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One-dimensional electronic systems: metal-chain
complexes and organic conductorsy

Yukihiro Yoshida ‘2 * and Hiroshi Kitagawa ‘2 *

One-dimensional (1D) metal-chain complexes and organic conductors show many similarities as well as
striking differences in structural and electronic properties, although constituent elements and orbitals
that contribute to charge transfer in these systems are quite different. In this review, we highlighted the
structural and electronic properties of neutral MMX-chain complexes (M = Pt2*/3* X = |7) and
tetramethyltetrathiafulvalene-based cation radical salts as typical examples of each group while
comparing them with each other. This review primarily aims to construct a coherent body of knowledge
of 1D electronic materials that might have been separately investigated. We have proposed future
directions for the exploration of new and more advanced electronic materials not only having 1D

rsc.li/chemcomm

1. Introduction

Intuitively, one-dimensional (1D) electronic systems seem to be
extremely simple, but they have long been a central subject in
solid-state sciences because of their totally different chemistry and
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character, but also residing in the dimensional crossover regime.

physics from those of their higher-dimensional counterparts.'™
This is primarily because these systems offer a rich variety of
exotic quantum phenomena such as charge/spin-soliton, polaron/
bipolaron, bond-order wave, charge/spin-density wave, and Tomo-
naga-Luttinger liquid (non-Fermi liquid). In principal, 1D struc-
tures allow the formation of various kinds of ordered phases,
which sometimes break the translational symmetry of lattice,
charge, or spin degrees of freedom. Although quantum fluctua-
tions, which play a prominent role in 1D systems, suppress long-
range ordering at finite temperatures, transverse interactions,
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which are usually present in actual systems, lead to an ordered
state. Because anisotropic p and d orbitals of components as well as
directional interactions, such as hydrogen and m-m interactions,
between components are dominant factors in determining the
anisotropic packing motif in metal-complex and molecular
solids, it is apparent that these compounds are a promising
platform for investigating low-dimensional electronic systems
showing phase transitions as a function of temperature and
pressure. In fact, the first spin-Peierls transition, which has been
predicted to occur in certain compounds composed of spin-1/2
antiferromagnetic chains, was found in a molecular solid,
TTF-Cu(tfd), (TTF: tetrathiafulvalene, tfd: 1,2-bis(trifluoromethyl)
ethene-1,2-dithiolate), in 1975, more than a decade prior to the
first discovery of an inorganic spin-Peierls compound, CuGeOj;.

In 1D metal complexes, an axial overlapping of the d,
orbitals of group 10 metals, such as Ni, Pd, and Pt, is indis-
pensable for securing conduction pathways. A representative
example is prototype Krogmann’s salt, K,Pt(CN),Br,3-3H,0
(so-called KCP(Br)),® which involves a 1D chain comprising
square-planar PtCl, subunits arranged through Pt---Pt inter-
actions. A marked overlap between the 5d,. orbitals of Pt results
in band formation, and 0.3 holes per Pt (i.e., Pt>*") serve as
carriers in the solid with a partially filled band. In 1974, it was
found that this complex behaves as metallic above approxi-
mately 250 K,” below which the conductivity becomes thermally
activated due to Peierls instability arising from the electron-
phonon interactions in the 1D system. On the other hand, in
molecular solids, such as that comprising electron-donating TTF
and electron-accepting 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ) discovered independently by two groups in 1973,%°
each component constructs a n-stacking column through
n-orbital overlap, and the inter-column charge transfer (CT)
interactions between TTF and TCNQ cause the generation of
carriers within both columns. TTF-TCNQ with a partial CT
(0.59) is currently regarded as the first molecular or synthetic
metal and also shows complicated phase transitions associated
with the Peierls instabilities at low temperatures.'® In both
systems, itineracy depends largely on the balance between
transfer energy (¢t ~ W/4 in 1D electronic systems; W: bandwidth),
on- or inter-site Coulomb repulsion energy (U or V, respectively),
and site-diagonal (or intra-site) and site-off-diagonal (or inter-site)
electron-phonon coupling energy (S)."* This review covers recent
developments in each system after providing a general introduc-
tion to some materials comprehensively discussed in earlier
review articles’™** ™ and compares the electronic behavior of
1D metal-chain complexes and organic conductors to provide a
deeper understanding of how molecular and crystal structures
affect the electronic properties. We mainly focused on neutral
MMX-chain complexes, in which binuclear metal subunits (MM)
are connected by a halogen (X), and cation radical salts,
(TMTTF),X (TMTTF: tetramethyl-TTF, X: monoanion), in which
cationic TMTTF*>" molecules form a weakly dimerized n-stacking
column, as examples of 1D metal-complex and molecular solids,
respectively (Fig. 1), because both systems are increasingly recog-
nized to be full of examples of the relevance of electronic behavior
to lattice, charge, and spin degrees of freedom.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Comparison of the monomeric, dimeric, and assembled structures
of (left) PtoLyl (L = RCS,7) and (right) (TMTTF),X (X: monoanion) together
with their electronic states (D(E): density of states).

2. MMX-chain complex family

The first halogen-bridged MX-chain complex, in which metal
(M) and halogen (X) species are arranged in an alternating
manner through the antibonding combination of M(d,.) and
X(p,) orbitals, was synthesized by Wolfram more than a century
ago." In [Pt(EtNH,),Cl|Cl,-2H,0, the so-called Wolfram’s red
salt, mixed valence Pt**(d®) and Pt**(d®) ions are arranged
alternately primarily due to the significant site-diagonal electron-
phonon interactions (U < S; negative-U effect;'® Fig. 2(a))."” Such a
mixed valence state is accompanied by opening of the energy gap
(4) resulting in nonmagnetic insulating behavior. Replacing Pt with
a lighter homologous element, i.e. Ni, provides an averaged valence
state of +3, in which the unpaired electron is localized due to the
on-site Coulomb interactions (U > W; Fig. 2(b)) while maintaining
a spin degree of freedom. Regardless of their origin, all the
MX-chain complexes reported to date show insulating behavior.
Instead, the efforts in synthesizing chain complexes based on
binuclear metal subunits (MMs) have been devoted to exploring
diverse electronic states mainly because of the reduced electron-
electron correlations. In MMX-chain complexes, a halogen (X)
serves as a bridge between MMs, each of which is assembled by
four bidentate ligands in a paddle-wheel fashion. In a PtPt
subunit, the Pt>*(d®) ions adopt a planar four-coordinate geo-
metry with no Pt>-Pt** bond within the subunit, whereas
Pt**(d”) ions adopt an octahedral coordination geometry to
form an intra-subunit Pt**-Pt>* bond.'*'8 Therefore, each Pt**
ion can form a covalent bond with a bridging iodine, ie.,
the iodine is displaced from the central position between two

Chem. Commun., 2020, 56, 10100-10112 | 10101
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Fig. 2 Schematic electronic structures of (a) mixed-valence (M = Pd or Pt)
and (b) Mott—Hubbard (M = Ni) insulating states in MX-chain complexes
(UHB: upper Hubbard band, LHB: lower Hubbard band) related to physical
parameters such as on-site Coulomb repulsion energy (U), bandwidth (W)
or transfer energy (t ~ W/4 in 1D electronic systems), and electron—
phonon coupling energy (5).3825 5 is proportional to a spatial distortion
from the equilibrium structure with a coefficient f (ie., site-diagonal
electron—phonon coupling constant), whereas t becomes smaller in
proportional to the spatial distortion with a coefficient « (i.e., site-off-
diagonal electron—phonon coupling constant).2”-2830

adjacent subunits depending on the valence state and approaches
closer to Pt’*. As shown in Fig. 3, four types of valence states
appear in the MMX chain depending primarily on the valence
states of Pt ions: (a) averaged-valence (AV) state: uniform chain
composed of Pt>*"~ Pt>*" homovalent dimers, showing metallic
(U < W) or Mott insulating (U > W) behavior; (b) charge-density
wave (CDW) state: alternating chain comprising P*-Pt>" and
Pt**-Pt>" homovalent dimers; (c) charge-polarization (CP) state:
uniform chain composed of Pt>~Pt*>" heterovalent dimers with a
parallel orientation; (d) alternate charge-polarization (ACP) state:
alternating chain comprising Pt>*~Pt** heterovalent dimers with
an antiparallel orientation. It should be noted that the valence
states Pt*" and Pt>" are more accurately represented by Pt>** and
PtC~9" respectively, where the d value (0 < & < 0.5) significantly
depends on the degree of orbital hybridization. The CP state
retains the periodicity of the original AV state, whereas the CDW
and ACP states described as Peierls and spin-Peierls states,
respectively, deform their chain structures to produce a doubled
periodicity as -Pt-Pt-I-Pt-Pt-I-. The spin degree of freedom,
which is maintained in the AV and CP states, is essentially frozen
in the CDW and ACP states in the extreme case (6 = 0) due to the
opening of the spin gap. The CP state with a permanent dipole
moment has the potential to show ferroelectric behavior at a
glance. In actual solids, these chains interact only weakly with
each other through van der Waals forces, thereby identifying with
a 1D electronic system.

The first MMX-chain complex, Pt,(MeCS,),I, was synthesized
by Bellitto et al. in 1983." In this solid, four bidentate dithiocar-
boxylate ligands (RCS, "; R: alkyl group) are attached to two Pt ions
in a square planar coordination for each Pt, and the paddle-wheel-
shaped building units are assembled in a linear fashion by the
bridging iodines. It is apparent that the ligands are responsible
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View Article Online

Feature Article

for the spatial isolation of the chains from each other, producing
a 1D electronic state. To date, several MMX-chain complexes
have been synthesized using RCS, "~ ligands with different alkyl
chain lengths. Another extensively studied line of research is
A4[Pty(pop)4l]-nH,O (A: monocation, pop: P,H,05>"), which is
already the subject of some reviews'>***' and therefore will
not be dealt with here. Typically, Pt,(RCS,),I can be prepared by
the thermal treatment of a Pt>" dimer complex, Pt,(RCS,),, and
a Pt*" dimer complex, Pt,(RCS,)4l,, in toluene or toluene/hexane
solution, where the acidic ligands RCS,H are commonly synthe-
sized by the reaction of appropriate alkyl Grignard reagents with
carbon disulfide in tetrahydrofuran/diethyl ether solution at low
temperatures.”* It is well-known that Pt,(MeCS,),I with R = Me
can also be prepared by the iodine oxidation of Pt,(MeCS,), (Pt/I
molar ratio of 2:1) in toluene solution."

Pt,(MeCS,),I is not only the second example, after KCP(Br),
of the transition-metal complex showing metallic behavior
under ambient pressure but also the first example of metallic
neutral chain complex. Its metallic behavior could be observed
only when a high-purity single crystal was used for the trans-
port measurements.>*>* At room temperature, the complex
belongs to the monoclinic space group C2/c, and each infinite
chain running along the b axis includes one —Pt-Pt-I- unit in a
unit cell (Fig. 4)."®'*?* Along the side-by-side direction (|c),
there are heteroatomic S- - -S contacts with a distance (ca. 3.8 A)
slightly longer than the sum of van der Waals radii (3.60 A).
Provided that the intra-subunit transfer energy (ty) is compar-
able to the inter-subunit transfer energy (¢tyxm), the d,2 band is
originally three-quarter-filled, (5d,2)*(5d.2)". However, the pos-
sible condition tyn > tvxwm results in the splitting of d,2 into
bonding d,; and antibonding df due to dimerization, latter of
which is in the half-filled state (Fig. 3(a)). It is noteworthy that
contrary to the dg orbital, the df orbital possibly expands
towards the outside of the subunit, which facilitates electron
transfer between the subunits (i.e., fyxm). The conductivity of
Pt,(MeCS,),I along the chain direction is ca. 13 S cm ™" at room
temperature and shows metallic behavior above approximately
300 K (Fig. 5(a)). A temperature-independent thermoelectric
power above room temperature strongly suggests that the
complex has a half-filled metallic state in this temperature
range. The observation of a single C=S stretching band in the
infrared (IR) spectra is firm evidence for the formation of the
AV state. The insulating phase caused by a metal-insulator
transition can be readily assigned to the CP state (Fig. 3(c))
because of its significant magnetic susceptibility (Fig. 5(b))
as well as the splitting of the C=S stretching mode (trapped-
valence states Pt>" and Pt**). The '*°I Méssbauer spectra showing
two different iodine sites below 80 K indicate that the electronic
state formed below 80 K is the ACP state (Fig. 3(d)), which is
consistent with that predicted by theoretical studies.’*® Because
it is reasonable to expect that the Pt-I bonds are more compres-
sible than the Pt-Pt bonds in MMX-chains, the #x approaches
the t as the temperature is decreased. Thus, the degree of
dimerization in the MMX-chain (ie., difference between # and
tvxm) Weakens upon cooling, which could have a favorable effect
on the stability of a charge-ordered (CO) state as compared to that

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Schematic electronic structures of the typical states in MMX-chain complexes: (a) averaged-valence (AV) state, (b) charge-density wave (CDW)

state, (c) charge-polarization (CP) state, and (d) alternate charge-polarization

(ACP) state (a: periodicity of an —M—M—I— unit, tym: transfer energy within

an MM subunit, tuxm: transfer energy between the subunits, V: inter-site Coulomb repulsion energy).®

on a dimer-Mott state.>® Although the increase in V owing to
lattice compression must stabilize the CP state, the emergence
of the ACP state at lower temperatures might be associated with
the magnetic energy gain due to the opening of the spin gap. In
this regard, site-off-diagonal electron-phonon interactions that
modulate the transfer energies, especially tyxy in this system,
must be beneficial for realizing an ACP state with redistributed
tetramers.””*°

Pt,(EtCS,)4! (space group: C2/c), in which the methyl groups
of ligands in Pt,(MeCS,),I are replaced with longer ethyl
groups, was synthesized by Mitsumi et al. via the reaction of
Pt,(EtCS,), with Pt,(EtCS,),I, in toluene.*! The complex shows
a room-temperature conductivity of 5-30 S cm ™', comparable to
that of Pt,(MeCS,),I, and a conductivity maximum at 205 K.
Because the X-ray diffuse scattering lines corresponding to the
2-fold periodicity along the chain direction start to grow below

This journal is © The Royal Society of Chemistry 2020

160 K, it is likely that the conductivity change at 205 K occurs
due to a phase transition from the metallic AV to the Mott-
insulating AV or charge-ordered CP state (Raman spectra
suggest the coexistence of these states®®). X-ray structural
refinement revealed that the low-temperature phase (<160 K)
with a 2-fold -Pt-Pt-I- unit repetition is identical to the ACP
state, ie., -Pt*-Pt**-I-P£>*-Pt**-1- (space group: P1).*> The
emergence of the ACP state was confirmed by "*°I Méssbauer
spectroscopy, which estimates the charge of iodine bridging the
Pt** ions to be —0.4 and that of iodine bridging the Pt>* ions to
be —0.3.** This structural feature is seemingly inconsistent with
the magnetic susceptibility data, which indicate the presence of
the spin degree of freedom even below 160 K (Fig. 6). This
discrepancy can probably be explained by the difference
between the degrees of lattice deformation within the chain.
In fact, the difference between the Pt>*-I and Pt**-I bond

Chem. Commun., 2020, 56, 10100-10112 | 10103
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Fig. 4 Crystal structure of Pty(MeCS,)4l at room temperature,***° where

green dotted lines show heteroatomic S.--S contacts between adjacent
chains. Hydrogen atoms are omitted for clarity.

T T T T T 2.8
(a . )
12
2.6,
2
'TE 1 8
g [
2 2 8
B § e
ol g 22| ¥
H N %
i/ x 8
§ 4 2.0 %
1.0
0 . .

160 200 240 280 320 0 50 100 150 200 250 300 350 400

Temperature / K
Temperature / K

Fig. 5 Temperature dependence of (a) conductivity and (b) magnetic
susceptibility (y) of Pt,(MeCS,)4l (AV: averaged-valence state, CP: charge-
polarization state, ACP: alternate charge-polarization state). Adapted with
permission from ref. 18. Copyright 1999 American Chemical Society.

lengths (0.02-0.03 A) is significantly smaller than that in the
case of Pt,(n-BuCS,),I (ca. 0.07 A),** which shows a rapid drop
in magnetic susceptibility associated with the first-order transi-
tion, as expected from the ideal ACP state (Fig. 6). As above-
mentioned, the observation of ferroelectric behavior in the CP
state is of fascinating interest. The distorted ESR spectra shown
in Fig. 7 is indicative of the significantly reduced cavity quality
factor, which is inversely proportional to dielectric loss, tand,
possibly due to the emergence of ferroelectricity.>® The tem-
perature range of the distorted spectra (130-140 K) is below the
transition temperature at which the superstructure associated
with the ACP state starts to grow (160 K) because of the gradual
growth of the ACP state.

Pressure has been applied to not only search the unexplored
electronic states, but also control the electronic properties. As
shown in Fig. 8, the room-temperature resistivity of Pt,(EtCS,),I
is steadily decreased upon applying hydrostatic pressure of up

10104 | Chem. Commun., 2020, 56, 10100-10112
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2nd cooling). Inset shows the phase transition behavior at around 210 K of
1. Adapted with permission from ref. 33. Copyright 2002 Wiley-VCH.

to 3 GPa principally due to the increase in bandwidth caused by
lattice compression.**?® The conductivity maximum observed at
205 K under ambient pressure rapidly disappears when moderate
pressure is applied and clearly revives under higher pressures
(ca. 70 K at 2.2 GPa). Of particular importance is that the metallic
behavior disappears again above this pressure and the conductivity
shows thermally activated behavior. The insulating phase is read-
ily assigned to the CP state based on the crystallographic and
Raman studies as a function of pressure. Theoretical calculations
predicted that the application of pressure leads to the stabilization
of the reentrant CP state.”” The reason must be the same as above-
mentioned for low temperatures: the increased V relative to
due to the shortened inter-subunit distance under pressure.
Similar behavior of the stabilization of the CP state by applying
pressure was observed for Pt,(MeCS,),I (Fig. 9).* It is interesting
to note that the proposed T-P phase diagrams for Pt,(RCS,),I are
quite different from that of (TMTTF),X (see below), in which the

90 K (x2)

100 K (x2)

Intensity (arb. units)

Wi

204 K

%

290 K

%

0 2000 4000 6000
Magnetic field (G)

Fig. 7 Temperature dependence of ESR spectra of polycrystalline
Pta(EtCS,)4l.*°

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (Upper) Pressure dependence of room-temperature resistivity (p)
and (lower) electronic T-P phase diagram of Pt,(EtCS,)4l, where a panel
presented in the original paper®? was omitted. Adapted with permission
from ref. 32. Copyright 2009 Wiley-VCH.

pressure transforms the salts from 1D (Tomonaga-Luttinger liquid)
to 3D (Fermi liquid) metals to stabilize the AV state."***?° Although
the factors that determine the electronic state under pressure
remain unclear, the persistent 1D character of Pt,(RCS,),I due to
the subtle interchain interactions may be a part of the reason.

A peculiar valence state was found for Pt,(n-PenCS,),1 with
longer n-pentyl groups. It has a relatively low room-temperature
conductivity (0.84 S cm ™" *°) but retains metallic behavior down
to 255-270 K*' or 235 K.*> On further cooling, the complex
shows an abrupt drop in conductivity at ca. 200 K** or 205 K,**
which is close to a first-order transition temperature (207.4 K)
observed for the heat capacity profile.*® At the same tempera-
ture, magnetic susceptibility rapidly vanishes with decreasing
temperature possibly because of the transition from the para-
magnetic (AV) to the nonmagnetic (CDW or ACP) state. To date,
the valence state at low temperatures remains highly controversial

(Semiconductor)

TIK

3 n 5
Pressure / GPa

Fig. 9 Electronic T-P phase diagram of Pt,(MeCS,)4l. Adapted with

permission from ref. 37. Copyright 2016 Wiley-VCH.
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due to the complicated X-ray diffuse scattering patterns possibly
arising from valence fluctuations.*™** However, it is most likely that
the low-temperature phase involves a 3-fold —Pt-Pt-I- unit repeti-
tion as -Pt**-Pt>"-I-Pt>*-Pt> -I-Pt>**-Pt>*~I-, comprising alternat-
ing ACP and AV states. A similar sign of the 3-fold periodicity along
the chain direction was found for Pt,(n-PrCS,),I** and Pt,
(n-BuCS,),L.** Such an alternating chain composed of homovalent
and heterovalent dimers has not been found in organic conductors,
although there are 2D conducting layers comprising homovalent
dimers with different charges (e.g, k-(BEDT-TTF),(Et,N)[M(CN)s]:
nH,0; BEDT-TTF: bis(ethylenedithio)-TTF, M = Fe*" and Co®';
n=2* and 3*%) and uniform and alternately charged columns (e.g.,
o-(BEDT-TTF),];"°). The phase diagram of Pt,(RCS,),I with different
alkyl chain lengths is illustrated in Fig. 10.'>'%31733,40-43,47-51

3. (TMTTF),X family

In the research of organic conductors, most of the interest in
the chemistry field is focused on the synthesis of superconduc-
tors, which require increased electronic dimensionality to pre-
vent the Peierls transition caused by the electron-phonon
interactions in 1D systems.>™* A good example is the BEDT-
TTF cation radical salts mainly developed by Saito group®>~?
and Williams and Schlueter group,>*** which have provided a
rich variety of 2D electronic materials with properties ranging
from superconductors to quantum spin liquids. However, the
collaborative efforts of chemists and physicists over the past

AV
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i CcDhwW
300 o
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— X,X
< (x.x)
)
5 200
s
8— AV
g +
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~ 1004 %)
0_
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Fig. 10 Temperature dependence of the electronic states of Pt,(RCS,)4l
with different alkyl chain (R) lengths, where the superlattice structure is not
considered 1218:31-33.40-4347-51 Gray areas show the temperature range
whose electronic state is unknown, and symbols in parentheses indicate
the charge (left) and spin (right) degrees of freedom. Thick and thin vertical
lines indicate the first- and higher-order transition temperatures, respec-
tively, observed by heat capacity measurements.*>*8495 For R = Me, no
heat-capacity anomaly was observed at around 300 and 80 K,*’ at which
phase transitions occur between the AV and CP states and between the CP
and ACP states, respectively.’® For R = Et, although numerical data of
transition temperatures (ca. 180 and 230 K) observed by the heat capacity
measurements are presented in ref. 12 and 50, the source and full extent of
the anomalies are not shown. For R = n-Pen, no heat-capacity anomaly
was observed at around 250 K,*® at which a conductivity maximum was
observed during the resistivity measurements (shown by a dotted line). 442
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decades have opened the possibility of applying (TMTTF),X to
novel 1D physics owing to the various isostructural salts with
electronic behavior sensitive to temperature and pressure.

In (TMTTF),X, (TMTTF),*" dimers with an S = 1/2 spin
connect to the adjacent dimers within the column mainly
through the overlap of m-orbitals as compared to the overlap
of M(d,2)-M(d,:) orbitals through X(p,) orbitals in MMX-chain
complexes. Herein, it is instructive to show how the columnar
assembly in (TMTTF),X is compressed due to cooling relative to
the case of an MMX-chain.’®*” As shown in Fig. 11(a), the heat
shrinkage ratio of (TMTTF),PF, along the n-stacking column
(Ila) is more than five times that of Pt,(MeCS,),I as a result of
weak m-m interactions between the TMTTF molecules. Simi-
larly, the pressure dependence of relative lattice parameter
along the chain direction with respect to that under ambient
pressure is more significant in (TMTTF),PF¢>® than in
Pt,(MeCS,),I (Fig. 11(b)).>” Such a structural feature facilitates
the control of electronic behavior via temperature and chemical/
physical pressure and therefore offers opportunities for experi-
mental and theoretical works on the investigation of not only the
quasi-1D electronic states next to higher-dimensional electronic
states, but also the dimensional crossover behavior between them.
In this system, 3D ordered electronic states, such as antiferro-
magnetic ordered and superconducting states, appear at low
temperatures under applied pressure.

TMTTF can be synthesized by the homocoupling of 1,3-
dithiolium salts,>*®' instead of 1,3-dithiol-2-one, -thione, or
-selone commonly used in the coupling reaction to produce
TTF skeletons, under basic conditions (Fig. 12). Its purification
can be achieved using recrystallization or sublimation meth-
ods. TMTTF has electron-donating ability (1st redox potential
E1' = 0.28 V vs. saturated calomel electrode (SCE)), and there-
fore, its cation radical salts can be readily prepared by electro-
oxidation in the presence of appropriate counter anions.®
Organic solvents such as 1,1,2-trichloroethane, acetonitrile,
and tetrahydrofuran are commonly used as reaction solvents.
Chemical oxidation of TMTTF by acids (HX: X = BF,” and
ClO, ") and metathesis of (TMTTF),BF, with AX (A: monocation;
X =PFs ,SCN, and Br™) are also employed for synthesizing the
(TMTTF),X salts.®®

1.01 1.02
(a) 100 (b)
1 Pt2(MeCS2)4l ¢! .00 09

1.00 X
_ e00®® e0® © = 00s | .\. .Ptz(MeCSZ)4\
£ 0994 ° & o ® 04400
g ° SHYE °
£ 0.8 ° = °
s o  (TMTTF):PFs & o094y (MTTRRPFs

09740 © 0921 °
Ambient pressure Room temperature

0.96 T T 0.90 T T
0 100 200 300 0 1 2 3

Temperature (K) Pressure (GPa)

Fig. 11 (a) Temperature dependence of relative lattice parameters along
the chain direction with respect to those at room temperature (RT) and (b)
pressure dependence of relative lattice parameters along the chain direc-
tion with respect to those under ambient pressure for Pt,(MeCS;)4l (green
circles: data obtained from ref. 37 and 56) and (TMTTF),PFg (orange circles:
data obtained from ref. 57 and 58).
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Fig. 12 An example of the synthetic scheme of TMTTF.®!

Since the first synthesis of (TMTTF),X salts in 1977,%
various isostructural salts have been obtained by combining
TMTTF with monoanions having octahedral (e.g., PFs , AsFq
and SbFs"), tetrahedral (e.g., BF,, ClO, ™, and ReO, ), linear
(SCN7), or monoatomic (Br~) geometries. Whereas selenium
analogues, i.e. (TMTSF),X salts, have served as an excellent
model for quasi-1D superconductors,'® originated with the first
organic superconductor, (TMTSF),PF¢ (T, = 0.9 K under 1.2 GPa),
discovered by Jérome, Bechgaard, and coworkers in 1980%*
followed by the ClO, salt (T, = 1.4 K under ambient pressure),®®
the (TMTTF),X salts with a very rich phase diagram (Fig. 13)**%°
have provided an important clue for exploring the phenomena of
1D physics. A point of interest is that the 1D electronic system
cannot be simply described by the Fermi liquid picture with
quasiparticle dispersions, which is commonly used to describe
conventional metals and semiconductors. As mentioned below,
the transport properties can be described in terms of the
Tomonaga-Luttinger liquid theory, which shows peculiar spin-
charge separations and interactions due to independent spin and
charge excitations with different velocities.®”

(TMTSF),CIO,

(TMTTF),TaFg (TMTTF),AsFg (TMTTF),Br
1 1
(TMTSF),PFg J

(TMTTF),SbFg (TMTTF),PFg

100

Temperature (K)
3

Pressure _g par

Fig. 13 Electronic T-P phase diagram of (TMTTF),X and (TMTSF),X.%¢ in
which the ordered states are drawn in colors (loc: Mott insulating state
(localization), CO: charge-ordered state, AFM: antiferromagnetic ordered state,
SP: spin-Peierls state, SDW: spin-density wave state, SC: superconducting
state). Purple dashed lines indicate the dimensional crossover, whereas a black
dotted line indicates a metal—insulator transition (see text for details). It is
possible that Pt,(RCS,)4l with strong 1D character move toward the lower left
direction instead of toward the beneath direction on a left side in this diagram.
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Fig. 14 Crystal structure of (TMTTF),PFg at room temperature viewed
along the b axis, where the TMTTF dimers are indicated by orange ellipses.
t; and t; are intra- and inter-dimer transfer energies, respectively.

In (TMTTF),X (space group: P1), the TMTTF molecules with
an average charge of +0.5 weakly dimerize in a face-to-face
fashion, and the TMTTF dimers with an S = 1/2 spin assemble
in a stacking manner via n-n interactions along the a axis
(Fig. 14). The zig-zag arrangement is attributed to the steric
hindrance of counter anions. For (TMTTF),PF, the intradimer
(t1) and interdimer (¢,) transfer energies at room temperature
were estimated to be 230.6 and 170.2 meV, respectively,
whereas the inter-column transfer energies are small but sub-
stantial (|¢| < 25.2 meV). Theoretical calculation using the
crystallographic data revealed that the bands are more disper-
sive along the stacking direction (]|a) than along the side-by-
side direction (]|) and the Femi surface is composed of a wavy
1D hole-like surface along the a axis (Fig. 15). Accordingly, the
room-temperature conductivity is the highest along the a axis,
and anisotropy is approximately ¢, : g : e = 2000: 50 : 1.%° The
formally three-quarter-filled HOMO band substantially splits
into lower (bonding n) and upper (antibonding n*) bands
associated with the dimerized structure. Provided that ¢, is
significantly higher than U within a dimer, i.e., U < 4t,, the
upper band is regarded as a half-filled band with W = 0.45 eV.
It is noteworthy that this value is significantly smaller than
1.70 eV of an isolated Pt,(MeCS,),I chain calculated using the
first principles method within the density functional theory
(DFT) under the assumption of the AV state.*® So far, five kinds

0.4 ka
= 1 X \
3 0 | x } Anti-
© i
~ bonding
§ ] T ko
S 04 /\ Y
w 1 \ Bonding

|
-0.8 —
r X \% Y rot123

D(E)

Fig. 15 Electronic band dispersions, densities of states (D(E) in states per
electronvolt per spin), and Fermi surfaces of (TMTTF),PFe, calculated on
the basis of the extended Huckel method with the tight-binding approxi-
mation using crystallographic data at room temperature. The energy is
provided relative to the Fermi energy. Note that the electron—electron
correlation is not considered in this calculation.
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Fig. 16 Temperature dependence of resistivity of (TMTTF),AsFg under
various pressures, where T,, Ts, and Tc are temperatures at minimum
resistivity, spin-Peierls transition, and superconducting transition, respec-
tively. Adapted with permission from ref. 72. Copyright 2007 Physical
Society of Japan.

of superconductors have been found for (TMTTF),X (X = PFs~,”>"*
AsFg~ (Fig. 16),”> SbFs~,”* BF,~,”* and Br~ ”°) by applying pressure
above a few gigapascals (Table 1).

Herein, we have mainly described the structural and electronic
properties of (TMTTF),PFs as an example of (TMTTF),X
formed with centrosymmetric octahedral anions because other
relevant salts have qualitatively similar properties to those of
(TMTTF),PFs. (TMTTF),PFs shows metallic behavior under
ambient conditions as a result of the three-quarter-filled con-
duction band. The conductivity is ca. 40 S cm™' at room
temperature and exhibits a maximum at around 245 K possibly
due to the electron-electron correlations (AV state; Fig. 17(a)).%*"°
The fact that the magnetic susceptibility shows no anomaly at
around the temperature is indicative of the occurrence of
separation between the spin and charge degrees of freedom
in 1D electronic systems.”””®

On further cooling, the salt undergoes a phase transition to
a 4kz-CDW CO state of Wigner crystal type (= CP; Fig. 17(b)) at
67 K, as observed via >C NMR,”*®° dielectric,®' and optical
spectroscopies.’®®* Band structure calculations of (TMTTF),X
(X = PFs ", AsFs, and SbFs~) demonstrated that the phase
transition to the 4kx-CDW CO state occurs below the tempera-
ture at which the degree of dimerization, 2(¢; — ¢,)/(¢, + ¢5), falls
below 0.25.% The dimer-Mott state is stable at temperatures
above which the degree of dimerization is higher than 0.25 due
to significant dimerization, whereas weakened dimerization
below this temperature bring it into the 4k-CDW CO state.
The same could be speculated for Pt,(RCS,),I; however, the
numerical values of ¢ty (= ¢1) and tvxwm (= £2) have not been
estimated to date.

Based on the IR spectroscopic study, the degree of charge
disproportionation, 26, which is defined as the difference between
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Table 1 Properties of typical (TMTTF),X?
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X Va (A% Ty (K) Teo (K) Tro (K) GS P. (GPa) T. (K) Ref.”
PFe~ 109 245 67 [CP] SP [15 K] 5.2 1.8 70 and 71
AsFg~ 110 105 102 [CP] SP [13 K] 4.5 2.4 72

SbF,~ 121 154 157 [CP] AF [8 K] 5.4 2.8 73

TaF,~ 128 — 177 [CP] AF [9 K] —1 —14

BF,~ 73 190 84 [ACP] 41 SS [41 K] 3.4 1.4 74

Cloy~ 82 230 — 73 AF [12 K] — -

ReO,~ 86 230 230 [ACP] 157 SS [157 K] —d —d

SCN~ 71 240 160 [CP] 160 AF [7 K] —d —1

Br- 56 100 20 [CP] AF [15 K] 2.6 0.8 75

¢ V,: anion volume (H. D. B. Jenkins, H. K. Roobottom, J. Passmor and L. Glasser, Inorg. Chem., 1999, 38, 3609); T,: temperature at maximum
conductivity; Tco: charge-ordering temperature (CP: charge-polarization, ACP: alternate charge-polarization); Txo: anion-ordering temperature; GS:
ground state (SP: spin-Peierls, AF: antiferromagnetic ordering, SS: anion-order-induced spin-singlet. The numbers in brackets represent the
transition temperature); P.: critical pressure; T: critical temperature. ? References for superconductivity. © Not measured. ¢ Not observed.

(a) Averaged-valence (AV) state
(a-1) Uniform stack
a
t t ty t t
—O0———0——— 00— 00— 0——0—— Metal (3/4-filled)
(a-2) Alternating stack
2a

|

U < W: Metal (1/2-filled)
U > W: Dimer-Mott (4ke-BOW)

— 00— #——0 ——0——0—— Charge order (4k--CDW)

(c) Alternate charge-polarization (ACP) state
4a

------ D ———— -~ - - - - - - - - -Jmmml——  Charge order (2kr-CDW)

Fig. 17 Schematic electronic structures of typical states in (TMTTF),X, in
which the average charge of TMTTF molecules is formally +0.5; (a)
averaged-valence (AV) state in the cases of (a-1) uniform stack and (a-2)
alternating stack, (b) charge-polarization (CP) state, and (c) alternate
charge-polarization (ACP) state (a: periodicity for the uniformly arranged
AV state). Orange spheres indicate a TMTTF molecule, whereas the size of
the yellow sphere/ellipses corresponds to the amount of charge on each
TMTTF molecule. Note that the state in (a-1) is not available for MMX-chain
complexes due to the presence of bridging iodines. In (b) and (c), if the 4k¢
and 2kr modulations of electron density are accompanied by a lattice
modulation (i.e., bond-order wave (BOW)), they can be described as “4ke-
CDW + 4kp-BOW" and "2ke-CDW + 2ke-BOW™ states, respectively.

the charges of charge-rich and charge-poor TMTTF molecules,
increases with the decrease in temperature below 67 K and
eventually reaches 0.15 at 10 K (Fig. 18).°%%%%° The 24 value is
apparently smaller than those of (TMTTF),AsF, (0.21),%°
(TMTTF),SbFg (0.29),°® and (TMTTF),TaFs (0.28)** with larger
octahedral anions, presumably indicating that the chemical
pressure induced by adopting smaller cations has a remarkable
effect on the destabilization of the CO state. Additional evi-
dence of the effect of lattice compression on 26 was provided by
the rapid decrease in 26 upon the application of pressure.®®
Herein, we have considered that the orientation of the PF¢~
anions that are dynamically disordered on an inversion center
becomes ordered at low temperatures. In this case, the space
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Fig. 18 Temperature dependence of the degree of charge disproportio-
nation (26) of (TMTTF),X with X = PFg™ (black closed squares), AsFg~ (red
open circles), SbFg~ (green closed triangles), and TaFe~ (blue crosses),
estimated from the IR spectra.®®

group changes from P1 to P1 due to the loss of the inversion
center; however, the centrosymmetric nature of the anion
disturbs the formation of any superstructure. It seems reason-
able that the charges of two crystallographically independent
TMTTF molecules in a unit cell deviate from the average charge
of +0.5, i.e., +(0.5 + ) and +(0.5 — 0), causing a CP-type CO
pattern. However, structural alternation in the stacking col-
umns corresponding to the CO state could not be appreciably
detected in crystallographic studies, although symmetry break-
ing was observed in the NMR spectra.”’ Therefore, the CO
transition was temporarily considered as a ‘“structureless”
transition.’” The first evidence of relevant structural modula-
tion was recently found via synchrotron X-ray diffraction
measurements,®® which is not only the same as that previously
considered based on experimental (ESR)*® and theoretical®®®*
studies, but also implies the formation of a 2D Wigner lattice.
In such a 2D layer (within the ab plane), charge-rich TMTTF
molecules with ca. +0.6 charge are preferably arranged so as not
to be contiguous to each other as a consequence of long-range
Coulomb repulsions (sum of the on-site (U) and inter-site (V)
Coulomb repulsions).

Dielectric permittivity measurements show a peak diver-
gence in the real part of the dielectric constant for (TMTTF),PF,

This journal is © The Royal Society of Chemistry 2020
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Fig. 19 Temperature dependence of the real part of the dielectric per-
mittivity (¢') of (TMTTF),PFe at different frequencies: 1 kHz (@), 10 kHz (A),
100 kHz (@), 1 MHz (M), and 5 MHz (). Inset shows the difference
between the ¢’ of the salt obtained from different batches (100 kHz).
Adapted with permission from ref. 92. Copyright 2000 American Physical
Society.

(Fig. 19),”* (TMTTF),AsFg,”* and (TMTTF),SbFe*" at each transi-
tion temperature. The unusual dielectric response that has a
broad peak as a function of temperature and is strictly
frequency-dependent bears the clear signatures of relaxor ferro-
electrics, typical of the glass-like freezing of short-range ferro-
electric ordering. It is noteworthy that the ground state varies
depending on the anions; ie., spin-Peierls state in (TMTTF),PF,
and (TMTTF),AsFs and antiferromagnetic ordered state in
(TMTTF),SbFg.>"**° Theoretical study predicted that the CP-
type CO state (including 4kz-CDW) stabilized by the increase
in V inhibits the spin-Peierls transition (including 2kz-BOW;
Fig. 20(a)), and therefore, (TMTTF),SbFs, which has a more
stable CO state with a higher charge-ordering temperature, under-
goes an antiferromagnetic transition (Fig. 20(b)) in place of a spin-
Peierls transition at low temperatures.®*

Next, the structural and physical properties of (TMTTF),ReO,
as an example of (TMTTF),X formed with noncentrosymmetric
tetrahedral anions have been described. (TMTTF),ReO, has a
room-temperature conductivity of ca. 20 S ecm ' and shows
metallic behavior down to ca. 230 K,*” at which it undergoes a
2kg-CDW CO (= ACP; Fig. 17(c)) transition observed by various
techniques such as X-ray diffraction,®®°> ESR,*® and NMR’°

(a) Spin-Peierls state
4a

(b) Antiferromagnetic ordered state
2a

A
: 2 F
— ;
L | L | L |
S=1/2 S=1/2 S=1/2

Fig. 20 Schematic electronic structures of (a) spin-Peierls state in (TMTTF),PFg
and (TMTTF),AsFs and (b) antiferromagnetic ordered state in (TMTTF),SbFe.>*
Red arrows indicate a magnetically ordered spin, and other specifications are the
same as those used in Fig. 17.
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measurements. The noncentrosymmetric ReO,  anions are
randomly orientated at room temperature, and the orienta-
tional disorder is frozen over two (or more) equivalent orienta-
tions upon cooling. An X-ray diffuse scattering study revealed
that (TMTTF),ReO, undergoes a first-order structural phase
transition associated with anion ordering at 157 K, at which a
superstructure with a critical wave vector g,o = (1/2,1/2,1/2) to
form a 2kr modulation within the n-stacking columns becomes
pronounced.’” This transition is accompanied by the displace-
ment of the anions, which results in the sizeable tetrameriza-
tion of the TMTTF molecules within the column to stabilize the
2ks-CDW CO state (26 = 0.35 at 200 K and 0.64 at 40 K).”® At
present, the precise reason why (TMTTF),ClO, does not
undergo a CO transition at low temperatures is not fully
established; however, it is possible that the occurrence of anion
ordering (73 K) prior to charge ordering causes spin-singlet
formation due to doubled periodicity along the stacking direc-
tion. As shown in ref. 83, the degree of dimerization of
(TMTTF),ClO, is relatively independent of temperature and
remains at a high level, which can affect the suppression of
the CO state.”® It must be true that the symmetry of counter
anions is responsible for determining the CO pattern, whether
CP or ACP, in the TMTTF n-stacking column (Table 1). To date,
a successive phase transition from the AV to ACP state passing
through the CP state on cooling, as observed for Pt,(RCS,),],
has not been reported for (TMTTF),X.

(TMTTF),X formed with another type of noncentrosymmetric
anion, linear SCN ™, exhibits some similarities with (TMTTF),ReO,
in addition to striking differences. With decreasing temperature,
(TMTTF),SCN also undergoes a structural phase transition due to
anion ordering at 160 K.°® However, the superstructure is equal to
qro = (0,1/2,1/2), indicating that the CO pattern is of 4kz-CDW-type
(= CP), as in the case of (TMTTF),PFs, because of no phase
modulation within the n-stacking column. On further cooling,
(TMTTF),SCN undergoes antiferromagnetic ordering below 7 K,
whereas (TMTTF),PFs and (TMTTF),ReO, show a pronounced
phase transition to nonmagnetic ground states arising from the
spin-Peierls transition at 15 K and anion-order-induced tetra-
merization at 157 K, respectively.*'**°

As described above, the application of pressure modifies the
CO behavior and also bring the salts into the 3D ordered
electronic states such as antiferromagnetic ordered and super-
conducting states. Pressure dependence of the CO transition
was investigated by >C NMR spectroscopy.'°*'°" For example,
the CO transition temperature of (TMTTF),AsFs, which appears
to be 102 K under ambient pressure, dramatically decreases
with increasing pressure and eventually disappears under a
pressure of 0.15 GPa."'® Such a suppression of the CO state, as
observed for Pt,(EtCS,),I below 2.2 GPa (Fig. 8),** is possibly a
reflection of the increased W compared with V.

In the generic phase diagram of (TMTTF),X and (TMTSF),X
systems shown in Fig. 13, which was originally proposed by
Jérome''%* and subsequently made more sophisticated by
Dressel,>>® “loc” (as Mott insulating state), “1D”, and “2D”
regimes are defined on the basis of the anisotropy of transport
behavior as “dp,/dT < 0 and dp./dT < 07, “dp,/dT > 0 and
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dp/dT < 07, and “dp,/dT > 0 and dp/dT > 07,
respectively,'®® where the a and ¢ axes correspond to the most-
and least-conducting directions, respectively. Therefore, the
boundary between the “loc” and “1D” regimes is determined
as a temperature at which the conductivity along the a axis
exhibits a maximum (A charge gap (4,) estimated from the
slope of the Arrhenius plot is often substituted for the tem-
perature due to thermal inaccessibility). Furthermore, the
temperature at which the conductivity along the ¢ axis exhibits
a maximum provides a crossover between the “1D” and “2D”
regimes and is therefore regarded as the Mott transition
temperature (or Mott-Hubbard gap).'®* The crossover between
the “2D” and “3D” regimes, which is only available for the
(TMTSF),X system, is defined as the upper limit for a low-
temperature 3D coherent domain.'%® The metal-insulator tran-
sition temperature is gradually decreased upon applying pres-
sure possibly because of the decrease in the on-site Coulomb
repulsion. This trend is exactly opposite to that found for
Pt,(RCS,)4I (R = Me and Et),*>*” although the electronic states
just below the metal-insulator transition might be different in
kind from each other. Increased electronic dimensionality in
addition to the significant lattice compression may modify the
electronic state in the favorable direction of a stabilized metal-
lic phase. In fact, the calculated dimensionality parameter,
defined as the ratio of inter-column (¢, ) and intra-column ()
transfer energies, increases with increasing applied pressure
and decreasing temperature (Fig. 21).'°° Therefore, it is most
likely that on cooling, Pt,(RCS,),I with a strong 1D character
moves towards the lower left direction instead of towards the
beneath direction under a certain pressure in the phase dia-
gram shown in Fig. 13. Although the 1D character disturbs the
antiferromagnetic ordering due to quantum fluctuations, the
metal-insulator transition followed by the emergence of the CO
state, as observed for most Pt,(RCS,),1, seems to be consistent
with this possible movement.

It is fair to say that all (TMTTF),X salts reside in the Luttinger-
liquid regime at high temperatures because of their 1D electronic
character. Herein, we focused on the inter-column (| c) transport
behavior in the insulating regime, because the temperature
dependence of the resistivity is described by the Luttinger liquid
model: p. ~ T"*, o = 1/4(K, + K, ' — 2), where K, is the
Luttinger parameter (cf,, p, ~ T > at T > 4, for quarter-filled
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Fig. 21 (a) Temperature dependence of dimensionality (see text) of
(TMTTF),SbFg and (b) pressure dependence of dimensionality of (TMTTF),PFe
(data obtained from ref. 106). Yellow lines are guides to the eye.
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system).®” An electronic system with stronger repulsive energies
affords a lower K, and the critical value for Mott transition varies
depending on the order of commensurability (K,* = 1/n% n = 1 for
half-filled system and n = 2 for quarter-filled system). Clearly, the
low K, values observed for (TMTTF),PFs (0.18)'** and
(TMTTF),AsFs (0.20)'*” are associated with the quarter-filled
HOMO band. Since the K, values are close to 0.25 above which
quarter-filled umklapp scattering is irrelevant, it is apparent that
these salts are just on the insulating side of the boundary between
the Tomonaga-Luttinger liquid and 1D Mott insulating state.
Selenium substitution (TMTTF to TMTSF)'*® and application of
pressure'®® rapidly bring these salts into the metallic regime with
higher K, values.

4. Outlook and conclusions

The 1D electronic subclass of metal-complex and molecular
solids is very broad, and we have only covered the most
informative examples in this review. As mentioned above, the
half-filled band with antibonding character, which arises from
the monocationic dimers as units, leads to the pronounced
interdimer interactions owing to the orbital expanding towards
the outside of dimers. The increased W as well as the decreased
U owing to the dimer formation is considered to be the primary
cause for the comparable U and W, which bring the solids into
the vicinity of Mott boundary. Although the chemical modifica-
tion of TMTTF molecules causes a dramatical change in the
molecular arrangement in the cation radical salts, the basic
structure of MMX-chain complexes remains unchanged
because of the covalent bonding between the binuclear metal
subunits through the bridging halogens. Considering the fact
that the functional groups attached to the dithiocarboxylate
ligands in MMX-chain complexes remain rather limited to
n-alkyl (from methyl to n-hexyl) groups, attaching other func-
tional groups to impart desired functionalities and longer alkyl
groups that serve as van der Waals interaction sites may provide
a significant step forward in exploring more versatile electronic
materials, apart from the difficulty in synthesizing the ligands.
Additionally, the subunits that are separated from each other
by a bridging halogen are beneficial not only for the full
substitution of Pt with Ni,'*''® but also for the partial sub-
stitution of Pt to afford heterobimetallic subunits PtM (M = Ni
and Pd).""" Such a replacement while maintaining the basic
structure is not simply possible in (TMTTF),X, in which the
columnar assembly of TMTTF molecules is achieved mainly by
the weak n-n interactions.

The principal advantage of (TMTTF),X over the MMX-chain
complexes might be the tunability of their electronic properties
by chemical or physical pressure, which is mainly attributed to
the softness of the lattice. The appearance of 3D ordered
electronic states such as antiferromagnetic ordered and super-
conducting states that are not yet found in MMX-chain com-
plexes can best be thought of as a manifestation of the
intermolecular n-r and van der Waals interactions as dominant
structure-directing forces. Additionally, by studying the relative
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properties of a variety of (TMTTF),X, a broad picture of the
electronic behavior of this system has depicted not only the 1D
regime but also the 1D-2D dimensional crossover regime. We
hope that this review, which compares the structural and
electronic properties of metal-chain complexes and organic con-
ductors to provide insights into the relevant issues that are
currently under debate, will stimulate further experimental and
theoretical explorations of new and more advanced electronic
materials that might surpass the existing electronic materials.
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