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Henn, Powell & Venanzi, 1963) and bis(triphenyl- 
methylarsonium)tetrachloronickel(II) (Pauling, 1966). 

The phase diagram of the CsC1-NiCI2 system has 
been determined (Iberson, Gut & Gruen, 1962) and it 
is found that below 50 mole% NiC12 there is a solid- 
to-solid color change from yellow to blue at 417°C 
caused by the formation of the compound Cs3NiC15, 
which was shown to be isomorphous with Cs3CoC15 
by powder methods. Cs3CoCls is known to contain 
[COC14] 2- tetrahedra; therefore, Cs3NiC15 presumably 
contains [NiC14] 2- tetrahedra. We have prepared this 
compound in powder form and have found it to be 
stable at room temperature for long periods of time 
when stored in a desiccator. If single crystals of it can 
be prepared, it would probably provide a compound 
for an accurate structure determination of the tetra- 
hedral [NiC14] 2- ion. 

This study has been supported in part by the U.S. 
National Science Foundation. 
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The hydrogen atoms in S4N4H4 have been found to be covalently bonded to the nitrogen atoms in 
agreement with the inference of Sass & Donohue (Acta Cryst. (1958) 11, 497] from an X-ray study. 
There is trigonal bonding about the nitrogen atom with coplanar SNHS groupings. The 84N4H4 
molecules are connected by N - H . . . N  and N - H . . . S  hydrogen bonds. 

Introduction 

A study of the structure of S4N4H 4 by X-ray methods 
was made by Sass & Donohue (1958) in an attempt to 
resolve conflicting chemical evidence regarding the mo- 
lecular structure. Arnold (1938) and Goehring (1947) 
favoured a structure containing N - H  bonds while 
Meuwsen (1929) and Sidgwick (1950) preferred a struc- 
ture with S-H bonds. Measurements of the infrared 
and Raman spectra (Lippinscott & Tobin, 1953) 
showed strong absorption bands at 3220, 3285, and 
3320 cm -1 which are characteristic of N- H  bonds. Sass 
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& Donohue located the sulphur and nitrogen atoms, 
and from considerations of ring angles and molecular 
packing, inferred that the hydrogen atoms were bound 
to nitrogen. 

The present neutron structure analysis was carried 
out to obtain direct evidence for the location of the 
hydrogen atoms in the molecule and to study the na- 
ture of the intermolecular hydrogen bonding. 

Experimental 

The crystal, in the form of a rough cube of volume 
0.92mm 3, was supplied by Dr B. Dawson of the 
C.S.I.R.O. Division of Chemical Physics, Melbourne. 
The crystal data (taken from Sass & Donohue) are: 

a=8.010,  b =  12.20, c=6.727 A. 
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The space group is Pnma D ~  (No. 62) and there are 
four molecules per unit cell. 

The crystal was mounted on a four circle diffrac- 
tometer installed on the A.A.E.C.'s reactor HIFAR at 
Lucas Heights, N.S.W., and the intensity data were 
collected by hand setting the ~0 and Z angles of the in- 
strument and step scanning each reflexion in the 0:20 
mode under monitor control. The neutron wavelength 
was 1.09 N and the monochromatic beam intensity at 
the specimen was 4 x 16~ neutrons, cm -2 sec -a. The 
step size was 2' of 20 and the scanning rate was about 
one third of a degree of 20 per minute. 328 reflexions 
with sin 0/2<0-7 were examined of which 146 were 
below the minimum observable intensity. 

Analysis of data 

The measured intensities were not corrected for extinc- 
tion or absorption. There is no evidence in the data 
of extinction effects and a rough calculation shows that 
for a crystal of this size the maximum reduction in 
intensity due to absorption can only be a few per cent. 

Standard deviations were assigned to the measured 
data through the expression a ~ -  ~ - -  O ' 1  - ] -  0 " 2  where 0"; is 
the error due to counting statistics and 0"~=c~+flP 
where P is the observed integrated intensity and c~ and 
/? are constants chosen as 50.0 and 0.05 by a series of 
repeated measurements on several reflexions. The un- 
observed reflexions were allocated an intensity and a 
standard deviation equal to one half the intensity of 
the weakest observed reflection. 

The data were refined by full-matrix least-squares 
based on F, using the programs ORFLS and ORFFE 
(Busing, Martin & Levy 1962a, b)on an IBM 360 com- 
puter. The variable parameters were one scale factor 
and the positional and anisotropic thermal parameters 
of each atom. The scattering lengths were taken as 
constants with the values given by Bacon (1962). The 
initial parameters were the sulphur and nitrogen para- 
meters given by Sass & Donohue with hydrogen atoms 
placed at the positions they postulate. 

After the first cycle it was obvious that Sass & Dono- 
hue were substantially correct, and the least-squares 
refinement converged to an R value of 0.137 for all 
reflexions (0.061 for observed reflexions only). The 
weighted R for all reflexions was 0.087 defined as: 

R = [ S w ( I F o l  - I F ~ l ) ~ / w l F o ' Z P .  

The parameter shift in the final cycle was less than one 
third the standard deviation for all parameters. 

The calculated and observed structure amplitudes 
are listed in Table 1 and the atomic parameters in Table 
2. Of the 13 variable non-hydrogen atom positional 
parameters, 7 are within one standard deviation of the 
X-ray measurements, l0 within 2 and all within 3. The 
standard deviation was taken as the sum of that found 
by Sass & Donohue and that deduced in the present 
refinement. 

Discussion 

In the discussion the nomenclature adopted by Sass & 
Donohue is used. The basic molecule is designated M 

Table 1. Observed and calculated structure.factors with the standard deviation o f  Fo ( × 100) 

The unobserved reflexions are marked with an asterisk. 
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with atom coordinates in Table 2 for atoms S(1), S(I'), 
N(2), H(2), H(3), H(3') and these coordinates with a 
translation of e for atoms S(2), S(2'), N(1), N(3), 
N(3'), H(1). Three other molecules related to M by an 
a-glide perpendicular to c, an n-glide perpendicular to 
a and a centre of symmetry are designated A, N, 1 
respectively. All other molecules are related to these 
by lattice translations such that Mqrs is related to M 
by qa + rb + sc. 

The S4N4H4 molecule 

The molecule is shown in Fig. 1 with intramolecular 
distances and bond angles given in Table 3. The average 
of the four crystallographically independent S-N bonds 
is 1.653 A with all deviations within three standard de- 
viations. The sulphur atoms lie in the plane 0-966 X +  
0.259Z = 0.687 while the best least-squares plane 
through the nitrogen atoms is 0.967 X+0.254 Z =  
1.26 with no atom further than 0.024/~ from it. The 
two planes are parallel to within 1 o and are 0.573,8, 
apart. Only one mirror plane is required by the space 
group; however, the molecule has the symmetry 4mm 
in the crystal to the accuracy of the present results. 

Sass & Donohue conclude from the nitrogen bond 
angle that the bonding about the nitrogen is trigonal 
and that the groupings are coplanar S-NH-S.  The best 
least-squares planes through the three such groups are: 

0.175 X+0.985 Z = - 1 . 4 6 8  through N(1) H(1) S(2) 
S(2'), 

- 0 . 7 2 4 X + 0 . 6 9 1  Z=0.5931 through S(1) S(I') N(2) 
H(2), and 

0.526 X+0.840 Y+0.139 Z=1 .680  through S(1) 
S(2) N(3) H(3). 

In each case the nitrogen atom is furthest from the 
plane at 0.07, 0.04, 0.06/~ respectively. These devia- 
tions from planarity are not considered significant. 

Hydrogen bonding 

Sass & Donohue suggest that H(2) of molecule M is 
hydrogen-bonded to N(1) of molecule M001, H(1) is 
roughly equidistant from the sulphur square of A 1 oT and 
H(3) is hydrogen bonded to one of S(2') of NoT o, N(3) 
of 11 oT, S(2) of 11 oT. The hydrogen bonds found in this 
investigation are 

(1) N(1)Mooo-H(1)Mooo-..S(2)AloT with 
N(1)-H(1) 1.08, H(1) . . .S(2)  2.71, N(1) . . .S (2)  
3.65 A 
The NHS angle is 145.4 ° 

(2) N(2)M000-H(2)M000. • • N(1)M001 with 
N(2)-H(2) 0-96, H(2 ) . . .N(1 )  2.39, N(2 ) . . .N(1 )  

3.18 A. 
The N H N  angle is 139.1 ° 

(3) N(3)M000-H(3)M000... S(2')NoTo with 
N(3)-~H(3) 1.08, H(3) . . .S(2 ' )  2.73, N(3) . . -S(2 ' )  
3.57 A. 
The NHS angle is 133.8 °. 

While the angle at the hydrogen atom is far from 
the ideal value of 180 o the N. • • H and S. • • H contacts 
are significantly shorter than the van der Waals con- 
tacts of 2.7 and 3.05 ,~ respectively and show the exi- 
stence of a weak covalent bond. Baur (1965) has dis- 
cussed hydrogen bonds in crystalline hydrates and has 
shown that bond angles of 140 ° are consistent with 
hydrogen bonding. 

" '"  126-1 " "  

111.1 
~-...__. 

129-3 

1139-4 

116-3 

113.4 

11t,.7 
1.080 ~ " 

Fig. 1. The S4N4H4 molecule. 

x a(x) 
S(1) 473 27 
S(2) 1447 23 
N(1) 2280 18 
N(2) 1067 15 
N(3) 1617 11 
H(1) 3625 45 
H(2) 1949 55 
H(3) 2772 31 

Table 2. Atomic parameters and their standard deviations 
Positional parameters are expressed as fractions of the lattice parameters. 

Thermal parameters are in the form exp - [ill lh 2-Ffl22 k2 -~'fl33/2 q-fll2hk +fl13hlWf123kl]. 
All parameters are given × 104. 

y a(y) z a(z) fill ~(flll) fl22 a(f122)fl33 a(f133) ill2 a(fll2) 
1297 12 1843 20 329 57 57 15 13 32 -13 21 
1292 12 7510 21 213 41 28 11 52 32 --3 17 
2500 0 7196 11 161 32 36 6 110 19 0 0 
2500 0 2698 17 128 25 65 7 151 26 0 0 
923 5 9923 10 177 21 47 5 122 13 32 9 

2500 0 7075 31 104 73 85 21 148 54 0 0 
2500 0 3672 46 352 106 118 29 147 79 0 0 
501 16 259 30 230 56 96 15 369 58 121 27 

ill3 if(ill3) fl23 G(f123) 
36 29 17 17 
3. 30 --4 17 

28 21 0 0 
-23 20 0 0 
-25 12 9 7 

13 55 0 0 
-31 71 0 0 
-90  45 48 28 
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Table 3. lntramolecular distances and angles 

Standard deviations are shown in brackets. 
Distances 

S(1) -N(2) 1.646 (0.018) A 
S(1) -N(3) 1.648 (0.018) 
S(2)- N(3) 1.690 (0.016) 
S(2)-N(1) 1.631 (0.017) 
N(1)-H(1) 1.080 (0.05) 
N(2)-H(2) 0.964 (0.05) 
N(3)-H(3) 1.082 (0.03) 
S(1)-S(I') 2.935 (0.03) 
S(2)-S(2') 2.947 (0.03) 
S(I)-S(2) 3.017 (0.02) 
N(1)-N(3) 2-711 (0.01) 
N(2)-N(3) 2.717 (0.01) 

Angles 
N(3)-S(1)-N(2) 111-1 (1) ° 
S(1)-N(3)-S(2) 129.3 (1) 
N(3)-S(2) -N(1) 109.4 (1) 
S(2)-N(1)-S(2') 129.2 (1) 
S(1)-N(2)-S(I') 126.1 (1) 
S(1)-S(2)-S(2") 89.9 (0.5) 
N(1)-N(3)-N(2) 89"7 (0"2) 
N(3)-N(1)-N(3") 90.4 (0.4) 
N(3)-N(2)-N(3') 90"2 (0"4) 
S(1)- N(Z)-H(2) 116.7 (0.8) 
S(1) -N(3)-H(3) 116.3 (1) 
S(2) -N(a)-H(3) 113-4 (1) 
S(2) -N(1)-H(1) 114.7 (0.7) 

Thermal vibrations 
The r.m.s, components  of  the thermal  displacements 

along the principal axes of  the vibrat ion ellipsoids, and 
the angles that  these axes make  with a cartesian coordi- 
nate system in the crystal, are given in Table 4. This 
cartesian system is such that  axis 1 is in the plane 
y = ¼  at an angle of  - 2 0  ° to c, axis 2 lies in the xz  
plane perpendicular  to 1 and axis 3 is along b; thus 
axes 1 and 3 are in the plane of  the molecule while 2 is 
normal  to it. Examinat ion  of  Table 4 shows that  the 
largest component  of  thermal  vibrat ion for the non- 
hydrogen atoms is normal  to the plane of  the mole- 
cule. The observation by Sass & Donohue  that  the 
vibration amplitudes are least along c is confirmed. No  
explanation can be given for the very small r.m.s. ~i- 
brat ion of  S(1) and H(1) along one of  their principal 
axes. 

Re-analysis o f  X-ray data 
An at tempt  was made to see whether inclusion of  the 

hydrogen atoms would improve the agreement  be- 
tween the observed and calculated X-ray structure fac- 
tors. An  R value of  0.27 was obtained when X-ray 
structure factors using neutral a tom scattering factors, 
and neutron diffraction atomic parameters ,  were com- 
pared with the observed structure factors of  Sass & 
Donohue .  

As soon as the atomic positions and thermal pa- 
rameters  were varied the refinement diverged with high 

Table 4. R. M.S .  component o f  thermal displacement 
along principal axes and directions o f  principal axes 

The directions of the principal axes are referred to a cartesian 
coordinate system so that axis 1 is the plane y = ¼ at - 20 ° to e, 
axis 2 lies in the xz plane perpendicular to 1 and axis 3 is 
along b. 

i (Ut2) ~k tXt 1 0~i2 ~t3 

S(1) 1 0"026 13"6 98"6 79"6 
2 0"209 99"5 83"4 11"6 
3 0"329 99"6 169"1 85"0 

S(2) 1 0"108 17"6 104"0 100"4 
2 0"146 79"5 90"9 10"5 
3 0"263 104"0 165"9 88"3 

N(1) 1 0"152 0"1 90"1 90"0 
2 0"165 90"0 90"0 0"0 
3 0-233 90-1 179"9 90"0 

N(2) 1 0"176 45"1 135"1 90"0 
2 0"213 44"9 45"1 90"0 
3 0"222 90"0 90"0 180"0 

N(3) 1 0"144 124"8 56"2 127"2 
2 0"184 138"5 92"8 48"6 
3 0"258 109"7 146"1 116'4 

H(1) 1 0"174 148"7 121"3 90"0 
2 0"193 121"3 31"3 90"0 
3 0"253 90"0 90"0 180"0 

H(2) 1 0"181 20"6 110"6 90"0 
2 0"299 90"0 90"0 0"0 
3 0"340 110"6 159"4 90"0 

H(3) 1 0"041 100"2 43"1 131"3 
2 0"310 161"3 86"8 71"6 
3 0"366 105"5 132"9 133"0 

negative temperature  factors on the hydrogen atoms. 
A difference Fourier  section in the plane S(1)S(I ')  
N(2)H(2) with the hydrogen atoms omitted f rom the 
calculated structure factors showed no evidence what-  
ever for the presence of  a hydrogen atom. This result 
again is in accord with Sass & Donohue ' s  observation 
that  the X-ray data  insensitive to the hydrogen atom 
position. 

We wish to thank  Dr  J. C. Taylor  for helpful discus- 
sions. 
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