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FOREWORD 
The ACS SYMPOSIU
a medium for publishin
format of the SERIES parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

The of the main goals of chemistry is to understand and predict chemi-
cal changes. Toward this end chemists have attempted to charac

terize reactive intermediates and to study the rates of various elementary 
chemical processes. A complete understanding of a chemical reaction 
requires knowledge of the microscopic rate constant for evolution of a 
system in a single reagent "quantum state" (translation, rotation, vibra
tion, and electronic state) to a single product "quantum state." Conven
tional bulk rate studies are incapable of resolving these states and merely 
provide average rates. Althoug
average rates, further understandin
nately, technological developments—such as molecular beams and lasers 
—are providing us with the tools necessary to probe these states, and the 
direct measurement of some of these fundamental microscopic "state-to-
state" reaction rates has begun to be feasible. 

The papers assembled in this volume represent the proceedings of 
a symposium held at the 173rd ACS National Meeting, March 21-23, 
1977, in New Orleans. The purpose of the symposium and this book is 
to present a snapshot of the exciting and rapidly developing field of 
state-to-state chemistry. The papers represent early attempts to answer 
such questions as: "Which quantum states are most likely to react?" and 
"Which quantum states are most likely to be formed?" Few papers 
actually represent studies of the evolution of one quantum state into 
another (except some of the theoretical papers), attesting to the present 
difficulties in performing such experiments. Instead, collision processes 
(both chemical reactions and energy transfer collisions) are studied 
with varying groups of quantum states specified. 

In the area of state-to-state chemistry the interaction between theory 
and experiment is strong, with theory suggesting new experiments and 
new approaches and experiment providing calibration for the theory. 
This marriage has been very productive in the generation of chemical 
"scope" or understanding, but some practical children have also been 
born. One past example of this is the infrared chemiluminescence experi
ments of Polanyi ( 1961 ) showing that HC1 was preferentially formed in 
vibrationally excited states in the reaction of H atoms with C l 2 . These 
results were essential to Kasper and Pimentel in their development of 
the first HC1 chemical laser (1965). While other studies have led to still 
other lasers, the emphasis has recently been reversed: lasers are being 
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used to alter the course of reactions. This raises the tantalizing possibili
ties of laser chemistry where lasers are used to choose a quantum state 
of the reagents which may react faster or form different products from 
the ground state. Currently there is considerable interest in the possi
bility that laser-induced chemistry may be attractive for large-scale 
chemical processing. 

The papers in this volume have been grouped under three main 
headings: Reactive Collisions, Energy Transfer Collisions, and Theory. 
In addition, Reactive Collisions has beeen further divided into Beam 
Studies and Bulk Studies. The assignment of a paper to a particular 
group in many cases was somewhat arbitrary. It should be recognized 
that there are strong complementary interactions between research 
activities in each of these areas. 

The editors hope that this book will help the reader share in the 
exciting developments in state-to-state chemistry  It is a pleasure to 
thank the contributors an
without which this volume would not have been possible. A special note 
of thanks goes to Dorothy D. Butler for her assistance in assembling the 
manuscripts. 

July 1977 PHILIP R. BROOKS 

EDWARD F. HAYES 
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1 
State-to-State Cross Sections and Rate Constants for 
Reactions of Neutral Molecules 

RICHARD B. BERNSTEIN 

Chemistry Department, The University of Texas, Austin, TX 78712 

Recent experimental and theoret ica l advances have 
led to the development of a new field known as "state
-to-state" chemistry. It i s now becoming possible to 
measure directly (and in te rpre t , on a sound theoret ical 
basis) the r e l a t i ve p robab i l i t i e s of formation of nas
cent reaction products in specif ied internal states 
from reagents in selected states. 

In addit ion to a number of important p rac t ica l 
appl icat ions ( e . g . , the discovery of new laser-induced 
reactions and the development of improved chemical las
ers) there are many fundamental impl icat ions for the 
field of gas-phase chemical k i n e t i c s . The basic com
ponents of the reaction rate constant are the state-to
-state rate coefficients, say ki-->f(T), or , at a more 
fundamental l e v e l , the s tate- to-state reaction cross 
sect ions , σi-->f(Ε). Here i and f denote initial (reag
ent) and f ina l (product) s tates, respec t ive ly , Τ the 
translational temperature, and Ε the tota l energy. 

The theoret ical framework for dealing with state
-to-state k ine t ics was laid down by Eliason and Hirsch
felder (1) in 1959, who established the re la t ionship 
between the t r ans i t i on probabilities, the detai led d i f 
fe ren t ia l s ta te- to-s tate cross sect ions, the reaction 
cross sect ions , s ta te- to-state rate coef f ic ien ts and the 
thermal rate constant. A number of subsequent fundamen
tal papers have advanced the understanding of state
-to-state reactions (2-4). 

Reviewing b r i e f l y (5), the gas-phase bimolecular 
thermal rate constant can be expressed 

k(T) = Σ P . ( T ) k . ( T ) , (1) 
i 

where Pi(T) represents the r e l a t ive population of 
3 
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4 STATE-TO-STATE CHEMISTRY 

reagent state i at the given temperature T , and k i ( T ) 

i s the to ta l rate constant out of state i, 

k i ( T ) = Σ k . f ( T ) , (2) 

summing over a l l f i n a l states f. 
Consider an experiment at a given t r a n s i a t i o n a l 

energy d i s t r i b u t i o n charac ter i zed by a c e r t a i n value of 
the average r e l a t i v e t r a n s i a t i o n a l energy Etr. The 

s t a t e - t o - s t a t e rate constant is the expectat ion value 
of the product of the r e l a t i v e speed times the cross 
s e c t i o n , i . e . 

where vr = (2Etr / μ ) . Thus 

k i - f ( E t r > = / v r < W v r > P ( \ l E t r > d v r ( 4 a ) 

- ( 2 / y ) * / a w ( E t r ) E t * P ( E t r | E t r ) d E t r (4b) 

where ρ and Ρ represent the normalized p r o b a b i l i t y den
s i t y funct ions (pdf ' s ) for v r and E t r , r e s p e c t i v e l y . 

Consider ing the to ta l rate constant out of state i , 

k i E ) = ( 2 / y ) V E * a . ( E ) P ( E | E ) d E (5) 

where σ . ( Ε ) = Σ σ . ( Ε ) (6) 

(dropping the subscr ip t t r ) . 
For the spec ia l case of a Maxwellian t r a n s l a t i o n 

energy d i s t r i b u t i o n (for which Ε = 3kT/2 ) , 

P(E |3kT/2) = 2 ( E / u ) * ( k T ) ~ 3 / 2 e x p ( - E / k T ) (7) 

so k . (T) = ( π μ ) ( 2 / k T ) 3 / 2 / E σ i ( E ) e x p ( - E / k T ) d E (8) 

from which k(T) i s obtained v ia Eq. (1) . For the l i m i t 
ing case of a 1 ine-o f -centers cross sect ion ( r i s i n g 
from threshold at E = E 0 5 to a l i m i t i n g value of π d 2 ) 9 

and assuming no state dependence, Eq. (8) y i e l d s the 
usual Arrhen ius -1 ike temperature dependence for the 
rate constant 

k(T) = ( 8 k T y ) * u d 2 e x p ( - E 0 / k T ) . (9) 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



1. BERNSTEIN Cross Sections and Rate Constants 5 

Eq. (9) i s not a p p l i c a b l e to react ions of e x c i t e d -
state reagents and non-Maxwel1ian trans i a t iona l d i s 
t r i b u t i o n s ; one must use Eq. ( l ) , which requires a 
knowledge of P . , together with Eq. (5) , which requires 

both P(E) and σ Ί · ( Ε ) for a l l populated reagent states i . 

As w i l l be seen l a t e r , for react ions with an energy 
b a r r i e r σΊ. i s extremely s e n s i t i v e to the state of i n 
ternal e x c i t a t i o n of the reagent, and therefore so is 
k.j. For many p r a c t i c a l s i t u a t i o n s i n v o l v i n g l a ser ex
c i t a t i o n the t r a n s i a t i o n a l d i s t r i b u t i o n can be taken 
to be e s s e n t i a l l y Maxwellian and so Eq. (8) may be used. 

In 1 969 Parker and Pimentel ((5) made a s i g n i f i c a n t 
advance in connection with t h e i r chemical l a ser study 

deal ing with the exothermi
which gives r i s e to a v i b r a t i o n a l populat ion invers ion 
in the HF product . (The dagger denotes i n t e r n a l e x c i 
t a t i o n . ) From the r a t i o s of the rate constants for 
the formation of the various v i b r a t i o n a l states of the 

HF + (see F i g . 1 ) , they deduced (v ia d e t a i l e d balance) 
that the rate of the reverse , endothermic reac t ion 
would be s trong ly enhanced by v i b r a t i o n a l e x c i t a t i o n 
of the HF reagent. The p o s s i b i l i t y of p r e f e r e n t i a l 
u t i l i z a t i o n of reactant i n t e r n a l e x c i t a t i o n energy 
(vs. r e l a t i v e t r a n s i a t i o n a l energy) had already been 
suggested on dynamical grounds by Polanyi {7) in 1959 
(and, on the basis of t r a j e c t o r y c a l c u l a t i o n s a decade 
l a t e r by Polanyi et al (8, 9) and Raff et al (1_0)). 

In 1 969 Anlauf et al CIL) showed how to make use 
of microscopic r e v e r s i b i l i t y to p r e d i c t the v i b r o t a -
t i o n a l s e l e c t i v i t y in endoergic react ions from the pop
u l a t i o n - i n v e r s i o n data for the inverse (exoergic re 
a c t i o n ) , usua l ly obtained from i n f r a r e d chemi1umines-
cence data {]2J. 

Consider the s ta t e - t o - s t a t e atom-diatomic exchange 
r e a c t i o n , wr i t t en in the exoergic d i r e c t i o n : 

At a given value of the to ta l energy E , microscopic re 
v e r s i b i l i t y y i e l d s {29 3, ] ± ) : 

A + BC Cv,J) + AB(v' , J ' ) + C; Δ Ε 0 < 0, (I) 

o f ( v J - v 1 J ' | E ) 

σ Γ ( ν ' J ' + v J | E ) 2J +1 
2J'+1 (10) 
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6 STATE-TO-STATE CHEMISTRY 

so k f ( v J + v 1 J ' | E ) 

k ( v ' J ' + v J | E ) 

3/2 

X 
i 2 

t r 

t r 2 J +1 
( 1 1 ) 

S e v e r a l v a l u a b l e r e v i e w s have been p u b l i s h e d (5^, 
1 3 - 1 6 ) d e a l i n g w i t h e x p e r i m e n t a l and t h e o r e t i c a l - c o m 
p u t a t i o n a l s t u d i e s o f n a s c e n t p r o d u c t s t a t e d i s t r i b u 
t i o n s f o r e x o e r g i c r e a c t i o n s ( w h i c h a r e f o u n d t o be 
a l m o s t a l w a y s n o n - B o l t z m a n n ) . 

R e c e n t l y , L e v i n e e t a l (l_7-!20) p r e s e n t e d a t h e o 
r e t i c a l a n a l y s i s o f t h e e f f e c t o f r e a g e n t e n e r g y on 
r e a c t i o n r a t e s . They e m p l o y e d t h e i n f o r m a t i o n - t h e o r e 
t i c method ( 2 1 - 2 5 ) t o d e a l w i t h t h e p r o b l e m o f t h e 
s e l e c t i v i t y o f e n e r g y r e q u i r e m e n t s . In t h e c o u r s e o f 
t h e i r work t h e y c o n s i d e r e d a l s o t h e i m p l i c a t i o n o f 
d e t a i l e d b a l a n c e . 

K a p l a n e t a l (1_9
t r a n s i a t i o n a l d i s t r i b u t i o n , d e t a i l e d b a l a n c e y i e l d s 

k f ( v J + v ' J ' | T ) 

k r ( v ' J ' + v J | T ) 

3/2 
2 J ' + 1 
2J +1 

X e x p ( - 6 1 E / k T ) ( 1 2 ) 

w h e r e 6 l E Δ Ε 0 + G. 
ν J ' v J ' ( 1 3 ) 

h e r e G v j i s t h e v i b r o t a t i o n a l e n e r g y o f t h e r e a g e n t vJ 

s t a t e , G v i j i t h a t f o r t h e p r o d u c t v ' J ' s t a t e . 

In t h e s p e c i a l c a s e f o r w h i c h t h e r o t a t i o n a l s t a t e s 
o f b o t h r e a g e n t and p r o d u c t m o l e c u l e s a r e B o l t z m a n n i z e d , 
E q . ( 1 2 ) l e a d s t o t h e d e t a i l e d - b a l a n c e r e s u l t : 

k f(v-v'|T) SfZJ ' + D e x p i -Sj . /kn 
k r ( v ' + v | T ) Z ( 2 J + l ) e x p ( - G 1 / k T ) 

J 

w h e r e δ 2 Ε Ξ Δ Ε 0 + G v , - G v' 

3 j [ 2 e x p ( - 6 2 E / k T ) 

( 1 4 ) 

( 1 5 ) 

h e r e G v i s t h e v i b r a t i o n a l e n e r g y o f t h e r e a g e n t i n i t s 

r o t a t i o n l e s s s t a t e and G v , t h a t o f t h e p r o d u c t . E q . 

( 1 4 ) i s e s s e n t i a l l y t h a t u s e d by P a r k e r and P i m e n t e l 
{6) i n t h e i r a n a l y s i s o f t h e v i b r a t i o n a l d e p e n d e n c e o f 
t h e " r e v e r s e r a t e c o n s t a n t " , m e n t i o n e d a b o v e . 

On t h e e x p e r i m e n t a l s i d e , an e a r l y y e t e l e g a n t e x 
p e r i m e n t i n t h e i o n - m o l e c u l e f i e l d p l a y e d an i m p o r t a n t 
r o l e i n s t i m u l a t i n g r e s e a r c h i n v o l v i n g e x c i t e d n e u t r a l 
r e a g e n t m o l e c u l e s . T h i s " t e x t b o o k e x a m p l e " i s t h e work 
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1. B E R N S T E I N Cross Sections and Rate Constants 7 

o f Chupka e t a l ( 2 6 J i n Ί 969 on t h e e n d o e r g i c i o n -

m o l e c u l e r e a c t i o n H ^ i v ) + He -> H e H + + H, f r o m w h i c h a 

d i r e c t c o m p a r i s o n c o u l d be made (27) , a t c o n s t a n t t o t a l 
e n e r g y , o f t h e c o m p a r a t i v e e f f e c t o f r e a g e n t v i b r a t i o n 
a l e n e r g y v s . r e l a t i v e t r a n s i a t i o n a l e n e r g y upon t h e 
r e a c t i o n c r o s s s e c t i o n . E n h a n c e m e n t s o f more t h a n two 
o r d e r s o f m a g n i t u d e were o b s e r v e d , w h i c h have been t h e 
s u b j e c t o f c o n s i d e r a b l e t h e o r e t i c a l a t t e n t i o n (1_7, 2 8 ) . 

A number o f o t h e r i o n - m o l e c u l e s t u d i e s showed i m 
p o r t a n t v i b r a t i o n a l e n e r g y e f f e c t s , b u t i n t h e f i e l d o f 
n e u t r a l - n e u t r a l k i n e t i c s r e s u l t s on s e l e c t i v i t y o f e n 
e r g y r e q u i r e m e n t s were f o r t h c o m i n g w i t h more d i f 
f i c u l t y . T h e s e a r e t h e s u b j e c t o f t h e r e v i e w w h i c h f o l 
l o w s . Not t o be d i s c u s s e d a r e t h e c l o s e l y r e l a t e d b u t 
w e l 1 - r e v i e w e d ( 1 3 - 1 6
t r a n s i a t i o n a l e n e r g y d i s p o s a l i n e x o e r g i c r e a c t i o n s , 
n o r t h e l a r g e body o f c o m p u t e r - s i m u l a t i o n s t u d i e s . 

E a r l y " b u l k " e x p e r i m e n t s i n v o l v i n g v i b r a t i o n a l 1 y 
e x c i t e d r e a g e n t s . 

In 1 970 Stedman e t a l {29) p r o d u c e d e v i d e n c e f r o m 
a d i s c h a r g e - f l o w e x p e r i m e n t t h a t t h e r a t e o f t h e r e 
a c t i o n CI + i s e n h a n c e d by v i b r a t i o n a l e x c i t a 
t i o n . In 1 972 H e i d n e r and K a s p e r (30.) r e p o r t e d t h a t 
t h e r a t e c o n s t a n t f o r t h e p r o c e s s ( p r e d o m i n a t e l y r e 
a c t i v e ) H + H 2 ( v = l ) •+ H 2 ( v = 0) + H e x c e e d e d t h a t o f t h e 

Η - e x c h a n g e r e a c t i o n w i t h g r o u n d - s t a t e H 9 by a f a c t o r o f 
ca_.10 . They a t t r i b u t e d t h i s t o t h e e f f i c i e n t u t i l i 
z a t i o n o f t h e 12 k c a l m o l " 1 e x c i t a t i o n e n e r g y i n o v e r 
c o m i n g t h e b a r r i e r ( c o r r e s p o n d i n g t o a 7 . 5 k c a l m o l " 1 

a c t i v a t i o n e n e r g y ) . On t h e o t h e r h a n d , B i r e l y e t a l 
( 3 1 ) i n 1975 f o u n d i n a s i m i l a r d i s c h a r g e - f l o w e x p e r i 
ment t h a t v i b r a t i o n a l e x c i t a t i o n o f t h e H 2 was i n e f f e c 
t i v e i n o v e r c o m i n g t h e b a r r i e r c o r r e s p o n d i n g t o t h e 

10 k c a l m o l " 1 a c t i v a t i o n e n e r g y f o r t h e r e a c t i o n o f 
w i t h o x y g e n a t o m s . 

B a u e r e t a l (_32) i n 1 973 r e p o r t e d o b s e r v a t i o n s o f 
a l a s e r - i n d u c e d e x c h a n g e r e a c t i o n : + 2HD, i n 
t e r p r e t e d i n t e r m s o f a v i b r a t i o n a l e n h a n c e m e n t m e c h a n 
i s m . They d e d u c e d f r o m a c o m p u t e r a n a l y s i s o f t h e i r 
e x p e r i m e n t a l d a t a t h a t t h e e x c h a n g e r e a c t i o n p r o c e e d s 
w i t h a m e a s u r e a b l e r a t e f o r H 2 ( v > 4 ) . H o w e v e r , t h e r e 
i s some d o u b t a b o u t t h e i n t e r p r e t a t i o n o f t h e e x p e r i -
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8 STATE-TO-STATE CHEMISTRY 

m e n t s , s i n c e t h e b a r r i e r f o r t h e f o u r - c e n t e r r e a c t i o n 
i s g e n e r a l l y b e l i e v e d t o be s i g n i f i c a n t l y h i g h e r t h a n 
t h e i n t e r n a l e n e r g y o f H 2 i n t h e s t a t e v=4. F u r t h e r 

work i s n e e d e d t o c l a r i f y t h e s i t u a t i o n f o r t h i s i m 
p o r t a n t e l e m e n t a r y r e a c t i o n . 

S i m s e t a l ( 3 3 J i n 1975 r e p o r t e d i n d i r e c t e v i d e n c e 
( a l s o f r o m d i s c h a r g e f l o w e x p e r i m e n t s ) o f a v i b r a t i o n -

3 

a l r a t e e n h a n c e m e n t o f £ a . 7 x l 0 f o r t h e r e a c t i o n 
B r + H 2 ^ HBr + H, c o m p a r i n g H 2 ( v = l ) v s . H 2 ( v = 0 ) . 

In 1 973 G o r d o n and L i n (34.) r e p o r t e d a s i g n i f i c a n t 
e n h a n c e m e n t i n t h e r a t e o f t h e r e a c t i o n o f NO w i t h v i b 
r a t i o n a l ^ e x c i t e d 0 3 , i . e . , NO + O-^ ( 0 1 0 ) ·> Ν 0 2

+ + 0 2 · 

The r a t i o o f r a t e c o n s t a n t s f o r t h e r e a c t i o n w i t h 
0 3 ( v 2 = l ) v s . 0 3 ( v 2

r e a c t i o n , i n v o l v i n g 0 3 e x c i t e d i n s p e c i f i c m o d e s , has 

been t h e s u b j e c t o f c o n s i d e r a b l e f u r t h e r e x p e r i m e n t a l 
work (3!5, 3 6 ) . 

A r n o l d i and W o l f r u m (37_) i n 1 974 u s e d a p u l s e d 
c h e m i c a l l a s e r t o e x c i t e HC1 and f o u n d an e n h a n c e m e n t 
o f t h e r a t e o f t h e n e a r l y t h e r m o n e u t r a l r e a c t i o n 

0 + HC1 - OH + CI by c a . 4 x l 0 3 , and H + HC1 + H 2 + CI 

by more t h a n 1 o r d e r o f m a g n i t u d e . K a r n y e t a l ( 3 8 ) 
i n 1975 s t u d i e d t h e 0 + HC1 r e a c t i o n i n a s i m i l a r way 
and r e p o r t e d t h e v i b r a t i o n a l e n h a n c e m e n t o f t h e r e a c t -

i v e p r o c e s s t o be 3 x 1 0 . 
T h e s e e x p e r i m e n t s c o n s t i t u t e t h e body o f t h e e a r l y , 

m a i n l y q u a l i t a t i v e , b u l k gas p h a s e e x p e r i m e n t s on v i b 
r a t i o n a l e n h a n c e m e n t ( 3 9 - 4 1 ) . In t h e f o l l o w i n g s e c 
t i o n t h e more q u a n t i t a t i v e , d e t a i l e d s t u d i e s w i l l be 
d i s c u s s e d . 

Q u a n t i t a t i v e e x p e r i m e n t s i n v o l v i n g v i b r a t i o n a l l y 
e x c i t e d d i a t o m i c s . 

A q u a n t i t a t i v e s t u d y o f t h e r a t e s o f t h e r e a c t i o n s : 

+ OH + CI 
0 ( 3 P ) + H C 1 ( v = l v s . 0 ) 

a 

0 + HC1 Cv=0) 
and t h e DC1 a n a l o g u e has been r e p o r t e d by Brown e t a l 
( 4 2 ) o v e r a t e m p e r a t u r e r a n g e f r o m 196 t o 4 0 0 K . 
H o w e v e r , t h e r e l a t i v e c o n t r i b u t i o n o f t h e r a t e o f t h e 
r e a c t i v e p a t h ( a ) v s . t h a t o f t h e n o n r e a c t i v e r e l a x a 
t i o n p r o c e s s ( b ) , an e l e c t r o n i c a l l y n o n - a d i a b a t i c 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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v i b r o n i c t r a n s i t i o n , c o u l d n o t be d e t e r m i n e d , so t h e 
l a r g e v i b r a t i o n a l r e l a x a t i o n r a t e s f o u n d h e r e and i n 
R e f . ( 3 8 ) c a n n o t be c l e a r l y a t t r i b u t e d t o a t r u e v i b -

+ 
r a t i o n a l e n h a n c e m e n t f o r t h e r e a c t i o n 0 + HC1 + 
OH + CI . 

S e v e r a l s e r i e s o f s i g n i f i c a n t e x p e r i m e n t s have 
been c a r r i e d o u t by P o l a n y i and c o - w o r k e r s . In 1972 
K i r s c h and P o l a n y i ( 4 3 J s t u d i e d t h e r e a c t i o n F + HC1 •> 
HF + CI f o r w h i c h E a c t ~ l k c a l m o l " 1 , and f o u n d t h a t 

e x c i t e d HC1 ( v = l ) [ E v i b = 8 . 2 k c a l m o l " 1 ] g a v e r i s e t o 

an e n h a n c e m e n t o f t h e o v e r a l l r a t e [ r e l a t i v e t o HC1 
( v = 0 ) ] by a f a c t o r b e t w e e n 3 and 9 , and a l s o p r o d u c e d 
a much h i g h e r d e g r e e o f v i b r a t i o n a l e x c i t a t i o n o f t h e 
HF p r o d u c t . A more
c l u d i n g t h e o r e t i c a l i n t e r p r e t a t i o n

F o r t h e e n d o e r g i c r e a c t i o n ( Δ Ε 0 = 1 6 . 5 k c a l m o l " 1 ) 
B r + HC1 •> HBr + C I , D o u g l a s e t a l ( 4 5 J showed ( u s i n g a 
" p r e - r e a c t o r " p r o d u c i n g HC1 i n s t a t e s v = l , 2 , 3 , 4 ) t h a t 

when HC1 i s e x c i t e d t o v>2 ( Ε ^ ^ ΐ β k c a l m o l " 1 ) t h e 

r e a c t i o n p r o c e e d s w i t h n e a r g a s - k i n e t i c r a t e s a t t h e r 
mal c o l l i s i o n e n e r g i e s . They were t h u s a b l e t o m e a 
s u r e a " v i b r a t i o n a l e n e r g y t h r e s h o l d " f o r t h e r e a c t i o n 
( w h i c h t u r n e d o u t t o be e s s e n t i a l l y t h e e n d o e r g i c i t y ) . 

F o l l o w i n g a s t u d y by L e o n e e t a l ( 4 6 J , A r n o l d i and 
W o l f r u m ( 4 7 ) r e p o r t e d a d e t a i l e d i n v e s t i g a t i o n o f t h e 
i n f l u e n c e o f s e l e c t i v e v i b r a t i o n a l e x c i t a t i o n ( v i a a 
p u l s e d c h e m i c a l l a s e r ) o f HC1 (v=2 vs 1 , 0) on t h e r a t e 
o f r e a c t i o n w i t h s e v e r a l a t o m i c s p e c i e s . The m o s t 
i n t e r e s t i n g r e s u l t s were i n t h e r e a c t i o n w i t h B r , men
t i o n e d a b o v e . F i g . 2 shows t h e r e l e v a n t e n e r g y l e v e l 
d i a g r a m . A t 2 9 8 ° K , t h e r a t e c o n s t a n t f o r H C l ( v = 2 ) was 

ç a . 1 0 9 M " 1 s e c " 1 , v s . k f o r HC1(v=0) o f c a . 1 0 " 2 M " 1 s e c " 1 

some 11 o r d e r s o f m a g n i t u d e o f e n h a n c e m e n t ! (48^). The 
t a b l e b e l o w c o m b i n e s t h e r a t e c o n s t a n t r e s u l t s o f W o l 
f r u m e t a l w i t h t h e r e l a t i v e r a t e d a t a o f P o l a n y i -s e x 
p e r i m e n t s ( s c a l e d f o r b e s t a c c o r d w i t h t h e W o l f r u m 
r e s u l t s ) . 

k ( v ) 
B r + H C 1 ( v ) • HBr + CI 

V 0 1 2 3 4 

k ( v ) , M " 1 s e c " 1 l x l O " 2 2 x l 0 4 l x l O 9 7 x l 0 9 1 X 1 0 1 0 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 1. Energy levels, activa
tion barrier, and specific rate con
stants for the F + H» reaction. 
Adapted from Parker and Pimentel 

F+Hg — - H + HF 
k 

k ^ H + H F ( v = 3 ) 

HF(v = 2) 

31.6 kcal mol 
+HF(v = l) 

H+HF(v = 0) 

REACTION COORDINATE-

Br(2P 3 / 2)+HCHv22) 

33.3 

Br(2p3 / 2)+HCHv=l) 

34.5 

Br( 2P 3 / 2)+Ha(v=0) 

HBr(v=0) + CJ 

i / 
Δ Ε = 65.2 k J mol 

Figure 2. Energy levels for the HCl(v) + 
Br reaction. Adapted from Arnoldi and 

Wolfrum (47). — • REACTION COORDINATE — 

Figure 3. Specific rate constants for the 
endothermic reactions of H F with Br, CI 
and HCl tvith Br, as a function of the vibra
tional excitation of the reagent molecule 
(expressed as a fraction of the barrier height, 
Qt. Successive ordinate scales displaced as 
indicated. Adapted from Doughs, Polanyi 

and Sloan (49). 

HF++ Br,Q*=49kcal mol"1 

HF t + Cfi,Q*=34 

Η α ν Β Γ , 0 + = Ι6.5 

0.5 1.0 1.5 2.0 
REAGT.VIBN, FRACTION OF Q* 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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The s t r o n g v i b r a t i o n a l s t a t e d e p e n d e n c e o f t h e 
r a t e c o n s t a n t k ( v ) i s i n q u a l i t a t i v e a c c o r d w i t h p r i o r 
e x p e c t a t i o n , as w i l l be s e e n i n t h e n e x t s e c t i o n . 

A t h o r o u g h s t u d y o f t h e v - d e p e n d e n c e o f t h e r a t e 
c o n s t a n t f o r t h r e e e n d o t h e r m i c a t o m - m o l e c u l e r e a c t i o n s 
has r e c e n t l y been r e p o r t e d by D o u g l a s e t a l ( 4 9 j . T h e i r 
r e s u l t s a r e d i s p l a y e d i n F i g . 3 , f o r t h e r e a c t i o n 

H F + + B r , CI and HCl 1 * + B r . T h e r e i s c l e a r e v i d e n c e 
f o r a " v i b r a t i o n a l t h r e s h o l d " i n e a c h c a s e . 

A l l o f t h e f o r e g o i n g r e s u l t s were o b t a i n e d f r o m 
" b u l k " gas p h a s e e x p e r i m e n t s i n f l o w s y s t e m s . ( F o r r e 
c e n t r e v i e w s see R e f s . ^ 6 , 50̂  and 5Jk) R e l a t i v e l y few 
e x p e r i m e n t s have been c a r r i e d o u t u n d e r s i n g l e c o l l i 
s i o n c o n d i t i o n s . 

The f i r s t c r o s s e
O d i o r n e e t a l ( 5 2 J i
HC1 (v = l v s . O ) + Κ -> KC1 + H. U s i n g a p u l s e d HC1 c h e m 
i c a l l a s e r t h e y f o u n d t h a t t h e c r o s s s e c t i o n ( i . e . , 
t h e s c a t t e r e d i n t e n s i t y ) f o r t h e H C 1 ( v = l ) r e a c t i o n was 
c o n s i d e r a b l y g r e a t e r (by a f a c t o r o f 1 0 - 1 0 0 ) t h e n t h a t 
f o r t h e r e a c t i o n o f g r o u n d s t a t e H C 1 . T h i s e x p e r i m e n t 
was o f a p i o n e e r i n g n a t u r e and as s u c h p r o v i d e d o n l y 
q u a l i t a t i v e i n f o r m a t i o n on t h e v i b r a t i o n a l e n h a n c e m e n t . 
The t r a n s i a t i o n a l e n e r g y d e p e n d e n c e o f t h e g r o u n d - s t a t e 
r e a c t i o n has a l s o been m e a s u r e d ( 5 3 ) . 

A t o u r - d e - f o r c e e x p e r i m e n t was r e c e n t l y c a r r i e d 
o u t by P r u e t t and Z a r e (!54) on t h e r e a c t i o n Ba + HF 

(v = l v s . O ) -* BaF1" + H. Ca_.l% o f t h e HF m o l e c u l e s were 
e x c i t e d t o t h e v = l s t a t e by a CW HF l a s e r , and c l e a r 
e v i d e n c e f o r t h e f o r m a t i o n o f h i g h e r e x c i t e d s t a t e s o f 
BaF a r i s i n g f r o m t h e e x c i t e d HF r e a g e n t m o l e c u l e s was 
p r e s e n t e d . 

T a b l e 1 i s a summary o f t h e s e and o t h e r e x p e r i m e n t s 
d e a l i n g w i t h t h e r e a c t i o n o f v i b r a t i o n a l l y e x c i t e d , 
n e u t r a l d i a t o m i c r e a g e n t s . 

T h e o r e t i c a l c o n s i d e r a t i o n s r e g a r d i n g v i b r a t i o n a l 
e n h a n c e m e n t e f f e c t . 

On t h e b a s i s o f t h e most p r i m i t i v e a r g u m e n t one 
w o u l d e x p e c t t h a t f o r a r e a c t i o n whose t h e r m a l r a t e 
c o n s t a n t f o l l o w s an A r r h e n i u s t e m p e r a t u r e d e p e n d e n c e 
( c f . E q . 9 ) , v i b r a t i o n a l e x c i t a t i o n o f a r e a g e n t by an 
amount Ε w o u l d r e d u c e t h e a c t i v a t i o n e n e r g y E a by 

VI D α 
some f r a c t i o n , s a y a , o f t h a t amount ( 5 0 ) , Thus 

k ( v ) / k ( 0 ) = e x p [ - ( E a - a E v i b ) / k T ] , 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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T a b l e 1 . E x p e r i m e n t s w i t h v i b r a t i o n a l 1 y e x c i t e d , 
n e u t r a l d i a t o m i c r e a g e n t s . 

R e a c t i o n R e f e r e n c e 

H2 + CI -> HC1 + C l Stedman e t a l (1 9 7 0 ) ( 2 ^ ) 

+ D 2 - 2HD; + H 2 - 2HD B a u e r e t a l ( 1 9 7 3 ) ( 3 2 ) 

\\\ + 0 + OH + H B i r e l y e t a l (1 9 7 5 ) (31.) 

\\\ + B r ·> HBr + H S i m s e t a l (1 9 7 5 ) ( 3 3 ) 

ClI + H - HC1 + C l D i n g e t a l ( 1 9 7 3 ) ( 4 4 ) 

H F f + D 2 ^ HD + DF

H F ( v = l ) + 0 -y OH + F Q u i g l e y , Wolga (1 9 7 4 ) ( 4 0 ) 

H F ( v = l ) + Ba -> BaF + H P r u e t t , Z a r e (1 9 7 6 ) ( 5 4 ) 

H F ( v = l - 5 ) + Na - NaF + F B l a c k w e l l e t a l ( 1 9 7 6 ) ( 5 6 ) 

H F ( v = l - 6 ) + B r , C l ->- H B r , HC1 + F 

D o u g l a s e t a l ( 1 9 7 6 ) ( 4 9 ) 

H C l ( v = l ) + Κ -* KC1 + H O d i o r n e e t a l ( 1 9 7 1 ) (5_2) 

H C l ( v = l ) + F -> HF + C l K i r s c h , P o l a n y i (1 9 7 2 ) ( 4 3 ) 
D i n g e t a l ( 1 9 7 3 ) ( 4 4 ) 

H C l ( v = l - 4 ) + B r -> HBr + C l D o u g l a s e t a l (1 9 7 3 , 1 9 7 6 ) 
( 4 5 , 4 9 ) 

H C l ( v = l , 2 ) + B r -v HBr + C l A r n o l d i e t a l ( 1 9 7 5 ) ( 4 8 ) 
L e o n e e t a l ( 1 9 7 5 ) ( 4 6 j ~ 
A r n o l d i , W o l f r u m ( 1 9 7 6 ) (47J 

H C l ( v = l ) + H - H 2 + C l A r n o l d i , W o l f r u m ( 1 9 7 6 ) (37J 

H C l ( v = l - 4 ) + Na + N a C l + H B l a c k w e l l e t a l ( 1 9 7 6 ) ( 5 7 J 

H C l ( v = l ) + 0 ·> OH + C l A r n o l d i , W o l f r u m (1 9 7 4 ) ( 3 7 ] 
K a r n y e t a l ( 1 9 7 5 ) ( 3 8 ) 
Brown e t a l ( 1 9 7 5 ) ( 4 2 ) 
[ a l s o DC1] 

0 H ( v = l - 9 ) + C l -> HC1 + 0 B l a c k w e l l e t a l ( 1 9 7 7 ) ( 5 6 ) 

N 0 ( v = l ) + 0 , •+ NO, + 0 S t e p h e n s o n , F r e u n d (1 976) 
3 2 ( 5 8 ) 

C N ( v = l - 8 ) + 0 CO + Ν S c h m a t j k o , W o l f r u m ( 1 9 7 7 ) 
( 5 9 ) . 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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so t h a t v i b r a t i o n a l d e p e n d e n c e p e r se a t a g i v e n t e m p e r 
a t u r e c o u l d be e x h i b i t e d as a n e a r l y l i n e a r s e m i l o g -
a r i t h m i c p l o t [ I n k ( v ) vs Ε -̂ 1 w i t h a s l o p e 

[ 3 1 n k ( v ) / 3 E v i b ] T = a/kT. ( 1 7 ) 

B i r e l y and Lyman {50) have s u m m a r i z e d and a n a l y z e d t h e 
e a r l y e x p e r i m e n t a l r e s u l t s i n t e r m s o f t h i s p a r a m e t e r 
a , t h e " c o n v e r s i o n e f f i c i e n c y " . F o r most r e a c t i o n s o f 
v i b r a t i o n a l l y e x c i t e d H 2 , OH, HC1 ( a n d 0 g ) t h e y f o u n d 

α t o be l e s s t h a n u n i t y , and u n c o r r e l a t e d w i t h E . 
α 

Δ Ε 0 , o r E v i - b ; p r e s u m a b l y c e r t a i n key t o p o l o g i c a l f e a t 
u r e s o f t h e p o t e n t i a l e n e r g y s u r f a c e p l a y e d a d o m i n a n t 
r o l e i n d e t e r m i n i n

L e v i n e and Manz ( 1_7), h e r e a f t e r L M , have c o n s i d 
e r e d t h i s p r o b l e m f r o m t h e v i e w p o i n t o f t h e i n f o r m a 
t i o n - t h e o r e t i c a p p r o a c h ( 2 1 - 2 5 ) , i n w h i c h one f i r s t 
e v a l u a t e s t h e p r i o r e x p e c t a t i o n o f t h e r a t e c o n s t a n t , 
i . e . , k ° ( v | T ) > o n t h e b a s i s o f a w e l l - d e f i n e d s t a t i s 
t i c a l ( d e n s i t y o f s t a t e s ) m o d e l . Then t h e d e v i a t i o n 
f r o m k ° i s e x p r e s s e d i n t e r m s o f a s u r p r i salI , i n t h e 
u s u a l way ( 2 2 ) . The s u r p r i s a l i s t h e n e x a m i n e d as a 
f u n c t i o n o f t h e d e g r e e o f r e a g e n t e x c i t a t i o n . 

F o r t h e s i m p l e c a s e o f an a t o m - d i a t o m i c s y s t e m 
( i . e . , r e a c t i o n I ) , a s s u m i n g t h e r i g i d r o t o r - h a r m o n i c 
o s c i l l a t o r (RRHO) e n e r g y l e v e l scheme (_3) * and t a k i n g 
r o t a t i o n a l d i s t r i b u t i o n s t o be s t a t i s t i c a l , LM o b t a i n 
ed a c l o s e d - f o r m e x p r e s s i o n f o r t h e " p r i o r " r a t e c o n 
s t a n t k ° ( v | T ) as a f u n c t i o n o f t h e d i m e n s i o n l e s s v a r i 
a b l e ( G v - A E 0 ) / k T ( w h e r e G v i s t h e v i b r a t i o n a l e n e r g y 
o f t h e r e a g e n t d i a t o m i c ) . T h i s f u n c t i o n i s p l o t t e d 
( s e m i l o g a r i t h m i c a l l y ) i n F i g . 4 . 

LM p o i n t e d o u t t h a t i n t h e " s t r o n g l y e n d o t h e r m i c 
l i m i t " , i . e . , G v - A E o < < 0 , t h e i r e x p r e s s i o n r e d u c e s t o 
t h e s i m p l e f o r m 

k ° ( v | T ) = C ( T ) e x p [ ( G v - A E 0 ) / k T ] ( 1 8 ) 

w h e r e C ( T ) i s w e a k l y d e p e n d e n t upon t e m p e r a t u r e . Thus 
a p l o t o f I n k ° ( v ) vs (G - A E 0 ) / k T s h o u l d a p p r o a c h u n i t 

s l o p e ; i n t h i s l i m i t t h e v i b r a t i o n a l d e p e n d e n c e w o u l d 

be [ a i n k ° ( v ) / 3 G v ] T = 1/kT [ 1 9 ) 

( c f . E q . 1 7 ) . 
H o w e v e r , w i t h a d d i t i o n a l v i b r a t i o n a l e x c i t a t i o n 

t h e p r i o r - e x p e c t a t i o n v i b r a t i o n a l e n h a n c e m e n t e f f e c t 

In State-to-State Chemistry; Brooks, P., et al.; 
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becomes much s m a l l e r ( s e e F i g , 4 ) , In t h e " e x o t h e r m i c 
l i m i t " , LM show t h a t 

k ° ( v | T ) « [ ( G v - A E o ) / k T ] 5 / 2 . ( 2 0 ) 

I t s h o u l d be p o i n t e d o u t t h a t t h e LM p r i o r r a t e i s i n 
d e p e n d e n t o f t h e i n t r i n s i c a c t i v a t i o n b a r r i e r o r t h e 
t h r e s h o l d e n e r g y E 0 > b e i n g a f u n c t i o n o n l y o f t h e e n -
d o e r g i c i t y v i a t h e r e d u c e d v a r i a b l e ( G v - A E Q ) / k T . 

The s u r p r i s a l (22) o f t h e r a t e c o n s t a n t i s d e f i n 
ed i n t h e u s u a l way: 

K G V | T ) Ξ - l n [ k ( v | T ) / k ° ( v | T ) ] , ( 2 1 ) 

and p l o t t e d vs G y a

p r i s a l i s e s s e n t i a l l y l i n e a r , and i t c a n be e x p r e s s e d 

I v = l o + X v G v / _ k T . ( 2 2 ) 

E q . 22 s e r v e s t o d e f i n e t h e p a r a m e t e r λ ν = k T ( 9 1 ν / 9 ί \ ) τ · 

Thus i n t h e c a s e o f a l i n e a r s u r p r i s a l , and i n t h e 
" s t r o n g l y e n d o t h e r m i c " l i m i t , t h e r a t e c o n s t a n t c a n 
be e x p r e s s e d a p p r o x i m a t e l y by 

k ( v I T ) = A e x p { - [ A E 0 - ( l - X v ) G v ] / k T } ( 2 3 ) 

( c f . E q . 1 6 ) . Then by a n a l o g y w i t h E q . ( 1 7 ) , 

[ 3 1 n k ( v ) / 3 G v ] T = ( l - X v ) / k T , ( 2 4 ) 

so α i s i d e n t i f i e d w i t h 1 - λ ν i n t h i s l i m i t . F o r most 

o f t h e e x a m p l e s s t u d i e d , LM f o u n d λ γ t o be n e g a t i v e , 

l y i n g i n t h e r a n g e - 0 . 2 5 < λ <0, i m p l y i n g an " e x t r a " 

e f f e c t i v e n e s s o f v i b r a t i o n a l e x c i t a t i o n i n p r o m o t i n g 
r e a c t i o n ( c f . R é f . <6) . 

T h i s i s , o f c o u r s e , c o n s i s t e n t ( v i a m i c r o r e v e r s i -
b i l i t y ) w i t h t h e f r e q u e n t o b s e r v a t i o n o f v i b r a t i o n a l 
p o p u l a t i o n i n v e r s i o n i n t h e r e v e r s e , e x o t h e r m i c r e a c t 
i o n s . The a d v a n t a g e o f t h e i n f o r m a t i o n - t h e o r e t i c 
a p p r o a c h ( t h e s u r p r i s a l w i t h r e s p e c t t o a s t a t i s t i c a l 
" p r i o r " ) o v e r t h e p u r e l y e m p i r i c a l one ( e . g . , f o r c i n g 
a f i t t o E q . 16) i s t h a t t h e m a i n e f f e c t o f G , i . e . , 
t h e v i b r a t i o n a l e n h a n c e m e n t ( w h i c h comes f r o m t h e p r i o r 
i t s e l f ) i s r e m o v e d . Then one d e a l s o n l y w i t h t h e d e v i 
a n c e . A l s o , one can r i g o r o u s l y r e l a t e t h e s e l e c t i v i t y 
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o f t h e e n d o t h e r m i c r e a c t i o n w i t h t h e s p e c i f i c i t y o f 
t h e e x o t h e r m i c r e a c t i o n ( 1 4 , 1 9 , 2 0 ) . N o r m a l l y t h e 
l a t t e r i s o b t a i n e d more e a s i l y e x p e r i m e n t a l l y ( a n d 
c o m p u t a t i o n a l l y , v i a t r a j e c t o r y s i m u l a t i o n s ) . Of 
c o u r s e , e v e n i n t h e c a s e o f a l i n e a r s u r p r i s a l , one 
has n o t y e t a s c e r t a i n e d t h e r e l a t i o n b e t w e e n t h e v a l u e 
o f t h e λ p a r a m e t e r and t h e t o p o l o g y o f t h e p o t e n t i a l 

s u r f a c e . v 

I n f l u e n c e o f r e a g e n t ' s r o t a t i o n a l e n e r g y upon r e a c t i v i t y 

The r o t a t i o n a l e n e r g y e f f e c t upon m o l e c u l a r r e 
a c t i v i t y has r e c e i v e d c o n s i d e r a b l y l e s s e x p e r i m e n t a l 
a t t e n t i o n t h a n t h e a n a l o g o u s v i b r a t i o n a l e f f e c t . J u s t 
as i n t h e l a t t e r c a s e , o f c o u r s e , m i c r o s c o p i c r e v e r s i 
b i l i t y can be e x p l o i t e
l a t e t h e s p e c i f i c i t y o f t h e p r o d u c t ' s r o t a t i o n a l s t a t e 
d i s t r i b u t i o n i n an e x o e r g i c r e a c t i o n w i t h t h e s e l e c t i v 

i t y o f t h e r e a c t a n t ' s r o t a t i o n a l s t a t e u t i l i z a t i o n i n 
t h e i n v e r s e , e n d o e r g i c r e a c t i o n . The i n f o r m a t i o n -
t h e o r e t i c m e t h o d o l o g y {24) f o r t h e a n a l y s i s o f r o t a 
t i o n a l s t a t e d i s t r i b u t i o n s ( 6 0 - 6 5 ) has been e x t e n d e d 
( 1 7 ) t o d e a l w i t h r e a g e n t ' s r o t a t i o n a l s e l e c t i v i t y . 
H o w e v e r , e x p e r i m e n t a l d a t a on t h e r o t a t i o n a l e f f e c t i s 
q u i t e s p a r s e , so t h e method has n o t y e t been w e l l t e s t e d . 

The e x i s t i n g e x p e r i m e n t s d e a l w i t h t h r e e c l a s s e s 
o f r e a c t i o n s : H 2 , HCl + F; H F , HCl + N a ; and C s F + K. 

The f i r s t t o be s t u d i e d was t h e F + H2 r e a c t i o n 
( 6 6 - 6 9 ) : 

H 2 ( J = 1 v s . O ) + F + HF + H 

M e a s u r e m e n t s were made by K l e i n and P e r s k y (67) o f t h e 
r a t e c o n s t a n t r a t i o f o r n o r m a l H 2 (25% p a r a ) vs. a 
p a r a h y d r o g e n - e n r i c h e d (75% p a r a ) r e a g e n t . The r a t i o 
k [ H 2 7 5 % p ] / k [ H 2 2 5 % p a r a ] d i f f e r e d f r o m u n i t y o n l y f o r 

t h e l o w e s t t e m p e r a t u r e e x p e r i m e n t ( 1 7 5 ° K ) , a t w h i c h i t 
was 1 . 0 2 5 ± 0 . 0 1 ( f r o m w h i c h k

p a r a / k
o r t h o

= 1 . 0 5 ± 0 - 0 2 ) · 
T h i s r e s u l t i m p l i e d a s l i g h t d e c r e a s e i n r e a c t i v i t y f o r 
t h e J = l s t a t e ( v s . J = 0 ) . Coombe and P i m e n t e l (66) had 
a l r e a d y s t u d i e d t h e same r e a c t i o n by t h e c h e m i c a l l a s 
e r t e c h n i q u e , c o m p a r i n g p r o d u c t (HF) v i b r a t i o n a l s t a t e 
d i s t r i b u t i o n s f o r n o r m a l and 85% p a r a h y d r o g e n . S u b 
s t a n t i a l e f f e c t s were n o t e d , o v e r a w i d e t e m p e r a t u r e 
r a n g e , b u t s u b s e q u e n t c h e m i l u m i n e s c e n c e e x p e r i m e n t s 
( 6 8 ) c a s t d o u b t upon c e r t a i n o f t h e s e r e s u l t s . The 
m o s t d e f i n i t i v e s t u d y o f t h i s e f f e c t i s t h a t o f D o u g l a s 
and P o l a n y i ( 6 9 ) , w h i c h p r o v i d e s q u a n t i t a t i v e d a t a on 
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k ( J ) f o r t h i s r e a c t i o n . They a l s o e v a l u a t e d t h e a v e r 
age f r a c t i o n o f t h e a v a i l a b l e e n e r g y a p p e a r i n g i n HF 

v i b r a t i o n , f v , ; i t was f o u n d t o be s l i g h t l y J - d e p e n d e n t . 

E x p e r i m e n t s on t h e r o t a t i o n a l e n e r g y e f f e c t upon 
t h e r e a c t i o n 

H C 1 ( J = 0 - 1 0 ) + F + HF + CI 

w e r e r e p o r t e d by P o l a n y i and c o w o r k e r s ( 4 £ ) i n 1 9 7 3 . 
R e c e n t l y , B l a c k w e l l e t a l (70) have o b s e r v e d t h e r o t a 
t i o n a l e f f e c t f o r h y d r o g e n h a l i d e - a l k a l i r e a c t i o n s : 

HF(J= o-12) + Na + NaF + H 
HC1(J= o-12) + Na + NaCl+ H. 

A l l o f t h e s e s t u d i e s i n v o l v e d f l o w i n g gas s y s t e m s 
and w o u l d be c h a r a c t e r i z e d as " b u l k e x p e r i m e n t s " . The 
o n l y s i n g l e - c o l l i s i o n e x p e r i m e n t s ( i . e . , u s i n g c r o s s e d 
beams) on t h e r o t a t i o n a l e n e r g y e f f e c t a r e t h o s e o f 
S t o l t e e t a l ( 7 1 , 72) on t h e a l k a l i h a l i d e - a l k a l i e x 
c h a n g e r e a c t i o n : 

C s F ( J ) + Κ + Cs + KF . 

The i n f l u e n c e o f t h e r o t a t i o n a l e n e r g y o f t h e C s F 
m o l e c u l e upon i t s r e a c t i v i t y w i t h Κ was m e a s u r e d by 
t h e c r o s s e d m o l e c u l a r beam t e c h n i q u e o v e r a r a n g e o f 

r e l a t i v e t r a n s i a t i o n a l e n e r g y E t r f r o m 3 - 6 k c a l m o l " 1 . 

The e x p e r i m e n t s i n v o l v e d t h e e n d o e r g i c r e a c t i o n 
[known t o p r o c e e d v i a a l o n g - l i v e d c o m p l e x ( 7 3 ) ] : 
C s F + Κ [ C s F K ] + Cs + KF - 1.8 k c a l m o l " 1 . The r e 
a c t i v e b r a n c h i n g f r a c t i o n F^ had been p r e v i o u s l y m e a 
s u r e d (4(5) u s i n g v e l o c i t y - s e l e c t e d b u t o t h e r w i s e 
" t h e r m a l " ( B o l t z m a n n ) C s F . Beams o f l o w r o t a t i o n a l 
s t a t e s o f C s F were p r e p a r e d by means o f a q u a d r u p o l e 
s t a t e s e l e c t o r - f o c u s i n g f i e l d p l a c e d beyond t h e v e l o 
c i t y s e l e c t o r . T h i s a r r a n g e m e n t p r o v i d e d " l o w - J " beams 
o f C s F , w i t h known s p e e d d i s t r i b u t i o n s , w h i c h were 
t h e n c r o s s e d w i t h a w e l 1 - c h a r a c t e r i z e d Κ beam. The 
m e a s u r e m e n t s c o n s i s t e d o f a n g u l a r d i s t r i b u t i o n s o f r e 
a c t i v e ( i . e . , C s ) and n o n r e a c t i v e ( i . e . , C s F ) s c a t t e r 
i n g f o r t h e " l o w - J " beam c o m p a r e d t o _ t h e " t h e r m a l " r e -
a c t a n t beam a t e s s e n t i a l l y t h e same Ë t r . The r e a c t i v e 

y i e l d and t h u s t h e r e a c t i v e b r a n c h i n g f r a c t i o n was 
f o u n d t o be s i g n i f i c a n t l y s m a l l e r f o r t h e " l o w - J " beam 
t h a n f o r t h e " t h e r m a l " beam o f C s F . 
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The a v e r a g e r o t a t i o n a l e n e r g y Ε t o f t h e r e a c -
t a n t m o l e c u l e s was known a t e a c h . E j. r a n g e d 

f r o m 0 . 1 3 t o 0 . 0 4 k c a l m o l - 1 f o r E. i n t h e r a n g e 3 t o 

6 k c a l m o l - 1 , w h e r e a s Erot f o r t h e " t h e r m a l " C s F beam 
was 2 . 5 2 k c a l m o l - 1 . (Thus t h e e f f e c t o f a p p l y i n g t h e 
r o d v o l t a g e t o t h e q u a d r u p o l e s was t o " s w i t c h o f f " 

some 2 . 4 k c a l m o l - 1 o f CsF r o t a t i o n a l e n e r g y . ) The r e 
s u l t s a r e shown i n F i g . 5. 

By c o m b i n i n g t h e d a t a on t h e E t r - d e p e n d e n c e o f 

F R f o r t h e r o t a t i o n a l l y c o l d CsF beams w i t h t h e p r e 
v i o u s r e s u l t s f o r t h e r m a l beams i t was p o s s i b l e t o 
c o m p a r e t h e r e l a t i v e i m p o r t a n c e o f r o t a t i o n a l v s . 
t r a n s l a t i o n a l e n e r g
f o u n d t h a t r o t a t i o n a l e n e r g y o f t h e CsF i s s i g n i f i 
c a n t l y l e s s e f f e c t i v e t h a n r e l a t i v e t r a n s l a t i o n a l 
e n e r g y i n p r o m o t i n g t h e r e a c t i o n , i n s e m i q u a n t i t a t i v e 
a c c o r d w i t h t h e o r y ( 7 4 ) . 

C o n c l u d i n g r e m a r k s 

T h i s p a p e r has been a r e v i e w and an i n t r o d u c t i o n 
t o t h e s u b j e c t m a t t e r o f t h i s s y m p o s i u m on s t a t e - t o -
s t a t e c h e m i s t r y . The t o p i c o f s t a t e - t o - s t a t e c r o s s 
s e c t i o n s and r a t e c o n s t a n t s has c o n s i d e r a b l e t h e o r e t i 
c a l and p r a c t i c a l s i g n i f i c a n c e (27, 7 5 - 7 7 ) . As e v i d 
e n c e d by t h e s c o p e o f t h e p r o g r a m , t h e s u b j e c t e n c o m 
p a s s e s t h e e n t i r e f i e l d o f m o l e c u l a r r e a c t i o n d y n a m i c s , 
r a n g i n g f r o m ab i n i t i o quantum c h e m i s t r y and p o t e n t i a l 
e n e r g y s u r f a c e s t o s c a t t e r i n g t h e o r y ( q u a n t a l and 
c l a s s i c a l ) , m o l e c u l a r and i o n beam s c a t t e r i n g , a k i n e t i c 
s p e c t r o s c o p y , gas p h a s e and p h o t o c h e m i c a l k i n e t i c s , 
c h e m i c a l l a s e r s and l a s e r - i n d u c e d c h e m i c a l r e a c t i o n s . 
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2 
State-to-State Ion-Molecule Reactions 

T. F. MORAN 

Chemistry Department, Georgia Institute of Technology, Atlanta, GA 30332 

The purpose of this paper is to examine some of the state to 
state processes that occu
molecule. High resolutio
been so developed that detailed quantum state distributions can 
be obtained from a translational energy analysis of products 
scattered in ion-molecule interactions. When an ion , A+, 
collides with a neutral molecule, BC, a number of scattering 
events can occur. Some of these processes are i l lus t ra ted 
schematically. 

In e las t ic scattering events (1) the velocities of the pro
duct species differ in direction and magnitude from the velocit ies 
of the reactants; however products and reactants occupy the same 
quantum states before and after c o l l i s i o n . Elas t ic scattering 
processes are now routinely used in beam experiments to determine 
the interaction potential between the col l id ing reactant pair . 
Since state distributions are the same before and after c o l l i s i o n , 
the e las t ic channels w i l l not occupy our attention here. Inel
astic scattering (2) results in a change of the reactant veloci
ties and also a change in the occupation of various quantum 
states before and after c o l l i s i o n . The rearrangement channels (3) 
involve chemical reactions in which the velocity, mass, and thus 
quantum state distribution of products are different from that of 
reactants. Dissociative col l is ions (4) give rise to an additional 
one or more heavy part icle fragments emerging from the interaction 
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and can be c l a s s i f i e d as a p a r t i c u l a r type o f i n e l a s t i c process. 
Charge exchange c o l l i s i o n s (5) involve a t r a n s f e r o f an e l e c t r o n 
from the t a r g e t molecule to the i n c i d e n t ion with the products 
p o s s i b l y l e a v i n g the i n t e r a c t i o n i n e x c i t e d quantum s t a t e s . 

I n e l a s t i c Processes 

I n e l a s t i c s c a t t e r i n g o f ions by neutral molecules has been 
observed f o r several years ( U ) and, as the instrumental r e s o l u 
t i o n and experimental techniques have improved, d e t a i l s concern
i n g e l e c t r o n i c , v i b r a t i o n a l and r o t a t i o n a l product s t a t e 
d i s t r i b u t i o n s have become a v a i l a b l e . A t y p i c a l ion- impact spec
trometer i s shown i n Figure 1. Reactant ions i n t h i s apparatus 
are generated i n an e l e c t r o n impact s o u r c e , a c c e l e r a t e d through a 
s l i t system and then energy s e l e c t e d by a 127 degree e l e c t r o 
s t a t i c s e c t o r . Ions emergin
o p t i c a l system p r i o r to
molecule i n t e r a c t i o n s take place with neutral molecules from a 
beam. Product ions s c a t t e r e d from the i n t e r a c t i o n region pass 
i n t o the analyz ing system c o n s i s t i n g o f a 127 degree e l e c t r o 
s t a t i c s e c t o r , a quadrupole mass f i l t e r and a m u l t i p l i e r d e t e c t o r . 
The a n a l y z i n g system can be r o t a t e d w i t h respect t o the d i r e c t i o n 
of the primary ion beam and both angular and energy d i s t r i b u t i o n s 
o f the s c a t t e r e d ions can be determined. From t h i s information 

Figure 1. Schematic of typical ion beam-neutral beam 
apparatus employing electrostatic sectors for energy analy

sis of the reactant and scattered ion beams 
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INTENSITY 

V DETECTOR 

Figure 2. Schematic momentum vector for 
elastic and inelastic scattering of a system 
with one excited internal quantum state 

accessible to the products 

the doubly d i f f e r e n t i a l cross s e c t i o n s are obtained. High r e s o l u 
t i o n t i m e - o f - f l i g h t (T.O.F.) techniques have also been used 
s u c c e s s f u l l y to measure i n e l a s t i c energy l o s s i n the s c a t t e r i n g of 
ions from molecules. In t h i s T.O.F. arrangement, the primary ion 
beam i s chopped p r i o r to r e a c t i o n and the analyz ing s e c t o r i s 
replaced by a d r i f t tube assembly with a s s o c i a t e d t ime-counting 
equipment. 

Since c l a s s i c a l mechanics provides a good d e s c r i p t i o n o f the 
asymptotic t r a n s l a t i o n a l s t a t e s o f a given ion and molecule, the 
energy l o s s i n a p a r t i c u l a r process can be determined from the 
laboratory s c a t t e r i n g angle and momentum of the product i o n . This 
i s s c h e m a t i c a l l y i l l u s t r a t e d i n Figure 2 f o r the i n - p l a n e s c a t 
t e r i n g o f an ion with i n i t i j . 1 momentum, P 0 , by a s t a t i o n a r y t a r g e t 
molecule. In t h i s f i g u r e , P e represents the momentum o f the 

of the backward s c a t t e r e d i n e l a s t i c and e l a s t i c ions r e s p e c t i v e l y . 
The l a r g e r o f the two c i r c l e s i n the f i g u r e i s the locus of t e r 
mini o f a l l p o s s i b l e momentum vectors f o r e l a s t i c a l l y s c a t t e r e d 
i o n s , whi le the small c i r c l e i s t h a t f o r i n e l a s t i c a l l y s c a t t e r e d 
ions i n a c o l l i s i o n system with only one a c c e s s i b l e e x c i t e d 
quantum s t a t e . In r e a l i t y , c o l l i s i o n systems w i l l have a number 
of e n e r g e t i c a l l y a c c e s s i b l e quantum s t a t e s and the d i f f e r e n t 
momentum vectors and ft r e f l e c t s c a t t e r i n g to these product 
s t a t e s at a p a r t i c u l a r l a b o r a t o r y angle. I t i s general ly found 
that the s i g n a l i n t e n s i t i e s o f the forward e l a s t i c a l l y s c a t t e r e d 
ions are s i g n i f i c a n t l y l a r g e r than those s c a t t e r e d i n the backward 

e l a s t i c a l l y s c a t t e r e d momentum 
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d i r e c t i o n . E a r l y data {8) o f t h i s t y p e , obtained i n a T.O.F. 
measurement of the s c a t t e r i n g of 3.62 eV L i + ions from H 2 , i s 
d isplayed i n Figure 3 f o r a 3° s c a t t e r i n g angle. The large peak 
on the l e f t s i d e o f the f i g u r e i s due to the e l a s t i c υ = 0 -> 0 
process whi le the s m a l l e r peaks on the r i g h t s i d e are from back
ward e l a s t i c υ = 0 -> 0 and i n e l a s t i c υ = 0 - > 1 , υ = 0 + 2 
processes. With instrumental improvements over the past few 
y e a r s , s c a t t e r e d ion s p e c t r a o f the type given i n Figure 3 have 
been used to obtain d i f f e r e n t i a l cross s e c t i o n s f o r i n d i v i d u a l 
v i b r a t i o n a l s c a t t e r i n g events as a f u n c t i o n o f s c a t t e r i n g angle 
and reactant ion k i n e t i c energy. R e l a t i v e v i b r a t i o n a l e x c i t a t i o n 
cross s e c t i o n s from (£) f o r the L i + - H 2 system are presented below 
f o r a 172° center of mass angle. 

TABLE I 

R e l a t i v e D i f f e r e n t i a

L i + K i n e t i c 
Energy (eV) υ' = 0 Ί 2 3 4 5 6 

3.6 .73 .14 .07 .04 .02 - -
5.5 .68 .16 .08 .05 .03 - -
8.8 .60 .20 .06 .04 .03 .03 .03 

As i n d i c a t e d i n t h i s t a b l e , the r e l a t i v e c o n t r i b u t i o n s o f v i b r a 
t i o n a l ^ i n e l a s t i c processes increase with ion center o f mass 
k i n e t i c energy. 

In a d d i t i o n to peaks i n the i n e l a s t i c energy loss spectrum 
corresponding to v i b r a t i o n a l e x c i t a t i o n , maxima are observed i n 
high r e s o l u t i o n experiments which r e s u l t from r o t a t i o n a l e x c i t a 
t i o n . An example from r e f . (9) o f pure r o t a t i o n a l e x c i t a t i o n i n 
the forward s c a t t e r i n g o f 0.60 eV L i + ions by H 2 at 3° i s given i n 
Figure 4 , where the j = 0 -> 2 and j = 1 -> 3 r o t a t i o n a l t r a n s i t i o n s 
are found to dominate the forward i n e l a s t i c s c a t t e r i n g processes 
at low center of mass k i n e t i c e n e r g i e s . The r a t i o o f the d i f f e r 
e n t i a l cross sect ions a( j = 0 •> 2 ) / a ( e l a s t i c ) increases (9) from 
0.07 to 0.13 as the center o f mass s c a t t e r i n g angle increases from 
14 to 32 degrees whi le corresponding a ( j = 1 + 3 ) /a ( e l a s t i c ) r a t i o 
increases from 0.07 to 0.18. At very low L i + - H 2 r e l a t i v e ener
g i e s , r o t a t i o n a l e x c i t a t i o n i s dominant but as the k i n e t i c energy 
i s i n c r e a s e d , the d i f f e r e n t i a l cross s e c t i o n s f o r v i b r a t i o n a l 
e x c i t a t i o n become important. Although i n e l a s t i c v i b r a t i o n a l and 
r o t a t i o n a l e x c i t a t i o n processes have been observed i n a number o f 
systems (see references (10.11 .12) f o r a s u r v e y ) , the L i + - H 2 reac
t i o n has occupied a p i v o t a l p o s i t i o n i n i n e l a s t i c studies s ince 
accurate s e l f c o n s i s t e n t f i e l d , SCF, and c o n f i g u r a t i o n i n t e r a c 
t i o n , C I , p o t e n t i a l hypersurfaces are a v a i l a b l e (13-15). Close 
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26 STATE-TO-STATE CHEMISTRY 

Figure 3. Experimental
and Toennies
backward Li* ions scattered in 3.62 eV Li+-H2 interactions 
as a function of time-of-ûight for β = 3°. The arrow gives 

the position expected for pure vibrational excitation. 

Figure 4. Experimental data taken from 
van den Bergh, Faubel and Toennies 
(9), giving the intensity of forward scat
tered Li+ in 0.6 eV Li*-H2 interactions as 
a function of time-of-flight for θ = 3°. 
The arrows give the position expected for 

pure rotational excitation. 
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coupl ing quantum mechanical c a l c u l a t i o n s (16) have been c a r r i e d 
out using t h i s p o t e n t i a l and have provided bench-mark s c a t t e r i n g 
cross s e c t i o n t h a t have s t i m u l a t e d f u r t h e r experimental and theo
r e t i c a l work (17-23). The accurate L i + - H 2 i n t e r a c t i o n p o t e n t i a l 
has been expanded i n terms o f the Legendre polynomials 

V ( R ,r , Y ) = z V x ( R 9 r ) P x ( c o s y ) (6) 

where R i s the ion-molecule center-of-mas$ d i s t a n c e , r i s the H 2 

i n t e r n u c l e a r distance and γ i s the angle R makes with r. The mag
nitude and v a r i a t i o n o f Vλ with R i s displayed i n Figure 5. The 
o v e r a l l wel l depth i s reasonably small with the V 2 term compara
t i v e l y l a r g e and r e p u l s i v e at a l l R. The coupled r a d i a l equa
t i o n s d e s c r i b i n g the s c a t t e r i n g o f Li+ from H 2 a r e : 

υ J
 R2 / υ 

|V|u"j"ii">u (R) (7) 

where 

k2,,, = 2μ(Ε . - ευ1j1)/h2 , (8) 
and μ i s the reduced mass o f the ion-molecule system, E u j i s the 
t o t a l energy o f the reactants i n the u , j v i b r a t i o n a l - r o t a t i o n a l 
s t a t e , and ε v , j ' · i s the corresponding energy o f the H 2 f i n a l 
s t a t e . D i f f e r e n t i a l cross s e c t i o n s , determined using the above 
coupled r a d i a l equations, are given i n Figures 6 and 7 f o r the 
c o l l i s i o n s o f 0.6 eV (center o f mass k i n e t i c energy) Li+ ions 
with ortho and para hydrogen r e s p e c t i v e l y . The dashed l i n e i s the 
quantum r e s u l t o f r e f . (16) and the squares encompass the e x p e r i 
mental data and e r r o r l i m i t s estimated i n r e f . ( H ) . The r a t i o o f 
i n e l a s t i c to e l a s t i c cross s e c t i o n i s taken to be the most 
accurate experimental ly measured q u a n t i t y and thus r a t i o s have 
been used when comparing theory and experiment. The s o l i d l i n e i s 
the s e m i - c l a s s i c a l m u l t i s t a t e o r b i t a l approach o f r e f s . (20,21 ). 
In t h i s l a t e r approach the appropriate t r a j e c t o r i e s are evaluated 
from a c e r t a i n o p t i c a l p o t e n t i a l which couples the response of the 
i n t e r n a l s t r u c t u r e , as determined from a quantum m u l t i s t a t e 
approach, to the o r b i t f o r r e l a t i v e motion and v i c e versa. A 
r e l a t i v e l y large Y 2 component (V 0 > V 2 >>V4) i n the L i + - H 2 i n t e r 
a c t i o n p o t e n t i a l leads to large 0 + 2 and 1 -> 3 r o t a t i o n a l t r a n s i 
t i o n s s ince i t i s t h i s λ = 2 term t h a t d i r e c t l y couples i n i t i a l 
and f i n a l r o t a t i o n a l s t a t e s with ∆j = 2, although we note that a 
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Figure 5. Interaction potential for the Li+-H2 system 

Figure 6. Ratio of the j = 
1 -» S rotational cross sec
tions to the elastic cross 
sections as a function of 
scattering angle in 0.6 eV 
Li+-ortho H2 interactions. 
The dashed line represents 
the full quantum calcula
tions of Ref. 16, the solid 
line represents the semi-
classical calculations of 
Ref. 21, and the squares 
give the experimental data 

of Ref. 11. 
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SCATTERING ANGLE (β) 

Figure 7. Ratio of the j = 0 -> 2 rotational cross sections 
to the elastic cross sections as a function of scattering angle 
in 0.6 eV Li+-para H2 interactions. The dashed line repre
sents the full quantum calculations of Ref. 16, while the 
solid line represents the semi-classical calculations of Ref. 
21, and the squares give the experimental data of Ref. 11. 

large basis set i s e x p l i c i t l y used i n the coupled channel expan
s i o n (16) to obtain converged cross s e c t i o n s . Reasonably good 
agreement i s observed i n Figures 6 and 7 between theory and exper
iment. C l a s s i c a l c a l c u l a t i o n s using the accurate hypersurfaces 
have also been performed (22) and the cross s e c t i o n s are found to 
be i n reasonable accord with the quantum, Q, and s e m i - c l a s s i c a l , 
SC, treatments. S e m i - c l a s s i c a l approaches are p a r t i c u l a r l y 
a t t r a c t i v e as the ion v e l o c i t y i s i n c r e a s e d , s i n c e a large number 
o f e n e r g e t i c a l l y a c c e s s i b l e i n e l a s t i c channels make the f u l l c lose 
coupl ing c a l c u l a t i o n s p r o h i b i t i v e l y time consuming. 

S i m i l a r i n e l a s t i c processes o c c u r r i n g i n the H + - H 2 system 
reported by r e f . (23) are presented i n Figure 8 f o r 20° lab s c a t 
t e r i n g angle and 3.7 eV c m . k i n e t i c energy. The p o s i t i o n o f the 
l i n e s i n d i c a t e s the f l i g h t times expected f o r H + s c a t t e r e d from H 2 

i n r o t a t i o n a l l y i n e l a s t i c events. In c o n t r a s t to the p r e v i o u s l y 
discussed L i + - H 2 system, t r a n s i t i o n s corresponding t o l a r g e 
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Figure 8. The intensity of H + 

scattered in 3.7 eV W-para H2 

interactions as a function of flight-
time with respect to the elastic 
peak as measured in Ref. 23. The 
lines denote positions expected 
for pure rotational transitions j = 

0^>2. . . . 16at θ = 20°

1. 2. 
INTERATOMIC DISTANCE (A) 

Figure 9. Interaction potential for, the H+-H2 system 
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changes i n r o t a t i o n a l quantum number, Δ j , are observed. The 
i n t e r a c t i o n p o t e n t i a l f o r t h i s system has been determined from an 
a n a l y t i c a l f i t (24) to the H 3

+ ab i n i t i o c a l c u l a t i o n s of r e f e r 
ences (25,26,27) which have determined over a range o f R, r and θ . 
As H + approaches H 2 , the H 3

+ surface has an avoided c r o s s i n g at 
r * 2.5 a 0 w i t h a surface a s y m p t o t i c a l l y corresponding to H 2

+ + Η 
( 2 8 , 2 9 ) ; however the ground s t a t e a n a l y t i c p o t e n t i a l i s extrapo
l a t e d smoothly through t h i s seam (24). This ground s t a t e H 3

+ 

i n t e r a c t i o n p o t e n t i a l , f i t t e d to the Legendre expansion form, i s 
shown i n Figure 9. The H + - H 2 surface i s much deeper than that of 
L i + - H 2 . The V^, Y 6 , V 8 and V 1 0 terms i n the H + - H 2 p o t e n t i a l are 
r e l a t i v e l y l a r g e compared to V 2 . The higher order a n i s o t r o p i c 
terms i n the H+-H p o t e n t i a l give r i s e to t r a n s i t i o n s which occur 
with l a r g e values o f Aj (processes of the type i l l u s t r a t e d by the 
data i n Figure 8 ) . From measurements o f the energy l o s s s p e c t r a , 
at s p e c i f i e d angles and
t i o n a l i n e l a s t i c cross s e c t i o
t o t a l d i f f e r e n t i a l cross s e c t i o n has been determined and compared 
with the quantum c a l c u l a t i o n s by McGuire, Rudolph and Toennies 
(30). The measured r a t i o s , o r r o t a t i o n a l t r a n s i t i o n p r o b a b i l i 
t i e s , are given as the closed and open c i r c l e s i n Figure 10 along 
with the r e s u l t s o f coupled s t a t e s quantum mechanical c a l c u l a t i o n , 
which are denoted by the x ' s . T r a n s i t i o n p r o b a b i l i t i e s i n v o l v i n g 
p a r a - H 2 are given by the closed c i r c l e s whi le the open c i r c l e s 
r e f e r to those f o r o r t h o - H 2 . The agreement between the e x p e r i 
mental i n e l a s t i c t r a n s i t i o n p r o b a b i l i t i e s and those obtained from 
converged t h e o r e t i c a l cross s e c t i o n s provides q u a l i t a t i v e v e r i f i c a 
t i o n of the t h e o r e t i c a l H 3

+ hypersurface. A comparison o f the 
coupled s t a t e s quantum, Q, c a l c u l a t i o n and the semi c l a s s i c a l , SC, 
approach (21) i s given i n Figure 11 f o r the 0 2 r o t a t i o n a l 
t r a n s i t i o n . Reasonable accord between the two approaches, at 
angles s m a l l e r than the rainbow, lends support f o r the semi-
c l a s s i c a l model which can be a p p l i e d at high k i n e t i c energies 
where i t i s more d i f f i c u l t to employ f u l l quantum treatments. 
C l a s s i c a l c a l c u l a t i o n s using accurate hypersurfaces also have 
been used to obtain information on the i n e l a s t i c processes (24) 
and, i n f a c t , have provided the o r i g i n a l impetus f o r high r e s o l u 
t i o n studies o f the H + - H 2 system. 

Typical i n e l a s t i c s p e c t r a measured (31) f o r reactions i n v o l 
ving heavier molecules, that o f 7 eV L i + ions s c a t t e r e d from N 2 

and CO, are given i n Figure 12 where the arrows denote p o s i t i o n s 
expected f o r the e l a s t i c υ = 0 -> 0 and v i b r a t i o n a l l y i n e l a s t i c 
υ = 0 + 1 and υ = 0 -> 2 t r a n s i t i o n s at a lab s c a t t e r i n g angle of 
4 0 ° . I n d i v i d u a l r o t a t i o n a l t r a n s i t i o n s are not observed i n t h i s 
s p e c t r a due to the small spacing between r o t a t i o n a l l e v e l s but 
there are c l e a r i n d i c a t i o n s o f pure r o t a t i o n a l t r a n s i t i o n s 
o c c u r r i n g below the t h r e s h o l d f o r the υ = 0 -* 1 v i b r a t i o n a l e x c i 
t a t i o n . In these react ions Aj changes o f ^30 to 50 are common. 
A l a r g e r amount o f v i b r a t i o n a l e x c i t a t i o n i s measured i n the 
L i + - C 0 c o l l i s i o n s as compared t o that i n L i + - N 2 i n t e r a c t i o n s . 
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Figure 10. Comparison of experimental 
and theoretical rotational probabilities for 
3.7 eV H+-H2 collisions at different scatter
ing angles given in Ref. 30. The x's are 
computed using the quantum mechanical 
coupled states approach, and the circles 
give the experimental data (closed for para 

H2 and open for ortho H2). 

10" 

.* 21.6° 

3 5 7 9 11 13 15 17 19 
I I I I I I I I I 

0.5 1.0 1.5 2.0 2.5 
TRANSITION ENERGY (eV) 

The maxima are a t t r i b u t e d to simultaneous v i b r a t i o n a l - r o t a t i o n a l 
e x c i t a t i o n processes with the degree o f i n e l a s t i c i t y i n c r e a s i n g 
as functions o f both ion k i n e t i c energy and s c a t t e r i n g angle. 

Rearrangement Processes 

Ion beam techniques have been s u c c e s s f u l l y a p p l i e d (32-40) 
to the study o f rearrangement channels i n ion-molecule r e a c t i o n s . 
From measurements o f the mass and energy o f products emerging from 
r e a c t i o n at a p a r t i c u l a r angle, i t has been p o s s i b l e to obtain 
valuable information about the react ion mechanism as wel l as exa
mine energy disposal pathways. In g e n e r a l , d e t a i l e d product 
v i b r a t i o n a l and r o t a t i o n a l s t a t e d i s t r i b u t i o n s are d i f f i c u l t to 
determine due to the extremely high energy r e s o l u t i o n requirements 
needed to obtain s t a t e to s t a t e cross s e c t i o n s . However, there 
are react ions where complementary experimental techniques have 
provided the necessary data to assess product s t a t e p o p u l a t i o n s . 
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Figure 11. Differential cross sections forj = 0-*2 rota
tional transitions in 3.7 eV H+—H2 interactions as a func
tion of scattering angle. The dashed line represents the 
quantum calculations, while the solid line represents the 

semi-classical computation of Ref. 21. 
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Figure 12. Inelastic energy loss spectra of Ref. 31 measured for 7.07 eV Li+-N2 and 
7.07 eV Li+-CO interactions at θ = 40°. The arrows denote flight times of Li+ ions 

scattered in collisions involving pure vibrational excitation of the target. 
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C 0 + A - Χ 2 Σ + 

LL 1
1800 2600 3400 4200 5000 

WAVELENGTH A 

Figure 13. Variation of photon intensity as a 
function of wavelength for CO*(A2n,vf) - » 
CO+(X2Z*,v"j") transitions, adapted from Ref. 
43. The upper curve gives the spectra ob
tained for CO*(A2U,vf) ions produced in 5 
eV C + + 02 interactions while the lower curve 
gives the spectra of CO*(A2U,vf) produced in 

1 keV Ar+-CO charge transfer reactions. 

Such an example involves the C + + 0 2 r e a c t i o n s where a tandem-mass 
spectrometer apparatus was f i r s t used to measure t o t a l cross s e c 
t i o n s f o r C0 + product formation (41). Several years l a t e r , a 
k i n e t i c energy a n a l y s i s o f the CO^product ions at a p a r t i c u l a r 
angle (42) showed that these C0 + + 0 product species accommodated 
a s u r p r i s i n g l y large amount o f energy, ^7 eV, i n i n t e r n a l degrees 
o f freedom. But the product k i n e t i c energy d i s t r i b u t i o n curve did 
not give i n d i c a t i o n s o f s t r u c t u r e which could be used to a s c e r t a i n 
the product quantum s t a t e d i s t r i b u t i o n . A more recent examination 
(43) o f the l i g h t emitted by products from the react ions o f 5 eV 
C r i o n s with 0 2 i s d isplayed i n the upper p o r t i o n o f Figure 1 3 , 
where the photon i n t e n s i t y i s p l o t t e d as a f u n c t i o n of wavelength. 
The spectrum, although very broad, i s c h a r a c t e r i s t i c o f C0 + A 2 n , 
u' j* -> Χ 2 Σ + , u"j" t r a n s i t i o n s . Band head wavelengths are i n d i 
cated as v e r t i c a l l i n e s . The spectrum i n the lower p o r t i o n o f 
t h i s f i g u r e i s c h a r a c t e r i s t i c o f A + X t r a n s i t i o n s i n react ions 
where ( Ό + ( Α 2 π , υ ' j ' ) i s produced i n high k i n e t i c energy Ar + -CO 
charge t r a n s f e r r e a c t i o n s , which serves as both a c a l i b r a t i o n 
r e a c t i o n and a contrast to the high v i b r a t i o n a l and r o t a t i o n a l 
l e v e l population o f C O + ( A 2 n , u ' j ' ) when produced v i a C+ + 0 2 r e a c 
t i o n s . Many elegant experiments have been performed to determine 
the v e l o c i t y and angular d i s t r i b u t i o n s o f various ion-molecule 
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rearrangement c o l l i s i o n s ( 1 0 - 1 2 , 3 2 - 4 0 ) . Since these rearrangement 
channels have been the subject o f recent reviews, they w i l l not 
be discussed f u r t h e r . 

Charge T r a n s f e r Processes 

In many ion-molecule i n t e r a c t i o n s , charge t r a n s f e r processes 
(5) s t r o n g l y compete with a l l other channels and i t i s not unusual 
f o r e l e c t r o n t r a n s f e r channels to dominate the r e a c t i o n . The 
L i + - H 2 and H + - H 2 react ions discussed p r e v i o u s l y are somewhat 
unique s i n c e the recombination energies (energy o f the t r a n s i t i o n 
when an e l e c t r o n combines with an i s o l a t e d ion t o form a neutral 
molecule or atom/s) of the L i + and H + ions are s m a l l e r than the H 2 

i o n i z a t i o n p o t e n t i a l an
e n e r g e t i c a l l y a c c e s s i b l
ubiquitous charge t r a n s f e r processes have found a p p l i c a t i o n i n the 
charge t r a n s f e r nitrogen ion l a s e r which i s pumped by the 
H e 2

+ + N 2 (X^g+.oj) + N 2
+ ( B 2 z u

+ , u ' j ' ) + 2He r e a c t i o n . The 
reactant H e 2

+ ion has a continuously v a r i a b l e recombination 
energy, due to the He-He r e p u l s i v e f i n a l s t a t e , i n the 18.3 to 
20.3 eV range which i s s u f f i c i e n t to produce N 2

+ i n e x c i t e d 
s t a t e s . Nitrogen ( B ^ u

+ , u ' j ' ) product ions undergo spontaneous 
r a d i a t i v e decay with the emission o f ^3 eV photons. The spectrum 
observed (45) when an 11 eV H e 2

+ beam i n t e r a c t s with N 2 ( X 1 z G

+ , O , j ) 
i s d isplayed i n Figure 14 where the i n t e n s i t y i s p l o t t e d as a 
f u n c t i o n o f the wavelength of l i g h t emitted i n the spontaneous 
N 2

+ ( B ^ i / ^ ' j 1 ) + N 2
+ ( X 2 Z g + , O " j " ) + hv t r a n s i t i o n s . Charge 

t r a n s f e r react ions producing e x c i t e d ions are a l s o observed i n the 
react ions o f H e 2

+ ion beams with 0 2 . The H e 2
+ recombination 

energy i s c lose to the energy o f the 0 2
+ ( b^Eg-ju' j ) s t a t e and 

charge t r a n s f e r react ions r e a d i l y take p l a c e . Product 0 2
+ 

( b 4 Z g - , O ' j * ) ions have a s u f f i c i e n t l y short l i f e t i m e with respect 
to r a d i a t i v e 0 2

+ ( b 4 z g - , υ ' j ' ) + 0 2
+ ( a 1 + n u ,u , , j " ) t r a n s i t i o n s , and 

the emitted l i g h t can be used to probe the product i n t e r n a l s t a t e 
d i s t r i b u t i o n s . The spectrum measured (45) f o r t h i s r e a c t i o n i s 
given i n Figure 15 where the l a b e l s r e f e r to various v i b r a t i o n a l 
changes a s s o c i a t e d with the spontaneous b •> a e l e c t r o n i c t r a n s i 
t i o n o f the newly formed r e a c t i o n product. V i b r a t i o n a l s t a t e 
d i s t r i b u t i o n s o f the N 2

+ ( B 2 E u

+ , u , j l ) and 0 2
+ ( a ^ u ^ ' j ' ) species 

produced i n these two r e a c t i o n s are c o n s i s t e n t w i t h a v e r t i c a l 
Franck-Condon type model i n which an e l e c t r o n i s t r a n s f e r r e d over 
long d i s t a n c e s , with very l i t t l e d i s t o r t i o n o f the t a r g e t mole
c u l e . The paper o f r e f . (46) e x p l i c i t l y considers the more 
commonly encountered phenomena — t h a t o f departures from v e r t i c a l 
t r a n s i t i o n s i n non-resonant charge t r a n s f e r i n t e r a c t i o n s . 

Charge t r a n s f e r processes between symmetric molecular systems 
can give r i s e to v i b r a t i o n a l l y e x c i t e d products. An example i s 
provided by the hydrogen ion-molecule system where the charge 
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Figure 14. Variation of photon intensity as a function of 
wavelength for N2

+(B2%;,v'f) -» N2+(X2Xg+,v"j") transi
tions measured by Leventhal, Harris and co-workers in 
Ref. 45. The N2 (B2Zu\vj') ions are produced in 11 eV 

He2

+-N2 collisions. 
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Figure 15. Variation of photon intensity as a junction 
of wavelength for 02(b4tg~,vf) -> 02(aAWu,vrff) transi
tions measured by Leventhal, Harris, and co-workers in 
Ref. 45. The 02 (b4tg~,vf) ions are produced in 11 eV 

He2*-02 collisions. 
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t r a n s f e r channels (9) are energy degenerate with the i n e l a s t i c 
s c a t t e r i n g channels (10) given below 

f a s t slow 

Η k 2 ( Χ 2 Σ 8

+ , υ ' , j ) + M x V , o = o , j ) 

f a s t slow 

H 2 ( X i Z g \ u " j " ) + Η 2 ( Χ 2 Σ 8 \ υ Τ ) (9) 

H ^ X g V j ' ) + H 2 ( X i E g + , u " j " ) . (10) 

In these react ions a f a s
e l e c t r o n to form a f a s t neutral molecule i n l e v e l υ" and the t a r 
get molecule i n i t i a l l y i n l e v e l vo i s converted to a slow ion i n 
l e v e l υ ' . At high k i n e t i c e n e r g i e s , the region where most charge 
t r a n s f e r react ions have been s t u d i e d , the ion-molecule c o l l i s i o n 
times are small compared to a r o t a t i o n a l per iod and s i g n i f i c a n t 
r o t a t i o n a l e x c i t a t i o n o f the products i s not observed. However, 
merging beam studies (29) have i n d i c a t e d t h a t f a s t neutral H 2 

beams from r e a c t i o n (9) are v i b r a t i o n a l l y e x c i t e d when produced i n 
high energy charge t r a n s f e r processes. A r e a l i s t i c d e s c r i p t i o n of 
these symmetric ion-molecule i n t e r a c t i o n s must take i n t o account 
the coupl ing between the i n t e r n a l degrees of freedom during the 
c o l l i s i o n . A m u l t i s t a t e impact parameter treatment (47,48) appro
p r i a t e to these processes has been used in^which the wavefunction 
ψ ( t ) f o r the i n t e r n a l motions, denoted by r , i s expanded i n the 
form 

ψ ( t ) = a " ( t U " ( r ) e x p ( i E n t ) , (11) 
α = D , X η n n n 

where φη are the molecular e igenfunct ion with e l e c t r o n i c , v i b r a 
t i o n a l and r o t a t i o n a l parts d e s c r i b i n g the unperturbed Hamiltonian 
H$ f o r the i s o l a t e d molecular systems at i n f i n i t e center-of-mass 
separation R with eigenenergies E j ^ . The index α denotes whether 
the l a b e l l e d q u a n t i t i e s r e f e r to e i t h e r d i r e c t channels D o r to 
the X channels where e l e c t r o n t r a n s f e r takes p l a c e . Use o f t h i s 
wavefunction i n the time dependent Schrodinger equation r e s u l t s i n 
the set of f i r s t order coupled d i f f e r e n t i a l equations f o r the 
t r a n s i t i o n amplitudes C $ ( t ) , 

i 3 C j ( p , t ) / 3 t = z V ( R ) P f m C ( p , t ) e x p ( i e f n i t ) , 

f = 1 , 2 , . . . , N (12) 
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which are solved n u m e r i c a l l y , subject to the boundary c o n d i t i o n 
that only the d i r e c t channel, i , i s i n i t i a l l y populated, i . e . , 
cm ( P , - °°) = 6mi , c m X ( p , " 0 0 ) = °· M a t r i x elements P f m are equal 
to F ( u f r , u m

, f ) F ( u , u f n ] i , where F Î I H 1 , ^ " ) i s the v i b r a t i o n a l over
lap f o r the H o * U 2 z g

+ , u j ') + Η 2 ( Χ 1 Σ 8
+ , υ η " ) t r a n s i t i o n ) . When α 

denotes X i n (12) δ r e f e r s to D and v i c e versa. The d i f f e r e n c e 
ε- i f i n the i n t e r n a l energies between i n i t i a l and f i n a l s t a t e s of 
the system i s Ε Ί · α - E f 5 . The s c a t t e r i n g amplitude i s computed i n 
C M . frame using the r e l a t i o n 

f i f ( θ , φ ) = {- ik./27r} / e x p ( i { K . R + m . f } ) 

χ e x p { i c 1 f Z / l i u 1 } ( 3 C f ( p , Z ) / a Z ) d R , (13) 

where the i n c i d e n t v e l o c i t
during the c o l l i s i o n i s kj - k f with the f i n a l momentum vector tf 
d i r e c t e d along ( θ , φ ) , and m-jf i s the change i n azimuthal quantum 
number, taken to be zero i n the react ions i n v e s t i g a t e d here. The 
ion-molecule separation vector R has s p h e r i c a l components ( ρ , Φ , Ζ ) , 
where ρ i s the impact parameter. From the amplitudes, ( 1 3 ) , the 
d i f f e r e n t i a l cross s e c t i o n i s given by 

σ ^ ( θ ) = 2Π kf f i f ( θ , φ ) | 2 (14) 

when i n t e g r a t e d over angle y i e l d s 

Q j i f ( u i ) = f\ ^ f ( e ) d ( c o s e ) = 2n J o °°lC f (p,~) - 6 i f l 2 p d P , (15) 

f o r the i n t e g r a l cross s e c t i o n . The r e l a t i v e p r o b a b i l i t i e s f o r 
the various i n e l a s t i c channels i n v o l v i n g 49 eV ions i n r e a c t i o n 
(10) are d i s p l a y e d i n Figure 16 as a f u n c t i o n of d i s t a n c e . The 
numbers l a b e l i n g the d i f f e r e n t l y shaded areas i n t h i s f i g u r e r e f e r 
to i n e l a s t i c channels having product neutral and ion v i b r a t i o n a l 
l e v e l s υ" and υ ' r e s p e c t i v e l y . The coupl ing between these i n e l a s 
t i c channels i s i n d i c a t e d i n Figure 16 but we note t h a t these 
channels are also s t r o n g l y coupled to the energy degenerate charge 
t r a n s f e r channels which are not d isplayed here. Integral cross 
s e c t i o n s (A 2 ) f o r some o f the l a r g e r i n e l a s t i c cross s e c t i o n s (49) 
are given i n Figure 17 as a f u n c t i o n o f reactant ion k i n e t i c 
energy. Each of the curves are l a b e l l e d by the v i b r a t i o n a l 
quantum numbers o f the product neutral and ion i n a p a r t i c u l a r 
channel. Product channels having small energy defects are domin
ant at low reactant ion k i n e t i c energy but other pathways having 
good overlap become more important as the k i n e t i c energy i s 
i n c r e a s e d . The s o l i d curve at the top of Figure 17 represents the 
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Figure 16. Relative probabilities for 
formation of different vibrational chan
nels in 49 eV H2

+(X2%gv0 = 0) + 
H2(X1tg*,v0" = 0) interactions as a 
function of distance. The numbers 
hbeling each of the areas refer to the 
vibrational quantum states of the neu

tral product and ion respectively. 

Figure 17. Integral multistate cross sec
tions (A2) for vibrational excitation in 
H2+(X*XgW = 0) H2(XgW = 0) 
collisions as functions of reactant ion ki
netic energy. Numbers fobeling each 
curve refer to vibrational states of prod

uct neutral and ions. 

Figure 18. Total cross sections (A2) for 
vibrational excitation in H/(X 2 2g + ,V = 
0,1,2,3,4) + HifKXgW = 0) collisions 
given as a function of reactant ion kinetic 
energy (Ref. 49). The numbers attached 
to each curve refer to the vibrational state 

of the reactant ion. 
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2 4 
ANGLE(DEGREES) 

Figure 19. Differential charge transfer cross sections 
(A2/sr) for neutral product formation in H2*(X2Zg+,-
vo = 0) + HgfX^g'yVo" = 0) collisions given as a 
function of center of mass scattering angle. The 
differential cross sections are summed over the 
totality of product vibrational states. Reactant ion 
kinetic energies are given by the numbers near each 

curve. 

t o t a l i n e l a s t i c cross s e c t i o n f o r v i b r a t i o n a l e x c i t a t i o n i n reac
t i o n s i n v o l v i n g ground s t a t e r e a c t a n t s . The i n f l u e n c e of the 
reactant ion v i b r a t i o n a l s t a t e on the i n e l a s t i c processes i s 
examined i n Figure 18 where cross s e c t i o n s f o r t o t a l v i b r a t i o n a l 
e x c i t a t i o n are qiven f o r the r e a c t i o n s o f H 2

+ ( X 2 i g + , u 0 ' = 0 , 1 , 2 , 3 , 
4) with H 2 ( X ^ g + , O 0 " = 0 ) . Increasing υ 0 ' tends to increase the 
number o f product channels i n near energy balance with the r e a c t 
ants l e a d i n g to large cross s e c t i o n s at low reactant v e l o c i t i e s . 
The angular d i s t r i b u t i o n s of the forward s c a t t e r e d f a s t 
Η 2 ( Χ ^ + , υ " ) product n e u t r a l s from r e a c t i o n (9) are i l l u s t r a t e d i n 
Figure 19. D i f f e r e n t i a l cross sect ions are presented (50) as a 
funct ion o f center o f mass s c a t t e r i n g angle f o r H 2

+ ( X 2 E g + , u j ' = 0) 
ions having 16, 4 9 , 156, 400, 733 and 2210 eV k i n e t i c energies. 
At high energies the f a s t neutral products are forward c o l l i m a t e d 
with the cross s e c t i o n s dropping by 1 0 5 as the angle i s increased 
to several degrees. Integral charge t r a n s f e r cross s e c t i o n s f o r 
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Figure 20. Integral multistate charge transfer cross sections 
(A2) for the formation of specific product channels as a function 
of ion kinetic energy. The vibrational states of the product 
neutral and ion are given by the numbers close to each curve. 

the formation o f the dominant channels are given i n Figure 20. 
The numbers i n t h i s f i g u r e i n d i c a t e the v i b r a t i o n a l s t a t e s o f the 
product neutral and ion r e s p e c t i v e l y . At low v e l o c i t i e s the 
energy resonant 0,0 -> 0,0 channel i s the l a r g e s t , but as the 
energy i s increased t h i s 0,0 channel i s overwhelmed by those 
having close energy balance with the reactants and possessing 
favorable v i b r a t i o n a l o v e r l a p s . A s i m i l a r presentat ion o f the 
i n t e g r a l charge t r a n s f e r react ions o f D 2

+ ( X 2 Z g + , u 0
1 = 0) ions with 

D 2 ( X 2 E g + , u ç " = 0) i s given i n Figure 21 f o r the 10 product 
channels with the s m a l l e s t energy d e f e c t s , ef m . At the low v e l o 
c i t i e s , the channels with small efm are the l a r g e s t but as the 
reactant v e l o c i t y i s increased the r e l a t i v e magnitudes o f the 
d i f f e r e n t channels becomes a complicated f u n c t i o n o f energy 
defects and v i b r a t i o n a l o v e r l a p s . 

Total charge t r a n s f e r cross s e c t i o n s i n the hydrogen system 
have been a puzzle f o r some time i n t h a t cross s e c t i o n s do not 
c o n t i n u a l l y decrease with v e l o c i t y as expected from an e a r l i e r 
resonant two-state model. As functions of v e l o c i t y , the t o t a l 
charge t r a n s f e r cross s e c t i o n s decrease with i n c r e a s i n g k i n e t i c 
energy but then slowly r i s e with k i n e t i c energy above several 
hundred eV. This i s shown i n Figure 22 where the darkened area 
represents the data of r e f . ( 5 1 ) , the c i r c l e s give data o f r e f . 
(52) and the s o l i d l i n e represents the measurements o f r e f . (53) 
f o r react ions i n v o l v i n g i n c i d e n t H 2

+ ions produced v i a low energy 
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Figure 21. Integral multistate charge transfer cross sections 
(A2) for the formation of specific product channels as a func
tion of ion kinetic energy for D2+(X2%g+,v0' = 0) + DsfX^g*,-
v0" = 0) collisions. The vibrational states of the product neu

tral and ion are given by the numbers close to each curve. 
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Figure 22. Total charge transfer cross sections (A2) for 
H2+(X2tg\vo' = 0X2,3,4) + H2(X1%g\v0" = 0) reactions over 
all product channels as a function of reactant ion kinetic en
ergy. The shaded area represents the experimental data of Ref. 
51, the circles the data of Ref. 52, and the wide solid line gives 

the results of Ref. 53. 
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e l e c t r o n impact i o n i z a t i o n . The behavior o f the t o t a l charge 
t r a n s f e r cross s e c t i o n s can be understood by examination o f the 
i n t e g r a l cross s e c t i o n s shown i n Figure 20 where a number o f 
channels with reasonably l a r g e cross s e c t i o n s are opened up, 
thereby r e s u l t i n g i n large t o t a l cross s e c t i o n s as the k i n e t i c 
energy i s i n c r e a s e d . Total charge t r a n s f e r cross s e c t i o n s ( A 2 ) 
f o r n e u t r a l i z a t i o n o f H 2

+ ( X 2 E g + , u 0 ' = 0 , 1 , 2 , 3 , 4 ) ion beams by 
Η 2 ( Χ ^ + , υ 0 " = 0) molecules, computed i n the m u l t i s t a t e model, are 
shown i n Figure 22 where the numbers r e f e r to cross s e c t i o n s com
puted f o r reactant ions i n a p a r t i c u l a r v i b r a t i o n a l l e v e l . Data 
i n Figure 22 was obtained using beams o f H 2

+ ( X 2 Z g + ) s t a t e ions 
produced by e l e c t r o n s having energies close to the H 2 i o n i z a t i o n 
p o t e n t i a l . Reactant H 2

+ ( X 2 Z g + ) beams formed i n t h i s way w i l l 
occupy the lower 0-4 l e v e l s . Thus, a comparison between theory 
and experiment i s one between the curves l a b e l l e d υ = 0 , 1 , 2 , 3 , 4 
and the measurements spannin
given i n Figure 22. Th
i n the deuterium system are d i s p l a y e d i n Figure 23 where the 
t o t a l cross s e c t i o n s drop r a p i d l y as the ion k i n e t i c energy i s 
r a i s e d to several hundred eV but then show a s l i g h t increase with 
i n c r e a s i n g t r a n s i a t i o n a l energy. The experimental data (51-54) i n 
Figures 22 and 23 are i n harmony w i t h the m u l t i s t a t e approach 
which p r e d i c t s a high degree o f v i b r a t i o n a l e x c i t a t i o n f o r charge 
t r a n s f e r react ions o c c u r r i n g i n the hydrogen system at high 
energies. 

Charge t r a n s f e r reactions o f heavier A 2
+ - A 2 molecular systems 

have been examined (55) and c e r t a i n s i m i l a r i t i e s to the hydrogen 
are observed. The angular d i s t r i b u t i o n s o f both the A 2 and H 2 

systems are a l i k e i n that the f a s t neutral products o f r e a c t i o n 
are forward s c a t t e r e d with the forward s c a t t e r i n g becoming more 
pronounced as the ion k i n e t i c energy i s i n c r e a s e d , although the 
d e t a i l s o f the d i f f e r e n t i a l cross s e c t i o n s with angle vary from 
system to system. The m u l t i s t a t e angular d i s t r i b u t i o n s (50) o f 
the f a s t neutral molecular products from 0 0 + ( Χ 2 Σ + , υ 0 ' = θ 7 ~ + 
0 0 ( Χ 1 Σ + , υ 0 " = 0) charge t r a n s f e r react ions (a t y p i c a l systems) are 
presented i n Figure 24. Numbers l a b e l i n g each curve i n d i c a t e the 
i n c i d e n t ion k i n e t i c energy. At high energies the CO cross s e c 
t i o n s drop by 6 orders of magnitude as the s c a t t e r i n g angle i s 
increased by several degrees, a behavior that i s p a r a l l e l e d i n 
symmetric N 2 , 0 2 and NO react ions (50). Total charge t r a n s f e r 
cross s e c t i o n s computed f o r C 0 + ( X 2 z + , u 0 = 0) + C O U 1 ! * , ^ " = 0) 
i n t e r a c t i o n s are given i n Figure 25 as a f u n c t i o n o f reactant ion 
k i n e t i c energy along with the experimental values determined by 
c o l l e c t i n g a l l the slow ions (56) formed i n the charge t r a n s f e r 
process. A f u r t h e r comparison, between computed and experimental 
v a l u e s , down to lower energies i s shown i n Figure 26. In t h i s 
f i g u r e the computed values are given by the c i r c l e s and the 
squares represent the experimental data obtained using ion c y c l o 
tron resonance techniques (57). The charge t r a n s f e r cross s e c 
t i o n s i n the CO system are observed to be l a r g e r than the c o r r e s -
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Figure 23. Total
D2

+(X2%g\v0' = 0,1X3,4) + D2(X Xg\v0" = 0) reactions over 
all product channels as a function of reactant ion kinetic en
ergy. The numbers labeling the curves denote total cross sec
tions for specific reactant ion vibrational states. The experi
mental data of Refs. 54 and 52 are given by the respective closed 

and open circles. 

Figure 24. Differential charge 
transfer cross section (A2/sr) for 
neutral product formation in 
CO+(X2%\v0' = 0) + c o p c ^w 
= 0) collisions given as a function 
of center of mass scattering angle. 
The differential cross sections have 
been summed over all product vi
brational states. Reactant ion 
kinetic energies are given by the 

numbers hbeling each curve. 
2 4 
ANGLE (DEGREES) 
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Figure 25. Total charge transfer cross 
sections (A2) for CO+-CO interactions 
are given as a function of reactant ion 
kinetic energy. The circles are the 

data of Ref. 56. 
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Figure 26. Total charge transfer cross 
sections (A2) for CO+-CO interactions 
are given as a function of reactant ion 
kinetic energy. The squares are the 

data of Ref. 57. 
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Figure 27. Neutral N2(X1Xg\v") 
and CO(X1T,v,/) product vibra
tional distributions from N2

+(X2-
XgW — 0) + N / X ' S g W = 0) 
and CO+(X2XW — 0) + COfX 1-
%*,v0' = 0) interactions are given 
for different reactant ion kinetic 

energies. 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



46 STATE-TO-STATE CHEMISTRY 

Figure 28. Neutral 02(X3tg,v") 
and NO(X2u,v") product vibra
tional distributions from 
O2

+(X2iig,v0' = 0) + O2(X3lg,v
= 0)and NO+fX1! V = 0) +
(Xhi,v0" = 0) interactions are 
given for different reactant ion 

kinetic energies. 
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ponding r e a c t i o n s i n hydrogen due to a favorable combination o f 
i n t e r a c t i o n matrix elements, v i b r a t i o n a l overlaps and energy 
d e f e c t s . The resonant channel, forming f a s t Ο Ο ^ Σ + , υ 1 = 0) and 
slow C O + ( X 2 z + ,u" = 0) has the l a r g e s t v i b r a t i o n a l overlap and zero 
energy d e f e c t , w h i l e other near energy resonant channels l e a d i n g 
to v i b r a t i o n a l l y e x c i t e d species have poor overlap and are not 
s t r o n g l y favored as products. The f a s t neutral product v i b r a 
t i o n a l s t a t e d i s t r i b u t i o n f o r the CO+-CO and s i m i l a r N 2

+ - N 2 charge 
t r a n s f e r react ions are given i n Figure 27 where r e l a t i v e popula
t i o n s o f p a r t i c u l a r neutral product s t a t e s are presented as func
t i o n s o f product v i b r a t i o n a l l e v e l s f o r d i f f e r e n t ion k i n e t i c 
e n e r g i e s . Symmetric charge t r a n s f e r processes i n the N 2 and CO 
systems r e s u l t i n c l o s e l y p a r a l l e l neutral product s t a t e d i s t r i b u 
t i o n s . This i s not s u r p r i s i n g s ince the neutral product υ"=0 and 
1 channels are dominant i n the N 2 and CO react ions s i n c e these 
channels have the l a r g e s t v i b r a t i o n a l overlaps and the s m a l l e s t 
energy d e f e c t s . 

An a l t e r n a t e s i t u a t i o n occurs i n the 0 2
+ ( X 2 n g , u 0 ' = 0) -

0 2 ( Χ 3 Σ 8 - , υ 0 " = 0) and Ν Ο + ί Χ ^ + , ν = 0) - Ν Ο ( Χ 2 π , υ 0 " = 0) systems 
where the energy resonant and near-resonant product channels with 
υ" = 0 and 1 have r e l a t i v e l y small v i b r a t i o n a l overlaps (58). The 
v i b r a t i o n a l d i s t r i b u t i o n o f neutral products from these charge 
t r a n s f e r react ions i s presented i n Figure 28 f o r d i f f e r e n t ion 
k i n e t i c energies. At low v e l o c i t i e s , the product channels forming 
ground v i b r a t i o n a l s t a t e n e u t r a l s are f a v o r e d by energy c o n s i d e r a 
t i o n s . As the v e l o c i t y of the i n c i d e n t ions i s i n c r e a s e d , the 
0 2 ( X 3 Zg~,u") and Ν Ο ( Χ 2 π , υ " ) product d i s t r i b u t i o n s broaden s i n c e 
those product channels with υ" > 0 and large v i b r a t i o n a l overlaps 
become e n e r g e t i c a l l y a c c e s s i b l e . 
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2g + ,V = 0) interactions. 

The i n f l u e n c e o f r e a c t i o n ion v i b r a t i o n a l s t a t e on the neu
t r a l product v i b r a t i o n a l d i s t r i b u t i o n i s shown i n Figure 29 f o r 
2.2 keV H 2 + ( X 2 z g

+ , V = 0 , 1 , 2 , 3 ) + H 2 ( X 1 z g
+ , υ 0

Μ = 0) charge t r a n s 
f e r r e a c t i o n s . As the i n c i d e n t ion v i b r a t i o n a l s t a t e goes from 0 
to 3 there i s s i g n i f i c a n t broadening and s t r u c t u r e i n the product 
s t a t e d i s t r i b u t i o n s . The d i s t r i b u t i o n i n the lower p o r t i o n o f 
t h i s f i g u r e has been constructed from cross s e c t i o n s i n v o l v i n g 
i n c i d e n t ions i n given v i b r a t i o n a l s t a t e s weighted according to 
the s t a t e population c h a r a c t e r i s t i c o f reactant ion beams produced 
i n high energy e l e c t r o n impact i o n i z a t i o n . As i n d i c a t e d i n 
Figures 28 and 2 9 , a s i g n i f i c a n t f r a c t i o n o f neutral products from 
symmetric charge t r a n s f e r react ions are v i b r a t i o n a l l y e x c i t e d . 
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Laser Techniques for Determining State-to-State 
Reaction Rates* 

RICHARD N. ZARE† 

Department of Chemistry, Columbia University, New York, NY 10027 

This has been the most exciting symposium of the American 
Chemical Society that I
Chairman very much for
the opportunity to tell you how advances in molecular beam diag
nostics using lasers are permitting us to learn about the 
internal state distributions of unrelaxed reaction products. I 
would l ike to start with a quote from Norman Ramsey's book, 
"Molecular Beams." He wrote that "the fundamental problem of 
molecular beams is the quantitative detection of the molecules 
in the beams." This little problem explains why molecular beams 
were for so long the exclusive playtoy of physicists; early on 
chemists would have gladly used beam techniques to investigate 
reaction dynamics, but with the inab i l i t y to distinguish the 
scattered products from the e las t i ca l ly and ine las t ica l ly 
scattered main beam and from the residual background gas there 
could be no chemistry studied. 

This d i f f i cu l ty becomes a l l the more apparent as we examine 
the traditional detectors used in molecular beam research 
(Fig. 1). One of the first such detectors is based on the method 
of what I ca l l "wait and weigh." Here one waits a sufficient 
period of time for deposition; then, one weighs the target to 
determine i t s mass gain. With patience and a good analytical 
balance this procedure certainly works - - but it does not dis
tinguish one species from another. Other detectors rely upon 
pressure of the beam or chemical attack of the target by the beam. 
These detectors are often highly sensitive but seldom quantita
t ive . Another class of detectors involves recombination. This 
works magnificently, part icularly in the hands of Scoles and co-

*Edited talk presented at the New Orleans ACS Meeting, March 
1977. Support by the National Science Foundation is gratefully 
acknowledged. 

tPresent address: Department of Chemistry, Stanford University, 
Stanford, CA 94305 
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Table 1. Traditional molecular beam detectors of neutral species. 

51 

Physical or chemical process Detector 

Condensation of beam on target 
Pressure of beam on target 
Chemical attack of target by beam 
Recombination of condensed beam on target 
Radioactivity of condensed beam on target 
Ejection of electrons from target by beam of metastables 
Surface ionization of beam on target 
Electron bombardment ionization of beam 

Analytical balance 
Pirani gauge 
Densitometer 
Bolometer 
Scintillation counter 
Auger detector 
Hot-wire detector 
Mass spectrometer 

Figure 1 

workers, but has l i m i t e d a p p l i c a b i l i t y . Counting r a d i o a c t i v e 
d i s i n t e g r a t i o n s i s a l s o h i g h l y s p e c i f i c and very s e n s i t i v e but 
again r a t h e r s p e c i a l i z e d
Because one can so s k i l l f u l l y handle i o n s , t h i s type of d e t e c t i o n 
has many advantages. 

There are two ion d e t e c t i o n methods on which I want to 
concentrate a t t e n t i o n - - because these methods opened the use 
of molecular beam techniques to chemical ly i n t e r e s t i n g i n v e s t i g a 
t i o n s . Figure 2 shows a schematic of a surface i o n i z a t i o n 
d e t e c t o r . Here a beam impinges on a hot w i r e . I f the work 
f u n c t i o n of the wire surface exceeds the i o n i z a t i o n p o t e n t i a l of 
the atom or molecule bombarding i t , ions are formed. In the 
hands of Datz, T a y l o r , and Tr ischka i t i s p o s s i b l e to t r e a t the 
wire so that one type of wire i o n i z e s only a l k a l i atoms, another 
only a l k a l i atoms and a l k a l i - c o n t a i n i n g compounds, such as 
a l k a l i h a l i d e s a l t s . By s u b t r a c t i n g the ion s i g n a l of the former 
from t h a t of the l a t t e r one can detect a l k a l i h a l i d e products 
from the r e a c t i o n of a l k a l i atoms with halogen-containing 
molecules. Using beams so that the products are detected w i t h 
out i n t e r v e n i n g c o l l i s i o n s , the hot wire d e t e c t o r has allowed 
one to carry out a l l kinds of r e a c t i v e a l k a l i chemistry s t u d i e s . 

Note that surface i o n i z a t i o n i s a very s p e c i a l d e t e c t o r . 
Background molecules - - whatever remains i n the evacuated beam 
chamber - - cannot be i o n i z e d because of t h e i r c h a r a c t e r i s t i c 
high i o n i z a t i o n p o t e n t i a l s . The detector i s thus h i g h l y 
s p e c i f i c . Moreover, i t i s h i g h l y e f f i c i e n t ; near ly 100% of the 

Figure 2 
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Figure 3 

detectable p a r t i c l e s s t r i k i n g the hot wire are i o n i z e d . I t a l s o 
provides a d i r e c t measure of the product f l u x rather than the 
p a r t i c l e number d e n s i t y . This l a t t e r f a c t i s important when i t 
i s r e a l i z e d t h a t k i n e t i c rates are r e l a t e d d i r e c t l y to f l u x , not 
d e n s i t y . 

A simple c a l c u l a t i o n s u f f i c e s to show the s e n s i t i v i t y of 
surface i o n i z a t i o n d e t e c t i o n . Each charge c a r r i e s about 1 0 " ' 9 

coulombs; thus f o r a f l u x of only 10^ i o n i z a b l e p a r t i c l e s / s e c , 
we get something l i k e 10-15 coulombs/sec, i . e . 1 0 " 1 5 amperes, 
and t h i s c u r r e n t , although s m a l l , can be r e a d i l y measured or 
even counted. 

The next major breakthrough i n molecular beam detector 
technology i s the replacement of the surface i o n i z a t i o n d e t e c t o r 
by the u n i v e r s a l i o n i z e r . Figure 3 shows a cutaway view of the 
b e a u t i f u l machine that Doug McDonald, P i e r r e LeBreton, and Yuan 
Lee assembled i n Dudley Herschbach's l a b o r a t o r y . We have two 
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crossed beams; the product molecules f l y from the r e a c t i o n zone 
(beam i n t e r s e c t i o n region) and some enter the d e t e c t o r ; here a 
few tenths of a percent are i o n i z e d by e l e c t r o n bombardment; the 
ions are then sorted by mass i n a quadrupole mass f i l t e r and 
counted. Because t h i s d e t e c t o r w i l l i o n i z e anything t h a t passes 
through i t , t h i s scheme has the v i r t u e of being nearly 
u n i v e r s a l l y a p p l i c a b l e . However, t h i s a l s o requires that the 
background pressure i n the main chamber must be reduced to about 

1 0 " ^ t o r r to avoid i n t e r f e r e n c e from nearby mass peaks and to 
avoid d i s t u r b i n g the ion t r a j e c t o r i e s . Mass spectrometric d e t e c 
t i o n does not have the high e f f i c i e n c y of the hot wire i o n i z e r 
and i t i s not a f l u x detector but nominally a density d e t e c t o r . 
Nevertheless, i t s use opens up to i n v e s t i g a t i o n a vast v a r i e t y of 
r e a c t i o n systems t h a t would remain otherwise unexplored. 

Both the surface i o n i z a t i o n d e t e c t o r and the quadrupole mass 
spectrometer are very wel
we i n q u i r e i n t o the s t a t
t a n t l i m i t a t i o n and/or c o m p l i c a t i o n . These i o n i z a t i o n detectors 
are rather i n s e n s i t i v e to the energy content ( i n t e r n a l s t a t e ) 
of the product, - - but there i s some dependence - - and t h i s 
dependence i s g e n e r a l l y unknown. I f we place emphasis on the 
d i r e c t measurement of the i n t e r n a l energy d i s t r i b u t i o n of the 
r e a c t i o n products, then we are led to seek a way of combining 
molecular spectroscopy with molecular beams. 

One such attempt, namely that of l a s e r - i n d u c e d f luorescence 
( L I F ) , i s shown i n F i g . 4. Here resonance f luorescence i s 

Figure 4 
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Figure 5 

employed to detect the r e a c t i o n products. A tunable dye l a s e r i s 
swept i n wavelength. Whenever i t s output c o i n c i d e s with a 
molecular absorption l i n e , some f r a c t i o n of the molecules i n the 
lower (v", J") l e v e l are pumped to the upper ( v 1 , J 1 ) l e v e l from 
which the molecules subsequently r e - e m i t r a d i a t i o n . This 
f luorescence i s detected by a p h o t o m u l t i p l i e r which "views'1 the 
e x c i t a t i o n zone. The f luorescence i n t e n s i t y i s recorded as a 
f u n c t i o n of l a s e r wavelength to produce what we c a l l "an 
e x c i t a t i o n spectrum." The i n t e n s i t i e s are then converted to 
r e l a t i v e populations of the various product i n t e r n a l s t a t e s , 
based on a knowledge of various v i b r a t i o n a l and r o t a t i o n a l 
i n t e n s i t y f a c t o r s . Note that the f l u o r e s c e n c e , i t s e l f , i s not 
s p e c t r a l l y r e s o l v e d , which would require some l o s s of s i g n a l . 
Instead, i t i s the narrow bandwidth of the scanning l a s e r which 
provides the s p e c t r a l r e s o l u t i o n . 

In F i g . 4 we show a "beam-gas arrangement" i n which some 
beam of metal atoms i s sent i n t o a chamber f i l l e d with tenuous 
gas. The gas pressure i s t y p i c a l l y 10-4 to 10~5 t o r r so that 
the mean free path exceeds the dimensions of the vacuum chamber. 
Under these experimental c o n d i t i o n s , we can be confident that the 
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observed products are not relaxed or d i s t u r b e d by subsequent 
c o l l i s i o n s . Here i t i s important to s t r e s s that the l a s e r beam 
does not "drive" the r e a c t i o n - - i t i s merely a probe of the 
s t a t e of the r e a c t i o n products. 

The dye l a s e r i s pumped by a nitrogen l a s e r . This i s a 
pulsed d e i v c e ; t h a t i s the nature of n i t rogen l a s e r s . Because 
of t h a t , we use gated d e t e c t i o n e l e c t r o n i c s . I f you l i k e , i n 
F i g . 4 the p h o t o m u l t i p l i e r i s the "eye" and the boxcar i n t e g r a t o r 
the " b r a i n . " The eye s t a r e s at the l i g h t ; the b r a i n t e l l s the 
eye when to open, how long to l o o k , and then when to c l o s e . We 
need the p h o t o m u l t i p l i e r to b l i n k shut because most of the time 
t h i s experiment i s o f f , i . e . has a very low duty c y c l e , and we 
would be l o o k i n g at dark current from the p h o t o m u l t i p l i e r i f we 
d i d not turn i t o f f . 

Figure 5 shows the dye l a s e r setup. The output from a pulsed 
AVCO nitrogen l a s e r i s d i r e c t e
c y l i n d r i c a l lens which focusse
the organic dye s o l u t i o n . The l a s e r c a v i t y i s formed by the 
output m i r r o r on one s i d e and the g r a t i n g on the other. A beam 
expander i s placed i n t r a - c a v i t y ; t h i s helps to f i l l the g r a t i n g , 
g i v i n g us the necessary r e s o l u t i o n . A simple analog motor r o t a t e s 
the g r a t i n g causing the l a s e r output to sweep i n wavelength. 

Figure 6 shows the dye l a s e r i n conjunction with the beam 
apparatus. Long black arms on the beam chamber provide the l i g h t 
b a f f l i n g necessary to reduce s c a t t e r e d l i g h t . Under t y p i c a l l y 
good c o n d i t i o n s only 10 photoelectrons r e s u l t from the pulse of 
1 0 ' 4 photons d i r e c t e d through the apparatus. Angular d i s t r i b u t i o n 
s t u d i e s , which I w i l l speak about l a t e r , are c a r r i e d out by 
mounting two ovens on the r o t a t i n g l i d shown i n t h i s f i g u r e . To 

Figure 6 
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lure 7. Bal excitation spectrum for the reaction 
Ba + CH3I->BaI + CH3 

Bal Product Vibrational Level 

Figure 8. Bal product vibrational 
level vs. relative vibrational popula
tion for (a) Ba + CH3I and (b) Ba + CH2I2 
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Bal EXCITATION SPECTRUM 
Ba +CH 2 I 2 - Bal + CH2I 

( 4 0 , 4 0 ) 

I 1 1

WAVELENGTH OF TUNABLE DYE LASER 
Figure 9. Bal excitation spectrum for Ba + 

CH2I2 Bal + CH2I 
the s i d e i s the rack of e l e c t r o n i c s i n c l u d i n g the boxcar 
i n t e g r a t o r . The p h o t o m u l t i p l i e r i s i n s i d e the beam apparatus. 
Now, l e t us look at some r e s u l t s . 

Figure 7 i s the e x c i t a t i o n spectrum of the Bal product 
formed from the r e a c t i o n of barium with methyl i o d i d e ( C H 3 I ) . 

This work was c a r r i e d out i n my l a b o r a t o r y by Howard Cruse and 
Paul Dagdigian. I t i s p o s s i b l e to assign each peak to a ( ν ' , ν " ) 
t r a n s i t i o n . Barium i o d i d e , which may be regarded as B a + I " , has 
an extra e l e c t r o n i n an o r b i t a l p r i m a r i l y centered on the metal 
atom. This e l e c t r o n i s e a s i l y e x c i t e d , y i e l d i n g a set o f Bal 
Rydberg s t a t e s . Because t h i s e l e c t r o n i c o r b i t a l i s nonbonding i n 
c h a r a c t e r , the p o t e n t i a l curves of the e x c i t e d s t a t e have the 
same shape, w i d t h , and l o c a t i o n as the ground s t a t e . As a r e s u l t 
nearly a l l the i n t e n s i t y i s i n the diagonal sequence of ( 0 , 0 ) , 

( 1 , 1 ) , ( 2 , 2 ) , e t c . bands t h a t have Franck-Condon f a c t o r s which 
are n e a r l y u n i t y . Consequently, you can a t a glance convert the 
e x c i t a t i o n spectrum shown i n F i g . 7 i n t o the population d i s 
t r i b u t i o n shown i n F i g . 8 . C l e a r l y , we are observing unrelaxed 
r e a c t i o n products s ince the v i b r a t i o n a l population of Bal peaks 
around v" = 2 1 , whereas a Boltzmann d i s t r i b u t i o n w i l l always 
have the ν" = 0 l e v e l more populated than v" = 1 , the v" = 1 l e v e l 
more populated than v" = 2 , and so f o r t h . 

Figure 9 shows the same type of r e a c t i o n with methylene 
i o d i d e ( C H 2 I 2 ) - Here the peak i n the r e l a t i v e v i b r a t i o n a l d i s 
t r i b u t i o n i s around v" = 3 9 , even higher than i n CHA. This 
r e a c t i o n populates such high v" l e v e l s t h a t the AV - -1 sequence 
begins to overlap the Δν = 0 sequence and get i n the way. The 
s t i c k diagram of r e l a t i v e v i b r a t i o n a l populations of the Bal 
product, F i g . 8 , again shows a marked population i n v e r s i o n , but 
t h i s d i s t r i b u t i o n i s smooth and b e l l - s h a p e d . 

Let us consider the energet ics of these r e a c t i o n s . In my 
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l a b , Ron E s t l e r has r e c e n t l y redetermined the Bal d i s s o c i a t i o n 
energy by observing Bal chemiluminescence when metastable barium 
atoms c o l l i d e with I 2 . He f i n d s the Bal bond energy to be about 
73 kcal/mole. This c o r r e c t s some e a r l y work of t h i s l a b . Now, 
i f we take the known methyl iodide bond energy as 56 kcal/mole, 
we conclude that the r e a c t i o n exothermicity i s about 17 kcal/mole. 
From our r e l a t i v e v i b r a t i o n a l population d i s t r i b u t i o n ( F i g . 8) we 
f i n d that the average Bal v i b r a t i o n a l energy i s about 9 kcal/mole. 
S u b t r a c t i n g 9 from 17, we have 8 kcal/mole that must appear e i t h e r 
i n methyl e x c i t a t i o n or i n product t r a n s l a t i o n . Ron Herm and c o 
workers have done some l o v e l y work on t h i s same r e a c t i o n using 
mass spectrometr ic d e t e c t i o n . They concluded that the average 
t r a n s i a t i o n a l energy of the products i s something l i k e 10 
kcal/mole. Consequently, we see that the methyl fragment i s not 
very much e x c i t e d as a r e s u l t of the Ba + CH3I r e a c t i o n . With 
methylene i o d i d e there i
the Bal product, but ther
the r e a c t i o n . 

Figure 10 shows the remarkable data of Rommel and S c h u l t z , 
U n i v e r s i t y of F r e i b u r g , on the react ions of barium with the 
various s u b s t i t u t e d bromides of methane. You can see c l e a r l y 
a trend t h a t places more i n t e r n a l energy i n t o the BaBr product 
with i n c r e a s i n g s u b s t i t u t i o n . The exothermicy l i m i t s , i n d i c a t e d 
by the arrows, are based on the recent BaBr bond energy d e t e r m i 
nation (86 kcal/mole) by E s t l e r . 

At t h i s point i t i s easy to become complacent and delude 
oneself i n t o b e l i e v i n g t h a t the r e a c t i o n s of Ba with the 
nalogenated methanes have nothing new to teach us. Imagine 
then the s u r p r i s e when Greg Smith, Chris Whitehead, and I ran 
the r e a c t i o n Ba + C F 3 I and saw the Bal e x c i t a t i o n spectrum 
presented i n F i g . 11. There i s no escaping the conclusion that 
the Bal v i b r a t i o n a l d i s t r i b u t i o n i s bimodal. This i s q u i t e un
u s u a l . There are j u s t beginning to be a few examples of bimodal 
population d i s t r i b u t i o n s , most of them from the work of Polanyi 
and coworkers using i n f r a r e d chemiluminescence to observe 
hydrogen h a l i d e products. I f the d i s t r i b u t i o n i s bimodal, then i t 
suggests t h a t there i s at l e a s t more than one r e a c t i o n mechanism. 
I would l i k e to share with you some s p e c u l a t i o n what mechanisms 
might be o p e r a t i v e . 

We see a high ν and a low ν peak; the former has about three 
times more population than the l a t t e r . The C-I bond energy of 
C F 3 I i s 53.5 kcal/more, q u i t e s i m i l a r to the value of 56 kcal/mole 
f o r the C-I bond energy of CHoI. Taking the Bal bond energy as 
73 kcal/mole, we have about 19.5 kcal/mole at the r e a c t i o n ' s 
d i s p o s a l . The average value of the i n t e r n a l energy i n the Bal 
product i s about 15.9 kcal/mole, and the maximum i s about 22 
kcal/mole. However, I have not included the r e l a t i v e t r a n s -
1 a t i o n a l energy of the r e a c t a n t s , so the t o t a l energy i s going to 
balance c l o s e l y . 

Figure 12 shows the crossed beam study of L i n , Mims, and Herm 
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Figure 10. Reactions of barium with 
the various substituted bromides of 
methane. Data from M. Rommel ana 

overlapped by overlapped by 
Δν=-1 sequence Av = -1 sequence 

(50,50) 

Bal Vibrational Level 

Figure 11 

Journal of Physical Chemistry 

Figure 12. Crossed beam study 
of Ba + CF3I. (Lin, S.-M., Mims, 
C. A , Herm, R. R., J. Phys. Chem. 

(1973)77,569). 
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on Ba + C F 3 I using mass spectrometryc d e t e c t i o n . Their angular 
d i s t r i b u t i o n data has two peaks, from which they a l s o suggested 
that more than one r e a c t i o n mechanism occurs. They suggested 
that BalF was one of the r e a c t i o n products. The BalF would be 
expected to give almost e x c l u s i v e l y B a l + i n the mass spectrometer. 
They observed a small BaF + s i g n a l as w e l l . 

Unfortunately , i f BalF i s formed, we could not observe i t , 
s ince t h i s molecule does not absorb v i s i b l e l i g h t . We can, how
ever, d i s t i n g u i s h Bal from BaF by t h e i r d i f f e r e n t e x c i t a t i o n 
s p e c t r a . We f i n d much Bal but no BaF product. This i n d i r e c t l y 
supports the idea t h a t BalF i s formed. On examining the angular 
d i s t r i b u t i o n data i n F i g . 12 we can see t h a t one d i s t r i b u t i o n 
seems to peak c l o s e l y along the c e n t r o i d where the BalF product 
would be expected to appear i n the l a b frame, while the other 
d i s t r i b u t i o n i s forward s c a t t e r e d . Yet, t h i s r e a c t i o n , 
Ba + C F 3 I , might be though
such as Κ + CH3I> which
What i s going on here? 

We decided to perform our own angular d i s t r i b u t i o n study. 
Figure 13 d e p i c t s the experimental setup. Two beam sources are 
mounted on a r o t a t i n g l i d ; about 22 cm away from the r e a c t i o n zone 
are s l i t s which def ine the d e t e c t i o n r e g i o n . Figure 14 shows the 
r e s u l t s obtained. We are l o o k i n g a t the angular d i s t r i b u t i o n o f 
a p a r t i c u l a r v i b r a t i o n a l s t a t e of B a l , namely v" = 47, which i s 
c h a r a c t e r i s t i c of the high ν peak. We found i t s d i s t r i b u t i o n 
to be h i g h l y forward s c a t t e r e d , but we were unable to f i n d the low 
ν d i s t r i b u t i o n when we searched f o r i t . This suggests to us that 
the high ν component may be r e l a t e d to the forward s c a t t e r e d peak 
seen by L i n , Mims, and Herm. 

Let me move on to some f u r t h e r work. Figure 15 shows the 
i n v e s t i g a t i o n of P h i l Brooks on the r e a c t i o n of Κ with o r i e n t e d 
C F 3 I . I bel ieve t h i s gives us a clue to what i s happening. 
Because C F 3 I has a moderately large d i p o l e moment and i s a 
symmetric t o p , i n t h i s experiment i t i s p o s s i b l e to cause the Κ 
atom to s t r i k e e i t h e r the C F 3 end or the I end of C F 3 I . My 
f r i e n d s i n other d i s c i p l i n e s of chemistry often ask why p h y s i c a l 
chemists spend so much time on an experiment whose outcome i s 
obvious. The e a r l y studies of Κ with o r i e n t e d CH3I showed t h a t 
r e a c t i o n occurs only when the Κ approached the I end of methyl 
i o d i d e . Everyone knew t h a t . Figure 15 i s an example where we 
see t h a t r e a c t i o n occurs when the Κ atom approaches e i t h e r end of 
the C F 3 I . What i s happening here? 

We must r e c a l l t h a t we cannot r e s t r i c t the c o l l i s i o n s to zero 
impact parameter; a f t e r a l l , we do not expect the potassium atom 
to pass through the carbon atom on i t s way to form KI. Instead, 
we are t a l k i n g about i n i t i a l d i r e c t i o n s of approach. We see i n 
F i g . 15 t h a t the KI product i s b a c k - s c a t t e r e d f o r i n i t i a l 
attack of the I end, forward-scattered f o r i n i t i a l attack of the 
C F 3 end. 

A l l t h i s leads to the model shown i n F i g . 16. I f Ba comes 
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Figure 14. Laboratory scattering angle vs. Bal relative in
tensity for the reaction Ba + CF31 -» Bal + CF3 
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toward the I end ( F i g . 16a), we expect backward s c a t t e r i n g and 
a low ν d i s t r i b u t i o n ; i f Ba approaches the CF 3 end ( F i g . 16b), an 
e l e c t r o n jump occurs - - remember t h a t C F 3 i s the e l e c t r o n e g a t i v e 
end of CF^I - - and the Bal product i s s c a t t e r e d i n the forward 
d i r e c t i o n with high i n t e r n a l e x c i t a t i o n . There are v a r i a n t s on 
the above, i n v o l v i n g i n s e r t i o n of Ba i n t o the C-I bond or 
g l a n c i n g a t t a c k ( F i g . 16c). The p o i n t of a l l t h i s i s that such 
studies are j u s t beginning to permit us to l e a r n about the 
stereochemistry of r e a c t i o n s and the presence of d i f f e r e n t r e 
a c t i o n pathways l e a d i n g to the same products but in d i f f e r e n t 
s t a t e s of e n e r g i z a t i o n . 

So f a r , I have emphasized the use of l a s e r s i n probing the 
products. However, l a s e r s can a l s o be used to prepare the 
r e a c t a n t s . An example of t h i s i s the work of Gary P r u e t t . The 
experimental setup i s p i c t u r e d i n F i g . 17. A barium beam passes 
through a s c a t t e r i n g chamber f i l l e d with HF gas a t a very low 
pressure and reacts to for
detected by l a s e r - i n d u c e d f luorescence. We vary the s t a t e of the 
HF gas. At room temperature nearly a l l the hydrogen f l u o r i d e 
molecules are i n the gound v i b r a t i o n a l l e v e l , v" = 0. There i s 
about a 4000 cm-"! energy gap between v" = 1 and v" = 0. However, 
a c h e m i c a l l y - d r i v e n HF l a s e r can pump some f r a c t i o n of the HF 
molecules from vM = 0 to v" = 1. We operate the l a s e r on the 
P-. (2) l i n e so t h a t we pump HF molecules a t the peak of the 
r o t a t i o n a l Boltzmann d i s t r i b u t i o n . When we prepare a c e r t a i n 
s t a t e of HF we want to know how that a l t e r s the s t a t e s of the 
BaF product. 

Figure 18 shows what happens to the BaF e x c i t a t i o n spectrum 
with the HF l a s e r on and the HF l a s e r o f f . In the l a t t e r case, 
we see that v" = 0, 1, and 2 are populated but the v i b r a t i o n a l 
d i s t r i b u t i o n f a l l s o f f to higher v" values. With the l a s e r on, 
at f i r s t glance i t seems that nothing happens. Further study 
i n d i c a t e s t h a t there might be something going on i n the region 
enclosed i n the dashed box o f F i g . 18. This region i s enlarged 
in F i g . 19. Here we begin to see t h a t HF(v" = 1) p r e f e r e n t i a l l y 
populates BaF molecules i n high v" l e v e l s . With some e l e c t r o n i c s 
t h a t s u b s t r a c t the " l a s e r - o f f " from the "laser-on" s i g n a l , we 
obtain the d i f f e r e n c e spectrum shown i n F i g . 20. 

By making some estimations of the f r a c t i o n of HF pumped by 
the HF l a s e r , we are able to deduce the r e l a t i v e s t a t e - t o - s t a t e 
r e a c t i o n r a t e s , shown i n F i g . 21. There are 12 kcal/mole 
i n i t i a l l y a v a i l a b l e to the products; Ba + HF(v" = 0) i s an exo
thermic r e a c t i o n . We add an a d d i t i o n a l 11 kcal/mole when we pump 
HF to v" = 1. That i s equivalent to 9 v i b r a t i o n a l quanta of 
BaF. I f there i s f u l l r e t e n t i o n of v i b r a t i o n a l energy from 
reactants to products, we could expect the rate d i s t r i b u t i o n to 
s h i f t by 9 quanta. I f v i b r a t i o n a l e x c i t a t i o n of HF t r i g g e r s more 
r e a c t i o n exothermicity to appear i n product v i b r a t i o n , then t h i s 
r a t e d i s t r i b u t i o n could be s h i f t e d even more. However, the r a t e 
d i s t r i b u t i o n f o r Ba + HF(v" = 1) peaks at v" = 6. Therefore, only 
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Figure 18 

Figure 19 
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Figure 20 

Figure 21 
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about 60% of the a v a i l a b l e v i b r a t i o n a l energy i s r e t a i n e d i n the 
BaF product. 

This leads to some thoughts about the r e a c t i o n dynamics. 
Imagine the barium atom approaching the HF molecule on some 
r e a c t i o n s u r f a c e . One such surface i s that c a l c u l a t e d by Heloiza 
Schor f o r Be + HF ( F i g . 22). For HF(v" = 0) we f o l l o w along the 
minimum energy path. A f t e r passing through some saddle p o i n t 
region the BaF product separates from the BaFH complex. Because 
the BaF has so much t r a n s i a t i o n a l energy, we presume t h a t the 
release of energy occurs a f t e r the BaF bond i s formed, leading to 
a r e p u l s i v e or l a t e downhill s u r f a c e . Suppose the HF i s e x c i t e d 
to v" = 1. This makes the HF v i b r a t e as i t climbs the v a l l e y to 
the saddle point r e g i o n . We have the p o s s i b i l i t y t h a t the bond 
might be extended or compressed on r e a c t i o n . I f t h i s i s t r u e , 
then HF extension causes the BaF product to cut the corner and 
enter the product channe
minimum energy path. Thi
e x c i t a t i o n of the BaF product. The other p o s s i b i l i t y i s t h a t 
r e a c t i o n occurs when the HF bond i s compressed. This places the 
BaF product deep i n t o the f a r corner of the BaFH surface and 
might promote product t r a n s l a t i o n . However, our r a t e d i s t r i b u t i o n 
f o r Ba + HF(v" = 1) does not appear bimodal, suggesting t h a t 
r e a c t i o n i s h i g h l y favored f o r one conformation over the other. 
From the data a t hand we are not able to work backwards to a 
unique r e a c t i o n s u r f a c e . However, t h i s s t a t e - t o - s t a t e k i n e t i c s 
i s j u s t the type of data we need to judge the v a l i d i t y of proposed 
p o t e n t i a l energy s u r f a c e s , and with such data a d e t a i l e d under
standing of r e a c t i o n dynamics i s w i t h i n reach. 

A l l the foregoing r e a c t i o n s were ground s t a t e r e a c t i o n s , t h a t 
i s , e l e c t r o n i c a l l y ground s t a t e reactants evolved i n t o e l e c t r o n i 
c a l l y ground s t a t e products. However, l a s e r e x c i t a t i o n can be 
used to prepare e l e c t r o n i c a l l y e x c i t e d r e a c t a n t s , and i f they 
r e a c t to form e l e c t r o n i c a l l y e x c i t e d products, then these products 
can be r e a d i l y detected by t h e i r c h a r a c t e r i s t i c chemiluminescence. 
I would l i k e to present to you some unpublished work of Ron C. 
E s t l e r . He uses the 5145A argon ion l a s e r l i n e to pump I 2 to an 
e x c i t e d s t a t e . Then the I 2* beam crosses a beam of metal atoms, 
such as indium or t h a l l i u m . Figure 23 shows the l a s e r - i n d u c e d 
chemiluminescence spectrum of I 2* + In -> In I* + I. With the 
l a s e r o f f , there i s no emission. This does not mean that 
r e a c t i o n i s absent. Indeed, In and I 2 probably r e a c t to form 
I n l + I. However, t h i s r e a c t i o n does not give any v i s i b l e l i g h t . 
With the l a s e r on, peaks appear which are r e a d i l y assigned to 
I n l * . There i s so much energy a v a i l a b l e t h a t the I n l * emission 
i s to the blue of the pump l i n e . This s i m p l i f i e s d e t e c t i o n as we 
are then f r e e of I 2* f l u o r e s c e n c e . So we have y e t another scheme 
where we can prepare one s t a t e of the reactants and observe the 
s t a t e s of the products. There i s , however, a s p e c i a l feature of 
t h i s experiment which I wish to c a l l to your a t t e n t i o n . We can 
choose the p o l a r i z a t i o n of the l a s e r , and when we do t h a t , we i n 
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e f f e c t p i c k out the alignment of the I 2 molecule. The theory i s 
r e l a t i v e l y s t r a i g h t f o r w a r d . With a beam of plane p o l a r i z e d l i g h t 
we i n i t i a l l y photoselect the I 2 molecules in a cos^e d i s t r i b u t i o n , 
where θ i s the angle between tne e l e c t r i c vector of the l i g h t beam 
and the i n t e r n u c l e a r a x i s o f the molecule. The molecules r o t a t e 
before c o l l i d i n g with the In atoms. This r o t a t i o n reduces the 
anisotropy of the o r i g i n a l d i s t r i b u t i o n , but does not completely 
remove i t . Instead of a cos^e d i s t r i b u t i o n of the r o t o r axes, we 
have a (1 + c o s 2 e ) d i s t r i b u t i o n . A p e r f e c t l y i s o t r o p i c d i s t r i b u 
t i o n corresponds to the angular momentum vectors of the 12 
molecules p o i n t i n g e q u a l l y i n space every which way. However, 
the a c t of p h o t o s e l e c t i o n p r e f e r e n t i a l l y chooses I? molecules 
with t h e i r angular momenta i n a plane a t r i g h t angles to the 
e l e c t r i c vector. In the absence of c o l l i s i o n s , t h i s d i s t r i b u t i o n 
cannot change as the I 2 molecules r o t a t e . In the present crossed 
beam study of I 2* + In,
r e a c t i o n i s more probabl
molecule head on — col l i n e a r geometry - - than broadsiae - - C2v 
geometry. 

Once again we a l l b e l i e v e that there has to be some s t e r e o 
chemistry governing t h i s r e a c t i o n system...and indeed, one f e e l s 
a l i t t l e brainwashed from the numerous studies on the Η + H 2 

r e a c t i o n to think t h a t a l l A + BC r e a c t i o n s are col l i n e a r . This 
i s not the case. However, t h i s example does demonstrate a strong 
preference f o r a col l i n e a r approach to cause r e a c t i o n . This 
may be the f i r s t instance where we have d i r e c t information on the 
r o l e of o r i e n t a t i o n in atom-diatom r e a c t i v e s c a t t e r i n g . However, 
the p o i n t i s t h a t l a s e r techniques should make such studies 
commonplace. 

In c l o s i n g , I want to mention one l a s t l a s e r technique f o r 
molecular beam s t u d i e s . This i s the t h e s i s work of Diane 
Feldman. Figure 25 shows a spectrum of sodium dimers i n a 
molecular beam. I t i s a f i n e spectrum, but what makes i t unusual 
i s t h a t we are not recording the f luorescence or the a b s o r p t i o n . 
T r a d i t i o n a l l y , spectroscopy i s done by l o o k i n g at l i g h t , but 
an a l t e r n a t i v e way i s to look a t the modif ied t a r g e t . Our method 
i s shown i n Figure 26, which depicts the process of resonant 
multiphoton i o n i z a t i o n . Here we pump from d i f f e r e n t l e v e l s of the 
Na 2 X s t a t e to the Na 2 Β s t a t e and from thence to the i o n i z a t i o n 
continuum. We then count the ion fragments with a channeltron 
(charged p a r t i c l e m u l t i p l i e r ) . Figure 27 shows t h i s technique 
a p p l i e d to a supersonic beam of Na 2 . The extensive c o o l i n g i s a t 
once apparent. In t h i s spectrum we p l o t ion count versus l a s e r 
e x c i t a t i o n wavelength. 

C l e a r l y , t h i s scheme can provide us with much s p e c t r o s c o p i c 
i n f o r m a t i o n , but what can i t o f f e r to the study of r e a c t i o n 
dynamics? We have a chance here of combining mass spectrometry 
with l a s e r spectroscopy i n d e t e c t i n g r e a c t i o n products. Already, 
in our laboratory Russ Lengel has been able to detect with t h i s 
technique the BaCl product i n the r e a c t i o n Ba + HC1. There are 
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considerable advantages when t h i s i s a p p l i c a b l e . Every ion we 
create can be c o l l e c t e d ; every ion we c o l l e c t can be counted; 
and the natural ion background i s exceedingly s m a l l . We have 
therefore a neutral detector with remarkable s i g n a l - t o - n o i s e 
c h a r a c t e r i s t i c s . Indeed, Hurst and coworkers a t Oak Ridge 
National Laboratory have r e c e n t l y demonstrated the use o f , t h i s 
technique to detect one cesium atom in the presence of 10 
argon atoms. P r e s e n t l y , we are c o l l e c t i n g charged p a r t i c l e s , 
but i t i s not d i f f i c u l t to imagine using a mass f i l t e r i n f r o n t 
of the channeltron. These new techniques may be q u i t e useful i n 
the f u t u r e in studying s t a t e - t o - s t a t e r e a c t i o n processes, both 
on neutral and i o n i c systems. I t remains to be seen, however, 
how e a s i l y we can r e l a t e the s i g n a l strength to i n i t i a l i n t e r n a l 
s t a t e p o p u l a t i o n s . I f t h i s problem can be overcome, then t h i s 
l a s e r technique w i l l give us y e t another powerful method of 
e x p l o r i n g chemistry, one c o l l i s i o n a t a t ime. 
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Recently, col l i s ionless multiphoton dissociation (MPD) of 
polyatomic molecules b
most interesting and excitin
and laser chemistry (1). The process is isotopical ly selective 
and provides a potentially effective and inexpensive method for 
isotope separation (2). I t has also been suggested that MPD 
could lead to mode-selective bond breaking (3). I f this were 
indeed the case, the process would have a revolutionary effect 
on photochemical synthesis and other areas of chemistry. 

From the sc ien t i f i c point of view, MPD is also an extremely 
intriguing problem. In order to reach the dissociation 
threshold, a single molecule has to absorb several tens of 
infrared photons. This is a nonlinear process. Usually, even a 
3- or 4-photon absorption process would require a laser beam 
intensity of the order of MW/cm2 or higher. For absorption of 
several tens of photons simultaneously, one would expect to take 
a laser intensity close to the gas breakdown threshold, namely, 
~10 GW/cm2 or more. Therefore, it was quite surprising when it 
was found that only a laser intensity of ~ 10 MW/cm2 or a pulse 
energy of ~ 1 J/cm2 is needed for MPD (4,5). Then, the questions 
which must be answered are why can a single molecule absorb so 
many photons of same frequency with a large probabili ty, how 
many photons are actually absorbed per molecule, how is the 
absorbed energy distributed in the excited molecule before 
dissociation, and what is the subsequent dynamics of dissociation. 
Here, we would l ike to discuss how we can answer most of these 
questions quantitatively from our recent molecular beam studies 
on MPD (6). 

There already exists in the li terature a large number of 
reports on the experimental and theoretical studies of MPD (1,7), 
and some of the questions related to the absorption have been 
answered. The techniques used in the experiments are, however, 
l imited. In almost all cases, C02 TEA laser pulses were used to 
excite the low-pressure gas medium in a sample cell. One would 
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make 1000 or 2000 l a s e r shots (8) and analyze the gas medium 
before and a f t e r the shots by o p t i c a l absorption and mass spec
troscopy. I f p o s s i b l e , the induced luminescence i n the medium 
was a l s o monitored during the s h o t s . The measurements were 
c a r r i e d out as a f u n c t i o n of l a s e r power, energy, frequency, 
p u l s e w i d t h , gas p r e s s u r e , gas mixtures, e t c . An obvious d i f f i 
c u l t y o f such experiments i s that the observation of the d i s s o c i a 
t i o n process i s always i n f l u e n c e d by molecular c o l l i s i o n s and 
chemical r e a c t i o n s f o l l o w i n g the l a s e r e x c i t a t i o n . Consequently, 
i n t e r p r e t a t i o n of the r e s u l t s i s often u n c e r t a i n , c o n f u s i n g , and 
sometimes even i n c o n s i s t e n t . D i r e c t , q u a n t i t a t i v e information 
about the dynamics of MPD i s d i f f i c u l t to o b t a i n . For example, 
such experiments sometimes cannot even t e l l f o r c e r t a i n what the 
primary d i s s o c i a t i o n fragments are and how many i n f r a r e d photons 
per molecule d i s s o c i a t e d are absorbed. Then, the r e s u l t s on the 
dependence of MPD on l a s e r power, energy, frequency, e t c . can a l l 
be a f f e c t e d by molecula

I t i s c l e a r that i n order to f u l l y understand MPD one must 
t r y to avoid molecular c o l l i s i o n s . With t h i s i n mind, the 
Harvard group has used subnanosecond C 0 2 l a s e r pulses much s h o r t e r 
than the mean free time between molecular c o l l i s i o n s to study MPD 
i n a gas c e l l ( 5 ) . However, even though the l a s e r e x c i t a t i o n 
time i s s h o r t , the d i s s o c i a t i o n l i f e t i m e of a molecule can s t i l l 
be longer than the c o l l i s i o n t ime, and hence t h e i r r e s u l t s of MPD 
are s t i l l more or l e s s a f f e c t e d by molecular c o l l i s i o n s . I t 
seems to us that the only way to e l i m i n a t e molecular c o l l i s i o n s 
i n the s t u d i e s of MPD i s to use a molecular beam. A molecular 
beam experiment on C0 2 l a s e r - i n d u c e d d i s s o c i a t i o n of SF 6 was 
performed p r e v i o u s l y by Brunner e t a l . , (14) i n which the i n f l u 
ence on the molecular beam of SF 6 i t s e l f by the C 0 2 l a s e r was 
s t u d i e d using the mass spectrometer. In our experiments, using 
a r o t a t a b l e mass spectrometer, d i r e c t i d e n t i f i c a t i o n of fragment 
species as w e l l as the measurements of angular and v e l o c i t y 
d i s t r i b u t i o n s of d i s s o c i a t e d products were performed f o r the 
understanding of the dynamics of e x c i t a t i o n and d i s s o c i a t i o n . 

Experimental Arrangement 

Our experimental setup i s shown s c h e m a t i c a l l y i n F i g . 1 ( 6 ) . 
The molecular beam was a supersonic j e t from a 0.1 mm n o z z l e . The 
beam diameter a t the c o l l i s i o n center was about 2 mm with a d i v e r 
gence angle of 0 . 8 ° . At 7 5 - t o r r stagnation p r e s s u r e , the mole
c u l a r density i n the beam was ~ 3 χ 1 0 1 1 cm" 3 . The l a s e r was a 
Tachisto C 0 2 TEA l a s e r p u t t i n g out about 0.5 - 1 J/pulse. A 
25-cm ZnSe lens was used to focus the l a s e r beam. The two beams 
crossed a t the c o l l i s i o n center and the d i s s o c i a t i o n fragments 
from the c o l l i s i o n region were then analyzed by a detector which 
c o n s i s t e d of an i o n i z e r , a quadrupole mass spectrometer, and a 
gated counting system. The detector could be r o t a t e d with respect 
to the c o l l i s i o n center so that the angular d i s t r i b u t i o n of the 
fragments could be measured. The angular r e s o l u t i o n was b e t t e r 
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than ± 0 . 5 ° . At a given a n g l e , the v e l o c i t y d i s t r i b u t i o n of the 
fragments could a l s o be obtained from the t i m e - o f - f l i g h t measure
ment. The pressure i n the c o l l i s i o n chamber was about 5 χ 10" 7 

t o r r and that of the i o n i z a t i o n chamber o f the detector was about 
1 0 " 1 0 t o r r . 

Experimental Results and D i s c u s s i o n 

What have we learned from our experiment? We s h a l l discuss 
mainly MPD o f SF 6 s ince most of our experiments were done w i t h 
t h i s molecule. F i r s t of a l l , we found that the d i s s o c i a t i o n 
fragments could be r e a d i l y detected and a t high l a s e r pulse 
i n t e n s i t i e s or energy d e n s i t i e s , the s i g n a l appeared to be 
s a t u r a t e d i n d i c a t i n g that almost a l l e x c i t e d molecules i n the 
beam were d i s s o c i a t e d . This r e s u l t c o n s t i t u t e s a d i r e c t proof 
to the c o l l i s i o n l e s s natur
large p r o b a b i l i t y a t no
s u b j e c t of many recent t h e o r e t i c a l papers (1,9). I t i s now 
q u a l i t a t i v e l y understood as due to the f o l l o w i n g p h y s i c a l 
mechanism (10). 

In order that a s i n g l e molecule can absorb several tens of 
photons from a monochromatic l a s e r beam with high p r o b a b i l i t y , 
each one-photon t r a n s i t i o n step i n the multiphoton e x c i t a t i o n 
process must be resonant or nearly resonant. This would be 
p o s s i b l e i f molecular v i b r a t i o n were s t r i c t l y harmonic. In 
p r a c t i c e , however, the anharmonicity i n a v i b r a t i o n a l mode i s 
always so large t h a t no resonant stepwise e x c i t a t i o n up the 
pure v i b r a t i o n a l ladder can happen. F o r t u n a t e l y , the energy 
l e v e l diagram of a polyatomic molecule i s more complicated. 
Superimposed on the v i b r a t i o n a l l e v e l s , there are numerous 
r o t a t i o n a l l e v e l s . In a d d i t i o n , the degeneracy of the e x c i t e d 
v i b r a t i o n a l l e v e l s can be l i f t e d by C o r i o l i s coupl ing and by 
anharmonic coupl ing with other modes. As a r e s u l t , s t a r t i n g from 
a range of r o t a t i o n a l l e v e l s i n the ground v i b r a t i o n a l s t a t e , i t 
i s p o s s i b l e to have the f i r s t 3-6 one-photon stepwise e x c i t a t i o n s 
nearly resonant up the r o t a t i o n - v i b r a t i o n a l ladder. Then, the 
density of s t a t e s of a polyatomic molecule always increases 
r a p i d l y with energy and soon the energy l e v e l s form a q u a s i -
continuum. For example, the density of s t a t e s o f SF 6 a t 5000 cm"1 

i s already as high as lOVcm"1 (10). Thus, a f t e r the f i r s t 3-6 
stepwise one-photon e x c i t a t i o n s , the l a s e r f i e l d e s s e n t i a l l y 
i n t e r a c t s with a continuum of s t a t e s , and the subsequent i n d i 
v idual steps i n the stepwise multiphoton t r a n s i t i o n through the 
quasi-continuum to and beyond the d i s s o c i a t i o n l i m i t are a l l 
"resonant." This then q u a l i t a t i v e l y explains why a r e l a t i v e l y 
low i n f r a r e d l a s e r power or energy i s s u f f i c i e n t f o r MPD o f 
polyatomic molecules. 

The second important aspect of our experiment was that we 
could i d e n t i f y the d i s s o c i a t i o n fragments before they undergo 
secondary c o l l i s i o n s with other molecules on the w a l l . However, 
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Figure 1. Schematic of the apparatus for studies of multiphoton 
dissociation of SF6. The molecular beam is triply differentially 

pumped. 

Figure 2. (a) Angular distribution of the SF3

+ 

fragments from multiphoton dissociation of 
SF6. (b) Flight time distribution of the SF3

+ 

fragment. The narrow angular distribution 
and longer flight times · are indicative of SF5 

at a laser energy density of ~ 6 J/cm2. The 
wider angular distribution and shorter flight 
times are indicative of SFU at a laser energy 
density of ~ 15 J/cm2. The angular distribu
tion A was obtained at a laser energy density 

of ~ 50 J/cm2. 
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the i d e n t i f i c a t i o n of the fragments of SF 6 i s much more c o m p l i 
cated than what we s t a t e d erroneously i n our previous work ( 6 ) . 
S u l f u r p o l y f l u o r i d e s are known to decompose almost completely i n 
the i o n i z a t i o n process i n t o daughter i o n s . I t was found that the 
r a t i o o f S F 3

+ / S F 2
+ i s a much more r e l i a b l e way o f i d e n t i f y i n g 

products. We found that the primary d i s s o c i a t i o n products are 
SF 5 + F. This i s i n f a c t what one would expect from the energy 
c o n s i d e r a t i o n s i n c e S F 5 + F i s the lowest d i s s o c i a t i o n channel. 
I t has a d i s s o c i a t i o n threshold a t 77 KCal/mole as compared to 
that of SF4 + F 2 a t 105 KCal/mole. Previous experiments by 
others had suggested t h a t SF4 and F 2 were the d i s s o c i a t i o n f r a g 
ments (11). I t turns out that SF4 could a c t u a l l y appear as a 
secondary d i s s o c i a t i o n product when the l a s e r energy i s i n c r e a s e d . 
No F 2 s i g n a l was ever detected. These r e s u l t s suggest a two-step 
mechanism f o r the production of SF4: 

SF 6 + nh

+ 

η Ί ι ν 

>SF4> + F 
where τ i n d i c a t e s the average d i s s o c i a t i o n l i f e t i m e and * denotes 
i n t e r n a l e x c i t a t i o n . C l e a r l y , the l a s e r pulse w i d t h , Τ > τ i n 
order f o r the second d i s s o c i a t i o n step to be s i g n i f i c a n t . Our 
r e s u l t s therefore suggest that average τ must be c l o s e to or l e s s 
than the l a s e r pulse width of 50 nsec. 

As we mentioned e a r l i e r , our apparatus a l s o allowed us to 
measure the angular d i s t r i b u t i o n and v e l o c i t y d i s t r i b u t i o n of the 
fragments. An example i s shown i n F i g . 2. Such r e s u l t s together 
with the v e l o c i t y d i s t r i b u t i o n of the primary beam could y i e l d 
q u a n t i t a t i v e information about the dynamics of d i s s o c i a t i o n . 
Let v 0 and ν be the v e l o c i t i e s of the primary beam and the f r a g 
ment r e s p e c t i v e l y , and be the angle between v 0 and v. 
Let f ( v ) b e the fragment v e l o c i t y d i s t r i b u t i o n a t © , h | v 0 ) b e 
the v e l o c i t y d i s t r i b u t i o n o f the primary beam, and g(u=|v - νο|>θ) 
be the fragment v e l o c i t y and angular d i s t r i b u t i o n i n the center of 
mass c o o r d i n a t e s . We f i r s t observed q u a l i t a t i v e l y that the 
angular d i s t r i b u t i o n i s i s o t r o p i c i n the center o f mass c o o r d i 
nates so that g(u) = g ( u ) . This was true f o r a t l e a s t the case 
of SF 6 s ince our experimental r e s u l t s a l s o showed no dependence 
on the l a s e r p o l a r i z a t i o n . We then have 

f ( v , ® ) = / g(u = |v - V o | ) h ( v 0 ) d v o 

from which we can deduce g(u) by deconvolution i f f ( v , e ) and h ( v 0 ) 
are known from measurements. The r e c o i l k i n e t i c energy £ of the 
fragments i s given by £ = m f u 2 , so g(u) can be r e a d i l y t r a n s 
formed i n t o the fragment r e c o i l - e n e r g y d i s t r i b u t i o n g ( £ ) . In 
F i g . 3 , we show an example of g ( £ ) obtained with l a s e r pulses of 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



4. GRANT E T A L . Multiphoton Dissociation 77 

~ 50 nsec i n pulsewidth and ~ 6 J/cm2 i n energy. T h e o r e t i c a l 
curves are a l s o shown f o r comparison. 

Before we discuss the t h e o r e t i c a l c a l c u l a t i o n of g ( E ) , we 
should p o i n t out that three q u a l i t a t i v e but important conclusions 
can r e a d i l y be drawn from the experimental data. (1) The f r a g 
ment angular d i s t r i b u t i o n i n F i g . 2a suggests and the fragment 
r e c o i l - e n e r g y d i s t r i b u t i o n i n F i g . 3 confirms that the average 
r e c o i l energy of the fragments i s low, approximately 2-3 KCal/ 
mole which i s about a C 0 2 l a s e r photon per molecule. This i n d i 
cates that i f SF 6 before d i s s o c i a t i o n absorbs many more than one 
photon above the d i s s o c i a t i o n l e v e l , a large f r a c t i o n of t h i s 
excess energy must be r e t a i n e d by the SF 5 fragment i n i t s i n t e r n a l 
degrees of freedom. (2) I f the d i s s o c i a t i o n has an appreciable 
e x i t b a r r i e r energy, then the fragment angular d i s t r i b u t i o n would 
peak a t θ / 0 and the fragment r e c o i l - e n e r g y d i s t r i b u t i o n would 
correspondingly peak a
f o r SF 6 as seen i n F i g
b a r r i e r energy f o r SF 6 --> S F 5 + F i s e s s e n t i a l l y zero or l e s s than 
0.2 KCal/mole. (3) I f MPD i s m o d e - s e l e c t i v e , a v e l o c i t y d i s t r i b u 
t i o n skewed to higher energy would be expected. Figure 3 shows 
that t h i s i s not the case f o r S F 6 . The strong peaking of product 
molecules a t zero k i n e t i c energy i s e x a c t l y what i s expected i f 
the energy i n the e x c i t e d molecule i s completely randomized 
before decomposition. 

We now discuss how we can deduce more q u a n t i t a t i v e informa
t i o n about MPD by comparing theory and experiment on g ( £ ) . We 
b e l i e v e that because of the very strong c o u p l i n g among various 
v i b r a t i o n a l modes a t high e x c i t a t i o n s , the e x c i t a t i o n energy 
deposited i n the molecule should be randomly d i s t r i b u t e d i n a l l 
v i b r a t i o n a l degrees o f freedom. We can therefore use the RRKM 
s t a t i s t i c a l model f o r unimolecular d i s s o c i a t i o n (12) to c a l c u l a t e 
g ( £ ) . The model assumes that a molecule i s i n i t i a l l y e x c i t e d to 
an energy l e v e l Ε (or s t a t i s t i c a l l y to many l e v e l s with a c e r t a i n 
d i s t r i b u t i o n ) above the d i s s o c i a t i o n energy E 0 , and t h a t the 
e x c i t a t i o n energy i s randomly d i s t r i b u t e d i n a l l composite 
v i b r a t i o n a l s t a t e s . I f N E i s the density of v i b r a t i o n a l s t a t e s 
of the molecule a t E, and G E (fi) i s the density of s t a t e s i n which 
the e x c i t e d molecule w i l l sooner or l a t e r d i s s o c i a t e with a f r a g 
ment r e c o i l energy β , then the p r o b a b i l i t y that the molecule w i l l 
d i s s o c i a t e with a r e c o i l energy E i s 

P E ( E ) = G E (E)/N E 

and hence the fragment r e c o i l - e n e r g y d i s t r i b u t i o n i s given by 

E - E o 

gE(E) = PE(e) 0 P E ( £ ) d £ . 
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Figure 3. Fragment recoil energy distribu
tions for SF6 -» SF5 + F. Experimental data 
points obtained with ~ 6 J/cm2 laser pulses 
are denoted by · . Curves are calculated from 
the RRKM theory assuming a molecular exci
tation of Ε = Έ0 + ηΤίω with η = 7 (— · —), 
η = 9( ), and η = 11 ( ) where Ε0 is 
the dissociation energy and ho> is the C02 laser 

photon energy. 

icn 1 1 1 1 1 
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E x c e s s E n e r g y η {hw) 

Figure 4. Dissociation rate of SF6 calculated 
from the RRKM theory as a function of level of 

excitation η/ΐω = Ε — E 0 . 
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For a given molecule, N E and g r ( £ ) can be obtained from model 
c a l c u l a t i o n . Therefore g E ( £ ) [or g ( £ ) f o r e x c i t a t i o n d i s t r i b u t e d 
over many l e v e l s ] can be c a l c u l a t e d and compared with the e x p e r i 
mental d a t a . In a d d i t i o n , the d i s s o c i a t i o n rate k E ( £ ) which i s 
p r o p o r t i o n a l to P F ( £ ) can a l s o be obtained from the model c a l c u l a 
t i o n knowing P r ( £ ) . The t o t a l d i s s o c i a t i o n rate of the molecule 
i s given by 

E-Eo 
K E = / o k E ( S ) d £ 

and the corresponding d i s s o c i a t i o n l i f e t i m e i s τ Ε = 1/Κ Ε · 
Figure 3 shows three g £ ( £ ) curves c a l c u l a t e s by assuming 

Ε = rtfiu) with η = 7 , 9 , and 1 1 , where hu) i s the C 0 2 l a s e r photon 
energy. The η = 9 curve c l e a r l y f i t s w e l l with the experimental 
date. A c t u a l l y , there i s a s i g n i f i c a n t spread i n the l e v e l s of 
e x c i t a t i o n f o r a given l a s e
average l e v e l of e x c i t a t i o n
experiment leads to the f o l l o w i n g c o n c l u s i o n s : 

(1) The RRKM s t a t i s t i c a l model f o r uni molecular d i s s o c i a 
t i o n assuming random energy d i s t r i b u t i o n i n a l l v i b r a t i o n a l 
degrees of freedom gives a c o r r e c t d e s c r i p t i o n of the dynamics of 
MPD. The mode-selective d i s s o c i a t i o n i s c l e a r l y not p o s s i b l e f o r 
a t l e a s t MPD of SF 6 with nanosecond pulsed e x c i t a t i o n . 

(2) For MPD of S F 6 , the molecule mostly l i k e l y d i s s o c i a t e s 
from a l e v e l a t 7 to 11 hω above E 0 depend on l a s e r energies. In 
other words, s i n c e E 0 - 29 hoi, each SF 6 molecule a c t u a l l y 
absorbs on average 36 to 40 i n f r a r e d photons before d i s s o c i a t i o n . 
This should be compared with the estimate of 2 0 0 - 2 5 0 photons 
reported e a r l i e r i n the l i t e r a t u r e (13). 

(3) The c a l c u l a t e d d i s s o c i a t i o n rates versus Ε - E 0 = nhu> 
f o r SF 6 are shown i n F i g . 4 . We f i n d that f o r η = 7 to 1 1 , the 
corresponding d i s s o c i a t i o n l i f e t i m e i s ~ 50 to 0 , 5 nsec. This i s 
i n the same order of magnitude as l a s e r pulsewidths. 

(4) Figure 4 shows t h a t the d i s s o c i a t i o n rate increases 
r a p i d l y with n. This explains why the d i s s o c i a t e d molecules 
appear to have o r i g i n a t e d from an energy l e v e l Ε = E 0 + 7 ϋ ω . 
For Ε < E 0 + 6 hw, the u p - e x c i t a t i o n rate i s much l a r g e r than the 
d i s s o c i a t i o n rate and hence only a small f r a c t i o n of molecules i n 
these l e v e l s can d i s s o c i a t e . For Ε > E 0 + 11 & ω , the d i s s o c i a t e 
rate i s much l a r g e r than the u p - e x c i t a t i o n r a t e and only a small 
f r a c t i o n of molecules can be e x c i t e d to higher l e v e l s . The 
r e s u l t s a l s o suggest that over a wide range of l a s e r powers, the 
l e v e l of e x c i t a t i o n would not vary s i g n i f i c a n t l y . This was found 
to be the case i n S F 6 . 

We have a l s o performed a number of other measurements of MPD. 
L i m i t e d by space here, we w i l l only discuss b r i e f l y some of them: 

(1) We have measured f o r MPD of SF 6 the dependence of the 
fragment i n t e n s i t y as a f u n c t i o n of l a s e r power and energy. The 
threshold energy (defined by the l i m i t of our d e t e c t i o n s e n s i 
t i v i t y ) was around 2J/cm 2 and appeared to be the same f o r l a s e r 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



80 S T A T E - T O - S T A T E C H E M I S T R Y 

pulsewidths of 50 nsec and 500 nsec. For 500-nsec p u l s e w i d t h , 
t h i s energy threshold corresponds to a power threshold of ~ 4 
MW/cm2 which i s 6 times lower than the e a r l i e r reported value 
( 4 ) . For longer p u l s e s , the power threshold could be even lower. 
This suggests t h a t the energy threshold i s probably more meaning
f u l even though MPD must a l s o depend on the l a s e r peak power i n 
some way. Above the t h r e s h o l d , the fragment i n t e n s i t y increased 
almost l i n e a r l y and then q u i c k l y l e v e l e d o f f to s a t u r a t i o n a t 
~ 10 J/cm 2 . These r e s u l t s obtained under the s t r i c t c o l l i s i o n l e s s 
c o n d i t i o n should form the b a s i s of any q u a n t i t a t i v e theory on MPD. 
With i n c r e a s i n g l a s e r energy, the fragment angular d i s t r i b u t i o n 
f i r s t became somewhat broader. Then, above 15 J/cm 2 , i t remained 
e s s e n t i a l l y unchanged, i n d i c a t i n g t h a t i t was d i f f i c u l t to e x c i t e 
the SF 6 molecules to Ε - E 0 > 11 ha>. 

(2) We have measured the e x c i t a t i o n spectrum f o r MPD of 
S F 6 . Compared to the on
( 4 ) , our spectrum had a
and a peak s h i f t e d from the Q branch by ~ 4 c n r 1 i n s t e a d of 
8 cm" 1 . In both cases, the v i b r a t i o n a l temperatures and l a s e r 
energies are supposed to be the same, but the v i b r a t i o n a l tempera
ture of the molecules i n the gas c e l l experiments could become 
somewhat h o t t e r during the experiment. 

(3) We have found t h a t MPD of SF 6 does not depend on the 
l a s e r p o l a r i z a t i o n . This i n d i c a t e s that the e x c i t a t i o n energy i s 
d i s t r i b u t e d i s o t r o p i c a l l y i n the r o t a t i o n a l substate or/and the 
d i s s o c i a t i o n l i f e t i m e i s much longer than the r o t a t i o n a l p e r i o d s . 

(4) We have a l s o made p r e l i m i n a r y measurements on MPD of a 
number of other molecules, e . g . , CF C l 3 and CF 3 Br. In 
a l l c a s e s , the d i s s o c i a t i o n occurred through the lowest d i s s o c i a 
t i o n channel, i n d i c a t i n g that the s t a t i s t i c a l model f o r MPD 
discussed e a r l i e r f o r SF 6 should a l s o be a p p l i c a b l e to other p o l y 
atomic molecules. 

Concluding Remarks 

In summary, we have shown that through molecular beam s t u d i e s , 
we have learned a great deal about e x c i t a t i o n and d i s s o c i a t i o n 
processes i n MPD. S p e c i f i c a l l y , we have been able to i d e n t i f y the 
d i s s o c i a t i o n products, to l e a r n about the e x c i t a t i o n energy 
d i s t r i b u t i o n i n the e x c i t e d molecule, to determine the l e v e l of 
e x c i t a t i o n before d i s s o c i a t i o n , and to f i n d the d i s s o c i a t i o n rate 
and l i f e t i m e . We have concluded that the RRKM s t a t i s t i c a l model 
f o r unimolecular d i s s o c i a t i o n gives a good d e s c r i p t i o n of the 
dynamics of MPD, and that the p o s s i b i l i t y of a mode-selective 
e x p l o s i v e type of MPD can be r u l e d out. There a r e , of course, 
many other experiments y e t to be done i n r i g o r o u s l y c o l l i s i o n l e s s 
c o n d i t i o n s o f molecular beam i n order to f u r t h e r our understanding 
on MPD. For example, we should measure MPD by varying the l a s e r 
pulsewidth over a wide range, by using two e x c i t i n g l a s e r pulses 
with d i f f e r e n t energies and frequencies and a time delay between 
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them, and by heating and c o o l i n g the r o t a t i o n a l and v i b r a t i o n a l 
degrees of freedom o f the molecular beam. These experiments are 
p r e s e n t l y being c a r r i e d out i n our l a b o r a t o r y . 

This work was done with support from the U.S. Energy Research 
and Development A d m i n i s t r a t i o n . 

ABSTRACT 

It i s shown that our crossed l a s e r and molecular beam s t u d i e s 
of collisionless multiphoton d i s s o c i a t i o n of polyatomic molecules 

have l e d to a much b e t t e r understanding of the dynamics of exci
tation and d i s s o c i a t i o n of t h i s important isotopically s e l e c t i v e 
process. 
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5 
Molecular Beam Chemistry: Reaction Dynamics and 
Substituent Effects on the Electronic State of Carbonium 
Ions Produced in Ion-Molecule Reactions 

S. A. SAFRON and R. C. HORVAT 

Chemistry Department, Florida State University, Tallahassee, FL 32306 

With polyatomic reactants the vibrational energy level density 
within an electronic manifol
ization time [1,2] too
10-12s) to allow the production of molecules in particular, well
-defined states. However, "state-to-state" chemistry does have 
meaning when one is concerned with the possible product electronic 
states; for, the dynamics [3], symmetry [4] and spin [5] "selec
tion rules" may inhibi t the reactants from forming certain of 
these states. In the reactions of 

Cs + + RU --> R+ + CsC£ (1) 

--> R l + + R" + CsOL (2) 

the data from crossed ion-molecule beam experiments [6,7,8] sug
gest (for R = benzyl, o-, m- and p - t o l y l , and phenyl) that R+ is 
probably a ground state singlet ion in the forward direction but 
an excited singlet state ion in the backward direct ion. Moreover, 
the type of fragment, R'+ and R", produced at low collision energy 
is restricted to those which have singlet ground states, in keep
ing with the "propensity" for spin conservation. At higher ener
gies other fragments are found (as in typical mass spectra of the 
parent RCl). We report here further scattering experiments of Cs+ 

on RX (with X = F, Cl and Br) similar to (1), which implicate the 
halogen in determing the spin state of the product R+ and which 
show the effect on the reaction cross-section of various substi
tuent groups on the benzene r ing . 

These investigations have been carried out in the same 
apparatus described previously [1,7] with only minor improvements. 
Angular and energy distributions have been measured for the R+ 

product and standard contour diagrams have been constructed from 
the data [9]. The energies (ΔΗr) of reaction [10] and measured 
product appearance potentials (A.P.) are shown in Table I . 

83 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



84 S T A T E - T O - S T A T E C H E M I S T R Y 

Table I 

Reactant RX AH r (eV) A.P.(eV) 

benzyl f l u o r i d e 2.2 - 3 . 5 
benzyl c h l o r i d e 1.6 ~3 
benzyl bromide 1.5 <3 
fluorobenzene 5.0 7.0 
chlorobenzene 4.4 5.9 
bromobenzene 4 . 3 4.6 

The contour diagrams of the s c a t t e r i n g experiments at about 9eV 
c o l l i s i o n energy show remarkable s i m i l a r i t y among the three benzyl 
h a l i d e systems and between the chlorobenzene and bromobenzene 
systems. Fluorobenzene has too small a r e a c t i v e c r o s s - s e c t i o n f o r 
us to o b t a i n s u f f i c i e n t

The p e r t i n e n t r e s u l t s f o r t h i s d i s c u s s i o n are shown i n Table 
II f o r the c o l l i s i o n energy E, the maximum 

Table II 

Reactant RX E(eV) E'max(eV) 
H ' B 1 n < e V > 

benzyl f l u o r i d e 9.2 4.4 2.6 
benzyl c h l o r i d e 9.5 5.5 2.4 
benzyl bromide 9.3 6.2 1.6 
chlorobenzene 8.9 3.4 1.1 
bromobenzene 8.9 4.8 0 

r e c o i l energy f o r backward s c a t t e r e d product E ' m a x and the 
c a l c u l a t e d minimum i n t e r n a l energy f o r t h i s product W' m i - n . On the 
b a s i s o f the r e s i d u a l W' m -j n f o r benzyl c h l o r i d e , i t was suggested 
i n [6] that the backward s c a t t e r e d benzyl ion was i n the f i r s t 
e x c i t e d s i n g l e t s t a t e . The data here f o r benzyl f l u o r i d e suggest 
a s i m i l a r f a t e f o r i t s benzyl i o n , but the benzyl bromide data 
p o i n t to a lower l y i n g ion energy s t a t e , the t r i p l e t s t a t e . (A 
c a l c u l a t i o n f o r e x c i t e d benzyl ions [IV] gives 2.73 eV f o r the 1 B 1 

and 2.17 eV f o r the 3 B a s t a t e above the ground 1Δι s t a t e . ) This 
behavior i s c o n s i s t e n t with the well-known enhancement of i n t e r -
system crossings by the heavier halogens compared to the l i g h t e r 
ones due to increased s p i n - o r b i t coupl ing [121 « 

Indeed, the same behavior can been seen f o r the haloben-
zenes. In [8] i t was suggested t h a t the phenyl ion product was 
formed i n a s i n g l e t s t a t e , e x c i t e d by - 1 - 1 . 5 eV above the ground 
s t a t e , based on the r e s i d u a l W'm-j n and the r e a c t i o n A . P . This i s 
i n rough agreement with the A . P . f o r the fluorobenzene r e a c t i o n . 
However, the bromobenzene d a t a , both W ' m i n and A . P . , suggest a 
lower energy product s t a t e , namely the ground s t a t e t r i p l e t 
(contrary to a c a l c u l a t i o n [ 1 3 ] , but not i n t u i t i o n ) . 
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S c a t t e r i n g experiments were a l s o t r i e d on several r i n g sub
s t i t u t e d chlorobenzenes and one bromobenzene, the summary of the 
r e s u l t s of which are shown i n Table I I I . 

Table I I I 

Reactant RX 
chlorobenzene 

ο - , m- and p-chlorotoluenes 

o- and m-dichlorobenzenes 

ο - , m- and p - c h l o r o a n i s o l e

p-bromoanisole 

Reactive S c a t t e r i n g Features 
Strongly r e p u l s i v e , backward 
s c a t t e r e d C6H5+ [ 8 ] . 
D i r e c t r e a c t i o n s and complex 
f o r m a t i o n , C7H7 4" probably 
rearranged to tropyl ium and 
benzyl ions [ 7 ] . 
No R + formation; a few minor 
fragments produced. 

No R + formation; a few minor 
fragments produced. 

These s u b s t i t u e n t s g e n e r a l l y promote r e a c t i o n s which involve 
attack by p o s i t i v e ions on the r i n g π o r b i t a l e l e c t r o n s . In 
every c a s e , except f o r the chlorotoluenes which react by r e 
arranging [ 7 ] , type (1) r e a c t i o n s are not observed. The charge 
i n the R + ion i s e v i d e n t l y produced, at l e a s t i n i t i a l l y , i n a 
σ -type o r b i t a l , which these s u b s t i t u e n t s severely d i s f a v o r . 
Further t h e o r e t i c a l work i s obviously needed to e x p l a i n the 
e l e c t r o n i c coupl ing of the r i n g to the s u b s t i t u e n t , which s t a b i 
l i z e s p o s i t i v e charge formation i n π o r b i t a l s , but which suppres
ses such charge formation i n σ molecular o r b i t a l s . 
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Reaction Product Identification from O(3P) + Benzene, 
Toluene, and 1,3,5-Trimethylbenzene Collisions 

THOMPSON M. SLOANE 

Physical Chemistry Department, General Motors Research Laboratories, 
Warren, MI 48090 

Reactions of oxygen atoms with aromatic hydrocarbons have 
received a great deal o
their potential importanc
pheric chemistry. (1) This paper presents the results of product 
analysis of single reactive col l i s ions at room temperature 
between O(3P) atoms and benzene, toluene, and 1, 3, 5 - trimethyl
benzene. 

The apparatus used in these experiments consisted of a 
quadrupole mass spectrometer housed inside a two-chamber, d i f fu
sion-pumped, stainless steel vacuum system. The major features 
of the design were similar to the apparatus employed by Foner 
and Hudson. (2) The beam intersection angle was 60°. 

Products were observed at m/e = 94 and 66 for the reaction 
of O(3P) with benzene. The product at m/e= 94 is a long-lived 
C6H6O complex which, if stable, is probably phenol. The product 
at m/e = 66 corresponds to the complex minus a molecule whose 
mass is 28. a.m.u., undoubtedly carbon monoxide. The ionization 
efficiency measurement for this C5H6 hydrocarbon product is shown 
in Figure 1. There appears to be a small amount of product with 
an ionization threshold near 9.0 eV, and a much larger amount 
with a threshold near 9.6 eV. Cyclopentadiene has an ionization 
potential of about 9 eV. Molecules similar to 3-penten-1-yne 
have ionization potentials in the range 9.8 to 10.2 eV. (4) 
Assuming that 3-penten-1-yne has an ionization potential close to 
those compounds, the major product at m/e = 66 is l i k e l y to be 
this open-chain C5H6 hydrocarbon. The less intense product is 
probably cyclopentadiene. 

The hydrocarbon product must be in its ground electronic 
state for two reasons. F i r s t , the reaction would be too endo-
thermic (ΔΗ = 20 kJ/mol) to take place at these low kinetic 
energies if the product were electronically excited. Second, 
the measured ionization potential would be about 3 eV smaller 
for the excited product. 

Products were observed at m/e = 108, 106, and 80 for the 
reaction of oxygen atoms with toluene. These three product 
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• M A S S 6 6 
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Δ Δ 
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E l e c t r o n Energy (eV) 

Figure 1. Ionization efficiency measurement for the 0(3P) 
+ benzene reaction product at m/e = 66. Ο—measured 
intensity; Δ—intensity corrected for the finite energy 
width of the ionizing electrons using the procedure in 

Ref. 3. 

masses correspond to the three products observed f o r 0 ( J P ) + 1, 
3 , 5 - tr imethylbenzene. Since more extensive data were obtained 
f o r t h i s l a t t e r r e a c t i o n , the r e s u l t s f o r 0( P) + toluene w i l l 
not be discussed f u r t h e r . 

The r e a c t i o n of 0( P) with 1, 3 , 5 - trimethylbenzene 
y i e l d e d products at m/e = 136, 134, and 108. Figure 2 shows the 
i o n i z a t i o n e f f i c i e n c y measurement f o r the product at m/e = 136. 
The i o n i z a t i o n t h r e s h o l d i s about 8.2 eV. This product could be 
2 , 4 , 6 - t r i m e t h y l p h e n o l , 3 , 5 - d i m e t h y l a n i s o l e , or 3 , 5 -
dimethyl benzyl a l c o h o l . Since i t i s unclear how the i n t e r n a l 
energy of the C g H , 2 0 adduct (^400 kJ/mol i f i t i s the ground 
e l e c t r o n i c s t a t e ) might a f f e c t an i o n i z a t i o n p o t e n t i a l measure
ment, no conclusion can be drawn about t h i s product's s t r u c t u r e . 

The i o n i z a t i o n e f f i c i e n c y measurement f o r the product at m/e 
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= 134 i s shown i n Figure 3. A l i k e l y product a t t h i s mass i s 3 , 
5 - dimethylbenzaldehyde because the i o n i z a t i o n p o t e n t i a l of 
methylbenzaldehyde i s 9.33 eV. (4j_ 

The i o n i z a t i o n e f f i c i e n c y measurement f o r the product at 
m/e = 108 i s shown i n Figure 4. As i n the case of 0( P) + 
benzene, when CO leaves the adduct the r i n g may c l o s e to form 
t r i m e t h y l c y c l o p e n t a d i e n e ( I . P . = 7.96 eV ) or remain open to 
given an open-chain o l e f i n s i m i l a r to hydrocarbons having i o n i z a 
t i o n p o t e n t i a l s ranging from 8.6 to 9.1 eV. Although the measur
ed data were too noisy f o r c o r r e c t i o n , they i n d i c a t e that at 
l e a s t a major f r a c t i o n of the products at m/e = 108 i s an open-
chain o l e f i n r a t h e r than t r i m e t h y l c y c l o p e n t a d i e n e . 

A r e a c t i o n path which was not observed f o r these r e a c t i o n s 
i s the hydrogen atom a b s t r a c t i o n path to produce OH and an 
aromatic r a d i c a l . Even i f the aromatic r a d i c a l i s s c a t t e r e d 
"backward," i t should s t i l l be observed due to poor beam 
c o l l i m a t i o n . -

Tests f o r the p a r t i c i p a t i o n of r e a c t i o n s of 0( D) or 0p( Δ ) 
i n the 0 atom beam and f o r r e a c t i o n s i n the i o n i z e r showed that 
these p o s s i b l e i n t e r f e r i n g processes were n e g l i g i b l e . g 

The c o r r e l a t i o n diagram of Figure 5 shows f o r 0( P) + 
benzene that ground s t a t e reactants should c o r r e l a t e with e x c i t e d 
products. The observed products must then be produced by a s p i n -

. 1.0 

- .5 

ο ( 3 P ) +
/Io}j-*- Mass 1 3 6 

Ο Measured 

Δ C o r r e c t e d 

Ο Δ Δ 

7.0 

Ο 

ο 

Δ Δ Δ 
Δ Δ 

8 . 0 9 . 0 

E l e c t r o n Energy (eV) 

1 0 . 0 

Figure 2. Ionization efficiency measure
ment for the 0(3P) + 1,3,5-trimethylben-

zene reaction product at m/e = 136 
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Figure 3. Ionization efficiency measurement for the 0(3P) + 
1,3,5-trimethylbenzene reaction product at m/e = 134. Only 

the corrected measurement is shown. 

forbidden process. T u l l y has s u c c e s s f u l l y explained the r a p i d 
r a t e s of a number of s p i n - f o r b i d d e n r e a c t i o n s . (5) To determine 
whether h i s theory may e x p l a i n the s p i n - f o r b i d d e n nature of the 
0 + benzene r e a c t i o n , the f o l l o w i n g two questions must be 
answered: (1) i s the lowest t r i p l e t s t a t e of phenol (T,) l o n g -
l i v e d enough? (2) Is the c r o s s i n g region between T, and S n e a s i l y 
a c c e s s i b l e during the l i f e t i m e of the complex? u 

To answer the f i r s t q u e s t i o n , the RRKM l i f e t i m e of T ] was 
est imated. For a r e l a t i v e g k i n e t i c energy of 2.7 kJ/mol, the 
estimated l i f e t i m e was 10" seconds. A c r o s s i n g pointed l o c a t e d 
near the,-minimum of a 1300 cm v i b r a t i o n could be traversed 
3.5 χ 10 times during t h i s l i f e t i m e . 

In order to answer the second q u e s t i o n , t h a t of the a c c e s s -
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Figure 4. Ionization efficiency measure
ment for the 0(3P) + 1,3,5-trimethylben
zene reaction product at m/e = 108. 
Only the uncorrected measurement is 

shown. 
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Figure 5. Electronic state correlation diagram for the 0(3P) + benzene system 
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Figure 6. Energy of the T, and S0 states of phenol as a func
tion of displacement from the T, minimum along a ring stretch

ing vibrational mode 

i b i l i t y of the c r o s s i n g r e g i o n , c a l c u l a t i o n s were c a r r i e d out 
with the ab i n i t i o SCF-M0 program Gaussian 70 using the 
ST0-3G b a s i s s e t . (7) The T-. and S Q p o t e n t i a l energy surfaces 
along e i g h t v i b r a t i o n a l modei of phenol were explored. For one 
mode, a c r o s s i n g was located about 160 kJ/mol above the minimum 
energy c o n f i g u r a t i o n of T,. The r e s u l t s f o r t h i s mode are shown 
i n Figure 6. Due to the p r i m i t i v e nature of these l i m i t e d basis 
set s i n g l e - c o n f i g u r a t i o n c a l c u l a t i o n s , the r e l a t i v e p o s i t i o n s of 
the two surfaces are u n c e r t a i n . The two surfaces probably cross 
but where the c r o s s i n g i s located w i t h respect to the minimum i n 
the Τ , surface cannot be determined with chemical accuracy from 
these c a l c u l a t i o n s . 

These RRKM and molecular o r b i t a l c a l c u l a t i o n s i n d i c a t e t h a t 
T u l l y ' s theory of s p i n - f o r b i d d e n r e a c t i o n s i s a p l a u s i b l e explana
t i o n f o r the s p i n - f o r b i d d e n nature of the 0( P) + benzene and 
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methylbenzene r e a c t i o n s . More accurate c a l c u l a t i o n s would be 
h e l p f u l i n e x p l a i n i n g more clearly the details of these r e a c t i o n s . 
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7 
Threshold Behavior for Collision-Induced Dissociation* 

Ε. K. PARKS, S. H. SHEEN, G. DIMOPLON, and S. WEXLER 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

A fundamental collisional process at elevated energies i s the 
dissociation of a molecul
sion with a third body.
ation (CID) has been observed ex tens ive ly in ion-molecule reac
tions (1) and, i n more recent years , between neutral species (2-4). 
CID of the alkali and t h a l l i u m hal ides to ion pa i rs has been stud
ied i n t h i s laboratory for the l a s t few years , and the threshold 
behavior for the process has been determined (4,5). 

Typica l react ions observed are 

M + CsCl --> M + Cs+ + Cl-

--> CsM+ + Cl– 

for the monomer and 

M + Cs2Cl2 --> M + Cs2Cl+ + Cl-

--> M + Cs+ + CsCl-2 

for the dimer. The experiments involve acce le ra t ing the M spe
cies by the seeded jet method, with H2 as the p rope l l an t , and 
cross ing the beam of M wi th a beam of the cesium or t ha l l i um 
ha l ide . The ions formed are then mass analyzed (by a TOF method) 
and counted. Absolute cross sect ions are obtained from the ion 
yields and the measured intensities of the two beams. 

The behavior of the cross sec t ion as a function of energy for 
a few of the above react ions i s shown in Figures 1, 2 and 3 with 
M = Xe, K r , and SF6 r e spec t i ve ly . In Figure 1, both the CsXe + and 
CID channels are shown. The CsXe+ product (from rearrangement 
i o n i z a t i o n ) shows a "step" behavior characteristic of react ions 
leading to oppos i te ly charged ions (but no add i t iona l particles). 
The CID channel e x h i b i t s a power law rise i n the threshold region 
and a less rapid rise at higher energies . The dashed l i n e s in the 

*Work performed under the auspices of USERDA. 
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Figure 1. Cross sections for Cs* and CsXe* formation in Xe-CsCl collisions as functions 
of the center-of-mass kinetic energy 

f i g u r e s are the assumed cross s e c t i o n s , and the s o l i d l i n e s are 
the r e s u l t of convolut ing the l a t t e r with the various energy 
d i s t r i b u t i o n s i n the experiments. 

For CID, the power law 

σ = V E t o t - Ε ο >Χ · β 1 W 
was assumed to be operat ive i n the threshold r e g i o n , where E 0 i s 
the threshold energy, E t 0 £ i s the t o t a l energy ( k i n e t i c plus i n 
t e r n a l ) , and E r e i i s the i n i t i a l r e l a t i v e k i n e t i c energy. This 
f u n c t i o n a l i t y has been obtained by a number of authors ( 6 . , 7J from 
s t a t i s t i c a l theory f o r an atom-diatom r e a c t i o n , with values of 
η of approximately 1 . 8 - 1 . 9 . While A 0 i s i n general a f u n c t i o n of 
the i n t e r n a l energy of the diatom, i t was assumed constant i n our 
a n a l y s i s . Values of A 0 , E 0 and η f o r the various systems studied 
are given i n Table I. 
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Figure 2. Cross sections for Cs2CV formation in Kr-Cs2Cl2 collisions as a 
function of the center-of-mass kinetic energy 

Experiments on the l a r g e number of systems i n Table I demon
s t r a t e that Eq. (1) gives a good d e s c r i p t i o n of CID up to about 
1 eV above t h r e s h o l d , and appears to be v a l i d even f o r r e a c t i o n s 
which are decidedly not s t a t i s t i c a l ( d i s s o c i a t i o n of TIF, f o r ex
ample, i s probably a very dynamically constrained process ( 5 j ) . 
This suggests the increase i n the number of continuum s t a t e s with 
i n c r e a s i n g energy (which determines the f u n c t i o n a l i t y of Eq. (1)) 
dominates the threshold behavior i r r e s p e c t i v e of the r e a c t i o n 
mechanism. 

The s p e c i f i c ( n o n - s t a t i s t i c a l ) e f f e c t of i n t e r n a l energy of 
the diatom on the CID cross s e c t i o n has been studied only f o r T1C1 
( 4 J . I f the observed e f f e c t i s taken i n t o account i n the c o e f f i 
c i e n t A 0 , the power η must be r a i s e d from ^1.6 to ^1.8 to f i t the 
experimental d a t a . I f we assume a s i m i l a r e f f e c t f o r the other 
atom-diatom r e a c t i o n s , then most of the η values i n the upper s e c 
t i o n of Table I are i n reasonable agreement with the 1.8-1.9 value 
obtained from s t a t i s t i c a l theory. The two high values f o r TIBr 
(2.0 and 2.3) r e s u l t from a low t r a n s i t i o n p r o b a b i l i t y to the i o n 
i c s u r f a c e . I f t h i s i s s p e c i f i c a l l y taken i n t o account i n the c o -
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e f f i c i e n t A 0 , both powers are lowered to ^1.6 (excluding the i n 
t e r n a l energy c o r r e c t i o n ) . The high values of η f o r T l I are pro
bably due to the same cause; however CID i n T i l i s a l s o dynamical
l y constrained (_3), making s i m i l a r c o r r e c t i o n s to the powers f o r 
t h i s molecule i n t r a c t a b l e . 

For the atom-dimer r e a c t i o n s , the same threshold a n a l y s i s 
leads to higher powers of η ranging from 2.1 to 2 . 7 . The high 

Figure 3. Cross sections for Cs* formation in SF6-CsCl collisions 
as a function of the center-of-mass kinetic energy 
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powers are most l i k e l y due to the presence of e n e r g e t i c a l l y a c c e s 
s i b l e i n t e r n a l s t a t e s o f the product molecular i o n s . As the c o l 
l i s i o n energy i n c r e a s e s , an i n c r e a s i n g number of i n t e r n a l s t a t e s 
becomes a c c e s s i b l e , and thus the cross s e c t i o n , based on a s t a t i s 
t i c a l model, would r i s e more r a p i d l y than i n the atom-diatom c a s e , 
where only the ground s t a t e s of the products are a c c e s s i b l e . This 
point of view i s c o n s i s t e n t with the r e s u l t s f o r S F 5 given i n 
Table I. Since the S F 6 can absorb energy i n the c o l l i s i o n , the 
powers obtained f o r S F 6 would be expected to be higher than f o r 
analogous c o l l i s i o n s i n v o l v i n g the i n e r t gases. Indeed, the i n 
crease i n power from monomer to dimer, which r e f l e c t s the a d d i 
t i o n a l i n t e r n a l s t a t e s of the CS2C1 + p r o d u c t - i o n , i s approximately 
the same f o r S F 6 c o l l i s i o n s (2.4 -> 3.5) as f o r the i n e r t gas 
c o l l i s i o n s (1.5 •> 2 . 5 ) . 

Table I
Ao 

System (cm2-evO-O · 1 θ 1 6 ) 
Eo 

(eV) η 
Xe+CsCl+Xe+Cs++Cl- 4.02 4 . 8 5 ± . 0 8 1.5 ±. 
Kr+CsCl 6.64 4.85+.08 1.4 + . 
Ar+CsCl 6.44 4 . 8 5 ± . 0 8 1.4 ± . 
Xe+Tl F 0.152 7.15+.08 1 . 8 5 ± . 
Kr+TlF 0.114 7 . 2 3 ± . 0 8 1 . 9 5 ± . 
Xe+TlCl 1.41 6.31+.08 1.6 ±. 
Kr+TlCl 1.48 6.25+.08 1 . 4 5 ± . 
Xe+TlBr 0.063 6 . 1 7 ± . 0 8 2.0 +. 
Kr+TlBr 0.0077 6.20+.08 2.3 +. 
Xe+TlI 0.00092 6.40+.08 2.1 +. 
Kr+TlI 0.00118 6.40+.08 2.1 ±. 
Xe+Cs2Cl 2->-Xe+Cs2Cl ++C1 " 0.482 5 . 5 5 ± . l 2.65+. 2 
Kr+Cs2Cl2 1.00 5.60+.1 ?.. 70+. 2 
Ar+Cs2Cl2 2.17 5 . 3 0 ± . l 2 . 7 0 ± . 2 
Xe+Tl2F2 0.139 8.1 ±.2 2.6 ±. 2 
Kr+Tl2F2 0.306 8.1 ± . 2 2.7 +. 2 
Xe+Tl2Cl2 2.30 6.6 ±.3 2.4 ±. 3 
Xe+Tl2Br2 6.17 6.1 +.15 2.4 ±. 2 
Kr+Tl2Br2 6.03 6.2 +.15 2.1 ±. 2 
Xe+Tl212 2.30 5 . 4 5 ± . 2 2.45± 3 
SF6+CsCl-»SF6+Cs++Cl- 0.600 4 . 7 5 ± . 0 8 2.4 +. 1 

SF 6 +Cs2Cl2^SF 6 +Cs 2 Cl ++Cr 0.0501 5.65+.15 3.5 +. 1 
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8 
Fourier Transform Doppler Spectroscopy: A New Tool 
for State-to-State Chemistry 

JAMES L. KINSEY 

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

To achieve a complete description of the states of reactants 
or products in a chemica
the translational state
level of detail still might include the dependence of the rate on 
the magnitude of the initial or final relative veloci ty. Molec
ular beam reactive scattering experiments are the principal 
sources of data on translational-energy dependence. For reactants 
this is achieved through velocity selection and for products by 
the combination of velocity analysis and angular distr ibutions. 
In measurements involving resonant absorption or emission of 
l i gh t , the Doppler effect furnishes a different means of access 
to velocity information potentially as detailed as that attained 
by direct velocity analysis. This approach appears especially 
promising in measurements employing laser-induced fluorescence. 

To first order, the Doppler shift vD in an absorption l ine 
produced by a velocity component of magnitude w in the direction 
of propagation of the incident l ight is given by vD=wλ where 
λ is the wavelength of the resonant radiation. Under conditions 
that the main source of linewidth is Doppler broadening, the 
l ine shape direct ly reflects the sample's distr ibution in w. 
Such a one-dimensional determination at first seems inadequate 
for the general si tuation, since the Doppler effect is blind to 
the transverse velocity components. It has recently been demon
strated (1), however, that the set of Doppler profiles as a func
tion of the direction of propagation of incident l ight can be 
direct ly inverted to recover the fu l l three-dimensional velocity 
distribution F(v) of the sample, irrespective of the nature of 
F(v). 

Let D(w;n) be the distribution in the parallel velocity com
ponent w as exhibited by the Doppler l ine profi le for l ight i n 
cident along the direction of the unit vector n. The equivalence 
of D(w;n) and F(y) is established by the demonstration that the 
one-dimensional Fourier transform of D(w;n) is identical to the 
three-dimensional Fourier transform of F(v), evaluated along a 
l ine parallel to η in Fourier space ( 1_). " i . e . if 
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G(k)=jd 3vF(v)exp(27nk.v) then JdwD(w;n)exp(27riKw)=G(nK). Hence, 

the term, F o u r i e r - t r a n s f o r m Doppler spectroscopy (FTDS). 
In the conventional molecular beam experiments, angular d i s 

t r i b u t i o n s are accomplished with a detector that views only those 
molecules with v e l o c i t i e s d i r e c t e d i n t o a s e l e c t e d w e l l - d e f i n e d 
s o l i d angle. Consequently, the magnitude of the s i g n a l i s l i m 
i t e d by the small s o l i d angle subtended ( d 2 ) no matter what 
means i s used to probe the d i s t r i b u t i o n i n speed. FTDS a f f o r d s 
an average gain over t h i s method of 4 / d 2 f t i n the r a t e of s i g n a l 
a c q u i s i t i o n , s ince every molecule formed has some value of the 
v e l o c i t y component p a r a l l e i to η regardless of how η i s chosen. 
Estimation of the s i g n a l / n o i s e improvement i s more complex and 
depends on the nature of the noise as wel l as of the v e l o c i t y 
d i s t r i b u t i o n , but there
d i s f a v o r a b l e s i g n a l / n o i s
e q u i v a l e n t detector c h a r a c t e r i s t i c s . 

C e r t a i n experimental arrangements permit s i m p l i f i e d forms of 
FTDS, f o r example, processes of the type A*+B-K+D where A* i s 
prepared by D o p p l e r - s e l e c t i v e absorption of l i g h t . In t h i s case, 
the q u a n t i t y whose v e l o c i t y d i s t r i b u t i o n i s monitored w i l l be 
the r e a c t i o n r a t e R(w;n)=k(w;n)[A*(w;n)] where [A*] i s the con
c e n t r a t i o n of A* and k i s t h e s p e c i f i c r a t e c o e f f i c i e n t . I f ^ 
these measurements are c a r r i e d out i n a s t a t i c gas, n e i t h e r [A ] 
nor k depends on the d i r e c t i o n n. The F o u r i e r - t r a n s f o r m r e l a 
t i o n s h i p s t i l l h o l d s , but takes on a s i m p l i f i e d form: 
-(2ffw)-1dR(w;o)/dw=F(|y|) where F gives the dependence of the 
r e a c t i o n rate on the magnitude of the vector y. For t h i s t e c h 
nique to work, i t i s necessary that the observed process occur 
before the prepared A* i s t r a n s l a t i o n a l l y r e l a x e d , but t h i s i s 
e a s i l y guaranteed i f the r a d i a t i v e l i f e t i m e of A* i s short com
pared to the c o l l i s i o n t ime. 

Processes of the type A*+B+C*+D where A i s s e l e c t i v e l y 
prepared using the Doppler e f f e c t and C* i s observed by a Doppler-
s e l e c t i v e method can be subjected to a s i m i l a r a n a l y s i s . Let 
R(wA, w c ; nA, nC) be the observed r a t e where A* i s s e l e c t e d at 

v e l o c i t y component wA p a r a l l e l to nA and C* i s analyzed a t 

component WC p a r a l l e l to nc i n a s t a t i c gas. I t i s evident that 
t h i s r a t e can depend only on the two magnitudes wA, wC and the 
angle between the two l a s e r beams yAC= c o s _ 1 ( n A - n c ) . The Four ier 
transform of t h i s q u a n t i t y (with respect to both w/\ and WQ) can 
be i n v e r t e d to obtain the s i x - d i m e n s i o n a l d i s t r i b u t i o n F ( V A , V Q ) 
g i v i n g the dependence rate on the vectors ν& and V Q . However, 
t h i s F can depend only on: l y A l , lycl >0Α= angle between VA>VC-

Hence, i n p r i n c i p l e the use of two l a s e r s to measure the Doppler 
p r o f i l e s of both reactant and product i n a s t a t i c gas can y i e l d 
the r e a c t i o n r a t e as a f u n c t i o n of i n i t i a l and f i n a l v e l o c i t y and 
s c a t t e r i n g angle. A g a i n , i t i s necessary that the process being 
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studied occur with unrelaxed A*, and t h a t unrelaxed C* be 
detected. The kernel f o r i n v e r s i o n of D ( W ^ 3 W Q ; Y ^ c ) i n t o 
F( | ^ | , |yc| , 0 A C ) , which r e s u l t s from i n t e g r a t i o n over redundant 
angles i n the s i x - d i m e n s i o n a l Fourier transform, i s not e a s i l y 
e x p r e s s i b l e i n terms of simple f u n c t i o n s , but i t i s s u s c e p t i b l e 
to numerical computation. 
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Total Cross Section Measurements of the Reaction 
Κ + HCl --> KCl + H as a Function of 
Translational Energy 

M. W. GEIS, H. DISPERT, T. L. BUDZYNSKI, and P. R. BROOKS 

Department of Chemistry, Rice University, Houston, TX 77001 

The rates of most chemical reactions are accelerated when 
the temperature is raised
as evidence for an energ
in excess of any thermodynamic requirement. This activation 
energy has t radi t ional ly been supplied by heating the reagents, 
but energy transfer among reagent modes is so rapid that no 
information is obtained to identify the critical mode for 
reaction. But, by isolating molecules in molecular beams, i t 
becomes possible to prepare reagents in specific states, and for 
the prototype reaction Κ + HCl --> KCl + Η we have studied the 
results of vibrationally exciting HCl (1) and (separately) of 
increasing the kinetic energy of the reacting molecules (2). 
Both forms of energy increase the reaction cross section, but 
translational energy [T] is much less effective (10x) than 
vibrational energy [V] even at energies 50% higher than the HCl 
vibrational energy (8.3 kcal/mole). We have increased the range 
of translational energy [T] to see if further addition of [T] 
can ever be as effective as only one quantum of [V]. Our pre
liminary results suggest that this is not the case, and that the 
cross section maximizes near 10 kcal/mole for [T]. 

The difference between [T] and [V] is not clearly understood, 
although various theoretical studies on model potential energy 
surfaces have given some insight (3,4). Quite apart from con
siderations of the potential surface, we should recognize that a 
vibrationally excited molecule brings into a co l l i s ion less 
angular momentum than does a translationally excited molecule 
(at the same impact parameter). Consequently, different product 
states w i l l be populated in the two cases. The experimental rate 
constant w i l l change with energy depending not only on how the 
number of available product states change, but also on how the 
state-to-state rate constant changes with energy. By dividing 
out the purely s ta t i s t i ca l variation of the available states, 
attention can then be drawn to the dynamically interesting 
variation in the state-to-state rate constant, ω. Analysis of 
our ear l ier data (2) suggested that ω was an exponentially 
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decaying f u n c t i o n of the energy i n excess of the thermodynamic 
requirement, and simple e x t r a p o l a t i o n of ω" beyond our measure
ments predicted that the experimental cross s e c t i o n would d e c l i n e 
a t higher energies. The present measurements were undertaken to 
v e r i f y t h i s p r e d i c t i o n and are q u a l i t a t i v e l y c o n s i s t e n t with t h i s 
a n a l y s i s . 

The apparatus i s l a r g e l y described i n reference 2 . B r i e f l y , 
i t c o n s i s t s of f i v e d i f f e r e n t i a l l y pumped chambers i n which a 
thermal Κ beam and supersonic, seeded, HC1 beam cross a t r i g h t 
angles. The angular d i s t r i b u t i o n of s c a t t e r e d KC1 i s measured 
with a r o t a t a b l e surface i o n i z a t i o n d e t e c t o r ; Κ beam i n t e n s i t y 
i s monitored with an a u x i l i a r y surface i o n i z a t i o n d e t e c t o r , and 
HC1 i n t e n s i t y i s monitored w i t h a quadrupole mass spectrometer. 
Various HC1 speeds are obtained by mixing ("seeding") small 
amounts of HC1 i n H 2 ; hydrodynamic expansion of the mixture 
"bumps" the HC1 along t
t i o n of the mixture and
the nozzle temperature, both the H 2 and, consequently, the HC1 
speeds are f u r t h e r increased. Changing e i t h e r the temperature 
or composition of the gas mixture to vary the energy changes the 
i n t e n s i t y of the HC1 beam, and i t i s necessary to c a r e f u l l y 
normalize cross s e c t i o n s measured under d i f f e r e n t c o n d i t i o n s . 
For t h i s reason the data c o l l e c t i o n apparatus has been modified 
to al low rapid comparision among data taken under d i f f e r e n t 
c o n d i t i o n s . The HC1 beam i s chopped, the detector i s rotated 
with a stepping motor, and a multichannel analyzer (MCA) records 
the beam-on and beam-off s c a t t e r i n g as a f u n c t i o n of angle. The 
MCA i s i n t e r f a c e d to a computer which subtracts the two s i g n a l s 
and c a l c u l a t e s the area under the curve. A t y p i c a l angular d i s 
t r i b u t i o n obtained i n t h i s way i s shown i n Figure 1. Cross 
s e c t i o n s are c a l c u l a t e d from beam i n t e n s i t i e s and integrated 
s c a t t e r i n g i n t e n s i t i e s as described i n reference 2 . 

The v a r i a t i o n of the r e a c t i v e cross s e c t i o n with [T] i s 
shown i n Figure 2 . V e l o c i t y analyses of the HC1 beam have not 
yet been performed, but, because of favorable k i n e m a t i c s , the 
HC1 speed can be deduced from the maxima of the angular d i s t r i 
b u t i o n s , which are e s s e n t i a l l y the c e n t r o i d angles. Because of 
s l i g h t u n c e r t a i n t i e s i n c o l l i s i o n e n e r g i e s , and because no 
allowance has y e t been made f o r the e f f e c t of d i f f e r e n t r o t a 
t i o n a l energies at d i f f e r e n t nozzle temperatures, the r e s u l t s 
must be regarded as p r e l i m i n a r y . Nevertheless, the trend i s 
c l e a r : the cross s e c t i o n does not increase f o r energies higher 
than 10 kcal/mole. The r e s u l t s also q u a l i t a t i v e l y confirm the 
exponential decrease i n the s t a t e - t o - s t a t e r a t e constant 
e x t r a c t e d from the e a r l i e r r e s u l t s . While the f a c t o r s r e s p o n s i b l e 
f o r t h i s decay are not yet known, we note that contrary to the 
usual explanations no new channels are opening up to compete 
with r e a c t i o n . 
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Figure 1. Laboratory angular distribution of scattered 
KCl for a collision energy of 7.9 kcal/mol 
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Figure 2. Reactive cross section for Κ + HCl -> 
KCl + H as a function of center of mass transla
tional energy. Circles display present results, 
open squares are experimental points of Ref. 2, 
and the closed square is the result of extrapolating 

the state-to-state rate constant of Ref. 2. 
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Inter- and Intramolecular Energy Transfer Deduced 
from Macroscopic Infrared Laser Chemistry 

ERNEST GRUNWALD, CHARLES M. LONZETTA, and KENNETH J. OLSZYNA 

Brandeis University, Waltham, MA 02154 

As r e c e n t l y as three years ago, many experts in 
molecular dynamics
means of infrared l a s e r
practical and useful. There were essentially two 
reasons f o r this view. (1) The kinds of reactions 
which it would be most u s e f u l to induce have relative
ly high activation energies, in the range of 50-120 
kcal/mole. Such energies are considerably greater 
than those of individual i n f r a r e d photons: at 1000 
cm-1, hv is equivalent to only 2.86 kcal/mole; and 
there were reasons to doubt that the required many
-photon absorption could take place even at high infra
red intensities. (2) It makes no economic sense to 
use expensive i n f r a r e d r a d i a t i o n rather than conven
tional burner heat unless the radiatively a c t i v a t e d 
molecules react more efficiently or in a distinctive, 
more d e s i r a b l e manner. Yet there were reasons to 
fear that the absorbed infrared energy at all but 
very low pressures might degrade i n t o essentially ran
dom thermal energy prior to r e a c t i o n . 

That many-photon absorption takes place effi
ciently under s u i t a b l e conditions is by now well 
e s t a b l i s h e d . For instance, the activation energy for 
decomposition of SF6 is equivalent to that of ~ 29 
photons at 940 cm-1, yet decomposition is readily in
duced. Absorption and decomposition can be made pre
ferential f o r a specific s u l f u r isotope of SF6 by ir
r a d i a t i n g , at an appropriate frequency near 940 cm-1, 
in short pulses at Gw/cm2 peak intensities, under 
"collision-free" conditions at pressures w e l l below 1 
torr. 

At Brandeis U n i v e r s i t y we have studied i n f r a r e d 
107 
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l a s e r chemistry at higher pressures, u s u a l l y i n the 
range of 10-100 t o r r , w e l l above the " c o l l i s i o n - f r e e " 
range. The amounts of material used i n our experi
ments are large enough to permit the monitoring of re
a c t i o n y i e l d s and products by f a m i l i a r methods of i n 
f r a r e d a n a l y s i s and g a s - l i q u i d chromatography. We use 
a tunable pulsed C0 2 l a s e r with peak i n t e n s i t i e s 
around 1 Mw/cm2 and e f f e c t i v e pulse durations of 250-
800 ns. In order to have approximately uniform e x c i 
t a t i o n of the reactant gas, most experiments are done 
so that no more than 30% of the i n c i d e n t radiant dose 
i s absorbed i n the r e a c t i o n c e l l . 

Because our experiments are done w e l l above the 
" c o l l i s i o n - f r e e " range
cerning the extent t
comes degraded i n t o random thermal energy p r i o r to re
a c t i o n . For the sake of greater c l a r i t y , we s h a l l 
l i m i t t h i s presentation to one s p e c i f i c example, the 
laser-induced decomposition of CHC1F2, which a group 
at Brandeis U n i v e r s i t y c o n s i s t i n g of the authors and 
D. F. Dever and B. Knishkowy has studied i n some de
t a i l . 

Relevant Properties of CHC1F 2. 

Homogeneous gas-phase p y r o l y s i s of CHClF 2 y i e l d s 
C 2 F 4 and HC1 as primary products. K i n e t i c s and thermo
chemistry are consistent with the following two-step 
mechanism. (1,J2) 

(1) CHC1F2 s± CF 2 + HC1 
Ε = 234 kj/mole; ΔΗ° = 207 kj/mole ace 

(2) CF 2 + CF 2 - F 2C = CF 2 

Rate constant - 10 7 - 10 8 s " 1 M~1 (2) 

Because step (1) i s r e v e r s i b l e , the apparent rate con
stant decreases with progress of r e a c t i o n . The i n i t i a l 
rate constant i s represented by the empirical equation 

(3) log k = 12.60 - 11540/T (1) 

The nine normal-mode frequencies of CHC1F2 have 
been reported to be 3023,1347,1311,1178,1114,809,595, 
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422, and 365 cm"1. (3) Our l a s e r was tuned to 1088 cm"^ 
and i t s frequency i s w i t h i n the bandwidth of the a n t i 
symmetric CF 2 s t r e t c h i n g band centered at 1114 cm"1. 

V i b r a t i o n - t o - t r a n s l a t i o n / r o t a t i o n a l r e l a x a t i o n 
(V-T/R relaxation) of CHClF 2 has been studied by u l 
t r a s o n i c measurements.(4) Relaxation from the f i r s t 
e x c i t e d v i b r a t i o n a l l e v e l (365 cm"^) appears to be 
rate-determining; about 200 ga s - k i n e t i c c o l l i s i o n s are 
required. 

Photophysics of CHC1F2 at 1088 cm"1. 

Amount of energy absorbed per mole of i r r a d i a t e d 
gas (E ak s) was measure
fluence D), e f f e c t i v
(P). For comparison with p r o p e r t i e s of the energy-
absorbing o s c i l l a t o r s , i t i s convenient to express 
Eabs a s a m u l t i p l e of the energy per mole of 1088 cm"1 

photons. 

(4) Ε , = ν , Nohv abs abs 
v a b s ^ e m e a n e x c i t a t i o n number of the o s c i l l a t o r s , 
and Nohv = 13.02 k j / e i n s t e i n at 1088 cm'1. Represen
t a t i v e data, obtained at a f i x e d CHClF 2 pressure of 
50 t o r r , are l i s t e d i n Table I. The accuracy of 
V a b s / D U 3 about 10%. 

Table I. I r r a d i a t i o n of CHC1F2 (50 torr) at 1088 cm" 

τ Vabs ν , /D 3 

abs f b 

(ns) ( j " 1 cm2) (%) 

270 5.11 22.6 15.7 
4.01 22.5 3.0 
3.14 21.2 0.59 
2.00 18.0 0.030 
1.17 14.7 

800 3.81 24.2 2.6 

Calcul a t e d from (5) 22.8 j " 1 cm2 at 50 t o r r 
Percent of CHClF 2 converted per f l a s h to the pro
ducts, C 2 F 4 + HCl. 
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Numerous experiments i n the pressure range 1.6 to 
100 t o r r may be summarized as follows: When > 2 
and τ = 270 ns, at f i x e d pressure v a b s

 i s p r a c t i c a l l y 
p r o p o r t i o n a l to D, up to values as high as v a;e s = 8.5. 
The p r o p o r t i o n a l i t y constant v a r i e s with pressure and 
i s reproduced quite adequately by: 

(5) ν , /D = 1.50 + 30.64 'abs'~ (p+22.06) 

The high-pressure l i m i t according to (5) i s 32.1 j ^ 
cm 2 . Within experimental e r r o r , t h i s l i m i t has been 
reached i n experiments at higher t o t a l pressure, i n 
v o l v i n g an added nonabsorbing gas  but has not been 
exceeded. For low-intensit
Vabs/D i s ^ 20 j '  cm . The small increase i n v a t ) S/D 
with i n c r e a s i n g τ,> shown i n Table I, i s not c l e a r l y 
s i g n i f i c a n t . 

Photochemistry. 

The products and r e a c t i o n mechanism of l a s e r - i n 
duced decomposition of CHClF 2 are e s s e n t i a l l y i d e n t i 
c a l with those of thermal p y r o l y s i s and thus are des
c r i b e d by (1) and (2) . C 2 F 4 and HCl are the stable 
products; the amount of product per f l a s h decreases as 
HCl accumulates; and the i n t e r v e n t i o n of CF 2 as a 
metastable intermediate i s demonstrated by k i n e t i c 
spectroscopy. Representative values of conversion per 
f l a s h (f) during the i n i t i a l 10-20% r e a c t i o n of CHC1F2 

are l i s t e d i n Table I. It can be seen that f i s high
l y s e n s i t i v e to v a k s . Closer a n a l y s i s shows that a 
10% change i n v a k s causes about a 40% change i n f. 

E f f e c t of C e l l Geometry. In an attempt to deter
mine whether the laser-induced r e a c t i o n proceeds by a 
thermal mechanism, experiments were performed i n which 
the surface/volume r a t i o of the i r r a d i a t e d gas was 
varied. Other v a r i a b l e s , such as E a t ) S , pulse dura
t i o n , gas pressure and composition were kept constant. 
I f r e a c t i o n were proceeding by a thermal mechanism, 
one would expect a smaller conversion per f l a s h i n the 
experiments with the greater surface/volume r a t i o i n 
which the laser-heated gas cools more qu i c k l y 

Results, which cover a representative range of 
pressure and Eabs, are l i s t e d i n Table I I . Because 
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i n comparable experiments, deviations of Ε ̂  from 
exact e q u a l i t y owing to experimental e r r o r may be as 
high as 10%, d i f f e r e n c e s i n f of < 40% are not s t a t i s 
t i c a l l y s i g n i f i c a n t . Actual d i f f e r e n c e s i n f, on i n 
creasing the surface/volume r a t i o , range from +29% to 
-9%. Thus, w i t h i n the experimental error, the amount 
of r e a c t i o n per f l a s h i s unaffected by the co o l i n g 
dynamics. 

Table II. E f f e c t of C e l l Geometry 

Ρ 
(torr) 

Ε , abs 
(kj/mole) 

Surface 8 f(%) f (%) (calc.) Ρ 
(torr) 

Ε , abs 
(kj/mole) 

8 f(%) 

14.2 32.0 2.8 0.17 (0.17) (0.17) 
7.0 0.22 0.044 0.018 

13.0 75.5 2.8 15.2 (15.2) (15.2) 
7.0 15. 5 4.5 1.7 

29.5 110.7 2.8 49.8 (49.8) (49.8) 
4.5 45.2 37 21 

cm A . C e l l radius = 1 cm; c e l l length = 2.6, 0.8, 
or 0.4 cm. 

The l a s t two columns i n Table II show model pre
d i c t i o n s f o r the hypothetical case that r e a c t i o n pro
ceeds by a thermal mechanism. In each case, the en
ergy absorbed from the i n f r a r e d beam by hypothesis i s 
converted r a p i d l y i n t o random thermal energy and thus 
produces a T-jump. Reaction then takes place accord
ing to the known thermal rate constant while the gas 
i s c o o l i n g back to room temperature. In model C+R, 
coo l i n g takes place by thermal conduction and radia
t i o n only. In model C+R+M, co o l i n g by conduction and 
r a d i a t i o n i s accompanied by mass flow so as to pro
duce p e r f e c t mixing and a gas phase of uniform temper
ature throughout. Although neither model i s quite 
r e a l i s t i c , the c a l c u l a t e d r e s u l t s suggest that the 
experimental changes i n c e l l geometry should have 
produced marked d i f f e r e n c e s i n f i f the reac t i o n were 
proceeding by a thermal mechanism. 

K i n e t i c Spectroscopy. The formation and decay of 
CF 2 following an i n f r a r e d l a s e r f l a s h can be 
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monitored by u l t r a v i o l e t k i n e t i c absorption spectros
copy i n the region of the X ^ i - A 1 B i absorption band 
near 250 nm. (2,5-7) T y p i c a l r e s u l t s of percent trans
mission (% T) VS. time along an axis p a r a l l e l to that 
of the i n f r a r e d l a s e r beam are shown i n Figs. 1 and 2. 
The upper h o r i z o n t a l trace i n d i c a t e s 100% T; The 
lower one i n d i c a t e s 52% τ i n F i g . 1 and 0% Τ i n F i g . 2. 
F i g . 1 i s recorded at 500 μ β / α ί ν Ϊ Β Ϊ ο η and shows the 
r a p i d r i s e and much slower decay of the CF 2 concentra
t i o n . F i g . 2 i s recorded at 5 μ ε Λ ϋ ν ί ε ί ο η and d e t a i l s 
the i n i t i a l r i s e of the CF 2 concentration. (The two 
experiments are not duplicates.) The o s c i l l a t i o n s of 
the CF 2 concentration i n both Figures are due to acou
s t i c a l standing waves
Bates et al. ( 8 ), an

Of i n t e r e s t i n the present context i s the kine
t i c s of the i n i t i a l r i s e i n the CF 2 concentration. In 
Fig . 2, the v e r t i c a l s i g n a l on the l e f t i s the output 
of a photon drag detector and i n d i c a t e s the l a s e r 
pulse. This i s followed by a reproducible lag of 
~ 1 με , and then by a r i s e i n the CF 2 concentration 
with a r i s e half-time which v a r i e s between 5 and 15 με 
i n d i f f e r e n t experiments. The r i s e half-time i s much 
shorter than one would expect f o r a mechanism of tem
perature jump-followed-by-thermal-reaction. For i n 
stance, one experiment i n which E a k s was measured, the 
maximum temperature a f t e r the hy p o t h e t i c a l temperature 
jump was 1 2 0 0 ° Κ at which temperature the half-time 
for thermal decomposition of CHClF 2 i s 720 με, (12),while 
the observed r i s e half-time of the CF 2 absorption was 
only 15 μ&. I t seems c l e a r , both from k i n e t i c spec
troscopy and from the e f f e c t of c e l l geometry on pro
duct y i e l d , that laser-induced decomposition of 
CHClF 2 does not proceed by a thermal mechanism. 

E f f e c t of Molecular C o l l i s i o n s During Laser Pulse. 

If i t be granted that decomposition takes place 
from a nonequilibrium molecular energy d i s t r i b u t i o n , 
then the nature of that d i s t r i b u t i o n , and i n p a r t i c u 
l a r the f r a c t i o n of molecules with energy i n excess of 
the a c t i v a t i o n energy for decomposition, should have 
a marked e f f e c t on the product y i e l d . This f r a c t i o n 
w i l l be greatest i f the energy remains i n the o r i g i n a l 
l e v e l s of e x c i t a t i o n , and becomes reduced as additional 
l e v e l s become populated owing to i n e l a s t i c c o l l i s i o n s . 
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Thus a study of re a c t i o n y i e l d as a function of l a s e r 
pulse duration and gas pressure should give informa
t i o n about i n e l a s t i c c o l l i s i o n s . 

E f f e c t of Pulse Duration. Data f o r f vs. τ at 
otherwise constant conditions are l i s t e d i n Table I I I 
for a t h r e e f o l d change i n τ and representative values 
of Ρ and v a ^ s . As i n previous comparisons, d i f f e r 
ences of f of < 40% are not s t a t i s t i c a l l y s i g n i f i c a n t . 
Bearing t h i s i n mind, f i s independent of τ, with a 
high s t a t i s t i c a l p r o b a b i l i t y , under a l l conditions. 

Table I I I E f f e c t of Pulse Duration on Y i e l d per Flash 
for CHC1F

Ρ 
(torr) 

ν , abs τ 
(ns) 

f 
(%) 

6f / f 
2 

χ 10 z 

a 
Ζ 
τ 

50/CHClF 2 3.81 270 2.1 177 
800 2.6 + 24 524 

9 . 4 / C H C I F 2 3.78 b 270 1.6 33 
800 1.7 .+ 6 99 

9.4/CHC1F2 5.16 b 270 11.6 33 
800 8.8 - 24 99 

50/CHClF 2 7.26 270 0.11 850 
+ 250/N 2 800 0.11 0 2500 

seconds 
31 χ 10 7 

(4) . 
P T , where Ρ i s i n t o r r and τ i n 

Measured with a p y r o e l e c t r i c energy meter. Abso
l u t e value of v^^g i s le s s accurate, but compari* 
son of f at two values of τ i s as p r e c i s e as i n 
experiments with a d i s c calorimeter. 

Table I I I also l i s t s values of 7,^, the mean num
ber of ga s - k i n e t i c c o l l i s i o n s experienced by a mole
cule of CHClF 2 during the time τ. For neat CHC1F2, 
these values range from 33 to 524 and bracket the 
value of Zio, 268 c o l l i s i o n s , required for V-T/R 
re l a x a t i o n of CHClF 2.(4) 
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Figures 1 and 2. Kinetic spectroscopy of CHCIF2 (14 Torr) after megawatt infra
red flash irradiation at 1088 cm1 

100% < 

4 

\ 
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- 4 

\ 
0.16 0.32 0.48 0.64 

(Vobs)"' 

Figure 3. Photochemical results for neat CHCIF2 

as a function of pressure. · 100 Torr, | 50 Torr, 
• 29.5 Torr, Ο 14.2,13.7, 13.0 Torr, • 5.8 Torr, 0 
1.6 Torr. Points marked by a flagellum, τ = 800 ns; 
others, τ = 270 ns. The dashed line is drawn with 

a slope equivalent to Eact = 234 kj/mol 
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E f f e c t of Pressure. Results f o r f vs. v
a f c s f ° r 

neat CHC1F2 are p l o t t e d i n F i g . 3. As i n d i c a t e d i n 
the caption, the data span the pressure range from 100 
t o r r to 1.6 t o r r . Between 100 and 5.8 t o r r , a l l exper
imental points c l e a r l y define a s i n g l e , pressure-inde
pendent r e l a t i o n s h i p . The deviation from t h i s r e l a 
t i o n s h i p at 1.6 t o r r i s only marginally s i g n i f i c a n t . 
Thus, both v a r i a t i o n s of τ and of pressure show con
s i s t e n t l y that the r e l a t i o n s h i p between f and Ε , Q i s 
independent of the number of c o l l i s i o n s which the ab
sorbing molecules experience during the time of the 
la s e r pulse. In the 100 to 5.8 t o r r experiments p l o t 
ted i n F i g . 3, ranges from 500 to 20 c o l l i s i o n s . 

Exponential Dependenc
found i n previous studies (9-11) that the v a r i a t i o n of 
f with E ^ g at pressures and e x c i t a t i o n energies simi
l a r to those studied i n the present work conforms 
rather w e l l to the equation, where A i s a parameter of 

(6) f = A e x p ( - E a c t / E a b s ) 

order u n i t y and E a c t i s the a c t i v a t i o n energy of the 
laser-induced primary decomposition step. In the 
present case E a c t =234 kj/mole ( v

a c t
 = 1 8 - ° ) · Accor

dingly, the dashed l i n e i n Fig . 4 represents the r e l a 
t i o n s h i p , f (%) = constant χ exp (-18.0/v ak s) , which 
c l e a r l y gives a respectable f i t . 

Discussion. 

Three conclusions seem to emerge from our r e s u l t s . 
(1) The laser-induced decomposition of CHClF 2 under 
the present conditions does not proceed by a thermal 
mechanism. (2) The amount of energy absorbed from a 
given dose increases with the pressure and approaches 
asymptotically to a high-pressure l i m i t . (3) For a 
given amount of absorbed energy, the amount of reac
t i o n per f l a s h i s independent of the number of c o l l i 
sions during the f l a s h . 

Because of (3), we i n f e r that c o l l i s i o n s during 
the l a s e r f l a s h do not a l t e r the molecular energy d i s 
t r i b u t i o n . Moreover, because the energy i s being 
absorbed i n quanta of hv, the r a d i a t i o n f i e l d , by the 
same inference, constrains the e x c i t a t i o n energies of 
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the molecules to i n t e g r a l multiples of hv. That i s , 
the l e v e l s of e x c i t a t i o n are equidistant, j u s t l i k e 
those of a harmonic o s c i l l a t o r . 

In previous p u b l i c a t i o n s from t h i s laboratory (9, 
10) the working hypothesis was made that the molecular 
energy d i s t r i b u t i o n among the equidistant l e v e l s of 
e x c i t a t i o n i s a Boltzmann d i s t r i b u t i o n f o r a s i n g l e 
harmonic o s c i l l a t o r . On that b a s i s , the r e l a t i o n s h i p 
between f and E a t ) S could reasonably be expressed by 
Eq. (6), i n agreement with a v a i l a b l e data. 
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T e m p e r a t u r e D e p e n d e n c e of the Reac t ion of Nitric 

Oxide a n d V i b r a t i o n a l l y E x c i t e d O z o n e 

ROBERT J. GORDON, JERRY ΜΟΥ, and EZRA BAR-ZIV 

Department of Chemistry, University of Illinois at Chicago Circle, Chicago, IL 60680 

There c u r r e n t l y is cons iderable i n t e r e s t in the 
chemistry of vibrationally
s e l e c t i n g the v i b r a t i o n a
poss ib le to contro l the rates and pathways of chemi
cal r e a c t i o n s . Such experiments can provide d e t a i l e d 
information regarding microscopic reac t ion mechanisms. 

Particular a t tent ion has been paid to the gas 
phase reac t ion of nitric oxide and ozone. Clough and 
Thrush (1) showed that there are two r e a c t i v e chan
n e l s , one producing electronically exc i ted N O 2 * , and 
the other yielding ground state NO2. It has been 
found that the rates of both processes are increased 
by an order of magnitude when e i t h e r O3 (2-5) or NO (6) 
is vibrationally e x c i t e d . 

In the present study we have used a pulsed CO2 

laser to populate O 3(001) in a r a p i d l y flowing mixture 
of NO, O 3 and A r , while monitoring the visible chemi
luminescence from NO 2 * . With the la ser o f f , a steady 
signal, Ιdc, was detected . When the la ser was fired a 
certain f r a c t i o n , f, (4-8%) of the ozone molecules was 
vibrationally e x c i t e d . The enhanced reac t ion rate of 
the exci ted molecules resu l ted in a rapid increase in 
the chemiluminescence, fol lowed by a slow (~10-4 sec) 
decay. A simple k i n e t i c model (2, 7) c o n s i s t i n g of 
the react ions 

k l a 
NO + 0 3 ( 0 0 0 ) — L i * N o 2 * + 0 2 , 

NO + 0 3 ( 0 0 1 ) 

NO + 0 3 ( 0 0 0 ) , 

N 0 2 + 0 2 , 

N 0 2 * + 0 2 , 

NO2 + 0 2 , 
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N 0 2 * + NO NO2 + NO, 

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

I ( t ) = A e x p ( - k 2 3 [ N 0 ] t ) - Β e x p ( - k ] [ N 0 ] t ) ( 1 ) 

w h e r e k 23 = k o , + k , + k< = k. and A ^2a τ N 2 b N 3 » "Ί " l a " l b 5 

and Β a r e c o n s t a n t s . The s e c o n d t e r m i n E q . ( 1 ) 
a r i s e s f r o m t h e f a c t t h a t a t l a r g e t , when t h e 0 3 ( 0 0 1 ) 
i s c o n s u m e d , t h e r e i s a n e t d e p l e t i o n o f 0 3 ( 0 0 0 ) , 
r e s u l t i n g i n a f a s t e r t h a n e x p o n e n t i a l d e c a y o f I ( t ) . 
(A more c o m p l e t e model (8_) i n c l u d i n g c o u p l i n g t o 
0 3 ( 0 1 0 ) does n o t a l t e r t h e c o n c l u s i o n s p r e s e n t e d 
h e r e . ) The peak v a l u
r e l a t e d t o t h e dc s i g n a l by t h e e x p r e s s i o n ID 

= ( R a - l ) X 0 / f , ( 2 ) 

where R a i s t h e e n h a n c e m e n t r a t i o f o r t h e c h e m i l u m i 
n e s c e n t r e a c t i o n , 

R a = k 2 a / k t a ! 
( 3 ) 

Xp i s t h e m o l e f r a c t i o n o f O a i O O O ) , 
t h e r m a l r a t e c o e f f i c i e n t (]_) o f t h e 
r e a c t i o n . 

Our o b j e c t i v e i n t h i s s t u d y was t o 
t e m p e r a t u r e d e p e n d e n c e o f k2a> k2b> a n c i 

R a was d e t e r m i n e d f r o m m e a s u r e m e n t s {7) 
f o v e r t h e t e m p e r a t u r e r a n g e 1 5 5 - 3 0 3 K. 
R a has an A r r h e n i u s f o r m , 

and k ^ a i s t h e 
1umi n e s c e n t 

d e t e r m i n e t h e 
k o . The r a t i o 
of I a c / ^ c a n d 

We f o u n d t h a t 

e x p ( A E a / k T ) ( 4 ) 

where C = 0 . 8 7 

( w i t h 95% 

+ 0 . 4 4 
- 0 . 5 5 

c o n f i d e n c e ) 

and Δ Ε „ = 1 

Δ Ε ; 1 s 

. 2 9 

t h e 

+ 0 . 2 5 
- 0 . 2 2 
r e d u c t i o n 

k c a l / m o l e 

i n a c t i 
v a t i o n e n e r g y due t o v i b r a t i o n a l e x c i t a t i o n . T h i s 
v a l u e c o r r e s p o n d s t o 42% o f t h e v i b r a t i o n a l quantum 
s u p p l i e d by t h e l a s e r . 

The t o t a l r a t e c o e f f i c i e n t , k23> was d e t e r m i n e d 
f r o m t h e d e c a y r a t e o f I ( t ) , w h i c h was m e a s u r e d o v e r 
t h e t e m p e r a t u r e r a n g e 1 4 3 - 4 5 7 Κ ( 8 ) . As shown i n F i g . 
1 , an A r r h e n i u s p l o t o f IC23 d i s p l a y s s t r o n g c u r v a t u r e . 
S i m i l a r b e h a v i o r has been o b s e r v e d i n o t h e r l a b o r a 
t o r i e s (3, 5 J . T h i s n o n - A r r h e n i u s c u r v a t u r e i s due t o 
t h e d i f f e r e n t t e m p e r a t u r e d e p e n d e n c e s o f k 2 a » k ? b a n d 

k 3 . A p p r o x i m a t e v a l u e s o f k2b and k 3 were o b t a i n e d 
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2.0 3 0 4.0 5.0 6.0 7.0 
1OOO/THC 1 ) 

Figure 1. Arrhenius plot of k 2 a (the 
 coefficient for the laser-enhanced 

reaction), k3 (the relaxation rate co
efficient), and the sum k23 = k2a + 

hb + k3. 

f r o m an a n a l y s i s o f t h e s h a p e o f t h e l a s e r - i n d u c e d 
s i g n a l . From a l e a s t s q u a r e s f i t o f t h e r a t i o A/B i n 
E q . ( 1 ) , i t was p o s s i b l e t o e s t i m a t e k2b a n d k 3 ( 8 ) · 
R e s u l t s o f t h i s a n a l y s i s a r e shown i n F i g . 1 . k2b 
has an A r r h e n i u s f o r m , w h i l e k3 has a minimum n e a r 
235 K. The a c t i v a t i o n e n e r g y a s s o c i a t e d w i t h k2b 1 5 

l o w e r t h a n t h e t h e r m a l v a l u e by 1 . 6 ± 0 . 4 k c a l / m o l e , o r 
by 53% o f t h e v i b r a t i o n a l e n e r g y . 

From t h e s e e x p e r i m e n t s we c o n c l u d e t h a t v i b r a 
t i o n a l e n e r g y i s a p p r o x i m a t e l y 50% e f f e c t i v e i n o v e r 
c o m i n g t h e b a r r i e r i n b o t h r e a c t i v e c h a n n e l s . T h i s 
e f f e c t c a n be c o m p a r e d w i t h t h e n e a r l y 100% e f f i c i e n c y 
f o u n d f o r t r a n s i a t i o n a l e n e r g y (9) and t h e v e r y l o w 
e f f i c i e n c y p r e d i c t e d by i n f o r m a t i o n t h e o r y f o r e x o 
t h e r m i c r e a c t i o n s ( 1 0 ) . The n o n - s t a t i s t i c a l b e h a v i o r 
o f t h e s e r e a c t i o n s , and t h e c o m p a r a t i v e i n e f f i c i e n c y 
o f v i b r a t i o n a l v s . t r a n s l a t i o n a l e n e r g y , a r e s u g g e s 
t i v e o f a d i r e c t r e a c t i o n m e c h a n i s m w i t h a b a r r i e r i n 
t h e a p p r o a c h c o o r d i n a t e ( 1 1 ) . The n e g a t i v e t e m p e r a 
t u r e d e p e n d e n c e o f k3 a t 10w t e m p e r a t u r e s i s i n d i c a 
t i v e o f a s t r o n g c h e m i c a l i n t e r a c t i o n i n t h e n o n -
r e a c t i v e c h a n n e l . 
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12 
CO Product Vibrational Energy Distribution in the 
O(3P) + C 3 O 2 Reaction 

D. S. Y. HSU and M. C. LIN 

Chemistry Division, Naval Research Laboratory, Washington, D. C. 20375 

The reaction of the O(3P) atom with C3O2 (carbon suboxide) 
was proposed to be one
reactions in an electrically initiated
chemical CO laser system (1). The O + C3O2 reaction has now 
been shown to occur mainly via the spin-forbidden path producing 
three ground electronic state CO molecules (2-4) 

0( 3P) + C 3 0 2 ( 1 z g

+ ) + 3C0(X 2 Σ + ) (1) 

ΔΗ^ = -115 kcal/mole. 

The spin-conserved route associated with the formation of CO2 and 
C2O, however, was found to be less than 0.2% of the overall rate 
(2). In order to understand the dynamics of this unique process, 
we employed a cw CO laser to measure the vibrational population 
of the CO formed in the initial stage of the reaction. 

A detailed description of the laser-probing apparatus can be 
found elsewhere (5,6). A Pyrex flash tube was used in the 
present study to avoid the photodissociation of C3O2 below 300 nm. 
The O(3P) atom was generated by the photodissociation of NO2. In 
all runs, 10 torr mixtures of C3O2 and NO2, diluted with He or 
SF6, were flash-photolyzed at 290°K. C3O2 was prepared by pyro
lyzing the vapor of diacetyltartaric anhydride (7) at about 
900°K, using a 10 mm ID x 500 mm length quartz tube. The 
products of decomposition were purified by trap-to-trap distilla
tion employing appropriate slush baths. He, SF6 and NO2 were 
obtained in lecture bottles of the highest purity available from 
the Matheson Gas Products Company. 

The CO vibrational population distribution was determined 
by analyzing the initial portion of the time-resolved absorption 
curves according to the method described previously (5,6). The 
initial distr ibution was evaluated by least-square extrapolating 
(5) the relative population ratios Nv/N2 to the appearance time of 
absorption, 6.8 ysec after flash initiation. A typical mixture 
used in the experiments was N0 2:C 302:SF 6 = 3:1:46, flashed at 
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0.64 k J . The CO v i b r a t i o n a l energy d i s t r i b u t i o n s presented i n 
Table 1 were normalized to v=2 because of the presence of s l i g h t 
C3O2 d i s s o c i a t i o n near 300 nm producing a small amount of CO at 
v=0 and 1. However, c o r r e c t i o n s were made by photolyz ing the 
mixtures of C 3 0 2 and S F 6 under the same experimental c o n d i t i o n s 
employed i n the r e a c t i o n . 

Table 1. CO V i b r a t i o n a l Energy D i s t r i b u t i o n i n the 
0 ( 3 P ) + C 3 0 2 Reaction 

V 0 1 2 3 4 5 6 7 δ 9 10 

Expt 4 . 0 1.7 1.0 .56 .35 .23 .15 .09 .06 .03 .01 

Calc 2.5 1.6 1.0 .61 .36 .21 .12 .06 .03 .02 .01 

To e l u c i d a t e the dynamic
compared the observed d i s t r i b u t i o n with that p r e d i c t e d by a 
simple s t a t i s t i c a l model based on the method employed p r e v i o u s l y 
(6^,8). Assuming that the C 3 0 2 complex c o n s i s t s of three i n d i s 
t i n g u i s h a b l e C 0 - s t r e t c h i n g modes, each having an average 
v i b r a t i o n a l energy E v , then the population of the CO molecules 
formed a t the vth l e v e l i n the 0 + C 3 0 2 r e a c t i o n can be estimated 
by the f o l l o w i n g e x p r e s s i o n , 

N v I g(n,v) ( E t . t - n E + aE ) s (3) 
n>v>0 l u L v 

where g(n,v) = 3(n-v+l) represents the number of ways one can 
populate the vth l e v e l of the three CO modes with η v i b r a t i o n a l 
quanta. ( E t o t ~ n ^ v + a ^ z ) s i s a q u a n t i t y which i s proport ional to 
the t o t a l number of ways (9) the remaining energy ( E ^ o t - n E v ) can 
be randomly d i s t r i b u t e d among the r e s t of v i b r a t i o n a l modes, 
excluding the one which becomes the r e a c t i o n c o o r d i n a t e . 
P r a c t i c a l l y , the choice of the r e a c t i o n coordinate and the 
assignments o f the v i b r a t i o n a l frequencies of the a c t i v a t e d 
complex are not c r i t i c a l i n these c a l c u l a t i o n s because the z e r o -
p o i n t energy c o r r e c t i o n term, aEz = aEhv/2 i s unimportant a t lower 
n's (or v ' s ) , which are more densely populated. 

The p r e d i c t e d s t a t i s t i c a l d i s t r i b u t i o n based on Etot = 
-ΔΗ-|° + E a + 5RT/2 = 118.3 kcal/mole ( t a k i n g E a = 2.2 kcal/mole 
(2) and Τ = 2 9 0 ° K ) , E v = 5.8 kcal/mole and s = 3N-6-4 = 8, agrees 
c l o s e l y with the observed d i s t r i b u t i o n as shown i n the Table. 
This seems to i n d i c a t e t h a t the 0 + C3O2 r e a c t i o n probably occurs 
v i a a C3O3 complex which may survive several v i b r a t i o n s before 
breaking i n t o three CO's. In a p r e l i m i n a r y experiment c a r r i e d 
out with N 1 8 0 2 , however, i t was found t h a t the C 1 6 0 formed i n the 
r e a c t i o n i s n o t i c e a b l y c o o l e r . This f i n d i n g could be explained 
by the f o l l o w i n g mechanism, using the l a b e l e d r e a c t i o n as an 
example: 
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*0 *0 

*0( P) + 0=C=C=C=0 -> 0=C-C=C=0 0=C-C-C=0 ->-

*0C f + ( C 2 0 2 ) f -> *0C + + 2 C 0 + . 

Since the attack of 0 atoms occurs sideways, the most l i k e l y 
r e a c t i o n coordinate i s the s k e l e t a l 0=C-C-C=0 bending motion. 
This bending v i b r a t i o n , aided by the overlapping of the unpaired 
e l e c t r o n s , may lead to the concerted decomposition of * 0 C 3 0 2 i n t o 
a h o t t e r C*0 and t r a n s i e n t ( C 0 ) 2 that immediately d i s s o c i a t e s 
i n t o two CO's each c a r r y i n g equal amount of energy. Further 
study on t h i s r e a c t i o n i s underway; more d e t a i l e d r e s u l t s w i l l 
be reported i n a f u t u r e p u b l i c a t i o n . 
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Infrared Chemiluminescence from F + RH and 
H + ClF Reactions 

KEIETSU TAMAGAKE and D. W. SETSER 

Department of Chemistry, Kansas State University, Manhattan, KS 66506 

Infrared emission spectra from newly formed HF and HCl 
product molecules were observe
condi t ions wi th a cold wal
Four ie r Transform Spectrometer. The react ions examined were 
F + HCl, HBr, HI, H2S, GeH4, CH4, CH3CH3, CH3Cl, CH3Br, C(CH3)4, 
CH3OCH3 (plus some others not reported here) and H + ClF. The 
flow rates and pressure i n the vessel were 0 .5-30 µmol/sec and 
0 .5 -5 x 10-5 torr, r e s p e c t i v e l y . These experiments are an im
provement over previous work from th i s laboratory and permit 
assignment of both the initial v i b r a t i o n a l and ro t a t i ona l distri
butions of the HF and HCl product molecules. 

F + RH 

The data from the F + HCl reac t ion gave virtually the same 
v i b r a t i o n a l and ro ta t iona l d i s t r i b u t i o n s as p rev ious ly reported 
(1). However, our r e su l t s for the F + HBr and F + HI react ions 
have greater populations i n the highest v i b r a t i o n a l l e v e l s than 
the previous report (2 ) , which was based on extrapolated distri
butions in a 1 torr fast flow reactor . With a few except ions, 
the highest observed vibrational-rotational l eve l i s that permit
ted by the thermochemistry. In some cases the thermochemical 
limit i s so c lose to vmax that only a few ro ta t iona l l e v e l s are 
permitted and the relative population of vmax i s low; an example 
is HCl for which only J=8 is permitted i n the v=3 level. A sim
ilar l i m i t holds for F + GeH4. There a lso can be dynamical limi
tations such as for F + toluene (3) . The most h igh ly populated 
ro t a t iona l l eve l s are at high J for the diatomic cases, but for 
the polyatomic cases low J l e v e l s are favored. Initial vibration
al distributions, Pv, and the f rac t ions o f the t o t a l a v a i l a b l e 
energy released to vibration, <fV>, and rotation, <fR>, of HF are 
listed i n Table I . The reduced ro t a t iona l energy for i n d i v i d u a l 
v i b r a t i o n a l states <gR

(v)>=<fR

(v)>/<1-fV>, and reduced to t a l r o 
t a t i ona l energy <g^> = <fR>/<l-fy> a lso are l i s t e d . From the 
tables the fo l lowing conclusions can be reached. (A) The v i b r a 
t i ona l d i s t r i b u t i o n s P v and <fy> are s i m i l a r for both diatomic and 

124 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



Ta
bl

e 
I.

 
Su
mm
ar
y 
of

 V
ib

ra
ti

on
al
 a
nd

 R
ot

at
io

na
l 

En
er
gy

 
Di

sp
os

al
 

HC
1 

HB
r 

HI
 

H 2
S 

CH
. 4 

CH
3C

H
3 

CH
3C
1 

CH
3B
r 

C(
CH

3)
4 

(C
H 3
) 2
0 

Ge
H.
 4 

<E
> 

55
 

kc
al
 m
ol
e 
-1
 

36
.5
 

51
 

67
 

47
 

35
 

41
 

39
 

38
 

40
 

45
 

55
 

ν 
= 

1 
.2
5 

.1
2 

.1
0 

.2
3 

.1
8 

.1
2 

.0
9 

.1
1 

.1
9 

.2
7 

.1
4 

ν 
= 
2 

.6
3 

.1
7 

.1
2 

.2
5 

.6
9 

.4
6 

.3
6 

.4
5 

.6
4 

.3
8 

.2
0 

ν 
= 
3 

.1
1 

.3
0 

.1
3 

.3
4 

• 
14
 

,4
2 

.5
5 

.4
4 

.1
6 

.3
5 

.2
8 

Ρ 
ν 
= 
4 

.4
1 

.1
6 

.1
8 

.3
7 

V
 

ν 
= 
5 

.2
2 

.0
2 

ν 
= 
6 

.2
8 

<f
 >
 

.5
7 

.6
3 

.6
5 

.5
7 

.6
2 

.6
1 

.6
9 

.6
7 

.5
4 

.5
1 

.5
7 

V 
<
f
R>

 
.1
5 

.1
3 

.1
4 

.1
2 

.0
58
 

.0
55
 

.0
70
 

.0
69
 

.0
22
 

.0
84
 

.1
8 

V
 

= 
1 

.4
3 

.3
0 

.2
9 

.2
5 

.2
4 

.2
4 

.3
2 

.2
5 

.0
39
 

.1
7 

.4
3 

V
 

= 
2 

.4
0 

.3
5 

.3
3 

.3
0 

.1
1 

.1
3 

.2
6 

.2
2 

.0
58
 

.1
7 

.5
0 

(ν
) 

ν 
= 
3 

.5
2 

.3
8 

.3
7 

.2
6 

.1
0 

.0
8 

.1
3 

.1
3 

.0
15
 

.1
7 

.4
2 

6
R 

ν 
= 
4 

.4
2 

.4
0 

.2
4 

.2
6 

ν 
= 
5 

.4
5 

.2
6 

ν 
= 
6 

.4
7 

6
R 

.3
5 

.3
5 

.4
0 

.2
8 

.1
5 

.1
4 

.2
3 

.2
1 

.0
49
 

.1
7 

.4
2 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



126 STATE-TO-STATE CHEMISTRY 

polyatomic reagents. (B) The <f R >is high (0.13-0.17) f o r diatomic 
and low (0.05-0.08) f o r polyatomic cases. (C) The t r i a t o m i c mole
cule HpS gives intermediate <f R >(0.12). (D) the Gehty r e a c t i o n i s 
unusual and gives e x c e p t i o n a l l y high <fR> l i k e a diatomic case. 
(E) The <go^v^> values increase with ν f o r diatomic reactants and 
decreases f o r polyatomic r e a c t a n t s . (F) The o v e r a l l <gD> f o r d i a 
tomic, t r i a t o m i c and some polyatomic reagents ( C H 3 C I , Cr^Br) are 
c l o s e to 0 . 4 , 0 . 2 9 , and 0 . 2 5 , r e s p e c t i v e l y . Such <gR> values are 
expected i f the remaining energy, a f t e r s u b t r a c t i o n o f the f r a c t 
ion re leased to v i b r a t i o n of HF, i s d i s t r i b u t e d s t a t i s t i c a l l y be
tween the 2 r o t a t i o n s of HF, the 3 r e l a t i v e t r a n s l a t i o n s plus 2 or 
3 r o t a t i o n s of the parent r a d i c a l ( f o r t r i - or polyatomic reagent, 
r e s p e c t i v e l y ) . (G) The hydrocarbons C H 4 , C 2 H 6 and 0 ( ^ 3 ) 4 give 
s m a l l e r <gR> than the expected value based upon the above model 
f o r a polyatomic reagent. (H) The <gR> f o r GeH^ i s as high as a 
diatomic reagent. 

R o t a t i o n a l r e l a x a t i o
C£Hg because of the r e l a t i v e l y high vapor pressure at 77°K. The 
low <gR> f o r C(CHo)^, as well as the non l i n e a r s u r p r i s a l p l o t 
( 3 J , may be a t t r i b u t e d to c o l l i s i o n dynamics which t r a n s f e r s e n 
ergy to v i b r a t i o n s of the parent r a d i c a l . I n t e r p r e t a t i o n of the 
(CHoJpO r e s u l t s must be done with caution because of the r a d i c a l 
s t a b i l i z a t i o n energy, which reduces the o v e r a l l a v a i l a b l e energy 
( 4 ) . The d i a t o m i c - l i k e behavior of GeH^ may be explained by the 
very large r e a c t i v e cross s e c t i o n , which i s more than 7 times 
l a r g e r than F + CH^ ( 5 j . Such a large cross s e c t i o n al lows the 
hydrogen atom to move from GeH^ to the F atom w i t h an impact 
parameter that i s l a r g e enough to keep the parent r a d i c a l GeH3 
unexcited by the i n t e r a c t i o n with the newly formed HF molecule. 

H + Cl F 

This r e a c t i o n gave emission from HF and HC1. Using the 
l a t e s t E i n s t e i n c o e f f i c i e n t , the r a t i o of kHF a n d kHCl w a s ob
tained as 1 to 3 . 9 . The <f v> values f o r HF and HC1 are 0.53 
and 0 . 4 4 , r e s p e c t i v e l y . The HF r o t a t i o n a l d i s t r i b u t i o n i s very 
broad and much more extended than from H + F 2 . 
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Dynamics of the Electronically Chemiluminescent 
Reactions of O2(1∆) with Olefins 

DENIS J. BOGAN, RONALD S. SHEINSON, and FREDERICK W. WILLIAMS 

Chemistry Division, Code 6180, Naval Research Laboratory, Washington, D. C. 20375 

The react ions o f ethylene and v i n y l ethers (H2CCHOR, R = Me, 
E t , n-Bu) with O2(1∆g) i
to produce exci ted H2

dioxetane adduct. Thus these reactions are chemical ly ac t iva ted 
unimolecular fragmentations with the i n t e r e s t i ng and important 
feature that the product U V - V i s i b l e chemiluminescence can be used 
for cha rac t e r i za t i on . We are engaged in a de t a i l ed study of the 
dynamics of these reac t ions . Chemiluminescence spectra are 
analyzed for O2(1∆) plus various olefin reac t ions , chosen such 
that the ove ra l l thermochemistry and the poss ib le exci ted 
products are d i f f e ren t (4,5). A schematic of the react ion 
coordinate i s shown as Figure 1. The dioxetane complex has not 
been collisionally stabilized in any of our experiments and has a 
lifetime, τ < 10-8 sec (3). In all cases the product chemi
luminescence (and hence rate of product formation) i s first order 
in both O2(1∆) and olefin concentrat ions . A summary of expe r i 
mental a c t i v a t i o n energies and thermochemistry, estimated i n some 
cases, appears as Table 1. These Ea values are for passage from 
reactants to complex (Fig. 1), and not for passage from complex 
to products. Experiments of the latter type have been reported 
by many others (6 ) , but ours is the only published work which 
probes the en t i re react ion coordinate diagram of Figure 1. 

Vibron ic hot bands appear in product formaldehyde spectra 
with d i f f e ren t intensities for d i f f e ren t reactant olefins. In 
genera l , the hot band i n t e n s i t y i s directly re la ted to the avail
able energy and inverse ly re la ted to the number of v ib r a t i ona l 
modes of the dioxetane complex. With the exception of the re
ac t ion of C 2 F 3 H (5) , the lowest l y i n g electronically exci ted 
product i s observed e x c l u s i v e l y . For the v i n y l ether s e r i e s , the 
quantum yield for formaldehyde chemiluminescence i s constant, 
hence the e l e c t r o n i c energy partitioning i s not s e n s i t i v e to the 
number of v ib r a t i ona l modes of the alkoxy side cha in . These 
resu l t s suggest that e l ec t ron i c energy i s pa r t i t i oned non-
statistically and con t ro l l ed by the in te rac t ions of a t l eas t two 
potent ia l energy surfaces; and that the excess v i b r a t i o n a l energy 
i s pa r t i t i oned statistically (4 ,5) . 
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REACTANTS COMPLEX PRODUCTS 

On 

(AB) + (CD) 

(AB)V (CD) 

> 120 (AB) + (CD) 

Figure 1. General reaction coordinate diagram for 02(1Δ) plus olefin reaction (approxi
mate scale only) 

TABLE 1. Data Summary 

O l e f i n Ε ± a 3σ (Kcal/mole) Emission - Δ Η Κ χ η (Kcal/mole) 

H2C=CH2 21.4 1.8 H2C0 90.5 

H2C=CHOMe 13.4 0.4 H2C0 107* 

H2C=CHOEt 12.5 0.3 H2C0 107* 

H2C=CHOnBu 13.0 0.3 H2C0 107* 

H2C=C=0 15.3 0.8 H2C0 129 

H2C=CHF 18.3 1.1 H2C0 109 

H2C=CF2 H2C0 122 

HFC=CF2 15.6 0.4 F2C0,HFC0 148 

F2C=CF2 17.9 0.4 F 2 C0 171 

H2C=CHC1 15.5 1.6 H2C0 129* 

H2C=CC12 16.9 0.7 H2C0 103 

*estimated 
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Laser Induced Reaction Rate and Optical Absorption 
at Various Frequencies in the Absorption Bands of 
CF2ClCF2Cl and of CH3CF2Cl 
R. N. ZITTER 
Department of Physics and Astronomy, Southern Illinois University, 
Carbondale, IL 62901 

D. F. KOSTER 
Department of Chemistry and Biochemistry, Southern Illinois University, 
Carbondale, IL 62901 

Infrared l a se r induce
products that are consis ten  purely
hence it is difficult to discern whether the l a se r i s ac t ing as 
more than a heat source. This is particularly true when using 
C.W. irradiation of gases at relatively high pressures, where 
rap id V-T/R process should be opera t ing . I t is under these latter 
cond i t i ons , however, that we feel we have strong evidence for a 
non-thermal component i n the react ion pathway, although we do not 
discount a simultaneous thermal component as well. 

In an earlier paper [1] on CF2ClCF2Cl we noted a large dif
ference i n the reac t ion rate on irradiation of two separate bands 
of the compound (921 cm-1 and 1051 cm-1) at the band centers . 
Since the slightly stronger 1051 cm-1 band gave the slower r a t e , 
it appeared that compartmentalization o f energy in the v i b r a t i o n a l 
mode was operating to a significant degree, despite V-V t rans fe r . 

Further studies of this reac t ion now al low us to modify our 
original i n t e r p r e t a t i o n . As Figure 1 shows, the reac t ion rate 
[2] maximizes at frequencies ~ 30 cm-1 below the 921 and 1051 cm-1 

band centers . This "red shift" ef fec t has been observed in at 
l e a s t one other compound [3] and has been ascr ibed to v i b r a t i o n a l 
anharmonicity. The 1051 cm-1 band now gives the fas ter r a t e , but 
only at red-sh i f ted frequencies. 

Figure 1 a lso shows the absorption band profiles as measured 
normally i n a spectrophotometer (curve αo) and as measured under 
l a se r irradiation (curve α). The latter were obtained from mea
surements of beam transmission through a short cell fo r the same 
gas pressure and l a se r power condi t ions as the rate measurements. 
Under l a s e r irradiation, absorption is lowered at frequencies near 
the αo band centers and is enhanced at red-sh i f t ed frequencies, 
to the extent that absorption is virtually frequency-independent 
over broad ranges. 

Standard equations for steady-state heat flow predic t that 
temperatures i n the beam region will be determined by the power 
absorbed per un i t volume (all other factors being equa l ) , which 
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Wavenumber ( c m " 1 ) 

Figure 1. Data for various frequencies 
through two bands of CF2CICF2CI. Curves 
a0 are the "ground-state" optical absorption 
coefficients (in units of cm'1 Torr'1). Curves a 
are absorption coefficients (cm'1 Torr'1) in
duced by a 4-watt, 1-mm diameter laser beam 
in 200 Torr CF2ClCF2Cl Curves R are the 
reaction rates (arbitrary units) of 200 Torr 
CF2ClCF2Cl for a 4-watt, 1-mm diameter 
hser beam. Curves R' are the reaction rates 
(arbitrary units) of the "temperature probe" 
gas PFB. The logarithmic scale refers to both 

R and a. 

i n turn i s given by a l (absorption c o e f f i c i e n t times i n t e n s i t y ) . 
Since α i s e s s e n t i a l l y independent of frequency over the range of 
i n t e r e s t , to a f i r s t approximation temperature a l s o should be 
constant. On the other hand, r e a c t i o n rates increase sharply with 
decreasing frequency. We consider t h i s strong evidence f o r a non
thermal, v i b r a t i o n a l l y enhanced component i n the r e a c t i o n process. 

To corroborate the r e s u l t s , we introduced a small amount 
(2.44%) of a "temperature probe" gas perf luorobutadiene (PFB), 
which c y c l i z e s thermal ly to perf luorocyclobutene (PFCB) according 
to well known k i n e t i c s [ 4 J . PFB has no appreciable absorption i n 
the 920 cm"1 and 1050 cm " 1 r e g i o n s , and alone a t pressures 
equivalent to i t s p a r t i a l pressure i n the m i x t u r e , undergoes neg
l i g i b l e r e a c t i o n s when i r r a d i a t e d a t these f r e q u e n c i e s . There
f o r e , PFB should serve as a temperature probe i n the mixture s i n c e 
most of input energy i s expected to l i e i n modes of CF2C1CF2C1 
t h a t are already e q u i l i b r a t e d a t the t r a n s ! a t i o n a l temperature. 
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The curve R1 i n Figure 1 shows t h a t the r a t e constant f o r 
c y c l i z a t i o n of PFB, o b t a i n e d by monitoring the production of 
PFCB at 1416 cm" 1 , i s nearly independent of frequency. I f indeed 
the probe i s monitoring t r a n s l a t i o n a l temperature, then the r e 
s u l t s are e n t i r e l y c o n s i s t e n t with those f o r absorption of 
CF 2 C1CF 2 C1, namely, constant t r a n s l a t i o n a l temperature over the 
frequency range. 

A second r e a c t i o n of i n t e r e s t i s the e l i m i n a t i o n of HC1 from 
C H 3 C F 2 C I to give CH 2 CF 2 . This r e a c t i o n i s known to proceed t h e r 
mally with a r a t e constant given by the expression [5J 

k = Ι Ο 1 4 * 3 5 exp [-252U/RT] 

ι ό 2 

ι ό 3 

ο 

Ο 

ι * 

ι ό 4 

Figure 2. Absorption coefficient of the 966 cm'1 band 
of CH3CF2Cl and initial reaction rate vs. frequency. 
Absorption coefficient data are taken at 40 Torr, rate 
data at 300 Torr. Upper absorption curve is the stand
ard spectrophotometer trace; other curves are for 
various laser power (watts). The laser has no appre
ciable output in the 955-965 cm'1 region. The loga
rithmic scale (now in arbitrary units) is also used to 

plot the reaction rate. 
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Figure 3. Reaction rate at 952 cm'1 

vs. pressure for CH3CF2Cl, with laser 
power Ρ varying inversely with pres
sure ρ to give constant product pP. 
The latter condition is intended to 
keep translational temperature in the 

beam region at a constant value. 

Figure 2 gives the
served i n the previous compound there i s a d i s t i n c t "red s h i f t " 
i n both absorption and r a t e , the l a t t e r maximizing 6-10 cm"1 be
low the low i n t e n s i t y curve band c e n t e r . Unfortunately there i s 
a gap i n our l a s e r frequencies i n the region where the rate i s 
maximizing. The r e l a t i o n s h i p between the rate and absorption 
c o e f f i c i e n t curves i s not c l e a r here but i t i s evident that they 
do not s c a l e i n the same manner. That i s , widely d i f f e r i n g r a t e s 
are obtained at frequencies where the absorption i s e s s e n t i a l l y 
the same, i n d i c a t i n g a non-thermal component to the r e a c t i o n 
rate [ 6 J . 

In a d d i t i o n , we have measured r a t e s with l a s e r power Ρ vary
ing i n v e r s e l y to reactant gas pressure p. Under these c o n d i t i o n s , 
t r a n s l a t i o n a l temperature i n the beam region should remain f i x e d , 
s ince i t i s determined by the product α ϊ , which i n turn i s p r o 
p o r t i o n a l to pP. For a purely thermal process, the r a t e should 
remain unchanged f o r pP=constant. That t h i s i s not so can be seen 
i n Figure 3. In a l l i n s t a n c e s , high powers and low pressures give 
f a s t e r r a t e s , a p i c t u r e c o n s i s t e n t with e x c i t a t i o n of higher v i 
b r a t i o n a l s t a t e s at higher power l e v e l s . 

I t i s i n t e r e s t i n g to consider the quantum requirement Q, 
def ined as the number of photons absorbed per product molecule 
produced f o r t h i s r e a c t i o n . Figure 4 shows Q values obtained 
f o r various l a s e r powers and gas pressures of CH 3 CF 2 C1. Q de
creases monotonical ly with i n c r e a s i n g power and pressure e At a 
beam power of 23 W and s t a r t i n g gas pressure of 400 t o r r , Q has 
reached the value of 17 photons absorbed per product molecule 
(CH 2 CF 2 ) produced, and the trend of the curves i n d i c a t e that even 
lower Q values may be a t t a i n e d . (See footnote [ 7 J . ) 

These values are s i g n i f i c a n t l y l e s s than the 22 photons r e 
quired per molecule to reach the thermal a c t i v a t i o n b a r r i e r of 
252 kJ [ 5 J . As a t e n t a t i v e e x p l a n a t i o n , we propose that part of 
the a c t i v a t i o n energy released i n the r e a c t i o n i s being fed back 
to reactant molecules, r a t h e r than being l o s t to the c e l l w a l l s . 
Under t h i s mechanism, the l i m i t i n g value of Q f o r t h i s endother-

10 100 1000 
PRESSURE(D) TORR 
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Figure 4. Quantum requirement
the CH3CF2Cl reaction at 952 cm'
vs. pressure at various laser powers. 
The thermal activation energy E 0 

corresponds to 22 photons/molecule 
at this frequency. 100 10 

P ( T O R R ) 

mic r e a c t i o n would be set by ΔΗ (^7 photons per molecule [8]) and 
not by the a c t i v a t i o n energy. In any event, i t appears t h a t 
e s s e n t i a l l y a l l of the input l a s e r energy can be channeled i n t o 
the r e a c t i o n , with n e g l i g i b l e l o s s to the c e l l w a l l s before r e 
a c t i o n o c c u r s . 

The lowest Q values we have obtained f o r CF2C1CF2C1 have 
been i n the range of 80. Under c o n d i t i o n s needed to achieve 
these values a strong v i s i b l e emission i s ev ident, which may be 
e f f e c t i v e l y removing energy from the system. 

In a l l the experiments reported here, the l a s e r beam had an 
approximate diameter of 1 mm and was e s s e n t i a l l y p a r a l l e l over 
the 10 cm path through the r e a c t i o n c e l l . 
Acknowledgement: This work was supported i n part by the National 
Science Foundation through grant no. CHE 76-01162. 
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Chemiluminescence from the Gas Phase Reaction of 
Atomic Boron with the Alkali Metal Fluorides 

U. C. SRIDHARAN, D. L. MC FADDEN, and P. DAVIDOVITS 

Department of Chemistry, Boston College, Chestnut Hill, MA 02167 

During the past few years there has been cons id 
erable i n t e r e s t in chemica
exc i ted alkali meta
alkali atoms has been s tudied recent ly in both beam 
experiments (1-3) where s ing le collision processes can 
be observed as well as in flames (4-8) where complex 
collisional energy t r a n s f e r plays an important ro l e in 
the e x c i t a t i o n process . These studies were motivated 
in part by the possibility that these react ions may 
produce invers ion in the exc i ted states of the alkali 
atoms, s u i t a b l e for chemical l a s e r s . 

We are studying the chemiluminescence produced by 
the reac t ion of boron with the alkali f l u o r i d e s (MF), 
that i s 

Β + MF --> BF + M 

With the reactants in the ground state the e x o e r g i c i t y 
of these react ions is about 3 ev. This amount of 
energy can exc i t e only the first p states in sodium 
and potassium but in rubidium and cesium higher l y i n g 
exc i ted states can be reached. Our aim is to deter
mine the distribution of exc i ted states produced in 
these react ions and u l t i m a t e l y to understand the 
reac t ion mechanism. It is expected that the re su l t s 
from experiments with these relatively simple reac
t ions w i l l lead also to a bet ter general understanding 
of energy partitioning in exoergic r e a c t i o n s . 

Both crossed flow and molecular beam techniques 
are being used to study these chemi1uminescent reac
tions. A simplified schematic drawing of the flow 
apparatus is shown in Fig. 1. The flow conta in ing 
the boron atoms is produced ins ide the vacuum chamber 
by a microwave discharge in a mixture of 1% B 2 H 6 , 99% 
helium. The alkali f l u o r i d e molecules are produced in 
an oven heated between 925-1275 Κ (depending on the 
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Figure 1. Schematic of the crossed flow appa
ratus 

s a l t ) and a r e c a r r i e d i n t o t h e r e a c t i o n r e g i o n t h r o u g h 
a 1 mm h o l e i n t h e oven by h e l i u m c a r r i e r g a s . The 
t o t a l p r e s s u r e i n t h e r e a c t i o n c h a m b e r i s a b o u t 
0 . 5 t o r r . In t h e m o l e c u l a r beam a p p a r a t u s , an e f f u 
s i v e a t o m i c b o r o n beam i s p r o d u c e d by v a p o r i z a t i o n o f 
e l e m e n t a l b o r o n a t 2400 Κ i n a k n u d s e n c e l l . The 
a l k a l i f l u o r i d e beam s o u r c e c o n s i s t s o f an oven h e a t e d 
t o a b o u t 1000 K. P h o t o n c o u n t i n g t e c h n i q u e s a r e u s e d 
i n t h e low p r e s s u r e ( Ι Ο * 5 t o r r ) beam e x p e r i m e n t s . 

We have p e r f o r m e d e x p e r i m e n t s i n t h e f l o w a p p a r a 
t u s w i t h t h e s a l t s C s F , R b F , KF and NaF ( 9 ) . The 
s p e c t r u m f r o m e a c h r e a c t i o n was r e c o r d e d and t h e 
r e l a t i v e number o f p h o t o n s f r o m t h e v a r i o u s t r a n s i - ι 
t i o n was c o m p u t e d . From t h e s e d a t a we o b t a i n e d t h e 
r e l a t i v e s t e a d y s t a t e p o p u l a t i o n d i s t r i b u t i o n . We 
o b s e r v e e x c i t a t i o n o f s t a t e s w i t h e n e r g i e s up t o and 
i n some c a s e s a b o v e t h e e x o e r g i c i t y f o r t h e r e a c t i o n 
o f b o r o n w i t h t h e m e t a l f l u o r i d e s . The r e s u l t s srhow 
t h a t w h i l e t h e p o p u l a t i o n o f t h e e x c i t e d s t a t e s t e n d s 
t o d e c r e a s e w i t h e n e r g y t h e r e a r e p o p u l a t i o n i n v e r 
s i o n s b e t w e e n some o f t h e s t a t e s . E x p e r i m e n t s i n d i c 
a t e t h a t t h e f i r s t e x c i t e d Ρ s t a t e s a r e p r o d u c e d 
m a i n l y i n t h e p r i m a r y c h e m i c a l r e a c t i o n o f b o r o n w i t h 
t h e r m a l MF m o l e c u l e s . The p h o t o n y i e l d f r o m t h e f i r s t 
e x c i t e d s t a t e i s e s t i m a t e d t o be as h i g h as 0 . 5 
p h o t o n s p e r b o r o n atom r e a c t e d . The m e c h a n i s m f o r t h e 
e x c i t a t i o n o f t h e s t a t e s l y i n g a b o v e t h e f i r s t Ρ 
l e v e l s c a n n o t be d e t e r m i n e d f r o m t h e f l o w e x p e r i m e n t s . 
We c a n o n l y c o n c l u d e t h a t s e v e r a l s e c o n d a r y e n e r g y 
t r a n s f e r p r o c e s s e s c o n t r i b u t e t o t h e p r o d u c t i o n o f t h e 
h i g h e r e x c i t e d s t a t e s . P r e l i m i n a r y r e s u l t s f r o m t h e 
s i n g l e c o l l i s i o n beam s t u d i e s c o n f i r m t h e a b o v e 
r e s u l t s and a r e i n t h e p r o c e s s o f y i e l d i n g q u a n t i t a t i v e 
v a l u e s f o r t h e c h e m i l u m i n e s c e n c e c r o s s s e c t i o n s . 
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17 
Dark Products in Chemiluminescent Flames of Ba + N2O 

J. GARY PRUETT and AFRANIO TORRES-FILHO 

Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19174 

Chemiluminescent flames resulting from the reactions 
between metal atoms an
extensively in emission
flow conditions(1). In all cases i t is found that the in i t ia l 
reaction products which spontaneously emit light represent a 
small fraction of the total products. 

We are examining the dark states of BaO present in a 
flow reaction of 200μ pressure using laser induced fluorescence 
and would like to report our preliminary results. 

Experimental 

The technique of laser-induced fluorescence as applied to 
gas phase reaction products has been well documented by Zare and 
co-workers(2). Briefly i t involves gated optical detection of a 
pulsed fluorescence signal resulting from pulsed electronic exci
tation of product molecules by a tunable visible dye laser. 
However, in the present studies the presence of very bright 
visible chemiluminescence emanating from the same reaction volume 
as the laser induced fluorescence, precludes simple collection 
of the total light with an unprotected photocathode surface. 

The chemiluminescence and the expected pulsed laser-induced 
fluorescence differ, of course, in two key ways which may be 
utilized for selective detection. First , if the light flux from 
the flame region is integrated only during the lifetime of the 
pulsed fluorescence much chemiluminescence can be avoided. This 
technique is adequate as long as the background light is suffi
ciently low that i t does not saturate the photomultiplier tube, 
thus eliminating gain on the pulsed signal. 

The second distinction between the pulsed fluorescence and 
the chemiluminescence is their spectral difference. In general 
the chemiluminescence covers a very wide range of wavelengths, 
whereas the pulsed fluorescence occurs only to the dipole allowed 
Franck-Condon regulated transitions from the state produced by 
the excitation laser. This fact can be utilized in two ways. 
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F i r s t , i f any of the pulsed f luorescence l i n e s occur completely 
outside the chemiluminescence wavelength range, c u t - o f f f i l t e r s 
may be used to observe only those wavelengths. Second, the e x c i 
t a t i o n wavelength w i l l always be one o f the f luorescence pathways, 
so d i s p e r s i o n o f the t o t a l l i g h t from the r e a c t i o n zone by an 
o p t i c a l l y f a s t , low r e s o l u t i o n monochromator, fol lowed by detec
t i o n at the l a s e r wavelength throws away a much higher f r a c t i o n 
of the broad-band chemiluminescence than o f the pulsed f l u o r e s 
cence. Both of these techniques have been u t i l i z e d i n t h i s study. 

The r e a c t i o n 

Ba + N 2 0 + BaO + N 2 

was chosen f o r i n i t i a l study because of the l a r g e amount of work 
which has been done on t h i s r e a c t i o n i n f l a m e s ( 3 j . I t i s known 
that the emission under bea
m a r i l y due to the low p r o b a b i l i t
i n the Α *Σ + and A' h\ s t a t e s , which have r a d i a t i v e l i f e t i m e s o f .3 
and 10 usee r e s p e c t i v e l y . Some information has a l s o been obtained 
on the populations o f the low v i b r a t i o n a l l e v e l s o f the BaO 
product(4). 

Results 

Now i n order to observe pulsed f luorescence f o l l o w i n g e x c i 
t a t i o n from one of the dark s t a t e s (Χ Χ Σ + or a 3 π ) , we must e x c i t e 
molecules to yet another e x c i t e d e l e c t r o n i c s t a t e to observe the 
f l u o r e s c e n c e . Thus we must have spectroscopic information on 
even higher l y i n g e x c i t e d e l e c t r o n i c s t a t e s . By e x c i t i n g with 
v i s i b l e l i g h t and observing f luorescence outside of the chemilu
minescence range, we have observed u l t r a v i o l e t f luorescence (400 
>λ> 250 nm) with a r a d i a t i v e l i f e t i m e of 20 nsec. This r a d i a 
t i o n represents emission from a new e l e c t r o n i c s t a t e of BaO to 
the ground e l e c t r o n i c s t a t e , f o l l o w i n g e x c i t a t i o n from high v i b r a 
t i o n a l l e v e l s o f the ground e l e c t r o n i c s t a t e ( l a s e r λ between 
390 nm and 590 nm). The red degraded band heads form r e g u l a r 
s e r i e s c o r r e s p o n d r a to lower s t a t e v i b r a t i o n spacings from 
614 cm~l to 584 cm*"* and upper s t a t e spacings from 443 cm"* to 
420 cm" 1 . V i b r a t i o n a l assignments of the lower s t a t e have been 
made by matching the spacings with known ground e l e c t r o n i c s t a t e 
v i b r a t i o n a l spacings. The assignments of the upper s t a t e num
bering was accomplished by s p e c t r a l l y r e s o l v i n g the t o t a l f l u o r 
escence and counting nodes i n the Franck-Condon f a c t o r envelopes. 
This technique i s unambiguous i n the present case because the 
upper s t a t e i n t e r n u c l e a r separation i s s u f f i c i e n t l y s h i f t e d t h a t 
the low v i b r a t i o n a l l e v e l s of the upper s t a t e sample the wave 
f u n c t i o n maxima of the ground s t a t e wave f u n c t i o n s at t h e i r 
outer t u r n i n g p o i n t s . Thus, f o r low v i b r a t i o n a l l e v e l s ( 0 - 4 ) , the 
Franck-Condon f a c t o r nodes are wel l developed and e a s i l y 
recognized. 
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TABLE 1 

Band Heads (cm"1 ± 15 
v 0 0 ( c a l c ) = 

cm"1) of Observed 
32750 ± 15 cm"1 

BaO Bands 

ν ' , ν " Head P o s i t i o n ν ' , ν " Head P o s i t i o n 

0,12 25045 2,16 23488 
1,13 24886 3,17 23329 
2,14 24699 0,15 23214 
3,15 24525 4,18 23150 
0,13 24431 1,16 23032 
1,14 24275 2,17 22890 
2,15 24088 3,18 22732 
3,16 23925 4,19 22563 
0,14 23829 1,17 22448 
4,17 2375
1,15 23641 3,19 22146 

4,20 21979 

Table 1 gives our t e n t a t i v e t r a n s i t i o n energies and v i b r a 
t i o n a l assignments. The upper s t a t e seems to be the same as one 
already observed by F i e l d et^ al_. using double resonance techniques 
(5_). Thus f a r we have been able t o : (A) Confirm the existence 
of h ighly v i b r a t i o n a l l y e x c i t e d states of the Χ ιΣ s t a t e i n the 
flame at 200 t o r r . (B) Obtain the l i f e t i m e , rough v i b r a t i o n a l 
s p a c i n g , v 0 0 , and approximate shape of a h i g h l y e l e c t r o n i c a l l y 
e x c i t e d s t a t e of BaO. (C) Confirm our a b i l i t y to probe very 
highly v i b r a t i o n a l l y e x c i t e d states o f BaO Χ ιΣ by e x c i t a t i o n 
using red l i g h t and observation i n the deep U.V. (D) Prove the 
f e a s i b i l i t y and usefulness of l a s e r induced f luorescence t e c h 
niques on systems with high background l i g h t f l u x e s . 

We are now extending our present s t u d i e s to the higher v i 
b r a t i o n a l states of BaO Χ ιΣ and with the a i d of Franck-Condon 
f a c t o r c a l c u l a t i o n s to assign r e l a t i v e populations to the high 
v i b r a t i o n a l l e v e l s of the Χ ΧΣ s t a t e at r e a c t i o n zone pressures 
of 200 μ . As yet we have not observed any features c h a r a c t e r 
i s t i c of e x c i t i n g f luorescence i n molecules from the 3 π l e v e l s 
o f BaO, although we have not yet r u l e d out t h e i r e x i s t e n c e . 
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Laser Fluorescence and Thermal Lensing Studies of 
Intermode Energy Transfer and Chemical Reactivity in 
Small Polyatomic Molecules 

GEORGE W. FLYNN 

Department of Chemistry and Columbia Radiation Laboratory, 
Columbia University, New York, NY 10027 

Energy t ransfer processes i n molecules have been of i n t e r 
est to chemists for wel
ity of chemical react ion
The rupture of chemical bonds requires energy, but not 
necessar i ly j u s t any form of energy. The relative importance 
of vibrational, rotational, and t r a n s l a t i o n a l energy i n controll

ing the magnitude of cross sect ions fo r chemical reac t ion can 
only be determined by careful considera t ion of the potent ia l 
energy surfaces leading from reactants to products. There are 
react ions i n which t r a n s l a t i o n a l and ro t a t iona l energy are 
expected to be as important or more important than v i b r a t i o n a l 
energy i n determining the ove ra l l chemical reac t ion ra te . 
Nevertheless, the flow o f energy between the various degrees of 
freedom of a molecule remains a top ic o f c r u c i a l importance i n 
the development o f a complete theory o f chemical reactivity. 

More recent ly chemists and phys i c i s t s working on the 
development of powerful, versatile, and efficient l a se r systems 
have become in teres ted i n the d e t a i l s of molecular energy 
t ransfe r . I t i s i n fac t the relative rates of energy flow 
between v i b r a t i o n a l modes and among the translational, rotation
al, and v ib r a t i ona l degrees of freedom which cont ro ls the ga in , 
energy, and power characteristics of most in f ra red gas l a s e r s . 
A knowledge o f the factors a f fec t ing energy t ransfer can often 
be used to increase the e f f i c i e n c y and power of a given l a se r 
system. At the present time a relatively small number of 
molecules e x h i b i t l a se r a c t i o n , but it i s reasonable to expect 
that many new molecular lasers can be developed as the factors 
which determine energy t ransfer pathways and mechanisms become 
understood. 

Experimental s tudies o f molecular energy flow a lso o f fe r 
good tes ts for energy t ransfer theor ies . Agreement between 
theory and experiment has improved steadily over the past few 
years , but for most molecules only qualitative theore t i ca l 
co r re l a t ions seem to be valid. Theoret ical e f fo r t s are hampered 
by a lack o f knowledge of the complete i n t e r ac t i on poten t ia l 
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between two c o l l i d i n g molecules. Furthermore, f o r polyatomic 
molecules, so many energy t r a n s f e r paths are a v a i l a b l e during a 
p a r t i c u l a r c o l l i s i o n , that an enormous e f f o r t would be required 
to compute the t o t a l energy t r a n s f e r cross s e c t i o n even i f the 
f u l l i n t e r a c t i o n p o t e n t i a l were a c c u r a t e l y known. Thus e x p e r i 
mental data serve as e x c e l l e n t t e s t s f o r the n e c e s s a r i l y a p p r o x i 
mate treatments of most energy t r a n s f e r t h e o r i e s . 

Lasers have had a s i g n i f i c a n t impact on s t u d i e s o f energy 
f low and chemical r e a c t i v i t y i n gases over the past 12 years 
because they have provided the f i r s t monochromatic, high power, 
short pulse r a d i a t i o n sources i n the i n f r a r e d s p e c t r a l r e g i o n . 
Lasers are being used now, not only to study energy t r a n s f e r 
processes, but a l s o to i n i t i a t e chemical r e a c t i o n s by i n f r a r e d 
pumping. A b r i e f d e s c r i p t i o n of some l a s e r energy t r a n s f e r and 
l a s e r " c a t a l y s i s " experiments i s given below. 

Experimental Methods 

For the experimental r e s u l t s reviewed here, two b a s i c 
techniques have been used to o b t a i n energy t r a n s f e r d a t a . The 
f i r s t i s i n f r a r e d l a s e r induced f luorescence ( 1 - 4 ) , which 
employs a Q-switched CO2 l a s e r to v i b r a t i o n a l l y e x c i t e gaseous 
molecules. Typical l a s e r c h a r a c t e r i s t i c s are a pulse width 
< Ι Ο - 6 s e c , an energy per pulse o f 0.5 - 4 mJ, a pulse r e p e t i 
t i o n r a t e o f 1 0 2 s e c - 1 , and a wavelength between 9.2 and 10.6 
microns. Fol lowing l a s e r e x c i t a t i o n , time resolved i n f r a r e d 
f luorescence i s observed with a f a s t , s e n s i t i v e d e t e c t o r a t 
r i g h t angles to the d i r e c t i o n o f propagation o f the l a s e r 
r a d i a t i o n . In g e n e r a l , a l l s t a t e s which emit spontaneously can 
be s t u d i e d by the proper choice o f i n f r a r e d i n t e r f e r e n c e f i l t e r s , 
but i n p r a c t i c e many weakly f l u o r e s c i n g modes cannot be monitored 
because o f the low e f f i c i e n c y of i n f r a r e d detectors and the 
r e l a t i v e l y long r a d i a t i v e l i f e t i m e s which c h a r a c t e r i z e the 
i n f r a r e d r e g i o n . The growth and decay rates o f these f luorescence 
s i g n a l s give a d i r e c t measure o f the dynamical changes i n the 
populations of various v i b r a t i o n a l s t a t e s which occur due to 
r e l a x a t i o n processes f o l l o w i n g l a s e r e x c i t a t i o n . The pressure 
dependence o f these rates can be used to determine average 
c o l l i s i o n cross s e c t i o n s f o r energy t r a n s f e r . 

The second technique which i s used to study energy t r a n s f e r 
processes i s the time resolved thermal l e n s i n g method ( 5 , 6 ) . 
This experimental device employs a Q-switched CO2 l a s e r , essen
t i a l l y i d e n t i c a l to the one used i n f luorescence s t u d i e s , to 
v i b r a t i o n a l l y e x c i t e gaseous molecules. A He-Ne l a s e r o p e r a t i n g 
continuously a t 6328A and propagating c o l i n e a r l y with the C 0 2 

l a s e r , i s used to monitor time dependent t r a n s l a t i o n a l energy 
changes i n the gas f o l l o w i n g l a s e r pumping. This o p t o - a c o u s t i c 
d e t e c t i o n method can d i s t i n g u i s h v i b r a t i o n a l energy t r a n s f e r 
events t h a t are t r a n s l a t i o n a l l y endothermic from those which are 
t r a n s i a t i o n a l l y exothermic. 
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In the study of i n f r a r e d l a s e r dr iven chemical r e a c t i o n s 
a high power C 0 2 l a s e r i s g e n e r a l l y used to e x c i t e molecules. 
Typical c h a r a c t e r i s t i c s f o r these l a s e r are a pulse duration 
< 5 X 1 0 - 7 s e c , an eneray per pulse o f 0 . 5 - 1 J , a pulse 
r e p e t i t i o n rate o f 2 s e c - 1 , and a wavelength between 9 . 2 and 
1 0 . 6 microns. Product a n a l y s i s i s performed by standard I.R. 
a b s o r p t i o n , gas chromatography, or mass spectroscopy. The l a s e r 
dr iven production of HF from SFg + H2 mixtures, which i s d i s 
cussed below, was monitored by observing time resolved HF 
i n f r a r e d f luorescence as noted above ( 7 , 8 ) . 

Intermode Energy Transfer i n S 0 2 

Energy t r a n s f e r processes i n SOo have been studied using 
both i n f r a r e d f luorescence ( 9 ) and thermal l e n s i n g t e c h n i q u e s ( 6 ) . 
Laser e x c i t a t i o n and energ
described by the f o l l o w i n

Laser pump: S 0 2 ( 0 ) + hv + S 0 2 ( v 1 ) ( 1 ) 

V-V r e l a x a t i o n : S 0 2 ( v ] ) + M £ S 0 2 ( v 3 ) + M - 210 cm"1 ( 2 ) 

V-V r e l a x a t i o n : S 0 2 ( v 1 ) + M -> S 0 2 ( 2 v 2 ) + M + 120 cm"1 ( 3 ) 

The l a s e r e x c i t e s the ν-, (symmetric s t r e t c h ) v i b r a t i o n whi le 
v i b r a t i o n - v i b r a t i o n (V-v) energy t r a n s f e r processes carry 
population to other v i b r a t i o n a l modes v i a c o l l i s i o n events (2) 
and ( 3 ) which a r e , r e s p e c t i v e l y , t r a n s l a t i o n a l l y endothermic by 
210 cm"1 and exothermic by 120 cm" 1 . An abbreviated v i b r a t i o n a l 
energy l e v e l diagram f o r S 0 2 i s shown i n F i g . 1. At pressures 
o f a few Torr, the e x c i t a t i o n step (1) i s much f a s t e r than the 
c o l l i s i o n processes so t h a t the growth and decay o f antisymmetric 
s t r e t c h f luorescence ( v 3 + 0 7 . 4 μ ) can be e a s i l y measured 
as a f u n c t i o n of pressure. T r a n s l a t i o n a l c o o l i n g i s observed 
with the thermal lens technique g i v i n g strong evidence f o r step 
( 2 ) . When M = S 0 2 , the V-V c o l l i s i o n a l e q u i l i b r a t i o n o f v j and 
v 2 (Eqn. ( 2 ) ) r e q u i r e s approximately 135 gas k i n e t i c c o l l i s i o n s 
on the average. On the other hand, the V-V c o l l i s i o n a l r e l a x a 
t i o n a t t r i b u t e d to step ( 3 ) requires about 2600 gas k i n e t i c 
c o l l i s i o n s . Thus even though process ( 2 ) i s 210 cm"1 endothermic 
whi le ( 3 ) i s 120 cm"1 exothermic, process ( 2 ) i s almost 20 times 
more e f f i c i e n t than ( 3)1 This remarkable f a c t suggests q u i t e 
s t r o n g l y t h a t there are q u a l i t a t i v e c o l l i s i o n a l propensity r u l e s 
f o r V-V energy t r a n s f e r processes ( 1 0 ) . A formulation o f these 
"rules" w i l l be given l a t e r . 

Because o f the t i g h t c o l l i s i o n a l c o u p l i n g between v i and 
V 3 compared to the weak c o l l i s i o n a l c o u p l i n g o f these s t a t e s to 
the bending mode overtone ( 2 v 2 ) , l a s e r pumping causes the 
s t r e t c h e s to become v i b r a t i o n a l l y hot w h i l e the bends remain 
c o l d . In pure S 0 2 t h i s c o n d i t i o n l a s t s f o r approximately 2600 
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Figure 1.  energy
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v2 the bend, and vs the antisymmetric stretch 

frequency. 

ι 2i/5 

'FLUORESCENCE 
TO GROUND STATE 

2%-

2*, 

LASER 

0 I • 
CH 3 F ENERGY LEVELS 

Figure 2. Partial vibrational energy level dia
gram for CH3F. Wavy lines indicate fluores
cence to the ground state has been observed. vt 

and vk are C-H stretches, v2 and vr> are CH2 

bends, v3 is a C—F stretch, and v6 is a methyl 
deformation. 
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c o l l i s i o n s . Such a metastable system o f f e r s several i n t e r e s t i n g 
p o s s i b i l i t i e s f o r mode s p e c i f i c chemical r e a c t i o n s t u d i e s and 
o p t i c a l l y pumped molecular l a s e r a c t i o n . 

Intermode Energy Transfer i n CH^F 

Though SO? represents a p a r t i c u l a r l y simple and p l e a s i n g 
milestone i n the study o f v i b r a t i o n a l energy t r a n s f e r processes, 
CH3F has proven to be a s u b s t a n t i a l l y more complex c h a l l e n g e . 
Experimental e f f o r t s to def ine "completely" the v i b r a t i o n a l 
energy t r a n s f e r mechanism o f t h i s 9 mode molecule have only 
r e c e n t l y been s u c c e s s f u l . S o p h i s t i c a t e d , c a r e f u l work with both 
the i n f r a r e d f luorescence and thermal l e n s i n g techniques has 
allowed us to unravel the d e t a i l e d v i b r a t i o n a l energy flow-map 
f o r t h i s molecule. F i g . 2 shows an abbreviated v i b r a t i o n a l 
energy l e v e l diagram f o
v 2 (CH 2 bend), vq (C-F
degenerate), V5 (CH 2 bend, doubly degenerate), and vg (CH3 
deformation, doubly degenerate). Because v-| and v 4 are only 
s l i g h t l y s p l i t i n energy, the c o l l i s i o n a l energy t r a n s f e r event 

C H 3 F ( v 1 ) + M Z C H 3 F ( v 4 ) + M (4) 

i s too f a s t to measure with present s t a t e - o f - t h e a r t equipment. 
A s i m i l a r argument holds f o r v 2 and v^. Thus f o r the purposes 
of v i b r a t i o n a l energy t r a n s f e r , CHoF may be thought o f as a 
pseudo 4 mode molecule with the modes or mode sets being v 3 , v^, 
( v 2 , v c ) , and (v-j, v 4 ) . Experimental evidence to date (^, 5 , j n -
16) i n d i c a t e s that the f o l l o w i n g set o f equations describes 
with good accuracy the CH3F l a s e r e x c i t a t i o n and energy r e d i s t r i 
bution scheme: 

Laser e x c i t a t i o n : CH 3 F(0) + hv ->· CH3F(v 3) (5) 

V-V R e l a x a t i o n : C H 3 F ( v 3 ) + M ^ C H 3 F ( v 6 ) + M - 133 cm"1 (6) 

V-V R e l a x a t i o n : C H 3 F ( v 6 ) + M J C H 3 F ( v 2 , v 5 ) + M - 284 c n f 1 (7) 

V-V R e l a x a t i o n : 2CH3F ( v 2 , v 5 ) t C H 3 F ( 2 v 2 , 2 v 5 ) + CH 3 F(0) (8) 

V-V R e l a x a t i o n : C H 3 F ( 2 v 2 , 2 v 5 ) + M * C H 3 F ( v l f v 4 ) + M - 60 cm"1 

V-T/R R e l a x a t i o n : C H 3 F ( v 3 ) + M + CH 3 F(0) + M + 1049 cm"1 (10) 

The f i n a l step (Eqn. 10) represents o v e r a l l l o s s o f energy from 
the v i b r a t i o n a l manifold v i a v i b r a t i o n - t r a n s l a t i o n / r o t a t i o n 
(V-T/R) r e l a x a t i o n . When M = CH3F t h i s l a s t process r e q u i r e s 
approximately 15,000 gas k i n e t i c c o l l i s i o n s whi le f o r M = Xe i t 
r e q u i r e s roughly 400,000 gas k i n e t i c c o l l i s i o n s . On the other 
hand, a l l of the V-V energy r e d i s t r i b u t i o n steps (6-9) reach 
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e q u i l i b r i u m i n l e s s than 100 gas k i n e t i c c o l l i s i o n s f o r pure 
CH 3 F. Thus the v i b r a t i o n a l modes come i n t o metastable e q u i l i 
brium with each other s h o r t l y a f t e r l a s e r e x c i t a t i o n . This 
metastable s t a t e i n turn l a s t s near ly 15,000 c o l l i s i o n s due to 
the r e l a t i v e i n e f f i c i e n c y of o v e r a l l V-T/R r e l a x a t i o n (Eqn. 10). 

Not a l l o f the V-V processes (6-9) are e q u a l l y important 
i n determining the r a t e o f v i b r a t i o n a l energy r e d i s t r i b u t i o n i n 
CH3F. The r a t e l i m i t i n g steps seem to be (7) which requires 
approximately 70 c o l l i s i o n s i n pure CH3F and (6) which requires 
roughly 20 gas k i n e t i c c o l l i s i o n s . The dynamic changes i n 
(v-|, v 4 ) population appear to mimic nearly i d e n t i c a l l y the 
changes i n ( v 2 , vc) population suggesting t h a t the events (8) 
and (9) are much r a s t e r than (6) and (7) (17). 

U n l i k e S 0 2 ( i , 9) and CO? (1_, 2.) a l l of the v i b r a t i o n a l 
modes o f CHoF are r a p i d l y e q u i l i b r a t e d by c o l l i s i o n s so t h a t 
f r e e f low of v i b r a t i o n a
remarkable ease. Nevertheless
does remain hot f o r long periods o f time a f t e r l a s e r pumping due 
to the i n e f f i c i e n c y of V-T/R r e l a x a t i o n (Eqn. 10). Perhaps 
even more i n t e r e s t i n g i s the f a c t that the energy d i s t r i b u t i o n 
which c h a r a c t e r i z e s t h i s v i b r a t i o n a l l y hot metastable s t a t e 
cannot be described by a s i n g l e v i b r a t i o n a l temperature and 
d i f f e r s s i g n i f i c a n t l y from any one temperature Boltzmann d i s t r i 
bution (18, 19). This p o i n t i s considered i n more d e t a i l below. 

Energy Transfer i n CH3F/SO2 Mixtures 

A p a r t i c u l a r l y i n t e r e s t i n g system, which i l l u s t r a t e s again 
the importance of c o l l i s i o n a l propensity r u l e s , i s the v i b r a 
t i o n a l energy t r a n s f e r scheme i n CH3F/SO;? mixtures. CH3F can 
be e a s i l y e x c i t e d by a C 0 2 l a s e r pulse (Eqn. 5) and f luorescence 
from S0p(v 3 ) and S 0 2 ( v 2 ) can be observed a f t e r l a s e r e x c i t a t i o n 
o f the CH3F i n CH 3 F/S0 2 mixtures (10). F i g . 3 i s an abbreviated 
v i b r a t i o n a l energy l e v e l diagram wïïTch i s s u f f i c i e n t to describe 
energy t r a n s f e r between CH3F and S 0 2 . V i b r a t i o n a l energy 
exchange between these two molecules i s tremendously e f f i c i e n t , 
r e q u i r i n g only about 30 gas k i n e t i c c o l l i s i o n s . Nevertheless, 
a l l a v a i l a b l e evidence i n d i c a t e s that the h i g h l y resonant energy 
t r a n s f e r process 

C H 3 F ( v 3 ) + S 0 2 ( 0 ) t CH 3 F(0) + S 0 2 ( 2 v 2 ) + 18 cm"1 (11) 

i s approximately 100 times l e s s e f f i c i e n t than other channels 
which lead to the exchange o f energy between CH3F and S 0 2 (10)1 
A l l o f these channels are l e s s resonant than ( i f ) . An i n t e r e s t 
ing c h a r a c t e r i s t i c o f the S 0 2 molecule i s t h a t the 0 + 2 v 2 

absorption has never been observed s p e c t r o s c o p i c a l l y i n d i c a t i n g 
t h a t the 2v 2 s t a t e i s n e g l i g i b l y mixed with v-j or v 3 and e x h i b i t s 
l i t t l e e l e c t r i c a l or mechanical anharmonicity. Thus the 
s c a t t e r i n g process (11) appears to r e q u i r e a n e a r l y pure 2 
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quantum exchange f o r the SO2 bending s t a t e s . Such a process 
must n e c e s s a r i l y be second order i n the SO2 bending mode normal 
c o o r d i n a t e , and t h i s may wel l e x p l a i n the r e l a t i v e i n e f f i c i e n c y 
o f the energy t r a n s f e r processes (3) and (11). 

C o l l i s i o n a l Propensity Rules f o r V i b r a t i o n a l Energy Transfer 

Based on the data reviewed here plus a l a r g e q u a n t i t y o f 
experimental evidence which now e x i s t s i n the l i t e r a t u r e ( 2 0 ) , a 
set o f q u a l i t a t i v e propensity r u l e s can be formulated. These 
r u l e s appear to be useful f o r making rough guesses about the 
r e l a t i v e e f f i c i e n c y of some energy t r a n s f e r processes. Molecules 
which undergo "sticky" c o l l i s i o n s (hydrogen bonding, pseudo-
molecule complex f o r m a t i o n ) , molecules with low frequency 
t o r s i o n a l modes, or "large" molecules almost c e r t a i n l y w i l l 
not be wel l represented by these r u l e s . Nevertheless, f o r 
molecules with r e l a t i v e l
than a* 50 v i b r a t i o n a l s t a t e s below 3000 cm~l) under c o n d i t i o n s 
o f low to moderate v i b r a t i o n a l e x c i t a t i o n ( l e s s than ^ 7 
Kcal/mole), propensity r u l e s do appear to be operat ive i n v i b r a 
t i o n a l energy t r a n s f e r processes. 

Rule 1. Within a mode, "up-the-ladder" energy t r a n s f e r 
i s " f a s t " . This simply means that near ly resonant V-V energy 
t r a n s f e r events o f the type 

X(v) + X ( l ) Ζ X(v+1) + X(0) + Δ Ε (12) 

are very e f f i c i e n t . For high ν s t a t e s where anharmonicity 
becomes s i z e a b l e ( Δ Ε o f the order o f kT) the e f f i c i e n c y i s 
expected and observed to d r o p - o f f (20). A compensating f a c t o r 
which slows t h i s d r o p - o f f i s the increase i n the square o f the 
matrix element f o r ν ν + 1 processes which s c a l e s l i k e ν f o r 
a harmonic o s c i l l a t o r . F i g . 4 gives a p i c t o r i a l r e p r e s e n t a t i o n 
of Rule 1. 

Rule 2. Energy t r a n s f e r between 2 modes i s "fast" i f the 
ν = 1 l e v e l s o f the d i f f e r e n t modes are c l o s e to each other i n 
energy ( w i t h i n ^ kT). This r u l e can be i l l u s t r a t e d by the 
equation 

Χ ( ν Ί · ) + Μ Ζ X ( V j ) + M + h ( v i - V j ) (13) 

I f h(vj - V J ) y kT, such V-V energy t r a n s f e r steps g e n e r a l l y 
occur r a p i d l y ( £ 100 gas k i n e t i c c o l l i s i o n s where M i s the 
parent gas). There i s some s l i g h t evidence t h a t i n d i c a t e s such 
intermode exchanges are somewhat slower (100-200 gas k i n e t i c 
c o l l i s i o n s ) f o r molecules which c o n t a i n a l l heavy atoms (no 
hydrogen or deuterium). Figure 5 gives a p i c t o r i a l representa
t i o n o f Rule 2. 
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Figure 3. Partial
S02. Mode descriptions are given in captions for Figures 1 and 2. 

Figure 4. Qualitative rule #1 for V - V energy 
transfer processes in polyatomic molecules 
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Rule 3, I f the ν = 1 l e v e l s of two modes are not c l o s e 
i n energy, V-V exchange between the modes i s enhanced by mechani
c a l Fermi mixing o f the modes, or by a large mechanical or 
e l e c t r i c a l anharmonicity f o r the mode o f lowest frequency. To 
i l l u s t r a t e t h i s r u l e consider the equation 

X ( n v . ) + Μ χ X ( V J ) + M + h (nv i - v j ) (14) 

where ην Ί · i s the nth l e v e l of mode i (the l e v e l o f mode i which 
i s c l o s e s t to ν = 1 l e v e l o f mode j ) and h(nv-j - V J ) i s £ kT. 
Rule 3 simply i n d i c a t e s t h a t a process of the type (14) w i l l be 
enhanced i f there i s someway o f c o u p l i n g ην Ί · to the ground s t a t e 
by a process which i s f i r s t order i n some normal c o o r d i n a t e . 
A l t e r n a t i v e l y , such energy t r a n s f e r events w i l l be enhanced i f 
the p o t e n t i a l f i e l d of the molecule i s not a r a p i d l y converging 
f u n c t i o n of the normal
o r e l e c t r i c a l anharmonicity)
S02(2v?) s t a t e appears to "anti"-demonstrate t h i s r u l e q u i t e wel l 
s i n c e (3) and (11) are both i n e f f i c i e n t . On the other hand, 
e f f i c i e n t energy exchange between the bending and s t r e t c h i n g 
modes o f OCS has been observed and a t t r i b u t e d to the large 
e l e c t r i c a l anharmonicity of the bending mode (21). Figure 6 
gives a p i c t o r i a l i l l u s t r a t i o n of Rule 3 . 

These r u l e s are q u i t e obviously what one would expect on 
the b a s i s of a f i r s t order time dependent p e r t u r b a t i o n theory 
approach to c o l l i s i o n a l energy t r a n s f e r i n which the i n t e r a c t i o n 
p o t e n t i a l i s expanded only to f i r s t order i n the molecular 
normal c o o r d i n a t e s . There w i l l c e r t a i n l y be many s i t u a t i o n s 
where such a simple p i c t u r e i s expected to f a i l . One may ask 
why these simple r u l e s are even q u a l i t a t i v e l y successful i n many 
cases. The answer may be that V-V energy t r a n s f e r processes 
which have been observed to date using l a s e r techniques have 
almost always been f a s t e r than V-T/R r e l a x a t i o n or they could not 
have been detected. (Among the obvious exceptions to t h i s 
statement are CO2 (1, 2) and S 0 2 ( 6 , 9 ) ) . Since V-T/R r e l a x a t i o n 
p r o b a b i l i t i e s per c o l l i s i o n are t y p i c a l l y 1 0 * 2 - 1 0 " 4 , only 
r a t h e r e f f i c i e n t V-V processes can be observed. Rules 1 - 3 , 
based as they are on a f i r s t order p e r t u r b a t i o n p i c t u r e , c l e a r l y 
emphasize c o l l i s i o n events with large cross s e c t i o n s . A more 
i n s i d i o u s p o s s i b i l i t y e x i s t s , however. At t h i s e a r l y stage i n 
the study of intermode V-V energy t r a n s f e r , the data base may be 
so r e s t r i c t e d that these r u l e s are v a l i d f o r the cases s t u d i e d 
but have no general long range v a l i d i t y . The answers to t h i s 
question w i l l become c l e a r as more data i s c o l l e c t e d . 

Metastable V i b r a t i o n a l Energy D i s t r i b u t i o n s 

For many small polyatomic molecules o v e r a l l r e l a x a t i o n of 
the v i b r a t i o n a l s t a t e s by V-T/R energy t r a n s f e r i s slow compared 
to mode-to-mode e q u i l i b r a t i o n o f v i b r a t i o n a l energy. Thus the 
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POLYATOMIC VV EQUILIBRATION 

2) SPILLOVER FROM MODE TO MODE IS EASIEST 
WHEN v = l LEVELS OF BOTH MODES HAVE 
SIMILAR ENERGY. 
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Figure 5. Qualitative rule # 2 for V-V energy 
transfer processes in polyatomic molecules 

POLYATOMIC VV EQUILIBRATION 
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v i b r a t i o n a l s t a t e s are metastable f o r r e l a t i v e l y long periods 
o f t ime. During t h i s i n t e r v a l , the v i b r a t i o n a l l e v e l s may be 
thought o f as "hot" whi le the t r a n s l a t i o n a l / r o t a t i o n a l degrees 
o f freedom remain "cold". For example, i n CH3F processes (6-9) 
reach steady s t a t e i n approximately 75 gas k i n e t i c c o l l i s i o n s 
f o r the pure gas, whi le process (10) requires 15,000 c o l l i s i o n s . 
The s i x modes o f C H 3 F are i n a q u a s i - e q u i l i b r i u m s t a t e during 
the time between 75 and 15,000 c o l l i s i o n s a f t e r l a s e r e x c i t a 
t i o n . This metastable s t a t e , however, cannot be described by 
a s i n g l e v i b r a t i o n a l temperature f o r the v i b r a t i o n a l modes, 
even though the t r a n s l a t i o n a l / r o t a t i o n a l degrees o f freedom 
have a wel l defined temperature T'. To i l l u s t r a t e these 
features consider j u s t the CH3F energy t r a n s f e r process (6) 
which brings V3 and vg i n t o "equi l ibr ium" or s t e a d y - s t a t e . The 
steady s t a t e or e q u i l i b r i u m c o n d i t i o n f o r (6) i s simply 

k 6 [ C H 3 F ( v 3 ) ] [ M ] = k . 6 [ C H

where kc and k_g are the k i n e t i c rate constants i n the forward 
and bacKward d i r e c t i o n s f o r the c o l l i s i o n event ( 6 ) . This 
leads immediately to 

( k 6 / k . 6 ) = k e q = [ C H 3 F ( v 6 ) ] / [ C H 3 F ( v 3 ) ] . (16) 

Boltzmann s t a t i s t i c s give a value f o r K e q as f o l l o w s 

K e q = 2 exp { -h(v 6 - v 3)/kT'} (17) 

where h i s Planck's c o n s t a n t , k i s Boltzmann's c o n s t a n t , and 
T1 i s the temperature o f the t r a n s ! a t i o n a l degrees of freedom. 
The f a c t o r o f 2 a r i s e s from the degeneracy o f vg. K e q i s a 
f u n c t i o n only o f T* because k g , k.g are the products o f a 
cross s e c t i o n and a v e l o c i t y , both o f which depend only on the 
t r a n s l a t i o n a l temperature. On the other hand, because o f 
l a s e r pumping, the concentrations [ C H 3 F ( v 3 ) ] a n d [CH 3 F(vg)] are 
considerably l a r g e r than would be p r e d i c t e d f o r an e q u i l i b r i u m 
system at the temperature T'. To take t h i s f a c t i n t o account, 
we may define a set o f temperatures Τ Ί · f o r the v i b r a t i o n a l 
s t a t e s i by the equation 

[ C H 3 F ( i ) ] / [ C H 3 F ( 0 ) ] = 9 i e x p C - E i / k T i ] (18) 

where g,- i s the degeneracy and the energy o f s t a t e i . 
[ C H 3 F ( 0 ; ] i s the concentrat ion or ground s t a t e molecules. 
I n s e r t i n g (18) i n t o (16) and (17) gives a parametric equation 
r e l a t i n g T 3 , T g , and T" 
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E s s e n t i a l l y , Τ ' clamps the r a t i o between the v 3 and Vg 
populations whi le Τ η· def ines the population r a t i o between 
s t a t e i and the ground s t a t e . Since the system i s not com
p l e t e l y at e q u i l i b r i u m , but only a t steady s t a t e Τ ' ^ T3 f Tg. 

The s i g n i f i c a n c e o f (19) may be understood by s e t t i n g 
Τ ' = 300°K and not ing vq = 1049 α ι Η , v 6 = 1182 c m - l . I n s e r t 
ing these values i n t o (T9) gives 

-(133/300) = -(1182/T 6 ) + (1049/T3) (20) 

Assuming the modes v 3 and vg are harmonic requres that Tg, T 3 

^ 0 (non-inverted populations with respect to the ground s t a t e ) . 
Thus we may ask what happens when (1182/Tg) = (133/300) or 
Tg % 2667 K. Under such c o n d i t i o n s T 3 = » i Of course, such 
a r e s u l t i s not p o s s i b l e i n p r a c t i c e s i n c e an i n f i n i t e tempera
ture would r e q u i r e i n f i n i t
describe the system simpl
l e v e l s . Nevertheless, the general r e s u l t T 3 > Tg holds. In 
a s i m i l a r manner, temperature r e l a t i o n s h i p s f o r a l l the modes 
can be derived using equations ( 6 - 9 ) . The temperature r e l a 
t i o n s h i p s , when combined with energy and population conservation 
e q u a t i o n s , can i n turn be used to determine the v i b r a t i o n a l 
and t r a n s l a t i o n a l energy d i s t r i b u t i o n a t s t e a d y - s t a t e . The 
procedure required i s n o n - t r i v i a l and has been given i n d e t a i l 
elsewhere (18, 1 9 ) . F i g . 7 compares the l a s e r pumped, V-V 
s t e a d y - s t a t e energy d i s t r i b u t i o n i n CH3F with t h a t obtained 
from Bunsen burner (one temperature) h e a t i n g . Note t h a t the 
metastable d i s t r i b u t i o n has a decreasing t r a n s l a t i o n a l energy 
(because eqns. 6-9 are o v e r a l l t r a n s i a t i o n a l l y endothermic) 
whi le the Bunsen burner heated gas shows a r a p i d l y i n c r e a s i n g 
t r a n s l a t i o n a l energy. In the metastable case the energy of the 
v 3 mode i s maximized while Bunsen burner heating maximizes the 
v £ , vc mode energy. F i n a l l y , the absolute magnitude o f the 
v i b r a t i o n a l energy change i s c l e a r l y l a r g e r i n the metastable 
case. The l a s e r pumped V-V e q u i l i b r a t e d s t e a d y - s t a t e l a s t s f o r 
^ 15,000 c o l l i s i o n s i n pure CH 3 F. 

The d i s t r i b u t i o n o f energy i n l a s e r pumped C H 3 F shown i n 
F i g . 7 can c l e a r l y have a s i g n i f i c a n t e f f e c t on chemical r e a c 
t i o n s o f t h i s s p e c i e s . For example, the metastable s t a t e i s 
expected to favor r e a c t i o n s from the v 3 ( C - F ) mode r a t h e r than 
the v g , vgiCHg bend) modes as i n the Bunsen burner case. In 
a d d i t i o n , several p o s s i b i l i t i e s e x i s t f o r the development o f 
l a s e r a c t i o n from the metastable d i s t r i b u t i o n . Although CH3F 
has been used as an example i n t h i s d i s c u s s i o n , the above 
r e s u l t s are q u i t e general f o r any molecule whose V-V rates are 
f a s t compared to V-T/R r e l a x a t i o n . A metastable s t a t e i s 
achieved i n which the energy d i s t r i b u t i o n , c o n t r o l l e d by the 
r e l a x a t i o n or energy t r a n s f e r mechanisms, cannot be described 
by one temperature Boltzmann s t a t i s t i c s . 
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Figure 7. Comparison between Bunsen burner 
and laser heating of CH3F. Ε ιναη* and Ε υ ί δ are 
the average total translational plus rotational 
energy and the average total vibrational energy 
respectively. E3 is the average energy of the v3 

C-F stretching mode while E2)5 is the average 
energy of the v2, v5 CH2 bending modes. 
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Laser Driven Chemical Reactions 

Though there have been many reports of l a s e r driven 
chemical r e a c t i o n s , j u s t two w i l l be mentioned here: (1) the 
multiphoton d i s s o c i a t i o n o f S F 6 and (2) the l a s e r dr iven 
e x p l o s i o n of perfluoro-Dewar benzene. 

Laser Driven Reaction o f SF6 +H2 SF6 absorbs many 
photons from a high power C 0 2 pulsed l a s e r [22- 2 4 ) . Strong 
evidence now e x i s t s that under c e r t a i n c o n d i t i o n s F atoms are 
produced by l a s e r e x c i t a t i o n (7, 8 , 2 2 - 2 4 ) . 

S F 6 + nhv -> S F 6 _ m + mF . (21) 

A study o f the subsequent r e a c t i o n o f F atoms with hydrogen 
donors has been made {7_,

F + H 2 + HF + H (22) 

F + D 2 -* DF + D (23) 

Even a t pressures o f a few T o r r , the HF and DF produced can be 
observed before s i g n i f i c a n t r e l a x a t i o n sets i n by monitoring 
i n f r a r e d f luorescence from the ν = 3 , 2, 1 HF or DF l e v e l s . 
The growth r a t e of t h i s i n f r a r e d chemiluminescence i s a measure 
o f the r e a c t i o n r a t e f o r (22) and (23) w h i l e the v i b r a t i o n a l 
s t a t e population d i s t r i b u t i o n s c l e a r l y i d e n t i f y F atoms as the 
precursor f o r HF formation. A p a r t i c u l a r l y i n t e r e s t i n g feature 
o f t h i s study i s t h a t the r a t i o o f the rates f o r (22) and (23) 
i s c o n s i s t e n t with an F atom temperature which i s f a i r l y 
c l o s e to ambient ( 3 0 0 ° K ) . This s t r o n g l y suggests that the 
multiphoton d i s s o c i a t i o n process f o r SFg produces F atoms with 
l i t t l e excess energy Ç7, 8 , 2 3 ) . 

Laser Driven Explosion of Perfluoro-Dewar Benzene P e r f l u o r o -
Dewar benzene (FDB) i s a metastable form o f perfluoro-benzene 
(FB) which absorbs 0 0 2 l a s e r r a d i a t i o n q u i t e s t r o n g l y . Some 
p r e l i m i n a r y experiments on t h i s system have been performed 
using a focused Q-switched C 0 2 l a s e r (25). Such a l a s e r i s 
very low energy ( 0 . 5 - 4 mJ/pulse ) by comparision with high 
energy l a s e r s (0.5-10 J/pulse) o r d i n a r i l y used to i n i t i a t e l a s e r 
dr iven r e a c t i o n s . Complete i s o m e r i z a t i o n of (FDB) to (FB) can 
be achieved i n one l a s e r shot or g r a d u a l l y over many shots 
depending on pressure and l a s e r c o n d i t i o n s . Once t r i g g e r e d by 
the l a s e r the l a r g e exothermicity of t h i s r e a c t i o n appears to 
d r i v e the system i n t o the e x p l o s i v e regime a t higher (FDB) 
pressures. Many q u e s t i o n s , such as the r e l a t i v e importance o f 
t r a n s l a t i o n a l versus v i b r a t i o n a l energy on the r a t e , the degree 
o f v i b r a t i o n a l e x c i t a t i o n o f products, and the importance o f 
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t r i p l e t s t a t e s i n the r e a c t i o n c o o r d i n a t e , remain to be 
answered f o r t h i s system. 
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Molecular Dynamics of Electronic Energy Transfer: 

Quenching of Na(32P3/2) Atoms by NO Molecules 

JOEL A. SILVER, N. C. BLAIS, and G. H. KWEI 

University of California, Los Alamos Scientific Laboratory, Los Alamos, NM 87545 

The co l l i s iona l quenching of electronically excited a lka l i 
atoms has long served a
Many of these studies hav
measurements for col l i s ions of excited Na(3 P) atoms with rare gas 
atoms and diatomic molecules (1). Recently, relat ive rates of 
transfer of energy from excited Na atoms into individual vibra
tional levels of CO molecules have been measured by infrared ab
sorption (2) and the recoil velocit ies of quenched Na atoms inel
astically scattered from several small molecules have been deter
mined in a molecular beam scattering experiment (3). Neither of 
these studies has provided any information on the detailed mechan
ism for energy transfer or on the partitioning of internal energy 
between vibration and rotation. At this Meeting, we report ini
tial results from a crossed molecular beam study of the process 

Na(32P3/2) + NO(O,J) --> Na(32S1/2) + NO(v1,J1) 

in which both scattering angle and product velocity distributions 
are measured. The results provide the first direct evidence that 
energy transfer takes place via the formation and subsequent de
composition of a co l l i s i on complex and that rotational excitation 
is low. Thus the electronic energy is partitioned primarily bet
ween relat ive translation (-25%) and vibration of the NO molecule 
(-75%). 

A block diagram of the apparatus is shown in Figure 1. A 
nearly effusive Na atom beam (at 720 K) is crossed with an H2-
seeded nozzle beam of NO molecules. Under these conditions, the 
NO molecules are internally relaxed and we estimate that the most 
probable initial rotational angular momentum is ≤ 4n. Approxi
mately 1 to 5% of the Na atoms in the co l l i s i on region are excited 
to the 32P3/2 state by an argon ion pumped cw dye laser. The dye 
laser is frequency stabil ized by a feedback system which monitors 
the fluorescence at the scattering center. Processes involving 
electronically excited atoms are distinguished from ground state 
processes by modulation of the laser beam. A simple chopping 
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Figure 1. Block diagram of the experimental apparatus 

wheel i s used f o r t o t a l i n t e n s i t y measurements whi le a pseudo
random binary wheel i s used f o r cross c o r r e l a t i o n t i m e - o f - f l i g h t 
measurements. A second pseudorandom wheel i n s i d e the vacuum 
chamber i s used f o r o b t a i n i n g ground s t a t e p a r t i c l e v e l o c i t y d i s 
t r i b u t i o n s . The remainder of the apparatus has been described 
elsewhere i n greater d e t a i l ( 4 j . 

The angular d i s t r i b u t i o n of NO molecules s c a t t e r e d from ex
c i t e d Na atoms i s shown i n Figure 2 ( a ) . The v e l o c i t y d i s t r i b u t i o n 
f o r NO a t Θ = - 1 4 ° shown i n Figure 2 ( b ) , together with t i m e - o f -
f l i g h t data taken at other l a b o r a t o r y a n g l e s , confirm that i n e l a s -
t i c a l l y s c a t t e r e d NO molecules are r e s p o n s i b l e f o r the s i g n a l s 
that c o n t r i b u t e to t h i s angular d i s t r i b u t i o n . The shape of the 
angular d i s t r i b u t i o n , with the peak near -10° and the r i s e at 
l a r g e a n g l e s , suggests that energy t r a n s f e r takes place v i a a com
plex mechanism. U n f o r t u n a t e l y , the backward peak (with respect to 
the i n i t i a l NO d i r e c t i o n ) i n the angular d i s t r i b u t i o n i s expected 
to be at ^105° and i s not a c c e s s i b l e i n these experiments. How
ever, evidence f o r complex formation i s provided by the v e l o c i t y 
d i s t r i b u t i o n of Na atoms s c a t t e r e d at Θ = -18° as shown i n Figure 
2 ( b ) . S c a t t e r i n g of Na at t h i s angle corresponds to s c a t t e r i n g 
of NO i n the backward d i r e c t i o n and the measured Na v e l o c i t y i s 
commensurate with the v e l o c i t y of the i n e l a s t i c a l l y forward s c a t 
tered NO. This i s i l l u s t r a t e d by the r e c o i l energy d i s t r i b u t i o n s 
[Figure 3(b)] f o r N a ( - 1 8 ° ) and N 0 ( - 1 4 ° ) . An approximate t r a n s 
formation of the l a b o r a t o r y angular d i s t r i b u t i o n to the c e n t e r - o f -
mass ( c m . ) system using only the most probable NO r e c o i l v e l o c i t y 
produces a d i s t r i b u t i o n t h a t i s shown i n Figure 3 ( a ) . This d i s 
t r i b u t i o n i s sharply peaked i n the forward d i r e c t i o n and d i s p l a y s 
approximate forward-backward symmetry over the l i m i t e d range of 
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τ ι I ί ι I 1 Γ 
(α) 

Να ( 3 2 Ρ 3 / 2 ) + NO(v.J) — • 

Να (3 2S l / 2) + N0 (v'.J') 

Να* 

0° 30° 60° 90° 
LABORATORY SCATTERING ANGLE Θ 

1000 2 0 0 0 3 0 0 0 
LABORATORY VELOCITY (m/s) 

4 0 0 0 

Figure 2. Laboratory distributions, (a) Laboratory angular distribution of NO mole
cules scattered from excited Na(32Ps/2) atoms. Different symbols refer to data taken 
in separate runs; arrows denote the location of the primary beams, and error bars rep
resent ± one standard deviation. At laboratory angles within ~8° of the NO beam, the 
data includes partially offsetting contributions from NO molecules ehstically scattered 
from excited Na atoms and from modulation of elastic scattering of ground state species 
resulting from laser depletion of the ground state Na concentration in the collision re
gion, (b) Laboratory flux density velocity distributions for NO and Ν a at laboratory 
angles of —14° and —18°, respectively. The upper scales show the fraction of the total 
available energy converted to internal energy, iint, and the final vibrational state of NO 
(if there were no rotational excitation) for given values of the NO laboratory velocity. 
Arrows indicate the most probable recoil velocities for ehstically scattered NO and Na 

(both 32S1/2 and32Ps/2). 
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0° 9 0 ° 180e 

^ C.m. SCATTERING ANGLE θ 

Γ ( b ) 

ο NO at Θ = -Ι4' 

REDUCED RECOIL ENERGY E'/E t o t a| 

Figure 3. Approximate center-of-mass dis
tributions, (a) Center-of-mass angular dis
tribution of NO obtained from the data in 
Figure 2(a) using an approximate transfor
mation with a fixed value of 1420 ms'1 for 
the c.m. recoil velocity. The error bars 
again represent ± one standard deviation. 
The solid curve is the calculated distribu
tion for the decomposition of a prolate com
plex having a thermal distribution of rota
tional states with L m / J m p = 10. (b) Ap
proximate recoil energy distributions taken 
from the velocity distributions shown in 

Figure 2(b). 
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c m . s c a t t e r i n g angles from 0° to 140°. This i m p l i e s that the 
shape of the complex i s roughly p r o l a t e (_5). However, the l a c k of 
p r e c i s e knowledge of the c.m. d i s t r i b u t i o n near 180° precludes an 
estimate of the mean l i f e t i m e of the complex (6). 

The anisotropy i n the c.m. angular d i s t r i b u t i o n ( r a t i o of 
cross s e c t i o n s a t 0° and 90°) i s unusually l a r g e with a value of 
'χβ and, s i n c e the i n i t i a l r o t a t i o n a l angular momentum i s s m a l l , 
provides an estimate of ^10 f o r the r a t i o of the maximum i n i t i a l 
o r b i t a l angular momentum, Lm, to the most probable f i n a l r o t a t i o n 
al angular momentum, J^p (5J. Since the quenching cross s e c t i o n 
i s l a r g e (7J, L m i s a l s o expected to be l a r g e . Est imating L m from 
the c r o s s i n g between covalent and i o n i c surfaces i n the "harpoon" 
mechanism (8) gives a value of ^165Ti; t h e r e f o r e J^p - 17fi. The 
s o l i d curve i n Figure 3(a) i s the c a l c u l a t e d d i s t r i b u t i o n f o r 
Lm/Jmp = 1 0 (5.)· Except f o r the two points which were taken near 
the NO primary beam (and may t h e r e f o r e i n c l u d e c o n t r i b u t i o n s from 
e l a s t i c a l l y s c a t t e r e d N
good. 

The r e c o i l v e l o c i t y and energy d i s t r i b u t i o n s [Figures 2(b) 
and 3(b)] show that energy t r a n s f e r i s nonresonant, with 7̂5% of 
the a v a i l a b l e energy of 220 kJ/mol appearing as i n t e r n a l e x c i t a 
t i o n . Since r o t a t i o n a l e x c i t a t i o n (̂ 6 kJ/mol) i s n e g l i g i b l e , 
these d i s t r i b u t i o n s provide a d i r e c t measure of the r e l a t i v e v i b 
r a t i o n a l s t a t e populations of the s c a t t e r e d NO. As shown i n F i g 
ure 2(b), the v 1 = 7 and 8 l e v e l s are p r e f e r e n t i a l l y populated 
with some shading to lower values of v'. 

The quenching of e x c i t e d a l k a l i atoms by diatomic molecules 
has t r a d i t i o n a l l y been t r e a t e d as a process i n v o l v i n g m u l t i p l e 
p o t e n t i a l surface c r o s s i n g s where a stongly a t t r a c t i v e i o n i c s t a t e 
couples the upper and lower covalent s t a t e s . Excited atoms and 
diatomic molecules which approach each other i n s t a t e s that cross 
a d i a b a t i c a l l y to the i o n i c s t a t e form complexes which l a t e r decom
pose to ground s t a t e products v i a a nonadiabatic t r a n s i t i o n . This 
p i c t u r e has been used i n t h e o r e t i c a l treatments of the quenching 
of O^D) by N 2 where the long complex l i f e t i m e s imposed by the 
s p i n - f o r b i d d e n t r a n s i t i o n r e s u l t i n s t a t i s t i c a l energy p a r t i t i o n 
ing (9). In the N a (3 2 P 3 / 2 ) + NO system, the nonadiabatic t r a n s 
i t i o n s have greater p r o b a b i l i t y and we would not expect s t a t i s t i 
c a l behavior. The f i n a l v i b r a t i o n a l d i s t r i b u t i o n we observe i s i n 
f a c t s t r o n g l y reminiscent of the d i s t r i b u t i o n s p r e d i c t e d f o r the 
quenching of Na(32P) by N 2 using a simple m u l t i p l e - c r o s s i n g e l e c 
tron-jump model (10). 

This work was done under the auspices of the United States 
Energy Research and Development A d m i n i s t r a t i o n . 
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Energy Transfer and Reaction in LiH Α1Σ 

L. A. MELTON and P. H. WINE 

The University of Texas at Dallas, Box 688, Richardson, TX 75080 

We report here a series of measurements on the simple tri
-atomic system LiH A1Σ, v', J'+Li(
chosen because the existenc
ultraviolet region makes possible selective excitation of the LiH, 
and because systematic data on the energy transfer and reactions 
of this system, which contains only three nuclei and seven elec
trons, might lead to frui t ful comparison with ab initio calcula
tions now available. (1,2,3,4) 

The experimental procedure has been described previously, and 
only a brief summary need be given here. (5) The nitrogen laser 
pumped dye laser used a PBD solution in dimethyl formamide and 
was continuously tunable from 3600 Å to 3800 Å with a typical 
bandwidth of 0.5 Å. Because the lines of LiH are in general well 
separated, this bandwidth was sufficient to insure excitation of 
a single vibrational-rotational level of the Α1Σ state. The LiH 
was prepared by allowing H2 to react with the lithium vapor pres
ent in a lithium heat pipe. The predominant species in the center 
of the T-shaped heat pipe, where the fluorescence was excited, 
was Li(2S), with trace amounts of Li2, (-2%) H2, LiH, and He pres
ent. The only significant co l l i s ion partner for the LiH Α1Σ mole
cule was L i ( 2 S) atoms. The lithium density in the center of the 
heat pipe was determined by measuring the buffer gas pressure in 
the cool zones with a capacitance manometer. The pulsed fluor
escence was detected through a 1-m monochromator with a 1P28 
phototube, whose output was fed to a PAR model 162/164 boxcar in
tegrator. Calibration of the time base was confirmed by regular 
scans of the output of a crystal controlled 50 Mhz oscillator. 
The entire fluorescence, including the r i se , was least square fit 
to the convolution of a single exponential decay with the separate
ly detected dye laser scattered l igh t . 

The fluorescence decay times τ obtained from the least 
squares fitting procedure were used to determine the co l l i s ion 
free radiative lifetimes and total quenching rates by plotting 
τ-1 versus PLi. The total rates of co l l i s iona l transfer, out of 
the initially excited LiH ΑΣν', J ' l eve l , in col l i s ions with Li 
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atoms, were found to depend very s t r o n g l y on the i n i t i a l r o t a t i o n 
al quantum number. In a d d i t i o n , i n a separate s e r i e s of e x p e r i 
ments, the t o t a l rates of c o l l i s i o n a l t r a n s f e r by c o l l i s i o n s with 
He atoms were determined by p l o t t i n g the r a t i o of the LiH f l u o r 
escence with only L i atoms present to that obtained when a v a r i 
a b l e , known amount of He was a l s o present, a l l other c o n d i t i o n s 
being held constant, versus the helium pressure. Table I summar
i z e s the r e s u l t s obtained thus f a r . 

TABLE I. 

V' J ' 

LiH A J z + Total 

r 0 ( n s e c ) 

Quenching Data 

a L i ± 2 o ( A 2 ) σ Η β ± 2 σ ( Α 2 ) 

5 0 3 3 . 0 ± 3 . 5 543±60 5 6 . 2 ± 6 . 9 
5 5 3 2 . 6 ± 3 .
5 10 3 2 . 6 ± 3 . 0 229±28 4 3 . 0 ± 5 . 5 
5 15 2 9 . 0 ± 3 . 2 127+28 -
8 15 3 2 . 2 ± 5 . 9 307±69 4 6 . 5 ± 1 0 . 2 

τ 0 , the c o l l i s i o n f r e e r a d i a t i v e l i f e t i m e , i s remarkably con
s t a n t w i t h J ' , and i n very c l o s e agreement with independent meas
urements by Dagdigian, (6) and with c a l c u l a t i o n s using RKR 
Franck-Condon f a c t o r s and the ab i n i t i o t r a n s i t i o n moment c a l c u 
l a t e d by Docken and Hinze. (7) 

The l a s t two columns i n Table I give the e f f e c t i v e cross 
s e c t i o n s , σ , f o r the t o t a l quenching processes (a=k/v where ν i s 
the mean c o l l i s i o n v e l o c i t y ) . For c o l l i s i o n s with L i atoms, the 
cross s e c t i o n s are several times the gas k i n e t i c cross s e c t i o n 
(^50 A 2 ) and decrease r a p i d l y with i n c r e a s i n g r o t a t i o n a l quantum 
number J ' , o f the i n i t i a l l y prepared s t a t e . The cross s e c t i o n s 
f o r quenching c o l l i s i o n s w i t h He are constant at roughly the gas 
k i n e t i c cross s e c t i o n . In a d d i t i o n , i n LiH/Li c o l l i s i o n work, a 
s p e c t r a l scan with L i pressures of 1-2 t o r r shows very l i t t l e 
evidence of new features i n the LiH f luorescence spectrum, as 
might a r i s e from c o l l i s i o n induced r o t a t i o n a l t r a n s f e r ; we e s t i 
mate the t o t a l r o t a t i o n a l t r a n s f e r cross s e c t i o n s to be <30A2 i n 
these cases. In c o n t r a s t , w i t h He, many new r o t a t i o n a l l i n e 
emissions are observed even at pressures of 0.5 t o r r . 

We i n t e r p r e t these data as f o l l o w s . The LiH/He c o l l i s i o n s 
represent hard impulsive c o l l i s i o n s i n which changes i n the r o t a 
t i o n a l angular momentum of the i n i t i a l l y prepared s t a t e - - and 
very l i t t l e e l s e - - occur. Every c o l l i s i o n r e s u l t s i n a change 
i n the i n i t i a l angular momentum. In the case of c o l l i s i o n s with 
L i atoms, because of the magnitude of the observed cross s e c t i o n s , 
long range forces are c l e a r l y i n v o l v e d , and the strong dependence 
on J ' suggests t h a t dynamical e f f e c t s may be important. Whatever 
the mechanism(s) r e s p o n s i b l e , i t r e s u l t s i n d e s t r u c t i o n of the 
LiH A 1 ! s t a t e , because very l i t t l e emission from other l e v e l s , 
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populated by c o l l i s i o n a l t r a n s f e r , i s observed. 
We have made c a l c u l a t i o n s of the long range energy t r a n s f e r 

cross s e c t i o n s f o r the process 

LiH Α *Σ, v'=5, J 1 + L i ( 2 S ) + 

LiH Χ*Σ, v"=ll , J ' ± l + L i ( 2 P ) + ΔΕ 

i n which the energy defect ΔΕ i s minimized. The i n t e r a c t i o n i n 
t h i s case i s a t r a n s i t i o n d i p o l e - t r a n s i t i o n d i p o l e p o t e n t i a l ; the 
method of c a l c u l a t i o n f o l l o w s t h a t of Cross and Gordon (8) and 
Melton and Klemperer ( 9 ) . We define a c r i t i c a l impact paramater 
b by P(b*) = 1/2, and f o r b<b*, we take P(b) = 1/2. The c o l l i 
s i o n v e l o c i t y was taken to be the mean c o l l i s i o n v e l o c i t y at 
1000°K. The e l e c t r o n i c t r a n s i t i o n moment f o r the LiH A - X ( 5 , l l ) 
band (1.33D) was provide
RKR FranckCondon f a c t o r s and the ab i n i t i o t r a n s i t i o n moment 
f u n c t i o n of Docken and Hinze. (10,4) The energy defects were com
puted from recent s p e c t r o s c o p i c data on LiH provided by S t w a l l e y . 
(11) The c a l c u l a t e d cross s e c t i o n s a r e , of course, very s e n s i t i v e 
to the values of ΔΕ used, and the present data i s b e l i e v e d to be 
accurate to b e t t e r than t l c n r 1 . Table II summarizes these c a l c u 
l a t i o n s . 

Table I I . 

J' J" Δ Ε ί α τ Γ 1 ) a L i ( C a l c ) ( A 2 ) σ Μ ( Ε χ ρ ΐ ) ( Α 2 ) ± 2 σ 

144 543+60 

Jg) 184 363±51 

1 0 ^} 111 229±28 
z \ 2 127±28 
0 ; 

These c a l c u l a t i o n s emphasize t h a t much o f the decrease i n 
t o t a l quenching cross s e c t i o n with i n c r e a s i n g J ' i s due to the 
i n c r e a s i n g energy d e f e c t , r a t h e r than to important dynamical con
s t r a i n t s . The discrepancy between the c a l c u l a t e d and measured 
cross s e c t i o n s would be much diminished i f f o r b<b , one takes 
P(b) = 1 . To do t h i s , however, would r e q u i r e the assumption of 
an a d d i t i o n a l e f f i c i e n t d e s t r u c t i o n channel f o r L i ( 2 P ) during a 
c o l l i s i o n with LiH Χ Χ Σ . Even with such an assumption, there 
would remain a s i g n i f i c a n t discrepancy f o r the J'=0 r e s u l t s . 

Further experiments, on a d d i t i o n a l LiH Α Χ Σ l e v e l s , are 
underway i n order to c l a r i f y these p o i n t s . 

Acknowledgement i s made to the Robert A. Welch Foundation f o r 
t h e i r generous support of t h i s work. 

0 1 +69 
5 4 +62 
5 6 -52 

10 9 -71 
10 Π -284 
15 14 -316 
15 16 -619 
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Vibronic Excitation in Atom-Diatom Systems: 
N2

+-He Collisions 

J. D. KELLEY 
McDonnell Douglas Research Laboratories, St. Louis, MO 63166 

G. H. BEARMAN, H. H. HARRIS, and J. J. LEVENTHAL 
University of Missouri-St. Louis, St. Louis, MO 63121 

Spectroscopic analysis of collision-produced emissions is a 
powerful method for stud
ing mass-selected ion beam
species and co l l i s ion energy are well defined; luminescence 
resulting from the col l i s ions then provides definit ive informa
tion on state distributions of excited products. Examples of 
processes which may lead to excited products are charge transfer
-excitation (CTE), collision-induced excitation (CIE), excitation 
transfer and atomic rearrangement. 

Processes of particular interest are those which lend them
selves to interpretation using simple theoretical models. As a 
starting point, the Franck-Condon (FC) model in which excitation 
is assumed to proceed ver t ica l ly can be applied when electroni
ca l ly excited molecules are produced. However, it has been 
observed that the vibrational state distributions resulting from 
CTE processes deviate substantially from those predicted from the 
FC model (1); usually these distributions tend toward the FC pic
ture as the co l l i s ion energy is increased. A popular model used 
to rationalize these deviations in CTE processes is based on the 
assumption that target molecule distortion by the electr ic f i e l d 
of the incoming ion causes vertical transitions from a deformed 
neutral molecule so that FC factors calculated from the undis-
torted ground-state potential energy curve are not applicable. 
In an effort to further test these models, we have undertaken an 
extensive study of N2

+[X1Σg

+(v=0)] - rare gas CIE processes. 
Since the most abundant observable product (using spectroscopic 
techniques) is Ν2

+(Β2Σu

+), ion-induced polarization is unimpor
tant. 

Figure 1 is representative of the data and i l lus t ra tes two of 
the features common to these systems: 1) over the entire energy 
range the vibrational state distributions are decidedly non-FC, 
and 2) as the co l l i s ion energy is increased, the average vibra
tional energy in the Β state decreases and the distr ibution 
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375 400 425 
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Figure 1. Spectra resulting from N2+(X)-He CIE at 12.5 eV and 125 eV (cm.). Emis
sions are from the N2+ first negative (Β -> X) band system. The bars represent a verti

cal model spectrum. 

approaches the FC p i c t u r e . Both of these features a l s o occur i n 
the CTE case i n d i c a t i n g that a more general model than p o l a r i z a 
t i o n - d i s t o r t i o n i s r e q u i r e d . 

The model which we have developed ( 2 J and a p p l i e d to N 2
+ - H e 

CIE i s based on the assumption t h a t d e v i a t i o n s from FC behavior 
are caused by d i r e c t t r a n s l a t i o n a l - v i b r a t i o n a l (T-V) e x c i t a t i o n i n 
both the i n i t i a l (X) and f i n a l (B) e l e c t r o n i c s t a t e s of N 2

+ . This 
T-V t r a n s f e r proceeds v i a the short-range N 2

+ -He i n t e r a c t i o n . The 
p o t e n t i a l hypersurfaces d e s c r i b i n g N 2

+ ( X ) - H e and N 2
+ ( B ) - H e are 

taken to have an avoided c r o s s i n g f o r some value of R, the N 2
+ - H e 

s e p a r a t i o n . For s i m p l i c i t y , we have assumed t h a t these two hyper
surfaces V x ( r , 9 , R ) and V e ( r , e , R ) are independent of the N 2

+ - H e 
o r i e n t a t i o n angle Θ, and that the dependence on N-N s e p a r a t i o n , r, 
can be approximated as 

3V B ( r ,R) 
V x > B ( r , R ) ^ V x > B ( r e , R ) + ( r - r e ) X ^ r 

1 9 2 V X B ( r V R ) 

+ 2 [ r V 5P 
(1 ) 
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9 2 V X B ( r e ' R ) 

The term £ - 3 can be w r i t t e n as k 0 + k i ( R ) % k 0 , the 
dr 

unperturbed N 2
+ f o r c e c o n s t a n t . In t h i s study, we have replaced 

the a d i a b a t i c surfaces with d i a b a t i c surfaces which cross at R c ; 
these d i a b a t i c s t a t e s are coupled by a p o t e n t i a l operator. For 
mathematical convenience, these surfaces are taken to vary as 
exp-R/L. A number of c a l c u l a t i o n s were performed i n which the 
important parameters were v a r i e d ; these parameters a r e : the range 
parameter, L; the X-B coupl ing matrix element; and the p o t e n t i a l 
energy a t the c r o s s i n g p o i n t , V*. R-motion was t r e a t e d c l a s s i 
c a l l y , but a l l other c a l c u l a t i o n s were quantum mechanical. 

Two conclusions can be drawn from the c a l c u l a t i o n s . F i r s t , 
f o r a given c o l l i s i o n energy ECOLL > v*, t h e opacity f u n c t i o n 
P x + ç ( b ) , which represents the t o t a l e l e c t r o n i c t r a n s i t i o n proba
b i l i t y as a f u n c t i o n of
from b=0 to b=Rc and then f a l l s r a p i d l y f o r b > R c . For ECOLL
V*, the surface c r o s s i n g region i s a c c e s s i b l e f o r b < Rc but not 
f o r b > R c ; i n the l a t t e r c a s e , the t r a n s i t i o n proceeds by t u n n e l 
l i n g through an energy gap which increases r a p i d l y with b. 

0 0.1 0.2 
Impact parameter, b (nm) 

Figure 2. Total relative N2

+(X -> B) transition probability, Px + B(b), 
and vibrational energy transfer to N2(X, ν = 0), &EyIB(b). The po
tential parameters are (see text): L = 0.02 nm, V* = 4.0 eV, Rc = 0.2 
nm. The Px + B(b) curve shown accurately represents results for ECOLL 

between 25 and 125 eV. 
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The second conclusion i s t h a t the average v i b r a t i o n a l energy, 
Δ Ε ν ί β , t r a n s f e r r e d to N 2

+ ( X ) by T-V c o u p l i n g , i s a decreasing 
f u n c t i o n of EcOLL f o r b % R C ( Δ Ε ν ΐ β ( & % R c ) Œ V E C O L L ) - T H I S 

occurs because EQQLL i s m u c h greater than the N 2
+ v i b r a t i o n a l 

spacing (ΐτωγίβ ifc 0.25 eV) and a l s o because the t r a j e c t o r i e s are 
approximately r e c t i l i n e a r f o r l a r g e b. For small b, however, 
ΔΕνΐβ(β) increases with EcoLL» a n d c a n become so l a r g e that the 
N 2 + ( B ) formed from such h i g h l y e x c i t e d N 2

+ ( X ) immediately 
d i s s o c i a t e s [ D e ( N 2

+ ( B ) ) £ 5 eV]. The experimental technique does 
not a l l o w observation of such c o l l i s i o n - i n d u c e d d i s s o c i a t i o n , so 
that a c a l c u l a t i o n f o r comparison with data need only consider b 
greater than some value b* f o r which A E V I B ( D * ) = 5 eV. Note that 
we are i n f e r r i n g the extent o f Β - s t a t e v i b r a t i o n a l e x c i t a t i o n 
from the X - s t a t e e x c i t a t i o n i n a given c o l l i s i o n ; a f u l l c a l c u l a 
t i o n r e q u i r e s a more complex treatment than afforded by our 
present model. Figure
V*; superimposed are AEvie
Since 

the observed decrease i n Δ Ε \ / Ι Β with i n c r e a s i n g EQOLL c a n b e q u a l i 
t a t i v e l y understood. 

Although these c a l c u l a t i o n s have been a p p l i e d s p e c i f i c a l l y to 
N 2

+ - H e CIE, the model i s a p p l i c a b l e to any atom-diatom process 
haying e l e c t r o n i c a l l y e x c i t e d molecular products. The decrease i n 
AEyjB with i n c r e a s i n g EQQLL i s not p e c u l i a r to the present system 
but r a t h e r i s to be expected f o r systems with an a c c e s s i b l e 
avoided surface c r o s s i n g , provided EQOLL i s high enough. Since 
t h i s T-V e x c i t a t i o n i s superposed on the usual v e r t i c a l (FC) d i s 
t r i b u t i o n , such systems w i l l tend toward the FC p i c t u r e a t high 
c o l l i s i o n energy. 

Research supported i n part by US ERDA under Contract no. 
EY 76-S-02-2718.*000, and i n part by the McDonnell Douglas 
Independent Research and Development Program. 
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Mode-to-Mode Collisional Flow of Vibrational Energy 
within the S1 State of Benzene Vapor 

C. S. PARMENTER and KENNETH Y. TANG 

Department of Chemistry, Indiana University, Bloomington, IN 47401 

If low pressure benzen  i  excited t  singl  vibroni
level low in the S1 manifold
spectrum which is uniquely g 
from the prepared leve l . Changes in this spectrum occur upon 
addition of foreign gas, and in most cases these changes are 
due solely to the co l l i s iona l flow of vibrational energy in the 
S1 state before fluorescence. 

We have monitored these changes at the very initial stages 
of foreign gas addition to get absolute cross sections for trans
fer from the S1 vibrational level v'6=522cm-1 ( 6 ) to each of a 
number of neighboring levels . A schematic in F ig . 1 shows the 
levels to which transfer can be seen. Ten added gases have been 
used, and the resulting ensemble of 40 cross sections comprises 
our experimental picture of the vibrational energy flow. 

The data are given in Fig . 2. Numerous IR studies describe 
energy flow in ground electronic states, and their results form a 
base for comparison. What is new about vibrational energy flow 
in excited electronic states? 

The answers dwell on two points. Fi rs t we find that the ab
solute cross sections are much larger in the excited state than 
the ground state. Second, we find that the partitioning of flow 
among the many final levels i s governed by strong propensity 
rules, and the same rules seem to operate in both electronic 
states. 

The magnitude of the cross sections for level-to-1evel trans
fer can be gauged from the total transfer efficiencies. Large 
cross sections are the rule. For example, the addition of a 
quantum of v'16 (channel D) requires a TR --> V exchange of 237cm-1, 
yet He accomplishes this in only 18 co l l i s ions . Channel D cross 
sections for N2, CO and CO2 are equally large, with c o l l i s i o n 
numbers of 11, 9 and 5 respectively. Data from numerous diatomics 
(1) and from glyoxal (2) suggest generality in these large upper 
state cross sections. 

The Σ column for each gas in Fig . 2 shows that over seventy 
percent of the flow goes into four (or fewer) channels, in spite 
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Figure 1. Schematic showing every vibrational level in the first 
1200 cm'1 of S ! benzene. Heavy lines show level pairs too close to 
separate in the schematic. The level & is pumped by the exciting 
light. Collisional slow of vibrational energy can be followed from 
this level to the zero point level (Channel A), to the level β 1!^ 1 , to 
the pair of levels ll1 and 161 (Channel B), and to the pair of levels 

41 and 162. 

Figure 2. The numbers give the total collision effi
ciencies of various collision partners for vibrational 
energy transfer from the level 61 into the nearby field 
of Sj levels. The vertical bars indicate the function of 
total vibrational energy transfer which goes into 
specific channels, with the 2 columns indicating the 
fraction into the channels A, B, C, and D combined. 
The crosses indicate the fractions calculated from the 

propensity rules. 
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of the large number of nearby f i n a l l e v e l s . Thus, strong prop
e n s i t y rules govern the t r a n s f e r . 

The rules a l s o e s t a b l i s h f a i r l y common flow patterns f o r 
partners t r a n s f e r r i n g energy by V-TR t r a n s f e r alone (He, N 2 , CO, 
C 0 2 ) , and another ^et of common patterns f o r V-VTR p a r t n e r s . Note 
that loss of the v 6 fundamental (Channel A) i s i n e f f i c i e n t with 
V-TR p a r t n e r s , but important with V-VTR p a r t n e r s . Adding a f u n 
damental of v{ 6=237cm" 1 (Channel D) i s the dominant t r a n s f e r f o r 
every gas i n s p i t e of opportunity f o r t r a n s f e r to a l e v e l only 
7 c m - 1 away from the i n i t i a l l e v e l (Channel B ) . By comparison of 
C0 2 and OCS channel A e f f i c i e n c i e s , one observes c l e a r l y the 
e f f e c t of resonance t r a n s f e r from vg=522 of benzene to v2'=520cm~1 

of OCS. 
From SSH c a l c u l a t i o n s made by others on ground s t a t e systems 

( 3 - 7 ) , we have formulated r u l e s which describe these t r a n s f e r s . 
The r e l a t i v e p r o b a b i l i t
i n which, say, mode A changes i+j and mode Β ( i n e i t h e r benzene 
or the c o l l i s i o n partner) changes k+z i s given by 

The f i n a l l e v e l degeneracies g. and g e n t e r i n a s t r a i g h t forward 
way. and IL are matrix elements dependent p r i n c i p a l l y upon 
v i b r a t i o n a l quantum number changes, and we use U2=10~1 f o r each 
Δυ=1 change. I i s a p r o h i b i t i o n dependent p r i n c i p a l l y on the 
amount of energy ΔΕ switched between V and TR degrees of freedom. 
We gauge i t s magnitude from p r o h i b i t i o n s c a l c u l a t e d f o r t r a n s f e r s 
i n C H 4 , CH 3 F, and CH3C1 ( 5 - 7 ) . 

We have used these rules t o c a l c u l a t e t r a n s f e r p r o b a b i l i t i e s 
from 6 1 t o every l e v e l i n the f i r s t 1000cm"1 of S x benzene, assum
ing v i b r a t i o n a l resonances whenever the rules allow them to h e l p . 
The f r a c t i o n s of t r a n s f e r i n t o various channels were derived from 
these r e s u l t s , and are given f o r each gas i n F i g . 2. 

The r u l e s , with a few e x c e p t i o n s , describe the flow patterns 
remarkably w e l l . Not only i s the channel-to-channel competition 
r e p l i c a t e d , but a l s o the f r a c t i o n of t o t a l t r a n s f e r appearing i n 
the four channels combined. E x p l o r a t i o n o f the c a l c u l a t i o n s show 
t h a t the competition among channels i s governed p r i n c i p a l l y by 
a t r a d e - o f f between the p r o h i b i t i o n s of large ΔΕ s w i t c h i n g and 
m u l t i p l e quantum changes. 

In summary, a number of g e n e r a l i t i e s about c o l l i s i o n a l flow 
of v i b r a t i o n a l energy are suggested, ( i ) Cross s e c t i o n s f o r energy 
flow are much l a r g e r i n e x c i t e d s t a t e s than i n ground e l e c t r o n i c 
s t a t e s , ( ϋ ) Strong propensity rules c o n t r o l the energy f l o w , 
and these rules are simply expressed i n terms of Δυ changes and 
V-TR energy gaps ΔΕ. ( i i i ) A common set of rules describes both 
V-TR and V-V processes, (iv ) A common set of rules describes 
energy flow i n both e x c i t e d and ground e l e c t r o n i c s t a t e s , (v) A 
V-V resonance between a v i b r a t i o n a l l y complex molecule (benzene) 
and a simple c o l l i s i o n partner (OCS) i s e x p l i c i t l y recognized. 
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( v i ) Resonances between S x benzene l e v e l s and l e v e l s in v i b r a t i o n 
a l l y complex c o l l i s i o n partners are recognized. 
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State-to-State Relaxation in Α2Σ+ OH and OD 

RUSSELL K. L E N G E L 
Columbia University, New York, NY 10027 

DAVID R. CROSLEY 
Ballistic Research Laboratory, Aberdeen Proving Ground, MD 21005 

The measurement of collisional energy transfer rates, under 
conditions in which bot
fied, plays a key role i
the collision process. In addit ion, there are a number of chemi
cal kinet ic and diagnostic applications in which such data may be 
used d i r ec t l y . We here present a br ief summary of our findings 
concerning state-to-state rotational (1) and vibrational (2) 
transfer within the e lec t ronica l ly excited Α2Σ+ state of the OH 
and OD molecules. Rather than list the numerical resul ts , which 
may be found in other publications (1,2), we will here concen
trate on qual i ta t ive highlights of the study, and consider their 
implications for the occurrence of the energy transfer through a 
long-lived collision involving anisotropic at tract ive forces. 

The experimental method i s that of laser-excited fluores
cence in the presence of a known pressure of collision partner. 
The OH (OD) is produced in a fast flow system by the H(D) + NO2 

reaction; the pressure of the collision gas (He, Ar, H2, D2 or 
N2) ranges from tens of mTorr to about one Torr. I n i t i a l state 
selection i s provided by a frequency doubled dye laser , which 
pumps individual rotational levels N,J in the v=0, 1 or 2 vibra
t ional level of the Α2Σ+ state. A 0.35m monochromator furnishes 
rota t ional ly resolved fluorescent spectra of the A-X system. 
In the case of vibrational transfer, total populations in a given 
ν level are obtained from the integrated intensi t ies of the 
appropriate bands; populations of individual rotational l eve l s , 
for both vibrational and rotational relaxation, are deduced from 
fits to the observed spectra (although there is some overlapping 
of spectral features, each level emits several rotational 
branches, rendering such a fits feasible) . Rate constants (and 
cross sections) for transfer between given initial and f ina l 
states are obtained by fitting the population data to appropriate 
steady state equations (which contain some correction terms due 
to the influence of background gases, and the pulsed nature of 
the laser ) . These equations are quite simple in the case of 
vibrational transfer, but must be solved by an i te ra t ive technique 
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f o r r o t a t i o n a l t r a n s f e r . The r e s u l t i n g f i t t e d parameters de
s c r i b e the observed data ( i n which there e x i s t s s i g n i f i c a n t r e -
dundacy) q u i t e well, and independent methods of a n a l y s i s provide 
f u r t h e r checks on the p r e c i s i o n of the r e s u l t s . 

Our e a r l y f i n d i n g s concerning v i b r a t i o n a l r e l a x a t i o n from 
v=l to v=0 proved most i n t r i g u i n g . The c o l l i s i o n partners He and 
Ar behaved i n an expected manner, that i s , the v=l l e v e l became 
s i g n i f i c a n t l y r o t a t i o n a l l y relaxed before appreciable v i b r a t i o n a l 
r e l a x a t i o n began to occur. However, t h i s was not the case f o r 
the diatomic c o l l i s i o n partners H 2 , D 2 , or N2. Here, the v i b r a 
t i o n a l t r a n s f e r occurs at a f a s t e r r a t e than the r o t a t i o n a l 
r e l a x a t i o n w i t h i n v=1. Consequently, the v i b r a t i o n a l l y t r a n s 
f e r r e d molecules have o r i g i n a t e d predominantly from that r o t a 
t i o n a l l e v e l N,J w i t h i n v=1 which i s i n i t i a l l y pumped by the 
l a s e r . Tuning the l a s e r to d i f f e r e n t absorption l i n e s then per
mits a measurement of th
σ (1+0) as a f u n c t i o n o
found t h a t the cross s e c t i o n decreases markedly as Ν i n c r e a s e s , 
e . g . , f o r c o l l i s i o n s with N2 i t f a l l s from 24A5 at N=0 to 5A2 

a t N=9. The s i z e of σ (l->0) suggests the importance of a t t r a c 
t i v e f o r c e s and a l o n g - l i v e d c o l l i s i o n . We have hypothesized ( 2 J 
t h a t the dependence of σ on Ν i s due to r o t a t i o n a l averaging of 
an anisotropy i n t h i s a t t r a c t i o n , which reduces the a b i l i t y of 
the OH and i t s c o l l i s i o n partner to maintain a favorable o r i e n t a 
t i o n i n the entrance channel. 

A v a r i e t y of f u r t h e r experiments has been undertaken to 
provide f u r t h e r evidence on these p o i n t s , and the f i n d i n g s ( f o r 
the diatomics) are b r i e f l y l i s t e d . 1) The nascent r o t a t i o n a l 
d i s t r i b u t i o n of the v i b r a t i o n a l l y relaxed OH i n v=0 i s t h e r m a l , 
though s i g n i f i c a n t l y h o t t e r (670K f o r H 2 c o l l i s i o n s ) than the 
t r a n s l a t i o n a l temperature of the system (300K). This tempera
t u r e depends on c o l l i s i o n partner but not s i g n i f i c a n t l y on i n i t i a l 
N,J in_v=l. 2) Isoenergetic t r a n s f e r [E(v=l , N=5) - E(v=0, N=14) 
= 3 cm" 1] occurs at a r a t e < 1% of the r a t e of t r a n s f e r to low-N 
l e v e l s i n v=0. 3) Resonant e f f e c t s [AG^ (Dp) - AG X (OH) = 2 cm"1] 
are not important, although the l i g h t diatomics beffave d i f f e r e n t l y 
from the monatomics. 4) "Reactive t r a n s f e r , " i . e . , 0H(v=l) + D2 

+ 0D (v=0) + HD, does not occur. 5) I n i t i a l l y pumped F ^ i . e . , 
J = Ν + ) and F 2 ( J = Ν - ) l e v e l s have the same σ (1+0) f o r the 
same value of N. 6) In 0D, σ (l->0) shows a s i m i l a r but somewhat 
s m a l l e r v a r i a t i o n with N, as expected f o r i t s more c l o s e l y spaced 
r o t a t i o n a l l e v e l s . Here a g a i n , i s o e n e r g e t i c , resonant, and r e a c 
t i v e t r a n s f e r are not observed. 7) σ (2->0) and σ (2->l) have been 
measured f o r i n i t i a l Ν values of 1 and 4 i n OH. They are of com
parable magnitude to σ (l->0), and smal ler f o r the higher value of 
N. Again, a thermal (though here much h o t t e r ) nascent r o t a t i o n a l 
population d i s t r i b u t i o n i s found f o r those molecules which have 
undergone 2-*0 t r a n s f e r . 

These d e t a i l s are a l l i n accord with the l o n g - l i v e d c o l l i 
s i o n p i c t u r e . While r o t a t i o n a l energy t r a n s f e r w i t h i n v=0 
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presents fewer d e t a i l s bearing d i r e c t l y on the mechanism, the 
r e s u l t s here are a l s o compatible with t h i s view. In the case of 
c o l l i s i o n s with N 2 , a t o t a l of 5 d i f f e r e n t i n i t i a l l y pumped F x 

l e v e l s (N=0,1,3,4 and 6) were used and the populations monitored 
f o r 15 l e v e l s i n each case; one s e r i e s of runs was made i n i t i a l l y 
populating F 2 ( 4 ) . The cross s e c t i o n s r e s u l t from f i t s to a l l the 
Fx d a t a . Only two i n i t i a l l y pumped l e v e l s are used i n the case 
of H 2 or Ar c o l l i s i o n s , although the q u a l i t a t i v e r e s u l t s are 
e s s e n t i a l l y the same. 

The cross s e c t i o n s are again l a r g e : t o t a l r o t a t i o n a l t r a n s 
f e r by N 2 out o f any one l e v e l has a cross s e c t i o n of 60Â 2 . 
S t a t e - t o - s t a t e cross s e c t i o n s σ β ( Ν , J + Ν ' J ' ) f a l l o f f s lowly 
and smoothly with i n c r e a s i n g value of ∆Ν, although multiquantum 
t r a n s f e r s are q u i t e n o t i c e a b l e . Cross s e c t i o n s i n v o l v i n g s i m u l 
taneous changes i n spin p r o j e c t i o n as wel l as r o t a t i o n a l quantum 
number (∆J f ∆Ν, i . e . , F1+F
f a c t o r of two than those where  ( F 1 F 1 or F 2 -*F 2 ). The 
p r i n c i p l e of d e t a i l e d balancing may be examined through ten p a i r s 
of r a t e c o n s t a n t s , i n v o l v i n g i n i t i a l l y pumped l e v e l s f o r which 
independent determinations have been made f o r both the forward 
and backward r a t e s . The r a t i o s are wel l described by a " d e t a i l e d 
balancing temperature" of 420K. Less complete studies have a l s o 
been made of r o t a t i o n a l r e l a x a t i o n i n OD c o l l i d i n g with N 2 ; 
w h i l e these data have not yet been f u l l y analyzed, p r e l i m i n a r y 
r e s u l t s i n d i c a t e that s i m i l a r trends w i l l be seen. 

The v i b r a t i o n a l and r o t a t i o n a l r e l a x a t i o n processes may be 
more d i r e c t l y compared through the use of s u r p r i s a l a n a l y s i s . 
S u r p r i s a l p l o t s f o r v i b r a t i o n a l t r a n s f e r as f u n c t i o n s of both 
i n i t i a l and f i n a l r o t a t i o n a l energy are wel l described by 
s t r a i g h t l i n e s having slopes with absolute magnitudes of ~ 0 . 3 . 
However, the points corresponding to i n i t i a l values of Ν > 10 i n 
v=l f a l l o f f the l i n e , suggesting to us that the r o t a t i o n a l aver
aging of the anisotropy i s here e s s e n t i a l l y complete. Rotational 
s u r p r i s a l p l o t s show a great deal of apparent s c a t t e r even though 
the cross s e c t i o n s y i e l d reasonably smooth trends with ΔΝ. Assum
ing t h a t a l i n e a r f i t i s nonetheless s u i t a b l e , slopes of 0.6 and 
0.1 are obtained f o r the F1F1 and F1+F2 processes r e s p e c t i v e l y ; 
i t i s unambiguously c l e a r t h a t a much higher value i s inapprop
r i a t e . These values of s u r p r i s a l parameters, f o r both types of 
t r a n s f e r , are c l o s e to the l i m i t of zero corresponding to a f u l l 
e q u i p a r t i t i o n of energy, prov iding f u r t h e r suggestion of the 
energy t r a n s f e r o c c u r r i n g through a l o n g - l i v e d c o l l i s i o n . 
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Molecule Reactions 
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Very s ignif icant progress in the quantum mechanical study of 
chemical reactions has
(1-4). Early distorte
sional H + H 2 reaction (5,6) were rapidly followed by the devel
opment of new theoretical and computational techniques which were 
applied to collinear and coplanar atom-diatom reactions (2-4). 
Recent calculations on col l inear (7-10) and coplanar reactions 
(11,12) have led to the near perfection of several numerical 
techniques, and have provided remarkable dynamical detai ls aimed 
at answering the question "What happens during a chemical reac
tion?" Calculations on f u l l three-dimensional reactions em
ploying accurate close-coupling techniques are just beginning 
to y i e l d a wealth of new dynamical information on the H + H 2 

reaction (13-18) and to a lesser extent the F + H 2 chemical laser 
reaction (19,20). Distorted-wave techniques have recently been 
applied to the hydrogen-isotope reactions (21,22). 

This chapter i s not intended as a comprehensive review of 
quantum reactive scattering theory or resul ts . However, one 
approach is b r ie f ly reviewed in Section I. Selected recent 
results on the three-dimensional H + H 2 reaction are discussed in 
Section I I . Then, new dynamical results on the col l inear and 
three-dimensional F + H 2 reaction are presented in Sections III 
and IV, respectively. It is hoped that the array of results 
presented here will illustrate the depth of detai l that quantum 
scattering theory is now able to provide for simple chemical 
reactions. As a disclaimer, it should be mentioned that these 
results concern neutral e lec t ronica l ly adiabatic reactions on a 
single potential surface at energies below three-body disso
c ia t ion . Electronic transit ions in reactive co l l i s ions and 
dissociation processes will receive much more attention in the 
near future. The status of theories for electronic nonadiabatic 
reactions are reviewed by Tully in this volume. 
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I. Reactive S c a t t e r i n g Theory 

A. Coordinates and Tubes. The c a l c u l a t i o n of r e a c t i v e 
s c a t t e r i n g p r o b a b i l i t i e s involves several s t e p s , beginning with 
the choice of a coordinate system i n which to represent the 
motions of the r e a c t i n g s p e c i e s . We have been using natural 
c o l l i s i o n coordinates (NCC) ( 2 3 ) , with an approximate r e p r e 
s e n t a t i o n of the k i n e t i c energy operator (24). These coordinates 
are a t t r a c t i v e because the bending motion of the system i s r e p r e 
sented by a "natural" angle γ that smoothly v a r i e s from a r o t a 
t i o n a l coordinate i n reactants or products to a bending angle i n 
the t r a n s i t i o n s t a t e . In NCC, we o r i e n t the instantaneous t h r e e -
p a r t i c l e t r i a n g l e with Euler angles θφ and χ , and s p e c i f y the 
s i z e and shape of the t r i a n g l e with two distances s and p, and a 
bend-rotat ion angle γ . The angles θ , φ o r i e n t a r o t a t i n g z - a x i s 
r e l a t i v e to a nonrotatin
during the r e a c t i o n fro
to the A to BC r e l a t i v e vector i n products. The i n t e r n a l c o o r 
dinates s , p, and γ have a simple geometric i n t e r p r e t a t i o n i n 
terms of the three arrangement tubes shown i n F i g . 1. The 
reactant tube l e a d i n g from AB + C toward the two t r a n s i t i o n 
s t a t e s ABC or BAC b i f u r c a t e s i n t o A + BC and Β + AC product 
tubes. The e l e c t r o n i c p o t e n t i a l hypersurface at s u b d i s s o c i a t i v e 
energies r e s t r i c t s the nuclear v i b r a t i o n - b e n d motion near the 
surface of the b i f u r c a t i n g tube shown i n the f i g u r e . I t i s con
venient to s p l i t the tube i n t o three arrangement tubes (one 
leading toward each of three bound diatom regions) along two 
matching s u r f a c e s . Internal coordinates s , p, and γ are then 
introduced separately on each arrangement tube. The t r a n s 
l a t i o n a l coordinate s def ines e v o l u t i o n along the surface of each 
tube, from s = -«> i n separated reactants to s = 0 on the matching 
surface to s = +«> f o r separated products. The v i b r a t i o n a l coor
dinate ρ def ines motion perpendicular to the tube, whi le γ 
defines bending motion around the tube at f i x e d values of s and 
p. S c a t t e r i n g wavefunctions are c a l c u l a t e d on each tube and are 
required to be continuous across the matching s u r f a c e s . In these 
c o o r d i n a t e s , the s c a t t e r i n g problem involves d i r e c t i n g f l u x ( i n 
a s p e c i f i e d reactant s t a t e ) i n along the reactant tube and 
f i n d i n g how much comes out on each product tube ( i n s p e c i f i e d 
product s t a t e s ) . 

A d i f f i c u l t y with NCC i s that the k i n e t i c energy i s r a t h e r 
complicated. A l t e r n a t i v e sets of coordinates using geometrical 
angles def ined separately f o r reactant or product c o n f i g u r a t i o n s 
have been used f o r H + H 2 (25,15) and have r e c e n t l y been gener
a l i z e d f o r the treatment of an A + BC r e a c t i o n which can have two 
d i s t i n g u i s h a b l e product arrangement channels (26). The use of 
geometrical angles d e s c r i b i n g atom-molecule o r i e n t a t i o n s does 
lead to much simpler expressions f o r the k i n e t i c energy o p e r a t o r , 
but introduces complicated coordinate transformations on the 
matching s u r f a c e s . A novel method f o r generating r e a c t i o n 
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coordinates f o r col l i n e a r r e a c t i o n s (based on a point t r a n s 
formation procedure) has r e c e n t l y been presented (27). 

B. Hamiltonian P a r t i t i o n i n g . On each of the three arrange
ment tubes, we decompose the Hamiltonian operator in to a t rans-
l a t i o n a l term for s motion, a v i b r a t i o n a l term for ρ motion, and 
a ro t a t iona l term for θφχ and γ motion (24_) 

The t r a n s l a t i o n a l Hamiltonian includes a ^ k i n e t j c energy operator 
and the r e a c t i o n path p o t e n t i a l V^y,(s), H+ r = T s + V t r ( s ) . The 
v i b r a t i o n a l Hamiltonian includes^tne local v i b r a t i o n a l p o t e n t i a l 
( e . g . a Morse p o t e n t i a l c u r v e ) , Η ν 1 · κ = Τ + V v - j ^ ( p ; s ) . The 
r o t a t i o n a l Hamiltonian i s more compl icated; i t i s the Hamiltonian 
f o r a hindered asymmetri
d e s c r i b e f r e e tumbling
t i o n ) governed by a l o c a l bending p o t e n t i a l V b e n c | ( y ; s ) . The 
r o t a t i o n a l Hamiltonian i s thus 

where 

The sym of the symmetric top Hamiltonian H s t and^the asymmetry 
term H^y^, describes a tumbling asymmetric t o p ; H Ç Q r i s the 
C o r i o l i s i n t e r a c t i o n which couples t r i a n g l e tumbling to i n t e r n a l 
bending. V i b r a t i o n - r o t a t i o n c o u p l i n g i s neglected i n decomposing 
the p o t e n t i a l V ( s , ρ , γ ) i n t o the three terms mentioned above. 

At each s , l o c a l a d i a b a t i c v i b r a t i o n a l and hindered asym
m e t r i c top basis sets are defined by the equations 

where ν i s the ( l o c a l ) v i b r a t i o n a l quantum number, and where j 
(molecular r o t a t i o n quantum number) and 1 (atom-molecule r e l a t i v e 
angular momentum quantum number) d e f i n e the sources of angular 
momentum (at t o t a l angular momentum JM) i n r e a c t a n t s , where V. . 
= 0. We g e n e r a l l y choose the H y to be Morse o s c i l l a t o r s t a t e s . 
The hindered asymmetric top s t a t e s are conveniently expanded i n 
normalized symmetric top s t a t e s { N M K ( θ φ χ ) } : 

where i s a hindered r o t o r f u n c t i o n f o r angular momentum 
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component Κ along the r o t a t i n g z - a x i s . The hindered r o t o r 
f u n c t i o n s are found n u m e r i c a l l y by d i a g o n a l i z i n g H f o t i n the 
basis of f r e e - r o t o r f u n c t i o n s . . Both the hindered asymmetric top 
energy c o r r e l a t i o n diagram (Wj^ vs. s) and the J and Κ dependence 
of the hindered r o t o r f u n c t i o n s have been e x t e n s i v e l y studied f o r 
the Η + H 2 r e a c t i o n (28*30). 

C. Wavefunction Expansion and Close-Coupl ing Equations. In 
the theory of s c a t t e r i n g , channels ( a l t e r n a t i v e s f o r f l u x ) are 
l a b e l e d by the eigenvalues of operators which commute with the 
Hamiltonian. In atom-diatom s c a t t e r i n g , t h i s set may be chosen 
as J M j l v , where j v def ine the r o t a t i o n - v i b r a t i o n s t a t e of the 
diatom. During the c o l l i s i o n , JM remain good quantum numbers 
with mixing among j l v b a s i s s t a t e s induced by the i n t e r a c t i o n 
p o t e n t i a l and by dynamic coupl ing terms. I f the reactants s t a r t 
i n the channel J M j l v , then the t o t a l wavefunction a t p o s i t i o n s 
along each arrangement tub
set o f l o c a l hindered asymmetric t o p - o s c i l l a t o r s t a t e s which 
were p r e v i o u s l y c a l c u l a t e d at that s : 

χ Ω ^ 1 , ( θ φ χ γ ; 5 ) Η ν 1 ( ρ ; δ ) , (6) 

where rf/ur2 i s a l o c a l s c a l e f a c t o r (31 ) chosen to s i m p l i f y and 
symmetrize the r e s u l t a n t equations f o r the expansion c o e f f i c i e n t s 
{T.,J .,-| , v , } , which are c a l l e d t r a n s l a t i o n a l wavefunctions. The 
f u n c t i o n TO, . . . , , ( s ) i s proport ional to the amplitude t h a t the 
system makes a J t r a n s i t i o n from s t a t e j l v at s=-°° to l o c a l "state" 
j 1 1 ' ν 1 at p o s i t i o n s. In order to der ive equations f o r tlje 
t r a n s l a t i o n a l wavefunctions, we operate on Eq. (6) with (H-E) and 
then p r o j e c t on each basis s t a t e , one at a t ime: 0 = < Ω ^ , ,Η , | 
(Η-Ε)|Ψ^Ρ > where the i n t e g r a t i o n i s over a l l v a r i a b l e s except 
s. T h e J c l o s e - c o u p l e d equations f o r the t r a n s l a t i o n a l wave-
f u n c t i o n s are then (with α = j l v ) 

αα y v J T J y 0 J α α " - η (7) 

where the coupl ing matrix V_ contains the t o t a l energy, the l o c a l 
channel v i b r a t i o n - r o t a t i o n ~ e n e r g i e s , and matrix elements i n 
v o l v i n g d e r i v a t i v e s of l o c a l basis f u n c t i o n s with respect to s. 
The other coupl ing matrix ^ c o n t a i n s matrix elements over f i r s t -
d e r i v a t i v e s of b a s i s f u n c t i o n s with respect to s. 

Equations o f t h i s type (with as many as 50 basis f u n c t i o n s ) 
were solved f o r the Η + H 2 r e a c t i o n (17,18) at many values of Ε 
and J . More r e c e n t l y , we have considered an a l t e r n a t e method 
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(20) i n which the l o c a l a d i a b a t i c basis f u n c t i o n s are constant 
w i t h i n each of many "boxes" thus e l i m i n a t i n g and those parts of 

which depend upon d e r i v a t i v e s of basis f u n c t i o n s with respect 
To s. The t r a n s l a t i o n a l wavefunctions i n adjacent boxes are 
then j o i n e d by orthogonal connection matrices which insure t h a t 
the t o t a l wavefunction and i t s f i r s t d e r i v a t i v e are continuous 
across each box j u n c t i o n . This technique has r e c e n t l y been 
a p p l i e d to the three-dimensional F + H 2 r e a c t i o n (20)(Section 

S o l u t i o n of the c l o s e - c o u p l e d equations y i e l d s elements of 
the s c a t t e r i n g m a t r i x , the amplitudes to make t r a n s i t i o n s from 
i n i t i a l channels j l v as s+-°° i n t o product channels j ' l V as 
s->+«>. Once the S - w a t r i x elements are known at a given energy, 
r e a c t i o n p r o b a b i l i t i e s and d i f f e r e n t i a l and t o t a l r e a c t i o n cross 
s e c t i o n s may be c a l c u l a t e d . E x p l i c i t formulas f o r these quan
t i t i e s w i l l not be given here (T5,16), but they may be e a s i l y 
computed once the time
c l o s e - c o u p l e d equation

I I . The Three-Dimensional H + H 2 Reaction 

A. Threshold Energies. In t h i s s e c t i o n , c l a s s i c a l and 
quantal threshold energies f o r the r e a c t i o n H + H2(v=0) 
H 2(v'=0) + H on the P o r t e r - K a r p l u s H 3 surface (32) w i l l be 
reviewed and compared ( 1 7 , 1 8 , 1 ) . The term "threshold energy" 
w i l l be used to denote the t o t a l energy at which the r e a c t i o n 
p r o b a b i l i t y ( c o l l i n e a r nuclear motion), cross length (coplanar 
nuclear motion), or cross s e c t i o n ( f u l l three-dimensional 
r e a c t i o n ) reaches 0.01 of maximum. A quantum r e a c t i o n i s "unsafe 
at any speed" i n the sense t h a t v i r t u a l l y any p o s i t i v e reagent 
k i n e t i c energy produces some amount of r e a c t i o n , hence a c u t o f f 
value of the r e a c t i v i t y must be used to d e f i n e the t h r e s h o l d , 
p a r t i c u l a r l y f o r comparison with q u a s i c l a s s i c a l t r a j e c t o r y 
r e s u l t s . Table I shows threshold energies defined v i a t h i s 
c r i t e r i o n . This t a b l e shows several q u i t e i n t e r e s t i n g trends. 
Note that the c l a s s i c a l threshold energy always exceeds the 
quantum v a l u e , but that the d i f f e r e n c e 6 = E t h ( c l ) ~ Etfo(qu) 
decreases as the d i m e n s i o n a l i t y increases from ID to 2D to 3D (6 
decreases from 0.06 to 0.04 to 0.02 eV). The c o l l i n e a r world 
thus accentuates the c l a s s i c a l - q u a n t u m t h r e s h o l d defect f o r t h i s 
r e a c t i o n . 
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Table I 

C l a s s i c a l and quantum threshold energies on the P o r t e r - K a r p l u s 

H 3 surface f o r the r e a c t i o n H + H2(v=0) + H 2(v'=0) + H. 

P h y s i c a l C l a s s i c a l Quantum 
Dimensions Threshold(eV) Threshold(eV) 

1 0.47 0.41 

2 0.51 0.47 

3 0.55 0.53 

In a d d i t i o n , note t h a
about 0.06eV with each increase of dimension (1_): 

E t h ( q u ) = E t h ( q u , l D ) + ( p - l ) ( 0 . 0 6 ) , (8) 

where ρ = 1, 2, or 3. The threshold increase with dimension 
c o r r e l a t e s n i c e l y with the bending z e r o - p o i n t energy of the H 3 

t r a n s i t i o n s t a t e (O.OeV i n ID, 0.06eV i n 2D f o r one bending 
degree of freedom, 0.12eV i n 3D f o r two degenerate bending 
degrees of freedom). Requir ing that i n c r e a s i n g amounts of 
a v a i l a b l e energy be siphoned o f f i n t o bending energy i n the 
t r a n s i t i o n s t a t e i n going from ID to 2D to 3D thus r e q u i r e s 
corresponding increases i n t o t a l energy to reach the same degree 
of r e a c t i v i t y . There i s recent evidence t h a t these c o r r e l a t i o n s 
between bending energy i n the t r a n s i t i o n s t a t e and the quantum 
t h r e s h o l d energy a l s o apply f o r v i b r a t i o n a l l y e x c i t e d reagents 
(33,34) (Section IID). 

J^-Conserving Approximation. Because of the large 
computer time requirements f o r c l o s e - c o u p l i n g c a l c u l a t i o n s , i t i s 
e s s e n t i a l to develop e f f i c i e n t approximate methods f o r o b t a i n i n g 
quantum r e s u l t s on three-dimensional r e a c t i o n s . The ^ - c o n 
serving approximation, developed o r i g i n a l l y by Pack (35) and by 
McGuire and Kouri (36) f o r nonreactive c o l l i s i o n s , has been 
extended s u c c e s s f u l l y to the hydrogen exchange r e a c t i o n (37,38). 
In the formulat ion of Elkowitz and Wyatt ( 3 7 ) , instead of 
s c a t t e r i n g on a l l symmetry allowed 1-branches of each asymmetric-
top energy c o r r e l a t i o n diagram Wj^(s) ( J , j f i x e d ; | J - j | ^ l - J + j ) , 
only a s i n g l e 1 was used f o r each value of J and j . The 
required value of 1 f o r each J j was found by examining (at small 
s , where the bending p o t e n t i a l i s s i g n i f i c a n t ) the d i s t r i b u t i o n 
over Κ produced by the hindered r o t o r f u n c t i o n s . Examination of 
Eq. (5) shows that i n each hindered asymmetric top s t a t e the 
r e l a t i v e p r o b a b i l i t y of o b t a i n i n g each value of Κ i s determined 
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Figure 1. Schematic of ar
rangement tubes for atom-di
atom chemical reactions. The 
reactant tube (lower left) for 
AB + C bifurcates into two 
product tubes. Collinear reac
tions occur in the horizontal 
plane and m measures démâ
tions from collinearity. The 
potential favors vibration-bend
ing motion within the rings 
shown emerging from the tube 
ends. Scattering wavefunctions 
on the separate tubes are joined 
on the matching surfaces (cross-
hatched). Collinear reaction 
paths are shown as dotted lines. 

Figure 2. Comparison of ]z-con-
serving and close-coupling reac
tion probabilities vs. total angular 
momentum (]) for para (] = 0) to 
ortho (y = 1,3,5) transitions in H 
+ H 2 collisions at Ε T O T A L = 0.80 
eV on the Yates-Lester-Liu po

tential surface. 

Figure 3. Rotational sur-
prisal plot (top panel) and 
reaction probabilities P/ 
(lower panel) vs. fraction of 
available energy in each ro
tational level at EΤΟΤΑL, = 
0.80 for the Yates-Lester-

Liu H s surface. 
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by the i n t e g r a l (over γ ) |<R^ | R W > | 2 . Examination of these K-
d i s t r i b u t i o n s showed t h a t at small s , an asymmetric top s t a t e 
with J j and 1 f i x e d tends to concentrate i n t o a s p e c i f i c value of 
J Κ J. The bending p o t e n t i a l f o r H 3 favors c o l l i n e a r geometries, 

which i n the hindered r o t o r d i s t r i b u t i o n s i m p l i e s t h a t Κ = 0 i s 
favored f o r r e a c t i o n . The value of 1 to use f o r each J j was 
found by maximizing the concentrat ion of hindered r o t o r d e n s i t y 
i n t o Κ = 0. This method thus led to a simple algorithm f o r 
s e l e c t i n g 1 f o r a r b i t r a r y J and j . The r e s u l t was that i n the 
r e a c t i o n zone, the hindered asymmetric top was approximated by a 
n e a r - p r o l a t e symmetric top ( i . e . , a tumbling " c i g a r " ) . Because 
many fewer r o t a t i o n a l channels ( j l ) were used, the saving i n 
computer time was s u b s t a n t i a l (about a f a c t o r of 30 i n t y p i c a l 
c a l c u l a t i o n s ) . 

In F i g . 2 , both c l o s e - c o u p l i n g and J z - c o n s e r v i n g para -> 
ortho r e a c t i o n p r o b a b i l i t i e
f o r the Y a t e s - L e s t e r - L i
the bending p o t e n t i a l ) . When r e a c t i o n cross s e c t i o n s are 
c a l c u l a t e d over a range of p o s t - t h r e s h o l d e n e r g i e s , the J z 

r e s u l t s are w i t h i n 5% of the f u l l c l o s e - c o u p l i n g r e s u l t s . This 
approximation has made i t p o s s i b l e to o b t a i n low energy r e a c t i o n 
cross s e c t i o n s f o r F + H2 (Section IV). 

C. Product Rotat ional D i s t r i b u t i o n . As a f i n a l example of 
r e s u l t s obtained i n the three-dimensional H + H2(v=0) r e a c t i o n , 
we use information theory (40) to analyze the product r o t a t i o n a l 
d i s t r i b u t i o n at one energy. In t h i s approach, we compare the 
actual r o t a t i o n a l p r o b a b i l i t y d i s t r i b u t i o n P j , to the "prior" 
d i s t r i b u t i o n PS« obtained by democratic p a r t i t i o n i n g of 
p r o b a b i l i t y i n t o the a v a i l a b l e c e l l s i n the microcanonical (E = 
f i x e d ) phase space. The comparison f o r r o t a t i o n a l energy t r a n s 
f e r i s made v i a the r o t a t i o n a l s u r p r i s a l f u n c t i o n 

I,, = - ΐ ώ ' . (9) 
J P j ' 

In F i g . 3 , I , · , i s p l o t t e d vs. g j « , the f r a c t i o n of a v a i l a b l e 
energy i n the j - t h product r o t a t i o n a l l e v e l (gj> = E J » / ( E T O J A L " 
Ε ν · ) ) . Amazingly, the s u r p r i s a l i s l i n e a r i n g,- , , and i s c l e a r l y 
of a s impler s t r u c t u r e than P j « , which i s p l o t t e d i n the lower 
panel i n F i g . 3. ( A l s o , note how "cold" the actual r o t a t i o n a l 
d i s t r i b u t i o n i s compared to the microcanonical d i s t r i b u t i o n . ) 
S u r p r i s a l p l o t s f o r r o t a t i o n a l l y e x c i t e d reagents are a l s o l i n e a r 
( 1 6 ) , and have approximately the same slope as the curve 
r e s u l t i n g from e x c i t a t i o n from j=0. The f a c t t h a t these s u r 
p r i s a l p l o t s are l i n e a r i m p l i e s t h a t the actual r o t a t i o n a l 
d i s t r i b u t i o n can be w r i t t e n i n the form 

ρ = poe-Sf^J' , 
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where e+Qo plays the r o l e of a " p a r t i t i o n f u n c t i o n . " The 
dynamical information i s thus e n t i r e l y contained w i t h i n the 
slope parameter OR, which determines ( o r , i s determined by) the 
average product r o t a t i o n a l energy. 

D. Cool ing of Η?(ν=1 ). We now consider the c o o l i n g of 
v i b r a t i o n a l l y e x c i t e d H2(v=l) i n c o l l i s i o n s with H atoms (34). 
At each energy, there i s competit ion between the nonreactive and 
r e a c t i v e pathways: 

Ν H + H 2 ( v ' = 0 ; j ' = 0 , 2 , 4 . . . ) 
Η + Mv=l,j=0) <T 

R ^ H 2 ( v , = 0 ; j ' = 0 , l , 2 f 3 - - - ) + Η 

Previous quantum c o l l i n e a r (41) and c l a s s i c a l three-dimensional 
c a l c u l a t i o n s (42,43) hav
pathway. Heidner and Kaspe
the net ( r e a c t i v e plus nonreactive) c o o l i n g r a t e constant 
ki+o(T=298°K) f o r Η + H 2 ( v = l ) . 

We have r e c e n t l y obtained quantum c o l l i n e a r and t h r e e -
dimensional v i b r a t i o n a l c o o l i n g p r o b a b i l i t i e s (34) on a f i t to 
the Y a t e s - L e s t e r - L i u Hq p o t e n t i a l surface(39>). The upper panel 
i n F i g . 4 shows the c o l l i n e a r 1 -> 0 r e a c t i v e and nonreactive 
t r a n s i t i o n p r o b a b i l i t i e s ; the r e s u l t s are very s i m i l a r to 
previous quantum r e s u l t s on a d i f f e r e n t p o t e n t i a l surface (41) 
and confirm the dominance of nonreactive c o o l i n g i n the c o l l i n e a r 
world. However, the three-dimensional quantum r e s u l t s f o r 
c o l l i s i o n s with t o t a l angular momentum J=0 i n the lower panel 
show t h a t nonreactive c o o l i n g dominates a t low t r a n s l a t i o n a l 
e n e r g i e s , EJR £ 0.25 eV. The r e a c t i v e 1 -> 0 p r o b a b i l i t y i s 
s i m i l a r i n shape to the c o l l i n e a r r e s u l t , except t h a t the 
resonance peak i s s h i f t e d to higher energy by 0.16eV, c l o s e to 
the bending zero point energy (0.13eV) of the H3 t r a n s i t i o n 
s t a t e . In c o n t r a s t , the low energy nonreactive 1 0 p r o b a b i l i t y 
increases with t r a n s l a t i o n a l energy u n t i l the t h r e s h o l d (at 
(X06eV) i s reached f o r j=0 -> j'=2 nonreactive r o t a t i o n a l 
e x c i t a t i o n w i t h i n the v=l v i b r a t i o n a l m a n i f o l d . The nonreactive 
c o o l i n g p r o b a b i l i t y then drops, but e v e n t u a l l y (near EJR = 
0.14eV) increases again. Q u a l i t a t i v e l y s i m i l a r r e s u l t s have 
been obtained f o r J > 0 i n the J^-conserving approximation. 
Thermal r a t e constants f o r the a l t e r n a t e c o o l i n g processes w i l l 
be computed and compared with a v a i l a b l e experimental and c l a s 
s i c a l t r a j e c t o r y r e s u l t s . 

I I I . The C o l l i n e a r F + H 2 Reaction 

A. Reaction P r o b a b i l i t i e s . Over the past several y e a r s , 
v i b r a t i o n a l t r a n s i t i o n p r o b a b i l i t i e s from quantum c l o s e - c o u p l i n g 
c a l c u l a t i o n s have been reported on several d i f f e r e n t FH 2 poten
t i a l surfaces ( 7 , 8 , 4 5 , 4 6 ) . These papers have emphasized the 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



S T A T E - T O - S T A T E CHEMISTRY 

Figure 4. Reaction probabili
ties for nonreactive (N) and re
active cooling (R) of H2(v = 1) 
for collinear (upper panel) and 
three-dimensional collisions 
(lower panel) at total angular 
momentum J = 0. A fit to the 
Yates-Lester-Liu Hs surface 

was used in the calculations. 
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h i g h l y s p e c i f i c energy d i s p o s a l i n products, but Manz has a l s o 
analyzed the quantal v i b r a t i o n a l s t a t e d i s t r i b u t i o n s at several 
intermediate stages along the r e a c t i o n path (47). During the 
past several y e a r s , we have analyzed the p r o b a b i l i t y d e n s i t y and 
f l u x d i s t r i b u t i o n s associated with s c a t t e r i n g wavefunctions f o r 
t h i s r e a c t i o n and attempts have been made to develop models f o r 
the resonance s t r u c t u r e i n the r e a c t i o n p r o b a b i l i t y curves with 
p a r t i c u l a r emphasis on the v=0 •> v'=2,3 low energy processes 
(48,49). In these s t u d i e s , the Muckerman V p o t e n t i a l surface 
has been employed ( 7 J . 

C o l l i n e a r r e a c t i o n p r o b a b i l i t i e s P v -*v'( E ) f o r v = 0 t o 

v'=2,3 are shown i n F i g . 5. These r e s u l t s were obtained with a 
10-term v i b r a t i o n a l basis s e t . ( P r o b a b i l i t i e s c a l c u l a t e d with a 
12 term basis were very s i m i l a r , except that the Po+2 resonance 
peak near ETQTAL = ° - 2 8 e V i s about 10% higher f o r the l a r g e r 
b a s i s . ) The p r o b a b i l i t i e
Schatz, Bowman, and Kupperman
and F + D2 r e a c t i o n s . S t r i k i n g features of these curves a r e : 
(1) the r a p i d r i s e of PQ+2 to a resonance peak at 0.284eV, 
fol lowed by a g r a d u a l l y d e c l i n i n g region above 0.30eV; (2) the 
very slow growth of P ^ from i t s energetic threshold at 0.288eV. 
C l e a r l y , an important feature to understand about t h i s r e a c t i o n 
i s the o r i g i n of the d i f f e r e n c e i n p o s t - t h r e s h o l d behavior 
between the processes which produce HF(v'=2) and HF(v'=3). We 
w i l l return to t h i s point i n Section I I I C , but f i r s t we w i l l 
examine the p r o b a b i l i t y d e n s i t y and f l u x associated with the 
s c a t t e r i n g wavefunction. 

B. Density and Flux. Once the S - m a t r i x , with elements 
S V v ' ( E ) » i s c a l c u l a t e d f o r the c o l l i n e a r F + H 2 r e a c t i o n , i t i s 
p o s s i b l e to c a l c u l a t e the s c a t t e r i n g wavefunction *yv(p,s) at each 
coordinate point ( p , s ) , f o r reactants with incoming f l u x i n the 
F + H 2 (v) channel. From t h i s wavefunction, both the p r o b a b i l i t y 
d e n s i t y and f l u x may be c a l c u l a t e d at a s e r i e s of g r i d p o i n t s : 

near a given p o i n t , whi le j measures both the f low r a t e and 
d i r e c t i o n of p r o b a b i l i t y past the p o i n t . S u r p r i s i n g l y , although 
r e a c t i o n p r o b a b i l i t i e s have been c a l c u l a t e d f o r many c o l l i n e a r 
processes, d e n s i t y and f l u x analyses have been reported only f o r 
the H + H 2 r e a c t i o n (50,51). These q u a n t i t i e s are nevertheless 
important, s ince they show how the quantum r e a c t i o n occurs. 

The p r o b a b i l i t y d e n s i t y at the energy (0.284eV) of the 0 -> 2 
resonance i s shown i n F i g . 6. From the observation point i n the 
F + H + H r e g i o n , the density i n the F + H 2 reactant region i s on 

P ( P . S ) = |Ψ ν (ρ,5)| 2 , 

(11) 
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the l e f t of the f i g u r e , whi le the FH + H product region i s at the 
lower r i g h t , skewed 4 6 . 4 ° r e l a t i v e to the reactant v a l l e y . 
C l e a r l y seen i n t h i s f i g u r e are extrema i n the entrance v a l l e y 
due to i n t e r f e r e n c e between incoming f l u x and e l a s t i c a l l y 
s c a t t e r e d f l u x (only the H2(v=0) channel i s open i n reagents 
although HF(v'=0,l,2) are open i n products). A l s o , the product 
d e n s i t y , with three maxima along the v i b r a t i o n a l a x i s c o r r e 
sponding to v , = 2 , i s seen to emerge from the "lumpy" d e n s i t y i n 
the FHH i n t e r a c t i o n r e g i o n . A b e t t e r view of the d e n s i t y i n the 
i n t e r a c t i o n region i s shown i n the contour map i n F i g . 7, where 
the three-peaked product d e n s i t y i s seen to be preceded by the 
three sharp peaks at the lower l e f t of the f i g u r e . 

In order to f i n d out how the p r o b a b i l i t y i n F i g s . 6-7 flows 
from p o i n t - t o - p o i n t , consider the f l u x map i n F i g . 8 , which 
covers the same region as the contour map i n F i g . 7. The v=0 
f low i n the F + H 2 regio
FH + H region are c l e a r l
the set of f l u x vectors s w i r l i n g around the three w h i r l p o o l s i n 
the i n t e r a c t i o n region! In a d d i t i o n , n o t i c e the f low from the 
w h i r l p o o l region i n t o the product v a l l e y i n the upper r i g h t of 
the f i g u r e . 

H i r s c h f e l d e r and co-workers (52,53) have r e c e n t l y presented 
d e t a i l e d analyses of the d e n s i t y and f l u x i n a s e r i e s of model 
s c a t t e r i n g problems. They have emphasized t h a t w h i r l p o o l s formed 
i n these problems must have quantized c i r c u l a t i o n i n t e g r a l s : 

where the c i r c u l a t i o n number m determines the "state of 
e x c i t a t i o n " of the w h i r l p o o l and where the i n t e g r a l i s taken 
around any closed loop e n c l o s i n g the wavefunction node at the 
center of the w h i r l p o o l . In a c o l l i n e a r s c a t t e r i n g process, 
w h i r l p o o l s may form around points where Ρ = 0. On comparing 
F i g s . 7 and 8 , we note that the three w h i r l p o o l s i n F i g . 8 are 
formed around the nodes separating the four d e n s i t y peaks i n the 
lower part of F i g . 7. 

In order to f i n d the c i r c u l a t i o n number of these w h i r l p o o l s , 
i t i s usefyl to w r i t e the wavefunction (a complex number) as 
¥ ( p , s ) = P 2 e l S , where the phase S i s unique ( w i t h i n a m u l t i p l e of 
α π ) , gxcept at nodal p o i n t s . The f l u x i s then e a s i l y shown to be 
j = "hVS/μ where the v e l o c i t y i s f = î i ^ S / μ , so t h a t the c i r c u 
l a t i o n i n t e g r a l becomes 

i n which AS i s the phase change of the wavefunction as the closed 
loop i s traversed about the nodal p o i n t . This equation thus 
r e q u i r e s that AS = 2ππι. The c i r c u l a t i o n number f o r these 
w h i r l p o o l s (read d i r e c t l y from a contour map of wavefunction 
phase) i s |m| = 1 ; they are "ground state" v o r t i c e s . We have not 
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Figure 7. Contour map of 
scattering probability den
sity at ETOTAL = 0.284 eV. 
Maxima are cross-hatched. 
The top center of Figure 6 
is being viewed from above, 
with the reactant region to 

the lower right. 

MAX = 2.16 (ti/>j) .·//.' 
E = 0 . 2 8 4 e V · " " 

Figure 8. Scattering proba
bility current vectors at ÈTOTAL 
= 0.284 eV, showing flow di
rection of probability. The 
magnitude of the longest vec
tor is indicated on the figure. 
The viewing region is the same 

as Figure 7. 

Figure 9. Scattering probability 
density for the F + H2 reaction at 
ETOTAL = 0.375 eV. See the caption 

to Figure 6 for details. 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



198 STATE-TO-STATE CHEMISTRY 

observed e x c i t e d w h i r l p o o l s with |m| > 2 at any energy below 
0.40eV i n t h i s r e a c t i o n . 

We w i l l now b r i e f l y examine d e n s i t y and f l u x maps at one 
higher energy, 0.375eV. R e f e r r i n g back to the p r o b a b i l i t y curves 
i n F i g . 5, we see that PQ+ 2 = 0.05 and PQ+O = 0.36 at t h i s energy, 
which i s on the high energy s ide of the Ό+Ζ resonance peak. The 
d e n s i t y i n the reactant channel , F i g . 9 , again shows strong 
i n t e r f e r e n c e extrema, although the separation i s shorter due to 
the higher t r a n s l a t i o n a l wavenumber in the v=0 channel. The 
d e n s i t y i n the product channel i s q u a l i t a t i v e l y d i f f e r e n t from 
that i n F i g . 6, where most of the product f l u x was i n the v'=2 
channel. At t h i s higher energy, the product t o t a l d e n s i t y i s 
given approximately by 

a
+ i k 2 S + i k 3 s 

S 0 2 V (14) 

where S o v » i s an S-matrix element f o r production i n channel v'. 
The i n t e r f e r e n c e cross-term i n t h i s expression i s what leads to 
the o s c i l l a t i o n s along the product t r a n s l a t i o n a l coordinate i n 
F i g . 9. The f l u x map at t h i s energy i s shown i n F i g . 10. A g a i n , 
note the w h i r l p o o l patterns i n the i n t e r a c t i o n r e g i o n . A l s o , the 
product f l u x o s c i l l a t e s out i n t o the product v a l l e y (the "bobsled 
e f f e c t " ( 5 4 ) ) . One other feature of t h i s map i s q u i t e i n t e r 
e s t i n g : there i s extensive " c o r n e r - c u t t i n g " by the f l u x on the 
i n s i d e of the r e a c t i o n path. Polanyi and Schreiber ( 5 5 ) , through 
examination of c l a s s i c a l t r a j e c t o r i e s , have pointed out t h a t the 
p o t e n t i a l "ledge" i n t h i s region of the p o t e n t i a l surface i s very 
important i n the v i b r a t i o n a l i n v e r s i o n mechanism. We hope t h a t 
d e n s i t y and f l u x analyses of other r e a c t i o n s w i l l be performed, 
so t h a t f u r t h e r understanding of quantum r e a c t i o n mechanisms w i l l 
be obtained. 

C. Resonance Models. In t h i s s e c t i o n , the o r i g i n of the 
resonances i n the r e a c t i o n p r o b a b i l i t y curves w i l l be discussed 
i n more d e t a i l (48). F i r s t , consider i n F i g . 11 a v i b r a t i o n a l 
energy c o r r e l a t i o n diagram f o r the F + H 2 r e a c t i o n . The curve 
V t r ( s ) i s the p o t e n t i a l along the r e a c t i o n p a t h ; note the steep 
exoergic plunge (-1.38eV) f o l l o w i n g the small (0.05 eV) b a r r i e r . 
Measured up from V^ r at each s are the l o c a l v i b r a t i o n a l e i g e n 
v a l u e s , obtained by f i t t i n g a Morse curve to the p o t e n t i a l i n 
constant s cuts through the c o l l i n e a r p o t e n t i a l s u r f a c e . An 
important f e a t u r e o f these curves i s the presence of w e l l s f o r 
v>l i n the region - 0 . 5 a o S s S +1.0a o . These w e l l s do not a r i s e 
from an actual depression i n the p o t e n t i a l s u r f a c e , but are 
caused by the broadening and subsequent c o n t r a c t i o n of the 
v i b r a t i o n a l v a l l e y on t u r n i n g through the i n t e r a c t i o n r e g i o n . 

A l s o shown i n t h i s f i g u r e i s a h o r i z o n t a l l i n e at 0.284eV, 
the 0*2 resonance energy, and the average v i b r a t i o n a l energy <EV> 
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computed from the s c a t t e r i n g wavefunction at t h i s energy. In 
r e a c t a n t s , the system i s i n v=0, i n products i n v'=2, with 
extensive v i b r a t i o n a l e x c i t a t i o n o c c u r r i n g near s=0.0a o . Note 
the o s c i l l a t o r y dependence of < E V > upon s i n the wel l r e g i o n . 

I f P v ( v = 0 , l · · · ) , the normalized p r o b a b i l i t i e s of f i n d i n g the 
system i n various v i b r a t i o n a l l e v e l s at p o s i t i o n s , are computed 
from the s c a t t e r i n g wavefunction, then extensive e x c i t a t i o n out 
of v=0 i s observed near s=0, and e x c i t a t i o n i n t o a number of 
competing w e l l s (about 10) occurs i n the region 0.0 ^ s 5 1 . 0 a o . 
One measure of the spread of p r o b a b i l i t y over the v i b r a t i o n a l 
channels i s through the entropy p l o t i n F i g . 12. The ( u n i t l e s s ) 
entropy i s defined here as S = - £ P v l n P v , where the sum ranges 
over a l l channels included i n the c a l c u l a t i o n at each s. Toward 
the end of the r e a c t i o n (s £ + 1 . 5 a 0 ) , the entropy drops to a 
small value due to the h i g h l y s p e c i f i c energy d i s p o s a l i n t o v'=2. 

We w i l l now conside
the wel l s t r u c t u r e i n F i g
r e a c t i o n p r o b a b i l i t y curves. In order to demonstrate that the 
lower v i b r a t i o n a l w e l l s s t r o n g l y i n f l u e n c e the r e a c t i o n proba
b i l i t i e s , we considered a modif ied FH 2 p o t e n t i a l surface 
(obtained a t each s by a d j u s t i n g the curvature parameter i n the 
Morse v i b r a t i o n a l p o t e n t i a l s ) which e l i m i n a t e d a l l w e l l s below 
v=5, although w e l l s were present f o r v^5. This modif ied surface 
(the L5 model) does not expand and then c o n t r a c t ( i n the 
v i b r a t i o n a l d i r e c t i o n ) l i k e the actual FH 2 s u r f a c e . Reaction 
p r o b a b i l i t i e s computed on the modified surface d i d not show 
i n v e r s i o n i n t o the v'=2 HF v i b r a t i o n a l l e v e l . There was hardly 
any r e a c t i o n f o r EJQTAL ~ 0.40eV. Other models were then con
sidered i n which a s i n g l e w e l l , or a p a i r of w e l l s from^the 
"exact" c o r r e l a t i o n diagram were r e - i n t r o d u c e d i n t o the L5 model. 
C a l c u l a t i o n s employing s i n g l e w e l l s were not successful i n 
producing sharp 0+2 resonance s t r u c t u r e , but a p a i r of w e l l s 
reintroduced i n t o v=2 and 3 d i d lead to 0+2 i n v e r s i o n at low 
energy, although the resonance width was a f a c t o r of f i v e too 
l a r g e . The energy of the resonance maximum was about 0.03eV too 
h i g h , but t h i s i s a s e n s i t i v e f u n c t i o n of the s e l e c t i o n of the 
Morse parameters i n the L5 model i n the region around s=0, where 
the c o r r e l a t i o n curves are s t e e p l y plunging ( t h i s i s where 
extensive 0*v* e x c i t a t i o n f i r s t o c c u r s ) . However, the shape of 
the model resonance improves as more w e l l s are allowed to i n t e r 
a c t . The main r e s u l t from these studies i s that the low energy 
0+2 i n v e r s i o n resonance i n the F + H 2 r e a c t i o n a r i s e s from 
temporary i n t e r a c t i o n among p r o b a b i l i t y e x c i t e d mainly i n t o w e l l s 
i n the v=2 and 3 v i b r a t i o n a l energy c o r r e l a t i o n curves. 

The model r e s u l t s mentioned so f a r provide no c lues as to 
why the 0+3 r e a c t i o n p r o b a b i l i t y curve shows such a gradual 
growth, i n obvious c o n t r a s t to the sudden growth of the 0+2 
curve. A q u i t e d i f f e r e n t c o l l i s i o n system, K+SO2 (5^ shows cross 
s e c t i o n curves f o r photon (K*(4 2 P) + S 0 2 ; K * ( 4 2 P ) + K(4 2 S) + hv ) 
and i o n i c ( K + + S 0 2 ) channels which have a remarkably s i m i l a r 
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Figure 10. Scattering proba
bility current for the F + H2 

reaction at ETOTAL = 0.875 eV. 
See the caption to Figure 8 for 

details. 

MAX=i.47(ti/>j). 
Ε = 0.375 ev 

* * s ν \ \ v' j ;. / \ \ ν : . 
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ζ 

Figure 11. Vibrational en
ergy correlation diagram for 
the F + H2 reaction, show
ing alteration of vibrational 
energies between reactants 
(s = —oo) and products (s = -\-oo). Vtr(s) is the local 
reaction path potential. The 
local average vibrational en
ergy at ETOTAL = 0.284 eV 

is also shown. 

ENTROPY 

Figure 12. Vibrational 
entropy vs. reaction co
ordinate for the collin
ear F -f H2 reaction 
at ETOTAL = 0.284 eV. 
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energy dependence to the F + H 2 0+2 and 0+3 p r o b a b i l i t i e s . In 
Κ + S0 2 c o l l i s i o n s , tfphoton "increases r a p i d l y with EjojAL' then 
drops suddenly as the threshold i s reached f o r the r e l a t i v e l y 
slow i n i t i a l growth of σ - j o n i c · Below the i o n i c threshold prob
a b i l i t y traps i n a wel l i n the K + + SOJ p o t e n t i a l curve, which 
crosses the r i s i n g K* + S 0 2 curve. The shape of the i o n i c 
p o t e n t i a l curve i n the u p h i l l region would appear to be an impor
tant f a c t o r i n c o n t r o l l i n g the shapes of σ η · ο η η · ς and tfphotçn-
Encouraged by t h i s analogy to the Κ + S 0 2 threshold behavior, we 
r e c a l l i n F i g . 5 t h a t the 0+2 resonance peak occurs only 0.004eV 
below the v'=3 energetic threshold (Schatz, Bowman, and Kupper-
mann (7) have not iced that a 0+v' r e a c t i v e resonance occurs very 
c l o s e to the O+v'+l energetic t h r e s h o l d ) . Below 0.288eV, prob
a b i l i t y t e m p o r a r i l y trapped i n the v=3 wel l decays down onto the 
v'=2 e x i t channel. But as 0.288eV i s approached from below the 
t r a n s l a t i o n a l wavefunctio
of the v=3 well between
above 0.288eV, penetration i n t o the asymptotic v=3 channel i s 
p o s s i b l e , i . e . with i n c r e a s i n g energy, more of the " h i l l " 
emerging out of the v=3 v a l l e y i s sampled. This suggests that 
the shape of t h i s h i l l i n the v=3 v i b r a t i o n a l energy curve may be 
the c o n t r o l l i n g f a c t o r i n determining the u l t i m a t e shape of the 
0+3 p r o b a b i l i t y curve j u s t above t h r e s h o l d . 

This notion i s c o r r e c t ! In F i g . 13 we see a blownup view of 
part of the v i b r a t i o n a l c o r r e l a t i o n diagram. The u p h i l l p o r t i o n 
of the v=3 curve was e i t h e r hardened i n "Model 1" (Ml i n the 
f i g u r e ) or softened in "Model 2" (M2). Looking back to the lower 
panel of F i g . 5 , we see that these apparently minor a l t e r a t i o n s 
i n the shape of one part of the v=3 c o r r e l a t i o n curve produces 
d r a s t i c v a r i a t i o n s i n the shape of the 0+3 r e a c t i o n p r o b a b i l i t y . 
In f a c t , the "soft model" (M2) leads to a sharp increase of 
r e a c t i v i t y j u s t as soon as the threshold energy i s exceeded. The 
eventual experimental d e t e c t i o n of resonance s t r u c t u r e i n r e a c 
t i v e processes should serve as a very s e n s i t i v e probe of 
r e s t r i c t e d p o r t i o n s of the p o t e n t i a l surface (the near e x i t 
v a l l e y f o r the r e a c t i o n discussed here.) Resonance s t r u c t u r e in 
quantum c o l l i n e a r He + H+2 and I + H 2 c o l l i s i o n s has r e c e n t l y been 
i n v e s t i g a t e d (57,58). 

IV. The Three-Dimensional F + H 2 Reaction 

Quantum mechanical s t u d i e s of the 3D F + H 2 r e a c t i o n are 
very d i f f i c u l t because of the large number of v i b r a t i o n - r o t a t i o n 
basis f u n c t i o n s required i n the wavefunction expansion. Of 
n e c e s s i t y , we have employed the J z - c o n s e r v i n g approximation 
(Section II ) , using the same a l g o r i t h m t h a t was s u c c e s s f u l l y 
employed i n the 3D H + H 2 c a l c u l a t i o n s . In the f i r s t quantum 
c l o s e - c o u p l i n g c a l c u l a t i o n s on t h i s r e a c t i o n , Redmon and Wyatt 
(19) employed a 10 channel v i b r a t i o n a l b a s i s , with only two 
hindered r o t o r f u n c t i o n s i n each v i b r a t i o n a l manifold. This i s 
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Figure 13. Blow-up of part 
of the F + H2 vibrational en
ergy correlation diagram in 
Figure 11. M l
"hard" or "soft"
of the uphill portion of the 

ν = 3 curve. 

V=4 

OO ΙΟ 20 30 

Figure 14. Total cross section 
for the three-dimensional F + 
H2(v = 0)^ FH(V = 2) +H 
reaction compared with the 
collinear reaction probability. 
The 3D cross section is summed 
over all final rotational levels. 
The collinear probability curve 
has been shifted to higher en

ergies by 0.10 eV. 
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the minimum number o f r o t o r f u n c t i o n s t h a t a l l o w s w a v e f u n c t i o n 
b i f u r c a t i o n ( i n t o e i t h e r F H a H | 3 o r FHbHg i n t e r m e d i a t e s ) so t h a t 
the i ncoming F atom can r e a c t w i t h e i t h e r end o f the H 2 m o l e c u l e . 
These e a r l y c a l c u l a t i o n s showed resonance s t r u c t u r e i n the 0+2 
and 0+3 r e a c t i o n p r o b a b i l i t i e s a t each v a l u e o f J . Much more 
e x t e n s i v e c a l c u l a t i o n s have r e c e n t l y been comple ted ( 2 0 ) . The 
Muckerman p o t e n t i a l s u r f a c e was a g a i n employed , but the bend ing 
p o t e n t i a l was f i t t o the s i m p l e form 1 V 0 ( s ) ( l - c o s 2 y ) . In t h e s e 
c a l c u l a t i o n s , a 60 channel v i b r a t i o n - r o t a t i o n b a s i s was t y p i c a l l y 
employed a t each J . 

The energy dependence o f the t o t a l r e a c t i o n c r o s s s e c t i o n 
f o r the p r o c e s s F + H 2 ( v = 0 , j = 0 ) + FH(v1=2 ,E j1 ) + H i s shown i n 
F i g . 14. A l s o shown i s the c o l l i n e a r r e a c t i o n p r o b a b i l i t y c u r v e 
Ρ θ > 2 1 D ) s h i f t e d t o h i g h e r energy by O . l O e V , the bending z e r o -
p o i n t energy o f t he FHH i n t e r m e d i a t e i n t h e 3D c a l c u l a t i o n . 
There a r e s e v e r a l d r a m a t i
d i s p l a y e d i n t h i s f i g u r e
r e a c t i o n i s s h i f t e d t o h i g h e r e n e r g y - r e l a t i v e t o the c o l l i n e a r 
t h r e s h o l d - - b y a p p r o x i m a t e l y the bending z e r o - p o i n t ene rgy . T h i s 
t r e n d i s ana logous t o t h a t i n the ID and 3D Η + H 2 r e a c t i o n s t h a t 
was ment ioned i n Sec . I I . A . T h i s t h r e s h o l d s h i f t i s a p p a r e n t l y 
no t p r e d i c t e d i n q u a s i c l a s s i c a l t r a j e c t o r y c a l c u l a t i o n s ( 5 9 ) . 
The second major d i f f e r e n c e between the two c u r v e s i n F i g . 14 i s 
the w i d t h o f the 0+2 resonance peak. The 3D c r o s s s e c t i o n c u r v e 
i s about a f a c t o r o f twenty w i d e r than the sharp c o l l i n e a r peak. 
There i s s i g n i f i c a n t r o t a t i o n a l b roaden ing i n 3D, but not enough 
t o c o m p l e t e l y wash out t he resonance s t r u c t u r e . The o r i g i n o f 
the b roaden ing i s no t ha rd t o u n d e r s t a n d . In each p a r t i a l wave 
( l a b e l e d by J ) , t h e r e i s a sharp 0+2 resonance peak , but the 
energy a t wh ich the peak o c c u r s i n c r e a s e s as J i n c r e a s e s . T h u s , 
a t each e n e r g y , as J i s s canned , a s e r i e s o f " resonance b l i p s " i n 
s e v e r a l d i f f e r e n t p a r t i a l waves a re added t o g e t h e r t o f i n a l l y 
produce the t o t a l c r o s s s e c t i o n i n F i g . 14. The s t o r y beh ind t he 
broadened resonance i s thus unde r s tood i n terms o f w e l l - d e f i n e d 
quantum e f f e c t s i n each p a r t i a l wave. 

P r o d u c t r o t a t i o n a l d i s t r i b u t i o n s w i t h i n each v i b r a t i o n a l 
m a n i f o l d have been computed. The r o t a t i o n a l d i s t r i b u t i o n s become 
compressed toward low j1 v a l u e s as v 1 i n c r e a s e s . The s e n s i t i v i t y 
o f t he se j 1 d i s t r i b u t i o n s t o t h e form o f the bending p o t e n t i a l i s 
b e i n g i n v e s t i g a t e d . Once t h i s i s known, d e t a i l e d compar i sons 
w i t h e x p e r i m e n t a l v1j1 d i s t r i b u t i o n s (60 ,61 ) s h o u l d be p o s s i b l e . 

Many d i s c u s s i o n s w i t h M i c h a e l Redmon, Joe M c N u t t , and Sue 
Latham on t h e i r F + H 2 s t u d i e s a re g r a t e f u l l y a p p r e c i a t e d . John 
H u t c h i n s o n i s thanked f o r a s s i s t a n c e w i t h the g r aphs . F i n a n c i a l 
s u p p o r t was p r o v i d e d by the N a t i o n a l S c i e n c e F o u n d a t i o n and the 
Rober t A . Welch F o u n d a t i o n . 
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25 
Collisions Involving Electronic Transitions 

JOHN C. TULLY 

Bell Laboratories, Murray Hill, NJ 07974 

Elect ronic t rans i t ions - t rans i t ions between one 
potent ial energy surface and another - occur in a 
var ie ty of low-energ
Among them are e lec t roni
-forbidden processes, quenching of excited e lec t ronic 
states (E --> V,P,T transfer), and charge transfer . 
With the maturing of the laser as a laboratory t o o l , 
deta i led experimental information about each of these 
types of processes is becoming increasingly ava i l ab le . 
For example, experimental studies of the destruction 
of electronically excited halogen atoms by hydrogen 
ha l ides , 

X*a(2P1/2) + HXb --> X*b(2P1/2) + HXa 

--> X*b(2P3/2) + HXa 

have been reported for most of the 16 combinations of 
the halogens F, Cl, Br, and I. A schematic illustra
tion of the potential energy surfaces operative in 
these systems is shown in Figure 1. The dynamics of 
these processes are not simple. Near-resonances 
between the e lec t ronic energy of the excited halogen 
and pa r t i cu l a r v ib r a t i ona l - ro t a t i ona l t rans i t ions of 
the diatomic appear to play an important role in some 
cases (1). Chemical reaction has been shown to occur 
in other cases (2). Curve-crossing mechanisms have 
been suggested for still others (3). Although many 
theoret ica l approaches have been applied successful ly 
to pa r t i cu l a r classes of electronically nonadiabatic 
collisions, there are at present no p rac t i ca l tech
niques that are capable of providing reliable descrip
tions of processes that involve all of the complica
tions of the above react ion . Development of a prac
tical theory that can provide quant i ta t ive s ta te- to-

206 
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s t a t e i n f o r m a t i o n a b o u t t h e t y p e o f c o l l i s i o n p r o c e s s 
e x e m p l i f i e d by t h i s r e a c t i o n i s o u r g o a l . In t h i s 
t a l k we w i l l s u m m a r i z e a d v a n c e s t o w a r d t h i s g o a l and 
s u g g e s t some p o s s i b l e d i r e c t i o n s f o r f u t u r e w o r k . 

I m p a c t P a r a m e t e r T r e a t m e n t s 

M o s t work i n t h i s a r e a has been b a s e d on t h e 
l a r g e i m p a c t p a r a m e t e r a s s u m p t i o n : i n t e r a c t i n g 
m o l e c u l e s p a s s by e a c h o t h e r a l o n g a s i m p l e t w o - b o d y 
t r a j e c t o r y and e l e c t r o n i c t r a n s i t i o n s o c c u r as a 
r e s p o n s e t o t h e t i m e - d e p e n d e n t i n t e r a c t i o n a l o n g t h i s 
t r a j e c t o r y . The m u l t i p l e c u r v e - c r o s s i n g model o f 
B a u e r , F i s h e r and G i l m o r e ( 4 j and t h e n e a r - r e s o n a n t 
t r a n s f e r a p p r o a c h o f S h a r m a , B r a u and E w i n g (5»,6) a r e 
e x a m p l e s o f m e t h o d s
been u s e d s u c c e s s f u l l y i n c e r t a i n s i t u a t i o n s . B u t t h e 
i m p a c t p a r a m e t e r a s s u m p t i o n c a n n o t be u s e f u l i n most 
l o w - e n e r g y m o l e c u l a r c o l l i s i o n s . I t i s o b v i o u s t h a t 
f o r c h e m i c a l l y r e a c t i v e e n c o u n t e r s s i m p l e t w o - b o d y 
t r a j e c t o r i e s a r e t o t a l l y i n a d e q u a t e . H o w e v e r , a t low 
( t h e r m a l ) v e l o c i t i e s , e v e n s i m p l e n o n r e a c t i v e (E -> 
V , R , T ) c o l l i s i o n s c a n n o t be d e s c r i b e d by t h e s e m e t h o d s 
i n m o s t c a s e s . 

An e x a m p l e t h a t i l l u s t r a t e s t h i s p o i n t i s 
p r o v i d e d by t h e s i m p l e q u e n c h i n g p r o c e s s , 

0 ( 1 D ) + N 2 + 0 ( 3 P ) + N 2 

Two t h e o r e t i c a l t r e a t m e n t s b a s e d on s t r a i g h t - l i n e 
t r a j e c t o r i e s ( 7 , 8 ) do n o t p r o v i d e s a t i s f a c t o r y 
d e s c r i p t i o n s o 7 t h i s p r o c e s s . The r e a s o n f o r t h i s i s 
c l e a r f r o m F i g u r e 2 w h i c h shows a p p r o x i m a t e p o t e n t i a l 
e n e r g y c u r v e s f o r 0 ( D ) a p p r o a c h i n g N 2 . T r a n s i t i o n s 
f r o m t h e i n i t i a l s i n g l e t p o t e n t i a l s u r f a c e t o t h e 
t r i p l e t s u r f a c e s l e a d i n g t o q u e n c h i n g a r e l o c a l i z e d a t 
t h e c r o s s i n g s b e t w e e n t h e a t t r a c t i v e s i n g l e t and t h e 
t h r e e r e p u l s i v e t r i p l e t s t a t e s . A s t r a i g h t - l i n e 
t r a j e c t o r y a t s m a l l i m p a c t p a r a m e t e r p a s s e s t h r o u g h 
t h e c r o s s i n g r e g i o n e x a c t l y t w i c e , o n c e on t h e way i n 
and o n c e on t h e way o u t . The p r o b a b i l i t y o f a s i n g l e t 
- t r i p l e t t r a n s i t i o n a t t h i s c r o s s i n g i s g o v e r n e d by 
s p i n - o r b i t c o u p l i n g , w h i c h i s q u i t e s m a l l i n t h i s 
s y s t e m . T h e r e f o r e t h e s e m o d e l s p r e d i c t c r o s s s e c t i o n s 
t h a t a r e t o o s m a l l , as shown i n T a b l e I. We e x p e c t , 
o f c o u r s e , t h a t as a c o n s e q u e n c e o f t h e v e r y deep 
p o t e n t i a l w e l l o f t h e l o w e s t s i n g l e t ( t h e s t a b l e 
g r o u n d s t a t e o f N 2 O ) , t h e r m a l e n e r g y t r a j e c t o r i e s w i l l 
e x h i b i t v e r y c o m p l i c a t e d b e h a v i o r c o r r e s p o n d i n g t o a 
l o n g - l i v e d c o l l i s i o n c o m p l e x . T h i s i s i l l u s t r a t e d i n 
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F i g u r e 3 , T h e s i n g l e t - t r i p l e t c r o s s i n g may be 
t r a v e r s e d a g r e a t many t i m e s b e f o r e t h e c o m p l e x b r e a k s 
u p . T h i s p i c t u r e s u g g e s t s t h e f o l l o w i n g s t a t i s t i c a l 
m o d e l o f q u e n c h i n g (9): T h e q u e n c h i n g c r o s s s e c t i o n 
i s t h e p r o d u c t o f t h e c r o s s s e c t i o n f o r f o r m a t i o n o f a 
" c l o s e c o l l i s i o n " c o m p l e x t i m e s t h e p r o b a b i l i t y t h a t 
t h e c o m p l e x w i l l d e c a y by a s i n g l e t - t r i p l e t t r a n s i 
t i o n . T h e c l o s e c o l l i s i o n c r o s s s e c t i o n c a n be o b 
t a i n e d by a s s u m i n g t h a t a c o m p l e x i s f o r m e d w h e n e v e r 
t h e c e n t r i f i g a l b a r r i e r d e t e r m i n e d by t h e k n o w n 0 (1d) 
- Ν 2 i n v e r s e s i x t h p o w e r p o t e n t i a l i s s u r m o u n t e d , w i t h 
p r o p e r a c c o u n t t a k e n o f t h e f i v e - f o l d d e g e n e r a c y o f 
O ( 1 D ) . T h e c o m p l e x c a n b r e a k up by e i t h e r o f two 
p a t h s , f i r s t by g o i n g b a c k o v e r t h e c e n t r i f u g a l b a r 
r i e r t o r e f o r m r e a c t a n t s  a n d s e c o n d by a s i n g l e t
t r i p l e t t r a n s i t i o n
c a n be o b t a i n e d , a c c o r d i n
u n i m o l e c u l a r d e c a y , f r o m t h e v o l u m e o f p h a s e s p a c e a t 
t h e " c r i t i c a l c o n f i g u r a t i o n " ; i . e . , t h e c e n t r i f u g a l 
b a r r i e r . T h e r a t e o f t h e s e c o n d p r o c e s s c a n be 
e s t i m a t e d by p o s t u l a t i n g a s e c o n d k i n d o f c r i t i c a l 
c o n f i g u r a t i o n , a c u r v e c r o s s i n g . T h e r a t e o f d e c a y o f 
t h e c o m p l e x by t h i s r o u t e i s p r o p o r t i o n a l t o t h e c o r 
r e s p o n d i n g v o l u m e o f p h a s e s p a c e t i m e s an e l e c t r o n i c 
t r a n s i t i o n p r o b a b i l i t y , w h i c h we h a v e a p p r o x i m a t e d 
u s i n g t h e L a n d a u - Z e n e r f o r m u l a ( 9 ) . T h e u n d e r l y i n g 
a s s u m p t i o n o f t h i s s t a t i s t i c a l m o d e l i s t h a t 
v i b r a t i o n a l , r o t a t i o n a l a n d t r a n s i a t i o n a l m o t i o n a r e 
e q u i l i b r a t e d i n t h e c o l l i s i o n c o m p l e x , b u t t h a t e l e c 
t r o n i c t r a n s i t i o n s o c c u r i n a s p e c i f i c w a y , n a m e l y a t 
c u r v e c r o s s i n g s . P r e d i c t i o n s o f t h i s s i m p l e m o d e l a r e 
i n g o o d a g r e e m e n t w i t h e x p e r i m e n t ( 1 0 , 1 1 ) , a s s h o w n i n 
T a b l e I . M o r e i m p o r t a n t l y f o r t h e p r e s e n t d i s c u s s i o n , 
i t p r o v i d e s a c l e a r i l l u s t r a t i o n o f t h e u n s u i t a b i l i t y 
o f i m p a c t p a r a m e t e r t h e o r i e s f o r m o s t l o w - e n e r g y 
i n e l a s t i c p r o c e s s e s . 

T a b l e I . Q u e n c h i n g o f 0 ( 1 D ) by N 2 a t 3 0 0 ° K 

R a t e C o n s t a n t A v g . P r o d u c t V i b r . 
( 1 0 - 1 1 c c / s e c ) E n e r g y ( k c a l / m o l e ) 

I m p a c t P . T h e o r y ( 7 ) 
I m p a c t P . T h e o r y ( 8 ) 
S t a t i s t i c a l M o d e l (9) 
E x p e r i m e n t ( 1 0 ) 
E x p e r i m e n t ( T T ) 

0 . 2 
0 . 1 

7 . 0 ± 0 . 8 
6 . 9 ± 0 . 6 

0 . 
0 . 

1 4 * 4 

1 5 * 2 
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M u l t i - D i m e n s i o n a l T r e a t m e n t s 

S i m p l e s t a t i s t i c a l m o d e l s s u c h as t h e one 
o u t l i n e d a b o v e a p p e a r t o be s a t i s f a c t o r y f o r c e r t a i n 
c a s e s . H o w e v e r , most c h e m i c a l l y r e a c t i v e p r o c e s s e s do 
n o t b e h a v e i n a s t a t i s t i c a l m a n n e r . T h i s i s c e r t a i n l y 
t r u e f o r t h e h a l o g e n atom - h y d r o g e n h a l i d e s y s t e m s 
t h a t we have c h o s e n as o u r g o a l . T h e o r e t i c a l d e s c r i p 
t i o n s o f t h e s e p r o c e s s e s must t a k e i n t o a c c o u n t t h e 
c h e m i c a l f o r c e s t h a t g o v e r n t h e s p e c i f i c p a t h s f o l 
l o w e d by t h e i n t e r a c t i n g n u c l e i . We must t r a c e o u t 
t h e d e t a i l e d m o t i o n o f t h e n u c l e i , e i t h e r quantum 
m e c h a n i c a l l y , s e m i c l a s s i c a l 1 y , o r c l a s s i c a l l y , as t h e y 
move a l o n g c o m p l i c a t e d m a n y - d i m e n s i o n a l p o t e n t i a l 
e n e r g y h y p e r s u r f a c e s . E x c e p t f o r t h e v e r y s i m p l e s t 
s y s t e m s , c l a s s i c a l m e c h a n i c
t i n u e t o be f o r some t i m e , t h e o n l y p r a c t i c a l method 
f o r d o i n g t h i s . C l a s s i c a l m e c h a n i c s i s n o t a l w a y s 
a d e q u a t e , o f c o u r s e . T h e r e a r e i n a c c u r a c i e s due t o 
n e g l e c t o f t u n n e l l i n g e f f e c t s , p a r t i c u l a r l y n e a r 
t h r e s h o l d . Quantum i n t e r f e r e n c e e f f e c t s a r e o m i t t e d . 
D i r e c t s t a t e - t o - s t a t e i n f o r m a t i o n i s n o t p r o v i d e d . 
The l a s t d e f i c i e n c y c a n u s u a l l y be s a t i s f a c t o r i l y 
h a n d l e d by c o n v e r t i n g c o n t i n u o u s c l a s s i c a l d i s t r i b u 
t i o n s i n t o d i s c r e t e s t a t e p o p u l a t i o n s u s i n g b o x i n g o r 
moment t e c h n i q u e s . In f a c t , as w i l l be s e e n b e l o w , 
c l a s s i c a l m e c h a n i c s can p r o v i d e s u r p r i s i n g l y a c c u r a t e 
and c o m p l e t e d e s c r i p t i o n s o f r e a c t i v e c o l l i s i o n s , e v e n 
t h o s e i n v o l v i n g t h e most h i g h l y quantum m e c h a n i c a l 
a t o m , h y d r o g e n . C l a s s i c a l m e c h a n i c s c a n be e x p e c t e d 
t o be e n t i r e l y a d e q u a t e f o r m o s t p r o c e s s e s t h a t do n o t 
i n v o l v e h y d r o g e n . T h i s i s t r u e , a t l e a s t , i f t h e r e 
a r e no e l e c t r o n i c t r a n s i t i o n s . E l e c t r o n i c t r a n s i t i o n s 
a r e quantum m e c h a n i c a l e v e n t s - e l e c t r o n i c m o t i o n i s 
f a r f r o m c l a s s i c a l . I t r e m a i n s t o be s e e n t o what e x 
t e n t c l a s s i c a l m e c h a n i c s , w i t h s u i t a b l e semi c l a s s i c a l 
e x t e n s i o n s t o a c c o u n t f o r e l e c t r o n i c t r a n s i t i o n s , can 
d e s c r i b e c o l l i s i o n p r o c e s s e s s u c h as t h e X + HX 
s y s t e m . 

Any t h e o r y o f t h i s t y p e must u l t i m a t e l y be a m i x 
t u r e o f c l a s s i c a l and quantum m e c h a n i c s . The f u n 
d a m e n t a l i n c o n s i s t e n c y a s s o c i a t e d w i t h t h e m i x i n g o f 
t h e two m e c h a n i c s i s a t t h e r o o t o f most o f t h e d i f 
f i c u l t i e s a f f l i c t i n g t h e s e t h e o r i e s . A l t h o u g h t h i s 
i n c o n s i s t e n c y c a n n o t be r e m o v e d , s h o r t o f t r e a t i n g a l l 
d e g r e e s o f f r e e d o m q u a n t u m m e c h a n i c a l l y , we can hope 
t o m i n i m i z e i t s a d v e r s e e f f e c t s . T h e r e a r e some e x 
i s t i n g m e t h o d s t h a t have been h i g h l y s u c c e s s f u l i n 
some s i t u a t i o n s , and t h e r e i s p r o m i s e t h a t t h e s e c a n 
be e x t e n d e d . 
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A l l t h e o r i e s o f n o n a d i a b a t i c m o l e c u l a r c o l l i s i o n s 
i n v o k e a s e p a r a t i o n o f d e g r e e s o f f r e e d o m i n t o two ( o r 
m o r e ) g r o u p s , w h i c h we w i l l c a l l i n t e r n a l c o o r d i n a t e s 
(3) and e x t e r n a l c o o r d i n a t e s ( £ ) . We can c a t e g o r i z e 
t h e v a r i o u s t h e o r i e s a c c o r d i n g t o how t h e y make t h i s 
s e p a r a t i o n , as shown i n F i g u r e 4 . The most common 
c h o i c e i s t o d e s c r i b e e l e c t r o n i c , v i b r a t i o n a l , and 
r o t a t i o n a l m o t i o n by and o n l y t r a n s l a t i o n by 
T h e o r i e s b a s e d on t h i s c h o i c e c a n p r o v i d e d i r e c t ^ 
s t a t e - t o - s t a t e i n f o r m a t i o n , t h e y a c c o m o d a t e n e a r -
r e s o n a n t e f f e c t s i n a n a t u r a l w a y , and some have been 
a p p l i e d v e r y s u c c e s s f u l l y t o h i g h e n e r g y p r o c e s s e s . 
B u t s e p a r a t i o n o f t r a n s i a t i o n a l m o t i o n f r o m v i b r a t i o n 
and r o t a t i o n i s j u s t i f i e d a t l o w e n e r g i e s o n l y f o r 
v e r y l a r g e i m p a c t p a r a m e t e r s , s o , as d i s c u s s e d a b o v e , 
s u c h methods w i l l n o
g o a l , d e s c r i p t i o n o

A more n a t u r a l s e p a r a t i o n o f d e g r e e s o f f r e e d o m 
i s t o c h o o s e £ t o be e l e c t r o n c o o r d i n a t e s and £ t o be 
n u c l e a r c o o r d i n a t e s . We a r e t h e n f a c e d w i t h s o l v i n g 
f o r t h e m o t i o n o f t h e n u c l e i £ on m a n y - d i m e n s i o n a l 
p o t e n t i a l e n e r g y h y p e r s u r f a c e s . C o m p l e t e quantum 
m e c h a n i c a l p r o c e d u r e s f o r d o i n g t h i s a r e a t p r e s e n t 
i m p r a c t i c a l , e x c e p t f o r t h e v e r y s i m p l e s t s y s t e m s . 
Quantum d e s c r i p t i o n s o f c o l l i s i o n s i n v o l v i n g e l e c 
t r o n i c a l l y e x c i t e d s p e c i e s a r e u s u a l l y p a r t i c u l a r l y 
d i f f i c u l t b e c a u s e t h e a v a i l a b i l i t y o f e l e c t r o n i c e n e r 
gy c a n open a huge number o f p o s s i b l e v i b r a t i o n -
r o t a t i o n c h a n n e l s . Our o n l y a l t e r n a t i v e i s t o a t t e m p t 
a c l a s s i c a l o r s e m i c l a s s i c a l d e s c r i p t i o n o f n u c l e a r 
m o t i o n . 

The d i s t i n c t i o n b e t w e e n c l a s s i c a l and s e m i c l a s 
s i c a l m e t h o d s c a n be somewhat a r b i t r a r y . We w i l l n o t 
c o n c e r n o u r s e l v e s w i t h t h i s h e r e and lump them b o t h 
t o g e t h e r . A l l c l a s s i c a l o r s e m i c l a s s i c a l t r e a t m e n t s 
o f n o n a d i a b a t i c c o l l i s i o n s c o n s i s t o f two s t e p s , 
f i r s t , p r e s c r i p t i o n o f some t r a j e c t o r y £ ( t ) d e s c r i b i n g 
n u c l e a r m o t i o n , and s e c o n d , c a l c u l a t i o n ~ o f an e l e c 
t r o n i c t r a n s i t i o n p r o b a b i l i t y a l o n g t h i s t r a j e c t o r y . 
P e c h u k a s has s h o w n , i n a p a p e r t h a t has s t r o n g l y i n 
f l u e n c e d s u b s e q u e n t work i n t h i s a r e a , t h a t t h e s e two 
s t e p s a r e i n t e r t w i n e d ( 1 2 ) . The t r a n s i t i o n 
p r o b a b i l i t y d e p e n d s on t ï ï e t r a j e c t o r y , and t h e e f f e c 
t i v e p o t e n t i a l t h a t g o v e r n s t h e t r a j e c t o r y d e p e n d s on 
t h e t r a n s i t i o n p r o b a b i l i t y . T h e r e a r e a v a r i e t y o f 
t h e o r i e s t h a t d i f f e r m a i n l y i n hew t h e e f f e c t i v e 
p o t e n t i a l i s a p p r o x i m a t e d . F o r e x a m p l e , v a r i o u s 
a v e r a g e s o f two i n t e r a c t i n g p o t e n t i a l e n e r g y s u r f a c e s , 
p e r h a p s w e i g h t e d by t r a n s i t i o n p r o b a b i l i t i e s , have 
been s u g g e s t e d . T h e r e i s a c r u c i a l r e q u i r e m e n t , 
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h o w e v e r , w h i c h r e n d e r s , most o f t h e s e m e t h o d s u n 
s u i t a b l e f o r l o w - e n e r g y c h e m i c a l l y r e a c t i v e c o l l i 
s i o n s . The r e q u i r e m e n t i s t h a t a s i n g l e t r a j e c t o r y 
must be a l l o w e d t o s p l i t i n t o b r a n c h e s , e a c h f o l l o w i n g 
i t s own p o t e n t i a l . F o r c e s on two d i f f e r e n t i n 
t e r a c t i n g p o t e n t i a l e n e r g y s u r f a c e s can be v e r y d i f 
f e r e n t f r o m e a c h o t h e r . P e r h a p s one s u r f a c e can l e a d 
t o c h e m i c a l r e a c t i o n and a n o t h e r c a n n o t . No s i n g l e 
e f f e c t i v e p o t e n t i a l c a n c o r r e c t l y d e s c r i b e a l l o f t h e 
d i f f e r e n t p o s s i b l e t y p e s o f m o t i o n . T r a j e c t o r i e s may 
e x p e r i e n c e some e f f e c t i v e a v e r a g e i n t e r a c t i o n i n r e 
g i o n s o f s t r o n g c o u p l i n g b e t w e e n t h e p o t e n t i a l s u r 
f a c e s , b u t a t t h e end o f t h e c o l l i s i o n a t r a j e c t o r y 
must be m o v i n g a l o n g some i n d i v i d u a l p o t e n t i a l s u r 
f a c e . T h e r e f o r e , u n l e s s t h e e l e c t r o n i c t r a n s i t i o n 
p r o b a b i l i t y i s z e r o
d e v e l o p b r a n c h e s , e a c
t i c u l a r p o t e n t i a l e n e r g y s u r f a c e . 

Whereas t h i s r e q u i r e m e n t can o f t e n be r e l a x e d i n 
a t o m i c c o l l i s i o n s , f o r l o w - e n e r g y a t o m - m o l e c u l e o r 
m o l e c u l e - m o l e c u l e e n c o u n t e r s i t i s a b s o l u t e l y e s s e n 
t i a l . T h i s e l i m i n a t e s a l l c u r r e n t e x i s t i n g 
t h e o r e t i c a l a p p r o a c h e s e x c e p t t w o , t h e s u r f a c e - h o p p i n g 
t r a j e c t o r y (SHT) model ( 1 3 » T _ 4 ) and t h e compl e x - v a l ued 
t r a j e c t o r y t h e o r y (MG) o7""Miller and G e o r g e ( 1 5 , 1 6 ) . 
T h e r e a r e r e l a t e d a p p r o a c h e s t h a t have p r o m i s e 
(1Z»1§.) » b u t ^ 1 S n o t y e t c l e a r w h e t h e r t h e y w i l l be 
a c c u r a t e o r t r a c t a b l e f o r m u l t i - d i m e n s i o n a l s i t u a 
t i o n s . 

S u r f a c e - H o p p i ng 

The SHT method i s an e x t e n s i o n o f t h e o r d i n a r y 
c l a s s i c a l t r a j e c t o r y a p p r o a c h t o m o t i o n on s e v e r a l i n 
t e r a c t i n g p o t e n t i a l e n e r g y s u r f a c e s . The u n d e r l y i n g 
a s s u m p t i o n o f t h e method i s t h a t an a c c u r a t e e f f e c t i v e 
p o t e n t i a l g o v e r n i n g n u c l e a r m o t i o n can be d e f i n e d i n 
two l i m i t i n g r e g i m e s . The f i r s t a r e r e g i o n s where t h e 
s e p a r a t i o n b e t w e e n t h e p o t e n t i a l s u r f a c e s i s s u f 
f i c i e n t l y l a r g e and t h e i n t e r a c t i o n b e t w e e n them s u f 
f i c i e n t l y s m a l l t h a t e l e c t r o n i c t r a n s i t i o n s do n o t o c 
c u r . M o t i o n t h e n e v o l v e s a l o n g one p o t e n t i a l s u r f a c e 
o r t h e o t h e r . The s e c o n d r e g i m e o c c u r s i n s t r o n g l y 
i n t e r a c t i n g r e g i o n s where t h e s e p a r a t i o n b e t w e e n t h e 
p o t e n t i a l s u r f a c e s i s s m a l l c o m p a r e d t o t h e k i n e t i c 
e n e r g y o f n u c l e a r m o t i o n , so t h a t t r a j e c t o r i e s a l o n g 
e i t h e r s u r f a c e w o u l d be e s s e n t i a l l y i d e n t i c a l i n t h e s e 
r e g i o n s . T h e r e a r e , o f c o u r s e , c a s e s w h e r e i n t e r 
m e d i a t e r e g i o n s may be i m p o r t a n t . T h i s i s t h e m a j o r 
l i m i t a t i o n o f t h e SHT m e t h o d . B u t t h e r e a r e a l s o many 
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c a s e s where i n t e r m e d i a t e r e g i o n s a r e u n i m p o r t a n t and 
SHT t h e o r y i s v e r y a c c u r a t e . We w i l l p r e s e n t two e x 
a m p l e s , one w h e r e SHT t h e o r y a p p e a r s a d e q u a t e and one 
where i t does n o t . 

A SHT c a l c u l a t i o n r e q u i r e s , as i n p u t , a p o t e n t i a l 
e n e r g y s u r f a c e as a f u n c t i o n o f i n t e r n u c l e a r 
c o o r d i n a t e s f o r e a c h e l e c t r o n i c s t a t e a c t i v e i n t h e 
c o l l i s i o n . I t r e q u i r e s , i n a d d i t i o n , s p e c i f i c a t i o n o f 
s u r f a c e h o p p i n g l o c a t i o n s - r e g i o n s o f s t r o n g 
n o n a d i a b a t i c c o u p l i n g w h e r e t r a j e c t o r i e s w i l l be p e r 
m i t t e d t o b r a n c h . T h e s e a r e t a k e n a t a v o i d e d 
c r o s s i n g s o r , more g e n e r a l l y , a t maxima o f t h e 
n o n a d i a b a t i c i n t e r a c t i o n . F i n a l l y , i t r e q u i r e s a 
t r a n s i t i o n p r o b a b i l i t y Ρ(£»0.) t h a t e l e c t r o n i c t r a n s i 
t i o n s w i l l o c c u r . T h i s i s o b t a i n e d by i n t e g r a t i n g t h e 
t i m e - d e p e n d e n t e l e c t r o n i c S c h r o d i n g e r e q u a t i o n a l o n g 
t h e t r a j e c t o r y t )

= I ^ ( H k i - i t i Q - ^ l V ^ J e x p C - ^ f i V i - V j d t » ] ( 1 ) 

The t r a n s i t i o n p r o b a b i l i t y P ( S , Q ) i s o b t a i n e d by 
s q u a r i n g t h e a p p r o p r i a t e a m p l i t u d e a k . P(j3tQ,) i s 
e v a l u a t e d t h r o u g h o u t t h e i n t e r a c t i o n r e g i o n . I f 
a d i a b a t i c p o t e n t i a l e n e r g y s u r f a c e s a r e e m p l o y e d , t h e 
t e r m H K j w i l l be z e r o and t h e t r a n s i t i o n a m p l i t u d e 
w i l l d e p e n d o n l y on t h e n o n a d i a b a t i c c o u p l i n g s t r e n g t h 
< ^ ν λ Υ ^ ί > . I f d i a b a t i c p o t e n t i a l s a r e u s e d , H k J w i l l 
n o t v a n i s h n o r , i n g e n e r a l , wi 11 < 4 > KW *ΐΓ> · Any c o r 
r e c t c h o i c e o f r e p r e s e n t a t i o n w i l l o f c o u r s e g i v e t h e 
same f i n a l t r a n s i t i o n p r o b a b i l i t i e s . T h e r e a r e a 
v a r i e t y o f a p p r o x i m a t e e v a l u a t i o n s o f E q . ( 1 ) f o r t h e 
t r a n s i t i o n p r o b a b i l i t y w h i c h may be u s e f u l i n some 
s i t u a t i o n s ; e . g . , Magnus e x p a n s i o n s , L a n d a u - Z e n e r -
S t u e c k e l b e r g , Demkov, e t c . 

Once t h e i n p u t i n f o r m a t i o n has been p r e s c r i b e d , a 
SHT c a l c u l a t i o n p r o c e e d s i n much t h e same way as an 
o r d i n a r y c l a s s i c a l t r a j e c t o r y c a l c u l a t i o n . I n i t i a l 
c o n d i t i o n s a r e s e l e c t e d a t random f r o m d i s t r i b u t i o n s 
c h o s e n t o model a p a r t i c u l a r e x p e r i m e n t a l s i t u a t i o n . 
The t r a j e c t o r y i s t h e n i n t e g r a t e d a l o n g t h e i n i t i a l 
p o t e n t i a l s u r f a c e u n t i l a s u r f a c e h o p p i n g l o c a t i o n i s 
r e a c h e d . A t t h i s p o i n t t h e t r a j e c t o r y i s s p l i t i n t o 
branches, one branch w e i g h t e d by P ( Q , Q ) f o l l o w i n g t h e 
new p o t e n t i a l surface and a s e c o n d Branch w e i g h t e d by 
1-P f o l l o w i n g t h e o r i g i n a l s u r f a c e . Note t h a t w h e r e a s 
b r a n c h i n g t a k e s p l a c e a t a p a r t i c u l a r p o i n t on t h e 
t r a j e c t o r y , t h e t r a n s i t i o n p r o b a b i l i t y Ρ i s o b t a i n e d 
by i n t e g r a t i n g E q . ( l ) t h r o u g h o u t t h e e n t i r e i n t e r a c -

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



25. TOLLY Collisions Involving Electronic Transitions 215 

t i o n r e g i o n . Each b r a n c h o f t h e t r a j e c t o r y i s t r a c e d 
o u t i n d i v i d u a l l y , w i t h a d d i t i o n a l b r a n c h e s d e v e l o p i n g 
i f a d d i t i o n a l h o p p i n g l o c a t i o n s a r e e n c o u n t e r e d . The 
f i n a l r e s u l t s a r e t r e a t e d i n t h e same way as a c l a s 
s i c a l t r a j e c t o r y c a l c u l a t i o n , w i t h o n l y t h e s l i g h t 
c o m p l i c a t i o n t h a t t r a j e c t o r y b r a n c h e s w i l l have n o n -
u n i t w e i g h t s . 

I f d i a b a t i c p o t e n t i a l s u r f a c e s a r e e m p l o y e d , 
t r a j e c t o r i e s w i l l b r a n c h a t p o i n t s where t h e p o t e n 
t i a l s a r e d e g e n e r a t e and e n e r g y w i l l be c o n s e r v e d 
a u t o m a t i c a l l y . I f a d i a b a t i c p o t e n t i a l s a r e u s e d , t h e 
c o m p o n e n t o f v e l o c i t y a l o n g t h e n o n a d i a b a t i c c o u p l i n g 
v e c t o r i s a d j u s t e d i n o r d e r t h a t t h e b r a n c h b e g i n n i n g 
on t h e new p o t e n t i a l s u r f a c e r e m a i n a t t h e same t o t a l 
e n e r g y . T h i s i s e s s e n t i a l l y e q u i v a l e n t t o m a k i n g a 
l o c a l t r a n s f o r m a t i o
t h e n e i g h b o r h o o d o f t h e t r a n s i t i o n . 

To i l l u s t r a t e t h e SHT m o d e l , we c o n s i d e r c o l l i 
s i o n s o f H + w i t h H2 ; e . g . , 

H + + D 2 + 0+ + HD 
-> HD+ + D 
-> D 2

+ + H 

The D i a t o m i c s - i n - M o l e c u l e s (DIM) p o t e n t i a l e n e r g y s u r 
f a c e s e m p l o y e d f o r t h i s s t u d y a r e i n good q u a n t i t a t i v e 
a g r e e m e n t w i t h ajb i n i t i o s u r f a c e s known t o be a c c u r a t e 
f o r t h i s t w o - e l e c t r o n s y s t e m . Thus any s e r i o u s i n a c 
c u r a c y c a n be a t t r i b u t e d t o t h e SHT t h e o r y . T h i s i s a 
d i f f i c u l t t e s t o f t h e t h e o r y , f i r s t , b e c a u s e t h e i n 
v o l v e m e n t o f h y d r o g e n atoms makes t h e a s s u m p t i o n o f 
c l a s s i c a l m e c h a n i c s s u s p e c t , and s e c o n d , b e c a u s e t h e r e 
a r e a v a r i e t y o f p r o d u c t c h a n n e l s and t h e c o m p e t i t i o n 
b e t w e e n t h e s e c h a n n e l s i s v e r y s p e c i f i c ; i . e . , n o t 
s t a t i s t i c a l . 

The SHT model was a p p l i e d i n a v e r y s t r a i g h t f o r 
w a r d way (1_3). H o p p i n g l o c a t i o n s were t a k e n t o be t h e 
a v o i d e d i n t e r s e c t i o n s b e t w e e n t h e two l o w e s t s i n g l e t 
s u r f a c e s o f H^ . E l e c t r o n i c t r a n s i t i o n p r o b a b i l i t i e s 
w e r e c o m p u t e d by n u m e r i c a l i n t e g r a t i o n o f E q . ( l ) a l o n g 
e a c h t r a j e c t o r y , u s i n g n o n a d i a b a t i c c o u p l i n g c o m p u t e d 
by DIM. A f t e r s u f f i c i e n t s t a t i s t i c s on t r a n s i t i o n 
p r o b a b i l i t i e s were o b t a i n e d i n t h i s w a y , h o p p i n g 
p r o b a b i l i t i e s f o r l a t e r t r a j e c t o r i e s were o b t a i n e d 
f r o m a f i t o f t h e p r e v i o u s n u m e r i c a l r e s u l t s t o a 
f u n c t i o n o f t h e L a n d a u - Z e n e r f o r m . 

A g r e e m e n t b e t w e e n SHT p r e d i c t i o n s and e x p e r i m e n t 
a r e e x c e l l e n t , w i t h i n e x p e r i m e n t a l u n c e r t a i n t y f o r e s 
s e n t i a l l y e v e r y c o m p u t e d r e a c t i o n p r o p e r t y . C r o s s 
s e c t i o n s a r e c o m p a r e d i n F i g u r e 5 . B o t h t h e 
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Figure 5. Absolute reaction cross sections for H+ + Cir
cles: SHT; curves: experiment (20). 

t h e o r e t i c a l (1_9) and e x p e r i m e n t a l (2J3) r e s u l t s a r e a b 
s o l u t e ( u n - n o r m a l i z e d ) c r o s s s e c t i o n s , and t h e t h e o r y 
i s c o m p l e t e l y £ p r i o r i i n t h a t no a d j u s t a b l e 
p a r a m e t e r s o f any k i n d were e m p l o y e d . SHT a l s o a p 
p e a r s t o p r o v i d e a c c u r a t e p r e d i c t i o n s o f d e t a i l s s u c h 
as t r a n s i a t i o n a l e n e r g y d i s t r i b u t i o n s , as shown i n 
F i g u r e 6 . B e c a u s e i t i s a c l a s s i c a l m e c h a n i c a l 
t h e o r y , SHT c a n n o t p r o v i d e d i r e c t s t a t e - t o - s t a t e t r a n 
s i t i o n p r o b a b i l i t i e s . N e v e r t h e l e s s , t h e a g r e e m e n t o f 
F i g u r e 6 s u g g e s t s t h a t a p p l i c a t i o n o f s t a n d a r d b o x i n g 
o r moment methods t o s i m u l a t e d i s c r e t e quantum t r a n s i 
t i o n p r o b a b i l i t i e s s h o u l d be a v e r y s a t i s f a c t o r y 
p r o c e d u r e . 

As a s e c o n d e x a m p l e o f t h e SHT m e t h o d , we c o n 
s i d e r t h e r e a c t i o n o f F * ( 2 p l / j L ) w i t h H 2 . a p r o c e s s v e r y 
s i m i l a r t o t h o s e we i n i t i a l l y c h o s e t o r e p r e s e n t o u r 
g o a l . T h e r e a r e t h r e e i m p o r t a n t r e a s o n s why t h i s 
r e a c t i o n i s more d i f f i c u l t f o r t h e SHT method t h a n t h e 
H^ r e a c t i o n . The f i r s t i s t h a t n o n a d i a b a t i c c o u p l i n g 
i s more d e l o c a l i z e d ; t h e r e i s no a v o i d e d c r o s s i n g o f 
p o t e n t i a l s u r f a c e s , as i l l u s t r a t e d by t h e s o l i d c u r v e s 
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o f F i g u r e 7. T h i s , f o r t u n a t e l y , does n o t t u r n o u t t o 
be a s e r i o u s p r o b l e m , b e c a u s e t h e n o n a d i a b a t i c 
c o u p l i n g p e a k s s h a r p l y a t a b o u t 3 . 8 a 0 , as shown by 
t h e d a s h e d c u r v e o f F i g u r e 7 , r e s u l t i n g i n a w e l l 
d e f i n e d h o p p i n g l o c a t i o n . 

The s e c o n d d i f f i c u l t y a r i s e s f r o m t h e f a c t t h a t 
t h e s p l i t t i n g b e t w e e n t h e i n t e r a c t i n g p o t e n t i a l s u r 
f a c e s i n t h e s t r o n g c o u p l i n g r e g i o n i s a b o u t t h e same 
m a g n i t u d e as t h e t h e r m a l k i n e t i c e n e r g y , so t h e 
v e l o c i t y a d j u s t m e n t i s v e r y s e v e r e . T h i s p r o b l e m w i l l 
be removed by t h e M i l l e r - G e o r g e t h e o r y d i s c u s s e d 
b e l o w . The f i n a l and most s e r i o u s d i f f i c u l t y i s t h a t 
n e a r - r e s o n a n t e f f e c t s a r e n o t i n c l u d e d p r o p e r l y . T h i s 
w i l l a l s o be d i s c u s s e d b e l o w . 

P R O D U C T R E L A T I V E E N E R G Y D I S T R I B U T I O N S 

D* • H D H* • D 2 

a) E r = 3 . 0 e V 

b) E r = 4.0 e V 

0 . 2. 4. 6 . e V 

c ) E r = 5 . 5 e V 

0 . 2. 4. 6. e V 

Figure 6. Product transhtional energy 
distributions. Histograms: SHT. Curves: 

experiment ( 19 ). 
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R F - H 2
 ( α θ ) 

Figure 7. Approximate FH2 potential curves. Dashed curve 
is nonadiabatic coupling (arb. units). 

A p p l i c a t i o n o f SHT t h e o r y t o t h i s s y s t e m ( 2 1 ) 
g i v e s t h e c r o s s s e c t i o n s shown i n F i g u r e 8 . F*T"2~PWz) 
r e a c t s w i t h H 2 w i t h c o n s i d e r a b l y l o w e r p r o b a b i l i t y 
t h a n does F ( 2 P 3 / 2 ) . Even t h o u g h i t s e x t r a e n e r g y o f 
1.1 k c a l / m o l e i s v e r y h e l p f u l i n s u r m o u n t i n g t h e 1 
k c a l / m o l e b a r r i e r t o r e a c t i o n , F * ( 2 P i / z ) d o e s n o t 
e a s i l y u n d e r g o t h e r e q u i r e d t r a n s i t i o n t o t h e l o w e s t 
r e a c t i v e p o t e n t i a l s u r f a c e . T h i s c o n c l u s i o n i s 
p r o b a b l y q u a l i t a t i v e l y c o r r e c t , b u t i t must be c o n 
s i d e r e d s u s p e c t due t o t h e l a s t two d i f f i c u l t i e s men
t i o n e d a b o v e . 

Mi 1 1 e r - G e o r g e T h e o r y 

M i l l e r and G e o r g e (1J5,16) have d e v e l o p e d an e l e -
g e n t s e m i c l a s s i c a l t h e o r y oT""nonadi a b a t i c c o l l i s i o n s 
w h i c h removes t h e SHT p r o b l e m a s s o c i a t e d w i t h d i s c o n 
t i n u o u s v e l o c i t y a d j u s t m e n t s a t s u r f a c e h o p s . They 
e x p l o i t t h e f a c t t h a t a d i a b a t i c p o t e n t i a l e n e r g y s u r 
f a c e s w h i c h i n t e r a c t a t , e . g . , an a v o i d e d c r o s s i n g ( o r 
a c u r v e m e r g i n g as i n t h e F + H e x a m p l e ) , w i l l a c 
t u a l l y c r o s s a t some c o m p l e x v a l u e o f t h e i n t e r n u c l e a r 
c o o r d i n a t e s ; i . e . , when a n a l y t i c a l l y c o n t i n u e d t o com-
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p l e x c o o r d i n a t e s two p o t e n t i a l e n e r g y s u r f a c e s can e x 
h i b i t b r a n c h p o i n t s a t w h i c h t h e y become d e g e n e r a t e . 
M i l l e r and G e o r g e i n t e g r a t e c l a s s i c a l t r a j e c t o r i e s 
w i t h c o m p l e x c o o r d i n a t e s and t i m e a l o n g t h e a n a l y t i c 
c o n t i n u a t i o n o f an a d i a b a t i c p o t e n t i a l e n e r g y s u r f a c e 
u n t i l s u c h a b r a n c h p o i n t i s r e a c h e d . A t t h i s p o i n t 
t h e t r a j e c t o r y c a n p a s s c o n t i n u o u s l y f r o m one s u r f a c e 
t o t h e o t h e r . The p r o b a b i l i t y o f t r a n s i t i o n i s 
r e l a t e d t o t h e m a g n i t u d e o f t h e e x c u r s i o n away f r o m 
t h e r e a l a x i s r e q u i r e d t o r e a c h t h e b r a n c h p o i n t . The 
t r a n s i t i o n a m p l i t u d e i s o b t a i n e d i n t h e MG t h e o r y f r o m 
t h e semi c l a s s i c a l S t u e c k e l b e r g a p p r o x i m a t i o n : 

a k = e x p [ . ^ J Vidt - U v x d t ] ( 2 ) 

where V k and V j a r e t h e a d i a b a t i c p o t e n t i a l s u r f a c e s 
f o r s t a t e s j and k and t * i s t h e c o m p l e x t i m e a t w h i c h 
t h e s u r f a c e s i n t e r s e c t . 

Ε ( k c a l / m o l e ) 

Figure 8. Cross sections for reaction of F(2P1/2) and F(2PS/2) 
with Η2 
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As d i s c u s s e d e a r l i e r , c l a s s i c a l and s e m i c l a s s i c a l 
t h e o r i e s o f n o n a d i a b a t i c c o l l i s i o n s have two m a j o r 
f e a t u r e s , p r e s c r i p t i o n o f t r a j e c t o r i e s and c a l c u l a t i o n 
o f t h e e l e c t r o n i c t r a n s i t i o n a m p l i t u d e . W i t h t h e SHT 
t h e o r y , t r a j e c t o r i e s a r e d e f i n e d i n a more o r l e s s ad 
hoc way. B r a n c h i n g i s a c h i e v e d e i t h e r a t i n t e r s e c 
t i o n s o f d i a b a t i c p o t e n t i a l s u r f a c e s o r a t 
n o n a d i a b a t i c c o u p l i n g maxima o f a d i a b a t i c s u r f a c e s , 
w i t h a p p r o p r i a t e v e l o c i t y a d j u s t m e n t s i n t h e l a t t e r 
c a s e . Once t h e t r a j e c t o r y has been d e f i n e d , SHT c o m 
p u t e s t h e e l e c t r o n i c t r a n s i t i o n p r o b a b i l i t y e x a c t l y by 
i n t e g r a t i o n o f E q . ( l ) . The MG t h e o r y i s a c o n s i s t e n t 
s e m i c l a s s i c a l p r o c e d u r e . The e l e c t r o n i c t r a n s i t i o n 
a m p l i t u d e , E q . ( l ) , i s i s a p p r o x i m a t e d by t h e s e m i c l a s 
s i c a l S t u e c k e l b e r g r e l a t i o n , E q . ( 2 ) , w h i c h a s s u m e s t h e 
e l e c t r o n i c t r a n s i t i o
c o m p l e x i n t e r s e c t i o
s u r f a c e s . The c o m p l e x v a l u e d t r a j e c t o r i e s a r e i n 
t e g r a t e d t o t h i s i n t e r s e c t i o n on t h e i n i t i a l p o t e n t i a l 
s u r f a c e , a t w h i c h p o i n t t h e y s w i t c h t o t h e new s u r 
f a c e , e x a c t l y as i n d i c a t e d by E q . ( 2 ) . 

The MG t h e o r y has two a d v a n t a g e s o v e r SHT. 
F i r s t , t r a j e c t o r i e s and t r a n s i t i o n a m p l i t u d e s a r e 
s e l f - c o n s i s t e n t , as d i s c u s s e d a b o v e . S e c o n d , MG 
a v o i d s t h e d i s c o n t i n u o u s v e l o c i t y a d j u s t m e n t s o m e t i m e s 
r e q u i r e d by SHT. T h i s makes i t a p p e a r b e t t e r s u i t e d 
f o r s i t u a t i o n s l i k e o u r i n i t i a l g o a l , r e a c t i o n s o f 
h a l o g e n atoms w i t h h y d r o g e n h a l i d e s , where SHT 
v e l o c i t y a d j u s t m e n t s m i g h t be c o m p a r a b l e w i t h n u c l e a r 
v e l o c i t i e s . 

MG t h e o r y has two s e r i o u s d i s a d v a n t a g e s as w e l l . 
The more o b v i o u s one i s t h a t i t i s c o n s i d e r a b l y more 
d i f f i c u l t t o i m p l e m e n t t h a n SHT. The s e c o n d i s a s 
s o c i a t e d w i t h t h e f a c t t h a t MG t h e o r y e m p l o y s t h e 
S t u e c k e l b e r g a p p r o x i m a t i o n t o t h e e l e c t r o n i c t r a n s i 
t i o n a m p l i t u d e , w h e r e a s SHT c o m p u t e s i t e x a c t l y . The 
S t u e c k e l b e r g e x p r e s s i o n i n v o l v e s no n o n a d i a b a t i c 
c o u p l i n g m a t r i x e l e m e n t s , a t l e a s t n o t e x p l i c i t l y . 
A l l i n f o r m a t i o n a b o u t t r a n s i t i o n p r o b a b i l i t i e s , i n MG 
t h e o r y , i s c o n t a i n e d i n t h e a d i a b a t i c p o t e n t i a l s u r 
f a c e s and t h e i r a n a l y t i c c o n t i n u a t i o n s . T h i s somewhat 
s u r p r i s i n g a b s e n c e o f n o n a d i a b a t i c c o u p l i n g t e r m s has 
been d e m o n s t r a t e d by D a v i s and P e c h u k a s (2Z) t o be 
r i g o r o u s l y c o r r e c t i n t h e s t r i c t s e m i c l a s s i c a l l i m i t . 
In some ways t h i s r e s u l t i s d i s a p p o i n t i n g , h o w e v e r . 
I t i s e a s y t o see t h a t t h e r e a r e c a s e s w h e r e i m p o r t a n t 
e f f e c t s w i l l be l e f t o u t . C o n s i d e r , f o r e x a m p l e , t h e 
u n r e a l i s t i c b u t i l l u s t r a t i v e e x a m p l e o f two a d i a b a t i c 
p o t e n t i a l s u r f a c e s w h i c h a r e p a r a l l e l e v e r y w h e r e , 
s e p a r a t e d by t h e c o n s t a n t e n e r g y 2 A . 
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Vl (Q) = - A 
V 2 ( Q ) = A ( 3 ) 

The a n a l y t i c c o n t i n u a t i o n s o f t h e s e s u r f a c e s w i l l 
n e v e r i n t e r s e c t , so MG t h e o r y w i l l p r e d i c t no t r a n s i 
t i o n s b e t w e e n t h e m . T h e s e a d i a b a t i c s u r f a c e s c a n be 
t h o u g h t t o a r i s e f r o m d i a g o n a l i z a t i o n o f a 2X2 s y m 
m e t r i c d i a b a t i c H a m i l t o n i a n m a t r i x d e f i n e d by t h e 
m a t r i x e l e m e n t s Η̂ η_ , H 2 2 » and H 1 2 . 0 n e p o s s i b l e 
c h o i c e o f t h e s e m a t r i x e l e m e n t s t h a t w o u l d p r o d u c e t h e 
a d i a b a t i c c u r v e s o f E q . ( 3 ) i s 

i . e . , t h e r e i s no o f f - d i a g o n a
c u r v e s . Then t h e e x a c t quantum d y n a m i c s and t h e SHT 
model w o u l d b o t h a g r e e w i t h MG t h a t no t r a n s i t i o n s 
w o u l d o c c u r b e t w e e n t h e s u r f a c e s . H o w e v e r , t h e same 
a d i a b a t i c s u r f a c e s c o u l d a r i s e f r o m any u n i t a r y t r a n s 
f o r m a t i o n o f t h e m a t r i x d e f i n e d by E q . ( 4 ) . O n l y one 
p a r t i c u l a r u n i t a r y t r a n s f o r m a t i o n w i l l c o r r e s p o n d t o 
t h e " t r u e " d i a b a t i c r e p r e s e n t a t i o n . The e i g e n v a l u e s 
o f a m a t r i x ( t h e a d i a b a t i c c u r v e s ) do n o t c a r r y a l l 
i n f o r m a t i o n a b o u t t h e o r i g i n a l m a t r i x . F o r e x a m p l e , 
d i a g o n a l i z a t i o n o f t h e d i a b a t i c H a m i l t o n i a n m a t r i x 

w o u l d r e s u l t i n i d e n t i c a l a d i a b a t i c s u r f a c e s , E q . ( 3 ) . 
I f t h e a r b i t r a r y f u n c t i o n f ( Q ) were l a r g e , t h e e x a c t 
quantum d y n a m i c s and t h e SHT t h e o r y a p p l i e d t o t h i s 
model s y s t e m m i g h t p r e d i c t s u b s t a n t i a l ( a n d h o p e f u l l y 
s i m i l a r ) e l e c t r o n i c t r a n s i t i o n p r o b a b i l i t i e s , w h e r e a s 
MG w o u l d a g a i n p r e d i c t no t r a n s i t i o n s . 

I t i s c l e a r t h a t t h e r e w i l l be s i t u a t i o n s where 
SHT w i l l be more a c c u r a t e and o t h e r s where MG t h e o r y 
w i l l be more a c c u r a t e . The m e t h o d s must be a p p l i e d 
w i t h c a r e . Two i m p o r t a n t c o n c l u s i o n s t o be made a b o u t 
b o t h t h e o r i e s a r e f i r s t , b o t h a r e c a p a b l e o f v e r y a c 
c u r a t e d e s c r i p t i o n s o f w i d e c l a s s e s o f s y s t e m s , and 
s e c o n d , n e i t h e r a r e c a p a b l e o f a d e q u a t e l y d e s c r i b i n g 
n e a r - r e s o n a n c e e f f e c t s . 

N e a r - R e s o n a n c e E f f e c t s 

( 4 ) 

H n ( Q ) = - A + f ( Q ) 
2 2 ( Q ) = A - f ( Q ) 
1 2 ( Q ) = ( 2 A f - f * ) * 

( 5 ) 

T h e r e i s s t r o n g e x p e r i m e n t a l e v i d e n c e t h a t i n o u r 
p r o t o t y p e c o l l i s i o n p r o c e s s , X* + HX, a n e a r -
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d e g e n e r a c y b e t w e e n a p a r t i c u l a r v i b r a t i o n a l -
r o t a t i o n a l s t a t e o f t h e d i a t o m i c and t h e e x c i t e d e l e c 
t r o n i c s t a t e o f t h e h a l o g e n atom X c a n p r o d u c e a v e r y 
l a r g e e n h a n c e m e n t o f t h e e l e c t r o n i c t r a n s i t i o n 
p r o b a b i l i t y {V). Model quantum m e c h a n i c a l c a l c u l a 
t i o n s s u p p o r t t h e i m p o r t a n c e o f t h i s e f f e c t ( 2 3 , 2 4 ) . 
To a c h i e v e o u r s t a t e d g o a l we must d e v e l o p a t ï ï e o r y 
w h i c h c a n i n c o r p o r a t e t h i s e f f e c t r e a l i s t i c a l l y . 
T h e r e a r e s e v e r a l methods b a s e d on t h e l a r g e i m p a c t 
p a r a m e t e r a s s u m p t i o n t h a t can d e s c r i b e n e a r - r e s o n a n c e 
e f f e c t s e a s i l y and a c c u r a t e l y . An e x a m p l e i s t h e 
S h a r m a - B r a u - E w i ng model (5.,6_) w h i c h i s e n t i r e l y a 
n e a r - r e s o n a n c e t h e o r y . B u t we have a r g u e d t h a t none 
o f t h e i m p a c t p a r a m e t e r a p p r o a c h e s can be g e n e r a l l y 
a p p l i c a b l e b e c a u s e t h e y c a n n o t a d e q u a t e l y d e s c r i b e 
c o m p l i c a t e d n u c l e a r m o t i o n t h a t i s c r u c i a l i n most 
t h e r m a l e n e r g y m o l e c u l a
been f o r c e d t o t u r n t o m a n y - d i m e n s i o n a l c l a s s i c a l and 
s e m i c l a s s i c a l t r e a t m e n t s . T h e r e i s some h o p e , 
h o w e v e r , t h a t c l a s s i c a l m e c h a n i c a l a p p r o a c h e s may be 
e x t e n d e d t o i n c o r p o r a t e n e a r - r e s o n a n c e e f f e c t s a c 
c u r a t e l y . We can i l l u s t r a t e t h e s i t u a t i o n w i t h a 
s i m p l e model c a l c u l a t i o n , an SHT t r e a t m e n t o f c o l l i 
s i o n s o f B r *( 4>i/z) w i t h H B r . In o r d e r t o make t h e 
c a l c u l a t i o n s i m p l e f o r i l l u s t r a t i v e p u r p o s e s , we 
r e s t r i c t t h e c o l l i s i o n t o o c c u r i n a p l a n e , and a r 
t i f i c i a l l y f o r c e t h e H end o f t h e d i a t o m i c t o a l w a y s 
p o i n t a t t h e c o l l i d i n g B r * a t o m , as shown i n F i g u r e 9 . 
We a l s o add one more a r t i f i c i a l a s p e c t t h a t makes t h i s 
c a l c u l a t i o n t o t a l l y u n r e l a t e d t o t o t h e r e a l B r * + HBr 
s y s t e m ; we t a k e t h e v i b r a t i o n a l f r e q u e n c y o f HBr t o be 
an a d j u s t a b l e p a r a m e t e r . We can t h e n t u n e t h i s f r e 
q u e n c y t h r o u g h r e s o n a n c e w i t h t h e B r * e x c i t e d s t a t e . 

We p e r f o r m t h e c a l c u l a t i o n f o r a f a i r l y l a r g e i m 
p a c t p a r a m e t e r , 8 . 5 a e , so we must be c a r e f u l t o i n 
c l u d e t h e c o r r e c t l o n g - r a n g e d i p o l e - q u a d r u p o l e i n 
t e r a c t i o n t h a t d o m i n a t e s t h i s r e g i o n o f t h e p o t e n t i a l 
s u r f a c e s . 

We t h e n p r o c e e d w i t h t h e SHT c a l c u l a t i o n , o b t a i n i n g a 
c l a s s i c a l t r a j e c t o r y a l o n g t h e i n i t i a l B r * - H B r s u r f a c e 
and i n t e g r a t i n g E q . ( l ) f o r t h e e l e c t r o n i c t r a n s i t i o n 
a m p l i t u d e a l o n g t h i s t r a j e c t o r y . The p o t e n t i a l e n e r g y 
s u r f a c e s f o r t h i s s y s t e m r e s e m b l e q u a l i t a t i v e l y t h o s e 
f o r F + H2» shown i n F i g u r e 7. In p a r t i c u l a r , t h e 
n o n a d i a b a t i c c o u p l i n g p e a k s a r o u n d 4 o r 5 a 0 , f a r i n 
s i d e t h e d i s t a n c e o f c l o s e s t a p p r o a c h o f o u r 0 . 6 
k c a l / m o l e t r a j e c t o r y . Thus t h e t r a j e c t o r y n e v e r 
r e a c h e s a h o p p i n g l o c a t i o n . S i m i l a r l y , t h e r e a l p a r t 
o f t h e l o c a t i o n o f t h e c o m p l e x i n t e r s e c t i o n o f t h e 
a d i a b a t i c s u r f a c e s w i l l o c c u r i n t h e same 4 - 5 a 0 r e -
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Figure 9. Collisions of Br* with HBr 

g i o n , so MG t h e o r y w i l l i n c l u d e no n e a r - r e s o n a n c e e f 
f e c t s . H o w e v e r , as we t u n e t h e v i b r a t i o n a l f r e q u e n c y 
t h r o u g h r e s o n a n c e , t h e SHT t r a n s i t i o n p r o b a b i l i t y f r o m 
E q . ( l ) becomes v e r y l a r g e . In f a c t , as shown i n 
F i g u r e 1 0 , i t c l o s e l y p a r a l l e l s t h a t o b t a i n e d u s i n g 
t h e n e a r - r e s o n a n t t h e o r y o f S h a r m a - B r a u - E w i n g , w h i c h 
i s a f i r s t - o r d e r p e r t u r b a t i o n t h e o r y c a l c u l a t i o n o f 
t h e t r a n s i t i o n p r o b a b i l i t y b e t w e e n two q u a n t u m l e v e l s 
c o n n e c t e d b y , i n t h i s c a s e , a t i m e - d e p e n d e n t d i p o l e -
q u a d r u p o l e i n t e r a c t i o n . The r e a s o n why t h e c l a s s i c a l 
c a l c u l a t i o n p r o d u c e s t h i s quantum n e a r - r e s o n a n c e e f 
f e c t c a n be u n d e r s t o o d by e x a m i n a t i o n o f E q . ( l ) . When 
two p o t e n t i a l s u r f a c e s e x h i b i t a l a r g e s p l i t t i n g , Vj -V w , 
t h e t r a n s i t i o n a m p l i t u d e w i l l i n g e n e r a l become v e r y 
s m a l l b e c a u s e t h e e x p o n e n t i a l t e r m i n E q . ( l ) w i l l 
o s c i l l a t e r a p i d l y . In t h i s c a s e , h o w e v e r , t h e 
c o u p l i n g H k ^ , v i a t h e c h a n g e i n d i p o l e moment w i t h i n -

t e r n u c l e a r d i s t a n c e , i s o s c i l l a t i n g a t t h e v i b r a t i o n a l 
f r e q u e n c y o f t h e d i a t o m i c . I f t h i s f r e q u e n c y becomes 
n e a r l y e q u a l t o t h e o s c i l l a t i o n f r e q u e n c y o f t h e e x 
p o n e n t i a l t e r m , t h e r e w i l l be a n e t b u i l d u p o f t r a n s i 
t i o n a m p l i t u d e . T h i s i s , o f c o u r s e , t h e r e s o n a n c e 
c r i t e r i o n . 

The a b o v e e x a m p l e d e m o n s t r a t e s t h a t i n f o r m a t i o n 
a b o u t n e a r - r e s o n a n c e t r a n s i t i o n p r o b a b i l i t i e s i s c o n 
t a i n e d i n t h e SHT t h e o r y . U n f o r t u n a t e l y , t h e SHT 
t r a j e c t o r i e s a r e n o t a d e q u a t e t o d e s c r i b e n u c l e a r mo
t i o n u n d e r n e a r - r e s o n a n c e c o n d i t i o n s . T h i s d e f i c i e n c y 
r e s u l t s f r o m t h e ad hoc p r o c e d u r e f o r c h o o s i n g t r a j e c 
t o r i e s w h i c h i s n e t r i g o r o u s l y c o n s i s t e n t w i t h c a l 
c u l a t i o n o f t h e t r a n s i t i o n a m p l i t u d e . To remove t h i s 
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Br*-h HX (v=o) • Br + H X ( v = i ) 

-80 -40 0 40 80 
ΔΕ (cm1) 

Figure 10. Near-resonant Ε -> V transfer probability. Solid 
curve: SHT. Dashed curve: Sharma-Brau-Ewing (5, 6). 

i n c o n s i s t e n c y , MG t h e o r y i n v o k e s t h e S t u e c k e l b e r g a p 
p r o x i m a t i o n f o r t h e t r a n s i t i o n p r o b a b i l i t y . T h i s , u n 
f o r t u n a t e l y , e l i m i n a t e s n e a r - r e s o n a n c e c o n t r i b u t i o n s 
e n t i r e l y . Thus n e i t h e r e x i s t i n g t h e o r y i s a d e q u a t e . 
What i s n e e d e d i s a new s e m i c l a s s i c a l t h e o r y b a s e d on 
a more a c c u r a t e e x p r e s s i o n t h a n E q . ( 2 ) w i t h t r a j e c t o r y 
and t r a n s i t i o n a m p l i t u d e c o m p u t e d s e l f - c o n s i s t e n t l y . 

Summary 

We c o n c l u d e by r e p e a t i n g what we s t a t e d a t t h e 
o u t s e t ; t h e r e a r e c u r r e n t l y no e x i s t i n g p r a c t i c a l 
m e t h o d s c a p a b l e o f a c c u r a t e d e s c r i p t i o n o f 
n o n a d i a b a t i c c h e m i c a l c o l l i s i o n s o f t h e t y p e e x e m 
p l i f i e d by t h e X * + HX p r o c e s s . N e v e r t h e l e s s , c l a s -
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s i c a l and s e m i c l a s s i c a l t e c h n i q u e s a p p e a r p r o m i s i n g . 
T h e r e a r e s t i l l s e r i o u s p r o b l e m s t o be w o r k e d o u t , 
p a r t i c u l a r l y w i t h r e g a r d t o n e a r - r e s o n a n c e p r o c e s s e s . 
B u t t h e r e i s hope t h a t t h e s e can be s o l v e d , and t h e r e 
a r e a l r e a d y a l a r g e number o f i m p o r t a n t p r o b l e m s t h a t 
c a n be a d d r e s s e d a c c u r a t e l y and p r e d i c t i v e l y w i t h e x -
i s t i n g t e c h n i q u e s . 
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Department of Physical Chemistry, The Hebrew University, Jerusalem, Israel 

One of the pleasin  outcome f t k i  molecula
reaction dynamics (1) i
remain even when one is probing e process o  fairly detailed 
leve l . As an example, figure 1 (adapted from (2)) shows (not 
always direct) experimental measurements (3-6) of the effect of 
HCl vibrational excitation on the reaction rate with F, Br and I 
atoms. It is evident that there is an exponential enhancement of 
the reaction rate as long as the reaction endoergicity (indicated 
by an arrow) exceeds the vibrational energy of HCl and that the 
enhancement is much more moderate past this point (7-9). The 
effective 'threshold' in the reaction rate vs. reagent vibrat io
nal excitation can be directly traced to the 'exponential-gap' 
dependence of the 'state-to-state' rates (2,9). This a r t ic le is a 
progress report on the information theoretic approach which was 
used to derive the above (and other) conclusion(s). 

The approach is currently undergoing a transition to its 
third generation of developments, where it is derived as an exact 
solution for the dynamics of the c o l l i s i o n . In this report we 
br ief ly review (with a few examples) the techniques of surprisal 
analysis and of surprisal synthesis. We then comment on the 
derivation of these techniques as s t r i c t implications of the 
equations of motion (be they quantal or c lass ica l ) . 
Surprisal Analysis 

One can distinguish two broad aims of the information 
theoretic approach. The first is analysis. Here one is seeking to 
find a compact characterization of the result in a manner that 
w i l l f ac i l i t a t e comparison and correlation both within a family 
of similar reactions and for different families. An example is 
provided in figure 2 (adapted from (10)). It shows three experi
mental vibrational state distributions for CO. The first is the 
nascent state distribution measured (11) for the 

*Work supported by US Air Force, Office of Sc ien t i f ic Research. 

226 

In State-to-State Chemistry; Brooks, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



26. LEviNE Information-Theoretic Approach 227 

V 
0 2 A 

Figure 1. Experimental measurements 
of the effect of H CI vibrational excita
tion on the rate of reaction with F, Br, 

and I atoms (3-6). 

Figure 2. Vibrational state distributions for CO. 
Experimental results for the nascent state distri
bution (11): A ; partially relaxed distribution 
(14): O; and thermal distribution: · . The 

dashed curves were obtained from Eq. (3). 
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0 + CS -> C O l ν ) + S (1) 

r e a c t i o n , (see also (1_2, 1 3 ) ) . The second i s a p a r t i a l l y relaxed 
d i s t r i b u t i o n measured (14_T~for the CS2/02/He system. The f i n a l one 
i s the d i s t r i b u t i o n at thermal e q u i l i b r i u m . One knows very w e l l 
how to c h a r a c t e r i z e the l a s t d i s t r i b u t i o n . The only property of 
the v i b r a t i o n a l s t a t e that matters i s i t s energy. Given the mean 
v i b r a t i o n a l energy, the d i s t r i b u t i o n i s f u l l y c h a r a c t e r i z e d . For 
an a r b i t r a r y d i s t r i b u t i o n P ( n ) , over some index n, one can show 
t h a t the corresponding property i s I ( n ) , 

I(n) = - £ n [ P ( n ) / P ° ( n ) ] , (2) 

where P ° ( n ) i s a f i x e d reference or ' p r i o r ' d i s t r i b u t i o n . I t i s 
convenient to r e f e r to I(n) as the ' s u r p r i s a l ' . I t i s evident that 
the s u r p r i s a l i s s u f f i c i e n t to describe the d i s t r i b u t i o n P ( n ) . A l l 
that i s required i s to solv

P(n) = P ° ( n ) e x p [ - U n ) ] . (3) 

I f we know the η - d e p e n d e n c e of the s u r p r i s a l we c l e a r l y know P ( n ) . 
The dashed l i n e s i n f i g u r e 2 were indeed obtained i n t h i s fashion 
(10). 

I t i s l e s s obvious that the s u r p r i s a l i s not only s u f f i c i e n t 
but i s a l s o necessary to c h a r a c t e r i z e the d i s t r i b u t i o n . I t p r o 
vides everything we have to know about the d i s t r i b u t i o n P(n) i n 
order that i t be f u l l y s p e c i f i e d . I t does not however provide more 
than we need to know. 

The e a r l y ( f i r s t generation) a p p l i c a t i o n s were a l l essen
t i a l l y s u r p r i s a l a n a l y s i s , as shown f o r example i n f i g u r e 3 , 
(adapted from (J_0)). The s u r p r i s a l I(v) of the nascent v i b r a t i o n a l 
s t a t e d i s t r i b u t i o n of d i f f e r e n t h i g h l y exoergic chemical r e a c t i o n s 
i s shown vs. f v , 

W E » (4) 
the f r a c t i o n of the a v a i l a b l e energy i n the product v i b r a t i o n . The 
s o l i d l i n e s are f i t s to the f u n c t i o n a l form 

H f v ) = λ 0 + * v f v (5) 
Here Ag i s not an independent parameter but i s determined by the 
c o n d i t i o n that Σ Ρ ( ν ) = 1 and the magnitude of λ ν , λ ο = λ ο ( λ ν ) . The 
advantage of using the reduced v a r i a b l e f v {15) i s evident from 
the p l o t . S i m i l a r react ions have the same s u r p r i s a l (and hence the 
same raw, P ( f v ) , d i s t r i b u t i o n ) when expressed i n terms of t h i s 
v a r i a b l e . 

The Cl + HI/DI experimental r e s u l t s (16) were used to draw 
the f i r s t s u r p r i s a l p l o t (]T). The F + H2/D2/HD r e s u l t s (18) 
provided the f i r s t independent v e r i f i c a t i o n of the (near) i s o t o p i c 
i n v a r i a n c e . These reactions were s i n c e studied (19) at several 
temperatures of the reagents (over the 280 - 1300 Κ range) and the 
s u r p r i s a l a n a l y s i s (adapted from (20)) i s shown i n f i g u r e 4. 
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Figure 3. Vibrational surprisal plot (right axis) and proba
bility distribution (left axis) vs. fraction of available energy 
in product vibration. All points correspond to experimental 
data. The dashed curves were obtained from Eq. (3). The 
solid curves for the surprisal were obtained from Eq. (5). 

The dash-dotted line gives the prior distribution. 

F i n a l l y , f i g u r e 3 shows an a n a l y s i s (21_) f o r a s e r i e s of a b s t r a c 
t i o n r e a c t i o n s . 

In a l l these p l o t s the p r i o r d i s t r i b u t i o n ( P ° ( v ) , dash-dotted 
l i n e i n f i g u r e 3) i s computed on the basis of the assumption t h a t 
a l l f i n a l product (quantum) s t a t e s are e q u a l l y probable (1_7). This 
i s the l e a s t informative (or most democratic) d i s t r i b u t i o n . The 
p r i o r d i s t r i b u t i o n i s not meant to agree with experiment but only 
to serve as a reference f o r comparison with the experimental (or 
computational) d i s t r i b u t i o n . 
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Figure 4. The surprisal of the products vibrational 
state distribution vs. the fraction of available energy 
for the F + H2 reaction and  Ο : 
F + H2y Δ : F + D2, · : F +
Each plot corresponds to a different
tional (TR) and translational (TT) temperatures. There 
are slight differences in the temperatures within each 
set. From top to bottom, and in the order: F + H 2 —> 
FH + H;F + D2^>FD + D; F + HD -» FH + D; 
and F -f- DH -> FD" + H, ifoe mita'aZ experimental tem
peratures (listed as (TR, Ίτ) in K) are: Set I: (279, 281), 
(279, 283), (279, 282). Set II: all temperatures (includ
ing F + DH) at 300 K. Set III; (718, 678), (718, 645), 
(718, 661). Set IV: (1315, 1219), (1315, 1130), (1315, 

1187). 

D e t a i l e d balance impl ies (8) t h a t the s u r p r i s a l i s the same 
f o r the forward and reversed r e a c t i o n s . Thus, i f f o r exoergic 
r e a c t i o n s the products v i b r a t i o n a l energy disposal has a ' l i n e a r ' 
s u r p r i s a l (equation 5) the same i s true f o r v i b r a t i o n a l energy 
consumption i n the reversed endothermic r e a c t i o n . E x p l i c i t 
examples are indeed a v a i l a b l e (7). What happens however f o r a 
r e a c t i o n that can be e i t h e r endothermic or exothermic, depending 
on the reagents or products? As an example consider the 

CI + HCl(v) -> H + C 1 2 ( V ) (6) 

r e a c t i o n which i s endoergic (ground s t a t e reagents to ground s t a t e 
products). As we change the v i b r a t i o n a l energy of HC1, the process 
w i l l change from endothermic ( i . e . one that requires energy from 
the t r a n s l a t i o n (or r o t a t i o n ) ) to exothermic. The p o i n t of change 
( i n d i c a t e d by an arrow i n f i g u r e 5) does depend on v'. Figure 5 
(adapted from (9)) i s an e x p l i c i t i l l u s t r a t i o n of the opposite 
trends i n the s u r p r i s a l f o r exothermic and endothermic processes. 
Extensive documentation of t h i s behaviour i s a v a i l a b l e f o r energy 
t r a n s f e r c o l l i s i o n s ( 2 2 - 2 5 ) . Figure 6 (adapted from (25)) shows 
such 'exponential gap' behaviour f o r low energy r o t a t i o n a l energy 
t r a n s f e r 

H + C0(J) + H + CO(J') (7) 
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Ct'HCKv)—H •Ct2(v') 

/ V = 2 

A v =

v'= 8 

1 1 1 1 _ι ι I ι I L 
6 7 8 9 10 II 

Figure 5. Effect of variation of the 
endoergicity (AE0 + Εν·) of the re
action on the surprisal plot. Shown 
is (the surprisal) —In k(V -> v';T)/ 
k(V -» ν';Ύ) vs. ν for v' = 2, 5, and 
8 at Τ = 850 Κ. The arrows mark 
the boundary between the endo-
thermic and exothermic behavior. 

? H + C0(J)-*H+C0(J') 

B v - ' ( E j -E j ) 

Figure 6. Surprisal synthesis, us
ing a sum rule (25), of both the 
classical and the quantal state-to-
state cross sections for Η + CO(j). 
Ε = 0.05 eV, j = 5. Top panel: 
the synthetic surprisal (line) and 
the surprisal obtained from quan
tal (points (26)), classical (tri
angles (27)), and classical "method 
Γ (wedges (27)) cross sections. The 
classical method I was carried out 
on a potential energy surface modi
fied so as to simulate CO as a homo-
nuclear diatomic molecule. Bottom 
panel: synthetic state-to-state cross 
sections (squares) vs. quantal (dots 
(26)) and chssical trajectory results 
(bars, spanning stated (27)) uncer
tainty limits of the chssical com

putation). 
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computed by quantum mechanical (26) and c l a s s i c a l (27) methods. 
A p p l i c a t i o n s of s u r p r i s a l a n a l y s i s to processes i n v o l v i n g 

changes i n e l e c t r o n i c s t a t e s have a l s o been reported ( 1 0 , 2 8 - 3 1 ) . 
Since i t s very i n c e p t i o n the procedure of s u r p r i s a l a n a l y s i s 

has been e x t e n s i v e l y reviewed (2^1_0J5,32-35). A d i s c u s s i o n of 
s t a t e - t o - s t a t e processes w i l l be found i n T?»10>35). (33) i s a 
general account of the f i r s t generation work with (34) p r o v i d i n g 
a l l the necessary working equations. (35) and, i n p a r t i c u l a r , (10) 
forge the l i n k to thermodynamics. 

S u r p r i s a l Synthesis 

The second major aim of the information t h e o r e t i c approach i s 
p r e d i c t i v e . The p r a c t i c a l argument i s obvious. The s u r p r i s a l , even 
when n o n - l i n e a r ( e . g . (36-38)) i s found to have a simple behaviour 
and to depend on j u s t a few parameters (one, f o r a l i n e a r 
s u r p r i s a l ) . Would i t no
meters of the s u r p r i s a l
ments there were two types of attempts i n t h i s d i r e c t i o n . In the 
f i r s t , the f u n c t i o n a l form of the s u r p r i s a l was derived from ap
proximate dynamical c o n s i d e r a t i o n s ( s e e , e . g . ( 3 9 - 4 3 ) ) . In t h i s 
way the s u r p r i s a l parameters could be r e l a t e d to features of the 
p o t e n t i a l energy surface ( e . g . ( 4 0 - 4 4 ) ) . A l t e r n a t i v e l y one could 
compute the s u r p r i s a l parameters v i a an exact c l a s s i c a l t r a j e c t o r y 
method and equate these to the corresponding quantal parameters. 
In t h i s way one obtains a 'quantal' s u r p r i s a l and hence a d i s c r e t e 
p r o b a b i l i t y d i s t r i b u t i o n . Several encouraging r e s u l t s were reported 
( 2 5 , 4 5 - 4 7 ) , even f o r 3-D c o l l i s i o n s ( 2 5 , 4 6 ) . The convergence of 
the method has been demonstrated (47). 

The second methodology r e l i e d more h e a v i l y on physical 
i n t u i t i o n and hence i s more e m p i r i c a l i n nature. The advantage i s 
that i t does lead to p r a c t i c a l r e s u l t s . Indeed i t has been exten
s i v e l y employed to generate a v a r i e t y of s t a t e - t o - s t a t e rate 
constants. The worry i s t h a t the method has no b u i l t - i n check of 
i t s v a l i d i t y (except of course by comparison with exact computa
t i o n or with experiment). Figure 6 demonstrates the u t i l i t y of the 
procedure. The s u r p r i s a l l i n e i s not a f i t but an independent 
d i r e c t computation of the s u r p r i s a l (25). Once the s u r p r i s a l i s 
known, the d i s t r i b u t i o n i s a l s o a v a i l a b l e ( c f . (3)) and the 
squares at the bottom of f i g u r e 6 were obtained i n t h i s f a s h i o n . 

The essence of the s u r p r i s a l synthesis i s as f o l l o w s . One 
expands the s u r p r i s a l i n a set of ( l i n e a r l y independent) proper
t i e s of the d i f f e r e n t s t a t e s 

One now requests t h a t the d i s t r i b u t i o n P(n) defined by (3) and ( 8 ) , 

reproduce the c o r r e c t expectation values of the A r ' s . E x p l i c i t l y 

I(n) = λ 0 + λ ] Α ι ( η ) + λ 2 Α 2 ( η ) + . . (8) 

(9) 

< Α Γ > (10) 
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where Q(n) i s t h e , thus f a r unknown, experimental (or computational) 
d i s t r i b u t i o n . This then serves to f i x the magnitude of the x r ' s 
(and, s i n c e Α ο ( η ) = 1 , λ 0 insures that P(n) i s normalized). The 
operators are the ' c o n s t r a i n t s 1 and convergence i s obtained when 
enough terms have been included i n (8) so that Q(n) = P(n) f o r a l l 
n. (The convergence i s monotonie ( 4 7 , 4 8 ) ) . The problem i s t h a t one 
n e i t h e r knows which c o n s t r a i n t s are required nor the magnitude of 
t h e i r expectation values. For l a t e r reference i t i s important to 
note t h a t there are r e a l l y two 'needs to know'. The f i r s t i s that 
we need to know which c o n s t r a i n t s . I f we do, we have an a l t e r n a t i v e 
route to s u r p r i s a l a n a l y s i s . Rather than determine the c o n s t r a i n t s 
by f i t t i n g (8) to the data ( i . e . to Q(n)) we determine the cons
t r a i n t s by o b t a i n i n g (8) from some theory. The second need only 
a r i s e i f we need to numerical ly determine the d i s t r i b u t i o n Q(n). 
Then we need the magnitude of the x ' s o r , e q u i v a l e n t l y , of the 
<A r>'s. 

S u r p r i s a l synthesis on the e m p i r i c a l l e v e l seeks to i d e n t i f y 
the c o n s t r a i n t s on p h y s i c a l grounds and then proceeds to use any 
a v a i l a b l e experimental input as a guide ( o r , b e t t e r s t i l l , an 
actual determination) f o r the magnitude of the c o n s t r a i n t s . 
A l t e r n a t i v e l y , one can use models to d i r e c t l y determine the 
magnitude of the c o n s t r a i n t s . A p p l i c a t i o n s to v i b r a t i o n a l (22,49-
5 1 ) , r o t a t i o n a l (25,37,38,52,53) and t r a n s i a t i o n a l (54-56.) s t a t e -
t o - s t a t e rate constants have been reported and the d e t a i l s w i l l be 
found i n the o r i g i n a l papers. 
The Road Ahead 

Future work i s l i k e l y to be very much i n f l u e n c e d by the 
f o r g i n g of the l i n k between the information t h e o r e t i c approach and 
the dynamical p o i n t of view. Given an i n i t i a l s t a t e and the 
Hamiltonian ( i . e . the p o t e n t i a l energy s u r f a c e ( s ) ) , the equations 
of motion are s u f f i c i e n t to c h a r a c t e r i z e the f i n a l s t a t e d i s t r i 
b u t i o n . Y e t , the s u r p r i s a l was introduced as being necessary and 
s u f f i c i e n t to c h a r a c t e r i z e the f i n a l s t a t e d i s t r i b u t i o n . The 
i n e v i t a b l e conclusion i s that i t must be p o s s i b l e to derive 
equation (8) as an exact dynamical r e s u l t . This has now been done 
( 5 7 ) , leading to a formalism c o n s i s t i n g of two p a r t s . The f i r s t i s 
purely a l g e b r a i c and provides a s p e c i f i c a t i o n of a l l the cons
t r a i n t s ( i . e . a l l the operators that appear i n ( 8 ) ) . The a l g e b r a i c 
procedure enables one to e a s i l y draw general conclusions ( e . g . 
s i m i l a r r e a c t i o n s have a common set of dynamic c o n s t r a i n t s ) . The 
second part of the formalism provides e x p l i c i t (coupled) 
d i f f e r e n t i a l equations f o r the Lagrange parameters (the x r ' s ) 
or f o r the mean value of the c o n s t r a i n t s (the <A r>'s, c f . ( 1 0 ) ) . 
The number of coupled equations equals the number of dynamic 
c o n s t r a i n t s . Under c e r t a i n (not uncommon) circumstances, these 
d i f f e r e n t i a l equations can be solved a n a l y t i c a l l y . A p p l i c a t i o n s 
to several (simple) examples have been worked out (57). 
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In the f u t u r e i t should become p o s s i b l e to perform exact 
dynamical computations d i r e c t l y f o r the s u r p r i s a l . In t h i s way, 
the equations of motion are employed to generate only necessary 
i n f o r m a t i o n . Converseley, the r e s u l t s of s u r p r i s a l a n a l y s i s of 
experimental data can be used to l e a r n a l l t h a t there i s to l e a r n 
about the p o t e n t i a l . 
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27 
State-to-State Considerations in Reactions in 
Interstellar Clouds 

R. N. PORTER 

Department of Chemistry, State University of New York, Stony Brook, NY 11794 

In a symposium on "State-to-State Chemistry" in the late 
1970's, i t seems appropriat
actions for which such
the ion-molecule reactions that are presumed to occur at the 
extremely low temperatures and pressures of the in ters te l lar 
clouds. Detailed analyses of in ters te l lar chemistry have been 
given by Herbst and Klemperer (1,2) and by Watson (3). Since 
the temperatures range between ~10-50 K, only exothermic and 
thermoneutral reactions without activation energy can occur; and 
since molecular densities are of the order of 104 cm-3, molecules 
coupled to the radiation f i e ld w i l l have vibration-rotation 
temperatures close to the 2.7 Κ blackbody temperature. Since 
hydrogen is by far the most numerous species, the states of the 
molecules are generally widely spaced and many of the molecules 
have ortho-para species that do not interconvert radiat ively. 
Under these conditions one expects classical dynamics to give an 
inadequate picture. Furthermore, averages and sums over states of 
molecules with ortho-para modifications must treat nuclear spin 
s ta t i s t ics properly. A central question is how to extrapolate 
thermal rates of the reactions, usually measured near room 
temperature, down to in ters te l lar temperatures. 

An important exothermic reaction is 

H 2 + H 2

+ -> H 3

+ + H, (Rl) 

the 40 kcal/mole being released into vibration and rotation of 
H3

+ as well as relative translation (4,5). The observation of the 
radiospectrum of HCO+ in several clouds (6) suggests that it may 
be formed by (1,2) 

H 3

+ + CO + HC0+ + H 2 . (R2) 

The observation of DCO+ in concentrations nearly as great as that 
of HCO+ (7) when the D/H atomic ratio is on the order of 10-5 (8) 
indicates isotope fractionation by (3,9) 
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H3
+HD + H 2 D + + H 2 . (R3) 

The measured forward r a t e of t h i s r e a c t i o n i s 3 χ 1 0 1 0 cm3 s e c ' 1 

( 1 0 ) , a f a c t o r of about 6 l e s s than the Langevin r a t e . This r e 
a c t i o n i s of p a r t i c u l a r i n t e r e s t , not only because of i t s 
p o s s i b l y key r o l e i n concentrat ing deuterium i n i n t e r s t e l l a r 
molecules, but because the s t r u c t u r e and spectra of the t r i a t o m i c 
species are a t t h i s point known e x c l u s i v e l y from ab i n i t i o 
c a l c u l a t i o n s ( 3 , 1 1 - 1 5 ) . 

To use Eq. (R3) i n a s a t i s f a c t o r y model of i n t e r s t e l l a r 
chemistry, we need (a) i t s e q u i l i b r i u m constant Kp, from which we 
can c a l c u l a t e i t s backward r a t e , and (b) the value of i t s forward 
r a t e extrapolated to i n t e r s t e l l a r temperatures. 

We have obtained (a) from sums over the r o t a t i o n s t a t e s of 
the reactant and product molecules, t a k i n g due account of o r t h o -
para m o d i f i c a t i o n s . Th
from the ground v i b r a t i o n s t a t e s (12, 1 4 ) , but t h i s r e s u l t i s 
misleading since H 3

+ has a z e r o - p o i n t r o t a t i o n a l energy of 91.7 Κ 
(13) and a combined nuclear s p i n - r o t a t i o n a l degeneracy of 6 i n the 
ground s t a t e . The extent to which the r e s u l t i n g entropy o f f s e t s 
the r o t a t i o n a l energy i s h i g h l y temperature-dependent, of course. 
The r e s u l t s f o r K p of (R3) range from V I 0 9 a t 10 Κ to VI0 a t 
50 Κ and depend upon assumptions about ortho/para r a t i o s . With 
H 2 D + h i g h l y favored a t low temperature, the observed i n t e n s i t i e s 
of DC0+ formed by the deuterium analogue of (R2) are q u i t e 
reasonable ( 9 ) . 

Obtaining (b) may be a more formidable t a s k , s ince the 
c o l l i s i o n complex i s the s t a b l e ion H 5

+ , one might expect the 
a c t i v a t i o n energy to be n e g l i g i b l e . Then why i s the rate only 1/6 
the Langevin rate? The c r i t i c a l r o t a t i o n a l b a r r i e r s are a t l l a 0 

and 7 . 4 a 0 i n the reactant and product channels, r e s p e c t i v e l y , so 
large as to i n d i c a t e a p p l i c a b i l i t y of L i g h t ' s s t a t i s t i c a l theory 
( 1 7 , 1 8 ) . One must of course use the quantum-mechanical form, as 
i n the c a l c u l a t i o n of K p . The hope then i s t h a t the f a c t o r 1/6 
might f i n d i t s explanation i n the d e t a i l e d s t a t i s t i c s of the 
P a u l i - p r i n c i p l e dominated r o t a t i o n s t a t e s of these molecules 
(14,15). Since the number of a c c e s s i b l e s t a t e s i s manageable, 
the c a l c u l a t i o n i s e a s i l y done, g i v i n g the r e s u l t s 502A 2 , 286A 2 , 
and 234A2 f o r the r e a c t i o n cross s e c t i o n s a t ε/k = 10 Κ, 30K, and 
50 K, r e s p e c t i v e l y . The percent o - H 2 i n the product predicted 
by the theory i s 18, 37, and 57 at the three r e s p e c t i v e e n e r g i e s , 
and the percent o - H 2 D + i s p r e d i c t e d to be 64, 50, and 68, 
r e s p e c t i v e l y . The r o t a t i o n a l temperatures of nascent H 2 D + as 
determined by the r e l a t i v e populations of the two l o w e s t - l y i n g 
para s t a t e s (v = 1361 GHz) are p r e d i c t e d to be 29 K, 173 K, and 
571 Κ a t the three energies. These temperatures are expected to 
r e l a x r a d i a t i v e l y to about 2.7 Κ before a c o l l i s i o n occurs. 
U n f o r t u n a t e l y , the t o t a l r e a c t i o n cross sect ions are w i t h i n a 
few percent of the Langevin v a l u e s . Simple reasoning about 
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tunnel ing through r o t a t i o n a l b a r r i e r s does not appear to provide 
the f a c t o r 1/6, although s t e r i c arguments help e l u c i d a t e d i s 
t i n c t i o n s between "reactive" and "nonreactive" r o t a t i o n s t a t e s . 
At present i t appears that beam-spectroscopy measurements, 
coupled with a f u l l quantum-dynamical a n a l y s i s , may be required 
f o r a s a t i s f a c t o r y s o l u t i o n to problem (b) f o r use i n models of 
i n t e r s t e l l a r chemistry — a challenge the papers at t h i s symposium 
i n d i c a t e we may soon be able to accept! 
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A New Helicity Representation for Reactive 
Atom-Diatom Collisions 

C. W. McCURDY and W. H. MILLER 

Department of Chemistry, University of California, Berkeley, CA 94720 

There have recently been several accurate quantum mechanical 
scattering calculation
sions, (1,2) and this provide
mate theoretical models. In par t icular , we would l i ke to see 
the extent to which "classical S-matrix" theory (3) provides 
a good description of the threshold region of this reaction; 
ea r l i e r calculations (4) for the col l inear version of the reaction 
showed the semiclassical model to be quite accurate. Preliminary 
semiclassical calculations for the three dimensional H + H2 

reaction have been reported, (5) but these were not extensive 
enough and of too preliminary a nature to allow a very useful 
comparison with the latest quantum mechanical reactive scattering 
calculations. 

To keep the semiclassical calculat ion as manageable as 
possible, we would like to take advantage of the helicity, or "jz-
conserving" approximation (6,7) that has been seen to work well 
quantum mechanically (8,9). This effectively eliminates one 
degree of freedom from the problem, and semiclassically this 
means that the quantizing boundary conditions that must be applied 
to the c lass ical trajectories require only a two dimensional root 
search rather than a three dimensional one (5). 

The usual j z -conserving approximation is spec i f i ca l ly 
designed for inelas t ic collision processes, however, and it is not 
immediately obvious how such an approximation should be applied to 
reactive c o l l i s i o n s . Thus, i f the helicity K, the projection of 
the total angular momentum J along the initial re la t ive transla-
tional coordinate R , κ = J-R, i s assumed to be conserved along the 
incoming part of the trajectory, and i f the projection κ ' of J 
along the translational coordinate R ' of the f inal arrangement is 
assumed to be conserved for the outward part of the trajectory, 
then at some point during the trajectory one must stop conserving 
κ and start conserving κ 1 , since the two are not the same. The 
part icular point at which one switches from conserving the heli
city in one arrangement to conserving i t in the other, however, 
i s somewhat arbi t rary. 
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To avoid t h i s i l l - d e f i n e d s i t u a t i o n , we have considered a 
new h e l i c i t y r e p r e s e n t a t i o n : the body-f ixed q u a n t i z a t i o n a x i s we 
choose i s n e i t h e r £ nor , but r a t h e r the p r i n c i p a l a x i s of the 
ABC t r i a n g l e of atoms which corresponds to the s m a l l e s t p r i n c i p a l 
moment of i n e r t i a . This q u a n t i z a t i o n a x i s becomes the t r a n s l a 
t i o n a l coordinate R a s y m p t o t i c a l l y when the i n i t i a l atom A i s f a r 
from the diatom'BC, i t becomes the f i n a l t r a n s l a t i o n a l coordinate 
R" when the f i n a l atom C i s f a r from AB, and i t v a r i e s smoothly 
between them i n the intermediate r e g i o n . I f the atoms are 
c o l l i n e a r , the a x i s i s the c o l l i n e a r a x i s . 

The p r o j e c t i o n of j onto the body-f ixed a x i s of the s m a l l e s t 
p r i n c i p a l moment of i n e r t i a thus becomes the ordinary h e l i c i t y i n 
the i n i t i a l and f i n a l asymptotic r e g i o n s , and i t v a r i e s smoothly 
between the two during the c o l l i s i o n . In t h i s regard the new 
h e l i c i t y i s somewhat l i k e a "natural c o l l i s i o n coordinate" (10) 
f o r t h i s v a r i a b l e . By
r i g i d asymmetric rotors ( V [ ) , i t i s a l s o c l e a r that the p r o j e c t i o n 
of j onto the a x i s of the s m a l l e s t p r i n c i p a l moment of i n e r t i a i s 
the body-f ixed p r o j e c t i o n t h a t should be most nearly conserved. 

The c l a s s i c a l Hamiltonian can be w r i t t e n i n t h i s new r e p r e 
s e n t a t i o n by t a k i n g the c l a s s i c a l l i m i t of the quantum mechanical 
Hamiltonian worked out by Diehl e t a K ( 1_2) ; u n l i k e the usual 
d e f i n i t i o n {]3)9 the three E u l e r angles i n t h i s case o r i e n t the 
p r i n c i p a l axes of the t r i a n g l e of atoms with respect to a space-
f i x e d a x i s . The c l a s s i c a l Hamiltonian so obtained can be w r i t t e n 
as 

H(p,q) = £ ( p R - A p R ) 2
 + ^ ( P r - A p r ) 2

 + ( - J - 2 + ^ ) ( Ρ γ - Α Ρ γ ) 2 

j 2 j 2 j 2 
+ V(R,r,Y) • + 2 f - . (1) 

where the canonical v a r i a b l e s are q = ( R , r , y , q K ) , and ρ = 
p ^ , p r , p , K ) ; R, r, and γ are the usual t r a n s l a t i o n a l c o o r d i n a t e , 
v i b r a t i o n a l c o o r d i n a t e , and r e l a t i v e angle (cos γ Ξ r - R ) , 
r e s p e c t i v e l y . J L 5 J 2 , J 3 are the components of t o t a l angular 
momentum along the p r i n c i p a l axes o f r o t a t i o n of the t r i a n g l e of 
p a r t i c l e s , and { Ι η · } , i = 1,2,3 are the p r i n c i p a l moments of 
i n e r t i a ordered so that I x < I 2 < I 3 Ξ Ι λ + I 2 ; s p e c i f i c a l l y 

I 2 - I-j = [ ( y R 2 ) 2 + ( m r 2 ) 2 + 2yR 2 mr 2 cos 2y]h (2a) 

I 2 + I-, = yR 2 + mr 2 . (2b) 

The terms Δρ , Δρ , and Δρ are 
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= . j 2 S i n γ p R 2 m r 2 C O | Y _ ( 3 A ) 

R 3 d 2 - ι Ί ) 2 R 

= j 2 s i n γ U R 2 m r 2 c o s j r . ( 3 b ) 

^ /τ τ \<- r r ( i 2 - I,) 

2 2 2 2 
A « - τ 2 s i n γ yR mr yR - mr 

Δ ρ γ " " J 3 , τ τ Λ δ ι η γ — Τ - 2 ( 3 c ) 

( I 2 - 1 ^ yR •+ mr 

Choosing the q u a n t i z a t i o n axis as we do, i . e . , along p r i n c i p a l 
a x i s 1, the angular momentum p r o j e c t i o n s {J^} are given i n terms 
of the canonical v a r i a b l e

J 1 = κ (4a) 

J 2 = / J 2 - K 2 c o s q K (4b) 

J 3 = / J 2 - K 2 s i n q K 

where J i s the ( f i x e d ) value of the t o t a l angular momentum. 
A h e l i c i t y conserving approximation can now be obtained by 

approximating the Hamiltonian of Eq. (1) to e l i m i n a t e the de
pendence on q , thus making κ a conserved q u a n t i t y . One way of 
doing t h i s i s to drop the " r o t a t i o n - v i b r a t i o n " coupling terms 
A p R , Δ ρ ^ , and Δ ρ ^ , and to average over q R , so that 

J 2

2 = / J 2 - K 2 c o s 2 q K + j ( J 2 - K 2 ) (5a) 

J 3

2 = / J 2 - K 2 s i n 2 q K ·> 1 ( J 2 - K 2 ) . (5b) 

The r e s u l t i n g approximate, h e l i c i t y - c o n s e r v i n g Hamiltonian i s 

P r e l i m i n a r y t e s t s of some of these ideas have been c a r r i e d 
out. Reactive c l a s s i c a l t r a j e c t o r i e s f o r the three dimensional 
Η + H 2 r e a c t i o n have been examined, f o r example,^and we see t h a t 
the "new" h e l i c i t y , J l f and the "old" h e l i c i t y , J - R , are about 
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e q u a l l y wel l conserved f o r the incoming part of the t r a j e c t o r y . 
The c l a s s i c a l r e a c t i v e cross s e c t i o n computed ( v i a a t r a j e c t o r y 
c a l c u l a t i o n ) from the Hamiltonian of Eq. ( 6 ) , however, i s not i n 
as good agreement with the exact c l a s s i c a l r e s u l t as i s t h a t 
obtained from the "old" h e l i c i t y - c o n s e r v i n g Hamiltonian. This 
seems to be due to the f a c t that the e f f e c t i v e c e n t r i f u g a l 
p o t e n t i a l i n Eq. (6) i s too small f o r large R, a l l o w i n g too much 
r e a c t i o n f o r large J. For small and intermediate values of J 
the r e a c t i o n p r o b a b i l i t y given by Eq. (6) i s i n reasonably good 
agreement with the exact c l a s s i c a l r e s u l t s . Other approximations 
to the c l a s s i c a l Hamiltonian of Eq. (1) are being explored to t r y 
to c o r r e c t t h i s d e f i c i e n c y of Eq. ( 6 ) . 
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Monte Carlo Trajectory Study of Ar + H2 Collisions 

Translation to Vibration Energy Transfer from Different 
Initial States 
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DONALD G. TRUHLAR 
Chemical Dynamics Laboratory, Department of Chemistry, 
University of Minnesota, Minneapolis, MN 55455 

We present here rate constants for vibrational state changes 
induced by co l l i s ions o
vibrational quantum number
other initial c o l l i s i o n conditions were selected from equilibrium 
distr ibutions at 4500°K. The rates were calculated using quasi
c lass ica l trajectory methods and the final vibrational quantum 
number v' was obtained by the histogram method for |∆ν| = 1 and 
smooth sampling for |∆ν| > 1 (1). The potential energy surface on 
which the trajectories were calculated i s the fu l l potential as 
reported elsewhere (1). The rate constants we report here are the 
most accurate and complete set obtainable from a study of this 
kind. They were obtained from a total of 2663, 4594, 3351, 2650, 
and 1976 trajectories for ν = 0, 4, 6, 10, and 13 respectively. 

The cross sections σb-->n(v,T-->v') presented here are computed 
by averaging over both the initial re la t ive veloci ty VR and the 
initial bound (b) rotational states and by summing over all non
-dissociat ive (n: bound and quasibound) f inal rotational states. 
The rate constants are σb-->n(v,T-->v') = <VR>σb-->n(v,T-->v') where 
<VR> = (8kT/πµ)½. 

Figure 1 shows the cross sections. S t a t i s t i c a l errors (asso
ciated with Monte Carlo averaging) are smallest (7-10%) for Δν = 
- 1 , but increase for large |∆ν| to about 100% at the end points 
where only one trajectory may be contributing to the cross section. 
The cross sections are 1-5 Å2 for Δν = ±1 for all ν ≥ 4. Larger 
Δν occur with smaller cross sections, but the smallest for which 
we can give a value is only 10-4 times that for Δν = ±1 . By plot
t ing the same data so as to display the negative of the surprisal 
(.2,3), as we do in Figure 2, better symmetry about Δν = 0 appears. 
The dispari ty between posit ive and negative Δν insofar as the 
range over which the cross section varies i s reduced, and on e i 
ther side of Δν = 0 the size of the average slope i s nearly the 
same, in contrast to Figure 1. There is also a defini te trend to
ward monotonicity (less crossing of l ines connecting points of 
different initial states). However, curvature between l i ne seg
ments connecting individual points is not much improved from F ig . 1. 
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1 0 ρ I—I—I—I—I—I—I—I—I—I—I—I—Γ 

Figure 1. A plot showing 
how the cross section σ 6 ^ η -
( ν,Τ -» ν ' ) depends on 
change of vibrational quan
tum number Δ ν = v ' — ν 
for initial ν = 0, 4, 6, 10, 

and 13 

0.1 
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Figure 2. A surprisal plot for 
Ar + H2 vibrational energy 
transfer collisions for the ini
tial states ν = 0,4, 6,10, and 
13 of Η2. The prior expecta
tions a0

h + n(\,T - > v') were 
calculated using the prescrip
tion suggested by Ben-Shaul 
et al. (2) and expressed ana
lytically by Procaccia and 
Levine (3). The accurate en
ergy states of H2 were used 
in the calculations and all 
nondissociative (bound and 
quasibound) final states were 
included. As for the trajec
tory results, however, averag
ing over initial states included 

only bound states. 
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Table I compares r a t i o s o f Δν = ±1 t r a n s i t i o n r a t e s from our 
t r a j e c t o r i e s with those from the Landau-Tel ler harmonic o s c i l l a t o r 
(LTH0) model: k(v->v+l) = (v+l)k(0-H) and k(v+v-l) = vk(l->0). The 
agreement i s good f o r v-*v-l but not so good f o r v->v+l, i n which 
case our rates i n c r e a s e with i n c r e a s i n g ν more r a p i d l y than does 
LTH0. This trend changes a t v=13 which can be explained by the 
ease o f d i s s o c i a t i o n from v=13 and the small number o f r o t a t i o n a l 
s t a t e s f o r v* = 14. We a l s o compare our Δ ν = ±1 t r a n s i t i o n s with 
k(4->5) and k(4-K3). This i s because k(0+l) i s the most uncertain 
o f the r a t e s reported here. 

Table I. Comparison of k^ n (v,T-*v+l) with LTH0 model. 

V k ( v + v + l ) / k ( 0 + l ) k ( v - * v - l ) / k ( l - * 0 ) 
present LTH0 present LTH0 

0 1.00 1.0
4 13. 
6 15. 7.00 7.2 6.00 

10 27. 11.00 12. 10.00 
13 10. 14.00 13. 13.00 

V k ( v - * - v + l ) / k ( 4 - > - 5 ) k ( v - * v - l ) / k ( 4 + 3 ) 
present LTH0 present LTH0 

0 0.08 0.20 — 

4 1.00 1.00 1.00 1.00 
6 1.19 1.40 1.48 1.50 

10 2.09 2.20 2.34 2.50 
13 0.77 2.80 2.59 3.25 

One of the most important aspects o f our r e s u l t s i s the ease 
with which multiquantum t r a n s i t i o n s o c c u r . C o l l i s i o n s with ν = 6 
lead to almost a l l values of v' i n c l u d i n g d i s s o c i a t i o n . We p r e 
sent t r a n s i t i o n p r o b a b i l i t i e s defined as k ^ n ( v , T ^ v ' ) d i v i d e d by 
the c o l l i s i o n frequency Ζ = <VD>TCD2 where D i s the zero-energy 
t u r n i n g p o i n t o f the s p h e r i c a l l y averaged i n t e r a c t i o n p o t e n t i a l . 
Table II shows i n t a b u l a r form what i s a l s o evident i n Figure 1, 
t h a t Δν = 7 i s observed with a p r o b a b i l i t y of 0.2% as l a r g e as 
Δν = 1. For comparison we give r e s u l t s c a l c u l a t e d from equations 
used by McElwain and P r i t c h a r d and by Johnston and B i r k s . 
McElwain and P r i t c h a r d (4) obtained an a n a l y t i c f i t to t r a n s i t i o n 
p r o b a b i l i t i e s c a l c u l a t e d using the Jackson Mott distorted-wave 
treatment of c o l l i n e a r c o l l i s i o n s . For the r e s u l t s i n Table II we 
s u b s t i t u t e d accurate energy l e v e l s i n t o t h e i r e q u a t i o n . Johnston 
and B i r k s (5) used an equation based on the v i b r a t i o n a l matrix 
elements alone but renormalized to an experimental r e l a x a t i o n 
time (6>) as extrapolated by the method o f Landau and T e l l e r . A c 
cording to e i t h e r of these models multiquantum t r a n s i t i o n s greater 
than Δν = ±2 would be l e s s important than our t r a j e c t o r i e s i n d i c a t e 
f o r Δν = 7. For Δ ν = +6 our r e s u l t s d i f f e r from these models by 
5-15 orders o f magnitude. Previous models (4^.5,2) o f d i s s o c i a t i o n 
o f H 2 i n shock tubes assumed multiquantum t r a n s i t i o n s are unimpor-
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t a n t . Our r e s u l t s i n d i c a t e t h a t they should be considered. 
McElwain and P r i t c h a r d and Johnston and B i r k s used s p e c i a l assump
t i o n s f o r the p r o b a b i l i t y of d i s s o c i a t i o n . Our d i s s o c i a t i o n prob
a b i l i t i e s are smaller than those o f Johnston and B i r k s but much 
l a r g e r than those o f McElwain and P r i t c h a r d . 

Table I I . k b + n ( v = 6, Τ = 4 5 0 0 ° K + v ' ) / Z 

V present McElwai n - P r i tchard J o h n s t o n - B i r k s 

0 4 . 2 9 ( - 3 ) 5.92(-18) 2.13(-10) 
1 9 . 0 2 ( - 3 ) 8.67(-15) 1.07(-8) 
2 1.65(-2) 2 . 4 5 ( - l l ) 2.90(-7) 
3 2.67(-2) 1.12(-7) 5.99(-6) 
4 5.08(-2) 7.03(-4) 1.17(-4) 
5 
a 

9.43(-2) 2.7K-2) 3.27(-3) 
0 
7 5.56(-2) 
8 1.52(-2) 4 . 6 8 ( - 4 ) 3.99(-5) 
9 6.89(-3) 1.80(-6) 2.20(-6) 

10 4 . 1 6 ( - 3 ) 6.23(-9) 1.86(-7) 
η 1.93(-3) 6 . 0 3 ( - l l ) 2.16(-8) 
12 4 . 2 8 ( - 4 ) 1.60(-12) 3.29(-9) 
13 9 . 5 1 ( - 5 ) 1 .19(-1 3) 6.45(-10) 
14 0. 2.64(-14) 1.63(-10) 

d i s s . 1.82(-3) 1.88(-14) 4 . 8 3 ( - 3 ) 

As a t e s t f o r how well the t r a j e c t o r y r e s u l t s s a t i s f y d e t a i l 
ed balance, we examined the r a t i o of our c a l c u l a t e d forward and 
reverse rates f o r the s i x cases f o r which we had data. We found 
agreement w i t h the r a t i o s p r e d i c t e d by the p r i o r expectat ions to 
w i t h i n the s t a t i s t i c a l e r r o r s . 
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I. Introduction 
Because of the long-rang

teraction potential betwee
of closely spaced vibrational-rotational levels near dissociation 
with large vibrational amplitudes and long classical vibrational 
periods (most of which are spent at large distance). Because pro
perties of such molecules (calculated theoretically or observed 
spectroscopically) are quite exotic and nonintuitive although sim
ply related to long-range forces, they are referred to as "long
-range molecules" (1,2,3). Moreover, such molecules, in the ab
sence of co l l i s ions , are metastable in electronic states which 
correlate only to ground or metastable atoms (4). The purpose of 
this manuscript is to br ief ly discuss three aspects of these mole
cules relevant to "state-to-state chemistry": the problem of de
fining discrete states as the dissociation l im i t is approached 
( I I ) ; the relative probabilit ies for e las t i c , vibrationally in
elastic, and co l l i s i ona l l y dissociative processes near the dis
sociation l imi t ( I I I ) ; and highly state-selective "Franck-Condon" 
processes between long range levels in different electronic 
states (IV). In a sense this is a progress report since there is 
apparently no direct experimental evidence and since much theo
ret ical work on each topic remains. 

I I . State Definition Near Dissociation. 
In conventional diatomic theory one speaks of a series of 

discrete vibrational levels in the potential energy curve of a 
given electronic state, followed by a translational continuum be
ginning precisely at the dissociation l i m i t . Real "long-range 
molecules", however, exhibit a number of features which cloud 
this simple picture, as i l lus t ra ted in Table I -for A 6 L i 2 -
These levels are predicted assuming V(R) = -C3R J (5),the inter
esting complications arising from rotation, fine and hyperfine 
structure, and retardation being ignored here for s implici ty and 
brevity. Note first that nearly half of the vibrational levels 
are in the top 1% of the potential we l l , and that the highest 
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Table I. Predicted long-range v i b r a t i o n a l l e v e l s ν with binding 
energy ε ν , outer c l a s s i c a l turning p o i n t R v + and c l a s s i c a l v i b r a 
t i o n a l period τ ν f o r the Α ίΣ5 s t a t e of 6 L i 2 assuming V Q = 105.5. 

V e v (cm _ 1 ) 
Κ ν Λ > T v ( s e c ) 

60 90. 30 3 . 2 ( - 1 2 ) 
70 20. 49 l.K-ll) 
80 2.8 96 5.8(-ll) 
90 0.14 260 7.0(-10) 
99 7.6(-4) 1,500 5 . 4 ( - 8 ) 

100 2 . 8 ( - 4 ) 2,100 1.3(-7) 
101 8 . 4 ( - 5 ) 3,100 3 . 4 ( - 7 ) 
102 1.9(-5) 5,000 1.2(-6) 
103 2 . 5 ( - 6 ) 9,000 6 . 4 ( - 6 ) 
104 1.2(-7) 8 . 3 ( - 5 ) 
105 1 . 6 ( - 1 0
105.5 0 OO OO 

l e v e l s become r i d i c u l o u s l y weakly bound and c l o s e l y spaced. The 
f i v e highest l e v e l s are w i t h i n t h e i r own natural l i n e w i d t h (1.97x 
l O ' ^ c m " 1 ) of the d i s s o c i a t i o n l i m i t , i . e. they form a s t r u c t u r e d 
continuum below the nominal onset of the ordinary continuum. In 
absorption from the ground s t a t e , the c o n t i n u i t y of o s c i l l a t o r 
strength across the d i s s o c i a t i o n l i m i t should be apparent { § ) . 
The very large outer t u r n i n g points Rw+ (near which most of the 
c l a s s i c a l v i b r a t i o n a l period i s spent) imply very large pressure 
broadening cross s e c t i o n s (presumably observable using Doppler-
f r e e spectroscopy a t very low pressures) and perhaps even the e f 
f e c t of a f i n i t e c o n t a i n e r (e. g. a c a p i l l a r y ) could be observed. 
F i n a l l y note t h a t f o r v>99, the c l a s s i c a l v i b r a t i o n a l period ex
ceeds the 27 nsec r a d i a t i v e l i f e t i m e . T r a d i t i o n a l arguments 
whereby one averages over v i b r a t i o n a l motion i n c a l c u l a t i n g e l e c 
t r o n i c t r a n s i t i o n p r o b a b i l i t i e s are c l e a r l y i n a p p r o p r i a t e and a 
wave packet or s c a t t e r i n g formalism capable of d i s t i n g u i s h i n g be
tween "state" preparation at small versus large d i s t a n c e , f o r ex
ample, i s needed. 

I I I . Thermal Energy I n e l a s t i c C o l l i s i o n s . 
In t h i s s e c t i o n l e t us consider the c o l l i s i o n of a long range 

molecule AB0 0 with a thermal energy i n e r t gas atom such as He or Ar 
f o r which l i t t l e r e a c t i o n i s expected (though i t i s e n e r g e t i c a l l y 
p o s s i b l e because of the weak binding of AB°°). F i r s t note t h a t the 
expectat ion values of the k i n e t i c energy (7) and a l s o the magni
tude of the momentum go to zero as the d i s s o c i a t i o n l i m i t i s ap
proached, and f o r long-range l e v e l s these expectation values are 
u s u a l l y much s m a l l e r even than f o r the z e r o - p o i n t l e v e l i n the 
same p o t e n t i a l . This i s because most of the v i b r a t i o n a l wave-
f u n c t i o n amplitude i s i n the large d i s t a n c e region near Ry+ where 
the t o t a l energy i s very c l o s e to the p o t e n t i a l energy. In a 
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sense, AB0 0 molecules correspond to A and Β atoms at s l i g h t l y ne
g a t i v e temperature. In a c o l l i s i o n with a thermal t h i r d body 
(thermal k i n e t i c energy and momentum), the overwhelmingly f a v o r 
able process i s thus expected to be c o l l i s i o n - i n d u c e d d i s s o c i a 
t i o n , with v i b r a t i o n a l l y i n e l a s t i c c o l l i s i o n being much l e s s pro
bable and e l a s t i c c o l l i s i o n l e s s probable s t i l l . (Note that the 
behavior of an ordinary v i b r a t i o n a l l y e x c i t e d molecule AB*̂  i s 
q u i t e d i f f e r e n t . ) 

IV. Franck-Condon Processes. 
In t h i s s e c t i o n l e t us consider processes i n v o l v i n g e l e c t r o n 

i c change i n a long-range molecule AB°° which approximately obeys 
the Franck-Condon p r i n c i p l e (that nuclear k i n e t i c energy i s un
changed i n an e l e c t r o n i c t r a n s i t i o n ) , e . g . p h o t o e x c i t a t i o n , Pen
ning i o n i z a t i o n , e l e c t r o n or proton impact e x c i t a t i o n , photo-
i o n i z a t i o n , photodetachment
Condon f a c t o r s f o r a t r a n s i t i o
e l e c t r o n i c s t a t e to a long-range l e v e l of another e l e c t r o n i c state 
should be very l a r g e . One can think of t h i s as a r e s u l t of the 
f a c t t h a t only the long-range molecules and the lowest energy 
p o r t i o n of the continuum have s u f f i c i e n t l y small k i n e t i c energies 
to obey the Franck-Condon p r i n c i p l e i n a t r a n s i t i o n from a l o n g -
range l e v e l ( 4 , 7 J . For example, i n r e a l i s t i c model c a l c u l a t i o n s 
of the Α 1 Σ + ( 0 < ν ' < 26) -> Χ V ( 0 < ν" < 23) bands of 7 L i H 

(4_»8) , by f a r the l a r g e s t Franck-Concfon f a c t o r was f o r the t r a n s i 
t i o n 7|_iH*«> ( v . = 26) + 7LiH°° (v" = 23) (the upper and lower 
v i b r a t i o n a l wavefunctions having an overlap of 75%!). Thus given 
a source of AB°° i n some e l e c t r o n i c s t a t e , h i g h l y s e l e c t i v e i n t e r -
conversions to other e l e c t r o n i c (and charge) s t a t e s should be 
p o s s i b l e . 

Support of t h i s work by the National Science Foundation i s 
g r a t e f u l l y acknolwedged. 
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Sta te- to-s ta te chemistry can be modelled t heo r e t i c a l l y given 
molecular potent ia l -energ ie
s imulat ion and ana lys is
states be quantized modes of motion. Even f o r c l a s s i c a l or quas i -
c l a s s i c a l dynamics, wherein molecular reactants and/or products 
are not necessar i ly quant ized, the creat ion of reactants and the 
ana lys is of products requires a proper decomposition of molecular 
energies in to v i b r a t i ona l / r o t a t i ona l components. In th i s paper, 
we ignore the contr ibut ion of ro ta t ion to the molecular motion 
problem. We concentrate instead on the establ ishment of the c l a s s 
i c a l v i b ra t i on states of a r e a l i s t i c model of ground state methy
lene 3 B 1 CH 2 . We seek the natural v i b ra t i on modes into which the 
v ib ra t i ona l Hamiltonian i s "most near ly" separable; we wish to re
duce the (3N-6)-dimensional problem to 3N-6 quasi-one-dimensional 
problems. Without such a reduct ion , exact s ta te - to - s ta te ca l cu
l a t i ons are not poss ib l e . We report here the successful i s o l a t i o n 
of the natural asymmetric s t re tch mode at energies from near zero 
point to near atomizat ion. 

The natural v i b ra t i on modes are asymptot ica l ly equivalent to 
the normal v i b ra t i on modes (1_) in the l i m i t of i n f i n i t e s ima l v i b r a -
amplitude. The dynamics of normal v i b ra t i on are character ized by 
invar ian t p e r i o d i c i t y , i nva r i an t energy, and a one-dimensional t r a 
jec to ry in coordinate space. These propert ies are destroyed in 
f i n i t e v ib ra t i on amplitude dynamics (2_). The same propert ies may 
be reta ined by the natural v i b ra t i on modes through the ergodic 
l i m i t (3, 4J beyond which v ib ra t i on dynamics need not be "regular" 
and "quas i -per iod i c " . We use c l a s s i c a l t r a j ec to ry methods {2) to 
i den t i f y the natural v ib ra t i on modes, here ina f ter ca l l ed regular 
modes. An i t e r a t i v e search strategy i s developed wherein the 
i n i t i a l condit ions of a t ra j e c to ry are perturbed un t i l the r e su l t 
ant t r a j ec to ry i s a c losed, s e l f - t r a c i n g , one-dimensional curve in 
coordinate space. The so lu t ion i s a pure regular mode, and i t s 
energy conservation and pe r i o d i c i t y requirements are s a t i s f i e d 
a f o r t i o r i . The fami ly of such so lu t i ons , each member at a d i f f 
erent energy, complete the chac ter i za t ion of the regular mode. 

Asymmetric s t re tch v ib ra t ions fo r a methylene model potent ia l 
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Figure 1. Potential-energy contours and selected asymmetric 
vibration trajectories for 3Bt methylene. Insert shows relevant 
geometry parameters and defines the axes. 'Numbered contours 
are curves of constant potential energy. The energies themselves 
(in kcal mol'1 relative to zero at equilibrium) are the squares of 
the identifying numbers. While the contours are thus unevenly 
spaced in energy, quadratic potentials would yield such contours 
evenly spaced in the co-ordinates. The observed uneven spacing 
in coordinates reflects the degree of anharmonicity in the poten
tial. (This choice of contouring reduces the severe crowding 
observed in most potential maps.) Lettered curves represent 
regular asymmetric vibrations. Parameters for those vibrations 

are given in Table I. 

(5) are shown as l e t t e r e d curves i n Figure 1. The search s t r a t 
egy c o n s i s t e d of v a r i a t i o n of asymmetric k i n e t i c energy and i n i t 
i a l bond angle at a given symmetric s t r e t c h c o o r d i n a t e . This 
strategy was s u c c e s s f u l because symmetric and bend c o n t r i b u t i o n s 
to r e g u l a r asymmetric s t r e t c h are at extrema f o r C ? v geometries. 
These c o n t r i b u t i o n s do not destroy the p u r i t y of the r e g u l a r 
asymmetric mode because they occur at the asymmetric s t r e t c h f r e 
quency. That symmetric motions c o n t r i b u t e to "asymmetric s t r e t c h " 
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i s obvious from both the curvature o f the asymmetric t r a j e c t o r j e s 
and the d e v i a t i o n of t h e i r midpoints from the e q u i l i b r i u m geomet
ry. The bend c o n t r i b u t i o n cannot be seen i n Figure 1 as i t has 
been projected out; however, Table I i n d i c a t e s the extent of i t s 
c o n t r i b u t i o n . As the asymmetric s t r e t c h energy i s i n c r e a s e d , the 
r e g u l a r motion involves a decreasing bond angle. The o s c i l l a t i o n 
of t h i s bond angle during the asymmetric s t r e t c h v i b r a t i o n i s min
imal (about one degree at the highest energy s t u d i e d , t r a j e c t o r y 
f ) . Because each asymmetric s t r e t c h shown i n Figure 1 occurs at 
a d i f f e r e n t bond a n g l e , the Figure i s something of a cheat; the 
numbered p o t e n t i a l - e n e r g y contours were drawn f o r the e q u i l i b r i u m 
bond a n g l e , θ = 1 2 7 . 7 ° . However, due to the weak bending force 
constant (Fee = 0.234 mdyn A" 1 r a d " 2 ) , there i s l e s s than a 
4 kcal/mol d i f f e r e n c e i n the energy contours between the extremes 
of the asymmetric t r a j e c t o r i e s d e p i c t e d . F u r t h e r , the t r a j e c 
t o r i e s are s a t i s f y i n g l y normal to the contour l e v e l s at t h e i r end-
p o i n t s ; hence the s p i r i
and i t s p o t e n t i a l bounds i s preserved. 

The energy of the asymmetric s t r e t c h v i b r a t i o n i s a good 
c l a s s i c a l constant of the motion; hence i t i s a s s o c i a t e d with 
a good quantum number of a quantum mechanical dynamics (2J. The 
asymmetric s t r e t c h a c t i o n i s the t o t a l c l a s s i c a l a c t i o n i n these 
t r a j e c t o r i e s ; thus one may obtain JWKB v i b r a t i o n a l quantum numbers 
from the t r a j e c t o r i e s i n a s t r a i g h t f o r w a r d manner ( 6 ) . These 
quantum numbers are presented i n Table I. The a t t r i b u t e s of the 

Table I. Methylene Asymmetric S t r e t c h 

Label VJWKB V 

(cm"1) 
Ε 

(kJ mol - 1) (A) 
m 

(degrees) 
66 t 

η - 0 . 5 3361 0 1.08192 127.705 0.0 

a 0.02 3311 20.54 1.09411 127.05 0.01 

b 2.55 3082 117.53 1.15666 124.08 0.07 

c 6.07 2780 240.87 1.25000 120.51 0.17 

d 12.88 2268 445.39 1.45000 114.87 0.40 

e 17.52 1937 555.64 1.60000 111.71 0.61 

f 25.89 1249 720.69 2.02000 106.52 1.23 

a - f ) C a l c u l a t e d t r a j e c t o r i e s 
m) Midpoint geometry f o r asymmetric v i b r a t i o n 
n) Normal mode r e s u l t s at the e q u i l i b r i u m geometry 
t ) δ θ i s the d i f f e r e n c e i n θ between t u r n i n g and midpoint 
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asymmetric s t r e t c h vary so smoothly with JWKB quantum number that 
one can i n t e r p o l a t e t h e i r values at i n t e g r a l quantum numbers con
f i d e n t l y with Lagrange i n t e r p o l a t i o n ( 7 ) . The term values p r e 
sented i n the t a b l e represent an e a s i l y - o b t a i n e d , f i r s t a p p r o x i 
mation route to pure asymmetric s t r e t c h s p e c t r a l information from 
the p o t e n t i a l model. 

The s u c c e s s f u l e x t r a c t i o n of t h i s pure r e g u l a r v i b r a t i o n 
mode r a i s e s the p o s s i b i l i t y of the establishment of r e g u l a r v i b r a 
t i o n modes f o r a r b i t r a r y bound molecular p o t e n t i a l s . These modes 
and t h e i r combinatorial dynamics w i l l be o f g r e a t u t i l i t y i n the 
c r e a t i o n and a n a l y s i s of r e p r e s e n t a t i v e v i b r a t i o n s t a t e s i n 
t h e o r e t i c a l dynamical s t u d i e s . 
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Thermochemical Properties for Atoms and Molecules in 
Specific Quantum States 
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Our knowledge and understanding of state-to-state chemistry 
spans a wide spectrum of level of de ta i l . At the ultimate end of 
this spectrum there is th  differential
section for an elementar
products are in specified quantum states at a well defined total 
energy. At the other end of the spectrum would be an elementary 
chemical reaction with no state selection whatever; here all 
species would be characterized by a (Boltzmann) thermal distri
bution of quantum states. Most experimental and many theoretical 
studies are somewhere in the middle of this spectrum, where some 
state specification is combined with some thermal averaging. In 
part icular, it is quite common to have a thermal distribution of 
the kinetic energy. In such studies one may find it useful to 
have the thermochemical properties of species that have some 
degree of state selection. Indeed there are problems such as 
computer modeling of chemical lasers where knowledge of these 
thermochemical properties is an absolute prerequisite for setting 
up the solution. In such situations a chemist may experience 
some doubt about the va l id i ty of combining state specification 
with thermodynamics, probably due to a concern about inadver
tently generating a model for a perpetual motion machine. The 
purpose of our study was to set up the correct formalism and 
working equations for finding the thermochemical properties of 
species in specified quantum states, or groups of quantum states. 
More par t icular ly , we present formulas for modifying standard 
tabulations of thermochemical properties (1) to get the thermo
chemical properties for atoms and molecules in specified internal 
quantum states. 

The l ine of reasoning which justifies, on the basis of 
detailed-balance arguments, the combination of thermodynamics 
with state specification has been presented elsewhere (2). A 
brief overview is given by considering the production of a 
species in state i_, ABvi) , in an elementary process that is 
otherwise described by thermal distributions, 

†The Hebrew University, Jerusalem, Israel 
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A + BC -> ΑΒ( Ί ') + C (1) 

as a kind of Hess' Law problem combining the purely thermal 
process 

A + BC + AB + C (2) 

with the e x c i t a t i o n process 

AB -> A B ( i ) . (3) 

The e q u i l i b r i u m constant f o r process (2) i s c l e a r l y described by 
ordinary thermodynamics, whi le that f o r process (3) i s described 
by the Boltzmann d i s t r i b u t i o n 

C A B h 9j exp(-E./kT) 

~mr y (4) 

where g-j and Εη· are the degeneracy and energy of quantum s t a t e i_ 
and q^ i s the sum-over-states f o r the u n e q u i l i b r a t e d degree(s) of 
freedom from which χ i s s e l e c t e d . Since (1) i s the sum of (2) 
and ( 3 ) , i t s e q u i l i b r i u m constant K c ' i s the product of the 
e q u i l i b r i u m constants 

g.exp(-E./kT) 
K c ' = K c x - l - ^ (5) 

Contact with thermochemical p r o p e r t i e s i s then made by not ing 
t h a t K c = e x p ( - A A ° / R T ) , such that^tlje standard Helmholtz f u n c t i o n 
f o r the s t a t e - s e l e c t e d species A B ^ J must be r e l a t e d to the 
ordinary standard Helmholtz f u n c t i o n of AB by 

A ° i = A° - RTln g. + E. + RT In q^ (6) 

Equation (6) shows the basic i n g r e d i e n t s of the l i n k between 
ordinary and s t a t e - s p e c i f i c thermochemical p r o p e r t i e s : the 
energy and degeneracy of the s p e c i f i e d s t a t e are r e q u i r e d , and 
the ordinary p a r t i t i o n f u n c t i o n f o r the degree(s) of freedom from 
which the s t a t e was s e l e c t e d . 

The r e s t of the thermochemical p r o p e r t i e s are r e a d i l y found 
by simple manipulations of ( 6 ) ; i n p a r t i c u l a r , we f i n d f o r the 
m o d i f i c a t i o n s required f o r the common thermochemical p r o p e r t i e s 

Δ Η ° 0 ( ι ) = Δ Η ° 0 + E i (7) 

S ° ( i ) = S° + Rlngi - S° (8) 
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c; ( i ) - c; - ( 9 ) 

In our complete paper ( 3 J , m o d i f i c a t i o n formulas to a l l JANAF 
e n t r i e s are i n c l u d e d , both f o r the s i n g l e - s t a t e s i t u a t i o n 
described here and the s i t u a t i o n where a group of s t a t e s i n some 
d i s t r i b u t i o n over an energy range i s s p e c i f i e d . 

As an i l l u s t r a t i o n of the a p p l i c a t i o n of equations l i k e (7) -
(9) we take the ν = 2 , J = 6 s t a t e of HF a t Τ = 400 Κ. Since ΕΊ· 
i s 24.593 kcal f o r t h i s s t a t e , (7) gives -40.535 kcal f o r Δ Η £ 0 

( i ) i n place of -65.128 kcal f o r ordinary HF i d e a l gas. S3 
f o r the r o t a t i o n a l and v i b r a t i o n a l degrees of freedom of HF at 
400 Κ i s found to be 7.162 cal/K by standard s t a t i s t i c a l thermo
dynamics formulas ( 4 ) , and g j = 13; S? i s then given from (8) as 
41.490 cal/K i n place of 43,555 cal/K f o r ordinary HF at 400 K. 
S u b t r a c t i n g the heat c a p a c i t
only the t r a n s l a t i o n a l c o n t r i b u t i o
i n ( 9 ) . P 
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