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CHzSCH2COO\ 
The crystal structure of NEDDD, J .~Ni. 2H20, has been determined from three-dimen- 

CH2SCHzCOO/ 
sional X-ray data. The unit cell is tetragonal, space group P4x212 (or P432~2) with a = 7.238, c= 20.32 
A, and contains four molecules. A refinement has led to a final R value of 0-085 for 656 independent 
reflexions. Two cis sulphur atoms, two trans carboxylic oxygen atoms and two cis water molecules in 
a slightly distorted octahedral arrangement make up the coordination sphere of the nickel ion. The 
relevant distances are Ni-S, 2.44/~; Ni-O(carboxylic), 2.01 /~; Ni-O(water), 2.04/~. 

Introduction 

In a study of metal complexes of thiopolycarboxylic 
acids as sulphur analogues of complexons, spectral and 
magnetic data indicated the presence of sulphur-metal 
bonding and an octahedral environment around a 
metal ion (Podlaha & Podlahov~i, 1970, 1971). The 
X-ray crystal structure determination of one typical 
representative of these compounds, namely NEDDD,  
was therefore undertaken in order to verify this. 
Preliminary results of this work have already been 
published (Loub & Podlahov~, 1971). 

Experimental 

Single crystals of Ni(CH2SCHaCOO)2.2H20 were 
grown from a solution containing 20 millimoles of 
nickel sulphate and 20 millimoles of sodium ethylene- 
dithiodiacetate per litre of water. They were bright 
green and prismatic and were stable in air. Two water 
molecules were evolved at 160°C and decomposition 
of the organic anion takes place at 190°C. 

Lattice constants from rotation and Weissenberg 
photographs (camera D=57.3 mm) at 20°C are a =  
7.238 + 4, e = 20.32 + 1 .&. Radiation for intensity 
measurements: CuK~, 2=1.5418A,  Ni filter. The 
number of molecules in the unit cell is Z =  4, due to the 
symmetry of the molecule and the special position of 
the Ni atoms. Density D~,= 1.89, Dexp= 1.88 + 2 (pyc- 
nometric). 

Systematic absences: 00l for l #  4n; h00 for h # 2n. 
Possible space groups are P41212 and P432~2. The 
structure is described in P4,2,2. 

Specimens of about 0.4 mm in three normal direc- 
tions were selected for Weissenberg equi-inclination 
photographs hkL (L = 0 to 12) and Hkl ( H =  0 to 4). 
The total number of photographs was 18. An absorp- 

tion correction/t = 61.3 cm -1 was used, and a spherical 
shape for the specimen was supposed with radii R--  
0"0202 and 0.0208 cm for the data from the hkL and 
Hkl photographs respectively. The correction was 
linearily interpolated from International Tables for 
X-ray Crystallography (1962a) the respective minima 
being 3-76 and 3.87. 

The intensities were measured visually and the inten- 
sity scale was derived from the specimen investigated 
with a time ratio of 5:4 for successive exposures. The 
intensities of unobserved reflexions were defined as 
half the minimum observed intensity in the relevant re- 
gion of the given photograph. There were 3505 meas- 
ured reflexions in the range of sin 0/2 <0.61/~-1. The 
number of independent reflexions is 656; among them 
are 45 unobserved reflexions. This represents 72 % of 
reflexions accessible. 

Structure determination and refinement 

The heavy-atom method was used. The three-dimen- 
sional Patterson synthesis yielded the position of Ni 
and S atoms; from the repeated three-dimensional 
Fourier synthesis the positions of the rest of the atoms 
(with the exception of the hydrogen atoms) were known 
with R = 0.182. The value of R after subsequent least- 
squares refinement of 18 scale factors, 8 atom positions 
and individual isotropic thermal vibration factors 
reduced to 0.144. After the correction of the atomic 
scattering factor of Ni for anomalous scattering and 
the reduction of the Fobs values to a single scale factor 
R was 0.139. Finally after the correction of 15 strong 
reflexions for extinction, after averaging the equivalent 
Fobs values, which up to this time were handled in- 
dependently, having been measured on different photo- 
graphs, and after anisotropic thermal vibration refine- 
ment, R decreased to 0.085. The total number of least- 
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T a b l e  1. Observed and calculated structure factors 

The  headings  of  the co lumns  are h, k, 101Fol, 10IF~I. + indi- 
cates unobse rved  reflexions; - i n d i c a t e s  the reflexions not  
inc luded  in the last least-squares ref inement .  E denotes  the 
reflexions correc ted  for ext inct ion.  
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s q u a r e s  r e f i n e m e n t  c y c l e s  w a s  7 ;  d u r i n g  t h e  r e f i n e m e n t  
13 u n o b s e r v e d  a n d  10 o b s e r v e d  r e f l e x i o n s ,  w h i c h  h a d  
t h e  c a l c u l a t e d  t o  o b s e r v e d  v a l u e  r a t i o  less  t h a n  0 .5  o r  
e x c e e d i n g  2 .0 ,  w e r e  e l i m i n a t e d .  

C o m p u t e r  p r o g r a m s :  T h r e e - d i m e n s i o n a l  P a t t e r s o n  
,~ . . . . . . . ,  :~ ::,° '~o ~, . . . . . .  ,~ a n d  F o u r i e r  s y n t h e s i s  ( H a d i n e c ,  1969) ,  O R F L S  
6 i 2;4 139 128 
7 I 73 . 2 i~5 145 

• ~,~ ,~'81~3~ ;~ :~O~=o . . . .  :~.1~ T a b l e  3. Intramolecular bond distances ( A )  and angles 
~1558 6 2ec 

~8, (d  ) ~ ~ :?; ~ 1,~ ~ 1~ e r e e s  in the molecule with estimated standard devia- 
. . . . . .  tions in parentheses 
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g] 1~ ~.~113~ i°F Dis tances  correc ted  for  the rmal  v ibra t ion  are also given 44151148 IC7 72 

,' :~g ~ g ~ ,~8~13 ,~co . . . .  indicates the equivalent  pos i t ion  1 - y ,  1 - x ,  ½ - z  relative to  
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~I- ~ ~8, . . . . . .  ,, ~ 1~,~ .... along principal thermal ellipsoid axes with e.s.d, in 
~,g 1,'~ ~o~8~ ~ g 1~ i~ parentheses 

31 . . . . .  A t o m  Axis 1 Axis 2 Axis 3 
g] 3~o ~8~ . . . . . .  1 o ~ . . . . .  Ni 0.078 (6) 0-104 (4) 0-140 (3) 
',,~ 1,3 ...... 1~8 ~o ° l,'g ~ 159 . . . . .  ;~ . . . . . .  S(1) "0.064 (8) 0.129 (5) 0-181 (4) 

bt,4 405 
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T a b l e  2. Final fractional atomic coordinates and anisotropic thermal parameters ( x 104) with estimated standard 
deviations in parentheses 

The  t empera tu re  factor  is of  the fo rm exp [ -  (hZfli 1 + k2f122 + 12,833 + 2hkfll z + 2hlfll 3 + 2k/i23)]. 

Pos i t ion  x y z ~ l l  fl22 fl33 i l l 2  i l l 3  fl23 

Yi 4(a) 5228 (2) 4772 2500 54 (2) 54 4 (1) 13 (3) 4 (1) 4 
S(1) 8(b) 4323 (4) 7328 (4) 3216 (1) 107 (5) 77 (4) 2 (1) 26 (4) 6 (1) 2 (1) 
0 (1)  8(b) 6929 (11) 6680 (10) 2108 (3) 67 (13) 124 (16) 9 (2) 7 (11) - 3  (4) 10 (4) 
0 (2)  8(b) 7522 (12) 9574 (10) 1877 (4) 45 (12) 177 (18) 16 (2) 14 (13) 4 (4) 27 (5) 
0 (3)  8(b) 6988 (10) 3875 (11) 3213 (3) 66 (12) 126 (15) 7 (1) 42 (12) 10 (4) 10 (4) 
C(1)  8(b) 2126 (15) 7956 (16) 2866 (5) 87 (21) 108 (21) 7 (2) 47 (16) 3 (5) - 4  (5) 
C(2) 8(b) 5859 (17) 9034 (14) 2852 (4) 160 (25) 61 (17) 8 (2) 19 (18) 9 (6) - 9  (5) 
C(3) 8(b) 6827 (14) 8381 (14) 2222 (5) 64 (18) 85 (19) 7 (2) 18 (15) - 9  (5) - 5  (5) 
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(Busing, Martin & Levy, 1962), ORFFE (Busing, 
Martin & Levy, 1964). 

Atomic scattering factors were taken from Interna- 
tional Tables for  X-ray Crystallography (1962b) for 
S (16.00), O (8.00) and C (6.00). For the atomic scat- 
tering factor of Ni z + (26.00) the anomalous scattering 
correction A f ' =  - 3 . 2  (Cromer, 1965) was used in the 
whole range of sin 0/2. The correction of Fobs for ex- 
tinction was carried out according to Smith (1969); 
the secondary-extinction coefficient (Zachariasen, 
1963) used was g = 4  x 10 -s. The maximum percentage 
change was 31% for F(102). 

During the least-squares refinement ~.w(Fo-Fc) 2 
was minimized with the Cruickshank weight (Cruick- 
shank, Pilling, Bujosa, Lovell & Truter, 1961), w= 
1/(a+lFol+clFo[ 2) where a=3.6  and e=0.1. In addi- 
tion to R=YlIFoI-IFclI/YlFol the least-squares pro- 
gram yielded Rw = "~w(Fo- Fc)Z/~wF 2 whose final value 
was 0.113. 

From the 45 unobserved reflexions 32 were used in 
the final least-squares cycle with the worst agreement 
for F(7,1,14) (2.6 observed, 5.0 calculated). 

Results and discussion 

Table 1 contains the observed and calculated structure 
factors from the final refinement cycle, Table 2, the 
final atomic positions and anisotropic thermal param- 
teres and Table 3, the calculated intramolecular atomic 
distances and bond angles. In Table 4 the root-mean- 

i 

2' 

3 0  
Q 
3 lo-4; 

0 0 o o 
Ni S 0 C 

Fig. 1. Structure of nickel ethylenedithiodiacetate dihydrate 
viewed down z. The fractional coordinates of Ni are x= 
0.5228, y = 0.4772, z = 0.2500. 

square components of the atomic thermal vibration are 
presented. 

The X-ray crystal structure determination of 
NEDDD have confirmed the indirect evidence con- 
cerning the arrangement around the nickel atom. Six 
atoms are octahedrally coordinated to nickel folming 
its first coordination sphere (Fig. 1). These are two 
cis sulphur atoms, two cis water molecules and two 
trans carboxylic oxygen atoms. The Ni-S distance of 
2.44 A in the compound studied is typical for a 
Ni ~ S bond and near to that in, e.g., nickel hexakis- 
(thiourea)bromide (Weininger, O'Connor & Amma, 
1969) or nickel bisdiethyldithiophosphate bispyr- 
idinate (Ooi & Fernando, 1967). The distances 
Ni-O(1) (carboxylic) and Ni-O(3) (water) are 2.01 
and 2.04 A respectively and agree equally well with 
analogous Ni-O distances in other nickel carboxylates, 
e.g. in nickel dihydrogen ethylenediaminetetraacetate 
(Smith & Hoard, 1959) these distances were found to 
be 2.03 and 2.08 A respectively. 

The acetate 'arm' formed by C(2)C(3)O(1)O(2) 
adopts a nearly planar arrangement, the 0(2) carbonyl 
oxygen distance from the C(2)C(3)O(1) plane being 
only 0.1 A. It should be pointed out that this deviation 
from planarity is smaller than in related aminopoly- 
carboxylate complexes. For comparison, the same 
distance in a molybdenum(VI) complex of ethylene- 
diaminetetraacetic acid is 0-3 ,&_ (Park, Glick & Hoard, 
1969). 

In the crystal framework, two of the numerous 
intermolecular O-O distances can be assumed to in- 
dicate the presence of medium-intensity hydrogen 
bonding" O(3)-O(2"), 2.693_+ 10 A and O(3)-O(2'") 
2.798 _+ 10 A. Fractional coordinates of atoms 0(2") 
and 0(2'")  are: 

x y z 
0(2") 1.0426 0.2478 0.3123 
O(2'") 0.5426 0.2522 0.4377. 

The powder diagrams of the analogous cobalt and iron 
compounds, Co(CHzSCHzCOO)z. 2H20 and 
Fe(CH2SCHaCOO)z.2H20 (Podlaha & Podlahov4, 
1971), have indicated that these compounds are iso- 
structural with the nickel compound. 

The authors are indebted to Dr M. Ebert from the 
Department of Inorganic Chemistry of Charles Uni- 
versity for having made this work possible and to Dr 
A. Linek from the Institute of Solid State Physics of 
Czechoslovak Academy of Sciences for helpful dis- 
cussions. 
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The Crystal Structure of the 'Normal Tetrahedral' Compound Cu2CdSiSa* 

G. CHAPUIS AND A. NIGGLI 

Federal Institute of  Technology, Department of  Crystallography and Petrography, 8006 Ziirich, Switzerland 

(Received 1 November 1971) 

The structure of Cu2CdSiS4 is a superstructure of the wurtzite type. Crystallizing in the space group 
Pmn21 with the lattice parameters a = 7.60 (~- 2awurtz,te), b = 6"48 (-~ l/3awurtz,e) and c = 6"25/~ ( = C,,,urtz,,c), 
the unit cell contains 2 formula units Cu2CdSiS4 (calculated densityD~,=4-26). The structure was 
postulated by geometrical considerations and by taking into account systematic and pseudo-selection 
rules; it was confirmed by Fourier syntheses. Half the tetrahedral voids of the hexagonal close sulphur 
packing are regularly occupied by two Cu, one Cd and one Si atom, while the coordination of the 
electropositive elements by sulphur is also tetrahedral. This structure is a 'normal tetrahedral' one, 
[after Parthr, E., Crystal Chemistry of Tetrahedral Structures, New York, Gordon & Breach (1964)], 
and represents a limiting member of the series wurtzite-Cu2CdSiS4, just as Cu2FeSnS4 does in the series 
sphalerite-stannite with cubic close sulphur packing. 

Introduction 

In a short communication (Chapuis & Niggli, 1968) 
the idealized structure of the new compound 
CuzCdSiS4 has been described. Simultaneously and in- 
dependently, Parthr, Yvon & Deitch (1969)solved 
the structure of an isomorphous compound CuzCdGeS4. 
This structure type belongs to the 'tetrahedral struc- 
tures' (Parthr, 1964) and may be described as a super- 
structure of the wurtzite type. Cu2CdSiS4 and 
CuzCdGeS4 are the first tetrahedral quaternary com- 
pounds known with a hexagonal close-packing of sul- 
phur atoms; the mineral stannite (Cu2FeSnS4) has a 
corresponding tetrahedral structure with a cubic close- 
packing of sulphur atoms. 

Experimental 

Crystal data 
Cu2CdSiS4, formula weight: 395.8 
Habit:  prismatic c 
a=7.598 (8), b=6.486 (6), c=6.258 (11) A 
V= 1978.5 (1.4) A 3 

* This work is a part of the Ph.D. thesis of G. C. 

Z = 2 ,  Dx=4"27 ~ c m  -a 
2Mo r~ = 0"71069 
Selection rule for hOl • h + l= 2n 
Approximate pseudo-extinctions: 
(h = 2n) ½h + k = 2n, (h = 2n, k = 3n) ½h + ½k + l = 2n 
Space group Pmn21 
/ZMo = 117 cm-  ~ 
Crystal size of the specimen cut: 0.1 × 0.1 × 0.1 mm. 

The compound Cu2CdSiS 4 has been synthesized by 
Nitsche, Sargent & Wild (1967) by transport reac- 
tions with iodine in the gas phase and a temperature 
gradient of 800 to 750°C. The crystal has been meas- 
ured on a Picker automatic diffractometer (FACS 1). 
With an Ni filter (0.05 mm) in the diffracted beam and 
a maximal 20-value of 65 °, 2440 reflexions hkl have 
been measured with a scintillation counter by the 0-20 
scan method (scanning length: 20= 1.2 ° , this value 
being corrected for the separation of the Kcq and Kc~2 
lines). For  each reflexion, the background has been 
measured on both sides of the peak. After correction 
of the Lorentz and polarization factors (no absorption 
correction), 642 independent reflexions have been ob- 
tained with the calculated weights w = 1/o'2(F) = (2F/ac) 2 
where ac = standard deviation of the observation (Pois- 
son). 


