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THEORY OF THE DISSOCIATION OF DIATOMIC MOLECULES
AND A STUDY OF THE EMISSION SPECTRA OF IF
John William Birks
Inorganlc Materlals Research Division, Lawrence .Berkeley Laboratory

and Department of Chemistry; University of - Cal1fornia
Berkeley, California :

ABSTRACT
. The extent to which diatomic molecules dissociate from all vibra-

tional levels has been investigated by calculating from first principles

' the collision cross sections for dissociation of Hz,from particular

'_'Vibfation—rotation levels upon collision with Ne atoms. The Ne- Fz

potent1a1 energy surface was first calculated by the multlconfiguratlon

.ﬁ‘self con51stent ~-field (MCSCF) and conflguratlon 1nteract10n (CI) methods.»'

A Monte Carlo classical trajectory study using this surface resulted in

J.crossvsections that are smaller than those required to accurately fit thé;,ff
ilexperimentai-data, when incorpofated in a nonequilibtiﬁm model of dissocia;ﬂu
vtion kinetics. Because of the threshold nature of the'dieSQCiation'pro—e |
:i»cess for all but the.higheet vibration—rotatioa levels, the_classiéal,oroset
ﬁ.sections are coosidered to be a lower bound to the‘true quantum meoﬁantcalli,ﬂ

.. cross sections.

The poteﬁtial energy surface has the interesting property, pre-

7'viously found for the He—H2 surface, of contracting the H2 molecule as the
"ﬂ-Ne atom approaches, ‘The surface demonstrates a cross;over point where the
' contractive force changes to a stretching force. Suoh'a cross—over pointﬂ_'“'

'VV;Where the contractive force changes to a stretching force. _Such'a cross— o

_ . -
over has been_predicted for He—Hz'by Secrest, but points on the He-H2

surface have not yet been calculated in the region of this cross-over.
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An eiperimental study -of the emission spectrarof IF’iﬁ thebgas'
phase reaction of 12 witﬁ‘Fz.is reportéd, Emissidq.was obserVed ftoﬁ'.
" both thé'B?H§+>and.the previqusly'unreported A3Hi éxcited eleétrqnicv
states. For_thé B3HO+ state the trahsi;iop moment and vibrational
pqpulatiaﬁs‘Were extrécted frdm:the'épeétré'by a‘lgASt'Squarés ﬁetho&'_‘__
whereby theofetical‘béhd shapes-gere fit to fheaexperimental data. uTh§
effecé?of flow rates of reactants and Ar onlthe relative émission'of
the twb'éleétfonic:states'suggeSts thét‘both sfates afe.populated 5y.
three body éﬁbﬁ.recombinétiqh."lt is arguedithat théféeis an avoided

ot

_curve crossing between the two lowest 3H . states of IF, in which case

the‘grouhd'étgte‘dissociation energy of IF is knowﬁ fo be‘23229_cm_1.3
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PART T

" THE DISSOCIATION -OF DIATOMIC MOLECﬁLES

I. INTRODUCTION
The dissociation of a diatomic molecule X, in a "heat bath" of an
inert monatomic gas M would appear to be a simple process:

Xy +M>X+X+M : e

Since»eVen at elevated temperatures most of the molecules are in the
" ground vibrational level one might expect that this process would'pro—

ceed with an activation energy equal to the dissociation energy Doband

the rate constant be given by the Arrhenius expression

k= Aexp(-D/kT) T 2
In recent years extensive experimental data for the rates of dis-
‘sociation of a number of diatomlc molecules has been collected 1,2 An

1nteresting feature of the data is that in every case the observed
:-activatiOn energy is substantially less (by 10—30%)1than the bond dis-
soc1at1on energy, D . Experimentalists were at'first apprehensive about

cheir results, which- did not agree with their preconceived notions, and

i

.iattributed the anomalously low activation energies to‘experimental error.
}»due to boundary layer effects in the shock tube.2 'éubsequentvcorrection‘
vfor boundary layer effects resulted in even lower values for the activa—f'
ition energy, however, and the effect pers1sted in experiments using

'highly dilutebmixtures of dlatomic molecules in an”in.er-t'gas.3 »Thus,

the problem of the low activation energies in the thermal dissociation

of diatomic molecules presents an‘interesting challengevto the ‘theory

of chemical kinetics. -



In consideration.of this problem one should first begin by realizing

that the activation energy and barrier height are not necessarily the
same quantity. The activation energy has a purely formal definition

. d 1n k - '\
Eg =~ R & (/D SRR . 9

and is just the manner in which the logarithm of the rate constant
'changes w1thhl/T. Only for the Arrhenius expres31on, equation 2 does

one obtain a value of Do’ the‘barrier height,afor.the activation energy.

"From simple'collision theory we know that the pre—exponential or A factor

of equation 2 is not temperature independent. In the 51mple theory of -
_hard—spheres collisions, A is the rate constant for collision, usually
denoted Z and is given by'

A=T 02(8kT/nu)1/2. (4)

- ‘where o isvthe-collision'diameter,,usually evaluated from_viscosity data

or used as a fitting parameter, and u is the reduced mass of the col-
lision pairﬁ'vThe activation energy'is then found to ‘be

Ea* Do 2 RT _ ' : : . (5)
using the definition of'Ea; equation 3. Thus, even for the simpleshard-
“spheres collision theory the activation energy is not simply equal to N

‘the barrier height.,'The observed activation energies deviate from the -

.bond energy by amounts substantially greater than %-RT however, and

: .a more complete theory of the dissociation of diatomic molecules is
?_'necessary in order to explain the low activation energies.
All of the data for the dissociation of the homonuclear diatomic

molecules H2, 29 02, F2, ClZ’ Brz, and Iszere reviewed_ﬂp to June 1972

. in an article by/Johnston.and Birks.a In this work three models for
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the dissociation process were evaluated by comparisoh'with existingrdata.
An impdrtaht feature of the three models considereé.was_that an equilib-
rium distriBution of molecu1es.among eﬁergy levels was not assumed. In-
stead, a stéa&y—state assumption for the relative.vibtatiqnal popﬁla— |
tions was applied,_allowing levels to become depletea below their
equilibriu@ values.
‘The "step lédderﬁ.modei which allows dissocié;ion only from the
top "rung" or vibrationél lével with dissociation‘éccurring by sﬁcceSsivé
1 eﬁergy'tréhsfer steps is a mode1>that has been ﬁseddf¥équent1y in the .
 ﬂpast,5 Wwith non—equilibrium effects allowed, this mo&el predicted .the
: wrong tempe;atufe dependence of the activation energy, the’activatioﬁ
. energ§'being low at low temperatures and increasing with'inéreasing
‘temperature.
The seéénd.modelfconsidered is the same as the ﬁstép'1adder".mode1 :

.:in that a trun;ated harmonic oscillator pofential_is ﬁSéd and vibrationél
-veﬁergy transfer is.allowéd between édjacent fungs éﬁly, but differs in.
v}that dissbciatioﬁ is aliowed to.occﬁr from all viffational-levels. .This '
‘model pfedicted‘the correct tfeﬁd of the activation energy with témf
‘perature, and.in-sever#l cases the activation.energies and rate constants
 agreed quantifatively with:thevgxperimental data. |
| A thirdvﬁodel used a more realistic Morse potential éﬁd.allqwed
.}énergy transfer to occur'between all vibrational léﬁéls as wéll as dis-
.:ksoéiation ffém all levels. The results of this more complex model:
}fégreed very well'with those of the second quel; and for this reason
the second modél was Believed to contain‘all of the fe#fﬁres necessary
for an underéténding of the experimentally observed:eff¢Ct of temperatufg

on the activation energy.



In the context of these models, it is the allowancgbdf a non-
equilibrium distribution and the faét that moleculéé dissociate from
a.large number.qf vibrational levglé, not juét the highest vibrational. 
level, taken together that explains the decrease in aétivation'energy
with.increasing tempetéturé. _Thisvis illustrated‘by Fig. 1, which is .
:taken from the Johnston and Birks4 article. - This figuré compares .the
produci cixi, where c; is.the rate constant for diSsobiatidn from a

particular vibfational level and X, is the mole fraction for that leveél,

i
at three temperatures. The rate constant k is the sum over all vibra-
tional levels of thesé products

;o I - k=2cixi‘ S _(—6)'

i

" The solid lines of Fig. 1 are calculated for non-equilibrium steady-state

mole fractions‘gnd the dashed lines are the ﬁroducfs'for an aséﬁmed
. Boltzmann distfibutioﬁ. qu szghere are seen to‘bé 29 éaréilel reac-
“tion channels with nearly equal'ﬁontribution to tﬁe‘reaction rate con- _
i,stént from each 6f these reaction chénnelg_ih'the equilibridm case.
However, in the actual case of non-equilibrium many .of the uppef lévels
'éré-depletéd below their equilibrium valugs_and.thé'numbef Qf feactiﬁn
. chéﬁhelé is reduced. The depletion of a_éiﬁén lev¢i ifis caused both
:by t%e‘fapid ioss of ﬁolecules in level i to atoms and by level i being
fskiﬂpéd aé.moleéules_in lower levels go direétly to'atoﬁs; From Fig. 1
‘we see thaf at” 500 K there are only about 20 effective reaction chan-
nels; at iOOO klthévnumber is about 15; and at 2500 K the number is
about 7.. This decrease in the number of reﬁction cbahnéls by virtué of

. the non;equilibrium distribution at high'energies causes the rate
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conétant to increase with temperature less rapidly than expected,_éqd
thus the activation energy is lower ;han.expected (éee.eqﬁation 3).
Esééntiél to this "explanation' of the effect of témperature:on
the activatiqh energies is the éoﬁcept_that dissécié;ion.occurs from a
,  large number of, perhaps all, vibrational.lévels. Since the rate con-
stants c

i for‘diséociation from particulér Qibrational lévgls had not
been measured, it was necessary.thét we (thnstonvénduBifksa) affi?e

at some formula bééed, in ﬁart, onléﬁemical intuition. vBecaUse ;he_l
depletioﬁ of'ﬁpﬁer.leVels is dependent ﬁpon vibrational energy tfansfer
~and dissociation.coupling, we chose to relate the 1':at::e_c‘qnsv't:‘ant:s_c.i to
_tﬁe energy transfer coﬂsténts. To do tﬁis, we assumed that the ratio

of dissociation frpm:level i to activation from level i to level i + 1

~was governed by the_expression

e, expl-( -E)/kT] |
1 .g——0 i - ©)
8 - exp[-hv/kT] e .

where B > 1 and is the same. for all levels i. In effect, we:assumed ’
~that dissociation into the continuum of final states has a larger pre-
equnential_factor than activation to the single next higher state.
To evaluate B we assumed that every sufficiently enérgetic collision
resulted in aiSSociation from the top level. That is;

¢ :>Z\CXP[‘(DO—Et)/kT] o (8)
where Z is the rate constant for hard—sPherés‘collisions; given by
" equation 4. Substituting into equation 7, we obtain the expression

fér B

= 4



z

ar

8= L exp (-hv/km) o ®

A property of harmonic oscillator speétroscopy often used to relate
. the deactivation rate constant at any level bi in terms of the de-

activation constant between the two lowest 1evels b1 is’

bi = i bl . I (10)

From microscopic reversibility, the expression

a; = bi+1 exp (-hv/kT)   " | (ll):
'felates the rate constant for activation from level i toi+ 1 to the

‘. rate constant for deactivation from level i + 1 to i. Combining"_v

'-;fequations 10 and 11 we have
a; = (1+1)b) exp(-hv/kT) S aw
'.;fand substituting into equatioh 9 we have ‘for B
=
(t+l?bl

R (13)

' Fina1ly, éubstitutiah of equations 12 and 13 inﬁb equation 7 yields an
u5 éxpression fo;-the dissociation rate constanf from:a particular'vibra- 
”-:tiopalbleﬁei>' | : | |
o = g0 AT e
   Apart from tbe faétor (i+1)/(t+1) thié is just the hard;Sphgrés éollision »v.
j}#éﬁe constant, the energy barrier beihg (DOQEi). |
A Boltzmann distfibutioh bf molecules over'vibrationai levels éives»
‘ fOr X, the result | | | |

X =-7%:- exp(-E,/kT) = - '. o - (15)



where fv is the vibrational partifion-function. The conéfibutibn to
the dissociation rate constant k from‘level i is then
c. X

i%4 = E:T f—__ eX?(-DO/kT) E . . (16)

, , v _ _
The cancellation of exponents EiAis due to the fact that digséciatiqn'
from low lying.leQeis,_although unfavored by a.large energy bar;ier, is
favored by the higher equilibriqm popﬁlation factor. Aska résu}t; at
equilibrium dissociation occurs equally from éllIVibrational.levels,
 apért'from ﬁhe.factor (i+l)/(t+1);v.if we ihclﬁdé'this.factor in the

‘collision cross section, we have for the cross sections

2 i+l 2 B .
ﬁO Tot+l md : . ) S v an

. where d is the hardfséheres'collisiOn diémetér; usuallyxevaluated from
viécosity data.
Let us consider the example of H

2
Ne. The collision diameter is 2.85 A so that the collision cross-

>dissociating in a héat bath of

'section for dissociatibn from the top vibrational level is ™ 26 A?.:

There are 13 bound vibrational levels for H2 so that the cross-section .

“for dissociation for the lowest vibrational level ié-predicted to be
~2 A2,
The gdod agreement Between theisimple theory of Johnston and

Birks with experiment for a large number of céses‘and the simple ex—

" planation it provides for the change in activationfenéfgy with tempera-

ture makeAthg theqry'very appealing, particularly Sinée the theory
contains no adjustable parameters. The agreemént with the data could’

be fortuitous, however. For this reason, it is necessary that the



crucial aspect of this theory be put to test. That is, the reaction

cross sections for dissociation from particular viﬁratidnal levels either

be measured or calculated from first principles. The latter approach

_ has been taken in the work described here. The cross sections for dis-
sociation of H, by collisions with Ne have been calculated within the

Zframewbrk of the Born-Oppenheimer approximation for the separation of

nuclear and electronic motion and the use of classical mechanica to

describe the nuclear motion. The procedure used was .to first calculate

points on the potential energy surface for the NeerH system of atoms

.from quantum mechanics‘followed by fitting of these ?oints to an

énalytic form. Three-dimensional classical trajectories were then .

~calculated. on this surface by‘integrating Hamilton's'équations of motion.

The trajectories‘wefe chdsen by a Monte Carlo techniqué so as to average

,oVer initial spacial orientations of the atom and molécule.- Collision

-enetrgiles wereselected at randoﬁ from a Maxwellian diéfributibh and the
‘initial vibraﬁional and rotational energies chosen to éo:respond to

_quahtized states of_the H2 molecu}e,,the vibrational_phase being

' selectea at réndom;,.From_the fracfibn of trajectoriés:that result in

~dissociation of the H, molecule, it is a simple matter to calculate the'

reaction rate constant and cross-section for dissociation fromﬂparticular -

':Vibfation4fotation levels at the chbsen.temperature; In the following

' séctions these calculations are described and. the results discussed in

-

terms of the theory of dissociation of diatomic molecules preViously'

outlined.
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II; CALCULATION Of THE Ne-H-H POTENTIAL'ENERGY SURFACﬁ.
A. Theogz
The calculacion of‘a potential energy surface consiets:of eolving
the Schrodinger nave equation for the lowest eigenvalue at a large
'number of flxed values of the positlons of the atomlc nuclei.' Impllcit
in such calculations is the Born—Oppenheimer approximation6 for the
' separation of nuclear ‘and electronic motion. The Schrodinger wave
- equation for a scationary state is . ‘
| Ky .='E,1p R S ) 18y
awhere ¥ is the complete_ﬁamilconian, consieting of.cnevsum'of kinetic
:energy opefators for the nuclei and the electrons-olns ootentiai.enefgyb
tenms for'the”nnclear;nucleat:repuISions, the electron¥nuclear attfacf
tions, ano the eleccron-electron repulsions. The'complete,Schrodinger
wave equat1on including all of these terms is given by ’: W: ;
v z,
32———2 TEDE e

J<J

+ : eV;\p=Elp
E ; T
BETILEE R B
where the summations over j and j' are over the nnclei,.and the sum -
" mations over i.and i' are over the electrons. In the second_tefm m -
“has no index because all electrons have the same mass. The mass of
the nucleus PB varies according to the atom. The function Y is-the -

" total wavefunction and E is the total energy.

N



S

. energy is then
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~ Since the nuclear mass is considerably greater ‘than that of an

electron, the mass of the proton being about 1840 times that of the.

~electron, as a first approximation it is reasonable to assume that the

"nuclei do not move at all. Thus, the Born-Oppenheimer ap_proximation

amounts to neglecting the kinetic energy of the nuclei; the first sum-
mation invequation 19,= Since the nuclei do not mbve,the third sum-

mation, which is the nuclear repulsion energy, is a constant. The total vi=

N

_where E, is the nuclear_repulsion‘energy and Eevis the electronic energy. i

"ifMaking'uSe of the expression,

. Z 2, 'e - @y |

j<jl jj

dropping the first summation in equation 19, and rearranging we obtain -

g ZJ—' b

=E o 22
, 7 11'}"-‘*“1e R
i 1<q

'”'ffor the electronic Schrodinger wave equation. Within the framework of
';fthe Born—Oppenheimer approximation the solution of a problem such as the ,?:

;hone con31dered ‘here consists of solving equation 22 for the electronic
féienergy E for a large number of possible positions ‘of the nuclei. Oncet,}h
éE has been determined as a function of the nuclear coordinates (A, B ff;;i'”
‘".fPD, it may be used as the potential energy in the wave equation which |
?describes the motion of the nuclei, the nuclear Schrodinger equation,

equation, which is given by equationv23.
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famt? o2 e
. Z'ﬁ; J + Ee(A’B: ':M) lPN - T_WN - ’ (23)
i | - '

For gxamplé; the lowest‘eigenvalue Ee méy bevobtained,by sqlution
of equatiop 5 fo: various internuclear distances of aAdiatomié molecule,
fesultingvin_the familiar potential energy cutve which is ﬁsuallvaell |
deséribed'by the empirical Morse potential. This eiéctronié potential ‘

‘ energy may be substituted into‘equation 23 which maf.then be solved |
for theIStationary state rotation—viﬁratidﬁ levels dfvtﬁevmoleculé.

In the three atom case considered here thé Solqtionbof,quation.ZZ
fof various spacial arrangementS'of,the atoms reéults in avpotengiéi
- energy surface, or more Prediéély, é manifo1d of pﬁtential energy sur--
faces. The coordinate system used herevfor‘the»deééription 6f fhe.po—
ftehtial.energy as=a'function of spécial”arrangemént of:;he.étdms is given
by”Fig. 2. »Forbe held cqnsfént the potential energy 1is a‘functionhof

the ‘two variables R, the H, internuclear distance, and X, the distance

. ) 2 . .
of the Ne nﬁcleus from the‘H2 center of mass,_and'describésua surface.'i | d
There.is‘a surfaée_in Cartesian space for everyvvalué of 6.
In the pfesent case we are not interested>iﬁbthe-stationaty state.

- solution of the huélear/SchrSdingef equation,vexcept.in'assigning’ﬁhe

. initial state and determining the‘final state of the Hz.molécﬁle. In-
stead, we are interested in the tiﬁé evolution of the nuclear motion
. and must in prinéipie solve the time-dependent nucleaf SéhrBdinger

-equation. This amounts to the calculation of quantum'mechanicél traj-

ectories on the potential energy surface. Since such calculations are
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Fig. 2. Coordinate syétem for representing the Ne-H-H
potential energy surface. ' ‘
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at the present time not practical and since the semiclassical theories
of Miller? and Marcus8 are not yet sufficiently deveioped for applica- 3
tion to this problem,' it was necessary tb calculafe.tfajectofies ac-
cording to the‘classiéal équations of motion. Classical tréjectory_ 
calculations have béen successful in calculating the rates'of~bif
molecular exchange reactions.>

It.shbuld be pointed out that the Schradingef wave-equation,v
equation 19, neglects relativistic effects. .Relativisfic qongributions:
to the tétél”enefgy arebsubstantial;'but are ignorea'invthe célculation
- of potengiél'energy surfaces. This is becausé.relativistic cbnsidera—
tions are very complex for even simplé systems, but fortunately thé
sufface'dbtaine& by ignbring relativistic energy can be expected to bé
parallel‘to:the true‘éurfacé. The shapebof the ﬁqtential,energy
Sﬁrfaée iS”détermiﬁéd?primafily'by thehmptiop,o£ the valence electrons, '
whereas eleétrons that make the>éfeatest'gontriﬁution ﬁo the relativistié

energy are electrons in closed innmer shells where the classical veloéitieé

of such eléétrqns are not insignificant cOmparéd to the véiocity of light;

" The exact“solution of equation 5 has been obtained for Qne-electrbn_

atoms and molecules.. For two or more electrons the'Vthree body problem"

7

iS'encountefédvand oniy_apprq#imate sélutions ﬁay be obtaiﬁed. In
__principle these approximafé solutions which are ébtaiﬁed by numgricél
ff;meﬁhods caﬁvbe found féf'aﬁy”requi%ed degree of aécﬁracy, thé'limitatiOns
dfbeingvﬁhé éize and speed of the.computer used. Tﬁé-cbmputafibn.of
. éccuraté-ppteh;iai'enérgy surfaces.and other aspects of_electrdﬁiC'

'structurevis'presently'a-very active and exciting field, and has been

Lo
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10 His bqokvdiséusées in a general

reviewed in.a recent book by Schaefer.
way the approximate methods used for solution of the wave equation.ahd,_
'deécribes thé results of a large-number of recent calculationms. Détails:
of computational methods are discussed iﬁ a book byAMcWeény and

sutcliffe.tt

Approximate Methods - Approximate soldtidns,of'the SchrSdinger
equation are in almost all cases based on the "variational principle".

' Feor anyvnqrmalized approximate wavefunction the energy is just the ex-

o pectation value of the Hamiltonian operater

) * . . ...
S ET fwe Ho Ve ot . (20 -

The variational principle asserts that the energy.ﬁicalcﬁlated fr;m'
f} equagion'24 is a figorous uppéf boqnd_to the truefeﬁergy._.That is, thé
: gnefgy caicﬁiated ffom any approximate wave function wvwill always lie
‘f‘abové the exact energy. For a given functional form of y the best wave
'}[ functioh_is ﬁhe'oné for which the parameters have been varied to obtain
the ldwest-enefgy.

An important‘applicatioﬁ of the vafiational’méthpd is the self-
.712,13

 :'consiStent—fié1d (SCF) method due to Hartree and_Fo;k., The
, ? Hartree-Fock (HF) wave functidn has the form

bf-for‘c105éd shell atoms and molecules where A(n) is the anti~symmetrizer
f for n electrons,_and there is ‘a spinorbital ¢ fbr.eaéh of the electfoﬁs.f
‘;'A spinorbital iS'a function of the coordinates of-bne electron only and

is the product. of a:spacial ofbital X and a one elecﬁron spiﬁ function
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o (for m = + 1/2) or B (fér m = - 1/2).

'¢i:= xiai " or ¢i:= XiB o R ' .(26)

The Haftree—Fock wavefunction may also be written as a Slater determi-
nant . _

v, = 9, (106, (2) ++ -, (n) S an

1.
e JaT

1 0,0 (@) -6 (m)

) thch méété'tbe_requirement of béing antisyﬁmetric'Qith:reéﬁéct t67
 exchahge of any two electrons. | o
A rather complicated set of iﬁtegrodifferential eqﬁations may be . |
‘V‘aerived-by édﬁéideriug the variationvof ﬁhé Slatéf,deﬁéfminéntjso_asbﬁo_
.‘minimiéé>thé energy given Ey.equa#ioﬁ 24, :Tﬁése-quaﬁibps>mayAbe |
sblvéd'exacti§ fér:dné electron‘systéms and to évhigh degree-of acCuracy'
for atoms by:ﬁumerical'integfation, _The'reéulting}énergy is called the
Hartree—Fogk energy. .For;moleCules tﬁe’orbiﬁais.¢i are ggualiy expandéd‘
=1 in terms_pf a set of anélytié basis functions. Sinée‘the basis set of
.i'funéfiéns'can‘hevér be a méthematically'cdmfiete éet,vthé-sdlutigﬁ to
.the Haftree—Fock eﬁuationé cahﬂonly bé approxiﬁaté;f;fhé best’&ave.
- functionsdbtained ﬁsing.a finite.basié set is called tﬁe>self—
kconsiétent4field’(SCF) wave function.
For Simplifiéatioﬁuof thg SCF galcu%ation, fheSe caltulétions.are‘
;normally>carried‘oht_witﬁin the éontéxt-of éerpain.symmétry and equi—.

valehce'restrictions. For Ne-H-H in the linearvgedﬁétry'the-SCF
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wavefunction may be written

\pe A(lZ)loa 108 200 208 3o0a 308 1m .o im_ B 11r a 11T B 4oo AoB

-1
(28)

where the notation X1g (1) has been simplified to loa, etc. An example
.of a symmetry requirement is that each ‘orbital must transform according
to one of the irreducible representations of the molecule s point group,
'yThus yaristion,of_o and 7 functions is restricted to variation which

does not'change the symmetry'of‘the functions. A o function must‘renain :
ao function and cannotvhave,any L character mixed.in. An exampie of sn:
-_equivslence restriction is that the special function 1o sSSOCiated with

a spin'must Be‘identical toitne 10 function associated with B spin. ‘The
vsolution of the Hartree Fock equations including symmetry and equivalence
restrictions yields the restricted Hartree—Fock (RHF) wave function with
_energy somewh_at above the HF energy. |

. If-the spinorbitals are .orthogonal, that is

(l)dv(l) =6 | : (29) .'

£ 6,04 iy

3

where dv(l) indicates 1ntegrat10n over the space and spin coordinates

of electron 1, then the energy expression can be written
=3 raly +y Slailip-ailin GO
i o i : : o
Here,-I(in) aré'the’one—electron integrals.given by ‘

SR v Z, e _ _
I(1]3) =/¢ D -—=- ) — |[¢,Ddv() . - (31)
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of which I(ili) is'a special case. Two-electron integrals or electron

repulsion integrals are given by

(1jlkz) ff¢ (1)¢ (2) ¢k(1)¢2(2>dv<1)dv(2) (32

Integrals of the type (ij|ij) are called "coulomb integfals" and
those . of the type (ijlji) are known as ''exchange integrals". In
- evaluation of the integrals use is made of the foliowing prooerties of

spin functions.

f
-

[ wamasm - [eFwswasw
o T (33)

]
o

fa.*(l)_s(l)ds(-l) =ﬁs*(1)q(1)ds (_1)

The Hartree-Fock approkimation‘to the solution of»the_Schfodingerv
wave equation is for many purposes very nsefn};h Fof examp1e, molecula:
_ geometries, some one—electron oroperties,’and ionization.potentialsk
calcolated from RHF wane fnnctions are often in'good:agreement with-

experiment.10 However,_the HF and RHF approximations solve for the -

- motion of each electron in the presence of the average potentlal created

'lby the remaining electrons. These methods neglect the 1nstantaneous
:(rather than averaged).repulsions between pairs of_electrons.‘ The
“motion of the electrons are actuaily correlated invthat two electrons :
" are unlikely to move very close'to eachvothet.. The energyAdue to_the
instantaneous repnlsions 15 called the "correlation energy"'and.is'
usually defined as the,differenceibetween the RHF enetgy-and.the exact

-nonrelativistic energy. The correlation energy is usually avsma}lbv

percentage of the total energy of an atom or system of atoms. For the

[
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Ne atom.the.correlation energy is 0.38 hertrees;'nnich is only 0.3%
of the total energy, -129.06 hartree. Although.a small percentage of
the total energy, 0.38 hartrees is more than twicelthe energy required
to breakvthe H2 bond. Thus, correlation energy is .a very important
consideration if we are to understand chemical behavior from electronic
stnncture»calculations. |
The most useful‘approach to the problem'of correlation_energy‘

has been that of configuration interaction (c1). Inzthe:Hartree—Fockk.
method'eachvelectron of the atom or molecule is assigned.to a single

: spinoroital. There ere, of course, an infinite ndnber of other orbitalsd‘..”
"i which'could»oe used to construct other-configuratione: A CI wave-
’i function is:e‘linearbcombination of such configuretionsgwith coefficientsf B
:“ variationelly determined. That is,

C; wnere the d's ere an orthonormal set of n electron'configuratione. The. o
s coefficients c; are varied so as to minimize the energy given by equa—'
.:; tion'24. YUEe of the;variation principle leads to the eigenvalue

-g problem L r | Cole
®-EDC=0 D NESY
'f.where B is a matrix with elements | | ,b ; - “ ;‘
o= for ¢j T S
tiandvg isthedmatrix-containing the coefficients cy. lheﬂeigenValue

'problem may be solyed by iterative methods yielding M eigennaluesbor
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energies where M is the number of configurations used.'.MacDonald'é '
theorem14 states that the loﬁest eigenvalue:is an upper.b&und to the
trué energy of the ground state, and more generally, the kth'loweSt

eigénvaluexig a rigorous upper bound to the kth'loﬁest exact eﬁefgy.

For each'energy Ei there is a vector C, which definesithé cqfresponding

i
wave function. In principle the CI method.is exact sinée the exact solu-;
tion'to.the Schradinger équatién is‘appfoaéhed as theiﬁésié set of
one-electron funCtions.approachesvcompleteneésvand ailipossible‘con—
figurations are included. | “

In éafrying out a CI caiculétioﬁzit is desiréblé thétvbéth ﬁhe
drb;tals ¢ -and the CI coefficients c be Vériéd éimultanebﬁSIy; When
more than a few configurations are used,'hOWEVer;'tHis is seldom_doﬁe
because of‘difficulties'in solving the'cdmpiex_equations.' Caléuiétions'v
'ih whi;ﬁ'bbﬁﬂhfhé‘orbitéls énd CIvcoefficiehtS';fe éim&lt;neéﬁélyi, |
Tvariéd to obtain the lowest enefgy are referred to as multiébﬁfiguraﬁion
self—codéistent_field (MCSCF) calculations. The first MCSCF‘calculétions
were pgfformed by Hartree; Hartrée_and Swirlesls"on_the ékygen at6m; |

Iﬁ-phé‘present case a 2-c§nfiguration MCSCFJcaléulatibn has been
carried outsfor.the‘Ne;H—ﬁ system fof both tﬁe coiiinéar énd per-
pendiqulér bisector'arranéement of atéﬁs. In additioﬁ, a lii¥configura§
fion_CI calculation has‘been caffied.out for tﬁé;COliinear geqmgtry@
f fhesg calculations are_deécribed in more detail in the‘fbllowing"-:

section. .



fa

~21-

B. Details of Calculations
Basis Set. The basis set used for these calculations consists of
Guassian functions. The radial part of these functioné differ from
Slater functions; the former vary as e—OLr , whereas the iatter vary as

e °F. Slater functions are superior in that fewer functions are

required-for'a given degree of accuracy, only one‘functiqn béing required

. : . 16 . . C
for the exact solution of one-electron atoms. For nonlinear molecules,

however, ﬁhe.neéessary integrals are difficult to calculate, requiring -

considerable computer time. Here Gaussian functions are advantageous,:;:

-

since the integrals may be calculated from closed analytic expressions. °

-~ The requirement of having two to three times as many Gaussian functions

as Slater functions in the basis set increases the time required to reach .

a solutioﬁ'to,the SCF equations, however, via the Roothaan procedure.

The Roothaan procedure requires an amount of computer time_proportionéi -

B to the fourth power of the number of basié functioné.lo In order to
" take advantage of the simplification afforded by Gaussians in the

 1 calculation of multi-centered integrals and at the;same‘time‘minimize.

the numbef-of'requiréd basis fuﬁctions, theoreticiaﬁé:have»begun.to make
use of concraéted ééuséian functiqné. A contracted‘Gauésién is‘a liﬁéar

combinatioﬁ of:fUnctioné wigh fixed coeffidients. ThesévéoeffiCieﬁtsvareQ.
usually optiﬁized for the atom on which the contracted functioh is

éentered and‘remain'fixéd in the molecularvcalculatiOn. In_this‘way

- the required number of basis functions can‘usuaily beAreduced by about - j2~°

* a factor of two without too large a sacrifice in accuracy, resulting in-

a savings of a factor of about 16 in computafion time..
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In’the.presént césé, the (955p) Gaussian bésis for neon of

Van Duijnéveldtlskéontfacted t&'(553p) was used. *The exponentsva:aﬁd
fﬂgﬁcontractiOn coefficients for this (9sSp/553ﬁ) Basis set afe given -

in Table;I; ‘The procédure followed to establish akhydrogen basis se£
: isvsomewhat more cbmplicatedf dﬁe to the requirehéqt:ﬁh§t:the H2 molecule
vhaye-;he ¢6rfect'dissociation energy. The hYdrogénfbasis set was
Vdetermined‘by Dean Liskbw‘who took the 5slp basis set-éfjﬂuiinaga,
| contracted to_BSlp‘and‘theﬁ optimized.the_s and p Gauésian exponeﬁt
scale factdrs.by'findiné the lowest CI energy. vThis'yiélded a diésociatibni
energy of 0;168452>Hattree at aﬁ intefatbmié disi%ﬂce'of 1.40 Bohr.. To>‘
pafallelvthe éxperimental dissotiatidn ene:gy_the.écalé factors wefe ,
édjusfed,té fit'De.b Forbén s scéie facfof of 1.20 ahd pbscalé‘faétor
| ..of 0;85 the.diSsopiation epergy'ﬁas found to be 0a168399 Haft;ee or
.105.7.kcél/mole.' Thér;esultihg h&droéén_basié'setris'given-in'Tabie II.
‘Since ‘the Gauésién exponents wefe optimized.to gi§eitﬁeAcorrect dis-
sdéiétion énétgy for é full 2-electron CI calduiatibn,vthé‘MCSCF calév
: éulatioﬁs cannot be'eipected-to,result in the*corfect.dissociation.
enefgy. Aé»wili be seen latef, this.is not a serioﬁs'pfpblem sinéé we
’ afe only interesﬁéd in thé Né—H2 potential energy of intéractioﬁ. A
.tota1 of 26 bégis functions were used; 14 functioqs centered én_néon,.

and 6 functions cenﬁered on each of the hydrogen atoms.

Configurations. In fhe general case, a full.Z;électroﬁ CI:éalcuiatioﬁ
requires ghe cdnéidefatibn of 231.configurationé for'the present |
problem wﬁiéh‘includeé 26 orbitalg. The ﬁumbér 231'is the number of
ways oﬁ-disiribptipg t&b elgétrqns among'the.Zl orbitalsvreﬁaining after

filling fhe,core,rand is calculated from the formulé”
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. TABLE I. NEON (9s5p/5s3p) BASIS SET

Gaussian Contra¢tion

Basis,Function Exponent Coefficient - . Symmetry
1 | 16501.214801 ~  .000815 1S
1 2477.76179 006260 1s
T "566.109589 ©.031596 18

1 161.628536 a16378 0 1s
1 N 53.29324 ©.301929. s
iz’:; -  1o.ss236 1
3 | o 7.60176 | s
4 1.632772 L - 1s-
5 i -  .481315 - o 1s
6 . 55.030482 '_.0169§5" ‘ o,
6  12.501192 106925 e
6 3.69786  .320808 L zé#'
7 L.147741 | - 2B
s -331057 o 2P
9 R 55.030482 .016995 - - 22
9 12501192 .106925 . 2®
o o 3.69786 .320808f': - _2P§
10 - 1.147741 R 2
o o .331057 - .2Py
12 © 55.030482  .016995 . 2p

Z
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TABLE I. (Continued)

Gaussian = Contraction

. Basis Fuﬁction Exponent Coefficient Symmetry
12 o | 12.501192  .106925 2 j .
2 . 3.69786 . .320808 2P
13 | 147761 232

4% - .331057 | B



Basis Function
1

1
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"TABLE II. ' HYDROGEN BASIS SET .

Gaussian Contraction

Exponent Coefficient
48.44160 .025374
7.28352 {189684

“1.65168V v;8529$3“ ‘

46238

.14587

.7225

7225

.7225

S&mmétry 7
1s"
1s
18
1s
18
2p

X

2P
y

2P
z
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. N . o
Z 1= NN+ 1)/2 B . (37)
i=1 | . | '
:where N - 2]. .Thebnumber of configurations that must be included,>and
thus the size of the matrix'tovﬁe'diagonalized; ﬁa& be fedUced through
symmetry‘considerations.  For a. collinear arrangement of atoms, the

system of atoms belongé to thne C°°v point group, aﬁd for a perpendicular

20
2v'

y case 13 orbitals transform as Al'symmetry;-l'as A2'

arrangement the point gfoup is C

_In‘the C2

symmetry, &4 as B1 symmetry, and 8 orbitals'transfp:m as Bé symmetry; and-
the core may be written lAi ZAi 3Ai»1Bi 1B2. Since we need only
consider configurationé in which the remaining tWo'electronS.occupy

‘orbitals of the same symmetry we have the following

4A1A+u13Al' '55_configura;ibns:‘
'lAé - 1 éonfiguratiqn

ZBl > 4B1A ‘v 6 configurations 

2B, * 8B, 28 configurations:“

for.a total of 90 configurations. For the 2-configuration MCSCF
calculation the two configuratidns used arev

2.2 002 22,2
1A] 2A7 3A] 1B 1B, 4A] - , o - (38)

2.2 .2 2 2 2
| 1A] 2A7 3A] 1B] 1B 2B

For the collinear case there are 16 orbitals of 0 symmetry, 5 of

2

ﬂg symmetry, and 5 of'Tr.y symmetry.. The core may be written 102 20 302

lﬂi lwi. Accordingly, the'cqnfigurationé are



L
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4o ~ 160 91 configuratidns
2“; -+ Sﬂx 10 configuratibné
2w 5m 10 configurations

y y
for a total of 111 configurations. For the 2-configuration MCSCF

calculation the two configurations considered in the collinear case are -

N

102 202 302 in” 1w .402

102 202 302 1m 1w 502

N KN
<N«

Computer Programs. The MCSCF calculations were carried out using

"~ the computer program package POLYATOM. The integrals used for these

calculatiohs were saved as - either disk file5rorvas magnetic tape fi1es

- for the CI calculations. Orbitals from the MCSCF calculations were
L used>with progtam CIMOL for the CI calculations. Bbth_cdmpU;er ppogréms, .
F-POLYATOM'and'CIMOL, were obtained from Henry F. Schaefer. 'CaICulatiOQS],;

E were carried out using the’Law:ence Berkeley Laboratofy.CDC 7600 computér.

'C.V Results of Célculations

The results of the NefH4H potential energy surface calculations

,f_‘are summarized in Tablé III. The.cbordinate systém for repfesentiﬁg poipfs‘f '
on the surface wasvﬁreviously presentéd as Fig. ZQJ_fhe fwo values‘of 6 L
" at which ﬁoints were calculated ére 0° and §0° for the.collinear aﬁd
" perpeﬁdicular bisector geometries;-respecti@ely. No_Ci caléulations
were made fpr 6 = 90° due td‘&ifficulties enCountgréd in‘interfacing7th¢_;
€ -integra1s,'caléulafedkdsing_the POLYATOM program, foithe program CIMOL. .

' Energies in Table III are given in Ha:trees}»and distances are in

Bohrs. and VC are the total energies 6btained by the two

VMCSCF I

respective methods.



-TABLE .III. .RESULTS OF POTENTiAL ENERGY SURFACE CALCULATIONS, ATOMIC UNITS
| S — . T
© R x VMcscF Ymescr Vet cI Ver Vmescr
0 0.8 2.5  -129.36975  .14734  -129.39333 .14592 -.00142 0.97
0 0.8 3.0 '34129.46265 .05586 -129.48623 . .05302 - -.00284. 5.36
o 0.8 3.5 -129.49721  .01988  -129.52072 01853 -.00135 7.29
0 0.8 4.0 -129.509?1 1.00738 " -129.53313 00612 -.00126 - 120.58
0 0.8 .‘6;0 _129.51722 - -.00013  -129.53938 00013 .00000 0.00
0 1.1 2.5  -129.47985  .17074 -129.50334 .16713 -.00361 2,16
0 1.1 3.0 _129}58100 .06959 ~ -129.60610 .06437 f{ooszz o 3;11
0 L1 3.5 "-129;62584 02375 ~129.64672 02375 .00000 © -~ 0.00
0 LI 4.0 -129.64228 00831 -129.66212 £.00835 | {Qooo4 " 0.48 _E?
0 1.1 6.0  -129.65068 -.00009  ~-129.67056  ~.00009 00000 0.00
0 1.4 2.5 -129;48243 19580 12950552 .19015 -.00585 3.08
0 1.4 3.0 ~129.59194  ;.08629/ | -129.61831 .07736 _—.00893 | 11,54
0 1.4 35 £129.64782 03039 -;129;66544:' 03021 -.00018 0.60
0 1.4 4.0 -129.66695  .01126  -129.68441 oi1zk -.00002 0.18
0 1.4 6.0  =129.67825 ;fqoooa £129.69569 . =.00004 .00000 0.00




TABLE ITI. . (Continued)

1

1 1

-129.57711

mesce - Vmescr . Ver Ve VerVmescr *
1.7 2.5 -129.44416 .22483  =129.46612 .21773 -.00710 3.26
1.7 3.0 -129.56456  .10443  -120.59164 .09221 -.01222 13.25
1.7 3.5 -129.61558 05341  -129.64554 03831 -.01510 39.41
1.7 4.0 -129.63765  .03134 . -129.66876 .01509 ~.01625 107.69
1.7 6.0  -129.66893  .00006  -129.68379 .00006 .00000 © 0.00
2.0 2.5  -129.38223  .26492 -129.40305 25629 -.00863 3.36
2.0 3.0  -129.52276  .12439 ' -129.54993 .10941 ~.01498. 13.69
2.0 3.5  -129.57907  .06808  -129.61132 04802 ~.02006 . 41.77
2.0 4.0  -129.60482  .04233  -129.63940 .0199 ~.02239 112.28
2.0 6.0  -129.64696  .00019  -129.65915  .00019 .00000 0.00
3.0 3.0 -120.34044  .23346  -129.36475 .21363 -.01983 9.28
3.0 3.5 12044020 .13370  -129.47745 ©  .10093 -.03277 32,46
T30 4.0 -129.47829  .09561 ‘f129;52§18' 04920 04641 94.32
3.0 4.5 -120.55172  .02218  -129.55648  .02190 - 00028 1.27
3.0 5.0 -129.56471  .00919  -129.56928 00910 - 00009 0.98
3.0 6.0 -129.57262  .00128 .00127 -.00001 0.78

-62-



TABLE IIT. (Continued)

)

R * Vyescr Ymescr. . Var Vo1 I’ _MCSCF b
4.0 3.5 -129.28293 - .25573 -129.31402 .22553 -.03020 13.39
4.0 4.0 -129.36637 .1722§f_'_7129,42273 -11532» -.05547 4748
4.0 4.5 ~129.48125 '..0574i* - -129.48258 05697 ~.00044 0.77
4.0 5.0 -129.51286 02580, -129.51388 .02567 ~.00013 0.50
4.0 5.5  -120.52775  .01091 -129.52868 01087 -.00004 0.36
4.0 6.0 e129.53429 00437 - -129.53520 .00435 -.00002 0.45

5.0 4.0 -129.23230  .29621 ;129.27227 .25638 -.03983 15.53
5.0 4.5 12939726 .13125  -129.39797 113068 -.00057 0.43
5.0 5.0 -129.46602  .06249  ~129.46626 o .66239 -.06010 0.16
5.0 5.5 -129.50067 02784 -129.50084  .02781 ~.00003 0.10
5.0 6.0  -129.51671 .01180 “41é9.51686 01179 00001 0.08

. v
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TABLE III. (Continued) . =

1

-129.66377

9 R VMcscE VMCSCR
90 0.8 3.0 - =-129.47120  .04589 .
90 0.8 3.5  -129.50606  .01103

90 0.8 4.0  -129.51363  .00346
90 1;1 3.0 -129.60615 0bbh
90 1.1 3.5 | -129.63863 .01196
90 1.1 4.0  -129.64660  .00399
90 1.4 2.5  -129.37819  .30001
90 1.4 3.0 -129.64076  .03744
90 1.4 3.5 -129.66570  .01250
90 1.4 4.0 . =129.67366  .00454
90 1.7 2.5 _129.52825  .14074
90 1.7 3.0 -129.63324.'f'.03575
90 1.7 3.5 ;129;65558#  01341
90 1.7 4.0 00522

-1g-



TABLE, 111. (continued)
1 . v‘ .
e ®r X Ymcscr “Mcscr
90 2.0 2.5  -129.5395  .10770
90 2.0 3.0 -129.61177 03538
9 2.0 - 3.5  -120.63276  .01439
90 2.0 4.0 -129.64127  .00588
90 3.0 2.5 5125.50580 .06810-
90 3.0 3.5  -129.55928  .01462°
90 3.0 4.0 7i29.56744 00646

-7¢ -
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For each velue of the hydrogen internuclear sepafation R, a
calculation‘wasfmade with the Ne atom held at an eseeﬁtially infinite
distance, X'=v100. This facilitated.the separation of the Ne—H-H potential
energy into two parts, the H2 poteetial energy -and the NefHZ petentialv
energy of interaction. The szpotential energy is well known, both

from theoretical calculations and spectroscopic studies. Of interest

interaction energy V', defined by

here is the Ne—H2
. V.'(X’R’e) = V(X,R’ev)‘ - V(°°9R98) : ] (40)
y ut ' ; . v
-The values of VMCSCF and VCI are provided in Table III. Also provided

Tygvy oyt .
. are the differences, VCI VMCSCF’ and percent differences.

D. Fit of the Ne-H, Potential Energy of Interaction

to an Analytic Form

Figure 3 presents plots of QnVéI(X,R,O°) against R for the variqus“
=HValues_of X. Theblinearity in these plots indicates that for the
collinear geometry the potential energyvof interaction V'(X,R,0°) may
: be'represented‘by a function of the form

V' (X,R,0°) = A"(X) exp[a(X) R] Yy
.wﬁere'a(X) is the slope of the line and A'(X) is the intercept. ;The
;siopes and intércepts were determined from leasf squarés fits to the
eealculated points for X = 2.5, 3.0, 3.5 and 4.0. A fit of a(x) to a
“second 6rder>polynomial ih X of the form

a(X) = a + bX + cX ‘ L (42)
yielded the results a = -0.74079, b = 0.60491 and.cv- 4O.04930; The

fit of this-fune;ion to the four values of a(X) is shown in Fig. 4.
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Fig. 3. Pldts of V' (X, R) vs. R for fixed values of X and 6=0°.
v " The linearity of these plots suggests one way of fitting
the - coll1near surface , :

. ‘4\
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Fig. 4. Comparison of a(X) of equation 42 with the slopes of
_the lines of Fig. 3 for X = 2.5, 3.0, 3.5, and 4.0.
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For the intercepts, a plot of 2nA(X) agaiﬁst X (Fig._S);gave a linear
plot withv510pe =2.2909 and intercept 3.4267. The‘iinearity‘of this
plot is to bg expectéd since in the limit as R goes to zero t'he.H2
molecule becomés a He atom, and the interaction between the He and Ne
atoms wquld be expected to be purély repulsive, varying as e—BX.

Combining these results, we have for the Ne--H2 potential energy of

interaction for the collinear geometry

V'(X,R,0°) = exp[A + BX + CR + DXR + EX’R] 7 (43)
where »
A %;3.4267, B = -2.290§, C= —0.74079,.D = 0.60491, E = —0;04930
| -(44)
C_THe vériénce of the fit can beblowered somgwhat by considefing.the
_ simultaneou; Qariatign of all fiye parameteré._ A_genefgl least_squgres,'
 'fitting prégraﬁ, LéQMIN, ébtained from the-Léwrence Berkeley Laboratory |
':Computing Centér was used to find a new sét‘of paraﬁeters,vresultihg ‘
" in a reduction of the variance by about a factor of three. Tﬁe "initial
guess" for this calculétiop was the set of_pgrameters 44. The new B
paraﬁeters éhus obtained are - |
A= 3.0450; B = —2.1583,_C\= -0.46568, D = 0}47356, E = -0.03633
| 45)

The poésibility of'obtaining an even better fit by includiﬁg the
‘term.FXR2 inside the exponential function of 43 was also investigated.
- The parameters obtained for this six parameter fit are giﬁén by

Equatioﬁ (46).



-37-

In A(X)

| ) e | S
25 - 30 35 .40
X, Bohr |

XBL 7410- 7508-

Fig. 5. Piot:of the loge of the intercept, A', of Fig. 3 is
seen to be linear with X. ’
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A = 3.4424, B = -2.3223, C = -0.73964, D = 0.62100, © (46)

E = -0.04568, F = -0.005782

This fesuitediin the best fit to the calculated points on the éollinéar

potential”epergy surface. |
An optimized set of parameters was also obtained for the so called

"@umbbell potential'. This is the empiridal form that has so’ofﬁen

been used in vibrational eﬁergy transfer theory,21 and has been Qsed_in

Keck's phase ;pace theory of dissqciation_and atom‘»reébmbinati_on.22

For this model of the interaction potential omne assﬁmes that there is

a repulsive term of the‘form'ﬂAe—Br betwéen the inert gas atom and each

of tﬁe two atoms of the diatoﬁic molecule. Here rt is siﬁply the

distance between the inert gas atom Ne and the atom of interest. For

a homonqcleaf diatomic moiécule,,B is the same for each'atom.so.th§t>

the toﬁal interaction'potential may be written |

-Br -Br ‘ : ,
V' =Ae “+ae B S (47)

‘'where the A and B subscripts on r refer to the two different hydrogen - -

S 1 -
A and rB by X - 5 R and‘

atoms. For the collinear case we may replace r 2

o , . : _ . _ o
X +-§ R, respectively. We then have for the interaction potential

- the expression

Ut = ae B[ /2 BR . -1/2 BR

] (48) -
The least squares parameters obtained for a fit to this form of the
" interaction potential are

‘A = 2.2828, B = 1.500 . - (49)
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This form.of the interaction potential is desirable Since only twé.

- fitting paraﬁeters are required, and because-Eﬁuatioﬁ (47) applies to
all possiblé'arrangementq of the atoms rathef than only the éollinear‘

| arrangemenp.l.'Iﬁejvariénce for the fit was ébout an order of mégnitude
larger"than that of those_fits previéusly'described, however. ‘

Tﬁé dumbbeil potentiéi was also found to be iﬁadequéte for the
_He—HZ ihteractioﬁ potential by Gordén and Secrest;23 Dimpfl‘z4 has |
‘suggesfed‘that”this form for the interaction potential might be
‘_ iﬁ§£o§§a up;ﬁ by includiﬂg én atﬁracfive tern cenﬁeréd atvthe diatémicv
@6lecuie cehter‘of mass. For the collinear case’the'iﬁproﬁedh&umbbell

. interaction potential suggested by Dimpfl has the form

-_'-v_'_ = _Ae'BX[Ae’-BR_/2 +,eBR/2] + Be X ST (5_\0)

The least Sqﬁares paraﬁeters obtained for this'fouf-ﬁarameter fit are. -
'A‘.f= 1.5972, B = 1.183, B = -0.11137, vy = 0.3235 (51) -
Inéréésing the number of parémetérs from fwd to four did”not'a
\’sﬁbstanti;lly im;rove fhe dumbbellvfofﬁ'of the interactioﬁ potential,
,however. In TaB1é.iV a éomparison is made between thé éctual péintslx.
on the éoliineér surface and those calculated from_éééh of the‘analytic:
fits described; The variance for each fit is also given in féble .
" For three—dimehSionai trajectory‘calculations it is neceésary'to
' have an anal&tic férﬁ of fhe potential eﬁeréy for all’possible
 arrang;meﬁts of the atoms. Thus in the present case it\is'necéssary
- to be able to représent the potential energy for thé'collinéaf geometry,
the pefpendiéular bisector geometry, and all angles iﬁ Bétween._ SinCé

no calculations were made at angles other than 0° and 90° it was necessary
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Table IV. uAnélytic Fits to the Collinear Surface*

X R VAL |Pit 44 | Fit 45 |Fit 46 |Fit 49 |Fit 51
2.5 | 0.8 |145.92 l145.17 | 141.85 [142.17 |127.35 |135.19 |
3.0 0.8 | 53.02 | 52.77 | 53.79 | 51.52 | 60.16 | 60.08
3.5 0.8 | 18.53 | 18.81 | 20.10 | 18.33 | 28.42 | 20.71
4.0 0.8 6.12 6.57 | 7.40 6.40 .| 13.43 | 0.79
2.5 11 |167.13 |166.82 | 164.37 | 165.17 |146.11 152.64
3.0 | 1.4 64.37 | 63.75 | 64.94 | 63.16 | 69.02 | 69.74
3.5 1.1 27,75 | 23.11 25.15 | . 23.55 | 32.61 | 26.05
4.0 1.1 '8.35 8.58 9.55 | 8.57 | 15.40 | 3.75
2.5 | 1.4 |[190.15 |191.70 | 190.46 19;.46‘ 172.28 | 176.48
3.0 1.4 77.36 | 77.02| 78.40 | 77.20 | 81.39 | 82.93
3.5 _1}4' 30.23 | 29.90 | 31.47 | 30.16 | 30.21 | 33.36
4.0 1.4 | 11.24 | 11.21| 12,31 | 11.41 | 18.16 | 7.79
2.5 1.7 | 217.73 220,28 | 220.69 | 221.22 | 207.21 | 207.46
3.0 1.7 92.21 | 93.05| 94.66 | 94.06 197.89 | 100.08 | ﬁ
3.5 1.7 | 38.31 | 37.69| -39.37 | 38.47 | 46.25 42.85
4,0 "1,7 15.00 | 14.64| 15.87 | 15.14 | 21.85 13.04
2.5' 2.0 25%,29 | 253.14 | 255.73 255.01 | 252.68 v'246;56 |
3.0 2.0 | 109.41 | 112.42 | 114.28 | 114.25 -119.37' 121.71
3.5 2.0 | 48.02 | 47.52| 49.25 | 48.90 | 56.39 | 54.82
4.0 2.0 | 19.94 | 19.12| 20.47 | 20.00 | 26.64 19.67
3.0 3.0 | 213.63 | 211.13 | 214.14 | 213.55 | 243.36 | 236.35
3.5 3.0 | 100.93 | 102.90 | 103.91 | 105.94 114.97 | 118.26

»



Table IV. (cont'd.)
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X R VeI  |Fit 44 | Fit 45 |Fit 46 |Fit 49 | Fit 51
4.0 3.0 49.20 | 46.57 | 47.75 | 49.07 | 54.31 | 54.78
4.5 |, 3.0 21.90 | 19.58 | 20.78 | 21.23 | 25.66 | 21.25 :
5.0 3.0 9.10 | 7.64 | 8.56 | 8.57 | 12.12 | 4.04
3.5 4.0 | 225.53 [222.78 | 219.25 |220.41 |241.29 |237.25

4.0 4.0 | 116.82 |113.42 [111.41 |115.00 |113.99 |120.64
4.5 | 4.0 56.97 | 52.32 | 52.64 | 54.76 | 53.85 | 57.69
5.0 4.0 25.67 | 21.87 | 23.13 | 23.80 | 25.44 | 24,21

5.5 | 4.0 10.87 | 8.28 | 9.45 | 9.44 | 12.02 | 6.83
4.0 | 5.0 | 256.38 |276.19 | 259.92 |257.31 |240.82 |240.96
4.5 5.0 | 130.68 |139.81 | 133.35 |134.12 [113.77 | 12428
5.0 5.0 62.39 | 62.57 | 62.48 | 62.36 | 53.75 | 61.06
5.5 5.0 | 27.81| 24.75 | 26.73 | 25.87 | 25.39 | 27.23
6.0 | s | 11.79| s.66 | 10.46 | 9.57 | 12.00 | 9.48

Variance b 14x1072. 105107 . 512107 4. 083167 64x103

v\:: *Energies are in millihartrees, disténces in Bohr. -
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to rely on the previous work of quel_'ts,25 Krauss and Mieszé and Gorqon

and Secrest23 for the He-H2 potential energy.to'érrive at a reaSéhab1e 

way of represénting the angular part of the potentiél enérgy ;urface.
bAccordiqgly,‘the interaction potential was assumed to be separable

~ into twoiﬁérts;

VLR = VIR RO (D)

"‘f one part depending only on the variables X and R and one part depehding.>f’.

.{, 1 oniy on the variables R and 6. The latter part, Vé(R,e), was represen;ed :

'”, by the following function.

VL(R,8) = 1+ YP,(cos®) + 8P, (cos®) R (53)

f Here, P2 is a Legendre polynomial so that

[

| 3y 21 o o
P,(cos) = 3 cos”6 - 5 o ’ (54)

The coefficients Y and § were determined by considering the ratio of

" the potential energy of interaction for thé'perpendicﬁlar'bisector'gedmétryfffl,

1 V' (X,R,90°) to that for the collinear geometry V'(X,R,0°), which is

'ff given by

V'(X,R,90°) _ 1 -1/2y-1/2 6R C L ssy.
v'(X,R,0°) 1+v+46R . . : L

" The following values for yand § fit this ratio exactly for X = 4.0 and

E %Ethe two extreme values of R = 0.8 and R = 3.0.

Y= 0.05623 and 6 = 0.4399 . . . (56) -
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It was neceésary, unfortunately, to use the MCSCF_results for
V'(X,R,905),v In the limit of no corrélation enefgy ofbinte:action

- (X large; R small for 6 = 0°, vaarge for 6 = §O°) the MCSCF énd
CIvresults for the intéraction energy must be identicgl. It can be
seen in Table IIf that this is certainly the case for the collinear
geometfy; the Values qf VéI and VﬁCSCF being nearly the'same excep§
when the Ne atom is'véry ﬁear one of the hydrbgen‘atoﬁs 04 éméll; R large);'
; For this rea§6n tbe‘coéfficients Y and 8 were defermined at thérlarge$t  |
value of.x for which there was still a sufficient'interactién, so tﬁat
VéI(X,R,O°) and V'> (X,R,90°) contained a minimum amount of correlation

MCSCF

- energy. The ratio of interaction energies, Equation (55), does not vary

i

with changes in X. Table V compares all such ratios with those cal-
culated from this equation. The ratios 1isted_in‘Tab1e'V are not all
constant over changés in X. waever, the variation that is present is

consistent wifh the fact that VﬁCSCF does not include as much of the

:_cortelation\energy at small values of X as does Véi7\

For the calculation,of 3-D trajectofies, describéa in the next

.sectioﬂ, the form of the interaction potential used was

| 1 + yP,(cosd) + OP,(cos0) R |

- VOLRO) T+y+ R VI(GR,0%) BT

- where V'(X;R,Oé) is given by Equation (43). For the pdﬁential énergy‘
~ . of the hydrogen molecule a Morse poténtial was used. The total potehtialv

energy is theh given by

V(X,R,0) = D_[1 - exp(-1.02741)1% + V' (X,R,0) - (58)
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. . 1 on
Table V. Values of V_(X,R,907)
L V' (X,R,Oo)

x = o R e 1.7 | 2.0 3.0
3.0 | 0.866 | 0.690 |.0.484 0.388 | 0.323 |
3.5 0.595 | 0.504 | 0.414 0.350 | 0.300 | 0.145
4.0 | 0.565 | 0.478 | 0.404 0.346 | 0.295 0.131
Fit to o , , : | -
Eq. 55 | 0.565 | 0.474 | 0.397 0.331 ° 0.275 0.131
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where Defis the dissociation energy, and

where Ry is,the equilibrium internuclear distance, 1.40 Bbhr.'

Perspective drawihgs of this‘potentiél ehergy surface for 6 = 0,45'and-

90° are proVided in Figs. 6a-c.



Fig. 6a.
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Perspective drawing of the total potential energy surface
for 6 = 0°. The value of R ranges from 0.5 Bohr on the

left to 5.4 Bohr on the right. X varies from 8.4 Bohr
nearest the viewer to 2.5 Bohr at the farthest distance
from the viewer. A collinear trajectory may be visualized
as a frictionless marble rolling on this surface. Beginning
in the trough nearest the viewer, the marble rolls up and
down the walls of the trough and toward the repulsive

wall at the end of the trough. If the velocity along the s ;' “

trough is sufficient for the marble to climb above the
dissociation limit and the phase of vibration is favorable,
the marble will roll onto the plane on the far right which
corresponds to dissociation. Otherwise, the marble rolls
back into the trough with greater.or lesser vibrational
energy, the balance of energy going into the velocity of
the marble along the trough.
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Fig. 6a .
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Perépéctive>drawing 6§fthe'£oﬁalgpotenﬁial energy surface for 6_=__445‘.’vf

- Coordinates are the same as those in Fig. 6a.

.. Fig. 6b.
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Perspective d}awihg of the togal potential enérgy surface for 6 = 90°.

".Coordinates are -the same as those in' Fig. 6a.

Fig. 6c.



-50-

III. MONTE CARLO CLASSICAL TRAJECTORY CALCULATIONS
A. Theory o
Having;obtained a potential energy surface fpr;the_system,of

atoms Ne-H-H, we may now consider the calculation of trajectories on

this surfaée to obtain cross sections and rate constants for the dis-
sociation process. Ideally, one would solve the time dependent nuclear.
Scﬁradinger équation, which amounts to the calculation of,quantum-mech-
anical trajectories. For the large number of trajectories required, such
a procedure is impractical, however. Furthermoré, semi~classical theory

3; is not yet sufficiently advanced for application to this problem. Théf

calculation of classical trajectories is relativeiyzsimple, but still

time consuming and therefore expensive.
Classical trajectories have been used to describe bimolecular
o exchange reactions, the best known study being that of Karplus, Pdrter

I

" and Sharma9 for the reaction

2 2

H+H, ~H +H ' (60)45,",

Classical'tfajectories have also been used extenéively'to study vibra-.

~tional energy transfer proCesses.27 One might expect classical trajec-

w  tory calculations to better describe the dissociation process than

either ofvtheSe two processes since in the case of dissociation the finéi'f :

v ivstates lie in a continuum where classical mechanics certainly applies.

In the cases of exchange reactions and vibrational energy transfer

R processes the final states are quantized. On the other hand, the ﬁﬁch_"
- larger activafion energy for ﬁhe dissociétion process limits the

reaction to energies near threshold even at shock tube temperatures,
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and it istinvthis region where classical mechanics and quantum mechanics
differ thexmost, - Classical trajectories result in'reaction cross sec-
tions thatvare too low near threshold. The justification for the use-
of classical.trajectories in'the present case is simply that such calcula~- -
tions are the next logical step in understanding’the dissociation process
from a theoretical point of view. Nowdoubt, in the future the use of
' more accurate semi-classical trajectories will be made possible. |
We begin by considering a system of three atoms with masses mA

m, and ne with Cartesian coordinates (ql, q2, q3), (q4, q5, q6)

and (q7, qg>» q9) and conjugate momenta (Pl, Pg» p3), (P4a Ps» p6) and
(P7, Pg> p9), respectively. The Hamiltonian function H for such a

system has the form
6

3 \ 9 o . _ R
2:: 2,1 :E: 2 . -1.;:2: 2 ol N .
- | i=7 = R _

:>

i=1 1=4 c

- where V(ql, Qp, " q9) is the potential energy. To simplify we

_,1ntroduce the generalized coordinate Q defined by

gy e e
Uz = qj»'-(mB_qj+1_+ B 46/ (mptmg) | (62)
ijé = (l/M)(m ;4 + mqu+3 + quj+6) j=1,2,3

ri where M = m + my + m,. For this set of coordinates (Ql’ QZ,vQB) are
- the Cartesian coordinates of Particle C with respect to Particle B as.
- the origin, (Q4, Q5, Q6) are the Cartesian coordinates of Particle A

with respect to the center_of mass of the BC pair as origin, and
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(Q7, Q8"Q9) are the Cartesian coordinates of the center of mass of the

entire three-particle system. The equations of the inverse transforma-

~ tion are

94

_ [(my+me) /MIQy 5 + Qg

qi¥3';_'ch/(mB+mc)] - /M)Q1+3 + Q4

n
n

1,2,3

A4 = [mg/(mptm )] Q = (m,/MQ 3+ Q0 &

N | _ v
If Pj are the momenta conjugate to Qj’ then

Py = Z Py (2Q/%q,)
; |

. and from equations 62 and 64 we find

+ (m /M)Pi+6

Py = my 4 = Fiysg
Pi43 = Mplyyy T Py Imy/(mpmp) 1P 4 (mB/M)Pi+6

Jf'In terms of the new variables Qi and Pi’ the Hamiltonianvmay be

'l written

. where

3 6 9
1.2 | -
ZuB 2% TN BCZPJ m Ly Py V@)
j= j=4 j=7 . e
mm m, (m+m )
Hpe = mB+z and W, pc = A+::+m
BTC |

" and the potential energy V(Q1: "**» Q) 1is written with explicit

neglect of the center of mass coordinates.

(63)

(64) .

(65)

(66)

'(67)'
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Hamilton’s equations for the general dynamical éoordinates,Qj_and'

j . |

' Q. . _ o

. A = i = —_aﬂ . - . . B Y : L
U R

9By o S TR
dp , . B .

- i_ _ oH - A

17 @ T T, T, - (69)

The 18 differential equations describing the motion of ‘the three pafticles‘>v

are then

Q = (l/uBC)'Pj C3=1,2,3 T
Y 7 @y g By = 4e5,6
oV :
P/ = - 2— j =1 . 6
a A ? ’
3 QJ
I-,j = 0 . j= 798’9
' f?Since Pé, P8’ and P9 are éonétants of the motion, the férm‘coﬁtaining

them may be subtracted out of the Hamiltonian to yiéld
3 - 6

P, Z 2+ v, -"Q )v S - 1)
2Upc =1 J 2uA BC j=h 1 6 . | ke

~with 12 simultaneous differential equations to be integrated for’thé

7'determination,qf the timg_variation of the Qj and-Pj.
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Assignment of initial values - There are a tqtal of 12 dynamical
variableé (Qj’ Pj; j - ;; 2, --+6) to be séecif;ed to define.the initiél
state of a collision trajectory. The procedure used in-specifying
these variables wés the same as that used by Karplus, Porter, and.

- Sh‘ar_-ma.9 The method permits the randomization of the initial orienta-

- tion of the ﬁolecule with respect to the Ne atom, the iméact parémetér
b, and thevvibrational phase of'the‘molecule accdfding to the ap-

f propriaté distribution functions.v In addition,'thé collisibn energy

| was randomized according to a Maxwellian distribﬁtion of relative

‘velocities. .Ea¢h of the randomly selected trajectories wére calculated.
by integ;#ting numericélly the classical equations of motion, and "

" -analyzed to determine whether or not the frajectory resulted in dis-

 1gﬂ.sociation‘ofjthe diatomic molecule. From the fraction of molecules re- - .

Tf_sulting in dissociation of a large number of trajectories, the reaction :
- cross sections and rate constants for dissociation from particular
" vibration-rotation states of the H2 molecule were calculated. This so-

iﬁ,called Monte Carlo method of selecting trajectories at random results

" +'in great reduction in the number of trajectories that néed_be,calculated;'fr"

Figure 7 describes the coordinate system used to»aésign initial

iﬁ‘values to the dynamical variables. The. z axis‘is.chosen as'the direction ‘

-, of the initial relative velocity vector. As a result,

P =.P =0 and P6 = UK,BC-VR N o '}(72?

"}fwhere VR is the initial relati?e'velocity. The éoordinate system
'=tﬁ is oriented so that the atom A and the center of mass of BC lie in the

y-z plane, so that
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( szbz)l/z

| ~ XBL 7410-7512

Fig. 7. Coordinate system for locating the Ne. atom with reSpéct-v'f

to the H, molecule. The Ne atom moves in the Y direction
in the Y-Z plane with impact parameter b.



56—

o o ] 2 2.1
Q; =0, Q =b, and Qg = -(p"-b") 2

(73)
where b is the impact parameter and pvis the initial distance between
-Aigﬁd.the center of mass of BC. The value of p is féquired to bé.great
-éﬁoUgh thaf fhe interaction potentiai_beﬁween A and BC is negligible.

| The initiai state of the H2 molecule is determined by the six
_ ‘variab1es Qj; Pj (j = 1, 2, 3){ Thevorientation of‘the moleculebis
v ﬂspecified by the spherical coofdinates R, 0, and ¢. Recalling that

'le, Q2 and Q3 are the Cartesian coordinates of atom C with respect to

f:atom B we have then
Q; = R sin6cos¢, Q; = R sinBsin¢d, and Q; = R cos® j‘v_ - (74)

:{]where R is the internuclear distance. To simplify the assignment of
‘]momenta Pi, P;, and Pg, we choose to always begin a trajectory at the
f f1eft or right turning point of the molecule. This also simplifies the

frandomization of the vibrational phase of the molechle, as discussed

ifbelow. With R equal to a turning point value, R,, there is no momentum

o along the bond direction (QlP1 + Q2P2 + Q3P3 = 0) and the total internal

14

‘momentum is simply equal to the angular momentum.

2 2, .2 2
ey Ry

+ N

= J(@+DR%/R (75)

aﬁfo specify the components Plf, P2°, P3° we need only fig.the angle n

: ?qu the momentum veétor_relative to an arbitrarily chosen vgctof that is .
  §erpendiculér'to the molecular axis. If this vectoi is taken to be
{iixﬁ, where R points aloﬁg the molecular axis .and E»isrﬁhe unit vector

'iin the 2 dfréction, we have

|

-

]
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—P(sin¢cosﬁ + cos¢cosBsinn)

Pl =
P2° = P(cosdcosn - sindcosBsinn) ' o _ (76)
P3° = P(sinBsinn)

Thus, the initialization.of each trajectory requires assignments of
values to the variables V , b, 0, R+, 6, ¢, n, v and J. _Of'cbese
.variables, v and J are fixed, and the remaining‘variables are chosen at
random from appropriate distribution functionms.

Randomization of variables - Variables were in all cases randomized

b‘by the use of pseudorandom numbers generated on thefeonputer. For_tnis
bpurpose subroutine‘RGEN,sobtained frOm the Lawrence'Berkeley Laboratory‘
Computing Center, was used. When called, this subroutine returns a
’_pseudorandOm number:in tbe range zero to one.. The vaiues of v and J.
were chosen for eech set of trajectories so as to obtain rate constantsv
..and cross sections for:dissociation from particuiarjvibration-rotation
ieyels. | |

~ The angles ¢ and n were selected from a unlform dlstribution

‘Abetween 0 and 2m by use .of the two pseudorandom numbers El'and'€2’

" thus

¢ = 2mey and n = 2me, '_ : an

'eThe appropriate value of 6 is obtalned by selecting cose from a uniform
:’distribution between -1 and +1. This requires two pseudorandom numbers,
i£3 and €4° The variable s is chosen to be -l 1f 63 is less than 0 5
and +1 if €q is-greater than or equal'to 0.5.: We then have

cosb = seA o . ’ 1 (78)
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The random number €5 1s used to assign a value to R, the molecule's

_internuclear distance, as either the left or right turning point. .

R =R €. < .5

(79
R=R €. & .5 : :

" The values of R and R for a particular vibration rotation level of
jfthe molecule ‘may be determined by flnding the two values of R that

't%satisfy the equation

2 . . . | s

‘J‘Q%L +D_[1-exp(-1.02741)]° = E o - 80y
- e ; ) IR A B : »

2up R '

'1fﬁhere‘EVJ is the energy of the-vibration—rotation‘level, For EVJ the

('@fempirical formula of Stoicheff41 was used. Equation. 80 may be solved L

llfor R, by Newton's iterative method as described by Karplus;'Porter,_
}and Sharma.9
‘In order to obtain a randomization of the vibrational'phase, the

:f[molecule was always chosen to be at a turning point as just described,

' igland the coordinate Q6 was chosen to lie with equal probability between.

1/2 2 2 1/2

:*the values_-(p ) (po -b%) -1/2 T3 (see<Fig. 7). Using

»[a sixth.random number Eg we have for QG and p

12 o (o 232 1. ¢ o (81)

1
Q6 (p -b ) o 2 'vI6

Here Tyg 1s the vibrational period of the molecule which must be

:~calcu1ated for each vibration-rotation level ofvthe Hz_molecule;

:eAccording to Herzberg28 the formula for the frequency is

v = clE(v+ 3,3) -E(v~ sz)] (8
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>
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which is the feciprocal of the period T _. Here ¢ is the velocity 6f

vJ
light in a ?acuum. ‘The method just described for rgﬁdomizing the

vibrational phase by randomizing the initial distahéé between the Ne

2

simple and rigorous.

molecule in a region where there is no interaction is both

In the method described here, trajec;ories are sampled ihvwhépi_i_ o

might be called "impact parameter space"f For each set of trajectories

v' a maximum value of the impact parameter is seléCted,'bMAX. Beyond this

value of the impact parameter an insignificant number of trajectories-

~will lead to reaction. The lack of inciusion-of trajectories outside

‘this maximum value is easily accounted for in the analysis of trajectoryf-

results as will be discussed later. Since the probability that a
collision will be characterized by a barticulér value’of the impact

’ . 2 ' 2 L :
parameter is proportional to b”, we choose b~ at random from a uniform

MAXZ'according to the pseudorandom number

distribution between 0 and b
7" R | o T
| bl =b2 e, T (83

The remaining variable to be assigned is that of‘VR, the relative ,
collision velocity. Alternatively, we may assign a valuevtO'ER, the

collision energy. The two'vériébles are related, of course, by the .

H .

E. =51 V

R = 2 Ya,Bc 'R (84).

One method is to evaluate Sr(v, J, ER)’ the reaction cross section, at

each of several values of E Integration of S, (v, J,_ER) over the

R

appropriate energyvdistribution results in the rate constant for
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dissociation from a particular vibration-rotation level at any Eempera—
ture desired. Eliason and Hirschfelder29 have shown thét the rate

WCénstant ka. ;s given by

’ ; vvz \3/2 172 7 Y 4 ER’> - N
ko = <7?F' LI T Sp(EgsJsvlexp | 7] EpdEp (85)
o | : 1

Note that for the hard-spheres condition, Sr = WOZ, equation 85 results

in the familiar hard-spheres collision raté constaﬁt, equation 86.

2 - |
k“s==<——§51—— ng? (86)
THA,BC :

' *
For the model with activation energy ER where

S , *
(87)
2 *
= o -
Sr i) - Ep ER
‘one obtains the result
| 1/2 (e ' ;
* . ’ .
k3ct - ;rﬁﬁﬂl- mo? Eg + 1) exp(-E-/kT) o (88)
Ya,BC S\kK /R |

'éeneraliy, Sr is a smoothly increasing function of\thé collision.energy,: |
 fising from a value of zero at some threshold egergy'and leveling off

 ;: high energy.

. The method described here is to actually evaluate Sr as a fundfion

sf collision enérgy by determining the fraction of ﬁrajettories that

result in dissociation of the diatbﬁic%ﬁolecule. For a given value of
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E_, the reaction cross-section is given by

R’

9 Nr(ER’J’V)

MAX TN(Eg,JT,V) (89)

.Sr(ER:'JsV_) = mb
Here N is the total number of trajectories- and Nr is the number of
reactive trajectories. - This equation is exact in the limit of infinite

N. For a finite number of trajectories the standard,érror s is given byb

N-n \1/2
r

-\ = S (Egadv) oo

r

' The advantage of obtaining the cross-section as a function of

energy is that all of the information necessary for the evaluation of
"‘the rate constant at any temperature is obtained. Another method is .

to include ER in the collection of variables randomized by the Monte

:Carlo method;v In this method trajecfories are calculated for each‘
particular value of the temperature desired. If only a few tgmperaturesb
are desired, tﬁis method is more economical than‘that of first obtaining'
 £he reactionvcross section. Fufthermore, the activation energy is very -
' iargg’fof'the dissociationiprocess so that even at -a shock tube tempera-
" ture qf 10,000 K the overlap betwéen the Sr curve with.ﬁhe‘Maxwellian
.:distribufion function occurs very near’thfeshbld where the uncertainty
v;in.the points on the Sr curve is‘ﬁeceésarily large (too few-trajectories
‘i¥ead to dissociation).’ Thevproblem Of collision energy is avoided by |
 §hé method whereby collision enefgies are chosén_at random according
"to the appfdpriaté distribution function characterized by a particular

temperature T. In this method we choose Ej to be greater than the
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' x * .
threshold value E,. For energies less than ER the reaction is classical-

R
ly (and qdantum mechanically) iﬁpossible so those ﬁfajectories need not
: : *
be calculated. The value of'ER.was allowed to range from ER to the

 imprQbab1y large value of E; +>1O eV. In accordance with equatioﬁ_84,
?thefbfgbability of a particular value of ER was made proportional to
iER éﬁﬁ(rER/kI). For this purpose, a pseudorandom number é8 was used
to select avvalue of ER between E;»and E; + 10 eV.  A,special computer
i?outine was written to select Ep. In this method the rate constant
:;k is ob;ained directly from the fraction of'trajectériés”iea&ing.to_

vJ

-{dissociation, and is giVen‘by
*

*
v /2 E N (T,J,v) E S
~ 8kT 2 R S __R : o
kv =m0 Ml T Y |FETe | Pk (91).
» A,BC .
 :&ith standard error given by
| N-N_ 1/2 ey
S = W kV,J : , (92)

R : : )
- " Note the similarity between equations 91 and 88.  The factor

ok *
-;(ER/kT + 1) exp(-ER/kT) in equation 91 arises from the fact that we
. * '
‘:do not sample trajectories for which ER < ER' From equation 91 we see

"ﬁhat the hard-spheres cbllision cross section ﬁdz is given by
., : . . - |
- 9 Eg N_(T,J,v) o

Mo = M) \ '+ YN T . (93)_'

' .The collision cross section is the more intergstingjquantity éince it
'may be expected to be fairly temperature independent.f The variation
of this quéntity with v and J is of primary interest to this investiga-

tion.
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- B. Results of Trajectory Calculations

‘Trajectories were calculated by integrating the‘classicalfeduatioﬁs
of‘motion, éqﬁations 68 and 69. The integration was'?arriedFOut by
means of aﬁ”Adams-Moulton fifth.order integrating fdﬁtine having a
variable step Size.40 Typical reactive and nonreécti&e.trajecﬁories
are illustrated in‘Fig. 8. .Each trajectory was in;egrated-until either
.X,ithe distance.between‘the,Ne atom and Hz‘cenﬁer offmasé,‘beéame.greaﬁer
;an thg iniﬁial value, o;’until R, t:'he‘H2 internuclgar distance, ex- |

'ceédé& 10vBohr, The value assigﬁed to bMAX varied.from 6.81to'8.0“B9hf,
depending qnﬂ;béﬁv;b:gt;on—rqfation level under conside;atiop,_'éélculaf

. tidns were often made for.several .values of bMAX to bé.ceptain.that'the
cross -sections not be under estimated due to too small a value of

‘bMAX' Of course, the smaller thé value of by, uéed;_the;gfegtér is
the fraction of reactive tfajecto;ies so that the statistical erfor.is,
 smaL1er. qu'the v = 0; J = 0 level it was necessary to re&uceithe
méximﬁﬁ“valué of the impaét parameter to 1 Bohr in order to-ébtain‘a j'
'>signifigaﬂt ffaction of reactive trajectories. On the othef hand,'for

the v = 12; J =.0.léje1 a val@e'df 8 Bohr for bMAX ﬁas required sb that
-ho reactive tréjectoriéshbe excluded.

The results of the trajectory éalculations are ﬁfovidéd in BRI
' Table VI. All-ofvfhe calculationsvwére_carriedlout for a teﬁperature
of 10,000 K“ékcept'for a few caléulatibﬁ; for which a'temperétﬁre of |
:6,000 K was'assumed._vAifho;gh the results are limited with réspect to:
éemperatufe variation,vthe ihdiqgtion is that over_the range of |

temperature 6,000-10,000 K the collision cross section does not change

by much.
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- Fig. 8. Typical nonreactive (upper) and reactive (lower)

trajectories for vv= 5, J = 0.

|
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Table VI. Results of Trajectory Calculations

- [Pmax 2 o kg
v J " 1(Bchr) Nr/N: To" (A) (cc/molecule sec).
6 | 0 0.8 18/1000 0.063 + 015 3.75 x 1071
o | 0 |10 16/1000 0.087 + ,022 5.20 x 107
o | 5 |10 19/1000 0.099 * .023 7.62 X 107
0 |10 _"1.0 13/1000 0.061 *..017 8.67 x 10714
o |25 [8.0 4/200 1.56 + .77 1.14 x 10710
1 | o |15 17/1000 0.188 + .045 & 2.05 X 107
2 | o |2.0|  9/1000 0.159 + 053 |  3.04 X 1070
> |'s l2.0 |  25/100 0.423 + .084 |  1.01 X 10 72
2 |10 |2.0 16/1000 0.239 + .059 | 9.9 x 10713
2 124 8.0 20/200 6.41 +1.36 |  6.08 x 1070
'3 | 0 {25 | 28/1000 0.693 + .129 |  2.25 x 10732
4 | 0 [3.0 27/1000 0.856 + .162 |  4.58 X 1071
s | s 3.0 21/1000 0.632 + 137 4.14 X 10712
4 10 |3.0 31/1000 0.811 + .143 | 8.73X 100 |
& |22 |80 | 327200 9.15 + 1.48 0.72x 10710 |
5 | o [3.0 41/1000 1.15 + 0.18 9.81x 1072 |
5 0 "34.0 - 27/1000 1.34 + 0,26 1,15 x 107 |
6 |0 |40 | 34/1000 1.48 + 0.25 1.96 x 1071
6 |5 |40 16/500 | 1.32 £ 0.32 2.08 x 10711
6 |10 4.0 16/500 1.12 + 0.28 | 2,74 x 1071t
6 |19 8.0 20/200 6.41%1.36 | 6.02% 10
7 |o  §4,0_ 170/1000 2,65 + 0.12 5.26 X 1071
Ao
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Table VI (cdn't;)

' MAX : : 2,%2,. - vJ
v J (Bchr) _Nr/N‘ - I moT (A7) (cc/molecule sec )

-11

0.11 | 7.53X 10

o+

8| 0 |4.0 |  80/1000 2.61

I+

8 | o |6.0 | 281000 . 2.06% 0.19 | 5.93 X 10°

+

x| 8 | o |40 | 67/1000 | 3.02%0.36 | 2.79X10

t+

8 | s |6.0 | 11/300 . . 2.51%0.74 | 8.47X10

I+

8 | s |s.0 | ‘28500 2.67 % 0.49 | ° 8.98 X 10’

1+

| 8 | 10 |5.0 36/500 2.82% 045 | 1.39X 10

i+

8.| 10 | 6.0 | 23/300 | 4.33t0.87 | 2.14X 10

I+ -

8 | 16 | 8.0 | 42/200 11277 *1.75 | 1.27X10

L

9 | o |s5.0 | 23/300° ©3.33%0.67 | 1.36 X'10

I+

10 | o |6.0 | 24/300 4.20% 0.8 | 2.35% 10

I+

107 0-{8.0 12/300 | 3.74*1.06 | 2.09X 10

10| 5 |80 | 18300 ' 5.15*1.18 3.29 X 10

B

i+

10 | 10 {8.0 | 54300 12,10+ 1,49 | 1.08X 10

1+
O

| 10| 12 |8.0 | '75/200 21,49 *1.96 | 2.28X 10

I+
o

11 | o |8.0 | 30/300 L7.71 % 1.34 5,75 X 10”

I+
[
(Y]

11 | 5 8.0 | °54/300 112.61 £ 1.55 | 1.07 X 10

1+
[
Y-}

11 | 9 |s.0 | 135/300 1.64 | 273X 10

H

25.68 ¢

+
O

12 | o |6.0 | 147/300 117,21 ¢ 1.01 1.67 X 10

1+

| 12 | o |8.0 | 79/300 = |16.44 *'1.59 71.59 X 10°

+
O

% 12 | o |s8.0 | 76/300 - |16.85*1.67 | 1.18X 107

I+
. \O

12 | 4 8.0 | 135/300 {26.13 £1.67 | 2.73X10

+
o

1.69 | 1.98% 107

x| 12 | 4 18.0 | 126/300 24.87

% T = 6000%K; otherwise T = 10,000°K.
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The;mosf interesting aspect of the results is the manner-ih whichv_
. the éollision cross sections change with'vibrational quantﬁm‘numbér v
~ and rbtational quantum pumber J. For J = 0 the collision cross sectioh.
f inéreases;slowly with increasing vibrationai quantum numbervup to)abouﬁ
v = 10, as may be seen in Fig. 9. Beyond v = 10 the cross sectioﬁ'risgs'i-'
sharply to a value of about 16.8 A2 féf v.= 12, Théxérossvsectiqns
 -are subsfantially“less than those célchlated from equatibn'l7b(dashed-,
line). | ’
1 For.a particular vibrational.quantum nﬁmber v, fhere is little
: cH;nge in the collision cross sectionHwith increaéing.J except as tﬁe'
" vibration-rotation lével becomes close to the dissdciaﬁion limip. This
 .ma§;be seen iﬁ Table VII where the best values obtained fqrvthe:collisiqn>
. CYross éectibns are summarized. Note that the values for v"=»11; |
3 =9, and for v =12, J = 4 are 25.7+1.6 and 26.1:1.7 A2, "Ire_épec';ive_ly.'.. (
.. These éesults égree with the value 25.5 Az galculated froﬁ the theéryv[  .
v ;of har&:spheres, using the coilision diameter of 2.85 A_oﬁtéined ffém

: Viscosity;data.
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Collision Cross Section (32)
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Vibrational Quantum Number

. - XBL 7410-7514
Fig. 9. Collision cross sections, ® for (v, J = 0), and O for
' the highest bound vibration-rotation levels, calculated
from classical trajectories. (——) smooth curve through
the (v, J = 0) points and used in Model A. (----) calcu- ~
lated from equation 17 and used in Model B. Error bars
are for the standard error. Error bars are not shown
~when the standard error is less than 0.2 A2,
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. . | _

'Table'VII, Summary of collision cross sections (Az)'obtained for
T = 10,000 K.  Results are tabulated for J = 0,5,10 and
for the highest bound rotatlon—vibratlon state.

v | J=0 . J=5 J=10 || 3 .Highes‘t.
0 | .075% .02| .10+ .02| .06 % od 25 | 1.6 ¢ .8
1 | .19 £ .05 |
P ‘ {' 16+ .05| .42t .08 .24 .0d| 24 | 6.4 £1.4
3 | .69 * .13 J
4 86 + 16| .63+ .14 .81+ .14 22| 9215
5 1.2+ .2 } |
6 |15 o+ .3 |13 0+ .31 +.3| 19| 6.4 t1.4
7 2.7 £ .1
s 2.6 * .1 |25 ¢ 7 4.3 + 9| 16 | 12.8 # 1.8
9 3.3 ¢+ 7 |
10 a0 ot .9 sz 1221 +1.5] 12 {215 £ 2.0
m |77 +13 hoe t1e| o |25.7 t1.6
12 [6.8 1.3 4 1261 21,7
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(3

IV. CALCULATION OF THE DISSOCIATION RATE CONSTANT AND ACTIVATION
ENERGY INCLUDING NONEQUILIBRIUM EFFECTS '

; A. Introduction

in'this section the reaction cross sections presented in tﬁe
°§feVious Séc;ion will pe used in the simple theofy of Johnétqn énd ’
-Birks4 to obtain rate const#ﬁts and éctivation-enérgiésffor the dis-
 s§ciation of Hz'in an inért gas. The model used allows dissociatioﬁ
"L'from.éll vibrational.levels as well as energy‘transfer'proCesées Betwééhr'.
ffall vibrational levels as illustfated by Fig. 10. A'Bpltzmanh,dis-. :
.%?tribution of.ﬁblecules‘among rotational 1¢§e1s\is:ass§ﬁed, but no.

_equilibrium.assumption is made with regard to thevdiétfibution,of

. . ‘molecules among vibrational levels. The rate of dissociation of the

"ffmblecule A from level i to the chtinuum of free atoms is
Rix= ci[Ai][M] | - | ..;- R (94) 

.. The rate of chemical reaction is then

| ¢ : o o : _
_ _ d[A] _ : - L : o
R D DA I I 6w
=() : - i
‘v;and the rate constant k is ' ' L -
C o R ='E»'c < T . 56y
[(Al[M] e o , }
: i=0 o
?where the definition of the mole fraction X, has been used.-fTo_calculaté

i

vlithe rate constant at equilibrium we need only use a Boltzmann distribution -
Lfoor the X.,. To calculate the actual nonequilibrium rate constant we

‘must solve the simultaneous set of differential equations given by
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Do 1 7 YUY YRR R
po
A
J}v B j_.f
i+ 1
3 1A
gl i
: . ) . C.
RARA i i
€ T3 I ]u |
aj; i—| 1AL
v
2 Y
| ¥
'\
G o] R0
-0 | | 0 y Y

_ _ i  XBL-711-6424 .
' Fig. 10. Model for the dissociation of diatomic molecules involves
all activation steps ajjs deactivation steps bij,_and
dissociation steps cj. Ce ' '
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i-1

d[A ] ’ o . :
M Al +[M - {97) .
= [ 1 EE; a,l j] [M] EE by, la) 97)
- : j=i+l o S
- [[A,] 25: byy + EE ajy *egl.
= 1+1 o :
~ where aji’_bji and‘Ci are the rate constants of F;g. 10. qu sztherg

- are 13 suchvdifferential eduatiqns, Torobtain the ;éﬁual distribuﬁion.
iof moleculeé 9§er-vibrational leQels,,we need to solve the set of-13>
»simultaneous differential equaﬁions. It has been shoWn:Byvdetailed

.'computétions3o that, after an extremely short induction perio@, the

'Trelative concentfationsb[Ai]/[A] aséume a steady-stéte'disttibution.
¥;That is, tﬁésevratios do not change with time e§en though the'reac;ant
H}_as é whole is rgpidly disappearing,’and each state i:decreases aécordingly.

. Thus, as an excellent approximation - | |

aqal/iad o AL T
dt (Al de 2 de

(98) -

- .Upon substitution of Equations (97) and (95) into Equétion (98),-we
" obtained an eipreésion suitable for evaluating theisteady;State_conf_

» centration of A by‘a'methbd of suécessive'approxima;ioﬁs, Equation (99).

:E:: 25153 :E:: 31 3

: =i+l .
— 3=0 st L (99)

i-1 t t
°1+Zb+z Z“
=0

j=i+l . 3=0
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With a set of.rate constants aji’ bji and Ci’ we take és the zero
approximation the equilibrium mole fractions to find;a_first approxi-~
.mation tokthg set of nonequilibrium mole fractioné, Xi(i = 0,1,2,;.,t).
This.first-abproximation is .then substituted into thé right-hand side
ofiEquationv(99) to find the second approximation to Xi’ and the process
can be repeated to any desired degree of convergence.

To calculate the populations of vibrational levels by tﬁe.above
method, one ?equires knowledge of. the deactivatioﬁ rate gonstapté bji’
the activation rate cons;ants aij’ and the.dissociatiOn raﬁe‘canFanté"‘

1 . . .
c: Stevens3 gives a model for transitions between all bound states of

i
"a Morse oscillator which readily permits all values of .deactivation

: constantsvb, to be found, Equation (100).

ji

e -
Pigr,1 T Pro%e [+ Mitr) o (100)

For blO as a_fﬁnction of temperature the experimental.reSults of

~ vibrational relaxation measurements may be used. ;frém the principie

of microscopig,reversibilityf the activatiop constgnts,aij are given;by
a. .. =b. %@+ 1) 1/111%] expl-(D_ - é.jkT]*“' oy
i,i4r lloﬂe 7 ‘ | o. i~ - o

ihe method used for assigning vélues to ¢y haS’beén.discusged in

detail in.the Chapter I. .Johnston.and Birksé used.fhelvélues‘fqrgéi_

" given by'Eduatioﬁ (14) with collision cross sections given by Equation.(l7):;;

The differénces between the cross sectionsléalcdlated from-Equétipn (17)_ |

and those obtained_in the preyioﬁs‘section by trajectory calculapipns A

are indicated in;Fig.,9_> Theﬂclassicalgtrajectory_calculations»leé_;o

substantially lower values‘fofjthe:collision cross .sections.  In this
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section, calculations of the rate constants and activation ene;gies
will be compared for.the'two sets of collision cross sectioﬁs. In
Model A calculations were made using the classical frajectory fesﬁlts.
for the cross éections. Model.B makes use of the cross sections-given
"by Equatioﬁ (17). ‘Since experimental data is only available for thé
Ar—H2 system, the calculations were carfied out for Ar—HZ.using the

' Ne—H2 collision cross sections. Sihce the collision'diameters evaluated
. from viscosity data are not very different from thé N¢—H2 and'Ar—H2 |
:i systems, the cross sections éaiculated from'Equatiohé (17) are not

‘  very differént. For these calculations b10 was evalﬁéted from ;hg

32 A )

" relaxation data for Ar—H2 of Kiefer and Lutz.

B. Results of Model Calculations

Plots cixi vs vibrational quantum number for Models A (trajectory 
”'cross seéfions) and B (Equation (17)) at three temperatures are provided
i, in Fig. 11. 1In Both models there is an increasingbdepletion df

. ‘vibrationa1 1eVels below the equilibrium values with increasing
tf temperatufé. In the two models, activation energies decrease with

h1 iﬁcréasing temperature by similar'amounts; as seen in Table VIII.

Beqause ofbthe larger collision cross éections for diSsociation, levelé*
- become debletéd at lower fempefatures fof Model B than for Model A,ISO.
 '~that the activétidn energies decrease somewhat faster with temperature;

IiThe principle difference in the two<models is the absoluﬁe value |

'57predicted for‘thé rate constant. Model B pfedicts a rate constant

.ﬂﬁknearly an order of mégnitude larger than that of Model A, and is in

much better agreement with the'experimental data, Fig. 12. - The

largér rate constant predicted by Model B is simplyldue to the larger
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Fig. 11. Comparison of the products c;X; in thé eduilibrium (===)

and nonequilibrium (——) cases for Models A (cross sections

‘from classical traJectorles) and B (cross sections’ from

equation 17). Both models demonstrate a reduction in the
number of states contrlbutlng to reaction with increasing
temperature. :
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Comparison of models A (cross sections from classical
trajectories) and B (cross sections from equation 17)

“with the experimental data for the dissociation of Hj.

in dissociating H,.

0 data of Myerson and watt37; (a) data of Sutton33;

(b) data of Patch34; (c) data of Rink33; and (d) data
of Gardiner and Kistiakowsky36 where the M is Xe.
Rink35 reported Ar and Xe as having the same efficiency
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Table VIII. Activation energies for the dissociation of H, by Ar
: as a function of temperature for nonequilibrium Models
A and B and at equilibrium, :
T Model A Model B Equilibrium
500 _
103.0 103.4 104;0
. -1000
102.4 102.8 104.4
1500 .
101.1 101.5 104.6
2000
_ | 99.3 99.2 - 104.6
2500 .
| 96.8 95.8 104.4
3006_ |
93.9 90.8 104.2
3500 |
90,6 85.4 103.8
- 4000
87,5 81,0 103.4
v4500 |
. 84.8 78.7 102.9
5000
82.7 -  78.8 102.4
5500
81.4 80.8 161.8
6000
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A
i

cross sections for dissociation from individual vibrational levels.
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V. DISCUSSION

A. The Ne—Hé Potential Energy Surface

The interesting aspect of the Gordoh—Secrest23 interaction potential

for He-H, is that as the He atom approaches the H2 molecule for the per-

2
Péndicular bisector geometry, a contractive force is exerted on théfﬁzs
molecule. This is, of course, just the opposite effact from'that.predic—
xtea by the dumbbell potential, in which the force'ié ai&ays in fheidirec— L
tion of-stretching‘tﬁe H2 internuclear distance. Tﬁis'efféct is aléo
preéent.invthe Krauss—Mies26 He—H2 potential. Neitherleauss'an& Mies -
ﬁor Gordon énd Sécrest calculated pointé at sufficiently small valués of’

X (close-in) to show that tﬁis effect is actually reversed at small values
. of X. Realiziﬁg that there must'be some cross-over poiﬁt,-howeﬁer; bofh
gr&ups'ofbinvestigators require& that the énalytic f1t be Suthﬂth;t{tﬁéreb

" is a cross-over point WHere the forée‘exerted on the Hz‘bdnd'is zero;f¥F6r
the.Gordon—Sécfest fit this cross—over occurs at X =2.01 Bcﬁr; and»for
‘the Krauss-Mies fit the value is X = 1.85 Bohr.

In a recent article, Alexander and Berard38 presgnted f6u% new wéis
_of'fitting the Gordon-Sécrest points on the He—Hé sufface. They also .
_éalculatéd probabilities of He-H, vibrational emergy tr;nsfer_fdrieach'oft
their four'analytic fits anavfor'the Gordon-Secrest fit, Thhyvfoﬁnd that
‘the matrix element for the 0 - 1 transition goes to zero for the Gorddpf
Secrest-fit near X ='2. Since none;of“the four fits of’Alexander énd
Berard exhibited this feature, the transition- probability changihg smooth-
ly with X, they suggested that the Gord§n—Setrest%fit Qas‘inferior. All.,-
four of the Alexander and Berard fits havé'fhé*prOpéfty'thatvas‘theqdis—_

tance X increases the contractive forée increases, with no cross-over point.
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.This, of course is unrealistic. One would, in fact, expect the probability
‘of vibrational energy transfer to be reduced to zero at the créss-over

.point, siﬁbe at this point no force is exerted along the'H2 bond

That such a cross-over does exist is demonstrated by the date presented

‘ 1in'Tabie III for the Ne-H, interaction potential. Consider first the re-

“sults for X = 4,0. In table III it can be seen that:

VR=.8)<VE®=1L1D<V@®R=17) <V @®R=2.0)<V ® = 3.0 (102)

”»jﬁo that the force is in the direction of contracting the H, internuclear
“distance, R. For X = 3.5, equation 102 still applies. For X = 3.0, how- -

‘ever, we have

ViR = PV R=1D >V R=17) > ¢ ®R=2.0) >V ®=3.0 (103

' iand this is seen to be true for X = 2.5 as well. Thus, thére is‘a créss—
 éver point between X = 3.0 and X = 3.5. For X larger than the value of
ithe cross-over point there a contractive_force, and for X smaller thén thé .
~value of thé_cross—éver point, there is a stretching force.

| For an'éﬁalytic fit, the value of X at the cross-over point may be:

J ?£ound by takihg the derivative of the_interaction potentiai with fespect

 ;?9 R, setting. the result equal to zero, and solving for.X with R = 1.4;-
:ihe cross-over occurs at slightly differenf positions for different valués».

’.‘Qf R. The analytic fit (Equation 57) used for the trajectory calculatidné

 :6£ the previous section has a cross—over at X = 2.9 Bohr. In consideratidﬁ;1?~'

:v;of this type of behavior for the interaction potential it is not surpris- S

 'ing that the dumbbell form for the potential results in a poor fit

- B:. Collision Cross Sections for Dissociation

Classical trajectory studies tend to underestimate reaction cross

sections when the energies sampled are near the threshold for the process.
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.Forvthis,reason the collision cross sections calculated for dissociation
from leyels other than those near the dissociation-linit may bevconsidered
‘a_lower bOund to the true cross sections. This is illustrated by Fig. 13
v.whlch shows that a small positive change in the reaction cross section
near threshold can have a substantial effect on the rate constant (EqUa#
“‘tion 85) due to a better overlap -with the energy dlstributlon function,
.:Eexp(—E/RT) At 10,000K the most probable energy 1s-20 kcal or about 1 ev.
‘Since the threshold for dissociation fromv = 0 isv4.5 ev; it is clear
'ithe_overlap:between Sr and the energy distribution function must'occur
rvery near the threshold energy. As one goesvto highertVibrational'levels,h -
‘the reaction tends to be less of a threshold phenomenon'so that the.classif

cal approximation is much better, and at the top Vibrational'level the

“differences ithhe classical and quantum mechanical S- curves would beuex—_.v,:‘

.:joected to be of little consequence since the overlap with the energy dis- o
;trlbution function would be nearly the same (see Fig, 13) o
-Perhaps the’Johnston—Bir'ks4 formula (Equation 17) for the collision":w
. cross sections over estimates the rates of dissociation from the loWer
jlevels as suggested by Bauer,AZ and as indicated"in Fig 9. The much
vibetter agreement with the experimental data for H (F1g 11) when the _.k '

]fJohnston—Birks formula is used, however, tends to support the va11d1ty of'

' these cross sections rather than those calculated from,classical traJec—'}3; o

;ftories. The disagreement between the two_sets of cross sections varies.
1{;ith vibrational quantun numher as one mightvexpect fron the previous
V.:afgument. The agreement is best at v = 12 where the'cross sections differ
by less than'a factor of.two'and decreases with decreasing vibratiOnal
quantum number, the two sets of.cross sections differing by .about- a factor

of twenty at v = 0..
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Fig. 13. The principle difference in the quantum mechanical and v
o ' classical Sr curves occurs near the threshold E*., Since
‘the rate constant and collision cross section. .are propor-: A
v tional to the integrated product of the energy distribution ;*”'”
* function and the Sy curve, the error is greatest when the-
overlap of these curves is small.. This occurs when kT is
small compared to the threshold energy E*. '
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Also plotfed in Fig. 9 aré the cross sec;ions‘for dissociation from
several of the highest bound vibrationérotationllevelé. The.thrééhdldbfbr
dissociation from these levels is much lower than thelcorreéponding
(v, J ¥ 0)_1evelsvsinCe rotation may contribute to tﬁe dissociation pfocess.
The agreement Bet&een.these cross sections and thoée.caiéulated from the

.Johnétoﬁ—Birks'formula is remarkable. Since éross"séctiqns do not change
"'Signifiéantiy'wifh_rotational quéntum number (Table VII) ekcept as the cé:—
“fesponding vibration-rotation levels approach the Eontinuum; this result' 

,'ﬁgnds to support the contention that the classical trajectory ébllisidn
’v;rOSsléections are underestimated, and that the true quantum'mgchahicai B
B éross‘Sections Are'mqre‘in accord with those of Equaﬁion 17. The.futuré

"épplicatioﬁ df semi-classical theory wili, no douBt,_resolve fhis‘prbblem.

cC. Activatibn Energies for the Dissociation of Diatomic Molecules

In shock tube experiments only one variable, the reaction rate constant, .

if measured as a function of temperature. A good theory should be able»to
| ﬁredict this macroscopic quantity, and at the same time prévide insigﬁt iﬁéd 5: 
'ﬁﬁe presently:ﬁnmeasurable microscopic proggsses'as well. In pafticular, itj:;f
,Lis'desirablevto:know to what extént dissociation occﬁré”By a laader climbing
véfbcesé (step by step vibrational excitatioﬁ)s,_by rotational excitation

43,44 and by direct

: ﬁith dissociation occpfring from'"drbiting resonances',
- ‘aissociatioﬁ from a large number of vibratiop:fotétionklgvels.
Keck22 has developed a perfectly general phase space theory pf diatqmig.
.éiss6ciation aﬁdvatom feéomﬁination within the-frémefwork of clgssical mééh— ,
’éﬁics. Recoghizihglfhat the usual impact parameter sampiing'téchniqué em~

ployed in exchange reaction caiculations and as used here is exfremely.in-

efficient (too few trajectories lead to reaction) when applied to excitation
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reactions, he developed an "inside out"'sampling technique. This.technidue'
ninvolves selection of initial conditibns inside the collision complex, fo14
-.lowed by-integration of the equations of motion bothvforward and backyardr
';in'timeﬁto'ootain a'complete history of the collision. ‘Of course, since
classical mechanics is used, the trajectories integrate backward in time to
a continuum of vibrational energy levels. In this model, ‘there is a con—’;
VE{siderable sacrifice of knowledge concerning the detaiis of the dissociation,f‘ff
f;and recombination nroceSSes. What is gained is the evaluation'of the-over—t.:
é;all rate constant with improved efficiency. This model providesriittle in{t
.figight into-thevquestion of why the activation energies’decrease‘witnbincreasr 3
:'ing temperatnre. Much of the application'of this model.nas:been'a‘typebofr
~é;curve fitting, the idea being that the experimental data are a measure of
the potential energy surface. Keck has evaluated parameters for the dumb—
:fneli potential for arlarge number of atom—diatomic'interactions by finding
tnose parameters"that make the nhasevspace theory fit the data. Unfortu~
:nately, as found in the present calculations for Ne—H2 and as found by Gordon_fz
Enand Secrest for He—Hz, the dumbbell model does not describe the potential
i‘dSQrface sufflciently wellx | |
» The opposite approach_has been taken here,. that o£~calcu1ating the g
: inotential'energy'surface5 calculating trajectoriesAbeginning as qnantized

jreactants, and finally evaluating the rate constant using no adjustable para-;,'}

g;:meters. This is'the'type of approach that‘is necessary if we are to learnlehff

:'anything of the details of the dissociation and recombination processes.
iéjThe most interesting aspect of the dissociation reaction is, of course, the

:manner in which the activation-energies change with temperature, Several -
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-iheories to exﬁlain the low activation energy in terms_of the actuali
fmicroscopicibfbéesses involved have been advanced.

Dové and Jonesas'and Johnston and‘Birks4 have shown that the "laddef;_
climbing"-model in which molecules undergo collisiohal' transitions betweén
'vibrétioﬁal_levels and are eventually excited to the_diSSociation iimit, ;

both underestimétes the rate constant by aBout an order of magnitude and
predicts'the-w¥ong trend of the activation energy with tempefaturg. Dove
~5nd Jdne545 found that the activétion energy remained constant.near'a vaiﬁé
;pf Do’ whéreas Johnston ‘and Birké4 found that the activation gnetgy was |
7;Ower_than Do and increased with increasing.tamperaturé. In subsequent'WOtk;
'ﬁ?évefand Joneé46 found that if fransition probabilities for rotational—fr;ﬁsf';
'iétionaland vibrétional—rotationél—translational energ& transfer are includéa;f
gﬁhe ladder climbing model correctly predicts bdﬁhvthe absolﬁtevvaige 6fvtﬁé'.
'féte constaht and the decrease in activation energy with_increééing‘fempet;—f: j
ft#re. No explanafion was offered as to why inclusion of rotatiénal engrgyv4ﬁ
tfansfer should have this'effect) however. |

Kiefer47 has offered én explanation of the effect of temperature on thg’:
 éétivation éngrgy in terms of vibrﬁtidnai—vibrationall(VV)'energy transfer.
Again, in thisnmodgl dissociation by collision with thé_M gaé is only allow-
 ;& té occur frbm the top vibrationalvleQel; The collision of two diatomic

f;éolécules is envisaged as rgsulting in dissociation of one moleculéiat the.

”f';;pense of Vib;ational energy of the second molecule. The_effegt is'té pér;yﬂff
| @gurb the Boltzmaﬁn distribﬁtibn over vibrational levels by shoving moieculg%f L
:fo lower levels. The reduced steady state population of the highest level |
éesults in a fedﬁced_rate constant.' The effect increases with'incfeasipg

temperature so that the rate constant increases with temperature less

~
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g
rapidly than expected, and the activation energy isvless than expected.
’lhls effect;shonld not persist in sufficiently dilute“miitures.of theddi-
atomic moleCUles in the M gas, honever. The extent to which this mechanism '
'retards the rate of reaction depends on the magnitude of the VV- energy trans-
fer probabilltles,'wh1ch are still somewhat uncerta1n. |
The mOst serious omission in the models used to date 5,45~ 47 has been
that of dissociation probabilities‘for dissociation from levels other_than o
those near the continuum. The Johnston—Birks4 model includes dissociationzjll-
from all levels, as discussed previously. In this model it is the depletlonlgj
»Iof the number of states that react via increased depletion of upper vibra-“
htional levels with increasing temperature that explains the effect'of ceﬁ;t¢,'f,
'_perature-on the;activation energy.r The effect is prediCted equally wellAhyir"“‘
E the use of the smaller cross sections calculated here{ This is hecause the
' "npper two vibrational levels are substantially depleted, even at tempera—‘
~htures as low as 1000 K (see Fig. 11). The remaining levels constitute nearlfifL
.1parallel"reaction channels similar to thOSe.giVen by Equation 14, bpt wlth |
» ‘;rednced magnitudes, so that the total ratevconstant'is_smaller. ‘These.re— A
; snlts Suggest_that if the Johnston-Birks model is essentlally correct, then':'.
'-fthe collision cross sections must be larger than those calculated using
v.classical trajectories; As.discussed in the preniouslsection, these claséle -
?ééal cross sections are only a lower bound, and an order of-magnltude'error
.:for the (v =0, J= 0) cross section wouldbnot be surprising in viewvof‘the
‘Jthreshold nature'of the reaction. The eventual evaluation of microscoplc'.

gnrate constants for the various energy transfer and reaction steps by theo- -

lretical and experimental work will, no doubt, shed considerable l1ght on
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the dissociation mechanism. The accurate potential energy surface presented 3

here is now available for further theoretical calculations.
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PART II. o ‘

" AN_EXPERIMENTAL STUDY OF THE EMISSION SPECTRA
' OF IF IN THE GAS PHASE REACTION OF I, WITH F,

I. INTRODUCTION -

The emission spectfﬁm of iodine monofluofide‘(IF) wa$'first répofted
in 1951 bvauriel un&er.iow resolution. The rotétionéliy :esolved spec-

tftrum was latef reported by Duriez, thus confirming the_existence.of this ;

"molecule wﬁich is thefmodynamically'unstabie with réépéct to dispropor;?.i

',.;ttionation to give the products Izyand IFS' |

:';in the high resolution spectrum, the emission was assigned to the IF

Due to absence of a'Q branch

;f{;(B He+ -+ X12+) transition analogous to other halogen and inter-halogen - -

| ;ﬁspectra. ‘In both studies the source of the IF spectrum was an ibdine- :‘
?i;ffluorine fiaﬁe.in which F, passed over ‘iodine crystals.

Clyne, Coxon and Townsend3 studied the emission resulting from the =~
- 2, 2, o o

3/2) atoms and F( P3/2, 21/2) atoys_ .
1. +

3-;"in the presence of singlet oxygen (lAg, Zg ). They observed many'bf'tﬁe.v

'ifsame bands as Durie and a number of bands at 1onge:.wavelengths'that be-

;,:iéssdciation of ground staﬁe I (2P

- long to the same band system.

In this study the emission resuiting from the gas_phase reaction of:

1_?;1 with F_-in a flow system at pressures as low as 4 X 10?3 torr was in- o

2 2

33,&estigated.v In addition to bands belonging to the IF(B3II°+ * X;Z+) systém;f:ft

';;bands in the same wavelength region originating in a lower-lying bound
';;molecular state of IF were observed. The relative amounts of emission .

from the two excited electronic states Varied with fhg:floﬁ rates of sz
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and Ar SQ that spectra could be obtained in whicﬁ emission 6éCurred,
predominantly from either one of the two excited electronic states. This .
4 . , 5 . :

_ : 1 .
previously unreported emission is here assigned IF(A H1_+_ X Z+) transi-

tion. . Emission from the ABHl state for diatomic halogens and intér—
’ halqggns has‘been reportedvpreviously for Br24’5f7.127, ICisﬂand IBrA,
| The’visible and uv spectra of diatomic intethalogens demonstrate
interesting curve-crossing effects which‘have been féviewed_by Child
';i'énd Bernstein.19 These avoided crossings betweeh a repulsive:staté andv.,'
f_a'bound state, both of 0+ symmetry, result in potential maxima-and th§s'
false dissociation limits for the bound state. Inithis regard IF is a
| pérticulafly interesting molecule since there arises the possibility of
yet another aVoidedkcurve crossing between two bound states of 0+ symﬁétry,'3'
one of which correlates with a spin-orbit excited F%'atoﬁ”and a g:oundi‘
state I atdm'and the other &ith a spin—brbit excitedhl*.atoﬁvand é ground:';{
o state F atom.” The bond dissociation énérgy for iF may be determined frbﬁv:j_.
a Birge-Spoﬁer extrépolation of the B3H;+ state in the case tﬁaf‘the a- j |
f"i; ﬁoided cufve;crossing_leading to pfedissociation is’with a bound ététe '
rathef than a repulsivé,one. | | |
- - 1?{?- Sincé'the high resolution emission spectrum of the IF(BBH“,+ - X12+) _:i‘
'transition‘is known and acéurate potential energy curves for the B and Xv
';; statesvhaﬁe been éalculated, it is possible to obtain'fibrational popﬁla-.ﬂlf 
tions for the B state from low resolution épégtfa. O#e'may also estimaté ;{ 
 fé ;otationa1 temperatures from the shapes of tﬂ; vibrational bands. _Iﬁ:th1;f v
study the effect of pressure on the vibrational populations éf thé 53ﬁ°+7':;{
: statg was in?estigated. A mgchanism'for tﬁe rapid‘fgactiqn Betﬁgen IZ |

and F, and the population of excited electronic states is proposed and

2

compared with experimental results,
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II. EXPERIMENTAL

A. Reaction Cell and Flow System'

| 'Figufe 1 is a schematic diagraﬁ of thé apparatus. The réaction pell
,gdnsisted of.a large stainless steél tank with a cylindrical portion 62
 ?¢& in diéméter.and'76 cm long and hemispherical eﬁds._ The volumé ofkthe
 ;¢§11 w&s 350 liters. fresSures in the cell weré measured with a factory
= calibrated Datametrics Type 1014 Baroéel eiectronic'manometer. Efflﬁept'
:,;?gases passed over trays of NaCl heated to 100 °C to_ékéhange Fé'for_Clzi
 ;iéwhich.was then removed by a liquid nitfogen trap. The cell was continu?

“ffously pumped on by a mercury diffusion pump and an 0il forepump.

Fluorine, obtained from Matheson Co. (987 purity), was passed ovér:,_l'

,.);activated NaF to remove HF impurity. and stored in a 34 liter tank at e

. pressures less than one atomsphere. From this storage tank fluorine was

| i:metéred into the reaction cell by means of a Vactronics leak valve. - Argon L

v’ of 99.996% purity'obtained from Linde Inc. was metered'into the cell by a
'vgfleak.valve also and mixed with fluorine prior to entering the cell. Flow  "

~f¥fates of fluoriné and argon were measured using Hastings-Raydist Model LF-    {7

: EfS0,éa1orimetric mass flowmeters.

Analytical reagent grade iodine obtained froﬁfMallincrockdt.was héldv.f‘ :

”‘ffat 313 K in a'gléss bulb submerged in a constant temperaturé miheral‘oil

T:&;bath-. The‘vacuum line and valves connecting the bulb to the cell were

ffheatéd to prevent sublimation. Due to the low conductance of the Hastiﬁgs

ff?flow meters and the necessity of heating the flow line it was not possi-

le to measure the iodine flow rates in the same manner as for fluorine’

~ - and argon. Instead, a needle valve was used to meter the iodine vapor and
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_the flow rate determined for various'settings of the needle ValVevby 
closing the cell to the vacuum pump and observing the risé in pressu:e'v
with time.

B. Optical System and Photon Cbunting”Apparatus

The.wave length of the chemiluminescence wés ﬁeasuréq with a Jarrell—
_'Ash Ebert scanning monochromator having a focal lengfh of 500 mm aﬁd an
 ,effective aperture ratio of £/8.6. The instrument wés'equipped with_;=7
. curved entrance and exit slits. Spectfa were obtained:at a'slif width bf
' ’0.35 mm and a full slit height of 20 m. The grating was ruled at 590
" lines/mm résulting in a dispersion of 32 R/mm and Was:blaégd fo; maximum  f,
5.intensity at 750 nm in first order. The monochromafor &as calibratéd Bef‘

:‘Ttween 430 and 720 nm by scanning twenty-two Ne and four Hg atomic 1iﬁés._

'i;Waveiengths were measured to within 0.2 nm throughout the entirevwaveé    :

'iflength region. The'spectral slit function was foﬁﬁd-(by ééaﬁniﬁé a num%f
‘;Ser of atomic lines) to be essentia}ly triangulaf ﬁith a full.widtﬁ at'_;
L‘half maximum‘infensity (FWHM) of 1.12 nam. | |

B The slit of the monochromator was positiohed ten cﬁ from the 3.8 cm

.Adiameter CaF, window of the reaction cell. Light from the exit slit of

2
ithe monochromator was reflected onto the photocathode of an EMI 9558QA

~;§hotomultiplier,tubé having an S-20 type spectral response and a quartz
“?window. The field of view:of the optical system is indicated in fig. i.
;: Ihé phdtomultiplier housing was cooled to dry ice temperatufes to reducé
:ithe fhermioﬁic emission from the large photo—sénsitivé area of the photo-
 f;ath6de. The photomultiplier was wired with the photocathode at ground

potential and the anode at a high positive potential of 1250 v, chosen
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" Fig.'1 schematic Diagram of the Apparatus . .
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for optimum'signal to noise ratio. Figure 2 is the,wiring diagfam fgr
the pﬁoto;ﬁﬁltiplier tube. The potential differeﬁée béfweeﬁbtﬁe phdto-
éathqde and first dynode was held at 200 v by a zener diode. Dark.curreﬁt
was typically 10 counts/sec. fhoton counting was achieved by use of a
_ Solid State Radiations Model 1120 Amplifiéf—Disc:iminator‘énd Mbdei_llOS
. Data Convefter Console. The analog voltage proportianal to counts/sec
vwés.converted to digital form by a digital voltmeter interfacéd to a paper
33tape punch.‘vSpectra were recorded by a Texas Instruﬁents'strip chart‘re—‘b
:f;order and siﬁﬁltaneously-as a series of data points punched on paper tape.
The wavelength response of the coﬁbined optical and elgctronic detec¥}_»
 ‘t}on system was determined by comparing the spectrum obtained upon"scaan“
'ving the light emit;ed from a General Electric 30A/T24/17 tﬁngstéﬁ ribbon J‘
:lamp with the fheoretical speétrum. The poﬁer supply for the iamp”was_
_§tabilized by.a photo-feed-back system in which'light from'the_fibbon'féilii’
6nto a photodiode after passing through a blue Corniﬁg No. 5030‘filter.:“ |
.i‘The temperétufe of the tungsten ribbon was measured byba Leeds aﬁd Northruﬁ’
.éoptical pyrometer, calibrated by the D.C. Standards éeétion'of tﬁe La&renée
l tBerke1ey Laboratory. The theoretical spectrum was céléﬁlated using the' 
v' emissivities qf tﬁngsteﬁ given by’DeVosg; The intens#ty correctién faé—
tor as a function of wavelength which_waé applied té all speétra is shown‘
vﬂin Fig. 3.
- To record a specfrum_the monochromator was Starfed scanning.from 720; 
- nm at 4 nm/min in the direction of decreasing waveléngth.-'Output.frombthe
_;éhptOn counter with an applie& time constant ofvll.é_seconds was punchéd
; I y : ,
every five seconds or 1/3 nm. Thus 870 data points were recorded in the

72.5 minutes required to scan from 720 nm to 430 nm. The punched tapes
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were convétted to'punched cards for easy analysis of the data by a cDC

v

7600/66001computer. Wavelength and intensity correction factors were
applied to all spectra before computer analysis and plotting. Spectra

~were found to be highly reproducible in spite of the long scanning times.



. described by other investigators.

“'were measured, and bands originating in levels up to v'

similar td that observed for Br,, I,, IBr and c1 .
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ITII. RESULTS

A. Obsgfvation of Emission from Two Excited Electronic States of IF

The reaction of molecular iodine with-molecular;fluofine-résﬁlted in B

"a visible yellow-green emission. The conditions under which seventeen

. spectra of this emission were recorded are provided in Table I. Spectra

were recorded over the ﬁavelength region 430-720 nm for various flow rétes

- of Iz, F, and inert gas, Ar. Also included in Table I are the maximum in-

2

v tensities'6béerved for each of the spectra in counts/sec registered by

- the detector.

Spectra 5 (top) and 9 (bottom) are compared in Fig. 4. All of the

| _

IR , : +. - v
.. bands in Spectrum 5 belong to progressions of the IF(B3H°+ -> XlZ‘) system

1,2,3,8 Levels up to at least v' =8

ii:of the‘ﬁ3ﬁo+'state are populated. Table II is‘the'Désiéndres tab1é for v ,  ’

i the B > X band system. In Spectruﬁ 9, which was gecdrded uﬁdef/differél; 

" ent chemical conditions than Spectrum.S, most of the intense bands belong 
 "to”another band system originating in a boun& eléctronié state of lower
>l:"energy thanlfhe_B3H°+ state and terminating in the ground state éf IF.‘_‘

. :Table IIT is tﬁe self-consistent Deslandres table fér this‘neﬁ band‘sySf'

“item, .Wavelengths of band originating in vibrational levels up to v' = 10 -

16 are indica-

,fftéd,;thesé being appreciably overlapped by bands of the B > X System.

f;This banded emission is here assighed to the IF(A3H1 > X12+) transition -

b7, A least -squares

. fit of the term values to an equation of the form

G(v) = we(v+l/2) - wexe(v+l/2)2
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Table I. Values of Flow Rates, Total Pressure, and Maximum

~Intensity for the Seventeen Spectra

Spectrum ‘(Szé??cgaiii) , ='p§§§:$re' | ?igiﬁg?tyEv_Q}
~_No. ~ I, Fy Ar | (mtorr) (counts/sec) = -
1 16.0 | 24 . o | w715 887 B
2 o] s6 | 12.8 694
3 " " 68 | 32.0 1230
4 " 89 115 2338
5 oo Le 100 310 275k
6 woo | 0 ne | es1
7 1.0 | " 0 3.8 220
8 " " 0 3.4 205
9 " " 29 | 10.0 210
10 " v {100 180 81
11 " " 70 18.1 '-2“0'
12 23.0 | " o | 5.8 939,
13 weo | u2 " 6.7 1277
14 16.0 | 24 " 4.8 700
15 6.7 | " I S 161
16 2.9 | v " 4.0 311
‘17  1.0 " 80 70. 110
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Fig. 4. Comparison of Spectra 5 (upper) and 9 (lower)., Positions of the B -~ X emission bands

rare indicated in Spectrum 5, and positions of the A * X bands are indicated in Spectrum
- 9. As can be seen, Spectrum 9 is somewhat. contaminated by emission from the B state.



Table II |

Deslandres Table For IF(*ll s —="5")

7

Vv 0 e 2 3 _ 4 5 6 1 8 9 10
0 |18955| 60618349598 | 17751 |590(17161|585 (1657657915997 573 15424 566 14858| 560 [14300
404 406 405 404 | 404 | 405 405 |
| (19359 604118755{599 (18156|59/ {17565 585 16980| 578 (6402|573 |15829] 566 15263 | 560 (14703 | 55/ 14152
400 399 399 400 398 395 | 40/ 398 -
2 {19759| 605(19154|599 {18555 17380 560{16800|576 {16224 1510455414550 | 546 14004
39/ 390 1 :
3 [20150| 606 {19544
385 367
4 20535 60419931
377 N
5 20912
369
6 21281
1 360 ’, i
7121641
349
8 -[21990|

XBL 741-5506

=901~
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Table III

- Deslandres Table For IF(:J’H1 —’12"."), o

v

0 |I15591|(607)|14984 | (598) | 14386

- (377) A 77/ R R

1 [15962|r608)| 15354 |
- | (365) | (364)
2 |16327|r609)| 15718
| 362
3 |16689
| (347)
4 17036
| (343) |
-5 |I7379]|
| (336)
6 |[I7T715
-1 1332) |
-7 (18047
[ (3/8)
8 |18365
| (306)
9 (18671
| (308) |
10 18979

 XBL 741-5508
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L

gives the results w, = 380.5 ent and w x = 3.8 em ™t for the A3H1 state

of IF.

B. Effect of Varying the Flow Rates

of I,, F. and Ar on the  Fmission Spectra
4 A
For the nearly stoichiometric flow rates of 24 and 23 std cc/min of -
fluorine and iodine, respectively, a total prgséure of 5;8 mtorr resulted

with all of the intense bands observed belonging to the IF(BBH°+ > X% )

transition. Holding the fluorine flow rate at this constant value and .

f lowering‘the iodine flow rate resulted in a decrease in the eﬁiséion'f:omi
:'f the B3ﬂ°+ sﬁate while emission from the A3Hl state rémained constant.
This is-deﬁonstrated by the series of spectra 12, 14, 15, 16 and 7 which:
ij‘have been decomposed into components of emiSsio; from'the A and B sté;és.;.
; by comparison of the A(5,0) and B(d,3) band intensities (Fig. 5).
The effect of varying the flow rate dffluorinéwaS'not thoroughly -
B investigatéd. Spectrum 13 was the only spectrum recorded in thch the
'7; fluorine flow rate was variedvfrbm 24 std, cc/min.. The increased'fldw“nx
rate of fluorine in Spectfum 13 compared to tﬁat of Spectrum 12 resulféd
i in an increase in total intensity from 939 to.1277 counts/seC'with'th¢   ;‘
. intensity .of emiésion from each of the two excited electronic states iﬂ—fi;
';; creasing by:the same profortion.

The effect of increased Ar pressure on the emiSSion spectra is

.7 demonstrated by two series of spectra. In the first series, Spectra 145,"l';
T?'the iodine flow rate was held at the high value of 16 std cc/min and the . . =

5? flow rate of Ar.was'successively increased. In Fig. 6 it is seen that ;he£77'

" effect of added Ar was an increase in intensity of the B + X trénsitioﬁ,‘
leveling off at the highest pressures studied. The A - X emiséion, which

was a small percentage of the total intensity’obséfved, decreased with
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increased Ar pressure. Thua at the highest pressure studied_(Spectrum 5)‘
the B > X spectrum was obtained free of any contaﬁinationvby A+ X emis-
sion. Ih a second series of spectra, Spectra 8-11 and 17, the iodine fiqwi
rate was_held at the low value of 1 Stdvcc/min aad the effect of added
pressure due to Ar studied. - Moderate incfeaaes in At'pressure iaereased‘
the emissioa;intensity of both the A -+ X and B +'X s&étemvahile higher
pressures seVerely decreased the emission from the A3H state-as'shown in
'hf.Fig 7. The effect of Ar on emission from the BBH + state at lower io- |
dine flow rates is seen to- be quite different from that at high iodine |
| flow_rates. |
Besides increasing the total pressute in the cell, the flow of Ar
| reduced the pumping speed of the>system and thus:increasee*thetresidenCee
agatimes of all species.: The residence time canebe computed from_the fldﬁ.v-;
vt"rates and totallpressﬁre aseuming no change in molarity; It ?aried frem'
Hf‘0.2 to 2.0 sec over the range of conditions studied; In the series-of?
- spectra in which Ar flow rates were increased whileethe iodinevflow rate
 % was.held'at tae higher constant value (Spectra 1—5),.tﬁe intenaity of the
B X emission varied‘linearly with the cell residence time'as'caﬁ.be:seenei
if;‘in Fig. 8. |

C. Determlnation of Vlbrational **pulations

and Rotatlonal Temperatures of the B H o Electronic State

If one assumes that a single rotational,temperature describes‘the_"'

-~ distribution of molecules amdng rotational 1evels,athe intensity of a

’*lvibration#rbtation line in spontaneous emission may be shown:tb belo
v g o |
an M exp |- BV'J SA +1)] vi<y! IRefv">2N ! B (1)

3hkTr kTr
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Fig. 6. Effect of 1ncreased pressure due to- Ar on emission from the A and B states for the
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where Bv,isvthe rotational spectroscopic constant for vibrational level

v', Nv' is the vibrational pppulétioﬁ of level v', Tr is the rotational

tempexatﬁrej‘v is the frequency of the emission line, Re is the tranéition

moment ‘and SJ" is the Honl-London factor. For a transition of the type

" of 07 + 0! the Honl-London factors are given by

sI' o g
Rbranch J" .
Pranch sj,. =J'+1 |

.~ Relative vibrational populations can be determinéd from relative spectral.

L intensitiesvif the transition moment matrix elements are known. A'common _.'

‘ fqpractice is to apply the Born-—Oppenheimerll approximation in which the

?fﬁelectronic wavefunction is considered to be independent of the inter-
""" nuclear distance. The square of the electronic transition moment may thenf3 '

" be removed from under the integraland be considered to take on an. average )

$'Value R “.-
: e

2

<v'|Re|vf> R Eez <v'lv">2 ' N (3)

4”: ;This abproximation was not found to be sufficiently accufate for the

“; IF(B3Ho+ > X12+) transition. A better approximation is that due to
13

% Fraser'? and Turner and Nicholls™ . In this method the transition moment
'::f”iS'conSidered to be a function of the averagé value of the internuclear -
| Jf.distancevcalled the r- centroid. Thus,

<y! |Re(r) |V" S % Rez(;vlvll) <V' ,V">2 : _. o (4) : e

' where the r-centroid is evaluated for each band in the system and is

véigiven‘by:

r = <v'|r|v'"™ .
v'v" T?;¢T%ﬁ;_ : . (5)
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Gabelnickg:cnltulated the Franck-Condon factors §v'lvh> and r- centroids
by the RKR method using the computer programs of Zatel4' The‘results are
tabulated in Table IV. The RKR potential curves.fot'the B and:X states
are drawn in Fig. 9. For purposes of comparison, thetA'state has been
drawn withfarbltrsry turning points. | |

For a glven progression of bands having a common upper uibrational
level the band'intensities differ only by v3, the Franck-Condon factor;'.
and the value of the transition moment. _Tne squére_of the'transition
msment w;s evaluated ss a function oflthe ;-centroid by:plottlng"the.maxi—
mum intensity’of each band in a giyen progression ufibands divided by v
and .the appropriate Franck-Condon factor(against the E—centroid for tﬁst

particular band. The curve thus obtained for each pfogfession was normal-

ized so that the area under all such curves was the same. The normaliza-

tion factors are, of course, the relative vibrational’populationsu' Spee—
trum 5 was used for this determination of the transition moment as a func-
tion of the r-centroid since it is free of contamination by the A - X

system. Only progressions having v' = 0,1 and 2 could be used for. this

purpose since there was an insufficient number of observed bands in pro—

. gressions hav1ng v'>2., These progress1ons gave values of Re () forvval—

/

- , ° . . .
ues of r between 1.975 and 2.234 A. ’Relative vibrational populations of

levels v' = 0,1 and 2 were found to be 1 OO 0.62 and 0 46 respectively.
The square of the transition moment was found to vary 11near1y w1th the
r-centroid as can be seen in Fig. 10. To determine the Vibrational'pqpuf

lations of levels v' = 3 to v' = 8 it was necessary to rely on a short

. N . N N . 2 -
- linear extrapolation of the Re (r) curve to smaller values of the r-=cen-

troid.



" Franck-Condon Factors and Values of the T-Centroid for the B > X Band System of IF, Upper

value is the Franck-Condon Factor.

v
’V;TS\\ 0

1.

Lower value is the r-centroid in Angstroms,

2 3 4 5 6 7 8

o 5.000-3* 2,245-2 - 5.,302-2  8.919-2 1.195-1 1.342-1 1.316-1 1.160-1 9.456-2
2.007 1.991 1.975 1.960 1.946  1.932 1.918 1.905 1.892

N 3.039-2  9.015-2 1.307-1  1.202-1 7.176-2 2.268-2 5.947-4 7.707-3  3.008-2
2.031 2.014 1.998" 1.983 1.986 1.953 1.935 17928 - 1.915

. 8.784-2  1.493-1 9.737-2  1.889-2 2.891-3 3.831-2 6.704-2 6.092-2  3,343-2
_ 2,055 - 2.038 2,021 2.003  1.998 1.978 1,963 1.949 1.936

5 1.602-1  1.183-1 7.914-3  2.464-2 7.322-2 5.547-2 1.153-2 1.660-3 2.405-2
2.080 2.061 2.039 2.032 2.014 1.998 1.982 1.980 1,960

s 2,065-1  3,059-2 2,965-2  8,448-2 3,050-2 1,035-3  3,567-2 5.410-2  3.098-2
$2.105 2.084 12,073 2.053 2.035 2.038  2.009 1.994 . 1.979

- 1,998-1 - 3.013-3 9.732-2 . 2.850-2 1.032-2 5.935-2  3,822-2 1.524-3  1,303-2
2,131 2.125 2.095 2.074 2.068 2.046" 2.029 2.003 2.006

6 1,507-1  6,710-2  6,683-2  7,922=3 7,015-2 = 2,319-2 4,745-3 4,274-2  3,6920-2
| 2.158 2,142 2.119 2.112 2.086 2.066 2.064 2.041 2.024

S 9.057-2  1,423-1 3,564~3 - 7,558=2 2,783-2  1,307-2 . 5.573=2 1,934-2 1,904~3
: 2186 2.168 2.134 2,130 2,107 . 2,101 2,078 2,059 . 2,063

. 4,400-2  1,572-1 2,915-2  6.923-2 7,234-3  6,452-2  1,037-2 1.596-2  4,550-2
- 2.215 2.195 2.180 2.154 2.147 2,119 2.095 ~ 2.092  2.072

5 1.742-2  1.167-1 1,103-1  6.309-3  7.149-2  1,705-2 2,450<2  4.833-2  3,729-3
: 2.246 = 2.224 2.205 2.171 2,165 2.139 2.133 2.111 2.082

16 5.667-3  6,391-2 1,478-1  2.388-2 6,012-2 1.487-2 5,769-2 8,129-4 3,269-2

2.278 2.254 2. 234 2.180 2.1 2.101

*Abbreviated notatiqn5for;5{000xlof3

2,218

.2,189

2,124

-%11-
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Potential energy curves for the three observed electronlc
states of IF. The 13+ and H°+ states are drawn with -the
calculated RKR turning p01nts. The 3F1 potential curve has
been drawn with arbitrary turning points. ~The hlghest posi-
tively identified wvibrationally level of the: 31, state is
coincident with the lowest vibrational level of the “llo+
state. Dashed line ig the assumed dissociation llmlt of the
ground state, 23229 em~l. - '
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e Fig. 10, Varlatlon of the square of the trangltlon moment with the

) r-centroid. @ evaluated from the progression originating
in v' = 0, O evaluated from the progression originating

_in v’ 1, and & evaluated from the progression originating
in v' 2. ' o Co -
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For each‘yibrational band, théoretical band shapes &ere.calculéted‘
for various‘aséumed rotational temperatures by takiﬁg‘;hé‘éonvoiution of
 the experimentally derived RC-broadened spectral slit functioﬁ withvthe_

'relative intensities of all rotational lines.within é 20 nm'envelope con-

| taining the band head. Thg theoretical shapes of‘the_B(0,4) band for

three rotationﬁi temperatures are given in Fig. 11, These have been ndf—'

‘;gmalized-by the‘maximum band intensity. Thevrelative_rotatiqnal line in—f

:i tensities are given by Equation 1 without the.factof”<v'|Re|v">2Nv,. ﬁy

'{;comparing the theoretical band shapes with the experimental results it’f

" wés péésible to determine rétational temperatdres to within lOO K.

Once a‘rotationai temperature had been décided_uﬁon, the vibrationél
: Populati6n for ievels'v' =0 tolv'v? 8 of'thebB3H°+-state were determined
:by use of a ieast’squareé computer program which fit_thé.théorefical Bénd“

.- sbapes‘Iafter multiplying the band intensities by the appropriate Ftén¢k~-
ligondon factorvand value of Rz (;)] tb the ®850 spectrél data points, the

fitting parameters being the relative vibrational populations. 1In this

me thod B, is the total observed intensity after correction for the spec- .

tral sensitivity of the Optiéal system, and Nj is the populatidn of the _,. f‘

,v:vibrationalllevel v' = j. We may then write
Bi=§Aiij _ _ . o (6)

‘where the'term Aij is the contribution to the intensity at Al'by all

7' pands for which v' = j. That is,

' Alj =1 T(j :V")Rz(;jvu)<j|"">2 v o | (7)

where T(5,v")~is the intensity of the normalized baﬁd (jjv") at

wavelength Ai;
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. THEORETICAL SHAPES OF THE B(0,4) BAND
T T T T 1 T T 1 ]

“Relative Intensity

600 - el0 - - Gzovliif

‘Wavelength (nm)

. sz Fig, ll. Théoretical shapes of the B(O, 4) band calculated for three .
‘ rotational temperatures :

XBL743- 5755’_; T
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There are only one or two terms in the sum since there is very litflé
overlap between bands originating in the same vibrational level. In
general, the number of independent measurements of the intensity, m (Vv850),

is much gréater than the number of fitting parameters, the vibrational pop-:

_.ulations (“9). 1In order to solve the over-determined set of simultaneous
:'equations,‘the.method of least squares is used. A set of Nj's are found

‘which satisfy the criteria

m n-1 2 : S
0 (Z (B, - L A,,.N)w,)=0 j=0,1,...n 8
N, =1 1 g I o E :
.whefé'wi is a weighting factor, chosen to be the inverse of the square of =

?;fthe standard‘deviation of the measﬁrement. Since noise in the‘signal'vaﬁ;

:}ies as the square root of the signal, the weighting fé¢tor was taken to.bevv“'
}the reciprocal of the intensity itself. A_least.squérés variable metric
;minimization program was used as a subroutine in a éomputer program written E

S : . . ‘ . 8
. to determine the vibrational populations in the manner described .

For spectra which were overlapped by bands from the A > X transition

-;AVarious amdunts of Spectrum 9 were subtracted from the‘Spectrum to be fifj'”
.;?rior'to determiniﬁg the vibrational populations by the least squares cém—‘“_f 
f’fputer progréh.  The fit which gave the least variancg yielded the relativev‘ ,l
:f;émission froﬁ the two excited électronic stateé’as well,as the vibrétiénai
f;;populations.of the B3H°+ stafe.

: .Vibrationél populations for Spéctra 1—5‘wére determined in the mapnér.fg  

bf;just described. In this series of spectra, increasing amounts of pressure

2 2

:fdue to Ar were added with flow rates of I and F held constant, but.the;

cell residence time also varied, as was previously ﬁoihted out. The vi- -

‘brational populations, vibrational temperatures, rotational temperatures
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_and fractional amounts of A + X emission for this series of five spectra
are presented in Table V. For the highest pressure spectrum (Spectrum 5)

"the vibrational populations can be described well by a vibrational temper-

“ature of V1250 K. At lower pressures the populations become non-Boltzménn;

_and the vibrational level v' = 1 becomes inyerted.over_v? = 0.

Speétfai data which have been corrected for emission from thg A3

  istate are compafed with spéctra computedvfrom the least squarés vibration- -
" ﬁa1 populations and theofetical band shapes in Figs. 12a-e for Spectra l—5;:f’gf‘

. .There is good agreement between the computed spectré and experimentally."'Qvff

. ‘derived spectra for Spectra 3,4, and 5. The fits to Spectra 1 and 2 arév'J

finot nearly as good. This is possibly due to changes in vibratiohal-poph-‘.

~lations of the A3H1 state with pressure. That is, the low pressure Spectra’’

;?;1 and 2 are contaminated by emission from the A3H1 state with different

';f,vibrational populations than in Spectrum 9. As a result, correction by .

"the use of Spectrum 9 cannot be exact. In the least squares fit some

'ifibands will be overly compensated for, while for:qthers'thgre is an under-. .

".“‘compensation. This source of error does not result in a very serious ef- .
©fect on the calculated vibrational population of the B state, however,
A'ésince the calculated vibrational populations were found to be affected

' v’§n1y to a small extent by the amount of Spectrum 9 Sﬁbtracted out.




TabkaV Vibrational Populations, Vibrational Temperatures, Rotational Temperatures, and
fractional amounts, f,‘of Spectrum 9 subtracted. Upper value is the relative

vibrational population. Lower value is the calculated vibrational temperature
relative to v' = 0, :

 v0;.‘ Spectrum 1 Spectrum 2 Spectrum 3] -  “pectrum 4 Spectrum 5
0 ] 1.00 1.00 -~} 1.00 . 1.00 ©1.00
1 | 1.04+.03 ©1.01+.02 ©.91+.02. LT1+.01 ~ .62+.01
~ | -14877 -5840 6162 1697 1216
2 . .81+.03 ©.78+.02 S LT73+.02 .49+.01 Lh6+.01
5488 - 4655 3675 - 1627 1489
3 .54+.05 .53+.04 .50+.03 .30+.02 .27 +.02.
- 2787 2705 | 2478 2408 1312
4 | .36+.06 .33+.05 .32+.04 .18+.02 .16+.03"
| 2225 | 2050 1995 , 1325 1240
5 .21+.08 L17+.06 .19+.05 .11+.03 | .10+.03
o 1800 1589 1695 1275 1223
6 .14+.09 .09+ .07 .12+.06 ~ .06+.04 . 06+.04
] 1702 1389 1578 1189 1189
7 .06+.13 © .03+.10 .04+ .08 .03+.05 .0kL+,06
_ 1373 ~ 1102 1200 1102 - 1200
- 8 01t+.26 L01%.25 | .02+.19 . <.01 .03+.14
= 9”8 9u8— | 1116 . 1245
f a7 L | .34 .14 0.
‘T, | 400-500 K 400-500 K . | 500 K 500 K  500-600 K

~T¢T-
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Fig. 12. a.’ Comparison'of computed spectrum with the obsered-points for Spectrum 1. Fractional amount
of Spectrum 9 subtracted from data points is 0.47. Total pressure for this spectrum is 4.75
mTorr. ' ' ’ '
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SPECTRUM 2
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Comparison of computed spectrum with the observed points for Spectrum 2. Fractional amount

of Spectrum-9 subtracted from data points is 0.45. Total pressure for this spectrum is 12.8
mTorr. L ' ‘ ' : : '

' Fig. 12. b.
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SPECTRUM 3
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Fig. 12, :c} ’Comparison of computed spectrum with the observed points for Spectrum. 3 Fractional amount

of Spectrum 9 subtracted from data points is 0.34. Total pressure for this spectrum is 32.0
mTorr.
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SPECTRUM 4
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Fig.ilZ. d. Comparison of computed spectrum with the observed points for Spectrum 4., Fractional amount

of Spectrum 9 subtracted from data points is 0.14. Total pressure for this spectrum is 115.
mTorr. : : ' : ' - '
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Fig? 12. e. Comparisbn of compuged'spectrum with the observed points. for Spectrum.S; 'No'correction for
o emission from the A”ll; state was required. Total pressure for this spectrum is 310. mTorr.




-127-

IV. DISCUSSION

A. Introduction

R _ : All_of.the banded emission and.absorption~spectra'ofrthe”halogen‘and'
o : interhalogen diatomic molecules have been successfully.sssigneo thus far
as transitions between the ground X12+ state and a B3H°+ or A3Hl excited
electronic state. Transitions between the ground electronic state and

the 3H°_ and 3H ‘states have not been observed apparently due to opera-

2
tion of the.selection rules + «/+> - and AQ = O,il."The spin-selection .‘
rule, AS = O,Idoes not hold strictly for hesvy halogen molecules in which
there is strong spin-orbit coupling. The_ABH1 state correlates With ground.
state atoms, and the'B3H.+ stste correlates with one gronnd state 2P3/2
atom and one spin—orbit excited 2P1/2 stom{ For-interhalogén molecules

- XY there are two 3H°+ stateS.that correlate.with X(:Pl/Z) and Y( Pl/Z)‘
products, respectively. There is also a repulsive-stste of 0 symmetry‘f"7
that correlates with ground state atoms. Interaction'of the B +‘state:h_

- ;l with this Y(O ) state can lead to the formation of a new B! (0 ) state as }
’ Tl.in.the cases of IB?16, ICll7, and_BrFls. | | = ’
ln rotstionally resolved emission spectrabit is possible to distin-

i guish between the two transitions B3H°+ ---—-X12+.and A3Hi-i>x}2+

.l'since the first has no Q branch This is due to the selection rule: ;f

;?1AJ.= 0, + 1 with the exception AJ = 0 (Q branch) is_forbidden‘for =

3 S

- 0;;_-.-9 = OItransitions. " The ‘A Hi——ch12+ emission has P;'Q,'andvR

branches corresponding to AJ = -1, 0 and + 1.
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‘B. Previous Results for Halogen andvInterhalogen_Emission Spectra

Fluorine

No emission has been observed from the recombination of ground state
Py : : , o1 R
vfluorine atoms. Continuous absorption to the Hlu state occurs with a

maxinum at 34500 cm_l.lO: The operation of the case (a).Selection rule

"AS =0 apparently prohibits combination of the X Z staté with either the .

B3H + or A3H1 state in this light molecule for which spin—orblt coupling
is expected to be weak compared to coupling of the spin and orbital an-
' gnlar momenta to the internuclear axis.

. Chlorine

Emission from the recombination of ground stateichlotinevatoms has

;lbeen observed and studied by Bader and Orgryzlo ‘(1964), Hutton'and

“'Wright (1965), Clyne and Coxon (1967), and Browne and Orgryzlo (1970)
o The emiSSion has been found to originate in the B3H o+ electronic state -
h;desplte_the fact that this electronic state does not correlate with ground.ith
;Eétatevatoms. In-these studies ground state chlorine atoms were generatedgn

‘hi;microwave discharge. No emission from the A3H1 electronic state, which -

- doea_cortelate with ground state atoms,_haa been observed.

. iBromine. |

??;AEmission~from the recombination of'ground state bromine atons has
f.becn;studied by Gibbs and Orgryzlo (1965), Clyne and Coxon (1967),
Browne and Oryzlo’ (1970), and Clyne, Coxon, and Woon-Fat> (1971). The

- f p%?&ominant‘ emission.was found to be due to the A3Hi-—-ﬁ§X12+ transition:

f,aﬁh weaker emission was assigned to’B3H°+ —_— X Z+.
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Todine
0f the halogens and interhalpgens the energy states of iodine have
been studied most intensely. Emission from the direct association of an

exgited 21’1/2 atom with a ground state 2P3/2 atom, attributed to the
3 | -

B 1oy -—»X}Zg transition, has been studied by Abrahamson, Hussain, and
Wiesenfeld24 (1968). In these experiments 2P1/2: atoms were geherat;d‘by

‘fLash photolysis of~CF3I. Browne and Ogryzlo7 61970) assigned emiésion_

'frpm-the recombination of ground state iodine atoms to the B3Hia-*>XlZE

‘tﬁénsition. ‘Predissociation for v')24 of the B3H5+ state is'beiieﬁéd:to
'bg{due to crossing of the(B3Ho+ state by a repulsive.3i:_state which cpr;.
.f;iates with two..2P3/2 ground state atoms and belongs fo‘the molecular .

' 2,332 '

orbital configuration G_T

' 3.+
g uglu In case (c) terminology thg Zﬁ state is

a 0~ state.
Tu

"Chlorine Monofluoride

Recombination -of chlorine and fluorine atoms has not been reported.

The 3H°+ state has been observed in‘absorption-with predissociation occur—_-vf‘:'i

i

ing for v' = 11, 12, and 13.%0 &

.Brbmine Monof luoride

Duriel (1951) repérted the low resolution emission spgctrum 6f.BfF,
inga brbmine—fluorine flame and found thé bgnds to‘éoincide Qith thosevbf
'tﬁ; previously reported high feéqlution‘absorption spectrum assigped to
‘thg_B3H;+ —xiyt transition. Clyne, Coxon, and Townsend3b(1972) tepdr§éd
éﬁission from the 33H°+ state §f BrF produqed from gtouﬁdvétatevatoms in
' tﬁé presence of éinglet (hg’ 12;>oxygen. Formation of BrF (B3H,+) ex-

plicitly required energy transfer from singlet oxygen,
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Iodine Monofluoride

The diatomic molecule IF was discovered in 1950'by'Durie1 who re-
corded the ‘emission spectrum which accompanies the reaction of fluorine

with iodine;_methyl iodide, and other substances_containing_iodine. The

' assignment of the emission to the B H X Z transition of IF was con—

. firmed by Du’rle2 in 1965 upon publication of the rotationally resolved
'spectrum. Gabelnick (1969) studied the emission from the gas phase re-

,ection of I2 with Fz under low resolution, and computed Franck-Condon
v : 3

hvfactors andvthe transition moment for the B H,+w4>XlZ'transitiOn. in

””his lowest pressure spectra Gabelnick observed a number of unknown bands,

@hich due to the present work can be assigned to the A3H1——>X12+1transi—

fition. ‘Gabelnick-computed vibrational populations ofvthe B3H°+ emitting -

' éiate for total pressures varying from 20 to 200 mtorr and found very
1:iittle change'in the vibrational populations over thiS'pressureVrenge.
‘fClyne; Coxon, and Townsend3 (1972) have also reported emission from the

t'yB3H + state of IF in the reaction of I( P ) and F( P ) atoms in

3/27- 1/2, 3/2

v'f;he presence of singlet ( Ag, ZZ) oxygen. Their spectra.Were_characteré

,inged by a higher vibrational temperature than those of Durie, possibly
" due to.less'ribrational relaxation in the absence of molecular.halogens.

Bromine Monochloride'

Emission from the B3H + state of BrCl has been reported by Clyne and

.’fCoxon6 25 (1966) for the reaction between bromine atoms end ClO2 and for

.nthe reaction'of ground state bromine gnd chlorine atoms.

v Iodine-Monochloride-

The association of ground state iodine and chlorine atoms was found

to be chemiluminescent by Clyne and Cogon (1966) with emission due to
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fhe A3Hf-¢-X12+transitioﬁ. In the case of ICl it has beeh}shoﬁn by
absorption spectra that there is a definate.potentiél maximum in thevB3_H°+ :
‘potential energy curve due to a crossing of this curve by a repulsive'state~_.
of O+ symmetryvcorrelating with ground state atoms.l7‘ Thié has also been

shown to be true of BrCl26 and IBr.16

Iodine Monobromide

Clyne and Coxon4 (1967) found the emission spectrum resulting from
. the combination_of ground state iodine and bromine atoms to belong to thﬁv.
' A.3Hl—->XlZ+ system.

C. Assignment of Emission to Electronic States

and-Discussipn of the Grouﬁd State Dissociation Energy of IF
The detérmination of the bond énergy of IF by a Birge-Sponer
:éxtrapolation is not ﬁossible since the énergies of too few vibrétional
'i;vgls of the grognd'state are known from the emission spectrum.  Tﬁe
_Birge—Sponer plot for the ground state is given by Fig; 13 and results iﬁi[”v
::4idissociatipn energy of 27000 cm-l.‘ Indicated on the graph is the pos—.‘
K'éibility of a mugh lower Qalue‘for the dissoqiation'éne;gy'of 17000 cm-’l
;ifér the case éf extreme curvature. Such ektr;me curvature uéually occﬁrs
:iﬁﬁen there is an avoided curve crossing, which is not possible for the
:ifé%ound state.  There is usually some curvature in ground‘state Birgé—v‘
‘fS§oner extrapoiétions due to.contributibn of terms highef than squared
;érms to the Taylor Expansién for the energy expression.l Generally, the
'ﬁtue diséociatién eﬁergy of diatomic molecules is 10-20% 1eés than the
\;y%lue obtainedvfrom a long Birge-Sponer extrapolation; Based on the ég—
f%apolation for IF we would expect the ground state dissociation energy to -

lie between 21600 cm * and 24300 cm L.
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l‘Fig)_l3f Birge~$ponér'extrapolatid?"for thevgrcund sﬁate. 'Thé long‘extrapolétion leads to an

_.;UPPerllimitrof.27,000:cm:-_fgt'thefdissociation energy.. The dashed line indicates the

f f;‘p9ssibility_of a*FOHSiderablyLlowef-disSociapiOn energy:
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The accurate determination of the dissociation energy .for the halogené

and interhalogens has in most cases been accomplished by meahs of a.Birge-

Sponer extrapolation of one of the excited electronic states. One re-

'quires in addition knowledge of the frequency_of the (0,0) band and the

‘dissociation products of the upper state., If the uppef electronic state

is that of 3Hi there is no problem since both this state and the grdund

‘state dissociate.to ground state atoms. In the case of a 3H°+ upper stafe,
‘however, there are two possibilities for the dissociation'products. Durie
‘obtained the value 4680 + 100 cm-l for the dissociation energy of the -

'Bgﬂo+ state of IF by means of the strbngly curved Birge-Sponer extrapola-

tion shown in Fig. 14, and concluded that the dissociafion energy for the
ground state of IF must be either 16035 + 100 cmf;_or 23299 + 100 em L
débending upohvthé dissociation products of the upper state as illustrated

in Fig. 15. A new band system belonging to an excited electronic state

.thse minimum lies 3348'cm“l below the minimum in the B3H°+ potential en- -

ergy curve has been described here. This new.band system may originate

ihgthe A3Hl_state, or in the case that the B3H°+ state correlates with I* .+ .
vf? it may be the lower lying 3H°+ state correlating with I + F*, At least

eight vibrationai"levélsvof this new state lie above both the value 16035 v

cﬁfl and the value 16439 cm“l which are the dissociation limits for the

 A3ﬁ1 state and the lower 1ying.3H°4 state in the case that the B3H°+
:ététe correlates ﬁith I* + F, Thus it would follow that thevB3H°+ state
:mpét correlate with I + F*, and the new band system originates "in the

A_Hl state.

The reliability of the graphical Birge—Sponer extrapoiatibn for ﬁhe'
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‘vjfﬁig; 14, Birge-Sponer éxtrapolation for the-B3H°+ éfate of IF.. Thé
A - strong curvature in this plot is suggestive of an avoided
curve crossing. : ‘ ' : ' '
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BBH°+Vstate of IF is questionable, however, since a,sinilar extraoolation

by Durie1 for‘the B3H + state ovarF was.found bkarooersen'and Sicre18
’to be low due to the crossing of the B H + state by a repulsive Y(O )
curve correlating with ground state atoms. In the absorption spectrumv
: Brodersen anq Sicre18 found the convergence limits of both the A H +« X Z
csystemJand“the B3H°+'+ X Z system observed in emission by Duriel. The
‘difference in the convergence limits differed by a value of 3748 + 60
A.‘.c:m.-l which is very close to ‘the excitation energy of a Br( Pl/2) atom
’(3865 cm .) They found that all v1brational levels from v' =6 to v' =
15 were strongly perturbed by another electronic state in the vicinity of
:y' = 12. ‘This perturbation led to an‘anomalousiy low estimate by Dnrie1
‘::for the dissociation energy of the B3H°+ state of BrF_since he observedv
i,%evels up toioniy v' = 9 in emission. |
: In the caSe of IF, Durie2 found that predissociation begins at J =

'.45 in the v' = 11 level of‘the~B3H°+ state, thus establishing that the

| yground state dissociation energy of IF is definitely less than 23441 cm_l.yy
_iNo'enission waS’observed from v' = 12 or higher levels and there were only‘n.
:.'slight pertnrbations in the rotational COnstants for the v' = 9 and 10 |
- :ievels. N0‘predissociation occured in the y' = 9 and-lOiievels even
lvfthough rotational levels far abovetthe predissociation limit were obser-
viyed. The onset of predissociation at‘23341 cm“1 is highly coincident with
],the higher value for the ground state dissociation energy of 23229 cm'_l |
t}once the rotational energy barrier of 94 c:m—1 for J = 45.is taken into
Uracconnt. Durie?;argued that this suggested that. the B3ﬁ°+ state is per-

turbed by a state crossing nearly horizontally quite unlike the cases of
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BrFlS, IBr16 and IC117. Child and Bernstein19 have pointed out several

systematic trends in the potential energy curves for the halogens and

3

interhalogens. For example, the dissociation energies of the B I+

1

states of:I IBr and ICl are 4507 cm , 2243 cm—l and 799 Qm-l respective-

2°
ly. These states all correlate with a ground étate>I atom, the rémaining
atom being spin-orbit excited. This suggests that:the 3H°+‘stéte of IF
correlating with a ground state I atom and a spin-orbit éxeited F* atom
is-atvbest'very weakly bound. For this reason Child and Befnsteinl9 con- .
» cluded that:the BBH°+ state correlates with é.grouﬁd,state F.étom and an'.
i1 excited I* atom, the low convergerce limi;'being dugbto.a croséing with
:.a repulsiVe state of 0+ symmetry resultihg in a poﬁeﬁtial'maximumvas il-
J lustrated by Fig. 16. This would iead to a much stronger perturbation in.{ o
o the rotational stfucture than that observed by'Durieg;_howevgf,'since sqch:_
% a érossing would bekgxpected to perturﬁ many vibrafiqnal levels. lAiso,
:1 for this.case the ground state dissociation energyiis'uncertain_and is
:i: only known to lie betWeen the values 16035 cm‘-l andH23229 cm_l. A scheme_ 

:is proposed here which is consistent with the typé of prédissociatioh ob473{

'  3 sefved by Duriez. This scheme is illustrated by Fig. 11b in which a

o weakly bound 3H°+ state correlating with a grohnd.state I atom and a spin—;;.f

"'91 orbit excited F* atom has been added to Fig. 17 resulting in: an additional

) avoided curve crossing, Thus, the spectroscopically observed B3H°+ stateb_“,'

'??'correlates .diabatically with I* + F and édiabatically&wlth.l + F* accord- =

ff ing to this scheme. The forced correlation would result in strong curva-

| ture of the Birge-Sponer extrapolation as was observed, and prédissocia—,

tion would be expected to begin at an energy slightlyvlargef than the



40,000—T—T— T T T T T 7

Potential Energy (cm™!)

10,000

Fig. 16.

20,000}

-138-

0 10 20 30 40 50 6.0 70.77-8.0'- 9.0
’ lnternuclear Dnsfance (R) '

XBL 746-6539

Potential energy curves drawn for IF in the case that the B3l +
state correlates adiabatically with I* + F, . The B3I+ state is
forced to correlate diabatically with ground state atoms due to an-
avoided crossing with a repulsive state of 0 symmetry. ~In this
case the ground state dissocilation energy is only known to lie
between the values 16035 em~1l and 23229 em-l. Predissociation in

‘the emission spectra would be expected to begin well below the con-.

vergence limit, however, due to tunneling through the potentlal

'; barrier as ‘in the case of BrF.



=139~

40,000 —T T | I .,l. T
| I* +F
30,000 -
§ I+F¥%.
5 I+F
2 20,000—? N —
S
=
r=
"o
o
10,000 ]
bt M 4oy |
0 10 20 30 40 50 60 7.0 80 90
Internuclear Distance (R) B
' o XBL 743-5747 -
Fig. 17. ,?otentiai ehergy curves for IF. In this case an additional

weakly bound 3H°+ state has been drawn which leads to an _
avoided crossing with the 3l,+ state of Fig. 16. The avoided

‘crossing results in a forced correlation of the strongly bound"

Mo+ state with the products I + F*, In this case the ground V
state dissociation energy is known exactly to be 23229 cm™ '
from Fig. 15, there should be a strongly curved Birge-Sponer
extrapolation, and predissociation cannot occur below the
dissociation 1imit,
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dissbciaﬁioh»enefgy qf 23229 cm’l. This value for the ground stéte
dissociatioﬁ energy agrees very well with that éétimated'from.a long
Birge-Sponer ‘extrapolation (21600 - 243d0 cm_l) of the grohnd.stage.'
Thevvalue of 23229 cm.-1 for the dissociation ééergy 6f the ground
state of IF.leads to the values of 7638 cm_—1 for the diésociation.énergy7
of the A3Hikstate and 11874 cm.-1 for the adiabatic dissociation energf of
the B3H5+.stéte. The value of 7638 cm--l fbr the dissociation énergy_of. 

the A3H1 state follows the trend set by I,, IBr, and ICl of 658 cm'l,_’

2’
2375 Cmnl, and 3684 cm—l, réspectively. The same series of molecules:
give 12546 cm—l, 14660 cm_l, and 17340 cm—l for the'dissociation energies
of the grbund state. The value of 23229 cm'-1 is consistent with this

'1; trend in which the increasing bond energies are due to the increasing.

- differences in electronegativities of the two atoms.

-~

VD. Mechanism of Population of tﬁevA;HI and B3H°+ States of IF

If one considers the energetics of the possible reéctions between .

g molecuies conéisting'of iodiﬁe and fluorine atomé, one findé that there :‘: g

v'-afé only twd possible mechanisms for the population_éfvexcited electroniév;_f
t states of iF in ﬁhe reaction of I2 ' 2

:f: one described here. This is unlike the situatibn in ah iodine—fluoriné.

'with F

m"i flame in which the exdthermicity of the overall reaction

5

‘ is available to reaéfion proceséesvby way of,ﬁhe'highfflame-temperatufe.r'"

1/2 1, + 5/2 F, > TF, AH = -205 keal/mole - (9)

e The first of these.possiblé reactions is the-folléwing ,

2 2
where IF* is an IF molecule in either the A3H1 or B3H°+'é1ectrbnic state.

I, +F, > IF% + IF | o

for a flow. system such as thevfjfi




~141-

2

for IF adoﬁtéd here, emission from IF* can occur at wavelengths as short

Considering_the bond energies of 12’ F_, and the vélueﬁpf the bdpd energy

as 480 nm. This coincides well with the short wavelength cutoff in emis-
3

sion from the A3H1 state, but emission from v' = 5,6,7 and 8 of the B H°+._
state occﬁrs ét higher energies with vibrational tcﬁperaturesvof a few
thousand degrees. The lack of observation of emission from eyeﬁ higher
levels appeats to be due to the decreasing value of tﬁe transition matrix
element for tﬁe (v', 0) band with increasing v' rather than ﬁhé 1ack of .
population of these levels. Of course this reaction ﬁould'pfoceed’through
a four-center transition complex and for this reason alone ié not to be_'
févored.. |

The second and more likely mechanism for the pop@lation,of excitéd'

electronic states is that of three-body recombinégibn1of,1 and F atoms.

The reactions

I, +Fy > IF, + 1 - . (11)
IF, + F, +.IF3 +F . R (12)
] IFn +.f2‘+ IFn+1 + F in general fo? ? ;:6  : (13)

‘are probable sources of I and F atoms. Of the two reactions

F + I, > IF + I o (14)
I+F, > IF + F o B (15)
the first is expectéd to be faster than the second since F + Clz'is much

15.
2

These two reactions may propagate a long chain
in the explosive reaction between 12 and F2 if the Second]feactioh is

faster than C1 + F

sufficiently fast. Neither of these reactions is exothermic enough to

populate excited electronic states. Since at 300 K there are subst?ntiai'
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amountsv(m ;3%) of F(2P1/2) atoms in thermal equiiibrium with F(2P3/2)v-'
atoms both fhe A3H and B3H°+ states may be populated*up to their dis-
sociation ‘limits by atom recombination provided that the value of 23229

+ 100 cm 1 assumed here for the dissociation energy of the ground state‘:”
is correct. If the dissociation energy is less than this value then'atods‘
must pass over or tunnel through a pdtential barrier to poéulate the’ |

. B3H°+ sfaté;d The rate of population of the B3H°+ state compared to thétd

.’of the A3H1 state would be negligible for an energy barrier of more than

;f a few hundred wavenumbers. Thus the fact that the reaction between 12:

and Fz populates the B3H°+ state of IF févors the highest possible value

~ for the dissoéiation energy.

Clyne, Coxon and W'oon-Fat5 ‘have studied the recombination of Br( P3/2)

f’atoms in the presence of singlet 02( Ag’ Z g), and Clyne, Coxon and

ﬂvLTownsend3'have studied the recombination of Br(2P3/2) atoms with F( P3/2,

. 9
Pl/2 3/2) atoms, with F( P
+

‘- atoms both in the presence of singlet 02( Ag’ lZg

)vatoms and the recombination of I( P
). Singlet oxygen
';igreatly enhanced'thg emission from the B3H°+ state in the case of Bré.
'2 and BrF there is an energy barrier to atom recombination fd
'x};which is overcome by energy transfer from singlet oxygen. Unfortunately,u
ff:ﬁd ddtérmination was méde as to whethgr singlet OZ(IAg’ Zg ) was ex-

"ffplicitly required for emission from the B3H°+ state in the recombinatibh7

';?;of I and F atoms.

The recombination of I and F atoms in thevpfesence of a third body M

I+F+M3IFt + M o a6y

may be followed by collisional quenching of IF*

327 P2

¢
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- b ‘
IF*x + M > IF+M an

~ or by radiative transfer to the ground state.

c . '
IF* + IF + hv B (18)
These three reactions lead to the following for the steady state concen-

tration of IF*:

(IF#) = a(l) (F) 0 _ - : 1  '
’TEM) Fe | o (19)

If one assumes that I and F atoms are terminated priﬁarily by the atom

. ”, recombination steps I+F+M, I+I+M, and F+F+M one finds that:

(IF*) « lel;_ﬁle A ' ) (20); 
T . | |

" This expression is the same as that which one arrives4at for the firsﬁ.

. ‘mechanism diécussed,'which involves a four-center reaction between 12 and

The difference in the dependence of'the'ASHl and B3H°+ emission on

2°

’ ff the cdncenﬁration of I2 (Fig. 5) can be explained -on the basis of thg

':f’radiative lifetimes of the two states, according to-Equation 20,_if 12

‘M5is primarily responsible for electronic queﬁchihg so that IZEM.'LIh the
v fcaée that emission from the A3ﬁ1 state is 1in thevhiéh pressuréblimit of
bff;Equation 2Q fhén the,dependence on (12) is removed, as was observed. The -
ZF;33H?+ state must be in the low pressure limit to fit the experimental r¢—>€11 
"f;ésults; thus_predicting that the A3Hl state, has a much.longer radiative
 ;£flife;imev-than the B3H°+ state forvsiﬁilar quenching constants. As will
1;£;bé discussed below,‘the radiative lifetime of the B?H;+ state is shoft ‘ 
;i:enough to bé competitive with the vibrational relaxation time at the
'féjpressﬁres studied. Additipn of an inert gas such éslAr would.bevéxpectéait

\vto‘decrease emission from the A3Hl state at sufficiently high pressureé,

as was observed (Figs. 6 and 7). Small flow rates of Ar would be expected
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to increase emission from the A3H1 state by increasing the cell resideqce
time and thus the F, concentration. Increasing flow rateé of Ar would be
expected to increase the emission from the B3H°+‘§tate by'increasipg both
the coﬁcgntfations of F, and I,. Thué the effect of flow_fates of F2, '

2 2

and 12 and Ar on the relative emission from these two excited electronic

states can‘be explained in a qualitative way by either of the two mecha-

nisms discussed. The atom recombinatioﬁ mechanismAis'to be preferred on
the basis pf”energetics in fhe case of tﬁevB3H;+’sﬁate; however, éé that
the A3H statg is probably also populated by atom rétombination.

1
E. Effect of Pressure on Vibrational Populations of the B3H°+ State .

The vibrational populations for Spectra 1-5 are given in Table V
o and the vibrétidnal populations for the two extremes in pressure are cdmf;'
pared graphically in Fig. 18. For this series of spectra the flow rates

3 of 12 and F2

into ‘the cell were held constant and the total pressure in- L

‘creased from the value of 4.8 mtorr to as high as 310 mtorr by an ins. . .

i creased flow of Af; Increasing the flow rate of Ar increased thé cell;
Vj'residence.time by decreasing the puﬁping_spéed of the system and thué;in—
 j‘creased concentrations of IZ’ FZ’ and reaction pfoducts in thé éeil, as

. discuSsed previously. For this reason changes in vibrational populations
'iﬁ cahan'Bé attribu;ed solely to increased pressures of Ar, and in'faét:ér§ 

“af probably due to the increased pressures of halogens and interhalogens as

. these molecules are  excellent energy transfer agents. For this reason

" the effect of increased pressure on the vibrational populations will'only; .
"% be discussed in a qualitative manner.

-Increasing the pressure to 310 mtorr with Ar increased the cell

residence time from 0.2 to 1.6 sec” (Fig. 8) so that the pfessure of
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_halogens increased from about 5 to'40 mtorr. Moderate pressures (up té

'v32 mtorr) of Ar (Spectra 2. and 3) had little effect én the ce11>:esidence

~time and little effect on the vibrational pppulations.(Tablé 5). The sub-

; stantial chagges in vibrational populations brought on by larger flow rateé”

of Ar>tSpectr;'4 and 5) appear to be due to the increased deactivation by

halogens and interhalbgens as a result of the increased cell residence times.

Measurement of vibrational relaxation times of homonuclear halogéns_ |

1iiiby Millikan;and:White27 resulted iﬁ a typical value of 10.-7 fér PT, whef¢  ;
t?P is the pressure in atmospheres and T, is the vibrétional relaxatibn time.
Jffhe viBrational populations change substanfially over the haiogen pressure

' ?frange of 5 to. 40 mtorr so that over this'pressure_range thekradiativg li.fe—;i

 "étim¢.must be competitive with the vibrational relaxation‘time. Thisbyieldsv

"E‘a radiative lifetime of about one millisecond for the B3H°+ state of fF,

?«f ﬁThe cellvresidence time is long compared to this value for the radiatiVe  e

ltlifetime so that essentially all molecules formed in excited statesvemif

;Ebefore ﬁaééing out of the cell. |

A radiative lifetime of about one millisecond for the B3H°+ state

1i§f IF is intermediate between.that of 12(7 X 10_7)?§ and'thét;of Fz‘which
}”ths'notvbeen measured, but is expected to be very long due to the forbidden;;'"
/1.éhé$é:of the transition which only becoﬁesiallowéd fpr heavy moleculgs fof'

':Eiwhich there is strong'spin;orbit coupling.

- . The lowest pressure spectrum, Spectrum 1, is non—Boltzmann'and ex—-

lifhibits a slight population inversionfor v' = 1. One goal of this study'-v

>_;was to obtain the "initial distribution" of molecules among vibrational .
energy levels. In the low pressure'limit a newly formed molecule will

radiate before colliding with another molecule so that the vibrational

\;t
Jue
B
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populations_répresent the rates of reaction into each of the vibrational
levels. In atom recombination the higher vibratiohal levels are popula?

ted at a more rapid rate than lower vibrational lévels; and one would ex-

. pect the:initial distribution to be highly inverted. In these gxperimeﬁts, .,
~ the trend with reduced pressure is clearly inp this direction, but the vif -
- brational distribution is far from that expected for the'initialbdistri—;
f bution; This is despite a reduction in total preséure byvan-order of mag?'
. nitude over that used b& éabelnick8 and an increased call volume from 1 to
':;:350 litersbto reduce deactivatiqn at the walls. The‘inability to”obtaihf
:.an inifial distribution for this reaction is due tb'fwo factors. The
;first is'that emissioﬁ intensity nessarily decreases with dgcféasing ¢§né v
“ centration of redctants and thus pressure. The second is that at lower
';préssures the emission ffom the 33H°+ étate wasbmaskgd.by émission frdmvf L

':“the-ABHi state.
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