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ABSTRACT 

The dynamical assumptions under ly ing  t h e . S l a t e r  and RIZK 

classical-mechanica1,theories of unimolecular  r e a c t i o n  r a t e s  

a r e  i n v e s t i g a t e d .  The p r e d i c t i o n s  of t h e s e  t h e o r i e s  f o r  s e v e r a l  

non l inea r ,  t r i a t o m i c ,  harmonically-bonded molecular  models a r e  

compared w i t h  t h e  r e s u l t s  ob ta ined  from t h e  i n t e g r a t i o n  of  t h e  

c l a s s i c a l  equa t ions  of motion. The accuracy .of the . . smal l -v ibra t ion  

and weak-coupling assumptions a r e  found t o  b reak  down a t  e n e r g i e s  

above about  one q u a r t e r  of a  bond d i s s o c i a t i o n  energy.  a one the less, 
. . 

t h e  sma l l -v ib ra t ion  approximation p r e d i c t s  r e a c t i o n  f r equenc ie s  i n  

good agreement w i t h  t h e  exac t '  r e s u l t s  f o r  t h e  models. The e f f e c t s  

of r o t a t i o n  on- i n t r amolecu la r  energy exchange are examined arid 

found t o  be s i g n i f i c a n t .  

Some widely a p p l i e d  t h e o r i e s  of  t h e  r a t e s  of thermal  unimolecular  

decomposition and i somer i za t ion  of polyatornic rno ' lecules ' -6rest  upon t h e  assump- 

t i o n  of n o n i n t e r a c t i n g  harmonic ~ i b r a t ~ o n s  f o r  t h e i r  t r a c t a b i l i t y . .  I n  e i t h e r  a 

c l a s s i c a l  o r  quantum-mechanical fo rmula t ion ,  t h i s  assumption l e a d s  t o  t h e  f a m i l i a r  ' 
s e p a r a t i o n  of t h e  t o t a l  n u c l e a r  Hamil tonian i n t o  a  sum of mutual ly commuting 

normal-mode,- harmonic-osc i l la tor  HamiltonianS whose e igenvalues ,  t h e  normal- 

mode ene rg i e s ,  a r e  c o n s t a n t s  of t h e  motion. I n  p r a c t i c e ,  t h e  normal-mode 

f r equenc ie s  r equ i r ed  f o r  an a p s i o r i  dynami'cal a t t a c k  'on t h e  prdbl-em of uni-  
. . 

molecular  proce,sses '  of energ ized  mol.ec~.l.es . a r e  ob ta ined  . . d i r e c t l y  from spec t ro-  

s cop ic  o b s e r v a t i o n ' o r  by e x t r a p o l a t i o n  f r o m s p e c t r o s c o p i c  r e s u l t s  f o r  s i m i l a r  
. . . . 
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molecules. S ince  t h e s e  d a t a  can be  expected t o  d e s c r i b e  t h e  poten t ia l -energy  

s u r f a c e  b e s t  i n  t h e  immediate v i c i n i t y  of t h e  minimum, i t  i s  a p p r o p r i a t e  t o  

a s k  t o  what e x t e n t  s u c h ' a  harmonic normal-mode t r ea tmen t  can d e s c r i b e  t h e  dynarnccs 

of a  r e a l ,  energ ized .molecule  a t  t h e  s u b s t a n t i a l l y  h ighe r  e n e r g i e s  u s u a l l y  

r equ i r ed  f o r  it t o  undergo d i s s o c i a t i o n ' o r  i somer i za t ion .  

Seve ra l  s imple po ten t i a l - ene rgy  expres s ions  have been used t o  f i t  

spec t roscop ic  data .8 . I n  t h i s  paper  we employ t h e  s imp les t  of t h e s e e x p r e s s i o n s ,  

namely, ' the " c e n t r a l  f o r c e  f i e l d "  ( h e r e i n a f t e r .  de s igna ted  CFF) f o r  i t s  r e l a t i v e  

ease  of c a l c u l a t i o n .  The harmonic CFF model f o r  t h e  p o t e n t i a l  energy i s  a 

d iagonal ized  q u a d r a t i c  form i n  t h e  i n t e r a t o m i c  d i s t a n c e s  f o r  each  p a i r  of atoms, 

whether t h e s e  a r e  "bonded" o r  "nonbonded" i n  t h e  u s u a l  va lence  sense.  Although 

harmonic . i n  t h e  bond s t r e t c h e s ,  i n  t h e  c a s e  of non l inea r  molecules .  t h e  harmonic . ' 

CFF model l e a d s  t o  i n t e r a c t i o n  terms when t h e  energy is  expanded . i n  t h e  normal 

mode displacements .  Thus; ' an . impor t an t  r e s u l t  i s  t h a t  i n  bo th  t h e  c l a s s i c a l  and 

. . . . 

quantum-mechanical Carmonic, t r ea tmen t s  of molecular  v i b r a t i o n ,  t h e  normal-mode 

e n e r g i e s  a r e  c o n s t a n t s  of  t h e  motion only  i n  t h e  l i m i t  of i n f i n i t e s i m a l . d i s p l a c e -  

ments of t h e  atoms from t h e i r  equ i l i b r ium geometry. S ince  i n  one v e r s i o n  of t h e  

9  later unimodecular r a t e  t heo ry  . it i s  assumed. t h a t  t h e  normal-mode e n e r g i e s  . .  . 

. . 
I a r e  r i g o r o u s . c o n s t a n t s  ( of t h e  motion even when v i b r a t i o n  ampli tudes approach 

v a l u e s  c h a r a c t e r i s t i c  of . . t h e  . r e a c t i o n  t h r e s h o l d ,  i n  S e c t i o n s  7.1.1.-7.1.4. we ' 

a s s e s s  t h e  e f f e c t s  of d e v i a t i o n .  from t h e  sma l l -v ib ra t ion  approximation (SVA) 

9 w h i c h . a r e  inc luded  i n  t h e  harmonic CFF model. I n  t h e  S l a t e r  t r ea tmen t ,  . . 

r e a c t i o n  occurs  wh,en.some t r i t i c a l  coo rd ina t e  ( o r  co6rdinates1°)  i s  s t r e t c h e d  
. . 

o r  compressed t0 . a  c r i t j - ca l .  va lue .  The react ion r a t e -  depends i n  p a r t  upon t h e  
I '  

frequency w i t h  which t h e  c r i t i c a l  coo rd ina t e  a t t a i n s  i ts  c r i t i c a l  va lue .  I n  
. . 

Sec t ion  7.1.5. we deterniine t h e  s e n s i t i v i t y  of .  t h i s  r e a c t i o n  f  reqbency t o  t h e  

. . .  . . 



breakdown of '.the SVA. I n  S.ection 7.2. we i n v e s t i g a t e  t h e .  pe r tu rb ing  e f f e c t  

of r o t a t i o n .  

. .  The Rice-Ramsberger-Kassel (RRK) theory2  of unimolecular  decomposition . 

cons ide r s  molecules  t o  be s e t s  of harmonic o s c i l l a t o r s  coupled t o g e t h e r -  s t r o n g l y  

enough t o ' a l l o w  energy t o  f low f r e e l y  between them but  weakly enough t h a t ' t h e  

11 
, t o t a l  v i b r a t i o n  energy i s . g i v e n  by t h e  sum- of t h e  o s c i l l a t o r  ene rg i e s .  

Recent ly,  exper imenta l  ev idence 'has  been accumulating which c h a l l e n g e s  

t h e  v a l i d i t y  of t l iese ass~unpt ions .  I t  i n c l u d e s  t h e  r e s u l t s  of v i b r o n i c  l e v e l  

f luorescence ,12  c ros sed  molecular  beams ,I3 mass spectrometry14 and in£ r a r e d  . 

l5 I n  t h e  p r e s e n t  paper w e  make a d i r e c t  t e s t  . l a s e r  augmented dec6mpositions.  

of t h e  dynamical assumptions j u s t  'mentioned a g a i n s t  c l a s s i c a l  t r a j e c t o r y  calcu-  

l a t i o n s  of harmonic CFF.mode1 molecules.  The o s c i l l a t o r s  which form t h e : b a s i s  

. ' f o r  t h e  o r i g i n a l .   asse el t h e o r y .  were de f ined  merely a s  llharmonic deg rees  of 

freedom". The term "o.kci l la tor t '  could conceivably a p p l y t o  t h e  i n t e r a t o m i c  

bonds o r  t o  t h e  normal modes; each of t h e s e  i n t e r b r e t a t i 0 . n ~  i s  examined here .  
. . . . 

Marcus' ex t ens ion6  of RRK t heo ry  i s  a p u t e l y  bhase-space fheory  . d e a l i n g  . 

w i t h  s t a t i s ' t i c a l  ensembles of energ ized  molecular  systems. It may; be a p p l i e d .  

t o  r e a c t i n g  system where e i t h e r  t h e  ene rg i z ing  process  o r . t h e  subsequen t .un i -  

'molecular  dynamics (p re fe rab ly  both)  popu la t e  . the molecular  s t a t e s  s t a t i s t i c a l l y .  

Furthermore, t h e  s t a t i s t i c a l  d i s t r i b u t i o n  of s t a t e s  must be  maintained even 

. . under t h e  p e r t u r b a t i o n  of depopula t ion  by r e a c t i o n .  Thus a s u f f i c i e n t  condi- 

t i o n  f o r  t h e  main ta inence  of a s t a t i s t i c a l  d i s t r i b u t i o n  i s  t h e  J2RK assumption . . 

, . 
of f r e e  £low of energy among t h e  molecule ' s  o s c i l l a t o r s .  (This  would becoke ,. 

. . .  

a necessary cund i t i on ,  i f  t.he :ener.gizing p roces s  .b2a7sed t'he r e s u l t a n t  i n i t i a l .  . , " 

~ m o l e c u l a r . s t a t e s . )  T h i s  i n t r amolecu la r  energy f low 'should b e  more r a p i d  Lhan 
. . 

any r e a c t i v e .  event  i n  o r d e r  t o  avoid  non-RRIIEI behavior .  The s i g n i f i c a n c e  of 

t h i s .  f r e e  f low w i l l  be  examine'd i n '  Sec t ion  7..  . . 
. . .  . . . . 

. . . . 



We l i m i t  o u r s e l v e s  t o  t h e  simp1es.t system of i n t e r e s t  i n  unimolecular  

decomposition s tud ' ies . ,  namely, t h e  t r i a t o m i c  molecule. .  A1tho;ugh t h e  equa t ions  . 

of motion of genera1 , three-body systems cannot  be  solved a n a l y t i c a l l y  Cn e i t h e r  , 

. . 

c l a s s i c a l  o r  quantum-mechanical f o r m u l a t i o n s , . t h e y  y i e l d  r e a d i l y  t o  numerical  

s o l u t i o n  i n  , t h e  c l a s s i c a l  ca se ,  a n d  p r o g r e s s  has  been ?ade i n  t h e  s o l u t i o n  of 

t h e  quantum problem. l7 It should be  ' no t ed  t h a t  an  a c c u r a t e  quantum-mechanical 
. . 

s o l u t i o n  is  n o t  necessary  f o r  t h e  v e r i f i c a t i o n  o f ,  t h e  conse rva t ion  of dynamical 

v a r i a b l e s .  For c o n s e r v a t i v e  systems,  t h e  correspondence p r i n c i p l e  i n s u r e s  t h a t  

, a  dynamical v a r i a b l e  i s  a quantum-mechanical c o n s t a n t  of t h e  motion i f ,  and only  

i f ,  i t  i s  a c l a s s i c a l .  c o n s t a n t  o f . t h e  motion a s  w e l l .  ' Thus, t h e " c l a s s i c a l  
. . 

atomic t r a j e c t o r y  c a l c u l a t i o n s  we r e p o r t  h e r e  s u f f i c e  t o  test  t h e  constancy of 
. . 

normal-node energ ies ' assumed i n  S l a t e r ' s  t heo ry  and t h e  constancy of t h e  sum of 

. t h e  e n e r g i e s  assumed, i n  t h e  weak-coupling t h e o r i e s ,  e v e n  though i n t e r f e r e n c e  

might lead .  t o  quantum e f f e c t s  i n  o t h e r  dynamical a t  t r i b ' u t e s  . . . 

. We ana lyze  t h e  zero-point-energy dynamics (Sec t ion  7 .. 1.1. ) of CFF models 
. . 

18 
of s e v e r a l '  non-l inear  molecules  (H20, D2S, H2Se, NO2, SO2 and F20 .and C 1 N  0) 

a s  w e l l  a s  t h e  high-energy - dynamics (Sect  i ons  7.1.2. -7.1.4. ) of two such  models . ' .  

t o  test  t h e  assumptions of t h e t h e o r i e s  mentioned a*bove'.. The f i r s t  high-energy 

model molecule,  designated.  A3 ,' i s  a somewhat' a r t i f i c i a l  one c o n s i s t i n g  .of t h r e e  

p o i n t  p a r t i c l e s  of equa l  m a s s  connected ' pa i rwi se  by t h r e e  i d e n t i c a l  harmonic 

. "bonds": - . I n  t h e i r  equ i l i b r ium geometry, t h e  mass p o i n t s  a r e  t h u s  l o c a t e d  a t  t h e  

v e r t i c e s o f  an  e q u i l a t e r a l  t r i a n g l e .  (This.Dgh symmetry f o r c e s  t h e  degene racy .  . . . 

. of A 3 ' s  bends and asymmetric s t r e t c h  v i b r a t i o n  modes.) The u s e o f  a d h e n s i S n -  

less £ o m -  f o r  t h e  equatBons of :luotion enab le s  one t o  i n t e ~ ~ r e t  t h e  r e s u l t s  i n  
. . 

t e r m s  o f .  a n  i n f i n i t e  number of s e t s  of .model parameters .  For s i n l p l i c j t y ,  we 

s h i l l  d i s c u s s  A 3  i n  terms of on ly  one such s e t ,  wherein t h e  masses a l l  correspond 

t o  ' 60, t h e  bond f o r c e  c o n s t a n t s  and e q u i l i b r i u m ,  l e n g t h s  a i l  correspo,nd t o  t h e  

19 
O2 molecule,  and t h e  d i s s o c i a t i o n  energy,  Z D ~ ,  i s  taken t o  b i  twice  t h a t  of 



molecular  oxygen.,  The. second high-energy harmonic CFF 'model is  a more r e a l i s t i c  

18 
one f o r  n i t r o s y l  c h l o r i d e ,  C 1 N  0 ,  wherein tihe exper imenta l  molecular  s t r u c t u r e  2 0 

( see  Fig. 2 ) ,  harmonic CFF f o r c e  c o n s t a n t s  ,21 and d i s s o c i a t i o n  energy22 a r e  

used. The model and molecular  parameters  of t h e  molecules  i n v e s t i g a t e d  i n  

g r e a t e r  d e t a i l  a r e  g iven  i n  Table I. 

2. PREVIOUS CLASSICAL UMIMOLECULAR 
~ m ~ m m ' v v v ' . , ~ ~ ~  

TRAJECTORY STUDEES 
- m Z / L  , 

T h i e l e  and, wilsonZ3 used c lass ica l -mechanica l  t r a j  e c t o r y  c a l c u l a t i o n s  
. . 

t o  i n d i c a t e ' t h e  impropr ie ty  of t h e  a p p l i c a t i o n  of t h e  SVA t o  i n - l i n e  v i b r a t i o n s .  
. . 

of  l i n e a r  anhaknonic molecules .  .When chemica l ly  i n t e r e s t i n g  e n e r g i e s  were 

in t roduced  i n t o  an  anharmonic model f o r  C02, t h e  r i g o r o u s  s o l u t i o n  of t h e  equa- 
. . 

t i o n s  o f ' m o t i o n  gave normal c o o r d i n a t e s  which were a p e r i o d i c  f u n c t i o n s  of . t ime. 

~or&l-mode e n e r g i e s  were n o t  r e p o r t e d ,  b u t  t h e  f a i l u r e ' o f  t h e  SVA can be  

expected t o  have  been r e f l e c t e d  by t h e i r  nonconstancy. 

1n' t h e  f i r s t  of h i s  papers  on ,  t h e  c lass ica l -mechanica l  c a l c u l a t i o n  of 

t r i a t o m i c  d i s s o c i a t i o n  r a t e s ,  ~ u n k e r *  4a i n v e s t i g a t e d  t h e  k i n e t i c s  of t h r e e  

c l a s s i c a l  harmonic molecular 'models , ,  two f o r  l i n e a r  N20 and one f o r  bent  03.  
. .  . 

H i s  r e s g l t s  i n d i c a t e  t h a t  t h e s e  models a p p a r e n t l y  have m e t r i c a l l y ~ d e ~ o ~ ~ o s a b l e  
2 5 

1 7 '  
phase ,spaces.  a s s o c i a t e d  w i t h  non-ergodic behaviour  , appear  t o  be  almost  p e r i o d i c  

f u n c t i o n s  . o f  t i m e ,  and many t r a j e c t o r i e s  w i t h  e n e r g i e s  i n  excess  of t h a t  r e q u i r e d  

f o r  d i , s s o c i a t i o n  f a i l e d  t o  r e a c t  du r ing  t h e  obse rva t ion  t i m e  (.about 50 symmetric 

s t r e t c h  p e r i o d s ) .  Th i s  .non-ergodici ty  p e r s i s t e d  ,when r o t a t i o n  was included i n  

' t h e  model. ,24b Fgr t h e s e  models t h e  S l a t e r  f requency factqr i6 agreed w e l l  w i t h  

ki, t h e  h igh-pressure  l i m i t  of t h e  r a t e  cons t an t  ob ta ined  from t h e  Monte Car lo  

t r a j e c t o r y  ca lcu la t ' ions .  Th i s  imp l i e s  t h a t  t h e  . S l a t e r  t r ea tmen t  a c c u r a t e l y  

p r e d i c t s  t h e  d i s t r i b u t i , o n  of model l i f e t i m e s  a s  they'become a r b i t r a r i l y  s h o r t .  



7 

. 
Hung and wilson2'  i n v e s t i g a t e d  t h e  i l b s s i c a l  dynamics of a  r o t a t i n g  

harmonic CFF model f o r  C 0 2  S i n c e  t h e  model w.ak cons t r a ined  t o  l i n e a r i t y ,  

t h e  nonro ta t ing 'dynamics  were s t r i c t l y  harmonic ( s ee  ~ e c t i o n ' 4 . 2 . ) ;  t h a t  .is, 

they  followed t h e  SVA p r e d i c t i o n s  a t  a l l  ene rg i e s .  Hung and Wilson found t h a t  

r o t a t i o n  d i d  - n o t  a l t e r  t h e  harmonic v i b r e t  i ons  s i g n i f i c a n t l y  . Such behavior  
. . 

. . 
appears  t o  v a l i d a t e  t h e  assumption i m p l i c i t  i n  t h e  S l a t e r  and RRK t h e o r i e s  

. . 

. . t ha t  the,,dynamic. e f f o r t s  of v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n  may be ignored. 
in Sec. .7, 

however; as we s h a l l  s e e /  non l inea r  harmonic CFF models do n o t  fo l low SVA. - . . 

dynamics. The importance of t h e  v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n  i n  t h e  n o n l i n e a r  

models might t h u s  be  expected t o  be g re3 te r . t ha .n  t h a t  i n  t h e  models c o n s t r a i n e d  . . 

t o  l i n e a r ' v i b k a t i o n s .  I n  t h e  same paper ,  Hung and ~ i l s o n ~ ~  found t h e  e f f e c t s  
. . 

of  r o t a t i o n  on a n  anharmonic l i n e a r  t r i a tomic .mode1  were severe .  Hung's 

, 
e x t e a s i o n  ' uf t h a t  . invesc lgar f  on t o  4-atom l i n e a r  models confirm.  t h e  sensi- .  

. . 

t i v i t y  of anharmonic v i b r a t i o n  dynamics- t o  r o t a t i o n .  

, . ' Bunker and coworkers 24c-e have analyzed t h e  thermal  and hot-atom . . 
. . . . . . 

urnimolecular i somer  i z a t i o n  and .  decompost i o n  of 3-d anharm0ni.c CH3NC, concluding 

6 t h a t  t h e  vib 'r .at ionally-rotat ionally e x c i t e d  molectile f s  probably. no t  RRKM. 

I n  o t h e r  words,. l o c a l i z e d  v i b r a t i o n a l  energy do'es n o t  r e d i s t r i b u t e  i t s e l f  among 
n ' 

a l l  v i b r a t i o n  modes r a p i d l y  compared w i t h  r e a c t i o n  r a t e s .  The e n e r g i e s  used 
I .  

i n  t hosg  s t u d i e s  were  w e l l  i n  exces s  of t h e  i somer i za t ion  (CH3NC +- CH3CN) . . 
. . - 1 

t h r e s h o l d  of 38 k c a l  mol , and t h e  t ime e v o l u t i o n  of t h e  model 's  normal-mode 

e n e r g i e s ' o r  coo rd ina t e s  were n o t  r epo r t ed .  While Bunker i n d i c a t e s  24c t h a t  t h e  

hot-atom-induced i somer iza t iur l  is c o n t r o l l e d  more by r o t a t i o n  than v i b r a t i o n ,  

s t i l l ,  t h e  f a i l u r e  of v i b r a t i o n a l  enq rg ie s  t o  c i r c u l a t e  f r e e l y  throu,ghout t h i s  , 

h i g h l y  energ ized  anharmonic .model sugges t s  t h a t  i t s  r e a c t i o n s  a r e  non-ergodic,  

a t  l e a s t  on  a  r e a c t i o n  t i m e  s c a l e .  The ~ 3 b s e r v a t j . o ~ ~ ~ ~  o f  RRKb1-like d e c o ~ p o s i t i o n  

(CI13NC -t H + ~ H  NC.) imp l i e s  t h a t  t h e  v i b r a t i o n  modes uncoupled from t h e  isomeriza-  
' . 2  . . 

tion coord ina t e  may w e l l  be exchanging energy among themselves r a p i d l y  a s  
. . 

2  
r equ i r ed  by t h e  RRK- model. 



Let  m and X be t h e  masses and p o s i t i o n  v e c t o r s  of t h e  n u c l e i  of a 
i "i 

t r i a t o m i c  molecule wJth r e s p e c t  t o  i t s  c e n t e r  of mass. I f  z1 a n d &  a r e  taken  

t o  be t h e  coo rd ina t e s ,  t h e  k i n e t i c  energy f o r  t h e  system is g iven  by 

: . 3 
where M = C m and P a r e  t h e  momenta ' ~ o n j u ~ a t e ~ ~  t o  X ( i  = 1 , )  The ' ' , 

i=l i "i "i 
p o t e n t i a l  energy f u n c t i o n ,  i n  t h e  harmonic model cons idered  i n  t h i s  paper ,  i s  

. . 
g i v e n  by 

where k ' a r e . t h e  CFF c o n s t a n t s ,  and r are t h e  i n t e r a t o m i c  d i s t a n c e s ,  ( s e e  Fig. ' l ) .  
i i. . . 

The V are f u n c t i o n s  of,  t h e  c o o r d i n a t e s  b u t  no t  t h e  momenta. The Hamilton 
i 

equa t ions  of motion a r e  ..-' 
. . 

. . . . . .  . . . . .  . . and . . ... ,. , .. 
. . . . . (  

. . .  . . .  . . -  . . .  8 .  ':...L 
. . . . . . . . . .  : . . . .  . . . . . . .  . . .  3 . . . .  ). . ~. . . . . .  ., . . ., . . 

..,Al.\,: 7 " , .' . ..@+ j . .:;,.,', :;.: .: . . 6 = - C ( a v / a r  ) c a r  /ax  1. (i':.=: I., 3) 
. . .  . .. "i j j -i '& .'d j =1 ~. ...-.*+i;c3 . . . . . .  

The sma l l -v ib ra t ion  approximat i o n  (SVA) c o n s i s t s  of t h e  agsumpt i o n  

t h a t  when t h e  many-body equa t ions  of motion corresponding t o  Eqs. (3 )  and (4) ,. 

a r e  expanded i n  t h e  atomic displacement  coordinat.es,  -5 X ' - x . ' ~ ,  ten& o:f h i g h e r  
. . 

o r d e r  than  l i n e a r  i n  t h e s e  coo rd ina t e s  may b e  ignored.  Under t h i s  assumption,. 

. . 



. . 

. . t h e  normal-hod& coord ina t e s  a r e  r e l a t e d  t o  t h e  a tomic .  d i sp lacement  ones by 

l i n e a r  t r a n ~ f o r m a ~ i o n s ~ w h i c h  can betused t o  d e c o u p l e . t h e  equa t ions  of motion. 
. . 

It can be shown3' ' t h a t  i n  non- l inear  molecules  t h e  SVA o f t e n  l e a d s  t o  a  v i o l a t i o n  

of angu la r  momentum conse rva t ion  f o r  'non-vanishing Vib ra t ion  ampl i tudes  .+ Thi s  

v i o l a t i o n  p e r s i s t s  even i n  nonro ta t ing  molecules ,  b u t  i t  .obvious ly  becomes 

. s e v e r e  un le s s  t h e  equ i l i b r ium coord ina t e s  f o l l o w ' t h e  molecule a s  i t  r o t a t e s .  

This  is ach ieved .by  a t t a c h i n g  t o  the. t r i a tomic ,  system a body-fixed system of 

coord ina tes .  ' Since  t h i s  molecule  i s  non-r ig id ,  t h e  choice  o f .  such a  c o o r d i n a t e  

system i s  n o t  un ique .  One such choice31  i s  t o  u t i l i z e t h e  in s t an t aneous  pr in-  

c i p a l  axes  of l * e r t i a  of t h e  molecule  a s  c o o r d i n a t e  ,axes.  . I n  t h i s  paper we 

w i l l  u s e  t h e  Eckar t  ' r o t a t i n g  coord ina t e  system desc r ibed  below. 
3 2 

. . 
, . 4.1. Eekart Rotating Coordinate S y s L a n  

2/V\n/L~mI/L~I/LyVVLyVVLm~mI/L 

The p o s i t i o n  v e c t o r  of t h e  i atom i n  t h e  nonro ta t ing ,  center-of-mass 
t h . . 

; 
system, i s  denoted by Ei. .The same vebto<..in t h e  r o t a t i n g  Eckar t  center-of-mass : 

coord ina t e  system ( h e r e i n a f t e r  r e f e r r e d  t o  simply a s  t h e  Eckar t  system) is  

33a 
denoted by ;\5 . The Euler  a n g l e s  $, 8 ,  + of t h e ' ~ c k a r t  system wi th  r e s p e c t  

i.' 
. . 

t o  t h e  labora tory- f ixed  one, and r h e  ma t r ix  2 which t r a n s £  o m s  the components 
d 

of si i n t o  t h o s e  of 5 via 
i 

a r e  determined by t h e  Eckar t  c o n d i t i o n  
33b 

. . 

The zieq, i n  Eq. ( 6 )  a r e  t h e  v e c t o r s ,  f i x e d  i n  t h e  Bckart system, which l o c a t e  . . 

t h e  equ i l i b r ium p o s i t i o n s  of t h e  n u c l e i .  We require in  addition that the vector 



. . 

$ be normal t o  t h e  molecular  plane.  The ang le s  0 and (I are.  then.  merely 
N 

. t h e  s p h e r i c a l  po la r  arigles .of. t he .  normal . td  t h e m o l e c u l a r  p l ane  i n  t h e  l abo ra to ry -  

. f i xed  system of r e f e rence .  I f  we d e f i n e  an  in ' termediate  coo rd ina t e  system i n  

. . 
which 

then from Eqs. ( 5 ) ,  through (7) w e  o b t a i n  

= a r c t a n  ( n l d ) ,  

where 

and . 

e q  The proper  quadrant  f o r  $ i s  chosen  t b  maximize t h e  q u a n t i t y  x l  xeq + 
'L 'L 1 

thereby  i n s u r i n g  t h a t  - t h e  x . .  l i e  n e a r  and riot opposed t o  ' t h e  xeq . 
'LI ' ~ i  

4.2. Normal .Elodes and Ener i e s  
v m y m & v  

. . 
, -.*,. . . . +  ' \  

.- . 
. . The d e t a i l s  of t h e  eigenvector-eigenvalue problem f o r  t h e  de t e rmina t ion  , .' L., . . : -  .. . . . , , ...>= , , , 

. of molecular  v i b r a t i o n  f r equenc ie s  and norinal modes of motion a r e  t r e a t e d . i n  

~ i l s o n ,  Decius,  a i d  a n d  o t h e r  s tandard  t e x t s .  ~ ~ & - a m o l e c u l a r '  v i b r a t i o n  . . 

. p o t e n t i a l s  a r e  g iven  i n  terms of a set of i n t e r n a l  coo rd ina t e s ,  S . I n  t h e  
i 

'eq p re sen t  case ,  t h e  S a r e  t h e  t h r e e  in t e ra tomic .  bond d isp lacements ,  ri - r i  
i .  . 

and accord ing  t o  Eq. 2; V . i s  a  l i n e a r  combination o f . , t he ,  squa res  of t h e s e  

. . ' q u a n t i t i e s .  The r e l a t i o n  between t h e  S a i d ' t h e  x  i s  g iven  by 
i Qi 



where i, j , k i s  a c y c l i c  permutat:ion of 1, 2,. 3 .  I n  ' t h e  SVA, t h e  l i n e a r  t r a n s -  

formation KJ , o b t a i n e d  from : ~ ~ . . ' . l l . , w h i c h  r e l a t e s  : t he  atomic d isp lacements  
. . 

x - x eq t o  t h e  Si f o r  i n f i n i t e s i n l a l l y  sma l l  d i sp lacements  from equ i l i b r ium 
' 

i i 

geometry is  assumed t o  be v a l i d  f o r  a l l  molecular  geometr ies .  Thus, i f  S i s  
'I, 

a .vect'or whose components a r e  t h e  S . ( i  = 1 , 2 , 3 )  arid .D i s  a v e c t o r  whose conl- 
i 'I, 

ponents a r e  t h e  atomic d isp lacements ,  x l  - xleq,  yl - yleqc, and x 3  - x eq, t h e  3 .  

r e l a t i o n  

i s  assumed t o  hold i n  t h e  SVA f o r  l a r g e  d isp lacements  a s  w e l l  a s  small ones. 

By t h e  GF method, 33 a l i n e a r .  t r ans fo rma t ion  i may be  found which r e l a t e s  t h e  , . 

FA< 

i n t e r n a l  coo rd ina t e s  t o .  t h e  normal coo rd ina t e s ,  Qi, namely, . '  . . 

. . 

where Q i s  t h e  v e c t o r  of normal c o o r d i n a t e s  Qi,in terms of which, i n  the-  SVA, 
' % .  

V i s  s t i l l  a l i n e a r  combination of t h e i r  squa res  and i n  a d d i t i o n  T is  a l i n e a r  

combination of t h e  squa res  of t h e i r  t ime-de r iva t ives .  "So lu t ion  of t h e  c l a s s i c a l  

equat ions  of motion f o r  t h e  Qi g i v e s  

1 
' n (f) = (ZE . /hi)5 cos ( h 2 t  + bi) , (14 ) 
'i 1 

where E and Si a r e  t h e  normal-mode e n e r g i e s  and phase ang le s  (both  c o n s t a n t s  i . . 

of t h e  motion i n  t h e  SVA)., t is  time, and t h e  e igenvalues  X of t h e  m a t r i x  i 

a r e  r e l a t e d  t o  t h e  molecular  f r e q u e n c i e s . ~  by i 
. , 

2 2 
A .  .= 44 .Vi.. 
1 .  

(15) 

The normal-mode e n e r g i e s  a r e  : r e l a t e d  t d  ' t h e  (1 and Q by . . , i i 



and add up t 0 . a  t o t a l  normal energy E which, i n  t h e  SVA, is c o n s t a n t  and equal  

t o  t h e  t o t a l  v i b r a t i o n  ~ n e r . g ~  E . Inters-tomic bond d i s t a n c e s  i n  non l inea r  
. . 

molecules a r e  quad.r'atical3.y r e l a t e d  t o  t h e  atomic d isp lacements .  The l i n e a r  
. . 

r e l a t i o n  .[Eq. (12)] between t h e  bon'd'displacements and t h e  a c t u a l  atomic d i s - '  

placements is  i n  e r r o r  a t  nonzero vibration amplitude's.. This e r ro r  causes the 

sum of t h e  normal-mode e n e r g i e s  E t o  d l f f e r  from t h e  t o t a l  v i b r a t i o n  energy E 

i n  gene ra l .  The . d i f f e r ence  between. E and E w i l l  b-e c a l l e d  t h e  normal-mode 

energy d e f e c t  . 

4 . 3 .  React ive  Excursion Frequencies  
~ m m m 2 n , m m m w ' L  

The frequency w i t h  which some chosen coord ina t e  i n  a  harmonic. molecule 

a t t a i n s  a  c r i t i c a l  v a l u e  is  c a l l e d  t h e  r e a c t i v e  excu r s ion  frequency (REF) f o r  

t h a t  coord ina te .    his REF S l a t e r '  s " f requency  o f  upze roes l  .' I n  t h i s  paper ,  

t h e  c r i t i c a l  coo rd ina t e s  a r e  taken  t o  b e  t h e  bond l e n g t h s  S + req . There a r e  
. i i 

two sou rces  of d i f f e r e n c e  between bond d i s t a n c e s  c a l c u l a t e d  from an  a c t u a l  
. . 

i n t e r n a l  motion t r a j e c t o r y  and from t h e  SVA v i a  Eq. 14 and t h e  i n v e r s e  o f '  Eq. 12  . . 

. . 

Both a r e  m a n i f e s t a t i o n s  of t h e  same approximation,  and they  cannot  be d i scussed  

separa , te ly  w i t h  r i g o r .  F i r s t ,  t h e r e  is  the vari .a t ior i  o f ' t h e  normal-mode e n e r g i e s  

wi th  t i n e ,  which r e s u l t s  i n  t h e  d ivergence  o f .  t h e  SVA trajectory from the correct one. 

Second, a s  mentioned a.bove, t h e  SVA expres ses  bond d isp lacements  as l i n e a r  

combinations of t h e  components of a tomic  d isp lacements .  The SVA r e s t s  upon t h i s .  

l i n e a r  approximation t o  t h e  i n t e r n u c l e a r  d i s t ances .  Without i t ,  one cannot  make 

the  p o t e n t i a l -  and k ine t ic -energy  f u n c t i o n s  be s imul taneous ly  sums of square  

' term? of n o k l - m o d e  coord ina t e s : and  t h e i r  t i m e  de r . i va t ives ,  r e s p e c t i v e l y .  A s  a 

r e s u l t ,  t h e  t r a n s f  ormation 

equat ions  .cannot be made. 

inseparable .  However, f o r  

of t h e . e q u a t i o n s  of motion i n t o  noncoupled, normal-mode 

Hence, t h e  .two. e f f e c t s  men t ioned ' a r e ,  i n . r e a l i t y ,  

.comparison purposes,  we cons ide r  ' t he se  two sources  
'. ' . . . . 



. . 

of d i f f e r e n c e  t o  be independent .of one another .  To ach ieve  t h i s  s e p a r a b i l i t y  

w e  in t roduce  t h e  I V A  model, which-m%ght - 's~and.: ,f  o r  -"~rrte'rmedia t e  V ib ra t ion  ~ ~ ~ r o x i -  . 

mation ( o r ,  i n  view of t h e  above d i s c u s s i o n ,  t h e  I n c o n s i s t e n t  Vibra t ion ,Approxi -  

maeion). The I V A  r e t a i n s  t h e  l i n e a r  r e l a t i o n  of the.SVA between the.norma1-mode 

and displacement coo rd ina t e s ,  namely 

b u t  -it u s e s  t h e  ' c o r r e c t  (non l inea r )  expres.sion (Eq. 11) to. c 8 l c u l a t e  t h e  i n t e r -  

nuc lea r  d i s t a n c e s  S .  from t h e  D ob ta ined  from'Eq.17 . I n  t h i s  way, we may 
. 1  C\, 

i n i t i a t e  a r igo rous  and an  I V A  t r a j e c t o r y  . . wi th  equal  normal-mode energ . ies  from 

t h e  same i n i t i a l '  molecular  conf igura t ' ion .  The I v A  makes t h e  normal-mode p o t e n t i a l -  

energy d e f e c t  van i sh  i n i t i a l l y .  

Bond d i s t a n c e s  from t h e  ' r i g o r o u s  . t r a j e c t o r y  and t h e  cor responding  SVA 

and I V A  approximate t r a j e c t o r i e s  a r e  obta ined  a s . a . f u n c t i o n  . . of t ime.  A coun t ing  , . .  . 

procedure determines t h e  frequency.  w i th  which  a given bond d i s t a n c e  ach ieves  a  

. c r i t i c a l  l eng th ,  i. e .  , . t h e  REF. ' I n  t h e  l i m i t  of i n £  i n i t e s i m a l  v i b r a t i o n  
.. . 

ampli tudes,  t h e  r i go rous ,  SVA, and I V A  REF's a r e ,  of course ,  ' a l l  equa l .  The . . 

REF's descr ibed  i n  S e c t i o n 7 . 1 . 5  a r e  ob ta ined  from long-time ( r a t h e r  t han  phase)  . . 

averages  over  t h e  r i g o r o u s  and approxima,te t r a j e c t o r i e s . .  . The "long" t i m e s  , 

-1 2 
involved a r e  no g r e a t e r  t han  2 . x  10  seconds,  a  r e s t r i c t i o n  d i c t a t e d  by t h e  

. . . . 
accuracy o f .  t h e  numerical  i n t e g r i t  i o n  used.. 

. . 
. . 

. . 

L 

5. MOLECULAR ENERGIES 
' v - b ' v v V ' . , ~ " . n , ' V L ~ ~ " . n , ' - J L  

It . i s  convenient  t o  d i s c u s s  molecular  e n e r g i e s  i n  terms of "normal-mode 

energ ies" ,  "Eckart energies" ,  and "bond energies" .  The nornlal-~~lodc e n e r g i e s  

were def ined  and descr ibed  i n  Sec t ion  ,4.2. The o thers  a r e  descr ibed  below. . .  , 

. . 

. . . . 



5.1. Eckart Energies 
w i / y b y L w . v L w y L m  

The t o t a l  k i n e t i c  energy o f  t h e  molecule c a n b e  expressed33d i n  terms 

of the  coordinate's and v e l o c i t i e s  of t h e  n u c l e i  wi th  res,pecr t o  t h e  Eckart .  

axes and t h e  Bngdlar v e l o c i t y  of these  axes with respect  t o  t h e  laboratory- 
, . 

. . 
f ixed  ones. Thts expression . is 

where T , Tr ,  and T a r e  t h e k i n e t i c  energies  of v i b r a t i o n ,  r o t a t i o n ,  and 
v r v. 

v ib ra t ion- ro ta t ion  i n t e r a c t i o n  ( i . e . ,  C o r i o l i s  energy) respec t ive ly ,  given by 

and 

. . I n  terms of t h e  Euler angles  J I ,  0 ,  and 4 ,  the vector  has  t h e  Eckart system ' .  . . . . .  . . .  . . .  . . .  

components . . ' 

. . 
. ("x = 0 s i n  $ - 4 s f n . 0  cos $ 

w = 41 cos 8 + $. . . z 



The somewhat more complicated expres s ions  f o r  t h e  Euler  angu1a.r vePoc . i t i es  i n  

terms of .  atomic . p o s i f i ~ o n s  .and v e l o c i t i e s  fo l low ~ t r a . i , ~ h t f o r w a r d l ~  from d i f f e r -  

e n t i a t i o n  of t h e ' e x p r e s s i o n s  f o r  t h e  ang le s  themselves 'g iven  and implied i n  

Sec t ion  4.1. 

5 . 2  Bond Energies  
'vvvLuwvvvLl~~mm . . 

. ,, A weak-coupling t rea tment .  of unimolecular  r e a c t i o n s ,  such a s  RRK . 

. . 

t h e o r y , ' r e q u i r e s  t h a t  t h e  sum of o s c i l l a t o r  e n e r g i e s  be  c o n s t a n t  i n  time. I f  

. t h e  o s c i l l a t o r s  . a r e  taken  t o  be t h e  normal modes, t h i s  amounts t o  assuming t h a t  
. . 

3 . .  

c i  is a good cons t an t  of t h e  motion. However, t h e  RRK o s c i l l a t o r s  a r e  
i=1- 

sometimes l1 a s s o c i a t e d  w i t h  t h e  'bonds of t h e  molecule.  Although t h e  d y n h i c a l  

concept of bond energy i n , p o l y a t o m i c  molecules  is  f r a u g h t  w i t h  d i f f i c u l t i e s ,  w e  

pursue i t  he re  t o  examine i ts  p o s s i b l e  u t i l i t y  i n  RRK.or a l t e r n a t i v e . i n t e r a c t i n g  . 

o s c i l l a t o r  t h e o r i e s .  W e  choose as a n  i n t u i t i v e  d e f i n i t i o n  of ' t h e  energy of ' . 

bond i t h e  express ion  

. .. . .. . 
!. , 

. -.. where t h e  bond p o t e n t i a l ' e n e r g y  i s  g iven  i n  Eq. 2 and t h e  bond k ine t i c .  energy 

T .  is  g iven  by 
1 

. . 
I n  Eq. 24 , t h e  i n d i c e s  i, 'j , and k a r e  a cyc1ic :permuta t ion  of 1 ,2 ,3 ,  and p 

%i 

is a u n i t  vec to r  & l o n g  t h e  bond i from atom' A ( j )  t o  and p i  i s  " t h e  

reduced m c c  of t h e  A ( j )  ,(k) pair: 
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Equation 24 i s  i n v a r i a n t  under r o t a t i o n s  of t h e  coo rd ina t e  system. 

The terms V. i n  Eq. 23 a r e  t h e  pa i rwi se  p o t e n t i a l s  of ou r  models. 
i 

A t  a l l ,  t imes,  t h e i r  sum is t h e  t o t a l  'energy of t h e  molecule.  On t h e  
. . '  

o t h e r  hand, t h e  bond k i n e t i c  e n e r g i e s  do .not n e c e s s a r i l y  sum t o  t h e  t o t a l  v ibra- '  

t i o n a l  k i n e t i c  energy,  T  . Indeed, a  decomposition of t h e  atomic v e l o c i t i e s  
v  

r e s u l t i n g  from v a r i o u s  normal-mode k ine t i -c  e n e r g i e s  i n  A shows t h a t  
3 

3 
T . w i l i  d i f f e r  i n i t i a l l y  from T by i-501, +41%, -402, and +13%, when t h e  

e . 1  v x = l  

i n i t i a l  energy i s  e n t i r e l y  i n  t h e  form of k i n e t i c  energy and t h e  modes e x c i t e d  

a r e  symmetric s t r e t c h ,  bend, asymmetric s t r e t c h ,  and ,equal  amounts of a l l  t h r e e ,  

r e s p e c t i v e l y .  These r e l a t i v e  e r r o r s  i n  x- T. are independent of t h e  t o t a l  
1 1  

energy and do not ,vanish i n  t h e  l i m i t  of sma l l  v i b r a t i o n  ampli tudes.  ~ h u s '  t h e  

sum of n e i t h e r  t h e  bond e n e r g i e s  nor  t h e  normal-mode e n e r g i e s  . w i l l  equa l  t h e  . . 

t o t a l  v i b r a t i o n  energy i n  gene ra l .  From a n  e x a c t  s o l u t i o n  t o  t h e  dynamic problem, 

one can d e t e m , i n e  whether - E . o r  E. . i s  t h e  b e t t e r  c o n s t a n t  of t h e  
i=1 i 

. i=l i 

motion. 

6 .  NUMERICAL METHODS 
'-vvvvbmwm- 

M e r t o r  I n i t i a l i z a t i o n  
yr;'VL&m-w?r 

'1n o r d e r  t o  i n t e g r a t e  t he . equa t i ' ons  of motion 3  and 4  one needs i n i t i a l  

v a l u e s  f o r  t h e  twelve components of t h e  q u a n t i t i e s  X .  z3, f l l ,  and P coores- 
%3 

ponding to . .  d e s i r e d  , i n i t i a l '  p r o p e r t i e s .  I n i t i a l l y ,  t h e  Ecka r t '  and f i x e d  axes  
. . 

a r e  taken,  wi thout  l o s s  of g e n e r a l i t y ,  t o  be co inc iden t .  The i n i t i a l  o r i e n t a t i o n  

of t h e  equ i l i b r ium geometry ( s e e  Fig.  1) is f i x e d  by t ak ing  req p a r a l l e l  
-2 

. . t o  and i n  t h e  same sense  a s  t h e  x u n i t  v e c t o r ,  a g a i n  wi thout  l o s s  of g e n e r a l i t y .  -I, . . mode 

. '  . 
I n . . a l l  t h e  c a l c u l a t i o n s  t o  be r e p o r t e d  h e r e ,  t h e  i n i t i a l n o r m a l / k i n e t i c  ' ' 



energy is zero; t ha t  is, a l l  t r a j e c t o r i e s  a r e  begun a t  a turning point  f o r  a l l  

the  o sc i l l a to r s .  Thus, a l l  v ibra t ions  a r e  i n i t i a l l y  i n  phase; t h i s  requiremen 

represents a considerable l o s s  of genera l i ty  f o r  t h e  S n i t i a l  conditions. With L L  

exception of a very few spec ia l  cases, however, the  phase lock is quickly broken 

by o s c i l l a t o r  in te rac t ion  during the  t r a j ec to r i e s .  Thus, t he  dynamics or in-phase 

l n i t i t a t e d  t r a j ec to r i e s  should not be aua l i t a t i ve lv  d i f f e r en t  from out-of-~hase 

Lnitiated ones, 

The i n i t i a l  ro t a t i ona l  energy and ax i s  of ro t a t i on  a r e  input parameters. 

The magnitude of the  i n i t i a l  angular ve loc i ty  is obtained from the  inverse  of 

Eq. 20. 

The i n i t i a l  atomic v e l o c i t i e s  are then determined through t h e  r e l a t i o i  

wnerc the  i n i t i a l  atomic posi t ions  a r e  fixed by Eq. 17 rPnd the  choice of . .a: ;LrYftial 

normal-mode (potent ia l )  energies. 
. * -  i , . 

me equations of motion a r e  integrated by an Ad 
. . 

- Predictor /6th  Order Corrector r ~ u t i n e ! ~  'l?i?ams-~loulton coef f i c i e n t s  £0; thee 
' i * . . , r f ;  .. . " 

other orders  a r e  given i n  Section 11. 4.1.1. of re f .  30, The t a b l e  of past  derfva- 
- ' 

t i v e s  required by t h i s  rout ine is f i l l e d  i n i t i a l l y  by a 4th Order Runee-Kutta- 

 ill^^ operating at  half t he  time s t ep  s ize .  . A typ ica l  s t ep  s i z e  is about 

4.2 x seconds. Typical t r a j e c t o r i e s  involve about 4000 such stem, 



., ;i 
these t ra jec tor ies .  When an A3 t r a j  ectory is  i n i t i a t e d  from normal-mode (po ten t ia l )  

- -1 2 
energies of E = E sym a s p  - 'bend = 40 kcal  mol" and integrated f o r  3.36 x 10 

-1 6 
seconds (molecule time) a t  a s tep  s i z e  of 8.4 x 10 seconds, momentum reversa l  

a t  the  termination and fu r the r  in tegra t ion  leads t o  recovery of 4 decimal d i g i t s  

of the  i n i t i a l  coordinates and momenta. 

The S la t e r  and RRK theories  mentioned i n  t he  Introduction assume t h a t  

ro ta t ion  has a negl ig ib le  e f f ec t  on the  r a t e s  of intramolecular energy t r ans fe r  

i n  unimolecular reactions. I n  Section 7.2, w e  inves t iga te  the  v a l i d i t y  of t h i s  

assumption, Here we report  r e s u l t s  of our study of t h e  dynamics of molecules under- 

going vibrat ions  only. These s tud ies  s u f f i c e  t o  check the  v a l i d i t y  of the  small- 

coupling and small-vibration approximations. 
b 

The i n i t i a l i z a t i o n  of a l l  t r a j e c t o r i e s  t o  be discussed i n  t he  present 

sect ion is accomplished by giving the  molecules varying amounts of normal-mode 
x> 

p o t e n t i a l  energy. The momenta conjugate t o  the  normal coordinates a r e  i n i t i a l l y  
, .. .. . . 

zero, and the  v ibra t ions  begin i n  phase with each other. 

7.1.1. Zero-Point Energy Dynamics 

The zero-point vibrat ions  of H20 exemplify the cha rac t e r i s t i c s  of a l l  

t h e  Czv moleculea we  studied (D2S, H2Se, NO2, SOq, and QO). The zero-point energy 

of our H20 model calculated from the  normal mode frequencies is 13.32 kea l  ~ 1 0 6 ~ .  

When each normal mode of t h e  molecule is  given its zero-point po ten t i a l  energy, the  

t o t a l  v ibra t iona l  energy is found t o  be 14.65 kca l  mol-l. This discrepancy was 

discussed i n  Section 4.2. 



. , 
. . 

. . 
. . 

. . 

. . .  

The 0-H bond d i s t a n c e s  a r e  g iven  a s  f u n c t i o n s  of time i n  Fig. 3a f o r  

v i b r a t i o n s  i n  which each normal-mode of t h e  molecule i s  g iven  i n i t i a l l y  i t s  

zero-eoint p o t e n t i a l  energy. These d i s t a n c e s  appear .  t o  a c e r t a i n  e x t e n t  t o  
. . 

exchange ampli tude w i t h  one another. '  I n  t h i s  r e s p e c t ,  t h e i r  behavior  is  s i m i l a r  

t o  ' t h a t  of tuned,  ' coupled 37 Th i s  analogy i s  r e i n f o r c e d  i n  F ig .  3b. 

Indeed, when one pendulum is s t a r t e d  swinging w h i l e  t h e  o t h e r  ' i s  a t  rest, t h e  
. -- 

pendulums. exchange t h e i r  t o t a l  energy,  which is  approximate ly .  t h e  c a s e  f o r  t h e  

OH bond ene rg i e s .  . The pendulum analogy a l s o  . sugges ts  t h e  mechanism f o r  t h i s  

exchange. When weakly coupled pendulums are swinging w i t h  e n e r g y . i n  only  one 
. . . .  . 

o f .  t h e  norinal-modes f o r  t h a t  system, no energy t r a n s f e r  between t h e  pendulums 

t a k e s  place.  - It is only  when two normal-modes are ' exc i ted  t h a t  t h e  pendulum 

energy exchange occurs ,  and t h e  exchange rate .is r e l a t e d  t o  t h e  b e a t  f requency  

(.I. e . . ,  f i t ique~icy  JlIfereiice) betweell elle .two ifiocles. 

I n  t h e  water  molecule ,  t h e  normal-modes which have t h e  s t r o n g e s t  e f f e c t  

on t h e  valence.,bond l e n g t h s  a r e  t h e  symmetric and asymmetric s t r e t c h e s .  The 

pendulum analogy p r e d i c t s  t h a t  t h o s e  bonds should exchange energy w i t h  a 
. . 

7 .5  x 10- l4  second pe r iod ,  which i s  a s s o c i a t e d  w i t h  t h e  synmetric-asymmetric 

b e a t  f requency of 1 .33 x i0+13 seconds-? f o r  t h i s  model. Th i s  i s  p r e c i s e l y  t h e  
. <. 

' ! observed bond energy exchange per iod .  The p e r s i s t s  even 'under t h e  
. '.. . 

p e r t u r b a t i o n  of t he ' bend ing  motion, as long as t h e  symmetric and asymmetric 

modes e n e r g i e s  are good c o n s t a n t s  o f .  t h e  motion. 

The v i b r a t i o n a l  k i n e t i c  energy of t 'he molecule T shown i n  Fig.  3c ,  
. . v 

f i  
1 
1 

demonst ra tes  t h e  b e a t  r a t h e , r ' c l e a r l y .  When t h e  energy of one of t h e  0-H bonds . . 3 
'j 

is  zero ,  T o s c i l l a t e s  w i t h  tw ice  t h e  frequency .of t h e  e x c i t e d  bond. (The 
v . i 

1 
f a c t o r  two comes from' t h e  e x i s t e n c e  of two t u r n i n g  p o i n t s  p e r  bond o s c i l l a t i o n . . )  i 

.{ 

A s  t h e  o t h e r  bond becomes e x c i t e d ,  t h e  044 b o n d s o s c i l l a t e  sr/2 out-of-phase w i t h  { 

one another ,  such t h a t  the sum of t h e  n u c l e a r  k i n e t i c  energies is.appr,roximately 1 i 

. . i 
. . . . 

j 
1 



cons t an t .  S ince  t h e  0-H bonds a c q u i r e  equa l  energy twice  i n  every  b e a t  c y c l e ,  

t h e  envelope of '  T has. twice  t h e  b e a t  f requency.  
v 

The nonconservat ion of  normal-mode e n e r g i e s  is  c l e a r l y  s een  i n  F i g .  3d, 

a l though f o r  t h e  zero-point v i b r a t i o n s  t h e  f l u ' c t u a t i o n s  i n  . the  normal-mode 

e n e r g i e s  a r e  smal l  ( l e s s  than  about  +'lo%) r e l a t i v e  t o  t h e  t o t a l  energy.  There 

appears  t o  be no long-term exchange of energy &ong t h e  modes. The o r d e r i n g  

of normal mode e q e r g i e s  i s  conserved; t h a t  is ,  . t h e  symmetric s t r e t c h  always 
. . . . 

h a s  t h e  most energy, and t h e  -bending v i b r a t i o n  has  t h e  l e a s t .  The short- term 

(10-I second) f l u c t u a t i o n s  are no t  l a r g e  enough t o  obscu re  t h e  bond-energy 

bea t .  

The bond energy b e a t  phenomenon i s  common t o  a l l  t h e  C t r i a t o m i c  
.. .. 2v 

molecules  s tud ied ,  b u t  it i s  n o t  a . r e s u l t  o f  their. .syunnetry. It fo l lows  
. . 

. . i n s t e a d  from t h e  prop, inqui ty of t h e  symmetric and asymmetric molecu1a.r f r e q u e n c i e s  

i n  t h e s e  molecules.  The s m a l l  f requency d i f f e r e n c e s  i n s u r e  b e a t  f r e q u e n c i e s  much 

lower than,  and w e l l  s e p a r a t e d  from, t h e  v i b r a t i o n  fundamentals.  On t h e  o t h e r  

1s 
hand, t h e  widely sepa ra t ed  fundamental f r e q u e n c i e s  i n C 1 N  0 g ive  b e a t s  which 

are l o s t  i n  t h e  fundamentals themselves.    or , t h i s  reason ,  t h e  ,bond e n e r g i e s  i n  

zero-point v i b r a t i n g  n i t r o s y l  c h l o r i d e  i n  F ig .  4b do n o t  show even roughly t h e  
.- , ' , 1 /' 

1 exchange  p e r i o d i c i t y  observed i n  Fig .  3b f o r  water .  The low frequency,  h igh  
'- 

axhplitude bend in  n i t r o s y l  c h l o r i d e  r e n d e r s  t h e  SVA a more s e v e r e  approximation 
. . 

f o r  - t h a t  molecule than  i t  was f o r  H20.  The normal-mode e n e r g i e s  of zero-point  . . ' ,  

v i b r a t i n g  C ~ N I  80 shown i n  Fig.  4c e x h i b i t  g r e a t e r  r e l a t i v e  v a r i a t i o n  than  t h b s e  
, ' 

of H20 g i v e n . i n  Fig.  3d. The v e r y  &al l  ampli tude v i b r a t i o n s  (not  shown) 

a r i s i n g  from a n  inpu t  of on ly  1110'-of t h e  n i t r o s y l  c h l o r i d e  .zero-point  ecergy  

i n t o  t h e  molecule r e s u l t s  i n .  normal-mode e n e r g i e s  which f l u c t u a t e  by only a 

few percent  dur ing  t h e  t r a j e c t o r y .  
. . 

'For,  the S P ~ .  of molecules  .we studied,..,  t h e  normal-mode zero  p o i n t  ' ene rg i e s  
. , . . 

a r e  i n  t h e  range  of 0.5 t o  6 . 3  kcal lmole ,  and none o f  t h e  normal-mode e n e r g i e s  



va ry  dur ing  a  t r a j e c t o r y  by more than  k1.5 k c a l  mol-l. These r e s u l t s  t hus  

d e f i n e  t h e  degree  t o  which t h e  SVA f u r n i s h e s  a n  adequate  d e s c r i p t i o n  of zero- 

p o i n t  v i b r a t i o n s .  Although t h e  c l a s s i c a l .  dev ' ia t ions  from SVA are small i n  

a b s o l u t e  magnitude f o r  'ground vi.br.ationa1 s t a t e s ,  t hey . shou ld  man i f e s t  them- 

s e l v e s  i n  t h e  quantum-mechanical t r e a t m e n t  a s  w e l l ,  '8 and t h e r e f  o r e  they  can 

b e  expected t o  p l a y  a . , r o l e  i n  t h e  i n t e r p r e t a t i o n  of  v i b r a t i o n a l  s p e c t r a .  

The inconstancy of t h e s e  normal-mode e n e r g i e s  does n o t  imply f a i l u r e s  

of e i t h e r  c l a s s i c a l  mechanics o r  t he .numer i ca1  i n t e g r a t i o n  procedure.  Ne i the r  
" .  ' .  

does it  sugges t  t h a t  molecules .do  'not have s t a t i o n a r y  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 s .  The c l a s s i f i c a t i o n  of t h e s e  s t a t e s  i n  t e rms 'o f  s e t s  ,of good quantum 

numbers can no longe r  be  ma&e i n  terms of t h e  usua lmorma l  mode quantum numbers. 

A g e n e r a l i z a t i o n  of t h i s  concept  invoking c u r v i l i n e a r  c o o r d i n a t e s  may however 

38 be  poss fb l e .  

.7.1.2. Highly Energized A 3  . . 

To i n v e s t i g a t e  t h e  dynamics of molecules  a t  e n e r g i e s  approaching t h o s e  

necessary  f o r  r e a c t i o n ,  t h e  r e l a t i v e l y  r i g i d ,  symmetric A3, and t h e  l o o s e ,  

- asymmetric ~ 1 ~ ~ ~ 0  molecules  a r e  g iven  h a l f  t h e i r  r e s p e c t i v e  d i s s o c i a t i o n  e n e r g i e s  

C. - - -  _ 
i n  four .ways.  F i r s t ,  a l l -  t h i s  energy is p u t  i n t o  one normal-mode a t  a time, 

\ 
\ 

and the 'dynamics  of an  i n i t i a l l y  pure  normal-mode v i b r a t i o n  is  determined. Then 
. . 

t h e  same amount of energy i s  p a r t i t i o n e d  e q u a l l y  among t h e  t h r e e  normal modes. 

T h i s  l a t t e r  precedure  w i l l  be c a l l e d  "mixed mode" i n i t i a t i o n  h e r e a f t e r .  

The "d i s soc i a t ion"  of A3 r e q u i r e s  t h e  r u p t u r e  o f  two 0 2 - l i k e  bonds 'w i th  

t h e  expendi ture  of a t  l e a s t  119.43 k c a l  mol-' f o r  e a c h  bond., I n  what f k l l o w s ,  

h a l f  t h e  d i s s o c i a t i o n  energy of A3 w i l l  be denoted by Do (= 119.43 kcal mol-'). 

' From t h e  D symmetry of A3, it is  c l e a r  t h a t  any ene tgy . . . input .  t o  t h e  
3h 

. '  molecule a s  pu re  symmetric s t r e t c h  causes  i t  ' to  ,execute  t ha . t  normal-mode mot'ion . .  



f o r e v e r .  The r igo rous  conse rva t ion  of pure  D motion i s  o f , v a l u e  i n  checking 
3h 

t h e  accuracy of i n t e g r a t i o n  ro 'ut ines  bu t  does  n o t  e l u c i d a t e  normal-mode coupl ing  

. phenomena. Not only  t h e  synunetry of t he .mot ion  b u t  a l s o  t h e  symmetric normal- . . 

mode energy i s  conserved. 

When A 3 ' s  Send mode is  e x c i t e d  i n s t e a d ,  t h e  subsequent  dynamics do - n o t  

conserve the ' co r r e spond ing  normal-mode energy whi.ch.varies p e r i o d i c a l l y  w i th  t h e  

bend f requenc .~ .  30 A t  a n  i n i t i a l  e x c i t a t i o n  of D t h e  amplTtude of t h i s  v a r i a t i o n  . . ,  0 * 

is  about  20 k c a l  mol-i o r  about  15% of t h e  t o t a l  energy.  The bend inode i s  a motion 
varies. 

having C,, symmetry which - is conserved even though the bend normal-mode energy/ 

About 3% o f '  t h e  t o t a l  energy appea r s  i n  t h e  symmetric s t r e t c h  mode which per iod-  

i c a l l y  exchanges t h i s  small amount of e n e r g y  w i t h  t h e  bend mode. The . remainder  

' .  of t h e  v a r i a t i o n  i n  bend normal-mode energy appea r s  d i r e c t l y  ' a s  v a r i a t i o n '  i n  
. . 

t o t a l  normal-mode energy because t h e r e  i s  n no . . . . . . . . exchange of energy between t h e  bend 

and asymmetric s t r e t ch .modes .  I n i t i a l l y  pu re  bend motion does  no t  e x c i t e  

. . 
a s p e t r i c  s t r e t c h  motion even . though those  two modes a r e  degene ra t e  , i n  A 3 .  

I 
I 

They a r e  uncoupled by t h e  h igh  symmetry of t h e  motion. 

I n  c o n t r a s t ,  when t h e  energy D i s  put  i n t o  asymmetric s t r e t c h ,  t h e  
0 

r e s u l t a n t  r n o l e c u l a r ~ v i b r a t i o n s  a r e  n o t  even approximate ly  conf ined  t o  t t m t  mode 
i . . 

( s ee  F'ig. 5). The rocking  o f  t h e  Eckar t  axes  under asymmetr ica l ly  s t r e t c h i n g  

A~ ( s ee  Sec t ion  4 )  prbduces sma l l  C o r i o l i s  f o r c e s .  S ince  such forces39  on nuc leus  i 
II 

a r e  d i r e c t e d  a long  t h e  v e c t o r  ;.x 8, t hey  conve r t  asymmetric s t r e t c h  i n t o  t h e  
1 

. . bending motion, and v i c e  ve r sa .  The asymmetr ic-s t retch normal-mode . . energy 

cannot go' t o  ze ro  by t h i s  mechanism because t h e  C bend motion does n o t  rock  
2v 

t h e  Eckart  axes.  . A s  t h e  bending norma.1-mode energy rises t o  0.7 D , t h e  weakened 
0 

. . 
' 

C o r i o l i s  f o r c e s  beg ins  t o  conver t  i t  back i n t o  asymmetr ic-s t retch energy. S ince  

h a l f  of t h i s  energy is exchanged i n  about  7 . 5  X 10-I seconds,  we i n £  e r  (al ' though 

ou r  i n t e g r a t l o n  d id  n o t  extend f a r  'enough t o  v e r i f y  t h i s )  t h a t  t h e  complete 



exchange pe r iod  . is about .  1 . 5  X 10- l2  seconds. Th i s  pe r iod  i s  about .  two o r d e r s  . ' 

of magnitude srpaller t han  t h o s e  a s s o c i a t e d  wi th  ' c o l l i s i o n s  40 between gas  rno1ecbl.e~ 

a t  s tandzr i l  t empera ture  and p r e s s u r e  (STP). Thus, one may assume t h a t  normal- 

mode e n e r g i e s  a r e  cons t an t  between c o l l i s i o n s  f o r  A j  molecules  which a r e  

s t r e t c h i n g  asymmetr ical ly  .w i th  h a l f  t h e i r  d i s s o c i a t i o n  energy only  i f  t h e  

' 1  
product  P* of t he .  p r e s s u r e  times t h e  square  r o o t  o'f t h e  tempera,ture i s  about  

400 t imes  g r e a t e r  than  a t  STP. Such experimeii ta l  c o n d i t i o n s  'are ve ry  d i f f i c u l t  
' . 

tc  obtain!' 
. . 

The energy exchange normal modes between t h e  degenera te  bend -and 

asymmetric s t r e t c h  ev iden t  i n  Fig.  5 c  appears  t o  be pe r fod ic .  Its frequency 

-1  . 
is about  22 cm:.- . . Let  , u s  assume t h a t  t h e r e  e x i s t  two t r u l y  'non- in te rac t ing  . ' .  

. . 

v i b r a t i o n  modes (not  t h e  usua l '  normal-modes) which a r e  p e r i o d i c  and have 

t f  r equenc ie s  w l  ' and m2. Since  t h e s e  non- in t e rac t  i v e  modes and t h e  normal .modes 

a r e  n o t  coinci ,dent ,  i t .  fo l lows  t h a t  e x c i t a t i o n  of a s i n g l e  normal-mode must 

e x c i t e .  a mix tu re  of -non- in te rac t ing  modes. Hence, t h e  pendulum analogy l e a d s  

us  t o  a n t i c i p a t e  a normal-mode exchange f requency 'which  i s  equa l  to t h e  b e a t  
1, 

. . 

frequency of t h e  non- in te rac t ing  modes, i. e . ,  w l- w 2  = 22 cm-l. -This  b e a t  
/' 
/ 

frequency goes t o  z e r o  w i t h  dec reas ing  v i b r a t i o n  ampl i tude  because t h e  normal 
i . 

and non- in t e rac t ing  modes co inc ide  a t  vanish ing  dis,placements,  and t h e  non- , 

i n t e r a c t i n g  modes thus  a c q u i r e  t h e  degeneracy of t h e  normal bend and.asymrnetric 

s t r e t c h  modes: C lea r ly ,  t h o s e  non- in t e rac t ing  modes a r e  no. l onge r  degenera te  

a t  a v i b r a t i o n  energy of Do. Note t h a t  t h e  v i b r a t i o n  f r e q u e n c i e s  i n  F ig .  5 a  

are t h e  same f o r  a l l ' t h e  bonds i n d i c a t i n g  t h a t  they  a r e  be ing  ' 'driven" by a - 
. . 

s i n g l e  c y c l i c  coord ina te . .  However,. they' a r e  n o t  . o s c i l l a t i n g  wi th  t h e  1370 cm-I 

expected f o r w  ( s e e  Table I. ) . .. I n s p e c t i o n  .of t h e  bond .3 curve  i n  .Fig. 5n 
L)sym 

r e v e a l s  t h a t  i t  i s  I n i t i a l l y  in-phase ( f u l l y  compressed) w i th  t h e  T. t i c  marks. ,  . . ' .  
asjm 

a,t t h e  t o p  of t h e  f i g u r e .  However, by t h e  t ime 30 (normal-mode) asymmetric . .  



. pe r iods  have passed , .bond 3 (and .both t h e . o t h e r  bonds) i s  -180° out-of-phase 

wi th  T~~~~ marks. Hence t h e  frequency of t h e  bonds and - a f o r t i o r i  t h a t  of t h e  

-- non- in te rac t ing  (asymmetric s t r e t c h - l i k e )  v i b r a t i o n  mode, wl N (29.5/30) X .  w . - 
a s p  - 1 

1347 cm o . - 22 By t h i s  and t h e  bea t  f requency formula,  t h e : o t h e r  
asYm 

non- in te rac t ing  (bend-l ike)  mode has  a f requency o2  - w = W  a s p  bend ' Thi s  r e s u l t  

, might have been a n t i c i p a t e d  f r o m . t h e  f a c t  t h a t  bending v i b r a t i o n s  do n o t . p r o d u c e  
. . 

C o r i o l i s  f o r c e s  s i n c e  they  do n o t  rock  t h e  Eckar t  axes .  Note t h a t  t h e  f requency  

of t h e  non- in t e rac t ing  mode wl depends on t h e  t o t a l  energy E. T h i s  i s  anharmonic 

behavior  from a r i g o r o u s l y  harmonic model. 

I n  n e i t h e r  pure  bend nor  ( i n i t i a l l y )  pu re  asymmetric s t r e t c h  v i b r a t i o n  

i s  t h e r e  any a p p r e c i a b l e  e x c i t a t i o r i  of t,he high'.frequen-cy symmetric s t r e t c h .  

, T h e  symmetric normal mode energy ,is a t  a l l  t i m e s  v e r y  c l o s e  ' to ze ro  as i n d i c a t e d  
. - 

by t h e  lowest  of t h e  curves  i n  f i g u r e  5c (which s t a y s  a t  a l l  t i ines ve ry  c l o s e  

t o  t h e  a b c i s s a  a x i s ) .  

When each of t h e  normal modes i n  A 3  a r e  e x c i t e d  a n  energy equa l  t o  ~ ~ 1 . 3 ,  

t h e  bend and asymmetr ic-s t retch modes ' (not  shown) are a g a i n  weakly. coupled and 
. ..A*,, 

exchange energy w i t h  a pe r iod  of 1 . 6  X 10- l2  seconds. The d e t a i l e d  n u c l e a r  motions,, 
I 

a s  w e l l  as t h e . o v e r a l 1  exchange, a r e  ve ry  n e a r l y  pe r iod ic .  Th i s  may be  f u r t h e r  

evidence of t h e  non-ergodici ty  of harmonic phase spaces  suggested by t h e  . r e s u l t s  

i 7 
of Bunker 24a'b and of Nordhuh  and Rice  . 

. \ 
It can be seen.  (F igs .  5b a n d ' 5 c )  t h a t  t h e  RRK o s c i l l a t o r  e n e r g i e s  d'o 

------.- / 
not  'sum t o  t h e  t o t a l  v i b r a t i o n a l  energy i f  t h e  o s c i l l a t o r s  a r e  a s s o c i a t e d  w i t h  ' 

e i t h e r  t h e  bonds o r  t h e  normal modes of t h e  molecule.  Thus, t h e  high-energy 

v l .bra t ions  o f .  t h e  A 3  molecule r i g o r o u s l y  s a t i s f y  ne.it l ier ; S l a t e r l  s assumption of 

cons t an t  normal-mode e n e r g i e s  nor  t h e  RRK assumption t h a t  t h e  o s c i l l a t o r s  a r e  s o  

weakly coupled. t h a t  t h e i r  e n e r g i e s  sum w i t h  s m a l l  e r r o r  t o  t h e  . t o t a l  v i b r a t i o n a l  

energy of t h e  .molecule. It is u n l i k e l y  t h a t  ' t ,hese~ ,conclus ions  depend upon t h e  

h igh  symmetry- of t h e  . A 3  molecule.  I n  vi,ew of t h e  a r t i f i c i a l i t y  of A3 and t h e  



apparent  mal ice  i n  t h e  cho ice  of degene ra t e  v i b r a t i o n s ,  t h e  s tudy  of a  more 
" .  

r e a l i s t i c  harmonic model is  warranted ;  r e s u l t s  of s u c h  a  s tudy  a r e - r e p o r t e d  

i n  t h e  next  s ec t ion .  

It should be noted t h a t  t h e  d e t a i l e d  nuc lea r  motions i n  t h i s  s tudy  a r e ,  

no doubt,  q u i t e  s e n s i t i v e  t o  t h e  i n i t i a l  phases  6 of the, '  normal-mode v i b r a t i o n .  i 

w i t h  t h e  e x c e p t i o n  noted i n  Sec t ion  7.1.5., a l l  t h e  t r a j e c t o r i e s  i n  t h i s  .s tudy 

14 used 6 = 0 f o r  a l l .  i i n  eqn. . Thi s  .means. t h a t  t h e  molecule .  i s  i n i t i a l l y  
i 

i n  i ts most d i s t o r t e d  geometry. With 6i = t n / 2  (equi l ibr ium geometr ies ) ,  t h e  

observed normal-mode ene.rgy scrambling might n o t  have been as s e v e r e  (though 

. . 
separate calcralations' indicate that it does not vanish). The corresponding 

t r a j e c t o r i e s  might a l l o w  t h e  molecule  t o  s e e k  ou t  d i s t o r t e d  geometr ies  more 

c l ~ s e l ' ~  approximating t h o s e  of t h e  t r u e  independent b i b r a t  i o n s  a s s o c i a t e d  . 
' 

w i t h  t h e  e x c i t e d  normal-modes. T h i s  p o s s i b i l i t y  was not  i n v e s t i g a t e d .  However, 

i f  any set of normal-mode i n i t i a l ,  phases  y i e l d  t r a j e c t o r i e s  w i t h  g r o s s l y  in-  

c o n s t a n t  normal-mode e n e r g i e s ,  a s  long as t h i s  set i s  n o t  h igh ly  non-representa-  

t i v e  of t y p i c a l  t r a j e c t o r i e s ,  t h e  u t i l i t y  of  . t h e  sma l l  v i b r a t i o n  approximation 

f o r  t h e  d e s c r i p t i o n  of d e t a i l e d  molecular  dynamics i s  c a l l e d  i n t o  ques t ion .  , 

The d i s s o c i a t i o n  energy41 of t h e  M1 bond i n  n i t r o s b l  c h l o r i d e  is 

38.4 k c a l  mol-l. For comparison w i t h  t h e  r e s u l t s  of t h e  preceding s e c t i o n ,  

w e  i n t roduce  only  h a l f  t h i s  energy,  o r  19.2 kcal /mole,  i n t o  t h e  normal modes 
. . 

of the  molecule. 
. . 

. . 
The v i b r a t i o n a l  mode of h i g h e s t  frequency is. e s s e n t i a l l y  t h e  v i b r a t i o n  

o f . t h e  N=O bond (Fig. 2a).  S o l u t i o n  of t h e  equa t ions  of motion shows t h a t  

1 9 . 2  k c a l  xlol.-l of  energy '  i n  this normal mode i s  conserved t o  w i t h i n  0.7% f o r  

t h e  8.4 x '  10-13. seconds 'over which w e  i n t e g r a t e d  t h e  t r a j e c t o r y :  Symmetric 



. . 
. . 

s t r e t c h i n g  of n i t r o s y 1  c h l o r i d e  (diagrammed i n  Fig.  2c) i s  n o t - a  s t a b l e  mode - .:; 

of motion. (Fig. 6 )  f o r  e n e r g i e s  a s  h igh  as 19.2 k c a l  mol-l. During t h e  f i r s t  . 

5 X 10-I . .seconds of t h e  t r a j e c t o r y ,  t h e  symmetr ic-s t retch normal-mode energy 

. . i s  reasonably  cons t an t .  However, a  s t e a d y  i n c r e a s e  i n  .b.ending normal-mode 

energy g i v e s  r i s e  t o  bend ampli tudes.  l a r g e  enough f o r  t h e  molecule  t o  pas s  

through l i n e a r i t y  a t  7.25 X 10-1 seconds (Fig.  6a) .  A s  a r e s u l t  of t h i s  
. . .  

g r o s s  d i s t o r t i o n  from equ i l i b r ium geometry;the normal-mode e n e r g i e s  f l u c t u a t e  

r a t h e r  c h a o t i c a l l y  from about  7  t o  10 X lo-' .seconds . a f t e r  i n i t i a l i z a t i o n  

(Fig. 6c). . T h e  normal-mode energy d e f e c t , i n  th i s 'mode  is i n s i g n i f i c a n t  compared 

t o  t h e  150% and 100% d e f e c t s  observed i n  t h e  bend ampl i tudes  i n  t h o s e  t r a j  ec- 

t o r i e s  r e s u l t  i n . e r r a t i c  v a r i a t i o n  of a l l  t h e  normal-mode and bond ene rg i e s .  . . 

The sum of t h e  o s c i l l a t o r  e n e r g i e s ' f l u c t u a t e s  by more t h a n  h a l f  t h e  t o t a l  

energy of t h e  molecule i n  t h e  c a s e  of mixed-mode i n i t i a l i z a t i o n  ( s e e  FPg. 7 ) .  

Thus, for large enough energies to be of interest for unimo1ecda.r reactions the 
normal- . ' 

/ mode ene rg i e s '  i r .  our  harmonic mbdel f o r  ~ l l ? l * 0  a r e  n o t  conserved over  p e r i o d s  

of t,*e s u f f i c i e n t l y  long t o  be  used as c o n s t a n t s  of t h e  motion between c o l l i -  

s i o n s  i n '  t h e  'gas phase. Furthermore, coupl ing  between RRK o s c i l l a t o r s  ( e i t h e r  
. . 

normal-modes o r  bonds) i s  s o  s t r o n g  t h a t  t h e  sum of . t h e i r  e n e r g i e s  can d i f f e r  

from the '  t o t a l  energy by a s  much as a f a c t o r  of 2. .  This  i m p l i e s . t h a t  a s  much 

as h a l f  t h e  energy of t h e  molecule  is  t i e d  up i n  o s c i l l a t o r  i n t e r a c t i o n  terms. 

A l t e r n a t e l y ,  a  wide range  of t o t a l  o s c i l l a t o r  e n e r g i e s  c o n t r i b u t e  t o  t h e  dynamics 

of a molecule  a t  a  f i x e d  i n t e r n a l  energy.   his behavior  r e n d e r s  meaningless  . ' 

t h e  ;se of such o s c i l l a t o r s  i n  e i t h e r  dynamica l  o r  s t a t i s t i c a l  t h e o r i e s  o f  
. . 

unimoleculax r e a c t i o n s ,  f o r  t h e  t o t a l  energy becomes u n c e r t a i n  t o  an i n t o l e r -  

a b l e  degree even a t  e n e r g i e s  w e l l  below r e a c t i o n  th re sho lds .  It sugges t s  t h a t  

d e n s i t i e s  of states ( r equ i r ed  i n  phase-space t h e o r i e s  l i k e  RRKM) p red ica t ed  

upon t h e  independent o s c i l l a t o ~  assuruptiotl may be  i n  e r r o r . e v e u .  f o r  &igorous ly  



harmonic p o t e n t i a l s .  The e r r o r ,  of course ,  must become a r b i t r a r i l y  sma l l  . . , 

as ,  t h e  d e n s i t y  of states becomes a r b i t r a r i l y  l a r g e .  However,' f o r  l i g h t  atom 

c r i t i c a l  coo rd ina t e s ,  a s s o c i a t e d  w i t h  r e l a t i v e l y  low s t a t e  d e n s i t i e s , ,  t h e  
. . 

e f f e c t  may be s i g n i f i c a n t .  

While t h e  SVA d e s c r i p t i o n  of normal-mode v i b r a t i o n  i s  f a i r l y  a c c u r a t e  

a t  zero-point ene rg i e s ,  i t  f a i l s  f o r  d i s s o c i a t i v e  ene rg i e s .  1t i s  of i n t e r e s t  

t o  determine more p r e c i s e l y  i n  what energy range  t h e  SVA may be  cons idered  . 

v a l i d .  

7.1.4. In t ramolecular  Energy Exchange ia C ~ N ~  *0 

. , One may- expec t  t h a t  t h e  amount of 'mixing of one mode i n t o  ano the r  

depends exponen t i a l l y  upon t h e  t ime,  s i n c e  s m a l l . p e r t u r b a t i o n s  produce smal l  

admixtures  of modes of d i f f e r e n t  symmetries,  which, i n  t u r n ,  cause  l a r g e r  per-  
. . 

t u r b d t i o n s  i n  a n  eve r - acce l e ra t ing  growth. A s  we have s e e n  i n  t h e  preceding  
. . 

s e c t i o n ,  when 19.2 kcal/rnole i s  p u t  i n t o . t h e  symmetric s t r e t c h i n g  mode of 

~ 1 ~ ~ ~ 0 ,  t h e  bending'mode becomes e x c i t e d .  When ' t he  l oga r i thm of t h e  r i s i n g  
. . 

bend energy is p l o t t e d  a g a i n s t  t i m e ,  as i n  Fig. 8, t h e  f i t  t o  2 s t r a i g h t  ' l i n e  

(exponent ia l  growth) is  seen  t o  be good. Th i s  l i n e  may be taken  t o  r e p r e s e n t  

a n  average exponen t i a l  growth. The t ime i t  t a k e s  t h e  bending-mode energy t o  

r i s e  t o  t h e  . t o t a l  energy of the' molecule  i s  a measure of t h e  coupl ing  between 

t h e  two'modes. We t a k e  t h e  i n v e r s e  of t h i s  t i m e  t o  r e p r e s e n t  a coupl.ing f r e -  

quency r e l a t e d  t o  t h e  per iod  of growth, and decay of bend energy observed i n  
. . 

Fig. Gc, 
. . 

. . We p l o t  a few such symmetric-bend coupl ing  "fr'equenci'es" a g a i n s t  t o t a l  . . 

energy i n  Fig. 9. It is  apparent  from t h i s  f i g u r e  t h a t  t h e  SVA, which p r e d i c t s  

t h a t  t h e s e  coupling f r equenc ie s  a r e  ze ro ,  f a i l s  a t  e n e r g i e s  g r e a t e r  than  about  

1 0  kcal /mole i n  n i t , r o s y l  c h l o r i d e .  . Thus t h e  a t tempt  t o  u t i l i z e  t h e  SVA i n  a 



d e s c r i p t i o n  of t h e  dynamics of t h i s  harmonic molecule  must be  abandoned when 

t h e  v i b r a t i o n a l ,  energy of t h e  molecule  , is g r e a t e r  t han  approximately one-fourth 

t h e  d i s s o c i a t i o n  energy.' A t  s l i g h t l y  g r e a t e r  e n e r g i e s ,  t h e  i n t r amolkcu la r  

energy exchange r a t e  is f a s t , e r  t han  t h e  . c o l l i s i o n  rate i n  gases  'even a t  

moderately h igh  tempera tures  and p re s su res .  

7.1.5. C r i t i c a l  Coordinate  ~ i ~ s o c i a t i o n  Frequencies  

The ,  S l a t e r  harmonic u n i m o l e c u . l ~ r  theoryL r e q u i r e s  a n  expres s ion  f o r  

t h e  f r equency .o f  excu r s ions  of some c r i t i c a l .  coo rd ina t e  p a s t  some c r i t i c a l  con- 

f i g u r a t i o n  i n  order .  t o  p r e d i c t  d i s s o c i a t i o n  o r  i somer i za t  i o n  r a t e  c o n s t a n t s .  

S l a t e r ' s  fo'rmula comes f rom.an  a n a l y s i s  of t h e  r e a c t i v e  excu r s ion  f r equenc ie s  
/' 
/ 

of a sum of s i n u s o i d a l l y  vary ing  normal modes of c o n s t a n t  e,ner&y. Sirice t h e  

---. 
equa t ions  of motion of nonl iAear  harmoni= molecules  do n o t  conserve t h e  normal- 

V 

mode ene rg i e s ,  t h e  r e a c t i v e  excu r s ion  f r e q l e n c t e s  c a l c u 1 a t e d . b ~  S l a t e r  should . 

no t  be  ' expegted t o .  a g r e e  w i t h  t h o s e  taken  d i r e c t l y  from t r a j e c t o r y  c a l c u l a t i o n s .  
. ' 

I n  t h i s  s e c t f o n , . w e  d e a l  w i t h  t h e  r e a c t i o n . e x c u r s i o n  f r e q u e n c i e s  (REF) of i n t e r -  

a tomic bonds i n  A 3  and ~ 1 ~ ~ ~ 0 .  

F igu re  10 shows t h e  bond d i s t a n c e s  a s  ' . funct ions of t ime f o r  bo th  a c c u r a t e  
. . 

and . I V A  ( s e e  Sec t ion  4.3). t r a j e c t o r i e s  f o r  mixed mode e x c i t a t i o n  of A g .  The 
. , 

SVA bond d i s t a n c e s  (no t  shown) a r e  w i t h i n  about  2% of t h e  I V A  v a l u e s  ove r  t h e '  . . . 

h 

course  of t h e  t r a j e c t o r y .  .The nuc lea r  motions i n  t h e  . I V A  t r a j e c t o r i e s  d i f f e r  

c l e a r l y .  from t h o s e  i n  t h e  a c c u r a t e  t r a j e c t o r y  a f t e r  about  3 X 10- l .~  seconds. 

Nevertheless , .  t h e  SVA and I V A  REF'S f o r  bond 1 (Fig.  11 )  a r e  seen  t o  be very  

good a&r.oximations t o  t h e  ' ' r igorous" REF' s , e x p e c k l l y  a t  l a r g e .  c r i t i c a l  

d i s t ances .  It is  conce ivable  t h a t  t h i s  might be an a c c i d e n t a l  r e s u l t .  stemming . . 
. . 

f r o m . t h e  h igh  symmetry and concomitant degeneracy of t h e  molecular  f re ,quencies .  



Since  two of t h e  v i b r a t i o n  f r e q u e n c i e s  i n  A 3 . a r e  equal ,  none of t h e s e  

REF' s i s  comparkble w i th  S l a t e r '  s phase-averaged excur s ion  f r e q u e n c i e s .  42 The 

REF' s ' f o r  in-phase. mixed-mode i n i t i a  t iori  are found , to  be ve ry  d i f f e r e n t  from 

t h o s e  f o r  .120° out-of-phase.mixed-mode i n % t i a t i o n .  Th i s  .is n o t  t r u e  i n  t h e  

c a s e  of n i t r o s y l  c h l o r i d e ,  where it i s  found t h a t  t h e  FJZF1.s a r e  independent of 

t h e  phase r e l a t i o n . o f  t h e  nqrmal modes. It is s i g n i f i c a n t  i n  t h i s  r ega rd ,  ' t h a t  
. . 

t h e  molecular  f r e q u e n c i e s  i n  n i t r o s y l  c h l o r i d e  a r e  h i g h l y  non-commensurate 

( i n  a p h y s i c a l  sense) .  

I n ' t h e .  c a s e  of mixDd-mode e x c i t a t i o n ,  t h e  I V A  t r a j e c t o r y  f o r  n i t r o s y l  

c h l o r i d e  (Fig. 1 2 )  d ive rges  more r a p i d l y  from t h e  r i g o r o u s  one than  i t  does  

f o r  A3. , T h i s  r e l a t i v e l y  poor IVA (and SVA) r e p r e s e n t a t i o n  is  n o t  r e f l e c t e d  

i n  t h e  REF'S., ~ i g u k e  1 3  shows t h e  REF'S f o r  N - C l ,  t h e  bond most e a s i l y  broken 
/ ,' . . 

i n  a d i s s o c i a t i o n  reac'tio-n. - Once. aga in ,  f o r  l a r g e  c r i t i c a l  d i sp lacements ,  t h e  
. . ', 

SVA and IVA g i v e  remarkably good d e s c r i p t i o n s  of t h e  a c t u a l  REF'S. The agree-  

ment i m p l i e s  t h a t ,  a l t h o u g h  t h e  t r a j e c t o r i e s  of n i t r o s y l  c h l o r i d e . a r e  n o t  

themselves reproduced w e l l  by . e i t h e r  approximation,  t h e  molecular  q u a n t i t i e s  ' . 

of g r e a t e s t  s i g n i f i c a n c e  t o  t h e  r e a c t i o n  r a t e ,  namely t h e  r e a c t i v e  excurs ion  

. f r e q u e n c i e s ,  a r e  p red ic t ed  f a i r l y  a c c u r a t e l y  by bo th  the.  SL'A and I V A .  . 'l'hese 

conclus. ions apply  t o  ou r  harmonic CFF models v i b r a t i n g  w i t h  on ly  h a l f  t h e i r  

"d i s soc i a t ion"  energy. There is  l i t t l e  reason  t o  s u s p e c t  t h a t  "d i s soc i a t iGe"  

. . 

energy  dynamics w i l l  a l t e r  t h e s e   conclusions q u a l i t a t i v e l y .  

S i n c e ' t h e  s m a l l  v i b r a t i o n  approximation f a i l s ,  t h e  c o e f g i c i e n t s  a 
1 . . r i ' 

which relate t h e  normal cqo rd ina t e s  t o  t h e  c r i t i c a l  coordinate2' ,  ar; in error. 

. . 
. . , Thus i f  a . = 0 f o r  some normal coordinate , ,  j , i ts  c o n t r i b u t i o n  t o  t h e  $1-ater. 

r j  

r e a c t i o n  r a t e  vanishes .  However, we have shown t h a t  energy f lows  q u i t e  f r e e l y  
.. . 

between t h e  normal-modes on a  c o l l i s i o n  frequency t ime s c a l e .  Hence, ene rgy '  



3 0 

. . 

. . 
i n i t i a l l y . d e p o s i t e d '  i n  normal coordi i la te  j is indeed a v a i l a b l e  t o  t h e  r e a c t i o n  

coord ina t e  eventually' .  ~ h u s  t h e  normal-mode j . shoidd  . i n f l u e n c e  . t h e  r e a c t i o n  

. . dynamics. , T h a t  is requ i r ed  t o  c o r r e c t  t h i s  f e a t u r e  of  S l a t e r ' s  theory  i s  . . . 

: e i t h e r  (a)  use  of t h e  ( a s  y e t  unknown) t r u e  independent v i b r a t i o n  modes and 

t h e i r  a s s o c i a t e d  u o r  (b)  a  d e s c r i p t i o n  of  "leaky" normal-modes wi th .  
r i '  . . 

.something l i k e  a n  in t r amolecu la r  mas t e r  equat ion .  D i r e c t  i n c l u s i o n  of  i n t r a -  . . 

24b, 43 
. rnolecula'r energy t r a n i f  e r  has  appeared i n  many t h e o r i e s .  

7 2 VIBRATION-ROTATIOY DYNAMICS 
v-?,-wmwmmw% 

The S l a t e r  and RRK t h e o r i e s  of unimolecular  r e a c t i o n  r a t e s  i g n o r e  

t h e  e f f e c t ,  of r o t a t i p n .  Furthermore, t h e  RRKN theory6 i n c l u d e s  s t a t i s t i c a l l y  

, t h e  e f f e c t s  of r o t a t i o n  i n  such a manner a s ' t o  n e g l e c t  v i b r a t i o n - r o t a t i o n  

i n t e r a c t i o n  e f f e c t s . o n  t h e  d e n s i t y  of s t a t e s .  T h e  as,sumption i m p l i c i t  i n  a l l  

t h e s e  t h e o r i e s  is  t h a t  r o t a t i o n , d o e s  n o t  ' m a t e r i a l l y  enhance in t r amolecu la r  
. . i1 , ~,t 

' i 

energy t r a n s f e r .  . 1 n  ~la t .e ' r '  s theo ry ,  no t h i n g  e x 6 i t e s  i n t r amolecu la r  energy '  
. . 

t r a n s f e r ,  wh i l e  i n  RRK theory ,  o s c i l l a t o r  energy i s -  a l r e a d y  f lowing a t  o s c i l l a t i o n  

f r equenc ie s ,  and t h e  molecular  energy scrambli;lg i s  thus  s a t u r a t e d  from v i b r a t i o n  
. . 

. . 
dynamics a lone .  I n  Sec t ion  7.1., w e  showed ' tha t  i n t r amolecu la r  energy exchange 

. . , , 

. i s  n e i t h e r  zero  nor  s a t u r a t e d  under  t h e  i n f l u e n c e  of h igh  energy v i b r a t 2 o n  

dynamics.. Hence t h e  assumption of t h e  i g n o r a b i l i t y  of r o t a t i o n  may be  warran ted  
. . 

, i n  n e i t h e r  theory.  I n  t h i s  s e c t i o n ,  we test t h i s  assumption f o r  r o t a t i o n a l  

e n e r g i e s  comparable t o  ( a )  . those found i n  gases  a t  modera te , tempera tures  and 

' (b)  d i s s o c i a t i o n  ene rg i e s .  
. . 

7.2.1. Low Energy Ro ta t ions  . . 

By t h e  method o u t l i n e d  i n  S e c t i o n  6.1,  a r d t a t i o n a l  energy of 0 . 0 2  . o  D = ' ' . 



2.39 k c a l  mol-I is  superimp6sed on t h e  v i b r a t i o n a l l y .  . exc i ted  molecuPes of 

Sec t  i ons  7.1.2 and 7.1.3. Th'is r o t a t i o n a l  ,energy co,rresponds' t o  312 kT, 

where. T = 800°K. A t  t h i s  ,temperatur.e, gas  phase  . r e a c t i o n  r a t e s  a r e  a p p r e c i a b l e .  . . 

For t h e  symmetric t op  r i g i d - r o t o r  A 3  t h i s  i s  c l o s e  t o  t h e  l e v e l  w i t h  

q u a n t m n u m b e r s  K = J = 33. The r o t a t i o n s  t o  b e  d i scussed  i n  t h i s  s e c t i o n  

a r e  a l l  in-plans;  t h a t . i s ,  t h e  ax . i s  of r o t a t i o n  i s  pe rpend icu la r  t o  t h e  

molecular  plane.  

The bending mode . in  non-ro ta t ing  A 3  is  s t a b l e ;  t h a t  i s , . a l t h o u g h  t h e  

bend energy i s  n o t  conserved, .  t h e  v i b r a t i o n a l  c 2v symmetry is. No a synmet r i c  

. s t r e t c h  is  e x c i t e d  from pure  bend motion. However, t h e  modest 0.02 D o i k p l & n e  

. r o t a t i o n  causes  t h e s e  modes t o  mix s t rongly . .  A l l  t h e  v i b r a t i o n  energy . (about  

Do) is  el-hanged between bend and asymmetric s t r e t c h  w i t h  a per iod  of on ly  

4.4 x 10-13 sedonds. The 'bend symmetry is  broken by t h e  r o t a t i o n a l  C o r i o l i s  . . 

>.-.- 

f o r c e s ,  . as d i scussed  i n  : s e c t i o n  7.1.2'. / .  ~ h e & ? £  , o r c e s  . augment t hose  a l r e a d y  

p r e s e n t  i n  t h e  asymmetric s t r e t c h ,  and when t h i s  mode has  D o i n i t i a l  energy ,  . 

t h e  1 .5  x 10-I second p u r e  vibration coupl ing  p e r i o d  i s  reduced t o  3.7 x lo- '  
. . 

seconds f o r  a r o t a t i n g  molecule.  Thus, t h e s e  moderate molecular  r o t a t i o n s m o r e  

than  quadruple t h e  in t r amolecu la r  energy t r a n s f e r  r a t e  i n  t h i s  case .  T h i s  i s  

. . 
n o t  a minor p e r t u r b a t i o n .  

When A3  w i t h  mixed-mode e x c i t a t i o n  i s  g iven  .0.02 D o i n - p l a n e . r o t a t i o n ,  

t h e . l . 6  x 10-l2 second coupling p e r i o d  observed i n  t h e  absence of r o t a t i o n  i s  

reduced t o  3.2 X 10-13 seconds. ~ k r e  t h e  in t r amolecu la r  energy t r a n s f e r  r a t e  -. 

. . 

i n c r e a s e s  by a f a c t o r  of 5. 

The high-energy vAbrat ions of ~ 1 . ~ ~ ~ 0  ( S e c t i o n  7.1: . 3) . e x h i h i t ,  i n  t h e  

main, i n t r amolecu la r  energy t r a n s f e r  r a t e s  which are of t h e  o r d e r .  of t h e  

molecular  f requencies .  It i s  c l e a r  t h a t  r o t a t i o n  cannot  i n c r e a s e  t h e s e  r a t e s  

. . 



by s o  dramat ic  a  f a c t o r  . in  a  .molecule t h a t  i s  n e a r l y  "scranlbling sa tu ra t ed" .  

I n ' i e i a l l y  pure  19.2 kcal /mole symmetr.ic s t r e t d h  energy (Fig.  6d) remains 

approximately cons t an t  f o r  about  6  X 10-l3 seconds. A s  s een  i n  F ig .  14d,  t h e  . 

. . 

a d d i t i o n  o f '  2.39- kca l lmole  of in-plane r o t a t i o n  reduces  this me tas t ab le  l i f e -  
. . 

t ime.  to ,  .about 3.7 x 10-I seconds. The r o t a t i o n  has  enhanced t h e  growth of 

t h e  b,ending mode by a f a c t o r  of 1.6--non-negligible,  b u t  ha rd ly  a s  s t r i k i n g  a s  
. . 

i n  t h e  A j  case .   he r o t a t i o n  a l t e r s  t h e  c h a r a c t e r  of t h e  v i b r a t i o n s  a f t e r  t h e  

rise of t h e  bend .energy. I n  t h e  nonro ta t ing  case ,  t h i s . e n e r g y  decays as i f  

t h e  molecule  is g o i n g . t o  exchange bend and symmetr ic-s t retch energy p e r i o d i c a l l y .  

F i g u r e  14 shows t h a t  r o t a t i o n  h a s  e r a sed  t h i s  p e r i o d i c i t y .  I f  t h e  near  per- '  

i o d i c i t y '  of motion f o r  t h e  non-ro ta t ing  c a s e  , i s  a m a n i f e s t a t i o n  of . , .  t h e  non- 

. .  . e r g o d i c i t y  of harmonic phase  space,  i t  appears  a s  i f  r o t a t i o n  d e s t r o y s  t h i s  

. Thi s  appears  t o  c o n t r a d i c t  Bunker 's o b s e r ~ a t i o n * ~ ~  t h a t  r o t a t i o n  

does n o t  r e l e a s e  t h e  . s u f f i c i e n t l y - e n e r g i z e d  b u t  n o n d i s s o c i a t i n g  t r a j e c t o r i e s  

from t h e i r  phase-space conf ines ;  however, Bunker '.s r o t a t i o n a l  e n e r g i e s  were. 
--\ 

probably sma l l e r  t han  t h o s e  r epo r t ed  here .  
. . /. 

With regard  t o  .';he n e g l e c t  of r o t a t i o n a l  dynamic e f f e c t s  i n t h e  contem- 

po ra ry  unimoledular r e a c t i o n  r a t e  t h e o r i e s ,  t h e  f o l l o w i ~  may b e  s t a t e d  w i t h  
. . 

. . 
some - c e r t a i n t y  f o r  harmonic molecule+. I n  r e l a t i v e l y  r i g i d  complexes (i , e. ., 

d i s s o c i a t i n g  s p e c i e s  whose geometry i s  no t  much d i f f e r e n t  from what i t  i s  a t  

low ene rg ie s ,  r o t a t i o n a l  e f f e c t s  a r e  expected t o  b e  l a r g e ,  because v i b r a t i o n  ' 

a l o n e  is i n s u f f i c i e n t '  t o  s a t u r a t e  t h e  energy scrambling rates. o n t h e  o t h e r  

hand, ' r o t a t i o n  is l i k e l y  t o  a l t e r  more s e r i o u s l y  t h e  d e t ' a i l s  of t h e  n u c l e a r  

trajectories rll;m the r a t e  of intramule&.dar e n e r g y  t r a n s £  er i n .  l o o s e  complexes, 

where v i b r a t i o n s  a l o n e  s u f f i c e  t o  scramble molecular  e n e r g i e s . f r e e l y .  



7.2.2. High Energy Ro ta t ions  i n  A 3  
... . , . 

' 7  

For c a l c u l a t i o n s  r epo r t ed  i n  t h i s  s e c t i o n ,  t h e  r o t a t i o n a l  energy is t aken  
. 1 

, t o  be 38.2 kcal lmole,  o r  about  113 Do. Th i s  corresponds t o  a  r o t a t i o n a l  ternper- 
. i , 

a t u r e  of about  113, 008°K. C l e a r l y ,  w e  a r e  sampling molecules i n  t h e  f a r  t a i l  

of o rd ina ry  thermal  r o t a t i o n a l  energy d i s t r i b u t i o n s .  We use  them no t  t o  sugges t  

t h a t  they  a r e  r e p r e s e n t a t i v e  bu t '  t o  examine t h e  e f f e c t s  of ve ry  r a p i d  r o t a t i o n  " 

o n  v i b r a t i n g  systems. For a symmetric-top, r i g i d - r o t o r  A3,  t h i s  energy co r re -  . .  , 

9 

sponds c l o s e l y  t o  t h a t  of t he .  K = J = 135 quantum l e v e l .  .i 
il !! 

High energy tumbling ( i . e . ,  out-of-plane r o t a t i o n  about  t h e  x o r  y  a x e s ) ,  
. A W 

causes  t h e  asymmetric s t r e t c h  j.n A3 t o . t o u p l e  w i t h . t h e  bend mode w i t h  a p e r i o d  ! 
1 

of 4.2 X 10'13' seconds. The i n e f f i c i e n c y  of tumbling w i t h  r e s p e c t  t o  enhance- d 

g 
. ;I 

ment of energy scrambling i s  now a p p a r e n t ,  s i n c e  t h e  low. energy'  (2 .4  k c a l  mol-') 
$ 

in-plane r o t a t i o n .  couples  t h e s e  modes w i t h  t h e  s h o r t e r  pe r iod  o f  on ly  3.7 x 10- l3  . . !! 
. . .  

seconds. AS a n t i c i p a t e d ,  then ,  h . igh 'energy in-plane r o t a t i o n  couples  t h e s e  

v i b r a t i o n  modes v e r y  s t r o n g l y .  T h e  e n e r g y  exchange pe r iod  'd rops  t o  4.3 x 1 0 - l ~ ~  
/------ . . ., . 

seconds. S ince .  t h e  n a t u r a l  periods.-?£ both bend and asymmetric s t r e t ' c h  a r e  
1 

. . 1 
B 

2.44 x 10-l4 seconds, t h i s  massive in-plane r o t a t i o n a l  e x c i t a t i o n  seems t o  

have almost s a t u r a t e d  t h e  normal-mode coupl ing  r a t e  i n  t h i s  s t i l l  molecular  

model. 

-Being sepa ra t ed  from.them i n  frequency,  t h e  symmetric s t r e t c h  i n  A3 does 

n o t  couple w e l l  w i t h  t h e  o t h e r  normal-modes. I t  couples  t o  a l l  t h e  r i t a t i o n s ,  I 
I 

. . 
however, s i n c e  symmetric s t r e t c h  l a r g e  changes i n  a l l  t h r e e  moments 

i 
I 

of i n e r t i a .  Never the less ,  no combination of v i b r a t i o n s  and/or  r o t a t i o n s  d i s -  

cussed thus  f a r  succeeds i n  e x c i t i n g  any apprec i ab le  energy i n  t h e  symmetric 

mode. 1.t is  somewhat s u r p r i s i n g ,  then ,  t o  f i n d  t h a t  wi th  high-energy r o t a t i o n  . .  . 

'. about e i t h e r  t l ~ e  . x  01- z axes, Ay wi th  i n i t l a l .  mixed-mode e x c i t a t i o n  e x h i b i t s  
. . 

. . 



evidence  of .coupling of i t s . symmet r i c .  s t r e t c h  t o  t h e  o t h e r  in0d.e~. Th i s  is 

most c l e a r  i n  t h e  c a s e  of in-plane r o t a t i o n  (Fig. '15), wherein t h e  s t r o n g l y  

coupled bend and asymmetric s t r e t c h  modes exchange e n e r g i e s  r a p i d l y  (0.8 x 10-I,3 

seconds)  w i t h i n  a n  energy envelope which appears  t o  be coupled t o  t h e  symmetric- 

s t r e t c h  energy.. The la t ter  f l u c t u a t e s  s lowly  (about 1 . 2  x 10-l2 seconds), qve r  

a range of about 1 / 2  D . 
0 

Thus, we conclude t h a t  r ~ t a ~ i o n a l  e n e r g i e s . o n ' t h e  o r d e r  of d i s s o c i a t i o n  . . 

e n e r g i e s  a r e  capable  of producing i n t r a m o l e c u l a r , e n e r g y  scrambling on t h e  

s c a l e s .  comparable t o  t h e  mo1.ecular v i b r a t i o n  p e r i o d s  even i n  v e r y  s t i f f  harmonic 

models. 

V I I .  S m m Y  - 
W e  have shown t h a t  t h e  S l a t e r  ~ m a l l ~ v i b r a t i o n  approach to .  t h e  c l a s s i c a l  

. . I 

dynamics of ben t  t r i a t o m i c  molecules  is  i n a p p l i c a b l e  a t  e n e r g i e s  approaching'  i 
. . 

~ 
t h o s e  necessary  f o r  d i s s o c i a t i o n .  S l a t e r ' s  assumption of constancy of t he '  ' I 

' i 
normal-mode . e n e r g i e s  f a i l ;  f o r  t h e  harmonic ~ 1 ~ ~ ~ 0 -  model a t  e n e r g i e s  above 25% 

of t h e   molecule'.^ d i s s o c i a t i o n  energ'y: Despi te  this, S l a t e r ' s  formulae f o r  

r.eaction.frequencies.are shown t o  g i v e  v a l u e s  i n  good agreement w i t h  t h e  a c t u a l  

r e a c t i o n  f r equenc ie s  i n  ou r  harmonic models. 

The assumption of weak coupl ing  between molecular  harmonic a s c l l l a t o r s ,  I 
used i n  RRK theory ,  is shown t o  be a poor o n e  a t  a l l  e n e r g i e s ,  i f  t h e  o s c i l l ? t o r s .  . ,. , I  

I . . 
are t a k e n - t o  b e t h e  i n t e r a t o m i c  bonds. I f ,  i n s t e a d ,  t h e  RRK.osc i l l a to r s  a r e  1 

i 
! 

assumed t o  be  t h e  -normal modes, they  .a re  ' indeed  weakly coupled a t  e n e r g i e s  of . , 

! 

t h e  o r d e r . o f  zero-point l e v e l s .  A s  t h e  v i b r a t i o n a l  energy i n  t h e  molecule 
I 

approaches t h a t  necessary  f o r  r e a c t i o n ,  however, t h e  o s c i l l a t o r s  couple  s t r o n g l y ,  

and n o t  only  t h e i r  i n d i v i d u a l  e n e r g i e s  bu t  a l s o  t h e  sum of t hose  e n e r g i e s  f a i l  I 



t o  b e  c o n s t a n t s  of t h e  motion by up t o  100%. The d i f f e r e n c e  between t h i s  sum 

and t h e  c o n s t a n t  t o t a l  energy i s  t h e  o s c i l l a t o r  c o u p l i n g  energy ( i n  ... t h e  absence  
' 

of ro . t a t i on ) ,  which i s  no t  . n e g l i g i b l e ,  as assumed i n  RRK theo ry .  

Grea t  c a r e  must be  exe rc i sed  i n  apply ing  e i t h e r  t h e  RRK o r  S l a t e r  t h e o r i e s  

1'5 t o  i n t e r p r e t  t h e  r e s u l t s  of i n f  i a r e d  l a s e r  augmented decornpositio,ns . 
None of . t h e  t heo , r i e s  mentioned t r e a t s  t h e  of t e n  s i g n 2 f i c a n t  dynam5c 

e f f e c t s  of r o t a t i o n  on t h e  in t r amolecu la r  energy t r a n s f e r  r a t e s .  A t  r o t a t i o n a l  

ene rg i e s  corresponding t o  800°K, t h e  energy scrambl ihe  r a t e s  i n  C ~ N ~ ' O  v i b r a t i n g  

wi th  h a l f  i ts  d i s s o c i a t i o n  energy., a r e  i nc reased  -by 60%. The enhancement is  
/'3, 

l a r g e r  i n  molecules  more -r igid1 than  n f t r b s y l  ch lo r ide .  NO*-&rgodici ty  e f f e c t s  .- 

obsemed i n  C ~ N " O  t r i a n g u l a r l y  symmetric a n d  r e l a t i v e l y  r i g i d  A j  a r e  e a s i l y  

des t royed  by r e l a t i v e l y  smal1:amounts of r o t a t i o n ,  and must b e  . included i n  unj.- 

molecular  r e a c t i o n  r a t e  t h e o r i e s  which invoke such non-ergodici ty .  
. . 

. . .  . ..;.y;, 
Thus, some b a s i c  assumptions, '3 o u t  t h e  dynamics of molecules  under'going . - . 

. , . '  . >  ..' 
. . 

unimolecular  r e a c t i o n  a r e  shown% t b  be ' inadequate  when app l i ed  t d  t h e  high-energy .' 

. . . . ' v i b r a t i o n s  and r o t a t i o n s ' . o f  t h e  s imple  harmonic model f o r  t h e  ben t  t r i a t o m i c  

molecule. We hope t h a t  t h e  r e s u l t s  r epo r t ed  .here w i l l  s e r v e  a s  a u s e £ u l  g u i d e  

f o r  t h e  c o n s t r u c t i o n  'o'f more r e a l i s t i c  dynvnica l  models f o r  u s e  i n  unimolecular  . 

r e a c t i o n - r a t e  theory.  . . . . 
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TABLE I. Model .and molecu ia r  pa ramete rs .  

W - 
a s p  0 

bend 

HOH 

A 3 

a 
See Fig.. 1 f o r  d e f i n i t i o n s  of bond labels. 

Angle a p p c s i t e  bond 2. 
.. . 



FIGURE .CAPTIONS 

Fig. 1 Ins tan taneous  .conf.i-guration 'bf t h e  ' t .r ia. tomic, molecule  ~ ( l )  A(  2, 

. . 
A G i s  t h e  c e n t e r  o f  mass o f  t h e  system, x .  a r e  t h e  posi ' t , ion a . . '  

with respect:to G,  
vector 's  of t h e  atoms mi a r e  t h e i r  misses  and r t h e  i n t e r -  i 

nuc lea r  d i s t a n c e s .  Gx and Gy a r e  Eckar t  system c o o r d i n a t e  a x i s  

descr ibed  i n  sec t t ion  4.1.  

Fig.  .2 Equil ibr ium c o n f i g u r a t i o n  and normai modes of ~ 1 ~ ~ ~ 0 .  ( a )  asymmetric ' 
, 

s t r e t c h ,  (b)  bend, (c)' symnet r ic  s t r e t c h ;  Arr,ows. r e p r e s e n t  exagger- 

a t e d  atomic displacements .  corresponding t o  a normal-mode energy 

. . 
equa l  t o  e i g h t  t imes . ' t he  KG1 d i s s o c i a t i o n  energy.  The. ' lack of 

a n  arrow i n  ( a ) .  assobia ted .  w i t h  t h e  C 1  atom i n d i c a t e s '  the sma l lnes s  

of i t s  displacement  i n  t h i s  mode. 

. . 

. .-,; 

Fig. 3 . Zero-point energy of H20. T . is  t h e  s jmet ' r ic-s t re tch.vibraCion, : ,  . .  
S F  

pe r iod  of 7 .62 X 10-l5 seconds f o'r t h e  model. 

a. Bond l eng ths .  - 01.1, - - - OH, - -- HH . 
b. Bond energies ' .  Same conven t ion . a s  i n  a .  'MH omit ted  f o r ' c i a r i t y .  

c. . K i n e t i c  energy of v i b r a t i o n .  . . .  

d. Nofmal-mode ene rg i e s .  - symmetric s t r e t c h ,  - '- -, asymmetric 

bend. s t r e t c h ,  - - - 

F i g .  4 ~ e r o - ~ o f . n t  energy.  vj>bra.tion' of .CJ .N~ '0. 1: . , t h e  asymmetr3.c 
as ym 

s t r e t c h  per iod  , , for  t h e  model, i s  1.905 10-I 4' seconds. 
. . 

. . 

. . . . 

a .  Bond l eng ths .  - ~ ~ ~ 0 ,  - - ' -  c1180, ---- N C 1 .  



b. Bond energ ids .  Same convent ion as i n a .  - -- -, sum.of 
. . 

bond energ ies .  Hokizontal  l i n e  r e p r e s e n t s  t h e  c o n s t a n t  t o t a l  

energy. 

. . 
c. . Normal mode e n e r g i e s .  .- ,asymrnetri-c s t r e t c h ,  - - - symmetric 

s t r e t c h ,  - - - bend, - - - - sum of normal mode ene rg i e s .  

Hor izonta l  l i n e  repres ,en ts  t h e  t o t a l  energy. 

, . 

Fig. ' 5  High-energy a s ~ m n e t r i c '  s t r e t c h  i n  A 3 .  . I n i t i a l  asymmetric s t r e t c h  

fiormal-mode p o t e n t i a l  , energy  e q u a i s  D . 2, 1:20 k c a l  mol-l. 
0 

a. Bond l e n g t h s .  - bond 1, o o o o bond 2, - - - bond 3.  

b. Bond energ ies .  .-- bond 1, o o o o .bond 2, - - - bond 3 ,  

and ---- sum of bond ene rg i e s .  . . 

c.  Normal mode e n e r g i e s ,  - symmetric . s t r e t c h ,  o A o 0 a s p m e t r i c  

s t r e t c h ,  - -- bend, - - -- sum of normal. mode e n e r g i e s .  ' 

. . Horizonta l  , l i n e  r e p r e s e n t s  t h e  c o n s t a n t  t o t a l  energy. 
. . .  

Fig. 6 High energy symmetric ' s t r e t c h  i n  clN180. I n i t ' i a l  syrnlnetric ' s t r e t c h  

p o t e n t i a l  . energy = '  19.2. kcal /mole ..' . . 
, . 

L. 
. . 

18 ~ 1 1 8 ~ ,  --- a. . Bond l eng ths .  - N 0 , - - -  NCI-, - - - - s u n ~  

of t h e  two s m a l l e s t  bonds, used a s  a 1 i n e a r i t y . c h e c k .  , , 

.. N180, - - - 18 . b. Bond ene rg i e s .  ------- C 1  0, --- N C 1 ,  a n d  
. . 

- - - - sum of bond e n e r g i e s . .  
. . 

c. 'Normal-mode ene rg i e s .  - asymmetric s t r e t c h ,  - - - symmetric 

. . bend, ---- .sum of normal mode e n e r g i e s .  . . s t r e t c h ,  - - - 

Fig.  .7 Bond and Normal-mode energy sums i n . ~ 1 ~ ' ~ 0 . .  I n i t i a l  energy i n p u t ' .  

of , 6 . 4  k c a l  'mol-' I n t o  each normal-mode. The h o r i z o n t a l  ' l i n e s  : . ' 

. . 
r e p r e s e n t  t h e  t o t a l  energy. 



Fig. 8 Bending normal-mode energy a s  a  f u n c t i o n  of  time, by t r a n s f e r  

from ,pure s ~ m e t r i c  , s t r e t c h  ' in  clN1'O.  ' I n i t i a l  symmetric-stretch 

p o t e n r i a l  energy '15 19.2 kcal/mole. Horizontal  ba r  marks t h e  t o t a l  

energy. S t r a i g h t  l i n e  i n d i c a t e s  exponent ja l  growth of bend energy. 

Po in t s  l i e  on t h e  t r a j  ectory-determined curve. 

Fig. 9 Coupling'fre'quencies f o r  bending normal-mode a s  a  func t ion  of 

i n i t i a l  symmetric s t r e t c h  energy i n  clN1'O. 

Fig. 10  The . three  bond l eng ths  i n  A 3  a s  a funct2on of time. . A l l  i n i t i a l  

normal-mode p o t e n t i a 1 , e n e r g i e s  a r e  equal  t o  D 13. - accura te  . .  . . 
0 

t r a j e c t o r i e s ,  - - - corresponding I V A  t r a j e c t o r i e s .  

Fig. 11 . Reactive.  excursion . f requencies  vs .  assumed c r i t i ca l . ' .Seng th  f o r  . . 
. . 

bond .1 i n  A3. A l l  i n i t i a l  normal-mode potenCia1 energ ies  equal  ' .  
. . 

. . 

D0/3.. - r igorous  t r a j e c t o r y ,  - - - I V A ,  -o-O- SVA. . . 

. . 

. . 
Fig. 12  Bond l e n g t h s  i n  ~ 1 ~ ~ ~ 0  a s '  a functi.on of time. ' A l l  . i n i t i a l  normal- . 

. . 

mode p o t e n t i a l  ene rg ies  equal  6.4 kcal~lmole. - - - - r igorous  

trajectory,  -' I V A  . 

Fig. .13 ' ~ e a c t i v e . e x c u r s i o n  f requencies  vs .  assumed c r i t i c a l  l eng th  f o r  t h e  

. . 
, . N-Cl bond i n  C ~ N ~  '0. ' . A l l  i n i t i a l  normal-mode p o t e n t i a l  .energies .. 

e q u i l  6.4 k c a l h o l e .  ,- a c t u a l  traj,ec-tory, - - - - 
. . 

- IVA and SVA. 

. . 

Fig. 1 4  , . Vibrat ing,  ro ta t , ing  clN1'O. ' ' I n i t i a l  symmetric-stretch normal-mode ' ' 

. . ; p o t e n t i a l  energy equals  19.2 kcallmole. I n i t i a l  in-plane r o t a t i b n a l  



. energy e i u a l s  2.39 kcal/mole. s e e  a l s o  F ig .  6. 

a. Bond l eng ths .  , - ~ 1 8 0 ,  -.,, - C 1  18 ..O, .- -..- NC1, -- - - 

sum of two s m a l l e s t  ,bond l e n g t h s ,  which becomes . tangent  t o  t h e  

C10 curve-  f o r '  l i n e a r  geometr ies .  Hor i zon ta l  l i n e s  r e p r e s e n t  

equ i l i b r ium bond l e n g t h s  a p p r o p r i a t e  t o  t h e  cu rves  which 
, , 

' 0  

. 9 o s c i l l a t e  about  them. . . 

. . 
b. Bondene rg ie s .  - ~ 1 8 0 ,  - - - - c1180, - - - NC1,  and 

'-% - - - - sum of bond ene rg i e s .  -Horizontal  l i n e  r e p r e s e n t s  
. . 

t h e  t o t a l  energy. 

c .  Eckar t  ene rg i e s .  - - - v i b r a t i o n  k i n e t i c ,  - - - r o t a t i o n ,  

C o r i o l i s  o r  v i b r a  t 2on- ro t a t ion  i n t e r a c t i o n .  
. . 

d. ,Normal-mode ene rg i e s .  - asymmetric s t r e t c h ,  --- . . 

. . . 
s y ~ r L r i c  s c r e t e h ,  - - - - bend, ---- sum of normal mode 

. . 

, , ene rg ie s .  ' ~ o r i z o n t a l  l i n e  r e p r e s e n t s  the,  t o t a l .  energy.  
. . . . 

a .  

. . 
. . 

. . 
"Fig .  15 Normal modes i n  'high-energy v i b r a t i n g ,  r o t a t i n g  A;. A l l  i n i t i a l .  

. . 

. . normal mode e n e r g i e s  equa l  39.8 kcal/mole. 1 n i t i a l . i n - p l a n e  r o t a -  

t i o n a l  energy equa l s  38.2 kcal/mole. -- symmetric s t r e t c h ,  
. . - - - - -  bend, - - - asymmetric s t r e t c h , '  -- - - - sum of  

. . 
. . 'normal-mode ene rg i e s .  
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eJ I 
I I I ' I t I I 1 . 1  

i 
. . 

: 0 1 2 . .  . 3 4 : 
. . . . 

T I M E  ( 1 0 - ' ~ s e c )  ' . . . 



13
 

'-1
 

R
E

A
C

T
IV

E
 E

X
C

U
R

S
IO

N
 F

R
E

Q
U

E
N

C
Y

 (
10

 
se

c 
1 



TIME t/raSy, ' 

. 10 

. T I M E  ( 1 0 - ' ~ s e c )  . . . . 
. . 



. 
. 

13
 

-1
 

R
E

A
C

T
IV

E
 E

X
C

U
R

S
.~

O
N

 'F
R

E
Q

U
E

N
C

Y
 (
1

0
 s

e
c

 



,? / . Q q / p ,  p\ . I - \  
\ / \ \ \ I . ,  , ' \  I 

= - - ,  3 \ I \ I  \ I  
I V,-'J - V,?, ,, v,', 'J fi  ' I ' d  \ - \,/;"\L1 \ x \ b,\?, A , /  , . \,J&y I , 
I- - A ; T . y - L , - .  I' / .-.r ---b;--..,. hJ --A .- 1J1_4_-3...-1-.-- - ' 1 L 4 

.- 
v \ 1 \ / z L 0 

W 
-1. n r ,  Q / ?  0 I\ f', . /' 

2 _J-..\--+-4-1-+-.-l--t--f \ '  
r7..- ...--- L-1- -.= 1-. -0. .- - I.. -- 

Z Td \ j  . \-rC/ L/ J L/ \J . \J 
0 




