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ABSTRACT 

The most general  s e t s  of coordinates which diagonalize the r e l a t i v e  

k ine t i c  energy of an N p a r t i c l e  system a r e  derived. These include 

reac t ion  coordinates which a r e  symmetric with respect  t o  both' the  

reac tan t s  and products. The angle of skewing of an idealized po t en t i a l  

energy surface determines whether a molecular co l l i s i on  i s  ad iaba t ic  or  

l e a d s  t o a n  e ~ c h a n g e ~ r e a c t i o n .  T h e  shape of the pot 

face leads t o  v ibra t iona l l y  excited diatomi-c molecules a s  products i n  

hydr ogen-ha logen r e a c t  ions. 
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I owe a g r e a t  debt of g ra t i tude  t o  Henry Eyring for  having given 

me a good s t a r t  i n  my s c i e n t i f i c  ca ree r .  H i s  phys ica l  i n s i g h t  and h i s  

a b i l i t y  t o  cons t ruc t  simple models for  explaining n a t u r a l  phenomena was 

a g rea t  i n s p i r a t i o n .  The present  research  is  an outgrowth of my graduate 

work wi th  him. 

The ob jec t ive  of t h i s  paper i s  t o  de r ive  the  most genera l  s e t s  of 

coordinates which diagonalize the  r e l a t i v e  k i n e t i c  energy of an N 

p a r t i c l e  system. Such coordinates a r e  use fu l  i n  both s t a t i o n a r y  s t a t e s  

and c o l l i s i o n  processes.  I n  a  subsequent paper some of the  quantum 

mechanical app l i ca t ions  w i l l  be considered: i so top ic  s h i f t s  of the  

energy, devia t ions  from the  Born-Oppenheimer separa t ion ,  sp in  and o r b i t a l  

angular momentum couplings, e t c .  The present  paper i s  w r i t t e n  from the  

standpoint  of molecular c o l l i s i o n s  or chemical k i n e t i c s .  For example, 

our coordinates might be used i n  the  cons t ruct ion  of p o t e n t i a l  energy 

surfaces .  

-- - - 

  he concept of p o t e n t i a l  energy surfaces  i s a n  example of the  genius 

of both Henry Eyring and Michael Polanyi. ' I n  1930, they knew from 

quantum mechanics how t o  est imate the  p o t e n t i a l  energy of an a r b i t r a r y  

conf igura t ion  of atoms. They asked the  quest ion,  how could they con- 

s t r u c t  an  energy surface ,  expressed i n  terms of the  r e l a t i v e  separa t ion  

between atoms, such t h a t  force  on a hypo the t i ca l  marble r o l l i n g  on t h i s  

surface  i s  equal  t o  minus the  gradient  of the  energy and the  motion of 

t h e  marble f a i t h f u l l y  reproduces the  kinematics of a  molecular c o l l i s i o n  

process. They consulted with t h e i r  good f r iend,  Eugene Wigner. The 

energy contours should correspond t o  the  e f f e c t i v e  p o t e n t i a l  energy, 

V e f f  , which is  the  sum of the  p o t e n t i a l  energy, V ( the  Born-Oppenheimer 



approximation t o  the  e lec t r o n i c  energy of the moleeulac a r r a y ) ,  and the 

& 2  c e n t r i f u g a l  p o t e n t i a l  & / 21  , where i s  the  t o t a l  angular  momente rm 

of the  system (a  cons t an t  of t he  motion) and I i s  the  momeni- of 

i n e r t i a ,  

Furthermore, t h e  coord ina tes  should be l i n e a r  combinations of t l i €  sey- 

a r a t i o n s  between the  atoms, chosen s o  a s  t o  d iagonal izc  the  1tl.lteras 

energy of t he  r e l a t i v e  motion. Thus, when I was a gradu.ate s tudeni ,  

Eyr ing ' s  o f f i c e  was f i l l e d  wi th  both cardboard and p l a s t e r  of p a r i s  

p o t e n t i a l  energy s u r f a c e s  t o  sillaulate head-on c o l l i s i o n s  of acorns wFth 

diatomic molecules -- and one of our func t ions  was t o  r o l l  t h e  r r t a r b k .  i 

I. COORDINATE SYSTEMS IdHICH DIAGONALIZE THE KINETIC ENERGY OF RE"LATiVE 

MOTION 

I n  t r e a t i n g  the kinematics  of a many-body problem by e i t h e r  class:- 

c a l  or quantum mechanics, i t  is  d e s i r a b l e  t o  s h i f t  from space-f ixed 

coord ina t e s  t o  r e l a t i v e  coord ina tes  and sepa ra t e  o f f  t he  motion of ttie 

cen te r  of mass, The r e s u l t i n g  express ions  f o r  the k i n e t i c  energy 

usua l ly  con ta in  cross- terms i n  t he  r e l a t i v e  v e l o c i t i e s  or momenta. T h e  

presence of t hese  cross- terms g r e a t l y  complicates  the  dynamics. It uas 

1 
the presence of such cross- te rms  which led Eyring and Polanyf t o  skew 

the r e l a t i v e  coord ina tes  i n  t r e a t i n g  the  i n t e r a c t i o n  of t h ree  hydrogen 

atoms. Their  skewed coord ina t e s  r e p r e s e n t  a new s e t  of r e l a t ~ v e  c o -  

o rd ina t e s ,  which is fndeed a s p e c i a l  case  of the genera l  coord ina tes  

(without such cross- te rms)  which we s h a l l  consider  h e r e ,  

There a r e  a greaf many d i f f e r e n t  s e t s  of r e l a t i v e  coo rd ins t e s  

which y i e l d  an expressior? fo r  the  k i n e t i c  energy s f  r e l a t i v e  riotion 



3 

i n  d i a g o n a l  form. Some of t h e s e  s e t s  have been cons idered  p r e v i o u s l y  

2 3 
by Jepsen  and K i r s c h f e l d e r  and by H i r s c h f e l d e r  and Dahler .  They 

found t h a t  t h e  k i n e t i c  energy  o f  an  N p a r t i c l e  sys tem h a s  t h e  form 

The i r  s e t s  of c o o r d i n a t e s ,  Qi , can be v i s u a l i z e d  i n  terms of "mobiPe" 

mode 1s .  

The mobile i s  c o n s t r u c t e d  i n  t h e  fsPlowing manner: The c o o r d i n a t e  

Q* 
i s  a  v e c t o r  j o i n i n g  t h e  c e n t e r  of mass of t h e  sys tem t o  t h e  o r i g i r ~  

of t h e  l a b o r a t o r y  c o o r d i n a t e s ,  

Here r i s  t h e  p o s i t i o n  and m i s  t h e  mass of t h e  j - t h  p a r t i c l e ;  - j j 

MN i s  t h e  mass of t h e  system, = m . Throughout t h e  r e s t  o f  t j 3= 
t h i s  paper ,  t h e  d e f i n i t i o n  of CJ remains  unchanged whereas t h e r e  i s  

N 

c o n s i d e r a b l e  c h o i c e  i n  t h e  s e l e c t i o n  of t h e  N - 1  r e l a t i v e  c o o r d i n a t e s ,  

The o t h e r  (N-1) c o o r d i n a t e s  a r e  v e c t o r s  j o i n i n g  t o g e t h e r  t h e  

c e n t e r s  of g r a v i t y  o f  groups of p a r t i c l e s .  Le t  r (A) be t h e  c e n t e r  
-c 

of mass and be t h e  mass of t h e  p a r t i c l e s  i n  group A , 

Then t h e  c o o r d i n a t e  j o i n i n g  group A w i t h  group B i s  

I f  a  group A c o n s i s t s  of a  s i n g l e  p a r t i c l e ,  MA i s  t h e  mass and 

- .  



r (A) i s  the  coordinate of t h a t  p a r t i c l e .  To (or from) each p a r t i c l e  
-c 

the re  i s  exac t ly  one vector coordinate.  Any mobile constructed i n  the  

above manner w i l l  furn ish  a s u i t a b l e  s e t  of coordinates Q ..,)% which 1' 

s a t i s f i e s  Eq. (2 ) .  For two p a r t i c l e s  (such a s  the hydrogen nucleus and 

e lec t ron) ,  
Q1 

is  the  square r o o t  of the  reduced mass times the separa-  

t i o n  between p a r t i c l e s .  Fig. 1 shows the th ree  poss ib le  mobiles f o r  a  

th ree  p a r t i c l e  system. Fig. 2 shows th ree  of the many poss ib le  mobiles 

for  4 p a r t i c l e s .  

All of the  poss ib le  s e t s  of coordinates Si,. . . , which ( together  

with &) s a t i s f y  Eq. ( 2 )  can be generated by un i t a ry  transformations 

( r o t a t i o n s  and r e f l e c t i o n s  i n  a  space of N - 1  dimensions) of any s e t  

of coordinatks Ql, . . . ,QN-l (which might, for  example, be obtained 

from a mobile) I n  order t o  prove t h i s ,  l e t  

Then, 

I f ,  now, the  c o e f f i c i e n t s  R form a un i t a ry  matrix s o  t h a t  
i j 

then 



Fig. 1: The Three Possible Mobiles fo r  a Three P a r t i c l e  System. 

The so l id  c i r c l e s  a r e  pa r t i c l e s ,  whereas the open c i r c l e s  a r e  cen te r s  

df mass. of gr.oups .of 8 pa r t i c4e s i  ~f p a r t i c l e  -"1!? rescts M t h  mo$p&'ie* .' 
L .-*.; -LC ' 

2 the  i n i t i a l  phase of .the . react i& .is t described' by Mqbile (a) .  
" ..,.. L . ,  ",. " '  

I f  the  prodqcts of the  reac t ion  ar.e "2" +. "13" or "3" + "12" 
t 

the  
i completi;n+of the  r eac t i ve  co l l id ibn  i s  be s t  described by Mobile (b) 
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Thus u n i t a r y  t r a n s f o r m a t i o n  a p p l i e d  t o  a n  a c c e p t a b l e  s e t  o f  e s -  

o r d i a t e s  q l 9  ' " ~ 2 ~ -  produces  ano ther  ascepcab le  s e t  of c o o r d i n a ~ e s  

. . . S i n c e  E q .  (8 )  p l a c e s  N N  2 r e s t r i c t i o n s  on t l ic ( R - 1 )  a 

c o e f f i c i e n t s  R i i  > t h e r e  a r e  

a r b i t r a r y  pa ramete rs  embedded i n  t h e  R i  rnat-rix. On the  o t h e r  hand, - 

l e  t us  c o n s i d e r  t h e  [nos t genera  l e x p r e s s i o n  f o r  tEie r e  l a  trfve e o d r d - i i ~ a t e ~  
I 

9;,* . 7 9 , - l  5 

N-  l 

9 :  = 7 A i j  (r - r 1 = 1 9 , . . , N - L  
'-I 2 j -N 

(48)  

j= n 

2 
There  a r e  a l t o g e t h e r  (N- 1) c o e f f i c i e n t s  

Ai 
Eq .  ( 2 )  imposes 

~ ( ~ - 1 ) / 2  c o n d i t i o n s  on t h e  A , s i n c e  of t h e s e  (N-l j  (N-2192 
i j 

correspond t o  t h e  v a n i s h i n g  of t h e  c r o s s - t e r m s  and (N-2)  csndf t i o n s  

correspond t o  t h e  r e q u i r e m e n t s  f o r  t h e  d i a g o n a l  terms i n  t h e  r e l a t i v e  

k i n e t i c  energy.  Thus, t h e  number of a r b i t r a r y  pa ramete rs  i n  tile A .  . 
1 J 

is  j u s t  e x a c t l y  e q u a l  t o  t h e  number of a r b i t r a r y  pa ramete rs  embedded i n  

t h e  R i j  . We conclude t h a t  every  a c c e p t a b l e  c o o r d i n a t e  s e t  can  be 

genera ted  from ope s e t  by a  s u i t a b l e  u n i t a r y  t r a n s f s r r n a t i o n ,  

A .  Three P a r t f c l e  Coord ina tes  

I n  o rder  t o  unders tand t h e  s i g n i f i c a n c e  a% t h e  v a r i o u s  c o o r d i n a t e  

sys tems,  l e t  us c o n s i d e r  t h e  t h r e e  p a r t i c l e  sys tem i n  g r e a t  d e t a i l  

Corresponding t o  mobi le  ( a )  s f  F i g .  1, t h e r e  a r e  two r e l a t i v e .  

c o o r d i n a t e s  



and 

These can be expressed i n  the  form 

and 

Here 

and 

1 
A s  Fig. 3 shows, ql and Q2 correspond t o  Eyring and ~ b l a n y i ' s  famous 

"skewed coordinates". Table 1 shows how 0 , o( , and P depend upon 

the  r e l a t i v e  masses. When the  th ree  masses a r e  equal, 0 = 60' and 

4 a = = (2m2/3) '. 
I n  accordance wi th  our theorem acceptable coordinates,  9; and 

Q; , a r e  determined (except f o r  t h e i r  s ign)  by a r o t a t i o n  of the  cow 

ord ina tes  Ql and Q2 through an angle €I , 

Qi = Q1 cos @ +Q2 s i n  9 
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Table 1 : Three Part i c  l e  Coordinate Parameters 



and 

Q; = - Q1 s i n  €4 +Q2 cost O (18) 

Thus, i f  = Q - r(/2 s o  t h a t  cos = s i n  fl and s i n  8 = - cos $ , 

and 

The 4; and 4; of Eqs .  (19) and (20) correspond t o  mobile (c )  of 

Fig. 1. They can a l s o  be wr f t t en  i n  t h e  form 

and 

4; P ) cos Q = p (r,- z2) + d. (I+- (22) 

Perhaps the most i n t e r e s t i n g  coordinates a r e  obtained by t ak ing  

= ( 2  - ( 4 )  Using Eqs. (17) and (18) together  wi th  E q s .  (13) 
-- - - - - - - - - 

and (14) and Eqs. (21) and (22), 

I I  ( 1  + s i n @  - eos@) W (r+- 
Q, = 2-I (1-cosg) 

- ( l  - s i n g  - cos0) f3 (z3- K*) 

and 

I t ( 1  + s i n )  - eos8) @ ~~1 
92 = 2-I (1-c0sS) 

- ( I  - s i n g  - eosg) d(~+- rl) 

For a chemical r eac t ion  f n  which p a r t i c l e  "1" ce%f ides  with "2311 
I f  9 8 

t o  form "12" plus "3", the  coordinates Qi and -Qi a r e  symmetric with 



' 11 I t  

Fgg. 4 :  - Relationship ~ e t w e e n  the  Coordinates Q end Q2 and the  1 
Poten t ia l  Energy Surface. 

A s  th'is f igure  shows, the  po t en t i a l  energy surface a s  a whole has been 

ro ta ted  through the  angle @f4)  - ($/2). This es tab l i shes  the  basic  
11 I I 

symnetry of Ql and Q2 with respect  t o  D{ (rp- and (11,- L ~ ) ~  

Since the  r e l a t i v e  coordinates. a r e  vectors,  . t h i s  f igbre  corresponds " 

t o  *three  f igures  i n  terms of scalar  projections.  ' 



where 

esss $18 .= i 3.3) 

and 

From Eqs. (303 - (32) %t fol lows t h a t  i n  t he  9 2, Q3 space ,  r t c t .  k 

r e l a t i v e  coordinates ( 2 -  2 )  p(g3- E-~) , X(L~+- r e )  a: e - 3 
skewed, Thus, the  f c u r  p ~ r t i c l e  p o t e n t i a l  energy se la fa tes  a ~ p ~ k - & s ~ ( i  

" 0 i n  t e r m s  of d - ) (z3- zq) , Y (ram g 1 nave  cooxdrr  a L r  
C, --w a 

g r ids  which a r e  skewed p a r a l l e l e p i p e d s .  I f  the  trasses a r e  e q u a l ,  

-b 
= @ = 54O 44' and & - 'g = ( 3 n l l / i ) l i  .rid @ ay2 . 

- 6 

The coordinates - - 2; , and $ \cor~ t sponding  t a   mu^ It 2 

(b)  of Pig,  2 can be expressed in terms o f  Q1 s3.j and Q3 4 1 ~  i i b ~ ? ~ l r -  

s f  Eq,  ( 6 )  where t h e  un i t a r y  &matrix R i.9 g ,v t i :  ky "or c o n v e r : i e t ~ c ~ ,  

l e t  m =: rn -I- ma) 
i j F 3 



_ I  

Of course t h i s  matr ix could be e ~ p r e s s e d  i n  terms of t h r e e  Eulerian 

angles. 

Coordinates which a r e  symmetric with r e spec t  t o  the  "reactants" 

111211 and "34" and the llproducts" "23" and "14" a r e  given by Eq. (6) 

us ing  the  t r a n s  forma t i o n  matrix g3; . For example, i f  a l l  of the  

masses a r e  equal  

and the  symmetric coordinates a r e  
2 

These symmetrical coordinates for  equal  masses were suggested t o  us by 

E. Wigner (p r iva te  correspondence). A t  the  time, we were disturbed 

because we did not see  how t o  expla in  them on the-bas is  of a mobile. 



12 

The e x p l i c i t  formulae f o r  the  coordinates ~ymooefxie between the  products 

and r e a c t a n t s  f o r  unequal masses a r e  not given h a r e  because the  s ines  

and cosines of  the  Bulerian angles corresponding t o  and &' a r e  very  - - 
messy when the  masses a r e  a r b i t r a r y ,  However, fo r  any specific case,  

these  symmetric cosrdinaCes would be easy to  obtain.  

11. THE SIGNIFICANCE OF THE SKEWED COORDINATES 

I n  order  t o  g e t  a f e e l i n g  f o r  t h e  s ign i f i cance  of the  coordinates 

which d iagonal ize  the  r e l a t i v e  k i n e t i c  energy, let  us consider  the  

motion of t h r e e  r i g i d  p a r t i c l e s  constrained t o  move i n  a line, For 

s impl ic i ty  we assume t h a t  the  pstentFa1 energy is zero  unless  e l t h e r  

p a r t i c l e s  "1" and "2" or " 2 ' h n d  'v%'v c o l l i d e ,  fn which case tEse poten- 

t i a l  energy is i n f i n i t e .  I n  Fig. 5, c o l l i s i o n s  between "1" and "2" 

correspond t o  po in t s  along the  s i d e  w a l l ;  c o l l i s i o n s  between "2" and 

"3" correspond t o  po in t s  on t h e  hor izon ta l  wal l ,  Table 2 gives the  

v e l o c i t i e s  ( i n  labora tory  space) of the  th ree  p a r t i c l e s  a t  d i f f e r e n t  

po in t s  on the  t r a j e c t o r f e s  which a r e  i f l u s t r a t e d  i n  Fig. 5. It ism 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Table 2 : P a r t i c l e  V e l o c i t i e s  ( i n  Laboratory Space) 

Corresponding to Tra jec to r i e s  Shown i n  Fig ,  5. 

P a r t i c l e  Mass I n i t i a l  Veloci& V e l o c i t b  
Velocity After  After 2 l:::zi& 

Fig  5a 1 
2 H-H-H 

1 3 11 F U  
T-H-D 2 1 6 

3 2 6 

Exchange 
Reaction 

u /% ' Adiabatic 
-u /2 U CoBli s i a n  

U U 

Fip: Tc 1 3 0 0 - 2 ~ 1 3  - 2 ~ 1 3  
2 T-H-D 1 0 -4u / 3 +2u/3 -2u/3 C 0 p l j . s ~ ~  

2 -U - u13 - u/3 4- u/3  
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convenient t o  think of the masses of the pa r t i c l e s  ifi%5FmZ? of the  three  

hydrogen isotopes H , D , and T whose r e l a t i v e  masses a re  1 , 2 , 
and 3 respectively.  I n  the  three t r a j e c t o r i e s  whfch a r e  i l l u s t r a t ed ,  

two of the  pa r t i c l e s  a r e  i n i t i a l l y  a t  r e s t ,  For the  H-H-H system 

(equal masses) shown i n  Fig. 5a, i n i t i a l l y  we have "1" 4- "(23'" , a f t e r  

the co l l i s i on  p a r t i c l e  "2" has exchanged partners leaving "12" + "3" 

corresponding t o  an exchange reaction.  I f  i n i t i a l l y  "2" and "3" a r e  

separated by the dis tance R , then a f t e r  the  react ion "l" and "2" 

a r e  separated by the  same distance. For the T-B-D system shown i n  

Figs. 5b and 5c, the  t r a j ec to r i e s  shown correspond t o  adiabat ic  colli- 

- sions. The di f ference between the  H-H-H', and the T-H-D co l l i s ions  

i s  t ha t  the  angle of skewing i s  fl = 60° for the equal  masses and 

0 = 45' for the T-H-D,aecording t o  Table 1. I f ,  now, we interchanged 

the  posit ions of the  H and the  D t o  form the system T-D-H , then 

according t o  Table 1, the  angle of skewing is  @ = 63O 26' or almost 

60'. Therefore the. co l l i s i ons  T + DH or TD + H would r e s u l t  in 

exchange reactions.  

The t r a j ec to r i e s  on these idealized po ten t ia l  energy surfaces can 

be determined i n  c l a s s i c a l  mechanics by the use of the method of v i r t u a l  

re f lec t ions .7  I n  Fig. 6 the l ines  marked "v " a re  r e f l e c t i n g  surfaces s 

corresponding t o  the  s i de  wall, whereas the  "v " are v i r t u a l  images of h 

the  hor izontal  wall. The v i r t u a l  t r a jec tory  is  a s t r a i g h t  l ine.  Let t ing 

0 be the origin,  the  t r i ang les  @ @ 0 and @ @ 0 ; 

@ @  0 and @ @ 0 ; e tc .  a r e  congruent. The number of 

turning points i n  the  t r a j ec to ry  i s  equal t o  t he  number of in tersect ions  

of the v i r t u a l  t r a j ec to ry  wrth the r e a l  and v i r t u a l  r e f l e c t i n g  surfaces. 



(? 

0- n 
u 

Fig.  6 :  General Coll is ions of Three Rigid Part ic les  i n  a Line Showing 

the Use of the Method of .Virtual Reflections.  



I4  

Thus, the  largest  possible number of turning points for a t r a j ec to ry  on 

a surface with Q = 60O i s  three  (as shown i n  Fig. 6 ~ )  ; or with $ = 4s0, 

it i s  four (as shown i n  Fig. 6b). Unfortunately, the  method of v i r t u a l  

r e f l ec t i ons  does not apply i n  quantum mechanics a s  the re  is  in terference 

between the  various segments of the trajeceory. Gonf ormal t rans  forma- 

t ions  cannot be used i n  quantum mechanics fo r  much the same reason, 

Thus, the  calcula t ion of t r a j ec to r i e s  (or the  corresponding wave func- 

t ions]  remains very d i f f i c u l t  i n  quantum mechanics, even f u r  such 

ideal ized potentia 1 energy surfaces. 

I n  many cases, from the  shape of the  po ten t ia l  energy surface one 

can predic t  whether the  energy released i n  a chemical react ion w i l l  

take the  form of v ib ra t iona l  or t rans la t iona l  energy. Fig, 7 shows a 

schematic po ten t ia l  energy surface and a t ra jec tory  for  a reac t ion  

"1" + "23" Ij) "12" + "3". Because of the nature of the  energy contours, 

almost a l l  of the  energy released i n  t h i s  reac t ion  must go i n t o  the  

~ i b r a t i 0 n ~ o f _ t h e ~ p r o d ~ ~ ~ o l e c u l e 1 ( 1 2 1 1 n C o ~ l ~ , ~ t h e _ r e v e r s e  

reac t ion  could only take place i f  i n i t i a l l y  the molecule ' '21 'here  

v ibra t iona l ly  highly excited. 

When I was a graduate student, George Kimball and Henry Eyring 
4 

calculated an approximate po t en t i a l  energy surface fo r  the  reac t ion  

H + C 1 2  HC1 + C 1  which is  reproduced here a s  Fig. 8. To convert 

Fig, 8 i n to  a proper po t en t i a l  energy surface, the  angle between the 

R ~ - ~  1 and the  RC1-C1 should be skewed. However, for t h i s  case 

0 
$ = 83- 15', which i s  not too d i f f e r en t  £ran 90'. Furthermore, t he  

hor izontal  sca le  ( r e l a t i ve  t o  the v e r t i c a l )  should be 4.25 R C1-61 

instead of RCImC1 s ince  4 /d = 4.25. With these changes, the 
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Kimball-Eyring po t en t i a l  energy surface would s t i l l  resemble Fig. 7. 

I remember t h a t  Kimball and Eyring commented t ha t  the reac t ion  H + C l i  

would lead t o  v ibra t iona l ly  excited HC1 . Thus, i t  came a s  no surpr i se  

t o  me when John Polanyi ( ~ i c h a e l ' s  son) and co-workers5 discovered t h a t  

for  the react ions  H + C12  and H + B r 2  an appreciable f ract ion 

(approximately one-half) of the exothermal energy appeared as  vibra- 

t i ona l  exc i ta t ion  of the  products. 

The construction of approximate po t en t i a l  energy surfaces by the 

crude techniques of Henry Eyring and h i s  co-workers led t o  many impor - 
t an t  conclusions about react ion kinet ics .6  Within the  next few years, 

we can expect t h a t  very accurate po t en t i a l  energy surfaces w i l l  be 

constructed which w i l l  help t o  explain and predic t  many important 

features  of molecular co l l i s ions  and chemical k inet ics .  
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