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Abstract: Organic molecular conductors with strongly correlated electron system, in
which the itinerancy oklectrons(or holeg and the electron correlatio®d/W, U, the
onsite Coulomb repulsionW, the bandwidth) compete with each othare promising
candidates for achieving superconductivitydaalso for exploring remarkable physical
propertiesinduced by external stimuli such as pressure, light, voltage and cu@ent
synthetic approach to the construction of strongly correlated organic electron systems is
based on chemical modificationsttee donor molecule BDHTP [2,5-bis(1,3-dithiolan-2-
ylidene}1,3,4,6tetrathiapentalenetapable of producing metallic CT (chatgansfer)

salts stabledown tolow temperatures (4i2.5 K). Thisaims at enhancing the electron
correlation in the itineranklectron systemby decreasing the bandwidth. Chemical
modifications of BDHTTP such as ring expansion of two outer dithiolane rings,
replacement of one sulfur atom an outer dithiolane ring withan oxygen atom and
introduction of two methyl substituentsnto an outer ditiolane ring led to
BDA-TTP [2,5bis(1,3dithian-2-ylidene)1,3,4,6tetrathiapentalene], DHQOTTP
[2-(1,3-dithiolan-2-ylidene)}5-(1,3-oxathiolan2-ylidene}1,3,4,6tetrathiapentalene]  and
DMDH-TTP [2-(4,5dimethy}t1,3-dithiolan-2-ylidene}5-(1,3-dithiolan-2-ylidene}1,3,4,6
tetrathiapentalene], respectively. In this review, the physical properties and the crystal and
electronic structures of molecular conductors derived from these donor molecules will
be described.
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1. Introduction

Since the first example of metallic conductivity in a purely org&iic(chargetransfer)complex
(TTF)(TCNQ) (TTF = tetrathiafulvalene, Figure 1; TCNQ = tetracyanoquinodimethane) [1]
followed by the discovery of the first organic superconductor (TMI/FEG)
(TMTSF = tetramethyltetraselenafulvalene) [2], extensive ssudie chemical modifications of the
TTF donor molecule have been made to develop organic molecular conductors which show novel
electrical conductivity, magnetism, optical properties and multifunctional properties combining
conductivity (or even supercondiwty) with magnetism [86]. Recently, notable physical phenema
such as a narrow gap (or zegap) conducting state [7], a phatwluced phase transition [8], a giant
nonlinear resistance [9] and a curramuced metallic state [10], have been foundmolecular
conductors derived from TTF donors. These molecular conductors exhibit Ml {nsatkdtor)
transitions with decreasing temperatitender ambient pressure. The phase transition from the
metallic state with the itinerancy @lectronsto the inslating state with the localized electrons is
induced by enhancing the electron correlation, and hence the MI transition is characteristic of the
strongly correlated electron syste@ontrol of the electron correlation is also required for achieving
organic superconductivity, as supported by the study of the phase diagram of -BEPT
[bis(ethylenedithio)tetrathiafulvalene] superconductors [11]. This study shows that the
superconducting phase lies between the paramagnetic metallic phase and the antifditomagne
insulating phaseTherefore, organic molecular conductors with the strongly correlated electron system
have a great potential for leading to superconductivity as well as exotic physical properties induced by
theapplication of external stimuli such peessure, light, voltage and current.

Figure 1. Components of organic molecular conductors.
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On the other hand, we have been studying the synthesis of donor molecules containing the BDY
[bis(1,3dithiol-2-ylidene), Figure 2a] unit as aelectron systemand the physical and structural
properties of their CT materials [LP4]. Analogous to the TTF unit, the BDY unit consists of two DT
(1,3-dithiol-2-ylidene) units; however, the linkage pattern of the two DT units in the BDY unit is
different from that inhe TTF unit. Accordingly, by comparing the physical and structural aspects of
CT materials derived from the BDY donor family and the TTF donor family, a wider understanding of
physical phenomenparticularto organic molecular conductors would be gained. Among the BDY
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donors we synthesized, BBHIP [2,5-bis(1,3dithiolan-2-ylidene}1,3,4,6tetrathiapentalendfFigure 2)
with various anions was found to form metallic salts staloen to low temperatures (21 1.5 K)
[14,15], whereas BDA' TP (Figure 2) was found to produce ambieptessure and presstireluced
superconductors [188]. Compared to the outer dithiolane rings of BDHP, BDA-TTP has more
expanded outer dithiane rings, so that the moleculartsteuaf BDA-TTP is nonplanar in comparison
with that of BDHTTP. Such an extension of tliebond framework from the fivenembered ring to
the sixmembered ring results in steric hindrarafeintermolecular interaction and, consequently, a
decrease of theamdwidth. Therefore, unlike the stable metallic BIDHP salts regarded as an
itinerant electron system, the electron correlation in BDA superconductors would be enhanced. In
this way, chemical modifications of BDHTP to decrease the bandwidth would\pde a synthetic
avenue to new molecular conductors vatstrongly correlated organic electron system.

Figure 2. (a) Bis(1,3dithiol-2-ylideng (BDY) unit. Molecular structures of
(b) 2,5-his(1,3dithiolan-2-ylidene)1,3,4,6tetrathiapentalene  BPH-TTP) and
() 2,5-bis(1,3dithian-2-ylidene}1,3,4,6tetrathiapentalenBDA-TTP).
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The emphasis of this review igst on our recent studies of the pressum@uced superconductor
b-(BDA-TTP)l; and then on our chemical modifications to BDHMP for controlling the
electron correlation.

2. Superconductivity inb-(BDA-TTP),l 3

Similar to BEDTFTTF, the” -electron donor BDATTP has the ability to give the ambigiressure
superconductorsb-(BDA-TTPRX (X = Sbk, Ask and PE) [16] and the pressuieduced
superconductor®-(BDA-TTPLMCIl, (M = Ga and Fe) [17,18]. The structural feature common to
BEDT-TTF and BDATTP in their charged states is a conformational flexibility originating from the
outer sixmembered rings. However, the pattern of conformational change inBDBAis different
from that in BEDTFT T P . |t I's known that there are two
staggered and eclipsed conformations in the BHDF donor molecule (Fige 3a) [19]. On the other
hand, a Afl appingodo mot i 0-@GHCHICH,D) gvaups feBDATITR with  t r |
respect to the molecular plane including thelectron system allows the outer dithiane rings to adopt
various kinds of chair confirmations, which are divided broadly into two categories. The trimethylene
end groups of BDATTP in b-(BDA-TTPLX (X = Sbk;, Ask and PF) are found with opposite
orientaton with respect to the molecular plane (conformation A in Figure Tig:same can be said
for BDA-TTP in the neutral state (Figure 2c), whereas thofe(BDA-TTP)L,MCI, (M = Ga and Fe)
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are bonded to the molecular plane from the same side (conformatofriBure 3b). It is therefore
expected thatcompared to the conformational change in BEDTF by a At wthet i nc
conformational changes BDA-TTP by a Afl appingo motion is mol
This expectation prompted a syudf the hydrostatipressure and uniaxigtrain effects on
b-(BDA-TTP)l3[20,21].

Figure 3. Two main conformations ofa] bis(ethylenedithio)tetrathiafulvale{®EDT-TTF)
and p) BDA-TTP in theirchargetransfer(CT) materials.
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2.1. Effect oHydrostatic Pressure

b-(BDA-TTP)l; at ambient pressure exhibited semiconducting behavior wih
(activation energy) = 54 meV, and the temperature dependence of its susceptibility obeyed the 1D
(onedimensional) antiferromagnetic Heisenberg model (Figird he susceptibility behavior implies
a possibility ofa pressuranduced superconductivity ib-(BDA-TTP)l3;, because the phase diagram
of BEDT-TTF superconductors suggests the superconducting state lies adjacent to the
antiferromagnetic insulating statas mentioned above. Thus, hydrostptEssure experiments using
b-(BDA-TTP)l3 under up to 14 kbar were undertaken.
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Figure 4. Temperature dependence of the susceptibilith-BDA-TTP)l;. The dotted
line represents a theoretical curve for tbeedimensional 1D) antiferromagnetic
Heisenberg model with =1 125(3) K(Reprinted with permission from reference Z0ge
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The semiconduc t(BDAGTPhledbsewdad atrambyehnt prbssure remained almost
unalteredunder pressures of up to 9 kbar (Figure Ba)our surprise, a marked change in conductivity
was found above 10 kbar (Figure 5b). At 10.0 kbar, the resistivity showed an almost
temperaturéendependent value from room temperature, a change to semicmgdhehavior below
about 190 K and a drop with an onset at 4.5 K. In addition, the onset temperature of a resistivity drop
reached 8.2 K by increasing the pressure by only 0.3 kbar (Figure 5c); however, with further increases
in the pressure, it decreasslbwly and no resistivity drop was observed at 14.0 kbar. To gain an
insight as to whether the resistivity drigattributable to a superconducting transition, we investigated
a Meissner effect of this salt. As shown in FigureBB(BDA-TTP)l; under a mgnetic field of 0.1 T
at 10 kbar exhibited a sudden stepwise decrease in magnetization below 10.5 K. Furthermore, MR
(magnetoresistance) measurements under pressures of 10.3 to 11.5 kbar at 1.6 K indicated that th
resistancds restored by increasinthe magnetic field (Figure 5e). Another sample at 9.7 kbar also
showed a twestep resistivity drop with an onset at 9.5 K, which completely disappeared by applying a
magnetic field of 15 T (Figure 5f). These results added to the superconductiBt{BOIA-TTP)ls.
However, we failed to detect zero resistance in the salt probably due to a small volume fraction in the
superconducting state observed.
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Figure 5. Temperature dependence of the resistivity bofBDA-TTP)l; (a) under
pressures of up to dkrand(b) at different pressures 10.0, 10.3, 10.6, 11.0, 11.5, 13.0 and
14.0 kbar (c) Temperature dependence of the relative resistanc€®AD-TTP)l; below

30 K under pressures of 10.0 to 14.0 kbat) Temperature dependence of the
magnetization ob-(BDA-TTP)l; under a magnetic field of 0.1 T at 10 kbar. The inset
shows the magnetization below 20 K) MagnetoresistanceMR) of b-(BDA-TTP)l3
under different pressures 10.3, 10.6, 11.0 and 11.5 kbar at 1. Klagnetic field
dependence of the resistance drobi(BDA-TTP)l; at 9.7 kbar. The inset shows the
temperature dependence of the relativestasce below 20 K at 0 and 15(Reprinted

with permission from reference ZDhe Royal Society of Chemisity
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In order to elucidate the derivation of the strucioreperty relationship ib-(BDA-TTP)l3, X-ray
structural studies at ambient pressure and at a hydrostatic pressure of 7.5 kbar were cafiied out.
salt consists of alternate layers of BOAP donormolecules arranged in tHepacking mode and
layers of & anions (Figure 6a)At ambient pressuréhe BDA-TTP molecules in the donor layer are
dimerized with interplanar distances of 3.65 and 3.49 A to form a stack along-ahes.
Intermolecular chalcogeahalcogen contacts shorter than the sum of the van der Waals radii (or less
than the van der Waals distance between chalcogeahalcogen atoms) are known to be important in
studying the electronic structures of organiclesalar conductors. In the case B{BDA-TTP)ls,
several S-contacts shorter than the van der Waals distance (3.70 A) occur between donor stacks
rather than within a donor stack (Figure 6b). The conformation of -BDR donor molecuks
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including the oientations of two trimethylene end groups with respect to the molecular plane, belongs
to the same category as found BABDA-TTP)LX (X = Sbk, Ask and PFk, conformation A in
Figure 3b) and in the neutral structure of BDAP (Figure 2c). At 7.5 kbathe conformation of
BDA-TTP is slightly different from that at ambient pressure (Figure Bog: dihedral angles around

the intramolecular sulfuto-sulfur axes in two outer dithiane rings are 51.3°and 29.2} respectively,
whereas the corresponding diha&dangles at ambient pressure are 50.9°and 32.0; respectively.
To gain further information on the electronic structurd®-¢BDA-TTP)l3, we calculated the overlap
integrals between the HOMOOGs (highest ooleshoypi e
the extended Hickel methodsing the reported parameters [22]ambient pressure and at 7.5 kbar
(see the legend to Figure 6b). A comparison of the intrastack overlap integral gtito@R (2.73) at
ambient pressure with the correspondingior§2.13) at 7.5 kbar indicatebat the dimerization of
donor molecules becomes small by applying pressure. However, the Fermi suffd@Déf-TTP)l3

at 7.5 kbar, which was obtained by the tiginding calculation method, is still open along the
staking a-axis (Figure 6d), similar to that ambient pressure (Figure 6e). These open Fermi surfaces
would be responsible for the semiconductoaipavior of the salt observed under hydrostatic pressures
ranging from ambient pressure to 9 kbar.

Figure 6. (a) Crystal structure db-(BDA-TTP),l3 at ambient pressure. Interplanar distances
dl andd2 are 3.65 and 3.49 A, respectivéReprinted with permission from reference 20,
The Royal Society of Chemistryjb) Donor arrangement ib-(BDA-TTP)l3; at ambient
pressure. Short S-contacts (<3.70 A) are shown by broken lines. Intermolecular overlap
integralspl, p2, ¢, gl andg2 (x 103 are 13.7 (15.7), 5.02 (7.36)6.75 { 7.90), 0.20
(0.28) and 5.28 { 5.14), respectivelythe corresponding values under a hydrostatic pressure
of 7.5 kbar are shown in the parenthe@®eprinted with permission from reference 20,
The Royal Society of Chemistry(c) Molecular structure of BDATTP inb-(BDA-TTP)l3

at 7.5 kbar. The dihedral gies(1 and(i2 are 51.3°(50.9) and 29.2°(32.0J, respectively;

the corresponding angles at ambient pressure are shown in the pareiRepsesed with
permission from reference 21, American Chemical Sociefy) Fermi surface of
b-(BDA-TTP)l3 at 7.5 kbar. €) Fermi surface ob-(BDA-TTP),l; at ambient pressure
(Reprinted with permission from reference 28g Royal Society of Chemisity
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2.2. Effect of Uniaxial Strain

On the basis of their band structures, organic superconductors fall into two main sydtems:
half-filled band system and the quarféled one [23]. In both systems, tHkR6 s ( super con
transition temperatures) are sensitive to pressure and the electronic states are also changed by pressu
In the case of many organic superconductors with thefilatf band system, with increasing pressure,
the Mott insulating growh state is suppressed and then the superconducting state appears [24]. On the
other hand, in the case of organic superconductors with the gfideteiband system, the pressure
enables the chargwdered insulating state to change into the supercondustite [25,26]. Therefore,
the application of pressure plays an important role in inducing organic superconductivity. In addition
to the hydrostatipressure application with an isotropic pressure effect, the unskah method
with modification of tke intermolecular distance along a desired direction is a powerful tool for the
research of organic superconductors [27,28]. In this subsection, we address the following question:
What changes take place in theandP. (critical superconducting pressura) the pressurenduced
super coABDAJTP®Is by mmaking fine adjustments to the orientation of applying uniaxial
strain. Before that, t he e |-((BODAtTTR)lp at ambiertt préssue a n
and at a hydrostatic pressure d Rbar are described.

The infrared and Raman spectroscopic study revealed that the-BPAdonor molecule in
b-(BDA-TTP)l;3 is in the +0.5 oxidation state [29]. The result coupled with susceptibility behavior
explained by the 1D antiferromagnelieisenberg model (Figure 4) indicates that the ground state of
b-(BDA-TTP)l3 at ambient pressure is a Mott insulator with the -Fildfld band system, although
there is an overlap between the upper and lower bands in the energy dispersion curve gbthaed b
tight-binding calculation using the extended Hickel method as shown in Figure 7a, Whevg and
W stand for the total bandwidth of the upper and lower bands, the bandwidth of the upper band and
the overlap between the upper and lower bands, riesglgc The values oW andW, are essential to
the control of the effective electronic correlation, because the effective electronic corrislgiien
by U/W andV/W, whereV is the intersite Coulomb repulsiom the quartefilled band system, and is
expressed ad/W, andV/W, in the halffilled band system. Based ontXa 'y d a(BDA-TOPhl; b
at 7.5 kbar, it was found that the overlp increases (Figure 7b) with a reduction of about 4% in the
unit cell voume P17.2(11)A%] relative to that at ambient pressure [953.9(%). Aherefore, the
ground state of the sak likely to change from the hafflled band intothe quartefilled oneunder
applied pressurdecause a large value\dh is seen in the quear-filled band structure [26].
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Figure 7. Band structuresof b-(BDA-TTP)l; (a) at ambient pressure and)(at a
hydrostatic pressure of 7.5 kbahe values oW, Wy, andWp at ambient pressure are 0.65,
0.27 and 0.09 eVrespectively, whereas those at kiar are 0.78, 0.36 and 0.15 eV
respectivelyReprinted with permission from referen2l, American Chemical Socigty
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Figure 8. Definition of the orientation of uniaxial strain inthep | a n ¢BDA-TTPRIs.
According to the definition, the orientations of tb@xis, a-axis andi a-axis strains are
assigned byi = 07 106°and 1 74°, respectively{Reprinted with permission from referenc
21, American Chemical Socigty

We investigated the temperature depewgeof the resistivityof b-(BDA-TTP)l; by applying
uniaxial strainsalong the crystallographia-, b- and c-axes and then along different directions in the
conductingac plane to find favorable pressure orientations for inducing superconductiVitg
orientationof uniaxial strainin the ac plane isdefined by the angleli from the c-axis fixed as a
reference axis (Figure 8Figure 9a ¢ showsthe resistivity of the salt as a function of temperature
under uniaxial strains parallel to tlae, b- and c-axes, respectivelyUnder thea-axis strains up to
12 kbar, increase of resistivity began to be suppressed in a low temperature region at 7, 8, 9 and
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10 kbar, and the salt behaved like a metal from 50 to 10 K under 12 kbar. On the other hand, under the
b-axis strainsthe insulating behavior of the salt remained unchanged at all pressures up to 12 kbar.
Under thec-axis strains up to 10 kbar, a dropresistivity occurred with an onset at 8.5 K under

8.5 kbar. The onset temperature of the resistivity drop increased up to 10.5 K at 9.5 kbar, but decrease
slightly t09.5K at 10 kbar. We observed a recovery of the resistance in the resistivity meaguréme
another single crystal by application of a uniaxal strain of 10 kbarintk7°under applied magnetic

fields (Figure 9d); therefore, the drop iasistivity observed by applying theaxis strain can be
attributed to a superconducting transitittnivas ultimately found that theaximum value ofesistive

T. (abbreviated aScmay under thec-axis strainrises byl K compared tothat under hydrostatic
pressure(Temax= 9.5 K).

Figure 9. Temper at ur e dependenc-@BDAATP)lst umderthe e si st i
(a) a-axis (b) b-axis and €) c-axis strains(d) Magneticfield dependence of the resistivity

drop in b-(BDA-TTP)l3 undera uniaxial strain of 10 kbar withi = ~7? The magnetic

field was applied along the crystallographieaxis (Reprinted with permission from

referene 21, American Chemical Socigty
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Figure 10a summarizes the pressure dependencé&; of n -(BDA-TTP)l; by varying the
orientation of uniaxial strain in thac plane. Superconductivity was found in the orientatmgle
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rangeofi4 7 AiOO 80A; however, outside this range, no
noted that at the uniaxial strain with= 457the T6 s varied from 4.3 to 1
range from 7 to 13.5 kbar and tRg(7 kbar) is lower than that under hydrostatic presseye 0.7 kbay.

Figure 10b,c depictshe plots of the values ofcmax and P, respectively, at different pressure
orientatioswith G =147 1327 11; 165 457 58°and 80? Higher values of T¢maxfrom 8.5 to 10.5 K

are recorded in the orientation angéage ofi 3 2 Ali QO 5 WhAreas the values ®fmax decrease
outside this range. The plots Bf display a convexshaped pressu@ientation dependence within the
same orientation angle range8(2 AiOO 58 A) , out si dé&.insrhasech t he val u

Figure 10. (a) Pressuralependence oF; at different pressure orientations with=1475
1327 117 167 457 58°and 807 Pressurerientation dependenseof (b) Tcmax and
() P. in b-(BDA-TTP)l; (Reprinted with permission from referen2l, American
Chemical Society
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Taking account of the approximately 4% reduction of the unit cell volume by application of a
hydrostatic pressure of 7.5 kbar, we calculated the-bigiding band structures uaduniaxial strains
parallel to theac plane by the extended Hickel method based on the assumption that the distance
between the BDAITP donor molecules along each uniaxial strain decreases by 5% with no change in
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the HOMO level of BDATTP at ambient prease. Figurell shows the curves iV, Wy and Wo,
which were obtained from the band calculations by varying the pressure orientation angle at an interval
of 5°n the ac plane, together with the values\W W, andWo at ambient pressure. The valueVigh
exhibits a gradual increase @Gspproaches 0°(the direction of theaxis), and a gradual decreasdias
come close to 106°(the direction of treeaxis) andi 74°(the direction of thei a-axis). A maximum
value of Wp is observed afi = 16°(the direction perpendicular to the-axis). The variation of¥Vg
suggests that the ground state B{BDA-TTP)l; is changed from the halilled band into the
guarterfilled one by applying the-axis strain, whereas the hdilfed band is dominant in the ground
stake of b-(BDA-TTP)l3; under thea-axis strainlt is noteworthythat compared to the value ¥ at
ambient pressure, larger valuesW§ are observed in the orientation angle range in which higher
Tma0 S ar e (Figere lbb) tthexedore, thejuarterfilled band system is likely to be favorable for
the achievement of superconductivittyb-(BDA-TTP)ls.

Figure 11. Pressureorientation dependence ¥, Wy and W in b-(BDA-TTP)ls. The
valuesof W, Wy and W at ambient pressureeaindicated byhe dotted linegReprinted
with permission from refereec21, American Chemical Socigty
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Application of pressure is generally thought to lead to an enhancement of the bandwidth and,
consequently, to decrease the electron correlation [30]. In additikey @arameter to control the
ground statén the quartefilled band system is proposed to be the effective electronic correldtivn
andV/W [23]. The ground state is in the metallic phase when the valugg/tind V/W are small,
while the ground statis in the insulating phase when those are large. Superconductivity appears when
U/W andV/W are in between. In the conductiag plane ofb-(BDA-TTP)l3, the total bandwidtiw
under thea-axis strain exhibits a value close to the maximum (Figure 11),eakdahe value diV at
the uniaxial strain witlii = 16°%s minimal. With decreasinyV, the values oJ/W andV/Wincrease, so
that the achievement of superconductivity requires an increase of pressure. It is thus predicted that the
value ofP; shows a maximum arourid= 16°and decreasas the orientation angle moves away from
U = 16° This prediction isn good agreement with the pressoréentation dependence 8% in the
orientation angle range 6f3 2 Al GD 5(Bighre 10c) where the grod state ob-(BDA-TTP),l3
seems to be the quaridied band. At the pressure orientation angtés 47°and 805 the ground
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states are close to thehalf-filled band, the values dP. significantly increase (Figure 10c) and the
values ofTnaxdecreaseRigure 10Db).

The effective electronic correlatidd/W, and V/W, in the halffilled band system acts as a key
parameter to control the ground state [23], akin to the case of the efuladielband system. In thac
plane of b-(BDA-TTP)l;, the values of the upper bandwidit{, at different uniaxial strains are
slightly larger than that at ambient pressure (Figure 11) and almost independént Tdfis
pressureorientation dependence ¥, differs from that ofW. Thus it seems in the hdifled band
system that a higher pressure is necessaryntweaseof Wy, and hence for decrease W, and
V/W, to induce superconductivity. As mentioned above, the ground stabe(RDA-TTP)ls is
regarded as the hditled band for the pressure oriatibn along thea-axis, and we were actually
unable to find superconductivity by applying theaxis strains up to 12 kbar, though a metallic
resistive behaviour as well as suppression of the resistivity increase were observed (Figurer8a).
is therefoe a possibility that further increases in pressure along-thés achieve superconductivity in
b-(BDA-TTP)l3 with the halffilled band.

Our approach to the study of organic superconductivity described here, that is, the application of
uniaxial strainswith a variety of orientation angles demonstrates that the pressure orientation enables
the ground state to change into another one, where the contfigl isffeasible by adjusting the
intensity of uniaxial strain, considering the contribution of the difee electronic correlation. This
work is thus the first example that realizes two competing insulating states depending on the pressure
orientation in the same material, which is sure to shed light on the research of organic superconductor:
associated Wi those ground states. On the other hand, it remains to be proved that further application
of thea-a x i s s t-(B@RAFTAP)It leads Gosuperconductivity. Work currently in progress is
addressing this issue.

3. DHOT-TTP Salts

The donor molecule BDHTP is a structural isomer of BEBTTF. It is well known that
BEDT-TTF gives CT materials with a wide variety of electrical conducting properties, including
insulators, semiconductors, metals and superconductids§ [8hereas BDHI TP shows the tendency
to produce metallic CT salts with many aniqhg,15,31 36]. The metallic conductivity observed in
the BDHTTP salts stems froma 2D (two-dimensional) interaction with a strong network of
sideby-side, as well as fag®-face, S- contacts shorter thaihe van der Waals distance (3.70 A).
The BDHTTP molecule consists of two dithiolane rings and two dithiole rings (fourmnfiembered
ring systems). Thus, BDHTP is geometrically preferable to the BEDTF molecule, which has two
dihydrodithiin rings and two dithiole rings (two smembered and two fivenembered ring systems),
for forming sideby-side S- contacts, because four outer sulfur atoms in the dithiolane rings of
BDH-TTP do not protrude from either side of the BODHP mokcule: An analogous geometrical
difference can be found between BEDTF and BDTFTTF [bis(1,3dithiol-2-ylidene}1,3,4,6
tetrathiapentalerjethat is composed of four dithiole rings (four fim@embered ring systems) and
provides many metallic salts [37]. Wever, in order to control the electron correlation, the
sideby-side S-contacts caused by the BDHTP donor molecules should be reduc&doromising
chemical modification in this regard is the substitution of one sulfur atom in the outer dithiolgne r
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of BDH-TTP with an oxygen aten (which leads tdHOT-TTP [2-(1,3-dithiolan2-ylidene}5-(1,3
oxathiolan2-ylidene}1,3,4,6tetrathiapentalerje Figure 12), because the incorporated oxygen atom
would not easily participate in sid®y-side chalcogegha Icogen contacts owing to its atomic radius
shorter than that of sulfur. This chemical modification also means the introduction of Wbodhds
instead of two CS bonds into the fivenembered ring system with ring strain in BEHP, which is
expected to ling some distortion into the molecular structure due to the difference between the lengths
of CiO and @S bonds. Such a distortion would lead to a nonplanar structure in comparison with the
molecular structure of BDHTP with planarity, and would cause ecdease in 2D interaction formed

by the BDHTTP donor molecules. The same chalcogen substitution in the outer dihydrodithiin ring of
BEDT-TTF (which leads to ETOX [ethylenedithio(ethylenoxathio)tetrathiafulvalene]) has been
reported [38]; however, no renkable conformational difference between the molecular structures of
BEDT-TTF and ETOX is discerned probably due to a structural flexibility of thengimbered ring
system with less ring strain than the fivembered ring. Thus, to probe whether this sublemical
modification of BDHTTP gives rise to an appreciable conformational change in molecular structure
and also to reveal what similarities and differences are found in the physical and structural properties
of the DHOFTTP and BDHTTP salts, we und&ok the synthesis of DHOTTP and the preparation

of its CT salts [39,40].

Figure 12.Monooxgencontaining analogues of sultbased -electron donors

O =)
DHOT-TTP ETOX

3.1. Synthesis, Molecular Structure and Electrochemical Properties of DHDRD

We plamed the synthesis of DHOTTP beginning with the oxathiolarstached oxonela
(Figure 13). However, as previously reported by us [#ig,preparation ofla from its dioxolane
analoguelb results in a mixture ofab and the dithiolan@attached oxonéc. We thus examined the
exclusive formation ola Treatment ofib with conc. HSO, in refluxing MeOH gave dimethyl acetal
2in 72% vyield, which upon heating withriercaptoethanol in benzene containing a catalytic amount
of p-TsOH led successfully tba in 74% yield. Conversion ofainto the corresponding tin dithiolate
3 by sequential treatment with MeMgBr and @By in THF followed by reaction with
2-ethoxycarbonyil,3-dithiolane4 in the presence of Mal in CH,Cl, gave the coupling produétin
39% owerall yield. Subsequent oxidation Bfvith DDQ (2,3dichloro-5,6-dicyanel,4-benzoquinone)
in refluxing toluene allowed the construction of DHOTP in 88% yield.

According to structural information on DHGOITP in the neutral state, the DHETTP molecules
crystallize in an orientationally disordered manner with respect to the oxygen atom (O#iortii@4
atomic numbering scheme of Figure 14a) and the sulfur atom (S4j)odrSthe molecular structure,
the dihedral angles around the intramolecular sutitgulfur axes in two inner dithiole rings, hereafter
defined adl, are equivalently 152.2°(Figure 14b), which is smaller than the corresponding dihedral
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angle (i = 173} Figure 2b) in the BDHTTP molecule. It is therefore clear that DHOTP has a
nonplanar structure compared to BBHIP.

Figure 13. Building blocks for the synthesis o02-(1,3-dithiolan-2-ylidene}5-(1,3
oxathiolan2-ylidene}1,3,4,6tetrathiapentalendHOT-TTP).

X S S MeO S S 0] S S S
DT 0 T 0 (O 0,0
Y S S MeO S S S S S S
1a: X=0,Y=8 2 3 4

1b: X=Y=0

1¢:X=Y =S [:HEI?:CJ

Figure 14. (a) Top and (b) side views of the molecular structure of DHOTP
(Reprinted with permission from reference 38e Chemical Society of Japan
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CV (cyclic voltammetry) measurements of DHOTP [E; = 0.52,E, = 0.80,E3 = 1.16 V {s.
SCE)] and BDHTTP [E; = 0.56,E, = 0.85,E3 = 1.24,E, = 1.44 V (irreversible)] under identical
conditions (0.1 Mn-BusNCIO,4 in PhCN, Pt electrode, scan rate 50 Mysevealed that th&; value
of DHOT-TTP is smaller than that of BDH T P a n B (Exti E.¢valae of DHOTFTTP (0.28 V)is
almost equal to that of BDHTP (0.29 V). These results indicate that the replacement of one sulfur
atom with oxygen slightly enhances the electdomating ability, but scarcely affects the-site
Coulomb repulsion, similar to the electrochemical &y found among BEDTTF and its
oxygensubstituted analogues [38,42].

3.2. Physical Properties of DHDOTP Salts

In contrast to the metallig bnd BR, salts of BDHTTP [15], DHOT-TTP gave the semiconducting
I3 and BR salts withE; = 17 and 45 meV, reectively [39]. In addition, the Au(CM)salt of
DHOT-TTP exhibited semiconducting behavior wifs, = 36 meV and{. (roomtemperature
conductivity) = 2.4 S cfit [43]. The Au(CN)' anion with BDHTTP also gave a semiconducting salt
with Ex= 7 meV andl; = 11 S cm’ [43]; therefore, the Au(CN)salt of BDHTTP is an exception to
the tendency that BDHTP forms metallic salts with linear, tetrahedral and octahedral anions [14]. On
the other hand, as shown in Figure 15a, the resistivities of the R and Ask salts of
DHOT-TTP monotonically decreased with decreasing temperatures to. BénKarities can be seen
in the BDH-TTP salts with the same anions [15]. Variabdéenperature resistivity measurement of the
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FeCl, salt of DHOTFTTP showed some jumps in the cooling process and a large hump in the heating
process (Figure 15b). The resistivity jumps are likely to be attributed to micro cracks caused by the
stresses of the resistaAceasuring probes. Furthermore, ualik-(BDH-TTP)LFeCl, remaining
metallic down to 1.5 K [31], a small upturn in resistivity was observed around Th& magnetic
susceptibility of the FeG@lksalt of DHOFTTP was fitted to a Curi&Veiss law from 2 to 300 K, giving

a C (Curie constant) of 4.38mu K mol® and ad (Weiss constant) df0.50 K. The fittedC is close to

the value of 4.38 emu K mdlexpected for a higkpin F€*ion (S= 5/2,g = 2.0), thereby indicating

that the Fe atom in the anion dominates the magnetization observed from0@ t 3Fhe small
negatived implies a very weak antiferromagnetic interaction between the Ferse8tich a magnetic
interaction, though very weak, does not occur in the paramaga¢BOH-TTP),FeCl, salt with
d=0.041 K [31].

Figure 15. Temperaturedependence of the sivities for the @) Aul,, PR, Ask and
(b) FeCl, salts of DHOTFTTP (Reprinted with permission from reference, 4Dhe
Chemical Society of Japan
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3.3. Structures of DHOTTP and BDHTTP Salts with Linear Anions

While we wereunable to obtain a single crystal of the semiconductingalt of DHOTFTTP
suitable for an Xray structural study, the stoichiometry and crystal structure of the metallicsaltl
was determined by Xay analysis [39]. The salt has a dotm&anion ratioof 2:0.87 and consists of
Utype donor layers alternating with anion layers (Figure 16a). In the donor layer, there are two
crystallographically independent DHOITP molecules, in one of which, unlike the neutral
DHOT-TTP molecule, orientational disomd&vith respect to the oxygen atom is negligibly small
within the accuracy of Xay analysis. However, another independent DHOP molecule has
orientational disorder between the oxygen and sulfur atoms in the oxathiolan@agtugancyfactors
for the ox/gen sites are 0.62 and 0.38. The structures of both independent-DH®iolecules take
on planarity:The respectivéi's in thedisorderfree DHOT-TTP molecule (molecule A) are 169.8°and
175.2°(Figure 17a), whereas those in the disordered DHOP moleale (molecule B) are 177.1°
and 174.5°(Figure 17b). DHOATTP donor molecules are stacked with some dimerization along the
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c-axis to form two types of columns (columns A and B in Figure 16b). The interplanar distances in
column A are 3.66 and 3.61 A, wleais those in column B are 3.57 and 3.66 A. The molecular plane
of DHOT-TTP on column B is tilted by 50.1°from that on column A. Instead of no intermolecular
S- contact shorter than the van der Waals distance (3.70 A) within each column, there areasever
short S- contacts between columns A and B. Because of the orientational disorder between the
oxygen and sulfur atoms in molecule B, the intermolecular overlap integrals were calculated by fixing
the oxygen atom at the site with a larger occupandprfd6.63). The absolute values of the overlap
integrals between columns A and B (correspondinglioa?, gl andg2) are all larger than those
within both columns (corresponding ¢, c2, c3 andc4), reflecting the short S-contact pattern. The
calcubtion result suggests a 2D interaction in the donor layer, which would be responsible for the
metallic conductivity to 1.4 K.

Figure 16. (a) Crystal structure of}(DHOT-TTP)(Auly)og7 viewed along thea-axis.
(b) Donor arrangement ik-(DHOT-TTP)(Aul,)ogr Interplanar distances in columns A
and B are 3.66d(), 3.61 ¢12), 3.57 ¢13) and 3.66d4) A, respectively. Short S-contacts

(< 3.70 A) are drawn by broken lines. Intermolecular overlap integtat?, ¢3, ¢4, al, a2,

gl andqg2 aref 2.72,11.86,12.96,10.26,15.61,1 7.56, 6.10 and 9.0% 10 °, respectively
(Reprinted with permission from reference 38e Chemical Society of Japan

Figure 17. Side views of the structures of moleculea) (A and p) B in
U(DHOT-TTP)(Aul5)o 8.

Sincemolecule A is free from disorder, its HOMO could be investigated by the extended Hickel
method (Figure 18a). It should be noted that the coefficient of HOMO on the oxygen atom is
considerably smaller than those on the sulfur atoms. Diffesandée G O and O S bond lengths in



