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~Teutron diffraction intensit ies for 125 (hleO) and  45 (Old) 
reflexions were measured  to an es t imated  average 
accuracy  of 4% on a single-crystal d i f f rac tometer  a t  
Canada  Ind ia  Reac tor  (2= 1.029 A). The space group 
and  un i t  cell as de te rmined  by  X-rays  and  neut rons  
are P21212, Z=2 ,  a = 8 . 0 4 ,  b =10.27, c=3-82  A in agree- 
m e n t  wi th  previous X - r a y  results (Wyckoff, 1960). 

Two cylindrical  specimens of dimensions 7 x 2 m m  
and  5 x 0.8 m m  were used for collecting the  data .  The 
observed intensit ies,  corrected for absorpt ion,  were 
reduced  to absolute s t ruc ture  factors by  compar ing wi th  
the 400 reflexion from a s t andard  sodium chloride crystal.  
Because of the good agreement  be tween in tens i ty  
measurements  from two different  sized crystals and  also 
be tween  the observed and  calculated s t ruc ture  factors 
ex t inc t ion  was judged  to be un impor t an t .  The phases 
of most  of the  reflexions are rel iably de te rmined  from 
the cont r ibut ions  of N, O and  C. 

Nuclear  dens i ty  project ions were first d rawn on (001) 
and  (100) planes, based on neu t ron  ampl i tudes  and  phases 
der ived from the  parameters  of these a toms from X- ray  
s tudy.  The project ions served to locate roughly  the  
positions of hydrogen  atoms.  These positional parameters  
were refined by Fo, (Fo-Fc) and  one cycle of least- 
squares methods .  Using neu t ron  scat ter ing lengths N, 
0-94; C, 0.66; O, 0.58 and  H, - 0 . 3 8  × 10 -12 cm, and  
isotropic t empera tu re  factors 1.5 for ni trogen,  1.8 for 
carbon and  oxygen and  3.0 A 2 for hydrogen,  s t ruc ture  
factors were calculated.  The final coordinates are given 
in Table 1. A project ion of the  neu t ron  scat ter ing densi ty  

Table 1. Atomic coordinates 

x y z 
C 0.092 0-027 0.068 
O(1) 0-200 --0.056 0.140 
0(2) 0-118 0.142 0.001 
N 0.386 0.229 0.427 
O(w) 0 0.500 0.198 
H(w) 0.094 0.476 0-053 
H(1) 0.482 0-268 0.287 
H(2) 0.430 0.151 0-568 
H(3) 0.288 0.194 0.291 
H(4) 0.347 0.306 0.582 

on (001) is shown in Fig. 1. The agreement  rat io R =  
(XwlFo--Fcl/EwF~o)½ has the  value 0.082. The weights  
of the  observed s t ruc ture  factors were computed  from 
the  expression (Smith & Levy,  1962) 

2CN ql)~- 
FoV[C~v + 2CB 4- (0"04CN) ~] 

where  Fo is the  observed s t ruc ture  factor,  w its weight,  
CN is the ne t  count  (total less background)  and  CB is 
the  background.  (The numer ica l  value 0.04 takes  into 
account  the  var ia t ion  in intensi ty) .  The average s t andard  
deviat ions  of the  a tomic  coordinates es t imated  by  
Cruickshank 's  (1949) m e t h o d  are 0.018 A for hydrogen  
and  0.10 .~ for other  a toms.  The mean  s tandard  deviat ions 
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for bond lengths and  angles are 0.023 A and  1.9 ° respec- 
t ively.  
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Fig. 1. A projection of the neutron scattering density on the 
(001) plane. Full lines are positive contours; broken lines 
are the negative contours of the hydrogen atoms. Contours 
drawn at arbitrary intervals. 

As there  are no ma jo r  discrepancies between the  
coordinates of C, O and  N de te rmined  by  this me thod  
and  earlier by the  X- ray  method ,  the  non-p lanar i ty  of 
the  oxalate radical  shown by  Hendr icks  & Jefferson 
(1936) is confirmed. The plane of one CO0 is t u rned  
th rough  28 ° wi th  respect  to the  other.  As suggested by 
Jeff rey  & P a r r y  (1952, 1954) the wa te r  molecules l ink 
the oxalate  ions by  means  of O ( w ) - H . . .  O hydrogen  
bonds into l inear chains parallel to the x axis. The w a t e r -  
oxygen to ca rboxyl -oxygen  dis tance is 2.80 /~ and  the  
angle O • • • O(w) • • • O is 125 °, and  the  incl inat ion of the  
O-O vectors to the  x axis is 13.4 °. The in ter -hydrogen 
dis tance is 1-59 A, the  dis tance O(w)-I-I is 0.97 A and 
the  H - O ( w ) - H  angle is 105.6 °. These are in good agree- 
men t  wi th  the  values obta ined from a pro ton  magne t ic  
resonance s tudy  (Chidambaram,  1962). The O ( w ) - H . . - O  
angle is 168 °, a depar tu re  from l inear i ty  of 12 °, which 

Bond lengths 

C-O(1) 1.25 A 
C-O(2) 1-23 
C-C 1.58 
N-H(1) 1-02 
N-H(2) 1.03 
N-H(3) 1-01 
N-H(4) 1.03 

Table 2. Interatomic distances and bond angles 

Bond angles 

0(1)-c-0(2) 1 2 5 . 6  ° 
O(1)-C-C 114 
O(2)-C-C 119.9 
H(1)-N-H(2) 108.9 
H(1)-N-H(3) 117.1 
H(1)-N-H(4) 104.3 
H(2)-N-H(3) 105-1 
H(2)-N-H(4) 111.4 
H(3)-N-H(4) 109-6 
N-H(1)-OIII(2) 169 
N-H(2)-OII(W) 173-7 
N-H(3)-O(2) 170.3 
N-H(4)-OII(1) 180 
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is n o t  u n u s u a l  in  a n  H - b o n d e d  c rys ta l .  T h e  H - H  v e c t o r  
(water )  m a k e s  a n  ang le  of 18 ° w i t h  t h e  x axis  i n d i c a t i n g  
t h a t  t h e  h y d r o g e n  a t o m s  are  n o t  l o c a t e d  e x a c t l y  on  t h e  
p l a n e  c o n t a i n i n g  O(1), O(w) a n d  Oi(1) a t o m s .  L i s t e d  in  
T a b l e  2 are  t h e  d i m e n s i o n s  of t h e  o x a l a t e  a n d  N H  4 g roups .  

T h e  o b s e r v e d  l e n g t h  of t h e  N - H  b o n d  is g o o d  agree-  
m e n t  w i t h  v a l u e s  f r o m  t h e  c o m p o u n d s  N H 4 H ~ P O  4 
( N - H  1.00_+0.02 A;  Tenze r ,  F r a z e r  & P e p i n s k y ,  1958) 
a n d  N t t a O H C 1  ( N - H  1-04 _+ 0.01 A ;  P a d m a n a b h a n ,  S m i t h  
& P e t e r s o n ,  1962). T h e  H - N - H  angles  v a r y  b e t w e e n  
104 a n d  117 °. T e n z e r  et al. h a v e  also r e p o r t e d  d i s t o r t i o n  
of  t h e  t e t r a h e d r a l  N H  a g r o u p  in  N H 4 H 2 P O  4. T h e  d is tor -  
t i o n  o b s e r v e d  m a y  be  d u e  to  h y d r o g e n  b o n d i n g  r e s u l t i n g  
in a l i nea r  N - H . . .  0 b o n d .  F o r  f u r t h e r  d i scuss ion  on  
t h e  d i s t o r t i o n  of  t h e  N H  4 t e t r a h e d r o n ,  a m o r e  d e t a i l e d  
s t u d y  of t h e r m a l  p a r a m e t e r s  of t h e  h y d r o g e n  a t o m s  
w i t h  t h r e e - d i m e n s i o n a l  d a t a  is r equ i r ed .  

W e  wish  to  t h a n k  D r  R .  R a m a n n a  for  his  i n t e r e s t  

a n d  D r  1~. C h i d a m b a r a m  for  l e a v i n g  t h e  s p e c t r o m e t e r  
a t  ou r  d i sposa l .  
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I n t r o d u c t i o n  

A t e t r a g o n a l  s t r u c t u r e  for  sol id  ch lo r ine  was  p r o p o s e d  
b y  K e e s o m  & T a c o n i s  (1936), b a s e d  on  p o w d e r  d a t a  
a n d  l i m i t e d  s ing le -c rys ta l  d a t a ;  i t  was  l a t e r  s h o w n  to  
be  i nco r r ec t  b y  Coll in (1952) on  t h e  bas is  of s ing le -c rys t a l  
d a t a .  T h e  s t r u c t u r e  d e s c r i b e d  b y  Coll in is o r t h o r h o m b i c ,  
a n d  i s o t y p i c  w i t h  t h o s e  of sol id  b r o m i n e  ( V o n n e g u t  & 
W a r r e n ,  1936) a n d  i od ine  (Harr i s ,  M a c k  & Blake ,  1928; 
K i t a i g o r o d s k i i ,  K h o t s y a n o v a  & S t r u c h k o v ,  1953); t h e  
two  p o s i t i o n a l  p a r a m e t e r s  a n d  one  i so t rop ie  t e m p e r a t u r e  
f a c t o r  were  d e t e r m i n e d  b y  t r i a l  a n d  error .  B e c a u s e  of  
ou r  i n t e r e s t  in  i n t e r a t o m i c  d i s t a n c e s  a n d  t h e r m a l  v ib ra -  
t i ons  in  s i m p l e  s u b s t a n c e s ,  we d e c i d e d  to  c a r r y  o u t  

Tab l e  1. Comparison of single-crystal with powder 

Collin Keesom & Taconis 
hkl dct pF~o x 10 -3 do lo dc$ 
002 4.13 3 - -  - -  4.10 
111 3-33 51 3.26 w 3.31 
200 3-13 22 3.07 m 3.09 
112 2.73 45 2.685 s 2.72 
202 2.49 4 2.45 s w 2.48 
113 2.19 3 2.21 w 2.18 
021 2.16 13 2.15 s 2.16 
004 2.07 9 2.03 s* 2.06 
114 1"80 6 1.82 m 1.79 
023 1.74 16 1.75 s w 1.74 
204 1.73 16 1.70 s 1.71 
400 1.56 8 1.54 s w 1.54 
223 1.52 22 1.50 w 1.52 
115 1.51 12 1.49 s 1.50 

data 

* In tens i ty  enhanced by silver sample holder.  
t Calculated with a =  6.24, b =4.48,  c =  8-26 A (Collin, 1956). 
$ Calculated with a=6 .17 ,  b=4.49 ,  c=8 .22  A. 

a d d i t i o n a l  r e f i n e m e n t s  on Coll in 's  s ing le -c rys ta l  d a t a ,  
i n c l u d i n g  a l lowance  for  a n i s o t r o p i c  t h e r m a l  m o t i o n .  

Refinement 

T h e  44 o b s e r v e d  va lues  of F t a b u l a t e d  b y  Coll in were  
u s e d  to  re f ine  t h e  p a r a m e t e r s  b y  leas t  squares ,  w i t h  
t h e  f u l l - m a t r i x  p r o g r a m  ACA No.  217 of Gan tze l ,  
S p a r k s  & T r u e b l o o d  w i t h  t h e  w e i g h t i n g  s c h e m e  of 
H u g h e s  (1941) a n d  t h e  f o r m  fac to r s  of D a w s o n  (1960). 
I n  t h e  f i r s t  series t h e  va r i ab le s  were  t h e  y a n d  z p a r a m e -  
t e r s  for  t h e  ch lo r ine  a t o m ,  a s ingle  t e m p e r a t u r e  f ac to r ,  
a n d  t h e  scale fac tor .  I n  a d d i t i o n ,  t h e  ef fec t  on  t h e  r e su l t s  
of v a r y i n g  t h e  v a l u e  of 4 2,rain in  t h e  w e i g h t i n g  s c h e m e  
was  s t u d i e d .  I t  was  foLmd t h a t  w h e n  4 2,rain WaS v a r i e d  
f r o m  17.6 to  85.8 (on t h e  s a m e  scale t h e  sma l l e s t  2'0, F~3~, 
is 5.2, a n d  t h e  larges t ,  2,200, is 85.8) t h e  fo l lowing  p a r a m e -  
t e r s  we re  o b t a i n e d  : y = 0.1155 + 0.0034 to  0.1161 + 0.0035, 
z = 0 . 1 0 1 4  _+0.0008, a n d  B = 3 . 7 0  _+0.24 to  3.43 _+0.22. I n  
t h e  s e c o n d  series a n i s o t r o p y  was  a l lowed,  a n d  t h e  s a m e  
range of 4 Fmin was  used. The results in this case were 
y = 0 . 1 1 6 6  _+0.0038 to  0.1173 _+0.0041, z = 0 . 1 0 1 6  _+0-0008 
to  0.1014_+0.0010,  B n = 3-42_+0.47 to  3.27_+0.31, 
B2~ = 4.09_+0.40 to  3.85 _+0.40, Ba3 = 3-55 _+0-27 a n d  
B23 = --2.1_+1.2 to  - 1 . 2 _ + 1 . 6 .  I n  each  of t h e  a b o v e  
r e f i n e m e n t s  t h e  sh i f t s  in  t h e  las t  cycle  were  less t h a n  
1 × 10 -s. T h e  absence  of a n y  s i gn i f i c an t  c h a n g e s  in  t h e  
resu l t s  as 4 2,min is v a r i e d  w o u l d  t e n d  to  i n d i c a t e  t h a t  
t h e r e  are  no  ser ious  s y s t e m a t i c  e r rors  in  Col l in 's  d a t a .  
T h e  va lues  for  t h e  p a r a m e t e r s  for  4 F m i n = 2 0 " 8  a re :  
i so t rop ic ,  y = 0 . 1 1 6 1 _ + 0 . 0 0 3 5 ,  z = 0 . 1 0 1 4 ± 0 . 0 0 0 8 ,  B =  
3.67-+0.23,  R = ] 0 . 4 % ;  an i so t rop i c ,  y = 0 . 1 1 7 3 _ + 0 . 0 0 3 8 ,  
z=0 .1016_+0 .0009 ,  B n  = 3"43 _+ 0"31, B22 =4 -09  _+0"40, 


