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In systems with large core—valence exchange interac-
tions, it is difficult to reproduce the results of all-electron
(AE) SCF calculations by using effective core potential
methods. Unfortunately, this difficulty is often found just
where the valence-electron methods are expected to be most
advantageous: in calculations on molecules containing hea-
vier atoms. In the model potential (MP) method of Sakai
and Huzinaga,' these difficulties may be overcome by using
adjustable (“soft”) values of the core projector parameters?
and/or by promoting the outermost core orbitals into the
valence space. The promoted electrons are then treated ei-
ther via the frozen-orbital technique® or by explicitly merg-
ing them with the valence electrons.>* The latter approach
was also recommended® as a means to improve results of the
effective core potential method.’

Recently, the MP method has been improved by inclu-
sion of the nonlocal approximation to the core-valence ex-
change terms.® This extended model potential (EMP) meth-
od was applied in calculations on ScO. Even though the ScO
molecule is a difficult test case for effective core potential
techniques, the EMP method dealt with it successfully.
Here, we illustrate the efficiency of the EMP method in the
treatment of such difficult cases by applying it to studies on
I, and HI. I, is known to be a difficult target for effective core
potential methods. The difficulties, whose origin was ana-
lyzed by Strémberg et al.,? are successfully overcome by the
EMP method.

The (8{6|8) valence basis set for iodine used to expand
the 5s and 5p orbitals (in the 55*5p°-2P ground state) and the
5s, 5p, and 5d orbitals (in the 55°5p*5d '-*F state), was ob-
tained as proposed by Klobukowski.* The reference 5s and
5p orbitals were taken from the atomic calculation on I(?P)
using (43333|4333|43) basis set.” The reference 5d orbital
was the numerical Hartree-Fock (HF) orbital of the
55?5p*5d '-*F state. This (8|6|8) basis set was used in the
nonlocal expansion of the total (inner and outer) core-va-
lence exchange operator.® The inner-core (1s252p3s3p3d)
and outer-core (4s4p4d) Coulomb potentials were expanded
in terms of Ls GTFs.° The orbital energies in both >P and *F
states and the transition energy 2P—*F (Table I) illustrate
the quality of the EMP obtained. The transferability of the

TABLE 1. Atomic results.

EMP optimized in the ground state to the excited *F state is
very satisfactory.

In the molecular calculations with 5s and 5p valence
orbitals (EMP in Table II) the basis set was contracted as
[5/4{1*]. This contraction releases the GTFs which are
more important in the description of the outermost region of
the 5s and Sp orbitals. Standard d-type polarization func-
tion” was used. The five term basis set for hydrogen® was
contracted to (41), scaled by a factor of 1.2, and augmented
by one p-type polarization function (exponent = 0.48).

The EMP results for the ground state of I, and HI are
shown in Table II together with the near HF,® reference AE,
other effective core potentials,> and experimental values.”
The EMP results differ from the reference AE values by
approximately 0.04-0.02 A in the equilibrium distance, R,,
3%—2% in the vibrational frequency o, , 0.4 eV in the bind-
ing energy D,, and 103 a.u. in the molecular orbital ener-
gies €. The EMP results obtained with uncontracted basis for
I, and HI show a notable improvement of the D, value and
negligible change of R, and w,. As shown in Table I, the
CPU time of the EMP calculations is significantly smaller
than the time needed for the AE calculations.

The comparison of our SCF results for I, with results
from previous calculations is very encouraging. In the calcu-
lation by Strémberg et al.® all core orbitals up to 3d were
represented by a Huzinaga-type model potential; the outer-
core (4s4p4d) orbitals, represented by a truncated basis set,
were included in the valence space and were kept frozen.
This frozen-orbital technique of handling the valence—outer
core interactions is obviously more computer-time consum-
ing than the EMP method, while the quality of results is
similar: the present R, value differs by only 0.01 A from the
one of Strémberg et al.,> and our w, value is closer to the AE
one.

We can also compare our EMP results with the ones
from MP calculations.? Qur SP valence calculation leads to
results which are closer to the AE values than the ones from
the comparable MP SP calculation.? This comparison shows
the importance of the nonlocal representation of the ex-
change terms. It should be noted that the values of the pro-
jection parameters, B,’s were fixed at the recommended

55*5p°-2p 5575p*S5d '-*F
€(5s) €(5p) €(5s) €(5p) €(5d) P>*F/cm~!
EMP —0.81570 —0.401 75 —0.946 96 —0.560 03 —0.07061 62 150
Reference AE* —0.81905 —0.40175 —0.942 28 —0.552 06 —0.071 10 62 269

*5525p°—?p: (43333|4333|43) from Ref. 7; 55*5p*5d '*F: basis set from Ref. 7; (433321|43321(4211*) plus three additional d GTO. Orbital energies in atomic

units.
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TABLE II. Molecular results for I, and HI.

Timing/s*

I, R./A w,/cm™! D,/eV Integ. SCF/Iter. Total
Exptl. (Ref. 10) 2.667 214.5 1.56
Near HF® 2.678 241 0.96
Reference AE® 2.700 241 0.84 1440 445 2514
EMP 2.739 233 0.40 51 2.2 41
Uncontracted EMP 2.740 232 0.56 90 7.2 241
Reference 3 2.728 222
(5s5p) SP (Ref. 2) 2.757 226
(4d 5s5p) DSP (Ref. 2) 2.732 227

lo, lo, 20, 17, o, 20, °
¢(EMP) — ¢(AE)¢ 0.002 08 — 0.005 26 0.005 46 —0.000 49 —0.004 88 0.005 07
Timing/s*

HI R,/A @,/cm™! D,/evV Integ. SCF/iter. Total
Exptl. (Ref. 10) 1.61 3.21
Reference AE° 1.620 2474 2.46 317 34 402
EMP 1.636 2415 2.09 16 0.5 28
Uncontracted EMP 1.635 2433 2.17 39 1.7 80

lo 20 17 307

€(EMP)-€(AE)/ 0.003 07 0.004 51 0.000 29 0.026 38

*The tabulated times correspond to one I-I or H-I distance. The calculations were done in an AMDAHL 580/FF using a modified version of Almlof s

MOLECULE (Ref. 12).
®These calculations include f-type polarization functions (Ref. 9).

©1-(433321]43321{4211*) from Ref. 7, H-(41|1*) from Ref. 8 ( p exponent = 0.48).

4r(I-I) =5.0a.u.
¢ First virtual orbital.
fr(I-H) = 3.0 a.n.

— 2¢,,"! while in the MP SP calculations they were treated
as adjustable parameters. Furthermore, our SP results and
the MP DSP (44 treated explicitly ) results are of a compara-
ble quality.

The same situation was observed in ScO.° Therefore, in
systems with large core—valence exchange interactions, it
seems that the EMP method with nonlocal potential, which

explicitly involves only the valence electrons and uses the

fixed projection operator parameters, can reproduce the AE
SCF calculations with the same degree of accuracy which in
the previous MP treatment may be achieved only when the
outermost core orbital is promoted to the valence space and
the core-projector parameters are optimized.

We are very indebted to Professor S. Huzinaga and to
Dr. M. Klobukowski for many stimulating discussions of
this work and for their continuous interest. One of us (Z.B.)
is grateful for a fellowship from Ministerio de Educacién y
Ciencia, Spain.

) On leave of absence from Departamento de Quimica-Fisica, Facultad de
Quimica, Universidad de Oviedo, Oviedo, Asturias, Spain.
'Y. Sakai and S. Huzinaga, J. Chem. Phys. 76, 2537, 2552 (1982).
2S. Huzinaga, M. Klobukowski, and Y. Sakai, J. Chem. Phys. 88, 4880
(1984).
3A. Strémberg, O. Gropen, and U. Wahlgren, J. Chem. Phys. 80, 1593
(1984).
“M. Klobukowski, J. Comput. Chem. 4, 350 (1983).
5P. J. Hay and W. R. Wadt, J. Chem. Phys. 82, 299 (1985).
). Andzelm, E. Radzio, Z. Barandiardn, and L. Seijo, J. Chem. Phys. 83,
4565 (1985).
7S. Huzinaga, Gaussian Basis Sets for Molecular Calculations, edited by J.
Andzelm, M. Klobukowski, E. Radzio-Andzelm, Y. Sakai, and H.
Tatewaki (Elsevier, Amsterdam, 1984).
%S. Huzinaga, J. Chem. Phys. 42, 1293 (1965).
°A. D. McLean, O. Gropen, and S. Huzinaga, J. Chem. Phys. 73, 396
(1980).
198, Rosen, Spectroscopic Data Relative to Diatomic Molecules, in Vol. 17 of
International Tables of Selected Constants ( Pergamon, Oxford, 1970).
'G. Hojer and J. Chung, Int. J. Quantum. Chem. 14, 623 (1978).
123, Almléf, USIP Report 72-09, University of Stockholm, 1972.

J. Chem. Phys., Vol. 84, No. 3, 1 February 1986



