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ABSTRACT 

Rate constants and activ~tion energies for the th~rmal 

and summarized. Th~ observed ~ctivation energies in all 

cas~s are suhstant~ally below the bond dissoci~tion energies. 

Model~ are set up in terms of eriergy-transfer processes 

between the vi~rati6nal states of the reactant, and perti-

nent constants are evaluated from observ~d spectroscopic 

parameters, transport pr~perties, and vibrational relaxation 

times. Non~equilibriu~ distributions over vibrati~nal 

states are·calculated. The "ladder climbing" model with 

dissociation occurring only from the top vibrational state 

gives an incorrect trend of activation energies with 

temp era ture. Regardless .of the details, eath model that 

permits dissociation from all vibrational states correctly 

predicts a large decrease in activation energy as temperature 

increases. At. high temperatures, the reaction seriously 

depletes upper vibrat~6nal states, and this decrease in 

number of states that react causes ·the rate constant to 

increase with temperature less rapidly than expected. Thus 

the activati6n energy, which is merely a measure of how the 

\ 
rate constant changes with temperature, is lower than the 

bond dissociation energyL 

.. :-. 
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A. Introduction 

The ~issociation of a homonuclear diatomic molecule x
2 

in a "heat bath" of an iner.t monatomic gas M appears to be a 

relatively s~mple chemical process 

x2 + M ~ X + X + M 

In recerit y~ars extensive experimental data for H~, N 2 ~ o2 , 

F2 , c1 2 , Br 2 , and 1 2 in Ar.and other noble gases have been 

obtained, Table 1, mostly by use of shock tubes. Rate con-

stants k 

(1) 

k = 1 d ln [Xz] (2) 
- [M] d.t· 

have beeri observed over a wide range of temper~ture, and 

Arrhenius activation energies have been evaluated 

d ln .k.. 
.! = -_! d(l/.:r> 

An interesting feature of th~ data is that in each case the 

activation ener~y is substantially less than the bond disso­

ciation ~nergy, D0
• A n~mber of authorsl-lJ have discussed . -o 

this phenomenon, and the concensus is that it is a result of 

( 3) 

a non-equilibrium distribution o£ reactant molecules over ex-

cited vib~ational ~tates when reaction occurs. In this article, 

w:e review the experimental data for all seven homonuclear 

diatomic molecules lis;ted above, and we attempt to set up the 

~impleat theory that, w~th~ut adjustable parameters, gives 

approximately correct values for the rate constants k .and that 

gives an explanation for the "low" activation energies. This 

"simplest" theory uses the empirical spectroscopic p'roperties 
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of the reactant, the empirical transport prope~ties of the 

reattant and catalyst M, and the empirical vib~ational rela~a-

tion probability ~~O for the di~tomic molecule. 

A firmly entrenched model in many chemists' minds is that 

the."activation energy" represents a "barrier" between re-

actaats ~nd p~oducts, and thus there is a serious conceptual 

problem in having the observed acti~atirin energy be far less 

than the endothermicity of the teaction. However, this view-

point puts the pictorial model (barrier height) ahead of the 

defining relation, Eq.(3); for, after all, the "activation 

energy" is just a name for how the rate constant_! changes 

with temperature. If the rate constant, for some reason, in-

creases with temperature less rapidly than expected, then the 

activation energy will .be less than expected. If one expects 

the activation en~rgy to be at least the endothermicity of 
A-~ 

increases with temperature~ the reaction and if the rate 
. ft.a~t. ,l(.,:l 
-e~-ly t\ than expected be ca us e excited vibrational states of the 

molecules are depleted below the equilibrium value, then the 

aetivation energy, Eq.(3), will be less than the endothermicity. 

This effect is a partieularly large one for the dissociation 

of diatomic molecules. 

A purely formal "explanation" for low. activation energies 

~s sometimes given, as follows. If the rate constant for 

dissociation of a diatomic molecule depends on temperature as 

(4) 
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then application of Eq.(3) gives the result that the activa-

tion energy is 

E = Dlo/ + m RT (5) 
(0 - --

where T Ls the average temperatur~ over the range of observa-

tion. If m is negative, then the·aetivation energy! is les~ 

than the diss~ciation energy D0
• ·If~ is regarded merely as -o· 

an empiri~al parameter, then the invocation ·of Eqs.(4) and (5) 

is not an explan&ti~n at all, but only another description of 

the phenomenon. If one adopts a model for the reaction process 

and assumes that reactants have an equilibrium distribution 

over vi~rati6nal states, then~ may be evaluated, and it is 

typically iri the range of+ 0.5 (see Section E below). In 

many cases, the departur~ of activation energy from dissocia-

tion energy far exceeds what ean be expected from this effect, 

confirming the expectation that the low activation ·energies 

are a result of non-equilibrium over vibrational ~tates. 

B. Experiment~! Data 

The e~perimental data have been reviewed recently by 

. 14 . 
Troe and Wagner, · and our Table I is taken largely from their 

Table 1. In our Table I we give the reactant A, the foreign 

gas M, the tempe~ature range, the observed activation energi E 
. . 

(Eq. 3), the par~me~er ~- (Eq~5), th~ dissociatiori energy D0
, and 

-o 

references fot experimental studies of the dissociation of 

h 1 
. d . ·. . 1 1' '1 .. 15-4 6 nmonuc ear 1atom e mo ecu es. It ~s readily seen that 

observed activation energies are far less than.bortd dissociation 

energies, and the empirical parameter ~ is always negative, 

varying fro~ -0.4 t6 -4.0. 

Ill 



4 

Spe·c tros cop ic data, vib.ra tional relaxation times, and 

. . (Table I I) 
hard-$pheres collision cross sections~were obtained from 

' .· 47-53 54-57 
refer~nce books and certain articles. . Some articles 

have ap.peared with kinetic data since ·Troe and Wagner's re­

view. Wher~v~r possible we have prepared tables of rate con­
for comparis.on with our calculated rate constantS··• 

s.tants as a function of temperature,; Unfortunately, it is now 

rare for journals to publish data in this fora; rather data 

appear as mathematical functions, parameters of the Arrhenius 

equation 

k = A exp (-E/RT) - - . - - (6) 

parame~ers in Eq.(4), or as points on a small figure. Especially 

for H
2

, data are lo~t in this way, and only line segments of 
over 

average rate cdnstant~temperature intervals are available for 

the reinterpretation of data. tlherever possible, we have used 

tabulated ~ata or data that ~e have iead from figures for 

detailed compa~isons ~ith the models we use. 

C. General Molecular ~o~el 

The purpose of this paper is to find the simplest possible 

molecular model that correctly indicates the low activation 

energies and that utilizes no adjustable parameters. First, 

w.e present a general mechanism in terms of vibrational states 

' of the reactant; and next, we set up four specific models fot 

The predictions 

of the~e models are th~~ ~ompared with experiment. 

Th.e chemtcal reaction of Eq; (1) is ablireviated to read 

A + M + products 

.. 
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The individual vibrational s·tates ~~ of the reactant are 

identified (omission of explicit mention of rotational and 

translational states implie• that the reactant effectively 

has an equilibrium distribution over such states, and the 

collision constants later defined include the effect of the 

s 

equilibrium ~ange ~f such states)~ We define three ~ifferent 

inelastic collision processes: (1) The Yate of activation 

of A from initial state i to final state l upon collision with 

M is 

(7) 

(2) The rate of de-activation of A from initial state i to 

final state l is 

(8) 

(3) The rate of dissociation of A £rom state i to the con-

tinuum of free at6ms is 

(9) 

The rate of the chemical reaction is then 

(10) 

where t i~ the "top" bound state of the diatomic molecule A . 

The total number of reactant molecules is the sum over all 

Yib.rattonal states. · 

If Eq. (10) 

w.e ob.tai.n 

JA] ~' 1: JA;;J 
i ,:L, 

is multiplied 

R = IMJ !A] L:' 
.:i i 

( 11) 

b.y IA] />::IA1 ] and terms are rearranged, 

x,. (12) 
71:, 

P' 
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. I 
·-~· .... '.f 

t·l I 
~ . f 

} 

where x~ is the mol~ fraction of molecules in state i 
-, i 

and th~ rate constant 

~. = Rate/IM)lA] 

is expressed as. 

k = ·I: c , X · 
- i - ~\ -! 

This general model is illustrated for a 1runcated harmonic 

6 

(13) 

(14) 

(15) 

oscillator in Figur~ 1 and .for a Morse oscillator in Figure 2. 

For an equilibrium distribution over vibrational states, 

the mole fractLon in state i is simply 

exp ( -e: il!f!) 
(X.) = 
- 1 eq f 

-. v 
(16) 

where &i.is the vibrational energy relative to the zero point 

level, ~- is Bol tzman' s· constant, and -Y\r .. ls the vibrational 

partition function. During chemical reaction one does not 

have an equilibrium distribution over vibrational states, and 

the mole ftactions X. are not easily evaluated. To obtain 
--c1 

the aetual distribution o~er v~brational states, one needs 

to sol~e the simultaneous rate equations 

d[A
1

] 

dt 

i-1 t 

= [M]-j=I:.O ~.'J •. i. [A .. j .. '.,J + [M] L b ... [A.] 

c. 
-· 1 

j=!+l :-2:: 1\ 

(17) 
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with one such equation for each s.tate ..!. from zero to !.· 

It h.as. been shown by detailed computations, 12 .that after 

an extre~ely short inducti6n period the rel~tive concentra-

t ions [ ~'i J I [A ] as s u me a s: t e ad y- s t a t e d i s t rib u t 1 on , t h a t 

is, these ratios do not change with time even though the 

reactant as a whole is rapidly disappearing and each 

stat~ i .decreases accordingly. Thus, as an excellent 

approximation 

7 

d ( I A J /[ A] ) rv 
= 0 

dt 
( 18) 

= 1 d!AtJ _ llU d[A] 
IAJ dt~ [A]¥ . dt ( 19) 

Upon substitution of E~s.(lO) and (17) into Eq.(l9), we obtain 

an expression suitable for ~valuating the steady-state concen-

tration of A0 by a method of successive appr6ximations 
/1 ·. ·-

X = ··-·i t 

a .~j- r -=.. \ i=O 
c.X. 

- l.- 1.: 

( 2 0) 

If one has a set of rate constants 3ij~ ~ji' and 5i' one takes 

as the zero approximation the equilibrium mole fractions, 

Eq.(l6), to find a first approximation to the set of non-

equilib.rium mole fractions, ~i (i=0,1,2, .•. t). This first 
/-'· 

approximation is th~n substituted into the right hand side of 

Eq. (20) to find the second approximation to )C
1

, and the process 

can be repeated to any.~c~ired degree of convergence. 

Bicroacopi.c reversibility gives a general relation between 

rate constants for activation and deactivation of diatomic molecules 

. ' 
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a/-··., 

-:·.LJ = exp I- (e: 1\ - ~,-. 1·J_/ !-~) 
~·j i \ I j , . .\ ,.... 

(21) 

The remaining pro&lem is to Bet up ~odel~ for the evalua-

ti6n of th~ detailed rate constants~, b, and c. 

D. Four Specific Models 

I~ L~dder Climbing model with truncated harmonic oscillator. 

This ~odel has been used several times in the past. It 

uses the ha~monic-oscillatdr conditiOns on light absorption or 

emission as restrictions on energy transfer such that activa-

tion and deactivation occur only betw~en adjacent states 

a .-,, = b · = 0 f o r j -1 i ± 1 
-:· ij - ij. 

With thi~ restriction, we use the simplified nomenclature 

a -. = a · ----- '· ; b · = b · 
..1 i -r i , i + 1. - i ~~ , i- 1 -·-

( 2 2) 

( 2 3) 

A further property of harmonic-os~illator spectroscopy is used 

t6 evaluate the deactivation rate constant at any level in 

terms of the deactivation constant between the two lowest levels 

b. = -~J:> 1 
- l. 

( 2 4) 

From mi~roscopic reversibility, Eq.(21), and from Eq.(24), we 

obtain a general expression for the activation rate c6nstants 

( 2 5) 

wh.ere h. :t.·.s J?lanck 's co.nstant and \! is the harmonic oscillator 

vibration frequency·. The name "ladder climliing model" i'mplies 

that the molecule diasoci~tea only from the top vibrational 

1 e v e l , r i• 

0 for i < t (26) 

.. 
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The specific assumption mad~ .here is tha~ from the top rting, 

th.e molecule diss.oc.iates upon every ·sufficientlY, energetic 

collis.iou 

9 

..:.ct = -~ expi-(P.~.- ~t)/~:f.l (27) -
wh~re Z is the rate constant f6r a hard~spheres collision 

'f. ·. ' l 
1TQ"(8kT/1T):l }~ 

. --z = (28) 

o is t~e hard-spheres collision diameter (evaluated from 

viscosity, for example), and p is the reduced mass between A 

and M. 

The evaluati6n of th~ vibrational r~laxation constant 

~l6 or~~ is thoroughly explained by recent books in this 

field. 47 •
48 

We need this constant as a function of temperature, 

and th~ most con~enient form is the table and interpolation 

. 49 . 
formula b.y Millikan and White. In this way we find _l>i for 

' \ 

all diatomic molecules at alL temperatuies of interest, exc~pt 

H
2

, which is not included in Millikan and White's list. To 

50 I 
obtain the value for H2 in Ar, w~ use Mahan's recently pro-

posed theoretical model. The agreement of this theoretical 

functiori with the meager experimental data is shown by Fig. 3. 

Molecular properties needed to evaluate the collision constant 
~ 

Z ~ ... given in Table II. 

II. Truncated Harmonic Oscillator (Fig. 1) 

This m6del is the same as I ex~ept that w~ accept the 

possib.ility of dissociation bf the reactant frofu ~ny vibrational 

st~te i, instead of ju~t the top state £· From a given state 

~. activation can occur to only one final state i+l with an 

energy jump of ~v; But dissociation can occur into the con-
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tinuum of states with an energy jump of (D 0 
.... e:i,.~ or more . 

. -o ,_' 

Except for the gre~ter jump in energy, the transiti6n to the 

continuum should be more probable than transition to the single 

state i+l because of the gre~ter density of final st~tes. It 

is assumed that t.h e ratio of dis so c i at ion t o a c t iva t ion i s 

exp[-(D 0 -e: .. )/kT] 
= 'f3. ·. -o-. ~- --·-

expl-·hV/kT] - --· 
(29) 

where B > 1 and is the same for all stat~s i. The value of B 

can be found .from the expression for -J.t' Eq. (27). With B 

evaluated from Eq. (27) and with -~·i· obtained from Eq. (25), we 

have a general expression for the dissociation rate constants 

c ~ = -·: i ·, 
i+l . o . I 
~t+l Z expf-(D -e:.) kT] 

- -0 ~ ---
(30) 

For this model _a1i\ and ~i\ are the same as for· model I, res pee-

• t iv e 1 y , E q • ( 2 5) and E q • ( 2 4) • 

. . 
It is sometimes argued thit a model such as this one is 

very poor; bec~use it can be shown that large jumps in energy 

are highly improbable. To be sure, large jumps ~re improbable 

as one can·see by substitution into Eq.(30) ~ but populations in 

high quantum states are al~o improbable.. The distribution 

func-tion for states that r~act is ~i~i' Eq.(l5). The term~~ 

contains the exponential termexp[-(_1?~-e:i)/~!} and the equilibrium 

mole fraction JCi contains: th.e exponential term expf--e: 1 /~!_], 

!..\ 

aee Eq.(l6}. The product of the rate constant, Eq.(30), and the ~ 

' equilib.rium mole fraction is: simply (Z/f ) (i+l) /(t+l) e.xp{-D0 /kT], 
-- -·V .... ··- · -- 0 ----

w.h.ich. varies only slowly· with quantum state i. l."r6m this rela-

t i.on Jt cHn be• HPCn thnt nt equilibrium all vibrational states 

contribute approximately the same amount to the decomposition 

i: 
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rate--they differ only liy the factor (i+l)/(t+l). - .· - There are 

!_+1 approximately equal,parallel channels of reaction, some 

involvin& low lying reactants m~king improbable big jumps to 

dissociation and sGme involving improbable highly 'vibrationally 

excited reactants making small jumps to dissocj~tion. There 

is no rate determining step nor single "activated complex." 

These t+l parallel reaction channels constitute the so-called - . 

"entropy of activation." 

III. Morse oscillator with transitions between adjacent levels. 

The vibrati~nal energy levels for the Morse oscillator are 

!'If % 1
1 4/ (31) 

~ lrt '-·' :· · ·:' fir. = (.!+f) ~e._: ( i +!) we~~ 
-' · ' : :: ,, w her e c is the v e 1 o c i t y o f li g h t , w i s the f u n d am en t a 1 f r e que n c y ,..., 

-1 
in em and-~~ is the anharmonicity constant. Both w'·and x 

~~ -. ·e 

di1 1 d f . . . d 52 are rea y eva uate rom spectroscop1c ata. A convenient 

formula 53 for transition probabilities for the Morse oscillator 

has been given 

b · = b ·.. ( r+ i. ~ ! ( 1 + r x ) 
-;,!-+E., ~- - r o . r ! 1 ! --- e 

(32) 

With restriction to nearest-neighbor tran~itions, all constants 

can be evaluated in terms of b ·· - .. 1·,_ 

b\= i _!> 1'(l+~e) -.-i (33) 

(34) 

With this model tian~itions to the continuum are all6wed for 

all s:tates, and _cj_\ h.as: the s.ame form as for model II, Eq. (30)', 

except th.at the number of s.tates !_is greater for model III 

than for model II. 
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IV. Morse oscillator ~ith all transitions allowed (Fig. 3). 

48 Stevens gives a model for transitions that readily per-

m i t s a 11 v a 1 u e s of d e a c t iva t ion cons tan t s b . . t o b e found : 
··- 1 J 

(i+r)! 
· 1 r-1 

... j i + r ' i = .. b 1 0 ~ e~~ -i-, ----. -::-2-/ ( 3 4 ) 
- • • . r 

From microscopic reversibility, the activation constants ~ij 

are obtained 

( 35) 

The rate constants for dissotiation from any state are the 

same as for models II and III. 

T~ese constants may be factored into the collision rate con-

stant Z and the tr~nsition probability P 

a~. = Z P , .. , 
··,; ij ' . - -. ij -
b ·. = z p 

'', ij -- -. :ij 

c . 
-· i 

For H2 in Ar at 5000°K, the 

is given by Table III. The 

(36) 

transition probability matrix Yi. 
probability _) 

dissociation,..vector _Pfc\ is given 
'· 

in the same table. Although this model permits all transit~ons, 

large changes in vibrational quantum number are of low probabi-

1 i.t :y·. I.t is interesting to note that for quantum levels above 

ih~ nineth~ dissociation to. the den~~ states of the continuum 

is more probable than deactivation to the smmll numher of low 

lying vibrational States. Above the eighth state, dissociation 
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across m~ny quantum states is more probabl~ than ~ctivation to 

the next higher state. Th~ derisity of final states is an im-

portant factor in determining transition rates. 

For tbe four models, we can ~valuate all values of the 

energy-transfer functions ..§i. and b .. and the dissocj at ion ' ..J . -· 1J 

constarits~{ from molecula~ properties obtained by separate 

~xperiments: :l.>id' vibrational relaxation; (JJ and x, , r amail 
-e 

spectroscopy; z. viscosity or second virial coefficients. With 
~ 

these constants we evaluate the vibrational distribution func-

tion by successive approximations from Eq.(20), the rate con-

stants from Eq. (15)~ and the activation energy from Eq. (3). 

In the next sections we test the predictions of E and k by the 

four models, first for the ~ypothetical situation of reactant 

with an eq~ilibrium distribution over vibration~! states and 

next for non-equilibrium, steady-state, relative distribution 

functions. 

E. Model Predictions if Reactants Ha.ve 

Equilibrium Distribution Function 

For rate expression, we go back to Eq.(lO), l:~i[A;)[M]. 
. . . ·~ /-~\ 

Using Eq.(16) for the equilibrium conc~ntration of reactant 

in the vibrational state_!., w-e obtain 

R -eq_ 
- ''-.~€: i I k T ,-' 

= !M] fA ] E. ci·-. e- -- --o._ i_ I..;,·' --
--

(_3 7) 

The total concentration of reactant is th~ sum over all st~tes 

!A] = r: IA J i 
i 

= !A ] I: 
0 i 

= lAo] iv . . _, 

··-E:i/kT 
e .... ~­

' 
(38) 
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where f --.,is the vilirational partition functioH. Thus the 
-;!_' 

rate expression is 

R/. = [M][A] .L 1: c.,-,"e-~/~l--
/eq· ~\i ~. --

and th~ rate constant is 

1 ' \ - r"..r.- I k T ' 
k.'· = - r. c · e, ~1.\ .... ·- .-­

""7'eq_ f 1 1 , i · ~=-----· -·;v -- . 
. 

For model I, there is only one term in the sum, since 

assumed to be zero for all states except the top one t -· 
'.:V/ k ., = 

-:.eq 
1 -cr/kT 

Z exp{-(D 0 -e: )/kT]e ,_E --
1 v" - -- o ·. t . - ... -~ .. \ 

= (Zif J exp{-D 0 lkT] 
-- .. V·· -.... 0 ,-.J ... 

( 39) 

( 40) 

r· ~ / . -···. i 
, p.y.,j.• 

1
; - t t. ;.~:; I j 

I ,,, - ,...~ 

(41) 

For models II, III, and IV the rate constant expression is 

given l>y 

k---. =!.:::.. t: .!.±..! expi-(_D 0 -E.')/kT] exp[-e:.lkT] -;eq f., i t+l - -o .1.- ""'-· 11. .,.. __ 
- ;v, ,;_ -

~ ~+1 == ( Z I f .) ex p [ - D 0 I k T ] t.. 
-- - v .. 0 - •. i = 0 t + 1 

= (~/!.v) exp [-p~/~~_] <ti2> (42) 

Thus the temper~ture dependence of all four models is the ~arne 

if ther~ ~s an equilib~ium distribution over vibrational states 

E 
'":· eq 

= D o · _ R d 1 n Z.- + R d 1 n .f v_ 
- o - d (liJ) - d (li~T) 

(43) 

For the harmonic oscillators, models I and II, the vibrational 

partition function is approximately {;1 - -~:-}]V/)sl) -_l, its 
·. . I 

temperature derivative in Eq.(43) varies between 0 at low 

temperature and B-..:.1' at high temperature. If the collision rate 

constant varies 
·. 1 

'2" 
as --~ , Eq. (28), its contribution to. the activation 

~ 

... 
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energy is ~- -~_'!'. Thus these tw_o models predict 

High .. 1 
limit 

Low _T. 
limit 

The observed activation energies in Tahle I differ from D0 

~-o 

substantially mor~ than the limits given by Eq.(44). Thus 

15 

(44) 

these mod~ls are inad~quate to explain the observed activation 

energies if the vibratinnal states have an equilibrium distribu-· 

tion~ Similar conclusions apply to ~odeis III and IV if the 

quantities are evaluated numerically. 

F. Calculated Activation Energies and 
Rate Constants with Non-Equilibrium Distribution Function 

Hydrogen--By use of the values of the transition constants for 

activation, deactiv4tion, and dissociatiori, rate con-

stants and activation en~rgies for the dissociation of H
2 

in 

a heat bath of Ar were calculated each 400° between 1000° and 

7000°K. For each of the four models, the results ~re given in 
Similar results for Fz between 500_and 5000°K are included in Table I\ 
Table IV.A It is read~ly apparent that the ladder-climbing model 

gives activation energies that vary with temper~ture in a manne: 

quite different from that observed. At low temperatures, this 

~odel greatly underesti~ates the rate. At high temperatures 

where vibrational energy transfer becomes fast, the··rate constants 

are less than those cal~ulated hy the oth~r models, but the 

di.fference ismuch less than that foup.d at low temperatures. 

Th.i.s .t>arti.al "catch.ing ..... up" at high temperatures causes the rate 

to increase faster than expected at high temperatures, nnd the 
Jl- -~ .. <i (,. 

activatiot~gicatly exceeds the dissociation energy. 
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The other three ~odels show activ•tion energies that decrease 

with temperature, in the same general sense as that observed. 

for H2 The calculated and observed rate constant sA are compared 

in Figure .4. Calculated curves are gi~en for model I and model 

IV (models II and III are too similar to model IV to make those 

plots wo~thwhile). The experimental data are not given as 

individual points but as line segments criv~ring the observed 

temperature ran~e and the repo~ted Arrhenius parameters (this 

is th~ only form i~ which most of these data at~ available). 

The e~perimental data show substantial disagreement between 

different investi~ators. Even so, the rate constants for model 
o.ru.. 

I U well below the experimental data, and those for models II, 
. . 

III, ~nd IV are in teasonably good agreement with the data. On 

th~ basis of these results, m6del I is dropped from further 

consideration. 

Fluorine...,.-For fluorine, data are ·available for b
10 

as a 

f · .f 49 .( 1 'k H . h h f i unctJon o temperature un 1 e 
2 

w ere t. e unct on was 

. . 50 
calcuJated ). Fluorine is relatively insensi.tive to trace 

impurjties, whereas H
2 

and c1
2 

are susceptible t~ traces of 0
2 

(H
2 

b~itig attacked by ~ or HO; c1
2 

dissociating by way of ClOO 

and CJo
58

). Thus, fluorine was chosen for the ciost intensive 

calcuJations, and in particular for crimparisons of model II and 

model IV. 
equilibrium and non-equilibrium 

T n.e 1\ dis, tr i b. uti on of . 1! 2 · over vi b. ration a 1 s tat e s 

are given in Table v in terms of the mole fraction 

?C{\ 0 f the full Morse calculation (model IV). The 

logarithm of mole fraction X~\ is given as a function 
- 1· 

of vibrational energy for 500, 1000, and 2500°K. At 500°K, the 

.;. 
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steady-,state distribution is very close. to the equilibrium 

distribution up to the 17th quantum state, and th~n it rapidly 

falls off at higher. state~. At 1000°K, the fall-off begins at,. 

about state 11. At 2500°K there is serious depletion of excited 

vibrational states abbve the third or fourth level. Table V also 

gives the dissotiation tate constatits c~ as a function of quan­
~ 1\ 

-·' 
tum state and temperature. At very high quantum numbers, the 

constant c .. differs only slightly between 500, 1000, and 2500°K. 
-1 . • . 

;.... numb.ers 
At low quantum A there is a great spread with temperature in 

c: at a given state i; The relative ~distribution function for 
'" 1 

molecules that react" is given by the products of mole fractions 

.!A\ ,_._ 
and dissociation constant ~i' and these are given 

·--· \ 
for three temperatures as Figure 5 . the contribution 

to reactioti is almost uniform from states .2 to 2b, with a slight 

drop off at low quantum numbers (see Eq.30) ~nd .a large drop 

off at high quantum numbers from non-equilibrium. 

the reacting states aTe equally important from about 2 to 15. 

At 2500°K the states that react l~e largely between 0 and 7, 

with a fairly fast.fall-off above the seventh state. Figure 5 

alone ex~lains why the activation energy decreas~ with increasing 

temperature: With an equilibrium distribution all 29 states 

react equally excei?t for the factor (i+l)/(t+l), Eq.(JO), and - . . 

tfitia tfisre are 29 parallel reaction channels. At 500°K the 

deco.mpogition reaction has set up a steady~~tate distribution 

such thot upper states are depleted. Tite depletion of a given 
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state 2:_ is caused l>.oth tiy the rapid los:s of_! states to atoms 

and by siat~ i being skipped as lower ~t~tes go directly to 

atoms. From Figure 5 , we se~ that at 500°K there are only 

about 20 r~action channels; at 1000°K the number Ls about 15; 

and at 2500°K the number is about 7~ This decrease in "number 

of states that react" by virtue of the non-equilibrium distri-

bution at high energies causes the rate constant to increase 
. . J.M_ __ ..14t/J~~ . 

with tcmperaturel\...s-1:-6~ than expected, and thus the activation 

energy is lower than expected (see Eq.3). 
for F2 

The observed rate constantsAare shown in Figure 6 with 

curves caltulated by model II and model.IV (results for model 

III are almost identical with model IV). These two models 

agr~e fairly well ~ith the data, and .they agree so closely with 

each other that the simpler model II is selected for all fur-

ther comparisons. 

All other cases--By use of the truncated har,nonic oscilla.:.. 

tor mod~l (Fig. 1 and model I~), the activ~tiori energies as a 

function of ~emperature we~e calculated for all four halogens, 

and the data are given iri Table VI. Similar data for N
2 

and 0
2 

are given in Table VII. The calculated activation energies de-

crease.stron~ly with temperature in all cases. These calcula-

tions were extended to cover the range of observed temperatures 

for the various cases in Table I. The 1ast column in that table 

givea activation energies ca1culated by mearis of the trtincated 

h.armontc oscillator, model II. Within t"he experimental uncertain-

. ty of the data, the ca1culated activ~tion e~ergies agree very 

Wt!ll·w.ith those observed. 
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Observed iate ~onstants for I 2 , Sr 2 w c1 2 , Nl~ and o 2 are 

plotted in F~gure 7A,B,C,D, and E. Two calculated curves are 

giveri on each figure, e~ch is lia~ed dn model II. The upper 

curve is calculated on the basis of an equilibrium distribution 

over vibrational states, and the lower curve is based on the 

actual, rion-equilibrium distribution. The data for I 2 , N2 , and 

even o
2 
~re fair1y well defined and show adequate agreement 

between diff~rent investigators. In"these cases the non-equili-

brium curve calculated from model II agrees fairly well with 

the observed points, and the equilibritim curve lies well above 

the data. The data for Br
2 

and especially Cl 2 show strong 

disagreements between different investigators (perhaps due to 

participation of small amounts of o
2 

impurities as catalyst 

via CiaO and clo 58 ). The data for c1 2 and Br2 show so much 

experimental error that it is not useful to speak of agreement 

or non-agreement between cal~ulated and observed rate constants. 

The data for o
2 

cover a wider range df temperature than 

any other, up to 18,000°K. The calculated non-equilibrium curve 

shows an increase in activatiori energy at extremely high tern-

peratures (all other cases show this same effect at temperatures 

well above the rarige of observations). The experimental data 

for 0
2 

do not show this effect, but it would be difficult to 

extract it from the data since it appears only above 10,000°K. 

The e~planation of this effect can be seen by examination and 

extension of the ~istribution function for molecules that react 

in Fig. 5 . At the highest temperature sho~n there, the states 

that react are the bottom 6 or 7. At even higher temperatures 

it may be expected that this function will be narrowed to the 

~I 



20 

lowest one or two ata~es. Then the only reaction is the strong 

collisi6ri channel from the ground state to th~ continuum, for 

which single process .there is an energy .barrier of D0
• The --o 

rate can no ·longer abstain from increasing "as expected" because 

the numbe~ of states that react tannot shrink below orie (This 

ultim;Jte increase of activation energy at very h~gh temperature 

might be observed with F
2
). 

F. The Reverse Reaction 

These calculations all refer to the fon.,rard reaction or 

dissociatio~ of th~ diatomic molecul~, Eq. (1), and no account 

h~s been giv~n to the reverse process or the recombinatiori re-

action. As atoms acc~mulate and recombination bccurs, the 

popul~tion of highly exc~ted vibrational stat~s will sur~ly change 

in the direction of increased occupancy. A~ illus.trated by 

Table III, there are many upper vibrational stat~s for which 

a colliaion is_more likely to giv~ re-dissociation than de-

a. c t i v a t i o n • This fact is of importance t6 the theory of re-

combination of atoms.;. Many theories of reco~bination regard 

that process as complete when the .atom pair is deactiVated below 

ths dissociation limit, D0
• -o However, the highly excited vibra-

tional states of x
2 

ar~, in effect, closer to products than to 

reactarit. The negative activation energy for atom recombination 

arises, in pa~t, f~om the redissociation of highly excited x
2

, 

an effect thAt increases with increasing temperature, Figure 

5 . 

.. 
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G. Summary 

In general, the o~served activation energy for the 
~ 

dissociation of diatomic molecules is substantially less thari 

the bond dissociation energy, and it decreases with increasing 

temperature. This effect cann~t be ex~lained by a ladder-

climbing model 6f the reactiori .process with di~sociation occurring 

only from the top vibrational level, even with allowance for 

a non-equilibrium distribution over vibrational states. This 

effect is readily expla~ned by several models that allow 

dissoci*ti6n to oc~ur from any and all vibrational states and 

with allowance for non-e qui 1 ib rium distribution over vibration a 1 

states. Three such models were Set up that permitted the cal-

culation of dissociation rate constants from s~parately determined 

vi b.ra tiona! relaxation times,' vib ra tiona! frequency, and hard-

spheres collision cross section--with no adjustable parameters. 

The non-equilibrium versions of these models give satisfactory 

predictions of rate constants and an excellent quantitative 

account of the observed low activation energies. These calcula-

tions indicate that diatomic molecules dissociate from all 

vibrational states, even though vibrational-vib~ational transitions 

occur primarily between near neighbors. 

----------------------
This work was done under the auspices of the U. S. Atomic Energy Commission. 

,, . 
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Table I~ . ·Experimental Data on Activation Energies. for the 
·Dissociation of Homonuclear Diatomic Molecules. 

A M T Do E , m Ref. E 
-o kg~1 Eq-. 5 -~ale keal Mo e !I 

. 

F2 I Ar 1300-1600 37.1 30 ±4 -2.5 15 31.7 

Ne .. 1650--2700 24 ±5 -3.0 16 30.3 

Ar . 1300-1600 27.3±2.5 -3.4 17 31.7 

Xe 1300~1600 31.1 -2.1 17 31. 7 

C1 2 Ar 1700~2500 57.0 48.3 -·2. 1 18 48 .· 4 

1600-2600 50 -l. 7 19 49.9 

1700-2600 41 ±5 -4.0 20 48.6 

1600-2600 45 ±2 -2.9 21 49.9 

1700.-2600 48.3 --2.0 22 48.2 

Br 2 Ar 1300-190.0 45.5 41.4 -1.3 23 39.7 

. 11~00-2 700 41.4 -1.0 24 38.5 
., 

1200--2200 32.4 -3. 8. 25 40.3 

12 Ar 1000-1600 35.6 29.7 -2.3 26,27 31.6 

850-1650 30.4 -2.1 28. 31.9 

02 Ar 5000-18000. 118.0 110 -0.4 . 29,30 102.7 

3800-5000 106 ±5 ·-1.4 31,32 99.1 

40.00-6000 108 -1.0 33 9 7. 5 

3400.-7 50.0 108 -1.2 34 9'7. 7 

3000--5000. 114 -b.s 35 103.7 

02 3ooo .... 5o.o.o. 98 -2.5 29,36 

4000--7000 91 -2.5 37 96.4 

2500-4000 108 -1.5 35 108.2 

26 
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Table I. ~ont'd. 
; 

A M T Do E m Ref. E 
-o -ob~ Eq.5 MoCig!1 £t kcal kca 

' 

3000--6000 109±5 -1.0 32 102.0 

26Q.Q .... 7Q.OO. 85 -3.7 38 103.3 

H2 Ar 28QQ .... 450Q 103.3 97 -0.9 39 100.5 

3000-5300 97 -0.8 40 99.6 

2800-5000 97 -0.8 41 100.0 

2150-3650 97.2 -1.0 42 101.9 

Xe 3000--4500 100 -0.4 43 100.5 

H2 3000-4500 92 -1;5 43 

H 3000-4500 100 -0.4 43 

D2 Ar 3000-4 BOO 105 97 -1.0 39 

Ar 3000-4900 97 -1.0 44 

N2 Ar 6000-9000 225 218 -0.5 45 195.4 

6000-10000 204 -1.3 46 193.9 

N2 6000-9000 2.18 -0.5 45 195.4 

6000-10000 198 -1.7 46 19 3. 9 

N 6000-9000 203 -1..5 45 

~ 1 I 
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Table II. Molecular Properties Used to Evaluate Vibrational 
Relaxation Constant b

1
{T) and hard-spheres Col­

lision Constant z~ 
·.:.' '•'·'lo,;. ,. ·,;, •' "· , .. 

<:C<'<04G.<<« 

A 

H2 

H2 

F2 

F2 

Cl
2 

Br
2 

12 

N2 

02 

02 

Ref. 

M W)\ 
..-·e 
,·.;.:;:1 / 

··em···* 

Ar 439,5 

Ar 

F2 

F2 

Cl
2 

Br 2 

!2 

N2 

Ar 

4395 

892 

892 

557 

321 

213 

2331 

1554 

1554 

52 

., ·. · .. · .. ··.. ' ... ' ·, 

w .x 
e··.e 

126. 2 

0 
llf-.6 
~ 

0 

0 

0 

0 

0 

0 

0 

ttl 
no. of 
states 

14 

8 

29 

15 

36 

50 

58 

33 

27 

27 

D0 £/k 
·- 0 . ,..., 

kcal °K 
mole of A 

103.3 38 

103.3 38 

'37.1 112 

37.1 112 

57.1 257 

45.5 520 

35.5 550 

225 91.5 

118 113 

118 113 

51 

2. 9:3 

2.93 

3.65 

3.65 

4.40 

4.27 

4.98 

3.68 

3.43 

3.43 

51 

A 
of Ref. 

49 

65 

65 

58 

48 

29 

220 

129 

165 

49 

.:!•., 



Table III. Transition Probabilities Per Collision for H2 With Ar at 5000°K. 

·---- -
1 0 1 2 3 4 5 6 7 8 9 10 - ' 

' ,, 

j P(i - - J ,_ 
:a • 65£-02 .93£-04 .36E-05 • 23E-06 • 21E-07 • 25E-08 • 37E-09 .66E-10 .lJE-10 • 31E-ll 

1 .20£-02 .13£-01 • 28£-03 .14E-04 . 12E-05 -13E-06 .18E-07 .30E-08 • 59E-09 .13E-09 

2 • 92E-05 .42£-02 .19E-Ol • 56E-03 · .36E-04 .JsE-05 .44E-06 • 71E-07 .lJE-07 .JOE-08 

3 • 12E-06 • 32E-04 • 6 SE-02 .26E-01 .93E-03 . 71E-04 • 81E-05 -12'::-05 .21E-06 .45E-07 

4 • 30E-08 • 62£-06 • 74E-04 • 9 8E-02 .32E-01 .14E~02 .12E-03 .16E-04 .27E-05 . 53E-06 

5 .llE- 09 • 20E-07 .19E-05 .14E-03 .13E-Ol .39£-01 .zoE-02 • 20E-03 .29E-04 .SJE-05 

6 • 59E-ll • 9 7E-09 • 81E-07 • 48E-05 .25E-03 .17E-01 .45E-01 .26E-02 .30E-03 .48E-04 

7 • 41E-12 • 64E-10 • 49£~08 • 25E-06 .lOE-04 .4QE-03 .21E-01 • .s·2E-o1 • 34E-02 • 4 3E.-03 

8 • 36£-13 • 54E-ll • 39E-09 .19E-07 • 68E-06 • 21E-04 • 62E-03 • 2 6E-0 1 • 58£-01 • 4 2E-02 

9 • 40£-14 • 5 SE-12 .41E-l0 .l8E-08 .61E-07 .16E-05 .39E-04 . 9 2E-0 3 .32E-01 .65E-Ol 

10 • 55E-15 • 77E-13 .52£-11 .23£-09 • 71£-08 .17E-06 . 36E-05 • 68E-O 4 .13E-02 • 3 8E-Ol 

11 .90E-16 .12E-13 .82£-12 • 34E-10 • lOE-0 8 .24E-07 .46£-06 • 76E-05 • 12E-O 3 • 19 E-02 .45E-Ol 

12 • 17£--16 • 24E-14 .15£-12 • 63E-ll .lSE-.09 ·'•lE-08 • 741!:-07 • llE-0 5 .15E-04 .19£-03 .26£-02 

13 • 40£-17 • 54£-15 .35E-13 . 14E-ll .39E-10 .85E-09 • BE-07 • 21E-06 • 27E-05 .JOE-04 • 31E-03 
' 

pic .23E-05 .14£-04 • 68E-04 .26E-03 .84E-03 .28E,-02 .73E-02 .19E-Ol .43E-Ol .90E-Ol .18 
\ 

' 

_!~-transition probability from vibrational state i to state j. 

-!d~--transition probability from vibrational' state i to continuum of dissociated atoms. 
~ 

:~::~~:;~JY-1~/,~;t.)~~:-: ---,:.): ~,~- ~~ ~<9-·- ~ .. 

. ~: 

.. .. 

.f; 

(C>. 

11 
12 l 1l 

.. --- -------
I 

S't .,I .... ,I "5£ r . -- . ..:. .. ::.-!_;.!.' ~·J 

,J4E-10 .98E-ll .31E-!l 

.74£~09 

.llE-07 
-

, 12E.- 06 

.12E-05 

• 98E-05 

• 76E-04 

.59E-03 

. 51E-02 

. 71E-Ol 

• 53E-Ol 

.J6E-02 

• 33 

.21::-osj .64.E..:lc 

• JOE-08 1 • 89E-0'? 

. 33E-071 . 96E-OS 

• 30E-061 • 85E-G7 

.23E-05 .64E-06 

.17E-ct.i.44E-os 

.llE-03! .27E-04 

.i9E-03i .16E-C.j 
i 

• 62£-02 j .lCE-0 

• 78E-01 I . 73£-02 

.61E-01 

• 56 

I I . 84E-Ol 

• 89 

N 
...0 





Table V. 

tuantum Energy 
1u:::ber, i em -1 

0 442 
1 !305 
2 2138 
3 2941 
4 3714 
5 4458 
6 5173 
7 5858 
8 .6513 
9 7138 

10 7734 
11 8301 
12 - 8838 
13 9345 
14 9822 
15 1(1270 
16 10689 
17 11078 
18 114 37 
19 11766 
20 12066 
21 12337 
22 12578 
23 12789 
24 12970 
25 13122 
26 13245 
27 13338 
28 13401 

; 

.. ~ . .;,. ' ' .. ' .. . 
' ~ . .. ~ \"' .. . 

t> 

:11.•lc- Fra.:-ti.ons in V;ll'ious Vii>rnlional Stal.:,s and the Dis~;<>ciation Rate Cons·tant 
for Vibration~l States of Fluorine as a Function of Temperature. 
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T~ble VI. Calculated Activ~tion Energies for the Halogens 
from the Truncat~d Harmonic Oscillator Model II. 

T RANGE. F2 Cl 2 Br 2 12 

200-400 37.1 56.9 45.2 35.1 

400-600 36.8 56 .. 6 44.7 34.5 

600-800 36.2 56.2 I 44.1 33.9 

800-1000. 35.3 55.7 43.6 33.3 

1000-1200 ~- 2 55.0 42.8 32.3 

1200-1400 .32. 9 54.6 42.0 31.4 

1400-1600 31.. 4 53.2 41.0 30.2 

1600-1800 28.5 52.0 39. 7 28.9 

1800-2000 29.8 so .• 7 38.8 27.9 

2000-2200 29.5 49.5 37.4 26.5 

2200-2400 29.5 48.2 36.1 26.2 

2400-2600 29.7 46.6 35.3 26.0 

2600-2800 27.3 45.7 35.3 25.4 

2800-3000 30.5 45.0 33.4 26.3 
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Table VII. Calculated Activation Energies for 0
2 

and N
2

, 
l1ode1 II. 

CALCULATED ACTIVATION ENERGIES 

T RANGE 02 N2 

500-1000 117.9. 225.1 

1000-1500 117. 3 . 224.5 

1500-2000 115. 0: 224.5 

2000-2500 114.4 222.5 

2500-3000 110. .. 4 222.5 

3000-3500 108.8 219.8 

3500-4000 103.3 219.6 

4000-4500 101.2 209.5 

4500-5000 98.3 213.7 

5000-5500 93.5 208.9 

5500-6000 94.3 205.5 

6000-6500 91.6 204.3 

6500-7000 93.7 197.3 

7000-7500 91.5 197.3 

7500-8000 95.8 189 .. 1 

33· 



Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 
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Tftl~~ to Figures 

Truncated Hat~onic Oscillator Model for Decomposition 

of Diatomic Moiecrile. For model I all c's are 

assumed to be zero except ct. For model II all 

are allowed t6 be non-zero, Eq.(30). In each model 

only nearest neighbor transitions are considered .for 

vibrational energy transfer. 

Morse Function Model for Decomposition ot Diatomic 

Molecule. Model III considers only nearest neighbor 

vibrational transfers, and model IV considers all 

vibrational energy transfers. Both models allow all 

states to dissociate to the continuum, Eq.(30). 

V~btational relaxation ~onstant P
10 

tor H
2 

calcu­

lated as a function of temperature according to 

refj 50 and the t~o observed constants as reported 

in ref. 47. 

Dissociation of H
2 

by Ar. Calculated and observed 

r~~e constants as a function of temperature. 

I. Calculated on th~ basis of the truncated harmonic 

oscillator, ladder-climbing model. 

IV. Calculated ori the basis of the Morse function 

with all tranaitions all6wed (compare Fig.J and 

Tab.le III). 

Obse~ved function~ as reported by referenc~ 14 

a. ref. 39" 
b.. ref. 40 
c. ref. 41 
d. ref. 42 
e. ref. 43 where M is Xe (Ref. 41 reported Ar and Xe 

t o h a v e s am e e f f i c i en c y in d i s s o c i a t i n g H 2 ) . 



Fig. 5. 

Fig. 6. 

).<'ig. 7. 

Distribution function for molec~les that react for 

th~ vibrational atatea of F
2 

with. th~ Morse model 

IV, allowing all possible transitions (Fig. 3). 

Note the shrinkihg ntimber of states that contribute 

to reaction a& one goes to high temperatures. 

35 

Dissociation of Fluorine. Calculated curves: II. 

Tiuncated Harmonic Oscillatbr with all states allowed 

tri dissociate to the continuu~, Fig.2. IV. Full 

Morse funetiori, Fig.3. 

Observed data: Q, 'dth Ar, ref.l5, points taken from 

graph; e , with N , ref.l6; 
e 

points taken from graph. 

0, with N , ref.54, · 
e 

Dis .s o c j a t i on o f H. om on u c 1 e a r D_i a t om i c _ M o 1 e c ul e s . 

Calculated curves are baEed on model II, truncat~d 

h~rmonic oscillator, all transitions to continuum 

allowed (compare Fig.2). The lower curve is based 

rin steady~state, nbn-equilibrium distribution function. 

The uppef curv~ ~s b~sed on the same model with the 

equilibrium distribution over vibrational states. 

Experimental points are taken from tables or 

read from graphs in the articles cited. k in units 

of cc/particle -sec. 

A. Q , with Ar, ref. 26, read from graph; 

-·with Ar, ref.27, read from graph (an error of a 

factor of 10 appeais in the graph of re£.27~ and 

this has been corrected). 

B . B r 2 ; 0 , with Ar , ref . 2 5; 8 , B r 
2 

is M, 

re£.25; •• with Ar, re£.19;'¢', with Ar, re£.55; 

• , wi. t h A r , r e f . 5 6 • 
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C •. ,Cl
2

• CJ , wi,th Ar, ref.19; O , with Ar, 

·.re£.18;., wi.th Ar, re£.20; •. •. 5% c1 2 in Ar,. , 

10% c1 2 in Ar, ref.21; C>.• wit~ Ar, re£.22. 
\ . . . 

D. N
2

• • ,'with ·Ar~ ref.57, .. points read 

from graph. 

All data in excess Ar. Points as read 

from g r a p h·s 1 is ted in ref.. 2 9 . • , ref. 3 4 ; O , 
r e f. 3 0 ; Q , r e f. 1 0 8 in re f. 2 9 ; 8 r e f . 3 3 ... 
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r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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