (ET),Ceo (Fig. 1492),'°83 and
OMTTF-Cg,-PhH (Fig. 149b).246

Besides the monomeric form, a large variety of dimeric and
polymeric fullerenes have so far been prepared as summarized
in Table 34. The fullerenes exhibit a reversible phase transi-
tion attributable to the dissociation from polymeric (or dimer-
ic) to monomeric phase in a certain temperature range. Neutral
fullerenes form a variety of polymeric structures under high
pressure (>6GPa) and high-temperature (>970K) to afford
a high T, ferromagnet or superhard polymer as mentioned in
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Table 34. Dimers and Polymers of Neutral and Ionized Fullerenes"™

AWARD ACCOUNTS

n  Compound” Treatment Characteristics Ref.
0 Cgo 6 GPa, 1025-1050K rhombohedral 2D [2 + 2] polymer, 932,933
ferromagnet (7, ~ 500 K)
Ceo <13 GPa, <2000K  superhard polymer 934
Ceo C=C dimer (Cg")», dimer <> monomer at 435K 1014
Cyo 22 GPa, 573K C=C dimer (C7%), 1015
CsN C-C dimer (Cs9N%), 1016
KCgo slow cool <350K C=C linear Cg~! polymer; 3D metal 1017-1020
RbCy slow cool <350K C=C linear Cg¢~! polymer; 1D metal; 1017-1020
Twvi = 50K, SDW
CsCqp slow cool <350K C=C linear Cg¢~' polymer; 1D metal; 1017-1020

MC¢(M = K, Rb, and Cs) rapid cool to RT

Twi = 35K, SDW
C-C dimer (Cgp )2, dimer <> monomer at 270 K

1018,1021-1023

CsCqp quenched to lig. N, monomer, metal > 4K, 12% of Cgy*~ 1018,1024,1025
Cs2(Cg0)2(CTV)(DMF)q C-C dimer (Cgp™),, dimer <> monomer at 140-220K 1026
TDAE-Cg ~]1 GPa at 300K hydrostatic pressure: [2 + 2] 1D polymer 1027
~0.7GPa at 300K  hydrostatic pressure: polymer <> monomer at 520 K 1028
no up to 0.4 GPa uniaxial strain: 7. = 17.5K (//b, 0.4 GPa) 1029

[Bz,Cr]Cgo(PhCl5 )7 C-C dimer (Cgp ™ )2, dimer <> monomer at 160-240K 1030
[Bz,Cr]Ceo(PhCN) C—-C dimer (Cgp~),, dimer <> monomer at > 240K 1030
[(Tol),Cr]Cgo C—-C dimer (Cgp ™ ),, dimer <> monomer at 250 K 1031,1032
[Cp2Co]Cgo(PhCl,) C-C dimer (Cgp ™ )2, dimer <> monomer at 250-350K 1030
[Cp*,Cr]Ceo(PhH), C—-C dimer (Cgp™),, dimer <> monomer at 160-190K 1030
[Cp*zcr]C6()(PhC12)2 C—-C dimer (Cgp™),, dimer <> monomer at 200-230K  1030,1033
TDAE-C7o(PhMe) C-C dimer (Cyp ™), no monomer 1034
CsCy9(DMF)5 C—-C dimer (Cy7p™),, dimer <> monomer at > 250 K 1030
Cs5(C79)2(CTV)(DMF);(PhH)g 75 C-C dimer (Cy(™),, dimer <> monomer at > 360 K 1035
[Bz,Cr](Cy)(PhMe) C-C dimer (Cyp™),, dimer <> monomer at > 300K 1036
[Bz,Cr](C79)(PhCl,) C—-C dimer (Cyp7),, dimer <> monomer at > 250 K 1030
[Cp2Co](C70)(PhCly)o 5 C—-C dimer (Cyy™),, dimer <> monomer at > 300K 1030
[Cp*,Cr](C7)(PhMe) C-C dimer (Cyp™),, dimer <> monomer at > 300K 1036
[Cp*,Ni](C79)(PhMe) C-C dimer (Cyp™),, dimer <> monomer at > 300 K 1036
[Bz,Cr][Cgp(CN), ] no monomer < 350K 1037

2 MCGC5(NH3), linear polymer 1038,1039
(M = Ca, Sr, Ba, Eu, and Yb)

3 NayRbCg slow cool < RT C—C linear polymer; metal 1040,1041
LizCsCgp ~1 GPa C—C linear polymer; metal 1042

4 NayCeo ambient condition 4 x C-C 2D polymer, polymer <> monomer at S00K 1043

a) Bz or PhH: benzene, Tol or PhMe: toluene, PhCl,: o-dichlorobenzene, PhCN: benzonitrile, Cp: cyclopentadienyl, Cp*: penta-

methylcyclopentadienyl.

section 4.7.2.%327%3 Neutral C¢ also forms dimers having a cy-
clobutane ring and exhibit a dimer—-monomer phase transition
at 435 K.101 Also, the neutral C7 dimer is bonded by two sin-
gle bonds,'?!5 while the neutral azafullerene (CsoN) dimer is
bonded by one single bond.!?!¢ As for the CT salts, the bond-
ing pattern and dimer—-monomer phase transition will be dis-
cussed in the following sections.

In addition to the polymeric fullerenes, the related family of
o-bonded [Co"TPP-fullerene]~ anions was prepared in ionic
multicomponent CT complexes containing tetraphenylpor-
phyrinatocobalt(Il) (CoTPP) and the fullerene radical anion
as summarized in Table 35. The o-bonded anions also show
a transition from bonded to non-bonded form.

5.3 AC4 Phase. At high temperatures above ca. 100 °C,
ACg (A =K, Rb, and Cs) salts adopt a fcc rocksalt struc-
ture'%*® showing a Curie-like magnetic behavior,'”!7 although
the metallic behavior was observed for conductivity measure-
ments.'%° Upon slow cooling, the salts undergo a structural

transition from cubic to orthorhombic symmetry at ca.
350K, leading to the air-stable polymer phase consisting of
[2 + 2] cycloadduct linear chains.!”?° They show a metallic
behavior down to 50K for A = Rb and 35K for A = Cs, at
which the polymerized salts pass through an SDW transi-
tion. 9171019 Op the other hand, rapid cooling to RT leads to
a metastable insulating orthorhombic phase that consists of
single-bonded (Cgg),?~ dimers.'92!=1923 It has also been found
that a cubic phase can be maintained in CsCgy by immersing
the sample into liquid nitrogen (quenching).!?!® In the cubic
high-temperature phase the Cgy~ anions are free rotating
(space group Fm3m), while in the cubic quenched phase they
are orientationally ordered (space group Pa3).'" The
quenched phase transforms irreversibly into the dimer phase
above 130-150K.

5.4 Cgy Derivatives. The cyclic voltammograms of halo-
genated CyoClg,'%! CgBrg,!%°% and CgoBrg,'%? in which steri-
cally bulky CI and Br place a double bond in a pentagon ring
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Table 35. The o-Bonded Anion Co'TPP-Fullerene™
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Compound®

Characteristics Ref.

(TMA)[CoTPP-Cgo](PhCN)(PhCl,)
(TDAE)[CoTPP-Cg]
(MP)[CoTPP-Cg](PhCly); »

[Bz,Cr]; 7[CoTPP-Cgo1(PhCl3)3 3
[Bz;Cr]>[CoTPP-Cgo(CN)2][Cgo(CN)2 ](PhCly)3

o-bonded anion <> non-bonded units at > 300K
o-bonded anion <> non-bonded units at > 190K 1045

1044

o-bonded anion <> non-bonded units at > 300 K 1044
o-bonded anion <> non-bonded units at > 300 K 1046
o-bonded anion <> non-bonded units at > 200K 1046,1047

a) TMA: tetramethylammonium, MP: methylpyridinium, AN: acetonitrile.

MeQ OMe

M
Cp*,Cr

s O
MeO OMe
CTV

@) (b)

s

Fig. 150. Addition patterns at (a) 1,4- and (b) 1,2-positions.

(1,4-addition, Fig. 150a), actually show an anodic shift of first
reduction potential from that of parent Cg.'%* However, the
reduction state of them is electrochemically unstable, and the
Cgo derivatives readily lose halogen atoms by either thermal
or electrochemical perturbations. Consequently, the complex
formation between these halogenated fullerenes and TTF in or-
ganic solution results in the formation of TTF-halide indicat-
ing the electrochemical instability of halogenated fullerenes.

Since the introduction of a double bond into a pentagon ring
arising from 1,4-addition may cause electrochemical instabili-
ty, 1,2-added Cgp with double bonds only in the hexagon rings
(Fig. 150b) seems to be favorable to prepare ionic complexes.
CT complexes consisting of 1,2-dicyano Cgy'®* and TTF ana-
logues show a distinct CN stretching mode at 2241cm™!,
which is invariant during cocrystallization.!%> This fact indi-
cates that these complexes still have a neutral ground state,
although the considerably red-shifted CT bands compared to
corresponding Cgp complexes serve as strong evidence for an
increasing of electron-accepting ability. Ceo(CN),-based ionic
complexes have been obtained using Cp,Co,'%® Bz,Cr, and
potassium metals'%7 as the case of parent Cg. Static suscepti-
bility and EPR measurements strongly suggest that Cg(CN),
anions form diamagnetic [Cgo(CN %2]>~ dimers in the solid
state and the dimers are thermally stable up to 350 K.10%7

5.5 C¢0~ Monoanions in Ionic CT Complexes and Mono-
mer-Dimer Phase Transition. In the crystal composed of
Cso and Cp*,Cr, Cgo molecules are reduced to —1 as expected
from their redox properties.'%3 Single crystal X-ray diffraction
reveals that monovalent Cgy forms a single-bonded dimer
(Figs. 151a and 152b) at 100 K, whereas it seems to be freely
rotating monomers at RT (Fig. 152a). The reversible transfor-

Me
W,
M ]
€ cr Me
Me
€

Me

2—

Fig. 151. Molecular structures of (a) (Cgp)p”~ dimer in
Cp*,Cr+Cgy+ (PhCl,), 10391033 and (b) (Cy)2>~ dimer in
(Cs%)2(C707)2(CTV)(DMF);(PhH)q 75.'%%

mation between diamagnetic dimer and paramagnetic mono-
mer phases was confirmed by an abrupt change of static sus-
ceptibility at 200-230K as seen in Fig. 153. Structural inves-
tigation on such a transformation has so far been limited to
three salts, ACg9 (A = K and Rb)!%?? and [(Tol),Cr]Ce,'**
and both are based on powder X-ray diffraction. Its transition
temperature, below which the magnetic susceptibility of Ceg
part completely disappears, is similar to 270 K of ACgy and
250K of [(Tol),Cr]Cgp, but is lower than 435K of neutral
Cgo dimers.'?# Similar transformation was observed for Cy~
anions in the multicomponent complex (Cs™),(CTV)(C79™),-
(DMF);(PhH)0.75.19%5 C7p molecules form a dimer structure
even at RT through a covalent single-bond (Fig. 151b), and
show no sizable magnetic moment owing to the diamagnetic
nature of (Cy),>~ dimers. On heating, the magnetic suscepti-
bility abruptly increases at ca. 360 K, possibly indicating cleav-
age of the covalent bond, and thus, the formation of paramag-
netic C79~ monomers. A similar magnetic behavior was ob-
served for an ionic Cyg salt with Bz,Cr.!030:1036 Tt seems likely
that the transition temperature is connected with the length of
the bridging intradimer bond: Cgy~ (200-230K) < Cyp~ (360
K) < neutral Cgy (435K) vs Cgo~ (1.597 10\) > Cy0~ (1.584
A) > neutral Cgg (1.575 A).
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AWARD ACCOUNTS

(b)

Fig. 152. Packing of C4~ and PhCl, molecules in Cp*,Cr+Cgy-(PhCl,), at (a) 300K and (b) 100 K. Cp*,Cr cations are omitted

for clarity. Only the major orientation of the (Ce),>~ dimers is shown in (b
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Fig. 153. Temperature dependence of magnetic moment
for Cp*zcr-C(,o . (Phclz)z.lo33

The ionic complex TDAE-Cgy undergoes a ferromagnetic
transition at 16.1 K, which was the highest Curie tempera-
ture among the pure molecular materials at the time. DC con-
ductivity for a single crystal indicates that the complex is a
typical semiconductor with a sizable energy gap (see section
4.7.2)%3 Of particular importance is that the magnetic
moment is determined to be ca. 1 iy through the transition,
although both TDAE™ and Cgy~ molecules have a radical
spin. 0371058 The EPR, !N NMR, and electron spin echo enve-
lope modulation measurements indicate that Cgp~ spins are
mainly responsible for the magnetic moment of TDAE-
Ce0,'%° which was supported by single crystal X-ray diffrac-
tion.'%% In the crystal, TDAE* molecules have a dimerized
character resulting in a spin-singlet ground state.

The TDAE-Cgy prepared at around 0°C shows paramag-
netic behavior down to 2K (“o/-phase”), but transforms to
the known ferromagnetic “a-phase” by annealing at around
60°C,19! which promotes a merohedral disorder of the Jahn—
Teller disordered Cg giving rise to the ferromagnetic coupling
between Cgy molecules. 002

Recently, it has been reported that Cgy molecules in TDAE-
Ceo are polymerized by applying pressure (“[S-phase”),!027:1028
although the structural information including the polymerized
pattern is currently absent. Curie temperature gradually de-
creases as the applied pressure increases, and the ferromagnet-
ic ordering is completely suppressed above 1GPa'%?’ or 0.7
GPa.'028 Below which, the monomer and polymer phases co-

) 1033

exist in a single crystal with particular ratio. Of particular
interest is that the B-phase remains stable even after releasing
the pressure. The RT g-factor of the polymerized phase is
determined to be 2.0025, which substantially exceeds the value
of the monomer (a- or o’-) phase and is intermediate between
those of Cgo~ and TDAE™ spins. The EPR intensity apparently
increases by polymerization, indicating that the dimerization
of TDAE"™ molecules is unambiguously released in the S-
phase. The thermal transformation from polymer to monomer
phases was observed on heating to 520K.'% Unlike the
hydrostatic pressure, the Curie temperature rises to 17.5K by
applying a uniaxial strain of 0.4 GPa along the b-axis.'? Al-
though several CT complexes composed of Cgo and TDAE
analogues have been prepared, attempts to obtain new ferro-
magnetic CT complexes have been unsuccessful.!063-1064

Single crystals of TDAE.C7y+-PhMe were grown by the dif-
fusion method in a toluene solution.'* At RT, Cy, anions
form a dimer structure through a single bond in a similar
manner of the above-mentioned (Cs™),(CTV)(C7~)2(DMF);-
(PhH)g.75,'9% except for an elongated intradimer bond of
1.62 A. The thermal stability of C7y dimers in TDAE-Cyj-
PhMe has not been reported. Temperature dependence of the
EPR spectra behaves differently from the ferromagnet TDAE-
Ceo; its EPR spectra show a single Lorentzian-shaped signal
down to 0.5 K with the Curie-Weiss behavior.

5.6 Cgy>~ Dianions in Ionic DA-Type Complexes. The
electronic state of Cgy>~ species has been a subject of interest,
since the triply degenerate 1, level of C¢g leads to the expecta-
tion that Hund’s rule will be obeyed; namely, Cg>~ might
have a (t;,)? spin-triplet ground state. However, molecular or-
bital calculations have predicted that the energy gap between
the singlet ground state and triplet excited state is 650'% or
1500 cm™!.196 EPR study of Cgy?>~ species generated electro-
chemically in DMSO shows a diamagnetic singlet ground state
with a thermally populated excited triplet state, and the energy
gap is estimated to be 600 &= 100 cm~".1%7 In the solid-state,
the [l of (PPNT),(Cgo?") (PPN*: bis(triphenylphosphine)-
iminium) gradually decreases as temperature is lowered, indi-
cating the singlet ground state of Cgy>~.1%%% However, the val-
ue is far from zero even at low temperatures, and it is thus like-
ly that the salt has the nearly degenerate excited triplet state
and the marginal singlet-triplet energy gap of ca. 1cm™!. It
might be noteworthy that grinding of the sample results in re-
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(b)

Fig. 154. (a) Crystal structure of (Cp*,Co™),(Cgp>~)(PhCl, /PhCN); in the bc-plane. Dashed ellipses show the channels accommo-
dating solvent molecules. (b) van der Waals contacts (<3.5 A) between the Cp*,Co* and Cgy2~ ions (dashed lines). Only the
major orientation of Cg?~ is shown in (a) and (b).!”! Monoclinic, P2,/m, a = 12.108(2), b = 24.959(5), ¢ = 12.418(3) A,
B =96.337(5)°, V = 3729.8(13) A3, Z=4,R=0.042, T = 120K.

duced susceptibility (1.0-2.3 wg). The temperature depen-
dence of [K([2.2.2]Cryptant)+]Z(Céoz’)(DMF)3 shows a simi-
lar behavior to that of the PPN salt,'% and does not allow
the estimation of the singlet-triplet gap. By contrast, Reed et
al. reported that (PPN*),(Cgp>") and (Cp,Co™)2(Cgo®~) pre-
pared by highly purified Cgp are EPR silent in solution, and
thus, the signal previously assigned to Cgy>~ would arise from
the impurity Cgo~.'%7" Recently, we prepared a single crystal of
(Cp*2C0™)2(Cep>~)(PhCly /PhCN),, which forms a 3D frame-
work built of alternating Cp*Co™ and Cgy”~ ions with channels
accommodating solvent molecules (Fig. 154).'7! Its EPR
intensity and static susceptibility show a thermally activated
behavior with a singlet-triplet energy gap of 730 & 10cm™!.

The search for alkali-doping effects on the Cgy-based CT
complexes can offer important information about supercon-
ductivity. The CT complex OMTTF.Cg,-PhH has a neutral
character with 2D Cg layers sandwiched by the other compo-
nents (Fig. 149b),2%6 and the K- and Rb-dopings give rise to
the appearance of superconductivity below 17-19 and 23-
26K, respectively.!97%1073 Both temperatures are less than
those of corresponding A3;Cgp superconductors (19K for A =
K and 29K for A = Rb), and the Raman spectrum of the Rb-
doped compound shows a downshift of tangential A,(2) mode
(1468 cm™! for neutral Cgy) to 1453 cm™!, indicating the re-
duction to Cgp2~ instead of Cgo>~. This spectral feature is un-
ambiguous evidence for a new type of bulk superconductor,
since there is no superconductor with Cgy>~ species. On the
other hand, alkali-doping to the neutral CT complex (ET),Ceo,
in which each Cg molecule is embedded by two bent ET
molecules,!?3 is currently unsuccessful, possibly due to the
tight molecular packing in the crystal.

5.7 Cgp>~ Trianions in Ionic DA-Type Complexes. So far
some Cgo >~ fullerides have been obtained with organometallic
donors such as Cp(CsMeg)Fe!?* and Cp*,Co,!%8 or organic
cations such as PPNT1975 and Me,N+,1976 byt no information
about conductivity has been given. There have been two single
crystals containing Cgo>~ species: one being K3Cgo(THF); 4077
and the other being [K(18-crown-6)]3Ceo(PhMe),.!"”® In the
former crystal, each Cgy molecule is surrounded by two
K(THF)4 and two K(THF)s clusters, and the nearest neighbor-
ing interfullerene distance of 12.905 A at 140K is apparently

longer than the sum of van der Waals radii (ca. IOA). The lat-
ter compound consists of alternating layers of hexagonal-ar-
ranged Cgo>~ fullerides and the others. The magnetic suscepti-
bility follows the Curie—~Weiss law with S = 1/2 spin, in con-
nection with a nearest neighboring interfullerene distance as
long as 13.89 A at 110K. It is thus more likely that both salts
exhibit poor conductivity owing to the localized spin system.

5.8 Multicomponent CT Complexes. As mentioned
above, donor molecules that can reduce fullerene moieties
are sparse because of the weak electron-accepting ability of
the fullerene moiety. Then, the another strategy to obtain
new versatile ionic complexes can be driven by the preparation
of multicomponent complexes with a small-sized strong donor
molecule able to ionize the fullerene (D;) and a structure-
forming neutral molecule (D»), i.e., (D, H(D,Y)(fullerene™)]
as (Cs),(CTV)(Cro™)2(DMF)7(PhH)g 75, (Cs™)(CoTPP)-
(Ce0 ™ )(PhCN); 64(PhCl,)g.36(AN),%* (Bz,Cr)(CoTPP)(Cp)2-
(PhC12)2,1046 (BZ2CI’+)1'7(COTPP—Cﬁo)z(PhClz)}j;,1046 TDAE-
CoTPP-Cg,' 197 and  (Bz,Cr")[CoTPP-Cg(CN),][Cgo-
(CN),1(PhCly); (D;t = Cst, Bz,Crt, or TDAE*'; D,’ =
CTVO or CoTPP?),1046:1047,1080 The Jatter three complexes ex-
hibit the o-bonded [CoTPP-fullerene] ™ unit confirmed by sin-
gle crystal X-ray analysis. A similar bonding is conceivable for
(Bz,Crt)(CoTPP)(C79)2(PhCl,),.1046

Use of a weak donor as D; affords a neutral multi-
component complex such as (Cp,Fe)(CoTPP-Py),(Cgy)PhMe
(Fig. 155).1979 The cobalt atom of CoTPP in the crystal is
coordinated with pyridine (Py) and TPP. The Cgy molecules ar-
range near the metal atoms at the apical site opposite to the
Py ligand. Slightly shortened Co--C(Cgp) contacts of 2.82A
involve a carbon atom of the 5-6 bond of Cgy.

Figure 156 depicts the crystal structure of (Cs™)(CoTPP)-
(Cgo ™ )(PhCN); 64(PhCl;)p36(AN) and the coordinations sur-
rounding the Cs™ cation and cobalt atom of CoTPP in the crys-
tal at 110 K.'%* The Cgy and CoTPP molecules form a zig-zag
alternating chain. Each Cg unit forms shortened contacts with
two CoTPP molecules (Co--C(Cgp) = 2.55-3.07 A). These
contacts are of the o-type and shorter than the non-bonded
van der Waals contacts (3.1-3.3 A). However, they are longer
than those in the o-bonded diamagnetic [CoTPP—fullerene™]
anions (2.28-2.32 1&, see below) and close to those in the neu-
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tral complexes (2.69-2.75 A),!%% indicating that CoTPP and
Ceo®~ are non-bonded.

Cs cations occupy the voids in the CoTPP and Cg®~ pack-
ing. The coordination sphere of Cs* involves three nitrogen
atoms of one CH3CN and two disordered PhCN, six carbon
atoms from a hexagonal facet of one Cgy*~ in one orientation
and two carbon atoms of a 6—6 bond of another closest Cgp®~,
and four carbon atoms from phenyl substitutes of CoTPP. The
total number of carbon and nitrogen atoms coordinated to Cs™
is 15; the Cs--N distances are in the 3.05-3.21 A range and the
Cs~C distances in the 3.43-3.86 A range. These values are
similar to those in other Cs*-containing compounds (accord-
ing to the Cambridge Structural Database): the coordination
number of Cs varies from 14-19, the Cs--N distances are in
the range of 3.07-3.30 A, and the Cs--C distances are in the

Fig. 155. Short van der Waals contact (dashed line) in
(Cp,Fe)(CoTPP. Py),(Cgo)PhMe.!07°

(@)

Fig. 156.
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range of 3.44-3.69 A.

Single crystals consisting of Bz,Cr as D;* and CoTPP as
D, were prepared for Cgo'%*6 and Cgy(CN),.'%*7 In both crys-
tals, the fullerene cage and cobalt centered on planar CoTPP
were covalently bonded (o-bonding), giving the compositions
of (BzyCrt);7(CoTPP-Cgy)2' 7~ (PhCly)33  (Fig. 157) and
(BzyCr*),[CoTPP-Cgo(CN), " 1[Co0(CN)2 ~1(PhCly); (Fig. 158),
respectively. The stoichiometry requires that the o-bonded
unit has a charge of —0.85 and —1, respectively.

In (Bz;Cr"),7(CoTPP-Cgp),!"~(PhCly)35 there are two
(CoTPP-Cg¢p) units, which have different Co--C(Cg) distances
of 2.294 and 2.319 A (Fig. 157a). Six fullerene cages form a
honeycomb structure with large channels accommodating
Bz,Cr and PhCl, molecules. No long-range magnetic ordering
has been observed down to 1.9K.

As for (BzoCrt),[CoTPP-Cgo(CN), ™ 1[Co0(CN), ~1(PhCly)s,
it contains the CoTPP-[Cg)(CN), ], units at 120K. One
Ceo(CN),~ coordinates the CoTPP by the o-type with the
shortest Co--C distance of 2.283 A. Another Ceo(CN),~ forms
only shortened van der Waals contacts with CoTPP by the 1>-
type with the Co--C distances of 2.790 and 2.927 A. The com-
plex has a unique cage structure with large channels accommo-
dating guest molecules (Bz,Cr and PhCl,). Two types of chan-
nels with different sizes are formed (Fig. 158a). The channel I
is occupied by the ordered Bz,Cr*t and negatively charged
C=N groups of four C4(CN),~ directed toward the Bz,Cr*™.
The channel II has a larger size than I because its walls addi-

(b)

(a) The crystal structure (Cs™)(CoTPP)(Cgo~ )(PhCN); 64(PhCl;) 36(AN). CoTPP and Cgy molecules are arranged in a

zig-zag manner as CoTPP(A)--Cgg-CoTPP(B)--Cgo-CoTPP(A). (b) Coordination surrounding of the Cs* cation and the cobalt

atom of CoTPP. The disordered PhCl, molecules are omitted and only the major orientation of Cgo®~

is shown in (a) and

(b).1%% Triclinic, P1, a = 13.553(3), b = 14.096(4), ¢ = 20.734(5) A, a = 105.108(5), B =106.148(5), y = 92.160(5)°, V =

3642(1)A3, Z =2, R=0.1215, T = 110K.

Fig. 157.

(a) Fragment of crystal structure of (Bz,Cr"); 7(CoTPP-Cg)2(PhCl,)s3 3. Disordered Bz,Cr®t with partial occupancy and

PhCl, molecules are omitted. (b) o-bonding between Cgy~ and CoTPP.'%4¢ Orthorhombic, Pmn2;, a = 15.534(1), b = 19.165(1),
¢ =27.038(2) A, V = 8049.5(8) A%, Z =2, R = 0.085, T = 120K.
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Fig. 158.
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(b)

(a) View of the packing of Cg(CN), and Bz,Cr*" along the a-axis in (BzyCr),[CoTPP-Cgo(CN), ~][Coo(CN), ™ 1-

(PhCl,)3.'%4¢ The CoTPP, PhCl,, and disordered Bz,Cr molecules are omitted. Ordered Bz,Cr molecules are surrounded by
six Co(CN)2 molecules (2A + 4B) in channel L. (b) Short van der Waals contact (dashed line) and o-bonding (solid line) between
Co0(CN),~ and CoTPP. Triclinic, P1, a = 13.967(1), b = 15.928(1), ¢ = 30.332(1) A, o = 92.30(1), B = 100.89(1), ¥y =

103.46(1)°, V = 6419.3(6) A3, Z = 2, R = 0.067, T = 120K.
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Fig. 159. (a) Temperature dependence of magnetic mo-

ment and (b) EPR g-factor of polycrystalline (BzyCr™),-
(COTPP)[Ceo(CN),~ ] (PhCl,)3.1026:1046

tionally contain ordered Bz,Cr**. The channel II is occupied
by the strongly disordered Bz,Cr** and PhCl,.

The magnetic moment at RT (t. = 2.91 up) is explained
by the spins from Bz,Cr** and non-bonded Cgo(CN), ™, imply-
ing that [CoTPP-Cg,(CN),]~ units are diamagnetic (Fig. 159).
An EPR signal at RT (g = 1.991) splits into two components
below 180K with g = 1.996 and g, = 1.988. The latter is at-
tributable to Bz,Cr**, while the former is the resonating signal
between Bz,Cr*™ and Cgy(CN),*~ indicating a strong ex-
change coupling between them. Below 70 K, the magnetic mo-
ment decreases with decreasing temperature due to antiferro-

H,G
25
N
/
H,C

magnetic interactions. The increase in magnetic moment above
200 K with increasing temperature indicates the dissociation of
non-magnetic o-bonded [CoTPP-Cg(CN),;]~ clusters into
non-bonded paramagnetic CoTPP and Cgo(CN),*~ units anal-
ogously to (TDAE")(CoTPP)(Cgp~) as shown below.

It is of great interest to prepare multicomponent complexes
formed with TDAE and Cgp molecules in order to develop new
magnetically fascinating materials.'**> The formed (TDAE™)-
(CoTPP)(Cgp~) complex shows a single EPR signal below
190K, arising solely from TDAE™ spins. This fact might give
evidence for the formation of diamagnetic CoTPP-Cgy~ clus-
ters through a covalent bond as observed for (Bz,Cr"); -
(CoTPP-Cygp), "~ (PhCly)3 3,'% although crystals suitable for
structural refinement have not been obtained. Then a sharp up-
turn of the magnetic moment at 190K is indicative of the
cleavage of the covalent bond.

On the other hand, the TBPDA and CTV complexes show
paramagnetic behavior in the temperature range of 1.9-300K
without any long-range magnetic ordering. This finding
is mainly associated with the isolated structure of Cgp~ due
to the presence of neutral donor molecules, which was con-
firmed by structural refinement of the TBPDA complexes
(Chart 19).1045

5.9 Conductivity of Ionic DA-Type C¢) Complexes. Us-
ing organic donors as counter species, no superconducting
compounds have been prepared so far. Two unfavorable fea-

£tz
N
i > \
CH,
reeon ¢ )

Chart 19.
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Table 36. Summary of the Designing Principles for Development of Functional Organic Materials

Development of Functional Organic Materials

Balance (Yajirobe) — Designing principles
Physical parameters — Chemical parameters

Subject A B
1 CT vs PT Ip — Ep, Cy pKa, pKy, Co
2 Neutral vs Ionic CT solid Ip — Ep M
3 Degree of CT vs Metal AE edox 4t
4 Mott criterion: general u-v W (41)
dimer AEd WU(or L)
5 1D vs 2D face-to-face side-by-side
6 Dimensionality vs 1D metallic state is unstable
(Super)conductivity 2D with large + metallic state is stable
2D with small ¢ superconductor vs Mott insulator
7 Uniform charge vs Charge ordering u-v t
8 Charge-ordered stripe U Vv
9 Antiferromagnet vs Spin-liquid g t

tures that Cgy has a fairly weak electron-accepting ability?*®

and the molecular symmetry of the organic donors is low, turn
down the electronic structure similar to that of A3Cg. Howev-
er, some CT complexes with donors containing transition-met-
als have shown a semiconductive behavior with relatively high
RT conductivities; 1072Scm™! for [Ru(bpy);](Ceo)2 (bpy:
2,2'-bipyridine, &€, =030 eV),'%0 ~10"2S ecm™! for Cp*zNi-
Cs0+CS,,181 24 % 1072Secm™" for Bz,Cr-Cg (€, =0.38
eV),'1%2 and 2 x 1072 S cm™! for Cp,Co-Cgo-PhCl,.1%3% Also,
it has been reported that the Cg-based salt with organic dye
cations shows an increase in conductivity as temperature de-
creases in the temperature range of 100-150 K.'083

6. Concluding Remarks

Molecular functional materials, which are composed of or-
ganic, inorganic, or molecular compounds, or their hybrids in
the form of conventional bulk, assemblies, or mono-molecule
have been a rapidly developing multidisciplinary field of re-
search. These modern materials involve everything from fun-
damental science to applied science and technology, as shown
in Figs. 4 and 77. An important feature of these materials is the
almost unlimited possibility to tune their electronic and macro-
scopic structures, and thus, functionality in their assemblies.
This field is the science of the design, synthesis, and fabrica-
tion from the combined aspects between the “molecular, crys-
tal, and nano-hybrid structures” in direct-space and the “elec-
tronic and band structures and periodicity” in k-space. These
materials are also important from the viewpoint of nano-fabri-
cation, the science and technology of the future, because nano-
fabrication needs very high density, small size integrated, and
multifunctional properties that can be fabricated under mild
conditions. In this review, we focused on the exploration of
a system with peculiar transport behaviors including supercon-
ductivity and the development of functional materials in our
group. In addition to the solid conductors, we have investigat-
ed conductive composite polymer films, LB films, melts, and
ionic liquids. We have also developed novel functional mate-
rials, showing CPT, N-1I, electric field- or photo-induced phase
transition, nonlinear optics, and so on.

The key features underlying functional organic materials are
the basic concepts: charge, spin, orbital, softness, and internal
freedom. For a molecule, ionization potential, electron affinity,
polarizability, fractional charge, soft acidity and basicity, mo-
lecular vibration, softness in molecular conformation, self-as-
sembling ability, molecular size, and symmetry are of impor-
tance to develop functionality. For an assembly, on the other
hand, the anisotropy in the hierarchical crystal structure, high
anisotropy of the electronic system, small intermolecular trans-
fer and Coulomb interactions, softness in the lattice, and a va-
riety of phonon modes are the essential aspects in the organic
functional solid. Furthermore, band filling control is of partic-
ular importance, though it is very difficult to achieve.

Table 36 summarizes a part of the guiding principles we
have elucidated, to find a system that affords an intriguing
function (isomerization, phase transition, polymorphism, bist-
ability, or multi-critical phenomena), where only two interac-
tions, A and B, are schematically illustrated for simplicity.

For CT and PT systems, two competing interactions are
(Ip — Ex and Cy) vs (pK,, pKy, and C;), where C; and C,
are the Coulomb interactions.

For the N-I system, (Ip — Ex) and M are the basic com-
peting parameters. However, not all compounds near the boun-
dary condition, (Ip — Ex) &~ M, exhibit the enantiotropic (N-I
phase-transition system) or monotropic isomerization. Dimen-
sionality of the crystal structure or self-assembling ability of
the component molecules is the other factor to develop the
enantiotropic isomer; complexes composed of a constituent
with strong self-assembling ability such as BO,?* BEDO-
DBTTF,!2° or HMTTeF28 tend to exhibit monotropic isomers,
while constituents with weak self-assembling ability such as
perylene afford simply a 1D alternating CT complex without
the complex isomerization even if the combination is close
to the NI boundary, such as perylene-HCBD.!9%841085 The
N-I system so far prepared has a little higher dimensionality
than pure 1D.

The requirement for DA type organic metals is common to
that for the N-I phase transition system, AE.qox (RIp — Ea)
vs M (0.5 <& < 1), with segregated stacks arising from the
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strong self-assembling ability of the constituent molecules.
The degree of CT () extends to a wider range with increasing
dimensionality of the system. For organic materials, Mott cri-
terion is essential due to the large on-site Coulomb repulsion
energy: (U — V) vs 4¢. For an organic metal comprising di-
mers, Mott criterion is modified as AEg vs Wyor L)-

The electronic dimensionality of organic metal can be con-
trolled by the self-assembling ability of the constituent mole-
cules by face-to-face vs side-by-side intermolecular interac-
tions through 77—, van der Waals (including heteroatomic
contacts), or hydrogen-bond interactions. The electronic di-
mensionality is strongly connected with the hierarchical and
anisotropic 3D architecture, which can be controlled chemical-
ly. The topology of the Fermi surface depends on the electron-
ic dimensionality and band filling.

While organic metals with a 1D Fermi surface exhibit a
metal-insulator instability (Peierls or SDW), 2D organic met-
als with enhanced transfer interactions owing to the strong
self-assembling ability like BO materials exhibit a stable me-
tallic state, and thus, the phase transitions are rarely observed.
2D organic metals with medium transfer interactions, such
as ET compounds, exhibit a variety of electronic structures, in-
cluding superconductor, Mott transition, MI transition, charge-
ordered state, polymorphism, etc. Especially, ET complexes
cover a wide range of functionalities: 1D-2D metals, Mott in-
sulators, 10K class superconductors, spin-ladder, spin liquid,
complex isomerization, and so on.!6*

In general, uniform charge distribution is required for metal-
lic materials, while charge disproportionation (charge-ordered
state) causes the non-metallic state except in some rare cas-
es.!986 In the charge-ordered state, the competing parameters
are the on-site Coulomb repulsion and transfer interaction, U
vs t, e.g., for the transformation from [0.5, 0.5] uniform charg-
ed metallic state to [0, 1] charge-ordered insulating state. The
charge order stripe of [0, 1,0, 1] is common for a system with
strong V, and that of [0, 1, 1, 0] appears in the EDO salts owing
to the decreased V. In the EDO salts, the Coulomb interactions
between EDO and anion molecules also play an important
role. 087

In order to describe the electronic structure of K-type super-
conductors, the anisotropy (or geometry) of the transfer inter-
actions #'/t is critical besides U/W. For the case where '/t is
nearly equal to unity, neither the magnetic ordered (antiferro-
magnetic) state nor superconducting state appears but a spin-
liquid state is realized.’® Application of uni-axial strain in
the direction departing from #'/t = 1 induces superconductivi-
ty and T, increases with deviating ¢ /¢ from unity.

To obtain stable ionic CT complexes of fullerenes, the mul-
ticomponent system is proposed utilizing a small-sized strong
donor molecule able to ionize fullerene (D;) and a structure-
forming neutral molecule (D»), i.e., (D;7)[(D,%)(fullerene™)],
which has an enhanced stability owing to the protection of
the ionized fullerene by bulky D, molecules.!??6 o-Bonded
dimers formed by two negatively charged fullerenes and o-
bonded anions between fullerene and CoTPP (D,°) are charac-
terized.

Besides the CT solids, composite polymer film conductors,
LB film conductors, evaporated thin film conductors, and con-
ducting melts have been developed essentially based on the
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same designing concepts for the crystals. For the first two con-
ductors, the self-assembling ability and partial CT state are the
key issues, and for the last one, the formation of a radical spe-
cies in the melt is essential. A bifunctional CT material with a
coexistence of metallic conductivity and other functions such
as magnetism, optical features, etc. is not much more difficult
to develop when one uses a component with strong self-assem-
bling ability for conductivity and the other component for the
other function. In general, however, these functions are inde-
pendent of each other. It is an urgent task to develop a coop-
erative system with multifunctions displayed at moderately
high temperatures.

For ionic liquids, the nephelauxetic effect, Pearson’s acid—
base interaction, molecular weight, size, and symmetry are
the key parameters for ionic conductivity, although material
design based on the first term is difficult.

Apart from the intermolecular CT compounds, single com-
ponent conductors based on betainic radicals have been de-
scribed, where the decreased on-site Coulomb repulsion by en-
hanced polarizability and decreased distance between D and A
moieties are the important parameters to increase the mean
free path: Adjpra vs (1 — a/r?)U = V).

The ionicity (8) of intramolecular CT molecules, D%*—m—
A%t system, is closely related to the non-linear optical hyper-
polarizability and depends not only on the site energy differ-
ence (Ip — EA), but also on the molecular conformation; a ro-
tational isomer with a larger ground state dipole moment has a
higher ionicity.
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