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~ to ground state atoms are expected to predissociate B

_ Abstract

‘Nonempirical quantum mechanical caléulations including

eleétron“cotrélation have been carried out for the lowest

X aﬁd'3Hv'statés of 0.
u Sl 2.
and 257 32;’and-345 3

Av;elatively large basis set is used
Hu'symmetfy~adapted configurations are

includéa¢iﬁ'the’first-Order:wave functions. For the B 32: state

the theoretical spectroscopic constants (with experimental

values in_ﬁarénthéseé) are T_ 6.16 eV (6.17), D, 0.76 eV (1.01),

T, 1.644 (1.60), w, 679 cm™ Y (709), and B_0.783 em™ 1 (0.819).

Neither state is well described by a single electron configuration
S A . a ,
and the B 32;‘state'is seen to have normal (non-Rydberg) electron

~distribution. The calculated potential curves indicate that

3

the.repulsive 3Hu curve crosses the inner limb of the B Z;

o L : ' ' . 1
~curve. Analogous calculations , on the repulsive Hu

étaté yield a crossing of the outer limb of the B 32;.,»Since

previous interpretations of the predissociation of B 32; have

suggested ﬁhat 3Hu crosses the‘outer limb, this predissociation’

~1s discussed in some detail. It is concluded that spin-orbit
 codpling.is the principal interaction responsible for the

predissociation, so. that all four repulsive states that dissociate

32— to
u

roughly the éame degree.



A Intréduction

Thirty-five years ago Flory; suggested that predissociation

occurs in the Schumann-Runge (B 32; - XM3Z;) bandsz of the
oxygen molecule. >Flory's:argumentl was based primarily on a)
in theiemissidn spectrum noxbaﬁds'haVing'v > 2 for the B 32; | «

state had been obsefved and b)  ébsorption of'light by O2

1eads
to photochémical decdﬁposi;ion;at a faster rate thaﬁ can be |
accounted for by assuming'Colliéions of phqfoactivated molecules.
Furthermore,’Flory_suggéstéa théf the.répulsive 3Hu'5£ate of‘_O2

. . /
- was responsible‘for the predissociation and?presented a poten;ial
eneréy diaéfam'indicating.thatithe 3H; cdrvé crosseé the B ai;
state on its outer 1limb. flory's analysis has been the subject
of contfqvegsy since its publicatibn.

At the time (1950) of publicétibn of Herzbergfé book on
diatomic spéctfa, Flory's'theory Qf p;edisséciétion in B Z; QZ
waé not géheraily-aCCeptea.3 At about.thétatime Féasta reported
the'observation of émission bénds v' = 3 and concluded that |

Flory's analysis wasfunsatisféctdry. HOQever, photdchemical

investigations_of the effects of foreign gases on the formation

, were iﬁte:preted by.Volman5 to éupport Flory's -

of ozoﬁe from O

conclusions. |
The first part of Flory's analysis was definitively confirmed

by Wilkinéon~and Mulliken6, who réported what they considefedv

to be a strong predisséciation in the v' = 12'1eve1; They ‘also

inferred that predissociation takes place in the whole range

of levels from v' = 4 to v' = 11. Wilkinson and Mhlliken6

suggested that the origih of the obéerQed predissociation was



this predissociation to a Crossing”ofvthe'outer limb of the B %

1

a crOSSlng of the inner limb of the B state (at v'=12) by the

repulsive 3”u state. They'futtuer pointed'out6 that weaker
ptedissociatioue of the’ﬁ stateioy the‘SE;,‘lHu; or Snu‘states
might aleocoe obsetvable; |

Another 1mportant paper on this squect appeared in 1959
by Carroll. 7 Carroll found'en even sttonger (that Wilkinson

and Mulliken at v'?12).predissociation at v' = 4. He attributed

P
. u

statevbetweeh v'= 3 and v'= 4 by theBH.u state. Thus Carroll

concluded that Flory s analys1s was correct in detail. Carroll

»also p01nted out7 the observed prediSSOCiations at both v' = 4

and. v' = 12 mlght be explained by a single repu131ve potential

via a:quantum mechanlcal treatment of the Franck-Condon

Vprinciple:8 In addition Carroll raised'the possibilityvthat

the weaker v' = 12 predissociation'might bé caused by the 52;,

.5 .
I , or "I states.
u u

More.recent spectroscoﬁic'iuvestigations B'have confirmed
the pfedlssociationS'obSerVed by'WilkinSdn and Mulliken6 and

byCarrbll.7 It is particularly'noteworthy that Hudson and
e 3

~Carteriq'found all the le&els of B Z; 02 from v.= 3 to v = 17

were subject to predissociation, the individual rotational lines
having half—widths varying from 0.5 to 2.3 cm-ll.'

The only EE initio quantum mechanical calculations on the

~ potential energy curves relevautito this problem are those of

Schaefer and Harris;l-4 Theyuused a miuimum basis set of Slater

functions and performed essentially full conflguratlon 1nteract10n
' 1

(CI) calculations on- the states of interest. These calculations

' v g : . | _ - o
predlct‘the -Hu'repu131ve curve to cross the inner 'limb of the



B 32u cufve. The tﬁfee_othet curvesvmentiohea by Wilkinson
énd’Mulliken6, 52:, lﬂugiandASHu wefé‘all predicfed14 to be
repulsive and c¢ross the outer limb of the B 32; curve.

In independent iﬁvestigations; Murr¢l1 and Tayloflsvaﬁd
Riess and B'en-—Aryeh16 have:recéntly épplied'the Franck—Condoﬁ
érinéiple td prédiésociation.in tﬁe Scﬁumaﬁn—Rungevbandsvof.
| | 15,16

02. Both authors have carried out numericaI calculations

"which demonstrate, in accordance Qith:the-éarly theoretical
dischséibn of Rice8, thét interseétion'of the_ﬁ;32; state by

a single repulsive cprve-may give rise to several maxima of
predissocia;ion probability (occuring at different vibrational
levels of the B state). Assuming a single repulsiyé curve, the
‘best agreement with the bbsefvédAétfohg dand weak predissociations

at v' =4 and v' = 11 is obtained from a curve crossing the

outer limb of the B staﬁé near v' = 4.15f}6' Both sets df»authdrs
éoncluae (Murrell and TaYioflS mére emphapicélly)"thaﬁ the
observed predissociations are due to thev3Hu.state.cros§ing the"
. outer limb'qf the B 32; potential éurvé.’.In réiéted work, Child17
hés theoretically discuséed prédiSébciatiOn.from a semiclassical
point of Qiew and used the predicted repulsive 3Hu curve, of
Murrell‘and Taylor15 to compute prediSsocigtion probaﬁilitigs.
"The most accurate andvcomplefe spectroscopic investigation‘v
“of 02 p;edissociation is the recent work of Ackérman and Biaumel3,
who photqgraphed fhé first fou:teen Schumann-Runge bands, from
0-0 to 13-0. Their pa:terﬁiof observed B state Qibrational
linewidths may imply predissbciafion for all the B state yibratioﬁal

levels, but otherwise appears to be in good qualitative agreement

with the predictions of Murrell and Taylor.;5 However, Ackerman
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details of which are preéenfed in Section II, is that the Hu

'state almost certainly crosses the inner branch of the B

and.Biéﬁe péint oQt that theifvobsétved maxima at v' = 7»énd
v"='11:may:arise ffom Supefposiﬁion rather than predissociation}
fhey coﬁcludel3'thatbtheré#perimentai da;a "do ho;‘fuliy support"
thbtheofétiéalvresults of Murféll and TayloflS and thét soﬁe

other type of experimental measuremént is required to confirm

thevMurrell—Téyibf‘aﬁalysié.

Related to the Schuménﬁ—Runge predissociation problem is

the fact t‘ﬁat18 the_3H_u to X 32; transition ﬁay be responsible

for the major part of the O, continuum in the wavelength region

_ 2 , _
2000-17504. Ogawa18 has:recéntlyvinvestigated this continuum

18

this point of view. Although no definite conclusions are made s

Ogawa“ states '~ out that no appreciable part of the Schumann-
Rﬁﬁge continuhm'is'dué'td‘fhé XF3Z; - 3Hﬁ'transition if.the'Bﬁu
Cﬁrve;crosées Ehe duter iimb of the B stafe curve between v =_3
and'ﬁ.v.Tﬁe'Eranék-Coﬁdoh fact0r of suchbg 3HQ'— X,3Z; transition
would be rather small undef such circumstances.

The purpose of the'pfeséht reéearch was to calculate ég'initip

Poténtiai'gurves for the B'BZ; a'ndv3Hu state of a much higher

.reliability,fhan those of Schaefer and Harris.14 This is now

o oy R ' : . - 19 : .
possible due to ‘recent advances of a computational™” and theoretical

‘nature with regard to the treatment of electron correlation in

diatomic molécules. The primary conélusioﬁ'pf"these calculations,

3
32—
u

state, 1in qualitétive agreement with the earlier less accurate

experimentally and discussed the.shape of the 3Hu potential curve from

20
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 caLcula£ioﬁé. Sincé this finding_séems\to contradict some

interpretations of the predissociation of the B state, Section III
discusses this‘predissociation in some detail. The essential
point here is that since spin-orbit ‘coupling appears to be the

dominant interaction responsible for the predissociation, coupling

of the B'3Z; state to all-thé'repulsive statés‘flﬂu,'3nu, SHu,
; , —_— :

Z:] which dissociate to ground state atoms is expected to be

of comparable strength. Any, and perhaps all,-éfvthese four

states, therefore, may predissociate the B 32; state.

]

ITI. Ab Initio Calculation of Potential Curves

A. Basis Set

‘ o i : : . ' : 20a
.The basis set is the same as that used in earlier calculations

on the X'3Z; ground state of O It consists of four s, two p,

9°
and one d'functionvbn each oxygen atom. With this basis the
Hartreé—Fock energy of the 3P state of 0O is réﬁroduced to within
0.000l"héftree; but the délcﬁlated.SCF'enefgy_for'ground stgté 0,
at 2.3 bohrs internuclear'separatidn lies 0.53 eV abbvé the -

| ' 21

near Hartree—Foék'energy'of Cade. This molecular basis set

error of 0.53 eV-appearé to be responsible for the fact that-our

computed dissociatibn_energy for O2

waé 4.72 eV, as opposed to

the experimental value 5.21 eV. With this basis the CI energies.

for the 5P and !D states of O are -74.81041 and -74.72936 hartrees.

B. Selection of Configuration
. : 2 O . : ) L .
As Iin earlier work ., here we use first-order wave functions
to describe electron correlation in molecules. In principle
such first-order wave functions include all configuration in

which no more than one electron océﬁpies an orbital beyond the

Ly



valéhce éﬁeli'(n;2 forﬁthe oxygenvatom)ﬁ 'Thé‘virtug of this
méthOd for fhe'selection‘ofVéonfigurations ié that it ié
esséntially automatic (no‘guess work_required) and increases
only 1ihééf1y w;th'the numbef of{basis functions.
.For'the'ﬁ_32; étate»the configurations included are seen ,
in TablétIE"Moét'of fhe'fifsf 201'cbnfigurations can be described
and siﬁgle 6debuble éﬁcffétians from the configﬁration |
2. 2. 2. 2. 2. 3. .3 ' |

lo 10 20 "20 30 “17w T1w .L The fifst actual calculation
8 u g - u g u g :
2.2 2 4 2

’showedva sécond'configuféﬁioh, 10 "10 20 20 230 30 1w “1m
. . ] . g g u g u u g

u
to be very important. Therefore the last 56 configurations in
Table I are single and double excitations from this second
reference state.

- Our'baSis set can usefully be divided into four types of
orbitals
(1) core orbitals - log; lo .
'(2)1 semi—valenée4prbit§lé_—.208;,20u;
(3) valence orbitals - 30 , 30 , 1m , 17 .
. g u u g
(4) higher orbitals -~ 40 - 70 , 406 - 70 , 27w , 3w , 27 , 3m
. g g8  u u u
All COnfigurations involving logZIOU? plus only semi-valence or

valence orbitals are included. As Table_I> shows only single

excitations from the core orbitals are included in our first-

order wave function.

c o L . . ‘ ‘ Finally,
from the occupied valeﬁéefprbitals.(30821Wu3lﬂg3),dduble excitations

tovone uhfiiled‘valence_(BOﬁ, 1nu, or lﬂg) and one higher orbital

are included.

u g g



For'fhé'3nu state the same procedure was followed with
respect to the 10'210 220 ZZd 230 230 lﬂ,alﬂ reference state,
. g u T g u g uu g
yielding 254 configurations. The first 3Hu CI showed the
20 2,2, 2 A _ :
lo0 "1 "20 720 " 30 230 1 zlﬂ 3 configuration to be very important.
g u 4 u g u u 24 . . ;

Therefore the‘appropriate single and double excitations from
the valence orbitals of this second reference state were added.
For practical reasons, excitations to orbitals higher than hog, -

écu, 2ﬂu,'and Zﬂg were not'included.- Nétural orbital23 analyses

~show that occupation numbers fall off rapidly after AOU. Thus
1%5configurationsvwere included in the 3Hu calculations.
C.. Method of Calculation.

The one- and two-~electron ihtegrals were evaluated to an
g . -7 . . . . o 19a
.accuracy of 10 hartree using a completely numerical scheme. - ;

Construction of symmetry-adapted linear combinations of determinants Co

was carriedﬁout‘by direct diagonalization of the Qperétors N }
2 . 3_- 2 3. 19b | , E
. : |

ST + (-5)0v for Zu and S for Hu

‘A special problem arose in these calculations in the computation

of the lowest eigenvalue'and eigenvector of the Hamiltonian

24,25

matrix. The Neébet—Shavitt algorithm works exceedingly

well for cases in which one configuration has a coefficience of
0.9 or greater. But when the wave function contains no dominant
single configuration, one finds slow convergence or no convergence.

However, Shavitt26'has recent1y found that by varying each component -

24,25

of the eigenvector during each iteration , convergence can

be obtained where the original algorithm fails. For larger

internuclear separations, for both the 32; and.3Hu states the

24,25

original algorithm failed but the modified version26 yielded

convergence in between 10 -and 50 iterations.



The difficultvprobleﬁ:of obtaining'aﬁ'optimum setvéf
moléculéf‘éfbitais'(yielding ; rapidly convergent CI expansion)
was'apprq#imateiy solved using the i;etative ﬁatural orbital
proceddre df ﬁeﬂdéf'and Dévidson.27:‘F§r homonuclearAdiatomics
itAabpgafsjthat eXcéllgnt'results can be obtained by starting
Qith Symmetry orbitals (gvén-and odd_combinétions of Hartree—Féck
atomic orbitals). In all céses the énergy stabilized to within
10;4 hértree after no more tﬁan.five natural orbital>iterations.

:D;  Spectroscdpic anstants for B 32; 0, v ‘ |

'The calculated toﬁal energies, éeeﬁ in Table II, were used
to ﬁredict spectfosdoﬁic constaﬁts'for.the Brstaté. These‘are'
compared‘with experiment ana the earlier calculations14 and
'experimentzs-in Téble-III;‘AOGr calqulated excitation énergy Te
is in very.élose agfeeﬁenf‘with‘eXpériment.' The percenfages of
éiperimentvfor'thé other ;peétroscofié constanté are 102#3% (re),‘
95. 8% (we);'lzs.sz (wx_), 95.6% (B,), and 120.7% (aé). As
expeéted, the corrgction tefms w Xy and'ae are somewhaf less
accﬁrate than s we,.and Be. ~We note that the experimental
Vvalues of Alb;itton, Schmeltekopf,.and Zare28 were obtained by
fitting the observed vibrational levels to an ekpression including
the‘additiphal constants weye‘and Y- |

Our caléula;ed.dissociaﬁion_energy is in much better agreement
with.experimént than the earlier éh iﬁitio work'.'.l4 The difference
between caléula;éd and.expe?imental De.is'0.245 eV, small enough
tévmake-it'impossible‘tévdéterminé whether our error is due to
oﬁf basis set or the indequacy‘of the.first—order wave function

concept.



E. Electronic Structure Considerations

~ The B 32; and 3Hu states lie higher (relative to the ground

state) than the states of many-electron diatomic molecules for

which ab initio potential chrves of;comparableiaccufacy have

20,29-31

been previously reported. ‘Therefore if is of interest

to see if the electrqnic:structures of these two states display
any unusual features. To this end, Table IV indicates the most
important éonfigurétidns'in the two wave functions'and Table V

the natural orbital occupation numbers.

3

For the Hu state the most important configuration, as

expected isithe 30 230 iw 4
. g u u

30 30 17 zlﬂ 3 is also very important near r (3.1 bohrs). As
8 s & - ~ the ¢ '
is well known, Table 1V shows that,single configuration approxima-

lﬂg. "However, the secoﬁd configuration

tion becomes .very poor as the molecule dissociates. . The occupation.

numbers at :’= 3.1 indiééte'that the simplest accﬁrate orbital
picture of thelBHu staté is one in which %3% elecfronsvoccupy
the lﬂQIOrbitax'and V14 electrons ocepy the..lng

On the»basis of CI calculations in’ﬁhe T-electron approxima-
tion, Taket#, et.él.32'ponciddéd that the B staté”Ofvoé is a
Rydbgrg or diffuse state. vHowever, Morokuma and Konishi33 have
recently demonstrated that‘the B‘étaﬁe is es;éntially abvalence
state. ‘They showed33 that forcing thg BOé orbital to be doubly
occupied in all configurations (which amounts to the T-electron
approximation in this‘case) puts an unrealistic constraint on
‘the form of the wave function.

Table IV indicates that the electronic structure of the
B Z; state near re is detefmined_primarily by two configurations,

3 '
36 "1w T1m and 30 30 17 41“ 2. A - third configuration,
g fd u u g : p _

a7
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30 36 1m zlﬁ A,Iis élso'quiﬁévimportant near r . Both the second
g u u g _ \ v _ e

and third B state configurations would not be included in a

ﬂ—elecfibn tréatméﬁt."Ih addifiod,-inspeétion of the actual

wave function. at f-=:3{l bohrs shows that the more diffuse basis

functions appear no more important than in. the ground state of

20 Thué'the present work fully supports the conclusions of

33

0,-7 Thu

Morokﬁia‘éndeonishi.
It is pertinent to note here that the V state (nr” singlet)

offéfhyléﬁe‘is‘thought to b¢32~in s6me wa&s:analogqus to fhe

' While-SCF'caléulations on the V statevof C H&

2° 2
34

imply that it is Rydberg-like

B state of ©
| . - 35,
, it has been suggested that
the inclusion-of eléctron'correlation will result in a nearly
notmal;ﬁalénteulike stafe.
The B state natural orbital dccupation.numbers essentially

descfibe the electronic structure near re as

d:}'69” d*Q;BS .- 3.18 2.78 3Z;u 3H

3 1w in . Our results for B and
- u u g '

3 u
stafe; quOé_pfobably iﬁdicate a'geperal'trend-—that thé higﬁer
elecfronicistates of.moieculés may"(eVen-near the equilibrium
geometry) bg very poorly described by a single electron configuration.
F. Potential Energy CurQes |
The preditted pdfeﬁtial energy‘cufves are shown in Figure 1.
In additi6n‘to'the 3Hu aﬁd 32; cdrvés, a 1Hu curve calculated
by thé same methdd36 is shown in Figure 1. Also included in Figure
1 is:the numeriéally‘tabulatéd experimenfal B 32; curVe.obtained
py'Albfigton,‘séhhélfekopf, éﬁd Zére.zg._in Figure 1, the
calCulétea'é'3Z; curve has Beé;.ﬁpiformly loweréd Ey 0.00875

hartrees or 0.238 eV. This is because our atomic calculations



T . . ' - b ) : .12

'(which yield the dissociation limits) predict the 1D state to -
lie 2.205 eV above the 3P state, whereas :his splitting_is

37 Perhaps the best argument

experiméntally kﬁown»to‘be-1.967'év.
for the reliébility of ourvcglculafions.is_thét ;he gﬁ in%tio
and e#perimehtélzs B state curves aré'neafii'parallel:

Comparing tﬁe theofeticai repulsiQé curves with either the
theorétical Oor experimental B state'curve yields the same qualita-
‘tive result: the 3Hu curve crosses the inner limbvwhile the
lﬂu sFate crosées the_outér 1imb of the B 32; pbtehtial curve.

It certain1y appéars'fhat'théﬂpresent calculafions are sufficiently
accurate‘thét_these qualitative,conclusions'are:correCt.' The
exact pbsitiéhs of the two crﬁssing points are much mqfe difficult
" to aséess. The crossing pointé éan be most reasbnably estimatéd

by realizing tﬁat,vrelative to the experimental B state curve28,
the calculated 3Hu and ;Hu curves are likely to be somewhat too
fepulSive. Taking this into account one mighﬁ'conciude that the

Hd curve ‘crosses the inner limb of the B 32; state curve somewhat
above v = 4, while -the lﬂﬁ curve crosses the outer limb Befween.

v =0 and v = 1. However, thesé esfimétes:of the crossing points

should be regarded as speculative_and'ndt essential“tp the primary

conclusions of this research.

I1TI. Predissociation of the B 32; State

Predissociation is ‘one of the simplest examplgs of‘a 
"goldén—fule", or radiationless transition--i.e., the éegay of
é metastable discfete staté into a continuum state which is
energetically'degeneratg with it!38 The "width" associated with

the discrete vibrational state (in units of energy) is
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I = 2n|<n|v,  |k>|“p, : _ (1)
o 12 M , :
where . 1 and 2 denote the initial and final electronic‘states,_
n and k the initial (dlscrete) ‘and final (continuous) v1brational
states, and V12 is the_coupling between the two electronlc states.
The matrix element in Eq. (1) is given explicitly as an integral

over 1nternuclear distance’
00

<nlvy, |k = /;d'r fn(r)vlz_(fz)gk(r), | (2)

whete.fn(n)‘is nqrmalizedtto upity, and if gk(r) is normalized
sugh_that‘ét-lange'r | |
gk(r) N'sin(kr + tonstant)f . | | (3)
theﬁbthevdensity.of‘finalrstgtesiin-ﬁq. (1) is
p = 2u/(hZkm), | | - (4)
wheré k ='(2uE2/hz)% E2.béing.the‘fihal asymptotic ttanslational_
-energy of the nuclei and.u being’ their reduced mass.
| The physical meanlng of T is that (E/F) is the avérage time
the discrete state exists before it predissoc1ates More precisely,
if the state is observed spectroscopically, then spectral lines
involvihg ttanéitions to or ttom it will be Lorentzian with a
full—WidtH at ﬁalf-height given by T (i.e., Av‘= I'’h) provided,
of course, that li;e broadéning from all other sources is much
vsmaller thén'thét ftom prédissociation.
If the potentiai tutvesvvl(r)and V2(r) Ii.e.{vthe electténic‘
eigenvalues as é'fdnqtibntof internuclear dis.tance];cross-3
ét internﬁciegt dist;ﬁte r;;.then it.is‘well4knownao that the
region of.r about T gives the-dominént cpntribution to the

iutegral'in'eq (2), so that



I = 27 lvlz(fi)l2|<ﬂlk>]2p;'"' , - ()
i.e{,'thé éleétrdnié ;nd ﬁucle;r éontributioﬁé ﬁo the width
enter mult@plicétiveiysin.this apéro#iﬁatibn.. First we discuss.
tﬁe electronié.facﬁor, énd'thén the nuclear, of Franék—Condén
factor. . |

A Electronic.Seiection Rules -

Landgu_and LifSHifzap haﬁé’givén’ﬁy'far.the clearest
diécﬁsé;bn,of thé ﬁatﬁré of thé electrdﬁfé{cﬁuﬁling, Vlé'Of.Eq. (5).
There are esséntially tWO;intéractioqs which égn COuple‘Bofn—
Oppenheimer sﬁates:of &ifferenf symmetry and thus‘giVé rise to
predisébéiation: (1) orbit-rotation coupling,. the qoriolié
interéétion of the electropic orbital angular moméntum &ifh fhe' 
rotational:éngular ﬁomeﬁtum of the ﬁuclei,.éna (2) 'spin~orbit
Coﬁpling; phe.purely electronic interaéfion of the spin énd o%bital
aﬁgular momentum.of the électroﬁs. " For bofh théSevinteractioﬂs
one haé'the séleﬁtioh rules that total angular mdﬁéntum and the
sign of tﬁe'ététe caﬂnot Change}.-For_hbﬁonuélear diatomic"
.moleédles, 6ne has in addition cOngérvétibﬁvéfvpariﬁy (ije., ge+u
rtransitidns aré:forbidden).' |

For fhe orbit#rcfatiénqinteractionvone in addition has the

selection rule540

‘A_s.= 0; AA = £ 1, B - (6)
where S is the. total electronic Spin énd A is the,cémponent bfr
electrohic orbital angﬁlér momentum along the internucleér axis.
These afe the 6ften—quoted41_Kr6hig selection rules for o
pfedissociafion and arevvaiid only if tﬁis interaction is the
dominant one. vThe{magnitﬁde of the drbit—rota;;on coupling-is

~given roughly by



o o ' . 15

V.. ‘~(rx) > (52/2p;x2)2J]AA| = th/utxz, | ' D
where J is thé rotational quantum number.

The spin—éfbit interaction, on the othér hand, haé selection
rules |

As = 0, 15 AA = 0, *1, | (8)

with not both AS and AA = 0 if A # 0; Z++*Z-‘is allowed, however,
fbr AS =‘d'a$‘wéll_as 1. Sinceﬂthis.interactibn involves only
eleqtroﬁiC‘degrees-df.freédom, it is iﬁdependent of J, and this
feature is its "éignature". There is no simple way to estimate
the magnitude of the spin-orbit interaction in a molecule; there
is no.reason;‘however,-to expécﬁ the éoupling between all states
connected_ﬁy fheée selection~ru1es‘to»differ'greatly in magnitude.

The total electronic interaction can therefére be writteﬁ
in the form o

Ve = e ks (9
Whefe a_and‘b are ﬁon;zero‘only 1f electronic statés 1 and 2
obey the:seieétion rulés”in Eﬁé}_(G) and:(S), respectively. There
are two principal handles oneftan'use to decide which intéraction'
is dominaht and thus which selection fﬁlés are most relevant:

(1) the J dépehdence of the'interaétion, and (2) the fact that

" one has a good estimate for the magnitude of the orbit-rotation

coupling. If, for example, the predissociation width is larger

than can be accounted forvby the value of a = ﬁZ/urxz and 1if

the interaction appears to be indépendent of J, then one concludes

that the spin-orbit interactiqn is dominant and the pertinent

selections rules are those given by Eq. (8). This appears to

‘be the case for predissociation of the B 32; state of O , at least

2

for J not too large (see sub-section C below).
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B. The Franck-Condon Factor

The second factor ih Eq. (5), the squére of the overlaﬁ
integrai'of the two vibrational waQefunCtions,fis the familiar

Franck—Condonv(FC) factor. It appears in many phenomena involving

electronic transitions andiis a result of the sudden approximation--

i.e., that the elctrpnig transition'pakes pléce gssentially
instantaﬁeoﬁsly with respect to motion of the nuclei., : The FC.
factorvis, of cburse, completély ﬁnreiatea to the»géture of the
electronic‘codpling and the selection'rﬁles pertaining thereto.
fSincé.the ViBrational wavefunctions describe motion of.nuclei,
a semiclassical apprﬁximation.is’quite'apprqpriate for evaluation
of the FC fbactor._z'o’.42 A’uniform-semiélassical approximation has
also beenkdevised43; and thié giQeé' |
']'12nz%A12(-z); (10)

2np'<nlk}I2 = (Zﬁ/ﬁZRX)SY(n)lVl'—Vz

whérets(n)-is the vibrational eigenvalue’function-for the_discretev
; = -— 2 ? L ] s
state, ki(r) {ZULE Vi(r)][ﬁ } . Vi _Vi (rx), kx is the common
value of kl(r) and kz(r) at the érossing point, and
z = 3D73; N R o (11)

T is a phase integral related to the two intersecting'potential
curves.

If the two potentials intersect as in Fig. 2a, then

LT r . o
X : 1> v ] L :
1 =f dr kz(r) +[ dr k. (r), ' _ (12)
r r 1 S

2 P
and if the intersection is as in Fig. 2b, then

T = ri  dr k,(r) -v/: dr k,(r). S (13f'

< 2

The "potential wells" associated with these phase integrals are

indicated by the shaded regions in Fig. 2.
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- If one approximates the two pbteﬁtials as linear functions

about the crossing ﬁoint, then Egq. (lO.becomesi

2 . o2 _
2mp [<n]k>|? = 2m(2u/6%) Te (a) v -, T3 v v,
' B . a
L, -
x AL°(-2), - (14)
where » | » N

2031 T .

z = uhH3 G - FIEE - V], (15)

2

and'Vx,= Vi(rx) ='v2(rx). {Eqs; (14) aﬁd‘(lS) would be quite

uéeful ih_understaﬁding iéotbﬁe'effects-in FC factors. ]‘ One should
notevthat'iqs (14) and (15) are also meanlngful if E < V —-1 e.,
.if,the’enefgy is below thet of ‘the crossing point. ‘Ip this

case Za<'0;.so that fhe‘Airy:function is exponen;ially_decreas_ing44
i.e.; the:puclei'muet "tunnei“zin:erder to predissociate.

Interest has”centetedrrecently on "secondary maxima" in the
FCifaeto;}-.Frqm the'gene#al ﬁeteré of the Airy function44 it is
clear\ﬁqﬁifhese,eriée; fqr:& is a anoﬁonica11§ increasing
funp;ional ef vibfaeiqna1 quantum number n. Their physical origin,
howeyer,'is mofe aﬁperent if one examines the_“primitive semi- |
classical" exﬁressien40, obtained by employiﬁg the asymptotic
approximation'for'the Airy function44§ the only modification‘of
Eq. (10)'is the»replacement‘ |

wztail(-z) » sin?(F + 1) =14 % in(271)
= claesical result + 1nterference.
The bhase of the interference term is the difference in the
classical'actions associated'with the_two different paths (or
t;ajECtories) By which prediechietion canioccur. To see this,

consider Fig. 2a, for example, and suppose the particle sﬁarts



Path I is from r tor on V

out at r rl<. . 1< x lf

crossing to V

- 2
at T and from r. to ® on Vz.. Path II ;s frpp rl<‘to r,, on Vl‘
(not Cfossiqg at'nx), r,, tor on Vl, cro;singvto V2 gt T Tx
to r, on Vz, and froy T, to ®© on V2 (not crossing-at rx). The -
classical actions associated with these twoipathsvare
x . |
=) mef e o .
| : Ti< Tx : o o
o T1> ‘ | ' .rl>.u Tx : ® :
¢II = dr kL(r)'+ o .dr_kl(r) + dr kz(r) + dr.kz(r),
and it is a simple matter to show that ¢;1 - ¢ = 27, where T

is given by Eq. (13).

chilal’

"has recently pointed out that determination of these
interference features in the fC factor is esséntially a measure-
‘ment of the_phase integral T as a fuhctidﬁ of energy5 As sﬁch,
it is inApriﬁciple péséible t§ empldy the RKR inversion formulae45
to determine the repuiéive potentialsz(r) directly'from exﬁeri;
mental data (provided'Vl(f)'is‘known);' ﬂdré.recently, Miller46
has given additional 1nversion formulée; analogous to the RKR
expressions, which also use experimentéily detérmined phase integrals
" to obtain popential curves. |

Invpréctice, however, the data is ofténvso far shoft of perfect
;hat these énalytical invefsibn formulae éré not necessarily
useful. Murrell and_'l_‘aylérlS haQé recentiy applied a "brute-force"
approaéh witﬁ some success: a functioﬁal form with adjustable

parameters was assumed for V2(r) and FC factors computed for

various choices of the parameters. For predissociation of the
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B 32; staté§f O2’§hey‘spcceéded'in obtaining méXima in the FC
f?Ctdrs fof'viBfational~ievelS'n =4, 7,‘and111;. {Theyidesignated
fhe repulSive;cuf§e~asuthé aﬂu staté, but the symmetry‘of the
1repu1§i€é.stakéjis;AofAQOQrse;»unrelated to structure in thé:

FC fadcﬁr; Fhei;'repulsi§e~curve is the.dashéd’liné in Fig. l.l

» Tﬁese.méximé agrée'duite well with the prediésociafion‘widths
meésured by Ackermanlénd;Biaumelg,'although these quthors note
.th#tvtheserséchdary maxima may arise from effects éther than

via interference structure in ;the FC factor.

C. Discussion for the B 32; State of 02

v’The main point té'be established is that spinéorbitléoﬁpiing
~is the dbminént intefaétionAéausiﬁg the‘predissogiation..'Fir%t,

thé §reéiSsociati6n widths apéeéf to be independent of J.ls
Secoﬁd, a;rdugh'estiﬁatp of the ﬁagnitude of<£he_e1ectronic

'coqplingvcan be madefby'dsing the 1ine-width measurements of

1
F

‘Ackerman and Biaumeils' The maximum line width near the n
vibfationai level is I = 8:cm‘—'l (their valué of 4 cm“l is the
half-width at half-height). Since this cortesponds to an energy
just above the crossing ppint, one can use tﬁé "linearized
vapproXimafionf to theAFC facfor, Eqs{ (14) and (l5). This maximum
width éorfesponds to the Airy function in Eq. (14) takiﬂg én its
first maximum, Ai*é'.53566;‘”bombining Eq. (5) with'Eq; (14),
oqe)thus has . | | |
T =bﬁiz(rb)22ﬂ(2u/ﬁz)% e'(n) |V '-V 'l'élv v 'I-%Aiz,. (16)
St x” ° - 1 2 1 2 o

where. L _ , : .

T ~ 8 cm ~ = 3.65 x 10—5 hartree
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using Mur?ell and Taylof's15 éotential for Vé(r) [the aashed

curve iﬁ Eig. l] and‘Lhé known B 32; pdfential, one Has the’

approximate Qalues' |

€'(n) = 0.0027 hartree

Vir(rx)'z 0.030 hartree/bohr

R

Vz'(rx). - ~-0.084 hartree/bohr.
With these values substituted into Eq. (16) one finds the

electroniés coupling to be
V. (r) = 110 ca”l.
1277 x
[Even if only half of the line width is assumed to result ffom'
this particulaf curve crossing near n'= 4; thebinferred.value

1 : . ’ . L .
.] - The orbit-rotation interaction

of Vlé‘is réduced only to 78 cm
has a magnitude-Jﬁzlurxz; and with r® 3.6 aé,‘this ié,about
1.2 cm_l; bAt room temperature the mostvprobabie_vélue of J
.foi_ground staté O2 is ~8, sovthat the ofbit—rotation intgraction
is on thé order of 10 Cm_l,'and'présumably"tod small to explain
the observed predisSociationvwidtﬁs._ On tﬁe basis of'ité magnitude
and its'J'dependence,.therefore, the eiectronic interaction
responsible for the predissociatioh appearé.to be spin-orbit
vcoupling.: | |

.This conblusion is also:cqnsistent with our calculated 3Hu
state, whiéh does not cross the_outer branéh of the B 32; state; .
3Hubis fhe oniy'state that would be coupled to 32: 5y the orbit-
rotation selection rules [qu (6)],.$ut the spin-orbit selection
rules. [Eq. (8)] also couple the other three'repuléiVe states

1 - _ | .
[ Hu’ SHU, and SZU] which dissociate to ground state atoms.:
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ThéSétfhreé_sfétes.dq crqsthhe outer branch of the B'3i;
sﬁaﬁe} | |
‘ih addiﬁion ﬁoifﬁ;i?reﬂiﬁsociatioﬂ:maxima seenvby Ackefman

and BiauﬁelBJ at n = 4,V7; éﬂd ll,lmést workers agfee tﬁat gil
”vibrational'leveié n.=v3 t§~17 afe predisséciaeed-to some extég;.
This:could:very well be a result of the'3HQ state which intér—
sects the inner branch of B 32;, the fwo.pdtentials being so

_qééflyipa}allel that'thé-firStﬁmakimum‘éf‘the Airy fuﬁctidn in
A’éq. (10):15 a brdad‘méXimum.sﬁread ouﬁ 6ver all fhe vibrétidnal_-
levéis’of B 32;} this is ﬁhe'ihterpreﬁation advancea bf'WilKidson»
'and'MuiiiRen.6 ' The predissociation maxima at levels n_¥ 4, 7, and
11 arefsupéfimp53ed 6p this broad baékground.' If these maxima
are the résﬁit of ingerference in thé FC féctor_aséociéted .
ﬁith é.érossing_Of-ﬁhe outer branch just below n = 4 [the dashed
cufve ih Fig. I], the question remains as to'which'repulsive
state.phis_ié}"Qur caicu1atiﬂnS_indicate'fathet conclﬁéively
that‘3Hﬁ;crOSSes on the'inner branch and (leés conclusively)-fhat

1Hu'crosses too low on the outer branch to be the state in question.:
) . 5 5.- 14 1

The two quintet states, Hu and Zu’ both lie above Hu, and

pne’of these could éonceivably cross near n = 4. As Ackerman

and Biaumel3,have cautioned, however, it is also possible that

theSe'mAXima arise sblely from experimental difficulties and
- » ' S o L a
are-unrelated to any interference effects in the FC factor |

i

~associated with a single crossing. It is clear that more detailed
experimental information is necessary to resolve all these

questions.
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Figurc Captions

TheoreticalvpotentialicurVes for the 3Hu; lHu, and B 32;

9 The'experimentai B state curve is that
of Albritton, et.al., reference 28. The dashed line is

the repulsive curve inferred by Murrell and Taylor

(reference 15). The enefgy scale is relative to the

- v=0 level of the X 32; ground state. 2 ’ B

ﬁA.ske;éh of some repulsiVe curve Vz(r) crossing (a) the

odter branch and (b) the inner branch of the bound potential

Vl(r).' The shaded regions are .the "potential wells"

~associated with the phase intégraliT, defined by Eq. (12)

forICAée (a) -and Eq.b(l3) for case (b).
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LEGAL NOTICE

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