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was one of the factors determining the conformation of the terminal ethylene groups in these crystals.

Bis(ethylenedithio)tetrathiafulvalene
BEDT-TTF or ET (Fig. 1), and bis(ethylenedithio)-
tetraselenafulvalene, abbreviated as BETS (Fig. 1), are
known as good donors, because they cause many molecular
superconductors and stable metallic salts down to very low
temperature.'— In particular, some organic conductors con-
taining 3d magnetic transition-metal complex anions show
interesting electric and magnetic properties. In the case of
organic conductors with closed-shell anions, such as Cl104~,
PF¢™, etc., the electrical properties of the system are de-
termined only by the m-donor molecules, despite the fact
that the anions play essential roles in constructing the crystal
structures.

On the other hand, in charge-transfer salts with metal
complex anions, both the st-donor molecules and transition-
metal complex anions take part in determining the electrical
properties. Furthermore, in these systems, not only electri-
cally, but also magnetically, active natures can be expected.
A-(BETS),FeCly is a good example of organic conductors
containing a magnetic transition metal anion.” Unlike A-
type BETS superconductors with non-magnetic tetrahalide
gallium ions (7.<10 K),® A -(BETS),FeCl, exhibits a cou-
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A series of cation radical salts of bis(ethylenedithio)tetrathiafulvalene (ET) and bis(ethylenedithio)-
tetraselenafulvalene (BETS) as donors and bis(dithiosquarato)metalate ([M(dts),]*~) as anions were synthesized. The
electrical resistivities of most of these salts (BETS),[Pd(dts),] (1), (BETS),[Pd(dts).]-2(1,1,2,2-TCE) (2) (1,1,2,2-
TCE=1,1,2,2 —tetrachloroethane), (BETS)[Au(dts),] (4), (ET);[Pd(dts).] (5), (ET).[Pt(dts).] (6), and (ET)[Au(dts).] (7))
were semiconductive. However, one of the BETS salts with [Pd(dts),], whose donor : anion ratio was 5: 1. (BETS)x[Pd-
(dts)2] (x~5.0) (3), showed a metallic behavior down to 4 K. Although the crystal structure of these semiconducting
salts was a kind of mixed stacks, many short contacts within the sum of the van der Waals radii were seen between
chalcogens of the donors, and between chalcogens of the donor and anjon. In addition, four terminal oxygen atoms of
bis(dithiosquarato)metalate anion had C—H---O hydrogen bonds with terminal ethylene groups of ET and BETS, which
abbreviated  as [SIS S Isj
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Fig. 1. Structures of (a) ET, (b) BETS, and (c) bis(dithio-
squarate)metalate.

pled metal-insulator and antiferromagnetic transition, which
takes place at 8.5 K. Since the distances between iron atoms
are larger than 6.2 A, a direct dipole—dipole interaction is too
small to give a magnetic interaction with a Weiss temperature
of 15 K. Thus, the antiferromagnetic interaction responsible
for magnetic ordering is suggested to be mediated via BETS
molecules. Although the precise mechanism of a s-electron
mediated spin—spin interaction is not clear at present, the
ni-d interaction can be controlled to some extent if we use

magnetic transition metals having planar st ligands.
Compared with the traditional molecular conductors, in
which conduction pathways are formed only from planar r-
donor molecules and closed-shell counter ions, the charge-
transfer salts with metal complex anions, such as (TTF)-
[Ni(dmit), ]»,”® a-(EDT-TTF)[Ni(dmit),],*'® and (ET)[Ni-
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(dmit),],"” have unique crystal structures and physical prop-
erties. In these systems, both the 5-donor and m-acceptor
molecules can principally take part in the formation of con-
duction bands.

However, the variety of these systems investigated so far
has been rather limited. In an exploration of new types of
molecular conducting systems with planar multi-chalcogen
ni-donor and m-acceptor molecules, we examined a series
of cation radical salts of BEDT-TTF and BETS containing
bis(dithiosquarato)metalate anions, [M(dts),]*~ (M=Ni, Pd,
Pt, Mn, Fe, Co, Cu, n=2; M=Au, n=1) (Fig. 1).

The syntheses of bis(dithiosquarato)metalates was re-
ported by D. Coucouvanis et al. in 1974.1>13 Bis(dithio-
squarato)metalates of Nil, P!, Pt", and Au™ are planar com-
plexes, and bis(dithiosquarato)metalates of metals of Mn¥,
Fel, Coll, and Cu" are complexes including magnetic tran-
sition-metals. Seven trials for the synthesis of conductors
based on squarate-derivative metalate have been examined.
The polymeric tetrathiosquarato complexes of nickel-group
metals were prepared by Gotzfried et al., which possess re-
sistivities of 10*—107 Qcm at room temperature.'¥ The
molecular conductor consists of a planar complex; potas-
sium bis(dithiosquarato)palladate was reported in 1987.'5
The [Pd(dts),] molecules made stacked columns separated
by potassium cations and water molecules, but showed a
semi-conductive behavior and high resistivity at room tem-
perature (o, =5x10% Q cm). We thus used ET and BETS as
donors and the bis(dithiosquarato)metalates as anions.

Furthermore, the molecular sizes of bis(dithiosquarato)-
metalates are almost the same as those of the donor
molecules, ET and BETS, and it may be possible to produce
various molecular stacking patterns different from most of
the cation radical salts with simple anions, such as C1=, I;~,
BF,~, PFs™, etc. The crystal structure of these cation radical
salts with simple anions generally comprises two indepen-
dent layers: one is the donor molecule layer (conducting
part); the other is the anion layer (anions packed in open
spaces). However, the bis(dithiosquarato)metalate anion is
too large to be packed only in the open space of the donor
stackings, and requires new stacking patterns of the donor
and anion molecules. In addition, the bis(dithiosquarato)-
metalate anion has four sulfur atoms and four oxygen atoms
in its periphery, and many intermolecular contacts between
chalcogens of bis(dithiosquarato)metalate anions and the
donors are expected. Further, the four terminal oxygen atoms
can interact with the terminal ethylene groups of ET and
BETS, and a C-H---O weak hydrogen bond can construct
multidimensional networks between columns in addition to
the chalcogen—chalcogen contacts in these crystals.

Experimental

Synthesis.  All of the procedures were performed under an
inert atmosphere, and all of the solvents were or reagent grade
and freshly distilled. ET and squaric acid were used as purchased

from Tokyo Chemical Industry Co., Ltd. BETS was prepared ac-. i

cording to literature methods,'® and recrystallized from carbon di-

sulfide. Potassium 1,2-cyclobutanedione-3,4-dithiolate (potassium

Crystal Structures of (BETS or ET).[M(dts),]

dithiosquarate; K; dts) was prepared from squaric acid, and metal
complexes of dithiosquarato ligands were prepared as potassium
bis(dithiosquarato)metalates according to literature methods.'>!"!8)
Tetraalkylammonium bis(dithiosquarato)metalates were prepared
by mixing K,[M(dts),] M =Au, n=1; M=Ni, Pd, Pt, Mn, Fe, Co,
Cu, n=2) dissolved in ethanol and tetraalkylammonium bromide
dissolved in acetone. The synthesis of tetra(n-butyl)ammonium
bis(dithiosquarato)palladate was shown to be a typical procedure
for synthesizing these compounds.

Tetra(rn-buthyl)ammonium bis(dithiosquarato)palladate: A
solution of 2.22 g potassium dithiosquarate in 2 ml of water was
added to a suspension of 0.89 g paladium dichloride in 3 ml of
water with vigorous stirring. A solution turned dark violet and a
green microcrystalline was precipitated immediately. The product
was filtered off, and washed with a small amount of ethanol under
an inert atmosphere. After a 20 ml acetone solution of 0.85 g green
microcrystalline was added into a 10 ml ethanol solution of 1.16 g
tetra(n-buthyl)ammonium bromide,a complex was obtained as pale-
green platelike crystals. Yield 0.90 g.

(n-BusN),[Pd(dts);]: IR 1832, 1734, 1696, 1420, 1166,
918, 878, 540, 520 cm™!. UV (acetonitrile) Amax =279 nm, &max =
4.2x10*. Anal. Calcd for C4oH7,N204S4Pd: C, 54.61; H, 8.25; N,
3.18; S, 14.58%. Found: C, 54.46; H, 8.34; N, 3.20; S, 14.70%.
The IR, UV-vis and elemental analysis data of (EtsN),[Pt(dts),] and
(EtsN)[Au(dts),] were given as follows:

(EtsN)2[Pt(dts):] IR 1834, 1726, 1686, 1408, 1170, 918, 880,
540, 528 cm™'. UV (acetonitrile) Amax =228 nm, &pax =3.8x10%.
Anal. Calcd for C24HyoN204S4Pt: C, 38.75; H, 542; N, 3.77; S,
17.24%. Found: C, 38.59; H, 5.54; N, 3.78; S, 17.08%.

(Et4N)[Au(dts);] IR 1816, 1760, 1734, 1408, 1382, 1144, 904,
742, 516 cm ™. UV (acetonitrile) Amax =301 nm, £nax =4.3x10%.
Anal. Calcd for C16H20NO4S4Au: C, 31.22; H, 3.27; N, 2.28; S,
20.84%. Found: C, 31.08; H, 3.13; N, 2.40; S, 20.90%.

Each cation radical salt was obtained by electrocrystallizations
of the ET or BETS donor (5—8 mg) in solvents (20 ml) containing
tetraalkylammonium bis(dithiosquarato)metalates or potassium bis-
(dithiosquarato)metalates as electrolytes (40—50 mg). The detailed
conditions of electrocrystallizations are summerized in Table 1. The
ratios of the donor : anion of salts 1, 2, 4, 5, 6, 7 were determined
from the result of X-ray crystal structure determinations. Crystals
of the cation radical salts ET and BETS with [M(dts),]*~ (M =Ni,
Mn, Fe Co, Cu) and BETS with [Pt(dts),]*~ were not obtained.

The composition of salt 3 was analyzed by electron-probe mi-
croanalysis (JOEL-T-220, SED 8600). The calculated value is
(BETS)s[Pd(dts)], S:Se:Pd=53.3:44.4:2.2 (%), and the ob-
served value, S:Se:Pd=53.6:44.3:2.1 (%).

Crystal Structure Determination.  All of the X-ray crystal
data were collected by four-circle diffractometers (Rigaku AFC-5R
or AFC-6S) atroom temperature. Monochromated Mo K radiation
(4 =0.7107 A) was used in all of the X-ray experiments. All of
their crystal data and experimental details are listed in Table 2.
Only the structure of salt 3 was not determined. The molecular
structures and atomic coordinates of the other salts are shown in
Fig. 2 and Table 3. All of the calculations were performed by direct
methods and completed by Fourier techniques.'® The non-hydro-
gen atoms were refined anisotropically, and hydrogen atoms were
included, but not refined. The complete F, — F.. data are deposited
as Document No. 70047 at the Office of the Editor of Bull. Chem.
Soc. Jpn.

Electrical Resistivity.  The electrical resistivities were mea-
sured by a conventional four-probe method from room temperature
to 77 or 4 K. Gold wires (¢ 0.015 mm) were bonded to the crys-
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Table 1. Detailed Conditions of Electrocrystallizations

Donor Electrolyte Crystal appearance Solvent, Condition, etc.
(donor : anion)®
1 BETS (BusN),[Pd(dts),] Black plates 90% PhC1-10% MeCN, 0.2 pA, 17 days
: 2:0 . _
2 BETS BusN),[Pd(dts),] Black plates 90% 1,1,2,2-TCE-10% MeCN, 1.0—1.4 pA, 17 days,
2:0D Containning 1,1,2,2-TCE as solvent for crystallization.
3 BETS (BusN),[Pd(dts),] Black plates 90% PhCl-10% MeCN, 0.14 pA, 7 days
G: 1D .
4 BETS (EuN)[Au(dts),] Dark-red needles 90% PhCl-10% EtOH, 0.04—0.2 pA, 9 days
a:n
5 ET (EuN), [Pd(dts), ] Black needles 90% 1,1,2-TCE-10% MeCN, 1.0—1.4 pA, 60 days
: 2:1
6 ET K, [Pt(dts);] Black needles 1,1,2-TCE, 18-Crown-6, 1.2 pA, 40 days
2:1)
7 ET (EN)[Au(dts),] Dark-red-needles 90% 1,1,2-TCE-10% MeCN, 1.0—1.4 pA, 60 days
a:1n

PhCl = Chlorobenzene, EtOH = Ethanol, MeCN = Acetonitrile, 1,1,2,2-TCE =1, 1,2, 2-Tetrachloroethane, 1,1,2-TCE =1,1,2-Trichlo-
roethane. a) The ratios of donor:anion of the salts 1, 2, 4, 5, 6, 7 were determined from the result of X-ray crystal structure
determination. Only the ratio of the salt 3 was determined by electron probe microanalysis.

tals with conducting gold paste. Some samples were measured by
pellets, because they were microcrystals and very fragile.

X-Ray Photoelectron Spectroscopy (XPS). The XPS spec-
trum was measured at room temperature with a Rigaku XPS-7000.
Mg Ka (1253.6 V) radiation was used as the X-ray source. The
pass energy was 15 eV for spectrum scanning. The binding energy
was calibrated by assuming the measured binding energy of the Au
4f;, core level of gold plate to be 83.8 eV.® Sample compounds
were reduced to powder and fixed on a sample holder with conduc-
tive tape.. The scanning range was 99—75 eV for Au complexes,
352—327 eV for Pd complexes, 86—63 eV for Pt complexes.

Cyclic Voltammetry and Chronocoulometry.  The electro-
chemical properties of (BusN),[Pd(dts),], (BusN),[Pt(dts),], and
(BuyN)[Au(dts),] were investigated by cyclic voltammetry and
chronocoulometry (bulk electrolysis) with a BAS CV-50 W. The
working electrode and the counter electrode were platinum, and the
reference electrode was Ag/Ag* prepared by 0.1 mol dm—> AgNO;
and 0.1 mol dm~3 TBAP (= tetrabutylammonium perchlorate) dis-
solved in acetonitrile. As for the cyclic voltammetry measurement,
each sample concentration was 0.01 moldm™> dissolved in 0.1
mol dm ™3 TBAP/acetonitrile. The scan rates were at 0.1 Vs~', and
all measurements were carried out over the potential range —2.0 to
+2.0 V. The reversible redox wave of ferrocene/ferrocenium ion
was observed at 0.22 V v.s. Ag/Ag* electrode. The redox potential
v.s. Ag/Ag" was transformed into the potential v.s. SCE by adding
the potential difference between the Ag/Ag™ electrode and the SCE,
which was directly measured: Esce = Eag/ag+ — (0.2240.03) V.
As for chronocoulometry, each sample concentration was 0.001
moldm™ dissolved in 0.1 moldm™ TBAP/acetonitrile, and the
potentiometer was set at a 0.20 V higher (or lower) potential than
their observed oxidation (reduction) potential.

Optical Absorption. The optical absorptions of finely ground
KBr pellet samples with a weight concentration of ca. 1% were
measlured with a Hitachi U-3500 spectrophotometer (3200—50000
cm™ ).

Results and Discussions

Molecular Structures. Selected bond lengths and bond
angles of salts 1, 2, 4, 5, 6, and 7 are given in Table 4. As

compared with neutral ET and BETS, the C-Se bond lengths
(1.90 A, average) of BETS are about 0.14 A longer than the
C-S bond lengths (1.76 A, average) of ET.2"* Since the
selenium atoms of BETS protrude toward the short molec-
ular axis, the side-by-side interactions between the BETS
molecules are stronger than those of the ET molecules.”? Al-
though both ET and BETS are almost planar molecules, their
terminal ethylene groups are flexible and take two types of
conformations, “staggered” and “eclipsed”. Figure 3 shows
schematic drawings of six-membered-ring of ET and BETS.
In the staggered conformation, each carbon of the terminal
ethylene is located on a different side of the donor molec-
ular plane. In the eclipsed conformation, both carbons are
located on the same side. Every ET and BETS has two ethyl-
ene groups on both terminals. Both ethylene groups of salts
1, 5, and 6 take the eclipsed conformation, and both ethylene
groups of salts 4 and 7 take the staggered conformation, while
each ethylene group of salt 2 takes the eclipsed and stag-
gered conformations. The ethylene groups in the eclipsed
conformation bend remarkably, and the carbon atoms of the
ethylene group are deviated from its donor molecular plane
by more than 1.0 A.

The structure of the dithiosquarate ligand is thought to
be almost planar, because some squarate-derivative ligands,
such as tetrathiasquarate, are planar molecule.”® Thus the
bis(dithiosquarato)metalates (M =Pd, Pt, Au) become a pla-
nar molecule.'>'*!> The metal atom is coordinated in a pla-
nar fashion by the sulfur atoms of two dithiosquarate ligands.
The metal-sulfur bond lengths (metal=Pd, Pt, Au) are almost
similar (2.32—2.34 A), and all of the bis(dithiosquarato)-
metalates anions have similar molecular sizes. Moreover,
the molecular size of [M(dts),] (13.3x7.0%x3.7 A), estimated
from the result of an X-ray crystal structure determination
and van der Waals radii, is almost similar to those of ET
(14.5%7.2x3.7 A) and BETS (15.2x7.2x4.0 A). In Fig. 4,
the possible resonance forms of the dithiosquarate ligand are
shown. From the results of a single-crystal X-ray struc-
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Fig. 2.  ORTEP drawing and atomic labeling of the cation radical salts 1, 2, 4, 5, 6, and 7. Thermal elipsoids are drawn at the
35% probability level. The atom labeling with asterisk indicates crystallographic equivalent atoms, which are plotted by symmetry
operation (—x, —y, —z). (a) (BETS),[Pd(dts),] (1), (b) (BETS),[Pd(dts).]-2(1,1,2,2-TCE) (2), (c) (BETS)[Au(dts).] (4), (d)
(ET)2[Pd(dts)2] (5), (e) (ET)2[Pt(dts);] (6), (f) (ET)[Au(dts).] (7).
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Table 3. Atomic Coordinations and B, of Cation Radical Salts 1, 2,4, 5, 6, and 7

(BETS),[Pd(dts)] (1)
Atom  x/a y/b z/c Beg/A’ Atom x/a y/b z/c By /A’
Pd(1) 0.5000 0.5000 0.0000 2.01(4) C(16) 0.178(1) 0.213(1) 0.351(1) 5.4(5)

Se(1)  0.6807(2) 0.56968(8)  0.3775(3)  2.91(5) ca7y —0.071(1) 0.439(2) 0.767(2) 9.6(7)
Se(2)  0.9747(3) 0.60036(8)  0.6800(3)  2.85(5) C(18) —0.038(1) 0.449(2) 0.655(1) 6.7(5)
Se(3)  0.7258(2) 0.45618(8)  0.4835(3)  3.02(5) C(19) 0.2770(9) —0.068(1) 0.832(1) 3.5(4)
Se(4) 1.0211(2) 0.48156(7)  0.79402)  2.52(4) C(20) 0.7484(8) —0.017(1) 1.084(1) 3.0(4)
S(1) 0.6284(7) 0.6743(2) 0.2582(7)  3.8(1)

S(©2) 0.9448(6) 0.7056(2) 0.5864(7) 3.7(1) (BETS)[Au(dts),] (4)

SG)  0.7297(7)  03515(2)  0.5603(7)  3.7(1) >
S@)  1.0412(6)  03778(2)  0.9145(7)  3.2(1) Atom  x/a y/b z/c Beg/A
S(5)  0.3379(6)  0.5665(2)  0.0107(6)  2.6(1) Au(l)  0.0000 0.0000 0.0000 1.952)
S(6)  0.6486(6)  0.5420(2) —0.1349(7)  2.9(1) Se(1)  0.3478(2) —0.0914(1)  0.67003)  2.65(4)
o) 033302 0.6913(5) —0.124(2)  4.3(4) Se(2)  0.5304(2) —0.1486(1)  1.12953)  2.77(4)
0(2)  0.645(2) 0.6692(5) —0.255(2)  3.8(4) S(1) 0.2272(6) —0.3024(3)  0.4660(7)  3.3(1)
C(l)  0.844(2) 0.5494(6)  0.561(2)  2.0(4) S(2) 0.4352(6) —0.3662(3)  0.9718(7)  3.6(1)
C2)  0.742(2) 0.6338(7)  0.4032).  2.6(4) S3) 0.1537(5)  0.0806(3)  0.3461(7)  3.1(1)
C3) 087202 0.6478(7)  0.5372)  2.7(4) S@)  —00333(5)  0.1462(3) —0.1528(7)  3.0(1)
C@)  0.6293) 0.7214@8)  0387(3)  5.0(6) o(1) 0.284(1) 0.3347(8)  0.566(2) 49(3)
cG)  0.7773) 0.7454(7)  04733)  4.6(6) 0(Q) 0.095(1) 0.40148)  0.082(2) 4.9(3)
C®6)  0.867(2) 0.5043(7)  0.603(2)  1.8(4) ) 0477(2)  —0.048(1) 0.960(2) 2.2(3)
c  0.820Q2) 04071(6)  0.6252)  1.6(4) CQ) 0.3422)  —0.225(1) 0.711(2) 2.1(3)
C®)  0.948(2) 04172(6)  0.756(2)  1.8(4) C®3) 0417(2)  —0.251(1) 0.897(2) 24(3)
CO  0.8453) 0.3108(7)  0.7142)  3.1(5 C4) 0.276(2) —0.416(1) 0.528(3) 4.9(5)
C(10)  0.886(3) 03317(7)  0.875(3)  4.0(5 C5) 0281(2)  —0.443(1) 0.753(3) 5.2(5)
Cc(l)  0.427(2) 0.6049(7) —0.081(2)  2.2(4) C(6) 0.142(2) 0.195(1) 0.288(2) 23(3)
C(12)  0.555(2) 0.5963(6) —0.144(2)  1.9(4) () 0.071(2) 0.222(1) 0.074(3) 3.2(4)
C(13)  0.414(2) 0.6558(7) —0.129(3)  3.2(5) c@®) 0.203(2) 0.298(1) 0.389(3) 4.4(5)
C(14)  0.562(2) 0.64518) —0.1962)  3.1(5) C©) 0.119(2) 0.330(1) 0.162(3) 3.5(4)
(BETS), [Pd(dts).] -2(1,1,2,2-TCE) (2) (ET),[Pd(dts),] (5)

Atom  x/a y/b z/c Beg/A’ Atom  x/a y/b z/c Beg/A”
Pd(1)  0.5000 0.0000 1.0000 2.40(3) Pd(1)  0.0000 0.0000 0.5000 2.62(1)

Se(1)  0.61278(8)  0.1504(1) 0.4452(1)  2.98(3) S 0.5642(1) 0.1619(2) 0.4252(1) 2.99(3)
Se(2)  0.38362(9) 0.1113(1) 0.6310(1)  3.634) S(2) 0.3360(1) 0.0934(2) 0.3714(1) 3.38(3)
Se(3)  0.42642(8)  0.1570(1) 0.3566(1)  3.36(4) S(3) 0.5591(1) 0.1389(2) 0.2206(1) 3.86(4)
Se(4)  0.55939(9)  0.1036(1) 0.7147(1)  3.484) S4) 0.2823(1) 0.0523(2) 0.1561(1) 4.37(4)

CI(1) 0.0588(3) = 0.4461(4) 0.6415(4)  6.6(1) S(5) 0.5872(1) 0.2197(2) 0.6540(1) 3.04(3)
Cl(2) —0.0745(3) 0.3281(4) 0.5845(5) 8.8(2) S(6) 0.3591(1) 0.1474(2) 0.5953(1) 3.314)
Ci(3) —0.0353(3) 0.3489(6) 0.8657(5) 11.4(2) S(7) 0.6294(1) 0.2712(2) 0.8671(1) 4.144)
Cl(4) -0.0387(3) 0.5706(5) 0.8235(6) 12.4(2) S(8) 0.3598(1) 0.1895(2) 0.8004(1) 3.58(4)
S(1) 0.7753(2) 0.1685(3) 0.5280(3) 4.1(1) S —0.1737(1) 0.0621(2) 0.3883(1) 3.28(4)
S2) 0.2618(2) 0.1678(4) 0.2806(4)  5.2(1) S(10) - 0.0704(1) 0.0125(2) 0.3750(1) 3.48(4)
S@3) 0.2159(2) 0.1113(3) 0.5692(4)  3.9(1) Oo(1)  —0.2944(4) 0.1202(5) 0.1106(3) 5.1(1)
S4) 0.7121(2) 0.1283(3) 0.8243(3) 4.4(1) 0(2) —0.0582(4) 0.0819(4) 0.0993(3) 4.8(1)
S(5) 0.4376(2) —0.1098(3) 0.8713(3) 3.3(1) (60} 0.4590(4) 0.1406(5) 0.4628(4) 2.8(1)
S(6) 0.6073(2) —0.0929(3) 0.9669(3)  3.5(1) C©2) 0.4863(4) 0.1276(5) 0.2978(4) 2.7(1)
0(2) 0.2448(6) —0.1202(8) 0.7549(9)  5.1(3) C@3) 0.3806(4) 0.0958(6) 0.2735(4) 2.8(1)
0Q3) 0.8064(5) —0.0544(8) 1.062(1) 5.2(3) C4) 0.4590(6) 0.0753(9) 0.1045(5) 6.8(2)
Cc@3) 0.5305(7) 0.131(1) 0.546(1) 2.9(3) C() 0.3482(6) 0.093(1) 0.0772(5) 7.9(3)
C4) 0.4594(7) 0.132(1) 0.518(1) 2.5(3) C(6) 0.4679(4) 0.1647(5) 0.5611(4) 2.6(1)
C(5) 0.3263(7) 0.149(1) 0.396(1) .  3.3(3) (6¢)) 0.5358(4) 0.2215(6) 0.7489(4) 2.9(1)
C(6) 0.3061(7) 0.126(1) 0.513(1) 3.0(4) C(8) 0.4313(5) 0.1862(6) 0.7226(4) 3.1(1)
CY 0.3537(7) —0.057(1) 0.877(1) 2.5(3) c© 0.5451(5) 0.3064(6) 0.9355(4) 3.5(1)
C(10)  0.6662(8) —0.025(1) 1.051(1) 3.14) C(10) 0.4253(5) 0.3225(6) 0.8726(4) 34(1)
C(11)  0.8245(8) 0.104(1) 0.650(1) 4.5(4) C(11) —0.1478(5) 0.0749(6) 0.2813(4) 3.0(1)
C(12)  0.8063(7) 0.150(1) 0.776(1) 4.04) C(12) —0.0476(5) 0.0544(6) 0.2769(4) 3.1(1)
C(13)  0.6851(7) 0.151(1) 0.572(1) 2.8(3) C(13) —0.2034(5) 0.0986(6) 0.1704(5) 3.6(2)
C(14) 0.6583(8) 0.130(1) 0.688(1) 3.14) C(14) —0.0913(5) 0.0787(6) 0.1654(5) 3.6(2)

“C(15)  0.178(1) - 0.217(1) 0.490(2) 6.4(5)
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Table 3. (Continued)

(ET),[Pt(dts),1(6)
Atom  x/a y/b z/c Beq/A2 Atom x/a y/b z/c Beq/A2
Pt(1)  0.0000 0.0000 0.5000 261(3) S() —0.1261(1)  0.1398(1) 1.0795(2)  2.58(4)
S(1) 0.5649(5) 0.1621(7)  0.4257(5) 3.0Q2) S(2) 0.1091(1)  0.0932(1) 1.0091(2)  2.63(4)
S(2) - 03367(6) 0.0955(7) 03717(5) 3.5(2) S(3)  —0.1688(1)  0.3547(1)  1.1625(3)  3.06(4)
S3) 0.5599(6) 0.1385(8) 0.2212(6) 3.92) S@) 0.1164(1)  02987(1)  1.0761(2)  2.94(4)
S@) 0.2817(6) 0.0536(8) 0.1568(5) 4.5(2) S(5) 0.6084(1)  0.0888(1)  0.6756(2)  2.65(4)
S(5) 0.5874(5) 02191(7)  0.6544(5) 3.2(2) S(6) 03738(1)  0.1439(1)  0.4086(2)  2.61(4)
S(6) 0.3588(5)  0.1492(7)  0.5949(5)  3.3(2) S(7) 0.6181(2)  02917(1)  0.7812(3)  3.21(4)
S(7) 0.6294(5)  02703(8) 0.8679(5) 4.1(2) S(8) 0.3404(2)  0.3586(1)  0.4460(2)  3.00(4)
S(@®) 0.3593(6) 0.1904(7)  0.8001(5)  3.8(2) S(9)  —0.1259(1) —0.0929(1)  0.4894(2)  2.68(4)
SO —0.1721(5) 0.0579(7) 0.3871(5) 3.3(2) S(10)  0.1532(1) ~0.1408(1)  0.4247(2)  2.90(4)
S(10)  0.0694(5 0.0144(8)  0.3750(5) 3.7(2) S(11)  0.6373(1)  0.0753(1)  0.1996(2)  2.60(4)
o) -0296(2)  0.1202)  0.101(1)  5.3(6) S(12)  03579(1)  0.1519(1) —0.10292)  2.74(4)
0(2) -0056(2)  0.082(2)  0.09(2)  5.9(7) o(1) —0.0935(5) —03579(4)  0.3846(7)  4.8(1)
C(l)  04582)  0.137(2)  04632)  2.6(6) 0Q2) 0.1785(4) —04074(4)  03231(7)  42()
C(2)  0486(2) - 0.129(3) 02982  2.9(6) 0@3) 0.6259(4)  0.3350(3)  0.3140(6)  3.7(1)
C(3)  03782)  0.092(3)  02732)  3.4(7) 0(4) 0.3585(5)  0.4114(4)  0.0176(6)  4.3(1)
C(4)  04603)  0.074(4)  0.1043)  7(1) C(1) —0.0031(6) 0.0491(5)  1.0203(8)  2.0(1)
CG5) 03575 00925  0.0773) 11(1) C(2) —0.0719(5)  02390(5)  1.10008)  2.1(1)
C6)  04722)  0.168(3)  0.560(2)  4.0(7) c@3) 0.0367(5)  02171(5)  1.0680(8)  1.9(1)
C(7)  0537(2) 02232) 0751Q2)  2.7(6) C@) -0.1014(7)  04376(5)  1.125(1) 3.4(2)
C(8)  04322) 0.187(3)  0.7192)  3.3(7) C) 0.0367(6)  0.4064(5)  1.193(1) 3.1(2)
C(9  05442)  0306(3)  0.9382)  4.1(7) C(6) 0.4958(6)  0.0492(5)  0.518(1) 2.3(1)
C(10)  0427(2)  0324(3)  08732)  4.0(7) (6)) 0.5388(5) 02139(4)  0.6429(8)  2.0(1)
C(11) —0.147(2)  0.068(3)  0284(2)  4.3(7) C@®) 0.4307(5)  02411(5)  0.5151(8)  2.2(1)
C(12) -0050(2) 0.0552) 0275(2)  3.3(6) ) 0.5320(7)  04111(5)  0.694(1) 3.92)
C(13) —02052)  0.099(3)  0.174(2)  3.3(7) C(10)  03959(7)  04334(6)  0.633(1) 3.5(2)
C(14) —0.0923)  0079(3)  0.1682)  4.7(9) C(11) —0.0305(6) —0.2068(5)  0.4311(8)  2.2(1)
C(12)  0.0824(5) -02259(5)  0.4053(8)  2.3(1)
C(13) —0.0267(7) —0.3128(5)  0.39009)  3.2(2)
(ET)[Au(dts),](7) C(14)  0.1017(6) —0.3352(5)  0.3639(9)  3.02)
~ C(15)  0.5498(5)  0.1953(5)  0.1521(8)  2.3(1)
Atom  x/a y/b z/c Beg/A C(16)  04393(5)  02263(5)  0.0323(8)  2.2(1)

Au(l) 0.0000  0.0000 0.5000 1.972(8) C(17) 0.5559(6) 0.2969(5) 0.2079(9) 2.6(1)
Au(2)  0.5000 0.0000 0.0000 2.016(8) C(18) 0.4298(6) 0.3335(5) 0.0713(9) 2.7(2)

Beq = $n(U11(aa® 2 +Up(bb* 2 +Uss(cc™ P +2Ur2aa™ bb* cos y+2U13aa* cc* cos f+2Us3bb™ cc*cos a).

ture determination, the quadrilateral of cyclobutene of bis-

(dithiosquarato)metalate anions are not regular squares, but S

trapeziums. In other words, their C1-C2 bond lengths are

shorter than their C3—-C4 bond lengths (Fig. 4), which suggest A S S§
that bis(dithiosquarato)metalate anions favor the mesomeric O

form I and to a lesser extent forms II and III.
Crystal Structures.  From the results of single-crystal

X-ray structure determinations, the donor : anion ratio of salts S/l— S
1,2,5,and 6 are 2: 1, and that of salts 4 and 7 are 1: 1. The _ S\=/S
stacking pattern of these salts is a kind of mixed stack. In
the case of 2:1 salts, a dimer of the donor molecules and staggered eclipsed
the [M(dts),] molecule stack alternatively. As for salts 1 and Fig. 3. Schematic drawings of the conformation of the termi-
2, the molecular plane of an anion is almost perpendicular nal ethylene group. Only one of the terminal six-membered
to the molecular planes of the donors, and as for salts 5 and ring of BETS and ET are drawn.
6, the molecular long axes of the anions and the donors are )
not parallel, but slip each other. On the other hand, in the - S 0 S. O Sq 0
case of 1: 1 salts a donor molecule and a [Au(dts),] molecule cI—C4 “Cl==cd Gicd
stack alternatively and pile up their molecular planes. Sal | | =] [_| — !

y and pile up their molecular planes. Salts 5 s Ghezzih /cz—-cs\
and 6 are completely isomorphous; hereafter, salt 5 is mainly S'/ o s? o s” 0"
discussed in the following section. The sums of the van I I m

der Waals radii of the molecular contacts are S---S=3.70
A.S--.Se=3.85A. Se---Se=4.00 A. and S---0=3.25 A. In Fig. 4. Possible resonance forms of dithiosquarate ligand.
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Table 4. Selected Bond Lengths (A) and Bond Angles (°) of Cation Radical Salts 1, 2, 4, 5, 6, and 7
(BETS),[Pd(dts);] (1)
Bond length (&) S(1)-C(4) 1.792)  C6)-C@®) 1.48(2)
Pd(1)-S(5) 2.329(5) S(4)-C(8) 1.77(2) S)-C3) 1L73(1)  C(7)-CO) 1.53(2)
Pd(1)-S(6) 2.324(6) S(4)-C(10) 1.79(2) S(2)-C(5) 1792)  C(8)-C(9) 1.56(2)
Se(1)~-C(1) 1.86(2) S(5)-C(11) 1.67(2) S(3)-C(6) 1.69(1)
Se(1)-C(2) 1.85(2)  S(6)-C(12) 1.70(2)
Se(2)-C(1) 1.90(2) O1)-C(13) 1.21Q2) Bond angle (°)
Se(2)-C(3) 1.852) OQ)-C(14) 1.212) SGrAu()-S@  93.1(1)  Au(1)-SE@)-C() 97.2(6)
Se(3)-C(6) 1.89(2) C(1)-C(6) 1.31(2) S@B)-Au(l)-S4)*  86.9(1) S3)-C(6)-C(7) 124(1)
Se(3)-C(7) 1.86(2) C(2)-C@3) 1.40(2) Au(1)-S(3)-C(6)  97.6(5) S(4)-C(7)-C(6) 127(1)
Se(4)-C(6) 1.90(2) C@A)-CO5) 1.42(3)
Se(4)-C(8) 1.89(2) C(NH-C(®) 1.35(2) (ET)[Pd(dts)s] (5)
S(1)-C2) 1.752)  C(9)-C(10) 1.49(3) Bond longth ) -
gggﬁgg }Zggg ggi})y{cggg ii?gg Pd(1)-S(9) 2.331(3)  S(8)-C(8) 1.737(6)
S(2)-C(5) 18 42)  C12)-C(14) 1 453) Pd(1)-S(10) 2.342(2)  S(8)-C(10) 1.823(7)
S(31-C(9) 1.81(2) ' S(1)-C(2) 1.746(5)  S(10)-C(12) 1.703(6)
‘ S(2)-C(1) 1.7206) O(1)-C(13) 1.195(7)
o S(2)-C(3) 1.734(6) O(2)—-C(14) 1.197(7)
Bond angle (°)
S(5)-Pd(1)-S(6)  92.8(2) Pd(1)-S(6)-C(13)  98.4(7) gg;_g% i;‘}ﬁﬁ% Sﬁi)féﬁgi }gggg;
S(5)-Pd(1)-S(6)* 87.2(2) S(5)-C(11)-C(12)  128(1) S()-C03) L738(5)  C()-C(5) 138(1)
Pd(1)-S(5)-C(11) 96.9(7)  S(6)-C(12)-C(11)  123(1) S(-CG5) 174909)  C(7)-C(®) 1.348(8)
S(5)-C(6) 1.726(6)  C(9)-C(10) 1.496(8)
(BETS),[Pd(dts);]-2(1,1,2,2-TCE) (2) S(5)-C(7) 1.754(6) C(11)-C(12) 1.382(8)
Bond length (&) . S(6)-C(6) 1.7206) C(11)-C(13) 1.486(8)
Pd(1)-S(5) 2.329(4) S(3)-C(7) 1.71(1) S(6)-C(8) 1.745(6)  C(12)-C(14) 1.493(8)
Pd(1)-S(6) 2325(4) SB3)-C() 1.77(1) S(NH-C(7) 1.746(6)  C(13)-C(14) 1.541(9)
Se(1)-C(1) 1.88(1) S(4)-C(8) 1.76(1) S(1-C(9) 1.809(7)
Se(1)-C(2) . 1.86(1)  S(4)-C(10) 1.75(1)
Se(2)-C(1) 1.85(1)  S(5)-C(D 1.67(1) Bond angle (°)
Se(2)-C(3) 1.89(1)  S(6)-C(13) 1.68(1) - S(9)-Pd(1)-S(10)  92.74(10) Pd(1)-S(10)-C(12) 97.5(2)
Se(3)-C(6) 1.86(1)  0O(1)-C(12) 1.18(2) S(9)-Pd(1)-S(10)* 87.26(10) S(9)-CA1)-C(12) 125.1(4)
Se(3)-C(7) 1.90(1)  O@2)-C(14) 1.24(2) Pd(1)-S(9)-C(11) 98.1(2)  S(10)-C(12)-C(11) 126.6(5)
Se(4)-C(6) 1.95(1) C)-C(6) 1.32(2)
Se(4)-C(8) 1.84(1) CQ2)-CQB) 1.35(2) (ET)[Pt(dts)] (6)
CI(1)-C(15) 191(2) C4)-C(5) 1.478 Bond longth )
Cl(2)-C(15) 1732)  C(7)-C@8) 1.37
CI(3)-C(16) 1712)  COFC(10) 1530 PO 2:327(6) - S@)-C(®) L71(3)
CI(4)-C(16) 195(2) C(11)-C(12) 1.51(2) U1)-S(10) 2:297(7)  S®-C(10) 1.84(3)
S(1)-C(1) 1.66(3)  S(9-C®11) 1.68(3)
S(1)-C) 1.74(1) C(11)-C(13) L9 ¢ -C) 1723 SQ0-Cu2) 16603
gggﬁ(g) L782) C(g)y_g(}j) ' i‘izg) Sg)—C(l) 1752)  O(1)-C(13) 1'27(4)
3) L74(1) (14) 46(2) : )
S(2)-C(5) 1762)  C(15)-C(16) 1.35(2) ggggg };(3)8 Sg;fg;‘) 1511;8;
o S(3)-C4) 1.84(4)  C(2)-CQB) 1.39(3)
Bond angle (°)
S(5)-Pd(1)-S(6)  87.9(1) Pd(1)}-S(6)-C(13)  98.1(4) ggjﬁ_{cgg iggg gggﬁg; }g;g
S(5-PA(1)-S(6)* 92.1(1)  S(5)-C(11)-C(13)* 125(1) S(51-C(6) 1793)  CO-C0) L s04)
PA1)-S(S5)-C(1)  98.2(5)  S(61-C(3)-C(D" 1256(10) ¢ (59-C(7) 1:69(3) C(11)-C(12) 1:37(4)

' S(6)-C(6) 1.68(3)  C(11)-C(13) 1.45(4)
(BETS)[Au(dts)] (4) . : S(6)-C(8) 1.78(2)  C(12)-C(14) 1.50(4)
Bond length (&) , ' S(N-C(7) 1.793)  C(13)-C(14) 1.55(5)
Au(1)-S3) 2.340(4). SA)-C(T) 1.67(1) S(N-C(9) 1.82(3) :
Au(1)-S(3)* 2343(4) O(1)-C(8) 1.18(2)

Se(1)-C(1) 1.88(1) 0(2)-C©) L.17(2) Bond angle (°)

Se(1)-C(2) 1.90(1) C()-C(1) 1.35(3) SO-Pt(1)-S(10)  91.2(2)  Pt(1)-S10)-C(12)  99(1)
Se(2)-C(1) 1.88(1) C()-C@3) 1.29(2) S(9)-Pt(1)-S(10)* 88.8(2)  S(9-C(11)-C(12) 124(2)
Se(2)-C(3) 1L92(1) C@-C(G5) 1.39(2) Pu(1)-S(©)-C(11)  98.6(9)  S(10)-C(12)-C(11) 126(2)

S(1)-C(2) 1.78(1)  C(6)-C(7) 1.43(2)
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Table 4. (Continued)

(ET)[Au(dts)] (7)

Bond length (A) S(6)-C(8) 1.747(6) C(11)-C(13) 1.492(9)
Au(1)-S(9) 2344(2)  S(12)-C(16)  1.720(6) S(7)-C(7) 1.749(6) C(12)-C(14) 1.497(9)
Au(1)-S(10)  23432)  O(1)-C(13) 1.197(8) S(7)-C(9) 1.796(8) C(13)-C(14) 1.548(10)
Au(2-S(11)  2342Q2)  O(2)-C(14) 1.196(8) S(8)-C(8) 1.733(6) C(15)-C(16) 1.351(8)
Au@2)-S(12)  23432)  O(3)-C(17) 1.206(7) S(8)-C(10) 1.783(8) C(15)-C(17) 1.473(9)
S(1)-C(1) L727(7)  O(4)-C(18) 1.199(8) C(9)-C(11) 1.718(6) C(16)-C(18) 1.490(9)
S(1)-C(2) 1.7427)  C(1)-C(1)* 1.37(1) S(10)-C(12) 1.697(7) C(17)-C(18) 1.542(9)
S(2)-C(1) 1.732(7)  C(2)-C(3) 1.339(8) S(11)-C(15) 1.710(6)

S(2)-C(3) 1.736(6)  C(4)-C(5) 1.503(9)

S3)-C(2) 1.7536)  C(6)-C(6)* 1.37(1) Bond angle (°)

S(3)-C(4) L7918)  C(7)-C(8) 1.359(8) S(9-Au(1)-S(10)  92.88(6) Au(2)-S(11)-C(15) 96.3(2)

S(4)-C(3) L755(7)  S(8)-C(8) 1.733(6) SO-Au(1)-S(10)*  87.12(6) Au(2)-S(12)-C(16) 96.4(2)

S(4)-C(5) 1.790(7)  S(8)-C(10) 1.783(8) S(11)-Au(2)-S(12)  93.46(6) S(O)-C(11)-C(12) 126.5(5)

S(5)-C(6) 1L.731(7)  CO)-C(11) 1.718(6) S(11)-Au(2)-S(12)* 86.54(6) S(10)-C(12)-C(11) 126.1(5)

S(5)-C(7) 1.725(6)  C(9)-C(10) 1.49(1) Au(1)-S(9)-C(11)  96.8(2) S(11)-C(15-C(17) 138.7(5)

S(6)-C(6) 1.725(7) 1.373(9) Au(1)-S(10-C(12) 97.6(2)  S(12)-C(16)-C(15) 126.5(5)

C(11)-C(12)

Figs. 5, 6, 7, 8, and 9, the broken lines represent the short
contacts within the sum of the van der Waals radii. The
C-H---O hydrogen bonds are discussed in the next section.
(BETS),[Pd(dts),] (1) and (BETS),[Pd(dts),]-2(1,1,2,2-
TCE) (2). In spite of their quite different cell parameters,
these two salts show a similar molecular arrangement of the
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stacking patterns of the BETS dimers and [Pd(dts),] anions.
In the case of salt 1, the crystal structure is shown in Fig. 5.
The BETS dimer and [Pd(dts),] anions stack along the [101]
direction with their long molecular axis toward almost the
[010] direction (Figs. 5a-and 5b). The intermolecular short
contacts within the sum of the van der Waals radii are shown

© (@

Crystal structure of (BETS),[Pd(dts),] (1). (a) View of the unit cell along the ¢ axis, (b) along the a axis. (c) View of the

stacked pattern along the molecular long axis. In Figs. 5, 6, 7, 8, and 9, the broken lines represent the short contacts within the sum
of the van der Waals radii. (d) Mode of the overlap of the dimer of BETS molecules.
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Fig. 6. Crystal structure of (BETS),[Pd(dts);]-2(1,1,2,2-TCE) (2). (a) View of the unit cell along the b axis, (b) along the ¢ axis. (c)
View of the stacked pattern along the molecular long axis. (d) Mode of the overlap of the dimer of BETS molecules.

in Fig. 5c. The Se-:-Se distances in the intradimer of BETS
are very short, 3.65—3.67 A. The dihedral angle between the
molecular plane of the BETS dimer and [Pd(dts),] anion is
83.2°, almost vertical. The structure will also be considered
such that six BETS molecules form hexagonal donor net-
works and the anions occupy the open space. The [Pd(dts),]
anion is surrounded by six BETS molecules, and intermolec-
ular short contacts exist between each of the six BETS and
[Pd(dts);] anion. The mode of the overlap of the BETS
dimer is shown in Fig. 5d. Since the mode is a “bond over
ring” type, the interplanar distance within a BETS dimer is
very short (3.48 A); thus, these BETS molecules are strongly
dimerized.

In the case of salt 2, the crystal structure is shown in
Fig. 6, and salt 2 includes the organic solvent 1,1,2,2-tetra-
chloroethane (1,1,2,2-TCE) for crystallization. The BETS
dimer and [Pd(dts);] anion stack along the [010] direction
" with their long molecular axis toward almost the [100] di-
rection (Figs. 6a and 6b). Although the Se---Se distances
in intradimer of BETS are 3.60—3.62 A, shorter than those
of the salt 1, the interplanar distance within a BETS dimer
is longer (3.66 A), because the mode of the overlap is a
“bond over bond” type (Fig. 6d). In Fig. 6¢c, the dihedral

angle between the molecular plane of the BETS and [Pd-
(dts),] anion is about 60°, which is much smaller than that
of salt 1. [Pd(dts);] anions are also surrounded by six BETS
molecules. However, compared with salt 1, the number of
contacts within the van der Waals radii is decreased between
chalcogens of the BETS and [Pd(dts),] anion along the [001]
direction.

(ET):[Pd(dts);] (5) and (ET) [Pt(dts);] (6).  These
salts are completely isomorphous. Since salt 6 has already
been reported by C. Bellitto et al.,* here salt 5 is mainly
discussed. As shown in Figs. 7a and 7b, the ET dimer and
[Pd(dts),] anion stack alternatively and make columns along
the [010] direction with their long molecular axis toward
almost the [001] direction. The molecular arrangements
of (ET),[Pd(dts),] (x~0.0) and (ET),[Pd(dts),] (x~0.5) are
shown as the unshaded column and the shaded column. In
the same column, the ET and [Pd(dts),] anion, and the ET
dimers are parallel. However, between the shaded columns
and the unshaded columns, these neighboring molecules ar-
range with a 142° dihedral angle of their molecular planes,
and their molecular long axes are not parallel, but crossing.
In short, the shaded columns and the unshaded columns form
the crossing column. Thus, the shaded column and the un-
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Crystal structure of (ET)2[Pd(dts),] (5) and (ET),[Pt(dts)>] (6). (a) View of the unit cell along the b axis, (b) along the a

axis. The molecular arrangement is shown as the unshaded (ET),[Pd(dts);] column (x~0.0) and the shaded (ET),[Pd(dts);]column
(x~0.5). (c) View of the molecular arrangement along the molecular long axis. (d) Schematic figure of Fig. 7c. (e) Mode of the

overlap of the dimer of ET molecules.

shaded column make zigzag contacts viewed along the [100]
direction (Fig. 7b).

The S---S distances within an intradimer of ET are 3.65—-

3.71 A, and the mode of the overlap of the ET dimer is a “bond
over ring” type (Fig. 7e). Thus, the interplanar distance
within an ET dimer is very short (3.45 A). On the other hand,
the interplanar distance between the ET and [Pd(dts),] anion
in the same column is 3.55 A, not very long. However, the
molecular long axes of the ET and [Pd(dts),] anion slip past
each other (Fig. 7a) and the S---S distances between them
are out of the sum of the van der Waals radii (3.81—4.52
A). Therefore, in this salt, the intermolecular contacts within
the sum of the van der Waals radii are very complex, as
shown in Fig. 7c. The [Pd(dts),] anion is surrounded by six
ET molecules, and has short contacts with ET dimers in the
transverse direction. The schematic molecular arrangements
of simplified ET and anion molecules are shown in Fig. 7d.
The R and Ry, values of salt 6 are not so good because of
the poor quality of our crystal. More accurate bond lengths
of salt 6 are discussed in the paper of C. Bellitto et al.”®
(BETS)[Au(dts),] (4) and (ET)[Au(dts);] (7). The
donor : anion ratio of salts 4 and 7 is 1: 1, which is different

from that of other 2 : 1 salts. The crystal structure of salt 4 is
shown in Figs. 8a and 8b. The BETS and [Au(dts),] anion
stack alternatively along the [100] direction with their long
molecular axis toward the [011] direction. The molecular
planes of the BETS and [Au(dts),] anion are almost paral-
lel. The characteristic stacking pattern of salt 4 is shown in
Fig. 8c. Many short contacts are found in the direction of
A (3.72 A for the shortest Se---Se contact), B (3.64 A for
Se---S, 3.25 A for S---0), C (3.66 A for S---S). However,
along the [100] direction of molecular stacking, the distances
between the Se---S and S---S contacts are more than 4.0 A,
which are longer than the sum of the van der Waals radii.
The distance between the molecular planes of the BETS and
[Au(dts),] anion is 3.63 A. A top view of the projection of the
[Au(dts),] anion on the molecular plane of BETS is shown in
Fig. 8d. The BETS and [Au(dts);] anion slip along the direc-
tion of their short molecular axis, and that mode of overlap
causes an increases in the distances between the chalcogens
in the stacking direction. The strong contacts exist along the
[001] direction but not along the stacking direction. There-
fore, such a concept as column structure loses its significance
for salt 4. The molecular arrangement of salt 4 will be con-
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Fig. 8. Crystal structure of (BETS)[Au(dts),] (4). (a) View of the unit cell along the a axis, (b) along the c axis. (c) View of the
stacked pattern along the molecular long axis. (d) Mode of the overlap of the dimer of BETS molecule and [Au(dts);] molecule.

sidered to be such that BETS forms a one-dimensional BETS
chain along the [001] direction, which has short side-by-side
contacts.

On the other hand, salt 7 has two pairs of ET and [Au-
(dts),] anion in its unit cell, which are crystallographically
independent (x~0 and x~0.5). The ET and [Au(dts),] anion
stack alternatively along the [001] direction with their long
molecular axis toward the [010] direction (Figs. 9a and 9b).
The molecular planes of the ET and [Au(dts),] anion are
parallel in the same column. However, since the dihedral
angle of the molecular planes between neighboring columns
is about 55° (Fig. 9c), the stacking pattern of salt 7 is different
from that of salt 4. The top views of the projection of the
[Au(dts),] anion on the plane of the ET molecule are almost
the same in both columns (Fig. 9d). The distance between
the molecular plane of the ET and [Au(dts),] anion is 3.62
A in the x~0 column and 3.53 A in the x~0.5 column.
Therefore, there exist comparatively short contacts between
the molecular stacking direction in the x~0.5 column, while
the distances between the chalcogens are more than 4.0 A
for S---S in the x~0 column. There are short contacts within
the sum of the van der Waals radii between the neighboring
molecules, such as D (3.51 A for the shortest S---S contacts,
323 AforS---0),E (3.55 A for S---S), F (3.54 A for S---S),
G (3.51 Afor S---S), and H (3.67 A for S---S).

Structure of 3 Salt. (BETS),[Pd(dts);] (x~*5.0) (3) salt

is a metallic conductor and is obtained as large thin crystals
(5.0x3.5x0.1 mm). The lattice parameters of salt 3 are
given in Table 2. However, its crystal structure has not been
determined satisfactorily, and only the arrangement of the
BETS molecules has been determined. The BETS molecules
pile up along the b-axis direction, and there are disorders
in the arrangements of the anions. An X-ray oscillation
photograph shows that the five-fold superstructure streaks
along the b*-axis direction. According to an electron-probe
microanalysis, the 5 : 1 of the donor : anion ratio is supported.
From the Weissenberg X-ray photographs of salt 3, although
only Bragg spots are observed in the k=0 layer, in the k=1
layer Bragg spots are observed only on 2=2n+1 and streaks
appear on h=2n. Furthermore, in the k=2 layer, spots
and streaks appear on 2 =2nand on h=2n+1, respectively.
These complicated X-ray photograph pattern are related to
the disorder of the anions.

A similar cation radical salts, ET and [Pd(dto),]*~ anion
(dto=dithiooxalate), was reported to be a metallic conductor,
whose donor : anion ratio is 4 : 1. The charge on ET was +0.5
and ET molecules constructed the two-dimensional sheet of
donor layers, which were sandwiched by the anion layers.?
From the arrangement of the BETS molecules and the unit
cell volume of salt 3, there is not sufficient space for anions
to stack with their molecular planes piling up. Therefore, the
structure of salt 3 seems to be similar to (ET)4[Pd(dto),]. The
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Fig. 9. Crystal structure of (ET)[Au(dts);] (7). (a) View of the unit cell along the ¢ axis, (b) along the g axis. (c) View of the stacked
pattern along the molecular long axis. (d) Mode of the overlap of the dimer of ET molecule and [Au(dts),] molecule.

[Pd(dts),] anion is larger than the [Pd(dto),] anion, which
explains the 5:'1 donor : anion ratio of salt 3.

C-H:--O Hydrogen Bonds. The hydrogen bonds,
such as O—-H---O and N-H---O, are sufficiently strong for
determining the molecular arrangements and conformations.
In these salts containing bis(dithiosquarato)metalate anions,
since there are ethylene groups of donors and C=0 groups of
anions in the crystals, C-H- --O hydrogen bonds are expected.
The bond lengths, angles, and interactions of the C—H:--O
hydrogen bonds are discussed in many compounds,®?” and it
becomes more and more important to consider the C-H---O
hydrogen bonds for understanding the molecular arrange-
ments. In these salts, there are many short C-H.- - -O contacts
which can be considered to be C-H- --O hydrogen bonds. In
our cation-radical salts, the hydrogen atoms are calculated
as the terminal hydrocarbon with an sp® conformation. In
Fig. 10, the selected C-H:--O hydrogen bonds of salts 2,
4, and 7 are shown as dotted lines. In particular, one of
the terminal ethylene groups of the BETS molecule of salt
2 markedly bends toward the carboxyl group of [Pd(dts),],
and has an eclipsed conformation, although there are no spe-
cial steric hindrances around the terminal ethylene groups of
BETS (Fig. 10a). It is due to the C-H---O hydrogen bonds.
On the other hand, the terminal ethylene groups of donors in
salts 4 and 7 take a staggered conformation (Figs. 8c and 9c).

Because their terminal ethylene groups have no interaction
with the [Au(dts),] anions positioned at the upper or lower
sides of their molecular plane, they have C-H---O hydrogen
bonds with the [Au(dts),] anions along the directions, such
asL,J,K,L,M, N, O, and P in Figs. 10b and 10c.

The conformation of the terminal ethylene groups of the
other salts (1, 5, and 6) can be explained by C-H- - -O bonds.
The donor : anion ratio 2 : 1 salts prefer an eclipsed conforma-
tion while the 1 : 1 salts prefer a staggered conformation. This
is because in the former, since one of the donor molecules of
the dimer is sandwiched between the other donor and an an-
ion molecule, its ethylene groups bend toward the anion. In
the latter, since a donor molecule is sandwiched between an-
ions, the ethylene groups are balanced on its donor molecular
plane.

Electrical Resistivity.  The resistivity at room temper-
ature is listed in Table 5. Salts 1, 2, 4, 5, 6, and 7 show
high resistivities (o = 10°>—10* Qcm). Their temperature
dependences of the electrical resistivities show a semicon-
ducting behavior. The activation energies of salts 5 and 6
are not tabulated, because their measurements are performed
in the form of a pellet. Salt 3 shows low resistivity at room
temperature (p; =0.025 Q cm), and its temperature depen-
dence of the electrical resistivity is metallic down to 4 K
and p/p;=0.1 (Fig. 11). Compared with the other semicon-
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Fig. 10. C-H---O hydrogen bonds network in crystals, [C---O bond Iength/A (C-H---O bond angles/®)]. (a) (BETS),[Pd(dts),]-2(1,
1,2,2-TCE) (2), 1 [3.28(142.8)]. (b) (BETS)[Au(dts)2] (4), J [3.18(105.9)], K [3.29(152.1)], L [3.51(161.1)]. (c) (ET)[Au(dts)]

(7), M [3.47(132.0)], N [3.47(170.2)], O

ductive salts, the resistivity (o =2.5 Qcm) and activation
energy (E,=100meV) of salt 4 are considerably smaller than
those expected from its crystal structure of mixed stacks.

Charge on Donors.  From the result of an XPS mea-
surement, the Pd 3ds;, core levels of salts 1, 2, 3, and 5
are 338.0+0.4 eV, which are almost the same as that of
(TBA),[Pd(dts);] (338.1 eV). In the case of salt 6, the Pt
417/, core level is 73.7 eV, which is almost the same as that of
K> [Ptl(dts),] (73.9 eV). This means that the oxidation num-
ber of the palladium of salts 1, 2, 3, and §, and the platinum
of salts 6 are divalent. On the contrary, the Au 4f;/, core
levels of salts 4 and 7 are 86.2 and 86.4 eV, respectively,
which are, to no small extent, deviated from that of (TEA)-
[Au(dts),] (87.9 eV). Assuming that the oxidation number
of gold of salts 4 and 7 is monovalent, the assessed charges
on the donor are too large. This is not Consistent with the dis-
cussion of bond lengths of donor molecules in the following.
Therefore, it will be proper to consider that the oxidation
number of the gold of salts 4 and 7 is trivalent. In fact, XPS
is not so simple for ionic and conductive compounds. The
ionicity and conductivity influence the Madelung energy and
the relaxation time of electrons, and it often shifts the core
level. The higher Au 4f;/, core levels of (TEA)[Au(dts),]
would be due to these reasons.

However, it is evident that there is only one set of peaks,
and no trace of two or more set of peaks about salts 1, 2, 3, 4,

[3.19(144.3)], P [3.06(111.6)].

5, 6, and 7. This suggests that the oxidation numbers of the
metal of these salts are not mixed valence states, but single
states.

From cyclic voltammetry and chronocoulometry, an
irreversible redox wave of (BusN),[Pd(dts),] is ob-
served at +0.74 V (vs. SCE). As for (BuyN),[Pt-
(dts),] and (BuyN)[Au(dts),], the reversible redox
waves are observed at +0.56 and —0.17 V, respec-
tively, which correspond to the one-electron oxida-
tion process ([MI(dts),]>~ —[M"(dts),]~ +e (M =Pd, Pt))
and the one-electron reduction process ([Auf(dts),]™ +
e—[Aull(dts), [>~). However, it is impossible to isolate the
oxidized or reduced products of bis(dithiosquarato)metalates
by an electrochemical method. These one-electron redox
processes suggest that the redox reactions occur mainly on
the dts ligand moiety, and not the central metal, because the
oxidation numbers of PA™, PtI and Au” are not stable.

Optical absorption measurements show the complete ionic
character of salts 1, 2, 5, and 6, because there is no charac-
teristic “A” band of the mixed-valence states.”® However, as
for salts 3, 4, and 7, a new weak band appears around 8450,
8600, and 9550 cm™!, respectively, which would be due to
the mixed-valence states.

The charge assessed for donors is determined based on
the valence of anions and the donor-anion stoichiometry.
The intramolecular bond lengths of a donor are sensitively
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Table 5. Electrical Resistivities at Room Temperature and Activation Energies

(BETS),[Pd(dts);] (BETS)(Pd(dts)]-2(1,1,2.2-TCE) (BETS):[Pd(dts);] (BETS)[Au(dis)s] (ET)o[Pd(dts)s] (ET)alPr(dis)a] (ET)[Au(dts),]

(x=x5)

1x10*
c-axis

5% 10°

0.025 25 1x10°

b-axis
Metallic

5% 10°
Single cryst.

b-axis

2x10°
a-axis

pn (Qcm)

c-axis
100
Single cryst.

Measured direction of resistivity

E, (meV)

250
Single cryst.

220
Single cryst.

185
Single cryst.

Pellet

Pellet
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Fig. 11. Temperature dependence of the electrical resistivity
of 3 salt. )

effected by the charge on itself.?**® In ET salts, defining the
average of four bond lengths between sulfur—carbon atoms
of a five-membered-ring as a, and the average of three bond
lengths between the carbon—carbon double bond as b, the
ratio b/a is important for discussing the charge distribution
on donors. The ratio b/a of salts 5 and 6 is 1.27 and 1.26
respectively, and the charges on the donor are estimated to
be +1.339 Concerning the charge on the ET molecule of
salt 6, C. Bellitto et al. concluded that +1 is assessed for the
charge on ET from its stoichiometry, crystal structure and
magnetism.2¥

On the other hand, the corresponding value of the BETS
donor has not yet been studied. However, by adoption these
methods on BETS salts, the corresponding b/a value of salts
1 and 2 are 1.39 and 1.39. From the result of XPS and cyclic
voltammetry measurements of salts 1 and 2, the charges on
the donor of these salts are estimated to be +1.

An optical absorption measurement reveals the possibility
of mixed valence states of salts 3, 4, and 7. The charge on
the donor of salt 3 is estimated to be +2/5, and its conduct-
ing behavior is metallic down to 4 K. From a discussion
concerning the bond lengths of the donor, the ratio b/a of
salts 4 and 7 are 1.28 and 1.45, respectively. These values
are somewhat larger than those of salts § and 6, and salts 1
and 2, whose charges on the donor are estimated to be +1.
However, considering the results mentioned above and their
standard deviation of the bond lengths, the charges on the
donor of salts 4 and 7 are estimated to be almost +1, but not
completely ionic.

A series of cation of radical salts containing bis(dithio-
squarato)metalate anions are not metallic conductors, except
for salt 3, because: i) they take kinds of mixed-stacked
molecular arrangements and ii) the +1 oxidation states of the
donors make them insulators. The probable reason for the
mixed stacked structures of these salts is due to the strong ion-
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icity of the donors and anions. The mixed-stacked molecular
arrangements stabilize the lattice energy of ionic compounds
by contributing the Madelung energy. In addition, the com-
parative similar sizes of the donors and anions make it easy
to take mixed-stacked molecular arrangements.

However, the room temperature resistivity of salt 4 is
rather lower than expected as a mixed-stacked cation rad-
ical salt. However, along the c-axis direction, the structure
of salt 4 can be considered to form segregated columns; also,
the low resistivity (2.5 2 cm) was actually measured along
the c-axis direction. Although an accurate resistivity mea-
surement perpendicular to the c-axis direction was difficult
to perform because of the size of the crystals, it may be about
103-times larger than that along the c-axis direction. The
mixed-stacked charge-transfer salt (ET)[Ni(dmit),] shows a
comparatively low electrical resistivity, and also has a large
side-by-side transverse interaction of ET molecules.'” In ad-
dition to the possibility of a mixed valence state, the low
resistivity of salt 4 can also be explained by assuming that
salt 4 has a large side-by-side transverse interaction of BETS
along the c-axis direction. Actually, it is consistent with the
comparatively large value of the overlap integral (60x 10~2)
between side-by-side BETS molecules calculated based on
the extended Hiickel method. On the contrary, the high resis-
tivity of salt 5 is explained by a small side-by-side transverse
interaction of ET of salt 5.

Conclusion

-A series of cation radical salts of BETS and ET containing
bis(dithiosquarato)metalate as an anion were synthesized.
Most of their electrical resistivities except for salt 3, showed
semiconductive behaviors; though salt 3 exhibited a metallic
behavior down to 4 K. It seems that the similar sizes of the
donor and anion make it easy to take the mixed stacks in
these cation radical salts, resulting in showing high resistiv-
ity. However, the salt 4 has stronger contacts between neigh-
boring molecules along the side-by-side transverse direction
than the molecular stacking direction, and shows low resis-
tivity in spite of its molecular arrangement of mixed stacks.
In addition, there are many C-H- - -O hydrogen bonds in these
cation radical salts, which control the conformations of the
ethylene groups of donor molecules.

The author thanks Dr. K. Ono (High power X-ray labo-
ratory, the University of Tokyo), Mr. S. Terada, Professor
T. Yokoyama, and Professor T. Ohta (School of Science, the
University of Tokyo) for the measurement and the discussion
of X-ray photoemission spectroscopy, and F. Sakai (Institute
for solid state physics, and University of Tokyo) for the mea-
surement of electron probe microanalysis.
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