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Elementary processes in chemical dynamics 

G i  an Gual b e r t o  Vol p i  

D ipa r t imen to  d i  Chimica d e l l ' U n i v e r s i t l ,  V i a  E lce  d i  S o t t o  8, 
06100 Perugia,  I t a l y  

Abs t rac t  - A rev iew  o f  r e c e n t  work on molecu la r  beam exper iments performed 
a t  t h e  Chemistry Department o f  t h e  U n i v e r s i t y  o f  Perug ia  i s  presented. 
Measurements o f  i n t e r m o l e c u l a r  p o t e n t i a l s  f o r  eve ra l  systems and 
p r e l i m i n a r y  r e s u l t s  on r e a c t i v e  s c a t t e r i n g  of D oxygen atoms a re  
discussed. 
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INTRODUCTION 

The a b i l i t y  t o  model plasmas, l ase rs ,  f lames and atmospheres i s  o f  fundamental importance 
f o r  modern a p p l i c a t i o n s  o f  gaseous chemical  k i n e t i c s .  I n  o rde r  t o  develop such r e l i a b l e  
models one needs d e t a i l e d  i n f o r m a t i o n  on t h e  dynamics o f  t h e  elementary processes i nvo l ved .  
The number and t h e  v a r i e t y  o f  these processes a re  such t h a t  t h e  va lues  o f  t h e  r a t e  
parameters needed have t o  be ob ta ined  f rom severa l  f i e l d s  r e l a t e d  t o  chemical  k i n e t i c s ;  t h e  
dynamical c h a r a c t e r i z a t i o n  o f  e lementary processes i s  one o f  t h e  major sources o f  t h i s  
i n f o r m a t i o n .  

Our group i n  Perug ia  has been engaged f o r  severa l  yea rs  i n  t h e  t h e o r e t i c a l ,  computa t iona l  
and exper imenta l  aspects o f  t h e  dynamics o f  e lementary chemical  processes. Fo r  reason o f  
space I w i l l  l i m i t  these no tes  o n l y  t o  t h e  aspects o f  t h e  de te rm ina t ion  o f  i n t e r m o l e c u l a r  
p o t e n t i a l s  f rom exper imenta l  measurements by molecu a r  beams, a problem which has been 
pursued f o r  severa l  years ,  and t o  t h e  r e a c t i o n s  o f  D oxygen atoms, which have been 
undertaken o n l y  r e c e n t l y .  
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INTERMOLECULAR POTENTIALS 

I n te rmo lecu la r  p o t e n t i a l s ,  i n  s p i t e  o f  t h e i r  weakness, a r e  respons ib le  o f  many macroscopic 
p r o p e r t i e s  o f  m a t t e r  and p l a y  a l s o  an impor tan t  r o l e  i n  chemical  r e a c t i o n s  s ince  t h e y  
de termine t h e  asympto t ic  behav iour  o f  t h e  f o r c e s  between t h e  atoms and t h e  molecules 
i nvo l ved .  

Most i n f o r m a t i o n  about these p o t e n t i a l s  comes f rom s c a t t e r i n g  s tud ies  and s p e c i f i c a l l y  f rom 
t h e  measurement o f  two main obsorvables:  t h e  i n t e g r a l  c ross  s e c t i o n  and t h e  d i f f e r e n t i a l  
c ross  sec t i on .  The two observables correspond t o  two b a s i c a l l y  d i f f e r e n t  exper imenta l  
c o n f i g u r a t i o n s .  I n t e g r a l  c ross  sec t i ons  a re  measured f rom t h e  a t t e n u a t i o n  o f  a projectile 
beam f rom a t a r g e t ,  as a f u n c t i o n  o f  v e l o c i t y ,  and d i f f e r e n t i a l  c ross  sec t i ons  f rom t h e  
d e t e c t i o n  o f  t h e  p a r t i c l e s  d e f l e c t e d  a t  a g i ven  angle.  Both t ypes  o f  exper imenta l  
c o n f i g u r a t i o n s  are  o p e r a t i v e  i n  Perugia.  

The t h e o r e t i c a l  approach t o  s c a t t e r i n g  has reached a h i g h  l e v e l  o f  accuracy n o t  o n l y  f o r  
s p h e r i c a l l y  symmetric systems, where t h e  two body p o t e n t i a l  f u n c t i o n  depends o n l y  on t h e  
d is tance,  b u t  a l s o  f o r  more complex a n i s o t r o p i c  systems, f o r  which accura te  approx imat ions  
have been developed. P a r t i c u l a r l y  i n t e r e s t i n g  i s  t h e  i n t e r p r e t a t i o n  o f  e f f e c t s  which can be 
assoc ia ted  t o  quantum i n t e r f e r e n c e s  between wave- l i ke  p a r t i c l e s  de tec ted  a t  a g i ven  ang le  
and coming f rom t r a j e c t o r i e s  w i t h  d i f f e r e n t  impact parameters. These e f f e c t s  show up i n  
bo th  i n t e g r a l  and d i f f e r e n t i a l  c ross  s e c t i o n  measurements and can be r e l a t e d  t o  impor tan t  
f e a t u r e s  o f  t h e  p o t e n t i a l .  Thus t h e  d i f f e r e n t i a l  c ross  sec t ion ,  measured a t  s u i t a b l e  
va lues  o f  c o l l i s i o n  energy as a f u n c t i o n  o f  t h e  s c a t t e r i n g  angle, my show broad maxima 
( c a l l e d  "rainbow" e f f e c t )  and h i g h  f requency  o s c i l l a t i o n s  ( " d i f f r a c t i o n  o s c i  1 l a t i o n s " )  
assoc ia ted  t o  t h e  va lue  o f  t h e  p o t e n t i a l  w e l l  depth  and t o  t h a t  o f  t h e  f i n i t e  d i s t a n c e  
where t h e  p o t e n t i a l  becomes equal  t o  zero, r e s p e c t i v e l y .  The i n t e g r a l  c ross  sec t ion ,  
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measured as a f u n c t i o n  o f  t h e  c o l l i s i o n  energy, may show t h e  " g l o r y "  e f f e c t ,  an o s c i l l a t o r y  
f e a t u r e  r e l a t e d  t o  t h e  p roduc t  between t h e  depth o f  t h e  p o t e n t i a l  w e l l  and t h e  e q u i l i b r i u m  
d i s tance .  A t r i a l - a n d - e r r o r  f i t  w i t h  a f l e x i b l e  paramet r ic  express ion  o f  t h e  exper imenta l  
f e a t u r e s  descr ibed above and o f  t h e  abso lu te  va lue  o f  t h e  i n t e g r a l  c ross  sec t i on ,  which 
f i x e s  t h e  l ong  range behav iour  o f  t h e  i n t e r a c t i o n ,  a l l ows  us t o  reach a ve ry  accura te  
r e p r e s e n t a t i o n  o f  t h e  i n t e r m o l e c u l a r  p o t e n t i a l .  

The most r e c e n t l y  i n v e s t i g a t e d  systems a re  r e p o r t e d  i n  Table 1. These p o t e n t i a l s  a r e  bas i c  
f o r  unders tand ing  va r ious  gaseous p r o p e r t i e s ,  i n c l u d i n g  t r a n s p o r t  phenomena. P a r t i c u l a r  ca re  
has been devoted t o  v e r i f y i n g  t h e  cons is tency  between our  accurate,  mic roscop ic  measurements 
and t h e  more averaged i n f o r m a t i o n  coming f rom macroscopic measurements, when a v a i l a b l e .  

TABLE 1. Systems r e c e n t l y  i n v e s t i g a t e d  

System Reference 

Atom-atom (c losed  she1 1 )  

He,Ne/Ne,Ar,Kr ,Xe 

Atom (c losed  s h e l l  ) -mo lecu le  

N2/He,Ne,Ara,Kr 

02/He,Ne , A r  

NO/He,Nea,Ar,Kr 
a a a  

C12/He ,Ne , A r  

C02/He 

CH4/Ne,Ar, K r  ,Xe 

a a  

Atom (open s h e l l ) - a t o m  (c losed  s h e l l )  o r  mo lecu le  

a a  
F (  2P )/He,Ne,Ar , K r  ,Xe,H2,CH4 

I 

O( 'P )/He ,Ne ,Ar,Kr ,Xe ,H2,CH4 

N( S, D, P)/Ar,Kr 4 2 2  
2 b C1( P ) /  ......... 

To be pub1 i shed a 

bWork i n  p rogress  

Complete i n f o r m a t i o n  about t h e  r e s u l t s  can be found i n  t h e  quoted l i t e r a t u r e ,  b u t  I want t o  
r e c a l l  here  our  c o n t r i b u t i o n  f o r  systems w i t h  open s h e l l  atoms and, i n  p a r t i c u l a r ,  f o r  
those where oxygen and f l u o r i n e  atoms a re  i nvo l ved .  I n  these cases t h e  i n t e r a c t i o n  i s  more 
compl ica ted  s ince  a m a n i f o l d  o f  p o t e n t i a l  energy curves i s  ope ra t i ve ,  due t o  t h e  d i f f e r e n t  
s t a t e s  o f  t h e  open s h e l l  atoms. The problem was d i sen tang led  by pe r fo rm ing  a magnet ic 
a n a l y s i s  o f  t h e  atomic beam. The s e l e c t i o n  o f  t h e  atomic magnet ic sub leve ls  o f  t h e  open 
s h e l l  atoms has a l lowed us t o  o b t a i n  un ique i n f o r m a t i o n  about these a n i s o t r o p i c  i n t e r a c t i o n s  
and t o  c h a r a c t e r i z e  t h e  weak bonds o f  d ia tomic  r a r e  gas ox ides  and f l u o r i d e s .  

DYNAMICS OF ' D  OXYGEN A T O M  REACTIONS 

The s tudy  o f  chemical r e a c t i o n s  o f  e l e c t r o n i c a l l y  e x c i t e d  oxygen atoms, 0 
c o l l i s i o n  c o n d i t i o n s  i s  a ve ry  r e c e n t  l i n e  o f  research  i n  our  l a b o r a t o r y  
ob ta ined  appear t o  be ve ry  encouraging. The importance o f  these r e a c t i o  s 
n o t  o n l y  f rom a fundamental p o i n t  o f  v iew b u t  a l s o  f o r  t h e  r o l e  t h a t  O( D 
chemis t r y  o f  s t ra tosphere .  Al though r a t e  cons tan ts  have been measured f o r  
reac t i ons ,  ve ry  l i t t l e  i s  known about t h e i r  dynamics. 
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The exper iments were performed us ing  t h e  d i f f e r e n t i a l  apparatus which was s l i g h t l y  m o d i f i e d  
f o r  r e a c t i v e  s c a t t e r i n g .  The oxygen atom beam was produced i n  a h i g h  pressure  rad io f requency  
d ischarge source i n  0 /He and 0 /Ne m ix tu res ;  t h e  presence o f  s u i t a b l e  amount o f  e x c i t e d  
atoms has been t e s t e d  th rough t 2 e  w e l l  known r e a c t i o n  w i t h  H2 g i v i n g  OH .t H. I t  i s  c l e a r  
t h a t  r e a c t i o n s  o f  e x c i t e d  oxygen atoms can be s t u d i e d  i n  presence o f  a l a r g e  amount o f  
ground s t a t e  atoms o n l y  when the r e a c t i o n  r a t e s  o f  t h e  l a t t e r s  a re  ve ry  low, so t h a t  t h e i r  
p roduc ts  can n o t  be de tec ted :  t h i s  i s  t h e  case o f  0 t H 

The r e a c t i o n s  i n v e s t i g a t e d  so f a r  a re  those w i t h  HC1 and HBr which f u l f i l l  t h e  requ i rements  
descr ibea above. I n  bo th  cases t h e  halogen ox ides  produced i n  t h e  r e a c t i o n s  were de tec ted  
and t h e i r  angu lar  and v e l o c i t y  d i s t r i b u t i o n s  were measured. Both r e a c t i o n s  show a 
predominant backward angu lar  d i s t r i b u t i o n  i n  t h e  cen te r  o f  mass but,  w h i l e  C10 shows a l s o  a 
s i g n i f i c a n t  f o rward  s c a t t e r i n g ,  B r O  shows an equal amount o f  sideways and fo rward  s c a t t e r i n g .  
A l a r g e  f r a c t i o n  o f  a v a i l a b l e  energy i s  appear ing i n  t r a n s l a t i o n ,  

a b s t r a c t i o n  o f  t h e  halogen atom, w i t h  a p o s s i b l e  c o n t r i b u t i o n  o f  an i n s e r t i o n  mechanism, and 
t h a t  t h e  d i f f e r e n c e s  between C10 and B r O  d i s t r i b u t i o n s  may be due t o  t h e  d i f f e r e n t  r o l e  o f  
angu lar  momentum. We have n o t  be ab le  t o  d e t e c t  any produc t ,  halogen atoms o r  hydroxy l  
r a d i c a l s ,  coming f rom t h e  OH .t X channels.  The d e t e c t i o n  o f  these produc ts  i s  much harder  
than t h a t  o f  halogen ox ides  because OH i s  t h e  l i g h t e s t  p roduc t  o f  t h e  r e a c t i o n s  and t h e r e f o r e  
i s  l i k e l y  spread a l l  over  t h e  space, w h i l e  t h e  halogen atom s i g n a l  i s  covered by t h e  
background a r i s i n g  f rom t h e  f ragmen ta t i on  o f  e l a s t i c a l l y  s c a t t e r e d  hydrogen h a l i d e s .  A rough 
es t imate ,  based on t h e  f a i l u r e  t o  d e t e c t  these produc ts ,  would f i x  t o  one t h e  upper l i m i t  o f  
t h e  r a t i o  o f  c ross  sec t i ons  f o r  t h e  channel l e a d i n g  t o  OH and t h a t  l e a d i  
es t imates  may qtill be c o n s i s t e n t  w i t h  t h e  r a t e  cons tan t  measured f o r  O(';) t HC1 b u t  n o t  
f o r  t h a t  o f  O( D) + H B r .  

2 

2 '  

43% f o r  C10 + H and 
60% f o r  Br0  t H. These r e s u l t s  would suggest t h a t  these channels proceed ma in l y  by d i r e c t  

t o  XO.  These 

Acknowledgements 

My thanks go t o  t h e  Organ iz ing  Committee o f  t h e  gth I n t e r n a t i o n a l  Symposium on Plasma 
Chemistry f o r  i n v i t i n g  me t o  g i v e  t h i s  t a l k .  The work r e p o r t e d  here  i s  o n l y  a p a r t  o f  t h e  
research  p r o j e c t s  c a r r i e d  o u t  over  severa l  yea rs  j o i n t l y  w i t h  t h e  co l leagues o f  ou r  group. 
Apo log iz ing  w i t h  those whose work, f o r  l ack  o f  t ime, c o u l d  n o t  be mentioned here,  I want t o  
thank a l l  o f  them: V .Aqu i l an t i ,  L.Beneventi, B .B rune t t i ,  R.Candori, S .Cava l l i ,  P.Casavecchia, 
G.Grossi, A.Laganl, G . L i u t i ,  F .P i ran i  and F . V e c c h i o c a t t i v i .  

REFERENCES 

1. R .  Candori, F. P i r a n i  and F. V e c c h i o c a t t i v i ,  Mol. Phys., 49, 551 (1983) 
2. L. Benevent i ,  P. Casavecchia and G.G. Vo lp i ,  J. Chem. Phys., 84, 4828 (1986) 
3. R .  Candori, F. P i r a n i  and F. V e c c h i o c a t t i v i , - J .  Chem. Phys., 84, 4833 (1986) 
4. V .  A q u i l a n t i ,  L. Benevent i ,  G. Gross i  and F. V e c c h i o c a t t i v i ,  J. Chem. Phys . ,E ,751  

5. L. Benevent i ,  P .  Casavecchia and G.G. Vo lp i ,  J .  Chem. Phys., 84, 4828 (1986) 
6. L. Benevent i ,  P. Casavecchia, G.G. Vo lp i ,  D .  Lemoine and M.H. Alexander, J .  Chem. Phys., 

7. 
8. L. Beneventi, P .  Casavecchia, F. V e c c h i o c a t t i v i ,  G.G. Vo lp i ,  U. Buck, Ch. Lauenste in  

9. G. L i u t i ,  F. P i r a n i ,  U. Buck and B.  Shmidt, Chem. Phys., 126, 1 (1988) 

(1988) 

89, 3505 (1988) 
Casavecchia, A.  Lagan l  and G.G. Vo lp i ,  Chem. Phys. L e t t . ,  112, 445 (1984) 

and R .  Shinke, J .  Chem. Phys., E, 4671 (1988) 

10. V .  A q u i l a n t i ,  G. L i u t i ,  F. P i r a n i  and F. V e c c h i o c a t t i v i ,  J .  Chem. SOC. Faraday Trans., 

11. K A q u i l a n t i ,  E. L u z z a t t i ,  F. P i r a n i  and G.G. Vo lp i ,  J. Chem. Phys., g, 6165 (1988) 
12. V .  A q u i l a n t i ,  R .  Candor i ,  E. L u z z a t t i ,  F. P i r a n i  and G.G. Vo lp i ,  J. Chem. Phys., 85, 

13. V. A q u i l a n t i ,  R .  Candori and F. P i r a n i , , J .  Chem. Phys., e, 6157 (1988) 
14. V .  A q u i l a n t i ,  R .  Candor i ,  G. L i u t i ,  L. Mar ian i  and F. P i r a n i ,  J .  Phys. Chem., 2 , 1 1 2 3  

15. G. L i u t i  and F .P i ran i ,  J. Chem. Phys., 87, 5266 (1987) 
16. G.  L i u t i ,  E. L u z z a t t i ,  F. P i r a n i  and G.G. Vo lp i ,  Chem. Phys. L e t t . , x ,  559 (1985) 

85, 955 (1989) 

5337 (1986) 

(1989) 




