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this method requires a very  accurately cut plate  of 
crystal.  Observations on the eye of a magnif ied inter- 
ference figure, however, given by  the same crystal  
specimen, were consistent with a positive rotat ion 
(clockwise as seen by  the observer looking towards 
the l ight source) of about  90+_5 ° per mm, for the 
crystal  having the morphology of Fig. 1. I t  is hoped 
to confirm this result  and to measure the magni tude  
of the rotat ion rel iably in due course. 
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p-Iodobenzonitrile forms monoclinic crystals in the space group C2/c (C~h) with four molecules in 
a unit  cell of dimensions, a = 10-36, b = 10.63, c =9.10 A and fl = 133.1 °. The molecules lie on two- 
fold axes of the crystal and have C~v symmetry. The cyanide group in one molecule is involved in 
a weak external bond to the iodine atom in the adjacent molecule. The external bond is similar to, 
but weaker than, that  found in iodine cyanide. 

Introduct ion  

Recognizable solid state intermolecular  interactions 
between cyanide groups and heavy  non-metal  atoms 
are known in a number  of cases. The first known and 
most  studied of these is in iodine cyanide (Ketelaar  
& Zwartsenberg, 1939; Townes & Dailey, 1952) where 
the external  ni t rogen-iodine distance is 0"8-0-9 
less t han  the sum of the van  der Waals  radii. Similarly 
short distances are found in bromine cyanide (Geller 
& Schawlow, 1955), chlorine cyanide (Heiart  & 
Carpenter,  1956), selenium selenocyanate (Aksnes & 
Foss, 1954), d imethy l  arsenic cyanide (Camerman & 
Trotter,  1963), and arsenic t r icyanide (Emerson & 
Brit ton,  1963). As a par t  of an examinat ion  of the 
condition necessary for the formation of such bonds 
we have determined the crystal  structure of p-iodo- 
benzonitrile, with the expectat ion tha t  a simi]ar sort 
of bond could occur here. 

E x p e r i m e n t a l  

p-Iodobenzonitr i le was prepared by  the dehydra t ion  
of p-iodobenzamide,  which had been prepared from 
p-iodobenzoic acid. The sample melted at the accepted 
value of 124-125.5 °C. The melt ing point  of a sample 

prepared by  the subst i tut ion of - C N  for -NH2 in 
p-iodoanil ine was identical.  Crystals suitable for the 
X-ray  work, short needles, were grown by  sublimation.  

From densi ty  and unit-cell  measurements  we have 
determined the molecular volumes of p-chloro- and  
p-bromo-benzonitr i le  to be 100-1 and 102.9 A 3, 
respectively. The assumpt ion of four molecules per 
uni t  cell yields a molecular volume of l l0 .1  j~3 for 
p-iodobenzonitrile. The calculated densi ty  is 2.08 
g.cm-3. 

Weissenberg and precession photographs ( C u K a =  
1-5418, M o K a = 0 . 7 1 0 7  A) showed this to be the 
c axis of a monoclinic cell with dimensions:  

a -- 9-10 ± 0.05, b = 10.63 ± 0-05, c = 7.83 _ 0.05/~;  
fl = 105.0 ± 0.2 °. 

The systematic  extinctions for hkl data  ( h + ] c + / =  
2n + 1) and for hO1 data  (h = 2n + 1, 1 = 2n + 1) indicate 
the space group to be Ic or I2/c. A roughly cylindrical  
needle 0.3 m m  in diameter  was chosen for in tens i ty  
measurements ,  and mult iple  fi lm Weissenberg photo- 
graphs using Mo K a  radiat ion were collected for the 
zero through 8th layers for rotat ion around the c axis. 
In tens i ty  photographs were taken  of the hO1 and 0kl 
zones on a precession camera to provide da ta  to 
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correlate the Weissenberg layers. Intensities were 
measured by comparison with a series of timed 
exposures of a selected spot.* Lorentz and polarization 
correction was applied in the usual way. No correction 
was made for absorption; the linear absorption 
coefficient is 48.5 cm-Z. The collected data included 
883 reflections of measurable intensity, and 306 more 
reflections that  fell within the range of the observed 
but were too weak to measure. These were included 
in the calculations with a value equal to half the 
minimum observed intensity. 

Determinat ion  of the s t ruc ture  

The unit cell was changed to the more conventional 
Cc or C2/c with the following dimensions- 

a=10.36+0.05,  b--10.63_+0.05, c=9-10+_0.05 :~; 
#= 1 3 3 . 1  + 0 . 2  ° 

This was used for all of the calculations and is used 
throughout the rest of this article. The calculations 
that  follow were made on the Control Data 1604 
Computer of the Numerical Analysis Center of the 
University of Minnesota using programs prepared at 
Princeton University under the direction of Prof. 
R. A. Jacobsen. 

A three-dimensional Patterson map was calculated 
with the use of all the data. The iodine positions were 
readily found; using only the iodine atoms, R = 
XIIFoI-[Fc[J/XIFoJ=0"29. The iodine atoms were 
assumed to lie on the twofold axis of C2/c and a 
three-dimensional electron density map was calculated 
with the phases determined by the iodine. All of the 
other atoms, except hydrogen, were readily identified 
from this map, and their positions confirmed the 

* The  intensi t ies  were  ac tua l ly  measu red  twice,  once b y  
E.  O. S. and  once b y  Miss J u d i t h  K r u d e n e r .  The  values  
used  were averages  of these two sets of m e a s u r e m e n t s  plus 
some r e m e a s u r e m e n t s  where  the re  were large discrepancies  
be tween  the  two sets. As a tes t  of the  va lue  of this  add i t iona l  
m e a s u r e m e n t ,  the  r e f inemen t  wi th  all a toms  isotropic  and  
iodine only  an iso t rop ic  was car r ied  ou t  on all th ree  sets of 
d a t a  wi th  the  resul ts :  

Averaged EOS JK 
Measurement data data data 

Isotropic 

R 15.1 19.3 19.3 
r 8.2 10.2 10.6 

L e n g t h  of C-C 1.41 1.39 1.40 
bonds  in ring 1.39 1.46 1.47 

1.42 1.45 1.56 

Anisot ropic  

R 11.9 17-6 16.6 
r 4.7 7.8 6.5 

L e n g t h  of C-C 1.40 1.39 1.42 
bonds  in r ing 1.39 1.47 1.45 

1.41 1.43 1.51 

OF p - I O D O B E I \ ! Z O N I T R I L E  

choice of C2/c.* Least-squares refinement of the 
function r=Xw(IFol2-tFc]~)2/XwIFo[ 4 with w= l for 
•o < 20 and = (20/Fo) a for Fo > 20 was carried out 
with full matrix calculation. Refinement was carried 
through three stages, each stage being continued 
until the parameters ceased to shift. The final refine- 
ment parameters in each stage were: 

All a toms  isotropic R = 0.151 r ---- 0.082 
Iod ine  a t o m  aniso t ropic  0.119 0.047 
All a toms  anisot ropic  0.117 0-045 

Hydrogen atoms were not included in any of the 
calculations; the positions at which they would be 
expected fell in regions of positive electron density, 
but equally positive regions occurred in other parts 
of the background. 

The final positional parameters and their standard 
deviations, estimated by a diagonal approximation, 
are given in Table 1. The bond lengths and angles 
corresponding to these parameters are given in Fig. 1. 
The molecule is planar within experimental error. 

c(2) c(3) 

2 ~  ~c~4~ 1-370 0 -+0"008 C~118" 119~ f~'~ "-+0"012 1"199 
± o-5"/~ c(5) ,,~_-,o-s" 

1407 . / 1"~,01 
±0.009 ~ ( ~  -+0.010 

C(2') ~---~ 1.385 C(3') 
-*0"008 

Fig. 1. Bond  lengths  and  bond  angles in p- iodobenzoni t r i le .  
The  s t a n d a r d  dev ia t ions  are  based  on those  in Tab le  1. 

The anisotropic temperature factors are given in 
Table 2. The magnitudes of the vibration parallel 
and perpendicular to the molecule are given in Table 3. 

Table 1. Final positional parameters* 

A t o m  x y z 

I 0 1.0265 Jr 0.00004 
C(1) 0 0.8324 + 0.0007 ¼ 
C(2) 0.0926_+0.0005 0.7642_+0.0006 0.2141 _+0-0006 
C(3) 0.0945_+0.0005 0-6339___0.0006 0-2162-+0.0006 
C(4) 0 0.5675 _+ 0.0008 ¼ 
C(5) 0 0.4386 _+ 0-0008 ~. 
:N 0 0.3258 _+ 0.0008 ¼ 

* The  s t a n d a r d  dev ia t ions  l is ted were ca lcu la ted  wi th  a 

diagonal approximation to the matrix. They are probably 
too small  by  a f ac to r  of a b o u t  two.  

* The  iodine a toms  alone have  C2/c s y m m e t r y ,  so t h a t  the  
Four ie r  m a p  based  on phases  ca lcu la ted  f rom t he  iodine 
alone also has C2/c s y m m e t r y .  Howeve r ,  if Cc were  correc t ,  
we would  expec t  the  l ight  a t om peaks  to  be e longated ,  or  
even  split,  by  an  a m o u n t  p ropor t iona l  to  the  d is tance  f rom 
the  I a t om (if we assume the  molecule  to  have  C2v s y m m e t r y  
regardless  of space group) .  No such e longat ion  or spl i t t ing  
was observed.  The  peak  heights  va r ied  and the  shapes  were 
n o t  a lways  spherical ,  b u t  ne i the r  the  va r ia t ions  in he ight  
no r  those  in shape showed any  p a t t e r n  t h a t  would  suggest  
Cc r a t h e r  t han  C2[c to  be the  cor rec t  space group.  
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Table  2. Anisotropic temperature factors* 

[ 0.0201 0.0082 0.0303 0 0 0.0344 4.47 
C(1) 0.0107 0.0115 0.0202 0 0 0.0196 3.69 
C(2) 0.0182 0.0101 0.0342 --0.0019 --0.0020 0.0385 4.52 
C(3) 0.0224 0.0095 0.0340 0.0045 0-0053 0.0419 4.79 
C(4) 0.0178 0.0086 0.0249 0 0 0.0291 4.07 
C(5) 0.0166 0.0115 0-0188 0 0 0.0208 4.29 
N 0.0439 0.0096 0.0389 0 0 0.0614 6.70 

* The standard deviations are 0.0004-0.0008 except for N where they are ca, 0.0012, 
Value from the last cycle in which the atom was isotropic. 

T h e  s t r u c t u r e  fac tors  ca lcu la ted  in  the  las t  cycle of 
t h e  r e f i nemen t  w i t h  on ly  t he  iodine a t o m  aniso t rop ic  
are  compared  w i th  t he  observed  s t ruc tu re  fac tors  in 
Tab le  4. 

Tab le  3. Temperature factors in molecular directions 
B perpendicular B perpendicular 
to the axis of to the axis of 
the molecule, the molecule, 

B parallel parallel perpendicular 
to the axis of to the plane of to the plane of 

Atom the molecule the molecule the molecule 

I 3.70 A s 4"94 A S 5.10 A S 
C(1) 5"20 3'26 3.42 
C(2) 4.56 4-50 5.04 
C(3) 4.30 4.85 5.21 
C(4) 3.88 4.22 4.18 
C(5) 5.20 4.21 3.95 
N 4.34 7.46 7.10 

The possibility of isocyanide 

In spec t i on  of t h e  t h ree -d imens iona l  Four i e r  m a p  
ca lcu la ted  a f te r  the  isot ropic  r e f i nemen t  i nd i ca t ed  t h a t  
t he  c o m p o u n d  m i g h t  be t he  isoni t r i le  r a t h e r  t h a n  t h e  
ni t r i le .  The  peak  he igh t s  for the  l igh t  a t oms  were :  

Atom C(1) C(2) C(3) C(4) C(5) N 
e.A -a 6-8 7.0 7.4 6.6 8.0 5.6 

The  m e t h o d  of p r e p a r a t i o n  seemed to rule  ou t  
t h e  poss ib i l i ty ,  b u t  to  be sure, we d e t e r m i n e d  the  
in f ra red  spec t rum of t h e  sample.  A sha rp  p e a k  
a t t r i b u t a b l e  to  t he  - C N  s t r e t ch  was p resen t  a t  
2230 cm-1. This  is clear proof  t h a t  t h i s  was the  cyan ide  
a n d  no t  t he  i socyan ide  since the  t y p i c a l  f requencies  
a r e - C N ,  2220-2240;  - N C ,  2145 cm -1 (Bel lamy,  1958). 

The  leas t - squares  r e f i n e m e n t  shows the  cyan ide  
ca rbon  a t o m  (C(5)) to  have  a no rma l  t e m p e r a t u r e  
factor ,  bu t  the  n i t rogen  to  h a v e  v e r y  large tem-  
p e r a t u r e  fac tors  pe rpend icu la r  to the  axis  of the  
molecule,  bu t  no rma l  a long  the  axis.  I f  the  carbon  
a n d  n i t rogen  were incor rec t ly  reversed  one would  
expec t  the  ca rbon  t e m p e r a t u r e  fac tors  to be small ,  
a n d  the  n i t rogen  t e m p e r a t u r e  fac tors  all  to  be large. 
Therefore,  the  e x p l a n a t i o n  for the  low peak  in the  
Four ie r  m a p  m u s t  lie in  a n  a b n o r m a l l y  large bend ing  
of the  CN group.  This  bend ing  is surpr i s ing  consider ing 
the  ex te rna l  N - I  i n t e r ac t ion  t h a t  is found  here,  b u t  

is p r o b a b l y  real.  Much  of the  de ta i l  of t he  an iso t ropic  
t h e r m a l  m o t i o n  can be a t t r i b u t e d  to  s y s t e m a t i c  
e x p e r i m e n t a l  errors,  such as t he  unco r rec t ed  absorp-  
t ion,  b u t  t he  difference be tween  the  N and  all t he  
o the r  a toms  would  appea r  to  be real.  

To t e s t  f u r t h e r  t he  poss ib i l i ty  t h a t  t he  space group 
m i g h t  be Cc r a t h e r  t h a n  C2/c, we carr ied ou t  a least-  
squares  r e f i n e m e n t  in  Cc s t a r t i ng  w i t h  a s t ruc tu re  
where  all  of t he  a toms  on the  twofold  axis  h a d  been 

Fig. 2. Packing of p-iodobenzonitrile molecules in the crystal. 
Top view is down the b axis. Bottom view is perpendicular 
to the C face, not along the c axis. Only the two layers of 
molecules in the complete cell in the top view are shown 
in the bottom view. Short intermolecular distances are 
indicated by dotted lines. The hydrogen positions are 
assumed and not experimental. 
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displaced randomly from the axis by an amount experimental error the mo]ecule still ]ay on the 
equal to the standard deviation of the other light atom twofold axis in C2/c. The instructive feature of this 
positions. The iodine was kept fixed, with the an- calculation was that  the final positions were randomly 
isotropic parameters from the earlier refinement, displaced from the C2/c positions by about twice 
and the light atoms were isotropic. After three cycles the calculated standard deviations on the average, 
of refinement R had not improved past the corre- indicating clearly that  the diagonal approximation 
sponding value in C2/c, and the positions of the atoms used in calculating the standard deviations gives too 
had shifted on the average by another standard optimistic results, in this case by about a factor of 
deviation, but in no systematic way, so that within two for the light atoms. 

Table 4. Comparison of observed and calculated structure factors 
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may be wrong by, at most, 0.1-0.2 A. The external 
D i scuss ion  bond, therefore, is weaker in p-iodobenzonitri]e than 

The packing of the molecules in the crystal is shown in iodine cyanide. 
in Fig. 2. The external N - I  distance is 3.18 /~. This is Of the distances in the molecule only the C(4)-C(5) 
appreciably shorter than the van der Waals distance and C-N distances may be different from the expected 
of 3.65 /~, but is not so short as the distance in ICN value. For a C-C single bond between s p  2 and s p  

(Ketelaar & Zwartsenberg, 1939 ; Townes & Dailey, hybridized atoms one would expect 1.42/~ (Bent, 1962) 
1952) of 2-80 •. This latter distance was obtained compared with the 1.37 we find, and for the C-N 
by subtracting the sum of the gas phase I-C and C-N one would expect 1.16 compared with the 1-20 we find. 
distances from the I - I  distance in the crystal and Both of these differences are slightly larger than 
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twice the estimated standard deviations, but, as 
discussed above, the diagonal approximation used to 
estimate the standard deviation in the positional 
parameter gives optimistic estimates. If one ignores 
the normal I-C distance and takes the shortest C-C 
distance in the ring as significantly shorter, then all 
of the distances between light atoms suggest that the 
resonance forms 

c - c  /c=c ...... ® \ 

~-/:" :")c-c--x ~nd ~----C C-=C----N 

are both impor tant .  The second form could contr ibute 
to the  intermolecular interaction.  

I t  is not  apparen t  why the external  bond in I C N  
should be so much stronger t han  in this molecule. 
Excep t  for the  N - I  there are no unusual ly  short  
distances between the  molecules. I n  par t icular  the  
hydrogen a toms on one chain of molecules do not  
appear  to be interfering with the  format ion of N - I  
bonds on the  next  chain. One possibility for the  
decrease in s t rength is t h a t  the a bonds in I C N  are 
affected, t h a t  the  external  interact ion involves a d 
orbital  which then contributes to the I - C  a bond and 
causes some rehybridizat ion of the C and N a orbitals, 
and tha t  all this rehybridizat ion is necessary for the 
format ion  of the external  bond. This would not  be 
possible with the  benzene ring in between, and the  
bond would be weakened. 
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The Crystal Structure of Silver Cyanate 
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Silver cyanate is monoclinic, a=5.473,  b =6.372, c=3.416 A, fl=91 ° 0', Z =2, space group P21/m. 
The structure has been determined, and refined by full-matrix least-squares analysis of three- 
dimensional counter data. The silver atoms occupy positions 2(a)(0, 0, 0, etc.), the other atoms 
positions 2(e) (x, ¼, z, etc.) with XN =0"786, ZN =0"221; XC =0"579, ZC =0"326; xo =0"377, ZO =0-441. 
Each silver atom has two linearly coordinated nitrogen atoms at  2.115 A i distance~ within the 
linear cyanate group are, N-C = 1.195 _+ 0.011, C-O = 1-180 + 0.011 A. 

Introduction 

Silver cyanate  and silver fulminate  provided the  first 
example of isomerism (Liebig & Gay-Lussac,  1824). 

* Present address: Department of Chemistry, University 
of Minnesota, Minneapolis 14, Minnesota. 

t A reinvestigation of potassium cyanate in this laboratory 
confirms that the crystals are tetragonal, a = 6.096, c = 7.056/~, 
space group I4/mcm, in agreement with the early work of 
Hendricks & Pauling (1925). 

In  spite of the  simplicity of these compounds,  the 
crystal  s t ructure  of neither appears  to have been 
established. As the first pa r t  of an investigation of 
the  s t ructura l  relationships between these compounds 
in the solid state,  we describe here the crystal  struc- 
ture of silver cyanate.  The s tructures  of two poly- 
morphic forms of silver fulminate will be reported 
later. 

Two determinat ions of unit-cell dimensions and 


