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Ab Initio Uffective Core Potentials Including Relativistic
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Abstrac@

Ab initio self-consistent field calculations are reported
for a series of diatomic molecules using relativistic effective
core potentials (REP) and basis sets appropriate for w-w
coupling. The molecular orbitals are expressed as linear
combinations of two-component analogs of Dirac spinors. The
unique feature of the present approach is the retention of the
spin-orbit operator in the generation of the REP's and the
propagation of its effects into the molecular wavefunctions
in a totally consistent fashion. The nature of .bonding in
tﬁe molecules Au2+5T%H5 PbSe, and PbS is discussed with con-
sideration of the orbital energies, spectroscopic constants,
and population analyses., Comparisons with recently obtained
photoelectron spectra of PbSe and PbS are made, It is noted
that the 6p1/2 and 6p3/2 orbitals of T2 and Pb exhibit

markedly different effects in bonding to lighter atoms.
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I. Introduction

In recent years, there has bcen increasing interest in
the inclusion of relativistic effects in electronic structure
calculations of molecules containing heavy atoms., The most
straightforward method is the use of the Dirac one-electron
operator in the calculations. However, with four-component
Dirac spinors a very large number of integrals must be evalu-
ated for all electron Dirac-Hartree-Fock calculations; hence,
most methods are based on an approximation that reduces the
volume of computation.,

In the previous pa];)ersﬁlm4 of this series we have reported
a method of generating relativistic effective core potentials

(REP)l from atomic Dirac-Hartree-Fock (DHF) calculations and

' 3,4
2 2°

In our earlier applications,” = we averaged the pl/Z and

their applications to the diatomic molecules Xe and Au
Py potentials (also dS/Z and d5/29 etc.) with the proper
welights so that the spin-orbit splittings are removed from the
péientials and standard programs based on LS coupling can be
used for the molecular calculations, Tﬁe use of these averaged
relativistic effective cére potentials (AREP) in molecular
calculations is parallel to various relativistic-effective-
core-potential methods developed by other workerSES“S These
procedures differ in the stage at which the average is taken.
Apart from our method, one can start from atomic calculations

that have been averageds or employ averaged orbitals in calcu-

. . 6-8 . .
lating the potentials. All of these methods yield potentials
that include most of the one-electyon velativistic effects of

atoms except for the spin-orbit splitting.

[



Since, in molecules containing heavy atoms, the spin-orbit
splitting is often larger than other one-electron relativistic
effects, it is theoretically more consistent to avoid this |
averaging and to carry out molecular calculations in w-w
coupling. In this report we describe a method for self-consistent-
field (SCF) molecular orbital calculations using the non-averaged
REP defined in our earlier treatmentsl thereby retaining the
spin~orbit effects. The application of our REP in molecular
calculations requires a SCF formalism that is based upon the
use of two-component molecular spinors. A brief discussion of
the method has been reported in an earlier paper3 for diatomic
molecules with closedméhell configurations. In this paper, we
describe this SCF theory more fully and extend it to diatomic
molecules having no more than one open shell of a given symmetry.
Electronic structure calculations for Au2+; T2H, PbS and PbSe
are reported as examples of this procedure together with |

~related calculations on the atoms Hg, T¢, Pb, Se, and S.

17, The LCAS-MS SCF theory with the REP and two-component
molecular spinors (TCMS)

We use linear combinations of atomic spinors (LCAS) to form
molecular spinors (MS). While Dirac spinors have four components,
it was shown in earlier papers of this series that the small
components were negligible for valence pseudoorbitals and that
molecular calculations could, therefore, be based on two component
molecular spinors formed from the two large components of the

atomic spinors.



When the relativistic effective core potentials (REP) de-
rived by the method described in Ref 1 are uscd for a diatomic
molecular calculation, theHamiltonian of the system is given

by [Bq (2) and Eq (3) of Ref 3]

n 9 7 nv
- 1.2 REP 1
O T A N Gl b DI I (1)
u=1 a=1 oY u>v T uv

where n, is the total number of valence electrons, ruv is the
distance between electrons y and v, rau is the distance between

the electron p and the nucleus a, Zo is the charge of the nucleus

o, and UiEP is the REP due to core electrons of the nucleus o.
UgEP can be approximated by [Eq (4) and Eq (5) of Ref 37.
REP _  REP Lil wr ]
Ut = U (e, )+ ) )
LJ . 1 .
* R N
REP,  , _ REP . ,
(U (rgy) = Upg (v 1 18jm> <2jm] @

where L and J are, typically, the smallest angular momentum
quantum numbers that are not present for the core electrons.

The projection operators are defined by

Clrgi; m-0,0) [Yy 70,4307,

H

[gjm><ejm] = [} 4
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B
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with the same notation as in Ref 1. 1In Eq (3) the C's are
Clebsch-Gordan coefficients, the Y's are spherical harmonic

functions and the $'s ave Pauli spinors with
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The projection operators introduce two-by-two matrices into the

REP REP
o o

U in BEq (2). The symmetry properties of the operator U
and of the eigenfunctions of this operator can be determined
from those of the double group.

The symmetry properties of diatomic molecules in the double
group représentation may be found in the work by Malli and Oreggg
However, the molecular spinors which are eigenfunctions of the
REP of Bq (2) have only two components while the Dirac spinoré
have four components. In linear moleéules5 the angular symmetry
of a state of a molecule isbdefined by the total electronic
angular momentum Q as in the Hund case c10 and that of i-th
molecular orbital by meo= twg The two orbitals with m; =ty
and m, = -~w; are degenerate and constitute a shell. Because
spin‘is incorporated in the orbital each molecular orbital can
accommodate only one electron. With these characteristics,
one can derive the SCF theory for the two-component molecular
spinors (TCMS) for diatomic molecules by following the procedures
that have been formulated for conventional non-relativistic
molecular Calcuiert:ions91’jL

For a molecular state that may be represented by a single

Slater determinant, the total wavefunction of the system is

approximated by

) =/4 leZ. ... o™ (4)

¥ . - . - -
where,ﬁwls the antisymmetry operator and the 9's arce one-elcctron



molecular spinors. The total energy of the molecular state is

expressed by
B = <o|s|o> (5)

provided ¢ is normalized. As in the non-relativistic case each
one-electron molecular spinor, ¢ik5 is expanded in a basis

set of two-component atomic spinors (TCAS), XKP?

+ +

=V ¢t ¥ 6
ix o 5 “in,p ap (6)

where A is the symmetry index w, 1 is the index for orbitals
of the same symmetry, and + and - refer to the sign of m,
The TCAS are defined by

Xop = Xop(Rpafysd,th)

EY i

~ 1., . A-0 O
- R;\p(r) Oz 1 C(Q’“Z“Js j:>\ 090) sz (i)l/z (7)

x:}:w

N

where R(r) is a radial function. When Slater-type-functions

(STTF) are used as the basis, XKP becomes

xAp(npyzszpaik) \

1\
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where N? is the normalization factor and the angular parts arve
rewrition to demonstrate the twe-compoanent propertics of the

basis spinors,



Following the non-relativistic theory for open shellssil

we express the total energy as

oot 1Dy o Lot o
E = DyHDy + 5 Do §7 D = 5 Dy /D (9)

where H is composed of matrix elements of the one-electron
operator [Eq (1)] over TCAS's, DT and DO are the total and the
open~shell density matvrices, respectively, and 77” and Gﬁare the
ciosed and‘the open-shell supermatrices. The summations implied
in Eq (9) and the definition of density matrices were given by
Roothaan and Baguse11 The computational methods for one-electron
matrix elements are described in Ref (3).

Matrix elements of the.supermatricesﬁf)and égare defined

by
& =7 N . KD 1 (10)
Apq,urs Apg,urs  Z 'TApq,urs APQ, HYS R
and
(i;) :A +‘B +
?quaurs AU jkpq9urs TAM Kqusurs
Ckp prqﬁurs (11)
where A, B and C are the open=-shell vector-coupling coeffi-
cients and-J and K are coulomb and exchange integrals. In
Eq (10) and Eq (11)
I T O L T + ~
Tapa,urs = | Bop T Ix (20 T Xpg (1) x5 (2) d (12)

and
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where the orvder of signs is preserved, J and K can be calcu-

lated from the two-electron integrals over STF's by taking the

I X . P 3,11

proper linear combinations,
Fnergy expressions given by equations (9)-(13) were

possible because the shell structure was assumed. This

equivalence constraint may be expressed as

+ -

Cikp Cikp for all p (14)

If the shell structure is not conserved, the number of matrix
elements to be included in the energy expression will be in-
creased considerably and yield non-equivalent + and - orbitals
for open-shell configurations. When the variational procedure
is applied to the energy, one obtains equations that are es-
sentially the same as the nonwrelativiétic equations [Eq (12)
- Bq (16) of Ref 11]. Since all the deviations from the con-
ventional SCF equations are included in equations (9) - (14},
the SCF equations for the TCMS are omitted,

The open-shell configurations which can be treated with
the present formalism are limited to the cases where ngcfined
by BEg (11) is adequate for the energy expression; specifically,
each open shell must belong to a different symmetry, Table I

e BMJ and CXUQ Since

the only type of relativistic open-shell 15 one with a single

shows the vector coupling coefficients A

electron, Table I may be used for any open-shell case as long

as each open shell belongs to a different symmetry.



Once the proper transformation is carried out for one- and
two-electron matrix elements, an existing SCF program can be

modified for use with TCMs.

ITI. Calculations and Results

Relativistic effective core potentials (REP) were generated
for the atoms, Hg, T¢, Pb, S and Se by the method described in
Ref 1. 1In order to study the effect of the core size, we
generated two sets of REP's for Hg, T¢ and Pb; one treating 5d
electrons as valence electrons and the other including those
in the core. In addition, non-relativistic effective core
?otentials were generated for TS for comparison. All of the
cases are described in Table II. In each case, a double zeta
set of STE's is obtained from the energy optimization of the

3 j=R e 1 T 3 e +
numcrical AREDPY's, These basis scts arve

ot
@]
=
¢
=
)
[es
o

ground state a
used for both atomic and molecular calculations, In our molec-
ular studies, it is possible fovuse different basis functions
for orbitals with the same & but different j quantum numbers.
However, we choose to use the same basis set for these orbitals
with the condition that it be of double-zeta or better quality
to allow for the differences in size between the £ + % and
2 - %ﬂ components. Also, the selection of different functions
for each orbital would greatly increase the size of the basis
seg7§ggy a slight improvement in accuracy of the results, (Sece
Lelow and Table III).

After the basis set 1s selected, the procedure for the SCF

calculation is the following:
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1) Calculation of one- and two-electron integrals over

STF basis functions,

2) Transformation of integrals to obtain the matrix
elements over TCAS's,
3) Computation of matrix elements of REP's for TCAS's,

4}y SCF procedure to obtain molecular wavefunctions,
orbital energies,and total energiecs.

The net effect of the transformation from STF's to TCAS's
is to expand all the basis functions with non-zero m values,
An example for this expansion is shown in Table III for Tg.
In the case chosen, the number of basis functions increases
from six STF's (four o and two w functions) to eight TCAS's

six 1/2 and two 3/2 functions). Therefore, some extra compu-

‘tation 1s necessary compared with the non-relativistic calcu-
lations for the same basis functions. This extra computational
effort corresponds to a modest integral transformation and the
necessity to process the additional integrals at the SCF stage.
However, the increase in the computation time is justified
since the spin-orbit splittings are properly included in the
SCEF calculations.

The REP's are used in numerical form in all the calculations.
We thereby eliminate the possible error introduced in the process
of fitting the potentials with analytic functions. This is
possible because the REP integral program can treat both
analytical and numerical effective core potentials,
A, Atomic calculations

Atomic calculiations worge carricd oul ey vho Low-iyving

states of neutral atoms and the ground state of the ion for
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Hg, T and Pb with double zeta basis scts of STF's and the
averaged REP's (AREP) obtained from the configurations shown

in Table IT. The results, summarized in Table 1V, indicate

that the excitation energies of the atomic states are almost

the same for n electron REP's (5d electrons in the core) and

n + 10 elecﬁron REP's (5d electrons in the valence shell).

For these types of excitations or ionizations, the 5d electréns
seem to beﬁave as core electrons. Therefore, it may be reason-
able to exclude 5d electrons from the valence shell in molecular
calculations for ground state properties. Based upon these
results most molecular calculations were performed without 5d
electrons, The excitation energies agree qualitatively with
those obtained from oxperixﬁentgl4 The npl/zl np3/23 configuration
of S and Se (Table II) used for the generation of REP is close
to the average of LS configurationsels Excitation energies
obtained with these AREP's of 'S and Se are in good agreement
with the nonrelativistic, all electron calculations of Clementi

and Roe’tti16 as shown in Table V.

B. (I/Z)g state of Auz+

The molecular energies were computed for Auz

ground state at several internuclear distances to test the

¥ in its (1/2),

open-shell program with the REP and TCMS. The basis set and
the REP are the same as those used in Ref 3 for the Og state
of Auzg The total energy on a 21 valence electron basis is
given for several interatomic distances in Table VI as are

vertical ionization energies calculated by subtracting the

enervies of Au. from those of Au. . “These vertical ftransition
g . 2

Le
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energies are comparved with the orbital energies of the least-
bound (1/2)g orbital of Auza The agreement between the two
sets of values is evidence that the open-shell formalism is
correct for a configuration with one open-shell and that
Koopman's theorem 1s approximately valid in this case.

As would be expected, the (1/2)? state of AU,Z+ has a
slightly larger equilibrium bond length (5.18 a.u.) and a

. . - -1 . +

smaller vibrational frequency (94 cm 7) compared with the Og
state of Auy. The dissociation energy is expected to be smaller
+

for Auz than for Au, although an accurate estimate of De is

not possible due to the improper dissociation behavior of the
. . , . , +
SCF approximation., Experimental values of De for AuZ are

not available.

C. TeH

The ground state of wavefunction TLH has been calculated
with 3 and 13 electron valence shells and with REP, AREP, and
NREP for the T& atom. In each Case9 a double zéta basis set
is derived from the energy optimization of the ground state of

T2. In addition to the two s functions, one p function is

added to the basis set of the hydrogen. The spectroscopic
constants are summarized in Table VII including the rvesults of

. e ; : 17 i 18
calculations of Pyykko and Desclaux and experimental values,

From Table VIT it is apparent that relativistic effects
reduce the interatomic distance significantly; this may be
ascribed to the relativistic contraction of the 6s orbital on
Ty and to a smaller contraction of the 6p1i2 orbital. Also it

appears that the bouna 1s weakened, oul W



splitting of the atomic statcs of TL is considered, that
conclusion is less clear., The average ZP energy is 0.024 a.u.
higher thaﬁ the true ground state ZPI/ZG It is not possible,
without ambiguity, to correct the AREP and NREP calculations

for this spin-orbit term, But any plausible correction to the
AREP result will reduce the true dissociation energy to the

Zpl/z atom of T& from the value in Table VII. Hence, one can
Cbnclude that the inclusion of spin-orbit effects does decrease
De for TeH. The difference in Re between the 3 and 13 electron
bases for T& is surprisingly large. Presumably the outer radius
of the 5d orbitals is. important in determining R, and this

should be more reliably established when these 5d electrons

are included explicitly in the calculation.

| The TCMS-MO's have a rather complicated character at the
equilibrium internuclear distance. They are much simpler at

R =-6,0 a.u.; here thevlower valence orbital is almost purely

Tg - 6s. In the REP basis the higher energy orbital has é
population 1,45 on the hydrogen atom with o bonding participation
by 6p1/2 and 6p3/2 orbitals., The ratio of populations (pS/Z/
pl/Z) is 0.9 at R = 6 a.u., whereas it would be 2.0 in the absence
of the spin-orbit term. The decrease in this ratio from 2.0

to 0.9 is caused by spin-orbit interaction, and it introduces

a small pw population. The more interesting aspect is the large
ionic character T I~ with the transfer of 0.47 electronic
charge., Thus the bonding arises primarily from the upper

orbital and is very substantially ionic.
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The population analyses at the eguilibrium bond distance
are given in Table VIII. At this distance the lower energy
orbital has become a bonding orbital with a substantial popula-
tion on hydrogen. The total charge on hydrogen is reduced,
but remains substantial (approximately 0.35 e). The TL - 6s
participation in the higher energy orbital is antibonding and
cancels a large portion of the po bonding from the 6p orbitals,
Thus, in alsimplified description, the covalent bonding comes
from the lower orbital with 6s(T2)-1s(H) character, and the
remaining contribution to the bonding is primarily ionic. The
precise values of the‘aiomic populatibns‘should nc;t9 of course,
be considered accurate mecasurements of charge transfer due to
the approximations inherent in the formalism and to thc possible
sensitivity of the results to basis set imbalance. (Part of
the excess charge on H isvundoubiedly due to the presence of
the polarization function). However, the bond appears to be
more ionic in TLH than in Bﬁslg

The non-bonding character of the 2-1/2 orbital is con-
firmed by the near constancy of its orbital energy: 0.2892
at v = 3,50, 0.2894 at r = 3.25., In contrast the orbital energy
of the 1-1/2 orbital increases from 0.4891 to 0.5016 over the
same range.

Since both the ionic bonding and the 6s(TL)-1s(H) bonding
character are not appreciably changed by reiativistic effects,
it is not surprising that the calculated bond energy values

in Table VIT are nearly equal. 7The calculated value of De on

R . -

tne R basis ds smaller than the expovimentsl vaiue by a



reasonable amount due to the electron correlation, which is

not included in the SCF approximation.

D. PbS and PbSe

In addition to the calculations described above on Au2+
and TeH, exploratory calculations were made for PbS and PbSe
for comparison with photo-electron spectra being measured cur-
rently by Shirley and associatesezo The use of a single
relativistic configuration i1s a rather severe approximation,
especially for orbitals primarily located on the S or Se atom,
but it does reflect the large spin-orbit term and the other
relativistic effects for Pb. A double Zeta basis set was used
with other details essentially the same as have been described
for the other examples. Fortunately, the ground state configu-
ration for the molecules (lwl/Z)2 (251/2)2 (3,1/2)2 (4~1/2)2
(1n3/2)2 allows dissociation into neutral atoms 655/2 6p§/2
for Pb and nsi/z npi/z npé/z for S or Se, although these states
are not the true ground states 6f the atoms. .

Tables IX and X show the calculated orbital energies for
PbS and PbSe, respectively, at necar equilibrium interatomic
distances and compare our REP results with those from Xg calcu-
lations by Yang and Rabi121 and the experimental results of
Shirley, White, et alezo For both molecules the lower frequency
photo-electron peak is broad and presumably includes both the
lowest © = 1/2 state and the @ = 3/2 state for the positive ion.
The agreement of our calculated energies with experiment is as
good as could be expected. Also our results show a rapid vari-

ation of orbital enerpies with interatomic distance Ffor the

< N



4~1/2 orbital and hence predict a broad band which would overlap
the 1-3/2 band. The detailed band contour dces not agree;
however, that is not unexpected in view of our approximations,
For the second transition removing an electron from the 3-1/2
orbital, the agreement between calculation and cxperiment is
perfect--doubtless in some degree by accident.
, o 21 L

The Xa calculations of Yang and Rabii yield the correct

order of orbital energies but the quantitative values do not
; o Lo . 272 e

agree., More recent and improved Xo calculations exhibit better
agreement,

In Table XI are shown our calculated values of Reg W s and

_ . . . ... 18 .

De together with éxperimental data. The agreement with the
experimental values of Re is quite satisfactory. Since electron
correlation is not included in our calculation, it is expected

that our calculated De will be too small, and this effect will
also influence the W, values in the same direction.
The w = 3/2 orbital is, of course, a pure w orbital, and
» i . . ) 2
the ion state with this vacancy can be described as HS/?”
The atomic p orbitals with m = +1/2, however, contain both o
and m components and the molecular orbitals based thereon,
4-1/2 and 3-1/2, likewise include both o and 7 components. If
one approaches these same states from a nonrelativistic basis,
2 . 2 » o .
the ZE/Z and ﬂl/Z states are mixed and contribute the o and 7
components, respectively. Based upon REP calculations, we
estimate the following characteristics for molecular orbitals
of PbS and PbSe. Molecular orbitals 4-1/2 and 1-3/2 are w
bondin

G alunough Lo pepniacion G Uhe ooy o O 0L e GdnL

16



entirely on the Se atom. The 3-1/2 orbital is o-bonding and
m-antibonding, The 4-1/2 orbital energy changes rapidly with
interatomic distance, as expected for a strongly bonding orbital,
whereas the orbital energies for the other orbitals show little
change in agreement with their weakly bonding (or antibonding)

character.

IV, Discussion

It should be realized that a SCF calculation for a single
relativistic (w-w) configuration may not-be a good approxima-.
tion even for a molecule with heavy atoms. Such molecules (or
atoms) usually fall in the range of intermediate coupling
(between L-S and j-j for atoms). Electron-repulsion and spin-
orbit terms are of comparable magnitude. Unless the molecular

PR P o . S
orvitals occupie

)
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adjustment for these two effects, a single configuration will
not provide a good description of the ground state of the mole-
cule. If the valence shell of the moleécule involves only
5m0rbi%a159 then there is no spin-orbit term, and a single
configuration suffices, e.g., Auz or Au;a With only a single
p-orbital involved in TLH, the molecular orbital can include

a linear combination of Py and pS/2 orbitals from TL and
thus provide the.needed adjustment for a good initial approxi-
mation. But for TRZ, for example, the ground state cannot be
reasonably approximated without CI including at least the two
configurations {1w1/2)§ (1&1/Z)i (2~1/2]§ and (1w1/2)§
(1w1/2)i (2~1/2)i which we have fournd to be of very nearly

equal energy. In addition, in the SCF approximation many



molecules do not dissociate to the proper atomic states.
Therefore, configurations accounting for both of these
characteristics should be included in most molecular calcula-
tions with w-w coupling for a recasonable description of even
the ground state. Work on the neceded programs to include
multiple configurations is now in progress. However, the
ground statés of the molecules presented in this paper are

reasonably described near the equilibrium bond distance with

our present approximation.
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Table I. Open-shell vector coupling
coefficients for the states
represented by a single-
Slater-determinant

Akp ka Cku

A = 1 -1/2 -1/2

A FE o
R, = a o+ u® 0 1/2 -1/2
Q= [ - ul® 0 -1/2 1/2

a1 Q. = A+ yp for the interaction of

two open shells, the signs of the m's are
the same for both orbitals. If w, = [X - ul,

the signs of m's are opposite,



3]
fa)

Table f1. Separvation of the core and the valence electrons
for the various atoms

Atom Potentiala Core Electrons Valence Electronsa
o . .44 2
Heg REP2 [ Xe] 5d3/2 bdg/z 6s
- - 4 6 .2
REPL2 [Xe] 5d%,, 547, 63
Ty REP3 ixel 5d% . 54%  6s%op
I 2 - 572 29579 050Dy
REPL3 [Xe] sat 549 6step
: 3/2 29572 P1/2
NREP3 [xe] 5a%° 6s°6p
NREP13  [Xe] 5a1%s%6p
Ph REP4 ixe] 5d% . 54 6s%ep. . 6p
| el g0 2% Py/2%3/7
. 4 6 2
REP14 [Xe] sat . 5a%, 6s%6p, ,,6p.,,
i - - 2 1 3
S REP6 [Ne ] 3s” 3p1/2 Zpg/z
o .10 2 1 3
Se REPG [Ar] 3d 4s ,4p1/2 4p5/2

3

“ Numerics refer to the total number of valence electrons
and a and b are used to distinguish the different atomic
configurations,



Table

ITI. Slater type functions (STF)
and two-component spinors
(TCAS) for 3-electron T2,

STE TCAS
. 4 Lo c
o 11
1.7838 50 £ 5 1.7838
1,7441 3011 1 1447
7 7
1.6897 4121 1 6897
L L
i 11
L9485 4133 L9483
1.6897 412 Y 16897
s L 3 2"2"“ o
] 31
9483 4153 L9483
3 3
4153 1.6897
3 %
4155 9487

T REP3 of Table II
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AREP ' s

Table 1V,
Atoms State
Hg 18
BP
1P
Hg+ ZS
Te ZP
79" g
Dk 3p
1D
1S
ph Zp

Configuration

the double
(all in a.u.)

zeta

Excitation and ionization energies of Hg, T& and
Pb calculated with

basis sets and

Excitation Energies

AREp12°
0.0
140
238

316

AREP13%
0.0
179
AREP14%
0.0
. 036
, 089

6240

S B
AREP?2

a . )
Averages are taken from the corresponding REP

1

13

From Reference 14.

b
LEXD
0.0

190

(Table 11)



Table V. Excitation energies of S and Se
calculated with the double zeta
basis sets and AREP's (all in

a.u.)
Atoms States AREP Allmelectrona
S 3p 0.0 0.0
1
D .049 .048
lg 126 120
Se 50 0.0 0.0
) 055 527
1. .
S L135 ,130

a .
From Reference 16,
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. V o , . + . .
able VI. Total valence enevgies of Au2 , vertical ioni-

zation energies of Au, (calculated fr?m the
total valence energies of Auz and AUZT) and the
orbital energies of the least-bound (I/Z)g elec~
tron of Auz at various interatomic distances.
(all in a.u. and based on ll-electron REP's

for Au)

R -F E(Au2+) ~B(Au,) ~E{(%}g] of Au,
4.5 70,5181 260 281
4,75 70,5266 254 274
5.0 70,5300 249 267
5.5 70,5292 .238 .255
8.0 70,5022 202 211



Table VII. Spectroscopic constants obtained from the SCF calculation of TLH
with various EP's

Effective Core Potentials One-center® Epr
REP13 REP3 AREP3 NREP13 NREP3 R NR

Re(a@u@] 3,47 3.39 3.39 3,67 3.55 3.529  3.795 3.53
D, (a.u.) 057 050 o659 0629 Losad 0.072
we(cmml} 1450 1380 1380 1380 1410 1500 1390 1391
(pS/Z/pl/z}e .37 .50 2.0 2.0 2.0 .65 2.0 -
I»Po(amue)f . 298 . 290 . 286 . 266 . 267

a From Reference 17.

b From Reference 18,

C E(T2 ZPT/Z} + E(H) - E(TH at R))

95Ty %Py + BE(H) - E(TRH at R.)

® From the atomic population analysis.

t

Ionization potential from Koopman's theorem and orbital energies at
near-equilibrium distance.



Table VIII. Population analyses for T¢H (R = 3.5 a.u.)

REP-3 AREP-3 NREP-3
Orbital 1-1/2 2-1/2 Total lo 20 Total io 2g Total
T, s 1.40 43 1.83 1.60 . 30 1.90 1.17 .70 1.87
pl/z OOU 953 353
v .00 .74 .74 .08 .73 .81
ps/z WQZ‘. m27 @Zg J
H s .58 77 1.35 .40 .96 1.36 75 .56 1.32

8¢



Table IX. Orbital energies and ionization energics
for PbS (in a.u.)

Orbital Rpp® Xo, Exp®
Ab BC
4 - 1/2 . 326 227 L334
e338 (broad)
1 - 3/2 . 344 L2453 . 345
3 - 1/2 . 359 . 260 . 353 .36,
2 - 1/2 .591 510 .566
1 - 1/2 .884 . 632 -
a

This research, R = 4.25 a.u.

b Reference 21,

C . , .
Reference 22, improved Xoo calculation for
transition states

d Reference 20.
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Table X. Orbital energies and ionization energies
for PbSe (in a.u.)

Orbital REp® Xa Expd

AP B©
4 - 1/2 .310 L 234 L3253

a327 (broad)

1~ 3/2 L 317 L 235 . 323
3 - 1/2 348 258 . 338 . 350
2 - 1/2 587 .528 568
1 - 1/2 ,853 651

¢ This research, R = 4,25 a.u;

Reference 21

Reference 22, improved Xa calculation for
transition states

Reference 20,
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Table XI. Calculated and experi-
mental quantities for
PbS and PbSe

PbS . PbSe
Re(aaue) REP 4,28 4,55

Exp® 4,321 4.539
w (em™y  REP 351, 210.

Exp®  429.4 277.6

D, (a.u.) REP 0.043 0,033

Fxp® 0.128 0.113

a From Reference 18,








