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Equations determining the tempera ture  of vibrations and dissociat ion constant of polyatemic 
molecules  with considerat ion of fast  exchange of vibrational quanta are  formulated. The 
equations are  simplified considerably if different groups of osc i l la tors  have s imi lar  tem- 
pera tures  of vibrat ions.  In the case of pract ical  in teres t ,  it is sufficient to know the vibra-  
tional relaxation time and monomoleeular  dissociat ion constant at  high densities for solving 
the problem in a harmonic  approximation.  Quantitative resul ts  are  obtained for carbon 
monoxide. 

During thermal dissociation the ratio of the number of active n*, i.e., capable of spontaneous disso- 
ciation, and inactive n polyatomic molecules at high densities remains in equilibrium. In a sufficiently 
rarefied dissociating gas the.ratio n*/n is less than its own thermodynamic equilibrium value and depends 
on density. 

These qualitative regularities, characteristic of any gas, are explained by all theories of monomolec- 
ular dissociation (see, for example, monographs [1, 2] and a paper [3]) in which the rate of translational- 
vibrational exchange of energy is considered in one or another approximation, but exchange of vibrational 
quanta is not taken into account. 

Nevertheless, there are cases when exchange of vibrational quanta affects the kinetics of dissociation 
and it must be taken into account for a correct description of the process. This pertains first and foremost 
to one-component molecular gases. Upon collection of identical molecules there occurs a relatively rapid 
exchange of vibrational quanta which leads to the establishment of vibrational equilibrium (quasi-equilib- 
rium) within the group of identical oscillators. Such quasi-equilibrium exists also during thermal dissocia- 
tion of polyatomie molecules, since the dissociation rate for any densities does not exceed the rate of vi- 
brational relaxation- a slower process than the exchange of vibrational quanta. 

If the population of the vibrational levels of an active molecule is quasi-equilibrium, the nonequilib- 
rium ratio n*/n and the monomolecular dissociation constant proportional to it are expressed by the vibra- 
tional temperatures of the groups of oscillators. In this case, the more general relationship 

n* / n = f (T, T1, T~ . . . .  ) ( 0 . 1 )  

determining the dependence of n*/n on the t empera tures  of the osci l la tors  T i and on the tempera ture  of 
t ranslat ional  motion is fulfilled instead of the usual thermodynamic  relat ionship for T. 

Strict ly speaking, the region of quasi -equi l ibr ium distribution of the energy of each group of osci l la-  
tors  has an upper l imit el above which the condition of fast  exchange of vibrational quanta is not fulfilled as 
a consequence of the s trong anharmonici ty of vibrations.  (This problem in the case of diatomic molecules 
was examined in detail in [4] .) The vibrational s tates of the active molecuie can be located both below 
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(state I) and above (state II) the limits ~1. For  molecules in state I Eq. (0.1) is valid for any tempera tures .  
For  molecules in state l i t he  true value of n*/n differs slightly f rom (0.1) owing to disturbance of the quasi- 
equil ibrium distribution at osc i l la tor  energies  g rea te r  than as- However,  fo r  sufficiently high tempera tures  
[5] such that 

(8 / kr)~ ~k >> t (0.2) 

where T 1 is the vibrational relaxation time of the osc i l la tors  having a minimum vibration frequency, k is 
the dissociat ion constant,  and e is the energy of the bond being broken, the deviation of n*/n f rom its equi- 
l ibr ium value is determined mainly by the marked decrease  of the quasi-equi l ibr ium populations of the 
vibrational levels in the neighborhood and below the l imits c1. The aforementioned additional change of 
n*/n at t empera tures  sat isfying inequality (0~ is a relat ively small  correc t ion.  

The kinetics of monomolecular  dissociat ion of a one- component gas at  high tempera tures  satisfying 
inequality (0.2) is examined below and relat ionship (0~ is presumed to be fulfilled. Inequality (0.2) is 
usually satisfied for kT /e  > (0.04-0.06)--1n 5, where 5 is the ratio of the gas density to its normal density. 

1 .  E q u a t i o n s  D e t e r m i n i n g  t h e  T e m p e r a t u r e  o f  V i b r a t i o n s  

a n d  R a t e  o f  M o n o m o l e c u l a r  D i s s o c i a t i o n  

Calculation of the monomolecular  dissociat ion constant in the case of fulfilling relat ionship (0.1) and 
at a given temperature  of t ranslat ional  motion T reduces  to determination of the dependence of the d i s so -  
ciation constant on the vibrational t empera tures  and to a calculation of these t empera tures  with considera-  
tion of all positive and negative energy sources .  

The dependence of the monomolecular  dissociat ion constant on the vibrational t empera tures  in a har -  
monic approximation (k 1) and in an approximation of an ergodic active molecule (k 2) w a s  determined in [6] 
and has,  respect ively ,  the form 

k I = A exp (-- e,~ E a~ / k Y. a~T~) 
k~ = A exp (-- e~/kTm) (1.1) 

Here,  ~a is the activation energy,  A is determined by Sla ter ' s  formula [2] 

2~A = ~Yai~ 2 / ~ 2  (1.2) 

w i is the angular  frequency of osci l lat ions,  the ai are the coefficients of expansion of the react ion coordi-  
nate with respec t  to normal  coordinates,  Tm is the maximum temperature  f rom the sequence T1, T2", . . . .  

If the react ion occurs  without a change of spin, the activation energy figuring in (1.1) is equal to the 
energy of breaking the chemical  bond e. If the react ion is "spin-forbidden" and the limiting stage of the 
react ion is the change of spin at the point of intersect ion of t e rms ,  the activation energy ea is equal to the 
value of the potential at  the point of intersect ion,  and can be both g r e a t e r  and less  than the bond energy.  
The preexponential factor  in such cases  is considerably less than that determined by Eq. (1.2). For  exam- 
ple, for react ions of monomolecular  dissociat ion of singlet molecules of CO 2 (high temperatures)  and N20 
into CO and N2, respect ively ,  with the formation of an oxygen atom in the tr iplet  state,  the experimental ly 
found [7, 8] dissociat ion constants at  high densities k a at  which the rat io n*/n is equilibrium, and T = TI, 
T 2 . . . .  have the form 

k~ = A exp (--e~ / kT) (1.3) 

where A = 1011"4 sec -1, aa = 110 kcal /mole  for C02, and A = 1011"1 sec -1, ea = 59.5 kcal/mole for N20 .  The 
corresponding values of the bond energy are  equal to 126 and 38.3 kca l /mole .  

The vibrational tempera tures  established during thermal  dissociatiori are  determined by equations of 
quasi-stat ionari ty 

(1.4) Ei (T) -- Ei (T~) 

\ ~ r , l  
E~(z) = k 0 ~ / ( e x p 0 i / z - -  1), 01~h~dk 

Here,  r and E i a re  the vibrational relaxation time and energy of the i-th osci l la tor ,  0Ei /Ot  is the 
sum of the t e rms  taking into account the change of the vibrational energy upon exchange of quanta, and A i 
is the contribution of the i-th vibration to the energy of the activated state of the active molecule [6]. In the 
case of a harmonic  molecule 
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At  ~2T{2 ~ 2  / (~,a ~T,) z 
k e 

In the case of an ergodic active molecule A i = 1 for osc i l la tors  having a maximum temperature  and 
A i = 0 for all other  osc i l la tors .  Equations (1.4) are  a d i rec t  general izat ion of the equation describing the 
quasi-s ta t ionary stage of dissociat ion of diatomic gas [4, 5]. 

2 .  S i m p l i f i c a t i o n  o f  E q u a t i o n s  in t h e  C a s e  

o f  F a s t  E x c h a n g e  o f  Q u a n t a  b e t w e e n  D i f f e r e n t  O s c i l l a t o r s .  

I s o t h e r m a l  A p p r o x i m a t i o n  

The cbmplete set  of data needed for an exact  solution of Eqs. (1.4) is unknown even for the s implest  
polyatomic molecules.  The basis of approximate solutions is the c i rcumstance  that the rat ios of the t imes 
of relaxation and exchange of vibrational quanta in many cases  differ in o rder  of magnitude f rom unity. 
Such approximations are  well known in the theory of vibrational relaxation. In par t icular ,  if the probability 
of a one-quantum exchange between different groups of osc i l la tors  is considerably g r ea t e r  than the p rob -  
ability of vibrat ional- translat ional  t ransi t ions ,  the sys tem of relaxation equations reduces  to one differen- 
tial equation for the total number of vibrational quanta ~ and to simple algebraic  relat ionships between 
T i, T, and ~, expressed  [9, 10] in the form 

0~ / T~ -- 0~ / T~ = (0~ -- 0K) / T 

= ~ (exp (}i / Ti - -  l) -1 (2.1) 
4 

Approximation (2.1) is fulfilled best  of all when "adjacent" values of 0 i sat isfy the inequality 

(101--0~ I ) / 0 2 ~ 1  (2.2) 

In the case of fast  exchange of vibrational quanta, relat ionships (2.1) are  valid also in a dissociat ing 
gas .  The complete sys tem of equations descr ibing dissociat ion is obtained af te r  adding to (2.1) the equa- 
tion of quasi-s ta t ioaar i ty  of the number of vibrational quanta, which follows f rom (1.4) and in the case of 

one-quantum exchange, i .e. ,  when ~OE~ ~Or)/0~ = 0 , has the form 

[Ei (T) -- Ei (T~)] / 0i~ = k ~, [Aiea --:iE~ (Ti)l / 0~ 
i i 

(2.3) 

The following two possibil i t ies of fur ther  simplification of the equations are  typical. 

1. It is known f rom exper iment  and the theory of vibrational relaxation of polyatomic molecules that 
the vibrational  relaxation time ~-I of osci l la tors  having a minimum frequency is usually considerably less 
than all other 7 i. In such a case,  it is sufficient to leave one t e rm c9ntaining T 1 instead of the f i rs t  sum in 
Eq. (2.3). 

2. If thermal dissociation of molecules is the only cause of disturbance of thermodynamic equilib- 

rium, the deviation of all T i from T is comparatively small. Hence follows when fulfilling inequality (2.2) 

that the relative differences of the two vibrational temperatures are quantities of the second order of small- 
ness. This is seen directly from the following form of notation of relationship (2.1) 

(Tf --  Th) / T~ = (02 -- Ok) (Ta -- T) / 01T 

The more common two-  or  three-quantum exchange [11] in the case of a lmost  multiple frequencies 
(Fermi resonance) leads to pract ical  equalization of the vibrational t empera tures .  

These c i rcumstances  permit  using an isothermal  model of a polyatomic molecule in calculating the 
thermal dissociation rate. In the model it is assumed that all vibrational temperatures T k are the same 
and nonequilibrium of the state is manifested only in the difference of T k from T. 

Within the framework of the isothermal model, retaining in the first sum of (2.3) only the one term 
i = ! corresponding to the lowest-frequency oscillator and disregarding the difference of ratios 0i/01 from 
unity in the nonexponential part of (2.3), we have 
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Fig. 1 

[E~ (T) - -  E~ (T,~)] / ~ = k (T~) (e~ - -  E) (2.4) 

E ~_ ~, El (T~), k (Tk) ~ A exp (-- e~ / kT~) 
i 

Here ,  i t  is taken into account  that  for  equali ty of all  
v ibrat ional  t e m p e r a t u r e s  

~ ,&i  = i 
i 

Expres s ion  (2.4) for  k(T k) follows f r o m  each Eq. (1.1). 

Transcendenta l  equation (2:4) de t e rmines  the depen- 
dence of T k and k(T k) on the t e m p e r a t u r e  and density of the 
gas .  For  its solution, we mus t  know the p a r a m e t e r s  A and 
ea figuring in the exp re s s ion  (2.4) for  k(T k) and the v ib ra -  
tional re laxa t ion  t ime T1. Equation (2.4) can be r ega rded  in 
a more  genera l  sense  as  a re la t ion  between AT1, e a / k T  
and the ra t io  of the actual  ra te  constant  k(T k) into its equi- 
l ib r ium value koo - k(T). 

In the m o s t  in teres t ing  (in the s e n s e  of the in terac t ion  of the v ibra t ional  re laxa t ion  and d issocia t ion  
p rocesses )  t e m p e r a t u r e  reg ion  

Ei (T 0 ~ kTi ~ e~ 

~a* 

Here ,  a t  l ea s t  for  not too la rge  molecu les ,  the total  v ibra t ional  energy  is a lso  cons iderably  l e s s  than 
After  appropr i a t e  s impl i f icat ions  in the nonexponentiat par t s  of Eq. {2.4), we have 

A" h x = g e x p [ x / ( ~  - -g)] ,  x = e ~ , / k T ,  g = i - - T ~ / T  (2.5) 

This equation dif fers  substant ia l ly  f rom the cor responding  equation for  diatomic gas [5] in that it 
contains as  the rmodynamic  p a r a m e t e r s  not only the t e m p e r a t u r e  but a lso  the density (T~ is i nve r se ly  p r o -  
port ional  to density).  

Le t  us consider  at  f i r s t  the l imit ing cases  of the solution of (2.5). 

1. Small  t e m p e r a t u r e s  and large  dens i t ies .  In this c a se ,  as  is eas i ly  seen,  y <~ 1 and consequently,  
k~k~. / 

2. Large  t e m p e r a t u r e s  and smal l  dens i t ies .  In this case ,  the deviation of T k f rom T is l a rge ,  i .e. ,  
y is of the orde~ of unity, and changes little upon a change of t e m p e r a t u r e  and densi ty.  Taking this change 
iLto account  only in the exponential  pa r t  of (2.5), we find 

k ~ c o n s t  /%1x 

Thus,  as could be expected,  for  sma l l  densi t ies  and high t e m p e r a t u r e s  the monomolecu la r  d i s soc ia -  
tion constant  is proport ional  to the gas  densi ty.  

In the remain ing  region of p a r a m e t e r s  Eq. (2.5) is solved numer ica l ly .  The r e su l t s  of the solution 
a re  presented  in Figs.  1 and 2. 

The dependence of k / k ~  on A~ 1 and x solved explici t ly re la t ive  to log (k/kor is e x p r e s s e d  when 7 < 
x < 26 a lso  by the following interpolat ion formula :  

{ t ( i + 4 . t 0 - 4 P )  - 1 - 4 ,  - - i < t < 5  
lg(k/k~r 0 t • 5  

t ~- 0.337 x - -  0.87 lg (A~I) + 2.8 

This formula reproduces the solution of Eq. (2.5) with an error of Ak/k < 0.2 upon a change of k/k~ 
from 1 to 10 -5. 
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TABLE i 

e/kT ~alkT lgl(ko~/k) k, s e c  "1 k*, SaC -1 k/k* 

t0 
12 
i4 
16 
18 
20 

8.73 
i0.5 
12.2 
i4.0 
t5.7 
17.5 

t .51 
1.i0 
0.77 
0,45 
0.20 
o.o~ 

t.3. i06 
5.5.t0~ 
2.t.105 
7.4.t0~ 
2.4.t04 
6.0.i0 a 

5.4. t0~ 
2.0- i0 s 
6.2.104 
1.8.t04 
4.5.t08 
t.1.t03 

2.4 
2.8 
3.4 
4.t 
5.3 
5.4 

3. D i s s o c i a t i o n  Cons tan t  of Carbon Dioxide 

Carbon  d iox ide  i s  one of  the g a s e s  fo r  the d e s c r i p t i o n  of  
the  t h e r m a l  d i s s o c i a t i o n  of which  the i s o t h e r m a l  m o d e l  c o n s i d -  
e r e d  above  is  a p p l i c a b l e .  The s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n s  

of  the CO 2 m o l e c u l e s  a r e  in F e r m i  r e s o n a n c e  with  l o w - f r e q u e n c y ,  doubly  d e g e n e r a t e  f l e x u r a l  v i b r a t i o n s .  
T h e r e f o r e ,  the  t e m p e r a t u r e s  of  the t h r e e  o s c i l l a t o r s  of the m o l e c u l e  in  a q u a s i - s t a t i o n a r y  p r o c e s s  

C02 --~ CO § 0 

i s  m a i n t a i n e d  p r a e t i e a l l y  equa l  owing to exchange  of  v i b r a t i o n a l  quan ta  (two quanta  of  f l e x u r a l  v i b r a t i o n s  to 
one quan tum of  s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n s ) .  It i s  known f r o m  e x p e r i m e n t  ( see ,  for  e x a m p l e ,  [12]) tha t  
the e n e r g y  of a s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n s  r e l a x e s  a l s o  d u r i n g  a t i m e  c l o s e  to the r e l a x a t i o n  t i m e  r l 
of  f l e x u r a l  v i b r a t i o n s .  The s t r u c t u r e  of the shock  w a v e s  in  c a r b o n  d iox ide  i s  c h a r a c t e r i z e d  by  the s a m e  
v i b r a t i o n a l  r e l a x a t i o n  t i m e  T I. The t e m p e r a t u r e  de pe nde nc e  of r t of c a r b o n  d iox ide  [13] i s  e x p r e s s e d  by  
the f o r m u l a  

lg (pT 1 aa•. sec ) ~-= --8.56 + 25 T-'l ,  (3.1) 

In r e v i e w  [13] th is  d e p e n d e n c e  i s  p r e s e n t e d  g r a p h i c a l l y .  Us ing  (1.3) and (3ol), we can  find the d i s s o -  
c i a t i o n  c o n s t a n t  k a s  a func t ion  of  the gas  t e m p e r a t u r e  and d e n s i t y .  F o r  th i s  p u r p o s e ,  i t  i s  s u f f i c i e n t  to sub-  
s t i t u t e  the n u m e r i c a l  va lue s  of  A~ 1 and x into the s o l u t i o n  of  Eq.  (2.5) found in the p r e c e d i n g  s e c t i o n  (see 
F ig .  1). The r e s u l t s  o b t a i n e d  t h e r e b y  a r e  c o m p a r e d  in  Tab le  1 wi th  the e x p e r i m e n t a l  da t a  of  S. A. L o s e v ,  
N. A. G e n e r a l o v ,  and V. A. M a k s i m e n k o  [14] on the d i s s o c i a t i o n  r a t e  of  c a r b o n  d iox ide  in shock  w a v e s .  

The f i g u r e s  p r e s e n t e d  in  the f if th c o l u m n  of T a b l e  1 w e r e  c a l c u l a t e d  by  the f o r m u l a  

k* = 3. t0  v (8 / k T )  6 ] / T e x p  ( - -  8 / kT)  n sec:~ 

ob ta ined  in  [14] by t r e a t i n g  m e a s u r e m e n t  r e s u l t s .  The c o n c e n t r a t i o n  of  m o l e c u l e s  n c o r r e s p o n d i n g  to the 
t ab l e  va lue s  of k and k* i s  5 . 1 0  -6 c m 3 / m o l e .  

The a g r e e m e n t  of the c a l c u l a t e d  and e x p e r i m e n t a l  v a l u e s  of k i s  s a t i s f a c t o r y  wi th in  the l i m i t s  of  
e r r o r  of  m e a s u r i n g  kl and ~1. This  a g r e e m e n t  i n d i c a t e s  a d e t e r m i n i n g  r o l e  of r e l a x a t i o n  of  the a v e r a g e  
v i b r a t i o n a l  e n e r g y  in  h i g h - t e m p e r a t u r e  k i n e t i c s  of m o n o m o l e c u l a r  d i s s o c i a t i o n .  I t  i s  p o s s i b l e  tha t  the d i -  
v e r g e n c e  b e t w e e n  the c a l c u l a t i o n s  and e x p e r i m e n t a l  da t a  upon a d e c r e a s e  of  t e m p e r a t u r e  i s  r e l a t e d  with  the 
r e l a t i v e  i n c r e a s e  of  the r o l e  of  the n e g l e c t e d  d i s t u r b a n c e  of  the B o l t z m a n n  d i s t r i b u t i o n  of e n e r g y  wi th  r e -  
s p e c t  to the u p p e r  v i b r a t i o n a l  l e v e l s .  Th i s  p e r t a i n s  in  p a r t i c u l a r  to the l a s t  two rows  of Tab le  1 to which 
the l i m i t  of  a p p l i c a b { l i t y  of  i n e q u a l i t y  (0.2) c o r r e s p o n d s  and w h e r e  k ~ koo wi thout  c o n s i d e r a t i o n  of d i s t u r -  
bance  of  the B o l t z m a n n  d i s t r i b u t i o n .  

At  p r e s e n t  c a r b o n  d iox ide  is  a p p a r e n t l y  the on ly  c u e - c o m p o n e n t  gas  in  which  the m o n o m o l e c u l a r  d i s -  
s o c i a t i o n  r a t e  has  b e e n  m e a s u r e d  a t  h igh t e m p e r a t u r e s .  Such m e a s u r e m e n t s  a r e  v e r y  d i f f i cu l t .  N e v e r t h e -  
l e s s ,  they  a r e  v e r y  n e c e s s a r y  fo r  u n d e r s t a n d i n g  the b a s i c  r e g u l a r i t i e s  of m o n o m o l e c u l a r  d i s s o c i a t i o n  of a 
o n e - c o m p o n e n t  ga s .  

The a u t h o r  thanks  S. A. L o s e v  and N. A. G e n e r a l o v  fo r  a d d i t i o n a l  m e a s u r e m e n t  da ta  and I. S. Z a s -  
lonko for  use fu l  d i s c u s s i o n s .  
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