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The family of correlation consistent polarized valence basis sets has been extended in order to account for
core—core and corevalence correlation effects within the third-row, main group atoms gallium through
krypton. Construction of the basis sets is similar to that of the atoms boron through argon, where either the
difference between core-correlated and valence-only correlation energies were calculated via configuration
interaction (CISD) computations on the ground electronic states of the atoms (named i€} he sets

were optimized with respect to the cerealence correlation energy and a small weight of e@@re correlation

energy (cc-pwCYZ). Due to the correlation of 3d orbitals, added shells of higher angular momentum exponents
compared to the valence sets are necessary to describe the core region. The pattern of added core-correlating
functions is (1s1pldif) for doublg- (2s2p2d2flg) for triples, (3s3p3d3f2glh) for quadruple- and
(4s4p4d4af3g2hli) for quintuplé- Atomic and molecular results show good convergence to the CBS limit,
with the cc-pwC\hZ sets showing improved convergence compared to the caagGwes for molecular
core—valence correlation effects. After testing the basis sets on the homonuclear diatomidsr&aith

coupled cluster wave functions, it is concluded that a treatment of-ealence correlation effects is essential

for high-accuracy ab initio investigations of third-row-containing molecules. Though the basis sets are optimal
for 3s3p3d correlation, preliminary atomic and molecular results show the basis sets to be efficient with
respect tdd-only correlation, and these potentially could be used with 3d-only correlation for more qualitative
studies on larger species.

Introduction By systematically expanding the treatment of radial space and

h . derati b de wh icall angular momentum, the correlation consistent basis sets ap-
The two primary considerations to be made when numerically oo the CBS limit as the basis set size increases toward
solving the electronic Schdinger equation for an atomic or infinity

molecular system (with standard molecular orbital theories) are . . . . .
(a) the treatment of the spatial distribution of the electrons _Constructlon O_f t_h_e correlation consistent basis ser begins
through selection of a one-electron basis set and (b) theWith @ set of primitive, generally contracted Gaussian-type
description of the many-body interactions Nfelectrons, or functlon.s to describe the atomic Hartrg!éock orbitals. From
electron correlation, through selection of a wave function there, higher angular momentum functions are grouped accord-
representation. As is well-known, basis sets approaching N9 to their contnbutpn toward the atomic porrelathn energy
completeness are computationally intractable, and traditional @nd are then added in shells. The correlation consistent basis
molecular orbital (MO)-based wave function methods formally Sets are usually named according to their zeta level, denoted
scale as, at leadi* with respect to the basis set size. The errors Py cc-pVWiZ, wheren is the zeta levelr(= D for double€, T
arising from the basis set and wave function choices are for triple-C, Q, 5, etc.) It has been found that the convergence
inherently coupled, and this coupling also interplays with behavior of many atomic and molecular quantities is regular
computational tractability. and monotonic when they are determined from a sequence of
With the development of systematically convergent families Calculations employing increasing valuesrof—°
of basis sets, the complete basis set (CBS) limit can be Correlation consistent polarized valence basis sets (eZpV
approached through mathematical extrapolation. The correlationexist for first-I second-, and third-row elemefit8 and have
consistent basis sets, first developed by Dunfingye allowed been augmented with diffuse functions (aug-cag)/%1were
the complex interplay between the basis set quality and wave recontracted using the spin-free, one-electron Dougfasll —
function ansatz to be unraveled. When the CBS limit of a Hess (DKH) Hamiltoniat?* %4 to describe scalar relativistic
calculated quantity is known, the error remaining corresponds effects (cc-pWZ-DK),>16 and have been constructed with
to the intrinsic error in the chosen electronic structure method. pseudopotentiatd2° (cc-pVnZ-PP) and all-electron forms for
heavy elements and the treatment of transition-metal-containing

TPart of the “Thom H. Dunning, Jr., Festschrift". systemsg?2L First- and second-row correlation consistent basis
" University of North Texas. sets were modified to account for cerealence electron
§ Washington State University. lati CViZ and C\WZ).19-23 Th f
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accuracy is desired for the calculation of spectroscopic and
energetic properties. It is well-known that cenealence effects

DeYonker et al.

is, the K and L shells (£<2°) will be treated with the frozen-
core approximation. The core and valence orbitals to be

can increase with increasing molecular size and are often morecorrelated will then include just the M (&Bp°3d'%) and N shell
substantial in systems containing heavier elements. For example(valence 4%4p°) electrons, and the term all-electron will refer
current ab initio composite methods in use, such as G3 and itsto the inclusion of just these M and N shell MOs. In order to

variants?4-28 the correlation consistent composite approach
(ccCA)16:29.303%the complete basis set (CBf-approaches of
Petersson and co-worke¥s ;3 the focal point method of Allen,
Csaza, and co-worker86-43 the Wh methods of Martin and
de Oliveira?~47 the HEAT method of Stanton and co-
workers#-50 and the additive coupled cluster approach of
Dixon, Feller, Peterson, and co-work&$! ubiquitously
include corrections for CV effects.

While a complete suite of Pople-style split-valence basis sets
is available for third-row p-block species (GKr),28:62-64 which
inherently provide some description of 3d correlation effects,

avoid potential confusion between the Barka shell notation and
other quantum numbers, electron correlation is divided into three
separate classes, cereore correlation (CC), corevalence
correlation (CV), and valeneevalence (VV) correlation. An
all-electrons-correlated calculation would thus equal the sum
of the CC, CV, and VV contributions (assuming size extensiv-
ity).

During the construction of the first-row CV basis sets{(B
Ne), it was determined that correlation consistent shells of basis
functions could lead to systematic convergence of the-eore
core electron correlation enerdy.Optimizing functions for

core-valence correlation consistent basis sets have not yet beercore—core correlation was based on the hypothesis that basis

uniformly constructed for these elements, nor have the effects
of CV correlation within the all-electron cc-p\ family of basis
sets been thoroughly investigated on energetic or structural
properties of molecules containing third-row elements, except
for a few specific application®:60.6568 |t js the goal of this
investigation to provide new corezalence correlation consistent
basis sets to complete the full “suite” of basis sets for the
elements GaKr. The effects of corevalence correlation on
the bond lengths, vibrational frequencies, and dissociation
energies of the homonuclear dimers of these six elements will
also be examined.

Methodology

The MOLPRO 2006.1 software package has been used

exclusively in this study. Basis set construction and optimization
followed the general format of the 3d transition-metal basis set
construction carried out by Balabanov and Peteféddasis
function exponents were optimized employing a conjugate
gradient algorithrf? using double-sided numerical derivatives
with energy gradients converged to<110-% Hartrees or better.

Only the pure spherical harmonic components were used. To

determine the optimal exponents for core and emaence

basis functions, atomic computations were carried out using
configuration interaction with single and double substitutions
(CISD) to the reference wave function. When degeneracy
occurred within the atomic ground states (for Ga, Ge, Se, and

Br), a state-averaged HF wave function was used to ensure

symmetry equivalenc&:22 The degeneracy of the ensuing
orbitals is not strictly enforceable on the CISD wave functions,
but the effect of this symmetry breaking is expected to be small.

Subsequent benchmark calculations were carried out using the

coupled cluster method with single, double, and perturbative
triple excitations [CCSD(T)]° All open shell CCSD(T) com-
putations were obtained with restricted open-shell HF (ROHF)
orbitals, state-averaged for symmetry equivalencing, but allowed
for small amounts of spin contamination in the solution of the
CCSD equations, that is, RIUCCSD(M)’?

Core and Core—Valence Correlation in Third-Row
Atoms Ga—Kr

A. Establishing Correlation Consistency.The definition of
the core electron space for the atoms-®a is somewhat more
involved than that with the previous coergalence basis sets

functions describing corevalence (intershell) correlation effects
would be bracketed by functions describing the earere and
valence-valence effects, yielding a systematic convergence to
the CBS limit as both the augmenting core function sets and
original valence sets were increased in size. However, a better-
behaved convergence to the CBS limit was obtained when the
additional core-correlating functions were optimized for the
difference between the all-electron and frozen-core calculations.
Using CISD wave functions on the third-row atoms, this is
described as

AE,, = Egigo(CC+ CV + W) — Egep(VV)

1)

Initial basis set optimizations were carried out for the selenium
atom in the same manner as those for the second-row atom
core-valence work3 As in the construction of the valence basis
sets for the third-row atoms and first-/second-row eoralence
basis sets, the other atoms in the third-row p-block were
expected to have behavior analogous to that of selenium. The
initial exponent optimizations were carried out by minimizing
the correlation energies (with a 3s3p3d core definition) via eq
1 and were based on a partially uncontracted cc-pVQZ basis,
(21s16p9d)/[9s8pld]. From one to six d-type functions were
then added to this set and optimized. Next, one to six f-type
functions were added to the (21s16p14d)/[9s8p6d] set, and the
exponents were optimized; one to five optimized g-type
functions were added to the resulting (21s16p14d5f)/[9s8p6d5f]
set, one to three h-type functions were added to the
(21s16p14d5fag)/[9s8p6d5fag] set, and finally one to two i-type
functions were added to the (21s16p14d5f4g3h)/[9s8p6d5f4g3h]

corr

Incremental contributions to the CECV correlation energy

are presented in Figures 1 (for d, f, g, h, i functions) and 2 (for
s and p functions). As in the prior valence and cevalence
correlation consistent basis sets, correlation energy convergence
is monotonic with respect to increasing basis set size. However,
unlike the valence third-row p-block and the second-row €ore
valence groupings, d- and f-type functions generally contribute
a similar amount of correlation energy, and the fifth f function
(and beyond) with a (5d5f) or (5d6f) grouping contributes more
correlation energy than the corresponding fifth or sixth d
function. The larger or nearly equivalent energy contribution
of f-type functions compared to those of d-type holds true when
only the 3d electrons are included in the core. Thus, our-core

since the valence-correlation consistent basis sets were convalence correlation groupings should be (1d1f), (2d2flg),

structed with the 3d electrons froz&rn keeping with the
methodology of correlation consistent basis set, only the
(n — 1) shell will be included in the correlation treatment, that

(3d3f2g1h), and (4d4f3g2h1i). With these groupings, the€ore
valence component of third-row species more closely resembles
the 3d transition-metal valence basis sets than the second-row
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Figure 1. Incremental contributions of polarization functions to the

Se CC+ CV correlation energy. The absolute values are plotted against

the number of functions in an even-tempered expansion for d, f, g, h,
and i functions and are given in units off..
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Figure 2. Incremental contributions of s- and p-correlating functions
to the Se CC+ CV correlation energy. The absolute values are given
in units of mE,.

CV basis sets. These are also consistent with the-eakence
basis sets for Ga developed previously by Bauschli¢hag
well as those for Ga and Ge by Martin and Sundern¥dnn.
Higher angular momentum functions are somewhat more
important than saturation of lowévalued core functions, for
example, the first h function contributes more correlation energy
than the second g function, and the first i function contributes

J. Phys. Chem. A, Vol. 111, No. 44, 200171385

TABLE 1: Contraction Schemes for the Third-Row Valence
Basis Sets and Added CoreValence Correlation Basis
Functions

set cc-p\hZ N cc-p(w)Cwhz N
Dz [5s4p2d] 27  +(1slpldif) 43
TZ [6s5p3d1f] 43 +(2s2p2d2fig) 84
Qz [7s6p4d2fig] 68  +(3s3p3d3f2glh) 145
5Z [8s7p5d3f2g1h] 104 +(4s4d4f3g2hly 227

aThe original HFp set was recontracted. See text.

The incremental energy contributions of the added s and p
functions are shown in Figure 2. As with the first- and second-
row core-valence basis sets, the incremental contributions of
s functions tail off rather quickly, while the contributions of p
functions decrease more slowly. Unlike the previous €ore
valence basis sets for the first and second rows, the convergence
behavior of the p functions resembles that of the s functions
more than that of the d functions and fall off much faster after
the fourth p function is added. Still, the s and p components of
the CV basis sets were constructed in a manner akin to the
previous correlation consistent CV sets, that is, (1s1p) was paired
with the (1d1f) group of functions to form the coergalence
cc-pCVDZ set, the (2s2p) set was paired with the (2s2f1g) set
to form the cc-pCVTZ set, and so forth.

B. The cc-pCWnZ and cc-pwCVnZ Basis Sets for Ga-
Kr. Once the sets of additional core functions were determined
for each zeta level using the selenium atom as an example, the
augmenting core functions were optimized using eq 1 for the
remaining five elements. Just as with Se, these functions were
optimized in the presence of the corresponding valence basis
set. Analogous to the second-row cexalence basis setdpne
exception was required for the cc-pCV5Z basis sets. Because
the p-type exponents were optimized in CISD calculations rather
than just uncontracting primitive functions from the HF sets,
strong linear dependencies arose between the optimized cor-
relating p functions and those within the HF sets at the
quintuple level. In these cases, the cc-pV5Z (26s17p)/[8s7p]
sets were recontracted to [8s10p], where the eight most diffuse
p functions were left uncontracted. The remaining (4s4d4f3g2hli)
functions were then added together with the original valence-
correlating functions to form the cc-pCV5Z basis sets. The
compositions and sizes of the resulting cc-pZ\basis sets
are given in Table 1, and the optimized exponents are given
explicitly as Table S1 of the Supporting Informatién.

Another issue that arose when optimizing the cc-pZ¥asis
sets was two strongly competing minima for the s-type functions,
one minimum having a tighter set of exponents and the other
minimum having a more diffuse set. Energetic differences
between the two were minimal in the suoiis, range for cc-

more to the correlation energy than the third g function or second pCVDZ sets and decreasing to th&, range for cc-pCV5Z.

h function. This phenomenon is observed in all currently
constructed valence and cerealence correlation consistent
basis sets. It is worth mentioning that the cewalence
correlation consistent basis sets for -G& will have a
maximum basis set angular momentum) that is one greater
than the cardinal number or zeta level, that is, the cc-pCVDZ
basis sets will havenax = 3 but a cardinal number = 2. This
will affect certain types of CBS extrapolation formulas that
depend explicitly ofmax

The s and p core-correlating functions were optimized in a
similar fashion as the higher angular momenta. For the s
functions, a (21s16p17d3f) primitive set was contracted to
[4s9p6d3f], and exponents of one to five s functions were varied
to minimize the (CC+ CV) CISD correlation energy. The p
functions were similarly optimized in a [10s3p6d3f] basis set.

Convergence of molecular properties at the CBS limit seemed
to be alleviated of some linear dependency issues when the more
diffuse s set was used for cc-pCVDZ and cc-pCVTZ and the
tighter s set for cc-pCVQZ and cc-pCV5Z basis sets. In essence,
this makes the s functions of the cc-p@X/basis sets more
resemble the s functions of the cc-pwZX/sets (see below),
where the leading (or most diffuse) s-type function gradually
becomes tighter upon increasing zeta level. This effect can be
seen in Figure 3.

As in ref 23, the individual energy contributions (CC, CV,
and VV) of the CISD all-electron calculations were assessed
with respect to CBS convergence. In Figure 4, the contributions
are shown for the cc-pOM and cc-p\WZ basis sets for the
selenium atom. As discussed previou&Slthe core-valence (or
CV) contribution is not straightforward to assess since only
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Figure 3. Values of the selenium atom s-function exponents within 0.8 - — 2%
the even-tempered expansion. /
] ./
double excitation contributions to the CV correlation energy
can be directly computed within MOLPRO. The CV singles -06 A =—cc-pVnZ
. - - —e&— cc-pCVnZ
correlation energy has been approximated from the difference | A copwCVnZ
in singles-only calculations involving all-electron, CC-only, and .
valence-only calculations wi® -0.4
E.o(CV, singles)y= E_, (all-electron, singlesy T . .
Ecor(CC, singles)- E,(VV, singles) (2) 02 /
|}
This result is then added to the CV pair-only correlation energy 1 -/
to yield the total intershell CV correlation energy. Since the 004 ./
CISD method is not size-extensive, the sum of the individual - T T o -
CC, CV, and VV contributions do not yield the all-electron
CISD energy. This lack of size-extensiveness also prevents the
; I . X C)
CV caorrelation contribution from being computed simply as '
[
-0.12 :/

As the singles contribution is generally less than 10% of the —e— cc-pCVnZ
total magnitude of the CV contribution, this approximate —&— cc-pwCVnZ

Ecorr(cv) = Ecorr(a") - Ecorr(cc) - Ecorr(VV) ] /
-0.10 / / —a— cc-pVnZ
A

description should not introduce significant errors. -0.084

Figure 4 clearly reveals monotonic convergence toward a CBS T .
limit for each correlation energy contribution with the cc-pt2/ i -0.06 . /
basis sets. Using the valence cca\basis sets in all-electron ] .
computations, however, shows an extremely poor convergence g4
for both the CC and CV contributions, as well as a poor overall ] /

recovery of core-core and corevalence correlation energies.
Therefore, the usual caveat applies in that conclusions about
the effects of core electron correlation using only standard ] -
valence cc-pVWiZ basis sets are probably invalid and, at best, a 0.00
waste of computing resourcés?® For all-electron computa-

tions, specially designed basis sets like the onegldped in (b) core-core correlation energy, and (c) cerealence correlation

this _V\_/ork are required for reliable resultsThis is shown energy for the selenium atom using the ccAy cc-pCVhZ, and cc-
explicitly below for the case of the Ganolecule. pwCVnZ basis sets.

Even more so than the second-row p-block atoms, the-core
core correlation energy dominates the contributions to the all- of theory, 56% of the S&.,{CC) was recovered (versus 61%
electron correlation energy. For Se, the CC correlation energy for cc-pCVDZ sulfur), and 46% of the S&{(CV) was

o

(=3

N
1

T T T T T
D TZ Qz 5Z

Figure 4. Representation of the (a) valeneealence correlation energy,

N

was 825mk, at the cc-pCV5Z level, compared to 288, for recovered versus 48% for S atom.
the S atom. Our approximation of the total ceralence (CV) As for the first- and second-row atoms, as well as tde 3
energy was 123nk, for Se, versus 58k, for S. The core- transition metals, a set of weighted conalence basis sets was

core (CC) correlation energy of Se contributed 76% of the total also developed for the atoms GHKr. The motivation for the
correlation energy, which is essentially the same as the valencecreation of the cc-pwCNZ basis sets was to improve the CBS
(VV) contribution for the oxygen atom! At the cc-pCVDZ level  convergence of the intershell (CV) correlation energy. This was



Third-Row Core-Valence Correlation Consistent Basis Sets

1o 52
1@ . . "o n

7 (39) . n . n e =

1 (4f) e = o n o = o =
q@d . bt e e .
1 (1h) ° .

7 (29) . n o = Qz
1 (3) ° n ° » e =

- (3d) onm onm om

1 (19) ° -

1 (2f) ° n ° . TZ
4 (2d) o n o .

1 (1f) ° [ ] DZ
4(1d) @ .

Value of Exponent

Figure 5. Pictorial comparison of cc-pQWZ (squares) and cc-pwG¥
(circles) optimized exponents of higher angular momentum core
functions for the selenium atom.

carried out by strongly weighting corezalence correlation
versus corecore (CC) correlation. While the CC correlation
would more slowly converge to its CBS limit, the CV correlation
contribution, which is expected to be more important to most
atomic and molecular properties, would converge more rapidly.
The same groupings of functions used above for the ccrCV

J. Phys. Chem. A, Vol. 111, No. 44, 200171387

sary, computed zero-point energies (ZPE) and -spitit
coupling corrections were added to dissociation energies in order
to properly compare computdd, to experimentaDy values.

The spectroscopic properties for the ground states of the
homonuclear diatomics are listed in Tables®(along with a
low-lying excited state of Gein Table 5). Since scalar
relativistic effects are known to be important in accurate work
on these species, the Dougtasroll —Hess Hamiltonian was
employed throughoug 14 As in previous work for these
elements, the nonrelativistic exponents of the basis sets were
used unchanged, but contraction coefficients were replaced with
those from atomic DKH calculatiod3-1* The resulting aug-
cc-pVnZ-DK, aug-cc-pC\WZ-DK, and aug-cc-pwCWZ-DK
basis sets will be denoted below asr@vDK, aCVnZ-DK, and
awCVnZ-DK, respectively.

A. Gay. The electronic structure of the gallium dimer is well-
known both experimentall§~78 and theoretically?8% with a
ground state ofIl,. Recent work on this molecule includes
theoretical multireference wave function studies by Mochizuki
and co-worker® and Roos, Widmark, and co-workeéfsa
Knudsen cell mass spectrometric study of,Glssociation
energies by Meloni and co-workefsinvestigations of the laser-
induced fluorescence spectrum of by Tam and Dagdigigit
and Greetham and EIfs that provides direct experimental
evidence of the3ll, ground state and updated spiorbit
splitting assignments, and a matrix-isolation study by Himmel
and Gaertner that provides a vibrational anharmonicity con-
stant86

basis sets were used, but the CISD energy was optimized with  Computed spectroscopic properties Gk Ga are shown

AEgsp(CV + WCC) = E¢p(CV) + WE¢55(CC)

wherew is a weighting factor anétcisp(CV) was obtained from
the CV doubles contribution plus eq 2 for the singles. A value
of w = 0.01 was used, as it was previously found to provide

in Table 2. Valencevalence correlation effects of the added
basis functions within the aQ\Z-DK and awC\WZ-DK sets

are minimal compared to those of the originalr@vDK sets

and show smooth, monotonic convergence to a CBS limit. When
only 4s4p valence electrons are correlated, Gzzandwe values

are essentially converged to the same values when using the

exponents that converge the CC contribution of the correlation valence, CV, and wCV basis sets at the 5Z level, whilealues
energy, as well as speed up the CV contribution relative to the agree among the various basis sets to within 0.003 A. For

cc-pCWhZ basis setd? The optimized exponents of the cc-
pwCVnZ are also given in Table S1 of the Supporting
Information. The convergence of each correlation energy
component with the cc-pwQW basis sets is also shown in

energetic properties, it is apparent that inclusion of eoaence
effects is necessary for chemical accuracy (defined as being
within 1 kcal mol! of an experimental value for energetic
properties). At the quintupléevel, the shift inDe from 3s3p3d

Figure 4. The faster convergence of the CV component is clearly correlation is +1.2 kcal mof?!. Core-valence correlation

evident at the expense of the CC energy.

A comparison of the exponent distributions of core-correlating
functions for the Se atom between the cc-pZvand cc-
pwCVnZ basis sets is given in Figure 5. Exponents of the
weighted sets tend to be more diffuse, much like the trend
observed for the first- and second-row cc-pw@@hbasis sets
and especially for the highest angular momentum function in
each set, for example, the f function of the DZ sets or the g

shortens bond lengths by0.07 A, resulting in a 6.2 cnt
increase inwe. For Ga (and the five other homonuclear
diatomics), there do not appear to be qualitative differences
between the aChZ-DK and awC\hZ-DK families of basis sets,
although the convergence with basis set is clearly faster with
the awC\WZ-DK sets, especially for the bond length.

The detrimental effects of correlating the 3s3p3d electrons
with just the valence aug-cc-pi-DK basis sets are clearly

function of the QZ sets. As the basis set sizes increase fromobserved. For bond distances, non-monotonic convergence to

DZ to 5Z, the values of cc-pOVZ and cc-pwCWZ exponents
become more similar. Differences in the resulting eoralence
correlation effects on energetics and properties of third-row-
containing molecules will be investigated below.

Results and Discussion for the Homonuclear Dimers Ga
through Kr »

Benchmark calculations of the new GKr core—valence

a CBS limit is shown, and the aV5Z-Dk value is more than
0.10 A shorter than the avVQZ-DK value when only valence
electrons are correlated. The @X/DK all-electronwe values

are substantially larger than the experimental value and show
non-monotonic convergence as well. Ceoare and core
valence correlation effects are greatly overestimated by the
aVnZ-DK sets, as shown by the dramatic overestimatioBof
where the+3s3p3d aV5Z-DK value is 4.6 kcal nmdl higher

basis sets were carried out for the six respective homonuclearthan the valence value. As mentioned previously, using valence

diatomics using the CCSD(T) level of theory. Dissociation
energies D¢), equilibrium geometries r§), and harmonic
vibrational frequenciesufs) were determined and compared to

correlation consistent basis sets to describe CC and CV
correlation can produce unreliable results.

Using the theoretical molecular spiorbit (SO) coupling

experiment and previous theoretical studies. Whenever neces-correction obtained in a study by Das using multireference
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TABLE 2: Properties for Ga, (X3I1,)

De (kcal/mol) re(A) we (cM™Y)
basis 4s4p +3s3p3d A 4s4p +3s3p3d A (mA) 4s4p +3s3p3d A

avDZ-DK 26.2 29.4 3.2 2.7605 2.7044 —56.2 160.5 170.7 10.2
aVTZ-DK 29.0 35.2 6.2 2.7352 2.6022 —133.1 165.2 181.8 16.6
aVQZz-DK 29.6 36.2 6.7 2.7281 2.6159 —-112.2 166.2 181.2 15.1
aV5Z-DK 29.7 34.3 4.6 2.7273 2.6204 —106.9 166.7 187.3 20.6
aCVvDZ-DK 26.4 28.5 21 2.7549 2.7131 —41.7 161.2 168.0 6.7
aCVTZ-DK 29.1 30.8 17 2.7332 2.6709 —62.3 165.8 172.6 6.8
aCVvQz-DK 29.6 30.9 1.3 2.7263 2.6589 —67.4 166.4 172.1 5.7
aCV5Z-DK 29.9 311 1.2 2.7249 2.6536 —71.3 167.0 173.2 6.2
awCVDZ-DK 26.7 28.4 1.7 2.7459 2.6877 —58.2 161.8 167.7 5.9
awCVTZ-DK 29.2 30.6 1.4 2.7310 2.6629 —68.1 166.2 172.7 6.6
awCVQZ-DK 29.7 30.9 1.2 2.7254 2.6532 —72.2 166.6 172.8 6.2
awCV5Z-DK 29.9 31.10 = 30.9) 1.2 2.7244 2.6510 —73.4 167.1 173.3 6.2
ANO CASPTZ2 Do = 26.1 (28.6) 2.697 191

expt. Do=26.4+17F 178.2

(De = 28.99

2 Ref 82." Values in the parentheses have SO-coupling values removed from the dissociation Refg30.¢ Ref 86, obtained from an argon
matrix-isolation experiment.

TABLE 3: Differential Effects of 3s3p and 3d Correlation for Ga,?

D (kcal/mol) re(A) we (cM™Y)

basis 4s4p3d Asg Ass3p 4s4p3d Azg (MA) Aszszp(MA) 4s4p3d Asg Asssp
aVDZ-DK 28.4 2.2 1.0 2.7184 —-42.1 —14.1 168.6 8.1 2.1
aVTZ-DK 33.2 4.2 2.0 2.6376 —97.6 —35.4 177.9 12.6 4.0
avVQzZ-DK 34.7 51 1.6 2.6285 —99.6 —12.6 181.3 15.1 0.0
aV5Z-DK 32.8 3.1 1.5 2.6297 —-97.5 —-9.3 183.0 16.3 4.4
aCVDZ-DK 28.2 1.8 0.3 2.7106 —44.2 2.5 167.6 6.4 0.3
aCVTZ-DK 30.8 1.8 0.0 2.6674 —65.7 35 173.0 7.3 —-0.5
aCVvQz-DK 31.1 1.4 -0.2 2.6551 —-71.2 3.8 172.7 6.3 —-0.6
aCVv5Z-DK 31.2 1.4 -0.1 2.6499 —75.0 3.7 173.8 6.8 —-0.6

a Calculated using the 4s4p areBs3p3d results of Table 2.
TABLE 4: Ge, Properties (X3%47)

D (kcal/mol) re (A) we (cm™)
basis 4s4p +3s3p3d A 4s4p +3s3p3d A (mA) 4s4p +3s3p3d A

aCVvDZ-DK 55.8 57.6 1.9 2.4212 2.4062 -15.1 276.6 280.6 4.0
aCVTZ-DK 62.0 63.7 1.7 2.4051 2.3779 —27.2 282.0 287.1 5.1
aCVvVQZz-DK 64.1 65.6 15 2.3998 2.3679 -31.9 284.3 289.4 5.1
aCV5Z-DK 64.8 66.3 15 2.3991 2.3644 —34.7 284.7 290.4 5.7
awCVDZ-DK 56.4 58.1 1.7 2.4149 2.3912 —23.8 277.3 281.3 3.9
awCVTZ-DK 62.2 63.8 1.6 2.4034 2.3715 —-31.9 282.6 287.8 5.2
awCVQZ-DK 64.2 65.7 15 2.3991 2.3643 —34.8 284.7 290.4 5.7
awCV5Z-DK 64.8 66.4 1.5 2.3988 2.3626 —36.2 284.8 291.0 6.2

(Do = 66.0)
ANO CASPT2 Do=61.6 2.362 287

(67.0y
expts Do=62.3+1.7 2.368

(67.7)
exptd ro=2.3689 287.9

aRef 82 (incorrectly labeled as tH&" ground state; cf. Table 9).Values in the parentheses have SO-coupling values removed from the
dissociation energy.Ref 91.9 Ref 93.

configuration interaction and a relativistic core poterftiahs authors®? as well as 1.4 kcal mot larger than a value predicted
well as the atomic spinorbit splitting from Moore?® a SO by Mochizuki using the multireference coupled pair approxima-
correction can be “unfolded” from the experimenia value tion and a segmented Huzinaga basis set of dofidizes!

to compare with our theoretical one. Adding these corrections Although no experimental bond distance information is avail-
to the experimentdD, value of Shinf® (26.4+ 1.7 kcal mot?) able, the aCV5Z-DK/awCV5Z-DK values are shorter than the
gives an estimated experimen@} without SO of 28.9 kcal re value from Widmark. Our quintuplé-harmonic frequencies
mol~L. The aCV5Z-DK/awCV5Z-DK values are 30.9 kcal mbl are~4 cnr ! smaller than the best experimental value, which
after including a shift of~0.2 kcal mot?! for ZPE, and these  comes from an argon matrix-isolation experim&nt.

values are slightly outside of the experimental error bars. The In Table 3, the effect of correlating only the 3d orbitals on
Do values obtained when only correlating the valence electrons Gg with the a\hZ-DK and aC\WhZ-DK basis sets are shown.
are smaller by 1.2 kcal/mol. Our beBy values are 1.2 kcal For spectroscopic properties, ther@/DK basis sets show poor
mol~? larger than the value obtained by Widmark and co- accuracy and non-monotonic convergence to the CBS limit when
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TABLE 5: Properties of the Lowest-Lying Ge, Excited State €[].)

Te(cm™h) re(A) we (cM™Y)
basis 4s4p +3s3p3d A 4s4p +3s3p3d A (mA) 4s4p +3s3p3d A

aCVDZ-DK 1009 867 —142 2.3255 2.3093 —16.2 293.1 298.6 5.5
aCVTZ-DK 769 592 —176 2.3068 2.2773 —29.5 299.4 307.2 7.8
aCVvQz-DK 761 585 —176 2.2992 2.2644 —34.8 302.9 310.9 7.9
aCV5Z-DK 777 597 —180 2.2980 2.2609 —-37.1 305.6 3125 7.0
awCVDZ-DK 1033 840 —193 2.3182 2.2916 —26.6 293.4 299.6 6.2
awCVTZ-DK 785 607 —178 2.3047 2.2700 —34.7 299.7 307.9 8.1
awCVQZ-DK 772 596 —176 2.2986 2.2609 -37.7 303.2 311.8 8.5
awCV5Z-DK 783 607 —177 2.2973 2.2583 —39.0 303.9 312.8 8.9
MRCID2 323 2.33 313

exptP 725 (728) (308)?

exptse To=711
aRef 94 using the G2 basis sets of Binning and Cufids: Ref 95.9 Ref 93.
TABLE 6: Properties of As, (X1X4")

D¢ (kcal/mol) re(A) we (cm™)
basis 4s4p +3s3p3d A 4s4p +3s3p3d A (mA) 4s4p +3s3p3d A
aCVDZ-DK 72.0 73.8 1.8 2.1428 2.1347 -8.1 412.6 417.2 4.6
aCVTZ-DK 82.3 84.4 2.1 2.1265 2.1097 —16.8 422.4 430.0 7.6
aCVvQz-DK 86.7 88.9 2.2 2.1205 2.0999 —20.6 427.3 435.6 8.3
aCVv5Z-DK 88.2 90.5 2.3 2.1187 2.0960 —22.7 428.6 437.6 9.0
awCVDZ-DK 73.0 74.9 1.9 2.1370 2.1228 —14.2 413.7 419.5 5.8
awCVTZ-DK 82.8 85.4 2.6 2.1253 2.1053 —20.0 423.5 432.2 8.7
awCVQZ-DK 86.9 89.2 2.2 2.1198 2.0972 —22.6 427.7 436.7 9.0
awCV5Z-DK 88.3 90.6 2.3 2.1185 2.0947 —23.7 428.9 438.4 9.5
(Do =90.0)
aug-cc-p\WZ CCSD(T} 90.3 2.126
ANO CASPT2 Do =86.9 2.133 413
expte Do = 90.6 2.103 429.6
2 Ref 98.° Ref 82.¢ Ref 76.
TABLE 7: Properties of Se; (X°Zq")
De (kcal/mol) re(A) we (cM™Y)
basis 4s4p +3s3p3d A 4s4p +3s3p3d A (mA) 4s4p +3s3p3d A

aCVDZ-DK 69.4 70.6 1.2 2.2046 2.1993 -53 371.3 373.7 2.3
aCVTZ-DK 76.3 77.6 1.3 2.1866 2.1753 —-11.3 381.3 385.1 3.7
aCVvQz-DK 79.8 80.9 11 2.1783 2.1644 —13.9 387.4 391.5 4.2
aCV5Z-DK 81.0 82.1 1.1 2.1757 2.1603 —15.4 388.7 393.2 4.5
awCVDZ-DK 69.5 70.4 1.0 2.1991 2.1904 —8.8 372.4 375.0 2.6
awCVTZ-DK 76.6 77.9 1.2 2.1841 2.1706 —-13.5 382.0 386.1 4.1
awCVQZ-DK 79.9 80.9 1.0 2.1775 2.1622 —15.2 387.7 392.2 4.4
awCV5Z-DK 81.1 82.1 1.0 2.1752 2.1593 —15.8 388.9 393.6 4.8

(Do = 81.6)
ANO CASPTZ2 Do=79.1 2.180 384

(84.5y
SDB—PP CCSD(TY 77.0 2.1830 389.6
6-31G* B3LYH 2.191 390
expte Do=78.6 2.166 385

(84.0)
expt! 2.1662 386.6

aRef 82.P Values in the parentheses have SO-coupling values removed from the dissociation €Refg§4.¢ Ref 101.¢ Ref 76.f Ref 103.

the 3d MOs are added to the electron correlation space. Ascorrelation. For high-accuracy energetic and geometric analysis
shown with the aCWZ-DK basis sets, correlation of the 3s and of third-row-containing species utilizing CBS extrapolations,
3p electrons does not have a significant effect on the computedcorrelation of the 3s3p will still be necessary. However, for
properties. Though the family of cc-p@¥ sets was constructed  qualitative studies on larger molecules where only double- or
and optimized to correlate the 3s3p3d electrons, it was observedriple-¢ level computations may be tractable, utilizing the p2ZV
that Se exponents optimized for just 3d-only correlation were and pwCWZ sets with 3d4s4p-correlated MOs is likely to be
quite similar to the ones obtained with 3s3p3d correlation. At useful for efficiently gauging CV correlation effects.

the quintupleg level, the effects of 3s3p correlation sHift by B. Ge,. Although the ground electronic state of Qs well-

just —0.1 kcal mot?, ro by +0.0037 A, and the value @b by established as ¥47,899 it has historically been a difficult
—0.6 cntl. Hence, the majority of the total corealence molecule to study experimentally (due to the large relative
correlation effects on these properties arises from 3d electronabundances of its various isotopic forms) and theoretically (due



11390 J. Phys. Chem. A, Vol. 111, No. 44, 2007

TABLE 8: Properties of Br, (X'X4")

DeYonker et al.

De (kcal/mol) re(A) we (M)
basis 4s4p +3s3p3d A 4s4p +3s3p3d A (mA) 4s4p +3s3p3d A

aCVDZ-DK 40.6 41.3 0.7 2.3444 2.3402 —4.3 295.1 296.3 13
aCVTZ-DK 47.7 48.4 0.6 2.3080 2.2988 -9.1 316.6 319.1 2.6
aCVvVQz-DK 50.4 50.8 0.4 2.2949 2.2837 —-11.2 324.2 327.2 3.0
aCV5z-DK 51.4 51.7 0.3 2.2913 2.2791 —-12.3 326.3 329.6 3.3
awCVDZ-DK 40.8 41.3 0.5 2.3388 2.3315 -7.3 295.4 297.2 19
awCVTZ-DK 47.9 48.4 0.5 2.3058 2.2949 —10.9 316.6 319.6 29
awCVQZz-DK 50.5 50.7 0.2 2.2941 2.2820 —-12.1 324.4 327.5 3.1
awCV5Z-DK 51.4 51.6 0.2 2.2910 2.2782 -12.7 326.2 329.5 3.4

(Do =51.1)
ANO CASPT2 Do=415 2.298 317

(48.5y
CBS CCSD(Ty Do=45.4 2.2816 330.3

(52.4)
aug-cc-pV5Z-PP 2.292
CCsD(TYy
expte Do=45.44 2.2810 325.3

(52.4

2 Ref 82.P Values in the parentheses have SO-coupling values removed from the dissociation eRefdh3. ¢ Ref 98.¢ Refs 76 and 106. The

results from these experimental papers agree within the number of si

TABLE 9: Properties of Kr , (X1Xg")

gnificant digits reported in this table.

De (kcal/mol) re (A) we (cM™Y)

basis 4s4p +3s3p3d A 4s4p +3s3p3d A (mA) 4s4p +3s3p3d A
aCVDZ-DK 0.26 0.34 0.09 4.2729 4.1814 —-91.5 16.9 18.7 1.8
aCVTZ-DK 0.33 0.39 0.06 4.1246 4.0683 —56.3 21.3 23.2 1.9
aCVvQz-DK 0.38 0.39 0.00 4.0613 4.0216 —39.7 22.4 235 11
aCV5Z-DK 0.38 0.38 0.00 4.0486 4.0208 —27.8 23.0 23.7 0.7
awCVDZ-DK 0.24 0.30 0.06 4.2875 4.2405 —47.0 16.7 15.4 —-1.4
awCVTZ-DK 0.33 0.38 0.05 4.1282 4.0875 —40.8 20.9 22.1 1.2
awCVQZ-DK 0.36 0.38 0.02 4.0635 4.0347 —28.8 22.3 23.0 0.7
awCV5Z-DK 0.38 0.39 0.02 4.0478 4.0249 —22.9 23.3 23.8 0.5
ANO CASPT2 Do=0.39 4.03 23
“av5z+" CCSD(TY 0.38 4.059
CBS CCSD(TY 0.36 4.08
expt? 0.362 4.04 23.8
expte 4.017 235

aRef 82.P Ref 111.¢Ref 110.9 Ref 108.¢ref 109.

to a very low-lying®IT state). Mass spectromefié2and laser-
induced fluorescenéestudies have provided accurate spectro-

can be shifted to a non-SDy value of 67.7 kcal moit. When
corrected for ZPE effects, the aCV5Z-DK/awCV5Z-DiBy

scopic constants, while recent theoretical studies have examinedsalues are in good agreement.

the BI1,—X3%,~ excitation energy at various sophisticated levels
of theory and found the transition energy)(to be in the range
of 0.04-0.10 eV (326-810 cn1?1).92.94

In Table 4, Ge X324~ spectroscopic properties obtained using
the aC\hZ-DK and awC\WZ-DK basis sets are shown. As with
the Ga ground state, inclusion of corevalence correlation
significantly contracts the bond length.0347 to—0.0362 A
at the quintuple: level) and increasese (5.7—6.2 cnT?l). This
bond length contraction is beneficial as quintufldevel
geometries are now within 0.01 A of the experimematalue
obtained by Clouthier and co-worké¥sEmploying our ab initio
value of the vibratior-rotation interaction constant,, of 8.1
MHz yields an ab initiorg that is slightly longer thame by
0.002 A, which does result in better agreement with experiment.
However, the final CCSD(Tiy is shorter than that of experiment
by about 0.004 A. Harmonic frequencies are in good agreement
and slightly overshoot the experimental value by-23% cnt?,
On the basis of the experimental atomic SO splitting, as well
as the molecular SO levels determined by Clouthier and co-
workers?2 the experimentaDg value of 62.34 1.7 kcal mot?

Since the 1, state of Ge is accessible with a single
reference wave function (by performing a,2— Lz, valence
excitation), spectroscopic properties and transition energies from
the ground state can be determined at the CCSD(T) level of
theory and are shown in Table 5. The sporbit constant of
the invertecPIT, excited state has been determined by Weltner
and co-workers in neon and argon matrix-isolation experiments,
while%® SO splittings for the ground state have been measured
by Hostutler?® Currently, the best estimate @t from these
two studies is 725728 cn1l. Valence results using the cere
valence correlation consistent basis sets predict an adiabatic
transition energy that is'65 cnt! too high. Inclusion of core
valence correlation shift¥e by —180 to —177 cntl. The
transition energy appears to be very insensitive to the basis set
size, varying by only 84 cnt! when increasing from the
triple-¢ to quintupleg level. Equilibrium geometries of th&1,
excited state are significantly shorter@.01 A) than earlier
theoretical bond lengths using multireference wave functions
and a basis set of approximate triflesize?* Harmonic
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vibrational frequencies are within 4 crhof the matrix-isolation awCV5Z-DK basis sets, there is aa shift of —0.0154 and
value of HostutleP? —0.0158 A, respectively. This shift brings the equilibrium
C. As,. The ground state of the arsenic dimer is a closed- geometries to within 0.006 A of the experimental value, in better
shell X4+ configuration. Huber and Herzberg have compiled agreement compared to those of the ANO CASPT2 study of
the definitive experimental spectroscopic informatiéiheo- Widmark®? and the 6-31G* B3LYP computations performed
retical studies with a sharper focus on the arsenic dimer ratherby Curtiss and co-workef8! Again, the frozen-core aCV5Z-
than larger arsenic-containing clusters include an MRCISD study DK and awCV5Z-DK harmonic frequencies are in fortuitously
carried out by Shirley, Balasubramanian, Feng, and coadthors close concurrence with experiment, and the ew@ence
and a study by Shen and Schaefer employing the CCSD levelcorrelation shift of+4.5-+4.8 cni* yields final values from
of theory with triple¢-sized basis sed. Theoretical spectro- 6 to 7 cnT! above the value of Vergeand co-workerd The
scopic properties on Aswere obtained in the benchmark €xperimental dissociation energy can be “corrected” for mo-
calculations of the third-row valence cc-p¥ and small-core lecular and atomic spinorbit effects and estimated to be 84.0
relativistic pseudopotential basis sets performed by Yockel, kcal molt. Corrected for ZPE, our best value is 81.6 kcal ol
Mintz, and Wilsof8%9and the CASPT2 study of homonuclear Which is 1.0-1.1 kcal mot? closer to the experimental result
dimers by Widmark and coauthd3. than the frozen-core aCV5Z-DK and awCV5Z-DK values. This

Our frozen-core aCV5Z-DK and awCV5Z-DK results, pre- value i§ somewhat smaller in magnitude than the Widmark
sented in Table 6, are in close agreement with those acquiredtheoretlcal valué? but performing CBS extrapolations should
by Yockel and Wilson. The addition of corgalence correlation ~ only add 1.5 keal mot* to the final Do. Hence, the
contracts the bond length by 0.022.024 A, bringing it in _dlssoc_latlon energy of this _dlatomlc warrants further attention,
closer agreement to the experimental value. Curiously, valencelncluding electron correlation beyond the CCSD(T) level of
harmonic frequencies are within 1 cfof the experimental ~ theory-
we, While the core-valence shift 0f+9.0 to+9.5 cn1! at the E. Brz. The gaseous bromine dimer has a closed-shilX
quintuple level shows a greater deviation from experiment. ground state and is well-described theoretically and experimen-
The remaining error is presumably due to intrinsic errors in the tally. The report of Fosca, Li, and Bernath on the LIF spectra
CCSD(T) method. An experimentalex. has been determined  of the BII,—X!Z4" electronic transition provides a compre-
(1.12 cm?), and our awCV5Z value of 0.99 crhis in very hensive experimental history on the subject of Bpectros-
good agreement. Theoretical calculation of the dissociation copyl®® Recent theoretical work by Feller et &.Shepler and
energy of As is not complicated by spirorbit coupling effects Petersort®” and Yockel, Mintz, and Wilsdfi provides accurate
in the atom or molecule, and when our awCV5Z-DK value CCSD(T)/CBS spectroscopic constants, the former study using
is augmented by a ZPE correction, it is only lower than the preliminary aCVQZ Br basis sets to account for cevalence
experimentaDy of 90.6 kcal/mol by 0.6 kcal/mol. It is expected — correlation effects.

th{it CBS e_xtrapolatior_ls _Of the aug-cc-pwia/energies should Similar to Se, calculation of molecular bromine equilibrium
bring the finalDy to within a few tenths of a kcal/mol of the  bond lengths (Table 8) shows a less pronounced influence from
experimental value. Last, the (frozen-core) valu®ef= 90.3 core-valence correlation, with a 5Z shift 0f0.0123 to

kcal mol™! obtained by Yockel, Mintz, and Wilson may also —0.0127 A. This geometric shift brings the aCV5Z-DK and
be in fortuitous agreement with the experimental ré8gince awCV5Z-DK bond lengths closer to the experimental value,
our frozen-core aChZ-DK and awC\WhZ-DK results are lower  within 0.003 A. The frozen-core Brwe values are in closer
than their nonrelativistic aWZ values but quite close to the value agreement to the experimental value, while eevalence
(within 0.1-0.2 kcal mot?!) of Yockel and Wilson when  correlation effects raise the harmonic frequencies by-3.3
relativistic aug-cc-pV5Z-PP basis sets were (8dthe inclusion cm~1, a phenomenon that seems to be typical in the later third-
of core—valence correlation produces a shift of uptt@.3 kcal row homonuclear diatomics. Removal of atomic spimbit
mol~L. In this case, accounting for relativistic effects via the splitting will raise the experimentaD, value (45.44 kcal
DK Hamiltonian seems to counteract the effect of eoralence mol~1)196 by 7.0 kcal motl. Our ZPE-corrected 5D, value
correlation. However, our results are more theoretically rigorous is 51.1-51.2 kcal mot? and similar to the previous results of
and reliable than those of the previous study. It is also Feller et af3 Core-valence correlation has a small effect on
noteworthy to mention the deviation of more than 3 kcal ™ol the overall dissociation energy (only 8-2.3 kcal mot? at the

in the De calculation of Widmark and coauthors using a 5z level). Performing CBS extrapolations on the aug-cc-

relativistic ANO basis set at the CASPT2 level of the8ty. p(w)CVnZ-DK energies and adding molecular second-order
D. Se. The Se molecule has been extensively studied in spin—orbit effects should bring our result to within a few tenths

the gas phase and is known to havéXg™ ground staté® A of a kcal/mol of the experimentd,. As with the closed-shell

theoretical study of the ground state and many low-lying excited As, molecule, theDo value for Bp obtained by Widmark

states was carried out by BalasubramarfdMore recently, and co-authors is almost 4 kcal méllower than that of

Se ground-state properties were obtained using a quadruple-experiment?

E-sized Stuttgart Dresden-Bonn pseudopotential (SDEPP) F. Kr,. Spectroscopic properties of the weakly bourfEg

created by Martin and SundermaffrEquilibrium geometries  krypton dimer have been measured experimentally by LaRocque
and harmonic vibrational frequencies of the dimer and larger and co-workers using fluorescence excitation techniffiaad
Se-containing clusters have also been studied using9¥2 previously by Tanaka and co-workers via vacuum ultraviolet
Laser-excited fluorescen®8and recent emission spectra have absorption spectroscop§? Recent coupled cluster studies have
improved the quality of the Seground-state spectroscopic provided a robust theoretical comparisdf!!1Surprisingly, the
constantg%4105 effect of core-valence correlation on the Kbond length is
Theoretical spectroscopic constants for &K state of Sg significant, with a shift of—0.0229 A calculated with the
are reported in Table 7. The impact of ceralence correlation awCV5Z-DK basis set. Corevalence correlation effects im-
on the geometries is somewhat less fop 8&n that for the prove the bond length tremendously, bringing the quintdple-
previous homonuclear dimers. Using the aCV5Z-DK and re values to within 0.008 A of the experimental value. These
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bond lengths are a few hundredths of an angstrom better than E3§ Ma}rtin, J. M. L.Chem. Phys. Let119f?6 259,h669.

; . ; 4) Wilson, A. K.; Dunning, T. H., JrJ. Chem. Physl997 106, 8718.
thosﬁo Sfl previous frozen Core. coupled C'“?'t?r studies on (5) Feller, D.; Peterson, K. A.; Crawford, T. D. Chem. Phys2006
Krp. 11911 Core-valence correlation has a negligible effect on 154 954107
the dissociation energy and harmonic frequency of, Kiith (6) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 99, 1914.
quintuple€ shifts less than 0.2 kcal/mol and 2 chrespec- 200&7)11%822?, T. H., Jr.; Peterson, K. A.; Wilson, A. B. Chem. Phys.
tively. In accord with previous theoretl_cal studies, the C_:CSD(T) ®) Wilson, A. K.: Woon, D. E.: Peterson, K. A.: Dunning, T. H., Jr.
De andwe values are quite accur.ate with large C\( basis set§. IF J. Chem. Phys1999 110, 7667.
should be noted that the small linear dependencies that exist in  (9) Wilson, A. K.; Woon, D. E.; Peterson, K. A;; Dunning, T. H., Jr.

i i i Abstr. Pap—Am. Chem. Sod 997 213 60.
the QCVQZ and aCvsz ba$|s S.ets’ ”.“.a.'”'y. due to the _tlght S (10) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem. Phys.
functions, led to small numerical instabilities in thelgotential 1992 96, 6796.
curves that affected the accuracy of the vibrational anhar-  (11) woon, D. E.; Dunning, T. H., J8. Chem. Phys1994 100, 2975.
monicity constants. This was overcome by taking a similar ~ (12) Hess, B. APhys. Re. A 1986 33, 3742.

; _ ; : ; (13) Hess, B. APhys. Re. A 1985 32, 756.
approach with the s-type functions as that described above with (14) Douglas, M.: Kroll. N. MAnn. Phys1974 82, 89.

the p-type functions in the CV 5Z sets. Hence, only the first  (15) de Jong, W. A.; Harrison, R. J.; Dixon, D. A.Chem. Phy=2001,
three HF s contractions were retained, and the most diffuse severi14, 48.

(quadrupleg) and eight (quintuple) functions were uncon- 20(()%6)12361/?21(82 N. J.; Cundari, T. R.; Wilson, A. K. Chem. Phys.
tracted. (17) Peterson, K. AJ. Chem. Phys2003 119, 11099.

(18) Peterson, K. A,; Figgen, D.; Goll, E.; Stoll, H.; Dolg, M.Chem.
Conclusions Phys.2003 119 11113.

(19) Peterson, K. A.; Puzzarini, Cheor. Chem. Ac005 114, 283.
The correlation consistent basis sets for the third-row, main  (20) Peterson, K. A.; Figgen, D.; Dolg, M.; Stoll, H. Chem. Phys.

group atoms Ga through Kr are extended to properly describezogg’l)lzBealabanov N. B. Peterson, K. A Chem, Phys2005 123
core—core and corevalence electron correlation. Atomic and  g4107. T T '

molecular correlation energies as well as spectroscopic proper- (22) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1995 103 4572.
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