
1386 Russian Chemical Bulletin, Vol. 47, No. 7, July, 1998 

A new radical cation salt bis(ethylenedithio)tetrathiafulvalene with 
[Pt(NO2)4] z-  anion: synthesis, structure, and conductivity 
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A radical cation salt based on bis(ethylenedithio)tetrathiafulvalene (BEDT--'ITF) con- 
taining the [Pt(NO2)4] 2- anion was synthesized for the first time. The crystal and molecular 
structure of this salt, (BEDT--TI-F)2Pt(NO2) 4, was established by X-ray diffraction analysis. 
The crystal structure consists of radical cation BEDT--TTF layers between which planar- 
square anions [Pt(NO2)4] 2- are located. The layers are formed by BEDT--T'rF stacks built 
of directs. The interplanar distances within the dimers and between them are 3.41 and 3.96 
A, respectively. The distribution of the bond lengths and bond angles in BEDT-- ' ITF 
corresponds to the charge of the cation + 1. The room-temperature conductivity of (BEDT-- 
"rI'F)2Pt(NO2) 4 is 3 �9 10 -3 f1-1 era -I ,  and the temperature dependence of the conductivity 
exhibits the semiconducting character. 
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Radical cation salts based on the organic electron 
donor  bis(e thylenedi thio) te t ra thiafulvalene ( B E D T - -  
TTF)  attract considerable attention because in their  
conducting properties many of  these salts can be re- 
ferred to as metals. At low temperature,  some of  these 
compounds  turn into a superconducting state.LZ Salts of  
B E D T - - ' I ' r F  have layer structures, which consist of  
alternating radical cation B E D T - - ' I ' r F  layers and layers 
of  counter- ions.  The conducting properties of  the salts 
are determined by the mode of  packing of  BEDT-- ' Iq 'F  
cations in layers, which, in turn, depends strongly on 
the nature, shape, and size of  the anion. It was of  
interest to vary the anions in B E D T - - T T F  salts to 
establish a correlation between the structure of the 
cation layer, conductivitY, and the nature of  the anion. 
in this work, we report the synthesis, crystal structure, 
and conductivity of  a new BEDT- -TTF  salt containing 
the me ta l - complex  anion [Pt(NO2)41-2. Crystals o f  
(BEDT- -TTF)2P t (NO2)  4 were prepared by electro-  
crystallization, which is widely used in the synthesis of  
conduct ing compounds based on radical-ionic salts. 3 

Results and Discussion 

The pro jec t ion  of  tile s t ructure  of  ( B E D T - -  
"I-I-F)2Pt(NO2) 4 along the b axis is shown in Fig. 1. The 
structure is characterized by layers of  B E D T - - l q ' F  radi- 
cal cations between which [Pt(NO2)412- anions are Io- 

cated along the c axis. The  projec t ion  of  the radical 
cation layer along the c axis is shown in Fig. 2. The layer 
is formed by B E D T - - T T F  stacks arranged along the a 
axis. The stacks consist of  cent rosymmetr ica l  dimers 
I - I  e The interplanar distances wi th in  the d imer  and 
between them are 3.41 and 3.96 A (I - - I ia) ,  respectively. 
(The distances were calculated for  mean  planes through 
6 atoms of  the central core of  B E D T - - ' I ' r F . )  Dimeriza-  
tion within the radical cation s tack  is also clearly illus- 
trated by different modes o f  over lapping of  the adjacent 
cations (BEDT--TTF)  +, which is seen in Fig. 3. There 
are several shortened interionic con tac t s  in the dimer  
l - - l i ,  viz., S(1)...S(4), 3.497(3) A; S(2). . .S(3),  3.558(3) 
A; C(I ) . . .C( I ) ,  3.41(I) A; and C( I ) . . .C(2 ) ,  3.48(1) A. 
There are only two slightly shor tened contacts in the 
stack: S(6)...S(6), 3.586(5) A ( l - l ;~ r ) ;  and S(7).. .S(7), 
3.598(4) A ( l - l iab)  (see Fig. 2). 

It should be noted that the mode of  packing of  
BEDT--TTF found in (BEDT-- 'I-I 'F)2Pt(NO2)4, namely, 
the presence of  dimerized radical  cat ion stacks with 
weak interactions, is typical of  the so-cal led simple 
radical cation salts with comple te  charge-transfer.  4-9 
These BEDT- -TTF  salts conta in ing  one-charge anions 
have the 1 : 1 stoichiometry, and salts containing two- 
charge anions have the 2 : I s to ichiometry  as is the case 
in the salt under consideration. 

The overall view of  the B E D T - - T T F  radical cation is 
shown in Fig. 4. This radical ca t ion  is characterized by 
orientatioual disorder of the carbon atoms of the termi-  
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Table i. Atomic coordinates (xl04) and equivalent isotropic Table 3. Bond angles (ta) in the structure of (BEDT-- 
thermal parameters (x103/• 2) for the salt (BEDT-- TTF)2Pt(NO2) 4 
TTF)2Pt(NO2)4 Angle t0/deg Angle to/deg 

Atom x/a y/b z/c Ueq C(I)--S(I)--C(3) 95.5(3) 
S(I) 5 2 7 5 ( 2 )  5261(25 2600(2) 40(0) C(I)--S(2)--C(4) 04.9(3) 
S (2 )  6 4 1 8 ( 2 )  2522 (2 )  4721(2) 3 8 ( 0 )  C(2)--S(3)--C(5) 95.5(4) 
S(3) 7 1 8 0 ( 2 )  6865 (2 )  4203(2) 4 0 ( 0 )  C(2)--S(4)--C(6) 95.7(4) 
S (4 )  8 2 9 2 ( 2 )  4 2 1 4 ( 2 )  6390(2) 4 1 ( 0 )  C(3)--S(5)--C(7a) 93.8(7) 
S (5 )  3 6 2 0 ( 3 )  3968(3) 789(2) 5 2 ( 1 )  C43)--S(5)--C(7b) 106.7(9) 
S(6)  4909(3) 794(2) 3268(2) 53(I) C(4)--S(6)--C(8a) 102.0(1) 
S(7)  9 0 6 2 ( 3 )  8 5 4 5 ( 3 )  5340(3) 6 1 ( 1 )  C(4)--S(6)--C(8b) 98.0(2) 
S(8)  10363(3) 5 4 0 4 ( 3 )  7948(3) 6 7 ( 1 )  C(5)--S(7)--C(9a) 99.9(9) 
C(I) 6 3 6 4 ( 8 )  4 3 5 0 ( 8 )  4155(7) 34(!) C(5)--S(7)--C(9b) 103.0(I) 
C(2) 7187 (8 )  5065 (7 )  4849(7) 32(I) C(6)--S(8)--C(10a) 102.8(7) 
C(3) 4 7 3 7 ( 8 )  373548)  231347) 36(I) C(6)--S(8)--C(10b) 99-549) 
C(4) 5270 (8 )  2 4 7 8 ( 8 )  3299(7) 35(I) S(I)--C(I)--S(2) !i5.8(4) 
C(5) 8516 (9 )  6 9 1 6 ( 9 )  5494(8) 4 1 ( 2 )  S(I)--C(I)--C(2) 120.6(6) 
C(6) 9 0 4 3 ( 9 )  5682(9 )  6516(8) 4 2 ( 2 )  S(2)--C(1)--C(2) 123.5(6) 
C(7a)* 4675(29) 2250(20) 588(17) 6 0 ( 4 )  S(3)--C(2)--S(4) 115.6(4) 
C(ga)* 4541(37) 966451) 1498(44) 6 3 ( 8 )  S(3)--C(2)--C(i) 121.9(6) 
C(7b) o 3702(41) 2t63(32) 609(26) 7 5 ( 8 )  S(4)--C(2)--C41) 122.6(5) 
C(gb) o 5138(45) 841(70)  1607(66) 7 0 ( 1 1 )  S(I)--C(3)--S(5) !17.3(4) 
C(9a)* 9357(30) 8555(28) 7024(28) 6 0 ( 6 )  S(I)--C(3)--C(4) 116.1(6) 
C(10a)'10658(23) 7261(26) 7810(24) 6 6 ( 5 )  S(5)--C(3)--C(4) 126.7(6) 
C(gb)* 10072(43) 8320(49) 7012(39) 6 7 ( 9 )  S(2)--C(4)--S(6) 116.9(4) 
C(10b)* 9843(33) 7160(26) 8198(23) 5 7 ( 5 )  S(2)--C(4)--C(3) 117.7(6) 
Pt 10000 0 I0000 3 0 ( 0 )  S(6)--C(4)--C(3) 125.4(6) 
N(I) 8027 (8 )  1472(7)  9027(6) 43(I) 
N(2) 11181(8) 1039(7 )  8647(7) 41(1) 
O(I) 7 2 9 6 ( 9 )  1318(8)  8047(9) 81(2) 
0(2) 7585(12) 2609(10) 9 3 4 5 ( 9 )  105(4) 
O(3a)" 12011(31) 242(31)  8177(27) 134(9) 
O(4a)* 10910(25) 2276(23) 8467(26) 108(7) 
O(3b)" 10990(30) 1119(29) 7630(22) 100(7) 
O(4b)" 11956(38) 1789(32) 9091(25) 127(8) 

Table 2. Bond lengths (d) in the structure 

$43)--C(5)--S(7) 116.7(5) 
S(3)--C(5)--C(6) 116.9(65 
C(6)--C(5)--S(7) ! 26.4(6) 
S(4)--C(6)--S(8) 116.3(5) 
S(4)--C(6)--C(5) ! 16.1(6) 
S(8)--C(6)--C(5) 127.6(6) 
S(5)--C(7A)--C(ga) 116.0(2) 
S(6)--C(8A)--C(7a) ! 19.0(3) 
S(5)--C(7B)--C(gb) 115.0(2) 
S(6)--C(gB)--C(To) 108.0(3) 
S(7)--C(9A)--C(10a) 110.0(2) 
S(8)--C(10A)--C(9a) 117.0(I) 
S(7)--C(9B)--C(10b) 120.0(2) 
S(8)--C(10B)--C(9b) 110.0(2) 
N(I)--Pt--N(2) 89.7(3) 
O(I)--N(I)--O(2) 118.1(7) 
Pt--N(I)--O(I) 121.2(6) 
Pt--N(I)--O(2) 120.4(6) 
O(3A)--N(2)--O(4a) 131.0(2) 
O(3B)--N(2)--O(4b) 120.0(2) 
Pt--N(2)--O(3a) 115.0(1) 
Pt--N(2)--O(4a) i 14.0(I) 
Pt--N(2)--O(3b) 124.0(1) 
Pt--N(2)--O(4b) 114.0(1) 

nal ethylene groups. The bond lengths and bond angles 
in the radical cation (see Table 2) correspond to (BEDT-- 
TTF) § and are close to those observed in other BEDT--  
TTF radical cation salts: 4-s,la compared to the neutral 
(BEDT--'I 'I 'F) ~ molecule, the C(sp2)--C(sp 2) double 
bonds are elongated, while the S--C(sp 2) bonds are 
shortened. For example, the C(1)--C(2) bond length is 
1.39(1) A, while the corresponding distance in the neu- 
trSal molecule (BEDT--TTF) ~ is 1.319 A (see Ref. 9). 

of (BEDT-- 
TI'F)~Pt4NO2) 4 2) 

Bond d/A Bond d/A 

S ( I ) - - C ( l )  1.130(7) S(8) - -C(10a)  1.86(2) 
S (1 ) - -C(3 )  1.745(8) S(8) - -C(10b)  1.16(2) 
S(25--C(I) 1.724(7) C(I)--C(2) 1.39(I) 
S(2)--C(4) 1.742(7) C(3)--C(4) 1.3541) 
S(3)--C(2) 1.721(7) C(5)--C(6) 1.36(I) 
S(3)--C(5) 1.734(8) C(7A)--C(8a) 1.42(5) 
S(4)--C(25 1.716(7) C(7B)--C(8b) 1.66(6) 
S(4)--C(6) 1.743(8) C(9A)--C(IOa) 1.51(3) 
S(5)--C(3) 1.736(7) C(9B)--C(10b) 1.54(5) 
S(5)--C(7a) 1 .81(2)  Pt--N(I) 2.008(7) 
S(5)--C(7b) 1.80(2)  Pt--N(2) 2.093(7) 
S(6)--C(4) 1.750(7) N(I)--O(I) 1.222(9) 
S(6)--C(8a) 1 .82(4)  N(I)--O(2) 1.23(I) 
S(6)--C(gb) 1.78(6)  N(2)--O(3a) 1.19(2) 
S(7)--C(5) 1.743(8) N(2)--O(4a) 1.14(2) 
S(7)--C(9a) 1.77(35 N(2)--O(3b) 1.05(2) 
S(7)--C(9b) 1.83(4)  N(2)--O(4b) 1.25(2) 
S(8)--C(6) 1.742(8) 

* The occupancies of the C(7a), C(ga), C(9a), and C(10a) 
atoms are 0_57; the occupancies of the C(7b), C(gb), C(9b), 
and C410b) atoms are 0.43; and the occupancies of the O(3a), 
O(4a), O(3b), and O(4b) atoms are 0.50. 

) '  C 

Fig. I .  Project ion o f  the (BEDT- -2WF)2P t (NO2)  4 structurc 
along the b axis. The symmet ry  operat ions for the radical 
cations BEDT- -TT 'F  nrc as fol lows: I (x, y, Z), l, (1 - x ,  I - y ,  
I - Z ) ,  and I m ( 2 - x ,  I - y ,  I --Z). 
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The  [Pt(NO2)4] 2- anions occupy symmetry  centers.  
The  coord ina t ion  about  the Pt a tom is a planar  square. 
The  in te ra tomic  P t - - N ( 1 )  and P t - - N ( 2 )  distances are 
2.008(7) and 2.093(7) A, respectively.  The  plane o f  the 
N(  I )O( ! )0 (2)  ni t ro  group is approximate ly  perpendicu-  
lar to the PtN4 plane (the dihedral  a~tgle is 86.5~ In the 
crystal,  the N(2)O(3)O(4)  ni tro group is equal ly  distrib- 
u ted  o v e r  two  si tes  ( N ( 2 ) O ( 3 a ) O ( 4 a )  and 
N(2)O(3b)O(4b)) .  The  dihedral angle  between the planes 
o f  the nitro group in these two positions is 60 ~ . The  
angles be tween these planes and the P tN 4 plane are 50 ~ 
and 70 ~ , respectively.  The  disorder  o f  the two nitro 
groups related by a cen ter  o f  symmet ry  is due to a 
t endency  to e l imina te  nonal lowed short contacts  o f  the 
oxygen a toms o f  t h e  anion with the sulfur atoms a n d / o r  
the  terminal  e thy lene  groups. The  structures o f  Pt W 
octahedra l  nitro complexes ,  such as K2PtX2(NO2) 4, 
where  X = CI o r  Br, H and cis-K2PtCl3(N02)3 tz were 
reported.  It should be noted that  the P t - - N  bond length 
in the lat ter  complex  is substantial ly larger (2.20 A) than 
that  in the p lanar-square  nitro complex  of  Pt II s tudied 
by us. 

The  c o n d u c t i v i t y  o f  crystals  o f  ( B E D T - - T T F )  2 
Pt(NO2)4, which was measured in the ab plane by the 

s(1) . . . .  c(1ob) 

/ -  C(eb) 
C(Sa) 

Fig. 4. Overall view o f  the radical cat ion ( B E D T - - T T F )  + and 
the atomic numbering scheme. 

four-contact  method ,  is 3-  10 -3 f2 - I  cm - I ,  and it de-  
creased as the tempera ture  dec reased .  

The  s to ichiometry  o f  the ( B E D T - - T T F ) 2  Pt(NO2) 4 
salt (2 : 1) differs fundamenta l ly  f r o m  the  s to ich iomet ry  
(4 : 1) o f  h igh-conduct iv i ty  B E D T - - T T F  salts con ta in -  
ins o ther  planar-square t w o - c h a r g e  anions,  Pt (CN)4 or  
Pt(C204). Is,16 Unl ike  the l a s t - m e n t i o n e d  salts, in the 
crystals o f  ( B E D T - - T T F )  2 P t (NO2)  4, the posit ive charge 
( + i )  is located on each B E D T ~ T T F  molecule ,  which 
leads to pronounced  d imer i za t ion  o f  B E D T - - T T F  cat-  
ions in stacks and, as a result, to low conduct iv i ty  o f  the 
crystals. 

Experimental 

Fig. Z. Projection of the radical-cation layer along the c axis. 
The symmetry operations for (BEDT--'FTF) + are as follows: 
I/6-(I - x ,  )T, I - z )  and I/,1 b ( 2 - x ,  2 - y ,  I - z ) ;  see also the 
caption to Fig. I. 

~ b 

Fig. 3. Modes of overlapping of the adjacent BEDT--YffF 
luolecules in the radical-cation stack: (a) in the dimer and (b) 
between lhe directs. 

Synthesis of the salt (BEDT--TTF)z[Pt(NO2)4I. 
Bis(ethylenedithio)tetrathiafulvalene (Aldrich) was recrystallized 
from l,l,2-trichloroethane; [(C,,Hg)4NI2Pt(NO2)4 was recrys- 
tallized from anhydrous ethanol. !, 1,2-Trichloroethane (Fluka) 
was distilled over P2Os and passed through a column with 
neutral alumina before use. BEDT-- ' I ' rF  (11 ms, 2.8-10 -4 
tool) and the electrolyte [(CaHg)4NI2Pt(NO2) 4 (60 mg, 
7.8 �9 10 -4 tool) were placed in an H-shaped electrochemical cell 
with a porous glass membrane and dissolved in I, l ,2-tri-  
chloroethane (25 mL) with stirring under an atmosphere of 
argon. Then the cell was sealed, placed into an air-dried 
thermostat, and connected to a constant-current source; I-ram 
platinum wire electrodes were used. Eleetrocrystallization was 
carried out at 25 ~ for 1.5--2 weeks in the constant current 
mode (i = 0.5 gA, j = t pA cm-2). Black brilliant platelet-like 
crystals of dimensions 1• mm were grown on the 
anode. The crystals were filtered off  and washed with 
I,I,2-trichloroethane and acetone. The composition of the 
crystals was established by complete X-ray diffraction analysis. 

X-ray diffraction study. Crystals of (BEDT--TYF)2Pt(NO2) 4 
are trictinic, a = 9.089(I) A, b = 9.737(2) A, c = 10.566(1) A, 

= 76.19(1), 13 - 96.73(I), -r = 76.99(i), V--- 870.2(2) A 3, 
space group P/,  Z = l, C20HI6N4OsPtSI6 , F(000) -- 562, 
M = 1148.42, dcalc= 2.19 g c m  -3, p (Mo--Ka)  = 50.4 cm -l .  
The unit cell parameters and intensities of 3039 reflections 
were measured on an automated four-circle Nonius CAD-4F 
diffractometer (293K, (~.Mo-Ka) radiation, graphite mono- 
chromator, to scanning technique to 20a~x = 50~ The struc- 
ture was solved by the heavy-atom method and refined by the 
fidl-matrix least-squares method with anisotropic thermal pa- 
rameters for nonhydrogen atoms using the SHELXL-93 pro- 
gram z0 to R = 0.045 for 2839 independent reflections with F 0 _> 
4o(r"). The positions of the hydrogen atoms were calculated 
geometrically and were not refined. The final coordinates of 
the nonhydrogen atoms and their thermal parameters are given 
in Table I. The bond lengths and bond angles in the BEDT-- 
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TTF radical cation and in the [Pt(NO2)4] 2- anion are listed in 
Tables 2 and 3, respectively. 

We tha,lk L. P. Rozenberg for choosing single crys- 
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Buravov for measuring the conductivity. This work was 
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Basic Research (Project Nos. 96-03-32029 and 97-03- 
33581a). 
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