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Abstract--A new linear coordination polymer composed of copper(I) cations and tetra- 
kis(ethylthio)tetrathiafulvalene (TTC2-TTF) molecules has been synthesized by the reaction 
of copper(I) perchlorate and TTC2-TTF in acetone under argon. The compound, 
[Cu(TTC2-TTF)]C104, was characterized by spectroscopic and X-ray crystallographic 
methods. It is a 1 : 1 metal-ligand complex in which each of the copper(I) ions is tetra- 
hedrally coordinated by four sulphur atoms from the bridging TTC2-TTF molecules to 
form coordination polymeric chains which are separated from each other by the perchlorate 
anions in the crystal. The complex was doped with iodine to afford {[Cu(TTC2-TTF)] 
C104}I. which exhibits a conductivity of 6 × 1 0  - 4  S cm ~ at 25 C for a compacted pellet. 

Tetrathiafulvalene (TTF) and some of its deriva- 
tives can be easily oxidized to the stable radical 
cations and they are one of the major components 
of numerous materials termed "synthetic metals" 
which exhibit electroconductivity over a wide 
range, from semiconductor to superconductor. I-4 
In recent years this type of compound has attracted 
great interest. Most of the synthetic metals are com- 
posed of organic radical ions. Although some of 
them contain metal atoms in the anion part, these 
metal ions are not coordinated to the organic 
molecules) In an effort to develop a new type of 
low-dimensional conductive compound, we are 
currently studying the metallotetrathiafulvalene 
polymers, in which TTF or its derivatives directly 
coordinate to the metal ions. Tetrakis(ethylthio)- 
tetrathiafulvalene (TTC2-TTF), which has a central 
tetrathio-TTF (C6S4) ~ system and a side ethylthio 
chain system, is a single-component organic semi- 
conductor with low conductivity (awr ~ 10 -L° S 
cm- i)5 and its physical properties have been widely 
investigated, 6'7 while its chemical properties have 
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received much less a t tent ion/We have previously 
synthesized the complexes of TTC:-TTF with 
copper(I) halides 9'~° and we found that these 2:1 
metal ligand complexes have one- or two-dimen- 
sional polymeric structure in which the halide ions 
behave as bridge to link the metal ions. As a part 
of our systematic study of the metallotetra- 
thiafulvalene polymers we hoped to obtain a coor- 
dination polymer without halide as the bridging 
group, where the metal ions are linked only by 
tetrathiafulvalene molecules in the compound. In 
this paper we report the synthesis and structural 
characterization of a linear coordination polymer 
composed of copper(I) ions and bridging tetrakis- 
(ethylthio)tetrathiafulvalene molecules, [Cu(TTC2- 
TTF)]CIO4, and the properties of its iodine-doped 
compound. 

EXPERIMENTAL 

General 

The preparation of the complex was performed 
under argon using the usual Schlenk techniques. 
The reagent TTC2-TTF (m.p. 70~C) was prepared 
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according to the literature. ~ Copper(II) per- 
chlorate (Wako) was used as purchased. Acetone 
was dried and distilled by a standard method before 
use. IR spectra and electronic spectra as KBr discs 
were recorded with a Jasco 8000 FT-IR spec- 
trometer and Hitachi 150-20 spectrophotometer, 
respectively. Electrical resistivity was measured by 
a conventional two-probe method at 25'C with 
compacted pellets. 

Preparation of  [Cu(TTCz-TTF)]C104 and its iodine- 
doped compound 

Copper(II) perchlorate hexahydrate (9.3 rag, 
0.025 retool) and copper plates (3 × 3 x 1 mm, five 
pieces) were stirred in acetone (10 cm 3) for 30 rain 
under an ethylene atmosphere, and the resultant 
colourless copper(I) solution was added to a TTC2- 
TTF  (22.2 mg, 0.05 mmol) solution in acetone (10 
cmS). Then, under an argon atmosphere, the mix- 
ture was filtered and the orange filtrate was sealed 
in four 7-mm diameter glass tubes. After standing 
for 7 days at 25~:C, orange crystals of  [Cu(TTC2- 
TTF)]C104 (1) were obtained, yield 70%, Found:  
C, 27.5 ; H, 3.2. Calc. for C14H2oC1CuO4S s : C, 27.7 ; 
H, 3.3%. IR (cm -j)  : 2959 (w), 2922 (w), 2864 (w), 
2822 (w), 1446 (s), 1419 (s), 1371 (s), 1273 (s), 1142 
(s), 1086 (vs), 966 (m), 900 (m), 758 (s), 625 (s). 
Electronic spectrum (2 ..... nm): 421 (s). 

Finely powdered [Cu(TTC2-TTF)]C104 [(1) ; 20 
mg, 0.033 mmol] was placed in the arm of an h- 
shaped glass tube which contained iodine (20 mg, 
0.079 mmol) in the other arm. The h-shaped tube 
was sealed under argon and was allowed to stand 
at ambient temperature. After 5 days, a black solid 
(24 rag) with the composition {[Cu(TTC2- 
TTF)]C104}I (2) was obtained. Found : C, 22.7; H, 
2.8. Calc. for C14H20C1CuIO488 : C, 22.9 ; H, 2.7% 
IR (cm t) : 2957 (w), 2924 (w), 2862 (w), 2824 (w), 
1446 (s), 1402 (s), 1377 (s), 1332 (s), 1273 (s), 1143 
(s), 1109 (s), 1087 (vs), 966 (m), 897 (s), 756 (m), 
626 (s). Electronic spectrum (2 ...... nm): 423 (s), 
857 (br). 

X-ray structure determination 

A suitable orange crystal of  I for X-ray diffrac- 
tion study was mounted on a Rigaku AFC-5R 
diffractometer with graphite-monochromated Mo- 
K~ radiation. The conditions for data collection and 
crystal data are listed in Table 1. A total of 1723 
independent reflections with I ~> 3a(1) was used in 
the structure determination and refinement. The 
structure was solved by a direct method 
(MITHRIL) J2 and refined by full-matrix least squares 
with anisotropic thermal parameters. Isotropic 
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Table 1. Crystal data and measurement conditions for 
complex 1 

Molecular formula C~4H20CICuO4S~ 
Formula weight 607.78 
Crystal dimension (mm) 0.1 × 0.2 × 0.5 
Crystal system Monoclinic 
Space group C2/c 
a (A) 20.085(2) 
b (~) 8.128(7) 
c (~) 14.602(2) 
fl ( )  90.969(9) 
V (~3) 2383(2) 
Z 4 
De (g cm -3) 1.694 
2 (Mo-K0 (~) 0.71069 
/x(Mo-K~) (cm ~) 17.24 
Scan type ~ 2 0  
Scan rate ( rain t) 8.0 
Scan width (') (0.90+0.30 tan 0) 
20 ..... (9 55.0 
No. of reflections measured 3020 
No. of reflections observed 

[I >~ 3a(I)] 1723 
R 0.045 
Rw 0.055 

hydrogen atoms were located by Fourier difference 
synthesis, using the program system TEXSAN. ~3 
Reliability factors are defined as R = Z [ I F 0 [ -  
JFcll/ZIFo[I and Rw = [Zw(lFol-IFcl)2YwFo] ~ ~-, 
where w = 4Fo/Za2(Fo). Atomic scattering factors 
and anomalous dispersion terms were taken from 
ref. 14. The final R and Rw values were 0.045 and 
0.055, respectively. The atomic coordinates, full set 
of bond lengths and angles, thermal parameters, 
and F~ and F0 tables have been deposited with the 
Editor as supplementary material. 

RESULTS A N D  D I S C U S S I O N  

Crystal structure of  [Cu(TTC2-TTF)]C104 (1) 

The structure of [Cu(TTC2-TTF)] + in 1 is illus- 
trated in Fig. 1. Figure 2 shows the packing arrange- 
ment in the crystal. Selected bond lengths and 
angles are given in Table 2. 

In compound 1, each of the copper atoms is coor- 
dinated in a distorted tetrahedral geometry to four 
sulphur atoms from the ligand, with bond angles 
around copper ranging from 93.1(1) to 122.2(1). 
The average Cu--S  bond length is 2.311(2) ~,  
which is shorter than the Cu--S  bond length in 
the complexes of TTC2-TTF with copper(I) halides 
[X =C1 ,  2.405(2); X = B r ,  2.349(1); X = I ,  
2.369(2) &].9.~0 The molecular structure of  TTC2- 
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C(6) I % 

Fig. I. The structure and atomic numbering schemes of [Cu(TTC2-TTF)] ~ in I. 
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Fig. 2. The polymeric chain arrangement in the crystal (the perchlorate ions are represented by tile 

partially hatched balls for clarity). 

TTF in the present complex is a chair-like form, 
while the free TTC2-TTF molecule has a boat-like 
form. ~5 The four ethyl groups of  TTC2-TTF in 1 
elongate nearly perpendicular to the central C6S~ 
group. Two ethyl groups at one end take the same 
orientation, while the other two ethyl groups are 
orientated in the opposite direction. This con- 
formation is different from that of the free TTC~- 
TTF molecule ~5 and from that in the halide 
complexes2 '~° It is known that the central C z C  
bond length is the charge-sensitive parameters for 
a TTF-type molecule and the C~-------C bond distance 
is expected to increase with decreasing electron den- 
sity in the highest occupied (bonding) molecular 

orbital.~6 t~ In I, the central C ~ C  bond length of 
TTC2-TTF is 1.337 ~.  According to the correlation 
between the bond length and the degree of charge 
transfer of TTF-type donors, ~s the degree of charge 
transfer of TTC,-TTF in 1 is close to zero. 

It is noted that TTC2-TTF molecules behave as 
bridging groups in 1 and the metal ions are linked 
by TTC2-TTF molecules to form coordination 
polymeric chains (Fig. 2). In the crystal these poly- 
meric chains are separated from each other by the 
perchlorate ions. The shortest S . . . S  distance 
between the neighbouring chains is 4.0 A, which is 
longer than the sum of the van der Waals radii (3.6 
~)  of two sulphur atoms. ~ Therefore, the S . . .  S 
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Table 2. Selected bond lengths (A) and angles C) of complex 1 

Cu(1)--S(1) 2.284(1) S(3)--C(3) 1.757(5) 
Cu(1)--S(2) 2.338(2) S(4)--C(1) 1.749(4) 
S(1)--C(1) 1.760(5) S(4)--C(3) 1.751(5) 
S(1)--C(4) 1.850(7) C(1)--C(2) 1.323(6) 
S(2)--C(2) 1.750(4) C(3)--C(3') 1.337(9) 
S(2)--C(6) 1.888(7) C(4)--C(5) 1.46(1) 
S(3)--C(2) 1.757(5) C(6)--C(7) 1.39(1) 

S(1)--Cu(1)--S(I') 122.2(1) S(3)--C(3)--S(4) 114.2(2) 
S(I)--Cu(1)--S(2) 93.1(1) C(5)--C(4)--S(1) 115.8(5) 
S(1)--Cu(1)--S(2') 122.0(1) C(7)--C(6)--S(2) 111.9(6) 
S(2)--Cu(1)--S(2') 105.7(1) C(l)--S(1)--Cu(1) 98.4(2) 
C(2)--C(1)--S(1) 125.7(3) C(1)--S(1)--C(4) 100.2(3) 
C(2)--C(1)--S(4) 118.3(4) C(4)--S(1)--Cu(1) 109.6(2) 
S(1)--C(1)--S(4) 115.9(3)  C(2)--S(2)--Cu(1) 97.7(2) 
C(1)--C(2)--S(2) 125.1(3) C(2)--S(2)--C(6) 101.1(2) 
C(1)--C(2)--S(3) 116.8(3) C(6)--S(2)--Cu(1) 107.2(2) 
S(2)--C(2)--S(3) 117.9(3)  C(2)--S(3)--C(3) 95.3(2) 
C(3')--C(3)--S(3) 122.7(6) C(1)--S(4)--C(3) 95.0(2) 
C(Y)--C (3)--S (4) 123.1 (5) 

Table 3. The electroconductive properties of iodine-doped copper(I) 
coordination polymers with TTC2-TTF 

Compoud Colour ~25 c (S cm-~) Reference 

{[Cu(TTC2-TTF)]CIO4} I black 
[(CuC1)2(TTCz-TTF)] I black 
[(CuBr)2(TTC2-TTF)]I black 
[(CuI)2(TTCz-TTF)]II.5 black 

6 × l0 -4 This work 
6 × 10 -7 9 
3×10 7 9 
2 × l0 -3 l0 

interaction between the polymeric chains is very 
weak in the present complex. 

Spectroscopic and electrical properties o f  l and 2 

Important  information about the oxidation state 
of TTC2-TTF in 1 and 2 was obtained from their 
IR spectra. It is well known 2~22 that the central 
~ C  stretch of TTF  undergoes a large frequency 
shift on oxidation, for example, from 1512 cm-~ in 
neutral T T F  2° to 1413 cm-1 in (TTF)Br. 2~ Similarly, 
the central ~ C  stretching frequency of  TTC2- 
T T F  is also sensitive to its oxidation state. In the 
IR spectra of  free TTC2-TTF and 1, the central 
C-----C stretching band of TTC2-TTF occurs at 1448 
and 1446 cm -~, respectively, which indicates the 
presence of  neutral TTCz-TTF in 1. The IR spec- 
trum of the iodine-doped compound 2 reveals two 
sharp bands at 1446 and 1332 cm -~, which arise 
from neutral TTC2-TTF and TTC2-TTF + radical 
cation, respectively. In the electronic spectra, 1 and 
2 show strong absorption bands at 421 and 423 nm, 

respectively. These bands may be ascribed to local 
excitation of the TTCz-TTF molecule, since the free 
TTC2-TTF ligand also exhibits an absorption band 
at 419 nm. The other broad absorption band 
around 857 nm in the spectrum of 2 may arise 
from a TTCz-TTF/TTCz-TTF + charge-transfer 
transition. 22 

One of the common features of  the conducting 
complex is that the constituent molecules are in a 
mixed-valence (or partial-oxidation) state. 23'24 
Although 1 is an insulator (a25c < 10 -12 S cm-~), 
2 behaves as a semiconductor: a25..c = 6× 10 -4 S 
cm ~. This may be due to the TTCz-TTF+/TTC2 - 
TTF  + and/or TTCz-TTF/TTC2-TTF + interaction 
in the crystal. 22 The electroconductive properties of 
iodine-doped copper(I) coordination polymer with 
TTC2-TTF are summarized in Table 3. 

In conclusion, the sulphur-rich ligand TTCz-TTF 
reacts with copper(I) perchlorate to form a 1:1 
metal-ligand complex. All the copper atoms in the 
complex are coordinated to the sulphur atoms from 
the bridging organic ligand to form coordination 
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l inear  chains.  The  iod ine -doped  p roduc t  behaves  as 
a semiconductor .  

A cknowledgements--This work was supported in part by 
a Grant in Aid for Scientific Research (priority areas, 
No. 06269209) from the Ministry of Education, Science 
and Culture of Japan. We thank Kinki University for 
financial support (GG 0100). 

REFERENCES 

I. F. Wudl, Acc. Chem. Res. 1984, 17, 227. 
2. J. M. Williams, M. A. Beno, H. H. Wang, P. C. W. 

Leung, T. J. Emge, U. Geiser and K. D. Carlson, 
Ace. Chem. Res. 1985, 18, 261. 

3. J. M. Williams, A. J. Schultz, U. Geiser, K. D. Carl- 
son, A. M. Kini, H. H. Wang, W.-K. Kwok, M.-H. 
Whangbo and J. E. Schirber, Science 1991,252, 1501. 

4. M. R. Bryce, Chem. Soc. Rev. 1991, 20, 355. 
5. K. Imaeda, T. Enoki, Z. Shi, P. Wu, N. Okada, H. 

Yamochi, G. Saito and H. lnokuchi, Bull. Chem. 
Soc. Jpn, 1987, 60, 3163. 

6. Z. Shi, T. Enoki, K, Imaeda, K, Seki, P. Wu, H. 
Inokuchi and G. Saito, J. Phys. Chem. 1988, 92, 
5044. 

7. K. imaeda, T. Mitani, C. Nakano, H. lnokuchi and 
G. Saito, Chem. Phys. Lett. 1990, 173, 298. 

8. K. Imaeda, T. Mori, C. Nakano, H. Inokuchi, N. 
lwasawa and G. Saito, Bull. Chem. Soc. Jpn. 1991, 
64, 2159. 

1651 

9. X. Gan, M. Munakata, T. Kuroda-Sowa and M. 
Maekawa, Polyhedron, 1995, 14, 1343. 

10. X. Gan, M. Munakata, T. Kuroda-Sowa and M. 
Maekawa, Bull. Chem. Soc. Jpn. 1994, 67, 3009. 

11. P. Wu, G. Saito, K. Imaeda, Z. Shi, T. Mori, T. 
Enoki and H. lnokuchi, Chem. Lett. 1986, 441. 

12. J. Gilmore, J. Appl. Cryst. 1984, 17, 42. 
13. TEXSAN-TEXRAY Structure Analysis Package, 

Molecular Structure Corporation, The Woodlands, 
TX (1985). 

14. h~ternational Tables Jor X-ray Crystallography, Vol. 
4. Kynoch Press, Birmingham (1974). 

15. K. Seki, T. B. Tang, T. Mori, P. Wu, G. Saito and 
H. Inokuchi, J. Chem. Soe.. Faraday Trans. 2 1986, 
82, 1067. 

16. P. Coppens and T. N. G. Row, Ann. N. Y. Acad. Sci. 
1978, 313, 244. 

17. K. Yakushi, S. Nishimura, T. Sugano, H. Kuroda 
and I. Ikemoto, Acta Crvst. 1980, 36B. 358. 

18. C. Katayama, M. Honda, H. Kumagai, J. Tanaka, 
G. Saito and H. lnokuchi, Bull. Chem. Soe. Jpn. 
1985, 58, 2272. 

19. A. Bondi, J. Phys. Chem. 1964, 68, 441. 
20. A. R. Siedle, G. A. Candela, T. F. Finnegan, R. P. 

V. Duyne, T, Cape, G. F. Kokoszka, P. M. Woyciejes 
and J. A. Hashmall, Inorg. Chem. 1981,20, 2635. 

21. A. R. Siedle, T. J. Kistenmacher, R. M. Metzger, C.- 
S. Kuo, R. P. V. Duyne and T. Cape, Inorg. Chem. 
1980, 19, 2048. 

22. G. Matsubayashi, K. Yokoyama and T. Tanaka, J. 
Chem. Soe., Dalton Trans. 1988, 3059. 

23. J. B. Torrance, Acc. Chem. Res. 1979, 12, 79. 
24. M. B. lnoue, M. Inoue, Q. Fernando and K. W. 

Nebesny, lnorg. Chem. 1986, 25, 3976. 


