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Com- 
pound Space group a 

I (a) P1  or P1  4.83 A 
(b) P1 or P1  9.51 

I I  P21/v 4-88 
I I I  P21/c 4.72 
IV P1 or P1  9.45 

Tab le  1. Crystallographic data 

b c a fl ? ~o Z Qc 

7.45 /~ 11.7 A 92 ° 30' 99 ° 55' 108 ° 00' 1.30 2 1.30 
13.0 16.1 129 ° 50' 94 ° 55' 94 ° 10' 1.31 8 1.35 
12.63 12-89 - -  103 ° 23' - -  1-57 4 1-58 
23.64 10.14 - -  132 ° 47' ~ 1.35 4 1.35 
14-38 15.49 121 ° 25" 108 ° 10" 91 ° 30" 1.38 8 1.39 

to  t h e  cond i t ions  of g r o w t h ;  b o t h  la t t ices  are  tr icl inic.  
(a) Ac icu la r  c rys ta l s  were  o b t a i n e d  f rom aqueous  solu- 
t ions  e v a p o r a t e d  a t  r o o m  t e m p e r a t u r e .  The  shor t e s t  u n i t  
t r a n s l a t i o n  occurs  a long  the  need le  axis.  (b) We l l - shaped  
pa ra l l e l ep ipeds  were  g r o w n  f rom c o n c e n t r a t e d  aqueous  
so lu t ions  s lowly  e v a p o r a t e d  a t  50-60 °C.; t h e  c rys ta l s  
were  f i l te red  f rom the  h o t  m o t h e r  l iquor.  

(II)  N H C O N H C  (CH3) :C ( C H 2 C 0 0 H ) C 0  recrys ta l l izes  
I I 

f rom w a t e r  in t he  fo rm of p r i sma t i c  needles .  T h e  shor t e s t  
un i t  t r a n s l a t i o n  lies para l le l  to  t he  need le  axis.  

( I I I )  N H C 0 : N H C ( C H 3 ) : C ( : N H C H 3 ) C 0  crysta l l izes  in 
I I 

t he  fo rm of p l a t y  o range  c rys ta l s  b y  slow e v a p o r a t i o n  
of an  aqueous  solu t ion  a t  r o o m  t e m p e r a t u r e .  

(IV) N (C6Hs)CONHCOCH 2 forms large b l a d e d  c rys ta l s  
I I 

w h i c h  were  easi ly  ob t a ined  b y  rec rys ta l l i za t ion  f rom w a t e r  
w i th  t he  a axis  chosen paral le l  to  t he  m a i n  morpho log ica l  
axis  of t he  c rys ta l .  
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R e c e n t l y  Su to r  (1958) has  d e t e r m i n e d  the  c rys ta l  s t ruc-  
t u r e  of caffeine a n d  re f ined  i t  b y  t he  use of d a t a  of t h e  
t y p e  h/c0 a n d  h k l .  A surpr i s ing  resul t  was  t he  f ind ing  t h a t  
a l t h o u g h  t h e  h/c0 d a t a  i nd i ca t ed  t he  p resence  of a b o u t  
80 % of a w a t e r  molecu le  of c rys ta l l i za t ion  pe r  molecu le  
of caffeine,  t h e  h/el d a t a  i nd i ca t ed  t he  p resence  of on ly  
40 % of a w a t e r  molecule .  Su to r  suggests  t h a t  t he  c rys ta l s  
m a y  lose w a t e r  du r ing  the  process  of p h o t o g r a p h y ,  b u t  
po in ts  ou t  t h a t  she was  u n a b l e  to  d e t e c t  a n y  change  in 
uni t -ce l l  d imens ions  or dens i ty .  

A f u r t h e r  surpr i s ing  resul t  of t he  s t r u c t u r e  d e t e r m i n a -  
t ion  was  t he  e x t r e m e l y - - i n d e e d ,  p r o h i b i t i v e l y - - s h o r t  
d i s t ance  of a b o u t  2.25 /~ b e t w e e n  a d j a c e n t  sites of t he  
w a t e r  molecules ,  wh ich  fo rm chains  a long the  c axis; 
Su to r  po in t s  ou t  t h a t  if t he  w a t e r  molecules  were  equa l ly  
spaced  a long  the  c axis  w i t h  on ly  80 % of t h e m  p re sen t  
the  O H . . - O  d i s t ance  w o u l d  t h e n  be  a b o u t  2-7 A;  
however ,  such  an  a r r a n g e m e n t  w o u l d  e i ther  lead  to ad-  
d i t iona l  l aye r  lines (if t he  spac ing  were  c o h e r e n t  w i t h  
respec t  to  t he  r e p e a t  d i s t ance  co) or t he  c o n t r i b u t i o n  of 
t he  w a t e r  molecu les  to  t he  h/c 1 d a t a  wou ld  van i sh  (if t he  
spac ing  were  i ncohe ren t  or t h e  a r r a n g e m e n t  were  dis- 
ordered) .  F u r t h e r m o r e ,  such a s t r u c t u r e  w o u l d  n o t  be  
cons i s ten t  w i t h  t he  h y d r o g e n  b o n d  b e t w e e n  the  w a t e r  
molecu le  a n d  N9 of t he  iminazole  r ing.  

W e  propose  an  a l t e r n a t i v e  a r r a n g e m e n t  for t he  w a t e r  
molecules  w h i c h  agrees w i th  all ev idence  c i ted  b y  Su to r  
a n d  w h i c h  is ba sed  on an  ana logy  w i th  t he  d i s t r ibu t ion  
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of the  w a t e r  molecules  in t he  c rys ta l  s t r u c t u r e  of t h y m i n e  
m o n o h y d r a t e  (Gerdfl, 1960). I n  our  p roposed  a r r a n g e m e n t  
t he  w a t e r  molecules  fo rm re la t ive ly  shor t  zig-zag chains  
w i th  a m o r e  reasonab le  O H . . .  O d i s tance .  A l t h o u g h  
w i t h i n  each cha in  t he  posi t ions  of t he  severa l  w a t e r  
molecules  are  f ixed,  t he  overal l  s t r u c t u r e  can  be  p i c t u r e d  
in t e rms  of a r a n d o m  d i s t r ibu t ion  of sites a b o u t  an  
ave rage  posi t ion.  

W e  first  a s sume  t h a t  all c rys ta ls  of t h e  h y d r a t e d  caf- 
feine con ta in  a p p r o x i m a t e l y  t he  s ame  a m o u n t  of w a t e r - -  
p r e s u m a b l y  a b o u t  80% of a molecu le  of w a t e r  pe r  
molecu le  of caffeine.  T h e  fac t  t h a t  t he  h k l  d a t a  ind ica te  
t h e  p resence  of on ly  40 ~/o of a w a t e r  molecu le  can  t h e n  
be  exp la ined  in two  w a y s :  (1) t h e  w a t e r  molecu les  
h a v e  a large an iso t ropic  t e m p e r a t u r e  fac to r  such  t h a t  
exp ( - - ? l  2) = e x p  ( - - 7 ) = ½ ;  (2) t he  w a t e r  molecu les  a re  
d i s t r i bu t ed  in a r a n d o m  fashion over  a n u m b e r  of si tes 
h a v i n g  v a r y i n g  z coord ina te s  b u t  w i th  a wel l -def ined  
ave rage  coo rd ina t e  (zo) of a b o u t  0.258 (Sutor ,  1958). 
The  roo t  m e a n  squa re  d i sp l acemen t  of t he  w a t e r  mo lecu le  
as impl ied  b y  the  an iso t ropic  t e m p e r a t u r e  f ac to r  in (]) 
wou ld  co r respond  to  a b o u t  0.7 /~, c lear ly  an  i m p r o b a b l e  
va lue  if to  be  a t t r i b u t e d  to  t h e  ac tua l  t h e r m a l  m o v e m e n t  
of a single a tom.  H o w e v e r ,  as po in t ed  ou t  in t he  c rys ta l  
s t r u c t u r e  of t h y m i n e  m o n o h y d r a t e  (Gerdil,  1960), such 
an  a p p a r e n t l y  h igh  an i so t ropy  can  be  s i m u l a t e d  b y  a 
local ized d i sorder  of t he  t y p e  descr ibed  u n d e r  (2). I n  t he  
case of t h y m i n e ,  w h e r e  a s imi lar  a r r a n g e m e n t  of w a t e r  
molecules  seems to  prevai l ,  t he  e lec t ron  dens i ty  assoc ia ted  
w i t h  t h e  w a t e r  molecule ,  ca l cu la t ed  f rom c o m p l e t e  
t h r ee -d imens iona l  da t a ,  is h igh ly  e longa t ed  in t h e  direc-  
t ion  of t he  cha in  of w a t e r  molecules  and  t h e  apparent .  
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t e m p e r a t u r e - f a c t o r  a n i s o t r o p y  of t h e  w a t e r  m o l e c u l e  is 
a b s u r d l y  h igh .  

A n  idea l i zed  r e p r e s e n t a t i o n  of t h e  p r o p o s e d  conf igura -  
t i o n  of t h e  w a t e r  m o l e c u l e  in  caf fe ine  is s h o w n  in F ig .  1. 
I n  a space  of f ive r e p e a t  d i s t a n c e s  a l ong  t h e  c d i r e c t i o n  
2 0 % ,  or  two ,  of t h e  w a t e r  m o l e c u l e s  a re  m i s s i n g ;  t h e  
o t h e r  e i g h t  h a v e  c o n s t a n t l y  i nc reas ing  (or decreas ing)  
z p a r a m e t e r s  z o + ~  s u c h  t h a t  t h e  O H . . .  O d i s t a n c e  
b e t w e e n  a d j a c e n t  s i tes  is a p p r e c i a b l y  g r e a t e r  t h a n  2.25 J~ 
(2.53 /~ in t h e  a r r a n g e m e n t  shown) .  I n  t h e  r i g h t - h a n d  
c o l u m n  in F ig .  1 are  g i v e n  t h e  d e v i a t i o n s  ~i of each  w a t e r  
m o l e c u l e  i f r o m  t h e  a v e r a g e  p o s i t i o n  zo; t h e se  d e v i a t i o n s  
a re  g iven  in  t e r m s  of a u n i t  d e v i a t i o n  Az,  so t h a t  t h e  
d i s p l a c e m e n t  in  t h e  c d i r e c t i o n  of  one  w a t e r  s i te  w i t h  
r e s p e c t  to  t h e  n e x t  is 2Az. T h e  ve r t i c a l  l ines in F ig .  1 
r e p r e s e n t  t h e  r a n g e  of t h e  pe rmis s ib l e  si tes,  p r e s u m a b l y  
d e f i n e d  b y  t h e  O H . . .  N9 h y d r o g e n  b o n d .  
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Fig. 1. Orthogonal  project ion onto (100) of an idealized con- 
f igurat ion of the  water  molecules. The crosses at  N 9 and N '  9 
represent  the  centers of two ni t rogen atoms,  each in the  
iminazole ring of a caffeine molecule. The subscript  digit  '9' 
refers to the  number ing  sys tem of Surer  (1958). The heavy  
dots  represent  the  oxygen a toms  of water  molecules, e.g., 
Hue  and  H20' .  The horizontal  strokes, one at  each occupied 
site, denote  the  average posit ion zo of the  water  molecules. 
The small circles are centers of symmet ry .  The water  mole- 
cules in a chain are separated by  a constant  distance of 
2.53 A and their  centers are assumed to lie wi thin  a range of 
+_ 7 A z =  4-1.06 /~ f rom the  average posit ion zo. 

W e  can  e s t i m a t e  t h e  m a g n i t u d e  of Az  b y  t h e  fo l lowing  
c o n s i d e r a t i o n :  in  o r d e r  t h a t  t h e  c o n t r i b u t i o n  of t h e  
w a t e r  mo lecu l e s  to  t h e  h k l  s t r u c t u r e  f ac to r s  be  on ly  h a l f  
as  g r e a t  as t he i r  c o n t r i b u t i o n  to  t h e  h/c0's, t h e  q u a n t i t y  

5 r  

cos  2 z ~  
i-=l 

s u m m e d  ove r  all  N w a t e r  m o l e c u l e s  in t h e  s t r u c t u r e  
m u s t  be  equa l  to  N / 2 .  F o r  a cha in  of e i g h t  a t o m s  t h e  
s u m  m u s t  be  4, a n d  t h e  r e s u l t i n g  v a l u e  of Az  is 0.038.* 
Since  zo = 0.258, t h e  z p a r a m e t e r s  of t h e  e i g h t  m o l e c u l e s  
w i t h i n  th i s  c h a i n  (all r e f e r r ed  to  t h e  gene ra l  s p a c e - g r o u p  
p o s i t i o n  x, y, z) w o u l d  be  - 0 . 0 0 8 ,  0.068, 0.144, 0-220, 
0.296, 0.372, 0.448, a n d  0.524. W i t h  t he se  p a r a m e t e r s ,  
t h e  dflutance O H - - .  O b e t w e e n  a d j a c e n t  w a t e r  mole -  
cules  is 2.53 A, a n d  t h e  O H  • • • N 9 d i s t a n c e  r a n g e s  f r o m  
2"86 /~ to  3"09 A. T h e  r o o t  m e a n - s q u a r e  d i s p l a c e m e n t  
a s soc i a t ed  w i t h  th i s  d i s t r i b u t i o n  of  z p a r a m e t e r s  is a b o u t  
0.69 /~, w h i c h  is in  g o o d  a g r e e m e n t  w i t h  t h e  v a l u e  ob- 
t a i n e d  a b o v e  f r o m  t h e  a p p a r e n t  a n i s o t r o p i c  t e m p e r a t u r e  
fac to r .  

T h e  s t r u c t u r e  we  h a v e  f o r m u l a t e d  h e r e  is idea l i zed ;  
we  h a v e  c h o s e n  a n  e i g h t - a t o m  c h a i n  o n l y  on  t h e  bas is  of  
8 0 %  w a t e r  c o n t e n t .  A s e v e n - a t o m  cha in ,  c o r r e s p o n d i n g  
to  7 8 %  w a t e r  c o n t e n t ,  w o u l d  l ead  to  s l igh t ly  l o n g e r  
O H  • • • O d i s t a n c e s  of 2 -57 /~ ;  in  all p r o b a b i l i t y  t h e  cha in  
l e n g t h  is (wi th in  l imi ts )  va r i ab le ,  l e a d i n g  to  a n  overa l l  
r a n d o m  o c c u p a t i o n  of m a n y  si tes  a l ong  t h e  z d i r ec t i on .  
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* The average displacement  Az can easily be derived frota 
the  part ial  s t ructure  factor  expression 

i{1  ( s m j  

where /V is the  number  of different sites for the  water  mole- 
cules. For  an  a r rangement  of parameters  zo+ ~i which are 
symmetr ic  with respect  to the  average pa ramete r  zo, as in 
the  assumed s t ructure ,  this expression reduced to 

{ cos'~ ~ 
s i n )  2ZdZo " ~ cos 2~l(~i • 

i = l  

Thus,  for all s t ructure  factors of the type  hk l  the  contr ibut ion 
of the  water  molecules will need to be mul t ip l ied  by  

1 2~ 
"i Z=I cos 2 z ~  R 

to go from the  ideal s t ructure  to the  proposed s t ruc ture .  
Now in the  case of caffeine the  HeO's only contr ibute  0.4 t o  
the  2 '(hkl) 's  compared  with 0.8 for the  F(hk0) 's ;  accordingly 
(N even) : 

N 
Z COS 2Xl(~i/8 

i----1 
--[2 (COS 2~tAz-Feos 6~tAz+cos 10~tAz+cos 14~Az)]/8= ½. 

This leads to Az----0.0379 or a displacement  of 0.151 A in t h e  
c direction. 


