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ACTTIVATION ENERGIES FQR THE DISSOCIATION OF DIATOMIC
MOLECULES ARE LESS THAN THE BOND DISSOCIATION ENERGIES®

Harold Johnsten and John Birks

»Department of Chemistry and Inorganic -Materials Research Division,
Lawrence Berkeley Laboratory, University of California, Berkeley, California

ABSTRACT

ﬁate constants and activation energies  for the thermal
dissociation of Hz, N2' 02; FZ' Cl., Br2, ana>12 are reviewed
and summarized. The observed activation enérgies in all
cases are sﬁbstantially below the bond dissociation energies.
Models are set up in terms of energy-trahsfer processeé
between the‘Vibrational states of the reactant) and pertinent
constants'are eQaluafed from observed spectrOSCopic parameters,
transport properties, and vibrational relaxation times. Non-
equilibrium‘distributions over vibrational_statés are calculated.
The "ladder climbing" model with dissociation occurring only
from the top vibrational state gives an‘in¢Orre¢t trend of
acitvation energies with temperature. lRegardiess of the details,
each model that permits dissociation frombail vibrational states
correctly predicts a largé decféase in acﬁivation energy as
temperature increases. At high temperatures, the reaction
seriously depletes upper vibrationél states, and this decrease
in number of states that react causes the tate constant to increase
with temperature less rapidly.than expected. Thus the activation

enerqgy, which is merely a measure of how the rate constant changes

with temperature, is lower than the bond dissociation energy.
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The dissociation of a homonuclear diatomic molecule X2 in

a "heat bath" of an inert monatomic gas M appéars.to be - a simple

chemical process

x_2+M+x+-x+>M S (1)

In recent_years extensive experimental data for HZ' N2, 02, F2,

Clz, sz, and I, in Ar and other noble gaseé have been obtained,

2
Table I, mostly by use of shock tubes. Rate constants k

1 d 1n[X2]

M 4t o | ) (2)

k= -

have been observed over a wide range of temperature, and Arrhenius

activation energies have been evaluated

d In k .

E = -R , k X A exp(-E/RT) (3)

T T Al/m)

: \
An interesting feature of the data is that in each case the

activation energy is substantially less than the bond dissociation

2~-13

energy, ng A number of authors have discussed this phenomenon, -

and the_concensus is that it is a result of a non-equilibrium

7,12

distribution of reactant molecules over excited vibrational

states when'reaction occurs; but a'quantitati?e, uniform account
for all homonuclear diatomic molecules has nét beén given.l3b
In this arficle, we review the experimental data for all}seven
homonucléér diatomic molecules listed above, and we attempt to
set up the.siﬁplest_theo;y that, without adjustable parameters,
gives apprbximately correct values for the réte constants k and

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

"simplest".theory uses the empirical spectroscopic properties
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of the reactant, the empirical transport properties of the
reactant and catalyst M, and the empirical vibrational relaxation

probability P for the diatomic molecule.

10
A firmly entrenched model in many chemists' minds is that

the "activation energy" represents a "barrier" between reactants
and pfoducts,,and thus there is a serious conceptual problem in
haviﬁg the observed activation energy be faf.less than the
eﬁdothermicity'of the reaction. -However, this‘viewpoint puts
the pictorial model (barrier height) ahead'ofvthe defining relation,
Eq. (3) ; for,‘ after a;;, the "activation energy" is just a name
for how the rate constant E changes with teﬁperature. If the rate
constant, for some reason, increases with temperature less rapidly
than expected, then the activation energy will be less than
expected. If one expects the activation energy to be at least
the endothermicity of the reactionAand”if the rate increases with
temperature less rapidly than expected beceuee excited vibrational
states of the molecules are depleted below the equilibrium value,
then the aetivetion‘energy, Eq. (3), will be’less than the
endothermieity._ This effect is a particulerly large one for the
dissociation of>diatomic molecules.

A purely formal "egplanation" for low activation energies
is sometimes given, as follows. If the rate constant for

dissociation of a diatomic molecule depends on temperature as
k ; C Tm exp(—D°/RT) | ' (4)
- = = -0/ —=

then Eq. (3), the activation energy is

|

E =

&

+ m RE S -
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where iyis”the average temperature over the fange of observation.
If m is negative, then the activation energyfg is less than the
_dissociétionvenergy 28. If g>is regérded mérély as an empirical
parameter, thén the invocation of Egs. (4) and‘(S).ié'not an

explanation at all, but only another_descriptién of the phenomenon.
Experimental Data

The'eXperimehtal data have been reviewed recently by Troe

and Wagnerl4a, and our Table 1 is taken largely from their Table I.
14b '

Lloyd ™ " has reviewed the data for fluorine and chlorine. 1In

our Table‘I we give: the reactaﬁt A, for foreign gas M, the temperature
range, the observed activation energy E (Eqér3), the parameter m
(Eq.5), the diésociation energy Qg, and references for experimental
studies of the dischiation of homonuclear,diatomic molecules.ls-46
It is readily seen that 6bserVed activationAenergies are far less
than bond dissociation energies, and the empirical parameter m is
always negative, varying from -0.4 to -4.0. ‘Spectroscopic data,
vibrational relaxation times, and hard-spheres collision cross
sections (Table II) were obtainea from reference books and certain

47-53 54-57

articles. Some articles have appeared with kinetic

data since Troe and Wagner's review.
General Molecular Model o

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, we

present a general mechanism in terms of vibrational states of the
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reactant; and next, we set up three specific models for energy-
transfer and dissociative procesées. The predictions of these
models are then compared with experimentf :

The chémical reaction 6flEq.(l) is ;bbreviated to read

A + M + products -

The individual vibrationalbstates A, of the reactant ‘are identified
(omissidn 6f_explicit mention of roZatibnaiband translational
states implieé'that the reactant effectively has an equilibrium
distribution over such.states,land the collision constants later
defined include the effect of the equilibrium range of such states).
We define three different inelastic collision processes: (1) The
rate of acﬁivation of A from initialvstate;i to final state j upon

' collision with M is

Rli (up). = ‘a‘i_j_[Ai] . - (6)

(2) The rate of de—activation of A from initial state i to final
state i is

:Rii (down) = Eii[AillM]_ | : (7).

(3) The rate of dissociation of A from state i'to the Eontinuum

of free atoms is

R; . 'g_i[Ai][M]: (8)

The rate of the chemical reaction is then
o ~ - QfA] _ Co
R= s -Z:E' (2] [M] , o (9)
. 3_-_.0 - =
where”E is the "top" bound state of the diatomic molecule A. The
total number of‘teactant'molecules is the sum over all vibrational

states




[A] =X (A1 | o (10)
o LBy o

if Eq. (9) is multiplied by [A]/Z[Ai] and terms'are rearranged,

we obtain

R = [M][A]Zc

o & (11)

.where Ki is the mole fraction of moléculgs inlstate i, X =.[Ai]/[A],
and the rate constant, Rate/[M][A], is expressed as k = g g.g.T

This general model is illustrated for a truncéted harmonic
»oscillator ih*Figure 1 and for a Morse oscillator in Figure 2.

For an equilibrium distribution over vibrational states,

the mole fraction in state i is simply
' -1 . : : g
[X.] = (£,) = exp(-g,;/kT) R , (12)

where e, is the vibrational energy relative to the zero point

level, k is Boltzman's constant, and £V is the vibrational parti-

tion function. During chemical reaction we do not have an
equilibrium distribution over vibrational -states, and the mole
fractions'gi are not easily evaluated. To obtain the actual

distribution over vibrational states, we need to solve the

simultaneous rate equations

d[A 1 i-1 ' S 'ij
M M] b..[A.] - (13)
- W ZbJ_ll”fiu*;.l..[l 4
¢ ll t '
-[M](A]"Zb + X agstoe

i) j=i+1 =L ol
with one such equation for each state i from zero to t. It has

been shown by detailed‘computationslz, that after an extremély
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short induction period the relative concentrations [Ai]/[A]
assume a Stéady—state distribution, that is, these ratios do
not change wifh time even though the feactant»as a whole is
rapidly&%fsappearing and eqch state i decreasés'accordingly. .

Thus, as an excellent approximation

a([a,1/1a1) aa,l  Ia,]
= 1 - = d[A] a 0 (14)
dt AT ~at ~ ~ ;2 Tat "”

Upon substitution of Egs.(9) and (13) into Eq.(14), we obtain

an expression suitable for evaluating the steady-state concentra-

tion of Ai by a method of successive approximations _

a.. X. + XL
X. = ?‘-1&*1 i1l (15)

With a set @f rate constants a4 gii' and Ei;'we take as the
zero approximation the equilibrium mole fractions, Eq. (12), to
find a first approximation to the set of néneequilibrium mole
fractions, Ei (i=0;1,2,..;t)Q .This first apprbximation is then
substituted Zﬁto the right hand side of Eq.(15) to find the second
approximatioﬁ to X, ahd the procéss.can be repeated to any
desired degree of ;onvérgéncé. “ |

Microscopic reversibiiity gives a general relation beﬁween.

rate constants for activation and deactivation of diatomic molecules

/b = exp[-(el - Ei)/EI] o (16)
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The remaining problem is to set up models for the evaluation

of the detailed rate constants a, b, and c.
Three Specific Models

I. Ladder Climbing model with truncated hafmohic oscillator.

This model has been used several timeé'ih the past. It uses
the‘harmonié—oscillator'conditions on 1ightlabsorption or emission
as restricﬁions'qn energy transfer such that activation and

deactivation occur only between adjacent states

Eii = Eil = 0 for j # iﬂivl - : (17)
With this restriction, we use the simplified.nomenélature

a; = b. . - (18)

= a, . : b.
i =i,i+l’ =i =i,i-1

A further property of harmonic-oscillator spectroscopy is used to

N .

evaluate the deactivation rate constant at any level in terms of

the deactivation constant between the two lowest levels

by = ib,

(19)

From microscopic reversibility, Eq. (16), and from Eq. (19), we

obtain a general expression for the activation rate constants

‘a, = (it1)b; exp(-hv/kT) o | (20)

where h is Planck's constant and v is the harmonic oscillator
vibration frequency. The name "ladder climbing model" implies
that the molecule dissociates only from the tdp vibrational level,

Et:

c. = 0 for i <t S (21)
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Thé specific assumption made here is that from the top rung,
the molecule dissociates upon every sufficientiy'energetic
collision |
_ e L  ‘§_‘ :
Sy = Z exp[-(D] - €,)/kT] o S v (22)

where Z is the rate conStantAfor a hard-spheres collision
o " 2 _ S g
Z = 7o (8kT/nu)\ - : . (23)

o is the hard-spheres collision diameter (evaluated from viscosity,
for example),vand'u-is.thé reduced mass between A and M.

The evaluation of the vibrational relaxation constant b,

or El is explained/by two recent bOOks.47’43°

as a function of temperature, and a convenient form is the table

49

and interpolation formula by Millikan and Whité. In this way

‘we find 21
except'Hz, which is not included in Millikan and White's list. The

50

value of b, fér H, in Ar is_obtaihed from Kiefer and Lutz™ .

2
Molecular properties needed to evaluate the collision constant

Z are given in Table II.

II. Truncated Harmonic Oscillator (Fig._l).':”

This modél_ﬁé the same as I except that we accept fhe
'possibility'of'dissociation of the reactant froﬁ any vibrational
state i, instead of jus£ the top state t. Frém‘a given state i,

activationvcan occur to only one final state.i}l_with an energy

jump of hv; but dissociation can occur into thé:continuum,of states

with an energy jump of»(gg - ei) or more. Excepﬁ for the 'greater

jump in.energy; the transition to the continuum should be more

. We need this constant .

- for all diatomic molecules at all temperatures of interest}

s
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probable than transition to the single state i+l because of the

greater density'of‘final states. It is assumed that the ratio
of dissociation to activation is

(24)

= P —xp-hv/ET]

o
| Lol R

where B8 5 1 and is the same for all states i. In effect, we assume
that dissociation.intq the continuum of final states has a larger
pre-expoﬁential factor‘than activation to‘thé single, next higher
state. The value of 8 can be found from thgvexpression for S

Eq. (22). With B evaluated from Eq. (22) and‘with__qi obtained from
Eqg. (20) , we have a general expression for the dissociation rate
constants

c; = [(i+1)/(t+1)]2Z exp[-(DZ - ei)/fgl (25)

For this model Ei and Ri are the same as for model I;.respectiQely,
Eq.(20) and Eq.(19). |

| As shown in a subsequenf section, Eq,(35), at equilibrium

all vibrational states contributevapprbximatély the same amount

to the decomposition rate--they différ oniy'by_the factor (i%l)/
(t+1). There are t+l approximately equgl,ﬁbarallel channels of |
reaction, sdme in§olving low lyipg reactants.making improbable

big jﬁmps to diséociation and some involving impfobable highly

vibrationélly excited reactants making small jumps to dissociation.

III. Morse oscillator with all transitions.allowed (Fig. 2).

The vibrational energy levels for the Morse oscillator are

= (ithu, - (1) 2o x . (26

=0
X R0
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where ¢ is the velocity of light, ugis the fundamental frequency
in em* and._}_{e is the anharmonicity constant. Both W and X, are
readlly evaluated from spectroscoplc data.52 Stevens48 gives a
model for tran51tlons between all bound states of a Morse oscillator,

which readlly permlts all values of deactlvatlon constants b

to be found:

Tl gien) 1/ae) (27)
From microscopic reversibility, the activation constants Eii are
obtained

3 i+r _10§e£“1[(_i_+_r_)!/_i_!_r_?-]exp[; (Pg—e_i_)/}f'_r_) - (28)

The rate constants for dissociation from any state c; are the same
for model II, Egq.(25). These constants may be factored into the

collision rate constant Z and the transition probability P

» bys =2 PR, g =2 P, (29)

=7 P.
- =) 1l 1 ic

ij

.

%ij
For H2 in Ar at 3000°K; the transition probability matrix gii is

given in referencevld The dissociation probability vector gic is

given in fheVSame table. Although this model permits all Z;ansitioﬁs,
large changes in yibrational quantum number are of low probability.

It is interesting to note that for quantum levels above the fifth,

dissociation'to the dense states of the coﬁtinuum is more probable

than deactiyation to the smell number of low lying vibrational

‘states. Above the fourth state, dissociation.across many quantum
states is more probable than activation to the next higher'state.
The density of final states is an important factor in detefmining

transition rates.
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For three models, we can evaluate all values of the energy-
transfet functions éii and Eii and_the disseeiation constants Ei
from molecular properties obtained by separate experiments: I
vibrationalAtelaxatign; w end X Raman speétroscopy; Z, viscosity
or second viria; coefficients. With these censtants we evaluate
the vibratienal distribution function by successiVe approximetions
from Eq. (15), the rate constants from'Eq.(ll)}_and the activation
energy from Eq.(3). In the ﬁext sections we”teSt the.ptedictions
of E and k by the three models, first for the hypothetlcal 31tuatlon
of reactantiw;th an equilibrium dlstrlbutlon over vibrational

states and next for non-equilibrium, steady-étate, relative’

distribution functions.

Model Predictions if Reactants Hevev
- Equilibrium Distribution Function
For rate express1on, we go back to Eq. (9), Zc [A ] [M]. Using

Egq. (12) for the equ111br1um concentration of reactant in the

vibrational state i,:we obtaln

vE'eq = (,fv) ZE.J:. exp(—gi/;fz) _ L (30)

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

assumed to be zero for all states except the top one t

.k_eq = (Z/fv) exP[— (QS-_ SE)/EE] exp[-e, /kT] (31)
= (2/£,) expl-D3/kT] S € )

For models II and III the rate constant expressioh is

&eq‘= (z/£,,) z:iii exp [~ (D°—e )/KT] expl-e, /kT]‘ (33)
’ o . = l+l :

= (2/%,) expl-D3/kT] i‘éo T o (34)

= (z/£) expl-po/kT (E2) : (35)

Thus the temperature dependence of allvthree-models is the same
if there is an equilibrium'distribution ovef Vibrational states

Peq = D5 - R qrijm t R %%l -  (36)
For the_hermenic oscillators, models I and II, the vibrational
partition'fﬁﬁction is approximately (1 - ejhv/ET)_l, its
temperatufe'derivative in Eqg. (36) varies between 0 at low
temperature.and RT at high:temperature. If the collision rate
-constant vafies ae T%, Eq. (23), its contribution to the activation

energy is 4 RT. Thus these two models predict

Nlu-a

o < DO 1 -
DS -4 RE<EB <DI+iR (3D
High T Low T

The observed aetivation_energies in Table I differ from 98

substantially more than the limits given byqu.(37). Thus these
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models are inadequate to explain the observed activation energies
if the vibrational states have an equilibrium distribution.
Similar'conclusions-apply to model III if the'quantities are

evaluated numerically.

Calculated Activation Energies and Rate Constants

with Non-Equilibrium Distribution Function

szrogén——By use of the values of the transitioh constants
for activation, deactivation, and dissociétion; rate constants
and activation énergiés for the dissociatibn of_H2 in a heat bath
of Ar were calcuiated each 400° between 1006? and 5000°K. For
each of the three models)bthe results are giVenbin Table 1II. It
is readily apparent that the ladder—climbing model gives activation
energies that vary with temperature in a mannér guite different
. from that observed. At low temperatures, this model greatly
underéstimatés the rate. At high temperatures where vibrational
energy transfer becomes fast, the rate constants are less than
those calculated by thé other models, but the difference is much
less than tﬁat found at low temperatures. This partial "catching-
up" at high temperatures causes the rate to increase faster than
expected at high £emperatures, and the activation energy greatly
ekceeds the dissociation energy. The other models, which permit
dissociation from all vibrational sfates, show activation energies
that dec:easé with temperature, in the'same_general sense as
that observed.
are compared

2

in Figuré 3. Calculated curves are given for model I and model III.

The calculated and observed rate constants for H
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The experimental data show substantial disagreement between

different investigators. Even so, the rate constants for model
I are;well below the experimental data, and those for model III
are in reasonably good agreement with the data. On the basis of
these resglts, mb@él I is dropped from furtﬁer consideration.
I,Flﬁorine-—fiﬁérine is relatively insensitive to trace
ixlnpurities:,,-whereash2 and Cl, are susceptible to traces of O,
(H2 beihg attacked by O or HO; Cl

2
58); Thus, fluorine was chosen for the most intensive

dissociating by way of Cl00

and C10
calculations, ‘and in particular for comparisons of model II and

model III.

The equilibrium and.nén-equilibrium distribution of F2 over
vibrationaivstates are given in reference 1 in terms of the full
Morse calculation (model III). The logarithm of mole fraction
Xi is givenvas a function of Vibfatiqnal engtgy for 500, 1000, and
2500°K. At 500°K, the steady-state distribution is very close
to-the equilibrium distribution ub to the 17th guantum State,
and then it rapidly falls offvat higher_stétes;' At 1000°K, the
fall-off begins at about_étate 1l1. At 2500°K theré is serious
depletion of excited vibrational states abpve'the third or fourth
levei. RﬂkrénceiLaLSO'gives the dissociation réte constants c, as
a function of quantﬁm state and temperature.'vAt very high gquantum
numbers, the_cohstants c, differ only slightly between 500, 1000,
and 2500°K. At low quantum numbers there is a great spread with
temperatuie in c; at a given state i. The relative "distribution
function . for hqlecules that react" is given by the product of

mole fractions X and dissociation constant Sy and these are given
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- for three temperatures as Figure 4. At 500°K, the contribution
to reactioﬁ is almost uniform from states 2 £6 20, with a slight
dfop off at 10W quantum numbers (see Eq.25)_aﬁd'a large drop off
at higthﬁantum numbers from non-equilibrium; At 1000°K the
reacting states aré'equally %mportant from ébOut 2 to 15. At
2500°K the states that reaét lie largely'between 0 and 7, with a.
fairly fast fali-off above the seventh state.' Figure 4 explains
why the activatidn energy deqreases with increaSing temperature:
Witﬁ an equilibrium distribution all 29 states react equally except
for the factér'(ifl)/(g+l), Eq. (25), and thué there are 29 parallel
‘reaction channels. At 500°K the decompoéitiqn reaction has set up
a steady—$t§te distributibn such that upper'Staﬁes are depleted.
The‘depletidn_pf a given state i is caused both by the.rapid loss
of i statéé'td atoms and by state i being skippedvas lower states
go directly ﬁo atoms. From Figure 4,.we see fhat at 500°K there
~are only about 20 effective reaction Channeis: at 1000°K the
humbef is about 15; and at 2500°K the number is about 7. This
decrease iﬁ "humber of states that react" by:Virtue of the non-
equilibrium distribution at high energies caﬁses the rate constant
to increase.with'temperature less rapidly thqn expected, and thus
~ the activation enérgy is lower than expected (see Eq.3).

The QbSérved rate constants for F2 are shown in Eigure 5 with
curves calculated by model I1 aﬁd model III. These two models
. agree fairly well with the.data, and they'agréé so closely with
each other that the simpler model II is selected for all further

comparisons.
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<

All other cases--By use of the truncated harmonic oscillator
model (Fig. 1 and model II), the activation energies as a function
of temperature were calculated for all four halogens} N2 apd 02;

“and the data are'giQen in Table LV, The'oalculated activation
energies decrease strongly with.temperature'in all éases.‘ These
calculatlons were extended to cover the range of observed
temperatures for the various cases in Table I. The last columa‘
in that table gives activation energies,dalculated.by means of
the truncated harmonic oscillator, model II;‘ Within the experimental
uncertainty of-the data, the Calculated activation energies agree
very well with those observed. |

Observed rate constants for 12, p ' | : Nz,.and 02.are
plotted in'figure 6A,B, and C. Two caioulated curves are
given.on eachvfigure} each is based on 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

non;equilibrium distribution. The data for 12; N,, and even 0,
are fairly well defined and show adequate agreement between
different 1nvest1gators. In these cases tHe non-equilibrium curve

'calculated from model II agrees falrly well w1th the observed
points, and the equlllbrlum curve lies well above the data. The
data for Bré and especially Cl2 show stroné'disagreements between
dlfferent investigators (perhaps due to part1c1patlon of small

58

amounts of.O2 1mpur1t1es as catalyst via ClOO and Cl0”"). The

data.for Cl2 and Br2 ‘show so much experlmental error that it is
not useful toospeak of agreement or non-agreement between calculated

and observed rate constants. However, our calculated non-equilibrium
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rates agree rather well with the line for Cl2 as recommended
by Lloyd. 4P

The data for O. cover a wider range of.temperature than

2
any other, upvto 18,000°K. 'The calculated non-équilibrium curve
shows an inqrease in activation energy at eXtremely high tempera-
tures (all other cases ‘show thié éame effect at temperatures well

- above the’fénge of observations). The experimental data for 0,

do no£ show this efféct, but it would be difficult to extract it
from the data since it appears only abbve 16,000°K. The explana-
tion of tﬁis effect can be seen by examination and extension of
the distribution function for molecules that react in Fig. 4. At
the highesf temperature shown theye,bthe states that’;eact are

the bottom 6v§r 7. At even higher temperatures it may be expected
that this fuhction will be narrowed to the lowest onelor two
states. Then the only reaction is the strong collision channel
from thg ground state-to the continuum, for which single pfocess
there is an energy barrier of DS. The rate can no longer abstain
from iﬁcreasing "as'exbeCted" becéUse the number of states that

react cannot shrink below one (This ultimate increase of activation

energy at very high temperature might be observed with Fz);
The Reverse Reaction

‘These Eélculatioﬁs.all»refér‘tb the forward reaction or
dissociation of the diatomic molecule,‘Eq;(l),.and no account
has been given to the reverse process or the recombination reaction;
'AS atoms accumulate'and.pecombination occurs, the population of

vhighly excited vibrational states will surely change in the
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direction of increased occupancy. There are many upper vibrational
states for which a collision is more likely to give re-dissociation
than deaeﬁiVation. This fact is of importance to the theory of
recombination of atoms. Some theories of recombination regard that
process as complete.whep”the atom pair is deaetivated below the
dissociation limit, QgéfﬂHowever; the highly e#eited vibrational

states of X, are, in effect, closer to products'than to reactant.

2
The negative activation energy for atom recombination arises, in
part, from the redissociation of highly excited X,, an effect that
increases with increasing temperature, Figﬁree4;ib

A complete theory of the dissociation of-dietomic molecules
should explicitly consider rotational motions-end excited electronic
‘states of the diatomic molecules. This presentation, however, shows
that non-equilibrium distributions of the vibrational states of the
ground electronic states are_sufficient to eﬁplain the low, observed,

activation energies.

Summary

The obser#ed activation ene?gy for the aiSSociation of
diatomic molecules is substantia;ly less than the bond dissociation
enerqgy, end it decreases with increasing temperature. This
~effect cannot be explained by a ladder—climbiﬁé model of the
reaction process with dissociation occurring oﬁly from the top
vibrational level, even with allowance for a ﬁoh—equilibrium
disfribution o§er vibrational states. This effect is readily

explained by several models that allow dissociation to occur from

any and all vibrational states and with allowance for non-equilibrium
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distribution over vibrational stadtes. Two such models were set

‘up that permitted the calculation of dissociatidn rate cohstanté

from separately determined vibrational relaxéﬁibp times, vibrational@
frequency, and hard-spheres collision cross seéﬁion——with no
adjustable pa#ameters. The nqn-equilibrium.Véfsions of these

models give»satisfactory predictions of rate»conétants and a

good account of the obsefved low activation ené;gieé. These
calculations.indicaté that diatomic molecu1e$ diésociate from

all vibrational'states.
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. Table I. Experimental Data on Activation Energies for the
Dissociation of Homonuclear Diatomic Molecules.

a l m T 28 E-obs o | Ref. Ecalc.
kcal kcal |Eq.5 T Model

F, |Ar |1300-1600 [37.1 | 30:4 e2es | 15 | 3147
~ |ne [1650-2700 2435 |-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

cl, |Ar 1700-2500 57.0 48.3 |-2.1 ' '18 | 48.4
1600-2600 | 50 -1.7 | 19 49.9

1700-2600 | oa1ss |-a0 | 20 48.6

1600-2600 4552 |-2.9 | 21 | 49.9

| 1700-2600 | 483 |-2.0 | 22 48.2

Br, | Ar |1300-1900 [45.5 | 41.4 [-1.3| 23 | 39.7
1400-2700 ] 41,4 |-l.0 | 24 38.5

1200-2200 | 32,4 |-3.8 25 40.3

I, {Ar |1000-1600 |35.6 297 —2.3:26,27 31.6
' 850-1650 | C30.4 |-2.1| 28 | 31.9

o, :Ar 5000-18000{118.0 | 110 -0;4  29,30 | 102.7
3800-5000 10625 | -1.4 [31,32 | 99.1
14000-6000 | 108 10| 33 | 975
3400-7500 | | 108 |-1.2 | 34 | 97.7

3000-5000 114 -0.5 | 35 | 103.7

0, |3000-5000 98 | -2.5 |20,36

4000-7000 | o1 |-2.5 | 37 96. 4
2500-4000 | 108 —1.5:‘  35 108.2

3000-6000 | 109¢5 | -1.0 | 32 102.0

| |2600-7000 85 -3.7 | 38 | 103.3
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A M T Do Eobs E m Ref. Ecaic.
: | " kecal | kcal d- Model II
H, | Ar |2800-4500 | 103.3 97 -0.9 39 88.7
3000-5300 97 -0.8 40 86. 2
2800-5000 97 -0.8 41 87.7
2290-3790 97 -1.0 42 95.4
Xe | 3000-4500 1 100 -0.4 43
H, | 3000-4500 92 -1.5 43
H | 3000-4500 100 ~0.4 43
D, | Ar g'3ooo—4806 105 97 ~1.0 39
Ar | 3000-4900 97 ~1.0 44
N, | Ar | 6000-9000 | 225 218 -0.5 45 195.4
6000-10000 204 -1.3 46 193.9
N, | 6000-9000 218 -0.5 45 195. 4
6000-10000 198 ~1.7 46 193.9
N 5000—9000 203 -1.5 45
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Molecular Properties Used to Evaluate Vibrational

O O =Z H

Table II.
Relaxation Constant b (T) and Hard—Spheres Col-
11s10n Constant z.
o . w_ w X t+l D° e/k ) A .
A M e_l © ® no. of kZal k- Fo "of Ref.
cm v vhstates‘ molev of'A.; A 49
H, Ar 4395 126.2 14  103.3 38  2.93 -
H, Ar 4395 0 8  103.3 38 2.93 -
F, F, 892 14.8 29 37.1 112 3.65 65
F, F, 892 0 15 - 37.1 112  3.65 65
c1, cl, 557 0 36° 57.1 257 4.40 58
Br, Br, 321 0 50 45.5 520 - 4.27 48
, I, 213 0 58 35.5 550  4.98 29
5, N 2331 0 33 225 91.5 - 3.68 1220
, Ar 1554 0 27 118 113 . 3.43. 129
2 02»' 1554 0 27 118 113, 3.43 165
Ref. 52 51 51 49
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Table III. Dissociation of Hydrogen byVArgon;_ Calculated
. .Activation Energies for Three Models :

- . Ladder - Harmonic =~ Morse
T °K _ climbing oscillator _ ‘function
1 | II - III
000 95.5 103.5 103.5
- 1400 970 ‘,._-102ﬂ§ _f-'- 102.1
1800  9s.s . lol.s - 100.7
- 2200 99.8 99.8 _'i | - 98.6
2600 101.1 96.9 o 95.6
3000 1 102.3 | - 92.8 9w
3400 103.5 8s.4 . 87.4
3800 104.6 :‘ 85. 0 : 83.9
4200 105.7 83.7 82,0
4600 106. 8 84.6  81.9

5000




Y

‘Table IV. Calculated Activation Energies (kilocalories) from
the Truncated Harmonic Oscillator Model II.

T °K N, o, Fy €l . Br I,
500 ' _ R :
_ 225 118 36 56 - . 44 34
1000 o . : : - ' o
: 224 117 33 54 . 42 - 32
1500 o . ’ e R o ‘ _
224 115 : 30 52 40 29
2000 , o - S o
_ 222 114 30 48 36 - 26
2500 . ' L ' I
, 222 110 29 - 46 . 35 . 26
3000 . o - AR S
: ' 220 109 . : L -
3500 ‘ ‘ o : '
) 220 - 103
4000 v
217 101
4500 -
214 - 98
5000 _
209 94
5500 a S
' 206 94
6000 i C
. 204 92
6500 '
197 - 93
7000 : ,
197 92
7500 ' :
- 189 96
8000 o




Appendix A.

|

P,
1

C—-transition probability from vibrational state

‘i to continuum of dissociated atoms.

o g T gt e ———— e s s

Table A-I. Transition Probabilities Per Collision for H, With Ar at 3000°K.
i o | 1 2 3 4 5 6 7 8 9 10 11 12 13
SIS , o | | . |
ol |.148-04{.42E-06|.35E-07|.55c-08 |. 12E-08 |. 372-09 | . 14E-09 |. 61E-10 |. 32E-10 .19E-10 |.13E-10 |. 98E-11|. 82E-11
1 .20E-05] .58E-04|.28E~05 |, 34E-06 |. 67E-07 |. 18E~07 |. 65E-08 |. 28E-08 [.14L-08 |. 83E-09 |. 55E-09 |. 41E-09 |. 33E-09
2 . 88E~08/.90E-05 |- 98E-04{.67E-05 |. 10E-05 |.25E~06 | . 81E~07 |. 33E~07 |. 16E-07 |, 91E~-08 |. 59E~08 |, 43E-08 . 35E-08
3 .13E-09|.76E-07].17E-04 .14E-03|.12E-04 |.235-05 . 65E-06 |. 25E~06 |.11E~06 |.61E-07 |. 39E-07 [, 27E~07|. 22E~07
4 .40E-11|.188-08|. 23206 . 27E-04 .18E-03 |.19E~04 |.43E-05 |. 14E~05 |. 60E-06 |.31E~06 |. 18E~06 |. 13E~06 | .98E-07
5! .12E-12{.80E-10].80E-08/.53E-06 |. 39E~04] .22E~03].27E~04 |. 71E~05 |. 27E~05 |. 13E-05 {. 72E-06 |. 47E-06 | . 35E-06
. 61 |.158-13[.55E-11|.48E-09(,25E~07|.11E-05 |. 54E-04 .26E-03{.37E-04 /. 11E-04 | . 46E-05 |. 24E-05 |. 15E-05|. 11E-05
3 .16E~14|.55E-12|.44E-10 gzon—oa .68E-07|.20E-05 |.73E-04 | .308-03|.49E-04.165-04 |.74E-05 |. 47E-05 | . 202-05 .
€ .232-15|.75E-13].580-11|. 25609 |. 71E-08 |. 16E~06 |. 34E-05| . 95E-04 .33E-03|.62E-04|.23E-04 |.11E-04|.71E-05 I
9 .433-16|.148-13].11E-11] . 418-10 . 11£-08 | . 222-07 |. 362-06 | . 57E-05 | . 12803 .37E503 .77E-04 |. 31E-04[.17E-04
10 1Z-16 .33E—14_;23E-i2 .90E-11].23E-09|.42E-08|. 611~07| . 76E-06 |. 91E-05 | . 15E-03 |.41E-03).93E-04 . 40E-04
.332-17|. 10E-14| . 70E-13| . 26E-11 .64E-10[.11E-08 |. 158-07 ,1cﬁfbé .15E-05 [. 14E-04 .193;031‘1 o .45ﬁ-03v.113-p§
12 '.135417:;39t—15 .265-13|.96E-12].23E-10 . 38E-09 .485-08|.48E-07 |. 40E-06 |. 30E-05 | [22E-04 |, 24E-03 | 40E-03
13 .621-18]. 19815 ,123-13 .45B-12|.10E-10 |.17E-09 |. 205-08 | .19E=07 .15E-06 | . 96E-06 .56E-05 [, 34E-04 |, 29E-03
ﬂ_‘plc .405-08|. 44E-07| . 38E~06] . 271:-05 | . 16E~04 | . 86E-04 |. 39E~03|.15E-02 |. 54E-02 . 16E-01].44E~01 .10 .21 .39
- 13 Pij-;transition'probability from vibrational state i to state j.



Table A-II. Mole Fractions in Various Vibrational States and the Dissociation Rate
Constant for Vibrational States of Fluorine as a: Function of Temperature.
. o ° °
Quantum Energy 500°K . 1000°K 2590 K

number, i cm-l log Xi,eq log Xi log < log Xi,eq lqg Xi log c; log Xi,eq log xi log <
0 442 -0.04 -0.04 -26.92 -0.15 ~-0.15 -18.72 -0.44. -0.30 -13.71
1 1305 -1.12 -1.12 -25.67 -0.69 -0.69 ~18.00 -0.65 -0.59 -13.32
2 2138 -2.16 -2.16 -24.50 -1.21 -1.21 -17.36 -0.85 ~-0.89 -12.98
3 2941 -3.16 -3.16 -23.40 -1.71 -1.71 -16.76 ~-1.06 -1.22 -12.69
4 3714 -4.13 -4.13 ~-22,35 -2.20 -2.20 -16.20 -1.25 -1.56 -12.41
5 4458 -5.06 -5.06 -21.36 ~-2.67 ~-2.67 -15.66 -1.43 -1.92 -12.1¢
6 5173 -5.95 © =5.95 -20.41 -3.11 -3.12 -15.16 -1.62 ~-2.32 -11.92
-7 5858 -6.81 -6.81 -19.50 -3.54 -3.56 -14.68 -1.79 -2.75 -11.70
8 6513 -7.62 -7.62 -18.63 -3.95 -3.99 -14.23 -1.95 -3.22 ~11.49
9 7138 -8.41 -8.41 - -17.81 -3.33 -4.42 -13.79 -2.10 -3.74 ~-11.30
10 7734 -9.15 -9.15 ~-17.03 -4.71 -4.87 -13.38 -2.26 -4,32 -11.11
11 83C1 -9.86 ~9.86 ~-16.29 -5.06 ~5.34 -12.99 -2.39 -4.94 -10.93
i2 8838 -10.53 -10.84 -15.58 -5.39 -5.86 -12.63 -2.53 -5.62 -1G.77
13 9345 -11.16 '-11.18 -14.92 -5.71 -6.46  -12.28 -2.66 -6.35 -10.6%
14 9822 . =11.76 -11.82 . +14.29 -6.0% -7.16 © =11.95 . =2.77 -7.12  -10.46
15° 10270 7 - -12.32 7 -12.48 .-13.71 ~6.29  =7.98 . -11.65 ©-2.89  =7.94. -10.32
‘16 ..10689 -12.84  -13;22" -13.16 -6.56  =8.93 -11.36 ©<2.99 =8.78 . =10.19
‘17 11078 - -13.33 -14.122 "-12.63 -6.80" - =9;,9¢8...~11.09 "=3.09 . =9.63 . -10.07
18 11437 -13.78 ~-15.24 -12.18 -7.02 -11.10 -10.85 -3.18 -10.48 ~9.96
19 11766 -14.19 -16.58 =11.75 -7.22 ~12.23 -10.62 -3.26 -11.32 -9.86
20 12066 ~14.56 -18.03 ~-11.35 -7.41 -13.33 -10.41 -3.33 -12.12 -9.7¢
21 12337 -14.90 -19.46 -10.90 -7.58 -14.35 -10.22 -3.40 -12.89 -9.68
22 12378 -15.20 -20.77 ~-10.67 ~7.73 -15.28 ~10.0¢ -3.47 -12.61 -3.65
3 12789 -15.47 -21.94 -10.39 -7.87 -16.13 -9.91 -3.52 -14.28 -9.52
24 12870 -15.70 -22.97 =-10.15 -7.9¢8 ~-16.90 -9.78 -3.56 ~14.90 ~9.46
25 13122 -15.89 -23.88 -9.94 -8.07 -17.59 -9.66 -3.60 -15.48 -2.,41
26 13245 -16.04 ~24.68 -9.77 -8.15 -18.22 -9.57 -3.63 -16.02 -89.36
27 13338 -16.15 ~25.37 -9.64 -8.21 -18.79 -9.50 -3.65 -16.51 -9.32
28 13401 -16.23 -25.96 ~9.55 -8.25 -19.29 -9.44 -3.67 -16.96 -9.29
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Titles to.Figpres

Trincated Harmonic Oscillator Model for Decomposition

of Diatomic Molecule. For model I all ¢ are assumed

to be zero except ¢, . For model II all c, are allowed
to be non-zero, Eq.(25). In each model only nearest
neighbor transitiohs are considered for vibrational

energy transfer.

Morse Function Model for.Decomposition of Diatomic

Molecule. Model III considers all vibrational energy

transfers and allows all states to dissociate to the

vcontinuum,'Eq.(ZS),

. Dissociation of H2 by Ar. Calculated _models I and III,

and observed rate constants as a functlon of temperatuie.
a. Ref. 39 (Sutton), b. Ref. 40 (Patch), c. Ref, 41
(Rink),.d. Ref. 43 where M is Xe (Ref.'4lhreported'Ar
and Xe to have same efficiency in dissociating H2).

Data p01nts are those read from graph of Ref. 42,
Dlstrlbution function for molecules that react for the

vibrational states_of F2 with the Morse model III.

—=-~ equilibrium distribution; non—~equilibrium
distribution. Note the shrinking number of states

that contribute to reaction as'one goes to high temperatures.

‘Dissociation of Fluorine. Calculated curves: models II

and III. Calculation based on F, as M. Observed data:

2
0, with Ar, ref. 15, points taken from graph; ©, with Ne'

ref. 16 E] with N, ref. 54, points taken from'graph.
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Dissociation of Homonuclear Diatomic Molecules.

Calculated curves are based on model 11, truncated

harmonic oscillator, all transitions to continuum

allowed (Compare Fig. 1). " The'lowér-qurve is based

- on. steady~state, non-equilibrium disﬁributiop function.

The upper curve is based on the same model with the
equilibrium distribution oﬁer vibratiqnal states.
Experimental'points are taken fromutébles or read from
graphs in Ehe articles cited. k in units. of cc/particle~
sec'  .. | o

A, Iz. 0, with‘Ar, ref. 26,_réad from graph;
0) Wiﬁh Ar, ;ef. 27, read from graﬁh (an error of a
factor of 1o appears in the graph.df;;ef. 27; and this
has been corrected). | ‘. |

B. 'Nz.v @, with Ar, ref. 57;:points read from

C. 0,. All data in excess Ar. Points as read from
gfaphs listed in ref. 29. 0, ref. 34; 0, ref. 30;

@ . ref. 108 in ref. 29; @, ref. 33.
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Titles to Appendix A Figures

,- O, with Ar, ref. 25; ®, Br, is M, ref. 25;

- ¢, with Ar, ref. 19; ¢, with Ar, ref. 55; @, with =

Figure A-1l. ' Br

_ ‘Ar, ref, 56.
Figure A-2. C12. . O, with Ar, ref. 19; O, With Ar, ref. 18;

e, with Ar, ref. 20; ®, 5% Cl, in Ar, 4., 10%

2

Cl, in Ar, ref. 21; &, with Ar, ref. 22.

Figure A-3. Detailed distributions of mole fractions (here written
~as Ni) and rate constants cyr as a function of vibra-

- tional energy.
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LEGAL NOTICE

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, mak»eﬂs
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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