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PACKING ANALYSIS FOR REACTIVE CRYSTALS 

A.GAVEZZOTT1 
I s t i t u t o  d i  Chimica Fis ica  e Cen t ro  CNR,  
Univers i t ; ,  v i a  Golg i  1 9 ,  Milano, I t a l y  

Abstract A t e c h n i q u e  f o r  t h e  a n a l y s i s  of pack- 
i n g  d e n s i t y  i n  c r y s t a l s  i s  p r e s e n t e d ,  based 
on s imple  and i n t u i t i v e  models of molecular 
s t r u c t u r e .  

Quantum mechanics can  i n  p r i n c i p l e  g i v e  a f u l l  
d e s c r i p t i o n  o f  t h e  e l e c t r o n i c  s t r u c t u r e  of a n  i n f i -  
n i t e  c r y s t a l .  I f  t h e  s o l i d  i s  such  t h a t  d i s c r e t e  
molecular e n t i t i e s  can  be r ecogn ized ,  it may be 
u s e f u l  t o  reduce  t h i s  d e s c r i p t i o n  t o  a s u p e r p o s i -  
t i o n  o f  i n t e r m o l e c u l a r  e f f e c t s .  These i n  t u r n  may 
be reduced t o  atom-atom non-bonded e m p i r i c a l  po ten-  
t i a l s ,  which have m e t  a c o n s i d e r a b l e  success i n  t h e  
c a l c u l a t i o n  o f  many p r o p e r t i e s  of molecular s o l i d s .  
The u l t i m a t e  approximat ion  c o n s i s t s  i n  d e s c r i b i n g  
atoms and molecules a s  mere enve lopes  of e l e c t r o n s ,  
t h a t  i s  r educ ing  quantum mechanics t o  molecular 
volume and shape .  These c o n c e p t s  have been f r u i t -  
f u l l y  e x p l o i t e d  i n  many f i e l d s  of c h e m i s t r y  and 
b iochemis t ry .  I n  what concerms c r y s t a l  chemiskry ,  
t h e  i d e a  t h a t  molecular shape l e a d s  t o  m u t u a l  re- 
c o g n i t i o n  h a s  g iven  r i se  t o  t h e  c lose -pack ing  p r i n -  
c i p l e ,  s t a t i n g  t h a t  a c r y s t a l l i n e  e d i f i c e  i s  b u i l t  
so as t o  i e a v e  as l i t t l e  free space  as p o s s i b l e  . 1 
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114 A. GAVEZZO'ITI 

Volume and shape somehow d e f i n e  a s o r t  o f  molecular 
' v a l e n c e '  ( i . e . ,  a b i l i t y  t o  c o o r d i n a t e  o the r  mole- 
c u l e s )  whose t h e o r y  i s  f a r  from t h e  s o p h i s t i c a t i o n  
of t h e  i n t r a m o l e c u l a r  va l ence  t h e o r y .  P a r t i a l  
q u a n t i f i c a t i o n  o f  t h i s  i d e a  comes from t h e  non-bon - 
ded p o t e n t i a l s ;  some a s p e c t s  o f  t h i s  volume/shape/ 
cohes ion  energy  connec t  i o n  have been examined2 : 

3 cohes ion  en . (Kcal /mol)  s 0.1  mol.volume ( a  1 

Notable e x c e p t i o n s  t o  t h i s  r u l e  of thumb come from 
t w i s t e d  o r  f o l d e d  molecules ( a  shape e f f e c t ) ,  b e s i -  
des  of  cour se  t h o s e  c r y s t a l l i n e  systems f o r  which 
t h e  non-bonded p o t e n t i a l s  are no t  accurate - such 
c a s e s  f a l l i n g  most ly  under  t h e  broad d e f i n i t i o n  
of p a r t i a l l y  i o n i c  c r y s t a l s .  
If and how t h e  e l emen t s  o f  t h i s  schemat ic  d i s c u s -  
s i o n  app ly  t o  c r y s t a l  r e a c t i v i t y  is t h e  main 
concern o f  t h i s  n o t e .  One obvious  requi rement  f o r  
a r e a c t i o n  t o  o c c u r  i n  a molecu la r  s o l i d  i s  t h a t  
e i t h e r  a bond b reak ing  wi th  subsequent  d i s p r o p o r -  
t i o n a t i o n  o r  recombina t ion  of  f ragments  o c c u r ,  such 
a s  i s  t h e  case i n  many photochemical  r a d i c a l i z a -  
t i o n s ,  o r  t h a t  t h e  molecules packed i n  t h e  c r y s t a l  
c a r r y  i n  t h e i r  s t r u c t u r e  both  t e r m i n i  o f  t h e  r e a c t -  
i o n  p r o c e s s ,  such as  i s  t h e  case i n  i n t e r m o l e c u l a r  
d i m e r i z a t i o n s  o r  c y c l i z a t i o n s .  These f a c t o r s  and 
t h e i r  e n e r g e t i c s  a r e  t o  be ana lyzed  by t h e  u s u a l  
t h e o r i e s  o f  molecu la r  e l e c t r o n i c  s t r u c t u r e .  I n  
o r d e r  t o  examine t h e  s p e c i a l  e l emen t s  of s o l i d - s t a  - 
t e  r e a c t i v i t y ,  one might s t a r t  from t h e  h y p o t h e s i s  
t h a t  t h e  same f a c t o r s  which, when p r e s e n t ,  make a 
c r y s t a l  s t a b l e ,  should  make it u n s t a b l e  when a b s e n t .  
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T h i s  does  n o t  imply t h a t  a c r y s t a l  m u s t  be l o o s e l y  
bound o r  low-melt ing i n  o r d e r  t o  be r e a c t i v e :  pack-  
i n g  c o e f f i c i e n t s  f o r  many o r g a n i c  c r y s t a l s ,  i n c l u -  
d i n g  r e a c t i v e  o n e s ,  have been c a l c u l a t e d 2 ,  and  found 
t o  b e a r  no s p e c i f i c  r e l a t i o n s h i p  t o  r e a c t i v i t y .  The 
p e c u l i a r i t y  o f  s o l i d - s t a t e  r e a c t i o n s  i s  s p a t i a l  
o r i e n t a t i o n  - a concep t  merging  w i t h  t h a t  of t o p o -  
c h e m i s t r y  - so t h a t  one  p o s s i b i l i t y  i s  t h a t  reac t i -  
v i t y  i s  f a v o r e d ,  i f  n o t  e n t i r e l y  o r i g i n a t e d ,  by 
l o c a l  and  s p e c i f i c a l l y  o r i e n t e d  breakdowns of t h e  
c l o s e - p a c k i n g  p r i n c i p l e .  The c r y s t a l  p a c k i n g  s h o u l d  
t h e n  be a n a l y z e d  t o  s p o t  such  features.  The i d e a l  
cases i n  which t h i s  method a p p l i e s  are  t h o s e  react-  
i o n s  t h a t  i n v o l v e  l a r g e  d i s p l a c e m e n t s  of m o l e c u l a r  
f r agmen t s  i n  t he  i n i t i a l  s t a g e s ;  a t  t h e  o t h e r  ex t r e -  
m e  a re  cases i n  which p r o p e r  j u x t a p o s i t i o n  of 
r e a c t i o n  t e r m i n i  causes r e a c t i o n  w i t h  l i t t l e  o r  no 
d i s p l a c e m e n t .  
Close  pack ing  can  be a n a l y z e d  i n  t h e  v e r y  s i m p l e  
terms o f  s p a c e  o c c u p a t i o n  by molecules made of r i g i d  
s p h e r e s  o f  g i v e n  r a d i u s .  Each p o i n t  i n  c e l l  s p a c e ,  
d e s c r i b e d  by a v e c t o r  2, can  be  e i t h e r  i n s i d e  o r  
o u t s i d e  one o r  more o f  t h e  a t o m i c  s p h e r e s .  By 
sampl ing  t h e  c e l l  s p a c e  by s y s t e m a t i c  v a r i a t i o n  o f  

- s ,  a l l  p o i n t s  i n  t h e  c e l l  o r  i n  a g i v e n  zone of 
t h e  c e l l  can  a c c o r d i n g l y  be l a b e l l e d  as e i t h e r  
f r ee  o r  o c c u p i e d .  If t h e  number of f r e e  and  o c c u p i e d  
p o i n t s  i s  N f r e e  and N O C C ,  r e s p e c t i v e l y ,  t h e  t o t a l  
occup ied  volume i n  t h e  c e l l  ( o r  i n  a g i v e n  zone 
of t h e  c e l l )  c a n  be computed as:  
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Nocc 
"OCC = vc 

+ Nfree 

where Vc i s  t h e  t o t a l  volume of t h e  e x p l o r e d  zone;  
t he  pack ing  c o e f f i c i e n t  is t h e n  

'K = 'occ' ' c  

If o n l y  a zone i s  explorri! ,  t l i i s  numt;c!r mil,' h.? 
c.ii.lcd the  pack ing  d e n s i t y  i n  t h a t  zone .  TyLl i .ca l l .y ,  

1000 p o i n t s / X 3  must be e x p l o r e d  t o  r e a c h  a good 

a c c u r a c y .  
Packing  d e n s i t y  maps c a n  be o b t a i n e d  by d i v i d i n g  
t h e  ce l l  s p a c e  i n  a number of z o n e s ,  and  c a l c u l a t i n g  
t h e  pack ing  d e n s i t y  i n  each zone .  C e l l  zones  about  
0.5-1.0 fi  
v i s u a l i z a t i o n  of loca l  breakdowns o f  c lose p a c k i n g ,  
i n  t h e  form of c a v i t i e s  o r  c h a n n e l s  o f  f ree  s p a c e .  
Two examples of t h i s  a n a l y s i s ,  c a r r i e d  o u t  i n  
c r i t i c a l  zones  of r e a c t i v e  c r y s t a l s ,  a r e  shown i n  
F i g u r e s  1 and 2 .  

The t o t a l  volume of a h o l e  can  be computed a s  

3 wide are used .  T h i s  allows a prompt 

- 
= 1 Vi(l - Di) 

'hole i , h o l e  

where Vi i s  t h e  volume of zone i, w i t h i n  t h e  ho le ,  
and Di i s  t h e  pack ing  d e n s i t y ,  T h i s  c a l c u l a t i o n  
can  be impor t an t  i n  cases i n  which small  p roduc t  
molecu le s  form d u r i n g  t h e  r e a c t i o n ,  s i n c e  t he  h o l e  
volume i n d i c a t e s  whether  o r  n o t  t h e  g u e s t  molecule 
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PACKING ANALYSIS FOR REACIWE CRYSTALS 1 I7 

FIGURE 1. Packing d e n s i t y  map f o r  s e c t i o n  z=O.435 
i n  methyl p-dimethylaminobenzenesulphonate (Berg-  
man e t  al.,J.Am.Chern.Soc.99,851(1977)). Broken li- 
nes  c o n t o u r  zones w i t h  d e n s i t y  <0.1. Loose pack- 
i n g  around es ter  methyl group i s  e v i d e n t ;  t h e  a m i -  
no methyl group bends back as reac t ion  p roceeds .  

F I G U R E  2 .  S e c t i o n  y=O.25 of t h e  map for a c e t y l b e n -  
zoy lpe rox ide  (McBride e t  al.,J.Am.Chem.Soc.97, 
6 7 2 9 ( 1 9 7 5 ) ) .  Benzoyl r a d i c a l  r o t a t i o n  i n  i t s  p l a n e  
after 0-0 bond b reak ing  i s  f avored  by free space .  
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118 A. GAVEZZOlTI 

can  be h o s t e d  i n  t h e  c r y s t a l l i n e  i a t t i c e .  
A p p l i c a t i o n s  of  t h e  above t e c h n i q u e  t o  v a r i o u s  
cases of c r y s t a l  r e a c t i v i t y  have  been c a r r i e d  out: 
w i t h  encourag ing  r e s u l t s ;  work i n  t h i s  d i r e c t i o n  
i s  i n  f u l l  p r o g r e s s  i n  our  l a b o r a t o r y .  
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