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T H E O R E T I C A L  STUDIES OF MOLECULAR MOTIONS AND 
R E A C T I V I T Y  I N  O R G A N I C  CRYSTALS 

ANGEL0 G A V E Z Z O T T I  
D ipa r t imen to  d i  Chimica F i s i c a  ed  E l e t t r o c h i -  
mica e Cen t ro  C N R ,  U n i v e r s i t A  d i  Mi lano ,  
Mi lano ,  I t a l y  

T r a d i t i o n a l l y ,  c h e m i s t s  have t h o u g h t  o f  c r y s t a l s  as 
chemica l  sys t ems  l y i n g  i n  deep f r e e  ene rgy  w e l l s  
w i t h  l i t t l e  or no chances  o f  s i g n i f i c a n t  chemica l  
e v o l u t i o n .  I t  seemed obv ious  t h a t  t h e  p o t e n t i a l  
for t r a n s f o r m a t i o n  o f  a g iven  s u b s t a n c e  c o u l d  be 
e x p l o i t e d  o n l y  i n  s o l u t i o n  where t h e  a p p a r e n t l y  
i n d i s p e n s a b l e  freedom o f  molecu la r  motion c o u l d  
be r e s t o r e d .  

T h i s  view i s  now changing  as s u b t l e r  g o a l s ,  l i k e  
c h i r a l  s y n t h e s i s  or h i g h  s y n t h e t i c  s e l e c t i v i t y ,  are 
pur sued  and ,  e s p e c i a l l y ,  as emphasis  i n  chemica l  
p r o c e s s e s  i s  s h i f t i n g  a t  l eas t  i n  p a r t  to the  p h y s i c -  
a l  p r o p e r t i e s  o f  o r g a n i c  s o l i d s  as m a t e r i a l s .  
Hence t h e  d e s i r a b l e  p r o p e r t i e s  o f  s o l i d  s u b s t a n c e s  
are b e i n g  e n g i n e e r e d  much as i n  t h e  p a s t  decades  
m o l e c u l a r  p r o p e r t i e s  were .  P r a c t i c a l  a p p l i c a t i o n s  
t o  o r g a n i c  c o n d u c t o r s ,  o p t o e l e c t r o n i c s  and o t h e r  
b ranches  o f  mater ia ls  s c i e n c e  a r e  f o r e s e e n .  Thus,  
t h e  o r g a n i c  s o l i d  s t a t e  chemis t  h a s  t o  work h i s  way 
from molecu la r  s t r u c t u r e  t o  t h e  p r e d i c t i o n  and 
c h a r a c t e r i z a t i o n  o f  t h e  s t r u c t u r e  and dynamics o f  
t h e  condensed phase .  D i s o r d e r ,  s t a t i c  or dynamic,  
m o l e c u l a r  l i b r a t i o n s  and jumps among many p o t e n t i a l  
ene rgy  w e l l s  and phase transitions are structural 
phenomena one h a s  t o  d e a l  w i t h .  I t  now a p p e a r s  t h a t  
o r g a n i c  c r y s t a l s  e x h i b i t  a wide v a r i e t y  o f  s t r u c t -  
u r a l  i n s t a b i l i t i e s ,  f o r  which t h e  o v e r a l l  d e f i n i t i o n  

" c r y s t a l  r e a c t i o n s "  i s  pe rhaps  a p p r o p r i a t e .  
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26 A. GAVEZZOTTI 

Of c o u r s e  i t  i s  w e l l  known t h a t  chemica l  r e a c t -  
i o n s  i n v o l v i n g  bond b r e a k i n g  and bond f o r m a t i o n  a l s o  
o c c u r  i n  o r g a n i c  c r y s t a l s ,  The c r y s t a l  s t r u c t u r e  
f u n c t i o n s  i n  such  c a s e s  as an  a c t i v e  o r  p a s s i v e  
c r a d l e  which i n f l u e n c e s  t h e  e a r l y  s t a g e s  o f  r e a c t i o n  
and, i f  i n  many cases  it does hamper advancement of  the  
r eac t ion ,  i n  some cases  it b r ings  about unexpected 

i n  such  c a s e s  w i t h  mo lecu la r  r e a c t i v i t y  unde r  an  
ex t reme s o l v e n t  e f f e c t .  

Both c r y s t a l  l a t t i c e  r e a c t i v i t y  and molecu la r  
r e a c t i v i t y  i n  c r y s t a l s  i n v o l v e  e l e c t r o n i c  and s t e r i c  
e f f e c t s .  One must f u r t h e r  d i s t i n g u i s h  between 
i n t r a -  and i n t e r m o l e c u l a r  f a c t o r s .  The e n e r g e t i c s  
o f  bond b r e a k i n g  and f o r m a t i o n  c a n  be d e s c r i b e d  by 
u s u a l  quantum chemical methods - f o r  example,  molec- 
ular o r b i t a l  t h e o r y .  But as one goes  from a f r e e  
molecule  t o  a molecule  i n  a c r y s t a l ,  t h e  m o l e c u l a r  
o r b i t a l s  may coup le  i n t e r m o l e c u l a r l y  and merge i n t o  
a band. The amount o f  c o u p l i n g  depends on i n t e r m o l e c -  
u l a r  c o o r d i n a t e s  such a s  d i s t ances  between molecular 
s t a c k s  or a n g l e s  between m o l e c u l a r  p l a n e s .  T h i s  
c o u p l i n g  i s  u s u a l l y  small s o  t h a t ,  f o r  i n s t a n c e ,  
low- tempera ture  X-ray c r y s t a l  s t r u c t u r e  a n a l y s i s  can  
p rov ide  a c c u r a t e  molecu la r  e l e c t r o n  d e n s i t y  maps. 
When s t r o n g  i n t e r m o l e c u l a r  o r b i t a l  o v e r l a p  o c c u r s ,  
a s  i n  c h a r g e - t r a n s f e r  complexes,  t h e  c r y s t a l  e l e c -  
t r o n i c  band s t r u c t u r e  c a n  be c a l c u l a t e d  u s i n g  basis 
f u n c t i o n s  t h a t  t a k e  i n t o  accoun t  l a t t i c e  p e r i o d i c i t y  
(Bloch  f u n c t i o n s ) .  T h i s  t o p i c  w i l l  n o t  be d i s c u s s e d  
f u r t h e r  here  s i n c e  t h i s  communication d e a l s  main ly  
w i t h  s t e r i c  e f f e c t s .  

T o  d i s c u s s  t h e  s t e r i c  e f f e c t s  of c r y s t a l  r e a c t i -  
v i t y  or, a c c o r d i n g  t o  o u r  p r e v i o u s  d e f i n i t i o n ,  o f  
s t r u c t u r a l  e v o l u t i o n  i n  c r y s t a l s ,  one must f i r s t  
u n d e r s t a n d  l a t t i c e  s t a b i l i t y .  Here the  concep t  o f  
c lose -pack ing  o f  K i t a i g o r o d s k i  i s  u s u a l l y  invoked .  
T h i s  i s  however a p r i n c i p l e  o f  broad s c o p e ,  and more 
d e t a i l e d  models must be s e t  up t o  d i s c u s s  s u b t l e r  
e f f e c t s .  A s  an example o f  t h e  s t u d y  o f  s t e r i c  f a c t o r s  

s e l e c t i v i t y  i n  p r o d u c t  f o r m a t i o n .  One i s  d e a l i n g  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
01

 1
9 

Fe
br

ua
ry

 2
01

3 



MOTIONS AND REACTIVITY 21 

FIGURE 1. Packing diagrams for 2-methylnaphtha- 
lene (cell dimensions in ref.1) and 2,3-dimeth- 
ylnaphthalene, from packing energy optimization 
(see X-ray structure of dimethyl derivative in 
ref.2). 

in crystal transformations we will describe a com- 
parative study of naphthalene, 2-methylnaphthalene, 
2,3-dimethylnaphthalene and anthracene. Figure 1 
shows the packing diagrams for the methyl deriva- 
tives, which were obtained by optimization of the 
packing energy, starting from known cell dimensions. 
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28 A. GAVEZZOTI’I 

~~~~ 

1 2 3 4 

‘l‘he f o u r  compounds 1-4 c r y s t a l l i z e  i n  t h e  same space  
group (P21/c ,  2=2) w i t h  t h e  same r e l a t i v e  m o l e c u l a r  
o r i e n t a t i o n  ( t h e  s o - c a l l e d  h e r r i n g b o n e  p a t t e r n ) .  The 
c e l l  dimension p a r a l l e l  t o  t h e  a x i s  o f  maximum molec- 
u l a r  e l o n g a t i o n  co r re sponds  t o  t h e  molecu la r  l e n g t h ,  
o t h e r  c e l l  p a r a m e t e r s  b e i n g  e q u a l .  While 1 and 4 
form o r d e r e d  and s t a b l e  c r y s t a l s ,  2 and 3 do n o t .  
We have unde r t aken  a r eexamina t ion  o f  t h e  c r y s t a l  
s t r u c t u r e  of 3 ,  whose b e h a v i o u r  w i t h  t e m p e r a t u r e  i s  
p e c u l i a r  ( D e s t r o  and G a v e z z o t t i ,  t o  be p u b l i s h e d ) .  
A f i r s t  d a t a  s e t  w a s  c o l l e c t e d  a t  room T ;  t h e  s t r u c -  
t u r e  can be i n t e r p r e t e d  i n  te rms  o f  s t r o n g  t r a n s l a t -  
i o n a l  l i b r a t i o n s  on x ,  o r  i n  t e rms  o f  a d i s t r i b u t i o n  
of  f r a c t i o n a l  molecules  a l o n g  x ( F i g u r e  2 ) .  The 
c r y s t a l  w a s  t h e n  b rough t  t o  2 2 0  K .  Reflections be- 
come s p l i t  making d a t a  c o l l e c t i o n  i m p o s s i b l e .  Back 
a t  room T, t h e  d a t a  c o l l e c t i o n  w a s  r e p e a t e d .  
The r e s u l t s  were t h e  same as b e f o r e  c o o l i n g .  Thus,  
t h e  e f f e c t  which p roduces  t h e  s p l i t t i n g  i s  a r e v e r s -  
i b l e  one ,  and i s  such  t h a t  t h e  d i s o r d e r  i s  enhanced ,  

c o o l i n g .  C e l l  d imens ions  
e l y  as p o s s i b l e  as a f u n c t -  
o n l y  s i g n i f i c a n t  e f f e c t  was 
1 ! o v e r  70 K ) ,  which may 
t h e  a n g l e  between m o l e c u l a r  

r a t h e r  t h a n  r educed ,  by 
were measured as a c c u r a  
i o n  of t empera tu re :  t h e  
a s h o r t e n i n g  o f  (by  0 
cause  some v a r i a t i o n  i n  
p l a n e s  i n  t h e  c r y s t a l .  

The type  o f  d i s o r d e r  found f o r  d ime thy lnaph tha -  
l e n e  can  be e x p l a i n e d  by t h e  p o t e n t i a l  ene rgy  c u r v e s  
f o r  t h e  s l i p p a g e  o f  mo lecu la r  columns,  shown i n  
F i g u r e  3 .  These c u r v e s  were o b t a i n e d  s t a r t i n g  from 
t h e  c a l c u l a t e d  o r d e r e d  s t r u c t u r e  i n  P 2  r a t h e r  t h a n  
from t h e  e x p e r i m e n t a l ,  d i s o r d e r e d  s t r u c t u r e .  A 
r e a s o n a b l e  c o n j e c t u r e  i s  t h a t  a t  low t e m p e r a t u r e s  
t h e  c r y s t a l  may c o n s i s t  o f  two superimposed l a t t i -  
c e s ,  somehow g e n e r a t e d  by a f r o z e n - i n  t r a n s l a t i o n a l  
d i sp l acemen t  a l o n g  t h e  a lmos t  f l a t  p o t e n t i a l  ene rgy  
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MOTIONS AND REACTIVITY 29 

F I G U R E  2 .  The c r y s t a l  s t r u c t u r e  of 3: a )  model 
w i t h  l a r g e  t r a n s l a t i o n a l  motion ( r e f . 2 ) ;  b )  model 
w i t h  two f r a c t i o n a l  s i t e s  a l o n g  x .  The b l a c k  d o t  
i s  t h e  c e l l  o r i g i n .  Numbers on t h e  r i g h t  a r e  
s i t e  p o p u l a t i o n s .  

c u r v e  shown i n  F i g u r e  3. More p r e c i s e  e x p e r i m e n t a l  
work on t h i s  c r y s t a l  i s  hampered by t h e  d i f f i c u l t y  
o f  o b t a i n i n g  s u i t a b l e  c r y s t a l s .  

3 may be a h i g h l y  c o r r e l a t e d  o n e ,  as must be a l l  
t r a n s l a t i o n a l  motions which do n o t  occur  n e a r  c r y s t -  
al d e f e c t s .  From t h e  computa t iona l  p o i n t  o f  view,  
one can  s i m u l a t e  molecu la r  mot ions  i n  c r y s t a l s  by 
u s i n g  v a r i o u s  approaches  t o  c o r r e l a t i o n .  An example, 
the  ro t a t iona l  motion i n  naphthalene c r y s t a l s  w i l l  
i l l u s t r a t e  t h i s  p o i n t .  A s  t h e  c e n t r a l  molecule  goes  
th rough  t h e  r o t a t i o n  around i t s  a x i s  o f  maximum i n e r -  
t i a ,  one may h a v e ; a )  z e r o  c o o p e r a t i o n ,  whereby t h e  
molecule  moves i n  t h e  s t a t i c  f i e l d  o f  t h e  sur round-  

The type  o f  motion which w a s  s i m u l a t e d  i n  F i g u r e  
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30 A. GAVEZZOITI 

i n g ,  s t a t i o n a r y  molecu le s ;  b )  s e l f - c o o p e r a t i o n  i f ,  
a t  each s t a g e  of  t he  main r o t a t i o n ,  t h e  molecule  
i t s e l f  o p t i m i z e s  t h e  v a l u e s  o f  t h e  a n g l e s  o f  t i l t  
around t h e  o t h e r  two i n e r t i a l  a x e s ;  and c ) ,  f u l l  
c o o p e r a t i o n ,  when the  f i r s t  s h e l l  of molecu le s  sur -  
rounding  the  r o t a t i o n a l  s i t e  c o o p e r a t e  by t i l t i n g  
motions around t h e i r  own i n e r t i a l  a x e s  t o  make way 
for t h e  r o t a t i n g  molecule .  These th ree  models  have 
been t e s t e d  for naph tha lene ,  and t h e  f u l l  c o o p e r a t i o n  
model is  t h e  one t h a t  g i v e s  b e s t  agreement  w i t h  t h e  
expe r imen ta l  r o t a t i o n  b a r r i e r .  Even t h e  c r u d e s t  
model, however, g i v e s  a c o r r e c t  e s t i m a t e  o f  t h e  
o r d e r  of magnitude o f  t h e  barr ier .  R e s u l t s  on t h i s  
system are shown i n  F i g u r e  4 .  

i o n s  i n  c r y s t a l s  can be used  t o  a n a l y z e  some a s p e c t s  
P o t e n t i a l  ene rgy  c a l c u l a t i o n s  f o r  molecu la r  rnot- 

1 r I 

0 1 2 3 4 
displacement, 8. 

FIGURE 3 .  R e l a t i v e  packing  p o t e n t i a l  ene rgy  for 
a molecu la r  t r a n s l a t i o n a l  motion i n  c r y s t a l s  of  
1-4.  The motion (shown i n  the i n s e t  f o r  3 )  i s  
such t h a t  t h e  screw a x i s  i s  p r e s e r v e d .  
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MOTIONS AND REACTIVITY 31 

o f  t h e  dynamics of  c r y s t a l  s t r u c t u r e s .  The s t e r i c  
e f f e c t s  i n v o l v e d  i n  molecu la r  r e a c t i v i t y  i n  c r y s t a l s ,  
on t h e  o t h e r  hand ,  c a n  be s t u d i e d  by s e t t i n g  up a 
model of  t h e  r e a c t i o n  s i t e ,  and t h e n  t r y i n g  t o  comply 
a t  b e s t  w i t h  t h e  s p a c e  and i n t e r m o l e c u l a r  p o t e n t i a l  
r e q u i r e m e n t s  o f  t h e  r e a c t i o n  cage .  An example o f  
such  c a l c u l a t i o n s  ( G a v e z z o t t i ,  McBride and Weber, 
t o  be p u b l i s h e d )  w i l l  be g i v e n  for t h e  f o l l o w i n g  

5 .  

- 5. 

~ - 1 5 '  
a a 

-25'  

0 60 120 180 

angle 
FIGURE 4 .  Packing  p o t e n t i a l  ene rgy  ( P P E )  f o r  
r o t a t i o n  o f  naph tha lene  i n  i ts  molecu la r  p l a n e  
w i t h  (1) z e r o  c o o p e r a t i o n ,  ( 2 )  s e l f - c o o p e r a t i o n  
and (3) f u l l  c o o p e r a t i o n  ( B e l l e z z a ,  D e s t r o  and 
G a v e z z o t t i ,  t o  be p u b l i s h e d ) .  C r y s t a l  s t r u c t u r e  
o f  n a p h t h a l e n e  from r e f .  3. 

sys tem (McBride and Weber, t o  be p u b l i s h e d ) :  

d i n e o p e n t y l a d i p a t e  ( D N P A ) ,  c r y s t a l  h o s t  

(CH ) CO-OOC(CH2),COO-OC(CH3)3 
3 3  

d i - t - b u t y l p e r o x y a d i p a t e  ( D T B P A ) ,  g u e s t  i n  DNPA 
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32 A. GAVEZZOTTI 

(CH3)3CO’ + CO 2 + ( C H 2 ) ;  + C02 + ‘OC(CH3)3 

d e c a r b o x y l a t i o n  p r o d u c t s  a f t e r  p h o t o l y s i s  

I n  a p r e l i m i n a r y  approach ,  pack ing  d e n s i t y  maps c a n  
be f r u i t f u l l y  used  t o  f i n d  empty n i c h e s  i n  t h e  
c r y s t a l  s t r u c t u r e  which c o u l d  accommodate t h e  e x t r a  
volume produced by t h e  f o r m a t i o n  o f  t h e  ca rbon  d iox-  
i d e  m o l e c u l e s ,  Such a map f o r  t h e  above sys tem i s  
shown i n  F i g u r e  5 .  The c r y s t a l  h o s t  m a t r i x  shows 
c a v i t i e s  i n t o  which t h e  ca rbon  d i o x i d e  molecu le s  
can  be a l l o c a t e d ;  i n  t h e  f u r t h e r  computer  s i m u l a t -  
i o n ,  t h e  o v e r a l l  pack ing  p o t e n t i a l  ene rgy  i s  mini-  
mized by a l l o w i n g  t h e  t - b u t y l  r a d i c a l  t o  back o f f  
s l i g h t l y .  The e s t i m a t e d  a c t i v a t i o n  ene rgy  ( a n  uppe r  
t h r e s h o l d  v a l u e ,  s i n c e  t h e  o p t i m i z a t i o n  c o u l d  be  
pushed f u r t h e r )  i s  18 kca l /mole  o f  ca rbon  d i o x i d e  
molecu le s .  The e f f e c t s  o f  t h e  f i r s t  d e c a r b o x y l a t i o n  
on t h e  r a t e  o f  t h e  second one i s  l e s s  e a s y  t o  
a s s e s s .  

Re fe rences  4-8 a r e  examples  o f  p r e v i o u s  work 
a l o n g  t h e  l i n e s  s k e t c h e d  i n  t h i s  communicat ion,  t o  
p u t  t h e  r e a d e r  i n  a b e t t e r  p e r s p e c t i v e .  Note t h a t  
eq .  ( 3 )  i n  r e f . 8  is  i n  e r r o r ;  i t  s h o u l d  b e :  

~~~=~~~(lattice,aggregate)+ Z ~ ( f r a g ~ , f r a g . ) ,  
J 

and t h e  t r u e  r e l a t i o n s h i p  t o  PE i s  

PE = 1/2 PPE + z E ( f r a g i , f r a g , ) .  
J 
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FIGURE 5. Packing density map (xz section at y= 
0.10 fractional) f o r  DTBPA in DNPA host. The car- 
bon dioxide molecule (oxygen atoms shaded) moves 
into cavity A. 
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