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into account. According to Kitalgorodskii the space 
group C~h is possible for the molecules with symmetry 
1 or 2, but it is less probable. The packing conditions 
in the b-axis direction are determinant since the 
packing here occurs at right angles to the a c layer. 
In the case of mercury diethylene oxide the puckered 
form of the ring enables the close approach of the 
molecules also in the b-axis direction even when the 
molecules are occupying the twofold symmetry axis 
positions. The perfect cleavage already quoted is also 
well e±plained by the observed molecular arrangement, 
as may be seen easily from the above description. 

The author wishes to thank Prof. M. Paid at whose 
laboratory (Physical Institute, Faculty of Science) the 
main part of the experimental work has been per- 
formed. 

References 
BRAOO, W. L. & WEST, O. J. (1930). Phil. Mag. 10, 834. 
BROOK, A. G. & WRIGHT, G. F (1951). Acta Cryst. 4, 50. 
Cox, E.G. & GooDwI~, T.H.  (1936). J. Chem. Soc. 

p. 773. 
GRDE~Id, D. (1952). Acta Cryst. 5, 283. 
GRD~,NId, D. & KrrAIGORODSKII, A.I .  (1949). Zh. Fiz. 

Khim. 23, 1161. 
Internationale Tabellen zur Bestimmung yon KristaU- 

strulcturen (1935). Berlin: Borntraeger. 
KITAIOORODSKXt, A. I. (1946). Acta Physicochim. URSS.  

21, 899. 
KITAiOORODSKrl, A.I .  (1948). Izv. Akad. Naulc SSSR.  

Otdel. Khim. NauIc, p. 278 (Chem. Abstr. (1949). 43, 
929). 

ROBERTSON, J. ]~I. & WOODW~_RD, I. (1940). J.  Chem. 
Soc. p. 36. 

SAND, J. (1901). Ber. dtsch, chem. Ges. 34, 2907. 

Acta C~jst. (1952). 5, 372 

The Crystal Structure of Sulfur Dioxide* 
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Oscillation diagrams have been obtained of single crystals of sulfur dioxide at --130~5 ° C. The 
unit cell is orthorhombic and contains four molecules. Cell dimensions are: a ---- 6.07, b ---- 5.94, 
c---- 6.14 A (all -}-0.01 /~). The most probable space group is Aba. 

The four sulfur atoms in the unit cell lie in face-centered positions. The parameters of the oxygen 
atom are: x -  0.140, y ---- 0.150, z ----- 0.118. The length of the S-O bond is 1.430~0.015 /k, the 
intramolecular 0-O distance is 2.46~:0.01 A; the O-S-O angle is 119°±2 °. 

Introduct ion 

Giauque & Jones (1948) have reported calorimetric 
evidence of disorder in solid sulfur dioxide close to the 
melting point. To account for the disorder they 
postulated a structure in which adjacent molecules 
are paired with their molecular planes 90 ° apart and 
with the 0 - 0  sides of the triangles together. A 
structure of this type, it was felt, offered a number of 
possibilities for orientational disorder. 

Sulfur dioxide is one of a large number of substances 
of chemical importance whose crystal structures have 
not been studied because they happen to be liquids 
or gases at room temperature. Techniques and ap- 
paratus have been developed which make single- 
crystal X-ray investigations of such compounds 
feasible down to the temperature of liquid air (Kauf- 
man & Fankuchen, 1949; Abrahams, Collin, IApscomb 
& Reed, 1950; Post, Schwartz & Fankuchen, 1951). 
In this paper the determination of the crystal structure 
of sulfur dioxide, using these techniques, is described. 

* Work supported by the Office of Naval Research. 

Exper imenta l  

The low-temperature X-ray camera used in the in- 
vestigation has been described elsewhere (Post, 
Schwartz & Fankuchen, 1951). Specimens of sulfur 
dioxide suitable for X-ray diffraction studies were 
obtained by distilling 99.8% pure sulfur dioxide gas 
into thin-walled pyrex glass capillary tubes i~mersed 
in liquid nitrogen. When half to three-quarters full 
of solid sulfur dioxide the capillary tubes were sealed 
with a flame. 

Powder diagrams and single-crystal oscillation 
diagrams were obtained using filtered copper and 
molybdenum radiation. To avoid possible difficulties 
in structure determination due to disorder near the 
melting point, all X-ray diagrams used in this in- 
vestigation were obtained at -- 130±5 ° C., ap- 
proximately 60 ° C. below the melting point. 

Experimental difficulties were appreciable; single 
crystals suited for X-ray diffraction purposes were 
grown with great difficulty and generally began to 
break up into fragments soon after X-ray exposures 
were begun. The crystals, moreover, showed a marked 
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(hkl) Fo 2'c 
200 33 35 
400 5 6 
600 17 20 
020 29 29 
120 31 30 
220 37 37 
320 13 12 
420 27 28 
520 9 11 
620 12 12 
820 8 7 
040 9 8 
140 7 10 
240 27 26 
340 6 4 
440 25 25 
640 7 7 
060 22 22 
260 15 12 
460 6 7 
080 10 9 
111 60 61 
211 30 30 
311 23 23 
511 17 16 

Table 1. Observed and calculated structure factors 

(hk~) Fo $'¢ 
711 12 13 
131 20 21 
231 5 7 
331 36 37 
531 17 17 
151 20 19 
251 12 11 
351 16 15 
551 9 10 
171 13 13 
202 36 36 
402 27 27 
602 10 14 
022 36 35 
122 21 23 
222 30 30 
322 10 10 
422 23 22 
522 7 9 
622 11 12 
042 27 26 
142 7 8 
242 22 21 
442 18 17 
642 10 9 
062 18 16 
262 13 12 
462 8 10 

(hkl) Fo .Fc 
113 24 26 
213 19 20 
313 28 31 
513 18 16 
133 33 32 
333 16 15 
533 11 11 
153 16 14 
353 13 12 
204 25 27 
404 27 27 
024 29 29 
124 13 16 
224 20 20 
424 15 15 
044 28 26 
244 15 14 
264 12 10 
215 6 10 
315 20 21 
515 13 11 
135 20 21 
355 11 8 
155 10 10 
355 9 8 
226 12 11 
046 10 12 

tendency  to grow in one preferred or ienta t ion (with 
the  c axis of the  or thorhombic  un i t  cell parallel  to 
the  capil lary axis). Oscillation diagrams were obta ined 
wi th  the  crystal  aligned for oscillation only about  this  
axis. 

U n i t  ce l l  a n d  s p a c e  ~,roup 

The oscillation diagrams were indexed on the  basis of 
an  or thorhombic  un i t  cell wi th  

a o - -  6 .07±0.01,  b 0 --  5 .94±0.01,  c o ---- 6 .14±0.01 /~.  

The un i t  cell dimensions were computed from measure- 
ments  of powder diagrams t aken  with a 71.6 ram. 
radius camera;  corrections were made for film 
shrinkage and  absorption.  

The Volume of the  uni t  cell is 221 /~a. The densi ty  
of the  solid at  - -196 ° C. has been reported as 1.928 
g.cm. -a (Blitz & Hulsmann,  1932). The assumption 
of four molecules of sulfur dioxide per uni t  cell leads 
to an X- ray  dens i ty  of 1.92 g.cm. -3 (at - -130 ° C.). 

Rela t ive  intensit ies of reflections were es t imated 
visual ly using mult iple  films. Independen t  est imates 
of intensit ies were obta ined from films using copper 
and  molybdenum radia t ion ;  these showed sat isfactory 
agreement.  The usual  Lorentz and polar izat ion cor- 
rections were applied. No absorpt ion corrections were 
considered necessary; the  specimens were all cylindrical  
and  less t h a n  0.09 mm. in diameter.  This is less t ha n  
half  the  op t imum specimen size for copper radiat ion.  

Reflections of the  following types  were not  observed:  
(hkl) with k ~ l  odd;  (0kl) with k odd;  and (hOl) with 
h odd. The most  probable space groups are therefore 
Aba and Abam. The la t te r  is compat ible  only with a 

l inear molecule;  electron-diffraction,  d ipole-moment  
and  spectroscopic measurements  indicate  t h a t  sulfur 
dioxide is non-l inear  (Cross & Brockway,  1935; 
Schomaker  & Stevenson, 1940; Crable & Smith,  1951). 
The non- l inear i ty  of the  molecule can also be readi ly 
demons t ra ted  from X- ray  diffraction data.  

I n  bo th  Aba and Abam, the  origin can be chosen so 
t h a t  the  fourfold posit ions are a t  the  corner and  face 
centers of the  un i t  cell. A Pa t te r son  (hkO) project ion 
showed a peak  in terpre table  as an S-O peak  close to 
the  face diagonal  and  about  1.2 /~ from the  origin. 
I n  Abam the  molecules would have  to be l inear and 
ei ther  parallel  or perpendicular  to  the  c axis. These 
possibilities can be ruled out  quickly by  considerat ion 
of the  intensit ies of the  successive orders of h00, 0k0 
and 001. 

D e t e r m i n a t i o n  of  o x y g e n  p a r a m e t e r s  

For  the  [001] zone the  s t ructure  factors are real and 
the  signs of all Fhk0's wi th  h even are posit ive and 
are de termined by the  face-centered sulfur atoms. Only 
the  oxygen atoms contr ibute  to the  signs of the  Fhk0's 
with h odd;  the  five observed reflections of this  type  
undergo no changes in sign between the  l imits  0.125 
and 0.167 for both  x and y. The Pa t t e r son  (hk0) 
project ion had  indicated t h a t  the  oxygen a tom was 
close to x----y ~ 0.145. The signs of all observed 

• Fhk0's were therefore fixed and a project ion of the  
electron densi ty  onto the  (001) plane was computed.  
This is shown in Fig. 1. 

The max imum of the  oxygen peak was located 
graphical ly a t  x ---- 0.140 and y ---- 0.150. The funct ion 
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r = Z ( I F o l - I F o l ) + Z ( l F o l )  

possesses a min imum at  this point  and  rises rapidly  
as the  oxygen a tom is moved away  from it. 

A t empera tu re  factor  of 2 . 5 / ~  was computed in the  
usual  way  from the  slope of a plot of In IFo[--ln IF d 

o ]a 

Fig. 1. Electron-density projection on (001}. 

against  (sin 0)2/~ 2. After  mult iplying the  Fc's by  the  
appropr ia te  t empera tu re  corrections, the  value of r 
for the  (hkO) reflections was 7 %. This low value of r 
reflects in pa r t  the  fact  t h a t  the  sulfur atoms,  in 
special positions, contr ibute  the  bulk of the  X - r a y  
scattering.  For  the  five (hkO) reflections with h odd, 
the  value of r is 14%. 

The absence of the  (004) reflection from powder 
d iagrams indicated an  approx imate  z pa ramete r  of 
0.125. Values of ]Fh~zl were calculated over a range of 
values of z f rom 0.090 to 0.150. These were compared 
graphical ly wi th  values of leo[. I n  space group Aba 
the  values of Fhkz with  (h+k)  odd are independent  of 
the  z pa rame te r  and  these s t ruc ture  factors were not  
included in this comparison. The best  value of z 
was found to be 0.118=i=0.003. 

Values of [Fo[ and  ]Fd are listed in Table 1. The 
value of r for all observed (hkl) reflections is 7 % ;  
for those reflect ions to which only the  oxygen atoms 
contr ibute  it  is 12%. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e *  

The sulfur dioxide molecules are all aligned in the  
crystal  wi th  the  molecular planes parallel  to the  c axis. 

* While this paper was being prepared for publication, 
a paper on 'The Crystal Structure of Sulfur Dioxide' (Sugawara 
& Kanda, 1950) was brought to the authors' attention. 
Sugawara & Kanda had very ingeniously indexed powder 
diagrams of sulfur dioxide. They assumed that the S-O bond 
length is 1-43 A and the O-S-O angle is 120±5 °. FrOm this 
they deduced the crystal structure, correctly in its main 
outlines, and reported extremely good agreement between 
observed and computed intensities. They report x = 0.151, 
y = 0 .141 ,  z - - - - 0 . 1 1 7  compared with values of 0.140,, 0.150 
and 0.118 reported in this paper. 

There is no evidence in the  crysta l  s t ruc ture  of the  type  
of molecular pairing pos tu la ted  b y  Giauque & Jones  
(1948). The a r rangement  of molecules in one uni t  cell 
is shown in Fig. 2. 

The shortest  intermolecular  distances are:  0 - 0 ,  
3.32 /~; S - 0 ,  3.10 A;  S-S,  4.24 /~. In t ramolecu la r  
distances and the  0 - S - 0  angle are listed in Table 2 

Table 2. Structure of sulfur dioxide molecule 

This Electron Microwave 
paper diffraction* spectrat 

S-O 1-43t0-015 A 1.43±0.01 A 1.4321 A 
0-O 2.46:t:0"01 A - -  - -  

O - S - O  119"54-1"5 ° 1204-5 ° "119 ° 2-1" 

* Schomaker & Stevenson (1940). 
t Crable & Smitt (1951). 

Fig. 2. Arrangement of molecules in one unit cell. 

together  with recent results obta ined by  electron 
diffraction and microwave spectroscopy. 
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