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The mixed-valence radical salts [smdt] [Ni(C,S,),], 1, [dmp] [Ni(C,S,),], 2 and [dmm] [Ni(C,S,),], 
3 (C3S$- = 1,3-dithioIe-2-thione-4,5-dithiolate, smdt = S-methyl-l,3-dithianium, dmp = N,N-di- 
methylpyrrolidinium and dmm = N,N-dimethylmorpholinium) have been obtained by  electrochemical 
oxidation of the corresponding [cation] [Ni(C,S,),] complexes in acetonitrile. Single-crystal X-ray studies 
revealed that all three crystallise in essentially the same packing mode. Their structure consists of anionic 
diads stacked face-to-face along one direction. The stacks form layers of Ni(C,S,), units which are 
separated by the cations. In the structure of 3 t w o  types of Ni(C,S,), layers exist, exhibiting different 
structural and electrical properties. The acceptor molecules neighbouring along the longest axis make an 
angle of 135 (I), 139 (2) and 152" (3) with each other, thereby forming a herringbone motif. In all three 
structures, short intermolecular S ... S contacts can be found predominantly between Ni(C,S,), units lying 
side-by-side t o  each other, but also within the stacks in 3. At  ambient pressure, all three Ni(C,S,), 
compounds have room-temperature conductivities ranging between 1 and 70 S cm-l. Their thermal 
behaviour is consistent with semiconductors having activation energies of about 0.1 4 eV. Band-structure 
calculations were carried out and found to be in agreement with the observed conductivities when some 
degree of electron correlation is taken into account. Calculation of molecular orbital overlaps indicated 
dimerisation of the anions, with a weak, essentially two-dimensional conduction pathway for salts 1 and 2. 
In the crystal lattice of 3 one Ni(C,S,), layer can be considered as conducting along the stacking direction, 
while in the second type of layer a two-dimensional conduction pathway appears t o  be present. 

In 1984 the preparation of [ttf][Ni(C,S,),], (ttf = tetrathia- 
fulvalene [2-( 1,3-dithiol-2-ylidene)-1,3-dithiole]; C3Ss2 - = 
1,3-dithiole-2-thione-4,5-dithioIate (also called 4,5-dimercapto- 
1,3-dithiole-2-thionate, or 'dmit')} led to the discovery of the 
first formally inorganic molecular superconductor. Recently, it 
was demonstrated by solid-state NMR techniques that in this 
salt the conduction pathway occurs via both the radical donor 
molecule ttf" and the anionic acceptor Ni(C3S,)2.- units., 
Later, by reporting the high-pressure superconductivity of 
[NMe,][Ni(C3S5)2]2, Kobayashi et aL3 showed that an 
organic radical cation is not an absolute necessity to obtain a 
superconducting M(C,S,), salt. In contrast to ttf", a spectator 
cation such as NMe,+ is not actively involved in the 
conductivity process, but influences the eventual packing mode 
of the Ni(C,S,), molecules by its size and shape, and can 
therefore be considered as having a second-order effect on the 
compound's conductivity. This observation clearly increased 
the number of studies on new M(C,S,), (M = Ni, Pd, Pt or Au) 
compounds in combination with small, closed-shell cations. 

t Supplemrntury dutu uouiluble: see Instructions for Authors, J.  Chem. 
Soc., Dulton Trans., 1992, Issue 1 ,  pp. xx-xxv. 
Non S.I. unit cn?ploj-ed: eV = 1.60 x J.  

Most cations used so far consist of the type 
tetraalkylamm~nium,~-~ tetraalkylphosphanium,4 alkali-metal 
ions '-' ' or even closed-shell dications.12 Recently, the topic 
of dmit was reviewed.', Many M(C,S,), salts show metallic 
behaviour down to a certain temperature, but since the super- 
conductivity of a-[ttf][Pd(C,S,),], and a'-[ttf][Pd(C,S,),], 
was reported in 198913 no new superconductors based on 
M(C,S,), have been discovered until very recently. It has now 
been proposed that P-[NMe,][Pd(C,S,),], becomes supercon- 
ducting at 6.2 K under 6.5 kbar (6.5 x 10' Pa)." 

In this paper we present a new class of closed-shell cations, 
namely that containing small, saturated, cyclic cations. They 
have a size and shape which are not too different from those 
of the smaller tetraalkylammonium-type cations, and they also 
possess similar electronic properties. However, an advantage of 
using saturated, cyclic cations is that they can be varied almost 
without limit, and therefore they might be especially suited for 
the fine tuning of molecular interactions by choice of only 
marginally different components. l 4  

The crystal structures, conductivity studies and tight-band 
structure calculations of three Ni(C,S,), compounds contain- 
ing various cyclic, saturated cations are reported. They are 
compared to each other and to [~ation][M(C,S,)~], com- 
pounds known from the literature. A preliminary report of the 
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structures and conductivities of two of them, [smdt][Ni- 
(C3S5),], and [dmp][Ni(C3S5),I2 (smdt = S-methyl-1,3- 
dithianium,dmp = N,N-dimethylpyrrolidinium), was presented 
at a conference. 

Experimental 
Preparations.-The [cation11 salts (cation = smdt, dmp, or 

dntn?). The smdt iodide was prepared from 1,3-dithiane and 
iodomethane according to Bohme and Krack.16 The dmp and 
dmm iodides were prepared by adding a small excess of 
iodomethane to a solution of N-methylpyrrolidine or N- 
methylmorpholine, respectively, in acetone. This nucleophilic 
addition reaction is exothermic. Recrystallisation from meth- 
anol yields pure [cationlI. 

The [cation][Ni(C3S5),] complexes. The 4,5-bis(benzoyl- 
thio)-1,3-dithiole-2-thione ligand and the salts [cationI2[Ni- 
(C3S5),] and [cation][Ni(C,S,),] (with cation = smdt, dmp, 
or dmm) were prepared according to the general recipe of 
Steimecke et at.' 

The [cation][Ni(C3S5),], complexes. Crystals of [cation]- 
[Ni(C,S,),] , were grown by using the electrochemical oxidation 
method. An H-tube equipped with a fine-porosity frit was 
placed under an argon atmosphere and filled with a solution of 
[cation][Ni(C3S5>,] (0.1 mmol) in dry acetonitrile (35 cm3). 
No extra electrolyte was used. Two platinum-wire electrodes 
were placed in the dark olive-green solution and a constant 
current of approximately 1 pA was applied. After 2-10 d, black, 
lustrous platelets were isolated from the anode. They were 
washed with acetone and diethyl ether and dried. The 
stoichiometry of the compounds was concluded from the X-ray 
structure analysis. 

Crystallogruphy.-[~mdt][Ni(C~S~)~]~ 1. A black, platelet- 
shaped crystal was mounted on an Enraf-Nonius CAD-4 four- 
circle diffractometer and measured at room temperature using 
graphite-monochromated Cu-Ka radiation. Cell constants were 
determined from setting angles of 24 reflections. The 1698 
independent reflections (of 3269 measured) for which I > 2 0 ( I )  
were corrected for Lorentz and polarisation effects. The 
statistics of the normalised structure factors indicated a non- 
centrosymmetric- space group. Three reference reflections 
monitored after every hour showed that after a total of 60 h of 
X-ray exposure no decomposition had occurred. All calculations 
were carried out on the Leiden University computer (IBM 3083) 
using programs written or modified by Mrs. E. W. M. Rutten- 
Keulemans and Dr. R. A. G. de Graaff. An absorption cor- 
rection was applied using Monte-Carlo methods. ' Scattering 
factors and corrections for anomalous dispersion were taken 
from ref. 19. Nickel atoms were located using a Patterson map. 
The structure was solved by automatic Fourier techniques, 
using the computer program AUTOFOUR.20 Least-squares 
refinement on F of non-hydrogen atoms yielded their positional 
and anisotropic thermal parameters. Two hydrogen atoms were 
located from a Fourier difference map. The positions of the 
other hydrogen atoms were calculated, with C-H 1 A. Hydro- 
gen atoms were coupled to their neighbouring atoms in the 
refinement. Their isotropic thermal parameters were 6.2( 1) A2. 
Relevant crystallographic data are listed in Table 1, final 
coordinates in Table 2. 

[dmp][Ni(C,S,),], 2. A black, platelet-shaped crystal was 

mounted on an Enraf-Nonius CAD-4 four-circle diffractometer. 
Cell constants were determined from setting angles of 23 
reflections (6 between 39 and 43"). The intensities were collected 
at room temperature using graphite-monochromated Cu-Ka 
radiation. The statistics of the normalised structure factors 
indicated a centrosymmetric space group. Two reference 
reflections monitored after every hour showed that after a total 
of 60 h of X-ray exposure no decomposition had occurred. An 
absorption correction was applied and scattering factors and 
corrections for anomalous dispersim employed as above. The 
Ni(C,S,), molecule was found by the direct-methods routine 
(SHELXS 86).,' All subsequent Fourier syntheses and least- 
squares refinements were executed using XTAL 3.0.,, The dmp 
cations appear to be highly disordered around the mirror plane 
at (x,$,z) but seemed not to obey the symmetry of P2,/m. For 
this reason the structure was refined in the asymmetric space 
group P2,  while constraining the Ni(C,S,), molecules to 
centrosymmetrically related positions. The molecular structure 
of the dmp cation could not be solved. In order to cope with 
the electron density of the cation, some atoms with population 
parameters between 0.2 and 0.6 and with locations near the 
expected position of the dmp cation were introduced (see 
Table 3). These atoms flattened the final Fourier difference 
map to a maximum and minimum residual peak of 0.6 and 
- 0.6 e A-3, respectively. Relevant crystallographic data are 
listed in Table 1, final coordinates in Table 3. 

[dmm][Ni(C3SS)Z]2 3. A black, plate-like crystal was 
mounted in a Lindemann glass capillary. The lattice parameters 
at 295 K were determined by a least-squares fit to the setting 
angles of 25 independent reflections (12.7 < 8 < 21.1') col- 
lected on an Enraf-Nonius CAD-4 four-circle diffractometer 
using Ni-filtered Cu-Ka radiation. The three reference reflec- 
tions monitored after every hour indicated that after a total 
of 108.8 h of X-ray exposure no decomposition had occurred. 
The triclinic unit cell is Niggli reduced. Data reduction and 
application of Lorentz and polarisation correction were per- 
formed by using the local data reduction program HELENA. 
The program ABSORB 23 (Gaussian Integration) was used to 
apply absorption correction. The structure was solved by the 
direct-methods routine (SHELXS 86)., All subsequent least- 
squares refinements were executed using SHELX 76.24 The 
refinement calculations were performed using the scattering 
factors for the respective neutral atoms, as tabulated by Cromer 
and Mann,25 and were corrected for anomalous dispersion.26 
The hydrogen atoms of the carbons were included at calculated 
positions (C-H 1.08 A) and their thermal parameters refined as 
two separate common-group factors. In the final full-matrix 
least-squares calculation all non-hydrogen atoms were 
modelled anisotropically. Relevant crystallographic data are 
listed in Table 1, final coordinates in Table 4. The geometric 
data were calculated using the program PLATON.27 

Additional material available from the Cambridge Crystal- 
lographic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles for all three 
structures. 

Results and Discussion 
Description of the Crystal Structures of Compounds 1-3.- 

Relevant bond lengths and angles are listed in Tables 5-7. The 
Ni-S bond distances vary from 2.145 to 2.179 A, which is typical 
for Ni(C,S,), molecules having a formal oxidation state of 4 -. 
The structures of [~mdt][Ni(C~S,)~]~ 1 and [dmm][Ni- 
(C3S5),], 3 consist of two crystallographically independent 
Ni(C,S,), units and one cation, as depicted in Fig. 1. In 
contrast the crystallographically independent unit in the 
structure of compound 2 contains only one Ni(C,S,), molecule 
and half a N,N-dimethylpyrrolidinium cation. The latter is at 
x,$,z and is highly disordered. The Ni(C,S,), molecules in 1-3 
are essentially planar. In the monoclinic salts 1 and 2 the 21 
operator of the space groups P2, and P2,/m is responsible for 
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Fig. 1 
2 (50% probability level, disordered cation is omitted) and 3 (50% probability level) 

The ORTEP 28  plots of the crystallographically independent units with atomic labelling schemes for compounds I (60% probability level), 

the fact that the acceptor units neighbouring along the b axis are 
arranged in a herringbone motif. The interstack angles are 135 
(l), 139 (2) and 152" (3). A similar packing mode was previously 
found for the structures of P-[NMe2Et2][Ni(C,SS),1, and 
[NMe3Et][Ni(C3Ss)2]2,4 as well as in several [cation][Pd- 
(C,S,),], salts.7u 

Although at first impression the overall stacking mode seems 
essentially the same in compounds 1-3, an important feature in 
the structure of 3 sets this salt apart from the other two. Due to 
the head-to-tail orientation of the two independent Ni(C,S,), 
molecules with respect to each other (see Fig. 1) and its space 
group being Pi, stacks are formed, each containing solely one 
of the two crystallographically independent units. As a conse- 
quence, the lattice of 3 consists of two types of stacks, exhibiting 
different structural properties. Another compound in which the 
anions are known to crystallise in two non-equivalent stacks 

is C K - [ N M ~ ~ ] [ P ~ ( C , S ~ ) ~ ] , . ~ ~  In the structures of 1 and 2 all 
Ni(C,S,), stacks are equivalent (see Fig. 2). 

As is found in most other compounds of general formula 
[~ation][Ni(C,S,)~]~,~ a certain degree of dimerisation of the 
Ni(C,S,), units, reflected by unequal interplanar spacings, is 
present in all three structures. Every two anions form a so-called 
'diad'. This dimerisation is most pronounced in compound 2 
and the Ni(l)(C3Ss)2 stacks in 3 (see Fig. 2). The various 
modes of overlap along the molecular stacks are shown in Figs. 
3-5. It is obvious from Figs. 2 and 6 that the most significant 
intracolumnar overlap, resulting in the largest number of short 
(< 3.70 A) S 4 S contacts, will be present in the Ni(2)(C,Ss), 
columns in structure 3. 

The Ni(C,S,), stacks form layers of acceptor molecules 
which are separated from each c;ther by sheets of cations. The 
fact that there are two different acceptor stacks in salt 3 implies 
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Fig. 2 Unit-cell contents of compounds 1,2 (disordered cations are omitted) and 3. Thin black lines represent S . . . S  contacts <3.70 A 

that two types of layers exist as well. As can be seen from Fig. 6, 
within a layer of acceptor molecules many S . . - S  contacts 
shorter than 3.70 A, the sum of the van der Waals radii, can be 
found between Ni(C,S,), units laying side-by-side to each 
other. This is usually the direction in which the largest number 
of S S interactions O C C U ~ . ~ ' ~ '  Short contacts parallel to the 
long axis can only take place between sulfur atoms of the 
terminal thionyl groups, but nonetheless these interactions can 
play a role in the conductivity behaviour of such compounds, as 

they might add an extra dimension to the electrical conduction 
p a t h ~ a y . ' ~  It should be noted that in 1 the shortest S . - . S  
distances are found between the thionyl groups of the Ni(C,S,), 
molecules and the sulfur atoms in the smdt cations. Tables 8-10 
list all short S . - . S  contacts occuring in compounds 1-3, 
respectively. 

Conductivity Measurements.-Temperature-dependent four- 
probe conductivity measurements were carried out using a 
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Table 1 Crystallographic data 

Compound 8 1 2 

Space group E l  n , / m  

blA 
4 
PI" 
Y I" 90 
u/A3 1683(1) 1695.0(6) 
z 2 2 
D,/g ~ 3 1 1 1 ~  2.01 2.00 
DJg ~ m - ~  2.05 1.97 
F(0Ow 1044.69 1001.9 
p(Cu-Ka)/cm-' 141.9 129.6 
A(Cu-Ka)/A 1.541 78 1.541 78 
Transmission factors 0.12M.754 0.04-0.4 
Crystal size/mm 

Formula C17H 11NiZS22 cl B H  14NNi2S20 
M 1038.0 1002.9 

alA 8.01 5(5)  6.0488(3) 
36.213(5) 36.763(2) 
5.943( 1) 7.7977(4) 

90 

90 

a/" 90 
102.65(3) 102.169(4) 

0.25 x 0.25 x 0.05 0.3 x 0.4 x 0.01 
Minimum ranges hkl 0 4 , 0 4 4 ,  -7 to 7 -7 to 7,O-44,0-9 
Scan type d 3  w 2 0  
Scan width/" 1.0 + tan0 1.2 + 0.15 tan0 
8 range/" 2-70 2.5-70 
No. measured reflections 3498 326 1 
No. unique reflections 1698 a 2998" 
No. parameters 402 344 
Weighting scheme 1/[a2(Fo) + 0.01 F,z] l/02(Fo) 
R' 0.039 0.047 
R d  0.03 5 0.045 
Maximum, minimum electron 

densityle k3 0.44, -0.45 0.6, -0.6 

I > 20(1). I > 2.50(1). R = Z(IFoI - ~Fc~)/ZIFo~. R = [Zw(lF0I - IFc1)2/Z~lFo12]f. 

3 

1018.9 
PT 
6.170(1) 
7.436( 1) 
37.901(2) 
89.42( 1) 
87.87( 1) 
78.22( 1) 
170 1 .O(4) 
2 
2.00 
1.99 
1026 
129.4 
1.541 80 
0.017-0.77 
0.82 x 0.46 x 0.02 
-7 to 7, -9 to 0, -24 to 24 
6F20 
0.53 + 0.15 tan0 
2-75 
9062 
5439 
382 

cl 8H14"i20S20 

10.3/[02(F0) + 0.OOO 293 FO2] 
0.077 
0.107 

1.07, -0.90 

Table 2 Final coordinates of the non-hydrogen atoms for [~mdt ] [Ni (C~S~)~]~  

X 

0.3 105(4) 
0.4632(6) 
0.460(2) 
0.5672(6) 
0.504(2) 
0.5620(6) 
0.3 8 5 3 (6) 
0.375(2) 
0.2641(6) 
0.3545(6) 
0.239(2) 
0.225(6) 
0.090(2) 
0.0207(6) 
0.0337(6) 
0.148(2) 
0.151 l(6) 

-0.2695(4) 
- 0.1 WO(6) 
-0.109(2) 

0.0043(6) 

Y 
0 

- 0.041 7( 1) 
- 0.0766(4) 
-0.1184(1) 
- 0.1394(4) 
-0.1834( 1) 
-0.1125(1) 
-0.0738(4) 
- 0.0350( 1) 

0.035 1 (1) 
0.0730(4) 
0.1 107( 1) 
0.1371(5) 
0.1 780(1) 
0.1 159(1) 
0.0754(4) 
0.0405(1) 
0.4259(8) 
0.001 5( 1) 

- 0.0334(4) 
- 0.0742( 1) 

Z 

0.3 5 14(4) 
0.568 l(5) 
0.3 7 5 (2) 
0.4523(7) 
0.189( 3) 
0.1473( 8) 

0.147(2) 
0.0500(7) 
0.6511(7) 
0.5 57( 2) 
0.7283(7) 
0.525(3) 
0.580 1 (8) 
0.2543(7) 
0.331(3) 
0.1404(7) 
0.4065(3) 
0.61 16(7) 
0.422( 2) 
0.49 16(7) 

- 0.0209(7) 

Atom X 

- 0.06 l(2) 
0-0044(6) 

- 0.189 l(6) 
- 0.199(2) 
-0.3 163(6) 
- 0.2250(6) 
- 0.337(2) 
- 0.3465(6) 
- 0.47 1 O(2) 
- 0.5295(7) 
-0.5237(6) 
- 0.423(2) 
- 0.42 14(6) 
- 0.169 l(6) 
- 0.0803(9) 

0.136(2) 
0.167(2) 
0.05 l(2) 

- 0.207(2) 
-0.282(2) 

Y 
- 0.0939(4) 
- 0.1362( 1) 
- 0.0679( 1) 
- 0.0299(4) 

0.0081(1) 
0.0761( 1) 

0.1529( 1) 
0.1813(4) 
0.2227( 1) 
0.1614( 1) 
0.1 199(4) 
0.0845( 1) 
0.2973( 1) 
0.2386(2) 
0.2469( 7) 
0.2828(4) 
0.2930(6) 
0.2494( 5 )  
0.3024(6) 

0.1 150(4) 

z 

0.227( 3) 
0.1638(8) 
0.0196(7) 
0.198(3) 
O.lM(7) 
0.7 1 3 6( 7) 
0.619(2) 
0.7979(7) 
0.597(3) 
0.653 1 (8) 
0.3231(7) 
0.392(2) 
0.1977(7) 
0.2229(7) 

0.134( 3) 
0.2 17( 3) 
0.376(3) 
0.154(3) 
0.448(3) 

- 0.05 1( 1) 

Keithly model 225 current source and a model 616 electrometer. 
The four gold wires were attached to the single crystal with gold 
paint. At room temperature the electrical conductivity of salts 1 
and 2 is between 1 and 10 S cm-', but the room-temperature 
conductivity for 3 is notably higher, ca. 70 S cm-'. Upon cooling 
to 130 K all three compounds showed a semiconducting 
behaviour with values for E, around 0.14 eV. During the 
conductivity measurements of compound 3 a peculiar pheno- 
menon was observed. At ca. 200 K the crystal seemed to 
'implode': an abrupt shattering of the complete crystal occurred. 
This happened for all four measured crystals of 3 at approxi- 
mately the same temperature. Such crystal shattering at lower 

temperatures has been observed before in organic conductors, 
e.g. in K-(bedtttf),Ag(CN),-H,O [bedtttf = bis(ethy1enedi- 
thio)tetrathiafulvalene], which apparently undergoes a destruc- 
tive phase transition when cooled below 150 K.30 Differential 
scanning calorimetry (DSC) experiments were carried out to 
check if a phase transition at 200 K occurs in 3. The results 
obtained were reproducible and showed a small but significant 
increase in the heat flow, with a maximum at around 200 K. 
Again, after the measurements the crystals were shattered. 

Band-energy Calculations. The intermolecular orbital over- 
laps between the LUMOs (lowest unoccupied molecular orbi- 
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Table 3 Final coordinates of the non-hydrogen atoms for [dmp][Ni(C3S,),], 2 

Atom 1- 1.’ Atom 
(a) Anion: (h) Cation: 

0.529 9( 1) 
0.831 8(2) 
0.910 O(2) 
0.756 8(4) 
0.440 9(2) 
0.319 7(2) 
0.739 l(2) 
0.628 5(2) 
0.315 7(4) 
0.1 59 6(2) 
0.233 l(2) 
0.734 7(8) 
0.704( 1) 
0.511 l(8) 
0.554 l(8) 
0.368( 1) 
0.329 9(8) 

0.478 74(2) 
0.445 62(3) 
0.368 60(4) 
0.297 26(4) - 

0.359 32(4) - 

0.435 95(3) 
0.520 02(3) 
0.595 39(4) 
0.657 22(4) 
0.588 89(4) 
0.512 96(3) 
0.405 8( 1) 
0.339 8(1) 
0.401 8(1) 
0.554 5(1) 
0.615 8(1) 
0.551 5(1) 

0.211 4(1) 
0.257 2(2) 
0.148 6(2) 
0.013 7(3) 
0.021 (2) 
0.070 4(2) 
0.363 5(2) 
0.472 2(2) 
0.480 O(2) 
0.291 4(2) 
0.167 4(2) 
0.155 5(6) 
0.034 5(7) 
0.072 9(6) 
0.364 8(6) 
0.416 4(7) 
0.277 9(6) 

Y 

0.21 l(2) 
0.250( 2) 
0.362( 8) 
0.087(5) 
0.08 7( 5) 
0.252(5) 
0.037(9) 
0.47 l(4) 
0.409(4) 
0.27(2) 
0.247 (4) 
0.157(8) 

0. I36(6) 
0.168(6) 

0.474(4) 
0.165(7) 
0.335( 5 )  

. O.O03(8) 

0.1 l(1) 

1.’ 

0.254 l(8) 
0.245 2(6) 
0.276( 1) 
0.226 3(8) 
0.280 l(8) 
0.269 6(9) 
0.277( 1) 
0.256 O(9) 
0.242 2(7) 
0.296( 3) 
0.258 7(8) 
0.2954 1) 
0.258(2) 
0.238( 1) 
0.216( 1) 
0.280(2) 
0.254( 1) 
0.2 12( 1) 
0.259( 1) 

0.539( 2) 
0.439(2) 
0.31 5(6) 
0.377(4) 
0.468(4) 
0.245(4) 
0.666(7) 
0.349(3) 
0.622( 3) 
0.55( 1) 
0.758(3) 
0.448(6) 
0.632( 6) 
0.704( 5) 
0.673( 5) 
0.5 14(9) 
0.547(3) 
0.369(6) 
0.28 5(4) 

Population 

0.44 
0.42 
0.23 
0.48 
0.60 
0.32 
0.20 
0.48 
0.46 
0.44 
0.49 
0.38 
0.48 
0.32 
0.27 
0.38 
0.57 
0.3 1 
0.54 

Table 4 Final coordinates of the non-hydrogen atoms for [dmm][Ni(C,S,),], 3 

Atom x Y Z Atom 
0.438 6(2) 
0.733 O(3) 
0.8 15 4(3) 
0.675 7(5) 
0.354 2(3) 
0.235 9(3) 
0.648 3(3) 
0.544 2(3) 
0.239 4(5) 
0.078 8(3) 
0.144 7(3) 
0.644( 1) 
0.61 5(2) 
0.424( 1 ) 
0.469( 1) 
0.282( 1) 
0.244( 1) 
0.475 2(2) 
0.674 2(3) 
0.541 8(3) 
0.221 8(4) 

0.228 4(2) 
0.165 7(3) 
0.230 6(3) 
0.363 6(4) 
0.392 2(3) 
0.342 8(3) 
0.117 3(3) 
0.075 l(3) 
0.091 8(4) 
0.220 2(3) 
0.289 9(3) 
0.244( 1) 
0.331(1) 
0.320(1) 
0.141( 1) 
0.128( 1) 
0.2 16( 1) 

0.099 7(3) 
0.037 4(3) 
0.065 9(4) 

0.220 O(2) 

0.471 16(3) 
0.501 08(5) 
0.577 18(5) 
0.649 47(6) 
0.592 09(5) 
0.516 44(5) 
0.426 47(5) 
0.350 22(5) 
0.290 94(6) 
0.363 33(5) 
0.440 41(5) 
0.541 19(2) 
0.609 O(2) 
0.548 4(2) 
0.393 2(2) 
0.333 l(2) 
0.400 O(2) 
0.019 86(3) 
0.063 56(5) 
0.139 72(5) 
0.200 72(6) 

X 

0.081 9(3) 
0.171 2(3) 
0.776 5(3) 
0.864 9(4) 
0.727 3(5) 
0.403 7(4) 
0.277 5(3) 
0.477( 1) 
0.279( 1) 
0.258( 1) 
0.691(1) 
0.670(2) 
0.466( 1) 
0.929( 1) 
0.657( 1) 
0.78 6( 2) 
0.8 19(2) 
0.799(2) 
0.766(2) 
0.660( 2) 
0.41 8( 1) 

Y 
0.190 6(3) 
0.268 3(3) 
0.175 2(4) 
0.268 2(4) 
0.41 5 8(4) 
0.430 9(3) 
0.353 3(3) 
O.llO(1) 
0.096( 1) 
0.1 87( 1 ) 
0.267( 1) 
0.375( 1) 
0.349( 1) 
0.76 1 (1) 
0.495( 1) 
0.504(2) 
0.697( 3) 
0.769(2) 
0.587(2) 
0.302(2) 
0.592(2) 

Z 

0.128 68(5) 
0.051 59(5) 

- 0.0 12 20(5) 
-0.088 15(5) 
-0.158 52(6) 
-0.097 78(5) 
-0.022 59(5) 

0.159 2(2) 

-0.051 3(2) 
-0.1 16 7(2) 
-0.055 5(2) 

0.096 6(2) 

0.091 6(2) 

0.257 3(3) 
0.248(2) 
0.280 l(4) 
0.286 2(5) 
0.228 l(4) 
0.217 9(3) 
0.239 7(5) 
0.253 8(3) 

3.56 8, 3.53 A 

3.57 A 3.65 A 
Fig. 3 
compound 1 compound 2 

Modes of intermolecular overlapping of Ni(C,S,), molecules in Fig. 4 Modes of intermolecular overlapping of Ni(C,S,), molecules in 
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Table 5 Selected bond distances (A) and angles (") for [ ~ m d t ] [ N i ( C ~ S ~ ) ~ ] ~  1 

Ni( 1)-S( 1 1 )  
Ni( I )-S( 15) 
Nil I)-S( 16) 
Ni( I )-S( 20) 
S(11)-C(Il) 
C(ll)-S(I2) 
C(l1) C(13) 
S( 12)-C( 12) 
C( I2)-S( 13) 
C( I2)-S( 14) 

S( 1 I)-Ni( 1 )  S( 15) 
S(I 1)-Ni(l) S(16) 
S( I 1)-Ni( 1 )  S(20) 
S(15) Ni(1) S(16) 
S( 15)--Ni( I )  S(20) 
S( 16)-Ni( 1 ) S(20) 
Ni(1) S(11) C(l1) 
S( I I)-C( I I )  S( 12) 
S(lI)-C( 1 1 )  C( 13) 
S(12) C(l1) C(13) 
C(I1) S(17) C(12) 
S(12) C(12) S(13) 

S( I 3)-C( 12) S( 14) 
C(12) S(14) C(13) 

S( I2)-C( 12) S( 14) 

C(ll)-C(13) S(14) 

2.179( 5) 
2.158(4) 
2.153(4) 
2.157(5) 
1.71(1) 
1.75(2) 
1.38(2) 
1.7 l(2) 
1.69(2) 
1.70(2) 

93.2(2) 
87.2(2) 

177.9(2) 
179.5(2) 
86.8(2) 
92.8(2) 

101.1(5) 
121.9(8) 
122(1) 
116(1) 
96.5(7) 

1 2 1.1 (9) 
I15(1) 
124.0(9) 
97.4(8) 

116(1) 

S( 14)<( 13) 
C( 13)-S( 15) 
S( 16)-C( 14) 
C( 14)-S( 17) 
C( 14)-C( 16) 
S( 17)-C( I 5) 
C( 15)-S( 18) 
C( 1 5)-S( 19) 
S( 19)-C( 16) 
C( 16)-S( 20) 

S(2 1 )-Ni(2)-S(25) 
S( 2 1 )-Ni( 2)-S( 26) 
S(2 l)-Ni(2)-S(30) 
S( 25)-Ni( 2)-S( 26) 
S(25)-Ni(2)-S(30) 
S( 26)-Ni( 2)-S( 30) 
Ni( 2)-S( 2 1 t C (  2 1 ) 
S(21)-C(21)-S(22) 
S( 2 1 )-C( 2 1 )-C( 23) 
S( 22)-C( 2 1 )-C( 23) 
C(21 )-S(22)-C(22) 
S( 22)-c(22)-s(23) 
S( 22)-C(22)-S( 24) 

C( 22)-S( 24)-c(23) 
C(2lkC(23)-S(24) 

S( 23 jC(  22)-S( 24) 

1.73(2) 
1.70(2) 
1.68(1) 
1.73(1) 
1.38(2) 
1.72(2) 
1.64(2) 
1.75(2) 
1 .74( 2) 
1.70( 1) 

92.6(2) 
86.6(2) 

177.8(2) 
1 78.6( 2) 
87.4(2) 
93.4(2) 

103.0(5) 
123.5(9) 
120(1) 
117(1) 
95.5(8) 

123( 1) 
117(1) 
120.4(9) 

115(1) 
9537)  

Ni(2jS(21) 
Ni(2)-S(25) 
Ni(2)-S( 26) 
Ni( 2)-S( 30) 
S(2 1 )-C(2 I ) 
C(2 1 kS(22) 
C(2 1 )-C(23) 
S(22jC(22) 
C( 22)-S( 23) 
C( 22)-S( 24) 

C( 1 1 )-C( 1 3)-S( 15) 
S( 14)-c( 13)-S( 15) 
Ni( 1)-S( 15)-C( 13) 
Ni(ljS(16)-C(14) 
S(16kC(14)-S(17) 
S( 1 6 w (  14)-C( 16) 
S( 1 7)-C( 14)<( 16) 
C( 14)-s( 17)-C( 15) 
S( 1 7 w (  15)-S( 18) 
S( 17)-C( 15)-S( 19) 
S( 1 S j C (  15)-S( 19) 
C( 1 5)-S( 19)-C( 16) 
C( 14)-C( 16)-S( 19) 
C( 1 4 w (  16)-S(20) 
S( 19)-C( 16)-S(20) 
Ni( l)-S(20)-C( 16) 

2.159( 5) 
2.154( 5) 

2.158(5) 
1.70( 1) 
1.74(2) 
1.37(2) 
1.70(1) 
1.69(2) 
1.70(2) 

2.1 54(4) 

120(1) 
124.1(9) 
102.8( 5) 
103.1 (5) 
123.8(8) 

116(1) 

123(1) 
113(1) 
123(1) 

116(1) 

122.6(9) 
102.3(6) 

121(1) 

98.1(7) 

96.6(8) 

121(1) 

S(24)-C(23) 
C(23)-S(25) 
S(26)-C( 24) 
C(24)-S(27) 
C( 24)-C( 26) 

C( 25)-S( 28) 
S( 2 7)-C (2 5) 

C(25jS(29) 

C( 26)-S( 30) 
S(29)-C(26) 

C(2 l)-C(23)-S( 25) 
S(24)-c(23)-S(25) 
Ni(2)-S(25)-C(23) 
Ni(2jS(26)-C( 24) 
S(26kC(24)-S( 27) 
S(26)-C( 24)-C( 26) 
S(27jC(24)-C( 26) 
C(24jS(27)-C(25) 
S(27)-C(25)-S( 28) 

S(28)-C(25)-S(29) 
C( 25)-S( 29)-C( 26) 
C(24)--C(26)-S( 29) 

S(27)-c(25)-S( 29) 

C(24)-C( 26 j S (  30) 

Ni(2)-S( 30)-C( 26) 
S(29w(26)-S( 30) 

1.75( 1) 
I .69(2) 
1.70(2) 
1.75( I )  
1.38(2) 
1.72(2) 
1.63(2) 
1.75(1) 
1.71(2) 
1.73( 1) 

122(1) 
122.4(9) 
102.3( 5) 
102.0( 5) 
12249) 
123(1) 
114(1) 
98.1(7) 

123.9(9) 
112.8(9) 
123( 1) 

117(1) 
119(1) 
124.3(9) 
102.9(5) 

97.7(7) 

Table 6 Selected bond distances (A) and angles (") for [dmpl- 
[NI (C~S , ) : ]~  2 

Ni(1) S ( I I )  
Ni(1) S(15) 
Ni(1) S(16) 
Ni( 1 )  S(20) 
S(11) C(I1) 
S( 12)-C( I 1 ) 
S( 12) -C( I ? )  
S(13) C(12) 
S(14) C(12) 
S(14) C(13) 

S(1I) Ni(I) S(15) 
S(1I) Ni(1) S(16) 
S(It )  Ni(I) S(20) 
S(15) N i ( l )  S(16) 
S(15) Ni(1) S(20) 
S( 16) NI( 1 ) S(20) 
Ni(1) S(I1)-C(I1) 
C(11) S(12) C(12) 
C(12) S(14) C(13) 
Ni(1)  S(15)  C(13) 

C(14) S(17) C(15) 
C(15) S(19) C(16) 
Ni(1) S(20) C(16) 
S(I1)  C(I1) S(12) 
S(I1) a l l )  C(13) 

NI( I )  S( 16)-C( 14) 

2.161 (1) 
2.170(1) 
2.163( 1) 
2.160( 1) 
I .709(5) 
1.738(5) 
1.733(6) 
1.655(6) 
1.7 14(6) 
1.739(5) 

93.44(5) 
85.89( 5) 

178.64(6) 
177.24(7) 
87.89(5) 
92.80(5) 

102.1(2) 
96.8( 3) 
98.0(2) 

I0 1.8(2) 
I02.6(2) 
97.3(2) 
96.7(2) 

102.7(2) 
122.4(3) 
I 2 1.1 (4) 

S( 15)-C( 13) 
S( 1 6)-C( 14) 
S( 1 7)-C( 14) 
S( 17)-C( 15) 
S( 18)-C( 15) 
S( 19)-C( 1 5) 
S(19W(16) 
S(20)-c( 16) 
C( I 1 )--C( 1 3) 
C( 14)-C( 1 6) 

S( 1 2 w (  1 1)-C( 13) 
S( 12)-c( 12)-S( 13) 
S( 12)-C( 12)-S( 14) 
S( 13)-C( 12)-S( 14) 
S( 14)-C( 13)-S( 15) 
S( 14)-C( 1 3)-C( I 1 ) 
S( 15)-C( 13)-C( 1 1) 
S( 16) C( 14)-S( 17) 
S( 16)-C( 14)-C( 16) 
S( 1 7)-C( 14)-C( 16) 
S( 1 7)-C( 1 5)-S( 18) 
S( 17)-C( 1 5)-S( 19) 
S( 1 8)-C( 1 5)-S( 19) 
S( 19) C( 16)-S(20) 
S( 19)-C( 16)-C( 14) 
S(20)-C( 16)-C( 14) 

1.706(5) 
1.691(5) 
1.735(5) 
1.7 18(6) 
1.65 l(5) 
1.7 32( 5) 
1.734(5) 
1.697(5) 
1.378(6) 
1.387(6) 

116.5(4) 
122.7(4) 

123.5(3) 
123.5(3) 
1 15.0(4) 
12 1 3 4 )  
123.2(3) 
121.2(4) 

123.4(3) 
114.3(3) 
122.3(3) 
123.1(3) 
116.1(3) 
120.7(4) 

1 13.7(3) 

1 1534)  

tals) of neighbouring Ni(C3S5)2 units were calculated using the 
scheme described in ref. 31. For the calculation of the 
molecular orbitals the extended-Huckel program ICON 8 32  

was used. with semiempirical parameters taken from refs. 33 
and 34. 

In  Fig. 7 the letters A, B, p. q, r, s represent the various 
intermolecular orbital overlaps. Table 11  lists the values of 
these overlaps for all three structures. In compounds 1 and 2, 
the intradimer overlaps A (corresponding to the overlap mode 
with spacing 3.56 A for 1 and spacing 3.53 A for 2, see Figs. 3 
and 4) are the largest, i.e. of the order of 0.02. The second largest 
overlaps take place uicc the interdimer contacts between the 

3.67 A 

3.45 A 

3.56 

3.57 A 
Fig. 5 
in compound 3 

Modes of intermolecular overlapping of Ni(C,S,), molecules 

stacks, and are denoted as q. These values are roughly a factor 
of 10 smaller than the intradimer interactions, and are of the 
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Table 7 Selected bond distances (A) and angles (") for [dmm][Ni(C3S5)2]2 3 

Ni(1)-S(l1) 
Ni( 1 )-S( 15) 
Ni( 1 )- S( 16) 
Ni( 1 )-S( 20) 
S( 1 1)-C( 1 1 )  
S(12)-C(ll) 
S( 12)-C( 12) 
S( 13)-C( 12) 
S( 14)-C( 12) 
S( 14)-C( 13) 

S( 1 1)-Ni( 1)-S( 15) 
S( 1 1)-Ni( 1)-S( 16) 
S( 1 1 )-Ni( 1)- S(20) 
S( 15)-Ni( 1 )-S( 16) 
S( 1 5)-Ni( 1 )-S(20) 
S( 16)-Ni( 1 )-S(20) 
Ni( l)-S( 1 l)-C( 11) 
C( 1 1)-S( 12)-C( 12) 
C( 1 2)-S( 14)-C( 1 3) 
Ni( 1 )-S( 15) -C( 13) 
Ni( 1 )-S( 16)-C( 14) 
S( 15)-C( 13)-C( 1 1) 
S( 1 6)-C( 14)-S( 17) 
S( 16)-C( 14)-C( 16) 
S( 1 7)-C( 14)-C( 16) 
S( 17)-C( 1 5)-S( 18) 

2.145(2) 
2.161(2) 
2.157(2) 
2.159(2) 
1.689(8) 
1.726(8) 
1.754(9) 
1.624(8) 
1.725(9) 
1.756( 8) 

92.76( 9) 
85.99(9) 

179.2( 1) 
178.4( 1) 
88.02(9) 
93.24(8) 

103.3(3) 
97.8( 4) 
98.2(4) 

102.0(3) 
102.8(3) 
122.0(6) 
124.0( 5) 
119.8(5) 
116.1(5) 
12 1.9(5) 

Ni( 2)-S( 2 1 ) 
Ni(2)-S(25) 
Ni(2)-S(26) 
Ni(2)-S( 30) 
S( 2 1 )-C( 2 1 ) 
S(22jC(2 1) 
S(22)-C(22) 
S(23)-C(22) 
S(24)-C( 22) 
S(24)-C(23) 

S(2 l)-Ni(2)-S(25) 
S(2 1 )-Ni( 2)-S(26) 
S(2 1)-Ni(2)-S(30) 
S(25)-Ni(2jS(26) 
S(25)-Ni(2jS( 30) 
S(26jNi(2)-S( 30) 
Ni(2)-S( 26)-C(24) 
Ni(2)-S( 30)-C(26) 
Ni(2)-S(21)-C(2 1) 
Ni(2)-S(25)-C(23) 

S(21)-C(21)-S(22) 
S(22)-C(21)-C(23) 
S(22)-C(22)-S( 23) 
S(22)-C(22)-S(24) 
S( 23)-c(22)-s(24) 

S(21)-C(21)-C(23) 

2.173(2) 
2.159(2) 
2.1 52(2) 
2.163(2) 
1.707(8) 
1.750(7) 
1.73 l(8) 
1.623(8) 
1.746(8) 
1.742(8) 

93.24(9) 
87.43(9) 

177.1( 1) 
179.2( 1) 
86.27(9) 
93.04(9) 

102.8(3) 
102.3(3) 
101.3(3) 
102.4(3) 
12 1.9(6) 
122.3(5) 
1 15.7(6) 
124.2(5) 

124.1(5) 
1 1 1.7(4) 

S( 15)-C( 13) 
S( 16)--C( 14) 
S( 1 7)-C( 14) 
S( 17)-C( 15) 
S( 1 S)-C( 15) 
S(19)-C(15) 
S( 19 tC(  16) 
S(20)-C( 16) 
C( 1 1)-C( 13) 
C( 14 jC(  16) 

S( 17)-C( 1 5)-S( 19) 
S( 18)-C( 1 5)-S( 19) 
S( 19)-C( 16)-S(20) 
S(19)-C(16)-C(14) 
S(20)-C( 16)-C( 14) 
C( 14)-S( 1 7)-C( 1 5 )  
C( 15)-S( 19)-C( 16) 
Ni( 1 )-S( 20)X( 1 6) 
S( 1 1) -C( 1 1)-S( 12) 

S( 12 jC(  1 I)-C( 13) 
S( 12) -C( 12)-S( 13) 
S( 12)-C( 12)-S( 14) 
S( 13 jC(  12)-S( 14) 
S( 14 j C (  1 3)-S( 1 5 )  
S( 14)-C( 13)-C( 1 1) 

S( 1 I)-C( 1 1)-C( 13) 

1.690(8) 
1.693( 7) 
1.724(7) 
1.732(9) 
1.663(8) 
1.707(9) 
I .749(8) 
1.684(7) 
1.38(1) 
1.40( 1) 

1 13.7(4) 
124.3( 5) 
123.8(5) 
1 14.2( 5 )  
122.0(6) 
97.6( 4) 
98.3(4) 

102.1(3) 
123.4(5) 
120.0(6) 
1 16.6(6) 
122.3(6) 
1 12.4(4) 
1 25.3( 5 )  
123.0(5) 
1 15.0(6) 

S( 25)-C( 23) 
S(26)-C(24) 
S( 27)-C( 24) 
S(27)-C(25) 
S(28)-C( 25) 
S(29jC( 25) 
S(29)-C(26) 
S( 3 0)-C (26) 
C(2I)-C(23) 
C(24kC(26) 

S(24w(23)-S(25) 
S( 24)-C( 23)X( 2 I ) 
S( 25)-C( 23)-c( 2 1 ) 
S( 26)-C( 24)-S(27) 
S( 26)-C( 24)-C(26) 
S( 27)-C( 24)-C( 26) 
S(27)-c(25)-S(28) 
S( 27)-C( 25)-s(29) 
S( 28)-C( 25)-s(29) 
S( 29)-C(26)-S( 30) 
S(29)-C(26)-C(24) 
S(3O)-C(26)-C( 24) 
C(2 l)-S(22)-C(22) 
C( 22)-S( 24)-C( 23) 
C( 24)-s(27)-c( 25) 
C(25)-S(29)-C(26) 

1.693(8) 
1.682(8) 
1.732(8) 
1.7 12(9) 
1.650(8) 
1.74( 1) 
1.739(8) 
1.668(8) 
1.37(1) 
1.41(1) 

123.5(5) 
1 15.4(6) 
12 1.1(6) 
123.7(5) 
120.2(6) 
116.1(6) 
123.4(6) 
113.7(4) 
122.9( 5) 
123.9(5) 
1 14.4( 6) 
1 2 1.6(6) 
98.5(4) 
98.6(4) 
97.9(4) 
97.9(4) 

Table 8 Intermolecular S . - . S  contacts <3.70 A in [smdtl- 
[Ni(C,S,),I2 1. Symmetry operation applied on second atom 

S(l l)*-S(14') 
S(ll)***S(15') 
S(ll)...S(24") 

S( 13)*--S(28") 
S( 14) * * .  S(23) 
S( 15) * - .  S( 16') 
S(15)-.*S(25'') 
S( 16) * * S(20') 
S( 16) * * S(26v') 
S(16).--S(25") 

S(13)...S(31"') 

3.686(6) 
3.579(6) 
3.548(6) 
3.494(7) 
3.630(5) 
3.568(7) 
3.651 ( 5 )  
3.656(7) 
3.6 3 8( 6) 
3.626(6) 
3.472(4) 

S( 17) * ' S(20') 
S(17)-** S(30") 
S(18)-.-S(27) 
S( 18) - - - S(32') 

S(2 1 ) * S(24') 
S(21)*-* S(25') 
S(25) * * - S(26') 
S(26)--* S(30') 
S(27)-..S(301) 
S(28) * - S(32') 

S(20) - * S(21') 

3.660( 6) 
3.65 3 (6) 
3.582(7) 
3.324( 7) 
3.6 5 3(4) 
3.647(6) 
3.676( 5) 
3.567(5) 
3.582(6) 
3.574(6) 
3.688(9) 

Symmetry operations: I s, y, z + 1; I1 x + 1, y, z + 1; 111 -.x, y - 4, 
- - I V  - 3  - . Y , j ' -  i, 1 - z ; v , s , y , z  - 1 ; V I x  + l ,y,z.  

Table 9 Intermolecular S . . . S  contacts <3.70 A in [dmp][Ni- 
( C , S , ) J 2  2. Symmetry operation applied on second atom 

S ( l  l)...S(15v') 3.573(2) S(13)-**S(13v"1) 3.475(2) 
S(l l)*-.S(20v') 3.637(2) S(16)--* S(20"') 3.642(2) 
S( 1 1)..*S(20v") 3.590(2) S(17)**.S(15'x) 3.698(2) 
S( 12) * - S( 1 5") 3.644(2) S(20) * - S(20") 3.546(2) 
S( 12) * - S( 1SV1') 3.580(2) 

Symmetry operations (see also Table 8): VII --x + 1, - y  + 1, -z; 
VIII x. -.I' + +, z; IX, -.Y + 1, --y + 1, - z  + I; XI -x, --y + 1, 

&. - 

same order of magnitude as the interdimer overlap in the stacks 
(B). The salts 1 and 2 should therefore be regarded as essentially 
'zero-dimensional' (since there is no significant continuous 
overlap in the stacking direction), and only weakly two- 
dimensional conductors. These data compare quite well with 
the orbital overlaps obtained for [NMe,Et][Ni(C,S,),], and 
P-[NMe2Et2][Ni(C3S,),1,, two salts which are isostructural 
with 1 and 2.4 

A band-structure calculation ignoring electron-correlation 
effects indicates compounds 1 and 2 to be metallic or semi- 
metallic. However, Coulomb repulsion can be very important 

Table 10 Intermolecular S . . . S  contacts <3.70 A in [dmm][Ni- 
(C3S&J2 3. Symmetry operation applied on second atom 

S( 1 1) - *  S( 15") 3.677(3) S(21) - *. S(27'") 3.662(3) 
S( 1 1) * * S(20") 3.668( 3) 
S(l l) .--S(llxl ' )  3.688(3) S(21)***S(3OXv') 3.675(3) 
S(12).** S(15") 3.623(3) S(24)m.m S(28'") 3.578(4) 
S(12).*-S(201x) 3.676(3) S(25)**-S(26xv1') 3.663(3) 
S(15)**-S(15x1") 3.595(3) S(25).-*S(26xv) 3.583(4) 
S(15)***S(2OX"') 3.583(3) S(25).*.S(27"") 3.689(4) 
S( 16) - S(20") 3.612(3) S(26) .- S(30") 3.610(3) 
S(18)***S(23) 3.434(3) S(26)-*.S(26x'v) 3.529(4) 
S(21)-*- S(25") 3.555(3) 

3.6 16( 3) S(2 1) - S(29xv) 

Symmetry operations (see also Tables 8 and 9): XI1 --s + 2, --y, 
- 2  + 1; XI11 -x, --y + 1, - z  + 1; XIV -.x + 2, -y,  -z; xv 
--s + 1, --y, z; XVI -.x + l ,y, -2; XVII .x - 1 ,y ,  z. 

Table 11 Intermolecular orbital overlap ( x  lo3) of the LUMOs of 
Ni(C,S,), in compounds 1-3 [3a for Ni(l)(C,S,), layer, 3b for 
Ni(2)(C,S,), layer1 

Lattice A B P 4 r 5 

1 16 1.4 2.5 2.5 <0.1 0.3 
2 24 0.3 3 3 t0 .1  KO.1 
3a 0.1 <0.1 2.2 2.2 <0.1 2.2 
3b 16 8 0.6 0.6 t 0 . 1  0.7 

for the actual conductivity behaviour of such  compound^.^ 
Inclusion of a small Coulomb repulsion would split the 
conduction band, resulting in an energy gap. 

The electronic structure of salt 3 differs from that of 1 and 2 
due to its different structural features. In the stacks consisting 
of Ni(2)(C3S,), molecules the intradimer orbital overlap A 
(corresponding to the overlap mode with spacing 3.56 A, see 
Fig. 5) has a value of approximately 0.016, which is comparable 
to those in compounds 1 and 2. However, in the Ni(2)(C3S,), 
columns the interdimer overlap B is quite large, too, having a 
value of 0.008. The transfer integrals between the stacks are 
more than 10 times smaller. Thus, the layers of Ni(2)(C3S,), 
molecules can be considered as conducting almost exclusively 
along the stacking direction. This is in contrast with the layers 
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1 2 

3a 3b 
Fig. 6 The layer of acceptor molecules in compounds 1-3 [3a, Ni( 1)(C3S5)2 layer; 3b, Ni(2)(C3S,), layer]. Thin black lines indicate S - - - S contacts 
< 3.70 A 

built up from Ni(l)(C3SS)2 units. Within one stack there is 
almost no intermolecular overlap. The largest intrastacking 
overlap A is about O.OOO1, and is found between the Ni(1)- 
(C3SS)2 molecules having a separation of 3.45 A. The orbital 
overlaps between the stacks are a factor of 20 larger, and have 
an identical value in two directions (p, q and s). As a result, the 
Ni( 1)(C3S5)2 units form a two-dimensional conducting layer. 
This observation is rather unexpected since from electronic 
structure studies on related [ c a t i ~ n ] [ N i ( C ~ S ~ ) ~ ] ~  systems it 

was found that the transverse interactions are generally much 
less than the interactions along the column.3S It should be 
noted, however, that the absolute values for the orbital overlaps 
in the Ni(l)(C3S5)2 layer (see Table 11) differ little from those 
reported for other [cation][Ni(C,S,), J 2  corn pound^.^*^*' An 
explanation for the absence of any significant interaction in the 
direction of the Ni( 1)(C3SS)2 stacks is probably the unfavour- 
able mode of overlap between the acceptor units (see Fig. 5).36 

The relatively numerous S * = - S  contacts in salt 3 will be 
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Fig. 7 
LUMOs of the acceptor molecules in compounds 1-3 

General scheme of the intermolecular orbital overlaps of the 

responsible for the higher room-temperature conductivity of 
this compound. Again, band-structure calculations without 
electron correlations would predict a metallic behaviour for 3. 
Including an electron-electron repulsion term leads to the 
experimentally observed energy gap. 

When comparing the very similar structures of [smdt][Ni- 
(c,s 5 2 1  2 ,  [dmPl “i(C3S 5 ) 2 1  2 and [dmml “i(C3S5 ) 2 1  2 one 
might come to the conclusion that this type of cyclic, saturated 
cations would always induce a herringbone type of lattice. Since 
changing the cation from N,N-dimethylpyrrolidinium to N,N- 
dimethylmorpholinium to S-methyl-1,3-dithianium does not 
affect the overall stacking mode of the anions very drastically, it 
would seem that more subtle variations of these cyclic cations 
should leave the herringbone motif intact. However, recent 
results and publications show this assumption to be untrue. The 
use of the cation N,N-dimethylpiperidinium (dmpip), which 
differs only marginally from N,N-dimethylmorpholinium, yields 
a mixed-valence salt with formula [cation][Ni(C3S5)J2 whi$ 
possesses a completely different packing mode of the anions. 
In [dmpip][Ni(C,S,),], the acceptor molecules stack in a 
‘spanning overlap’ fashion, and the compound is therefore 
isostructural with a-[NMe2Et2][Ni(C3S,),1,.4 Both these salts 
remain two-dimensional metallic conductors down to low 
temperature. Furthermore, a preliminary crystal structure 
determination 36 of the corresponding S-methyltetrahydrothi- 
ophenium salt, which we prepared very recently, does not 
feature the typical herringbone motif: C1 ,HI 1NiZS2 triclinic, 
space group Pi, 2 = 2, a = 7.79, b = 11.96, c = 18.35 A, T X  = 

From the results presented in this paper as well as those 
known from the literature it appears that a herringbone type 
of lattice is not very promising for obtaining a metallic 
conductor at ambient pressure. Tight-binding calculations 
have shown that, from an electronic point of view, all of these 
compounds possess a large degree of dimerisation. Moreover, 
due to the unfavourable b2g symmetry of the LUM0,35 the 
transverse interdimer interactions are too weak to make up 
for the Coulomb repulsion which accounts for the presence of 
a band gap. It should be recalled, however, that the 
conductivity measurements on these crystals have so far only 
been performed at atmospheric pressure. Higher pressures are 
known to decrease the destructive effect of dimerisation and 
can even transform a compound which shows only semi- 
conducting behaviour at ambient pressure into a superconduc- 

The fact that until now all known Ni(C,S,), salts with cyclic, 
saturated cations are isostructural to those featuring small 
tetraalkylammonium-type cations demonstrates that such cyc- 
lic cations have a size and shape which are at least comparable 
to those of a cation like NMe,+. Therefore, in theory, they 
have the potential to form new molecular metals, and even 
superconductors, in combination with M(C,S,), or its deriv- 
atives. However, the bottleneck of the design of new synthetic 

80.77, p = 88.23, y = 77.28”, U = 1646 81,. 

tor.’ 

metals (‘lattice engineering’) based on such acceptor molecules 
obviously remains the, as yet, unpredictable nature of the crystal 
structure due to the extremely subtle molecular interactions 
taking place.38 More than in the organic donor-based salts, e.g. 
the superconducting (bedtttf),X series,39 it is almost impos- 
sible to tell what effect a minor variation in one of the building 
blocks will have on the anionic lattice. Apart from that, multiple 
phases often exist and can even be obtained from the same 
batch,4*’ which indicates that their crystal lattice energies 
must be very similar. 

Nonetheless, it is clear that the only way to gain a better 
insight into the factors which determine the crystal structures 
of inorganic molecular conductors is a thorough, systematic 
variation of the components. In the case of the [cation][Ni- 
(C3S5)2]2 salts this would mean the introduction of a series of 
subtly and methodically altered cations. Considering the vast 
number of possible modifications, the class of cyclic, saturated 
cations seems best suited for this strategy. 

Acknowledgements 
The authors are indebted to Dr. L. Valade for performing some 
of the conductivity measurements and to Mr. A. J. M. Duisen- 
berg for the data collection for compound 3. J. P. C.  thanks 
Dr. P. Cassoux for his hospitality during a stay in Toulouse, 
Professor H. Kobayashi for sending a preprint of ref. 36, as well 
as the coordinates of several structures, and Dr. R. A. G. de 
Graaff for helpful suggestionsduring the X-ray studies. Ms. M. A. 
Salomons carried out the DSC measurements. D. R. thanks 
Dr. G. J. Kramer for his co-operation. We are grateful to the 
CNRS (Centre National de la Recherche Scientifique) in Paris 
and to NWO (Nederlandse Organisatie voor Wetenschappelijk 
Onderzoek) for financial support. This work was financed in part 
(A. L. S., E. H.) by SON (Netherlands Foundation for Chemical 
Research) and in part (J. P. C., J. G. H., J. R., D. R.) by WFMO 
(Werkgroep Fundamenteel Materialen Onderzoek). 

References 
1 M. Bousseau, L. Valade, J.-P. Legros, P. Cassoux, M. Garbauskas 

and L. V. Interrante, J. Am. Chem. Soc., 1986,108,1908. 
2 A. Vainrub, D. Jerome, M.-F. Bruniquel and P. Cassoux, Europhys. 

Lett., 1990, 12, 267. 
3 A. Kobayashi, H. Kim, Y. Sasaki, S. Moriyama, Y. Nishio, K. Kayita, 

W. Sasaki, R. Kato and H. Kobayashi, Chem. Lett., 1987,1819. 
4 R. Kato, H. Kobayashi, H. Kim, A. Kobayashi, Y. Sasaki, T. Mori 

and H. Inokuchi, Synth. Metals, 1988,27, B359. 
5 L. Valade, J.-P. Legros, C. Tejel, B. Pomarede, B. Garreau, M.-F. 

Bruniquel, P. Cassoux, J.-P. Ulmet and A. Audouard, Synth. Metals, 
199 1,42,2268. 

6 A. I. Kotov, L. A. Kusch, E. E. Laukhina, A. G. Khomenko, A. V. 
Zvarykina, R. P. Shibaeva, E. B. Yagubskii, S. S. Nagapetyan and 
Yu. T. Struchkov, Synth. Metals, 1991,42,2355. 

7 (a) A. Kobayashi, H. Kim, Y. Sasaki, K. Murata, R. Kato and H. 
Kobayashi, J. Chem. Soc., Faraday Trans., 1990, 86, 361; (b)  A. 
Kobayashi, H. Kobayashi, A. Miyamoto, R. Kato, R. A. Clark and 
A. E. Underhill, Chem. Lett., 199 1,2 163. 

8 A. E. Underhill, P. I. Clemenson and R. A. Clark, J. Pure Appl. 
Chem., 1989,61,953. 

9 R. A. Clark and A. E. Underhill, Synth. Metals, 1988,27, B515. 
10 R. A. Clark, A. E. Underhill, I. D. Parker and R. H. Friend, J. Chem. 

1 1  C. E. Wainwright, R. A. Clark, A. E. Underhill, I. R. Marsden, M. 

12 J. P. Cornelissen, E. Miiller, P. H. S. Vaassens, J. G. Haasnoot, J. 

13 P. Cassoux, L. Valade, H. Kobayashi, A. Kobayashi, R. A. Clark and 

14 V. Enkelmann, Angew Chem., Int. Ed. Engl., 1991,30, 1121. 
15 J. P. Cornelissen, J. G. Haasnoot, R. Le Loux and J. Reedijk, Synth. 

16 H. Bohme and W. Krack, Liebigs Ann. Chem., 1972,758,143. 
17 G .  Steimecke, H. Sieler, R. Kirmse and B. Hoyer, Phosphorus Sulfur, 

SOC., Chem. Commun., 1989, 228. 

Allen and R. H. Friend, Synth. Metals, 1991,42,2269. 

Reedijk and P. Cassoux, Inorg. Chem., 1992,31,2241. 

A. E. Underhill, Coord. Chem. Rev., 1991,110, 115. 

Metals, 199 1,42,23 15. 

1979, 7,49. 

http://dx.doi.org/10.1039/DT9920002911


J .  C H E M  SOC. DALTON TRANS. 1992 292 1 

18 R. A. G. de Graaff, Acta Crystallogr., Sect. A, 1973,29,298. 
I9 Itrtrwwtrotial Tables for X-Ray Crysfallograplzy, Kynoch Press, 

Birmingham, 1974, vol. 4. 
20 A. J. Kinneging and R. A. G. de Graaff, J. Appl. Crystallogr., 1984,17, 

364. 
21 G. M.  Sheldrick, SHELXS 86, Program for Crystal Structure 

Determinations, University of Gottingen, 1986. 
22 S. R. Hall and J. M. Stewart, XTAL 3.0 Reference Manual, 

Universities of Western Australia and Maryland, 1990. 
23 A. L. Spek, Abstract E.C. M-8 meeting, Liege, 1983, p. 283. 
24 G. M. Sheldrick, SHELX 76, Program for Crystal Structure 

25 D. T. Cromer and J. B. Mann, Acta Crystallogr., Sect. A, 1968,24,321. 
26 D. T. Cromer and D. Liberman, J .  Phys. Chem., 1970,53,1891. 
27 A. L. Spek, Acta Crj,stallogr., Sect. A ,  1990,46, C34. 
28 C. K .  Johnson, ORTEP IT, Oak Ridge National Laboratory, TN, 

1971. 
29 R. Kato, H. Kobayashi, H. Kim, A. Kobayashi, Y. Sasaki, T. Mori 

and H. Inokuchi, Chem. Left.,  1988,865. 
30 A. M. Kini, M. A. Beno, K. DouglasCarlson, J. R. Ferraro, U. Geiser, 

A. J. Schultz, H. H. Wang, J. M. Williams and M.-H. Whangbo, The 
Ph \.sics und Chemisrry of Organic Superconductors, Proc. ISSP Int. 
Srn7p. Tokyo, eds. G. Saito and S. Kagoshima, Springer, Berlin, 1989, 
p. 334. 

Determinations, University of Cambridge, 1976. 

31 G. J. Kramer, Ph.D. Thesis, Leiden University, 1988. 
32 J. Howell, A. Rossi, D. Wallace, K. Haraki and R. Hoffmann, ICON 

8 and FORTICON 8, Quantum Chemistry Program Exchange, 
Ithaca, NY. 

33 S. P. McGlynn, L. G. Vanquickenborne, M. Konoshita and D. G. 
Carroll, Introduclion to Applied Quantum Chemistry, Holt, 
Rhinehart and Winston, New York, 1972. 

34 C. J. Ballhausen and H. B. Gray, Molecular Orbital Theory, W. A. 
Benjamin, New York, 1964. 

35 A. Kobayashi, H. Kim, Y. Sasaki, R. Kato and H. Kobayashi, Solid 
State Commun., 1987,62, 57. 

36 E. Canadell, S. Ravy, J.-P. Pouget and L. Brossard, Solid State 
Commun., 1990,75,633. 

37 H. Kobayashi, R. Kato and A. Kobayashi, Synth. Metals, 1991,42, 
2495. 

38 J. Kommandeur, N o w .  J .  Chim., 1985,9,341. 
39 J. M. Williams, A. J. Schultz, U. Geiser, K. Douglas Carlson, A. M. 

Kini, H. H. Wang, W.-K. Kwok, M.-H. Whangbo and J. E. Schirber, 
Science, 1991,252, 1501 and refs. therein. 

Received 28th April 1992; Paper 2/02 190K 

http://dx.doi.org/10.1039/DT9920002911

