
Abstract. Relativistic and nonrelativistic valence double
zeta basis sets have been optimized at the self-consistent
®eld (SCF) level with a Gaussian nuclear charge
distribution for the 4p, 5p and 6p elements. The basis
sets were optimized on the weighted average energy of
the nonrelativistic pn con®guration. Each basis set has
been supplemented with a correlating d function opti-
mized in multireference singles and doubles CI calcula-
tions out of the SCF reference con®guration set, a
di�use s and p function optimized at the SCF level for
the negative ion for all except the rare gases, and a
di�use correlating d function optimized in multireference
singles and doubles CI calculations out of the negative
ion SCF reference con®guration set. These basis sets are
therefore the equivalent of the correlation-consistent
double zeta basis sets of Dunning and coworkers. In
addition to the valence correlation and di�use functions,
each basis set has also been supplemented with two f
functions, one for correlation and one for polarization
of the sub-valence d shell, and prescriptions given for
obtaining s and p functions for sub-valence shell
correlation.

Key words: Gaussian basis sets ± Relativistic basis sets ±
p Block ± Double zeta ± Correlation consistent ±
Finite nucleus

1. Introduction

The burgeoning interest in the heavy elements among
quantum chemists brings with it two related demands:
quantum chemistry programs which can handle relativ-
istic e�ects, and Gaussian basis sets for use in these
programs. Although e�ective core potential (ECP)
methods have dominated the scene until now, the

feasibility of all-electron methods has improved with
the rapid increase in computing power. It is therefore
timely to tackle the second of the two demands. Already
there are some even-tempered basis sets available [1, 2]
and some obtained by ®tting techniques [3, 4]. The
former are rather large for the purposes of molecular
calculations on anything but the smallest systems, and
®tting procedures do not necessarily produce the best
quality basis sets. The trade-o� between quality and size
is best met by energy-optimized basis sets.

Recently, a method for relativistic energy-optimized
basis sets was presented [5], and a computer program
developed for the purpose of basis set optimization. The
program has been extended to permit the optimization
of correlating functions in CI calculations and to opti-
mize nonrelativistic basis sets. This paper reports the
®rst set of relativistic energy-optimized basis sets from
this program, for the 4p, 5p and 6p elements. The basis
sets are intended to match the correlation consistent
basis sets of Dunning [6].

The use of relativistic all-electron methods brings
with it the scope for comparison with nonrelativistic
methods to obtain relativistic corrections to properties.
Such comparisons should be done in equivalent basis
sets. For molecular properties, particularly in small basis
sets, a calculation of the basis set superposition error
(BSSE) can be essential to obtain good values of the
properties. When comparing relativistic and nonrelativ-
istic properties, then, it is important to ensure that the
BSSE is the same (or very similar) for the two methods,
otherwise the computed relativistic correction will con-
tain a basis set error. Simply using a nonrelativistic basis
set in a relativistic calculation does not ensure this.
Therefore nonrelativistic basis sets which match the
relativistic basis sets in quality have also been generated.

2. Method

The extension of nonrelativistic approaches to the optimization of
basis sets for relativistic calculations is not entirely straightforward.
First, one has to decide which quantum number to optimize on ± `, j
or j. For the widest use and the most e�cient integral evaluation
with current programs, an `-optimized basis set is probably to be
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preferred, although the indications of Ref. [5] are that a j-optimized
basis set would have superior properties, at least for the small size of
a double zeta basis. In this work, `-optimization has been chosen.

A second issue is the choice of the state on which to optimize the
basis set. In nonrelativistic basis optimizations, it is common to
take the ground state of the atom, in LS coupling. In the relativistic
regime, it is not always possible or desirable to select a suitable
single state. Choice of one spin-orbit component could unduly bias
the calculation towards that state, where a balanced treatment of
spin-orbit e�ects could be important for the description of molec-
ular e�ects. Moreover, the formation of molecular bonds can often
be viewed as preceded by a hybridization, which corresponds to an
atomic excitation. For these reasons, the energy function for the
optimization was taken to be the degeneracy-weighted average of
the energies of the states arising from the principal nonrelativistic
con®guration, s2pn. The basis functions for the occupied spinors
were determined in self-consistent ®eld (SCF) calculations on this
set of states.

A third issue is that of the nuclear model. Here, we have chosen
the atomic mass number of the principal isotope of each species to
determine the exponent of the Gaussian nuclear charge distribution
in accordance with a standard prescription [7]. This means that the
basis sets are dependent on the neutron number as well as the
proton number, though for these basis sets, the truncation error is
probably larger than any error that might be incurred by using a
di�erent isotope. The ®nite nuclear model has been used for both
the nonrelativistic and the relativistic basis sets.

The size of the basis sets was determined from calculations on
the rare gas atoms. In selecting the basis sets, a balance has to be
struck between the number of exponents describing the radial
maxima and the energy truncation error incurred in increasing the
size of the basis set. To determine the size of the sets in each orbital
space, basis sets were optimized within each space with di�erent
numbers of functions. The starting functions for each basis set were
taken from the sets of Fñgri ([8]; K. Fñgri Jr., personal commu-
nication). In each case the largest truncation error for the largest
double zeta set occurred in the p space rather than the s space. The
p set was therefore taken to be the largest double zeta set. The sets
for the other orbital spaces were chosen so that the energy for the
addition of one function was approximately equal for each orbital
space, except that in the 6p set, the s set was chosen to be the largest
double zeta set. To obtain comparable nonrelativistic and relativ-
istic basis sets, in addition to the energy balance and radial maxi-
mum description, the coe�cients of the radial functions were
examined, to obtain the most nearly similar distribution of coe�-
cients over the outer radial maxima. In this way, the sizes of the
basis sets arrived at were 15s11p6d for the 4p elements for both
relativistic and nonrelativistic basis sets, 19s15p9d and 18s14p9d for
the relativistic and nonrelativistic 5p element basis sets, respec-
tively, and 24s20p13d8f and 22s17p13d8f for the relativistic and
nonrelativistic 6p element basis sets, respectively. The energy
truncation error in the p set for the 6p elements is particularly large
due to the relativistic e�ects, but any increase in the basis set size
produces a triple zeta distribution. The di�use s and p functions
were determined by optimizing these exponents for the negative ion
at the SCF level, again using the weighted average energy.

The valence correlating functions were determined in multiref-
erence singles and doubles CI (MR-SDCI) calculations out of the
reference set used for the SCF calculations, for consistency. Exci-
tations out of the s and p orbitals were considered. Only the d
exponent was optimized, in a calculation which included one s, p
and d function in the correlating space. The s and p functions were
taken to be the outermost primitives of the SCF set, in accordance
with the ®ndings of Dunning [6] for the ®rst row. Similarly, the
di�use d function for each basis set was determined in an MR-
SDCI calculation on the reference set for the negative ion, with
only the di�use d function being optimized, in a calculation which
included the two most di�use s and p functions (i.e. the outermost
SCF functions and the di�use functions) and the d correlating
function as well as the di�use d function in the correlating space.
Di�use functions were not determined for the rare gas atoms.

Because of the proximity of the d shell to the valence space,
particularly for the early members of the p block, a correlating f

function was determined for this shell, in a similar series of MR-
SDCI calculations. The correlating space included one s, p, d and f
function, all of which were optimized. It was found that the s
function was close to the geometric mean of the second and third
most di�use functions in the SCF set, i.e. it fell ``in the gap'' be-
tween the ns and �nÿ 1�s functions for the 6p elements. Going up
the periodic table, this s function approached the third most di�use
function, i.e. the outer SCF primitive in the �nÿ 1�s maximum. The
p function was close to the outer SCF primitive in the �nÿ 1�p
maximum, and the d function was usually between the outermost
two d SCF primitives. In addition, for the 6p elements, the f
function was close to the outermost f SCF primitive. With this
information, a prescription for determining the correlating func-
tions for the �nÿ 1� shell was formed, which adds a 2s2p2d1f
primitive outer core correlating set to the existing sets. For the s
and p sets, the outermost SCF primitive from the �nÿ 1� shell is
taken for the ®rst function, and the geometric mean of this and the
innermost SCF primitive from the n shell is taken for the second.
For the d set, the outermost two d SCF primitives are taken. The
MR-SDCI calculations were performed for the p1 and p5 elements,
and a linear interpolation taken for the f functions of the inter-
vening elements, and an extrapolation for the rare gases, for the 4p
and 5p elements. The outermost f SCF primitive was taken for the
6p elements.

In addition to the f functions determined for correlation, a set of
f functions was determined for polarization of the d shell. The
exponents were optimized to maximize the magnitude of the sec-
ond-order perturbation energy for the electric dipole polarizability
of the d shell, calculated with a set of con®gurations involving
single d ! f excitations with respect to the reference set.

3. Results

The total energies and the truncation errors for the basis
set SCF calculations with respect to the numerical limit
are given in Tables 1±3 for both the neutral and the
negative ion. The truncation error increases slowly with
Z across a row, and decreases as Z increases down a
column. The negative ion truncation errors are slightly
smaller than the neutral values, no doubt due to the
increased ¯exibility in the basis from the extra exponent.
The SCF electron a�nities deduced from this table do
not in fact represent the physical values, because of the
state averaging. This explains why, for example, Tl
apparently has a negative electron a�nity whereas the
physical value would be expected to be large due to the
relativistic stabilization of the 6p21=2 state, and Pb has an
appreciable electron a�nity where the physical value, for
the same reason, would be expected to be small. The
relativistic truncation errors are somewhat larger than
the nonrelativistic truncation errors, but are very
comparable in magnitude. This is in contrast to the use
of nonrelativistic basis sets with relativistic contraction
coe�cients, where the truncation error can be orders of
magnitude larger ± see Ref. [5] for an example. The
decrease in the truncation error with increasing n is due
to the way in which the basis sets have been chosen on
the basis of the best double zeta p set. The exponents are
generally in increasing sequence across the row, with a
few exceptions in the core. These are due to the e�ect of
the nuclear size for the di�erent isotopes ± for example,
because the mass number of Rn is signi®cantly larger
than that of At, there is a drop in the innermost s
exponents going from At to Rn due to the shape of the
nuclear potential for the two di�erent nuclides. The
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relativistic and nonrelativistic exponents for the 4p
elements do not di�er signi®cantly in the valence region,
and even in the core are not too di�erent. The di�erences
increase with Z, as expected. The 6p nonrelativistic basis
sets are the same size as those of Fñgri [8] and apart
from the core region have almost identical exponents. A
sample of the exponents is given in Tables 4±7.

Table 1. Total energies in Eh of
basis set and numerical SCF
calculations and di�erences be-
tween the two for the 4p neutral
atoms and negative ions

Relativistic Nonrelativistic

Neutral atom Negative ion Neutral atom Negative ion

Ga
basis )1942.524171 )1942.512015 )1923.226039 )1923.214735
numeric )1942.563764 )1942.551218 )1923.253477 )1923.241946
di�erence 0.039593 0.039203 0.027438 0.027211

Ge
basis )2097.429322 )2097.436143 )2075.303832 )2075.311837
numeric )2097.470361 )2097.476228 )2075.331456 )2075.338739
di�erence 0.041039 0.040085 0.027624 0.026902

As
basis )2259.398594 )2259.430572 )2234.133526 )2234.166823
numeric )2259.441912 )2259.472395 )2234.161979 )2234.194109
di�erence 0.043318 0.041823 0.028453 0.027286

Se
basis )2428.542018 )2428.603806 )2399.801556 )2399.864684
numeric )2428.588274 )2428.647965 )2399.831290 )2399.892803
di�erence 0.046256 0.044159 0.029734 0.028119

Br
basis )2604.973637 )2605.069362 )2572.396685 )2572.493636
numeric )2605.023485 )2605.116465 )2572.428018 )2572.522958
di�erence 0.049848 0.047103 0.031333 0.029322

Kr
basis )2788.806690 )2752.006445
numeric )2788.860624 )2752.039516
di�erence 0.053933 0.033071

Table 2. Total energies in Eh of
basis set and numerical SCF
calculations and di�erences be-
tween the two for the 5p neutral
atoms and negative ions

Relativistic Nonrelativistic

Neutral atom Negative ion Neutral atom Negative ion

In
basis )5880.402928 )5880.395726 )5740.085124 )5740.080349
numeric )5880.431582 )5880.424262 )5740.104531 )5740.099733
di�erence 0.028654 0.028536 0.019407 0.019384

Sn
basis )6176.099173 )6176.111354 )6022.823301 )6022.838281
numeric )6176.128089 )6176.139876 )6022.842279 )6022.857017
di�erence 0.028916 0.028522 0.018978 0.018736

Sb
basis )6480.488949 )6480.524988 )6313.329038 )6313.367900
numeric )6480.518627 )6480.553998 )6313.347960 )6313.386374
di�erence 0.029678 0.029010 0.018922 0.018474

Te
basis )6793.668234 )6793.731472 )6611.655292 )6611.721228
numeric )6793.698968 )6793.761230 )6611.674398 )6611.739676
di�erence 0.030734 0.029758 0.019106 0.018448

I
basis )7115.761930 )7115.855337 )6917.867362 )6917.963197
numeric )7115.794175 )7115.886265 )6917.886849 )6917.981838
di�erence 0.032245 0.030928 0.019487 0.018641

Xe
basis )7446.861488 )7232.014678
numeric )7446.895440 )7232.034620
di�erence 0.033952 0.019942

To illustrate the di�erences that would be obtained if
the same primitive sets were used in both relativistic and
nonrelativistic calculations, some results were obtained
for the PbO molecule using the DREAMS [9] package1,
with both the relativistic and nonrelativistic sets used to
obtain the contraction coe�cients. The Pb basis set was
contracted to a valence double zeta set, with the outer-

368



most s, p and d primitives from the n � 5 shell uncon-
tracted. The O basis set used was the aug-cc-pVDZ basis

set [6]. The bond length and harmonic frequency were
obtained from a quartic ®t to ®ve points spaced at 0.05a0.
The results are reported in Table 8. The bond length is a
relatively insensitive property, so only small changes are
seen. The changes in the harmonic frequencies are rela-
tively a little larger. The relativistic corrections in com-
parable basis sets, i.e. DHF in a relativistic basis and
NRHF in a nonrelativistic basis, are 0.0132 AÊ and 82.2
cmÿ1. The relativistic correction to the frequency is
overestimated in both basis sets. One would expect to see

Table 3. Total energies in Eh of
basis set and numerical SCF
calculations and di�erences be-
tween the two for the 6p neutral
atoms and negative ions

Relativistic Nonrelativistic

Neutral atom Negative ion Neutral atom Negative ion

Tl
basis )20274.830354 )20274.822523 )18961.126187 )18961.123334
numeric )20274.850644 )20274.842721 )18961.135824 )18961.132912
di�erence 0.020291 0.020198 0.009637 0.009578

Pb
basis )20913.693854 )20913.705883 )19523.251646 )19523.268606
numeric )20913.714332 )20913.725813 )19523.261070 )19523.277785
di�erence 0.020478 0.019930 0.009424 0.009179

Bi
basis )21565.685154 )21565.721569 )20094.752029 )20094.792215
numeric )21565.706080 )21565.741649 )20094.761394 )20094.801188
di�erence 0.020925 0.020080 0.009365 0.008973

Po
basis )22230.991543 )22231.055407 )20675.664546 )20675.730557
numeric )22231.013179 )22231.075893 )20675.673968 )20675.739446
di�erence 0.021636 0.020486 0.009422 0.008889

At
basis )22909.785069 )22909.879008 )21266.023661 )21266.117759
numeric )22909.807616 )22909.900086 )21266.033217 )21266.126674
di�erence 0.022547 0.021078 0.009556 0.008915

Rn
basis )23602.080766 )21865.843344
numeric )23602.104246 )21865.853041
di�erence 0.023480 0.009697

Table 4. Exponents of relativistic s functions for the 6p elements. Powers of ten are given in parentheses

Tl Pb Bi Po At Rn

5.803382849(+07) 5.787904681(+07) 5.802268410(+07) 5.830992703(+07) 5.842440922(+07) 5.684765983(+07)
1.470256191(+07) 1.472778556(+07) 1.481979880(+07) 1.494306786(+07) 1.502093410(+07) 1.467940594(+07)
4.635557538(+06) 4.669807878(+06) 4.722387435(+06) 4.783161826(+06) 4.829654779(+06) 4.749125558(+06)
1.585273975(+06) 1.605937171(+06) 1.632183329(+06) 1.660769985(+06) 1.684765253(+06) 1.667876551(+06)
5.792462566(+05) 5.898477812(+05) 6.023274024(+05) 6.155310357(+05) 6.272502188(+05) 6.251705305(+05)
2.218794379(+05) 2.269126729(+05) 2.326259991(+05) 2.385750624(+05) 2.440423397(+05) 2.446814316(+05)
8.873077959(+04) 9.106310453(+04) 9.365701904(+04) 9.633017406(+04) 9.884691741(+04) 9.961603983(+04)
3.684807781(+04) 3.792086933(+04) 3.909891962(+04) 4.030381707(+04) 4.145802797(+04) 4.195953495(+04)
1.584329787(+04) 1.633913382(+04) 1.687884023(+04) 1.742760225(+04) 1.796010766(+04) 1.824173536(+04)
7.031051387(+03) 7.262528908(+03) 7.512767368(+03) 7.765999807(+03) 8.014108002(+03) 8.163222703(+03)
3.212188768(+03) 3.321698502(+03) 3.439380327(+03) 3.558028529(+03) 3.675115279(+03) 3.752249658(+03)
1.507078283(+03) 1.559647486(+03) 1.615814940(+03) 1.672296457(+03) 1.728337091(+03) 1.767990348(+03)
7.230106213(+02) 7.486378914(+02) 7.758515410(+02) 8.031891115(+02) 8.304374786(+02) 8.509795741(+02)
3.398051462(+02) 3.526132758(+02) 3.661218998(+02) 3.796949000(+02) 3.932760713(+02) 4.041181108(+02)
1.709390142(+02) 1.775046742(+02) 1.844004803(+02) 1.913174602(+02) 1.982410926(+02) 2.039071216(+02)
8.801732262(+01) 9.146327450(+01) 9.506511713(+01) 9.867687750(+01) 1.022970170(+02) 1.053543242(+02)
4.301622500(+01) 4.471017218(+01) 4.646626827(+01) 4.824556708(+01) 5.004798655(+01) 5.172274502(+01)
2.260986275(+01) 2.352728788(+01) 2.447728994(+01) 2.544091122(+01) 2.641823570(+01) 2.733753182(+01)
1.026656865(+01) 1.072145731(+01) 1.119016099(+01) 1.166724585(+01) 1.215260001(+01) 1.262820826(+01)
5.264822456(+00) 5.527150608(+00) 5.797848818(+00) 6.074283955(+00) 6.356366990(+00) 6.635346797(+00)
1.898894440(+00) 2.027462720(+00) 2.158707722(+00) 2.292308112(+00) 2.427989510(+00) 2.565538966(+00)
8.846137190()01) 9.620409837()01) 1.042261355(+00) 1.124704440(+00) 1.209093910(+00) 1.294750834(+00)
2.010657449()01) 2.329440341()01) 2.659086622()01) 2.997941602()01) 3.345867199()01) 3.702795858()01)
7.323709071()02) 8.685988638()02) 1.007344002()01) 1.149264998()01) 1.294716217()01) 1.443731720()01)
1.912775929()02) 2.504196950()02) 3.002818021()02) 3.473595161()02) 3.926826252()02)

1DREAMS is a Dirac-based Relativistic Electronic Atomic and
Molecular Structure program suite, consisting of an adapted
version of MOLECULE, a vectorized integral program developed
by J. AlmloÈ f and P. R. Taylor, and a Dirac-Hartree-Fock and MP2
program developed by K.G. Dyall. The DHF program methods are
described in Ref. [9] and the MP2 program methods are described
in Ref [10].
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larger changes in properties that were more sensitive to
the core description, like the electric ®eld gradient at the
nucleus, or NMR shielding parameters.

The full tables of basis sets including nonrelativistic
SCF, spin-free relativistic SCF and Dirac-Fock SCF

coe�cients are available in ASCII format from the In-
ternet archive for Theoretical Chemistry Accounts (see
below), and also from the basis set archive at Paci®c
Northwest National Laboratory, http://www.emsl.pnl.-
gov:2080/forms/basisform.html.

Table 5. Exponents of relativistic p functions for the 6p elements. Powers of ten are given in parentheses

Tl Pb Bi Po At Rn

1.372826462(+07) 1.443158465(+07) 1.526785076(+07) 1.609473073(+07) 1.685809768(+07) 1.728241218(+07)
2.357212827(+06) 2.507433138(+06) 2.686369414(+06) 2.865167510(+06) 3.035311932(+06) 3.156417284(+06)
5.235667825(+05) 5.604442459(+05) 6.045605996(+05) 6.489139356(+05) 6.917456577(+05) 7.252827232(+05)
1.362907634(+05) 1.463727873(+05) 1.584833540(+05) 1.707001929(+05) 1.825960304(+05) 1.924125034(+05)
4.014808936(+04) 4.315790893(+04) 4.678586981(+04) 5.045048669(+04) 5.403468366(+04) 5.708988285(+04)
1.318202105(+04) 1.415244017(+04) 1.532507694(+04) 1.650864236(+04) 1.766782597(+04) 1.867650226(+04)
4.787986219(+03) 5.125874354(+03) 5.534552353(+03) 5.945714830(+03) 6.347746116(+03) 6.701904351(+03)
1.902844147(+03) 2.030219303(+03) 2.184243089(+03) 2.338416493(+03) 2.488564347(+03) 2.621691632(+03)
8.150228768(+02) 8.668209059(+02) 9.294239260(+02) 9.917197702(+02) 1.052074430(+03) 1.105744535(+03)
3.696760159(+02) 3.921484222(+02) 4.193200676(+02) 4.462075891(+02) 4.721175139(+02) 4.951794080(+02)
1.750437726(+02) 1.853563532(+02) 1.978512072(+02) 2.101471782(+02) 2.219276295(+02) 2.324043636(+02)
8.445626704(+01) 8.951928251(+01) 9.569678643(+01) 1.017153882(+02) 1.074211959(+02) 1.124594283(+02)
4.204322853(+01) 4.448576449(+01) 4.743563035(+01) 5.028313302(+01) 5.296902201(+01) 5.535572478(+01)
2.117207489(+01) 2.242284437(+01) 2.392963090(+01) 2.536794737(+01) 2.671527340(+01) 2.791363738(+01)
1.010759872(+01) 1.067517645(+01) 1.135160409(+01) 1.200145350(+01) 1.261551158(+01) 1.317283524(+01)
4.903149283(+00) 5.191773072(+00) 5.534612267(+00) 5.867798545(+00) 6.186862214(+00) 6.482614164(+00)
1.963288773(+00) 2.090830671(+00) 2.241087187(+00) 2.389950356(+00) 2.534717105(+00) 2.672633531(+00)
8.054969909()01) 8.717179903()01) 9.531749978()01) 1.036025175(+00) 1.118393406(+00) 1.198635995(+00)
2.004962861()01) 2.167452903()01) 2.482931026()01) 2.823137493()01) 3.172639217()01) 3.525855605()01)
5.592788373()02) 6.582541890()02) 7.791582245()02) 9.041135818()02) 1.031024176()01) 1.158931466()01)
1.143128111()02) 1.672807205()02) 2.131720946()02) 2.560729551()02) 2.974781623()02)

Table 6. Exponents of relativistic d functions for the 6p elements. Powers of ten are given in parentheses

T1 Pb Bi Po At Rn

7.802159122(+03) 8.490690047(+03) 9.155673091(+03) 9.815160522(+03) 1.047864557(+04) 1.115204533(+04)
2.039697913(+03) 2.208903548(+03) 2.371438049(+03) 2.531863341(+03) 2.692566365(+03) 2.855023772(+03)
7.304909746(+02) 7.884925742(+02) 8.439102586(+02) 8.983495092(+02) 9.526444534(+02) 1.007306358(+03)
3.051673560(+02) 3.288543231(+02) 3.513859738(+02) 3.734331993(+02) 3.953422901(+02) 4.173241051(+02)
1.396497508(+02) 1.503896186(+02) 1.605666247(+02) 1.704931193(+02) 1.803291610(+02) 1.901717602(+02)
6.729264317(+01) 7.251323542(+01) 7.744846220(+01) 8.225238013(+01) 8.700342743(+01) 9.174901724(+01)
3.352059870(+01) 3.618056107(+01) 3.868871366(+01) 4.112548699(+01) 4.353151720(+01) 4.593121487(+01)
1.656838473(+01) 1.797620156(+01) 1.930121654(+01) 2.058609423(+01) 2.185244499(+01) 2.311325778(+01)
8.081529920(+00) 8.820086427(+00) 9.513742763(+00) 1.018537157(+01) 1.084657371(+01) 1.150427088(+01)
3.880654889(+00) 4.272036395(+00) 4.638285283(+00) 4.992467374(+00) 5.341068552(+00) 5.687863147(+00)
1.695634968(+00) 1.889061654(+00) 2.073552597(+00) 2.254052929(+00) 2.433076502(+00) 2.612118578(+00)
6.952405987()01) 7.920011355()01) 8.857377074()01) 9.783342452()01) 1.070774692(+00) 1.163651826(+00)
2.535764968()01) 2.968329249()01) 3.386177681()01) 3.797490308()01) 4.206681863()01) 4.616515015()01)
1.502677828()01) 1.754599320()01) 2.022320671()01) 2.294832468()01) 2.569928183()01) 2.866753176()01)
4.103564828()02) 5.577262421()02) 6.968345404()02) 9.040700398()02) 1.093891790()01)

Table 7. Exponents of relativistic f functions for the 6p elements. Powers of ten are given in parentheses

Tl Pb Bi Po At Rn

4.899955948(+02) 5.201384477(+02) 5.510230466(+02) 5.826128686(+02) 6.149029273(+02) 6.479002727(+02)
1.663319671(+02) 1.765100854(+02) 1.869243588(+02) 1.975610844(+02) 2.084171986(+02) 2.194938649(+02)
6.998008500(+01) 7.434301417(+01) 7.880154110(+01) 8.334935843(+01) 8.798480498(+01) 9.270819904(+01)
3.217508985(+01) 3.424047198(+01) 3.635198613(+01) 3.850568676(+01) 4.070085088(+01) 4.293751906(+01)
1.541757718(+01) 1.646102614(+01) 1.752788663(+01) 1.861652143(+01) 1.972632157(+01) 2.085727802(+01)
7.369957778(+00) 7.907703301(+00) 8.458361795(+00) 9.021032344(+00) 9.595332056(+00) 1.018122289(+01)
3.408661326(+00) 3.684335220(+00) 3.967522753(+00) 4.257650777(+00) 4.554447734(+00) 4.857841127(+00)
1.413846868(+00) 1.547831082(+00) 1.686544169(+00) 1.829524310(+00) 1.976526438(+00) 2.127435360(+00)
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4. Conclusions

Relativistic and nonrelativistic ®nite nucleus energy-
optimized double-zeta basis sets have been developed for
the 4p, 5p and 6p elements. These have been supple-
mented with a correlating d function and di�use s, p and
d functions for a description of the negative ion,
generated in the same way as the augmented sets of
Dunning and coworkers. An f function for correlation
of the �nÿ 1�d shell was also added, along with a
prescription for generating a 2s2p2d1f set for outer core
correlation. An f function for polarization of the d shell
was also determined. It is hoped that these will ®nd use
in relativistic molecular calculations and in comparative
studies of relativistic and nonrelativistic calculations.

5. Internet archive

This paper contains an Internet archive in ASCII
format. The archive contains the nonrelativistic

exponent sets with the coe�cients of the Hartree-
Fock orbitals and the relativistic exponent sets with
the coe�cients of the Dirac-Fock and spin-free
Dirac-Fock spinors, as well as the di�use, correlat-
ing and polarizing functions. The archive is acces-
sible at no charge at http://link.springer.de/journals/
tca.
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Table 8. Bond lengths in AÊ and harmonic frequencies in cm)1 for
PbO at the SCF level using the two di�erent basis sets for Pb.
Frequencies are evaluated for the most abundant isotopes

Basis DHF NRHF Drel

re
Rel 1.8988 1.9117 0.0129
NR 1.8979 1.9120 0.0141

xe

Rel 791.1 878.6 87.5
NR 788.7 873.3 84.6
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