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The introduct ion of a 'heavy a tom'  into a compound 
often provides a convenient  me thod  of analysing its 
crystal structure. The coordinates of the  heavy a tom can 
generally be obtained from the  Pat terson function, and 
then  it may  be a relat ively simple ma t t e r  to locate the  
rest of the molecule. The m e t h o d  suffers from the dis- 
advantage  tha t  the  presence of the  heavy  a tom results in 
less accurate values for the  atomic coordinates than  are 
usually obtained for a compound containing only like 
atoms. This d isadvantage can be overcome by using, 
instead of the  convent ional  heavy  atom, one containing 
a similar number  of electrons to the  a toms comprising 
the  rest of the  molecule.  Except  for certain cases, such 
as those in which the  compound can be obtained wi th  
varying amounts  of water  of crystallization, this extra  
a tom will be par t  of the  molecule. For  example, in organic 
crystal structure analysis this m e t h o d  can be applied to 
two similar molecules one of which contains an extra  
subst i tuent  atom. 

The two compounds chosen mus t  show a close corre- 
spondence in unit-cell dimensions so tha t  the  atomic 
positions are not  very  different. A comparison of the two 
Pat terson functions will t hen  show whether  the molecules 
not  only have the  same orientat ion but  also occupy closely 
similar positions in their  uni t  cells. I have applied the  
me thod  wi th  success to caffeine and  theophyll ine,  whose 
crystal structures I had  not  succeeded in solving by other 
means. In  this case, the  extra  a tom is the  carbon of the  
me thy l  group, subst i tu ted  in the  f ive-membered ring of 
caffeine (see Fig. 1). The two hk0 Pat terson functions 
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Fig. 1. (a) Caffeine. (b) TheophyHine. 

showed tha t  the  or ientat ion and position of the molecules 
are similar, bu t  indicated tha t  the  plane of the theo- 
phyll ine molecule is more steeply inclined to the  short 
(c) axis. This is to be expected from the unit-cell dimen- 
sions as the c axis shows an increase of 12 % in theo- 
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phyll ine whereas the  a and  b axes are 11% and 8 % shorter  
respectively. 

The difference Pat te rson  introduced by Buerger (I 942), 
and preferably sharpened, is used to locate the  positions 
of the  molecules in the uni t  cell, as this funct ion will 
contain images of the  molecules as seen from the  extra  
atoms. In  the  calculation of the  difference Pat terson,  
terms which are sensitive to the non-exact  correspondence 
of like a toms in the  two compounds are not  included. 
These terms are of two types, first a few reflexions oc- 
curring at  low angles where the  difference in • values 
for the  two compounds is greater  than  can be due to the  
extra  atom, and  secondly, all reflexions occurring at high 
angles where the correspondence between the  observed 
structure ampli tudes is no longer good. Omission of these 
lat ter  te rms causes no errors due to series te rminat ion  
since it is a difference series which is used. 

The difference Pat te rson  (h/c0 projection) of caffeine 
and  theophyll ine,  sharpened and wi th  the  origin peak 
removed,  is shown in Fig. 2 (a). The space group is P21/a , 
which has four general positions, and therefore this func- 
t ion represents sixteen images of the  molecule as seen 
from the four extra  a toms wi th  each of the  four molecules 
in turn. These sixteen images const i tute four sets of four 
molecules related by the  space-group elements,  and the 
choice of one such set fixes the  molecule wi th  respect to 
one of the  origins in this projection. The location of a set 
proved to be comparat ively easy: the obvious start ing 
point  was the  molecule s i tuated wi th  the  extra  a tom on 
the origin of the  difference Pat terson.  Posit ive regions 
could be obtained for the  major i ty  of a toms and the  
orientat ion of the  s ix-membered ring agreed wi th  tha t  
obtained from the  ordinary sharpened Pat te rson  func- 
tions of both  caffeine and  theophyll ine.  By  a process of 
trial and  error lasting less than  half a day, three  other 
molecular positions were found satisfying the  space- 
group symmet ry  and  placing as m a n y  atoms as possible 
on positive regions. These four positions are shown in 
Fig. 2 (a). Of the  remaining maxima,  those marked  wi th  
crosses are the  only ones compatible wi th  the  positions 
for the  water  molecules forming hydrogen bonds. More 
accurate coordinates for this water  molecule were ob- 
ta ined from the first Fourier  ref inement  and  it is these 
coordinates which are marked  in Fig. 2(a). Spurious 
max ima  occur, due to the  non-exact  correspondence of 
like a toms in the  two compounds,  but  there  are very few 
peaks which have not  been used. At  present  both  struc- 
tures have R factors below 20% and ref inement  is pro- 
ceeding. 
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Fig. 2. (a) The h/c0 difference Patterson of caffeine and theophylline. The four positions of the caffeine molecule related by the 

symmetry elements are shown, and the water molecules are indicated by crosses. Contours at arbitrary intervals; zero contour 
broken. (b) The h]c0 Patterson of the difference structure of caffeine and theophylline. The positions of the vectors due 
to the extra atoms are marked by crosses, other peaks are spurious. Contours are at arbitrary intervals; zero contour broken. 

As a check on the  correctness of the coordinates 
obta ined by  this me thod ,  the Pa t te r son  of the difference 
s t ruc ture  can also be calculated,  using for coefficients 
the  square of the difference between the modul i  of the  
s t ructure  factors instead of the  difference between the  
squares. This funct ion should in theory  contain  only 
m a x i m a  corresponding to the vectors  between the  extra  
a toms,  bu t  spurious peaks will again occur. The hkO 
Pat te r son  of the difference s t ructure  for caffeine and  
theophyl l ine  is shown in Fig. 2(b) and  the positions of 
the vectors due to the  extra  a toms are shown. The exis- 
tence of m a n y  large spurious peaks in this funct ion in. 
dicates t ha t  its usefulness is ra ther  l imited.  

The usefulness of the  m e t h o d  depends on a close 
correspondence between the  two compounds.  How exact  
this should be to ensure tha t  the difference m a p  will no t  
contain  too m u c h  spurious detai l  is difficult to assess. 
In  the  present  case, wi th  R factors of 17 % and  difference 
syntheses about  to be used for ref inement ,  the  deviations 
in the  coordinates of the a toms  in the molecule are in the 
range 0.003-0.018 for x (the average value is 0.011) and  
0.001-0.045 for y (the average value is 0-018). The water  

molecules dlffer by 0.042 in x and 0.018 in y. The largest 
deviations occur in the f ive-membered rings due undoubt -  
ediy to the presence of the extra  m e t h y l  group in caffeine. 
I t s  close p rox imi ty  to the keto grouping in the six- 
m e m b e r e d  r ing is causing the  m e t h y l  group, a n d  the  
ni t rogen a tom to which it is a t tached,  to move  out- 

wards.  The deviations in the  y coordinates of these carbon 
and  ni t rogen atoms,  0.042 and  0.045 respectively,  are 
quite considerable. 

To m y  knowledge,  this m e t h o d  has not  been used in 
s t ructure  de terminat ions  before. I n  the  present  case, it 
has been tes ted  not  on compounds  whose crystal  struc- 
tures  are known but  on two new compounds  which I had  
not  succeeded in solving by  other  methods .  I t  has the  
advan tage  t ha t  two chemical ly  different s t ructures  are 
de~ermined at  the  same t ime and  hence the  effect of a 
subst i tuent  a tom on the  rest  of the  molecule can be found 
by  a comparison of bond lengths etc. The m e t h o d  is likely 
to be of value par t icular ly  in organic crystal  s t ruc ture  
analysis, where it  should not  be difficult to obtain two 
compounds  satisfying the  required conditions. 

Work  is still in progress on caffeine and  theophyl l ine  
and  their  detai led crystal  s t ructures  will be published 
later.  
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