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GEOMETRY OF HYDROGEN-BONDED WATER M O L E C U L E S  I N  O R G A N I C  C R Y S T A L S  
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Gosta Green, Birmingham B4 7ET. 

Hydrogen bonding c o n t r i b u t e s  t o  t h e  s t a b i l i t y  of many c r y s t a l l i n e  drugs.  In 
proca ine  p e n i c i l l i n  monohydrate, f o r  example, an i n t r i c a t e  network of  hydrogen 
bonds, most of them involv ing  w a t e r ,  holds  t h e  c r y s t a l  t o g e t h e r  (Dexter & van 
d e r  Veen 1978; Lowe & Schwalbe 1978) .  Because of i t s  p a r t i c u l a r  importance 
t h e  geometry of hydrogen-bonded water  molecules was surveyed and c l a s s i f i e d  
(FFA) by F e r r a r i s  and Franchini-Angela (1972) .  Since then ,  however, many 
a d d i t i o n a l  s t r u c t u r e  de te rmina t ions  have been c a r r i e d  o u t ,  and a new survey 
appears  d e s i r a b l e .  We have t h e r e f o r e  searched t h e  Cambridge Crys ta l lographic  
D a t a  F i l e  f o r  a p p r o p r i a t e  d a t a ,  r e s t r i c t i n g  our a t t e n t i o n  t o  neutron d i f f r a c t i o n  
s t u d i e s  f o r  accuracy,  t o  organic  c r y s t a l s  f o r  re levance t o  drugs ,  and t o  
O - H - - . O  bonds f o r  adequacy of sample s i z e .  

Water molecules always s h a r e  t h e i r  p ro tons  i n  hydrogen bonds, b u t  they d i f f e r  
i n  t h e  involvement of t h e i r  oxygen atom. Thus they may be c rude ly  c l a s s i f i e d  
a s  4-coordinate o r  3-coordinate .  Fo r  many purposes t h e  hydronium ion may be 
considered a s  an ex tens ion  of t h e  3-coordinate case  i n  which t h e  t h i r d  proton 
has  moved c l o s e r  t o  t h e  water  oxygen than t o  i t s  o r i g i n a l  donor. The t h r e e  
s i t u a t i o n s  a r e  i l l u s t r a t e d  from l e f t  t o  r i g h t :  

The b e s t  c o r r e l a t i o n  ( c o e f f i c i e n t  r = 0.95) found by FFA was between t h e  H ' - - 0  
and O - - . O  d i s t a n c e s .  We f i n d  t h a t  t h i s  good c o r r e l a t i o n  extends t o  hydronium 
i o n s  a s  wel l ,  ob ta in ing  r = 0.94 f o r  a l l  cases  of proton donat ion by water o r  
hydronium. This  c o r r e l a t i o n  would be  p e r f e c t  i f  a l l  hydrogen bonds were l i n e a r ,  
bu t  they a r e  n o t :  t h e  0 - H - 0 - O  a n g l e s  span a 50° range,  t h e  v a r i a t i o n  being 
g r e a t e r  f o r  t h e  longer  hydrogen bonds. Thus t h e  hydrogen bonds can a d j u s t  t o  
t h e  requirements  of c r y s t a l  packing.  The H-0-H bond angle  a l s o  responds t o  
c r y s t a l  packing, b u t  a t r e n d  wi th  hydrogen bond l e n g t h  i s  s t i l l  d i s c e r n i b l e .  
A p l o t  of H-0-H angle  ( i n  hydronium ions  t h e  angle  between t h e  t w o  s h o r t e s t  
0 - H  bonds) versus  O * * - H d i s t a n c e  ( i n  hydronium i o n s  t h e  l o n g e s t  0-ii bond) g ives  
r = -0.5 . The average H-0-H a n g l e s  of  113O i n  hydronium ions ,  108O i n  3- 
coord ina te  water ,  and 106' i n  4-coordinate  water a l l  exceed t h e  1 0 4 O  i n  f r e e  
water .  A measure of t h e  bonding a t  oxygen i s  t h e  sum of  t h r e e  H - 0 - H  and/or 
H - O * ' - H  angles ;  t h i s  would be 360° f o r  t r i g o n a l  p lanar  and 328O f o r  t e t r a h e d r a l  
geometry but  i s  concent ra ted  near  335-340° f o r  hydroniun i o n s ,  e i t h e r  335-340' 
o r  n e a r l y  360" f o r  3-coordinate  water ,  and evenly d i s t r i b u t e d  between 30O0 and 
360° f o r  4-coordinate water .  
"glue" f o r  holding o r g a n i c  c r y s t a l s  toge ther .  

C l e a r l y  t h e  water molecule i s  a very  f l e x i b l e  
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