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Systematically convergent basis sets with relativistic pseudopotentials.
|. Correlation consistent basis sets for the post- d group 13-15 elements
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(Received 30 June 2003; accepted 9 September)2003

New correlation consistent-like basis sets have been developed for the grostp 13—-15 elements
(Ga—As, In—Sb, TI-Biemploying accurate, small-core relativistic pseudopotentials. The resulting
basis sets, which are denoted ccA/PP, are appropriate for valence electron correlation and
range in size from (87p7d)/[4s3p2d] for the cc-pvVDZ-PP to (1613pl12d3f2glh)/
[7s7p5d3f2glh] for the cc-pV5Z-PP sets. Benchmark calculations on selected diatomic
molecules (As, Shy, Bi,, AsN, SbN, BiN, GeO, SnO, PbO, GacCl, InCl, TICI, GaH, InH, and JTIH

are reported using these new basis sets at the coupled cluster level of theory. Much like their
all-electron counterparts, the cc-p¥-PP basis sets yield systematic convergence of total energies
and spectroscopic constants. In several cases all-electron benchmark calculations were also carried
out for comparison. The results from the pseudopotential and all-electron calculations were nearly
identical when scalar relativity was accurately included in the all-electron work. Diffuse-augmented
basis sets, aug-cc-pM-PP, have also been developed and have been used in calculations of the
atomic electron affinities. €003 American Institute of Physic§DOI: 10.1063/1.1622923

I. INTRODUCTION the last several years techniques have been developed that
involve the extrapolation to the approximate complete basis

In nearly all ab initio electronic structure calculations L . . L
. . . .set (CBY) limit using the results from calculations with in-
two basis set expansions dictate the overall accuracy atta'r(]:_reasin sizes of (augc-HCOVNZ basis setsch., Ref. 8
able, theN-electron wave function is expanded in products 9 X "

of 1-electron orbitals and in turn these orbitals are generall nd rgferences therginin partlcular, this has had a very
described by linear combinations of Gaussian-type function arge impact on.the re;u]tmg accuracy of thermochemical
This latter basis set, which is the topic of the present work, i?nd spectr_oscop|c pr§d|ct|ons B initio mthods. .

in practice always incomplete and this limits the accuracy By their construction, staqdard correlation consistent ba-
with which the Schidinger equation can be solved with a SiS s_e_ts are aIITeIectron se_ts, |.e.,_aII electrons of an atom are
given choice of wave function method. The interplay pe-explicitly described by basis functions. In many respects this
tween the errors that are intrinsic to a given wave functiorfS advantageous since no additional approximations are
method and those associated with the underlying Gaussidhiade, but this approach can also lead to very large basis sets
basis set can greatly confuse any subsequent assessmenf@fheavier elements in order to adequately describe the low-
the overall accuracy of the calculation. Following the worklying core electrons. In addition, both scalar and spin-orbit
of Jankowskiet al.? the introduction of atomic natural or- relativistic effects must then also be treated using all-electron
bital (ANO) basis sets by Almiband Tay|o? and the devel- methods, which can often lead to relatively high computa-
opment of correlation consistent basis sets by Durhingtional costs for accurate results. On the other hand, a nearly
allowed for the first time the systematic extension of theeffortless way to accurately recover relativistic effects in-
1-particle basis set towards the complete basis(68S  volves the use of relativistic effective core potentiddCPs

limit in correlated calculations. For a given correlation con-or pseuodopotentiald®Ps. The accuracy of the PP approxi-
sistent basis set, a shell of correlating functions are includechation naturally depends on the method of adjustment, but
whereby each function in the shell contributes similarin particular it can be critically dependent on the number of
amounts of correlation energy in correlated atomic calculaelectrons included in the core. With large-core PP’s only a
tions. As a series of these basis sets are used, the total cerinimal number of valence electrons are retained, while
relation energy converges nearly exponentially towards themall-core PP’s retain both the valence and semi-core elec-
CBS limit. The family of correlation consistent basis setstrons. For example, for the As atom a large-core PP would
(cc-pvnZ) has now been extended by Dunning and co-include 28 electrons in the corgAr]+3d) while a small-
workers to include elements as heavy as krygtdAugmen-  core PP might include just 10. For valence atomic orbitals of
tations of the standard cc-piZ basis sets to describe anions, gngular symmetry with counterparts in the core, the resulting
hydrogen bonding, van der Waals interactions, and coregajence pseudo-orbitals have a greatly reduced number of
valence correlation effects have also been repdrfedver  ragial nodes. For large-core PPs they are nodeless, and it has
been showhthat this leads to an overestimation of valence
3Electronic mail: kipeters@wsu.edu electron correlation energies compared to all-electron work
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by as much as 10%. This can largely be mitigated by the usegy used is described in Sec. Il, while the actual basis set
of small-core PPs, which results in at least one radial node idevelopment is described in Sec. Ill. Molecular benchmark
these same valence pseudo-orbitals. Other problems wittalculations on selected closed-shell diatomics using these
large-core PPs in molecular calculations include additionahew sets are also described in Sec. Ill. Lastly, the results are
errors due to core penetration effects, as well as inadequagaimmarized in Sec. IV.

Pauli repulsion between valence electrons on one center with

the PP core on anoth&t. Recently Stoll, Dolg, and co- Il. METHODOLOGY

workers have reported a new set of small-core relativistic Al of the exponent({) optimizations in this work were
PPs adjusted in multiconfiguration-Dirac—Hartree—Fockearried out using a BEGS algoritfirusing double-sided nu-
(MCDHF) calculations™**? At the time this work began, merical derivatives. The actual optimizations were per-
these were only available for the pabigroup 13—15 ele-  formed in a scaled parameter space and the gradients were
ments, which is the subject of this work. Pseudopotentials ofenerally converged to better thax 10~ a.u. TheMoLPRO
this variety have now been adjusted for the pbgjroup  program suit& was employed for all calculations and only
16-18 elements; these new PPs and basis sets analogouqﬁ@ pure Spherica| harmonic components ofdh]g angu-
the ones described here are the subject of the following pap@sr momentum functions were used. Full symmetry equiva-
in this issue'® lencing of the orbitals was used in all cases, however this
While an appropriate choice of PP can yield accuratayas not enforced at the correlated levels of theory. Unless
scalar and spin—orbit relativistic effects, the accompanyingtherwise noted, only the valence electrons4@ for Ga—
basis sets can also be much smaller compared to all-electroxs, 5s5p for In—Sb, &6p for TI-Bi) were correlated, and
sets due to the absence of the low-lying core electrons. Whilg all cases the newly reported, small-core PPs of Metal.
most PPs in the literature provide their own basis sets, thesgere utilized''*> These PPs were optimized at the MCDHF
are generally of only double- or triple-zeta quality and do notlevel of theory and have been shown to provide an accurate
allow for a systematic expansion towards the CBS limit likedescription of both scalar and spin—orbit relativistic effects.
the family of all-electron correlation consistent basis setsThe core definitions corresponded [tNe], [Ar]+3d, and
Recently there have been a couple of studies involving corfKr]+ 4d4f for the post-3l, -4d, and -5 elements, respec-
relation consistent-like basis sets developed in conjunctiofively (10, 28, and 60 electropsin other words the rf
with relativistic PPs. Bauschlichér has developed se- —1)spdandnsp electrons are always explicitly treated in
guences of basis sets for use with both large- and small-cotie ab initio calculations.
PPs for the In atom and reported their use in thermochemical The Hartree—Foclspd base sets that were used in the
studies of indium chloride¥. More recently Martin and preliminary optimizations were taken from exponent expan-
Sundermantf reported a series of correlation consistent-likesions defined by = a8, where
basis sets for Ga—Kr and In—Xe that utilized large-core K\ 2
.

Stuttgart—Dresden—Bonn PRsith some small-core studies f(k)=k
included for Ga, Ge, and )n Their SDB-cc-p\WZ(n
=T,Q) basis sets were then used in several small molecul®r k=0,1,..n—1 (k=0 corresponds to the most diffuse
benchmark calculations. Schwerdtfeger and co-wotkers exponent and is the length of the expansipnTheseex-
have reported a series of cc-like basis sets for Hg. Like in théended even temperd&xtET) expansions were derived by
works of both Bauschlichét and Martin and Sundermarth,  modification of the usuaf, = « 8% even tempered formufg.
their basis sets utilized a single HF set, but in their case althe ExtET form is similar to the usual well tempered expan-
exponents were optimized at the MP2 level of theory. Insjon formula(cf., Ref. 24 and requires the optimization of
addition, the present author has recently repdfté devel-  four parametersa,3,v,9). In the EXtET sets, however, tise
opment of correlation consistent-like basis sets for both Yp, andd primitives are not constrained to belong to a com-
and Hg that are similar in form to those described in thismon set of exponents as in the well tempered scheme. In
work '8 Lastly, Osanaket al® have recently reported ANO- particular, the functional form of Eq1) is based on a cubic
type basis sets in conjunction with relativistic model corepolynomial fit to the spacings between fg(within a given
potentials for all of the same atoms of the present workpasis set of fully optimized exponents. By way of contrast,
while Dolg and co-worker8 have reported the development the usual even tempered formula is a linear approximation to
of ANO basis sets with PPs for various lanthanides and acthis spacing. Particularly for fully-optimized, all-electron ba-
tinide elements. sis sets, the separation between exponents is generally a
In this study, correlation consistent basis sets have beeslowly increasing function ofi, and the exponents are well
developed for the post-group 13—-15 element&a—As, In—  fit by the ExtET form with the parameterg and & having
Sb, TI-Bj) in conjunction with the small-core MCDHF- typical values on the order of1 for y and +1 for 8. A
adjusted PPs of Stoll, Dolg, and co-workers, which retain theelated expansion in terms of Legendre functions has re-
nsp and (h—1)spd electrons. Series of basis sets from cently been reported by Petersson and co-workers.
double- through quintuple-zeta are described and are denoted The optimization of basis functions in the presence of an
by cc-pVhZ-PP(correlation consistent polarized valence’ ECP does introduce some new issues that are not present in
with pseudopotentials These sets are developed to system-all-electron work. First, since the PP attempts to force the
atically converge both the Hartree—Fock and valence elegaseudo-orbital to zero in its inner regions, unconstrained ex-
tron correlation energies to their CBS limits. The methodol-ponent optimizations at the HF level can lead to near linear

1+‘ya+5 (1)
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dependency in the basis sets, i.e., the ratio of two neighbor-
ing exponents can be as small as 1.3 or less. This can be
commonly observed in existing ECP basis sets in the litera-
ture. In the present work, the exponent optimizations were
constrained so that the ratio of any two exponents in the
same angular symmetry must B€l.6. This choice, while
fairly arbitrary, was found to yield a negligible effect on the
energy while significantly decreasing linear dependencies. In
addition, as recently shown by both Blaudeetual 2® and
Christianserf! single uncontracted correlating functions in
ECP-based calculations are much less effective in recovering
correlation energy than in all-electron calculations due to the
interplay of the amplitudes and derivatives of these functions
near the origin and the magnitude of the pseudo-orbitals in
this region. The most straightforward solution to this prob-
lem was shown by Christiansgrio involve just including an
extra correlating function in each symmetry. This prescrip-
tion is investigated in detail in the next section.

For the most part, the correlating functions in this work
were obtained using the singles and doubles configuration
interaction(CISD) method. The values of the resulting expo-
nents, however, were relatively insensitive to this choice as
determined by tests at the coupled cluster, COSBF and
averaged coupled pair functioR2lACPF levels of theory.
The exception to this in the present work was in the optimi-
zation of diffuse functions by calculations on the atomic an-
ions. In these cases it was found that CCEDprovided the
most systematic sequence of augmenting functions from aug-
cc-pVDZ-PP through aug-cc-pV5Z-PP.

Ill. RESULTS AND DISCUSSION

The development of standard correlation consistent basis
sets can generally be divided into four distinct steps:

(1) Optimization of a series of correlation functions for the
atom using a large Hartree—Foc¢klF) base set—this
establishes the identity and quantity of angular momen-
tum functions that will be included in each correlation
consistent basis set to systematically converge the corre-
lation energy to its basis set limit;

cally converge to the HF limit;

100
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(3) Determination of how to best include correlating func- sions fordfghi functions.

tions for angular momenta that correspond to occupied

atomic orbitals, i.e., uncontract or add additional func—A_ Establishing correlation consistency

tions;
(4) Optimization of augmenting functions for the description
of electron affinities and weak interactions.

11101

FIG. 1. Contributions of polarization functions to the CISD correlation en-

AR . . ergy of thens?np® electrons in(a) arsenic,(b) antimony, andc) bismuth.
(2) Optimization of a series ofpd HF sets that systemati- The absolute values of the incremental correlation energy lowerings,

|AEcq, are plotted in r&,, against the number of functions in the expan-

In order to determine the correlation consistent group-
ings of dfg... correlating functions, CISD optimizations

were carried out with a (13p11d) EXtET base set con-

Each of these have been carefully examined in thdracted to[6s6pld] for As, Sh, and Bi. Even tempered ex-
present work with particular care being given to how thepansions were used for the correlating functions. Figure 1
presence of a PP may affect the results in contrast to thehows the incremental correlation energy recovered by the
experience with all-electron basis sets. In each of the followaddition of correlating functions in valence-only CISD cal-
ing subsections, As, Sb, and Bi are taken to be representativilations on As, Sb, and Bb electrons correlated in each

elements of their respective rows. Analogous investigationsase. After including up to 6 even temperetitype func-
were also made for Ga, In, and Tl but the trends were veryions, f functions were added to [6s6pld]+ (4d) set, g

similar and hence these results will not be explicitly shown.functions were subsequently added

to [®s6pld]
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+(4d3f) set, h functions were added to #6s6pld] 10—y ; ‘
+(4d3f2g) set, and finally an function was added to the N :gz
[6s6pld]+ (4d3f2g2h) set. The expected correlation con- ‘ e B
sistent groupings are clearly apparent from Fig. 1, namely ~ o --e--As-alle | |
(1d) for Dz, (2d1f) for Tz, (3d2flg) for QZ, and £ X eale
(4d3f2g1h) for 5Z. It should be noted that the plots of the 3
incremental correlation energy are nearly identical for each g
element, and the one for arsenic is very similar to the all- 0.1 - .
electron results shown previously for the Se afom. : .

As has also been noted in the development of all- [ AN
electron main group cc-p\Z basis sets for the second and ’ RN

third rows (Al-Ar and Ga—Kr, respective)y**° Fig. 1 shows 0.01 - : ‘
that the addition of the first function of a given angular mo-

. . . . a k
mentum is always slightly more energetically important than @

the addition of a second function of a lower angular momen- +A;
tum, e.g., the firsf-type function recovers nearly twice as —a-Sb
much correlation energy as the secoddype function. 10 - —a—Bi E
While as previously notéchis could suggest a different pre- ::z:gzzz'l'l'_z
scription for including correlation functions within a given fé‘ --a--Bi-all-e
cc basis set, we will choose in this work to continue to retain = 1L ,
the familiar groupings of the correlation consistent basis sets. Lf
As shown in detail below, this choice results in basis sets -
with the desired systematic convergence characteristics for 01l |
both atoms and molecules. ' .

In Fig. 1 a slight “knee” in thed series for As and Sh, as [ b ©
well as in thef series for Bi, can also be observed. In the ‘ ; : ‘ :

: . 0 1 2 3 4 5 6

all-electron cc-pWZ basis sets for the second row atoms this 0) K

change in convergence rate for tthéunctions atng=4 was
later attributed to the need for additional high exponent FIG. 2. The absolute values of the incremental CISD correlation energy
functions in the basis s While this may be the case for As lowerings in nE,, for (a) stype and(b) p-type correlating functions in As,
atng=5 (corresponding to a 6Z basis set—this behavior also>® a4 Bi
occurs with the all-electron work of Ref.),5this does not
appear to be the case for Sb since the most diftusgpo-  lation energy recovery of these functions at the CISD level of
nents in this series continue to decrease and do not show tlileeory in atomic calculations. Figure 2 shows the incremen-
introduction of a high exponent function at the knee as in theal correlation energy recovered Isyand p functions with
second row atoms. For Bi, however, the decrease in the corbase sets taken from the work of the above section of
vergence rate at;=4 does appear to be due to an increased 2s6pld]+(4d3f2g) and[6s2pld]+(4d3f2g), respec-
importance of high exponeritfunctions in the basis. How- tively, for As, Sh, and Bi. In each case the results from all-
ever the energetic contribution is relatively small at this levelelectron DK calculationgsusing a cc-pV5Z-DK base set, see
and in any evenh;=4 would correspond to a 6Z basis set, below) are also shown for comparison.
which is also outside the scope of this work. The conver-  Focusing first on the contributions to the correlation en-
gence rate of thétype correlating functions for Bi was also ergy due to thes functions, it is clearly observed that for the
investigated at the all-electron level using the Douglas—PP case the first function for As does recover slightly less
Kroll-Hess(DK) Hamilitoniar?* for scalar relativity. With a  correlation energy than in the all-electron work. In addition,
cc-pV5Z-DK (spd only) base setsee beloy the CISD- the optimized value for this exponent is relatively diffuse
optimizedf exponents were found to be nearly identical inwhen compared to the all-electron result, i.e., 0.094 versus
value to the ones obtained in the PP calculations and th@.127. Figure &) also shows that the contributions from the
incremental correlation energy changes were also essentialgecond, third, etcs functions fall off less rapidly in the PP
identical. Hence the “knee” in thé convergence rate is not case compared to the all-electron results. For the heavier Sh
due to the use of the pseudopotential or, in particular, theand Bi atoms, the first and secosdcorrelating functions
lack of an explictly occupied #shell in those calculations. recover nearly the same amounts of correlation energy, and
As mentioned above, it has been shown previously thathe all-electron DK results exhibit nearly twice the @¢orre-
when using PPs, single uncontracted primitive functions nowation energy compared to the PP values and drop off much
make poor correlating functions. The initial results by more rapidly, similar to Agthe Sb and Bi firss correlating
Blaudeauet al,?® and particularly Christianseff,indicated  exponents were also much more diffuse than their all-
that s-type functions were most strongly affected, howeverelectron counterparntsAll of these points are strong confir-
the problem may also exist fqr, d, and higher angular mo- mation of the work of Blaudeaet al?® and Christianseti
mentum functions as well. This has been investigated in dethat singles-type primitives make poor correlating functions
tail in the present work by examining the incremental corre-due to the presence of the PP.
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In contrast to the series aftype correlating functions, 10 e = e
both thep-type [Fig. 2(b)] and d-type (Fig. 1) series exhibit \ e As

smooth decreases in incremental correlation energy lowering ——Sb
between the first and second functions and all-electron opti- L N —=— B
mizations yielded nearly identical results. For all three atoms
it should be noted from Fig. 2 that the third and foupttype
functions contribute similar amounts of incremental correla-
tion energy when the PP is used; this appears to be due to the
somewhat increased importance of large expomefinc- 0.01 L \‘\ i
tions. For As this behavior is similar to that observed in the \
all-electron optimizations and is only slightly accentuated in

the PP results. For both Sb and Bi the much slower conver- 0.001 i
gence ah,= 3 is not present in all-electron optimizations for @ )

these elements.

On the basis of these results, the groupings ahd p 100 ,
correlating functions in the new cc-pM-PP sets should be e As
changed from the typical all-electron patterns ts1g), . ——8b
(3s2p), (4s3p), and (54p) for DZ-5Z, respectively, for —=Bi
the third row atoms and &p), (3s2p), (4s4p), and
(5sbp) for DZ-5Z, respectively, for the fourth and fifth row
atoms.

[E

/i

HF error (mEh)
©

HF error (mEh)
/

o4
P

L \ 4
. N
B. Optimization of Hartree—Fock spd sets \%

0.01 J

¥

One of the characteristics of standard, all-electron corre-
lation consistent basis sets is that in addition to employing 5 6 7 8 9 10 11 12 13
functions that systematically converge the correlation energy, () (np)
they also utilize HF sets of increasing size that rapidly con- 100
verge the HF energy. In a practical sense, this typically
means that a cc-pVDZ basis set has a HF set that provides \,

only a double¢ description of the valence atomic orbitals, _E,_;b
whereas the cc-pV5Z set is much closer to the HF-limit. \ ]
Hence the construction of the most compact correlation E\
consistent-type basis sets requires the optimization of a se- \
ries of primitive HF sets for each atom. In the present work,
spd HF primitive sets were optimized for each angular mo-
mentum separately using a (Bplld) EXtET base set. 001 \\ E
Using As, Sb, and Bi as guides for the other elemenggts ]\S\.
from (7s)—(16s), p sets from ()—(13p), andd sets from 0.001 \\\ ‘ 3
(5d)— (1) were fully optimized at the HF level. 4 6 8 10 12 14

At this point it should be mentioned that even though () (ne)
fewer primitive functions are required in the present caseg. 3. Errors in the HF energjn mE,) relative to a (1613p13d) primi-
compared to all-electron work, which in itself greatly simpli- tive set for various HRa) s, (b) p, and(c) d sets in the As, Sh, and Bi atoms.
fies the optimizations, the exponent optimizations were often
quite time consuming due to the existence of multiple
minima. This seemed to mainly occur for angular symme-  Figure 3 depicts the resulting HF errors for the series of
tries that already possessed one radial node in the highesptimizedns, np, andnd primitives for As, Sh, and Bi. In
energy valence orbital, i.es,andp. Additional small ampli- each case the errors are calculated relative to an optimized
tude nodal structure would then typically occur at short rangg16s13p13d) set and not to an extrapolated limit. The rates
due to the PP forcing the pseudo-orbital to zero. Often expoef convergence towards the HF limit are observed to be
nents would get “trapped” between these nodes and the refairly rapid and nearly exponential, although there is a little
sulting solution was very dependent on the initial set of ex-more variability in thens series for As. In addition, while the
ponents. This trapping seemed to be much more pronouncedte of convergence is nearly the same for all three atoms, the
than in all-electron optimizations. While significant effort relative errors for As are always larger than either Sb or Bi.
was expended to obtain the lowest energy for a particulaihis is particularly true for thed series, where the relative
size ofspd primitive set, it is always possible that a particu- errors for As are generally larger by an order of magnitude.
lar solution slightly lower in energy might exist. It should In any event, it is clearly apparent from Fig. 3 that even with

also be stressed that the present HF basis sets are only optie use of small-core PPs, only relatively small expansions
mal for the specific choice of PPs used in this work. are required to closely approach the apparent HF limit.

e
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HF error (mEh)
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C. Construction of cc-pV nZ-PP basis sets most diffuse HFs exponent was nearly identical to the most
diffuse QZ s exponent and was significantly more diffuse
than the smallest exponent in the optimalks)orrelating

set. Hence in these cases, only the second and third most
rgiffuse s exponents were uncontracted from the HF set and

cc-pVnZ sets this was determined primarily by two factors,an additionak-type correlating function was added that was

the error in the HF energy should be smaller than that of thgqual to the geometric mean of the most diffs@xponents

correlation energy and the most diffuspd HF primitives In the DZ and QZ basis sets.

should be suitable to replace some or all of the optimal cor- In 'E[r;]e case of thlep-ty_petcorrela;ungth:jn?tmnst,hln ITI(:)St ¢
relating functions. In the present work the highest prioritycaseS ese were aiso just uncontracted from the SELs.

was placed on a rapid convergence towards the HF limit. Ir“owev.er’ again at the TZ.IeveI, but now for a!l elements, the
addition, like the cc-pwiZ basis sets, the DZ sets should most diffusep exponentdfirst and second or first and third
K ’ in the HF sets did not match up well at all with the optimal

have only 2 exponents describing the outermost region of th . . .
s andp valence orbitals, the TZ sets should have 3, and th 2p) .CISD corre!atlng functloqs. Hence the CISD opt.|mal
nctions were simply added in these cases. Lastly, in the

outermost exponents should systematically decrease fro . . .
one set to another. Based on all of these criteria, the followS35€ of that-type correlating functions, the prescription fol-
' lowed in the all-electron posteBcc-pVnZ basis sefsin-

ing HF primitive sets were chosen: . . X ) )
g P volved adding the most diffuse optimal correlatishfunction
cc-pVDZ-PP: to the basis and obtain any remaining functions by uncon-
i tracting from the HF set. This procedure resulted in very
Ga-As: (8s7p6d) little raising of the correlation energy due to these substitu-
In—Sb: (8s6p5d) tions. As expected, in the present case this also worked well
for the post-8l elements, Ga—As. However for the post-4

With a series of HF primitive sets optimized, what re-
mains is to determine which of these to match with a par
ticular set of correlating functions to construct the final
cc-pvnZ-PP basis sets. For the standard, all-electro

TI-Bi: (8s6p5d)
cc-pVTZ-PP:

Ga—As: (10s9p8d)

In-Sh: (11s9p8d)

TI-Bi: (11s9p7d)

and -5 elements, none of the HB exponents were very
optimal for use as correlating functions. In these cases, the
most diffuse CISD optimadl function was still added to the
basis as with the third row sets, but then the origiradl)(
primitive set was reoptimized at the HF level in the presence
of this extra, fixed exponent. The resulting relaxation of the
exponents then somewhat fortuituously yielded a new set of
HF d's in which the most diffuse members were found to be

cc-pVQZ-PP: much more suitable for use as correlating functions.
Ga—As: (14s11p11d) Tr:re]: final compositions of the cc-pM-PP basis sets
were then:
In—Sb: (14s11p11d) cc.pVDZ-PP;
TI-Bi: (14s11p10d) Ga-As (8s7p7d)/[4s3p2d]

CC-pVSZ-PP: In-Sb  (8s6p6d)/[4s3p2d]

Ga-As: (16s13p12d) TI-Bi  (8s6p6d)/[4s3p2d],
cc-pVTZ-PP:

TI-Bi: (16s13p11d). Ga-As (10s11p9dif)/[5s4p3dif]
It should be noted that a (§ set is chosen for the cc-
pVDZ-PP basis for the third row atoms in order to decrease IN-Sb (12511p9d1f)/[5s4p3d1f]
the HF error. This is in contrast to their all-electron counter-  T|—-Bj (12s11p8d1f)/[5s4p3d1f],
parts where (8) sets were used. In addition, thad) sets
for TI-Bi (TZ-52) are generally smaller by 1 function com- CC-PVQZ-PP:
pared to the other two rows due to the faster convergence of Ga_As (14s11p12d2f1g)/[6s5p4d2fig]
the HF energy in these cases.

The possibility of replacing some of the optimaven In—Sb  (14s11p12d2f1g)/[6s6p4d2flig]
tempered spd correlating functions by uncontracting exist- .
ing HF primitives was then investigated. In the case of the TI-Bi  (14s11p11d2f1g)/[6s6p4d2filg],
stype correlating functions, it was found that in nearly all cc-pV5Z-PP:
cases the required functions could be obtained by just uncon-
tracting the most diffuss exponents of the HF sets without
incurring a significant increase in the correlation energy |,_gp (16s13p13d3f2g1h)/[ 7s7p5d3f2g1h]
compared to the fully optimized cases. On the other hand, in
the TZ basis sets for the fourth and fifth row elements, the  TI-Bi (16s13p12d3f2glh)/[7s7p5d3f2glh].

In—Sh: (16s13p12d)

Ga-As (16s13p13d3f2g1h)/[7s6p5d3f2g1h]
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ol Tl D. All-electron cc-pV5Z-DK basis sets for As, Sb,
- As and Bi

2 1-5 While the use of relativistic pseudopotentials provides a

very convenient way to recover relativistic effects, as well as
decreasing the overall computational expense, the effect of
the pseudopotential approximation on the accuracy of the
results is always a concern. Thus, it is important in the con-
o text of the present work to perform a few all-electron bench-
-10 £ mark calculations with basis sets of very similar quality that
g 10 accurately include scalar relativistic effects, e.g., using the
L DK Hamiltonian®! All-electron cc-p\hZ basis sets are, of
-14 ’ -25 course, available for the postd3®lements Ga—As, and their
@) cC-pVnZ-PP spd primitive sets can be easily recontracted in atomic DK
calculationg? (subsequently denoted cc-p¥-DK). For the
10 fourth and fifth row elements, suitably accurate basis sets
. were not available, hence basis sets of approximately 5Z
2 15 quality have been developed in this work for both the Sb and
n Bi atoms. The Hartree—Fock primitive sets were optimized at
the HF-DK level of theory using the ExtET formulation of
Eqg. (1), and even tempered sets of correlating functions were
optimized at the CISD-DK level of theory. For the Sh atom,
. a (2823pl17d) HF primitive set was optimized. This size
10 [ el was chosen based on the well tempered nonrelativistic basis
1-20 sets of Huzinaga and Klobukows$kiand resulted in a va-
lence triple zeta exponent distribution. For the Bi atom
‘ ‘ . -25 the analogous well-tempered %et corresponded to
) 2 Sovizer (28s24p18d12f), but at the HF-DK level of theory it was
found necessary to increase this to $2@19d12f) within
lo the EXtET scheme in order to obtain a valence triple zeta
. exponent distribution. For both Sb and Bi cc-pV5Z-DK basis
2L ) sets were then constructed by first uncontracting the 4 most
Lo diffusesandp primitives and the 3 most diffusgprimitives.
A set of (1d3f2g1h) correlating functions optimized at the
CISD-DK level of theory was then added in each case.
The final cc-pV5Z-DK HF and CISD total energies were
calculated to be—6476.508 785 and-6 476.585 80%,,,
100 T g respectively, for Sb and —21510.190087 and
120 —21510.256 36&,,, respectively, for Bi. It should be noted
121 that for As, Sh, and Bi the valence CISD/cc-pV5Z-PP corre-
4 A ‘ ‘ ‘ 25 lation energies were only slightly highés-0.5, +0.7, and
© 2 3 4 5 +0.4 nmEy,, respectively, or 0.5%, 0.9%, and 0.p%an the
co-pVnz-PP all-electron CISD/cc-pV5Z-DK values. As discussed in de-
FIG. 4. Convergence of the HF enerfifled squares, left ax¢sand cisD  tail by Dolg;’ these small differences presumably arise from
correlation energy(open squares, right aYeas a function of the new the altered nodal structure of the pseudo-orbitals, however
cc-pVnZ-PP basis sets used for the As, (b) Sb, and(c) Bi atoms. these differences are much smaller than observed previously
in large-core PP work.
The HF and CISD correlation energy convergence is plotted
in Fig. 4 as a function of in the cc-p\WZ-PP basis sets. The . -
HF convergence is observed to be very rapid with near-HF: Atomic electron affinities: aug-cc-pV. nZ-PP
limit results obtained even with the cc-pVQZ-PP basis setsl.DaSIS sets
The slowest HF convergence occurs for the third row ele-  For the description of atomic and molecular anions, as
ments and can be mainly attributed to difficulties in describ-well as hydrogen bonding and van der Waals interactions, it
ing the 3 orbitals. In all cases the convergence of the cor-is well known that additional diffuse functions must be
relation energy appears to be very systematic and indicativadded to most standard basis sets. In the spirit of the standard
of correlation consistent-like behavior. As shown below incorrelation consistent basis sets, aug-caxg\PP basis sets
molecular benchmark calculations, the well-behaved HF antiave been constructed from the ccqpi/PP sets by adding
correlation energy convergence is reflected in the systematghells of diffuse functions that consisted of single, uncon-
convergence of molecular energetics and spectroscopic cotracted basis functions in each angular symmetry appearing
stants. in these sets. As in the all-electron aug-ccA@Vbasis sets,

av

40

h
10D

6 [

AE(HF), mE
3w {(asid)

-8 15

]
y

2L

h
H
T
1100
3v

AE(HF), mE
Jw {(asio)

y

2L

14

1100

IS
av

h

AE(HF), mE
/E]‘ -
Jw (@sio)

y




11106 J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Kirk A. Peterson

TABLE I. CCSIXT) total energies and electron affinities for the pdgjroup 13—15 atoms. The total energies
(Eccsnr)) are in hartrees and the electron affiniti&g\) are in kcal/mol. Only the valenaes andnp electrons
have been correlated.

Eccsom
Atom Basis set Anion Neutral EA?
Ga aug-cc-pvVDZ-PP —258.344 770 —258.334 999 6.13
aug-cc-pVTZ-PP —258.361 504 —258.349 970 7.24
aug-cc-pVQZ-PP —258.363 821 —258.351 903 7.48
aug-cc-pV5Z-PP —258.364 362 —258.352 304 7.57
Experiment 63
Ge aug-cc-pVDZ-PP —293.444 891 —293.399 482 28.49
aug-cc-pVTZ-PP —293.467 937 —293.419 412 30.45
aug-cc-pvVQzZ-PP —293.471 463 —293.422 293 30.85
aug-cc-pV5Z-PP —293.472 478 —293.423101 30.98
Experiment 31.260.07
As aug-cc-pVDZ-PP —331.283 600 —331.270 346 8.32
aug-cc-pVTZ-PP —331.321 221 —331.298 522 14.24
aug-cc-pVQZ-PP —331.328 422 —331.303 005 15.95
aug-cc-pV5Z-PP —331.330581 —331.304 382 16.44
Experiment 16.6:0.7
In aug-cc-pvVDZ-PP —189.257 922 —189.244 471 8.44
aug-cc-pVTZ-PP —189.267 696 —189.252 436 9.58
aug-cc-pVQZ-PP —189.269 263 —189.253 551 9.86
aug-cc-pV5Z-PP —189.269 729 —189.253 894 9.94
Experiment 5
Sn aug-cc-pVDZ-PP —213.432 850 —213.385 190 29.91
aug-cc-pVTZ-PP —213.448 509 —213.397 610 31.94
aug-cc-pVQZ-PP —213.451 579 —213.399 961 32.39
aug-cc-pV5Z-PP —213.452 483 —213.400 656 32.52
Experiment 32.7€0.09
Sb aug-cc-pVDZ-PP —239.352 699 —239.334 026 11.72
aug-cc-pVTZ-PP —239.381 261 —239.352 710 17.92
aug-cc-pVQZ-PP —239.388 406 —239.356 855 19.80
aug-cc-pV5Z-PP —239.390 390 —239.358 064 20.28
Experiment 18.%1.2
Tl aug-cc-pVDZ-PP —171.554 268 —171.544 460 6.15
aug-cc-pVTZ-PP —171.561 491 —171.550 332 7.00
aug-cc-pVQZ-PP —171.563 338 —171.551 683 7.31
aug-cc-pV5Z-PP —171.563 879 —171.552 111 7.38
Experiment 55
Pb aug-cc-pvVDZ-PP —191.916 233 —191.872 529 27.42
aug-cc-pVTZ-PP —191.928 670 —191.882 381 29.05
aug-cc-pVQZ-PP —191.932 020 —191.885033 29.48
aug-cc-pV5Z-PP —191.933 025 —191.885 845 29.61
Experiment 32.760.18
Bi aug-cc-pVDZ-PP —213.655 453 —213.639 329 10.12
aug-cc-pVTZ-PP —213.679730 —213.654 745 15.68
aug-cc-pvVQzZ-PP —213.687 253 —213.659 347 17.51
aug-cc-pV5Z-PP —213.689 203 —213.660 540 17.99
Experiment 3.40.2

#Experimental values from Ref. 41 have been approximately corrected for spin—orbit effects by averaging the
atomic multiplets. Where atomic data was not availdblebut Ge, Sn, and Bbthe anion multiplet splittings

were taken to be identical to the isoelectronic neutral atoms. Errors due to the latter approximation are not
reflected in the quoted experimental uncertainties. Due to the large experimental uncertainties in the EA's of In
and TI, this correction was not applied in these cases.

these additional functions were optimized for the atomic an{most of which were nearly identical to their CISD counter-
ions; thes andp functions at the HF level of theory and the part9 were used in the final aug-cc-p¥-PP basis sets.

d and higher angular momentum functions with a correlated The resulting atomic electron affinities calculated at the
method. While initially these latter functions were optimized CCSDO(T) level of theory are explicitly shown in Table | and

at the CISD level of theory, it was found in this work that are depicted in Fig. 5. Smooth convergence towards their
slightly more reliable exponent distributiorias judged by basis set limiting values is observed in each case. Excellent
their smooth variance witm) were obtained in CCS(O) agreement with experiment is also observed near the CBS
optimizations. Exponents obtained with the latter methodimit when effects due to spin—orbit coupling are taken into
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35 — — ; , — Spectroscopic constants were determined from a Dunham
[ R T »Sn analysis* using the fitted polynomial coefficients. The disso-
S 30 [ +~jj:::—'E_’;’f; ffff R Ge | ciation energies were calculated relative to atomic asymp-
§ =R Pb totes where full symmetry equivalencing was imposed on the
§ 25 [ ] orbitals and the R/UCCSD) method was usetf. Before
= Sb comparing the calculated dissociation energies to the experi-
= 20 L P s ] mental values, the latter were adjusted by the known spin—
= [ s e e B orbit splitting in the atonT® since theab initio results of this
f’j 15 1 .-‘ As ] work do not include spin—orbit coupling effects. Except for
= Lt the case of the chlorides, the standard caygVor
8 ol 7 I Jin ] cc-pVnZ-DK basis sets were used for all the non pdsi-
M [oe o Ga ements, while the aug-cc-pM or aug-cc-pWiZ-DK basis
st R ;{ sets were used for Cl to describe its anionic character in
: : ; : Gacl, InCl, and TICI.
2 3 4 5 6

Lastly, since the present basis sets are appropriate only
for valence electron correlation, which does not include the
FIG. 5. Calculated CCSO) electron affinitiegin kcal/mol) as a function of (n—1)d electrons of these elements, special consideration
the aug-cc-pWiZ-PP basis sets. had to be given to all of the heteronuclear diatomics except

the hydrides. Specifically, the N and @ Brbitals, as well as

the Cl 3s orbital, tended to strongly mix with then¢-1)d,,
account. This, of course, is reflective of the intrinsic accuracyorbital of the heavy atoms since they have very similar or-
of the CCSI¥T) method. As shown in Table I, an exception bital energies(in some cases their ordering with respect to
is the electron affinity of the Bi atom, but this is presumablyenergy would switch In order to obtain reliable valence
due to inaccuracies in estimating the experimental average @orrelated results as defined here by the correlation of only
the atomic multiplet of the anion from the level spacings Ofthensandnp electrons, the &(N,0) or 3s (Cl) orbitals and
Po. In particular, simpl¢-averaging within a single muliplet the (n—1)d,, orbital were subjected to a Boys localization
neglects important intraconfiguration SO interactions thabrocedure at the HF level of theory, which unambiguously
will certainly be important for an element as heavy asgjiowed leaving thed, orbitals in the core. A similar treat-
Po/Bi". In addition, spin—orbit effects.on the Bi atom itself ent for InCl was reported previously by Schwerdtfeger
are non-negligible; recent SO calculations on'Bj(demon- gt 437 Spectroscopic constants calculated from potential en-
strated an energy lowering of nearly 13 kcal/ oA SYS-  ergy functions where the orbital localization was not carried
tematic study of the spin—orbit effects in these species using, i o, hibited much larger errors compared to experiment due

the new basis sets is currently planned. Comparison of thﬁ) mixing valence and core-valence correlation effects in an

C?Jrr?nt rez;sgléswr_c))/r Ga, Ge,\;;tzn d f‘s tto theff_nq?relatlwstltc (?"'unbalanced manner. However even after orbital localization,
electron aug-cc-p electron atiiniies reporte relatively large errors in the spectroscopic constants still ex-

by Wilsonet al.® suggests that scalar relativity decreases the . i ) : .
EAs by 0.6—0.9 kcal/mol. This has been confirmed in the'St even with the cc-pV5Z-PP basis sets, especially for the

A Kb lativistic all-electron CC equilibrium bond lengths, but these residual errors can
g(fsszerglzv Ocralcu%a?ic:ﬁ ao}wtshlec Z Ae:fC X;n 16.?3%2'_/?{0' mainly be attributeq to pure cor_e-valence correlation effects.
which is within 0.02 kcal/mol of the ,CCS(IJS)/aug-cc— ' _For_ example, previous calculat_|ons on GaCl and GeO have
pV5Z-PP value given in Table | and 0.84 kcal/mol smallermd'cate_d bogd length cont_ractlons e:rq.oz and~0.01 A, .
than the nonrelativistic value cited in Ref. 5. Similar all- respectively,” upon correlating the semicore electrons, while
electron aug-cc-pV5Z-DK calculations have also been carSVe" larger core-valence correlation effects have been re-

11 ; ;
ried out for the electron affinities of Sb and Bi. These resultg®rted for TICI™ Augmentation of the present basis sets to
are within 0.03 and 0.12 kcal/mol, respectively, of the cc-accurately describe core-valence correlation will be the sub-

pV5Z-PP values given in Table I. ject of a separate investigation.
Tables II-VI contain the results of CC$D calcula-

_ tions on homonuclear diatomics, nitrides, oxides, chlorides,
F. Molecular benchmark calculations and hydrides, respectively. In general, the convergence of the

In order to validate the new cc-pZ-PP basis sets in SPectroscopic constants with respect to the cop¥PP basis
molecular calculations, benchmark studies were carried ouftet used is very regular and reminiscent of results obtained in
on the near-equilibrium potential energy functions of a vari-all-electron studies with cc-p\Z sets. The convergence
ety of closed-shell diatomics: homonuclear §ASh,,Bi,), trends are well represented by the results for the homo-
nitrides (AsN,SbN,BiN, oxides (GeO,SnO,PbD) chlorides nuclear diatomics in Table Il. The convergence with basis set
(GaCl,InCI,TIC), and hydrides (GaH,InH,TIH at the of their calculated equilibrium bond lengths and dissociation
CCSDT) level of theory. The potential energy functions energies are depicted in Fig. 6. Both quantities exhibit typi-
were characterized by 9 points over the rang8.dap,=<r cal correlation consistent-like convergence towards their ap-
—r.=+0.7a, and were well fit by sixth to eighth order parent CBS limits. Clearly the basis set extrapolation tech-
polynomials in simple internal displacement coordinatesniques that have been so successful in the last few years

aug-cc-pVnZ-PP
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TABLE Il. CCSD(T) total energies and spectroscopic constants calculated for 3t$, and B, compared to

experiment.

Emin E. le We WeXe De
Basis (En) (Ep) A) cm?Y  (cem?YH  (kcal/mo)
cc-pvDZ-PP —662.642 639 —662.533 446 2.1448 414.03 1.10 68.52
cc-pVTZ-PP —662.724 166 —662.595 653 2.1259 424.01 1.01 80.64
cc-pvQZ-PP —662.742 656 —662.605 920 2.1194 427.59 0.99 85.80
cc-pV5Z-PP —662.749 104 —662.609 019 2.1175 429.14 0.98 87.90
all-electron:
cc-pvQZ —4 468.800 625 —4 468.663 223 2.1284 428.73 0.99 86.22
cc-pV5Z —4 468.807 628 —4 468.666 833 2.1263 430.21 0.99 88.35
cc-pvVQZ-DK —4518.212 670 —4518.076 333 2.1214 427.05 0.98 85.55
cc-pV5Z-DK —4518.220 253 —4518.080 610 2.1194 428.48 0.98 87.63
Expt? 2.1026 429.55 1.12 91.9
Shy
cc-pvDZ-PP —478.737 678 —478.662 261 2.5554 256.83 0.61 47.32
cc-pVTZ-PP —478.797 445 —478.704 152 2.5316 266.86 0.52 58.54
cc-pvVQZ-PP —478.815 190 —478.713 667 2.5211 270.19 0.51 63.71
cc-pV5Z-PP —478.821 107 —478.716 395 2.5188 271.33 0.50 65.71
all-electron:
cc-pV5Z-DK —12953.284 333 —12953.180 300 2.5224 270.72 0.50 65.28
ExptP 2.476 269.62 0.56 69.45
Bi,
cc-pvDZ-PP —427.334722 —427.274 159 2.7227 172.58 0.40 38.00
cc-pVTZ-PP —427.384 921 —427.307 917 2.6909 182.64 0.31 48.32
cc-pvVQZ-PP —427.402 948 —427.318 424 2.6793 184.76 0.29 53.04
cc-pV5Z-PP —427.408 814 —427.321 176 2.6767 185.62 0.29 54.99
all-electron:
cc-pV5Z-DK —43020.606 728 —43020.519 132 2.6743 186.05 0.28 54.97
Expt® 2.6596 173.06 0.38 47

aReference 42.
PReference 43.
‘References 44 and 42.

should also be of similar value with the new cc/pXtPP  curate compared to experiment than previous, small basis set
basis sets. RECP CI studiegcf., Ref. 38, and references thergin
Comparison of the cc-pV5Z-PP results of Table 1l with The results for the nitrides and oxides in Tables Ill and
the all-electron cc-pV5Z-DK values reveals differences onlV, respectively, are of very similar quality as the homo-
average of just 0.0026 A far, and 0.24 kcal/mol fob,. Of  nuclear diatomics and have similar convergence rates with
course, while the basis sets are very similar between co€espect to basis set. The same can also be said for the chlo-
pV5Z-PP and cc-pV5Z-DK, different treatments of scalarrides shown in Table V. In the latter case, the errorsgdn
relativity are also used. In any event, it appears that the newvith respect to experiment with the cc-pV5Z-PP basis sets
basis sets together with the small-core PP’s of Stoll, Dolgrange from 0.03 to nearly 0.08 A. This is not unexpected
and co-workers have an accuracy essentially identical to allsince strong core-valence correlation effects for the group 13
electron relativistic calculations in the absence of spin—orbielements should strongly decrease their bond lengths. To a
coupling. In the case of As comparison of nonrelativistic lesser extent, second order spin—orbit effects will also have a
calculations with the standard cc-pV5Z basis set with thenon-negligible (but smalley impact on their spectroscopic
relativistic cc-pV5Z-DK values show that inclusion of scalar constants. In the case of PbO, comparison of the present
relativity results in reductions of the equilibrium bond dis- results with those of Metet al!? clearly show that correla-
tance by 0.0069 A and the dissociation energy by 0.72 kcalfion of the semicore electrons reduces the equilibrium bond
mol. Comparison of the CCSID)/cc-pV5Z-PP results to ex- length by~0.02 A. For the chlorides, the TICI work of Metz
periment for the most part show errors of the expected sizet al!* demonstrates that correlation of thel ®lectrons
considering the neglect of core-valence correlation and reshortens by up to 0.03 A, while 55p correlation contrib-
sidual basis set errors. An exception appears to be the equites an additionat-0.02 A for a total core-valence correla-
librium bond distance in Sh where the experimental value tion effect of approximately-0.05 A onr,. The remaining
appears to be too short by more than 0.02 A. In addition, therror (~0.02 A) can be associated with spin—orbit effects
calculated dissociation energy of ,;Biwhich is larger than and core-valence correlation involving Cl. The relatively
experiment by more than 8 kcal/mol, is expected to bepoor agreement with experiment for the dissociation energy
strongly affected by spin—orbit coupling effedisee above of PbO at the CCSO)/cc-pV5Z-PP level of theory can be
comments for Bi atom For the other spectroscopic con- attributed to inaccuracies in removing spin—orbit coupling
stants of Bj, our present results are considerably more aceffects of the Pb atom from the experimental value by just
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2.150 . 0 cored electrons, which should account for most of the errors,
particularly inr,. As shown recently by Zowet al3 the
185 spin—orbit effects om, andw, for InH are nearly negliglible
in its ground state, e.g., the equilibrium bond length changes
by just—0.001 A upon inclusion of SO coupling. This effect
is expected to increase, however, in the case of TIH to a bond
shortening of 0.02-0.03 Asee Ref. 40, and references
therein.
For many of the diatomics involving posd3and -4

170 elements shown in Tables 1I-VI, the present caagwPP
results, which have been shown in several cases to be nearly
2000 L - s \ 65 identical to all-electron calculations, can also be compared to
the work of Martin and Sundermarfiyvho employed large-
core relativistic PPs with their new SDB-cc-p¥ basis sets
2.560 70 (n=T and Q at the CCSDT) level of theory. For the most
part, their SDB-cc-pVTZ results are in good agreement with
1es the cc-pVTZ-PP results of the present work; both thgiand
D. values are only slightly smaller on average than the
present results. Use of their SDB-cc-pVQZ basis sets, how-
ever, results in relatively large deviations from the cc-
pVQZ-PP values of the present work. For instance, the bond
distances of Asand AsN are too short by-0.01 A, while
their calculatedr, for Sb, is shorter by nearly 0.02 A. In
1{ 50 addition, the dissociation energies calculated with the SDB-
cc-pVQZ basis in Ref. 16 are too large for these molecules

2500 L ‘ ‘ ‘ 45 by 1-3 kcal/mol. The origin of these errors does not lie in

2 3 4 5 6 the basis sets themselves but the use of large-core pseudopo-

(b) cc-pVnZ-PP tentials. A detailed comparison of large- and small-core PP’s

5780 s . , 60 has been presented for various In compounds by Leininger
et al,’®as well as for PbO in the work of Mett al!? These
studies clearly showed that large core PP’s can lead to strong
underestimation of . values, which is primarily due to the
underestimation of Pauli repulsions between the closed shell
electrons on one center with the core simulated by the PP on
the other center. This would appear to very adequately ex-
plain the much shorter bond lengths in the work of Martin
and Sundermartf compared to those of the present work
140 where only small-core PP’s are used.
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quintuple¢ quality have been developed using relativistic
FIG. 6. Convergence of the calculated CG$Pequilibrium dissociation ~ small-core pseudopotentials for the pdsgroup 13-15 ele-
energies D) and bond lengthsr{) as a function of cc-pWZ-PP basis set ments. Both standard (cc-p-PP) and augmented
for (8 As,, (b) Sy, and(c) Bi;. (aug-cc-p\hZ-PP) sets are reported. The HF and correlation
energies each appear to approach their respective CBS limits
both rapidly and systematically in atomic calculations. Nu-
using thej-averaged energy within th# manifold(i.e., ne- merous diatomic benchmark calculations also demonstrate
glecting second-order effegtsThe neglect of molecular similar regular convergence behavior in both energies and
second-order spin—orbit coupling in the present calculationspectroscopic properties. Comparison to large basis set, all-
is also expected to play an important role. These issues ardectron, 1-component relativistic calculations indicate very
planned to be the subject of a subsequent study. The dissemall errors due to the pseudopotential approximation, typi-
ciation energies for both GeO and SnO are within the experieally only ~0.002 A inr, and less than 0.5 kcal/mol iD,.
mental uncertainties at this level. Hence these sets should provide a means for calculating ac-
Very similar errors with respect to experiment are alsocurate relativistic values for a wide range of molecular prop-
observed in Table VI for the hydrides involving the group 13erties, especially when spin—orbit effects are included. These
elements and the calculated spectroscopic constants anew basis sets are appropriate for correlation of the valence
nearly converged with basis set at the QZ level. Here agaimnd p electrons and hence care should be taken to avoid
large core-valence effects are to be expected from the sempseudocore/valence correlation effects from thre-()d
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TABLE IlIl. CCSD(T) total energies and spectroscopic constants calculated for AsN, SbN, and BiN compared
to experiment.

Enmin E. e We WeXe De
Basig (Ep) (Ep A) (cm™h (em™)  (kcal/mo)
AsN
cc-pvVDZ-PP —385.866 391 —385.745 101 1.6470 1013.63 5.31 76.11
cc-pVTZ-PP —385.979 247 —385.812 326 1.6322 1062.74 5.17 104.74
cc-pvVQZ-PP —386.003 734 —385.827574  1.6265 1070.49 5.07 110.54
cc-pV5Z-PP —386.011 936 —385.832 231 1.6252 1073.32 5.07 112.77
all-electron:
cc-pV5Z-DK —2313.776 411 —2313.597 382 1.6264 1071.67 5.06 112.34
Expt? 1.61843  1068.54 1160.5
SbN
cc-pvDZ-PP —293.902 774 —293.809 508 1.8805 803.17 5.00 58.53
cc-pVTZ-PP —293.984 287 —293.866 576 1.8582 858.72 4.56 73.87
cc-pvQZ-PP —294.009 024 —293.881 447 1.8499 870.36 4.42 80.06
cc-pV5Z-PP —294.017 121 —293.885919 1.8475 873.26 4.38 82.33
all-electron:
cc-pV5Z-DK —6531.277 402 —6531.147 227 1.8502 870.8 4.39 81.69
Expt® 1.8352 864.80 4.75
BiN
cc-pvVDZ-PP —268.186 253 —268.115 457 1.9884 690.01 551 44.43
cc-pVTZ-PP —268.263 156 —268.168 458 1.9563 755.98 4.44 59.42
cc-pvVQzZ-PP —268.288 647 —268.183 826 1.9447 770.47 4.21 65.78
cc-pV5Z-PP —268.296 829 —268.188 310 1.9417 773.58 4.13 68.10
all-electron:
cc-pV5Z-DK —21564.924799 —21564.816 643 1.9416 774.03 4.15 67.87
Expt.d 1.93491 736.57 4.83

&c-pWnZ (with cc-pVnZ-PP) or cc-pV5Z-DK(with cc-pV5Z-DK on A9 on N.
PReferences 42 and 45.

‘Reference 46.

YReference 47.

TABLE IV. CCSD(T) total energies and spectroscopic constants calculated for GeO, SnO, and PbO compared
to experiment.

Emin E.. e We WeXe Deb
Basig (Ep) (Ep) A) (cm™b) (cm™b (kcal/mol)
GeO
cc-pvDZ-PP —368.525911 —368.307 144 1.6606 929.94 4.26 137.28
cc-pVTZ-PP —368.636 421 —368.392 819 1.6392 979.90 4.39 152.86
cc-pvQZ-PP —368.666 953 —368.415 687 1.6368 981.54 4.35 157.67
cc-pV5Z-PP —368.677 176 —368.423 136 1.6359 981.51 4.33 159.41
all-electron:
cc-pV5Z-DK —2172.373918 —2172.120697 1.6373 979.97 4.32 158.90
Expt’ 1.62465 985.5 4.29 1643
SnO
cc-pvDZ-PP —288.467 146 —288.293 069 1.8827 768.14 3.88 109.24
cc-pVTZ-PP —288.567 486 —288.371 029 1.8582 809.20 3.75 123.28
cc-pvVQZ-PP —288.599 369 —288.393 363 1.8527 817.97 3.67 129.27
cc-pV5Z-PP —288.609 763 —288.400 691 1.8514 817.64 3.63 131.19
Expt® 1.83251 814.6 3.73 1343
PbO
cc-pvDZ-PP —266.930 993 —266.780 875 1.9883 674.02 3.89 94.20
cc-pVTZ-PP —267.027 070 —266.855671 1.9598 716.02 3.41 107.55
cc-pvVQZ-PP —267.059 990 —266.878 357 1.9512 727.34 3.31 113.98
cc-pV5Z-PP —267.070724 —266.885 824 1.9495 727.29 3.29 116.03
Expt.d 1.92181 721.0 3.54 113.9

&c-pVnZ (with cc-pVnZ-PP) or cc-pV5Z-DK(with cc-pV5Z-DK on Ge on O.
PAtomic spin—orbit splittings have been removed from the experimental values.
‘References 42 and 45.

‘Reference 42.
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TABLE V. CCSIXT) total energies and spectroscopic constants calculated for GaCl, InCl, and TICI compared
to experiment.

Enmin E. le We WeXe Deb
Basig (Ep) (Ep A (cm™h (cm™h (kcal/mol)
GacCl
cc-pvDZ-PP —718.112 378 —717.946 231 2.2843 339.93 1.09 104.26
cc-pVTZ-PP —718.199 520 —718.025 822 2.2410 357.70 1.23 109.00
cc-pvVQZ-PP —718.224 145 —718.046 388 2.2353 358.69 1.23 111.54
cc-pV5Z-PP —718.232 068 —718.052 830 2.2323 360.42 1.24 112.47
all-electron:
cc-pV5Z-DK —2403.471922 —2403.293179 2.2330 360.27 1.24 112.16
Expt® 2.20169 365.3 1.2 1173
InCl
cc-pvDZ-PP —649.014 304 —648.855 406 2.4901 297.17 0.95 99.71
cc-pVTZ-PP —649.092 750 —648.928 273 2.4571 307.68 1.01 103.21
cc-pvVQZ-PP —649.116 812 —648.948 039 2.4497 309.52 1.01 105.91
cc-pV5Z-PP —649.124 591 —648.954 419 2.4465 310.73 1.02 106.78
Expt® 2.40117 317.4 1.01 1092
TICI
cc-pvDZ-PP —631.307 779 —631.155 776 2.5995 265.87 0.84 95.38
cc-pVTZ-PP —631.382 678 —631.226 085 2.5713 271.64 0.88 98.26
cc-pvVQZ-PP —631.406 830 —631.246 141 2.5656 273.09 0.88 100.83
cc-pV5Z-PP —631.414574 —631.252 616 2.5624 273.99 0.88 101.63
Exptd 248483  283.75 0.82 104

daug-cc-p\nZ on Cl with cc-pVhZ-PP or aug-cc-pV5Z-DK on Cl with cc-pV5Z-DK on Ga.
PAtomic spin—orbit splittings have been removed from the experimental values.
‘References 42 and 45.

YReference 42.

TABLE VI. CCSD(T) total energies and spectroscopic constants calculated for GaH, InH, and TIH compared to

experiment.

Enin E.. le We WeXe Deb
Basig (En) (Ep) R) (cm™ (ecm™)  (kcal/mo)
GaH
cc-pvDZ-PP —258.934 721 —258.833 395 1.6883 1588.76 26.42 63.58
cc-pVTZ-PP —258.956 747 —258.849 572 1.6850 1595.64 27.26 67.25
cc-pvQZ-PP —258.960 393 —258.851 809 1.6836 1591.77 27.59 68.14
cc-pV5Z-PP —258.961 316 —258.852 308 1.6837 1588.78 27.64 68.40
all-electron:
cc-pV5Z-DK —1942.790885 —1942.681 966 1.6845 1588.17 27.66 68.35
Expt* 1.66015 1603.96 28.42 <69
InH
cc-pvDZ-PP —189.835 444 —189.742 571 1.8674 1473.59 25.00 58.28
cc-pVTZ-PP —189.850 348 —189.752 023 1.8731 1466.74 24.32 61.70
cc-pvVQZ-PP —189.853 498 —189.753 460 1.8704 1461.79 24.67 62.77
cc-pV5Z-PP —189.854 455 —189.753 897 1.8704 1458.51 24.46 63.10
Expt.d 1.8380 1476.04 25.61 63.6
TIH
cc-pvDZ-PP —172.128 895 —172.042 941 1.9414 1376.49 23.36 53.94
cc-pVTZ-PP —172.141 062 —172.049 836 1.9458 1362.94 22.09 57.25
cc-pvVQZ-PP —172.144 767 —172.051 562 1.9418 1353.99 21.99 58.49
cc-pV5Z-PP —172.145872 —172.052 093 1.9415 1349.84 21.96 58.85
Expt.d 1.8702 1390.7 22.7 62.2

&c-pVnZ (with cc-pVnZ-PP) or cc-pV5Z-DK(with cc-pV5Z-DK on Ga on H.
PAtomic spin—orbit splittings have been removed from the experimental values.
‘References 45 and 48.

‘Reference 42.
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electrons. Appropriate core-valence basis sets, such as tk. Osanai, T. Noro, and E. Miyoshi, J. Chem. Phy&7, 9623(2002.

cc-pwCWZ sets recently reported for the second row
atoms’ will be the subject of a subsequent study.
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