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Gaussian-3 theor{G3 theory for the calculation of molecular energies of compounds containing
first (Li—F) and second rowNa—Cl)) atoms is presented. This new theoretical procedure, which is
based orab initio molecular-orbital theory, modifies G2 thedd; Chem. Phy94, 7221(1991)]in

several ways including a new sequence of single point energy calculations using different basis sets,
a new formulation of the higher level correction, a spin—orbit correction for atoms, and a correction
for core correlation. G3 theory is assessed using 299 energies from the G2/97 test set including
enthalpies of formation, ionization potentials, electron affinities, and proton affinities. This new
procedure corrects many of the deficiencies of G2 theory. There is a large improvement for
nonhydrogen systems such as S#nd CF, substituted hydrocarbons, and unsaturated cyclic
species. Core-related correlation is found to be a significant factor, especially for species with
unsaturated rings. The average absolute deviation from experiment for the 148 calculated enthalpies
of formation is reduced to under one kcal/mol, from 1.56 kcal/mol for G2 theory to 0.94 kcal/mol
for G3 theory. Significant improvement is also found for ionization potentials and electron affinities.
The overall average absolute deviation of G3 theory from experiment for the 299 energies is 1.02
kcal/mol compared to 1.48 kcal/mol for G2 theory. 98 American Institute of Physics.
[S0021-960628)30640-9

I. INTRODUCTION thalpies are further broken down into five different sub-
. _ groups: nonhydrogen, hydrocarbons, substituted hydrocar-
Quantum chemical methods for the calculation of ther-yqn - inorganic hydrides, and radicals. This new test set

mochemical data have developed beyond the level of justoyides a more rigorous database with which to evaluate
reproducing experimental data and can now make accuraigantum chemical methods than the original G2 test set.

predictions where the experimental data are unknown or un- |, 4n assessmeift of G2 theory on the G2/97 test set
certain. One of the more accurate of these methods i energies of the new molecules have a larger average ab-
GaussmnﬁGZ) theory:“ It was the second in a series of g te deviation from experiment than the molecules in the
methods;* referred to as Gaussiantheories, proposed for - oiqing| test set as shown in Fig. 1. The 55 enthalpies of
the calculation of energies of molecular systems containing, mation of neutral molecules in the G2-1 subset of G2/97
the elements H~CI. The goal of these methods was an acCyzye an average absolute deviation of 1.23 kcal/mol com-
racy of =2 kcal/mol for quantities such as atomization e”er'pared to 1.80 kcal/mol for the 93 enthalpies in the G2-2

gigs_, ionization potentials, electron affinities, and proton af-,pset The 35 nonhydrogen molecules have the largest de-
finities. In two recent pape‘?@we have developed a new test ficiancy of any of the five subgroups of the 148 enthalpies
set of accurate experimental data for the assessment and dgz, an average absolute deviation of 2.44 kcal/mol. For
velopment of new quantum chgmlcal methods. Th'? test SE‘éxample, the calculated enthalpy of formation of,@$too

was given the name “G2/97" in Ref. 6 and contains 302 aqative by 5.5 kcal/mol, whereas that of Si§too positive
energies including 148 enthalpies of formation, 88 |on|zat|onby 7.1 kcal/mol. The opposite signs of the deviations are
potentials, 58 el_ectron affinities, and 8 proton affinities. Theespecially puzzling. Another deficiency occurs for unsatur-
G2/97 test set incorporates the 125 test energies from thgeq cyclic systems. Although the average absolute deviation
original G2 test set(referred to as the G2-1 subsend 177 fom experiment for hydrocarbons is 1.29 kcal/mol, the de-
new energiesreferred to as the G2-2 subsethich are \;qions are much larger for unsaturated ring systems than
mostly for larger and more diverse molecules. The 148 en¢,. saturated systems. For example, the enthalpy of forma-
tion of benzene differs from experiment by 3.9 kcal/mol. In
dElectronic mail: curtiss@anlichm.chm.anl.gov addition, substituted hydrocarbons have a larger average ab-
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3 total energy of a given molecular species. The steps in G3
theory and the differences with G2 theory are as follows.
G2 Theory - G2-1 1. An initial equilibrium structure is obtained at the
1 G2-2 Hartree—Fock(HF) level with the 6-31G¢) basis® Spin-

2 1 1.80 restricted(RHF) theory is used for singlet states and spin-
1.61 unrestricted Hartree—Fock theofyHF) for others. Step 1 is
1.48 the same as in G2 theory.

2. The HF/6-31Gq4) equilibrium structure is used to cal-
1] culate harmonic frequencies, which are then scaled by a fac-
tor of 0.8929 to take account of known deficiencies at this
level? These frequencies give the zero-point energy,
E(ZPE), used to obtaik, in step 7. Step 2 is the same as in
G2 theory. This level of theory is adequate in most cases for
the zero-point energie$.

3. The equilibrium geometry is refined at the
FIG. 1. Average absolute deviations with experiment for G2 theory on theMP2(full )/6-31G(d) level, using all electrons for the calcu-
G2/97 test set broken down into the G2-1 and G2-2 test sets. lation of correlation energies. This is the final equilibrium
geometry in the theory and is used for all single-point calcu-
solute deviation(1.48 kcal/mo)l than hydrocarbong1.29 Ioattrllzrr\vs\lisaé :logtf;((ejrblsvtil; ;;nt]gz;)ﬁl)’l?h:? st.bsggﬁzat\l\gire

keal/ma). The average absolute deviations of the lonization,,  ations include only valence electrons in the treatment of

potentials and ﬁlicn?nt.aﬁ'?'t'?hs 'rgzhel G2t—)2 Stl_”;set aisgg'rlélectron correlation. Step 3 is the same as in G2 theory.
crease somewhat relative 1o the 2-1 subset. from L. O 4. A series of single-point energies calculations are car-

1.61 kcal/mol for ionizat_io.n_ potentials and from 1.31 Fo .1'47ried out at higher levels of theory. The first higher level
kcal/mol for eIectron affinities. About 84% of the deviations calculation is complete fourth-order Moller—Plesset pertur-
of G2 theory are in the range2.0 to +2.0 kcal/mol for the bation theor}® with the 6-31Gf) basis set, ie
G2-1 subset compared to 74% for the full G2/97 test set. It i%/lP4/6-316(j) This energy is then modified by a s',eriés.'of
clearly desirable to find ways to improve G2 theory. corrections from additional calculations.

In this paper we set forth Gaussian-3 the@msferred to () A correction for diffuse function& AE(+)
as “G3 theory”) which makes a significant improvement '

over G2 theory by eliminating many of the deficiencies de- AE(+)=E[MP4/6-31+G(d)]—E[MP4/6-31Gd)].
scribed above. It has the following new features: The (2)
fourth-order Moller—Plesset perturbation thediP4) and (b) A correction for higher polarization functions
quadrat!c configuration mterachc[n@ClSD(T)] smgle point  4n nonhydrogen atoms ang-functions on hydrogens,
calculations are based on the 6-3#pbasis set instead of AE(2df,p)

the 6-311G¢,p) basis set. P The second-order Moller-

PlessetMP2) single point calculation uses the G3large basis ~ AE(2df,p)=E[MP4/6-31G2df,p)]

set, which is a modification of the 6-3115(3df,2p) basis _ )

set used in G2 theory.) 3 spin—orbit correction is added to E[MP4/6-31Gd)]. @
the energies of atomic species. A correction for core cor- The 2d symbol implies two sets of uncontractegrimitives
relation is added. )5Finally, the higher level correction of Wwith exponents twice and half the standard vafu@e p-

G2 theory is separated into two parts, one for molecules antuinction exponentl.1) for hydrogen is from Ref. @) while

the other for atoms. It is derived to give the best fit to enerthe f-function exponents are from Ref. (B

gies in the new test set. The first four features result in sig-  (c) A correction for correlation effects beyond fourth-
nificant improvement in the enthalpies of formation of non-order perturbation theory using the method of quadratic con-
hydrogens and substituted hydrocarbons, while the ladiguration interactiort® AE(QCI)

feature gives a significant improvement in ionization poten- _

tials and electron affinities. We find an average absolute de- AE(QCH =E[QCISDT)/6-31G d)]
viation of 1.02 kcal/mol for G3 theory compared to 1.48 —E[MP4/6-31Gd)]. 3
kcal/mol for G2.

In Sec. I, the specifies of G3 theory are given. In Sec. o ; .
I, an assessmentpof G3 theory on tr?/e 62?97 test set iQonaddmwty caused by the assumption of separate basis set

presented and a comparison is made with G2 theory Fina"fxtensions for diffuse functions and higher polarization func-
conclusions are presented in Sec. IV. tons, AE(G3large)
AE(GS3large =E[ MP2(full)/G3largd

1.25 1.23 1.29 1.31

Average Absolute Deviation, kcal/mol

All AH, IPs EAs

(d) A correction for larger basis set effects and for the

Il. DESCRIPTION OF GAUSSIAN-3 THEORY —E[MP2/6-31G 2df,p)]
Gaussian-3 theory, like Gaussian-2 thebiy,a compos-
' —E[MP2/6-31+G(d
ite technique in which a sequence of well-defirada initio [ (@]
molecular orbital calculatiorisis performed to arrive at a +E[MP2/6-31Gd)]. 4
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sis, some of which have been noted above, we have modified
G2 MP2 MP4 QCISD(T) G3 . . R . .

it to include more polarization functions for the second row
6-311Gdp) X X X 6-31G(d) (3d2f), less on the first row (&f ), and other changes to
6-311+G(d,p) X X 631+G(d) improve uniformity. In addition, some core polarization
631162dtp) X X 6316(41p) funct'lc.)ns are a}dded. This ba_sgsbwhlch is termed G3large, is

specified fully in the Appendix®
6-311+G(3df,2p) —FCX FULL—~ G3large

A third difference is that the largest basis set MP2 cal-
FIG. 2. Comparison of the basis sets used in the various steps in G2 and (ﬂjl_at'_on in step 4q) is carried out at the MR&ll) level. )
theories. The MP2 calculation with the G3large basis includes all electrond his is done to take some account of core-related correlation
in the correlation treatmerfMP2(FULL)], whereas the MP2 calculation contributions to total energies. Such effects have been ne-
with thg 6-31H1 G(3df,2p) basis treats oply the yalence electrons in the glected in both G1 and G2 theories, but have been shown to
correlation treatmer{tMP2(FC)]. All other single-point energy calculations be significant in several recent studi&s2 The differences
treat only the valence electrons. :
between G2 theory and G3 theory for Step 4 are summarized
in Fig. 2. A full discussion of the effects of these changes is

Step 4 differs from G2 theory in several respects. First, th@iven in Sec. Il
6-31G(d) basis set is used as the starting point for the MP4 5. The MP4/6-31Gd) energy and the four corrections
and QCISDT) single-point calculations instead of from step 4 are combined in an additive manner along with a
6-311G(@). This is because 6-311@) has been defined spin—orbit correctionAE(SO), for atomic species only.
and usgzd ina somewhat unsatisfactorx manner. For the first E(combined=E[MP4/6-31Gd)]+AE(+)
row (Li—Ne), the basis has been criticized as being too
“close-in” to be of triple-zeta quality by Grev and Shaefér. +AE(2df,p)+AE(QCI)
For the second rowNa—Ar 6-311G(d) has been imple-
mented as a version of the segmented basis proposed by +AE(G3largg +AE(SO). ®)
McLean and Chandléf. This is defined in a nonuniform The spin—orbit correction is taken from experinfénwhere
manner across the row and is in any case rather differergvailable and accurate theoretical calculatidnis other
from 6-31G() in its segmentation. To avoid these difficul- cases. The values are listed in Table |. The spin—orbit cor-
ties, we have chosen to use 6-38Eas a uniformly defined rection was not included in G2 theory, but was recently
basis at this stage. found to be important for halide-containing systetdsbout

The second difference concerns the largest basis used 30 diatomics in the G2/97 test set &H states and have
the MP2 level. In G2 theory, this was 6-3tG(3df,2p) first-order spin—orbit corrections. Several of these diatomics,
with 3df polarization functions on first and second row at-such as Gl and S, haveAE(SO) values of about 1 kcal/
oms and D on hydrogen. Because of limitations of this ba- mol; for most it is much less than 1 kcal/m8linclusion of

TABLE I. Total G3 energiegin hartreeg of atomic species and spin—orbit correctidits mhartrees

Atomic Atomic

species Eo(G3) AE(SO) species Eo(G3) AE(SO)
H (39 —0.501 00 0.0 N ((P) —54.031 23 —0.43
He (*s) —2.902 35 0.0 o (“s) —74.53312 0.0
Li (%9 —7.465 13 0.0 F (°P) —99.045 19 —-0.67
Be (*9) —14.659 72 0.0 Né (2P) —128.079 32 -1.19
B (°P) —24.642 57 —0.05 Na (1) —161.916 23 0.0
C (P) —37.82772 -0.14 Mg" (2S) —199.621 31 0.0
N (4S) —54.564 34 0.0 Al (1) —241.988 47 0.0
0 (P) —75.030 99 -0.36 Si* (?P) —288.923 62 -0.93
F (°P) —99.684 21 —-0.61 P (°P) —340.731 90 —1.43
Ne (*S) —128.872 34 0.0 5(*s) —397.583 73 0.0
Na (2S) —162.104 15 0.0 Cl (3P) —459.517 25 —1.68
Mg (1S) —199.907 42 0.0 AF (°P) —526.792 64 —2.18
Al (?P) —242.207 47 -0.34 Li- (*) —7.492 39 0.0
Si (3P) —289.222 27 —-0.68 B (3P) —24.650 09 -0.09
P (*S) —341.116 43 0.0 C(*s) —37.87158 0.0
S éP) —397.961 11 —-0.89 O (?P) —75.080 14 —-0.26°
Cl (°P) —459.990 96 -1.34 F () —99.809 19 0.0
Ar (1) —527.369 22 0.0 Na(!s) —162.130 06 0.0
He™ (2S) —1.999 42 0.0 AT (3P) —242.22175 -0.28
Li* (*9) —7.266 79 0.0 Si (49) —289.272 90 0.0
Be" (29) -14.312 14 0.0 P (3P) —341.143 70 —-0.4%
B* (!9) —24.340 00 0.0 S (°P) —398.037 01 -0.88
CcC' (?P) —37.41571 -0.2 cr (*s) —460.123 60 0.0

aSpin—orbit corrections are from Ref. 22 except where noted.
PCalculated value, Ref. 23.
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the spin—orbit corrections for the molecules does not im-enthalpies of formation at 298 K were calculated as in Ref. 5.
prove the average absolute deviation of the G3 theory. Wdhe ionization potentials, electron affinities, and proton af-
have not included the molecular spin—orbit correction in G3finities were calculatedt@® K as inRef. 6.
theory since it gives no overall improvement in accuracy and  G3 theory, as defined in Sec. I, was used to calculate the
also because calculations of this quantity are not routinenergies of atoms, molecules and ions in the G2/97 test set.
when experimental values are not available. Table | contains the G3 total energies of the atomic species
6. A “higher level correction” (HLC) is added to take and the spin—orbit correction4 E(SO), that are included in

into account remaining deficiencies in the energy calculathe total energies. The G3 total energies for the molecules
tions: and their geometries are available elsewH@rgables I1-V

_ . contain the deviations of the G3 enthalpies, ionization poten-

Eo(G3)=E(combined + E(HLC). © tials, electron affinities, and proton affinities from experi-

The HLC is —Anz—B(n,—ng) for molecules and-Cng;  ment for the G2/97 test set. Also included in the tables are
—D(n,—ny) for atoms(including atomic ions Theng and  the results for G2 theory from Refs. 1, 5, and 6. Table VI
n, are the number g8 anda valence electrons, respectively, contains a summary of the average absolute deviations and
with n,=n;. The number of valence electron pairs corre-root-mean-square deviations of G3 theory from experiment.
sponds tang. Thus,A is the correction for pairs of valence Results for G2 theory are also included in the table for com-
electrons in moleculess is the correction for unpaired elec- parison. The contributions of the new features to the im-
trons in moleculesC is the correction for pairs of valence provement in G3 theory relative to G2 theory are listed in
electrons in atoms, arld is the correction for unpaired elec- Table VII.
trons in atoms. The use of different corrections for atoms and
molecules can be justified, in part, by noting that these exA. Comparison of G2 and G3 theories
trapolations take some account of effects of basis functions
with higher angular momentum, which are likely to be of
more importance in molecules than in atoms. For G3 theor

A=6.386 mhartreesB=2.977 mhartreesC=6.219 mhar- theory. The root-mean-square deviation of G3 thedryl5

trees,D=1.185 mhartrees. Th&, B, C, D values are chosen : o .
; S kcal/mo) is also significantly improved compared to G2
to give the smallest average absolute deviation from experi-

ment for the G2/97 test s@ess three ionization potentials as theory (1.93 kcal/mol. G3 theory performs far better than

noted below. More discussion of the HLC is given in Sec. G2 theory for er?th"?"p'es of formation, |on|;gt|on potentials,
" and electron affinities. These three quantities have average

7. Finally, the total energyta K is obtained by adding absolutg deviations of about 0.94, 1.13, and 1.00 kcal/mol,
; . . respectively, at the G3 level compared to 1.56, 1.45, and
the zero-point energy, obtained from the frequencies of steR
.41 kcal/mol at the G2 level. The only type of energy for
2 to the total energy . . T .
which the accuracy decreases is proton affinities, which have
Eo(G3)=E.(G3)+E(ZPE). (7) an average absolute deviation of 1.34 kcal/mol at the G3
level compared to 1.08 kcal/mol at the G2 level. However,
all of the deviations from experiment for the eight proton
affinities in the test set are less than 2 kcal/mol at the G3

The results in Table VI indicate that for the 299 energies
the average absolute deviation from experiment at the G3
Yevel is 1.02 kcal/mol compared to 1.48 kcal/mol for G2

The energyE, is referred to as the “G3 energy.”

The final total energy is effectively at the
QCISD(T,FULL)/G3large level if the different additivity ap-
proximations work well. The validity of such approximations Ieve_Ir(sl;aIe \'g;able t\y th bsolute deviati for th
has been previously investigated for G2 theory on the G2-1 avie Vi contains the average absolute deviations for the

subset of G2/97 and found to be satisfacBhil calcula- enthalpies of formation of neutrals broken down into five
tions in this paper were done with tleaussiAN94 computer different types as in Ref. 5: Nonhydrogen, hydrocarbons,

program?® All of the basis sets in G3 theory, with the ex- substituted hydrocarbons, inorganic hydrides, and radicals.

ception of G3large, are standardGAUSSIAN9A G3 theqry is more accur_ate than G2 tr_\eory for all five types
of species. The largest improvement in accuracy occurs for

the 47 substituted hydrocarbons for which the average abso-
lute deviation is cut by more than a factor of 2, from 1.48 to
0.56 kcal/mol. The next largest improvement occurs for the
The G2/97 test s&f contains 148 enthalpies of forma- 35 nonhydrogens for which the average absolute deviation
tion of neutrals(at 298 K), 88 ionization potential 58 elec- decreases from 2.462) to 1.72 kcal/molG3). The average
tron affinities, and eight proton affinities for a total of 302 absolute deviation for the 22 hydrocarbons decreases from
reaction energies. In this assessment we have used the G2/929 to 0.68 kcal/mol while that for the 29 radicals decreases
test set less three ionization potentials glgCH;  from 1.16 to 0.84 kcal/mol. Finally, the enthalpies for 15
—CgHsCH3, CgHsNH,—CgHsNH;, CgHsOH—CgHsOH')  inorganic hydrides improve slightly from 0.95 to 0.87 kcal/
resulting in a total of 299 energies. These three ionizatioimol. With the exception of nonhydrogens, all of the sub-
potentials are not included in order to make comparison witlgroups have absolute average deviations of less than 1 kcal/
G2 theory on an equal basis. These three ionization potemol using G3 theory.
tials were not calculated with G2 theory in Ref. 6 because of The G3 average absolute deviations for the G2-1 and
the size of the molecules. All of the average absolute deviaG2-2 subsets are shown in Fig. 3 for the different energies.
tions reported in this paper are for the 299 energies. Thén contrast to the G2 results in Fig. 1, G3 theory does not

Ill. ASSESSMENT OF G3 THEORY ON THE G2/97
TEST SET
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TABLE Il. Deviations of calculated enthalpies of formation from TABLE Il. (Continued)
experimenf
AH?(298 K) Deviation
AH?(298 K) Deviation
_ - - - - Species Expt? G3 G3 G2
Species Expt.

P P COFR, —-149.F -1457 -3.4 —05
G2-1 test set SiF, -386.0 -—3849 -11 -7.1
LiH 333 33.0 03 0.6 Sicl, -1584  —158.4 0.0 3.8
BeH 81.7 82.2 -0.5 -15 N,O 19.6 214 17 06
CH 1425 141.1 1.4 0.6 CINO 124 134 -1.0 08
CH, (°By) 93.7 92.4 1.3 -1.0 NE _316 _316 01 37
CH, (*A;) 102.8 101.8 0.9 1.4 PF; 9291  —2242 —48 54
CH, 35.0 34.0 1.0 -0.1
CH, -17.9 -18.2 0.3 07 % sl 319 08 L1
NH 85.2 84.3 0.9 -11 F20 29 65 ~06 0.5
NH, 451 445 0.6 o1 CIF, -38.0 -360 -—19 0.4
NH, ~11.0 ~10.2 ~0.8 ~0.2 CoFs —157.4  —1623 4.9 8.2
OH 9.4 8.4 1.0 0.3 CCly —3.0 —64 34 4.6

_ _ _ CF,CN -118.4  —120.2 1.8 4.8
(F),T ? _2;? _22:2 %.32 01'% CH;CCH (propyne 44.2 444 -02 -15
SiH, (1A)) 65.2 63.1 21 29 CH,—C=CH, (alleng 45.5 45.0 05 -09
SiH, (3B,) 86.2 84.9 1.3 0.5 C3H, (cyclopropeng 66.2 684 -—22 -2.9
SiH, 479 46.9 1.0 1.2 CH3CH=CH, (propylene 4.8 4.7 00 -05
SiH, 8.2 7.3 0.9 2.2 C3Hg (cyclopropang 12.7 134 -0.7 -0.9
PH, 33.1 32.6 0.5 0.2 C;3Hg (propang -25.0 —-25.3 0.3 0.4
PH, 1.3 3.1 -1.8 -0.7 CH,CHCHCH, (butadieng 26.3 267 —-04 —17
SH, -4.9 -45 -0.4 -0.1 C,Hs (2-butyne 34.8 352 —04 -21
CH —22.1 —21.9 -0.1 0.4 C4Hg (methylene cyclopropane 47.9 46.4 15 0.3
Li, 51.6 49.4 2.2 2.0 C,H; (bicyclobutang 51.9 545 -26 —3.0
LiF —-80.1 -80.8 0.7 13 C,Hs (cyclobuteng 374 395 -21 -29
CH, 54.2 54.9 —-07 -1.6 C,Hs (cyclobutang 6.8 6.8 00 -0.2
CoH, 12.5 12.3 0.2 -02 C,Hg (isobuteng -4.0 -40 00 —0.6
CoHe —20.1 —20.4 0.3 0.5 C,4Hy, (trans butane -30.0 -304 04 0.4
ﬁ(’\iN 131‘:2 1;’5-; ‘1(-;‘2 _2'(;1.3 CiHyo (isobutang —321  -323 02 03
co _264 267 03 18 CsHg (spiropentane 44.3 447 —-0.4 -1.4
HCO 10.0 9.7 03 07 CgHg (benzeng 19.7 204 -0.6 -39
H,CO —26.0 —26.6 0.6 2.0 g:ZFFZ _igg'g _123'1' 8'; j;

— — 3 . : : :
:200H 43’8 42'.11 _29 11 _11'.34 CH,Cl, -22.8 -223 05 0.6
H,NNH, 22.8 24.9 —21 ~0.9 CHCly _ 247  -246 00 10
0, 0.0 11 -11 —2.4 CHLCN (methyl cyanidéz 18.0 17.8 0.2 -0.1
HOOH —325 —31.3 —1.2 —0.2 CH3NO, (nitromethang -17.8 -17.8 0.0 2.7
F, 0.0 0.7 ~07 -03 CH3;ONO (methyl nitrite) -15.9 -15.7 -0.2 2.7
Cco, —-94.1 -95.3 1.2 27 CHj;SiH; (methyl silang -7.0 -6.8 -0.2 0.4
Na, 34.0 30.0 4.0 2.4 HCOOH (formic acid -90.5 —90.6 0.1 2.0
Si, 139.9 138.0 1.9 -0.4 HCOOCH, (methyl formate -85.0 —-86.6 1.6 3.8
P, 34.3 35.5 -1.2 -1.3 CH,CONH, (acetamide -57.0 -559 -11 0.2
S, 30.7 31.6 -0.9 -3.2 C,H,NH (aziridine 30.2 31.4 -12 -03
Cl, 0.0 11 -11 -14 NCCN (cyanogehn 73.3 736 -03 -15
NaCl —43.6 —44.8 13 12 (CHg),NH (dimethylaming -4.4 -35 -0.9 0.3
Sio —24.6 —23.9 -0.7 -1.7 CH;CH,NH, (trans ethylamine ~ —11.3 -11.3 0.0 0.8
sC 66.9 65.8 11 1.0 CH,CO (ketene —11.4 —12.1 0.8 0.8
SO 12 17 —-05 —2.6 C,H,0 (oxirane -12.6 —-12.6 0.0 1.3
Clo 24.2 25.9 —-17 2.2 CH,CHO (acetaldehyde -39.7  —39.8 0.1 1.3
FCl —13.2 —125 —07 0.7 HCOCOH (glyoxal) -50.7 -51.6 0.9 2.9
SkHe 19.1 17.7 14 2.9 CH4CH,0H (ethano) 562  -563 0.1 1.0
e e S T Y CHiOCH; (dimethylether —440  -444 04 20
H%CI 178 174 04 05 C,H,S (thiirane 19.6 18.8 0.8 0.7
S0, _710 671 38 _50 (CH5),SO (dimethyl sulfoxide ~36.2 -347 -15 -14
G2.2 test set C,HsSH (ethanethiol -11.1 -107 -04 -04
BF, 9714 970.9 05 0.0 CH,SCH; (dimethyl sulfide -8.9 -8.9 0.0 0.2
AlF, ~289.0 ~290.1 1.1 —1.4 C,HsClI (ethyl chloride —26.8 -26.7 -0.1 0.8
AlCI, ~139.7 ~143.0 3.3 28 CH,=CHCI (vinyl chloride) 8.9 5.3 3.6 3.7
CF, —223.0 —223.9 0.9 55 CH,—CHCN (acrylonitrile) 43.2 448 -1.6 =27
ccl, —-229 —24.6 1.7 28 CH3;COCH; (acetong -51.9 —-52.0 0.0 1.1
cos -33.1 -35.9 2.8 2.7 CH,COOH (acetic acid -1034 -1033 -0.1 15
cS, 28.0 24.7 3.3 2.1 CH,COF (acetyl fluoridg -105.7 —105.8 0.1 2.0

Downloaded 30 Oct 2002 to 163.28.96.14. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 109, No. 18, 8 November 1998 Curtiss et al. 7769

TABLE Il. (Continued) TABLE Ill. Deviations of calculated ionization potentials from experim&nt.
AH?(298 K) Deviation lonization potential Deviation
Species Expt.b G3 G3 G2 Species Expt? G3 G3 G2
CH;COCI (acetyl chloridg -58.0 —-58.2 0.2 1.8 G2-1 test set
CH,CH,CH,CI (propyl chlorid¢ ~ —31.5 —31.9 0.4 1.1 Li 124.3 1245 -0.2 1.1
(CH3),CHOH (isopropanal —-65.2 —65.7 0.5 12 Be 214.9 218.1 -3.2 -2.2
C,HsOCH;, (methyl ethyl ether ~ —51.7 —52.8 11 2.3 B 191.4 189.9 15 2.3
(CHa)3N (trimethylaming -57 -5.9 0.2 1.4 c 259.7 258.5 1.1 1.8
C,H,0 (furan) -83 -78 -05 -10 N 335.3 334.5 0.8 15
C,H,S (thiopheng 275 277 —-02 -24 o} 313.9 312.4 1.4 1.9
C,HsN (pyrrole) 25.9 271 -12 -22 F 401.7 401.0 0.7 0.8
CsHsN (pyridine) 33.6 337 -01 -22 Na 1185 117.9 0.6 4.4
H, 0.0 -0.5 0.5 1.1 Mg 176.3 179.5 -3.2 0.0
HS 34.2 33.7 05 -03 Al 138.0 137.4 0.6 1.2
CCH 135.1 1363 -12 -36 Si 187.9 187.4 0.5 1.2
C,Hz (PA") 71.6 70.5 11 -11 P 241.9 241.3 0.6 1.0
CH,CO(?A") —2.4 -25 0.1 0.4 S 238.9 236.8 2.1 3.7
H,COH (?A) —4.1 -39 -01 -03 cl 299.1 297.3 1.8 2.8
CH,0 CS(?A’) 41 49 -08 -07 CH, 291.0 291.8 -08 -14
CH,CH,0 (?°A") -3.7 -25 -12 -14 NH; 234.8 233.8 09 -03
CH,S(?A") 29.8 29.0 08 -01 OH 300.0 298.3 1.7 0.8
C,Hs (PA") 28.9 28.7 02 -1.0 OH, 291.0 290.4 06 -0.2
(CHa),CH (?A") 215 215 00 -13 FH 369.9 370.0 -01  -11
(CHa)5C (t-butyl radica) 12.3 13.0 -07 -20 SiH, 253.7 254.2 -05 -03
NO, 7.9 81 -0.2 0.7 PH 234.1 234.9 -0.8 1.4
PH, 226.5 226.4 0.0 22
%Enthalpies and deviations in kcal/mol. DeviatioBExperiment-Theory. PH, 227.6 227.9 -0.3 0.0
bSee Refs. 1, 3-5 for experimental references. SH 239.1 238.1 1.0 1.3
‘New value from Ref. 32. SH, (°B,) 241.4 240.8 0.6 0.9
dCalculated with thesaussiangs computer program. SH, (Ay) 204.7 204.3 0.4 0.7
CIH 294.0 293.3 0.7 0.8
] . CH, 262.9 263.1 -0.2 -05
decrease in accuracy for larger molecules in the G2-2 subsetc,H, 242.4 243.5 -1.2  -16
with the exception of ionization energies. Thus, G3 theory CO 323.1 3232 -01 01
has eliminated some significant deficiencies in G2 theory. N(’Z cation 359.3 358.9 0.4 0.4
N,(I1 cation 385.1 384.4 0.7 0.8
0, 278.3 282.4 -40 -23
B. Assessment of the new features of G3 theory P, 242.8 2433 05 —03
In Table VIl we separate the effects of the new features > 2158 2163 —05 1.9
of G3 theory on the average absolute deviations for the 299 %2 2652 2658~ —06 ~03
oy g Hev CIF 291.9 292.0 -0.1 0.3
test energies. The results in the table indicate that all of the ¢ 261.3 2627 —-14 -20
new features make a contribution to the improvement of G3 G2-2 test set
theory over G2 theory. We now discuss the role of the new H 313.6 3144  -06 01
features in more detail. He 567.0 566.6 05 11
Ne 497.2 497.6 -04 -12
1. Basis sets Ar 363.4 361.8 1.6 15
N . ... _BF 358.8 359.9 -1 -12
A significant decrease in the average absolute deV|at|onBC3| 2675 268.6 11  -15
. 3 . . . .
(0.14 kcgl/mo) results from_ use of the _new _baS|s set, B, 278.3 271.3 70 73
G3large, in the MP2 calculatiofstep 4). This basis sethas co, 317.6 315.9 17 15
a better balance of polarization functions, i.ed2¥ on the CF, 263.3 263.8 -05 -06
second-row and @f on the first-row, than the 6-311 gos 225’27; 223527: _8-2 8-;5
+G(3df,2p) basis set used in G2 theory. The polarization Cff 239.7 239.7 0.0 19
. . 27 : 2 . . . .
functions are similar to those used by Peterssoal " in the CH, 227.0 2276  —06 14
CBS-Q methodsee beloyw. The G3large basis also uses a C,Hg(?A") 187.2 188.3 -1.1 1.1
neutral atom basis set for P, S, and Cl, whereas 6-311CsH, (cyclopropeng 223.0 224.5 -15 -21
+G(3df,2p) is based on an atomic anion basis set for these CHF}S:CHZ i;gg i;gi *2-5 *(1)-2
. . sec- . . —2. —0.
elements(see Appendix These features, along with the CHQ 7 2132 214.7 15 —19
R . K .. .. . 6/ 16 . . . .
spin—orbit correction(step 9, help eliminate deficiencies ¢p 313.6 3196 61 -31
found in the G2 energies of nonhydrogen species. For ex-CcHO 187.7 1882  -05 0.9
ample, the errors in the enthalpies of LCECI,, SiF, and HzCOHZ(ZA) 174.2 173.7 0.5 24
SiCl, are reduced from 5.5, 2.8:7.1, and 3.8 kcal/mol, 2:38;“ gggz 3‘;; ‘2-2 ‘;g
. . 3 . . - . - .
reslpectlvely,_ mIGZ_ theor);] to 0.9,hl.7—,1.1, a_nd 0.0 kclaI/ CH.F 2876 2925 50 -53
mol, respectively, in G3 theory. There remain several non- CH,S 216.2 215.8 0.4 0.0

hydrogen systems with large errors and these are discussed
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TABLE Ill. (Continued) TABLE IV. Deviations of calculated electron affinities from experimént.
lonization potential Deviation Electron affinity Deviation
Species Expt? G3 G3 G2 Species Expt” G3 G3 G2
CH,SH 173.8 173.0 0.8 2.7  G2-ltestset
CH,SH 217.7 218.1 ~0.4 -05 ¢ 29.1 21.5 15 16
o) 33.7 30.8 2.8 1.4
CHLCI 258.7 260.4 -17 -1.9 F 8.4 8.4 00 _18
C,HsOH® 241.4 239.7 1.7 14 g 31.9 318 0.2 0.7
CH,CHO 235.9 236.9 -1.0 -1.8 P 17.2 16.4 0.8 25
CH;OF 261.5 262.9 -1.4 -15 S 47.9 47.6 0.3 1.7
C,H,S (thiirane 208.7 209.1 -0.3 -0.4 cl 83.4 83.2 0.1 0.3
NCCN 308.3 309.0 -0.6 -0.5 CH 28.6 27.2 1.4 2.6
C4H4O (furan 203.6 205.0 -13 -1.8 CH, 15.0 13.4 15 -03
C4HsN (pyrrole) 189.3 188.7 0.6 29 CHs 18 -0.9 2.8 1.0
B,H, 223.7 221.6 2.1 16 NH 8.8 4.5 4.2 2.2
NH, 17.8 16.1 1.7 -0.1
NH 311.1 311.2 -0.1 1.8 OH 49,2 41.0 12 Z10
NH, 256.9 256.4 0.5 -08 gy 29.4 29.3 0.2 22
NoH, 221.1 223.1 -2.0 —3.0 SiH, 25.9 24.8 11 31
N2H3 1755 175.6 -01 1.6 SiH, 325 32.9 -0.4 -0.2
HOF 293.1 293.3 -0.2 0.1 PH 23.8 22.6 11 1.7
SiH, (*Ay) 211.0 212.0 -1.0 -0.5 PH, 29.3 29.3 0.0 05
SiH, 187.6 188.0 -0.4 1.9 HS 54.4 535 0.9 13
SiH, 189.1 190.4 ~14 -18 O, 10.1 9.2 09  -06
SiH, 186.6 187.8 -12 -0.7 2‘8 83'3 _E?dlﬁ jg ~ 2260
SiHs 175.3 177.5 -2.3 -0.2 PO 251 26.5 14 12
Cl 55.1 56.9 -17 0.3
aIo?ﬁation potentials and deviations in kcal/mol. DeviatidExperiment 65-2 test set
—Theory. Li 14.3 17.1 -2.9 -3.1
bSee Refs. 1, 3, 4, 6 for experimental references. B 6.4 4.7 1.7 2.0
“In the calculation of the G3 ionization potential oflzOH, a lower energy Na 12.6 16.3 —3.6 —-2.9
structure was found for £1;OH" than was used in Ref. 6. The G2 ioniza- Al 10.2 9.0 12 2.0
tion potential has been revised accordingly. The new structure can be foundC, 75.5 72.8 2.7 3.9
at the web site in Ref. 16. C,0 52.8 52.8 0.0 -0.9
CF, 4.1 4.1 0.1 2.0
NCO 83.2 82.5 0.7 -0.3
. . o ) NO 52.4 52.6 -0.1 -1.6
in the next section. The G3large basis is also responsible forp, ? 485 48.5 0.0 0.9
a significant part of the large decrease in the average absolut®F 52.4 51.9 0.4 -0.8
deviation of the substituted hydrocarbons from 1@ to 2 >3 S A
0.56 (G3) kcal/mol. CH 68.5 69.1 -0.6 -2.7
The use of the 6-31G basis in place of 6-311G in steps CHs; 15.4 15.1 0.3 -18
4a-4c contributes to a lesser degree to the better agreemenﬂ ==, s 2o M
with experiment for G3 enthalpies of formation for neutrals (;HZCHCH2 10.9 10.2 0.7 12
(see Table VII. This change also results in significant sav- HCO 7.2 7.1 0.1 -0.6
ings of computer resourcésee below A 2 2z Y
The complete basis-set CBS-Q method of PeterssonCH35 43.1 42.9 0.2 0.1
et al?’ is a composite technique for calculation of thermo- CH,S 10.7 10.7 0.0 1.8
chemical data similar in nature to G2 theory. The largest g:zﬁg 22'2 ggg —10i6 :(2“73
basis set used in this method is the 6-311 CHco 542 533 09  -03
+G(3d2 f,2df,2p) basis set, which is similar to the G3large CH,CHO 42.1 42.3 -0.2 -1.2
basis in that it also usesd f polarization on the second- ~ ECO | e R S
row and 2if polarization on the first-row. Overall, the CH.CH.S 45.0 452 02 02
CBS-Q method has an average absolute deviation about the-iH 7.9 9.1 -1.2 0.5
same as G2 theory for the 148 enthalpies in the G2/97 test]N° e o8 ve At
set?® G3 theory has a significantly lower average absolute_-
deviation. Electron affinities and deviations in kcal/mol. DeviatieBxperiment
—Theory.

bSee Refs. 1, 3, 4, 6 for experimental references.
2. Higher level correction
A significant decrease in the average absolute deviation

for the 299 test cases of the G2/97 test @21 kcal/mo)

occurs from use of the new higher level correction. There ixreases by 0.24 kcal/mol and that of electron affinities de-
a large improvement in the average absolute deviation focreases by 0.32 kcal/mol. The new higher level correction
electron affinities and ionization potentiglsee Table VI also contributes to better agreement with experiment for en-
The average absolute deviation of ionization potentials dethalpies of the neutrals, especially radicals. For example, for
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TABLE V. Deviations of calculated proton affinities from experimént. TABLE VII. Effect of different modifications on G2 theofy.
Proton affinity Deviation Average Absolute deviation, kcal/mol
. Neutral
Species Expt? G3 G3 G2 All enthalpies
NH, 202.5 203.1 -06 0.0 (299 (149  IPs  EAs PAs
OH, 165.1 163.4 17 20 G2 1.48 1.56 141 141 1.08
CoH, 152.3 152.8 —0.5 -13 G2+ 1.46 1.50 141 144 110
SiH, 154.0 152.3 17 10 G2+11 1.34 1.28 143 135 121
PH, 187.1 185.3 18 0.9 G2+1l1 1.44 1.44 145 145 1.08
SH, 168.8 167.0 18 11 G2+ 1V 1.27 1.42 118 1.09 1.08
CIH 133.6 132.6 1.0 0.6 G2+1,11,111,1V 1.09 1.09 115 1.00 1.21
H, 100.8 99.3 15 1.6 [G3(noFULL)]
- - - - - G2+1,11,111,1V,V [G3] 1.02 0.94 1.13 1.00 134
#Proton affinities and deviations in kcal/mol. DeviatioBExperiment
bgTh?\??" 134 _ ! ref 3 =use of 6-31G() basis set for MP4 and QCISD) calculations]steps
ee Refs. 1, 3, 4 for experimental references. 4(@), 4(b), 4(c)]; I =use of G3large basis set in MP2 calculatjstep 4d),
MP2(FC resuli]; 111 =include spin—orbit correctiohAE(SO)]; IV =use

of new higher level correctiopstep 6, without inclusion of the spin—orbit
rlet molecules such as,and § the deviatons with ex- - SO, YIS LY o Soelor e e e
periment decrease fr0m2.4 to —1.1 keal/mol and__3'2_ to and G2+ 1V for which the G3rydefinition gfthe HLC waspoptimized.
—0.9 kcal/mol, respectively. Another example is singlet—
triplet energy differences. The G2 and G3 singlet—triplet en4rarily set to 0.19 mhartrees based on the difference between
ergy differences for Ckare 6.7 and 9.5 kcal/mol, respec- the exact and the calculated energy of hydrogen atom. Fi-
tively, compared to 9.1 from experiment and for Sithey  nally, the parameters for the HLC are obtained from a fit to
are 23.4 and 21.9 kcal/mol, respectively, compared to 21.the full set of experimental energies in G3 theory, whereas
from experiment. the HLC was obtained from a fit to only the atomization

The higher level correctioHLC) in G3 theory has been energies of the neutral molecules in G2 theory. The HLC in

modified in several respects from that in G2 theory. First, &53 theory is empirical in nature similar to G2 theory, al-
separate correction is used for atoms and molecules. Thifiough it now is based on four parameters compared to two
distinction is not very important for pairs of electronsAas in G2 theory. It remains molecule independent as in G2
(6.386 mhartregsand C (6.219 mhartregshave similar val- theory.
ues. The distinction is significant for unpaired electrons as  The correction for breaking an electron pair is smaller in
the correction for each unpaired electron is larger in mol-G3 theory compared to what it is for G2 theory due to re-
ecules B=2.977 mhartrees) than in atoms D( duced deficiencies in the energy calculation. The HLC in G3
=1.185 mhartrees). This reflects a larger deficiency in théheory corresponds to 3.20 and 3.11 mhartrees per paired
energy of an unpaired electron in a molecule than in an atorelectron in molecules and atoms, respectively, and 2.98 and
and is especially important for the evaluation of ionization1.18 mhartrees per unpaired electron in molecules and at-
potentials, electron affinities, and triplet state energies aems, respectively. Thus, the correction for breaking an elec-
noted above. Secondly, the HLC per unpaired electron igron pair in an atomization reaction is twi¢8.20—1.18 or
optimized in G3 theory, whereas in G2 theory it was arbi-4.04 mhartrees. This is smaller than the correction for break-

ing an electron pair in G2 theori¢.62 mhartrees Surpris-

ingly, the correction for breaking an electron pair in a bond
TABLE VI. Comparison of average absolute deviations and root-meaneparation reaction in which the products are both molecules,

square deviations for G2 and G3 thedry. e.g., GHg—2CH,, is only 0.44 mhartreegtwice (3.20—
Average absolute Root-mean-square 2
deviation, kcal/mol deviation, kcal/mol _
S - G2-1
Type G2 G3 G2 G3 £ G3 theory 1 G2-2
o
Enthalpies of formatior{148 1.56 0.94 2.10 1.35 ;‘. 1.26
Nonhydrogen(35) 2.44 1.72 3.14 2.19 2 111
Hydrocarbong22) 1.29 0.68 1.66 1.00 -g 1.02 1.01 !
Subst. hydrocarbong7)  1.48 0.56 1.81 0.85 g, : : 1.00 0.5 0.97 0.91
Inorganic hydrideg15) 0.95 0.87 1.32 1.09 8 :
Radical(29) 1.16 0.84 2.25 0.98 %
lonization energie$85) 1.41 1.13 1.84 1.65 é’
Electron affinities(58) 1.41 1.00 1.68 1.38 q,
Proton affinities(8) 1.08 1.34 1.22 1.44 g
All (299 1.48 1.02 1.93 1.45 g
®HLC parameters for G3 theoryi=6.386 mhartreesB=2.977 mhartrees, 0
C=6.219 mhartreed) = 1.185 mhartrees. The average absolute deviations All AH, Ps EAs

for G2 theory are slightly different from those reported in Refs. 5 and 6 due
to the use of a new value for the enthalpy of formation of GG#ee Table  FIG. 3. Average absolute deviations with experiment for G3 theory on the
II) and ionization potential of £s0H (see Table ). G2/97 test set broken down into the G2-1 and G2-2 test sets.
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2.98]. In G2 theory the correction for this type of electron TABLE VII. Co_mparison of cpu times a_lr_1d disk storage_ used in single point
pair breaking is 4.62 mhartrees since the HLC parameters af8ergy calculations on benzene and silicon tetrachidride.
the same for both atoms and molecules. Similarly, the cor-

. ) T . Benzene Dgp) SiCly (Tq)
rection for breaking an electron pair in ionization potentials - - - -
and electron affinities is smaller in G3 than G2 theory. Method  Cputime  disk storage  cputime  disk storage
We tested several constraints of the parameters in the g2 851 4.3 606 23
higher level correction. A two parameter fif, C=A, B G3 455 34 249 1.2

=A/2, D) with the same correction for pairs of electrons in : ———— _
- . . #Calculations done on a Cray YMP-C90. Total time in minutes and maxi-
mOIGCU|eS_ and atom&:(— A) and the correction for ur_lpa|red mum storage in Glitimes for geometry optimization and zero-point energy
electrons in molecules equal to one-half that of paired elecC—alculation are not includéd
trons in moleculesB=A/2) gives an average absolute de-
viation of 1.04 kcal/mol. This result is slightly larger than the
average absolute deviation of G3 thedty02 kcal/ma). An
alternate two parameter fi, C=A, B, D=B), having the N ) )
same correction for pairs of electrons in molecules and atoms N addition to improving the accuracy, the use of the
(C=A) and the same correction for unpaired electrons iff-31G() basis set in step 4 substantially decreases the
molecules and atom$(=B), results in an average absolute @mount of computational time and disk space needed in cal-
deviation from experiment of 1.21 kcal/mol. The larger av-culations. Timings for two large molecules, benzene and sili-
erage absolute deviation for the latter case indicates the infOn tetrachloride, are given in Table VIil. The main reduc-

portance of having separate corrections for unpaired eledion in time comes from the use of MP4/6-31G([Ep) in
trons in atoms and mo'ecu'es_ place of MP4/6-3llG(Qf,p) and QCISQT)/6'31G(d) n

place of QCISDT)/6-311G(d,p) in G3 theory compared to
G2 theory. The decrease in cpu time is nearly a factor of 2
3. Core-related correlation for benzene and nearly a factor of 3 for SiCl

4. Timings

The incorporation of the correction taking into accountC- Results for specific systems

some core-related correlation in Ed#), i.e., the MP2full)/ The histograms in Fig. 4 show the range of deviations of
G3large calculation, improves the average absolute deviatiofs and G3 theories from experiment for the G2/97 test set.
from 1.09 to 1.02 kcal/mo(1.09—0.94 kcal/mol for the 148 Nearly 88% of the G3 deviations fall within the range2.0

enthalpies of formation This correction eliminates some {5 +2 0 kcal/mol. This is substantially better than G2 theory

large errors for species with unsaturated rings such as befyr which about 74% of the deviations fall in this range. The
zene. Inclusion of this correctiofG3(noFULL)—G3] re-

duces the deviation from experiment for benzene froth8
to —0.6 kcal/mol. At the G2 level the deviation was3.9

kcal/mol. The other species with unsaturated rings such as 90
cyclopropene, cyclobutene, thiophene, pyrrole, and pyridine 80| G2 Theory
also improve with inclusion of this term. 70
The significance of core-related correlation in the calcu- .
lation of atomization energies of some small hydrocarbons é 50 |
has been noted by othe’s:2°Martin'® used a decontraction 2 4l
of Woon and Dunning® correlation consistent triple-zeta 30
basis set with core polarization functions added and found an 2 1
increase in the atomization energies of &d GH, of 1.25 10 1
and 2.44 kcal/mol, respectively, when core correlation was 04
included in the calculation. Partridge and Bauschlithes- 100
ported similar results for these molecules. Increases of 1.16 90 1
and 2.08 kcal/mol are found for the atomization energies of 80 1
CH, and GH, respectively, from a comparison of 70| ©3Theory
MP2(full)/G3large and MP@rozen corg¢/G3large calcula- 5 60
tions. A more detailed analysis of the effect of core-related ‘g’ 50 1
correlation will be presented in a separate sttftly. Z 40
We note that the total energies from G3 theory remain 30 1
significantly above the exact energies. For example, the G3 20
energy of fluorine atoms is 40.6 mhartrees above the esti- 10 1
mated exact energyHowever, this is an improvement com- A S A A AU
pared to G2 theory which gives a fluorine energy that is 92.8 . seeoo2s22888228282s
mhartrees above the exact value. The improvement com- A '
pared to G2 theory is due to the inclusion of core correlation; Deviations (Expt. - Theory), keal/mol
the remaining deficiency is because the G3large basis set i 4. Histogram of G2 and G3 deviations for the G2/97 test set. Each
not large enough in the core region. vertical bar represents deviations in a one kcal/mol range.
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percentage for G3 theory is even better than that of GZhree of the atomic ionization energies deviate by more than
theory for the original G2 test set of small molecules. We=*2.0 kcal/mol: Be(—3.2 kcal/moj, Mg (—3.2 kcal/mo},
now discuss some of the larger deviations and possible re@and S(2.1 kcal/mo). The other six ionization potential&Ps)
sons for them. that deviate by more than 2 kcal/mol are (3-4.0 kcal/mo},
C;H; (—2.2 kcal/mo), CN (—6.1 kcal/mao), CH;F (—5.0
kcal/mo), B,H, (2.1 kcal/mo), and SjHs (—2.3 kcal/mo).

Six of the 58 electron affinities from G3 theory in Table

Seventeen of the 148 enthalpies of formation in thelV deviate by more than 2 kcal/mol compared to 14 for G2
G2/97 test deviate by more than2 kcal/mol from experi- theory. Three of the G3 values that deviate by more than 2.0
ment at the G3 level of theorycompared to 41 for G2 kcal/mol are atomic electron affiniti€®, Li, Na). The other
theory) and of these nine deviate by more thaB kcal/mol.  three electron affinity(EAs) that deviate by more than 2
Eleven of the problem systems are in the nonhydrogen sutkcal/mol are CH (2.8 kcal/mo), NH (4.2 kcal/mo}, and G
group. The GF, and GCl, molecules have deviations of 4.9 (2.7 kcal/mo).
and 3.4 kcal/mol from experiment. The reason for these large  Eight proton affinities are included in the G2/97 test set.
deviations is unclear, although we note that an isodesmi®he G3 method performs very well for them, with all of the
bond separation scherftaising some accurate experimental deviations being less than 2 kcal/mol. The number of proton
data also gives similarly large deviations with experiment.affinities in the G2/97 test set is limited, but the results sug-
The deviation for COFis —3.4 kcal/mol based on a recent gest that G3 theory should do as well as G2 theory for these
experimental study by Ruséfcwhich gave a lower limit of  energies.
—149.1 kcal/mol for the enthalpy of formation of CQF
compared to the JANAR value of —152.7 kcal/mol that we
previously used. We have used the new and more accurate
value in this analysis. The G3 enthalpy of formation of,SO v
has a deviation of-3.8 kcal/mol from experiment, which is
slightly better than the deviation for G2 theory. Recent
studie$*3® have shown the need for very large basis sets t

describe the bonding in SOThe Pl molecule also has a ties of molecules containing firsttLi—F) and second-row

Ia}rg.? nedgat!vg de\(|at|on from eXpr?ng;HﬁA"S Ikc_a;lémo]. A . (Na—Cl) atoms has been presented. This new theoretical pro-
simiiar eviation Is present at the evel. The negative,qq re modifies G2 theory in several ways includihgthe
deviation could be for the same reason as$.9@® both cases

the first row analogs (©and NF) are in good agreement use of the 6-31G basis set as the underlying basis for the
MP4 I ingl int tiong2) th f
with experiment. The sodium dimer has a deviation of 4.0. and QCISD) single point corrections2) the use o

3d2 f polarization functi d t rotf 2
kcal/mol at the G3 level. The weak nature of this bond may po'arization JLACLONS Oh Secand row atoms a

X . " on first-row atoms in the MP2 single point calculatidB)
require a higher level of theor_y. G3 the_ory has positive de”mclu:sion of a spin—orbit correction for atomé&}) a new
\élat:;)ns ofcéé0238 It(callllmol W'thd %Ee”g‘esnlt( fol; 6$3.3 formulation of the higher level correction, afd) inclusion

cal/mol, (2.8 kea mp], and 5.( -3 keal/mo. of core-related correlation. The latter feature uses a basis set
Three hydrocarbons with strained ring systems have de

iati liahtl ter than 2.0 kcal/mol Cvel introduced in this paper, referred to as G3large, which in-
viations sligntly greater than 2.9 kcal/mol LYCIOPropene ,jeq core polarization functions and a new derivation of
(—2.2 kcal/ma), cyclobutene(—2.1 kcal/mo}, and bicy-

h lyi -311 is for the el P |
clobutane(—2.6 kcal/mo). Of the 47 substituted hydrocar- the underlying 6-311G basis for the elements P, S, Cl, and

b I h deviati lightl ter theh keal/ AT

0r:§8|;3/c:(|)_|n§ gséak el\/na 'Onvs '9 ¥9{Eater . dca . These changes correct many of the deficiencies found for
Mot &1 (8.6 kealimo). We note that an isodesmic . theory for the G2/97 test Sétof experimental energies.
schem@! also gives an unusually large deviation for the lat-

¢ . d indicat bl th th , ¢ f particular importance is the improvement for 35 non-
€r species and may indicate a problem wi € expenmen ydrogen systems, such as S#nd CF, for which the av-
value. Two of the 15 inorganic hydrides have deviations

i . erage absolute deviation decreases from 2.44 kcal(®2l
slightly greater than+2 kcal/mol: SiH (2.1 kcal/mo) and P .
H,N, (—2.1 kcalim). Finally, the enthalpies of formation theory) to 1.72 kcal/molG3 theory. Another significant im

; . -~ _provement is found for the 47 substituted hydrocarbons in
of_ aI_I 29 neutral radicals in the G2/97 test set have dewaﬂon%e test set for which the average absolute deviation de-
within the range*+2 kcal/mol.

creases from 1.48 to 0.56 kcal/mol and only one molecule
out of this subgroup deviates by more than 2 kcal/mol. The
2. lonization potentials, electron affinities, and proton average absolute deviation for hydrocarbons decreases from
affinities 1.29 to 0.68 kcal/mol. Core-related correlation is found to be
Ten of the 85 ionization potentials from G3 theory in a significant factor, especially for species with unsaturated
Table Il deviate by more thart 2 kcal/mol from experiment rings. The average absolute deviation for the 148 enthalpies
compared to sixteen of the G2 ionization potentials. Theof formation is reduced from 1.56 kcal/mol for G2 theory to
largest deviation occurs for,B, (7.0 kcal/mo} and we have 0.94 kcal/mol for G3 theory. The agreement with experiment
previously suggested that even though the quoted experimeimproves for ionization energies and electron affinities as
tal uncertainty is small, there may be a problem with thewell. The overall average absolute deviation of G3 theory
experimental value because of the large geometry chéngewith experiment for the 299 energies is 1.02 kcal/mol com-

1. Enthalpies of formation of neutrals

. CONCLUSIONS

Gaussian-3 theoryG3 theory for the calculation of mo-
lecular energiegatomization energies, enthalpies of forma-
Qion, ionization potentials, electron affinities, proton affini-
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pared to 1.48 kcal/mol for G2 theory. Finally, G3 theory usesAPPENDIX
significantly less computational time than G2 theory because

of the changes in the basis sets. Here we define the G3large basis used in the full MP2

calculation(step 4. This consists of an underlyingp basis,
together with added diffuse and polarization functions. The
underlying basis is:

Atoms H to Ne: 6-311G as defined by Krishnanal %

We acknowledge grants of computer time at the National Atoms Na to Ar: A modification of the McLean—
Energy Research Supercomputer Center and Argonne’s CeGhandler basi&®
ter for Computational Science and Technology. We thank  The modified McLean—Chandler basis is a segmented
Dr. Jean-Philippe Blaudeau for the calculation of spin—orbitset, based on the ($®p) uncontracted exponents originally
corrections for several atomic ions. This work was supporte@btained by Huzinag¥. The segmentation used [i,5] or
by the U.S. Department of Energy, Division of Materials
Sciences, under contract No. W-31-109-ENG-38 and the Na- (12,9—(631111/4211} (AL)
tional Science Foundation. where ones-exponent is repeated in the first two contracted

ACKNOWLEDGMENTS

TABLE IX. Exponents and coefficients of the G3large basis set for P, S, Cl, addrAe. supplementary basis functions for this basis set are given in the
Appendix and the core polarization functions are given in Table X.

Atom Shell Exponent Coefficient Atom Shell Exponent Coefficient
Phosphorus s 77 492.400 000 7.869 2E2- 04 Chlorine s 10 5819.000 000 7.423 6E7-04
11 605.800 000 6.108 285-03 15 872.000 000 5.747 3#8-03
2645.960 000 3.139 689-02 3619.650 000 2.964 8E6-02
754.976 000 1.2423B-01 1030.800 000 1.178 9B8-01
248.755 000 3.8115%-01 339.908 000 3.648 582-01
91.156 500 5.595 3R-01 124.538 000 5.816 968-01
s 91.156 500 1.641 6EH-01 s 124.538 000 1.370483-01
36.225 700 6.259 0¥-01 49.513 500 6.231 380-01
15.211 300 2.620 74-01 20.805 600 2.903 2B-01
s 4.713 800 1.000 0GB+ 00 s 6.464 800 0.1000 @D+ 01
s 1.782 700 1.000 0GB+ 00 s 2.525 400 0.1000 G0+ 01
s 0.342 500 1.000 0GB+ 00 s 0.537 800 0.1000 @D+ 01
s 0.124 600 1.000 0GB+ 00 s 0.193 500 0.1000 a0+ 01
p 384.840 000 8.967 85-03 p 589.780 000 7.873 382-03
90.552 000 6.904 9@ 02 139.850 000 6.155 460- 02
28.806 000 2.928 7B-01 44.795 000 2.742 5401
10.688 00 7.292 442—-01 16.612 000 7.498 9€4-01
p 4.252 100 6.325 8R2-01 p 6.599 500 6.147 64001
1.740 500 4.232 996501 2.714 100 4413 45-01
p 0.597 900 1.000 0@®+ 00 p 0.952 800 1.000 0@®+ 00
p 0.229 200 1.000 0@+ 00 p 0.358 000 1.000 0@®+ 00
p 0.083 800 1.000 0@®+ 00 p 0.125 000 1.000 0@®+ 00
Sulfur s 93413.400 000 7.420 7€L-04 Argon s 118022.000 000 7.416 982- 04
13961.700 000 5.787 683-03 17683.500 000 5.786 362-03
3169.910 000 2.994 0&7- 02 4027.770 000 2.990 088-02
902.456 000 1.189 2&-01 1145.400 000 1.191 28701
297.158 000 3.681 82-01 377.164 000 3.687 889-01
108.702 000 5.776 3%-01 138.160 000 5.767 78-01
s 108.702 000 1.427 905801 s 138.160 000 1.4359%-01
43.155 300 6.246 9F- 01 54.989 100 6.231 1£2-01
18.107 900 2.834 8801 23.170 700 2.840 8H3-01
s 5.570 500 1.000 0@®+ 00 S 7.377 860 1.000 0@®+ 00
s 2.142 700 1.000 0@+ 00 s 2.923 690 1.000 0@+ 00
s 0.434 000 1.000 0@®+ 00 s 0.650 405 1.000 0@®+ 00
s 0.157 000 1.000 0@+ 00 s 0.232 825 1.000 0@+ 00
p 495.040 000 8.196 2%53-03 p 663.062 000 7.820 0FA-03
117.220 000 6.364 2@4- 02 157.093 000 6.148 383-02
37.507 000 2.788 06D 01 50.231 100 2.754 7801
13.910 000 7.447 A®-01 18.635 300 7.488 4@2-01
p 5.504 500 6.168 248—01 p 7.446 540 6.282 2101
2.243 300 4.402 946—- 01 3.095 700 4.260 2@-01
p 0.776 200 1.000 0@+ 00 p 1.106 460 1.000 0@®+ 00
p 0.291 900 1.000 0@®+ 00 p 0.415 601 1.000 0@®+ 00
p 0.102 900 1.000 0@®+ 00 p 0.145 449 1.000 0@+ 00

#The exponents and coefficients for the other elemgitsSi) are the same as the 6-311G basis(seé Appendix The complete basis set is available on the
internet.(Ref. 16.

Downloaded 30 Oct 2002 to 163.28.96.14. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 109, No. 18, 8 November 1998

Curtiss et al. 7775

sfunctions. For Na, Mg, Al, and Si, the contraction coeffi- TABLE X. Core polarization exponents used in the G3large basis set.

cients are those listed by McLean and Chandftahe basis
is then exactly as returned by 6-311G in theUSSIAN 94
program?’ For neutral P, S, Cl, and Ar, McLean and Chan-

dler use a segmentatid631111/52111 In G3large, we use
the segmentatiofA1) over the whole row to give a uniform
type of splitting in the atomic @-region. This turns out to be
important in getting satisfactory results for core-related cor-
relation effects. The new contraction coefficients were ob-
tained by minimization of théspin-restrictegflatomic energy

of the neutral ground-state atoms, using a modified version

of the AToMsCF program?® The new bases for P, S, Cl, and
Ar are listed in Table IX® (Note that the symbol 6311G

returns McLean—Chandler sets appropriate to anions for P, S

and Cl in theGAUSSIAN94 program?’)

The supplementary diffuse functions consist of a single
uncontracteds-function for H, He(exponents 0.036, 0.086
and a single uncontracted set (8P functions for atoms Li

Exponent
Atom p d f Energy!
Li 4.0 7.0 —7.46394
Be 7.0 9.0 —14.63554
B 11.0 13.0 —24.61330
C 16.0 15.0 —37.79707
N 22.0 15.0 —54.53644
(0] 27.0 16.0 —74.99599
F 33.0 18.0 —99.64716
Ne 40.0 22.0 —128.83870
Na 4.0 4.0 —162.10297
Mg 4.0 5.0 —199.89069
Al 6.0 6.0 —242.18347
Si 8.0 7.0 —289.19227
P 10.0 9.0 —341.08484
S 11.0 10.0 —397.91806
Cl 13.0 12.0 —459.94148
Ar 15.0 14.0 —527.31993

to Ar, using standard exponents:
Li(0.0074, B&(0.0207, B(0.0315, C(0.0438, N(0.0639,

0(0.0845, F(0.1076, Ne(0.1300,

AMP2(full )/G3large energy in hartrees.

atoms. The exponents for the core polarization functions

used in the G3large basis set are given in Tabl¥ Xhe

Na(0.0078, Mg(0.0146, A1(0.0318, Si(0.0331,
P(0.0348, S(0.0405, CI(0.0483, Ar(0.0600. '

c

ore polarization functions included in G3large recover a
arge portion of the core-related correlation energy. We have

not addeds functions to the first row atoms @pfunctions to

Polarization functions used argZor H, He, 2df for Li to
Ne and 312 f for Na to Ar. Symbols D, 2d, and 2f imply

the second row as there are multiple minima in the exponent
space and they do not contribute as much to the energy low-

two sets of uncontracted primitives with exponents twice antkring as the other core functions. A more detailed analysis of
half standard values. Thed3means three sets using expo- the core-related correlation will be presented in a separate
nents four times, equal to, and a quarter of standard value§tudy_30

Standard p-exponents are 0.75 for H, He. Standade
exponents for Li to Ar are:

Li(0.2), Be(0.255, B(0.401), C(0.626, N(0.913,
0(1.292, F(1.75, N&(2.304),
Na(0.175, Mg(0.175, A1(0.325, Si(0.45, P(0.55),
S(0.65), CI(0.75), Ar(0.85.

Standard-exponents are:
Li(0.15, Be(0.26), B(0.50, C(0.80), N(1.00, O(1.40),
F(1.85, Ne(2.50),
Na(0.15), Mg(0.20, A1(0.25), Si(0.32), P(0.45), S(0.55),
C1(0.70, Ar(0.85.

These supplementary functidAsare the default in the
GAUSSIAN94 progrant’ for the 6-311G basis sefNote that
the d-exponents of Li—Ne(and p-exponent of H for the
6-31G basis set used in the single point MP4 and QET$D
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