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A triad molecular conductor: simultaneous control of charge
and molecular arrangements

In a flood of candidate molecules, three donor molecules

are selected to collaborate with each other to control the
charges and molecular arrangements in the crystalline phase
for realizing unstable charge-ordered states for possible
superconducting transitions under different thermodynamic
conditions.
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Molecular and charge arrangements in the solid state were controlled
by a new building block: a triad molecule. Owing to the appropriate
flexibilities in both molecular structure and electron distribution of
the triad, the apparently simple salt exhibits an unstable metallic
phase, which is promising for superconducting transitions.

In the development of new molecular superconductors, the
molecular metals adjacent to the charge-ordered insulating
(COI) states have attracted considerable attention, because the
COI states often turn into superconducting states with rather
high-Tgs by slight physical and/or chemical modifications."™ In
particular, mixed crystals composed of different component
molecules are of significant interest because there is a possibility
to control the COI states by their different electron-donating
properties.® However, it is imposssible to prepare a mixed crystal
composed of different component molecules, where the molecu-
lar arrangements are finely controlled three-dimensionally to
achieve designed conducting properties and charge distributions.
There is no example of mixed crystalline molecular conductors
without disordered molecular arrangements responsible for the
conduction. All the known mixed crystals contain disordered
molecular arrangements or small domains with ordered mole-
cular arrangements, both of which are seriously disadvantageous
for superconducting states. Oligomeric molecules linked by
appropriate spacers belong to promising candidates for such
unprecedented mixed-crystalline conductors, where molecular
units are periodically arranged in highly predictable manners.
This kind of molecular design was proposed and attempted
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intensively, yet previous patterns of a combination of spacers
and units turned out inappropriate or inadequate for the
purpose.”

Tetrathiafulvalene (TTF; Fig. 1) and its derivatives have
played a central role as conducting components of organic
molecular metals and superconductors.’**® We paid attention
to the oligomers composed of different kinds of TTF units for
fine and simultaneous tuning of charge distribution and mole-
cular arrangements between the units by the straightforward
molecular design. During syntheses of new oligomeric TTFs, we
have obtained the single crystals of charge-transfer (CT) salts of
a triad molecule (1) composed of two 4,5-ethylenedithio-TTF
(EDT-TTF) and one tetraselenafulvalene (TSF) units linked by
methylenedithio spacers. Herein we report the synthesis, struc-
tures, and electrical properties of the CT salt of 1, (1)PFe.

Synthesis of the new triad molecule (1) is demonstrated in
Scheme 1. A TTF derivative 2'” was reacted with NaOMe in THF
at room temperature, followed by treatment with chloroiodo-
methane to afford compound 3 in a 96% yield. Reaction of 3 with
excess Nal converted the chloromethylthio group to an iodo-
methylthio group, providing 4 in a 96% yield."® Treatment of 5
with 2.1 equimolar amount of NaOMe and subsequent reaction
with 2.1 equivalents of 4 gave the target triad molecule (1) a 94%
yield.”® The electrochemical properties of 1 were investigated by
cyclic voltammetry. Four pairs of redox waves were observed at
+0.02, +0.19, +0.46, and +0.56 V, respectively (V vs. ferrocene/
ferrocenium couple in benzonitrile at 25 °C, Fig. S1, ESIf). A
comparison of the peak current of each redox wave suggested
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Fig. 1 Chemical structures of 1 and related compounds.
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Scheme 1 Synthesis of the triad 1.

that the redox waves at +0.02 and +0.56 V correspond to two-
electron transfer processes, while the other waves to the one-
electron transfer processes. This redox behaviour is similar to
that of the previously reported TTF trimers.>’

The single crystal of (1)PF, was prepared using galvanostatic
oxidation of 1 in 1,2-dichloroethane (6% ethanol, v/v) with
TBAPF, as a supporting electrolyte. The electrical resistivity of
the PF,~ salt was measured using the single crystal and a four-
probe technique. The electrical resistivity at 300 K is 6.7 X
107> Q cm, an exceptionally low value for the 1:1 stoichiometry.
Furthermore, it exhibits semimetallic conduction down to ~120 K
(p(120 K)/p(300 K) =~ 2.6, Fig. 2), demonstrating that it is not an
insulator at 300 to ~120 K. Some minima and maxima were
observed between 80 and 105 K in d(In p)/dT " vs. T, indicating
successive phase transitions. Based on the observed anomalies,
two phases at least are proposed, Phase 1 (300-105 K) and
Phase 2 (T < 80 K).

The X-ray structure analysis of (1)PF, was carried out at 296,
120, 100, and 50 K to investigate Phases 1, 2 and the inter-
mediate phase (80-105 K) (Fig. 3 and Tables S1-S4, Fig. S2-S8,
ESIt). Except for the thermal shrinkage, there is no distinct
change in the cell parameters from 296 to 50 K with the space
group of C2/c (Fig. S2, ESIt). Fig. 3a shows the molecular
structures of 1 in (1)PF, at 296 K. Triad molecule 1 adopts a
structure in which the three donor units efficiently overlap with
each other. There is a 2-fold axis at the centre of the C=C bond
of the TSF units, making the charge distribution on 1 sym-
metric and homogeneous. This structural feature indicates the
delocalisation of frontier electrons, namely homogeneous

102 E T 1000 = T T 1000
:o 105 K
_ L P
10 y ﬁ\;
4500
2
5 100 150 S
3 S
SO 5
QU [ 40 IN
107 o
E .+ cooling run
L « heating run
-2 1 1 1 1 1 —_
1056 100 150 200 250 300 >0

T/K

Fig. 2 Temperature dependence of the resistivity (p, blue and red lines)
and the derivative of the resistivity (d(ln p)/d(T~Y), black circle) of (1)PFg at a
heating run.
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Fig. 3 (a) Molecular structures (top, side, and end views) of 1, (b) crystal
structure viewed along the donor short axis, and (c) conducting sheet
viewed along the donor long axis in (1)PFg at 296 K. Hydrogen atoms in (c)
are omitted for clarity.

charge distribution, over 1, which is generally favourable for
(semi)metallic conduction. The inter-unit slip distances within
the triad 1 along the molecular long (x) and short (y) axes are
0.01 for x and 0.02 A for y. Since the o-bond linker restricts the
arrangement of each unit, the overlap modes of the three units
become highly effective and uniform compared with any other
donor-unit overlap mode in the previously known salts. For
example, the ring-over-bond (RB, x = 1.6 A) and ring-over-atom
(RA, y = 2.0 A) type overlaps are known as the optimal overlaps
with the closest S---S contacts in the typical TTF-based
conductors.>* Yet, the overlap modes along the x and y axes
in (1)PF¢ are further advantageous for conduction, as demon-
strated by the calculated overlap integrals (Tables S6 and S7,
ESIt) and band structures shown below (Fig. 4). Additionally,
the inter-planar distance between the units is 3.68 A with an
efficient stacking structure, namely, a face-to-face stacking

This journal is © The Royal Society of Chemistry 2023
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structure of oxidised TTF oligomers.”** According to the den-
sity functional theory (DFT) calculation (Fig. S9 and Table S5,
ESIYt), the central C—C bond lengths in each unit of 1, which
has a bonding character in the HOMO, are sensitive to the
molecular charge and become longer in the oxidized states. The
central C=C bond length of the TTF unit A (C9-C10 = 1.354(5) A)
and that of the TSF unit B (C2-C3 = 1.338(7) A) are comparable
at 296 K (Table S3, ESIt). This means that the positive charge
is delocalised over the entire triad molecule 1. The three units
in 1 uniformly stack in a head-to-tail manner and form con-
ducting sheets in the ac-planes (Fig. 3b and c). In the molecular
design of the triad 1, such a one-dimensional (1D) uniform
stacking structure is empirically expected in the CT salts,
which is necessary for producing unstable COI states for
superconducting transitions at lower temperatures. The units
A and B are arranged in the order of - - -ABAABA- - - in the stack.
The pattern of the unit arrangement can be classified as a
B-type, as is frequently observed In organic superconductors.
All these structural features mean that 1 realised the mixed-
crystal of a CT salt possessing a controlled donor-unit arrangement
and homogeneous charge distribution necessary for metallic
conduction.

The overlap integrals in (1)PFs were calculated assuming
that each unit of 1 should be an independent molecule to
estimate inter-unit interactions (Table S7, ESIf). There are
interactions in the stack (a1 and a2) and between the stacks
(c1, c2, p, and q) (Fig. 3c). The absolute values of the overlap
integrals related to the unit A (—29.3 x 107> for a1 and 23.9 x
107 for a2) at 120 K are larger than those at 296 K (—27.3 x
1072 for a1 and 21.8 x 10~? for a2). Despite some anomalous
peaks observed in the resistivity behaviour between 80 and
105 K, the overlap integrals at 100 K (—29.7 x 10 for a1 and
24.1 x 107 for a2) and 50 K (—29.7 x 10~ for a1 and 25.2 x
10~? for a2) are almost identical with those at 120 K.

The tight-binding band calculation is performed based on
an extended Hiickel approximation and the assumption that
each donor unit should possess a charge degree of freedom as
if the units were independent donor molecules of each other.
The calculated band dispersions and Fermi surfaces of (1)PFg
are shown in Fig. 4 and Fig. S12 (ESIf). The HOMO band
dispersion of (1)PFs contains six energy bands corresponding
to the six crystallographically independent units. In Phase 1,
the six energy bands are classified into three pairs of bands
(Fig. 4). Because the ratio of the donor units to the anion in
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Fig. 4 Calculated band dispersion and Fermi surfaces of (1)PFe at 296 K
(Phase 1). Q = (0.5, 0, —0.5), X = (0.5, 0, 0), and Z = (0, O, 0.5). Hole and
electron pockets are represented in light blue and orange circles, respectively.
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(1)PF¢ is 3:1, the overall band-filling is five-sixths. Conse-
quently, by approximating the upper two bands as a single
band (Wy) with a narrow bandwidth (0.30 eV at 296 K and 0.33 eV
at 120 K), it is effectively half-filled. This kind of salt typically
behaves as the Mott insulator.>® However, (1)PFs exhibits
semimetallic conduction in Phase 1. The energy gap between
Wy and the middle pair of bands (Wy), Gap 1, is 0.04-0.05 eV.
The calculated Fermi surface in Phase 1 is composed of both hole
and electron pockets as a semimetal, and both Fermi surfaces are
small and two-dimensional, qualitatively consistent with the
observed temperature-independent resistivity around room tem-
perature. The semimetallic behaviour supports the assumption
that the three units in (1) behave independently in the band
formation. Additionally, the semimetallic behaviour despite the
narrow bandwidth of the top two bands (W) also indicates that on-
site Coulombic repulsion U is sufficiently smalli because of the
delocalised HOMOs over the three units in Phase 1. Here, the U
means the coulombic repulsion in 1, but effectively corresponds to
the Coulombic repulsion between the three units.

Based on the X-ray structural analysis at 50 and 100 K, the
same extended Hiickel calculation revealed that both band
structures of Phase 2 and the intermediate phase should be
identical to that of Phase 1 (Fig. S12c and d, ESIT). However, this
is inconsistent with the insulating behaviour of these phases. The
crystal symmetry at 50 K was carefully checked using the Ewald
explorer utility of CrysAlisPro.>* Distribution histograms of a*, b*,
and c¢* axes at 296 and 120 K show a symmetrical shape (Fig. S3,
ESIt). On the contrary, the split of the distribution histograms
was shown in the b* axis at 100 and 50 K. This result implies the
occurrence of a phase transition with a lower symmetry.§

Fig. 5 shows the molecular structure of 1 in (1)PF, at 50 and
120 K. An anomalous thermal ellipsoid on S1, S2, C7, C8, C9,
and C10 atoms was observed at 50 K compared with those at
120 K, and this anomaly is also confirmed in the temperature
dependence of the anisotropic displacement parameters of
these atoms (Fig. S8 and Table S4, ESIt). The thermal ellipsoids
of S1, S2, C7, and C8 are elongated in the vertical direction of
the TTF plane, presumably suggesting that the structure of the
EDT-TTF moiety was acquired as an average of flat and bent
conformations, leading to inhomogeneous charge distribution
in 1. Because the TTF skeleton becomes planar by oxidation
and adopts a bent structure in the neutral state.”>>° The length
of the central C—C bond is also sensitive to charge distribu-
tion. The anomalous thermal ellipsoid along the bond axis of
the C9 and C10 atoms at 50 K can be explained by assuming an
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Fig. 5 Molecular structures of triad (1 at120 Kand (b) at 50 K.

Symmetry operator * implies 1 — x, y, 1/2 -z
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averaged structure of conformations of the EDT-TTF moiety
with short C=C bond and long C—C bond. Such a complicated
structural feature originates from the charge and structural
degrees of freedom, i.e., the flexible structure and charge of the
triad. This examination corroborates that (1)PFs in Phase 2 is a
COI instead of a Mott insulator. Additionally, these results
provide the validity of the different phases proposed based on
the resistivity behaviour. The band calculation results (Fig. 4)
further indicate that the metal instability of (1)PFs does not
originate from the 1D stacking structure. As the Fermi surfaces
are closed (elliptical), the intercolumnar interactions also play an
important role in the conduction. Rather, the calculated band
structures indicate that the metal instability originates from the
small area of Fermi surfaces, indicating a small number of
carriers, namely a typical thermodynamically unstable metallic
state. The small number of carriers originates from the charge
degree of freedom in the triad, which lets the three units share
the +1 charge, effectively decreasing the charge on each unit and
U between them. The thermodynamically unstable molecular
metals frequently occur in metal-insulator transitions at low
temperatures like (1)PFs. Additionally, a part of such materials
in the insulator phases occurs superconducting transitions with a
slight modification such as molecular structures, counterions,
and thermodynamic conditions. Such investigation for develop-
ing superconductors is now underway.

In summary, we demonstrated that the CT salt of the triad
molecule, (1)PFs, adopted a quasi-1D stacking structure with
practically-independent-donor interactions in the band formation.
Such molecular and charge degrees of freedom made the formally
1:1 salt behave like a 3:1 salt. This feature resulted in the
semimetallic band structure with a small number of carriers and
narrow bandwidths. Such electronic and structural properties are
thermodynamically unstable and often cause phase transitions
with exhibiting various metastable phases. (1)PF, appeared to
exhibit successive phase transitions; the homogeneous and widely
delocalised charge distribution in Phase 1, and, in the different
thermodynamic conditions, inhomogeneous charge distribution,
ie.,, a COI in Phase 2. The molecular design of the triad enables
simultaneous control of stacking modes and stability of COI states
based on charge distribution between the three units. In conclu-
sion, a new direction for the molecular design to control charge
distribution in the organic CT salts, promisingly a powerful
technique for the development of organic superconductors and
other undiscovered phases, has been found in this work.
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+ Note that (semi)metallic properties do not depend upon Wy, but upon
U/Wy,.

§ The analysis using the Ewald Explorer utility indicates variations in
systematic absences, which are explained by phase transition, twinning,
dynamical effects, diffuse scattering, and so on. Assuming a phase
transition, the resistivity behaviour of (1)PFs can be well explained.
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