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radical-ion salt based on n-extended bis(TTF) and a Keggin
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By electrocrystallization of 2,6-[4,5-bis(n-butylsulfanyl)-1,3-dithiol-2-ylidene]-4,8-bis(6-iodo-n-hexyloxy)-1,3,5,7-
tetrathia-s-indacene (BHBDTI) and [NBu,],[SiMo0,,0,,] in the mixed solvent CHCIL,CH,Cl and CH;CN, the

new radical-ion salt [C,,H¢,C1,0,S,,],[SiMo0,,0,,] was prepared. It was characterized by means of IR and ESR
spectroscopy and X-ray diffraction. In the crystal structure, organic radical dications and silicomolybdate anions

are alternatively arranged along the « axis to form a 1-D conducting layer. The organic layer consists of two isolated
groups of BHBDTI divided by the (011) plane without short interatomic contacts. However, in each group, BHBDTI
molecules associate with each other in a head to tail manner running along the [011] direction and face-to-face
overlapping with a relative shift by approximately one TTF subunit along the long axis of the molecule and a slight
shift along the short axis of the molecule with significantly short S - - - S contacts. The room-temperature d.c.

conductivity determined by the two-probe method is 107* S cm™

Polyoxometalates are versatile in many aspects,' and new efforts
have been made to explore their applications in fields such as
catalysis, molecular materials, non-linear optical materials
and liquid crystals.? All these reflect a current interest in com-
bining different inorganic and organic moieties by molecular
assemblies to produce hybrid materials, which open up broad
prospects for the old chemistry.

Radical-cation and charge-transfer salts containing TTF
have attracted much interest since the discovery of conductivity
of the TTF-TCNQ charge-transfer (CT) complex.® In recent
years, dozens, if not hundreds, of TTF derivatives as donors
have been combined with various acceptors ranging from
small closed-shell anions to large polyoxometalate clusters.
Hundreds of synthetic metals consisting of such organic—
inorganic moieties have been explored, of which many exhibit
not only metallic behavior but also superconductivity.*® It is
believed that the electrical properties of radical-cation and
charge-transfer salts containing TTF critically depend on the
stabilization of a chalcogen—chalcogen network which must be
built in more than one dimension. Thus many efforts have been
made to search for new extended donors.®

The strategy which consists of associating TTF-like donor
molecules and heteropolyanions has been explored by a number
of different groups.”'* However, most of the hybrid compounds
are semiconductors, except for [BEDT-TTF],,[P,W,40¢,]"* and
(BEDT-TTF);VW0,, [BEDT = bis(ethylenedithio)]."> The
former is metallic at room temperature (r.t.) and exhibits a
metal-semiconductor transition at 220-230 K. The latter
exhibits metallic behaviour down to 250 K where a metal-
insulator transition occurs.

We report here the synthesis, electrical properties and crystal
structure of a new radical-cation salt based on a m-extended
bis(TTF) cation and a big inorganic anion, [C,,HgClLO0,-
S1.L[SiMo0,,0,], the first example of radical-cation salt of
bis(TTF) possessing a central benzene subunit with hetero-
polymolybdate.

, suggesting that the compound is a semiconductor.

Results and discussion
Preparation

As is known, all “dimeric” TTF with connecting © bonds can
donate twice as many electrons as the “mono” TTF, and there
are strong stabilizing effects for the second redox step of the
“dimeric” TTF yielding a dication.® The dication can be gener-
ated either by chemical or by electrochemical oxidation of a
neutral molecule.” In the present radical salt, dications of the
donor were produced electrochemically and assembled with
heteropolyanion. It is noted that the crystal structure determin-
ation shows chloro-n-hexyloxy groups present in the organic
donor molecule, C,,H¢,C1,0,S,, (denoted as BHBDTI), while
the starting material used is C,HgI,0,S;,. A substitution
reaction between chlorine and iodine atoms occurs during the
electrocrystallization. This is possible because of the presence
of CHCI1,CH,CI which is used as a solvent. Another point is
that adding more than several drops of water seems important
for growing single crystals of good quality.

The crystal structure

(a) [SiMo,,0,]*". The unit cell contains an independent
silicomolybdate anion located at an inversion centre. The poly-
oxoanion shows the same type of crystallographic disorder as
has been found in many other crystal structures with the Keggin
anions, which has been explained by several arguments '*'® and
will not be discussed here. The central Si atom is surrounded
by a cube of eight oxygen atoms, with each oxygen site half-
occupied, and the Mo atoms situated at the corners of a regular
cubooctahedron. All Mo-Mo distances are equal. The Mo-O
(terminal) bond lengths are in the usual range of 1.602-1.672
A, whereas the Mo—O-Mo bonds in all MoO, octahedra fall
into two well resolved categories: the long pairs of Mo-O
bonds in the range 1.990-2.062 A and the short pairs of Mo-O
bonds 1.753-1.838 A with the two Mo-O bonds in a pair being
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Table 1 Comparison of bond distances (A) and angles (°) in [SiM0,,0,]*" *

1 2 3 4
Mo-Oy (1) 1.990-2.062 1.970-1.979 1.93-1.98 —
(0.072) (0.009) (0.05) —
[2.022] [1.975] [1.958] [1.957]
Mo-Oy (5) 1.753-1.838 1.769-1.828 1.79-1.84 —
(0.085) (0.059) (0.05) —
[1.791] [1.798] [1.826] [1.853]
AMo-O,, (1 — s) 0.231 0.177 0.132 0.104
Mo-Oy,—Mo 131.4-138.3 135.9-140.1 - 118.80-121.56 148.51-153.66
(6.9) 4.2) — — (5.15)
[136.2] [138.5] - [120.5] [151.3]

(), Differences; [ ], averages. * All the structures of the anions have the same kind of disorder except for the last one which is a normal Keggin
structure without disorder: [C,,Hg,Cl1,0,S,,],[SiM0,,04] 1 (this work), [C;yHgSs]s[SiM0,,0,,]: 10H,0" 2, [Fe(CsMes),]4[SiMo0,,0,]-DMF* 3 and

[CHEN;],[SiMo0,,0,,]-H,0 4.7

Fig. 1 Molecular structure of C,,H4Cl,0,S,, (denoted BHBDTI)
with atom numbering.

in the cis positions. The mean bond order for the long ones is
0.7, and for the short ones 1.3. Angles Mo—-O-Mo are in the
range of 131.4-138.3°.

It is interesting to compare bond lengths and angles for this
title compound with those for some other silicomolybdates '*2°
(see Table 1). As shown in Table 1, the increasing order of the
mean bond length of the long (I) Mo-O,,. bonds [Mo-O,,. (1)]
for four compounds is CH¢N;-SiMo,, < Fe(CsMes),—SiMo;,
< C;oH3Ss—SiMoy, < C,,HCL,0,S,,-SiMo;,, whereas the mean
bond lengths of the short (s) Mo—O,,, bonds [Mo-O,,. (s)] are
in the reverse order CHN,;-SiMo,, > Fe(CsMe;),~SiMo,, >
C,oHgSg-SiMo;, > C,,H¢ ClL,0,S,,-SiMo,,, ie the distortion
of MoQOg octahedra in the present compound is the greatest. It
seems that the extent of distortion is roughly parallel to the
volumes of the organic molecules and their hydrophobicity.

(b) BHBDTI. In the unit cell the BHBDTI molecule is nearly
planar except for the alkyl and alkyloxy side-chains. The
distances among the terminal atoms of the molecule are
C(1)---C(8) 10.322 A, C(38) - - - C(42) 9.623 A, CI(1) - - - C(42)
7.873 and CI(2)---C(38) 7.475 A. The mean C-C and C-S
bond lengths of the & system (1.39 and 1.73 A) are 0.07 and
0.05 A shorter than the corresponding ones of the branch
chains (1.46 and 1.78 A), respectively. The bond lengths of the
TTF subunit given in Table 2 are in agreement with those of the
BEDT-TTF compounds with formal fractional charge." The
molecular structure with atom numbering is shown in Fig.1.

(¢) [C,;HgCLO0,S,,1,[SiMo,,0,]. The X-ray structural
analysis gives a ratio BHBDTI:SiMo,,0,,* =2:1, a reason-
able result in terms of the charge balance of the salt. The
BHBDTI molecules are stacked face to face to form an organic
layer along the ¢ direction. The modes of intermolecular over-
lapping are shown in Fig. 2. As shown, molecules A and C (B
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Table 2 Bond lengths (A) and selected angles (°) of BHBDTI in
[BHBDTI], [SiM0,,04]

C(1)-C(2) 1.413) C(2)-C(3) 1.40(3)
C(3)-C(4) 1.50(3) C(5)-C(6) 1.46(2)
C(6)-C(7) 1.54(2) C(7)-C(8) 1.45(3)
C(9)-C(10) 1.42(2) C(11)-C(12) 1.39(2)
C(13)-C(18) 1.38(2) C(13)-C(14) 1.43(2)
C(14)-C(15) 1.42(2) C(15)-C(16) 1.41(2)
C(16)-C(17) 1.35(2) C(17)-C(18) 1.40(2)
C(19)-C(20) 1.47(3) C(20)-C(21) 1.42(3)
C21)-C(22) 1.62(3) C(22)-C(23) 1.35(3)
C(23)-C(24) 1.38(3) C(25)-C(26) 1.45(2)
C(26)-C(27) 1.44(3) C(27)-C(28) 1.60(3)
C(28)-C(29) 1.43(4) C(29)-C(30) 1.45(3)
C(31)-C(32) 1.37(2) C(33)-C(34) 1.35(2)
C(35)-C(36) 1.41(4) C(36)-C(37) 1.47(3)
C(37)-C(38) 1.58(2) C(39)-C(40) 1.46(2)
C(40)-C(41) 1.42(3) C(41)-C(42) 1.46(3)
S(1)-C(10) 1.70(2) S(1)-C(4) 1.85(2)
S(2)-C(9) 1.71(2) S(2)-C(5) 1.85(2)
S(3)-C(11) 1.71(2) S(3)-C(10) 1.73(2)
S(4)-C(9) 1.732) S(@)-C(11) 1.75(2)
S(5)-C(12) 1.73(2) S(5)-C(13) 1.738(14)
S(6)-C(12) 1.72(2) S(6)-C(18) 1.736(14)
S(7)-C(31) 1.71(2) S(7)-C(15) 1.726(13)
S(8)-C(31) 1.737(13) S(8)-C(16) 1.759(14)
$(9)-C(32) 1.718(14) S(9)-C(33) 1.732)
S(10)-C(32) 1.732) S(10)-C(34) 1.741(13)
S(11)-C(33) 1.732(14) S(11)-C(35) 1.85(4)
S(12)-C(34) 1.76(2) S(12)-C(39) 1.80(2)
CI(1)-C(30) 2.16(2) Cl(2)-C(24) 2.19(3)
o(1)-C(17) 1.37(2) O(1)-C(25) 1.43(2)
0(2)-C(14) 1.31(2) 0(2)-C(19) 1.40(2)
C(10)-S(1)-C(4) 103.5(8) C(9)-8(2)-C(5) 102.0(8)
C(11)-S(3)-C(10) 96.5(8) C(9)-S(4)-C(11) 95.9(7)
C(12)-S(5)-C(13) 94.2(8) C(12)-S(6)-C(18) 94.3(7)
C(31)-S(7)-C(15) 95.4(7) C(31)-S(8)-C(16) 95.4(7)
C(32)-8(9)-C(33) 97.0(7) C(32)-S(10)-C(34)  96.0(7)
C(33)-S(11)-C(35)  100.8(12) C(34)-S(12)-C(39)  104.1(7)
C(17)-0(1)-C(25)  115.3(11) C(14)-0(2)-C(19)  119.1(13)
C(10)-C(9)-S(4) 115.6(11) C(9)-C(10)-S(3) 116.1(12)
S(3)-C(11)-S(4) 115.9(8) S(6)-C(12)-S(5) 117.6(9)
C(18)-C(13)-S(5)  116.7(11) C(15)-C(14)-C(13)  115.3(13)
C(16)-C(15)-S(7)  117.9(10) C(15-C(16)-S(8)  114.1(10)
C(16)-C(17)-C(18)  116.6(14) C(13)-C(18)-C(17)  122.3(13)
S(7)-C(31)-S(8) 117.2(8) S(9)-C(32)-S(10)  113.9(7)
C(34)-C(33)-S(9)  116.4(11) C(33)-C(34)-S(10)  116.6(11)

and D) adopt an eclipsed overlapping mode (Mode 1) with an
intermolecular distance of 16 A (the ¢ parameter of the unit
cell), while molecules C and F (D and E), F being inbetween A
and C, overlap with a relative shift by approximately one TTF
subunit along the long axis of the molecule and a slight shift
along the short axis of the molecule (Mode 2). Molecules A, C
and E are in the same lamina, while B, D and F form another
lamina along the a direction.
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Table 3 Short intermolecular contacts (A) in the group BCF

S(8F)---S(9C)  3.440 S(OF)---S(8C)  3.440
S(7F)---S(10C)  3.341 S(10F)---S(7C)  3.341
S(1C)---S(6B)  3.664 S(6C)-+-S(IB)  3.664
S(4C)---S(3B)  3.634 S(3C)---S(@B)  3.634
S(5C)---S(2B)  3.624 SQ2C)---S(5B)  3.624

Fig. 2 Overlap patterns of the cations in [BHBDTI],[SiMo0,,0,]
along the ¢ axis. Eight anions in corners are omitted for clarity as well
as all alkyl and alkyloxy side-chains in the small diagram. Mode 1:
eclipsed overlapping between A and C as well as B and D with an
intermolecular distance of 16 A. Mode 2: F and C overlap with a
relative shift by about one TTF subunit along the long axis of the
molecule and a slight shift along the short axis of the molecule, so do
D and E.

Fig. 3 The organic layer in the crystal structure of [BHBDTI],-
[SiMo0,04]. The dashed lines indicate S---S contacts shorter than
3.7 A (alkyl and alkyloxy side-chains are omitted for clarity).

Figs. 3 and 4 show the stacks of the cations in different direc-
tions. The intermolecular short S- -+ S contacts are also given
in Fig. 3. As shown, the organic layer consists of two groups
comprised of A, D, E and B, C, F, respectively, and divided by
the (011) plane. The two groups ADE and BCF are related by
the symmetry operation on the center of inversion 1/2, 1/2, 1/2.
There is no short intermolecular contact between the groups,
since the shortest interatomic distance is 4.365 A between
C(19A) and C(19F).

In each group, BHBDTI molecules are aligned in a head to
tail manner along the [011] direction and overlap in the manner
of Mode 2 along the ¢ direction. Intermolecular S---S con-
tacts shorter than the van der Waals value of 3.7 A can be
observed only within the groups, see Table 3 and Fig. 3, imply-
ing that the sulfur atom seems to play an important role for the
formation of the groups and the steric effect of the alkyloxy
side-chains prevents the two groups from closer packing. It is
interesting that no S - - - S contact shorter than 3.6 A is found in
the crystal structure of the neutral molecule C5,Hg,0,S,,, which
is a homologue of BHBDTI with a slight difference only in the
alkyl side-chains."

Fig. 4 The stacks of BHBDTI molecules along the a direction. The
two isolated groups ADE and BCF which are related by the symmetry
operation on the centre of inversion 1/2, 1/2, 1/2 are shown clearly
divided by the (011) plane. There is no short intermolecular contact
between them.

Fig. 5 A short contact between the BHBDTI dication and
[SiMo0,,04]*" anion. The thin line between S9 and O3 indicates the
shortest S - - - O distance (3.036 A).

-

i 1 . i’ 1 I 1 2 Y
0.000 0200 0400 0.600 0800 1.000 1200 1400 1.600 1.800
E/V

Fig. 6 Cyclic voltammogram for BHBDTI (CH,Cl,, NBu,PF,, 100
mV s, —20°C).
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Fig. 7 The ESR spectra of [C,,HCL,0,S,,],[SiM0,,0,,] at r.t. (left) and 77 K (right).

The presence of a short contact between the organic and
inorganic layers through the S atom and terminal O atom of the
polyoxoanion with the shortest S--- O distance of 3.036 A is
also observed, see Fig. 5. All these results led us to conclude
that van der Waals interaction through S---Sand S--- O con-
tacts favors the formation of 1-D conducting layers, but the
long alkyl and alkyloxy side-chains prevent the conducting
layer from extension.

Physical properties

(a) IR spectrum. The IR spectrum of the present compound
is similar to those of other sulfur containing radical-cation
salts. A very broad band appears at 3500-4000 cm™' usually
attributed to charge-transfer transitions within the donors. The
bands arising from the polyoxoanion in the range 1000-600
cm™! remain unchanged.” The bands appearing in the vibronic
region of 1400-1000 cm™! change slightly either in intensities
or in positions compared with those of BEDT-TTF salts.

(b) Cyclic voltammogram. The cyclic voltammetric behavior
of BHBDTI indicates that it belongs to Class 4, according to
the classification by Miillen and co-workers,” ie. intra-
molecular effects between TTF subunits of the donor result in
distinct one-electron transfer processes, see Fig. 6. The charging
up to a tetracation occurs at ca. 600 mV. However, AE: (340
mV) between the second and the third oxidation steps is about
200 mV higher than those between the first and second (150
mV) or the third and the fourth steps (100 mV). Further, the
redox potential for the third oxidation step (£3) is found to be
160 mV higher than that for the second step (£%) of “mono”
TTF compounds which is due to an increased repulsion energy
between the doubly charged moiety and the singly-charged part
of the “dimers”. The polarographic half wave potentials for the
anion, 0-SiMo,,, were E'y= +250 (2e), E* = +130 (2¢) and
E%=—-60 mV (2¢), in 0.5 mol L™' HCI, 50% water—alcohol,
vs. SCE. The redox potentials will be lower in organic solvents.
The polarographic results for both the inorganic and the
organic precusors support the present formulation and dication
of BHBDTI present in the hybrid molecule.

(c) XPS spectra. X-Ray photoelectron spectroscopy revealed
the stoichiometric ratio S:0 =24:44, in agreement with the
molecular formula. The electron binding energy of S,p is 163.9
eV with the full width at half maximum > 2.0 eV suggesting the
presence of sulfur atoms with different oxidation states.

(d) EPR spectra. The EPR spectra were measured at r.t. and
at 77 K, see Fig. 7. It shows significant anisotropy in g with
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values of 2.009, 2.006 and 2.000 and still no molybdenum(v)
signal at 77 K. We assume that the anion is diamagnetic and
therefore the signals are due only to the presence of spins local-
ized in BHBDTI radical dications.

(e) d.c. Conductivity. The electric conductivity was measured
at room temperature on powder samples by the two-contact
method to give p,, = 1.3 x 107* S cm ™! indicating that the com-
pound is a semiconductor. This is an interesting result, since the
d.c. electrical conductivity seems too high for that expected for
a single-valence compound of “mono” TTF.

Experimental
Preparation of [C,H,Cl,0,S,,1,[SiMo,,0,] crystals

2,6-[4,5-Bis(n-butylsulfanyl)-1,3-dithiol-2-ylidene]-4,8-bis(6-
iodo-n-hexyloxy)-1,3,5,7-tetrathia-s-indacene (BHBDTI) was
prepared by the method of Adam et al.?*** The salt [NBu,],-
[SiMo,,0,] was prepared according to the literature;*
[CHgCLO,S,11[SiM01,04],  [BHBDTI],[SiMo0,0,), was
synthesized by a similar method.” Crystals of the latter were
obtained on a platinum wire electrode by anodic oxidation of
BHBDTI in the electrocrystallization cell under low constant
current (I=1.0 pA cm™?) in the presence of the [NBu,],-
[SiMo0,,04] (4.5 x 107* M) as supporting electrolyte. The solv-
ent was CHCL,CH,CI-CH,;CN (1:1). Some water was added to
the anodic compartment of the cell at the beginning of elec-
trolysis. By this method, we were able to obtain black plate
single crystals of good quality. In other cases, only long brown
fibrous substances which we did not try to identify grew on the
anode (Found: C,24.8; H, 2.8; S, 22.5. [C,,H4,CL,0,S,],[SiMo,,-
O, requires C, 25.7; H, 3.1; S, 19.6%). V., /cm ! 2940sh, 2916s,
2854s, 1392vs, 1342s, 1262s, 1192sh, 1050m, 1021w, 944s, 900vs,
865sh, 794vs (KBr).

Cyclic voltammetry

The cyclic voltammogram of BHBDTI was obtained in
CH,Cl,, NBu,PF,, at 100 mV s, vs. SCE. Four half wave
potentials for the oxidation of BHBDTI were E', +410, E2,
+560, E*, +300 and E*, +1000 mV, each corresponding to
a one-electron step.

X-Ray crystallographic determination

Crystal data. Cg,H,,,C1,M0,,0,,S,,Si, M = 3924 41, triclinic,
space group P1, a=15.088(3), b=16.416(3), ¢ = 16.675(3) A,
U=33389(12) A%, T=293 K, Z=1, u(Mo-K,)=1.6 mm},
13408 reflections measured, 11552 independent (R,,, = 0.0204).
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The final wR(F?) was 0.2811, R1 =0.0924. The residuals were
5.128 and —2.157 e A3 for the maximum peak and hole respect-
ively. The large values of the residuals may arise from the dis-
order of the anion, which is common in salts of this type, or of
solvent molecules, which cannot be located.

CCDC reference number 186/1176.

See http://www.rsc.org/suppdata/dt/1998/3865/ for crystallo-
graphic files in .cif format.

Physical measurements

The IR spectrum was recorded on a FTS-7 spectrophotometer,
XPS spectra on a VG-ESCA LAB-Mk 1II electrophotometer
and X-band EPR spectra on a TES-FE-3AX spectrometer. The
electric conductivity was measured by the two-contact
method.?® The elemental analyses were carried on a MOD 1106
elemental analyzer.
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