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Molecu lar  S truc ture  of Cyclooctatetraene D i m e r s .  I. The  1:1 S i lver  
Ni tra te  A d d u c t  of the D i m e r  w h i c h  m e l t s  at 38.5  °C. 
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The 1:1 silver nitrate adduct of the cyclooctatetraene dimer which melts at 38.5 °C. has been 
subjected to three-dimensional X-ray analysis. The crystals, normally twinned, belong to the 
monoclinic system a ---- 10.9, b ---- 7.4, c ---- 18.1 ~, fl --- 114 °, space group P21/e with four molecules 
to the unit cell. I t  is shown that  the molecule has a structure different from those proposed on 
chemical grounds. 

1. Introduct ion 

Reppe et al. (1948) have shown tha t  when cyclo- 
octatetraene, (I), is subjected to prolonged boiling 

/ = \  
II II 
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under  reflux in an atmosphere of nitrogen, a viscous 
l iquid is obtained which consists largely of a dimer, 
C16H16 , which has two double bonds. Reppe et al. (1948) 
assumed tha t  the reaction was of a type which certain 
unsa tura ted  organic compounds undergo (Diels-Alder 
reaction) and by analogy suggested tha t  this dimer of 
cyclooctatetraene should have one of two possible 
molecular structures (II) or (III). Lord & Walker  
(1954) examined  the vibrat ional  spectrum of the l iquid 
and found tha t  neither (II) nor (III) could account 

(ii) (ili) 

satisfactorily for the spectroscopic da ta ;  the balance 
of evidence favoured (II). Meanwhile Jones (1953) 
showed the l iquid dimer to be impure and obtained 
from it, vi~ the l : l  ~ilver nitr~te ~dducL ~ c010urless 
crystal l ine dimer, m.p. 38.5 °C. 

Cyclooctatetraene can be made to yield other dimers 
b y  varying the conditions of the reaction. One of these, 
also originally obtained by Reppe et al. (1948), con- 
rains ttu-ee double bonds and has been shown by Jones 
(1953) to yield two different adducts with silver 
n i t ra te  and, when purified, to melt  at  41.5 °C. Jones 
{1955) has since shown tha t  if the dimerizat ion tem- 
perature of cyclooctatetraene is kept  as low as 100 °C. 
one or possibly two further  dimers are obtained. 

Molecular structures have been put  forward for all  
these dimers but  we shall not  discuss them here. 

Since the elucidation of the molecular s tructure of 
these dimeric materials  by chemical or spectroscopic 
methods is difficult, we have embarked  on a pro- 
gramme of X-ray  structure analyses of them and of 
certain compounds related to them. 

2. P r e l i m i n a r y  invest igat ion  

Pre l iminary  crystallographic studies were concen- 
t ra ted on the dimer itself, crystals of which were 
k ind ly  supplied by Dr W. O. Jones. However, no 
immedia te  progress could be made with this d imer  
which was abandoned in favour of the 1:1 silver 
ni t ra te  adduct.  Because of the presence of silver and  
the molecular complexity of the dimer, i t  proved im- 
possible to unravel  the crystal structure from two- 
dimensional  da ta  alone. A full three-dimensional  
analysis proved necessary. 

Colourless crystals of the 1:1 silver ni t ra te  adduct,  
also k indly  supplied by Dr W. O. Jones, were poorly 
formed and largely without any  definite faces. One 
f ragment  was oriented about  the x-axis by  X-rays  bu t  
the Weissenberg photograph of this could not  be inter- 
preted in terms of any  known space group. Weissen- 
berg x-axis photographs of a second f ragment  showed 
the first to have been a twin with x as the twinning 
axis and 49 ° between z-axes. From the second frag- 
ment  the crystallographic data  were found to be: 

System, monoclinic. Space group, P21/e. 

a = 10.9, b = 7.4, c = 18.1 /~; fl = 114½ ° . 

Density,  1.9 g.cm.-~; calculated for four molecules 
per unit  cell, 1.89 g.cm. -3. 

During exposure to X-rays this crystal  and all 
subsequent  crystals, originally colourless, gradual ly  
turned black. This blackening did not appear  to be 
accompanied by any  serious deterioration of the X- ray  
photographs except for one crystal which became 
amorphous after subjection to prolonged exposure. 
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X-ray  examination of many other fragments showed 
them all to be twinned. The second fragment was the 
only single crystal we were to find. 

3. N a t u r e  of the  tw inn ing  

Small batches of the crystalline material were re- 
crystallized from ethanol (in specimen tubes pre- 
viously boiled in nitric acid) in the hope of producing 
well formed single crystals. However, over a wide 
range of crystallizing temperatures and concentrations 
the only crystals of useful size obtained were twinned 
and had the unusual habit  shown in Plate I(a). These 
crystals, which show uniform extinction between 
crossed polaroids (Plate I(b)) have crystallographic 
axes disposed as in Fig. 1 (a). Fig. 1 (b) shows how two 

(a) (b) 

Fig. 1. Ar rangement  of axes in twinned crystals. 

unit  cells of the twinned crystal are disposed, the axes 
being orientated in the same directions as for the crystal 
in Fig. 1 (a). The x-axes of the two twins are parallel 
and this causes the z-axes to subtend a calculated 
angle of 2f l -180 ° = 49 °, the effect noted above with 
the first and all subsequent twinned crystals. The 
y-axes of the two twins were not quite parallel in any 
of the specimens which were examined, the angle 
subtended being always close to 2 ° (Fig. 1 (b)). Hence 
spots on x-axis Weissenberg photographs were dupli- 
cated in pairs 2 ° apart. There are no obvious simple 
crystallographic reasons for this twinning. The reason 
for the 2 ° angle between y-axes is particularly obscure. 
We may note however from the scale drawing of Fig. 2 

£ 

Fig. 2. 

tha t  the planes (300) of one crystal almost coincide 
with the (304) planes of the other. This coincidence 
proved troublesome during the indexing of reflections 
(see below). 

4. T w o - d i m e n s i o n a l  projections 

Intensi ty data  for the hOl projection were obtained 
from the single-crystal fragment and, utilizing the 
Patterson projection in the usual way, the fractional 
co-ordinate of the silver ion assessed as approximately 
XAg----0"177 and zAg = 0.304. The resolution of the 
carbon atoms on the resulting Fourier projection was 
insufficient for any conclusions concerning molecular 
structure to be made. The h/c0 zone of the single- 
crystal fragment was similarly examined and the 
Patterson function implied xAg = 0" 185 and YAg = 0"25. 
The electron-density projection for this zone had even 
the silver ions badly resolved. 

5. Three-d imens ional  data 

The single-crystal fragment was used for recording 
equi-inclination Weissenberg photographs of the hll, 
h21 and h31 layers. The layers k = 4 and 5 lay beyond 
the range of the camera and the remaining reflections 
were recorded on oscillation photographs about the 
x-axis. Unfortunately,  during its transfer, the crystal 
was lost and since no other single-crystal fragments 
were available, either among the original fragments or 
among those deposited on recrystallization, a twinned 
crystal had to be used. I t  is necessary to examine how 
three-dimensional data  can be obtained from these 
twins. Fig. 3 shows the disposition of axes in reciprocal 

f "" _ ~  h th layer 

, ,  
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Fig. 3. Arrangement of twinned axes in reciprocal space. 

space, with origin O, drawn in the same orientation 
as Fig. 1 (b). These axes are designated by subscripts 
1 and 2 to distinguish between each twin. The 2 ° 
angle, which has been exaggerated for clarity, causes 
equivalent reflections from the two twins to be slightly 
separated on Weissenberg photographs. They are not, 
of course, separated on oscillation photographs, ex- 
cept in those rare instances where one of the pair lies 
inside the oscillation range and the other outside it. 
However, because of the divergence of x* and x~*, the  
reflections are in general resolved on layers other than 
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Pla t e  I (a). Twinned  crys ta ls  in normal  view. P la t e  I(b). The same be tween  crossed polaroids.  

[To face p. 117 
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h = 0 except  for inevi table  chance coincidences. On 
h = 3, however, the distance PQ = 6a* cos/ff = 0.386 
lies close to 4c*= 0.374, a fact which is expressed 
di f ferent ly  by  the close concurrence of planes (300) 
and  (304) of different  twins (Fig. 2). This layer there- 
fore is similar  to tha t  for h = 0 in tha t  all the reflec- 
t ions occur in unresolved pairs. 

By  match ing  resolved reflections from the twinned 
crystal  with those from the single crystal i t  was pos- 
sible to es t imate  the ratio of the volumes of the two 
twins. This ratio was equal to un i ty  within experimen- 
ta l  error. Twenty-two of the intensities required to 
complete the three-dimensional  data  were in eleven 
unresolved pairs. The intensities of these unresolved 
reflections were apportioned in the ratio of intensit ies 
calculated on the basis of silver-ion contributions alone. 

The fractional co-ordinate YAg, suggested by the 
Pat terson function was approximate ly  0.25. This 
should result  in no silver contr ibut ion to reflections 
hkl with l odd. These reflections were not observed 
to be especially weak and since the Pat terson vector 
peaks for y close to 0.25 are difficult  to resolve, an- 
other criterion for establishing YAg was used. The co- 
ordinates XAg and ZAg were assumed to be approx- 
ima te ly  correct and all the structure factors F(h21) 
which could be unambiguously  indexed were est imated.  
Those for 1 even were divided by  I fAg cos 2z(hxAg + lZAg) l 
to give I COS2~2yAg[ and those for 1 odd by 
If~g sin 2~(hXAg+lz~g)l to give lsin 2~2yAgl. From these 
an  average value of Itan 2~2yxg ] was derived and hence 
possible values of YAg. The reflections h31 were simi- 
lar ly  examined and the value of YAg compatible with 

both found to lie in the range 0.16 to 0.20. This gave 
a tenta t ive  value for YAg which was later refined by  
line syntheses and, in part,  by  optical t ransforms.  
The final co-ordinate YAg = 0-156 was used to appor- 
t ion the intensit ies of the unresolved reflections. 

6. T h r e e - d i m e n s i o n a l  e l e c t r o n - d e n s i t y  da ta  

The observed structure factors were brought  to an  
approximate ly  absolute scale by Wflson's (1942) 
method and the phases of these calculated on the  
basis of the silver-ion contr ibutions only. Sections of 
electron densi ty namely  at y = 0, ~ and ½ were com- 
puted using hand  calculating machines.  Although 
some carbon atoms were clearly resolved, these sec- 
tions did not allow an unambiguous  ass ignment  of 
carbon positions to be made. Accordingly a complete 
three-dimensional electron-density computat ion was 
deemed necessary. 

The electron densi ty was computed throughout  the 

i 

0 10 ;0 
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Fig. 4. Section passing close to cyclobutane ring 
(contours in electrons × A-a). 
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Fig. 5. Composite view of half cell depth, viewed along x*-axis.t 
t Nyburg & Hilton (1957); reproduced by permission from Chemistry and Industry. 
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T a b l e  3. Observed and calculated structure factors 

Fc are as obta ined  f rom Deuce subsequent ly  corrected for t empera tu re  factor .  All / '  values are half  absolute .  
Fc values whose calculated phases  differ f rom those used in the  Four ier  s u m m a t i o n  are as ter isked.  

hid .Fo .Fc 
002 52 -- 58.0 

4 54 +58-8 
6 20 +10 .7  
8 44 -- 35-0 
10 31 +24 .5  
12 7 --12.9 

100 52 + 50.0 
2 34 --32.6* 
4 46 -- 34"3 
6 8 7  + 5 5  4 
8 16 --11.7 

62 --61.9 
84 +72 .6  
79 --42.1 
15 --17.6 

10 25 +28 .6  
12 20 --29.4 

200 89 --129.5 
2 59 + 72.5 
4 67 -- 70.0 
6 33 +38 .3  
8 10 +12 .2  
10 5 --17.3 

40~ 12 + 35.5 
77 --71.1 
61 +44-4 
33 --11.3 

10 25 --19.8 
12 15 +14 .5  
14 5 --10.5 

500 47 +47-1 
2 25 --25.1 
4 21 +29 .3  
6 5 --13.9 
8 5 + 2.0* 

50~ 8 -- 1.7 
7~ 15 --40.0 

43 +52 .1  
36 --33.7 

10 23 +21 .2  
600 36 +45 .5  

2 3 --18-9 
4 7 -- 4.0 
6 15 +11 .0  
8 8 --12-0 

202 44 --36.8 

hid .Fo Fc 
204 58 +46"0 

94 --65.1 
66 +41"2 

10 10 --27.4 
300 59 -- 75.0 

2 10 +40 .9  
4 16 -- 4.8 
6 33 --25.4 
8 13 + 17.4 
10 5 --15.5 

44 +57 .5  
13 --13.9 
34 --31.0 
46 +31 .5  

1---0 43 --33"8 
1--2 21 +16"9 

400 30 --34-7 
2 25 --24.1 
4 41 + 4 3 . 4  
6 38 --47.0 

60~ 8 - -  11.5 
3 6  + 19.7 
- -  +15 .2  
15 - 3 0 . 9  

1-0 18 +27 .2  
1--2 16 - 1 5 - 6  

700 8 - 2.2* 
2 15 +11 .7  
4 8 -- 14.6" 
6 11 +16-7 

8 --17.6 
16 +31.0 
25 -- 14.0 
23 + 17-2 

1"--0 5 +10 .6  
1--~ 15 - 11.4 
1-4 7 -5 7.0 

802 5 -- 0-5* 
5 + 8.3 

25 --25.4 
18 +18-3 

10 7 -- 7.8 
1-2 7 + 0.9 

0 1 1  m 0 . 0  

a s y m m e t r i c  u n i t  a t  i n t e r v a l s  o f  x = 1 /30,  y = 1 /30  

a n d  z = 1 /60  of  u n i t - c e l l  e d g e s  o n  D e u c e  a t  t h e  

N a t i o n a l  P h y s i c a l  L a b o r a t o r y .  T h e  p r o g r a m m e  u s e d  

w a s  t h a t  d e s i g n e d  b y  D r  J .  S. R o l l e t t  f o r  P21/c. The 
h a n d - c a l c u l a t e d  v a l u e s  w e r e  u s e d  t o  c r o s s - c h e c k  t h e  

m a c h i n e - c o m p u t e d  v a l u e s  a t  c o m m o n  p o i n t s .  

F r o m  c o n t o u r e d  p l o t s  of  t h e s e  e l e c t r o n - d e n s i t y  

v a l u e s  t h e  p o s i t i o n s  of  a l l  t h e  a t o m s  w e r e  u n a m -  

b i g u o u s l y  a s s i g n a b l e  e x c e p t  t h o s e  o f  t h e  n i t r a t e  g r o u p .  
T o  m a k e  q u i t e  c e r t a i n  t h a t  n o  e r r o r s  i n  i d e n t i f y i n g  

a d j a c e n t  b o n d e d  c a r b o n  a t o m s  h a d  b e e n  m a d e ,  m a n y  

o b l i q u e  s e c t i o n s  w e r e  p l o t t e d  o u t .  O n e  s u c h ,  s h o w i n g  
t h e  cyclobutane r i n g ,  is g i v e n  i n  F i g .  4. A l t h o u g h  t h e s e  

m a p s  s h o w  i n e v i t a b l e  f a l s e  d e t a i l ,  t h e r e  w e r e  n o  

s p u r i o u s  p e a k s  o r  d e p r e s s i o n s  e x c e e d i n g  1 e . /~ -3, ex-  

c e p t  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  s i l v e r  i o n  a n d  

a t  t h e  s i t e  o f  t h e  u n r e s o l v e d  n i t r a t e  g r o u p .  

hkl Fo Fc 
012 - -  + 1 0 . 5  

3 18 +26 .7  
4 21 --42.4 
5 18 --25-4 
6 49 -- 54-5 
7 25 +29 .9  
8 7 -- 9.1 
9 - -  -- 4.4 
10 8 + 0.4* 
11 11 - -  8.6 
12 16 +13 .5  
13 - -  + 0.4 
14 13 -- 6.8 
15 11 -- 7.1 

020 33 -- 37.3 
1 57 -- 65.2 
2 41 +45-5 
3 26 -]-28.4 
4 11 --12.1 
5 10 + 1 0 . 0  
6 3 - -  4-7 
7 2 1  - - 1 9 . 4  

8 3 - -  2.5 
9 23 + 2 5 . 4  
1 0  18 --10.7 
11 15 --14.5 

031 31 + 2 6 . 8  
2 7 + 8.0 
3 25 --35.1 
4 - -  -- 1-1 
5 33 +43"8 
6 20 + 14"6 
7 21 --25"8 
8 - -  + 1.3 
9 - -  + 5-1 
10 - -  - -  7.5 
11 16 + 9.3 
12 - -  -- 0.3 
13 18 -- 8.1 
14 - -  -- 1.6 
15 15 + 7.6 

040 11 -- 29.1 
1 13 +29 .0  
2 7 +20 .6  
3 20 -- 27.4 

hkl .Fo .Fe 
044 m -- 26"7 

5 - -  -- 1"4 
6 8 -- 9"7 
7 15 +11"8  
8 8 +12"7 
9 10 -- 9"8 
10 7 -- 14"0 

051 7 -- 3.7 
2 10 -- 14"2 
3 7 + 0.9 
4 1 8  + 2 3 . 2  
5 m -- 2.7 
6 8 - -  1 4 . 7  

110 115 -- 101.1 
210 13 --11.9 
310 16 + 8-6 
410 79 + 4 3 . 4  
510 43 +37-8  
610 16 --12.5 
710 23 --20.2 
120 15 --18.7 
220 - -  + 15.7 
320 26 +30 .1  
420 - -  + 11.4 
520 16 --13.8 
620 - -  -- 6.3 

130 28 --31.2 
230 18 --12.3 
330 10 + 17.8 
430 7 + 12-0 
530 - -  + 2.0 
630 - -  - -  0.9 
730 - -  -- 4.0 

140 15 --19-3 
240 13 + 8 . 2  
340 29 + 22.6 
440 - -  + 6.8 
540 ~ -- 7-2 

150 15 +22 .2  
250 18 + 16.8 
350 5 -- 7.9 
450 16 -- 19.0 

7.  S t r u c t u r e  f a c t o r  c a l c u l a t i o n s  

The temperature factor estimated from Wilson's 
method was B = 4.2 A 2. When the positions of all 
atoms had been assessed from the three-dimensional 
electron-density plot, the structure factors were cal- 
culated on the Deuce computor at the English Electric 
Co., Stafford, to a programme devised by Dr J.S. 
Rollett. In these calculations the Thomas-Fermi scat- 
t e r i n g  c u r v e s  f o r  al l  a t o m s  w i t h  B = 4 . 2 / ~ 2  w e r e  u s e d ,  

s i l v e r  b e i n g  t a k e n  as  c o m p l e t e l y  i o n i c .  A p l o t  o f  
In  Fo/Fc a g a i n s t  s i n  9 0 /~  2 g a v e  a n e w  s c a l i n g  f a c t o r  

f o r  Fo a n d  i n d i c a t e d  a t e m p e r a t u r e  f a c t o r  of  B = 
6.7 /~2. T h e  Fo a n d  D e u c e  v a l u e s  w e r e  c o r r e c t e d  ac -  

c o r d i n g l y  a n d  t h o s e  f o r  t h e  p r i n c i p a l  z o n e s  a r e  g i v e n  

i n  T a b l e  3. ( T h e  fu l l  t a b l e  c a n  be  o b t a i n e d  f r o m  t h e  

a u t h o r s .  ) 
T h e  r e s i d u a l  c a l c u l a t e d  o n  t h e  b a s i s  o f  s i l v e r  i o n s  
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only was 0-39 with non-observed reflections excluded. 
When  all atoms are included the residual falls to 0.29. 
If  2'c for non-observed reflections are included the 
residual is 0.37. The true residual must  lie between 
these values and probably  fair ly close to 0.30. The 
high residual is in par t  due to lack of refinement,  but  
is also due to the ext remely  poor nature  of the ex- 
per imenta l  data.  Crystals could not be obtained of a 
size and shape which would ensure freedom from 
absorption errors and the reflections themselves were 
of very  poor quali ty.  

8.  T h e  c r y s t a l  s t r u c t u r e  

(a) The dimer 

A composite view of half  the unit-cell content seen 
along the x*-axis showing relevant  layers of the elec- 
t ron-densi ty plot is given in Fig. 5. This projection 
has certain chemical bonds coincident and the molec- 
ular  configuration is made clearer in :Fig. 6, which 
shows the number ing  scheme adopted. The molecule 
is seen to differ from those (II) and (III) proposed on 
chemical grounds. 

The silver ions could be precisely located but  the 
positions of the carbon atoms and in particular,  of 
the  ni trogen and oxygen atoms, are subject  to con- 
siderable error. Accordingly, al though the co-ordinates 

Table 1. Fractional atomic coordinates 
Atom x y z 

C 1 0"213 0.466 --0"054 
C9 0.321 0.426 -- 0.072 
Ca 0.151 0 .142  --0.033 
C4 0'298 0@8 --0'025 
05 0.160 0.338 --0.008 
C6 0.390 0"277 -- 0"006 
C7 0"189 0"007 0"034 
C8 0"339 - -  0"014 0"052 
C9 0.226 0.385 0.081 
Clo 0.350 0-304 0.069 
Cn 0.191 0.068 0.116 
GI~ 0.174 0.270 0.131 
Cla 0"339 0"034 0-182 
C14 0.264 0.324 0-219 
C15 0"358 0"196 0"232 
Cls 0"390 0.128 0-124 
Ag+ 0-176 0"156 0"304 
N 0.161 0-824 --0.193 
O1 0.096 0.760 -- 0.259 
O2 0.274 0.876 --0.175 
Oa 0.113 0"838 --0.145 

quoted for these atoms in Table 1 are given to 0"001 
of unit-cell edges, the last  digit cannot be relied upon. 

:Fig. 6 shows the C-C bond lengths calculated from 
the co-ordinates of Table 1. No significance is to be 
a t tached to differences between these bond lengths 
and  those (1-54 and 1.33 A) normal ly  found for single 
and  double bonds. No a t t empt  has been made to 
rationalize the positions of any  of the atoms al though 
certain slight movements  away from observed peaks 
would clearly bring some bond lengths and angles 

Y C Z O O C T A T E T R A E N E  D I M E R S .  I 

° 14 

4 1"5 ,~  8 

Fig. 6. The dimer molecule. 

more closely into line with usual values. We have 
preferred to set aside the question of the more precise 
molecular parameters  unti l  such t ime as an accurate 
X-ray  analysis of the dimer itself can be carried out. 

None of the exocyclic rings is coplanar. The double 
bond systems CsC1CeC 6 and C1eC~4C15C13 are p lanar  
wi thin  the l imits of accuracy. The molecule has no 
symmet ry  and is present in the crystal in  enantio- 
morphously related pairs. These are arbi t rar i ly  desig- 

_1 
? 

Fig. 7. One unit cell of the crystal structure. 

na ted  R and L in Fig. 7 which shows one uni t  cell of 
the crystal structure. 

(b) The silver ion double bond interaction 

Each silver ion appears to be closely associated with 
two double bonds of different dimer molecules. Figs. 
8(a) and (b) give in perspective the distances of the  
double bond mid-points  to the silver ion and the angles 
subtended. The distances and angles involved are 
similar  to those found in complexes of pa l ladium 
chloride with styrene (Holden & Baenziger, 1955) and 
with ethylene (Dempsey & Baenziger, 1955). In  the 
ethylene complex the positions of the hydrogen atoms 
are not  known but  in the styrene complex the ethylenic 
carbon-hydrogen bonds must  lie in a plane almost  
normal  to the line joining the pal ladium ion to the 
mid-point  of the double bond. A similar orientation 
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" "~ C15 C2 

CI C,s 

(a) (b) 

Fig. 8. (a) Silver ion and adjacent double bonds viewed along 
the y-axis. The broken lines lie in the plane of the diagram 
and subtend 124 ° at the silver ion. (b) As (a) viewed along 
the direction of the arrow. 

is present in this crystal  structure.  The na ture  of the 
bonding is uncertain.  Chat t  & Duncanson (1953) have 
proposed tha t  in complexes of this  type  hybr id ized 
dp-orbitals of the t ransi t ion ion overlap with the anti- 
bonding ~-orbitals of the double bonds. In  the present  
case it  is possible to imagine the bonding as originating 
from the donat ion of the four g-bond electrons from 
the two double bonds to the unfil led p-orbitals of the 
silver ion. These could then  form two dp- type hybr id  
bonds followed by  electron redis t r ibut ion in response 
to electronegativi ty differences. If  X denotes the axis 
joining the silver ion to the centre of one double bond 
the hybr id  would be compounded of dxz  and Pz. 
The other hybr id  would be compounded of d x r  and 
Pr.  However, this would require both the angles shown 
in Figs. 8(a) and (b) to be 90 ° instead of 124 ° and 53 °. 
I t  can only be assumed tha t  the bonds actual ly  formed 
represent  a compromise between the conflicting re- 
quirements  of strong bond formation and efficient 
packing. However, one must  not loose sight of a simple 
polarization effect between the silver ion and the 
~-bonds  being responsible for the observed structure.  

(c) Intermolecular distances 

The separat ion between non-bonded carbon atoms 
is nowhere less t han  3.6 JL The shortest  two s i lver-  
ni trogen distances are 3.56 and 3.85 _~. The crystal  

Table 2. Carbon-oxygen interatomic distances 

Co-ordinates of Carbon Oxygen 
dimer molecule atom atom Distance 

x, 1½--y, z--½ C14 03 2-91 A 
x, y +  1, z C a 0 a 2.93 
x, y + l ,  z C a 03 3.13 
x, y, z C z O a 3.16 

structure of silver n i t ra te  itself does not  appear  to be 
known but  the n i t ra te  ion is general ly regarded to 
approximate  to a sphere of radius 2.3 X and  the radius 
of the silver ion is about  1-1 /~. The disposition of the 
n i t ra te  and silver ions are compatible with these 
requirements.  Poor resolution probably  accounts for 
some ra ther  short carbon-oxygen intera tomic dis- 
tances. Table 2 gives the shortest four. The distance 
of 3-01 /~ recorded for a carbon to oxygen separat ion 
in cyclotetramethylene t e t ran i t ramine  (Eiland & Pe- 
pinsky,  1955) is, however, comparable.  
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