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Selenium-substituted TTM-TTP (2,5-bis[4,5-bis(methylthio)-1,3-dithiol-2-ylidene]-1,3,4,6-tetrathiapentalene) de-
rivatives (1a—1d), in which several 1,3-dithiole rings of the bis-fused TTF framework are replaced by 1,3-diselenole rings,
have been prepared. In particular, we have accomplished the first selenium substitution of the inner TTP part (1a). The 1:1
composition iodine salt, (1a)l3, is an insulator constructed of the donor trimers. The 1:1 GaCly salt, (1a)GaCly, has a uni-
form column isostructural to the sulfur analog, (TTM-TTP)FeBr, 3Cl, »; it exhibits metallic conduction down to about 60
K, the lowest metal-insulator (M-I) transition temperature in 1:1 salts. The donors 1c and 1d give the iodine salts iso-
structural to the sulfur analog, (TTM-TTP)(I3)s,3. By the selenium substitution, the M-I transition of (1d)(I3)s/3 is entirely
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suppressed.

Tetrathiafulvalene (TTF)' and its derivatives have been ex-
tensively investigated as components of organic conductors
and superconductors.” Earlier investigations of (TTF)(TCNQ)
(TCNQ: tetracyanoquinodimethane) and other TTF complexes
have revealed that TTF complexes are one-dimensional con-
ductors and are susceptible to the Peiels transition.? It was soon
found, however, that the substitution of the sulfur atoms with
selenium atoms, namely TSF (tetraselenafulvalene), greatly en-
hances the interchain interactions to stabilize the metallic
state.* Along this line, the first organic superconductors based
on TMTSF (tetramethyltetraselenafulvalene) have been pre-
pared.’ Nonetheless only a limited number of TSF derivatives
have been prepared owing to the synthetic difficulty; it is some-
times necessary to use such hazardous starting materials as
CSe; and H,Se, though several improved methods that do not
use these materials have been reported.6 Recently, however,
Ogura and Takimiya have reported an improved synthesis of
CSe,.” Based on this material, together with a new synthetic
route starting from trimethylsilylacetylenes, a facile synthesis
of 1,3-diselenole-2-selenone has been established,? and a large
number of TSF derivatives have been prepared.’

On the other hand, as an attempt to explore new 7-electron
systems derived from TTF, bis-fused TTF derivatives (TTP:
tetrathiapentalenes), have been developed. These TTP donors
have produced a large number of metallic cation-radical salts.!°
In particular, TTM-TTP (2,5-bis[4,5-bis(methylthio)-1,3-di-
thiol—2—ylidene]—1,3,4,6—tetlrathiapentalene)11 (Scheme 1) has
formed several attractive salts, including metallic organic con-
ductors having 1:1 composition, (TTM-TTP)I3,'? (TTM-TTP)-

[C(CN)3],"*  (TTM-TTP)FeBr; 3Cl»,'* and (TTM-TTP)-
Fe.0Gay, Cly.! Although other 1:1 organic metals, (DMTSA)-
BF; (DMTSA = 2,3-dimethyltetraselenoanthracene)'¢ and
(BETS)GaBry (BETS = bis(ethylenedithio)tetraselenafulva-
lene),"” have been reported, the TTM-TTP salts provide the
most rich variety of 1:1 organic metals. In addition, TTM-
TTP forms a charge-transfer salt with a high oxidation state ex-
ceeding +1, (TTM-TTP)(I3)s5."® Although most of the highly
conducting TTF salts are quarter-filled with 4-1/2 donor charg-
es, (TTM-TTP)(I3)s;3 has a large donor charge of +5/3, but
shows metallic conduction down to about 20 K. These TTP
salts have uniform donor columns irrespective of counter
anions, and are highly one-dimensional. Since the Coulomb in-
teraction is of essential importance in localizing the conducting
electrons, a one-dimensional system is more susceptible to
electron correlation than a two-dimensional system. Therefore
a one-dimensional system is usually associated with a transition
to an insulating ground state.

In order to improve the conducting properties, we have
chosen TTM-TTP as an example to explore the synthetic
methods for the selenium substitution. We have already report-
ed TSM-TTP (2,5-bis[4,5-bis(methylseleno)-1,3-dithiol-2-yli-
dene]-1,3,4,6-tetrathiapentalene), a selenium analog of TTM-
TTP, in which the terminal methylthio groups are replaced
by methylseleno groups.'” TSM-TTP gives a metallic salt,
(TSM-TTP)(I3)s/3, that is isostructural to the sulfur analog,
(TTM-TTP)(I3)s/3. In addition, several selenium containing
TTP-type donors including the vinylogous DTEDT (2-(1,3-di-
thiol-2-ylidene)-5-(2-ethanediylidene- 1,3-dithiole)-1,3.4,6-tet-
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Scheme 2. Synthesis of TTM-DSDTP (1a).

rathiapentalene), in which the outer 1,3-dithiole rings of the bis-
fused TTF framework are replaced by 1,3-diselenole rings,
have been developed.?*?!

From the viewpoint of synthetic chemistry, the synthesis of
selenium containing TTP donors has not been well explored.
In particular, the selenium substitution of the central TTP core
has not been accomplished. In the present paper, we report the
syntheses of the selenium containing TTM-TTP derivatives
la-1d. In TTM-DSDTP (2,5-bis[4,5-bis(methylthio)-1,3-di-
thiol-2-ylidene]-1,3-diselena-4,6-dithiapentalene: 1a), two sul-
fur atoms of the inner TTP unit are substituted by selenium.
Both of the two outer 1,3-dithiole rings are replaced by 1,3-di-
selenole rings, where the terminal parts remain SCH3 in TTM-
BDS-TTP (2,5-bis[4,5-bis(methylthio)-1,3-diselenol-2-yli-
dene]-1,3,4,6-tetrathiapentalene: 1b), whereas those are re-
placed by SeCH3 in TSM-BDS-TTP (2,5-bis[4,5-bis(methylse-
leno)-1,3-diselenol-2-ylidene]-1,3,4,6-tetrathiapentalene: 1d).
Only one of the outer 1,3-dithiole rings is replaced by selenium
in DTM-DSM-TS-TTP (2-[4,5-bis(methylthio)-1,3-dithiol-
2-ylidene]-5-[4,5-bis(methylseleno)-1,3-diselenol-2-ylidene]-
1,3,4,6-tetrathiapentalene: 1c). In addition, the structures and
conducting properties of several salts of these new donors are

described and compared with the TTM-TTP salts. Investiga-
tions of their conducting properties and band calculations based
on the X-ray structure analyses demonstrate the merits of the
selenium substitution.

Results and Discussion

Synthesis and Electrochemistry of Selenium-Containing
TTM-TTP Derivatives. The synthesis of 1a is outlined in
Scheme 2. We used carbon diselenide as the starting material.”
The compound 2, 4,5-bis[2-(methoxycarbonyl)ethylthio]-1,3-
diselenole-2-selone, was prepared according to the previous re-
ports.32? This compound was easily converted to the corre-
sponding ketone 3 by using Hg(OAc),. The construction of
the diselenadithiapentalene (DSDTP) framework was achieved
by the two-step cross-coupling reactions.!! Thione 4 and ketone
3 were cross-coupled in neat triethylphosphite at 110 °C to af-
ford unsymmetrical diselenadithiafulvalene 5 in 96% yield.
Compound 5 was allowed to react with excess sodium meth-
oxide in acetone-methanol at room temperature, followed by
treatment with anhydrous zinc chloride and tetrabutylammoni-
um bromide, and then with an excess of triphosgene in THF at
—178 °C to provide diselenadithiafulvalene-fused 1,3-dithiol-2-
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1b X = SCHg, Y = Se, Z = SCH3: TTM-BDS-TTP
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Scheme 3. Synthesis of TTM-BDS-TTP (1b), DTM-DSM-TS-TTP (1¢), and TSM-BDS-TTP (1d).

Table 1. Redox Potentials/V®

Compound E1 1/2 E2 1/2 E3 1/2 E4ox E, — E;
1a 0.40 0.63 0.86

1b 0.46 0.68 0.93 1.219 0.22
1c 0.45 0.69 0.93 1.149 0.24
1d 0.53 0.74 0.93 1.16" 0.21
TTM-TTP 0.48 0.67 0.89 1.01 0.19

a) vs Ag/AgCl in n-BusNPF /benzonitrile at a Pt working electrode, 25 °C, scan rate 25, 50,
and 100 mV s~!. The listed values are averages for the three scan rates. As a reference, the
redox potential of ferrocene is 0.46 V under identical conditions. b) The oxidation peaks are

shown on account of the irreversibility, except

for E4 2 for TTM-TTP.

Table 2. Electrical Properties of Charge-Transfer Salts of DA,

Donor Anion (A) Form X Ow/S cm™! E,/eV
TTM-DSDTP (1a) AsFg black needle  0.59 0.3 0.15

PF¢ black needle  0.56Y 3.6 0.04

I3 black needle  1? 23 0.11

GaCly black block 1 280 metallic, Ty = 60 K
DTM-DSM-TS-TTP (1¢) I copper plate 5/39 520 metallic, Ty =25 K
TSM-BDS-TTP (1d) I copper plate 5/39 630 metallic down to 4.2 K

a) Determined based on measurements of energy dispersion spectroscopy (EDS), the compositions of the 1a,
to the anions of AsFg and PF4 are determined by energy dispersion spectroscopy (EDS) from the ratio of S
and As for the AsFg salt, and S and P for the PFg salt. b) Determined from the X-ray single crystal analysis. ¢)

Determined from the X-ray single crystal analysis and X-ray oscillation photograph.

one 6 (47% yield). By a cross-coupling reaction of compounds
6 and 4 with a large excess of trimethylphosphite in refluxing
toluene, the target molecule TTM-DSDTP (1a) was obtained
as a brown solid in 38% yield. Other compounds 1b-1d were
prepared similarly (Scheme 3).%3

The solution redox properties of newly prepared TTM-TTP
derivatives have been studied by cyclic voltammetry. The re-
sults are listed in Table 1. The compounds 1b-1d show three
pairs of reversible redox waves and an irreversible one up to tet-
ra cations, which correspond to the stepwise oxidation of the
four 1,3-dithiole rings. The first redox potential of 1d, in which
the sulfur atoms in the outer 1,3-dithiole rings together with the
terminal methylthio groups are replaced by selenium atoms, is
0.05 V higher than that of TTM-TTP. This tendency has been
observed in the selenium containing TMET-TTP derivatives.?
In contrast, the redox behavior of TTM-DSDTP (1a) is some-
what different and more complicated. Three redox waves are
observed, and the fourth step is not clearly obtained, in compar-
ison with other donors. The first redox potential of 1a is 0.08 V
lower than that of TTM-TTP. In general, the selenium substitu-
tion of the 1,3-dithiole rings (e.g., TTF — TSF) weakens the
donor ability. The observed shift of 1a is opposite to this gen-

eral rule. The substitution of —-SCHj3 to —SeCHj3, however, in-
creases the donor ability. The observed shift seems as if the first
oxidation occurred mainly on the outer rings, so that the Se sub-
stitution to the inner rings worked like the —SeCHj3 substitution.

Charge-transfer salts of the present donors have been pre-
pared by electrochemical oxidation in the presence of tetra-
butylammonium salts of various anions. The obtained salts
are listed in Table 2. TTM-DSDTP (1a) forms complexes with
AsF¢~, PFs~, 157, and GaCl; . The AsFg~ and PFg~ salts have
a 2:1 composition, as determined from energy dispersion spec-
troscopy (EDS). The I3~ and GaCl,~ salts are 1:1 salts as re-
vealed by X-ray structure analyses. On the contrary, we have
obtained the (TTM-TTP)(I3)s3-type salts for DTM-DSM-TS-
TTP (1¢) and TSM-BDS-TTP (1d). Unfortunately, the
charge-transfer salts of TTM-BDS-TTP (1b) have not been ob-
tained, yet.

Crystal Structures of (1a)l3 and (1a)GaCly. (1a)lz: The
crystallographic data are listed in Table 3. This salt has a 1:1
composition, but is not isostructural with the sulfur analog,
(TTM-TTP)I3. The molecular structure of the donor molecule
is shown in Figs. 1(a) and 1(b). The one and half donor mole-
cules are crystallographically independent; the molecule A is
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Table 3. Crystallographic Data of (1a)l; and (1a)GaCly Together with (TTM-TTP)FeBr; sCl,»

(1a)l; (1a)GaCly (TTM-TTP)FeBr; 3Cl; »
Chemical formula C21H13515Se3l4,5 C14H12S10562G3C14 C14H12S12F6B1"1'3C12‘2
Formula weight 1559.22 870.30 842.64
Shape Black needle Black block Black block
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 C2/c C2/c
a/A 9.9035(8) 24.065(7) 23.975(5)
b/A 13.871(2) 5.922(2) 5.874(1)
c/A 15.586(2) 22.441(5) 22.772(4)
of° 98.449(4)
B/° 91.074(2) 118.58(2) 118.24(1)
v/° 105.0833(13)
v/A3 2041.2(4) 2808(1) 2825(1)
V4 2 4 4
Delea/gem™ 2.537 2.058 2.002
/mm~! 6.895 4.703 2.227
Temperature r.t. r.t. r.t.
Reflections measured 8849 4473 4609
Reflections used 4847 (I > 30(1)) 1318 (I > 30(1)) 2207 (I > 4o0(1))
RY/R,Y 0.057/0.062 0.051/0.056 0.034/0034

) R = ||Fo| = |Fell/ZIFo|. b) Ry = [Sw(IFo| — [Fe])*/ZwF 12,

molecule B: inversion centor

Fig. 1. ORTEP drawing and atomic numbering scheme of
donors of (1a)l3. (a) The molecule A located on a general
position and (b) the molecule B located on an inversion

center.

located on a general position, whereas the molecule B exists on
an inversion center. The anions exist as isolated I5~, and one
and half anions are crystallographically independent similarly
to the donor part. Then one unit cell contains three donors
and three isolated I3~ anions, and the composition is exactly
1:1. The molecule A is almost flat, but slightly bents at one
of the outer 1,3-dithiole rings. The terminal methyl groups
are located in the molecular plane except for one methyl group
that extends out of the molecular plane. On the other hand, the
donor B is almost planar, though the terminal methyl groups
slightly deviate from the molecular plane. The selenium atoms
in the central TTP core of the molecules A and B are treated as
disordered. This disorder in the molecules A and B is confirmed
by the population analysis that assumes the selenium occupan-
cy of 0.5 within the experimental error. Figure 2 shows the
crystal structure and the overlap mode of (1a)l;. The donors
make a trimer A—B—A; the interplanar distance is 3.47 A and
the donors slip along the molecular long axis (1.86 A).

Although the intramolecular bond lengths of the present salt
are not accurate enough to give conclusive information about
the charge transfer, if we compare the bond lengths of all
C=C bonds of molecules A and B, the C=C bond lengths of
molecule A are slightly shorter than those of molecule B.!>?*
This implies that molecule A has a smaller positive charge than
molecule B, and that the central B molecule has to have a
charge somewhat exceeding 1+.

(1a)GaCly: Crystallographic data are listed in Table 3. This
compound is isostructural to the 1:1 composition salt, (TTM-
TTP)FeBr, 3Cl,,,'* though all lattice constants of the present
selenium salt are larger. Figures 3(a) and 3(b) show the molec-
ular structure and the crystal structure. The donors are located
on inversion centers, so that half of the donor is crystallograph-
ically independent, whereas a GaCl,~ anion is located on a 2-
fold axis. The donor molecule is almost planar; one of the two
independent terminal methyl groups (C; and C,) extends out of
the molecular plane and the other is located in the plane. This
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resembles the 14 donors in the same structure with the space
group C2/c.'*!* The donors form uniform stacks along the b
axis. The interplanar distance between the donors is 3.44 A
and the slip distance along the molecular long axis is 4.82 A.
These values are almost the same as those of other TTM-TTP
based organic metals with a 1:1 composition.'?

Energy Band Structure of (1a)GaCly. The tight-binding
band structure is calculated from the intermolecular overlap in-
tegrals of HOMO (Table 4); b is the intrastack interaction along
the b axis, and pl-p3 show interstack interactions where three
transverse interactions exist along the ¢ axis (Fig. 3).>°> Such
calculations are very useful in understanding the electronic
structure of molecular conductors, but the treatment of the se-

(@)

Fig. 2. Crystal structure of (1a)l;. (a) Projected in the trimer
stacking direction, (b) viewed along the molecular short
axis, and (c) overlap mode of the donors.
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lenium-containing salts does not easily provide a complete pic-
ture of the electronic structure and requires much attention to
that evaluation.2® In the present calculation of HOMO, we have
treated four chalcogen atoms of the central TTP core as seleni-
um atoms because of the selenium disorder.?® The ratio of the
calculated intrastack b and interstack p overlap integrals is
about 100:1, indicating high one-dimensionality. The resulting
Fermi surface is open (Fig. 4). The b interaction along the
stacking direction is, however, larger, and the bandwidth (1.2
eV) is broader than the values for (TTM-TTP)FeBr; 3Cl,,»
(0.8 eV). Because all disordered chalcogen atoms are treated
as selenium, we have to take account of the resulting overesti-
mation, but the obtained large intrastack interaction is regarded
as the actual effect of the selenium substitution.?’

Transport Properties of Charge-Transfer Salts of 1a.
The room-temperature conductivities of the PFs~ and AsFg~
salts, 3.6 and 0.3 Scm™!, are not so high (Table 2); both salts
show semiconductive behavior, with the activation energies

Fig. 3. Crystal structure of (1a)GaCly. (a) ORTEP drawing
and atomic numbering scheme of the donor of (1a)GaCly
and (b) projection on the ac plane.

Table 4. The Intermolecular Overlap Integrals (x1073) of the Present Salt Together with (TTM-

TTP)FeBr; sCl, '

b pl [0, —1/2,1/21Y  p21[0, 1/2,1/2]7  p3[0,3/2, 1/2]¥
(1a)GaCly —31.8  0.20 0.23 0.02
(TTM-TTP)FeBr; sCl,,  —20.9  0.12 0.13 0.01

a) The brackets indicate the directions of pl—p3 interactions.
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of 0.04 and 0.15 eV, respectively. (1a)l5 also has a low conduc-
tivity of 2.3 Scm™! at room temperature and is semiconductive
with the activation energy of 0.11 eV. This is related to the
trimer structure of the donors.

In contrast, (1a)GaCly shows very high conductivity, about
280 Scm™! at room temperature. In Fig. 5(a), the normalized
resistivity is compared to (TTM-TTP)FeBr; gCl,,, which
shows the gradual stepwise increase of resistivity below 160
K. In contrast, (1a)GaCly shows basically constant resistivity
down to about 60 K, below which the resistivity exhibits a steep
increase and the compound becomes an insulator. It is clear that
the temperature showing the steep increase of resistivity is
shifted to lower temperatures. In (TTM-TTP)I3!? and (TTM-
TTP)[C(CN);],!3 the M-I transitions, where the steep increase
of resistivity is observed, are recorded at 160 K and 70 K, re-
spectively. Among these salts, (1a)GaCly has the lowest M-I
transition temperature (60 K). This may be related to the large
bandwidth realized by the selenium substitution.

The thermoelectric power of (1a)GaCl, takes a small nega-
tive value (—2.6 uV K~! at room temperature) and is approxi-
mately constant from room temperature to about 100 K
(Fig. 5(b)), below which the thermopower diverges. This re-
sembles (TTM-TTP)FeBr; gCl,, and supports the existence
of a half-filled band.'?

Crystal Structures of (1C)(I3)5/3 and (1d)(I3)5/3. Crystal—
lographic data of (1¢)(I3)s/3 and (1d)(I3)s3, in comparison with

kb
0.7 A
| Y u
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w
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Fig. 4. Band structure and Fermi surface of (1a)GaCly.

Selenium Containing TTM-TTP Derivatives

(TTM-TTP)13)5 /3,18 are listed in Table 5. The lattice constants
are almost the same, indicating that these salts are isostructural.
All lattice constants of the Se compounds increase as the sele-
nium contents, namely as 1d > 1¢ > TTM-TTP.

(@)
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Fig. 5. Transport properties of (1la)GaCly. (a) Normalized
electrical resistivity of (1a)GaCly together with (TTM-
TTP)FeBr; 3sCl,, and (b) thermoelectric power of
(1a)GaCly.

Table 5. Crystallographic Data of (1¢)(I3)s/3 and (1d)(I3)s/3 Together with (TTM-TTP)(I3)s /3°)

(1e)3)s/3 Ad){3)s/3 (TTM-TTP)(I3)s/3
Chemical formula C14H12885e415 C14les4segl5 C14H1251215
Formula weight 1387.09 1574.69 1199.49
Shape Copper plate Copper plate Copper plate
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Cmmm Cmmm Cmmm
a/A 6.2774(8) 6.321(3) 6.247(4)
b/A 18.959(2) 19.083(9) 18.68(2)
c/A 12.991(2) 13.15(1) 12.804(7)
v/A3 1546.1(3) 1583(1) 1491(1)
Z 2 2 2
Dealea/gcm™ 2979 3.304 2.666
/mm~! 10.289 14.389 5.967
Temperature r.t. r.t. r.t.
Reflections measured 1310 1337 1524
Reflections used 636 (I > 30(1)) 450 (I > 50(1)) 774 (I > 50(1))
RY/R,P 0.056/0.065 0.095/0.111 0.080/0.091

a) R = X||Fo| — |Fc|l/ZF,|. b) Ry = [Zw(|Fo| — |Fc|)?/ZwF,*]"/2. ¢) Ref. 18.
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and atomic numbering scheme of the donor of (1¢)(I3)s/3,
(b) projection along the a axis, and (c) view from the mo-
lecular long axis.

The molecular structure is shown in Fig. 6(a). The donor
molecule is essentially planar and the terminal methyl groups
extend in the molecular plane. As shown in Fig. 6(b), the do-
nors form a uniform stack along the a axis. The interplanar dis-
tances of the neighboring donors in the stack are 3.43 A for 1c¢
and 3.42 A for 1d (cf. 3.39 A for TTM-TTP).

As to the anion parts, there are two kinds of anions (Figs.
6(b) and 6(c)). One is discrete I5~, which is located on the ori-
gin with mmm symmetry, and extends along the b axis. The oth-
er anion makes an infinite chain along the a axis. It is well
known that iodine anions frequently form infinite chains, where
the actual units which constitute the chain are I-, I;~, or Is~.28
In an average structure analysis such as the present analysis,
however, an infinite chain with regular intervals is observed in-
stead. The average iodine spacing, 3.14 A for (1e)(I3)s,3 and
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Fig. 7. Transport properties of the 5/3-phase salts. (a) Elec-
trical resistivity of (1¢)(I3)s/3, and (1d)(I3)s/3 together with
(TTM-TTP)(I3)s;3 and (b) thermoelectric power of
(1e)I3)s/3, and (1d)(13)s/3.

3.16 A for (1d)(I3)s3, is typical of infinite iodine chains. In
the present case, the oscillation photographs of (1¢)(I3)s,3 and
(1d)(I3)s/3 show a few spots at 2a*/3. The repeating units
(3/2)a are 9.42 A for (1¢)(I3)s/3 and 9.48 A for (1d)(I3)s3.
These values correspond to the typical length of the repeating
unit of the I3~ chain. Therefore, the anion part is composed
of the discrete I3~ and the infinite chain of I3~, both without
any observable deficiency, so that the compositions are deter-
mined to be (1C)(I3)5/3 and (1d)(13)5/3.

Transport Properties of (1¢)(I3)s/3 and (1d)(I3)s/3. The
temperature dependence of electrical resistivity of (1¢)(I3)s/3
and (1d)(I3)s;3 is shown in Fig. 7(a). The room-temperature
conductivities increase in the order of (TTM-TTP)(I3)s /318
(200 Sem™!) < (1e)(I3)s/3 (520 Sem™") < (1d)(I3)s;3 (630
Scm™!). The resistivity of (1¢)(I3)s /3 shows a metallic decrease
down to about 25 K, below which an M-I transition takes place.
The positional disorder of selenium and sulfur atoms in the 1¢
molecule may be responsible for this transition. In contrast,
(1d)(I13)s,3 shows essentially constant resistivity down to liquid
helium temperature. Compared with (TTM-TTP)(I3)s/3, the M—
I transition is not suppressed in (le¢)(I3)s;3, whereas in
(1d)(I3)s/3 the transition is suppressed completely and the me-
tallic phase is stabilized.
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Table 6. The Intermolecular Overlap Integrals (x1073) of
the Present Salts Together with (TTM-TTP)(I3)s /3'8

a b c
(1e)(T3)s/3 (Se)® 20.3 0.08 8.3
(1e)(I3)s3 (S)¥ 14.1 0.05 2.5
Ad)T3)s/3 13.7 0.16 9.2
(TTM-TTP)(I)s/3 15.7 0.04 3.0

a) All Se or S parameters for the disordered Se.

As shown in Fig. 7(b), the thermoelectric power of
(1e)(I3)s;3 and (1d)(I3)s/3 is negative. This is associated with
the large charge transfer that exceeds half-filled. The HOMO
band is 1/6-filled, and leads to electron-like conduction and
negative thermoelectric power. The room-temperature values,
—53 WV K™! for (1¢)(I3)s/3 and —42 uV K~! for (1d)(I3)s/3, in-
crease as the Se content increases (cf. —56 uV K~! for (TTM-
TTP)(I3)5/3). Assuming the one-dimensional tight-binding
band, we can estimate the bandwidth to be 0.9 eV for
(1e)(I3)s;3 and 1.1 eV for (1d)(I3)s5/3 (cf. 0.9 eV for (TTM-
TTP)(I3)s/3). These results mean that the selenium substitution
enlarges the bandwidth. The temperature dependence is in
agreement with the electrical resistivity measurements; the
thermopower of (1¢)(I3)s/3 gradually diverges below 100 K,
whereas (1d)(I3)s/3 maintains metallic behavior down to 3 K.
This temperature dependence is consistent with the constant
temperature dependence of the resistivity of (1d)(I3)s/3.

Energy Band Structures of (1c)(Iz)s;3 and (1d)(I3)s/3.
The intermolecular overlap integrals calculated from HOMO,
where a is along the stack, and b, and c are interstack ones,
are listed in Table 6.2>2° For (1e)(3)s/3, we have carried out
two calculations where the disordered selenium atoms are treat-
ed as selenium atoms and as sulfur atoms, respectively. When
selenium parameters are used, the calculated a interaction,
which directly determines the band width, increases by 30%
in comparison with the value for the TTM-TTP compound.
The thermoelectric power measurements, however, indicate
that the bandwidth of (1¢)(I3)s/3 is about the same as that of
(TTM-TTP)(I3)s,3. On the other hand, the interstack interaction
c of (1d)(I3)s3 increases by about three times, and amounts to
as much as 67% of the intrachain interaction. Since the expan-
sion of the lattice constant ¢ is small, the chalcogen—chalcogen
distances between the neighboring terminal groups are almost
the same: 4.12 A for (TTM-TTP)(I3)s;3,'® 4.13 A for
(1c)(3)s3, and 4.12 A for (1d)(I3)s/3. Consequently, the Se—
Se contacts give rise to the large interchain c interaction values.
When selenium parameters are used in (1¢)(I3)s,3, the ¢ interac-
tion is similarly enhanced, but is not very large for the calcula-
tion using the sulfur parameters.

The tight-binding energy band structure and the Fermi sur-
face, calculated on the basis of the above overlap integrals,
are depicted in Fig. 8 together with those of (TTM-TTP)(I3)s/3.
For (1¢)(I3)s/3, the results of the sulfur parameters are used,
because this gives more reasonable bandwidth and c interaction
values. The Fermi surface varies from one-dimensional
in (TTM-TTP)(I3)s/3 to considerably two-dimensional in
(1d)(3)s/3, in which a small electron-like pocket is constructed.
This change comes from an increase of the interstack interac-
tion c. A one-dimensional system is more susceptible to elec-
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Fig. 8. Band structure and Fermi surface of the 5/3-phase
salts. (a) (TTM-TTP)(I3)5/3, (b) (1(:)(13)5/3, and (C)
(1d)(I3)s/3. The calculation of sulfur parameters for disor-
dered Se atoms is used for (1¢)(I3)s/3.

tron correction than a two-dimensional system. This enhanced
two-dimensionality explains the suppression of the M-I transi-
tion in (1d)(I3)s/3. The stabilization of the metallic phase is
directly related to the selenium substitution.

Summary

We have prepared selenium containing TTM-TTP deriva-
tives, in which the 1,3-dithiole rings of the bis-fused TTF
framework as well as the terminal methylthio groups have been
substituted. In particular, it should be noted that TTM-DSDTP
(1a) is the first example where the tetrathiapentalene (TTP)
core is substituted.

Several charge-transfer salts of the present donors have been
formed by electrochemical oxidation. The selenium substitu-
tion to the inner TTP part has given 1:1 salts, (1a)l; and
(1a)GaCly. (1a)l5 has a trimer structure and exhibits semicon-
ductive behavior. (1a)GaCly is isostructural to (TTM-TTP)-
FeBr) 3Cl, 5, and the suppression of the steep increase of resis-
tivity down to 60 K is attributable to the enhanced band width.
This M-I transition temperature 60 K is one of the lowest val-
ues recorded among the 1:1 composition metallic salts. The se-
lenium substitution in the outer rings has afforded the (TTM-
TTP)(I3)s/3-type salts; although the M-I transition of the I3 salt
of 1c, the asymmetrically Se-substituted donor, is not sup-
pressed, probably owing to the positional selenium disorder,
the M-I transition is entirely suppressed in the I5 salt of the
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symmetrically substituted 1d. The calculation of overlap inte-
grals (as well as band structure) shows that this is associated
with the enhanced interchain interaction. These findings dem-
onstrate that selenium substitution is a versatile way to stabilize
the metallic phase in the TTP conductors. The preparation of
other varieties of selenium containing TTP donors and
charge-transfer salts are under investigation.

Experimental

General Data. Trimethyl and triethyl phosphites were purified
under nitrogen by fractional distillation. The melting points were
determined with a Yanaco MP micro melting point apparatus.
NMR spectra were obtained with a JEOL JNM-AL300 spectrom-
eter. MS spectra were obtained with a Shimadzu QP-5000 for
EI-MS, and with a Shimadzu AXIMA-CFR for MALDI-TOF-
MS. IR spectra were recorded on a SHIMADZU FTIR-8000 spec-
trometer. Cyclic voltammograms were measured on a Yanaco
VMA-010 spectrometer.

Syntheses. 4,5-Bis[2-(methoxycarbonyl)ethylthio]-1,3-dise-
lenol-2-one (3): To a solution of 4,5-bis[2-(methoxycarbonyl)-
ethylthio]-1,3-diselenole-2-selone (0.32 g, 0.63 mmol) dissolved
in chloroform-acetic acid (3/1 = v/v, 90 mL), mercury(Il) acetate
(0.75 g, 2.4 mmol) was added, and the resulting suspension was
stirred at room temperature for 2 h. The resulting white solid
was filtered off and washed with chloroform, and the combined fil-
trate was washed with water (50 mL x 2), aqueous potassium car-
bonate (50 mL x 2), and water again (50 mL x 1), and then dried
over MgSOy. Evaporation of the solvent gave a pale yellow solid
(0.22 g, 77%). Mp 43 °C; IR (KBr) Vpax 1734 (s), 1692 (s),
1157 (m) cm™!; "THNMR (CDCl;, 300 MHz) § 2.72 (t, 4H, J =
7.4 Hz), 3.14 (t, 4H, J = 7.4 Hz), 3.72 (s, 6H); MS m/z 450 (M™).

2,3-Bis[2- (methoxycarbonyl)ethylthio]-6,7 - bis(methylthio)-
1,4-diselena-5,8-dithiafulvalene (5): 4,5-Bis(methylthio)-1,3-di-
thiole-2-thione 4 (0.33 g, 1.46 mmol) and 4,5-bis[2-(methoxycar-
bonyl)ethylthio]-1,3-diselenol-2-one 3 (0.21 g, 0.47 mmol) were
heated in triethyl phosphite (7 mL) at 110 °C under nitrogen atmos-
phere for 2 h. After the triethyl phosphite was evaporated in vacuo,
the residue was chromatographed on silica gel with CH,Cl, as the
eluent to afford 5 (0.27 g, 96%) as a red oil. IR (KBr) vy, 2949
(W), 2345 (w), 1737 (s), 1435 (m), 1173 (m) cm~'; '"HNMR
(CDCl3, 300 MHz) § 2.43 (s, 6H), 2.69 (t, 4H, J = 7.2 Hz), 3.09
(t, 4H, J = 7.2 Hz), 3.72 (s, 6H); MS m/z 628 (M™).

5-[4,5-Bis(methylthio)-1,3-dithiol-2-ylidene]-1,3-dithia-4,6-
diselenapentalen-2-one (6): Diselenadithiafulvalene 5 (0.33 g,
0.53 mmol) and CH3ONa (0.36 g, 6.66 mmol) were reacted in ace-
tone (2 mL) and methanol (1.5 mL) under nitrogen atmosphere for
40 min. Anhydrous zinc chloride (0.06 g, 0.44 mmol) in 1.0 mL
methanol and tetrabutylammonium bromide (0.23 g, 0.71 mmol)
in 1.0 mL methanol were successively added. The formed precip-
itates were collected by filtration, washed with methanol, and dried
in vacuo. The residue was suspended in THF (5 mL), and cooled to
—80 °C. Bis(trichloromethyl) carbonate (triphosgene, 0.12 g, 0.43
mmol) in THF (3.0 mL) was dropwise added to the suspension, and
the resulting mixture was allowed to warm to room temperature.
The solvent was removed by a rotary evaporator, and the residue
was treated with methanol. The resulting precipitate was collected
by filtration, washed with water and methanol, and dried in vacuo.
The crude product 6 (0.12 g, 47%) was obtained as a pale yellow
solid. No further purification was carried out, due to the low solu-
bility of the compound 6. Mp 206-208 °C (dec.); IR (KBr) Vpax
1649 (s) cm™!'; 'HNMR (CDCl3/CS, = 1/1, 300 MHz) § 2.42
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(s, 6H); MS (MALDI-TOF) m/z 480 (M™).
2,5-Bis[4,5-bis(methylthio)-1,3-dithiol-2-ylidene]-1,3-disele-
na-4,6-dithiapentalene (TTM-DSDTP, 1a): Dithiadiselenapen-
talen-2-one 6 (0.06 g, 0.128 mmol) and 4,5-bis(methylthio)-1,3-di-
thiole-2-thione 4 (0.17 g, 0.75 mmol) were reacted in 3.0 mL tri-
methyl phosphite and 4.0 mL toluene at 110 °C under nitrogen at-
mosphere for 2 h. The reaction mixture was cooled, and the
resulting precipitate was collected by filtration, washed with hex-
ane and methanol, and dried in vacuo. Chromatography (silica
gel, CS,) afforded a brown solid of 1a (31 mg, 38%). Mp 224-
225 °C (dec.); IR (KBr) vmax 2910 (w), 1425 (w), 1305 (w)
cm~!; THNMR (CDCl;3/CS, = 1/1, 300 MHz) § 2.43 (s, 12H);
MS (MALDI—TOF) m/z 659 (M+); Anal. Calcd for C14H12510S622
C, 25.52; H, 1.84; S, 48.67%. Found: C, 25.75; H, 1.97; S, 48.41%.
Compounds 1b—1d were prepared similarly.
2,5-Bis[4,5-bis(methylthio)-1,3-diselenol-2-ylidene]-1,3,4,6-
tetrathiapentalene (TTM-BDS-TTP, 1b): 10% yield; brown
solid; mp 260-261 °C (dec.); IR (KBr) Vpax 2911 (w), 2365 (w),
1420 (w) cm~!; 'THNMR (CDCl;3/CS; = 1/1, 300 MHz) § 2.34
(s, 12H); MS (MALDI-TOF) m/z 753 (M™). Reliable elemental
analysis data were not obtained due to the insufficient sample
amount.
2-[4,5-Bis(methylthio)-1,3-dithiol-2-ylidene]-5-[4,5-bis(meth-
ylseleno)-1,3-diselenol-2-ylidene]-1,3,4,6-tetrathiapentalene
(DTM-DSM-TS-TTP, 1c): 20% yield; pale orange solid; mp
226-227 °C (dec.); IR (KBr) Vmax 2915 (w), 2345 (w), 1414 (w)
cm™!; 'THNMR (CDCl3/CS, = 1/1, 300 MHz) § 2.33 (s, 6H),
2.40 (s, 6H); MS (MALDI-TOF) m/z 753 (M*); Anal. Calcd for
Ci4H12SsSes: C, 22.34; H, 1.61; S, 34.08%. Found: C, 22.01; H,
1.72; S, 34.70%.
2,5-Bis[4,5-bis(methylseleno)-1,3-diselenol-2-ylidene]-1,3,
4,6-tetrathiapentalene (TSM-BDS-TTP, 1d): 16% yield; brown
solid; mp 253-254 °C (dec.); IR (KBr) Vpax 2910 (w), 2367 (w),
1411 (w) cm~!; 'THNMR (CDCl;3/CS; = 1/1, 300 MHz) § 2.35
(s, 12H); MS (MALDI-TOF) m/z 941 (M™); Anal. Calcd for
Ci4H12S48eg: C, 17.88; H, 1.29; S, 13.64%. Found: C, 18.26; H,
1.32; S, 13.85%.

Electrochemical Crystal Growth. Crystals were grown by
electrochemical oxidation in the organic solvents indicated below
in the presence of the donor (2 mg) and the tetrabuthylammonium
salts (50 mg) of the corresponding anions under a constant current
at room temperature using H-shaped cells with Pt electrodes for
one week; Copper plates of (1¢)(I3)s/3 and (1d)(I3)s/3, and black
needles of (la)l; were obtained in chlorobenzene under 1.0 HA
current, whereas black blocks of (1a)GaCl, were obtained in 1,2-
dichloroethane under 0.5 PHA current.

X-ray Analysis. The crystal structures of the four compounds
were determined from single-crystal X-ray diffraction. The data of
(1a)GaCly, (1e)(I3)s/3, and (1d)(I3)s/3 were measured by w scan
technique on a Rigaku automated four-circle diffractometer
AFC-7R with graphite monochromatized MoK« radiation
(20 < 60°). In the case of (1a)l;, measurements were made on a
Quantum CCD area detector on a Rigaku AFC-7R X-ray diffrac-
tometer with graphite monochromatized Mo Ko radiation. The
structures were solved by the direct method: SIR 97 for (1a)ls
and (1d)(I3)s;3, and SIR 92 for (1a)GaCly and (1¢)(I3)s/3. The
structures were refined by the full-matrix least-squares procedure
by applying anisotropic temperature factors for all non-hydrogen
atoms except for (1d)(I3)s/3, in which isotropic temperature factors
were applied to several atoms on account of relatively poor crystal
quality. Crystallographic data have been deposited at the CCDC,
12 Union Road, Cambridge CB2 1EZ, UK and copies can be
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obtained on request, free of charge, by quoting the publication
citation and the deposition numbers CCDC 225450-225453.
Transport Properties. Electric resistivity was measured for
single crystals by the four-probe method using a low frequency
ac current (usually 10 pA). Electrical contacts to the crystals were
made with 15-um gold wire and gold paint. The crystals were held
in a cryostat, and the temperature was monitored by a Cu—Constan-
tan thermocouple for temperatures above 50 K and a carbon resist-
er sensor for temperatures below 50 K. Thermoelectric power
measurements were carried out by making two-probe electrical
contacts attached to two heat sinks with gold foil and gold paint.
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