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The Crystal Structure of S,N,H4* 

BY R O ~ L D  L. SASSt A~D JERRY DONOHUE 
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(Received 24 October 1957) 

A three-dimensional X-ray study of crystalline 84N4H4 shows that  it is orthorhombic with a = 
8"010, b : 12.20, c = 6-727 A, Z ---- 4, and space group Dl~-Pnma. The approximate structure, 
as obtained from the Patterson function, was refined by Fourier and least-squares methods. The 
molecule is a puckered eight-membered ring of alternating sulfur and nitrogen atoms. Packing 
considerations indicate N - H  bonds, rather than S-H bonds, in agreement with spectroscopic 
studies. The S-N bond length is 1-674+0-004 A. The dihedral angle, S -N-S-N,  is 99-4 °. The bond 
angles are S-N-S = 122.2 ° and N - S - N  = 108-4 °. The required molecular symmetry is Cs-m, but 
is C4v-4mm within the accuracy of the results. The S-N bond type is discussed relative to S4N 4 
and other compounds containing S-N bonds. There is evidence for a weak N - H .  • • N hydrogen 
bond of length 3.16 A. 

Introduction 

Although 84-N4H4 has  been actively invest igated since 
1908, its molecular s t ructure  has remained unresolved. 
The substance is prepared by reducing sulfur nitride, 
S4N 4, with alcoholic s tannous chloride (Whbling, 1908). 
Molecular weight determinat ions in acetone (Meuwsen, 
1929) show the compound to be the te t ramer .  The 
substance is a crystalline solid, stable in air and 
moisture,  which decomposes over a t empera ture  range 
from 100 ° C. to about  148 ° C. I t  is a t t acked  only 
slowly by acids and alkalies, even in fairly s trong 
concentration.  I t  is appreciably soluble in acetone, 
piperidine, and pyridine, but  insoluble in most  other 
solvents. 

SaNaH4 is prepared directly from S4N 4, and it has 
been generally assumed tha t  the s t ructures  of both are 
similar. Electron-diffract ion studies (Lu & Donohue, 
1944) on gaseous SaN 4 and two-dimensional X - r a y  
diffraction studies (Clark, 1952) on the solid phase 
agree tha t  the molecule is a cage made up of a square 
of nitrogen atoms and a bisphenoid of sulfur atoms. 
There is, though,  a second electron-diffraction in- 
vestigation of S4Na which assigns a different cage 
s t ruc ture  consisting of a bisphenoid of nitrogen atoms 
and a square of sulfur a toms (Hassel & Viervoll, 1943). 
A s tudy  of the infra-red and R a m a n  spectra (Lippin- 
cott & Tobin, 1953) of S4N 4 also assigns this la t ter  
s t ruc ture  to the molecule. At  the same time, Lippin- 
cott  & Tobin studied the infra-red spectrum of solid 
SaN4Ha , and found tha t  it was very similar to t ha t  of 
SaN a. They concluded tha t  when S4NaH4 is formed 
from $4N4, N - N  bonds are broken and N - H  bonds are 
formed. Their hypothesis  is supported by the appear-  
ance of strong absorpt ion peaks  in the  spectrum of 
SaN4H4 at  3220, 3285 and 3320 cm. -1, frequencies 
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characterist ic of N - H  vibrations.  Chemical evidence, 
on the other hand,  regarding the location of the 
hydrogen atoms is conflicting. Arnold (1938) and 
Goehring (1947), on the basis of several reactions of 
S4N4H4, favored a s t ructure  with four equivalent  N - H  
bonds, while Meuwsen (1929) and Sidgwick (1950) 
preferred a s t ructure  with S - H  bonds. 

One previous X - r a y  diffraction s tudy  by Jaeger  & 
Zans t ra  (1931) has been reported on SaN4H4 . These 
authors  presented a s t ructure  which consists of two 
interpenetra t ing bisphenoids of sulfur and nitrogen 
atoms. They did, however,  base their  s t ructure  on an 
incorrect space group, thus  invalidat ing their results. 

In  order to resolve the reported s t ructure  differences 
indicated above, the investigation of S4N4H4 described 
below has been under taken.  The resulting s t ructure  
will be discussed and compared with those a l ready 
mentioned. We have also begun a three-dimensional  
X - r a y  s tudy  of S4Na, the results of which will be re- 
por ted later. 

Experimental 

The unit cell and space group 
S4N4H4 was prepared by the method  described by  

Meuwsen (1929). The crystals used in this investigation 
were obtained by slow evaporat ion of pyridine solu- 
tions. They were small needles, colorless and slightly 
mi lky in appearance.  Weissenberg photographs  showed 
the crystals  to be orthorhombic.  Values of the  latt ice 
constants,  as obtained from rota t ion photographs  
around the three crystallographic axes, are:  

a=8 .010±0.010 ,  b=12.20±0.014,  c=6 .727±0 .009 /~  
(A for Cu K s - -  1.5418 A ) .  

The axial ratios a :  b : c = 0.656:1 : 0.552 compare with 
the goniometric values of 0 .644:1:0 .549 reported by 
Jaeger  & Zans t ra  (1931). 

Weissenberg photographs  were recorded around 
a(h = 0-5) and c(1 = 0-4) from two different crystals,  
each about  0.2 × 0.2 × 0.3 mm. The systemat ic  absence 
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of (hkO) reflections with h odd and of (0kl) reflections 
with /c+l odd allowed two possible space groups, the 
hemihedral space group C~-Pn2a (No. 33), or the 
holohedral space group D~-Pnma (No. 62). The den- 
sity of the crystal calculated on the basis of four mole- 
cules per cell is 1.90 g.cm. -3 compared with the 
experimental density of 1.88 g.cm. -3 as determined 
pycnometrically with carbon tetrachloride. Thus, if 
the crystal is centrosymmetric, the molecule must 
possess either a center of symmetry or a mirror plane. 

Of the 917 non-equivalent reflections in the sphere 
of reflection, 125 were extinguished by the space group, 
65 were not recorded on the photographs taken, 213 
were too weak to observe and 514 were observed. 
Intensities were estimated by the multiple-film tech- 
nique and an intensity strip. The standard error in an 
observed Fh~z is about 3-5 %, as judged by the internal 
consistency of the estimated intensities of reflections 
occurring on more than one Weissenberg photograph. 
No absorption corrections were made. The relative 
values of F~kl were placed on an approximately 
absolute scale and an average isotropic temperature 
factor was determined by the method of Wilson (1942). 

The intensity distribution curve (Wilson, 1949; 
Howells, Phillips & Rogers, 1950; Lipson & Woolfson, 
1952) for S4N4H4, shown in Fig. 1, was found to lie 
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Fig. 1. I n t e n s i t y  d i s t r ibu t ion  curves.  

between the theoretical curves for a centric and a 
hypercentric structure. Thus the space group of 
84N4H4 iS the centrosymmetric D~-Pnma. It  may 
also be inferred that  the structure, although not being 
quite hypercentric, possesses groups of atoms which 
are related by centers of symmetry other than those 
of the space group. 

D e t e r m i n a t i o n  o f  t r i a l  s t r u c t u r e  

In order to obtain a trial structure for S4hT4H4, a 
three-dimensional :Patterson function was calculated. 
To increase the resolution of this function the coef- 
ficients were sharpened and the peak at the origin 
was removed (Patterson, 1935; Waser, 1944; Waser 

& Schomaker, 1953). The unmodified Patterson func- 
tion was also computed. These computations were 
carried out on the National Bureau of Standards 
Western Automatic Computer (SWAC) at the Univer- 
sity of California at Los Angeles (Sparks, Prosen, 
Kruse & Trueblood, 1956). Since the resolution of the 
modified Patterson was slightly better than that  of 
the unmodified function, and since there were no 
serious differences between the two, the modified 
Patterson function was used exclusively to determine 
the trial structure. 

The interpretation of the Patterson function was 
initiated by considering the various Harker sections 
and lines. Several possible heavy-atom positions were 
found, one of which, together with its seven equiv- 
alents generated by the space group, was used to make 
a vector convergence plot (Beevers & Robertson, 
1950), a method which is unusually well suited for 
this structure for a number of reasons: A large number 
of the Patterson peaks in the unit cell were very well 
resolved, and it was hoped that  a detailed considera- 
tion of the Patterson function would result in much 
better parameters than would have been obtained by 
trial and error methods; also, the presence of the 
heavier sulfur atoms reduced the observed complexity 
of the Patterson function, since the sulfur-sulfur and 
sulfur-nitrogen interactions completely overshadowed 
the weaker nitrogen-nitrogen interaction peaks ; 
finally, the vector convergence method, as applied 
here, did not require any assumptions concerning the 
shape or size of the molecule. 

There were only five eightfold overlaps in the 
asymmetric unit of the vector convergence plot. Two 

atoms already found from the Harker sections, and 
the three other overlaps were assumed to be at the 
centers of nitrogen atoms. A trial structure based on 
these assumptions led to an S4N4H4 molecule consist- 
ing of an eight-membered puckered ring of alternating 
sulfur and nitrogen atoms. The molecule lay across a 
mirror plane in the crystal, and contained two crystal- 
lographically independent sulfur atoms and three 
crystallographically independent nitrogen atoms. The 
interatomic bond distances and bond angles based on 
this trial structure were not chemically unreasonable, 
and the distances between atoms of neighboring 
molecules were all 3.2 J~ or more. The interatomic 
vectors for this trial structure were calculated and 
compared with the observed Patterson function. The 
fit was highly satisfactory, and the position and shape 
of every peak was explained. From this fit it could be 
assumed with certainty that the trial structure was 
correct, except for small errors in atomic positions, 
probably less than 0.1 /~. 

R e f i n e m e n t  o f  t h e  s t r u c t u r e  

The refinement of the trial structure obtained from 
the interpretation of the Patterson vector map was 
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Patterson 
trial 

Atom structure 

S 1 x 0.042 
y 0.129 
z 0.179 

$9. x 0.125 
y 0.129 
z 0.750 

N 1 x 0.212 
y ¼ 
z 0.733 

Ng. x 0.108 
Y ¼ 
z 0.250 

N a x 0-158 
y 0.080 
z 0.983 

R 

Zw(AF)2 

Table 1. Atomic parameters and progress of refinement 
Fifth Final 

Fourier least least Final Final a (least 
projections squares squares Fourier parameters squares) 

0.037 0.0413 0.0415 0.0415 0"0415 0.0004 
0.129 0.1298 0.1299 0.1300 0.1300 0.0002 
0.176 0.1809 0.1810 0.1809 0.1810 0.0004 

0.130 0.1371 0.1372 0.1371 0.1372 0.0003 
0.129 0.1304 0.1303 0.1304 0-1304 0.0002 
0.747 0.7568 0.7571 0.7578 0-7575 0-0004 

0.212 0.2326 0.2329 0.2320 0.2325 0.0016 

0.733 0.7191 0.7191 0.7193 0.7192 0"0016 

0.108 0.1118 0.1117 0.1112 0.1115 0-0020 

0.250 0.2702 0.2710 0.2724 0.2717 0.0019 

0.169 0.1678 0.1678 0.1675 0.1677 0.0012 
0.091 0.0924 0.0924 0.0926 0.0925 0.0008 
0.993 0.9948 0.9944 0.9936 0.9940 0.0014 

28.9 12-0 - -  - -  11.8 - -  

8910 1586 . . . .  

carried out by three-dimensional Fourier and least- 
squares treatments,  preceded by preliminary Fourier 
refinements of the (0kl) and (hO1) prism zones. The 
l eas t - squares  ca lcu la t ions  were  m a d e  on the  SWAC 
(Sparks  et al., 1956); a t o t a l  of 514 obse rva t iona l  
equa t i ons  was  used.  The  f ive a t o m s  in t he  a s y m m e t r i c  
u n i t  g e n e r a t e d  13 n o r m a l  equa t ions  for t he  shifts in 
t he  pos i t iona l  p a r a m e t e r s  a n d  26 n o r m a l  equa t ions  for 
t he  shif ts  in t he  t h e r m a l  v ib r a t i on  p a r a m e t e r s ,  plus the  
n o r m a l  e q u a t i o n  for  t he  change  in t he  scale factor .  
The  we igh ing  sys t em used  was 

~w = 4Fmm./Fo for  Fo >_ 4Fmin. a n d  

~w = Fo/4Fmm. for  Fo < 4Fmm. 

The  in i t ia l  va lues  of t he  pos i t iona l  p a r a m e t e r s  used  
were  those  o b t a i n e d  f rom t h e  t w o - d i m e n s i o n a l  F o u r i e r  
syntheses .  The  t e m p e r a t u r e  fac tors  of all  a t o m s  were  
a s s u m e d  in i t i a l ly  to  be isotropic  a n d  equa l  in magni -  
t u d e  to t he  va lue  o b t a i n e d  f rom t h e  Wi lson  plot .  

A t o t a l  of six cycles of least  squares  was  t h e n  
ca lcu la ted .  Af te r  each  cycle t h e  i n d i c a t e d  shifts  in t he  
p a r a m e t e r s  were  d iv ided  by  2 a n d  a d d e d  to t h e  pre- 
v ious  va lues  of t he  p a r a m e t e r s .  I n  t he  f irst  cycle t he  
va lue  of t he  re l i ab i l i ty  i ndex  was r e d u c e d  f rom 28.9 % 
to 20 .1%,  a n d  t h e n  d r o p p e d  s t ead i ly  to a f inal  va lue  
of 11.8%. The  sum of t h e  res iduals ,  Xw(AF)  2, was 
r e d u c e d  in t he  f irst  cycle  of leas t  squares  by  a f ac to r  
of a b o u t  0.6, a n d  f ina l ly  d r o p p e d  to  a b o u t  18% of t he  
or iginal  value .  The  ini t ia l  scale f ac to r  o b t a i n e d  f rom 
the  Wi l son  plo t  was  f o u n d  to differ  by  less t h a n  10% 
f rom the  f inal  va lue  o b t a i n e d  f rom t h e  leas t - squares  
r e f inemen t .  Some of t h e  va lues  of t h e  a tomic  para-  
me te r s  du r ing  the  progress  of t he  s t r u c t u r e  refine- 
m e n t  are  g iven  in Table  1. The  f inal  shif ts  in all para-  
m e t e r s  are  seen to be smal le r  t h a n  the  s t a n d a r d  
dev i a t i ons  of t he  co r respond ing  p a r a m e t e r s .  The  ini t ia l  
a n d  f inal  va lues  of t he  t e m p e r a t u r e - f a c t o r  p a r a m e t e r s  

are listed in Table 2. These have been multiplied by  
the appropriate constants such tha t  they can be 

Table  2. Temperature-factor parameters, fl~j 

First Final 
InitiM least least 

Atom flii values squares squares 

S 1 11 3"1 A ~ 3.8 A 2 5"0 A 2 
22 3.1 3.4 3.4 
33 3.1 2.9 2.1 
12 0.0 --0-2 --0-5 
23 0.0 0.2 0.9 
31 0.0 0.6 1.3 

S~ 11 3.1 3.5 3"3 
22 3.1 3.0 2.9 
33 3"1 2.9 2.0 
12 0.0 0.4 0.5 
23 0.0 0.4 0.1 
31 0.0 --0.4 --1.0 

N 1 11 3.1 3.5 2-8 
22 3.1 3.6 4.2 
33 3.1 3.0 1.2 
31 0.0 --2.0 0.4 

N~ 11 3.1 2-9 5.7 
22 3.1 3.7 3.8 
33 3.1 3.5 1.0 
31 0.0 --1.3 --0"3 

N a 11 3.1 3.7 4.1 
22 3-1 4.0 3.4 
33 3.1 2-2 2.0 
12 0.0 0.4 0.5 
23 0.0 0.1 0-2 
31 0.0 0.3 0.3 

Table 3. Peak heights in Fourier syntheses 
Max. in @o Max. in @c 

Atom (e.A -a) (e.A-a) @c/@o 
S 1 29.7 30.5 1.03 
S 2 33.2 34.7 1.04 
iN 1 9.9 10.2 1.03 
N 2 8.9 9.6 1.08 
N a 9.6 9.7 1.01 
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compared to the  usual  values  reported for isotropic the  observed intens i ty  were included.  These  computa-  
temperature  factors wi th  dimensions  /I ~. An  inter- t ions were also carried out  on the  SWAC.  B o t h  syn-  
pretat ion of these  values  in terms of the  ell ipsoids of theses  were evaluated  at intervals  of s ixt ieths  along 
vibrat ion is g iven below, all three axes.  The posi t ions  of the m a x i m a  in the  

Addi t ional  ref inement  of the structure was n e x t  observed and calculated e lec tron-dens i ty  funct ions  
obta ined  by three-dimensional  Fourier methods .  Two were calculated on the  assumpt ion  that  the  peaks  can 
three-dimensional  Fourier syntheses  were prepared, be represented by Gaussian ell ipsoids (Shoemaker,  
one us ing structure factors calculated from the  set of Donohue ,  Schomaker  & Corey, 1950). The n ineteen  
parameters  obtained from the final least-squares points  nearest  each m a x i m u m  (Donohue  & Trueblood,  
ref inement  (Table 1), and the other with the observed 1952) were used in an anal3~ical m e t h o d  invo lv ing  
magni tudes  of the s tructure  factors and phases  deter- least squares.  A full  back-shift  correction was appl ied 
mined from the  calculated structure  factors. In both  to the observed peak m a x i m a  to obtain parameters  
cases, only  those  planes  having  a non-zero value for corrected for series terminat ion.  The average back-  

Table  4. Observed and calculated structure factors 
(all F's have been multiplied by 10) 
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shift  correction was 0.0036 Jk for a sulfur pa ramete r  
and  0.0098 A for a nitrogen parameter .  Both  of these 
values are approximate ly  equal to the final calculated 
s t anda rd  deviations of the  parameters .  The resulting 
Fourier  parameters  are listed in Table 1. The Fourier  
and  least-squares parameters  agree very  well: the 
average differences are 0.001 A and 0.005 A for sulfur 
and nitrogen parameters ,  respectively, and the  cor- 
responding m a x i m u m  differences are 0.005 _£_ and 
0.009 A. 

A comparison of the observed and calculated Fourier  
peak  heights is given in Table 3. 

A careful search was made  for the  hydrogen a toms 
in both  the  observed and  difference syntheses. Several 
peaks of proper height were found to lie within 0.5-  
1.5 A from the ni trogen atoms,  and one of these was 
0.9 A from N~, along a presumed weak N - H . - - N  
hydrogen bond. However ,  since obviously spurious 
peaks  of equal heights were also observed, it cannot  
be said with cer ta in ty  t ha t  this peak is actual ly  due 
to a hydrogen atom. I t  is not  surprising t h a t  an un- 
equivocal indication of the  hydrogen atoms was not  
achieved in this crystal ,  since it  contains relat ively 
heavy  sulfur atoms. 

The final positional parameters ,  which are the aver- 
ages of those obtained in the least squares and Fourier  
methods,  are given in Table 1. The average difference 
between the final parameters  and the trial parameters  
obta ined from the Pa t t e r son  function is only 0.07 /~, 
a result  which shows t h a t  the  detailed consideration 
of the  Pa t t e r son  function was quite wor th  while. 

The final set of observed and calculated s t ructure  
factors is listed in Table 4. The calculated values do 
not  include scattering due to the  hydrogen atoms. On 
the  basis of observed planes only, the R value is 11.8 %. 
This value could undoubtedly  (and conventionally) 
be reduced by  omit t ing planes suspected of extinction, 
and  by including the  hydrogen scattering. 

The calculated s t anda rd  errors (Shoemaker et al., 
1950) in the  least-squares paramete rs  are listed in 
Table 1. The average s t andard  error  of a sulfur-atom 
pa rame te r  is 0.003 Jk and  the  average s t andard  error 
of a n i t rogen-atom pa rame te r  is 0.012 /~. The cor- 
responding s t anda rd  error in a sulfur-ni t rogen inter- 
a tomic bond distance is 0.012 A. 

D i s c u s s i o n  of  t h e  s t r u c t u r e  

The S4N~H 4 molecule 
The dimensions of the  SaN4H a molecule, as it  exists 

in the crystal ,  are shown in Fig. 2. The int ramolecular  
bond lengths and bond angles are given in Table 5. 
The average length of the  four crystal lographical ly 
independent  S - N  chemical bonds is 1.674 A, the  
average  deviat ion from this value being 0.004 A. The 
internal  consistency of the  bond lengths thus  leads to 
a much  smaller  s t andard  error in the S - N  bond length 
t h a n  t h a t  es t imated  from the errors in the  least- 
squares  positional parameters .  The various S - N - S  and 

Y 
Fig. 3. The structure viewed along the a axis. 

35 

Fig. 2. The S4NaH 4 molecule. 

Table 5. Intramolecular distances and angles 

Distances Angles 

N1-S 2 1-682 A S1-N~-S~ 122.2 ° 
S2-N a 1-676 , S1-Na-S 2 123.3 
Na-S 1 1.673 S2-N1-S ~ 121.0 
S1-N 2 1.667 N2-S1-N 3 108.8 

N1-S2-N 3 108.0 
81- . .  s~ 2.918 
$2 . .  • S~. 2.928 $1-$2-S ~ 89.9 
S 1 • • • s 2 2.947 S1-S~-S 2 90.1 
N 1 • • • N a 2.716 N1-N3-N 2 89.9 
N 3 • • • N~ 2-715 N3-N1-N3 90.1 

Nz-N~-N 3 90-1 

z 0 

A C l l  

N - S - N  bond angles are also not significantly different,  
their  averages being 122.2 ° and 108.4 ° respectively. 
The four sulfur a toms in the molecule form a square 
having an edge of average length 2.927 A, and the  
four ni trogen atoms lie on a square having an edge of 
average length 2.715 A. The four sulfur a toms must  
lie in a plane imposed by  the  mirror  plane across the  
molecule. The equat ion of this plane, referred to 
molecule M in Fig. 3, is 0.4099x+0-1101z = 1. The 
nitrogen atoms need not  lie in a plane imposed by the  
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space group. The best least-squares plane through 
these atoms has the equation 0.5597x+0.0005y+ 
0-1458z = 1, and no nitrogen atom lies farther than 
0.019 ~_ from this plane. The two planes are parallel 
to within 0.5 ° , and the distance between them is 
0.627 A. The molecule has the symmetry 4ram in the 
crystal, but  only one mirror plane is required by the 
space group. 

The shape of the S4N4Ha molecule is quite different 
from tha t  of $4N4. The configuration of the S4N a 
molecule is tha t  of a cage (Lu & Donohue, 1944; Clark, 
1952), whereas the configuration of the S4N4H4 mole- 
cule is a regular puckered ring. This result is contrary 
to the view expressed by Lippincott & Tobin (1953), 
who concluded tha t  the two molecules are analogous 
in structure, except that  in ScN4H4, two N-N bonds 
of S4N 4 are broken to form four N - H  bonds. The 
S4N4H 4 molecule is, in fact, strikingly similar to an Ss 
molecule in which alternate sulfur atoms are replaced 
by NH groups. The sulfur bond angles in S4NaH 4 and 
S s are not significantly different, being 108.4 ° and 
107-8 ° (Abrahams, 1955), respectively. Also, the di- 
hedral angles in the two compounds are equal, the 
observed values for SaN4H4 and S s being 99.4 ° and 
99.3% These structural similarities suggest that  the 
bonding role of the sulfur atoms in S4N4H4 is very 
much like that  of the sulfur atoms in the S s molecule. 

The observed S-N bond distance of 1.674 /~ in 
S4N4H 4 is longer than the value of 1.62 /~ observed 
by Lu & Donohue (1944) in $4N4, and both of these 
distances are shorter than the value 1.73 J~ predicted 
for a single bond (Schomaker & Stevenson, 1941). 
A review by Trueblood & Mayer (1956) of S-N bond 
distances in various molecules shows that  in almost 
every case the S-N bond distances observed are also 
shorter than tha t  predicted for a single bond; for 
example: O~S(NH2) 2, 1.60 A; KOaSNH~, 1-57 A; 
K2(O3S)2NH, 1.66 J~; and KOsSN202, 1.63 A. A pos- 
sible explanation of these shortenings is the use of the 
energetically available sulfur d orbitals by the un- 
shared pair of electrons of the nitrogen atoms. This 
explanation is substantiated by the lack of basic 
character of the nitrogen atoms of S4N4H a, as pointed 
out in the introduction. The value of the S-N-S angle 
is of interest here, since it suggests that  the a-bonding 
orbitals of the nitrogen are almost pure sp ~' in char- 
acter, thus leaving the nitrogen electrons in the 
p orbital perpendicular to the bonding plane free ~or 

bonding. The bond angle in S s has been discussed in 
a recent review by Abrahams (1956): he stated that  
the observed angle of 107-8 ° is the angle expected 
between orbitals having 80% p character and 20% 
s character, but also presented a second interpreta- 
tion that  the bonding orbitals are nearly pure p in 
character and the angle is increased from 90 ° by a 
pivoting of the p orbitals. If one assumes that  the same 
sulfur orbitals are used in S4N4H4, the sulfur p orbitals, 
containing a non-bonding pair of electrons, will be at 
angle of about 90 ° from the p electrons of the nitrogen 

atom, as indicated by the value of the dihedral angle. 
This configuration allows almost ideal overlap of the 
available sulfur d orbital with the nitrogen p electron 
cloud, and qualitatively accounts for the observed 
partial double-bond character of the S-N bond. 
Although the above discussion is not unreasonable, 
the alternate possibility exists that  the observed 
molecular conformation of SaN4H4 is a consequence 
of the same p~ repulsion which Pauling (1949) invoked 
to explain the stability of the S s molecule, especially 
since the dihedral angles are equal in both molecules. 

The value of the nitrogen bond angle strongly 
suggests the presence of trigonal bonding about the 
nitrogen atom with coplanar S-NI-I-S groupings. This 
configuration is also consistent with the molecular 
packing to be discussed in a later section. 

Ellipsoid of thermal vibration 
During the course of this work, the SWAC was 

programmed to solve the general temperature-factor 
equations in terms of a Gaussian ellipsoid of vibration 
(Sparks, 1957). The values obtained are the direction 
cosines of the principal axes of the vibration ellipsoids 
and the root-mean-square amplitudes of vibration 
along those axes. These values are listed in Table 6. 

Table 6. Principal-axis parameters of the atomic 
vibration ellipsoids 

A t o m  i (r~)½ q~ qib qic 

S 1 1 0"255 A 0 '98679 --0"08577 0"13743 
2 0.215 0 .02318 0-91439 0-40417 
3 0.148 - - 0 . 1 6 0 3 3  - - 0 . 3 9 5 6 5  0 .90430 

S 2 1 0.209 0.83231 0.53330 - - 0 . 1 5 1 1 8  
2 0.194 - - 0 . 5 4 1 6 4  0.72444 - - 0 . 4 2 6 3 9  
3 0.149 - - 0 . 1 1 7 8 8  0-43677 0 .89182 

N 1 1 0.188 0-99027 0-00000 0-13917 
2 0.230 0 .00000 1-00000 0 .00000  
3 0.121 - - 0 . 1 3 9 1 7  0-00000 0.99027 

N 2 1 0.269 0 .99954 0.00000 - - 0 . 0 3 0 2 5  
2 0.217 0 .00000 1.00000 0-00000 
3 0.115 0.03025 0.00000 0-99954 

N 3 1 0.231 0-94510 0.31826 0 07412 
2 0.204 - - 0 . 3 2 3 9 1  0.94237 0-08374 
3 0.158 - -  0 .04320 - - 0 - 1 0 3 1 5  0-99373 

The root.mean.square amplitude of vibration along 
the ith axis is given as (r~)½. The values q~a, qib and q~c 
in Table 6 are the direction cosines of the ith axis with 
respect to the three crystallographic axes. The values 
of (r~)½ are roughly comparable for all of the atoms, 
and are reasonable for a molecular crystal. The most 
interesting feature of these parameters is that  the least 
amount of vibration of all of the atoms is roughly 
parallel to c, indicating stronger intermolecular at- 
traction in this direction. This is in fact true, and it 
will be shown in the next section that  the only hy- 
drogen bonding in the crystal is in this direction. 
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Molecular environment 
In  Figs. 3, 4 and 5 are given, respectively, views of 

the structure looking along the a axis in the direction 

A10 A10 i 

.~, s , ~ l ~ ~  N2 

Sl,S; 
0 I 

z 

Fig. 4. The s t ruc ture  viewed along the  b axis. Atoms related 
b y  the  plane of s y m m e t r y  perpendicular  to b have  been 
displaced sl ightly to show the  molecules more clearly. 

1 
x 7 

A1~oo 

/Vo? r'2"J "" 0 N 3 ~  N:~ 

0 7 

Y 

Fig. 5. The s t ruc ture  viewed along the  c axis. 

of decreasing x, along the b axis only at those molecules 
lying across the mirror plane at y = ¼, and along the 
c axis in the direction of increasing z. The origin of the 
cell is the same in every drawing and the system of 
axes is r ight-handed.  

In  all three drawings the  envi ronment  is discussed 
in detail  around the molecule designated by  M, with 
the atomic coordinates (x, y, z) found in Table 1. 
Three other molecules related to M by  an a glide 
perpendicular  to c, an n glide perpendicular  to a, and 
a center of symmet ry  are designated, respectively, 
A, M and I.  All other molecules shown are related to 
these four by  latt ice t ranslat ions and are designated 
by  the same letters but  with subscripts denoting the 
lattice t ranslat ion vector; Mqrs, for example,  is related 
to molecule M by  the vector qa+rb+sc. The hydrogen 
atoms are not  shown in these diagrams, since their  
positions were determined largely on the basis of the 
discussion which follows. 

The intermolecular  contacts involving the unique 
atoms of molecule M are summarized in Table 7. The 

Table 7. Intermolecular distances 
From atom x 
in molecule M to a t o m  y in molecule Distance,  xy 

N~ N 1 Moo 1 3" 160/k 
N 2 $2 Moo 1 3.628 
N~ S 1 Ale o 3.815 
N 1 81 A10i 3.742 
N 1 $2 A10i 3.561 
N 1 S{ Aloi 3"742 
N 1 8¢ A10i 3-561 
N s 8~ Noio 3"603 
N a S 2 Io~o 4.015 
Ns Ns Isis 3- 510 
N 3 S 1 Io[0 3-400 
N 3 S~ NO-li 3.745 
N S S 2 A 10i 4.150 
N S S 1 Ale o 3"735 
S 1 S 1 A lOO 4" 110 
S 1 S 2 Moo 1 4.027 
S 1 N~. A 3.815 
S 1 S;. Noio 4" 139 
S 1 S 2 Ioio 3.509 
S1 N3 I0i0 3"400 
S 1 N S A 3.735 
S~ $2 A00i 4-005 
$9. N 1 A00i 3-561 
S 2 S 1 No]i 4.139 
S~ $1 I010 3.509 
$9. N a A ooi 4" 150 

list is somewhat  redundan t  in tha t  a few symmetr ica l ly  
equivalent  contacts are listed twice in order to give 
a complete listing of each atomic environment .  

The shortest observed intermolecular  distance is 
3"160 A between atom N 2 of molecule M and atom N 1 
of molecule Moo 1. This distance is comparable to a 
normal  van  der Waals  contact, such as the N - N  con- 
tact  of 3-15 • in d icyandiamide  (Hughes, 1940). 
However, if one considers this  contact to be an 
N 2 - H . . .  N 1 hydrogen bond, both the N 2 " ' "  N1 dis- 
tance and the S1-N 2 • • • N 1 angle of 116.6 ° agree well 
with previous values reported in the l i terature (Done- 
hue, 1952). A hydrogen bond in this  direction is com- 
pat ible  wi th  the molecular  configuration postulated 
above wherein the nitrogen atoms are t r igonal ly  
bonded, and also explains the smaller  amount  of 
thermal  motion observed in the direction of the c axis. 

If the other ni trogen atoms are s imilar ly  bonded,  
then  their  environments  in the crystal  should show 
vacancies in which to place their  bonded hydrogen 
atoms. I t  can be seen clearly in Fig. 4 tha t  N~ is 
roughly equidis tant  from the square of sulfur atoms of 
molecule Aloi, and reference to Table 7 shows tha t  
these distances are considerably longer t han  the van  
der Waals  contact of 3.3 A. There is, however, suf- 
ficient room for a hydrogen atom, t r igonally bonded 
to the nitrogen atom, to be placed wi thin  the cavi ty  
between this sulfur square of A10 i and N 1 of molecule 
M. In  fact, if one assumes tha t  the hydrogen atom is 
1.01/~ from N 1 at an S~-NI-H angle equal to the angle 
of the S I - N ~ " "  N1 hydrogen bond angle, then the 
four H . . .  S contacts are between 3.0 and 3.1 /~, 
values which agree very satisfactorily with the ac- 
cepted van  der Waals  contact. The N a atoms in the 

35* 
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crystal  lie very near ly  in planes perpendicular  to the 
c axis at z = 0 and  z = ½. Above and  below these 
ni t rogen a toms are roughly p lanar  layers of sulfur 
a toms centered at z = ¼ and z = ~. This configuration 
results in a cage of sulfur atoms surrounding the N a 
atom, as shown in Fig. 4. The various N a . . .  S dis- 
tances (Table 7) range from 3.400 Jk, which is s l ight ly  
larger t han  a van der Waals  contact, up to 4.150 A. 
There is also an N a • • • N~ distance of 3.510 J~ across 
the  center of symmetry .  Since the molecules are 
touching in the z direction through N ~ - I t .  • • N 1 hy- 
drogen bonds, and in the x direction through 
N~-H • • • S contacts, the real ly impor tan t  contacts of 
a tom N 3 of molecule M will be those in the y direction 
with molecules I0~0, N0~0 and N0~. The sulfur atoms 
S1 and S~ of molecule M are, respectively, in van  der 
Waals  contact with atoms S 2 and S1 of molecule I0~ 0. 
The contacts of a tom Na of M with atoms $1 and Na 
of I0i 0 are thus about what  one would expect. Atom Na 
of molecule M is 3.603 ~_ from atom S£ of molecule 
N0~ 0 and 3-745/~ from atom S~ of molecule N0~. These 
distances are considerably longer than  van  der Waals  
contacts, but  if one assumes an Na-H bond similar  
to the assumed N t - H  and N~-H bonds, the result ing 
hydrogen atom will be about  3.0 /~ from atom S~ of 
molecule N0i 0 and at a sl ightly greater distance from 
atoms Na and $2 of molecule I0i 0. 

There are, on the other hand,  no holes in the struc- 
ture which would allow placement  of the hydrogen 
atoms in positions corresponding to S - H  ra ther  t han  
N - H  bonds. The molecular packing of S4N4H4 is thus  
readi ly explained and internal ly  consistent with the 
assumption tha t  the hydrogen atoms are chemical ly 

N-I-I streching frequencies observed by  Lippincot t  & 
Tobin are also in agreement with the three types of 
environment  around atoms N1, N~ and Na. This 
evidence, plus tha t  obtained from a consideration of 
the isolated molecule and the thermal  vibrat ion para.  
meters, leaves no doubt  tha t  S~N~H~ contains N - H  
bonds with near ly  coplanar S - N I t - S  groupings. 

(Added in proof ) . - - I n  a short paper  in a recent number  
of Acta Chemica Seandinavica which arrived in our 
l ibrary after the present paper had been accepted for 
publication, Lurid and Svendsen (I957) describe briefly 
the results of their  X-ray s tudy of S4N4H4. Our results 
are in substant ial  agreement with theirs:  both studies 
found the same uni t  cell-dimensions (within +0.15%) 
and space group. Lund  and Svendsen used I07 re- 
flections in two prism zones, and their  sulfur and 
nitrogen parameters  differ from ours by  an average 
of 0.008 A and 0.023 A respectively. They made no 
a t tempt  to locate the hydrogen atoms, either directly 
or indirectly,  nor did they  take account of thermal  
anisotropy. Since our s tudy used near ly  complete da ta  

accessible to CuK~, a more detailed comparison seems 
out of place, but  i t  is grat ifying tha t  the two methods 
used led to very near ly  the same results. 
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