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Lawrence Berkeley Laboratory
University of California
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June 1972

ABSTRACT
The chemiluminescence,ascribedbby Jonah and'Zare td’radiative assoclation

of Ba_and Cl, is examined in light of the electronic étructure.of the ground

2

and execited states of alkaline earth dihalides., A simple discussion is
first given in terms of the possible curve crossings and avoided crossings.
In addition ab initio self—conéistent-field'calculafions'are reported for

CaF,, using an extended basis set. The lB excited state, from which the

2 2

- molecule may radiate to_the‘ground state, is predicted to have an equilibrium

bond angle of 54° and bond distance of 4.06 bohrs. The vertical excitation

" ' - . 1 1
"energy to the lB2 state is 7.3 eV and the vertical energy difference ( Al - Bg)

at the 132 equilibrium geometry is 1.3 eV, These results appear consistent

with the model proposed by Jonah and Zare. In addition, a variety of properties

(dipole moments,'field gradients, etc.) of CaF

2are reported.
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~ INTRODUCTION

The qﬁest for a deéailed understanding éf‘tﬁé dynémics of.molecuiér
collisions-hés:led~to the dévelopmenﬁ of several father sopﬂisticated experi-
mental techniqueé;l  of thesé teéhniques one of the mést promising~i§ that of
crossed-beam chemilumineséence, as developed-by'Ottiﬁger-aha Zafeﬂ? As the
name implies, the goal of this type éf éxpériméni is té observe pfodﬁét holecule
emission specfra following a feactiop carfied out under weli—defined_singie
collision conditions. Perhﬁps the ﬁoéf intefeétiﬁg rééﬁits‘ostained to date
with'thié fechnique involved éollisidns:between Ba and 012.v Based on their
experimental fihding35‘J6nah énd'Zare3 conéludédbthaf "the major source of

chemilumihescent light'is the two—Body radiative association process

* "
> BaClg-_+.hv -

Ba f 0;2'

The reaédﬁ fér:pérficulaf'intefést in this process is that bimqlegular
agsociétion:reéétions are ﬁarméliy éoﬁsidéréd_ﬁighly improbable unless a:third
body is available to éarry away the excess enérgy.» If the interpretation of
Jonéh and Zare‘is corre¢t,_then ﬁhe excess energy in.ﬁhe Ba + Cl, assqéiation
is ﬁcarried aw;y"_by a bhotéhe '

The purpose of the pfesént paper is to examine £he work of Jonah and
Zare in tefms of thezélectronic structure the groﬁnd andvexgited étqﬁes of the
alkaline earth dihalidés; iPotential surfaces for the Sfates.of interest are |
first discusséd frdm-a simp;e émpifica; viewpoinf, Tﬁése simple ideas are
thén éiamined in.iight Qf a‘sé;ies of ab initio calcuiatibnsjbp CaFE. CaF2 was
congidered thé‘simpleét mé}eéule'iikeiy to bglrep%esénﬁative of BaClg, since

it is usually asSumed that dihalides involﬁing thé-lighter atoms Be and Mg have
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somewhat dlffarent propertles.- For example, electrlc deflectlon experlments&
indicate that BeF and MgF are llnear, whlle CaF Ssz, and BaF2 are bent.-”
. Hayes5 has argued that such differences are due to the fact-phat the unopcupied
d orbitals-(e.g._3d in Ca) can participata dn the bonding of the Sa, Sr, ;ﬁd
Ba compéunds; while such orbitals are not'accessible in Be'and Mg. Flnally,

hav1ng the CaF2 wave Iunutlons at our dlsposal,‘several other propertles of

'CaF2 (not dlrectly related to the chemllumlnescence experlments) were computed.

QUALITATIVE DISCUSSION OF THE PROBLEM

The mechanlsm glven by Jonah and Zare for ‘the format1on of BaClé is as
tollows: :a) Ba and 012 approach in their electronlc ground states b) an
"electron.jﬁmp"l occurs to a Ba' 012 -like potential surface, and c) an
eleqtronic transitiqn occurs to the ground elactronic state of BaClz.

Accépting.this'line of réasbn wé'have empirically COnStruated rough
potentlal curves for the approach of Ba to Cl2 The data.which go into this
picture, Flg. 1, are the flrst and second ionization potentlals of Ba (5.21

and 10. oo ev ), the dlssociatlon energy of BaCl, (9 b ev7)

8

, the d1Ss001ation

_energy of Cl (2.48 eV ), and the electron affinities of'Cl_(3.61 eV9) and

c1, (2.38 eVlo),- In addition we estimated the excitation emergy T_ of the g

state to be N 6 eV.

2

Some discussion of the symmetries of the electronic states of BaCl, is

necessary. It is clear that the only one electronic state may be formed by

1 +).

bringing together ground state Ba(lS) and ground state Cl, ( Zg . This state

must be totally symmetric. 'The same argument holds for Ba' ( S) + 012 ( )
2

s . : .
In going from Ba(lg) + 012(12g ) to'Ba+(2S) + C1 (2Zuf) we transfar (1n a
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© perpendicular approach of Ba to Cl

SRR AR R T A D ¢

:HartreeTFock_or“molecular beital'picture) aﬁ electron from a barium 6s orbital

to a chlorine molécule SOu orbital. The 6s orbital is of .course totally sym-

5 orbital for C

meﬁric, but the SOu orbital becomes a b oy symmetry. Thus, for the

o the electron Jjump leaves the molecule in
1 .
a state of B2'symmetry.

Assuming (as do Jonah and Zare) the equilibrium geometry of the Ba+012

L;ke state to‘bg Cgv’ there will be one other important symmetry of dpproach,

b

C.. The dccupied valence molecular orbitals for these two symmetries will be

.ﬁé ?12 | 1a§ 2a§vlbi 1b§.1é§ 355 | lAl
o 'Bgf'012f ' la§ Eai lbi 152 lag 2., 351 332, 182
Batt c1,” 155 2a§ 1b§1b2 1a§ 2b§ iAl
-Bé_cig . 122 22'% 12" 32'? 22" 52" A
c, Ba® cig‘  18'222'232"2 3272 552 1g'se’ 3pt, !
| B%++ §i2= . i;'gvg;'g 12"% 3a'% 22"° ha%g _lA'

It may'also‘be useful to give the apprbpriate electron configufations For the

linear symmetric molecule:

.

BaCl, . - 10 - im  1m 20 ° . 5
- 2 g u g g g
- . R N 0 S v e 1.
D Ba Cl 1wl it 2o 3+ 1y
h , 2. g u g Tu g u u
p Ba++'Cln? T R T 02 gy *

2 g u g u : g
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Wg are now in a positioh tsvdiséuss in»a rough énd ready manner the
.dynamicsvof Ba.,.+‘Cl2 collisidné. Comiﬁg in Qh ﬁﬁe.gréund state Ba plus ground‘
state C12 potential curve, there is firét‘a.curve crossing with the Bé* 012-
surfage.v Aétually thé curves only SEQEE!if the Ba makes its approach alqng a
perpendicular bisectorjdf the_.Cl2 molécﬁle.  6fhérwise there is an avoided
crossing betwéen.thevtwo‘states,‘whiCh for‘general (CS) geometry are both of
Tar symmetry. In a semi-classidél picture the?e will be some probability;Pl
of the molecule_sWitchlng from the covalentlBaClg éurface‘to thevionic.Ba+Clé;
shrface at the a&oidéd crossing separation, o

| ‘ Having undefgone an élegtron Jjump to the Bé+Cl2- surface, the Ba+ and
Cl2- will approaéh each othef uneventfully.gntil thevBa+ClZ_ surface is crossed

++
by the Ba Cl

2=’potential surface. Again the crqséing will be avoided for all

approaéhes ekcept that df.C2v symmetry. At the avoided crossing there will be
a prdbébility P, of swifchihg to:fhevBa++C12='éﬁrface;;i,e; a second electron
Jump may occur. This second electron jump would placé,the molecule on the
ground state potential_surfacé, without the‘emission'of‘d photdn. Af fhis

point the BaCl, would of course.have a great deal of excess enérgyvand stable

2

BaCl, would éppear'only_if a third body were to carry away this excess energy.

2
An alternate route for thevdisposal'of this.energy would be the formation 6f
BaCl + Cl. | | |

The radiative association process of Jonah and Zare can only (in the
simpleét picture) occur if the molecule'dOes.gggrswitch from the Ba+C12- to the
Cl sﬁrface'at thevpoint of'thé.aboVe-diécﬁssed secona crossing. 'Thel

' probablllty of this favorable path belng followed is P (l - P ) Ir BaCl

passes through thls second av01ded cr0551ng, it flnds 1tself in the bound-: (with

-
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_respect to Ba + C1,) Ba'Cl

“_like excited state, from which the desired "B, - ‘A

2 2~ M

transitidn.may occur. - Therefore one of the purposes of the gg'initio'calculations
to be repofted here is to predic£ the prépertieS'of this-lBg'elecfronic'state
of the alkaline earth dihalides. . :

| It is'iﬁﬁortgnt to.recoghize that‘for the bther alkaline earth dihalides,
the potentiéi.curVes will bé somewhat differént from thé BaCl2 curves shown

in Fig. 1. The'energy'levels for an alkaline earth atom A infinitely separated

from a halogen molecule Xé are

E(A + x,7) = TP(a) + IP(A+)‘{'DO(X2) + R(x' - X7) - 2EA(X)
| E_(AJ'__+ X,7) = IP(A) - EA(X)
E(A + X5) = 0.0 .

The quantity R(X - X ) is just the coulomb repulsion between two X ions -

separated'by the neutral X2 equilibrium‘boﬁd distance. For sufficiently large

A - X2 separations, the potential curve for the A‘+ X2.intéraction will be

flat and the curves for the A+ + X

+4 - . =
and A7+ X,

5 states will be given simply

by the Coulomb attraction. We will assume that the covalent curve remains flat

(V = 0) until after it is crossed by both of the ionic curves. The two cros-

sing points will then be

7)

++
R

h/E(A++‘+ X,

-y

oo
]

- 1/E(AT + X,

I{ must be noted that'thisbmodel assumes the bohd distances'of,xé and Xéf to be

the same, -
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For BaCl,, R is 9.61 bohrs and R'~ is 6.15 bohrs. Thus the two

crossings are well separated. The crossing between the Ba Cl2 and Ba 012

curves is not given by the simple conditions outlined above but would appéaf

to occur at a Ba - C1, separation of " 5;5.bohrs, Of all the AX2 molecules

from BeF2 to BaI2, the separation between the two crossings is greatest for

| . o ,
BaF,, where R’ = 12,77 bohrs and R

5.40 bohrs. The distance between curve

: ’ ' + - + :
crossings is least for BeI, where R 4,0l bohrs and R * = 3.8 bohrs. In .

fact this separation is so small that for Bel

5 it is doubtful that a model

involving two distiﬁct'crossingsvis appropriate. The three electronic con-
figurations probably simultaneously interact in a more complicated way for

‘Bel In general, the curve croésings occur for much shorter A-X, distances
R o e :

e
~as we go from the Ba to the Bé cohtaiﬁing dihalidesa_ This behavior is due
to the highér ionizétion potentials of the lighter atoms. Also, thé sepération
‘between the two crossing poinﬂs R+:and R+f décreases in going fféﬁwfﬁﬁ”“”Vﬁ
difluorides‘to'the diiodides. ' This ig primafily*due.to the shdrter bond‘
distancéé for the-lightéf haiogén‘molecules and the reéﬁlting larger'Values
of the Xf ?vX_ cQuiomb repulsion;

it should be clear that alkaline earth atoﬁ plus halogen moiecule
collisions brdvidé an abundance of dynamic pdths and outcomes. The above

discussion is of course oversimplified and is intended only to illuminate some

of the more important possibilities. - - :  :' : ' .-

DETAILS. OF THE .QUANTUM MECHANICAL CALCULATIONS
For the‘reasons mentioned in the introduction, it was decided to carry
out ab initio calculations on CaF

20




who - flnd CaF

.find CaF

U g g 03 7 v 7 o504

o g 1 e es . . : - :

For Ca, Wachters 1 primitive gau351an ba51s of.lhs and 9p functions was
chosen, For the 'S ground state of the Ca ‘atom, this. ba51s ylelds a self—
consistent-field energy of —676 7486 hartrees, as opposed to the near—Hartree-

Fock energy of Clementi,12 -676. 7580 hartrees.» For the present calculations,

'we'contractedl3 the (lhs 9p) bas1s to (9s 5p) in the manner reported in our

earlier worklu on ZnFec The Ca atom SCF energy obtained w1th this basis was

-676.7389 hartrees; Thus the primitive gaussian basis-has an energy error of

2 0.009k4 hartrees, while an additional 0 0097 hartrees is lost upon contraction.
For each F atom Dunnlng s (9s Sp/ks 2p) ba51s15 was‘nsed. This "double zeta"
besisl3 is compereble in acCuracy to that chosenvfor Ca. - |

Since the (hs 3d) 3D state of the Ca atom lies only 2.52 eV .above the

ground state, it can reasonably be argued5 16 that Ca 3d functlons should be

included in a bas1s set for molecules 1nclud1ng the Ca atom° From Clementi
and Ralmondi s minimum b351s'set Slatervfunctlon results 7'for V(c3d = 2.71)

and Ti(t3d 2o 37), it was de01ded that a 3d Slater function with orbltal

exponent C3d = 2, O would be appropriate for Ca. Therefore a two gau551an fit
yielding a = 1. 3088 and 0. 3877, was made to this Slater 3d function., Then
theae two gaussian functions were used uncontracted in the CaF2 caleulations.

A somewhat surprising result of our caleulations with this'basis was the

prediction of the‘lAl ground state of CaF, to be'linear. This is in

dlsagreement with the electric deflection experiments of Klemperer and coworkers,
18

o to have a.measurable'dlpoleAmoment. Further, Calder gt_gl.

2 “to have a bond angle of 141 £ 5° in & matrix of solid krypton.

Although we expect the bond angle of CaF2 in the ges phase to be greater than

1k1°, it seems,clear that this bond angle_is less thanf180°. 'Our_resultsbwerev ‘
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particularly surprising in light of the sb initio SCF prediction of Gole, Siu,

and Héyesl6 of a 145° bond angle for CaF2. Gole, Siu, and Hayes used a sig-

nificantly smaller basis Sef than that described above. 'prgver the single
contracted gguséianv3d fuﬁéﬁion Qf Gole wgs.mére diffusg thén either:of'ourf
two 3d functions. Thereforé we'added a third primitiye gaussian function, with
expénent o= O,ilh8, fovbur'basis.'.Although,thiéhthird Set'of d funétions

lowered the total SCF energy by 0.0127 hartrees at R(Ca - F) = 3.861LL bohrs,

6 = 180°, again CaF, was predicted to be linear.
‘'The above ground state geometryipredictions wéfe‘somewhat discéncerting

13

in light of the generally accepted belief ™~ that Hartree-Fock enérgiés yield

reliable bond angles. However, assuming CaF2 really is bent, we feel that
the present basis set, Iarge as it .is, is still inadequate for a reliable .

prediction of the CaF2 bond ahgle. The fact that the CaF,

is very small is well known. In calculations on C.,, another triatomic molecule

19

with an unusually small bending frequency, it was recently found that a
ks 3p 14 basis on each carbon atom was required for reliablevpredictipgs.-vIn
this light, it séems probable that good'agfeement with experiment would be found

for the CaF, bond angie if the F atom basis were enlargedn Since the ground

2

state geometry of CaF, was not of prime impOrtancé in the present work, our

2
final gaussian basis was taken to be Ca(lls 9p 3d/9s Sp 3d), F(9s Sp/bs ép)ﬂ

All calculations referred to hereaftér_were carried out with,the-latter basis

set,
The only nonstandard aspect of the present computations was the SCF .

procedure for the open shell ;B state, For this purpose the methods developed

2
by Hunt, Dunhing, and Goddardeo served admirably.g Except for the SCF sectibns,

. : : 0
the computer program used was a modifiedz; version of POLYATOM. 2

bending force constant




CONNECTION BETWEEN CALCULATIONS AND:CHEMILUMINESCENCE
The fifét step in the calculations was;'holding the bond angle at 150°,
to predict the ground state Ca - F bond distance. A value of 3.85h bohrs = 2.039 A -
was found and can be cémbared to the value 2.10 A, obtained from electron dif- |

. . 5 ) E . o : | »
fraction experiments. 3, Using this predicted bond distance, we then proceeded

to carry out SCF calculétions'for the lA15 lB2, and 3B2'eléctronic states over

:a range of bpnd angles. These results are summarized in Table I and Fig. 2.

Perhaps the most unusual feature revealed in Fig. 2 is that the 3B2
oL ‘ L . o , L
and B2 states have rather small bond angles. However, this result is not

entirely unanticipated, since Gole2h has predicted the 3Bé state of BéF2 to

have an equilibrium bqnd‘angle of 80°. _Since the geometry of the lB2 state

is closely tied to . a simple expl&ﬁationbof the chemiluminescen¢e experiments,3

:eight additional calculations were carried out. These calculations predict

the équilibrium geomefry of lB2 CéF2 to be 6 = 54°, R(Ca - F) = 4,059 bohrs
= 2,148 A, This prediction is expected to be quite reliable, since both the

bending and stretching force constants are sdbstantial,'i.e}'the energy changes

significantly when either bond distahce or bond angle is changed. UNote in \

3

Table.-I that our calculations predict the B2 potential surface to be essentially

congruent to the lB-

5 surface.

The predicted geometry of the lB2 state is consistent with Jénsgh and
Zare's interpretationﬂqf their eXperiments. We'draw_ﬁhis conclusion because
a collision between an alkaline earth atom A and a halogen moleculéx2 is quite

likely to pdss through geometries,rather near the lB2 equiiibrium,_namely'short'

X-X distance and rélatiﬁely iong A-X. distance. In fact, Jonah and Zare3’afgue

that the AX2 molecule will execute a complex Lisséjbus motion about the
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'equilibrium>geometry.v Such a motibn cbuld never bccur, fof example, if the
lB2 state were llnear ( Z ") and 1naccess1ble to A + X, collisions due ﬁo.a
bérrier.25
It should'bé pointed out thét_fhe preséﬁt éaléﬁlationé also imply that
lﬁhe lBé state is phe’first excited singlet state of CaF,. Inspectiph éf the
improved virtual ofbital.(IVO)26 energies suggests that the lOaiIQrbital'is the
onlyvlow-lying orbital not occupied in the SCFrwévg fuhéfion for the gf§uﬁd
_sﬁgte;» Thus, iﬁ the simplest picture,.the excited states of CaFé are formed
by replécing.each of the valénée‘orbitais by'lOal, tﬁe-lowest unoccﬁpied
orbital. Mofé quantitativély,‘Fig° 3 gives a Walsh diagram,27 or plot of
orbital energies Qérsus bond an_gléo All of_the'orﬁitél en_ergies.except.lOa.l

were taken from the'lAl caléulations, while the 10a, orbital energy was taken

1.
from the 3B2 calculations., Since the 6b2 orbital is the highést (of the ground
state orbitals) occupied for all bond angles, simple'moleéular orbital theory .
predicts the 332 to be the

state to be the lowest triplet state and thele2

first excited singlet, Wélshfs rules27 suggest that these two states éhould be

much moré bent tﬁan the ground state. Note that the lOé.l orbital energy decreases
‘as ﬁhe moleculé is.bénf whil'eb'thev’6b2 orbita;'energy increaées.' Thus tﬁe

5pfom0tioh of an electrén from a 6b2 to a 1Oal orbitélvresults‘in a sméller-bond<

angle. This of .course is consistent with our ab initio results for ﬁhe‘3B and

2
1B, states., , . : v o © e
2 . . o
Since'each'of>the 8& l’ 9&1, 5b2, and la2 orbltal energles lies w1th1n 1. ev
of €(6b ) for some angle, we expect addltlonal exclted states of CaF2 of 3A1

-1 3'_ 1 3z L 3 1
v Al, Bl’ 'Bl’ Bg’ -B2, A2, and A2 symmetry. Startlng with ground state CaF2

hcbe additional statcs may be thought of as arls1ng from the promot1on of an
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electron from a 30g’ lﬂu, or'lTTg orbital of F, to the Us orbital of Ca. All

2

of these statesIShould be more bent than the lA groﬁnd state, since the 8al,

1

3bl’ 9a,, 5b2; and la, orbital energies increase from 180° to 75°. This simple

2

’ . o - -1
argument is consistent with Gole's . ab initio calculations  on BeF,, which he

predicts to have a 3a bond angle of 100°,

2

Additional information concerning the nature of the electronic states

collisibns comes from Mulliken population analyses,28 some

involved in Ca + F2

of which are seen in Table I. The table shows that CaF2 is indeed quite ionic
in its ground state. The Ca atom does not have a charge of fully +2, but it
is rdrely the case ih'gg initio calculations that Mulliken populations are as

large as the classical formalicharges. Interestingly the CaF2 ground state

becomes somewhat less'ionic as the molecule is bent. The Bg'and lB2 states

of CaF2 are seen to be just about one-half as ionic.as'the»ground state. This

Lo ++ = .
of course supports our simple description of the ground state as Ca F2 and

: B B +_ = v :
the 3B2 and lB2 states as Csa F2 . We also note that the lOal orbital near the

equilibrium geometry for thele state has a Ca population of 0.996 electrons

2
and an F population of 0,002 éleétrons. ‘Inspection of the wave function shows
that the 10a, orbital is roughly 67% Ca 4s and 30% Ca 4p. The significant amount

of Up character is a bit surprising.  Finally, the calculated electric dipole

1 state is much more ionic than the

. ) 1
moments (Table I) also indicate that the "A
. 3 ' 1 L
excited B2 and B2 states,
- A point of obvious relevance to the chemiluminescence experiments is
the'lAl - lB2 ehergy'separationﬂ The equilibrium separatidn Te between the two
states i1s°0.19027 hartrees.= 5;18 eV. Ideally;fhowéver, one would like to

graphically display the entire potential surfaces for the two states in a way that

would indicate the splitting for each possible CaF, geometry. In practice, of course,
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it would be prohibitively expensive to generafe the two surfaces. gb initio.-vao

1 g
- B2 splitting are the

of the most obvious points at which to ask the 1Al

equilibrium geometries of the two states. Near the expected ground state

geometry (R(Ca - F) = 3.854 bohrs, 8 = 1500), the energy separétion is

 0.2669 hartrees = 7.26 eV = 167 kcal/mole. Under single collision conditions,
the lB2_- lAl, transition is more likely to oécur_neaf to-lB2

(R(Ca - F) = 4,059 bohrs, 6 = 55°), where the splitting is only

equilibrium

0.04653 hartrees = 1.27 eV = 29 kcal/mole. Returning to the experimental BaCl

vreSUlts, Jonah and Zare3.assign an emission from 2900 A (4.28 eV) to 6000 A

2

electrdnic'ground state.‘.Thevobserved emission peaks at v 4500 A = 2,76 eV,

- +
(2.07 eV). to the transition between the Ba Cl, ~like excited singlet and the

which agrees fairly'well with the ab initio 1.27 eV Franck-Condon (vertical)
: ' ' 1 : L : : - '
transition from the "B, state at its equilibrium geometry. When one realizes

2

and'the computations on CaF,

that the experiments were carried out on BaCl,

- it must bebconcluded that the mechanism put forwgrd'by Jonah and Zare is quite
Teasonable, | | |

Finally; we carried out séveral calcuiétions for the approach of Ca
to F,. The F;F.distanC§ Vds'frozen at 3.6843 bohfé;‘the'equilibrium seﬁération

predicted for the lB2 state. The distances chosen from Ca to the F2 center of

mass were 3.617, 5.617, 7.617, and 9.617 bohrs. Single configuration SCF
calculations QereAperformea fof each of the three stapesrof interesto. These
results are'summarizéd in'Fign h.. Note thaf fhe Ca.F2 cbyélent_pétential cu?ve
has.been-ﬁnifofmly'lowered'by 0.133 harfrees. This reproduces th¢ crossing -

poinﬁ (8.98 bohrs) with the Ca+F2-

curve obtained from Coulomb's law. The

: Cel o ' Lo . . . ' o 9
recessity for such an empirical correction arises in part from the well-known

5

L B



Note that the properties of the lB

~13=

‘failure of the Hartree-Fock approximation_to’reproduce experimental electron

‘affinities.; Figure U is not intended to be a quantitatively correct picture

of the interaction between Ca ahd’Fe; its purpose is rather to show that the

simple qualitative ideas discussed earlier are'essentially correct, One

specific point worth noting.is'that the Ca + szcurve is repulsive by " 0.3 eV

: : ¥4 = » : . ' s
when it is crossed by the Ca F2 curve. It should also be mentioned that these
curves would be significantly altered if the F, equilibrium separation (2.68 bohrs)

had been used. In féality.of course, the F-F separation will be changing as

the Ca atom approdches. Hdwever,vthe present calculations are ndt'sufficiently

reliable tp Justify an entire ab initio potential surface for Can° Such a
calcﬁlatidh3o could be justified for BeF if there were a significant probability

2

thaﬁ this system could be studied experimentally.
For compléteness, a variety of CaF2 properties are given in Table II.
and 3B states are nearly -identical.

2 2
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veble I, Self-consistent-field re’sults'for'CaF2 at a fixed Ca-F distance of 3.55L09 bohrs

Total energy v h50

150°

(hartrees) 60° 75° 90° 120° 165°. 180°
lAl _ o -875950312 0.706kk o°7636h . 0.78958  0.81240 0.81927 0.81996 " 0.82006
332 "' | .875.58689 0.61796  0.59307  0.57286 | 0.55547  0.55559 0,55607
"B, -875.58583 0.61699  0.59206  0.57172 = 0.55336  0.5523:  0.55339  0.55381

, Mulliken_Cha;géé on Calcium Atom | |
ta, 41,376 +12h +1.43k 1,468 +1.478 +1.1480 +1.180 +1.481
332' | - #0.7T5  +0.750 | +o,716. 0,729 40,728
lBé' | -_:‘+Q.778. +0.752 +0.712 +o;731" +0.731

* Dipole Mo@enﬁ (debyes) | |
’lAl o 13.93  13.32 12,35 11.11 416 0.00 .
331 : L.50- 3.92 3.2k 2.61 C0.27 0.00

0



w &

f1

¢ P R S T
Wooud U oa if o B oo

-17-

Table II. Molecular properties of calcium difluoride. Unless indicated

. s S ST -
properties are given in atomic units

1. 3 1

N o - ' A . | B, - B,

- R(Ca-~F) ,  3.85409 L.05908 - 4.05908
6 . 1509 550 559
R(hartrees) . -875.81927  -875.62986 -875.62900
Ca Popﬁlation | - 18.522 ‘, 19.226 19.22k
¥ Pqpuiation“ ' : | 9.739 . 9.387 9,388
.Dip;lé @oméni'(éebyes) o wae e | 4,58

Quadrupolé moment at calcium.atOm'

(10—26_esu, en®)

6 . S 16.60 ' 8.00 7.97
X% : : : : _ v o

) _ o -29.91 boLT L.62
vy | | | - S

0 S 13.31 S .12.48 ~12.59

Electric field gradient

q (ca) | ~1.032 - Z0.694% ~0.700

XX . _ o . :

1, (Ca) o ~ -1.032 -0.261 | ~0.267
q,,(Ca) - - 2,06k ' 0.955 0.968
q,(F) - -0.097 1.598 | 1.595
(P -0.097 -2.939 2.9k
() - Cooa9k . 1.3 1.3k6
qu(F) . '_  R 0.000 | -0.413 -0,385

(continued)



Table IT.
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(continued)

1
Al-

3
Ba

Other properties
( )
l/rCa
( )
'l/rF |

( )

r2
‘Ca

 <r§ )

4

. 84,870
33.127
336,252
861.615

84,620
33.930

.. 370.138

516.465

84.621

©33.930
370.119

516.562

> : N
See S. Rothenberg

and H. F. Schaefer, J. Chem. Phys. 225

3014 (1970).

B
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FIGURE CAPTIONS

Fig. 1. Empirical potential curves for the perpendicular approach of a Ba

atom to a 012 molecule. The state symmetries indicated refer to C2v geometry.

CaF, as a function of bond

2v 2

angle. The 3B2 and 1B2 curves are indistiﬁgﬁishable on the scale adopted.
Fig- 3.L‘é£_initio Walsh_diagram for CaF2. The calcu;ations.were carried out
for A'Ca - F separation of 3.85L bohrs;
Fig. 4. Ab initio pofential cﬁrVes for the approach of Ca to F,. Note discus-

sion in text pertaining to the fact that the Ca + F2 curve has been lowered

.f'by 0,133 hartrees.
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