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 ACTIVATION ENERGIES FOR THE DISSOCIATION OF
DIATOMIC MOLECULES CALCULATED FROM MOLECULAR PROPERTIES

H;fold Johnston and John'Bifks
Inofganic ﬁéﬁéri&ls Reéearch Division, LawrenéevRadigtion Laboratory
Department of Chemistry, University of"Calif§rnia, Berkelgy,'California'
| | ABSTRACT | |
Rate_conétants”andvacti§ation»enefgies for the thermal
SRR .

and summarized. The observed activation energies in all

F 2

disséciétio@ of'H: Bré, and I, are féviewed“
cases are'substantiallyVBelow’the Bopd dissociation eﬁergies.
Models: a;e'set up'invterms of energy-;ransfer‘pfocessés
between the'viBrétibngl_states bf the'reacfant, ‘and ﬁerti—
nenfvcpnsfants aré evéluated from qbservéd spectroécopic

o pafémetérs, transpbrt prdperties, and vibrational relaxation
times. Non-equilibrium distribﬁtions’over'vibratidhélv
‘sfatéé-aré'cal;ulated: Tﬁe "ladder climBing"rmodelvwith
dissdciafion”occurring only from the top Qibrétiohéi state .
gives an incorrect trend of.actiVation»energiesfwith |
témperaﬁﬁre. Regardless of the defails,‘eaéh médel that
permits_dissociaﬁion from all vibrational statés'corréctly’
vpreditts a léfge decrease in activation,energy as temperature
increases. 1At1high»témperatures, the'reaction'seriousiy'
depleteS'hpper.viﬁrat;Onal étates, and”ihis decréase invv
_number éf s;atés £hat_teaqt';aﬁs§s the fate cdnsﬁant tO—

- increase‘with téﬁéeratu;e_léss répi&ly thaﬁ e#pectedf .Thﬁs 3
the aétivatibﬁ’énergy,:whibh is:méfely'é ﬁeasure of how the
rate cohétant chaﬁé%s wifh_;empéréture; iSIIOWet-chén‘ﬁhe“

-bon&-dissociatioh energy.. -



A, ‘Introduction 

The dissociation of a homonuclear diatomic molecul'ebx2

in a "heat bath" of an inert'monatomic'gas”M'appears,td'be a

relativeiy»simplevchemical process

x .

st M X+ X+ M e (1)

'In recent years extensive experimental data for_Hé,_N2, 02;

2
obtained, Table l,;mostiy by use of shock tubes. Rate cqﬁ-

vFZ’-Clz"BrZ’ and 1 .in Ar,agd'other‘ndble'gases'haye been‘

stants k

1 d In [X7]

E='*[M] Tdr (2)-
have beén o$served.§§er a widevrange of ;emperatﬁre, and
‘Arrhepigs ac;ivétion énefgies.héve beéﬂ evaluéted

R S L (3)

= d(1/1)

Aﬁ‘interesﬁihg féature bf'tﬁé daﬁa‘is-that'in'éaéh:case_thé
adti?ation,energy is substantially 1e§s thaﬁ‘theﬁbond Qisso—
“ciation énérgy,'pg. A nﬁ@ber‘of agthorglnl3 have discussed'
this”phénomenon,'andgthe concensus . is that it is a result.ﬁf
a nbn-equilibriﬁm distribution of reaétaht‘molécules over ex—f,_'
cited Qibrationél-Staces when reactibn occurs. in tﬁié'artiﬁlé,
we review the éxﬁérimental défa'for all seven hbmonuclear'-_
diatomic molecules ;istéd above;'and we attempfvto set up the ;|
siﬁéleggftheory that, without adjﬁstable pafame:efs, gi&es |
apprékfmatély’COrrecﬁ'valuéé for ;he”raté:constants;E and fhat
giVes'én éxplaﬂatioﬁffofithe "low" activgtion énefgiés; -ihis

"simplest" theory uses the empirical spectrdscopic pfopefties_



of the reactant, the empipicel trenépcrt prcpefties»gf_the’p
reéCtaht'and catalysteMQ'end'the empiricélfvibfational relaxa-
tion probability PlO fcr the.diatomic'molecule;
| ‘A firmly entrenched model inpmény'chemiSts' minds is that
the:"activetion energy" repfesente’a "Batriet" between re-.
~actants andiprOducts; and tpdscthere is a serious cOnceptual.
prqblep in ﬁaving the observed ectiVetiOn-energy be far less
than'the'endothermicity of the'reaCtiont However, this view-
point puts’theipictorial mcdel.(barrier heightj ahead cf'the
defining relaticn; Eq.(3); for, aftet all, the'"activetion
energy"'is’just a name for how the rate constant k changes
w1th temperature. 'If'the'tate constant;‘for some reason, ih—'
creases with temperature'less rapidly than expected then the
- activation énergy»will Berless*than expected. I1f one expecte-
.thevactivation energy to be at least the endothermlcity of .

IR

the reaction and if the rate increases with temperature-ao%e_'
ﬂmﬁtlﬁq
eéew&y\than expected because excited v1brational states of the
molecules‘are'depleted below the.equillbrlum value,.then‘the'
activation energy, Eq.(3), will be lessvthen the endothermicity.
.Thisvgffect isea'particplerly'large onevfof the dissociation
.of diatomic molecules. | |

A putely'formal' "explanatiod" for low activation energies
isvsometimes‘giyen, as_followe. If the rate.constapt_for

dissociation of a diatomic molecule depends on temperature as - *

Tk =7£vig/exp (fP;/BI) - o ‘v‘ 4)



thenoappiication of Equ3) gives the'resnlt_tbat_the'actiya_
tion energy is

LI - €3

where E is the average temoeratUreiover theerange of observa-
tionr Irag is negative;xthen the[activationeenergy E is iéss'
" than the diSsociation'energytp;;-'If m is regarded merely as
anfempiriéal'perameter;tthenvthe invocation"of Eqs.(4) and (5)
is not:an explanation at_ali,”butvon;y-another description of
the:pnenomenon, _If_one adopts atmodel'for.tne-reaetion'nrocess
and aseumee'that‘reeotanto have an equilibrium distribution
over vihrational‘etates, thenvE may be evalnated; and it is
typically in the'range of + OfS (see Section E below). In
many.cases, the_departure of activation energyvfrom dissocia-
tion‘energy far ekceeds-what-Can be exoected.fromkthis effect,
confirming:the'expeotation.tﬁat_the low activetion'eneréies

are a result of'non-equilibrium over vibrational states.

" B. Exoerimental Data'

“The experimental-deta have been.reviewed reeentlylby
'l‘roevandw‘vagne‘z:,l4 and’ourvTabie i isrtaken largely from their
Taole 1. 1In onr.Table I we give the reectant A, the foreign |
_ gas M;'the tenperature range, the observed activation energy E
(Eq 3), the parameter n (Eq S), the olssoc1ation energy D _and.
references for exper1mental studies of the dissociation of |
»homonuclear diatomic moleeulee 15- 46 "It is‘readily»seen that
OEServed ectivationoenergies”are_farvlese than,Bond'dissociation
energies,randfthe'empirical parameter'i'isra1Way$'negative;.'
varying froim -o}a,to -4.0. | |



Spectroscopic data, vibrational relaxation times, and-
hard-spheres collision cross sections were o%tained from
: 4-57
reference books and certain articlesl.‘7 53. Some articles5 >
havevappeared with kinetic data sinee‘Troeland'Wagner‘s re-
view. Wherever possible we have prepared tables of rate con-.
’ for comparison with our calculated rate constants.
stants as a function of temperature‘v Unfortunately, it is now

rare'fo:-journals to publish data in this form} rather data

appear as mathematical functions,vparameters of the Arrhenius

equation

k = A exp (-E/RD) o (6)
parameters in Eq.(4), or aé'noints'on a small figure. Especially
for Hz,'date‘are‘lOSt'in this way, and only'line segments of

over
average rate constanteAtemperature intervals are available for

the reinterpretation of data. Whe:ever possible, we have used
tabulated data or data that,ﬁelhave read from figures for’

detailed comparisons with the models we uée.-”
',C. General Moleeular Model:-

The nurppse‘of'thie'papet is to fin& the simplest nossible
,mdlecular'model.thatvcorreetly indieetes the low activation
energies,end th#t_ntilizes no edjnsteble parametets.- Firet,

we present’a_general.meehanism in terme ofivibfatienal states
of the reactant; and.neXt, we set up four_specific modeis for
energyftransfer'and=dissociative processes. The pfedietions

of theseimpdele are'tnen eompated with expetiment;

The chemical reaction of Eﬁ;(l) is abbreviated to read

.Av+ M %'productsv



'Thevindivfdual'viﬁratignal states 5@ of.thévreactant'ére
identified (omission of explicit mé;tionvbf-rqtational and
t:anslational.states_iﬁplies that the feaé;aht'effectively

has an_é@@ilibrium_distribﬁtioﬁ.o?effshéh states, and tﬂe
‘collision ﬁoﬁstantsulater définéd include tﬁe'efféct of the
cqﬁilibriuﬁ.jaﬁéeibf.such sfates)f We definé thréevdiffefenf.
iﬁélaStié'coiiisionjprocesseé:_ (1) The rate of activét;on.

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

M is _ _ _
Byg(up) = ayylag10M] o

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

final state j is

Ry (down) =@pijIAéJIM1_T Sl (8)

(3) The rate 6f'dissociatioﬁ of:A from'stape i to the con-
tinuum of free atbﬁs is

= e fa a0 N €]
The rate of‘the'chémical reaction is thenﬂ_

R-- St ebosg I a0

where t ig the "top" bound state of the diatomic molecule A.
The total number of reactant moleculeé-is the sum over all

vihratibnal states = -

Pl o - an

CIA] =

-_— -

1f Eq,(lO)_is multiplied by IA]/Z]Ai] énd tenm are rearranged,“

we ohtain

(125

R = M Al. Z : .X/'.
B



vhere Xp 1s the mole ftaction.of molecules in state i

X IA 1/14] R
and the rate constant
k = Rate/[MIIA] (14)
is expreésed.as' |

S ko= § £ i T . s

This general model is illustrated for a fruncated harmonic

oscillator ianigure'l and for a Morse osc111ator in’Flgure 2.
For an equilibrium distribution over vibrational states,

the mole fraction in state i is simply'

exp(-€ /kT) , '
X)) g = —F o : (16)

-

where € is ‘the vibrational energy relatlve ‘to- the zero point

i-

—

level, k is Boltzman s constant,,and 9» is the vibrat10na1
partition function. During chemicalvreaction‘one does not
have an_eQuilibrium diétributign'over vibfationél‘states, and

the'mble"fractions'xi are not easily'evaluated. To obtain"

——

the actual distributionUOVer‘Vibrationaletates,iqne needs

to solve the simultaneous rate equations . :

i FOIIETUCT RIS IS [A 1

g - ...\

» . t’ .V . . .. ) B . - .
b,. + ): a. + c. o . (17)

a7



" with one shﬁh_eﬁuafiénifof‘each-gtéte i ffom_zéro to_E;
It héé béen éhown bf detailed.cdmpﬁtafions;lzvthéﬁ aftef.
an extremély shﬁrfﬁinQUCtibn périod.the»réi;tivé.concéntra-
vtions_[éij/[A]laSSum§ a steady-étate-distriBution; that
is, thgsenfatios do not change with time even though the
reactanfvas a whoig_ié rapidly'disapﬁéafing.and each
state.1Adecreéées;acéofdihgly; :Ihus; a§ an e#celient

approximation

a(fag1/1aDn \

o L0 - ‘ - (18)
1 -dIAV] "[A?]'dIA] SRR
~ [A] v.dtf‘ — 'IA];.‘d; SRR : (19)

Upon substitution of Eqs.(10) and (17) into Eq.(19), we obtain
an expression suitgble for evaluating che‘stéady«state concen-

trdtiop bf.A“<by a method of successive approximations

/L
o i-1 . t
ra, X+ %
' '751%31 —3i73 o ‘
g o 07T g4 T3S _ o
Py i-1 -t £t '
eyt Ib 4L an-I c X, |
oo T g4 THhgeo IR
If'one has a set of‘rate constants.fij; Pji- and'fi, one takes

bnas the iéro‘approximé;iqn the equilibrium:mole'frattions,

Eq. (16), to‘findva fifst approximation té»the set of non--
equilibrium mole»frgctions, §ii(iéO,l,Z;;..f). Thisvfirsf
'approxihation is then éubstiszed'inﬁo the right‘haﬁd side of
Eq. (20) to'find'the-sétond'appréxiﬁafibﬁ_to~§i, ;nd’the process
can be'repeated to_any‘hesiféd,degree of cdn;;rgence.

Microscopic reversibility gives a general relation between

rate constants for activation‘and deactivation of diatomic molecules



\Al‘

j ifi\? expl- (55| = 519 /K1) S ay

The remaining problem is to set‘uprmodele for the evalua-

tion of the detailed rate constants a, b, and c.

D. Four SpecifiebMddele
I. Ladder Climbing model with truncated harmonic oscillator.
This model has beep used several times in the past. It

uses the harmonic-oscillator conditions on light absorption or

- emission asprestrictions’dn-energy transfer such that activa-

tion and deactivation occur only between adjacent states

"a‘.“‘: =b,, =0 for § # i *+ 1 . . (22)
With this restriction, we.use;the simplified ﬁomeﬁclatﬁre

LR i S L T P - S
A further property of harmonic-oscillator spectroscopy is used

to evaluate the deactlvation rate constant at any. level in

terms of the deactivation constant between the two'lowest levels

b, = 1b, | | (24)

From mlcroscoplc reversiblllty,.Eq (21), and from Eq (24), we

obtain a general expression for the actlvatlon rate constants_

B Y

A= (A+D1b, exp(=hV/kI) - | @9

where h. is Elanek‘s cqnstantfand V is the harmonic oscillator
vibration frequency. The name "ladder_climbing model" implies

-

that the molecule dissociates only from the top vibrational

level, t}:

e |

¢, =0 for 1 <t o . o (26)



oAl

The specifiC~assumptioh_méde_hére,igfthéq-from_the top rung,
the molecule disspciateSvhpon‘every'sgfficiently energetic

collision

c.
-t

2 expl=(DS = € /KT] o @n
whére_z ié'thé'rate éon#tént for a.hardepheresgcollisiqn
:? = "dg(SEI/“PL?% = S (28)
0 is the hérd-sphefes chlision'diaméter-(evaluatedbfrom
viScoéity; for exémple),'and ¥ is the_réduced mass between A
aﬁd‘M.b

The evaluation of‘the’vibrational relaxation constant

_bib or;bivis thbroughiy'explained by recentfbooks in this
field.47’48 We need this constant aé'a.function of temperature,

and the most convenient form is the table and ihterpolation

formula by Millikan and White.*? In this way we find'bf for
] . S T

‘

all diatomic molecules at ali'temperatufes of interest, except
Hé, which is nqt‘igcluded in ﬁillikan and White's list. To
obtain the value for H2 in Ar, we use Méhénfsso reckntly pro-
posed'theoretical model; .The'agreepént'of‘this'theoretical
function with the_méagef experimental data is shown by .Fig. 3.
Molecuiaf properties needed to evaluate'the'collision constant
one - : | N A ‘ - .
Z »s given in Table II.
Ii; ;Trgncatéd Hérmonié Oscillator (Fig.vl)-'"

This model is the same a# Iueibéptvthat we accept_ the
possibility of diés@ciaﬁion of the reactant from ahy'Qibrational
state i, iﬁstegd of qut fhe top state 5; from a given sﬁate.
i, activation cén éccur to only one final state i+l with -an

energy jump of hv; but dissociation can occur into the. con-



10

tinuum of statesvwith an energy fump of (D . Q or more.
Except for the greater jump.in energy, the transition to the
continuum:should.oe more orobable-than transition to the single
state'i+l oecaQSe:of the-greater:density of fioal states. It
is assumed that the rstio of dissoeiation to activation is

exp[-(D3-€ ) /K1)
* B TS T-nv/kTd

(ol

where B'} 1 and ithhe'seme_for all states,ii The value of B

can be found from the expression for 5&) Eq.(27). With B
evaluated from'Eq,(27)_and withygi!obtained from Eq.(25), we

have a general_expression for the dissociation rate constants

A+l °o_< , ' '
-fiﬁ_'t+l 2 epr (D -€, )/53] o (30)

——

For this model 31

tively, Fq (25) and Eq. (24)

\and bﬂ are the same as for. model I respec-

It is sometimesvargued'that'a model sueh_és‘thisjone'is
very poor;.becaoseeit can be:shown.that,large jumps'in energy
are highly'improbable; To be sure; large jomps are improbeble
‘as one ean;see by substitution:ihto¥Eq.(30),”but'populetiops in
high qoantum states are.also improbable. The distribution

function for states that react is'gigi, Eq.(15). The term c -
contains the exponential termexpk(yg—ei)/kglland the equilibrium
mole fraction X contains the exponential term explusi/kT],

see'qu(l6) ' The product of the rate constant, £q.(30), and the

»

equlllbrlum mole fraction is s1mp1y (Z/f )(1+l)/(t+1) epr-D /kT],_ |

1ich varies only slowly with quantum state i. ‘From this rela-‘
tton_ir can be scen that at cquilibrium all vibrotional states

ccontribute approximately the same ‘amount to the decomposition
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rate-—they differ*only'hy thehfactdr'(i+i)/(t+l);'UThere:are
t+l approximately equal,parallel channels of reaction,‘some
involving low 1y1ng reactants making 1mprobable b1g jumps to
dissociation.and'eqme'involving improbable highly_vihrat;onally
excited reactantsvmaking‘small_jumps tc_dissociation. There
is no rate deternining steb nor”single Vactivated_complex,"
These t+l parallel_reaction Channelé conatitute the so-called
"entropy 5: activaticn."

S IIT. Morse'oscillatcr with'transitionsvbetween'adjacent levels.

The vibrational energy 1evels'fcr the'Mcrse,oscillatOr are

' _ | € . S/ ) .
54,&»’;-:( , —’i\ (1+,}) - (1+z)zw x, | (31)

where < is the velocity of light, w is the fundamental frequency

in cm 1 and.;é.is the anharmonic1ty constant. Both ggand_gé
are_readily evaluated from spectroscopic data,sz. A convenient
formu1a53 for transition probabilities for the Morse‘oscillator

has been given
b = p - fxti)!
=/i+r,i ~ “ro. xr! i!

(l+£}e) . : (32)
With restriction to nearest-neighbor transitions, all constants

can be evaluated in terms Of;bi?,

-

'H

(i+1)b (1+x )expL{e +l -€. )/kT N .:h(34)

A
al i
Wfth,this model tranSitions‘to the continuum are allowed for
all states, and ci\has the same form as for model II Eq. (30),
except that the number of states t is greater for model ITI

than for model II.
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IV. Morse oscillator with"all_trénéifions,allqwed_(FigL'3).
“Steven348 gives a model for transitions-that'readily per-

mits all values of deactivation conStants‘pijlto be found:

C L per G T -
,éyiffa} blox ‘;:—:E;_f- C | v ' (34) a
From miprds@épic‘reVe;sibility; @he.act;vation coﬁstants Eij
are obtaiﬁed (14 o B
{if'é{; - _bloxe\gl—i:;—-i—;-: éxp[-"(_l);%s-i-)/lj'l_‘._’]: . (35)

The rate constants for dissociation from any state are the
same as for models II and TII.

(i+i)

;%?_— (t+l) E_eXPIf(D'~§ﬂ)/kE]"

These constants may be factored into the colli51on rate con-

stant Z-and‘the.trdnsition probability.P

o
1

N

2]

by = ,w;_{5,7, o - R - (36)

{ -
’-a.
n.

For H2 in Ar at 5000°K,,the tran31t10n probablllty matrix: Pi
v v .~ probability L3
is given by Table III. The dissociationAvector Pi\\ls given

in the same table. 'A1thqugh:this_mode1 permits all tran51tlons,

large changes in vibrational quantum number are of low pfobabiw -

1

N

lity. It is fnteresting_td_note that for qﬁantum leveis'above

the nineth, dissociation to. the dense states of the continuum

is more,probabie than déaCtiyation to the smmll number of low

lying vibrational states. Above the eighth state, dissociation
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acroés'maﬁy>quantum‘sfates”is more proBéblé thaﬁféé:ivatibn to’
the neXf_higher State; 'Thé'deﬁsity'of:finélvstates.is éﬁ im-
portant fapfor in detérmining tranSitioniratesr | |
For'tﬁg fOUr'modeis, we can evaluate'all-vaiﬁes 6f tbé
energy—transfér'fQﬁctioﬁs;éij‘édd_Pij ahd‘the di?socjation

constants_pi'from'moleCUlar-ptoperties obtained by separate

—

experiments: 5§ia,vipratioqal'feléxatién;'& andiéé, raman
specfroscopy;;éy YiSQOSity.ét second virial.coefficiéntS, With
these éonstants.we evéluate‘thé‘vibrdtional distriBuriOﬂ fﬁnc;.
tion by sucééssive'approxiﬁationé from Eq.(20), ﬁhé_ratevéon?
stants from Eq.(lS);.éndvthe activation eﬁergy from,Eq.(3).

In the nexf'sectiODS we test thé'preaictions.of;E and k by the
foﬁrvmodels, first for:thevhypbthetical.sipuation of teactaht'
with an eqﬁiiibrium'diStribution over vibrational states and

next for non¥equilibfium, steady-state; relative distribution

functions..

E. Model Prédictibns if Reactahts Havé
'vKuilibrium Distribﬁtion{Function
For rate expression, we go back to Eq.(10), Z_EL[ALJ[M].
Using Eq.(16) for_thé'eQUilibrium concentration of reactant
in the vibrational state i, we obtain

-

5 |
.eq ‘\vi./}f

The total concentration of reactant is theé sum over all states

(38)

[A] = T [A,] = [A ] £ i/k
o1 F T
| =[] £



where f;\ié the vibrational partition function.
’ RVAJRN ' S . .

rate expression is

EéH = [M][A]

and the rate constant is

k_/" .= 1—

o ?i/kT

N
iv !_._.,' ‘___‘/

\<

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

Thus the

since c, is
. [

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

Z exPI-(D;—et)/E?Je—?E/EE

N\, -
K

->eeq

‘.,’Htl)—l
&

n

{gﬁfv)»explipgggyl

e

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

given by
- 1+1
t+1

SN
y
]

z
“pa

~eq" f

_l,»

i+1
t+1l

- iy ot 2

W et

i

(Z/f ) exp[ D /kT] (t+2)

exp[-(D°~£,)/kT] exp[-€
! =0 i7" ~x7 ' /

S/xT)

14

(39)

(40)

(41)

(42)

‘Thus the temperature dependence of all four models is the same

if there 1s anvequilibrium distribution over vibrational states

d 1nZ- + R'd In £,

=2 - Raam R Taarm

E
~eq )

43)

For the harmonic oscillators, models I and 11, the'vibrationai

. . . . \\_» —1
partition function is approximately (1 e‘bvﬁkl)'”,'its
temperature derivative in Eq. (43) varies betwecen 0 at low
temperature and RT at high temperature If the collision rate

1

Constant varies as T ,- Eq.(28), its contribution to the activation
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energy is»%ggg;"Thus‘these‘two models_predict.bl

. p° - % RT < Eq <p°+ LR (44)
R — q\ -_— ‘... = ) .

C . ! o A : -

High T : "~ Low I

limit : . limit
The_obsetvedﬂactivation'energies_in Table I differ fromvgg
substantially more than the limits given by Eq.(44). Thus
these models are inadequate to explain the observed activation
energies if the vibrational states have an equilibrium distribu-
tion. Similar cenclusionS'apply to models III and IV if the
quantitieé are evaluated numericalily.
“F.. Calculated Activation Energies and
Rate Constants with Non—Equilibrium'DistributiOn Function
szrogen——By use of the values of the transition constants for
activation, deactivation, and diésociation5“ . ‘rate con-
. Poesat 2 "
a heat bath of Ar were calculated each 400° between 1000° and

stants - and activation”energies for the dissociation of H

7000°K. sFor each of the four models; the results are'given in
Similar results for F) between 500 and 5000°K are included in Table I\
Table IY.A.It is readlly apparent that the ladder- climbing model
gives activation energies that vary with temperature in a manne:’
quite different-freﬁ that obseerd. -Atjlow teﬁperatures, this
moeei greatly'uederestiﬁates the rate. At high temperatures

where vibrational energy transfer becomes fast, the rate. constants
are less than those calculated by the .other models, but.the
dlfference is' much less than that foupd at low temperatures

This partial ;catchlng*up at high.temperatures cauaes the rate

to increaee faster than expecred at h1gh tempe ratures, And the

«QM\«((; .
activatio%qgreatly excceds thv dissociation'energy.
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The other three models show activation energies ‘that decrease

withmtempetature;'ih the'same'general sénse as that observed.

' for H
The calculated and observed rate constantsAarezcompared
in Fibure 4. Calculated curves are giVen'for model I and'modei

1V (models I1 and III are too 31milar to model IV to make those
.plots wotthwhile). The,experlmental data are notvgiven as
indiVidual»points”butaaaIline ségméﬁts cotefihg the_dbser&ed'
temperatufé“raagé and tha tepoftediAtrHenius paramétefs (thIs
is ‘the only form in Wthh most of ‘these data are available).

The e>perimental data show substantial disagreement between
different investigators. 'Even so,-the rata‘constants for model
1 ggxaell below the experimeatal data;‘aﬁd those fdr models II,
III, aﬁd IV are ‘in réasonably good agfeament with the data. On
the basis of these faaults, mbdel I iatdropped from furthét

conslideration.

Fluorine--For fluoripe, data are avallable for b10 aé a
functioh;of temperatureég'(pnlike Hz‘where the function was.
50 '

calcu]ated );v*Eluorine ia.relatively insensitive to traca
impurities;vwhereasZHZIand’Ciz are $USceptible ti:)'tr_zui_es..of.-O.2
(ﬁé bcing attackéd by 0 or HO; CIZ diaédciatng bf way of ClOO
and C]058).' Tﬁus,'fluorinefWas chosenﬁfor the most intensive
calcu]ations,dand ia partituIar ftr—éomtarisoné of model II and
‘model 1v. o | |

_ equilibrlum and non-equilibrlum ‘
The distribution of. FZ over vibratlonal states

A ,
‘are given 1n Table V in terms of the mole,fraction
Xf of the full Morse calculation (model IV) . . .The

_ ]ogarlthm of mole fractlon X\ ' is given as a‘functibn

. of vibrational energy fqr 500, 1000, and 2500°K. . AtISOO“K, the
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Sﬁeédywstate‘diétribq;ibn iS’Qerj-closelté thé egﬁilibrium
.distribﬁtiohfﬁp to the 17th qdanthmvsfate; aﬂd theén it rapidly
falls off at higﬁeffstatés.> At'1006°K;.thé £a1l—offvbegins at
about state 11. At 2500°K tﬁere'is sériéus depletibn of excited
Qiﬁratiéﬂél states above the fﬁird or fourph level. Table V‘alsd‘

gives the dissociation rate constants ¢

4,28 a function of quan-

tum state-and'témperatﬁfé.  Af very.hig;\quanthm numbers;'the
(:onst:a'n't:v'wg_i differévonly slightl&fbétween 300; 1000, and 2500°K.
At low qu;;fum :thezﬁere ié'avgreét,spread with temperature in
Ly at a given state i;'-The relative "distribution function fér
m;legules‘that reéct" is giyén‘by'the'products.of mole fractions
—E{\. :'”and dié§oqiation constantwgif and fhese are giQén
f;¥ thrée temperatﬁreé.as Figure 5 . At'560°K; the contribution
tofreaétion is almost:unifofﬁ'frdm stétes,Zytp 20, with a slight
drop off at low quantum numbers (seé'Eq,30)'and é ;arge drop.

off atfhigh‘quantuﬁ-nﬁmberé from non—équiiibfium...At 1000°K

the reacting states afe;equélly»important ffom about 2 to 15.

At 2500°Kv#he.states thét reaCt lie largely between 0 and 7,
with a fairly-fast‘fall—off above the seventh sfate. Figure 5.
alone exblains_why'the:activation energy'decrease;with increasing
temperature: With én;équilibﬁium'distribution a11;29 sfafes
react eqﬁallyvéxtépf fbr the factor g;+1)/g5+1j,,tq,(30),‘an¢
tﬁps fhere are'29 paréllel reaétion'éhannelé.  At1500°K'£he
decbmpbsitioh reaétibﬁ'haé éet up . a éteadyéstate‘diétribufion

‘such that upper states are depleted. The depletion of a given
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sfaté}i is;céuséd Eo;ﬁ'By.the :apid 1oss_of;£ étates to atoms -
~and By'staté 1 being skipped as lower states go directly to
atoms. From Figure 5 , we see that at 500°K there are on1y~
about 20 reaction channels;.at 1000°K thé number (s about 15;
and a£'2500°K the number is about 7. This decrease in "number
of states that react" by virtue of the non-equilibrium distri-
bution atThigh eﬁergieé éauées the rate conétant’to increase

| bar nafridly, o .
with tcmperaturexsiewer_than expected, and thus the activation
energy is lower'tﬁan.exbected (see Eq.3).

o v : . for Fy .

The observed rate constants,are shown in Figure 6 with
curves caléuiéted by model-Ii:and'model IV (results for model
IIT are almost idénfiéalvwith model IV). These two models
agree fairly weli,With'the'data, énd.they agree so closely with
each ofhex'that[the simpler model IT is selected for all fur-

ther.COmPArisons.'

All other cases--By use of the truncated-harmonic oscilla-
tor model (Fig. 1 and model I;);‘tﬁe activatioﬁ earergies as a
funétidn.of temperature'wgre'calculated for all four halogens,

and the data are‘givén in Table VI. Similar data for N, and 0

2 2

are given in Table VII.-The:calcﬁlated activation éﬁefgies de-
creaééfstrqnglf witﬁ'température.in all cases. These caicula-
tions were éxtended‘to cover the rénge of obsg;ved temperatufes
‘for'the{various cases in Table I:, The lagt.columh in that'tablé
gives aé?i?a;ion'enérgies calculéted:by means of-the truncétéd
hurmoﬁtc oscillaféf, model II. 'Within fhe'ekpefimenfalfuncertain—
\tj of the.data,.thé caiculated 5ctivation eﬁergies-égrée.Qéry

wull'wiﬁh those observed.
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Observed rate constants for IZ’ Brz, Clz, Nzg'aud O2 are
plotted in Figure 7A, B,C,D, and E. Two culculatéd’curves are
given on each figure, each is Based on model II The upper
curve is calculated on the‘basis‘of an equilibrium distribution
over:uibrational ététeé, and:the'lowet curve is based on the
actual, ﬁou;eqUilibriuu distribution. Thccdata fotjlz,_Nz, and

even O ”arévfairly‘well defined and show adequate agreémeut

2.

between different inVeStigatorsﬁ In’theée_cases ‘the non-equili-
.briuﬁ curve calculated from model II agrees fairly'well with
the observed points, and the equilibrium curve lies well above

the data. The data for Br., and especially Cl2 show strong

2

disagreements between different investigators,(perhaps due to

participation of small amounts of O 'impurities as catalyst

2
via ClOO and C1058). The data for Clz'and Br, show so much

experimental error that it is not useful'to speak of agreément'
or non-agreement between calculated and observed rate constants.

2

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

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

shows an incréase in aCtivatiou cnergy ét extremely high teu—
peratures (all other cases show this same effect atvtempefqtures
well ébove the xange of observaticns)., The expérimental data
for 0, do not show this effect, but it would be difficult to
extract it frch the'data‘since it appears only above 10,0066K.
The_explanatiqn of this effect can be seen by exaﬁinétion énd
exteuéion of_the distriuution function for molecules that react
in Fig. 5 . At-the hiéhest temperature shown there, the étates
that react are the bottomvé or 7. Atvcuen higher tempcratures

it may'be‘expected that this function will be narrowed to the
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loweét one or tvbvstates. -fhéh‘thé_6n1y~réacﬁipn:is the strong
collisioﬁ'Chanﬁei from the gfqﬁnd:stété to'the'éontinuum, for
which single:process'there is an ehérgy barrier of~9;. Thé

rate can ho"léngerzmstain from increasiné."as_éxpected" becausev
the‘numﬁef'of ététes that_feactv¢annot'shrink bglqw‘pne (This-
ultimute'increaée of.éqtivation énérgyvat;véry high témperature

might be observed with Fé).ﬁ
F. - The Revérse_Reaction

Thesé:caléuiaﬁions a11 refér to the fénqard :éaction_br'
dissbciatioh of the‘diafomic méleculé;'Eq;(I), and 1o account
has béen“given_to.tﬁe fe&érsé procéSSIOr the recombination re-
action. As atoms accumulaté énd técombination.bccurs, the

v _ , _

population of highlyvéxcitgd vibrational states wil;'surely change
in the directioﬁ_§f inéreased occupancy. As illustrated by
Table III, there are.mahy upper vibrational states for which
a collision is;moré likely to givevrémdiséociacion than de-
’activaﬁion. This fact'iszf importahce to the theoyy_of re- -
combination of atoms.. Maﬁy theoriés of reqémbination regard
that process as éomplete ﬁhen the.étom_pair;is deactiVated beIOW’:
‘thé_diséociatipn limif,‘p;. .Howevgr,'the‘highly excited vibra-

2

reactant. The negative activation energy for atom recombination

tion31 states>of X, are, in effect, closer to products than to

arises, in part, from the redissociation of highly excited‘Xz,
an effect ‘that increases with increasing temperature, Figure

o5 .

-
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G. Summary

In geheral, thé stéfvéd activatidn energy fo; the.
dissociafibn'of diatoﬁi¢ m6iécu1es iévsgbstahtially less fhanv
the bond dissociation eﬁergy, and it decreéses'with increasing
tehéeraﬁuté. vThiS~éffect Cannét_be exﬁlaingd.by a‘ladder— 
climbing model of the reaction proceés with diSSOCiatién occufring
only from.the t6§ vibfaﬁidnal level, éﬁeﬁ_with allﬁwance for
a ndn-eqd;librium distfiﬁqtion 6ver'vibratibnal states; This
effect is readily expiained bybseveral modgls that allow
dissociation to occuf from any and all vibrational states and
with allowance for non—equiliﬁriQm’disttibuﬁion over Viﬁrational
states.  THree suchimodelsbﬁeré set up.that pe?mitted the cal-
culatién of dissociation‘rafe constants from'séparately determined
vihrational‘relaxatidn timeg,\vibrationai fréqﬁency, ana_hérd-
vsﬁheres“collision1crbss séction;—with'no'édjﬁstable paréﬁéters.
The non;équilibrium versions bf~thesevmodels giye satisfactory
predictiéné of_raté cqnsfants aﬁd ah'excellent Quanfitative
“account gf the observed low acﬁivation energies. These célcula-
tions indicate that diatdmic molecules dissociate from all
vibrational states, even though.Vibrafional-viﬁrational transitions

occur primarily between near"neighbors.'

This work was done under the auspicesvof the U. S. Atomic Enérgy Commission.
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‘Table I.
_ ‘Dissociation of Homonuclear Diatomic Molecules.
Al » T ¢ E- n Ref. | E
| | 8al 'ESB? Eq.5 | Mo§8lc1r
F, [ Ar| 1300-1600 | 37.1] 3024 {-2.5 | 15 | 31.7
| wel| 1650-2700 1 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
cl,| Ar| 1700-2500 | 57.0| 48.3 |-2.1 | 18 | 48.4
" 1600-2600 50 -1.7 | 19 49.9
1700-2600 41345 -4.0 | 20 48.6
©1600-2600 4542 “2.9 | 21 49.9
|.1700-2600 48.3 ~2.0 | 22 | 48.2
‘Br,| Ar|[1300-1900 | 45.5( 41.4 |-1.3 | 23 39.7
"1400-2700 | 41.4 ~1.0 24 38.5
11200-2200 32.4 | -3.8 | 25 | 40.3
I, Ar | '1000-1600 | 35.6{ 29.7 -2.3 | 26,27| 31.6
850-1650 30.4 |-2.1| 28 | 31.9
o, | ar| 5000-18000] 118.0| 110 -0.4 | 29,30| 102.7
13800-5000 | 1065 |[-1.4 | 31,32] 99.1
4000-6000 108 -1.0 | 33 | 97.5
3400-7500 108 1.2 | 34 97.7
13000-5000. 114 —b.s | 35 103.7
0, | 3000=5000. 98 -2.5 | 29,36/
| 4000-7000 91 ~2.5 37 96.4
2500-4000 108 -1.5 | 35 108.2
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 Cont'd.

Al M T D° E m Ref.| E .

’ ' . kQal kggi ‘Eq o Modeilfl-'
3000-6000 109+5 -1. 32 | 102.0
2600+7000 85 -3, 38 103.3

H, Ar | 2800~4500 |103.3 | 97 -0. 39 100.5
13000-5300 97 -0. 40 99.6
'2800-5000 97 -0. 41 100.0
2150-3650 97.2 -1. 42 | 101.9

Xe | 3000-4500 100 ~0.4 | 43 | 100.5
H, 3000-4500 92 ~1: 43
H | 3000-4500 100 -0. 43

D, Ar | 3000-4800 | 105 97 . -1. 39
Ar.| 3000-4900 97 ~1. 44

N, | Ar| 6000-9000 | 225 | 218 -0. 45 | 195.4.

| 16000-10000 204 - | -1. 46 |+ 193.9

N, | 6000-9000 218 | -o0. 45 | 195.4
.| 6000-10000 198 -1.7 | 46| 193.9
N | 6000-9000 203 -1.5 | 45
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Molecular Propérties Used to Evaluate Vibrational

52

- Relaxation Constant b (T) and hard- p'heres Col-
. yliSlon Constant ze R :
AN [N L . . .\\~\~<\ ..... o
A M WA wX £+l D elk  x. A
CI;%.; €2  no. of kcil °K AN of Ref.
» _ states. mole of 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  I53 29 '37.1 112 3.65 65
P, F, 892 0 15 37.1 112 3.65 65
€1, c1, 557 0 36 57.1 257 4.40 58
Br, Br, 321 0 50 45.5 520 4.27 48
I, 1, 213 0 58 35.5 550  4.98 = 29
N, N, 2331 0 33 225 91.5 3.68 220
0, CAr 1554 0 27 118 113 3.43 129
0, 0, 1554 0 27 118 113 3.43 165
Ref. 51 51 49




. Table III. Transition Probabilities Per Collision for H

With Ar at 5000°K.

2
1] o 1 2 3 4 5 6 7 8 9 10 11 12 13
P .‘ K
Elife | | | B | N . o | |
-0 .65E-02 | .93E~04].36E-05 | .23E-06 |.21E-07 | .25£-08 |.37E-09 | .66E=10 | .13E-10 | .32E=11 | .82E-12 | 24512 .7SE=13
1 .20E-02 .13E-01{.28E-03 | .14E-04 |.12E-05 | .13E-06 |.18E-07 | .30E-08 | .59E-09 | .13E-09 J34E-10 | .98E-11] .31E~1!1
2 .925-05, .42E-02 o “19E-01 | .56E-03 .{.36E-04 .35E~-05 <44E-06 | .71E-07 ;13E-07 | .30E-08 | .74E~-09 | .212-09{ .64E-1C
3 .12E-06 | . 32E-04 | .68E-02 ‘ ©26E-01 |.93E-03 .713504 +81E-05 | .12%-05| .21E-06 } .45E-07 | .11E-07 | .30E-02: .89E-G?
4 . 30E-08 | . 62E-06 | . 74E-04 .9 8E-02. .32E-01 | .14E-02 |.12E-03 | .16E~-04 | .27E-05 | . 53E-06 .12E-06 32E-07{ .96E-08
-5 .11E-09 | . 20E-07 | .19E-05|.14E-03 | .13E-01 " { .39E-01 |.20E-02 | .20E-03 | .29E<04 | .53E~05 | .12E-05 .30E-06 | .85E-G7
6 .S9E~11 | .97E~09 | .81E-07|.48E-05 | .25E-03 |.17E-01. .45E-01 | .26E~02 | .30E-03 | .48E-04 .98E-05 | .23E-05] .64E-06
7 .41E-12]| . 64E-10 | .49E-08].25E-06 | .10E~04 |.40E-03 | .21E-01 | : .52E-01 | .34E-02 | .43E-03 | .76E-04 | .17E-C4 | .44E-05
8 .36E-13 | . 54E-11 | .39E-09|.19E-07 | .68E-06 |.21E-04 | .62E-03 | .26E-01 ' .S58E-01 | .42E-02 | .59E~03 | .11E-03} .27E-04
91 L40E-14 | .58E-12 | .41E-10|.18E-08 | .61E-07 |.165-05 | .39E-04 |.92E-03 | .32E-01 -+«65E-01 | .51E-02 | .79E~03 | .16E-03
. . |
10 .55E-15}{ .77E-13 | .52E-11{.23E-09 | . 71E~-08 { .17E-06 | .36E~05 [ . 68E-04 | .13E-02 | .38E-01 .71E-01 |} .62E-G2; .1CE-O
11 .90E-16 | .12E-13 | .82E-12|.34E~10 | .10E-08 | .24E-07 | .46E-06 .76E-05 | .12E-03 | .19E-02 | .45E-01 .78E-01| .73E~02
12 .17E-16 | . 24E-14 | .15E-12 +63E-11 | .18E-09 | .41E~08 | .74E=07 | .11E-05] .15E-04 | .19E-03 | .26E~02 | .53E-01 .84E-01
13 .40E-17 | .54E-15 | .35E-13|.14E-11 | .39E-10 | .85E-09 | .15E-07 | .21E-06 | .27E-05 | .30E-04 | .31E-03 | .36E-02 | .61E-01
P, [-23E-05 | .14E-04 | .68E-04|.26E~03 L 84E-03 .28E-02 | .73E-02 | .19E-01 | .43E-01{ .90E-01| .18 .33 . .56 .89
_$4GY-trahsition probability from vibrational state i to state j.
- - -P{Ef-tranaition'probab%lity'from.vibrhtionalﬁscate 1 to continuum of dissoclated atoms.
[\]
0



Table IV;"Dissociatioﬁvdf Hydrogen by Argon. Calculated
- _ Activation Energies for Models. .
A. Dissociation of Hydrogen by Argon |
T°K I - 1II I1I v
o E, kcal/mole ' o

1000

. 99.2 103.9 . 103.5. - - 103.5
1400 . ‘ ‘ o : _ '
. ©102.0 - 103.7 103.3 '103.0
1800. . , S .
- 104.5- 103.4 102.8 . 102.8
2200 SR _ R o
. 106.7. '102.9 - 102.3 102.1
2600, L o ‘ S
) _ 108.4 102.3 101.8 - 101.5
3000 ' S , .
. 110.0 101.8- 100.8 . 100.4
3400 - o _ ,
: 111.1 100.8 100.1 99.6
3800 S ' : o ‘ _
112.2 99.9 - 99.1 . 98.6
4200 , -
_ _ 113.2 : 99.5 98.6 98.0 °
4600 ' . , o o _
113.6 . 98.5 : 98.1 '97.5
5000 : o L - o
114.0 98.0 "97.4 - 9647
5400 R
115.0 98.0 97.0 96.3
5800 _ o
_ 115.1 97.5 " 97.4 . 96.7
6200 . A o
115.4 . 97.5 - 97.1 96.4
6600 ' o _ _ : ,
: 116.1 98.1 - 97.6 96.9
7000 : o .

B, Dissociation of Fluofine by Neon

500 : S . .
, 38.5 , . 36.8 - -°36.5 | 36.5
555 - : : ' S I
: 38.7 36.6 . 36.3 . 36.3
: . 39.0 . 36.3 '36.1 .-
714 : ‘ ' : ’
39.3 . 35.9 . 35.6 -
833 o . o
: 39.7 - . 35.3 34,9 34.8
1000 o o _ - :
- 40.3 34,1 '33.8 34.7
, - 41.2 . 32,1 31.9 . 30.6
1667 R _ E o -
o 42.5 29.8. - 29.6° " 29.3
2500 o . :
: : 45.4 33.1 -~ 32.4 -
5000 : A | | ‘ ;



A v

Table V. ilole Fractions in Various Vibragional States and the Dissbciatiqn Rate Constant
for Vibrational States of Fluoriue as a Function of Temperature.

Jantum  Energy 500°K , 1000°K -

mber’l‘. Cm-l log §1,eq log _X_1 log Sy log }i,eq' Jog ‘)’(i - log -‘:'_i ‘log ‘x},'eq
0 442 -0.04 -0.04 -26.92 -0.15 -0.15 -18.72 ~0.44
1 1305 -1.12 -1.12  =-25.67 -0.69 -0.69 ° -18.00 ~0.65
2 2138 -2.16 . -2.16  -24.50 ' ©-1.21 ° -1.21 - =17.36 - . -0.85
3 - 2941 © . =3.16 - =-3.16- =-23.40 .. .o =1.71.. =1.71. ~-16.76 . . .  =1.06
& 13714 ¢, v -4.13 -4.13 - -22.35 . =2,20 ".-2.20 " -16.20 - - - =1,25
s 4458 "7 =5.06 "-5.060 =-21,36 ~ . =2.67 ..=2.67  --15.66 C =143
6 5173 - © -5.95 -5.95 -20.41 : =3.11 - -3.12 -15.16 ~1.62
7 5858 -6.81 . -6.81 -19.50 T -3.54 ~3.56"" -14.68 _ -1.79
8 6513 -7.62 ~7.62 ~18.63 ~3.95 © -3.99. -14.23 -1.95
9 S 7138 -8.41 © -8.41 -17.81 ' -3.33 -4.,42  -13.79 o ©=2.10
10 - 7734 -9.15 =9,15 -17.03" 4,71 ~4.87  ~13.38 -2.26
11 8301 -9.86  -9.86 -16.29 , . =5.06  -5.34 5 -12.99 -2.39
12 . 8838 -10.53 -10.84 -15.58 -5.39 -5.86 ~12.63 -2.537
13 - . 9345 -11.16 ~11.18 -14.92 ~5.71 -6.46  =12.28 = ~2.66
14 9822 - ~11.76 . =-11.82  =14.29 -6.01 - -7.16 -11.95 -2.77
‘15 10270 -12.32 -12.48 -13.71 - ~6.29 ~ -7.98 =11.65 -2.89 -
16 10689 -12.84  -13.22 -13.16 -6.56 -8.93  =11.36 v S =2.99
17 . 11078 . =13.33 -14.12 -12.63 -6.80 -9.98 -11.09 "~3.09
18 11437 -13.78 . ~15.24 =-12.18 -7.02 -11.10 =-10.85 -3.18
19 11766 -14.19 -16.58 -11.75 S =T.22 ~-12.23 ~-10.62 -3.26
20 12066 -14.56 -18.03. -11.35" -7.41 -13.33 -10.41 : -3.33
21 12337 -14.90 -19.46 ~10.90 -7.58 ~14.35 -10.22 -3.40
22 12578 -15.20°° -20.77 -10.67 L =7.73 -15.28 -10.06 -3.47
23 12789 -15.47 ~-21.94 ~10.39 ~7.87 -16.13 . -9.91 ~3.52
24 12970 -15.70 -22.97 ~10.15 ~7.98 -16.90 -9.78 : ~3.56
25 13122 -15.89 ~23.88 -9.94 -8.07 ~17.59 = =9.66 . -3.60
26 ‘ 13245 ~16.04 -24.68 ~9.77. - -8.15 . -18.22 =9.57 -3.63
27 13338 . =16.15 -25.37 -9.64 . -8.21 -18.79 -9.50 ' ~3.65

28 . 13401 " =16.23 ~25.96 ~9.55 S ’ -8.25 - -19.29 -9.44 - - . ~3.67

1€



Table VI. Calculated Activation Energies for the Halogens
, ‘from the Truncated Harmonic Oscillator Model II.

T RANGE. . F c1

‘o

2 2 Bry Ty

200-400. ©  37.1 56.9  45.2  35.1
400-600  36.8 566 47 34.s
600-800 - 36.2 i"_és.z' 4.1 '33.9
_300210607' 5.3 55.7 @3;6 _.'f.33.3
©1000-1200  %.2 - 55.0 - 42.8 32.3
1200-1400 2.9 S54.6  42.0  31.4
1400-1600 A.4 53.2 = _41;0 , 30.2
1600-1800  28.5 . 52.0 39.7 -
1800-2000 . 29.8 50.7 3.8 27.9
 2000-2200 29.5  49.5 | 37;4.. - 25#5
2200-2400 - 29.5  48.2 36.1 26.2
2400-2600 20.7 46.6 - 35.3 2600
2600-2800  27.3 45.7  35.3 25.4

2800-3000  30.5  45.0 - 33.4 26.3




.Tébvle VII. Calculated Activati_b'n Energies for 0.2' and Nz,-
Model II. o L :

CAL‘CULATED ACTIVATION ENERGIES

T RANGE 0, o N,

500-1000 7.9 0 azsa1
1000-1500 o173 2245
1500-2000 . a1s.a -  224.5
2000-2500 - 1144 | 222.5
2500-3000 - 110.4 222.5
3000-3500 - 108.8 - 219.8
3500-4000  103.3 . 219;6
4000-4500 o 101.2 0 209.5
4500-5000 98.3 - 213.7
5000-5500  93.5 . 208.9
5500-6000 R YO B O 20s.5
 6000-6500 o e1e 20403
6500-7000 - | 93;7 X o 197.3
.7060—7500 915 1973

7500-8000 . 95.8 189.1




Fig. 1. =

Fig. 2.
Fig. 3.
Fig. 4.
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Titles to Figures

Truncated Harmonic Oécillator Moael.forhbecqmposition

‘of Diatomic Molecule. For model I all c¢'s are

assumed to bé zéro:except cé;' For model II allfci
are allowed to be non—zerd, Eq.(30). In each model.
only nearest neighBor tfaﬁéitions are coﬂSidered for
vibrational energy f:anéfer.

Morse Function Model for Decomposition of Diatomic

Molecule. Model TII considers only'néarest neighbor

Vibrationél t:ansférs,'and mode1'IV considers ali
Vibrational enérgy transfers. Both models allow all

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

.Vibratiénal relaxation constant P.o for H., calcu--

2

' lated as a function of temperature according to-

ref. 50:andlthe'tWO observed constants as reported
in ref. 47.

Dissociation of H, by Ar.  Calculated and observed

rate constants as a function of temperature.

I Caléulatéd on the basis of thé'truncated'hérmonic

" oscillator, ladder-glimbing model.

1v. Calculafed on the basis of the Morse function
with all transitions allbwed (compare Fig.3 and
Table ITI).

Obsered functions as repérted by reference 14 .

‘a. ref. 39
b. ‘ref. 40

C. ' ref".' 41 -

- d.  ref., 42

e. ref. 43 where M 1is Xe (Ref. 41 reborfed Ar and Xe

.to have séme efficiency in dissociating Hj).
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Ta

Fig. 5. Distribution funétion for molecules that réhct for

2
IV, allowing all possible transitions (Fig. 3).

'thé“viﬁrational states of F with the Morse model

Note the shrinking number of states that contribute

to reaction as. one goes to high temperatures.

Fig. 6. DiSSoCiation éf Fluorine. Calculated curves:_.II,
Truncaﬁédiﬂarmonicvoscillatdr Qiph'all stétes'alldwéd
to diSé;ciaté to the continuum, Fig.2. IV, - Full
Morse“fuﬁcfion, Fig.3.
ObServed.daté:A(),”with Ar, réf.lS; poiﬁts taken from
gfafh; ® . wit£ Né, ref;iﬁ;"[j', with N, ref.54,

pbints taken'from.gréph.'

fig. 7. | DigsociatiOn_bf_HﬁmAnuclear Diétomié_Molecules.
Caléulated.curvés_are basedvonfmodel.II; ﬁruncatéd
ﬁarméﬁié’bscillafq;;.allitranSitions to coﬁtinuum
7 éilowéd (compére Fig,Z).. Thé lower curve is based
on steadyéstate; ﬁdn-equilibriﬁm disttibution funcfibn.
The upperftﬁfVe:is based on the same model with the
'equiiiﬁrigﬁ distfibutidniover vibfétional states.
| Expériﬁentaitpéiﬁts are taken frdm tables or
read from g:aphévin the articleé cited.  k iﬁ'units
" of cc/ﬁafticié -sec. | |
| A;- 12’ '(),,:with~Af; fef.26;_rgad frqm graph;v
:qb,”with A£; fef.27,’readlfroﬁ gfépﬁ (an error of'a
factof«of%ld appeats in the gtéph-of ref.27, and
this has been corrected). ~ |

g3, Br, is M,

B. Br,:[J, with Ar, ref.25;
ref.25; €, with Ar,lréf.19;<>; with'Ar, ref.55;

’, with Ar, fe_f.56.
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Cu.;, C12 D with Ar,'ref 19 O with Ar,
;'ref 18 e with Ar,ﬁref 20 - 7 Cl2 in Ar, ’,
'*xoz C1;

9 in Ar,'ref 21 O wit:h Ar, ref 22

L D Nz ' ’ with Ar re‘f___}_.57}:..?91_1“3; rve:a.d.‘.:v |
o E 02 All data .1n> éxcess Ar P01nts as ;fg-ad. .
o ,from graphs‘ 14 sted. in ref 29 B a ,' _ré.f_v.';34v-; o ' ’

;.1ref;50;'<>;j1ef 108 in ref 29; e;ﬁ,;ref,33ﬁ. ﬂfﬁl'
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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, 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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