
JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 21 1 JUNE 2001
Extension of Gaussian-3 theory to molecules containing
third-row atoms K, Ca, Ga–Kr
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Gaussian-3~G3! theory is extended to molecules containing the third-row nontransition elements K,
Ca, Ga–Kr. Basis sets compatible with those used in G3 theory for molecules containing first- and
second-row atoms have been derived. The G3 average absolute deviation from experiment for a set
of 47 test reactions containing these elements is 0.94 kcal/mol. This is a substantial improvement
over Gaussian-2 theory, which has an average absolute deviation of 1.43 kcal/mol for the same set.
Variations of G3 theory are also presented that are based on reduced orders of perturbation theory.
These variations also show similar improvement over the corresponding G2 methods. The use of
scaling parameters in G3 theory for the third row was investigated and found to perform nearly as
well as use of the higher level correction. In addition, these methods are evaluated on a set of
molecules containing K and Ca for which the experimental data are not accurate enough for them
to be included in the test set. Results for this set indicate that G3 theory performs significantly better
than G2 for molecules containing Ca. When the 47 third-row systems are added to the G3/99
database the complete G3 average absolute deviation becomes 1.06 kcal/mol for 423 energies.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1366337#
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I. INTRODUCTION

The Gaussian-2~G2! theory1 of molecular energies wa
introduced to provide a method for calculating accurate th
mochemical data for molecules containing first- and seco
row atoms. G2 theory is a composite procedure based oab
initio molecular orbital theory. G2 theory was extended
molecules containing the third-row nontransition elements
Ca Ga–Kr.2,3 This extension of G2 theory required:~1! de-
velopment of new basis sets for K, Ca Ga–Kr that we
compatible with those of the first- and second-row atoms,~2!
inclusion of spin–orbit corrections, which become significa
for third-row atoms and for some molecules containing thi
row atoms, and~3! assessment of the method on a suita
set of species for which accurate experimental data e
Recently, we presented the third in the Gaussian-n series,
Gaussian-3~G3! theory,4 which achieved significantly im-
proved accuracy compared to Gaussian-2~G2! theory. G3
theory is a compositeab initio technique similar in spirit to
G2 theory, but with some new features and several mod
cations including~1! single-point correlation energies calc
lated with different basis sets, the largest being the G3La
basis,4 ~2! a spin–orbit correction for first- and second-ro
elements added to the total energy,~3! a modified higher
level correction with four parameters instead of two, and~4!
a core-correlation term added at the second-order Møl
Plesset level. The average absolute deviation of G3 the
from experiment for the 299 energies in the G2/97 test se5,6

is 1.01 kcal/mol compared to 1.48 kcal/mol for G2 theo

a!Electronic mail: curtiss@anl.gov
9280021-9606/2001/114(21)/9287/9/$18.00
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For the recently introduced G3/99 test set7 that contains 376
energies, G3 theory has an average absolute deviatio
1.07 kcal/mol.

In this paper we describe the extension of G3 theory
the third-row nontransition elements K, Ca, Ga–Kr. In S
II, the theoretical procedures used in this extension are
scribed. In Sec. III, the construction of the basis sets co
patible with the ones for first and second row in G3 theory
described. In Sec. IV, G3 theory is evaluated for a set of
species. Finally, in Sec. V modifications of G3 theory bas
on reduced orders of perturbation theory and scaling par
eters are presented.

II. THEORETICAL PROCEDURE

Gaussian-3 theory4 is based on standardab initio mo-
lecular orbital methods. G3 theory involves approximati
the quadratic configuration interaction QCISD~T! energy8 of
a molecule at a large basis set assuming additivity of a se
of calculations at lower levels of theories.9 The G3 energy is
given by

E0~G3!5MP4/d1@QCISD~T!/d2MP4/d#

1@MP4/plus2MP4/d#1@MP4/2d f ,p2MP4/d#

1@MP2~FU!/G3L2MP2/2d f ,p

2MP2/plus1MP2/d#

1E~SO!1E~HLC!1E~ZPE!, ~1!

where d56-31G(d), plus56-311G(d), 2df,p56-
31G~2df,p!, G3L5G3Large basis set,4 E(SO)5spin–orbit
7 © 2001 American Institute of Physics
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TABLE I. Spin–orbit correctionsa ~in mhartrees! of first- and second-row diatomicsb and third-row species.c

Species E(SO) Species E(SO) Species E(SO) Species E(SO)

CH 2P 20.07 P2
1 2Pu 20.57 Ga2P 22.51 KBr1 2P 22.99

OH 2P 20.30 S2
1 2Pg 21.25 Ge3P 24.41 AsH1 2P 23.54

NO 2P 20.27 Cl2
1 2Pg

1 21.77 Ge1 2P 25.37 SeH1 2P 24.21
ClO 2P 20.61 ClF1 2P 21.60 As1 3P 28.04 HBr1 2P 26.26
HS2P 21.01 NH2 2P 20.12 Se3P 24.30 BrF1 2P 26.10
FH1 2P 20.62 PH2 2P 20.45 Br2P 25.60 BrO2P 22.20
PH1 2P 20.67 O2

2 2Pg 20.34 Br1 3P 26.71 NaBr1 2P 23.93
ClH1 2P 21.60 S2

2 2Pg 21.12 Kr1 2P 28.16 Br2
1 2Pg 26.55

C2H2
1 2Pu 20.07 PO2P 20.53

N2
1 2Pu 20.17 SiH2P 20.34

O2
1 2Pg 20.43

aValues for diatomics were calculated from experiment. Calculated using theCOLUMBUS program~Refs. 11 and
12!.

bReference 13.
cReferences 2 and 3.
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correction~for atoms only!, E(HLC)5higher level correc-
tion, andE(ZPE)5zero-point energy correction.

In the extension of G3 theory to the third-row nontra
sition elements K, Ca, Ga–Kr the theoretical procedures
essentially the same as for first- and second-row eleme4

Equilibrium geometries are optimized with second-ord
Møller–Plesset perturbation theory~MP2!, and single-point
energies are calculated using second- and fourth-o
Møller–Plesset perturbation theory~MP4! and quadratic
configuration interaction@QCISD~T!# with basis sets de
scribed in Sec. III. All correlation calculations are done w
a frozen core as described in the following, except for
MP2 calculation with the G3Large basis set that treats
electrons~FU!, i.e., it includes core-related correlation. Th
basis sets used for first- and second-row atoms in G3 th
have been described in detail elsewhere.4 Those used for the
third row are described in Sec. III. Harmonic vibrational fr
quencies are calculated at the Hartree–Fock~HF! level with
the 6-31G* basis set described in the following to obta
zero-point vibrational energies and are scaled by 0.893.

A spin-orbit energy term@E(SO)# is included for atomic
species. The atomic spin–orbit energies used in the exten
of G3 theory to K, Ca, Ga–Kr are given in Table
Experimental10 spin–orbit corrections are used for the thir
row atomic species, consistent with G3 theory for the fi
and second row. The spin–orbit term is also included
molecules having first-order corrections~diatomics having
2P states!. Since experimental values are not available
some of these molecular species, we have used theore
values computed using theCOLUMBUS program.11,12 These
values are given in Table I and are from Refs. 2 and 3.
theory for the first and second rows as defined in Ref. 4 d
not include any spin–orbit energies for diatomic2P species,
of which there are 21 in the G3/99 test set. In order to h
a consistent theory for all three rows we propose to inclu
this energy term for first- and second-row elements in
theory. The spin–orbit energies for the first- and second-
diatomics calculated using theCOLUMBUS code are included
in Table I.13 Inclusion of the spin–orbit energies in the a
sessment of G3 theory on the G3/99 test set does not sig
cantly change the overall accuracy of the method.
ay 2004 to 140.123.5.13. Redistribution subject to AIP
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In G3 theory the frozen-core approximation is used
the single-point MP4 and QCISD~T! correlation calculations
while no orbitals are frozen in the single point MP2 calcu
tions with the G3Large basis set. For molecules contain
first-row atoms, the doubly occupied orbital, which effe
tively corresponds to the 1s atomic orbital, is excluded from
the correlation treatment at the MP4 level. For molecu
containing second-row atoms, the doubly occupied mole
lar orbitals, which correspond approximately to the 1s, 2s,
2px , 2py , and 2pz atomic orbitals, are defined as core o
bitals and are therefore excluded. For molecules contain
third-row Ga–Kr atoms, the inactive doubly occupied m
lecular orbitals are those which correspond approximately
the 1s, 2s, 2px , 2py , 2pz , 3s, 3px , 3py , and 3pz orbitals
in the individual atoms. The treatment of the third-ro
Ga–Kr atoms thus follows the same pattern as for the fi
and second-row atoms. However, this treatment is differ
than G2 theory for Ga–Kr since in that case the 3d orbitals
were excluded from the correlation treatment. This
changed in G3 theory for two reasons. First, several previ
studies14–16have shown that for some molecules~e.g., GaF3 ,
GaOH! there is an inversion of the expected ordering
third-row core orbitals~e.g., Ga 3d! with second-row va-
lence orbitals~e.g., O 2s or F 2s!. This may result in poor
atomization energies. The addition of the 3d orbital to the
valence space corrects the problem.14–16 Second, when G3
theory is extended to the transition metal elements of
third row, the 3d orbitals will have to be included in the
correlation treatment, and thus they should be included
all elements in the third row for consistency.

For molecules containing K and Ca, we include in t
core only the doubly occupied molecular orbitals cor
sponding to the 1s, 2s, 2px , 2py , and 2pz orbitals in the
individual atoms. The 3s, 3px , 3py , and 3pz orbitals of K
and Ca need to be included in the valence space becaus
some molecules~such as KF!, they are intermixed with the
molecular orbitals containing valence orbitals. This also
curs in some cases for Na and Mg. Therefore, we modify
theory for Na and Mg to include in the core only the doub
occupied molecular orbitals that correspond to the 1s orbital
in the individual atoms. The 2s, 2px , 2py , and 2pz orbitals
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Total Hartree–Fock level energies~in hartrees! for K, Ca, Ga–Kr.

K Ca Ga Ge As Se Br Kr

Numericala 21923.261 01 22075.359 73 22234.238 65 22399.867 61 22572.441 33 22752.054 98
Uncontractedb 21923.178 71 22075.279 99 22234.159 36 22399.787 52 22572.358 44 22751.967 07
‘‘6-311G’’ c 2599.149 001 2676.740 428 21923.168 380 22075.267 129 22234.143 802 22399.772 252 22572.318 180 22751.952 559
G3Larged 2599.158 264 2676.750 354 21923.186 781 22075.286 713 22234.165 145 22399.794 840 22572.366 723 22751.977 203

aReference 38.
bReference 39. This is the uncontracted ‘‘6-311G’’ basis set.
cReferences 2 and 3.
dEnergies for the basis set without any supplementary functions included.
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of Na and Mg are included in the valence space.
The G3 higher level correction~HLC! is based on four

empirical parameters that correct remaining deficiencies
the total energies for pairs of valence electrons in molecu
unpaired electrons in molecules, pairs of valence electron
atoms, and unpaired electrons in atoms. The HLC parame
used for third-row molecules are held fixed at the values u
for the first- and second-row molecules.4

III. BASIS SETS

In the extension of G3 theory to the third row, we u
the 6-31G* basis set recently derived for K, Ca, Ga–Kr b
Rassolovet al.17 This is used for the 6-31G(d) basis set in
Eq. ~1!. This basis set was constructed in a manner an
gous to 6-31G* for the first and second rows and the 3d
electrons are treated as part of the valence set. The pola
tion function is ad function with six second-order Cartesia
Gaussians used for all atoms. We note that in previ
work2,3 the nomenclature ‘‘6-31G* ’’ was used for a different
basis set, the 641(d) basis set of Binning and Curtiss.18 In
subsequent work we refer to the latter basis set
6-31G* (C) and the ‘‘true’’ 6-31G* basis set is now that o
Rassolovet al.17 We also note that the 6-31G* basis set in
Ref. 17 for K and Ca is an improved version of a 6-31G*
basis set previously reported.19 The f polarization and diffuse
functions for the 6-31G basis used in the calculation of
energies in Eq.~1! are described in the Appendix. We use
spherical harmonic representation~seven functions! for the
f-polarization function.

The G3Large basis set for the third-row atoms K, C
Ga–Kr is a contracted 8s7p3d Gaussian set with supple
mentary functions. The contracted set was derived by m
fication of the basis set referred to as ‘‘6-311G’’2 that is used
Downloaded 10 May 2004 to 140.123.5.13. Redistribution subject to AIP
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in G2 theory for the third row. This modification involves
different contraction of thep andd core functions and a full
reoptimization of the basis set at the Hartree–Fock level. T
optimizations were done on the ground state atoms for G
Kr. For K, Ca the ground state optimization leads tod andp
functions that are too diffuse. Therefore, K and Ca basis
were obtained first by optimizing the 7s7p contracted set on
the ground states. Next, an additional uncontracteds function
was added to the set with the exponent equal to the geo
ric mean of the two outermost valences functions. Then, the
7p functions were reoptimized on the excited2P state of K
and the3D state of Ca. Finally, a set ofd functions was
obtained by rescaling those from Sc by the ratio of square
nuclear charges. The resulting basis set is a contraction
15s13p5d primitive set to 8s7p3d. The p contraction is
6211111 compared to 333111 in the ‘‘6-311G’’ basis set a
the d contraction is 311 compared to 41 in ‘‘6-311G.’’ Th
new contraction and full optimization result in a lower e
ergy compared to the ‘‘6-311G’’ basis set. The atomic en
gies are given in Table II and compared with ‘‘6-311G
uncontracted, and numerical energies. The results show
the G3Large basis set gives a significantly lower ene
~20–25 mH! than the ‘‘6-311G’’ basis set. The G3Large b
sis set also gives a lower energy~5–10 mH! than the uncon-
tracted basis set because of addedsp functions, but is still
significantly higher~70–80 mH! than the numerical result.

The supplementary functions~diffuse and 3d2 f ! func-
tions were derived in a manner similar to ‘‘6-311G’’ for G
theory and are given in the Appendix along with informati
on where to obtain the G3Large basis set. In addition, ti
polarization functions were derived for the G3Large basis
and the exponents are given in the Appendix. In the G3La
basis we use a spherical harmonic representation for thd-
o the

some
TABLE III. Summary of the basis setsa used in G3 theory for the first, second, and third rows.

H Li–Ne Na–Ar K, Ca, Ga–Kr

6-31G Contracted set 4s→2sb 10s4p→3s2pb 16s10p→4s3pc 22s16p4d→5s4p2dd

G3Largee Contracted set 5s→3s 11s5p→4s3p 13s9p→6s5p 15s13p5d→8s7p3d
Supplemental

functions
1,2p 1,2d f , tight p,d 1,3d2f , tight d, f 1,3d2f , tight d, f

aNumber of primitives is given to the left of the arrow and the number of contracted functions is given t
right. ~1!5diffuse sp valence functions.

bFrom Ref. 40.
cFrom Ref. 41.
dFrom Ref. 17.
eFrom Ref. 4, except for K, Ca, Ga–Kr, which are from this work. The G3MP2Large basis set used in
modified versions of G3 theory does not include the tight polarization functions.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Total atomic energies~in hartrees!.a

Species G3 G3~MP3! G3~MP2! G3S G3S~MP3!

K 2599.730 46 2599.735 83 2599.433 51 2599.776 07 2599.776 11
Ca 2677.384 50 2677.390 29 2677.084 27 2677.428 88 2677.429 39
Ga 21924.286 20 21924.287 58 21923.537 28 21924.440 47 21924.438 51
Ge 22076.378 34 22076.379 77 22075.638 44 22076.530 32 22076.527 86
As 22235.249 71 22235.252 11 22234.516 55 22235.400 91 22235.398 42
Se 22400.913 27 22400.915 10 22400.179 97 22401.063 10 22401.059 03
Br 22573.517 47 22573.518 77 22572.783 86 22573.665 98 22573.660 79
Kr 22753.154 51 22753.155 50 22752.417 87 22753.302 12 22753.296 17

aSpin-orbit corrections are included in the total energies~see Table I!.
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and f-polarization functions~five and seven functions, re
spectively!. The different basis sets used in G3 theory for t
first, second, and third-rows are summarized in Table III

Basis function optimizations were done with a modifi
version of theATOM-SCF program.20 The GAUSSIAN 98 com-
puter program21 was used in all of the calculations reporte
in this paper.

IV. EVALUATION OF G3 THEORY AND RELATED
METHODS FOR K, Ca, Ga–Kr

In this study we derive a test set from those used pre
ously for molecules containing third-row atoms.2,3 For
Ga–Kr a set of 40 reaction energies having experime
uncertainties of less than61 kcal/mol was used in assessin
G2 theory. For K, Ca a set of 18 energies was used. H
ever, only 7 of these are known to an accuracy of61 kcal/
mol. Thus, these 7 were combined with the 40 for Ga–Kr
a test set of 47 reaction energies~23 atomization energies, 1
ionization potentials, 4 electron affinities, and 2 proton
finities!. The other K, Ca energies with larger uncertaint
are considered separately. The geometries for the test
ecules are obtained at the MP2~FU! level using the new
6-31G* basis set.17 The geometries differ only slightly from
the MP2 geometries from the old ‘‘6-31G* ’’ basis
@6-31G* (C)# basis set that was used previously.2,3 The new
geometries are available on the internet.22

G3 theory. The G3 atomic energies for the atomic sp
cies K, Ca, Ga–Kr are listed in Table IV. These energ
include the spin–orbit corrections from Table I. The G3 m
lecular energies are not included here but are available on
internet.22 They also include spin–orbit energies listed
Table I.

The deviations of the atomization energies~0 K!, ioniza-
tion energies, electron affinities calculated from G3 the
are given in Tables V and VI. The average absolute de
tions of G3 theory for the complete test set are given
Table VII. Also given in these tables are the G2 results. T
overall average absolute deviation of G3 theory from exp
ment is 0.94 for the complete set of 47 test cases~Table VII!,
a significant improvement compared to 1.43 kcal/mol for
theory. When these results are added to those for the G
test set,7 the overall average absolute deviation for 423 e
perimental comparisons is 1.06 kcal/mol.

The 23 third-row G3 atomization energies have an av
age absolute deviation from experiment of 1.01 kcal/m
compared to the G2 result of 1.29 kcal/mol. The largest
ay 2004 to 140.123.5.13. Redistribution subject to AIP
e

i-

al

-

r

-
s
ol-

-
s
-
he

y
-

n
e
i-

2
99
-

r-
l
3

deviations are23.1 kcal/mol for K2 , 22.5 kcal/mol for
GeH4, and22.1 kcal/mol for NaBr; all of the other atomi
zation energies differ from experiment by less than 2 kc
mol. The 17 ionization energies have an average abso
deviation of 0.89 kcal/mol, a significant improvement ov
the G2 result of 1.80 kcal/mol. The largest deviation is24.9
kcal/mol for the ionization energy of NaBr, all of the othe
energies differ with experiment by less than 2 kcal/mol. T
error in the ionization potential of NaBr increases from22.4
kcal/mol ~G2! to 24.9 kcal/mol ~G3!. The reason for the
problem with NaBr for G3 theory is unclear. The 5 electr
affinities have an average absolute deviation of 1.06 kcal/
compared to the G2 result of 1.25 kcal/mol. The largest
viation is 22.6 kcal/mol for the electron affinity of the K
atom.

It has been shown that scalar relativistic effects syste
atically reduce binding energies in molecules contain
first- and second-row atoms.23 The scalar relativistic correc

TABLE V. Deviation of calculated atomization energies (SD0) from ex-
periment~in kcal/mol!.a

Species Exptb G2c G3 G3~MP3! G3~MP2! G3S G3S~MP3!

K2 12.6 22.0 23.1 24.9 22.9 20.7 20.9
KBr 90.5 2.7 21.0 21.9 0.0 0.5 1.0
KCl 101.0 1.3 20.6 22.2 20.6 0.5 0.1
KF 117.6 20.1 1.7 0.9 2.1 2.5 2.6
GeH4 270.5 25.3 22.5 22.3 23.1 21.8 21.0
AsH 64.6 1.4 20.1 20.1 20.7 2.5 2.8
AsH2 131.1 20.7 20.8 20.7 21.2 0.9 1.4
AsH3 206.0 0.4 1.4 1.5 1.1 2.5 3.0
SeH 74.3 0.1 21.1 21.4 21.6 0.4 0.4
SeH2 153.2 1.1 0.9 0.5 0.1 1.5 1.5
HBr 86.5 0.6 20.2 20.6 20.4 0.2 0.2
GaCl 109.9 20.2 21.5 22.3 21.9 20.7 21.1
GeO 155.2 20.5 21.6 23.9 24.0 21.4 23.0
As2 91.3 0.1 20.4 0.0 20.4 1.9 2.6
BrCl 51.5 1.5 0.3 20.4 0.1 0.9 0.8
BrF 58.9 20.2 0.3 1.0 1.5 1.1 1.8
BrO 55.3 1.7 0.1 0.6 0.9 0.5 1.2
Br2 45.4 2.4 20.1 20.7 0.4 0.7 0.9
BBr 103.5 2.3 0.7 0.1 0.3 1.5 1.3
NaBr 86.2 20.2 22.1 22.2 21.6 21.2 20.8
CH3Br 358.2 0.7 20.3 20.6 20.1 0.1 0.3
GeS2 191.7 22.2 21.9 23.6 24.0 20.5 21.8
KrF2 21.9 21.9 20.6 2.4 3.2 20.8 1.0

aExpt2theory.
bSame experimental references as in Refs. 2 and 3.
cFrom Refs. 2 and 3.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE VI. Deviation of ionization potentials~IP!, electron affinities~EA!, and proton affinities~PA! from
experiment~in kcal/mol!.a

Species Exptb G2c G3 G3~MP3! G3~MP2! G3S G3S~MP3!

IP K 100.1 1.6 0.8 0.3 0.4 1.0 0.9
Ca 140.9 21.5 21.7 22.0 23.6 0.1 20.2
Ga 138.3 1.6 20.2 20.6 20.9 20.1 0.0
Ge 182.2 2.2 20.1 20.4 20.4 20.4 0.0
As 225.7 2.1 20.4 20.4 20.2 20.8 20.2
Se 224.9 2.5 1.0 1.6 1.9 1.6 2.9
Br 272.4 2.2 0.5 0.8 0.5 1.4 2.2
Kr 322.8 3.4 1.3 1.7 0.7 2.6 3.3
AsH 222.3 2.3 21.0 21.0 21.3 20.3 0.3
AsH2 217.8 2.5 20.8 20.9 21.1 20.2 0.4
SeH 227.0 1.0 0.1 0.2 0.9 20.3 0.6
SeH2 228.0 0.8 20.3 20.3 0.0 20.6 0.1
HBr 268.9 1.9 0.8 0.9 0.9 0.8 1.4
Br2 242.6 0.8 20.2 20.1 20.3 0.8 1.4
HOBr 245.3 20.2 20.4 20.1 20.3 0.5 1.0
BrF 271.6 1.6 0.7 1.1 1.3 1.3 2.0
NaBr 191.6 22.4 24.9 24.8 24.8 25.0 24.5

EA K 11.5 22.9 22.6 23.2 24.9 20.2 20.8
Ge 28.4 0.3 20.5 20.4 20.2 21.2 20.5
Br 77.6 1.0 20.5 20.1 21.3 0.2 0.8
BrO 54.4 22.0 21.3 20.5 21.8 21.1 21.4
SeH 51.0 0.0 20.4 20.3 20.4 21.0 20.4

PA Br2 322.6 20.4 20.3 21.7 20.4 0.0 20.6
CH3Br 157.3 20.2 0.4 20.1 20.3 0.0 20.5

aExpt2theory.
bSame experimental references as in Refs. 2 and 3.
cFrom Refs. 2 and 3.
d-
tiv
le
n
is

ef
ar
he
la

he
er
g

en
he

fo
K

2

ol-
s in
ina-
3

iza-
l,
or

ing
ry
for

s

uke
tion is likely to be significant for molecules containing thir
row atoms. We have investigated inclusion of scalar rela
istic effects in G3 theory for first- and second-row molecu
~including a reoptimization of the higher level correctio!
and found no overall improvement in G3 theory when it
included.23 This result suggests that the scalar relativistic
fects for light atomic systems are fairly systematic and
approximately accounted for by readjustment of the hig
level correction in G3 theory. We have investigated sca
relativistic effects for the molecules containing Ga–Kr in t
third-row test set. Similar to the first and second rows, th
is a reduction in the atomization energies with the ran
being from 0.03 kcal/mol (KrF2) to 4.24 kcal/mol (GeH4).24

We have not included scalar relativistic effects in the ext
sion of G3 theory to the third row to be consistent with t
first and second rows.

A comparison between experiment and G3 theory
some additional atomization and ionization energies of
and Ca is given in Table VIII. Also included are the G
ay 2004 to 140.123.5.13. Redistribution subject to AIP
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results for these energies. We did not include these m
ecules in the test set because of the large uncertaintie
some of the experimental numbers. However, from exam
tion of the G2 and G3 results in Table VIII it is clear that G
is more accurate for this set of molecules. For the atom
tion energies, six G3 energies~CaO, CaS, CaOH, CaF, CaC
CaCl2! are significantly improved over the G2 energies. F
the other 3 species~KH, KOH, CaF2! the errors are similar.
Hence, G3 performs better than G2 for molecules contain
Ca. For the two ionization potentials in Table VIII G3 theo
does slightly better for CaH and G2 does slightly better
KBr.

Several papers14,15 have reported that G2 theory doe
very poorly for some molecules~e.g., GaF3 , GaOH! that
have an inversion of third-row core orbitals~e.g., Ga 3d!
with second-row valence orbitals~e.g., O 2s or F 2s!. Baus-
chlicheret al.15 and Duke and Radom14 proposed adding the
3d orbitals to the valence space to correct the problem. D
and Radom refer to this modification of G2 theory as G2(d).
TABLE VII. Average absolute deviations~in kcal/mol! from experiment for K, Ca, Ga–Kr species.a

Propertyb G2 G3 G3~MP3! G3~MP2! G3S G3S~MP3!

SD0(23) 1.29~25.29! 1.01~23.14! 1.52 ~24.91! 1.41 ~24.02! 1.09~2.48! 1.37 ~23.04!
EA ~5! 1.25~22.85! 1.06~22.60! 0.89 ~23.15! 1.72 ~24.91! 0.74~21.21! 0.78 ~21.39!
IP ~17! 1.80~3.35! 0.89~24.94! 1.01 ~24.83! 1.15 ~24.80! 1.04~25.03! 1.26 ~24.48!
PA ~2! 0.32~20.42! 0.33~0.37! 0.92 ~21.72! 0.31 ~20.36! 0.04~0.05! 0.54 ~20.60!
Total ~47! 1.43~25.29! 0.94~24.94! 1.24 ~24.91! 1.30 ~24.91! 0.99~25.03! 1.23 ~24.48!

aMaximum deviations in parentheses.
bThe number of each type of energy is given in parentheses.
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TABLE VIII. Atomization and ionization energies~kcal/mol! of K and Ca species.a

Species Experiment G2 G3 G3~MP3! G3~MP2! G3S G3S~MP3!

SD0 KH 43.163.5,b 42.9,c 42.564.3d 40.1 40.9 42.0 41.1 40.1 40.3
KOH 186.763.0,b 185.661.9d 184.3 183.0 183.3 182.8 182.9 182.7
CaO 90.665.0,b >109.8,c,e

90.863.6d
83.6 89.0 94.3 91.1 90.9 93.6

CaS 78.362.0,b 79.8,c

78.963.6d
71.3 77.3 80.3 78.0 78.6 80.1

CaOH 198.465.0,b 196.564.8d 192.0 194.3 194.8 192.7 194.8 194.1
CaF 125.661.9,b 126.4,c

126.761.2d
122.7 124.6 125.7 123.2 124.2 123.8

CaCl 95.863.1,b 94.3,c

95.661.5d
92.0 96.1 97.7 94.9 95.7 95.6

CaF2 266.461.9,b 267.961.6d 263.6 262.6 263.5 260.7 262.6 262.0
CaCl2 212.361.0,b 215.561.2d 205.0 211.3 213.5 209.8 211.5 211.5

IP KBr 181.062.3c 183.2 185.0 184.9 185.2 185.1 184.6
CaH 135.162.1c 129.2 130.7 131.1 131.4 129.2 129.1

aSame experimental references as in Refs. 2 and 3. Because of difficulties in the QCISD~T! procedure for CaO
~see Ref. 2! a CCSD~T!/6-31G* was energy used for CaO. The G3~CCSD! method~Ref. 33! was used.

bReference 42.
cReference 43.
dReference 25.
eHuber and Herzberg also report 93.2 kcal/mol.
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We have investigated not including the 3d orbitals in the
correlation treatment for G3 theory as well as not includ
the 2s and 2p orbitals of Na. A summary of the results fo
the set of 47 energies is given in Table IX. The same hig
level correction~HLC! parameters are used. The average
solute deviation increases slightly from 0.94 to 1.00 kcal/m
when this is done. These results are similar to those of D
and Radom, who found that the average absolute devia
of G2 theory decreases from 1.38 to 1.31 kcal/mol when
3d orbitals were included for the test set of 40 reactio
containing Ga–Kr elements. Freezing the 3d orbitals in the
correlation treatment significantly decreases the amoun
computational time required and could be done with
much loss of accuracy in most cases. However, for the
sons stated in Sec. II, we have included the 3d orbitals in the
correlation treatment so these difficulties are largely avoid

In Table X, G3 results are presented for GaOH a
GaF3, two molecules that have been the subject of previ
studies concerning inclusion of 3d orbitals in the core.14–16

The third-row molecule with the most dramatic failure at t

TABLE IX. Dependence of G3 and G2 average absolute deviations~in
kcal/mol! on inclusion of 3d and 2s,2p ~Na only! orbitals in the valence
space for the correlation treatment.a

Propertyb G2 G2(1d) G3 G3(2d) G3S G3S(2d)

SD0(23) 1.29 1.69 1.01 1.00 1.09 0.88
EA ~5! 1.25 1.26 1.06 1.35 0.74 1.01
IP ~17! 1.80 1.07 0.89 0.96 1.04 1.06
PA ~2! 0.32 0.46 0.33 0.30 0.04 0.13
Total ~47! 1.43 1.37 0.94 1.00 0.99 0.93

aAverage absolute deviation from experiment for K, Ca, Ga–Kr spec
G2(1d) includes 3d and 2s,2p ~Na only! orbitals in correlation treatmen
while G3(2d) does not include 3d and 2s,2p ~Na only! orbitals in corre-
lation treatment. The G2 results are from Refs. 2 and 3. The G2(1d)
results for Ga–Kr are taken from Ref. 14.

bThe number of each type of energy is given in parentheses.
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G2 level is the atomization energy of GaF3 , which has a
deviation of 108 kcal/mol from experiment as noted
Bauschlicheret al.15 Inclusion of the 3d orbitals in the cor-
relation treatment, G2(1d), reduces the deviation to onl
0.1 kcal/mol ~see Table X!. Similar results are obtained a
the G2~MP2! level by Bauschlicheret al. When the 3d or-
bitals are frozen, the G3 deviation is 17.2 kcal/mol. This
much less than for G2 theory due to the inclusion of
electrons in the correlation treatment in the MP2/G3La
calculation. At the G3 level with 3d orbitals included, the
deviation decreases to 8.2 kcal/mol. This is close to the
certainty of the experimental value~6.5 kcal/mol!.25 A cal-
culation on GaF3 with a complete basis set extrapolatio
technique by Baushlicheret al. gives an atomization energ
that differs by only 2 kcal/mol from experiment. Also in
cluded in Table X are results for the atomization energy
NaBr and the ionization potential of NaBr. They indicate th
inclusion of the 2s and 2p orbitals of Na in the correlation
treatment has little effect on the deviations with experime

s.

TABLE X. Dependence of G3 and G3S results for selected species
inclusion of Ga 3d and Na 2s,2p orbitals in the valence space for the co
relation treatment.a

Expt ~kcal/mol!

Deviation ~expt-theory! ~kcal/mol!

G3(2d) G3 G3S(2d) G3S

SD0(GaF3) 339.666.5b 17.2 8.2 17.4 10.2
SD0(GaOH) 209.462.9b 0.8 23.4 21.3 24.5
SD0(NaBr) 86.2 22.8 22.1 22.2 21.2
IP0~NaBr) 191.6 25.4 24.9 25.6 25.0

aG3(2d) does not include 3d and 2s,2p ~Na only! orbitals in correlation
treatment.

bReference 25.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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V. MODIFIED G3 METHODS BASED ON REDUCED
PERTURBATION ORDERS AND SCALED
ENERGIES

A. G3„MP3… and G3 „MP2…

G3~MP2!26 and G3~MP3!27 theories are modifications o
G3 theory that use reduced orders of perturbation the
The G3~MP3! method eliminates the expensive MP4/2d f ,p
calculation in Eq.~1! by evaluating the larger basis set e
fects at the MP3 and MP2 levels of theory. It also elimina
the MP4/plus calculation. The G3~MP2! method evaluates
the larger basis set effects at the MP2 level and the MP2~FU!
calculation is replaced by a frozen core calculation~FC! with
the G3MP2Large basis set.27 Both methods save significan
amounts of computer time compared to G3 theory. The
mulation of G3~MP3! and G3~MP2! theories for the mol-
ecules containing K, Ca, Ga–Kr is analogous to that of
first and second rows. The basis sets are the same as us
G3 theory and are defined in Sec. III. The only difference
the use, in G3~MP2! theory, of the G3MP2Large basis s
that does not have tight polarization functions~see Table III!.
In addition, the same higher level corrections26,27 used for
the first and second rows are used for the third row.

The average absolute deviations for G3~MP2! and
G3~MP3! theories for the 47 energy test set are given
Table VII and the individual deviations are given in Tabl
V and VI. The G3~MP2! average absolute deviation from
experiment is 1.30 kcal/mol. This is a significant decre
from 1.92 kcal/mol for G2~MP2! theory for this same set.28

The G3~MP3! average absolute deviation from experimen
1.24 kcal/mol, about the same as G3~MP2!. The results of
these methods for K- and Ca-containing molecules w
larger experimental uncertainty are given in Table VIII. Bo
the G3~MP3! and G3~MP2! methods gives results for th
Ca-containing molecules that are generally in agreem
with experiment, similar to G3 theory.

B. Scaled methods

Scaled Gaussian-3~G3S! theory29 uses multiplicative
scale factors, instead of the additive higher level correct
It is similar in spirit to several methods developed by Truh
et al.30–32and Siegbahnet al.33,34 In G3S theory the correla
tion energy is scaled by five parameters and the Hartr
Fock energy by one parameter,

E0@G3S#5HF/d1SE234* @E2/d1E3/d1E4/d#

1SQCI* @DQCI/d] 1SHF8
* @HF/G3L2HF/d]

1SE28
* @E2~FU!/G3L2E2/d#

1SE38
* $@E3/plus2E3/d#1@E3/2d f ,p2E3/d#%

1SE48
* $@E4/plus2E4/d#1@E4/2d f ,p2E4/d#%

1E~SO!1E~ZPE!. ~2!

The six parameters (SE234,SQCI ,SHF8 ,SE28 ,SE38 ,SE48) are
fitted to the G2/97 test set of 299 energies and are give
Ref. 29. TheE2, E3, andE4 refer to the energy contribu
tions from second-, third-, and fourth-order perturbati
Downloaded 10 May 2004 to 140.123.5.13. Redistribution subject to AIP
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theory. For further details see Ref. 29. The G3S method
the advantage compared to G3 theory in that it can be u
for studying potential energy surfaces where the produ
and reactants have a different number of paired electro
G3S theory with reduced orders of perturbation similar
G3~MP3! has also been published and is called G3S~MP3!.29

The formulation of G3S and G3S~MP3! theories for the mol-
ecules containing K, Ca, Ga–Kr is analogous to that of
first and second rows. The same scale factors as reporte
Ref. 29 are used and the basis sets are defined in Sec. III.
spin–orbit corrections are the same as is used for G3 the
In Ref. 29 we defined G3S~MP2! theory, which is based on
second-order perturbation theory. However, the total en
gies obtained from G3~MP2! theory are much different from
the other methods in this series and we have not include
in this study.

The deviations of the atomization energies, ionizati
energies, and electron affinities calculated from G3S the
are given in Tables V and VI. The average absolute dev
tions of G3S theory for the Ga–Kr test set are given in Ta
VII. The overall average absolute deviation of G3S theo
from experiment is 0.99 for the complete set of 47 test ca
~Table VII!, compared to 0.94 kcal/mol for G3 theory. Th
23 atomization energies have an average absolute devia
from experiment of 1.09 kcal/mol, similar to the G3 result
1.01 kcal/mol. The largest deviations are for the atomizat
energies of AsH and KF~2.5 kcal/mol!. The 17 ionization
energies have an average absolute deviation of 1.04 k
mol. Similar to G3 theory the largest deviation~25.0 kcal/
mol! is for the ionization energy of NaBr. The G3S devi
tions for the K, Ca molecules with larger experimen
uncertainties are given in Tables VIII and IX. The G3
method gives results for these K- and Ca-containing m
ecules that are similar to G3 theory.

The average absolute deviation for G3S~MP3! theory for
the 47 energy test set is given in Table VII and the individu
deviations are given in Tables V and VI. The G3S~MP3!
average absolute deviation from experiment is 1.23 kcal/m
with a maximum deviation of 4.5 kcal/mol, which is simila
to G3~MP3! theory.

VI. CONCLUSIONS

Gaussian-3~G3! theory is extended to molecules co
taining the third-row nontransition elements K, Ca, Ga–K
This new theoretical procedure modifies G2 theory for
third row in several ways including~1! the use of the 6-31G
basis set as the underlying basis for the MP4 and QCISD~T!
single point corrections,~2! a new formulation of the highe
level correction, and~3! inclusion of core-related correlation
Basis sets compatible with those used in G3 theory for m
ecules containing first- and second-row atoms have been
rived. The following conclusions are made from this stud

~1! G3 theory is a significant improvement over G
theory for third-row molecules similar to results previous
reported for first- and second-row molecules. The aver
absolute deviation from experiment for the set of 47 t
reactions improves from 1.43 kcal/mol for G2 theory to 0.
kcal/mol for G3 theory. In addition, G3 theory performs si
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE XI. Polarization and diffuse functions for K, Ca, Ga–Kr.a

K Ca Ga Ge As Se Br Kr

6-31G db 0.0449 0.0502 0.2289 0.2772 0.3277 0.3810 0.4366 0.4
f 0.0448 0.0696 0.2636 0.4729 0.4090 0.3798 0.5777 0.5
1 0.0050 0.0071 0.0141 0.0223 0.0318 0.0339 0.0390 0.0

G3large d 0.05 0.05 0.3 0.3 0.3 0.3 0.3 0.3
f 1.2 1.2 0.4 0.4 0.4 0.4 0.4 0.4
1 0.007 0.015 0.0138 0.0317 0.0315 0.0345 0.0382 0.0
d ~tight! 15 16 49 53 58 63 68 73
f ~tight! 17 19 5 6 6 7 7 8

aThe 2d and 2f splits are obtained by 2a anda/2 split. The 3d split is obtained by a 4a,a,a/4 split.
bFrom Ref. 17.
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nificantly better than G2 on atomization energies of m
ecules containing Ca, not included in the test set becaus
larger experimental uncertainties.

~2! G3~MP2! theory for third-row molecules has an a
erage absolute deviation from experiment of 1.30 kcal/m
which is significantly more accurate than G2~MP2!. The G3
method based on third-order perturbation theory, G3~MP3!,
has an average absolute deviation of 1.24 kcal/mol.

~3! The G3 methods based on scaling parameters, G
and G3S~MP3!, have an accuracy similar to the correspon
ing methods based on the higher level correction.

There have also been a number of G3 methods that h
been proposed, including ones based on B3LYP geometr35

and CCSD~T! energies.36 Although we have not included
these methods in this paper, the methodologies can be e
extended to the third row with the basis sets given here.
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APPENDIX

The G3Large basis set for K, Ca, Ga–Kr, without t
supplementary functions, is available on the internet.22,37The
derivation of this basis set is described in the text of t
paper. The full G3Large basis set also includes a diffusesp
function, threed valence uncontracted primitive polarizatio
functions, twof valence uncontracted primitive polarizatio
functions, and tightd and f uncontracted primitive polariza
tion functions. The threed polarization functions are ob
tained with exponents four times, equal to, and a quarte
the single function value in Table XI. The twof polarization
functions are obtained with exponents twice and half
single function value in Table XI. Thed andf exponents for
the single uncontracted functions were obtained by optim
ing the MP2 energies of KH, KOH, KF, KCl, CaO, CaF2 ,
GaCl, GeH4, GeO, AsH3, SeH2, BrOH, KrF2 . The diffuse
sp exponents in G3Large basis set are given in Table XI
were obtained by optimizing the MP2 energies of K2, Ca,
Ga2, GeH3

2 , AsH2
2 , SeH2, Br2, Kr. The tight polarization
ay 2004 to 140.123.5.13. Redistribution subject to AIP
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functions for the G3Large basis set were derived by add
single d and f functions with large exponents to the atom
The exponents for these functions were obtained by optim
ing the MP2~full ! energy for the ground state neutral atom
The exponents for the tight polarization functions used in
G3Large basis set are given in Table XI. The tight polariz
tion functions are included in G3Large to recover co
related correlation energy.

The MP4 single point calculations include asp diffuse
function, two d valence uncontracted primitive polarizatio
functions, and onef valence uncontracted primitive polariza
tion functions as supplementary functions for the 6-31*
basis set. The twod polarization functions are obtained wit
exponents twice and half the standard 6-31G* value17 given
in Table XI. Table XI also includes thef-polarization func-
tion exponents and the diffuse function exponents. Thef ex-
ponents were obtained by optimizing HF energies of K2,
Ga2, Ge2, AsH2

2 , SeH2, Br2, Kr. The diffusesp expo-
nents were obtained by optimizing HF energies of K2, Ca2,
Ga2, GeH3

2 , AsH2
2 , SeH2, Br2, Kr. The Ca exponent was

taken from Ref. 3.
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