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Choline chloride, (CH3)3NCH2Ctt2OH+C1- , is ex t remely  
sensitive to ionizing radia t ion in the  solid s ta te  a t  room 
t empera tu re  (Tolbert et al., 1953; L e m m o n  et al., 1955, 
1958). Around 80 °C. the or thorhombic  form (Senko & 
Templeton,  1960) t ransforms to a cubic form (Collin, 
1957) which is stable to ionizing radia t ion (Serlin, 1957 
and  unpubl ished work of the  authors).  We wish to report  
here an extension of the X - r a y  studies on the high tem- 
pera tu re  form. 

The original X- ray  s tudy  (Collin, 1957) showed the  
crystals a t  85 °C. to be face-centered cubic wi th  axial  
length  9.48 +_ 0"03 A. A combinat ion  of the  densi ty  re- 
por ted  by Senko & Temple ton  (1960) a t  20 °C. and our 
unpubl ished thermal  expansion measurements  be tween  
20 and 85 °C. gave a densi ty  of 1.12 g.cm. -a a t  85 °C. 
This requires 4 molecules per  un i t  cell (calculated densi ty  
is 1.09 g.cm.-a). 

Intensi t ies  were es t imated  on powder  and  single crystal  
precession photographs  t aken  at  85 °C. Single crystals 
of the  high t empera tu re  phase were formed by  heat ing 
a single crystal  in a s t ream of hot  air slowly through the  
t ransi t ion region. The crystal  t ransformed essentially as 
a single crystal  bu t  there  were always a few satelli te spots 
from small amounts  of r andomly  oriented crystals.  I n  
addit ion,  in tensi ty  est imates of the eight s trongest  lines 
were made  on powder  samples pressed into a flat cake 
in a lucite f rame and m o u n t e d  on a proport ional  counter  
spectrogoniometer .  The sample cake had  a thermocouple  
embedded  in it  and  was ma in ta ined  a t  85 °C. by ir- 
rad ia t ing  the front  face wi th  a 250 w a t t  infrared lamp. 
The intensities measured  in this way  were in good agree- 
m e n t  wi th  those measured  by  photographic  means  bu t  
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Table 1. Comparison of observed and calculated s~ucture 
factors for a model with a spherically disordered choline ion 

hkl Fc IFol hkl ~% IFol 
111 --5 14 331 --13 10 
200 77 74 420 14 13 
220 36 40 422 10 10 
311 --25 22 511 --7 11 
222 24 28 333 --7 7 
400 18 2 440 6 9 

where  reflections had  been measured  by  bo th  methods  
the  spectrogoniometer  values were preferred.  Th~ ob- 
served s t ruc ture  ampli tudes,  corrected by  Lorentz,  polar- 
ization and  mul t ip l ic i ty  factors, are given in Table 1 
as Fo. 

Since a choline ion can have  at  mos t  a mir ror  plane, 
the  face-centered cubic s t ruc ture  wi th  4 molecules per  
un i t  cell mus t  be disordered. An a t t e m p t  was first made  
to see whe ther  this disordering was spherical by  calculat- 
ing s t ruc ture  factors for a room tempera tu re  choline ion 
spherically disordered about  its center  of mass (Zacha- 
riasen, 1945). An overall t empera tu re  factor  of 22 /l~ was 
used to get the best agreement  be tween observed and  
calculated values. The results are shown in Table 1 
under  Ft .  I f  the (111) and (400) reflections are ignored, 
the  agreement  is good, and  one would suspect t ha t  the 
disorder of the  choline ion cannot  be too far from spher- 
ical. However ,  the poor agreement  for the  (111) and (400) 
reflections rules out  a str ict ly spherical disorder.  

F u r t h e r  progress in e lucidat ing the s t ruc ture  of the high 
t empera tu re  form does no t  appear  possible wi thou t  
assumptions which,  a l though physical ly reasonable,  can- 
no t  be rigorously proved.  The first assumpt ion is t ha t  the 
disordered s t ruc ture  is cent rosymmetr ic ,  and  the  second 
is that ,  in view of the  good agreement  for mos t  of the  
reflections in Table 1, the  signs of the  reflections are 
correct ly de te rmined  by the  spherically disordered mode], 
wi th  the  possible except ion of (111) and  (400). 
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Fig. 1. Electron-density sections. (a) y=O and (b) x=y.  The contour interval is 0.1 e.A -a. The 0.2 e./~ -a contour  
is dashed and the contours  above  0.8 e.A -a around the chloride ion have been omit ted .  
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W i t h  these assumptions three-dimensional  electron- 
densi ty  calculations were made  using signs, for all bu t  the 
(400) and  (111) reflections, obta ined from the spherically 
disordered model.  The (400) reflection was pu t  into the 
calculat ion as zero since its observed s t ruc ture  ampl i tude  
is small and  its sign unknown.  The sign of the (111) 
reflection was taken  positive in one calculat ion and  
negat ive  in the other.  The Four ier  expression was 
eva lua ted  over the asymmetr ic  uni t  at  intervals  of 1/40 
of the unit-cell  edge. For  both  ( I l l )  sign choices the 
choline ion appeared  more  ex tended  in the body  diagonal 
direct ion t han  in any  other.  A distort ion of the spherical 
choline model  in this way  would decrease the contribu- 
t ion of the  choline to the  (11 I) s t ructure  factor and  hence 
the  sign of this reflection would be the same as tha t  of the 
chloride contr ibut ion,  negative.  Elec t ron-dens i ty  maps of 
the  y=O and  x = y  sections wi th  the sign of F ( l l l )  
negat ive  are shown in Fig. 1. Calculations wi th  the 
chloride ion cont r ibut ion  subt rac ted  out  show little 
change in the contours a round the choline ion, and hence 
the  observed a s y m m e t r y  of this ion cannot  be a t t r ibu ted  
to diffraction effects from the much  heavier  chloride ion. 

Tha t  the  choline ions tend  to lie along the body 
diagonals is not  surprising since this is the direction in 
which mos t  room exists, 16.4 /~ between the two neigh- 
boring chloride ions. I t  is not  possible to say whe ther  the 

disorder is static or whe ther  the choline ion is a h indered  
ro ta tor  in an octahedral  potent ia l  field. No p rominen t  
diffuse scat ter ing has been observed in the  high tem- 
pera ture  phase.  

The able assistance of Mr E d w a r d  McGandy,  Boston 
Universi ty ,  wi th  the IBM-650 calculations of the electron 
densi ty  is great ly  appreciated.  
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The s t ruc ture  of te t ragonal  (red) PbO (Moore & Pauling,  
1941) is comprised of layers of oxygen sandwiched 
be tween layers of lead, the lead being at  the apex of a 
PbO 4 py ramid  with  a square O 4 base. The P b - O - P b  
layers repeat  in c. 

Bys t rom (1943) a t t emp ted  to de termine  the s t ruc ture  
of or thorhombic  (yellow) PbO. He placed the Pb atoms 
quite well, bu t  could only surmise the oxygen coordinates.  
l i e  repor ted the space group to be ei ther Pbma or Pb2a, 
N = 4. The leads or oxygens by themselves mus t  be in 
the centrosynnnetr ic  Pbma; however,  unless both  atoms 
have  the same y coordinates, the space group mus t  be 
the non-cent rosymmetr ic  Pb2a. I t  was this t ha t  Bys t rom 
felt contained his most  'logical' s t ructure.  

~ince ~tr~gonal Fb0 shows an interesting chemical 
bonding scheme, and since the oxygen in the yellow 
(orthorhombic) phase could not  be found by means  of 
X- ray  data,  a neu t ron  powder  diffraction pa t te rn  of the 
la t ter  was taken.  

The unit-cell edges used were those de termined at  the 

* Work completed under the auspices of the U.S. Atomic 
Energy Commission, and under Contract No. AF 18(603-35) 
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Nat ional  Bureau  of Standards  (Swanson & F u y a t ,  1953). 
They  are 

a = 5.489, b = 4.775, c = 5-891 A .  

Simultaneous equations util izing the hOl da ta  readi ly  
established the x and z coordinates,  which would be the  
same in ei ther space group. The y pa ramete r  for :Pb was 
taken as 0.25. The remaining O coordinate  (y) was then  
found from hkl da ta  to be equal or very close to the 0.25 
assigned to Pb. Pbma was thus  accepted as the probable  
space group. The positions are:  x, ¼, z ; ~, ~, ~ ; 1 + x, ¼, ~ ; 
1 X, 3, Z. 2 

Final  ref inement  was carried out  on the x and z coor- 
dinates using Busing & Levy 's  (1958) least-squares pro- 
gram with the measurable single reflections. A few 
prel iminary rounds of ref inement  showed tha t  the  struc- 
ture factors included did not  go far enough out  in recip- 
rocal space to give meaningful  t empera tu re  factors. 
Therefore, B was assumed to be 0.8 A 2 for lead and 1.2 A ~ 
for oxygen, on the basis of similar s tructures.  The final 
R ' =  l I F2o- F2cI/IF2 o for the included reflections was 0-04. 
When  all intensities were included, XlIo - Ic l / l Io  rose to 
0.071. Ref inement  was thus considered sat isfactory.  The 
observed and calculated intensities are given in Table 1. 
The final parameters  are given in Table 2, together  wi th  
Bys t rom's  results. 

I t  is seen from Fig. 1 tha t  the  P b - O - P b  layers are 


