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Gaussian-3GJ) 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 Physic§DOI: 10.1063/1.1366337

I. INTRODUCTION For the recently introduced G3/99 test’sétat contains 376
energies, G3 theory has an average absolute deviation of
The Gaussian-2G2) theory of molecular energies was 1.07 kcal/mol.
introduced to provide a method for calculating accurate ther-  In this paper we describe the extension of G3 theory to
mochemical data for molecules containing first- and secondthe third-row nontransition elements K, Ca, Ga—Kr. In Sec.
row atoms. G2 theory is a composite procedure baseabon I, the theoretical procedures used in this extension are de-
initio molecular orbital theory. G2 theory was extended toscribed. In Sec. lll, the construction of the basis sets com-
molecules containing the third-row nontransition elements Kpatible with the ones for first and second row in G3 theory is
Ca Ga—Kr?® This extension of G2 theory requiretlt) de-  described. In Sec. IV, G3 theory is evaluated for a set of test
velopment of new basis sets for K, Ca Ga—Kr that werespecies. Finally, in Sec. V modifications of G3 theory based
compatible with those of the first- and second-row ato{®s, on reduced orders of perturbation theory and scaling param-
inclusion of spin—orbit corrections, which become significanteters are presented.
for third-row atoms and for some molecules containing third-
row atoms, and3) assessment of the method on a suitable
set of species for which accurate experimental data existl. THEORETICAL PROCEDURE
Recently, we presented the third in the Gaussiaseries,
Gaussian-3G3) theory? which achieved significantly im-
proved accuracy compared to Gaussiafi=2) theory. G3
theory is a compositab initio technique similar in spirit to
G2 theory, but with some new features and several modifi
cations including1) single-point correlation energies calcu-
lated with different basis sets, the largest being the G3Larg
basis? (2) a spin—orbit correction for first- and second-row Eo(G3)=MP4/d+[QCISD(T)/d—MP4/d]

Gaussian-3 theofyis based on standarab initio mo-
lecular orbital methods. G3 theory involves approximating
the quadratic configuration interaction QCISI energy of
a molecule at a large basis set assuming additivity of a series
of calculations at lower levels of theori@d:he G3 energy is
given by

elements added to the total enerd$) a modified higher +[MP4/plus-MP4/d]+[MP4/2d f,p— MP4/d]

level correction with four parameters instead of two, &hd

a core-correlation term added at the second-order Mgller— +[MP2(FU)/G3L—MP2/Af,p

Plesset level. The average absolute deviation of G3 theory —MP2/plus-MP2/d]

from experiment for the 299 energies in the G2/97 test’set

is 1.01 kcal/mol compared to 1.48 kcal/mol for G2 theory. +E(SO +E(HLC) +E(ZPB), (1)
where d=6-31Gd), plus=6-31+G(d), 2dfp=6-

¥Electronic mail: curtiss@anl.gov 31G(2dfp), G3L=G3Large basis sét,E(SO)=spin—orbit
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TABLE I. Spin—orbit correctior’s(in mhartree} of first- and second-row diatomitand third-row species.

Species E(SO) Species E(SO) Species  E(SO) Species E(SO)
CH?1I —-0.07 P, I, —-0.57 G&P —2.51 KBr* 211 —2.99
OH?II -030 Sl -1.25 Ge’P -4.41 AsH' 21T —3.54
NO2I1 -027 Cl;’ll;  -177 Ge*P  -537 SeH 11 —4.21
Clo211 —-0.61 CIF 211 —-1.60 As °P —8.04 HBr" 211 —6.26
HS 211 -1.01 NH™ 2IT -0.12 se’P —4.30 BrF 211 —6.10
FH* 2[1 —-0.62 PH 211 —-0.45 Br?p —5.60 Bro2I1 —2.20
PH" 21T -0.67  0O; I -0.34  Brep -6.71  NaBi 21l -3.93
CIH* 211 -1.60 S; -112 Kr 2P -8.16 Br; 211, —6.55
C,Hj 211, —-0.07 POII —-0.53
N, 211, -0.17 SiH2I1 —-0.34
07 211, -0.43

#alues for diatomics were calculated from experiment. Calculated usingathevsus program(Refs. 11 and
12).

PReference 13.

‘References 2 and 3.

correction (for atoms only, E(HLC)=higher level correc- In G3 theory the frozen-core approximation is used in
tion, andE(ZPE)=zero-point energy correction. the single-point MP4 and QCISID) correlation calculations

In the extension of G3 theory to the third-row nontran-while no orbitals are frozen in the single point MP2 calcula-
sition elements K, Ca, Ga—Kr the theoretical procedures artions with the G3Large basis set. For molecules containing
essentially the same as for first- and second-row elenfentsfirst-row atoms, the doubly occupied orbital, which effec-
Equilibrium geometries are optimized with second-ordertively corresponds to theslatomic orbital, is excluded from
Mgller—Plesset perturbation theofyP2), and single-point the correlation treatment at the MP4 level. For molecules
energies are calculated using second- and fourth-ordegontaining second-row atoms, the doubly occupied molecu-
Mgller—Plesset perturbation theorMP4) and quadratic lar orbitals, which correspond approximately to thg 2s,
configuration interactiofQCISD(T)] with basis sets de- 2py, 2p,, and 2, atomic orbitals, are defined as core or-
scribed in Sec. Il All correlation calculations are done with bitals and are therefore excluded. For molecules containing
a frozen core as described in the following, except for thethird-row Ga—Kr atoms, the inactive doubly occupied mo-
MP2 calculation with the G3Large basis set that treats allecular orbitals are those which correspond approximately to
electrons(FU), i.e., it includes core-related correlation. The the 1s, 2s, 2p,, 2py, 2p,, 3s, 3px, 3py, and J, orbitals
basis sets used for first- and second-row atoms in G3 theoiip the individual atoms. The treatment of the third-row
have been described in detail elsewhtiidose used for the Ga—Kr atoms thus follows the same pattern as for the first-
third row are described in Sec. Ill. Harmonic vibrational fre- and second-row atoms. However, this treatment is different
guencies are calculated at the Hartree—F@dtK) level with  than G2 theory for Ga—Kr since in that case the @bitals
the 6-31G basis set described in the following to obtain were excluded from the correlation treatment. This is
zero-point vibrational energies and are scaled by 0.893. changed in G3 theory for two reasons. First, several previous

A spin-orbit energy terfiE(SO)] is included for atomic  studie$*~*®have shown that for some moleculesg., Gag,
species. The atomic spin—orbit energies used in the extensid@aOH there is an inversion of the expected ordering of
of G3 theory to K, Ca, Ga—Kr are given in Table I. third-row core orbitals(e.g., Ga &) with second-row va-
Experimental® spin—orbit corrections are used for the third- lence orbitals(e.g., O % or F2s). This may result in poor
row atomic species, consistent with G3 theory for the firstatomization energies. The addition of thd 8rbital to the
and second row. The spin—orbit term is also included fowvalence space corrects the probEm'® Second, when G3
molecules having first-order correctiolfdiatomics having theory is extended to the transition metal elements of the
21 state$. Since experimental values are not available forthird row, the 31 orbitals will have to be included in the
some of these molecular species, we have used theoreticadrrelation treatment, and thus they should be included for
values computed using theoLumsus program'*'? These  all elements in the third row for consistency.
values are given in Table | and are from Refs. 2 and 3. G3  For molecules containing K and Ca, we include in the
theory for the first and second rows as defined in Ref. 4 doesore only the doubly occupied molecular orbitals corre-
not include any spin—orbit energies for diatorfld species, sponding to the &, 2s, 2p,, 2py, and 2, orbitals in the
of which there are 21 in the G3/99 test set. In order to havendividual atoms. The 8 3p,, 3py, and 3, orbitals of K
a consistent theory for all three rows we propose to includeand Ca need to be included in the valence space because, for
this energy term for first- and second-row elements in G3ome moleculessuch as KF, they are intermixed with the
theory. The spin—orbit energies for the first- and second-rownolecular orbitals containing valence orbitals. This also oc-
diatomics calculated using tr@oLumBUS code are included curs in some cases for Na and Mg. Therefore, we modify G3
in Table 113 Inclusion of the spin—orbit energies in the as- theory for Na and Mg to include in the core only the doubly
sessment of G3 theory on the G3/99 test set does not signifdccupied molecular orbitals that correspond to tkeofbital
cantly change the overall accuracy of the method. in the individual atoms. Thes? 2p,, 2p,, and 2, orbitals
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TABLE Il. Total Hartree—Fock level energidm hartrees for K, Ca, Ga—Kr.

K Ca Ga Ge As Se Br Kr
Numericaf —1923.26101 —2075.35973 —2234.23865 —2399.86761 —2572.44133 —2752.05498
Uncontracte —1923.178 71 —2075.27999 —2234.15936 —2399.78752 —2572.35844 —2751.967 07
“6-311G” ¢ —599.149 001 —676.740428 —1923.168 380 —2075.267 129 —2234.143 802 —2399.772 252 —2572.318 180 —2751.952 559
G3Largé —599.158 264 —676.750 354 —1923.186 781 —2075.286 713 —2234.165 145 —2399.794 840 —2572.366 723 —2751.977 203

aReference 38.

PReference 39. This is the uncontracted “6-311G" basis set.

‘References 2 and 3.

YEnergies for the basis set without any supplementary functions included.

of Na and Mg are included in the valence space. in G2 theory for the third row. This modification involves a
The G3 higher level correctiofHLC) is based on four different contraction of th@ andd core functions and a full
empirical parameters that correct remaining deficiencies imeoptimization of the basis set at the Hartree—Fock level. The
the total energies for pairs of valence electrons in moleculesptimizations were done on the ground state atoms for Ga—

unpaired electrons in molecules, pairs of valence electrons ikr. For K, Ca the ground state optimization leadsitandp
atoms, and unpaired electrons in atoms. The HLC parametefanctions that are too diffuse. Therefore, K and Ca basis sets
used for third-row molecules are held fixed at the values usegere obtained first by optimizing thes7p contracted set on

for the first- and second-row molecufes. the ground states. Next, an additional uncontrastieehction
was added to the set with the exponent equal to the geomet-
Ill. BASIS SETS ric mean of the two outermost valenséunctions. Then, the

In the extension of G3 theory to the third row, we use /P functions were reoptimi.zed on the excitéd state of K
the 6-31C basis set recently derived for K, Ca, Ga—Kr by and the3D state of Ca. Finally, a set al functions was
Rassolovet all” This is used for the 6-31@) basis set in obtained by rescaling those from Sc by the ratio of squares of
Eq. (1). This basis set was constructed in a manner analoduclear charges. The resulting basis set is a contraction of a
gous to 6-31¢ for the first and second rows and thel 3 15513p5d primitive set to &7p3d. The p contraction is
electrons are treated as part of the valence set. The polariz8211111 compared to 333111 in the “6-311G" basis set and
tion function is ad function with six second-order Cartesian the d contraction is 311 compared to 41 in “6-311G.” The
Gaussians used for all atoms. We note that in previou§ew contraction and full optimization result in a lower en-
work?3the nomenclature “6-318’ was used for a different ~ €rgy compared to the “6-311G" basis set. The atomic ener-
basis set, the 64} basis set of Binning and Curti$éIn  gies are given in Table Il and compared with “6-311G,”
subsequent work we refer to the latter basis set asgincontracted, and numerical energies. The results show that
6-31G (C) and the “true” 6-31CG basis set is now that of the G3Large basis set gives a significantly lower energy
Rassolovet al!” We also note that the 6-3%Goasis set in  (20—25 mH than the “6-311G” basis set. The G3Large ba-
Ref. 17 for K and Ca is an improved version of a 6-31G sis set also gives a lower energf~10 mH than the uncon-
basis set previously reportédThef polarization and diffuse tracted basis set because of addgudfunctions, but is still
functions for the 6-31G basis used in the calculation of thesignificantly higher(70—80 mH than the numerical result.
energies in Eq(1) are described in the Appendix. We use a  The supplementary functiongliffuse and 3i2f) func-
spherical harmonic representatieven functionsfor the  tions were derived in a manner similar to “6-311G” for G2
f-polarization function. theory and are given in the Appendix along with information

The G3Large basis set for the third-row atoms K, Ca,on where to obtain the G3Large basis set. In addition, tight
Ga—Kr is a contracted ¥p3d Gaussian set with supple- polarization functions were derived for the G3Large basis set
mentary functions. The contracted set was derived by modiand the exponents are given in the Appendix. In the G3Large
fication of the basis set referred to as “6-3114hat is used  basis we use a spherical harmonic representation fodthe

TABLE IlIl. Summary of the basis sétsised in G3 theory for the first, second, and third rows.

H Li—Ne Na—Ar K, Ca, Ga—Kr
6-31G Contracted set s4-2s”  10s4p—3s2p® 16s10p—4s3p°  22s16p4d— 5s4p2d¢
G3Largé Contracted set $—3s 11s5p—4s3p 13s9p—6s5p 15513p5d—8s7p3d

Supplemental  +,2p +,2df, tightp,d  +,3d2f, tightd,f +,3d2f, tightd,f

functions

Number of primitives is given to the left of the arrow and the number of contracted functions is given to the
right. (+)=diffuse sp valence functions.

From Ref. 40.

‘From Ref. 41.

YFrom Ref. 17.

°From Ref. 4, except for K, Ca, Ga—Kr, which are from this work. The G3MP2Large basis set used in some
modified versions of G3 theory does not include the tight polarization functions.
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TABLE IV. Total atomic energiesin hartreeg?

Species G3 G31P3) G3(MP2) G3Ss G3$MPJ)
K —599.730 46 —599.735 83 —599.43351 —599.776 07 —599.776 11
Ca —677.384 50 —677.390 29 —677.084 27 —677.428 88 —677.429 39
Ga —1924.286 20 —1924.287 58 —1923.537 28 —1924.440 47 —1924.438 51
Ge —2076.378 34 —2076.379 77 —2075.638 44 —2076.530 32 —2076.527 86
As —2235.24971 —2235.252 11 —2234.516 55 —2235.40091 —2235.398 42
Se —2400.913 27 —2400.915 10 —2400.179 97 —2401.063 10 —2401.059 03
Br —2573.517 47 —2573.518 77 —2572.783 86 —2573.665 98 —2573.660 79
Kr —2753.154 51 —2753.155 50 —2752.417 87 —2753.302 12 —2753.296 17

@Spin-orbit corrections are included in the total energgese Table)l

and f-polarization functions(five and seven functions, re- deviations are—3.1 kcal/mol for K,, —2.5 kcal/mol for
spectively. The different basis sets used in G3 theory for theGeH,, and —2.1 kcal/mol for NaBr; all of the other atomi-
first, second, and third-rows are summarized in Table Ill.  zation energies differ from experiment by less than 2 kcal/
Basis function optimizations were done with a modifiedmol. The 17 ionization energies have an average absolute
version of theaTom-scF program?® The GAUSSIAN 98com-  deviation of 0.89 kcal/mol, a significant improvement over
puter prograrf was used in all of the calculations reported the G2 result of 1.80 kcal/mol. The largest deviation-i4.9

in this paper. kcal/mol for the ionization energy of NaBr, all of the other
energies differ with experiment by less than 2 kcal/mol. The

IV. EVALUATION OF G3 THEORY AND RELATED error in the ionization potential of NaBr increases frer.4

METHODS FOR K, Ca, Ga—Kr kcal/mol (G2) to —4.9 kcal/mol (G3). The reason for the

iproblem with NaBr for G3 theory is unclear. The 5 electron
affinities have an average absolute deviation of 1.06 kcal/mol

Ga—Kr a set of 40 reaction energies having experimenta(fpmpar?d to the G2 result of 1.25 kcaI/moI..T_he largest de-
viation is —2.6 kcal/mol for the electron affinity of the K

uncertainties of less thanh1 kcal/mol was used in assessing ¢
G2 theory. For K, Ca a set of 18 energies was used. How2'om- S
It has been shown that scalar relativistic effects system-

ever, only 7 of these are known to an accuracy+df kcal/ . L o -
mol. Thus, these 7 were combined with the 40 for Ga—Kr 1:Oratlcally reduce binding energies in molecules containing

a test set of 47 reaction energi@8 atomization energies, 17 first- and second-row atoni$.The scalar relativistic correc-
ionization potentials, 4 electron affinities, and 2 proton af-

finities). The other K, Ca energies with larger uncertainties

are considered Separate|y‘ The geometries for the test moTABLE V: Deviation of calculated atomization energies§,) from ex-
ecules are obtained at the MIFR) level using the new Periment(in kcal/mo).®

6-31G" basis set’ The geometries differ only slightly from species Exft GZ G3 GaMP3 G3MP2 G3S G38MP3
the MP2 geometries from the old “6-3¥G basis

In this study we derive a test set from those used prev
ously for molecules containing third-row atorh$. For

[6-31G*(C)] basis set that was used previoudfThe new X2 126 -20 =31 -49 ~ -29 ~07  -09
. ) : KBr 905 27 -10 -19 0.0 0.5 1.0
geometries are available on the interffet. Kol 1010 13 —06 —22  —06 05 o1
G3 theory The G3 atomic energies for the atomic spe- kr 1176 —0.1 1.7 0.9 21 25 2.6
cies K, Ca, Ga—Kr are listed in Table IV. These energies GeH, 2705 -53 -25 -23 -31 -18 -10
include the spin—orbit corrections from Table I. The G3 mo- AsH 646 1.4 -01  -01 —07 2.5 2.8
lecular energies are not included here but are available on thef\SHe  131.1 0.7 ~08 = —0.7 ~12 0.9 1.4
: 22 1 50 includ _ bit energies listed in ST 2060 04 14 15 11 25 3.0
internet>® They also include spin—orbi gies li N Sen 743 01 -11 -14  —16 04 0.4
Table 1. SeH, 1532 1.1 0.9 0.5 0.1 15 15
The deviations of the atomization energié), ioniza- HBr 865 0.6 —-0.2 06 -0.4 0.2 0.2
tion energies, electron affinities calculated from G3 theory Gacl 1099 —0.2 -15  -2.3 -9 -07 -11

- : > GeO 1552 —05 —-16 —3.9 -40 -14 -30
are given in Tables V and VI. The average absolute devia- ¢ 913 01 —04 0.0 o4 1o 26

tions of G3 theory for the complete test set are given in Bfél 515 15 03 -04

0.1 0.9 0.8
Table VII. Also given in these tables are the G2 results. The grr 589 —0.2 03 1.0 15 11 18
overall average absolute deviation of G3 theory from experi- BrO 553 17 01 0.6 0.9 0.5 12
ment is 0.94 for the complete set of 47 test ca3eble VII), Bry 454 24 -01 -07 0.4 0.7 0.9
a significant improvement compared to 1.43 kcal/mol for G2 Eiér 122'2 _02'23 _20'17 _202'1 _1%3 . ;'5 0 é's
theory. When these results are added to those for the GS/99C,_|3Br 3582 0.7 03 06 o1 01 03
test set, the overall average absolute deviation for 423 ex- GeS 1917 -22 -19 -36 ~40 -05 -18
perimental comparisons is 1.06 kcal/mol. KrF, 219 -1.9 -06 2.4 32 -08 1.0

The 23 third-row G3 atomization energies have an aVers o theory
age absolute deviation from experiment of 1.01 kcal/moksame experimental references as in Refs. 2 and 3.

compared to the G2 result of 1.29 kcal/mol. The largest G3From Refs. 2 and 3.
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TABLE VI. Deviation of ionization potentialgIP), electron affinities([EA), and proton affinitiegPA) from
experiment(in kcal/mo).?

Species Expt G G3 GAMP3  G3MP2) G3S G3$MP3)
IP K 100.1 1.6 0.8 0.3 0.4 1.0 0.9
Ca 140.9 -15 -1.7 -2.0 —-3.6 0.1 -0.2
Ga 138.3 1.6 -0.2 -0.6 -0.9 -0.1 0.0
Ge 182.2 2.2 -0.1 -0.4 -0.4 -0.4 0.0
As 225.7 2.1 -04 -0.4 -0.2 -0.8 -0.2
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 -1.0 -1.0 -1.3 -0.3 0.3
AsH, 217.8 2.5 -0.8 -0.9 -1.1 -0.2 0.4
SeH 227.0 1.0 0.1 0.2 0.9 -0.3 0.6
SeH, 228.0 0.8 -0.3 -0.3 0.0 -0.6 0.1
HBr 268.9 1.9 0.8 0.9 0.9 0.8 1.4
Br, 242.6 0.8 -0.2 -0.1 -0.3 0.8 1.4
HOBr 245.3 -0.2 -0.4 -0.1 -0.3 0.5 1.0
BrF 271.6 1.6 0.7 1.1 1.3 1.3 2.0
NaBr 191.6 —2.4 —-4.9 —4.8 —-4.8 —-5.0 —4.5
EA K 11.5 —-2.9 —2.6 —-3.2 —-4.9 -0.2 -0.8
Ge 28.4 0.3 -0.5 -0.4 -0.2 -1.2 -0.5
Br 77.6 1.0 -0.5 -0.1 -1.3 0.2 0.8
BrO 54.4 —-2.0 -1.3 -0.5 -1.8 -1.1 -1.4
SeH 51.0 0.0 -0.4 -0.3 -0.4 -1.0 -0.4
PA Br- 322.6 -0.4 -0.3 -1.7 -0.4 0.0 —-0.6
CH3Br 157.3 -0.2 0.4 -0.1 -0.3 0.0 -0.5
*Expt—theory.

PSame experimental references as in Refs. 2 and 3.
‘From Refs. 2 and 3.

tion is likely to be significant for molecules containing third- results for these energies. We did not include these mol-
row atoms. We have investigated inclusion of scalar relativecules in the test set because of the large uncertainties in
istic effects in G3 theory for first- and second-row moleculessome of the experimental numbers. However, from examina-
(including a reoptimization of the higher level correction tion of the G2 and G3 results in Table VIl it is clear that G3
and found no overall improvement in G3 theory when it isis more accurate for this set of molecules. For the atomiza-
included? This result suggests that the scalar relativistic ef-tion energies, six G3 energié8aO, CaS, CaOH, CaF, CaCl,
fects for light atomic systems are fairly systematic and areCaCl,) are significantly improved over the G2 energies. For
approximately accounted for by readjustment of the highethe other 3 specied&H, KOH, CaF,) the errors are similar.
level correction in G3 theory. We have investigated scalaHence, G3 performs better than G2 for molecules containing
relativistic effects for the molecules containing Ga—Kr in theCa. For the two ionization potentials in Table VIII G3 theory
third-row test set. Similar to the first and second rows, theraloes slightly better for CaH and G2 does slightly better for
is a reduction in the atomization energies with the range<Br.
being from 0.03 kcal/mol (Krg) to 4.24 kcal/mol (Gek).?* Several papeté!® have reported that G2 theory does
We have not included scalar relativistic effects in the extenvery poorly for some molecule&.g., Gag, GaOH that
sion of G3 theory to the third row to be consistent with thehave an inversion of third-row core orbitals.g., Ga &)
first and second rows. with second-row valence orbita(g.g., O & or F 2s). Baus-

A comparison between experiment and G3 theory forchlicheret al!® and Duke and Radothproposed adding the
some additional atomization and ionization energies of K3d orbitals to the valence space to correct the problem. Duke
and Ca is given in Table VIII. Also included are the G2 and Radom refer to this modification of G2 theory as G2 (

TABLE VII. Average absolute deviationén kcal/mol) from experiment for K, Ca, Ga—Kr specigs.

Property G2 G3 G3IMP3) G3MP2) G3S G38MP3)
SDy(23) 1.29-529  1.04-3.14 152(—4.9) 1.41(-4.02  1.092.489 1.37(-3.04
EA (5) 1.25-2.89  1.06—-2.60 0.89(—3.15 1.72(—4.9)  0.74—1.2) 0.78(—1.39
P (17) 1.80(3.39 0.89-4.94 1.01(-4.89 1.15(—4.80  1.04—5.03 1.26(—4.48
PA (2) 0.321-0.42 033037 0.92(-172 0.31(-0.36  0.040.09 0.54(—0.60

Total (47)  1.43-529  0.94—4.94 1.24(-4.9) 1.30(—-4.9)  0.99-5.03 1.23(—4.48

#Maximum deviations in parentheses.
bThe number of each type of energy is given in parentheses.

Downloaded 10 May 2004 to 140.123.5.13. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9292 J. Chem. Phys., Vol. 114, No. 21, 1 June 2001 Curtiss et al.

TABLE VIII. Atomization and ionization energiegkcal/mo) of K and Ca specie’.

Species Experiment G2 G3 (@8P3 G3MP2) G3S G33MPy

3D, KH 43.1+35P42.9°425+4.3 401 40.9 42.0 411 40.1 40.3

KOH  186.7+3.0° 185.6+1.9 184.3 183.0 1833 182.8  182.9 182.7

CaO  90.6-5.0P =109.8%¢ 83.6 89.0 94.3 91.1 90.9 93.6
90.8+3.6"

CaS  78.32.0°79.8° 713 77.3 80.3 78.0 78.6 80.1
78.9+3.6

CaOH 198.4-5.0° 196.5+4.¢ 1920 1943 1948 1927 1948 194.1

CaF 125.6-1.9° 126.4¢ 122.7 1246 1257 1232 1242 123.8
126.7+1.0

CaCl 95.8:3.1°94.3¢ 920 96.1 97.7 94.9 95.7 95.6
95.6+1.5

Cak,  266.4-1.9 267.9-1.6 263.6 262.6 2635 260.7  262.6 262.0

CaCl, 212.3+1.0°2155:1.% 205.0 2113 2135 209.8 2115 2115

IP KBr  181.0:2.3 183.2 1850 1849 1852  185.1 184.6

CaH  135.12.1° 129.2 130.7 131.1 1314 1292 129.1

aSame experimental references as in Refs. 2 and 3. Because of difficulties in the (T8 edure for CaO
(see Ref. 2a CCSOT)/6-31G" was energy used for CaO. The (8€SD method(Ref. 33 was used.
PReference 42.

‘Reference 43.

‘Reference 25.

®Huber and Herzberg also report 93.2 kcal/mol.

We have investigated not including thel 3rbitals in the G2 level is the atomization energy of GaFwhich has a
correlation treatment for G3 theory as well as not includinggeviation of 108 kcal/mol from experiment as noted by

the 2s and 2p orbitals of Na. A summary of the results for gayschliicheret al® Inclusion of the @ orbitals in the cor-
the set of 47_ energies is given in Table IX. The same highefe a4ion treatment, G2(d), reduces the deviation to only
level corre_ct|_on(|—_|LC) parameters are used. The average abb.l kcal/mol(see Table X Similar results are obtained at
solute deviation increases slightly from 0.94 to 1.00 kcal/mol .
when this is done. These results are similar to those of Dukthe GaMP2) level by Bausch!lcheeﬁ al. When the g or
and Radom, who found that the average absolute deviatioa'tals are frozen, the G3 deviation is 17.2 kf:allmgl. This is
of G2 theory decreases from 1.38 to 1.31 kcal/mol when th&hUch less than for G2 theory due to the inclusion of all
3d orbitals were included for the test set of 40 reactionsglectrons in the correlation treatment in the MP2/G3Large
containing Ga—Kr elements. Freezing the Grbitals in the ~ calculation. At the G3 level with @ orbitals included, the
correlation treatment significantly decreases the amount gieviation decreases to 8.2 kcal/mol. This is close to the un-
computational time required and could be done withoutcertainty of the experimental valué.5 kcal/mo A cal-
much loss of accuracy in most cases. However, for the reazulation on Gak with a complete basis set extrapolation
sons stated in Sec. I, we have included tliedbitals in the  technique by Baushlichest al. gives an atomization energy
correlation treatment so these difficulties are largely avoidedthat differs by only 2 kcal/mol from experiment. Also in-
In Table X, G3 results are presented for GaOH and;lyded in Table X are results for the atomization energy of
GaFs, two molecules that have been the subject of ar?giOUNaBr and the ionization potential of NaBr. They indicate that
studies concerning inclusion ofd3orbitals in the coré:~ inclusion of the 2 and 2p orbitals of Na in the correlation

The third-row molecule with the most dramatic failure at thetreatment has little effect on the deviations with experiment.

TABLE IX. Dependence of G3 and G2 average absolute deviat{ions
kcal/mol on inclusion of 3 and Z,2p (Na only) orbitals in the valence

space for the correlation treatmént. TABLE X. Dependence of G3 and G3S results for selected species on

inclusion of Ga @ and Na 3,2p orbitals in the valence space for the cor-
relation treatmert.

Property G2 G2(+d) G3 G3(-d) G3S G3S(d)

SDo(23) 129 169 101  1.00  1.09 0.88

EA (5) 1.25 1.26 1.06 1.35 0.74 1.01 Deviation (expt-theory (kcal/mol)
IP (17) 1.80 1.07 0.89 0.96 1.04 1.06 Expt (kcal/mo)  G3(—d) G3 G3Sd) G3S
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 2Dy(Gak) 339.6:6.9 17.2 8.2 17.4 10.2
3 Do(GaOH) 209.42.9 08 -34 -13 -45
@Average absolute deviation from experiment for K, Ca, Ga—Kr species. 3.Do(NaBr) 86.2 -28 —2.1 —22 —-1.2
G2(+d) includes 3l and Z,2p (Na only) orbitals in correlation treatment IPy(NaBr) 191.6 —5.4 —4.9 -5.6 -5.0

while G3(—d) does not include & and ,2p (Na only) orbitals in corre-
lation treatment. The G2 results are from Refs. 2 and 3. The+G@Q( 3G3(—d) does not include @ and X,2p (Na only) orbitals in correlation
results for Ga—Kr are taken from Ref. 14. treatment.

The number of each type of energy is given in parentheses. PReference 25.
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V. MODIFIED G3 METHODS BASED ON REDUCED theory. For further details see Ref. 29. The G3S method has
PERTURBATION ORDERS AND SCALED the advantage compared to G3 theory in that it can be used
ENERGIES for studying potential energy surfaces where the products
A. G3(MP3) and G3(MP2) and reactants have a different number of paired electrons.

2% 97 ) o G3S theory with reduced orders of perturbation similar to
G3(MP2)~° and G3IMPJ)“’ theories are modifications of G3(MP3) has also been published and is called G883).2°

G3 theory that use reduced orders of perturbation theoryrhe formulation of G3S and G38P3) theories for the mol-
The G3MP3) method eliminates the expensive MP#2 o je5 containing K, Ca, Ga—Kr is analogous to that of the

calculation in Eq.(1) by evaluating the larger basis set ef- firot ang second rows. The same scale factors as reported in

fects at the MP3 and MP2 levels of theory. It also eliminateszet 29 are used and the basis sets are defined in Sec. IIl. The
the MP4/plus calculation. The @@P2) method evaluates g orhit corrections are the same as is used for G3 theory.

the larger basis set effects at the MP2 level and the (WBR In Ref. 29 we defined G38IP2) theory, which is based on
calculation is replaced by a frozen core calculali®f) with  gecond-order perturbation theory. However, the total ener-
the G3MP2Large basi§ s&tBoth methods save significant gies obtained from GBIP2) theory are much different from
amounts of computer time compared to G3 theory. The forihe other methods in this series and we have not included it
mulation of GIMP3) and G3MP2) theories for the mol- ;. this study.

ecules containing K, Ca, Ga—Kr is analogous to that of the 1o geviations of the atomization energies, ionization

first and second rows.'The .basis sets are the same as US?deiﬁbrgies, and electron affinities calculated from G3S theory
G3 theory and are defined in Sec. lll. The only dlffere_:nce iSare given in Tables V and VI. The average absolute devia-
the use, in GAVP2) theory, of the G3MP2Large basis set \jong of G3S theory for the Ga—Kr test set are given in Table
that does not have tight polarization functidsse Table Ill. /| The overall average absolute deviation of G3S theory
In addition, the same higher level correctith& used for g experiment is 0.99 for the complete set of 47 test cases
the first and second rows are used for the third row. (Table VII), compared to 0.94 kcal/mol for G3 theory. The
The average absolute deviations for (@B2) and >3 giomization energies have an average absolute deviation
G3(MP3) theories for the 47 energy test set are given iNgom experiment of 1.09 kcal/mol, similar to the G3 result of

Table VIl and the individual deviations are given in Tables; o1 kcal/mol. The largest deviations are for the atomization
V-and VI. The G3MP2) average absolute deviation from onergies of AsH and KE2.5 kcal/mo). The 17 ionization

experiment is 1.30 kcal/mol. This is a significant decreasgnergies have an average absolute deviation of 1.04 kcall
from 1.92 kcal/mol for GEMP2) the<_)ry_ for this same_Séﬁ _ mol. Similar to G3 theory the largest deviation5.0 kcal/

The G3MP3) average absolute deviation from experiment ISmol) is for the ionization energy of NaBr. The G3S devia-
1.24 keal/mol, about the same as (BIB2). The results of jong for the K, Ca molecules with larger experimental
these methods for K- and Ca-containing molecules withcerainties are given in Tables VIl and IX. The G3S

larger experimental uncertainty are given in Table VIII. Both ,othod gives results for these K- and Ca-containing mol-
the GIMP3) and G3MP2) methods gives results for the ecules that are similar to G3 theory.

Ca-containing molecules that are generally in agreement Tnq average absolute deviation for GBE3) theory for

with experiment, similar to G3 theory. the 47 energy test set is given in Table VIl and the individual

deviations are given in Tables V and VI. The GB®3)

average absolute deviation from experiment is 1.23 kcal/mol

with a maximum deviation of 4.5 kcal/mol, which is similar
Scaled Gaussian-8G39 theory® uses multiplicative to GIMP?3) theory.

scale factors, instead of the additive higher level correction.

It is similar in spirit to several methods developed by Truhlar

et al**~*2and Siegbahet al®*3*In G3S theory the correla- VI. CONCLUSIONS

tion energy is scaled by five parameters and the Hartree—

Fock energy by one parameter,

B. Scaled methods

Gaussian-3G3) theory is extended to molecules con-
taining the third-row nontransition elements K, Ca, Ga—Kr.
Eol G3S|=HF/d+ Sf,,J E2/d+ E3/d+ E4/d] This new theoretical procedure modifies G2 theory for the
* * - third row in several ways includingl) the use of the 6-31G
T SQelAQCH] + Sy [HF/G3L—HF/d] basis set as the underlying basis for the MP4 and QCT$D

+S’E‘2,[E2(FU)/G3L— E2/d] single point correctiong2) a new formulation of the higher
level correction, and3) inclusion of core-related correlation.

+ S’,;s,{[E3/plus— E3/d]+[E3/2df,p—E3/d]} Basis sets compatible with those used in G3 theory for mol-
ecules containing first- and second-row atoms have been de-

+S¢, {[E4/plus—E4/d]+[E4/2df,p— E4/d]} rived. The following conclusions are made from this study

+E(SO)+E(ZPB). @ (1) G3 theory is a significant improvement over G2

theory for third-row molecules similar to results previously
The six parametersStos4,Soci»Surr »Sg2r »Sear Sgar) are  reported for first- and second-row molecules. The average
fitted to the G2/97 test set of 299 energies and are given iabsolute deviation from experiment for the set of 47 test
Ref. 29. TheE2, E3, andE4 refer to the energy contribu- reactions improves from 1.43 kcal/mol for G2 theory to 0.94
tions from second-, third-, and fourth-order perturbationkcal/mol for G3 theory. In addition, G3 theory performs sig-
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TABLE XI. Polarization and diffuse functions for K, Ca, Ga—Kr.

K Ca Ga Ge As Se Br Kr
6-31G6 o 0.0449 0.0502 0.2289 0.2772 0.3277 0.3810 0.4366 0.4948
f 0.0448 0.0696 0.2636 0.4729 0.4090 0.3798 0.5777 0.5164
+ 0.0050 0.0071 0.0141 0.0223 0.0318 0.0339 0.0390 0.0352
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
+ 0.007 0.015 0.0138 0.0317 0.0315 0.0345 0.0382 0.0525
d (tighty 15 16 49 53 58 63 68 73
f (tight) 17 19 5 6 6 7 7 8

#The 2d and 2 splits are obtained by&anda/2 split. The 31 split is obtained by a 4,a,a/4 split.
From Ref. 17.

nificantly better than G2 on atomization energies of mol-functions for the G3Large basis set were derived by adding
ecules containing Ca, not included in the test set because sfngled andf functions with large exponents to the atoms.
larger experimental uncertainties. The exponents for these functions were obtained by optimiz-

(2) G3(MP2) theory for third-row molecules has an av- ing the MPZfull) energy for the ground state neutral atoms.
erage absolute deviation from experiment of 1.30 kcal/molThe exponents for the tight polarization functions used in the
which is significantly more accurate than 2). The G3  G3Large basis set are given in Table XI. The tight polariza-
method based on third-order perturbation theory(NB33),  tion functions are included in G3Large to recover core-
has an average absolute deviation of 1.24 kcal/mol. related correlation energy.

(3) The G3 methods based on scaling parameters, G3S The MP4 single point calculations includesa diffuse
and G3$MP3), have an accuracy similar to the correspond-function, twod valence uncontracted primitive polarization
ing methods based on the higher level correction. functions, and onévalence uncontracted primitive polariza-

There have also been a number of G3 methods that hawen functions as supplementary functions for the 6-31G
been proposed, including ones based on B3LYP geom&triesbasis set. The twd polarization functions are obtained with
and CCSIDT) energies® Although we have not included exponents twice and half the standard 6-3Malue’’ given
these methods in this paper, the methodologies can be easily Table XI. Table Xl also includes thkepolarization func-
extended to the third row with the basis sets given here. tion exponents and the diffuse function exponents. Tée-

ponents were obtained by optimizing HF energies of, K
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