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A variation of Gaussian-8G3) theory is presented in which the basis set extensions are obtained at
the second-order Mier—Plesset level. This method, referred to agI/#32) theory, is assessed on
299 energies from the G2/97 test §6t Chem. Phys109, 42 (1998]. The average absolute
deviation from experiment of GBIP2) theory for the 299 energies is 1.30 kcal/mol and for the
subset of 148 neutral enthalpies it is 1.18 kcal/mol. This is a significant improvement over the
related GEMP2) theory[J. Chem. Phy<98, 1293(1993], which has an average absolute deviation

of 1.89 kcal/mol for all 299 energies and 2.03 kcal/mol for the 148 neutral enthalpies. The
corresponding average absolute deviations for full G3 theory are 1.01 and 0.94 kcal/mol,
respectively. The new method provides significant savings in computational time compared to G3
theory and, also, GR1P2) theory. © 1999 American Institute of Physics.

[S0021-960809)30309-3

I. INTRODUCTION ing deviations for G2 theory are 1.48 and 1.56 kcal/mol,
respectively. In addition, G3 theory requires less computa-
The Gaussiam- series of model chemistries have the tional resources than G2 theory because of the replacement
goal of calculating molecular energies to high accuracy. Wey the 6-311G basis set by the 6-31G basis in G3 theory. For
recently presented Gaussiar(@3) theory; which achieves example, for benzene it requires about one-half the cpu time,

significantly improved accuracy compared to Gaussian-yile giving a deviation from experiment of 0.6 kcal/mol
(G2 theory? G3 theory is a new procedure for calculating compared to 3.9 kcal/mol for G2 theory.

energies of molecules containing atoms of the first and sec-
ond row of the periodic chart based ab initio molecular
orbital theory. G3 theory uses geometries from second-ord

The correlation methods in G3 theory are still computa-
tionally intensive and it is of interest to find modifications to

: : Ord&educe the computational requirements. In G2 theory it was
perturbation theoryMP2/6-31Gd)] and zero-point energies found that the most demanding steps, calculation of the MP4

f_rom Har_tree—Fo_ck theorM—IF/G—BlG_d)] followed by a se- energies, could be replaced by a MP2 calculation. This
ries of single-point energy calculations at the second-order 6 . o
Maller—PlessetMP2), fourth-order Mdler—Plesset(MP4), method, referred to as @@P2) theory, requires signifi-

and quadratic configuration interactipRCISD(T)] levels of cantly less computational time than G_2 theory, but is less
theory. The MP4 calculations are done with the 6-81G accurate. The average absolute deviation ofM#22) theory

basis set and several basis set extensions. The QT)SD ig 1.89 kcal/mol for the 62497 test set. A further modifica-
calculation is done with the 6-3X6) basis set. The Mp2 tion, GAMP2,SVH theory, replaces the QCISO)/6-
calculation is done with a new basis set, referred to a$11Gdp) calculation in GRMP2) theory by a QCISIT)/6-
G3large, and includes core correlation at this level. The othe31G(d) calculation to save additional time with essentially
single point energy calculations are done with a frozen coré0 change in accuracy1.89 kcal/mol compared to
approximation. G3 theory is effectively at the QCIGD  G2(MP2).

(full)/G3large level, making certain assumptions about addi-  In this paper we present a variation of G3 theory that
tivity of the calculations. It also includes a spin—orbit correc-uses a reduced Mer—Plesset order similar to what was
tion, and a higher-level empirical correction. G3 theory wasdone for GZMP2) theory. In this method, referred to as
assessed on a total of 299 enerdiesthalpies of formation, G3(MP2) theory, the basis set extensions are obtained at the
ionization energies, electron affinities, and proton affinjities MP2 level, thus eliminating the MP4 calculations. The
from the G2/97 test sé The average absolute deviation QCISD(T) calculation is the computationally most demand-
from experiment of G3 theory for these energies is 1.01 kcaling step in GBMP2) theory. G3MP2) theory is assessed
mol. For the subset of 148 neutral enthalpies of formation theyith the G2/97 test set and compared to the performance of
average absolute deviation is 0.94 kcal/mol. The correspondsz(Mpz) and G3 theory. In Sec. Il the theoretical methods
used are described. In Sec. Il the BB2) energies are
dElectronic mail: CURTISS@ANLCHM.CHM.ANL.GOV presented and compared with experiment.
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TABLE I. Total G3(MP2) energiesin hartree§ of atomic species and spin-orbit correctidits mhartrees

Atomic Atomic

species Ey [G3(MP2)] AE(SO? species Eo [G3(MP2)] AE (SO2
H(%S) —0.501 84 0.0 N* (°P) —53.993 47 —-0.43
He (*9 —2.902 54 0.0 o' (*s) —74.49272 0.0
Li (29 —7.43405 0.0 F* (°P) —99.001 28 —-0.67
Be (*9) —14.629 26 0.0 Ne* (?P) —128.03371 -1.19
B (?P) —24.607 08 -0.05 Na* (1s) —161.664 29 0.0
C (P) —37.789 34 —-0.14 Mg* (3S) —199.36591 0.0
N (“S) —54,525 19 0.0 At (19) —241.718 72 0.0
o (°P) —74.989 77 —-0.36 Sit (?P) —288.642 76 -0.93
F (?P) —99.640 94 —-0.61 P" (°P) —340.444 18 —-1.43
Ne (') —128.828 67 0.0 SHGS) —397.288 70 0.0
Na (9) —161.848 00 0.0 cl* (®°P) —459.214 12 —-1.68
Mg (*S) —199.650 84 0.0 Art (?P) —526.483 31 —2.18
Al (%P) —241.936 95 -0.34 Li~ (*9) —7.468 65 0.0
Si (°P) —288.939 43 —-0.68 B~ (°P) —24.610 10 -0.02?
P (*S) —340.826 65 0.0 c (‘s —37.829 90 0.0
S ¢ép) —397.663 76 —-0.89 o (?P) —75.038 25 -0.28
Cl (?P) —459.687 24 —1.34 F (!9 —99.766 29 0.0
Ar (1S) —527.060 96 0.0 Na~ (!s) —161.878 57 0.0
He" (%9) —2.000 25 0.0 A~ (°P) —241.949 70 —-0.2¢
Li* (Y9 —-7.23584 0.0 Si~ (*s) —288.988 45 0.0
Be* (%S) —14.278 22 0.0 P~ (°P) —340.850 81 —-0.48
B (9 —24.306 03 0.0 S (?%P) —397.740 05 -0.8¢9
c* (3P) —37.37924 -0.2 cl™ (%) —459.822 36 0.0

aSpin—orbit corrections are the same as used in G3 th@ef. 2 and are from Ref. 11, except where noted.
bCalculated value, Ref. 12. We have recently become aware of experimental values for the atomic anions from
H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data731(1985. The experimental values for' B

O ,Al",P ,and S are—0.03,-0.27, 0.23,-0.41, and—0.74 mhartrees, respectively. The differences with

the calculated values are smét0.1 kcal/mo).

Il. DESCRIPTION OF G3(MP2) THEORY calculation in GBMP2) theory is done with a frozen coftéc)

. approximation, whereas the MP2/G3large calculation in G3
G3(MP2) theory is based on MRl )/6-31G(d) geom- theory includes all electrons in the correlation treatment.

etries using all electrons. A series of single point energy The other corrections in Ed1) are similar to those in

calculations are carried out at higher levels of theory. TheG3 theory and are discussed in more detail in Ref. 2. The
subsequent calculations include only valence electrons in thgpin—orbit correctionAE(SO), is included for atomic.sp.e-
treatment of electron correlation, i.e., frozen c¢i®. The cies only. The spin—orbit’ correction is taken from
first higher level calculation is at the quadratic configuration ] . .

. . . . . experiment! where available and accurate theoretical
interaction level of theofywith the 6-31Gd) basis set, i.e., b

; . o calculation$? in other cases. The spin—orbit corrections are
QCISDT)/6-31Qd). This energy is then modified by a se- listed in Table I. The zero-point correctiok(ZPE), is ob-

ries of corrections to obtain a total energs, tained from scaled0.8929 HF/6-31Gd) frequencies. A
Eo[ G3A(MP2)]=QCISD(T)/6-31G d) + AEyp, “higher level correction” (HLC) is added to take into ac-
count remaining deficiencies in the energy calculations. The
+AE(SO+E(HLO)+E(ZPB). (1) HLC is —Ang—B(n,—ng) for molecules and—Cng
The correction at the second-order/Mo—Plesset levél — D(n,—ng) for atoms(including atomic ions Then, and
(MP2) is given by n, are the number g8 and« valence electrons, respectively,

with n,=n;. The A, B, C, D values are chosen to give the
— _ _ a IB ] ) [l
AEwp=[E(MP2/G3MP2large] ~[E(MP2/6 31Gd)(]2.) smallest average absolute deviation for the G2/97 test set of

experimental energies. For @38P2) theory,A=9.279 mhar-
The G3MP2large basis $8is the same as the G3large
basis setsee Ref. 2 for detailsused in G3 theory, except
that the core polarization function@able X in Ref. 2 are TABLE II. Relative cpu times used in single point energy calculations on
not included. The G3MP2large basis set differs from theP&nzene and silicon tetrachloride.
6-311+G(3df,2p) ba.15|s.set useq in GRIP2) thgory in three Method Benzenel ) sicl, (To)
ways: (1) 2df polarization functions on the first-row atoms

(Li—Ne) and 3i2f polarization functions on second-row at- gg’(m? ;9 ;7
oms (Na—Ar), (2) a new 6-311G basis for S, CI, and Ar GS( ) 78 6.6

which is optimized for the neutral atoms, a8) diffuse G2 14.7 15.9
functions on hydrogens. In addition, the MP2/G3MP2large:
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TABLE Ill. G3(MP2) enthalpies of formation and their deviations from experinient.

Molecule  AH9(298)  Deviation Molecule AH?(298)  Deviation
LiH 333 0.0 GCl, -7.9 5.0
BeH 84.5 —-2.8 CRCN —119.4 1.0
CH 140.7 18 CHCCH (propyne 43.9 0.3
CH,(®B,) 92.3 1.4 CH=C=CH, (alleng 44.1 1.4
CHy(*Ap) 101.7 1.1 GH, (cyclopropeng 67.8 -16
CH, 34.2 0.8 CHCH=CH2(propylene 4.3 05
CH, -17.8 -0.1 G;Hg (cyclopropang 13.5 -0.8
NH 84.0 12 GHg (propang —25.1 0.1
NH, 44.5 0.6 CHCHCHCH, (butadieng 25.5 0.8
NH3 -10.0 -1.0 GHs (2-butyng 34.9 -0.1
OH 8.3 11 GHg (methylene cyclopropane 45.9 2.0
OH, —-57.4 -0.4 GHg (bicyclobutang 54.2 -2.3
FH —65.4 0.3 GHg (cyclobuteng 38.8 -14
SiH,(*A)) 62.9 2.3 GHs (cyclobutang 6.8 0.0
SiH,(®B,) 83.4 2.8 GHs (isobuteng —4.4 0.4
SiH,; 46.0 1.9 GHjq (trans butane -30.2 0.2
SiH, 7.2 1.0 GHy, (isobutang -32.1 0.0
PH, 31.8 1.3 GHg (spiropentane 44.8 -0.5
PH; 25 -1.2 GHg (benzeng 18.6 11
SH, -55 0.6 CHF, -107.9 0.2
CIH —22.4 0.3 CHE —166.5 -0.1
Li, 48.7 2.9 CHCl, -22.8 0.0
LiF —80.2 0.1 CHCJ —25.3 0.7
C,H, 54.3 -0.1 CH;NH, (methylaming -4.1 -14
C,H, 11.9 0.7 CHCN (methyl cyanidg 17.9 0.1
C,Hg —-20.1 0.0 CHNO, (nitromethang —16.2 -16
CN 106.4 -15 CH,ONO (methyl nitrite) -14.7 -1.2
HCN 31.2 0.3 CHSiH, (methyl silang -6.7 -0.3
Cco —27.4 0.9 HCOOHformic acid —-90.0 -0.5
HCO 9.5 0.5 HCOOCHK (methyl formaté —85.7 0.7
H,CO —26.5 0.6 CHCONH, (acetamidg -54.9 -2.1
H,COH —47.7 -0.3 CH/NH (aziriding 31.6 —~1.4
N, 2.0 -2.0 NCCN (cyanogeh 73.9 -0.6
H,NNH, 25.3 -25 (CHy),NH (dimethylaming -2.9 -15
NO 21.9 -0.3 CHCH,NH, (transethylaminge -10.9 -0.4
0, 2.0 -2.0 CH,CO (keteng -12.2 0.8
HOOH —30.8 -1.7 GH,0 (oxirane —-12.1 -0.5
F, 1.3 -13 CH,CHO (acetaldehyde —39.5 -0.2
co, -94.9 0.8 HCOCOHglyoxal) -51.2 0.5
Na, 30.6 3.3 CHCH,OH (ethano) —55.8 -0.5
Si, 137.1 2.8 CHOCH; (dimethylethey —43.7 -0.3
P, 345 -0.2 CH,S (thiirane 18.1 15
S, 30.2 0.5 (CH),SO (dimethylsulfoxide -34.8 -1.4
cl, 0.4 -0.4 CHsSH (ethanethiol —-11.4 0.3
NaCl —45.1 15 CHSCH; (dimethyl sulfide -9.5 0.6
Sio -25.3 0.6 CH=CHF (vinyl fluoride) —34.6 14
SC 63.7 3.2 GHsCI (ethyl chloride —26.8 0.0
SO 2.3 -1.1 CH=CHCI (vinyl chloride) 45 4.4
Clo 26.4 —2.2 CH=—CHCN (acrylonitrile) 44.4 —-1.2
FCI —-11.8 -1.4 CHCOCH; (acetong —-51.5 -0.5
Si,Hg 17.9 1.2 CHCOOH (acetic acidl —102.5 -0.9
CHCI —19.6 0.1 CHCOF (acetyl fluoride —105.2 -0.5
H;CSH -5.9 0.4 CHCOCI (acetyl chlorid¢ —58.0 0.0
HOCI -17.1 -0.7 CHCH,CH,CI (propyl! chloride -32.0 0.5
SGo, —-67.0 -3.9 (CH;) ,CHOH (isopropanal —65.1 -0.1
BF; —269.6 -1.8 CHsOCH; (methy! ethylether -52.0 0.3
BCl; —95.7 -0.6 (CHy)3N (trimethylaming -5.2 -0.5
AlF, —289.4 0.4 GH,O (furan) -8.3 0.0
AICl; —142.7 3.0 GH,S (thiopheng 25.5 2.0
CF, —-223.0 0.0 GH:sN (pyrrole) 26.4 -0.5
ccl, -25.3 2.3 GHsN (pyridine) 32.8 0.8
COSs —36.5 34 H -1.1 1.1
CS, 22.6 5.3 HS 33.0 1.2
COF, —145.1 —4.0 CCH 135.8 -0.7
SiF, -383.8 -21 CoHs (PA) 70.3 1.3
Sicl, —159.4 1.0 CH,CO (PA") -2.4 0.0
N,O 221 —2.4 H,COH (°A) -3.6 -0.5
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TABLE Ill. (Continued)

Molecule AH?(298) Deviation Molecule AH?(298) Deviation
CINO 12.9 -0.5 CH;0 CS (ZA’) 5.3 —-1.2
NF, -30.7 -0.8 CH,CH,0 (?A") -2.0 -17
PF, ~223.9 -52 CH,S (A") 28.6 12
[0} 36.4 -23 CoHs (2A) 28.9 0.0
F,0 7.6 -1.7 (CHg),CH (?A") 217 -0.2
CIF, -336 —43 (CHy)<C (t-butyl radica) 133 -10
C.Fs ~161.7 4.3 NQ 9.1 -1.2

4n kcal/mol. Deviation=experiment-theory.

trees, B=4.471 mhartrees, C=9.345 mhartrees,

Curtiss et al.

and are included in the total energies. The (BIP2) total ener-

D=2.021 mhartrees. This is a modification of the HLC usedgies for the molecules and the M@2l1)/6-31Gd) geom-
in G2(MP2) theory which has two parameters, one for pairsetries are available elsewhéfETable 11l contains the devia-
of electrons in molecules and atoms and one for unpairetdons of the G3MP2) enthalpies of formation from

electrons in molecules and atoms.
Modification of G3 theory to obtain GBIP2) theory is

analogous to the modification of G2 theory to obtaintag e v. G3(MP2) ionization potential{IP) and their deviations from

G2(MP2) theory. As in the case of GRIP2) theory, the  experiment
G3(MP2) energy requires only two single-point energy cal-
culations. For G@VIP2) theory the two calculations are Molecule  IP Deviation Molecule IP Deviation
QCISD(T)/6-31Qd) and MP2fc)/G3MP2large. The former Lj 124.4 -0.1 BCh 2684 —0.9
calculation also provides the MHAR)/6-31Qd) energy re- Be 2203 -54 BFs 271.2 71
quired for Eq.(2). The absence of the MP4/6-3(&fp) B 188.9 25 cQ 3160 1.6
calculation in GBMP2) theory compared to G3 theory pro- N ;g;? f_'g ccgs 222?_6 _0'3_0
vides significant savings in computational time and disk stor 311.9 1.9 Ccs 2331 -009
age such that larger systems can be calculated. The relative 401.4 0.3 CH 239.8 0.0
cpu times are given for two examples, benzene and silicoha 1153 32 CHl 2279 -09
tetrachloride, in Table Il. The limiting calculation in M9 1788 -25 CHs (°A") 1884  -13
G3(MP2) theory is the QCISDI)/6-31Q(d) calculation. For 4 e QHég':‘ig’ge”’E 2oe2 28
benzene, GBP2) theory is about eight times faster than G3 2400 19 sec-E, 1704 ok
theory. Compared to GRIP2) theory it is about three times s 235.4 3.6 6Hs 2158 2.6
faster for benzene. GBIP2) theory is similar in speed to Cl 296.9 2.2 CN 318.3 —47
GaMPz.SVR theor! Sl R R Y
All calculations in this gaper were done with the OH3 297 7 23 CHzO cs((ZA') 2475 01
GAUSSIAN94 computer progrant’ OH, 2003 07 CHOH 519 17
FH 3702 —0.4 CHF 2930 -5.4
. ASSESSMENT OF G3(MP2) THEORY ON THE G2/ SiHH4 2253i83 0029 C&%SH igg gf
97 TEST SET PH, 226.2 0.2 CHSH 2179 -0.2
The G2/97 test s&f contains 148 enthalpies of forma- PHs 2272 04 CHCI 2606 —138
tion of neutrals(at 298 K), 88 ionization potentials, 58 elec- 2HHZZB 543;'2 fg g;g?"é gggé —1164
tron affinities, and 8 proton affinities for a total of 302 reac—SHZZA1 2045 02 CHOF 2627 12
tion energies. In this assessment we have used the G2/97 tes 293.4 0.6 GH,S (thiran@  209.0 —0.3
set less three ionization potentials gtGCH;— C¢HsCH3™,  CH, 2636 —0.7 NCCN 3109 -26
CeHsNH,— CgHsNH, ™, CgHsOH— CgHsOH™) resultingina  CHa 2445  -2.2 GH,O (furan 2056  —2.0
total of 299 energies. These three ionization potentials ar€®,. 3235 04 GHeN (pyrrole 1896 —0.3
. . . : (%S cation 358.7 0.5 BH, 221.6 2.0
not included in order to make comparison with G2 andy e caion 383.9 12 NH 310.9 0.2
G2(MP?2) theories on an equal basis. These three ionizatiog, 2823 —4.0 NH, 256.3 0.6
potentials were not calculated with G2 theory in Ref. 5 be-P, 2426 0.2 NH, 2239 -28
cause of the size of the molecules. All of the average abso> 2161 —02 NoHs 1756 02
lute deviations reported in this paper are for the 299 energie l ggi'j _0675 SH;E 22190361 oof
The enthalpies of formation at 298 K were calculated as iny- 263.4 21 Slil-g ! 1881 -05
Ref. 4. The ionization potentials, electron affinities, and proy 3149 -1.1 SiH, 190.0 -0.9
ton affinities were calculated 8 K as inRef. 5. He 566.2 0.9 SH, 1879 -13
G3(MP2) theory, as defined in Sec. I, was used to cal-Ne 4988 -17 SiHs 1776 —24
culate the energies of atoms, molecules and ions in the G2/ F, ggg? _8': S 2228 18

test set. Table | contains the B8P2) total energies of the

atomic species and the spin—orbit correctiohE(SO), that

8n kcal/mol. Deviatior=experiment-theory.
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TABLE V. G3(MP2) electron affinities(EA) and their deviations from TABLE VI. G3(MP2) proton affinities (PA) and their deviations from

experimenf experiment.
Molecule EA  Deviation Molecule EA  Deviation Molecule PA Deviation
c 25.5 3.6 G 72.4 3.1 NH, 202.9 -0.4
o) 30.4 3.3 GO 531 -0.3 OH, 163.3 1.8
F 787 -03 ChA, 3.2 0.9 CH, 152.9 -0.6
Si 30.8 1.2 NCO 82.8 0.4 SiH, 153.4 0.6
P 15.2 0.8 NG 525 01 PH, 185.9 1.2
S 47.9 0.0 Q 48.2 0.3 SH, 167.5 1.3
Cl 848 —14 OF 50.8 1.6 CIH 132.9 0.7
CH 26.5 21 SQ 264  —09 H, 99.2 1.6
CH, 13.7 1.3 0] 454 21
CH; 0.1 1.7 GH 70.5 -2.0 4n kcal/mol. Deviatior=experiment-theory.
NH 4.2 4.5 GHs 166  -1.2
NH, 17.2 05 H,C=C=C (*A;) 418 -0.4
OH 41.3 0.9 HC—=C—CH 228 -22 o
SiH 28.9 0.6 CHCHCH, 120 -11 The average absolute deviations of (@P2) theory are
SiH, 24.9 1.1 HCO 75 -03 smaller than those of GRIP2) theory for enthalpies of for-
SiHy 32.3 0.2 HCFA’ 116 0.9 mation, ionization potentials, and electron affinitiésee
ggz 22;':? g'g ggg ig'g :8'}1 Table VII). These three quantities have average absolute de-
HS 541 03 chs 10.7 00 viations of 1.18, 1.41, and 1.46 kcal/mol, respectively, at the
0, 85 1.6 CHCN 363 —07 G3(MP2) level compared to 2.03, 1.72, and 1.94 kcal/mol at
NO -0.6 1.0 CHNC 265 -21 the GAMP2) level. The only type of energy for which the
CN 912 -2.2 CHCO 54.1 0.1 accuracy decreases in B8P2) theory is proton affinities,
PO 25.0 01 CRCHO 431 -10 which has an average absolute deviation of 1.02 kcal/mol at
S, 388 —05 CHCO 9.7 0.1
cl, 570  _21 CHCH,0 207 12 the GIMP2) level compa_red to 0.77 kcal/mol at the
Li 217 -75 CHCH,S 469 —-19 G2(MP2) level. In comparison to G2 theory, @3P2)
B 1.9 45 LiH 100 22 theory performs significantly better for enthalpies of forma-
Na 192 =65 HNO 6.3 15 tion of neutral specieél.56 vs. 1.18 kcal/mol The average
Al 8.0 22 HO, (A" 24.2 0.6 absolute deviations for ionization energies and electron af-
3N keal/mol. Deviatior-experiment theory. finities are only slightly larger for G81P2) theory than for
G2 theory.

The average absolute deviation of GB2) theory with

experiment for the G2/97 test set. The deviations of the ionG3 theory is also listed in Table VII. Overall the deviation is
ization potentials, electron affinities, and proton affinities0.61 kcal/mol. The largest absolute deviations between
from experiment for the G2/97 test set are given in Table$33MP2) and G3 occur for enthalpies of formation of non-
IV, V, and VI, respectively. Table VII contains a summary of hydrogens0.87 kcal/mo) and electron affinitie0.86 kcal/

the average absolute deviations of([@®2) theory from ex-  mol).

periment. Results for GRIP2) theory and G2 theory are Table VII presents the average absolute deviations for
also included in the table for comparison. the enthalpies of formation of neutrals broken down into five

different types: Nonhydrogen, hydrocarbons, substituted hy-
drocarbons, inorganic hydrides, and radicals. The results are
improved compared to GRIP2) theory for all five subsets.
G3(MP2) theory is significantly more accurate than The largest improvement in accuracy from (B2 to
G2(MP2) theory. The results in Table IV for the 299 ener- G3(MP2) occurs for the substituted hydrocarbons for which
gies in the G2/97 test set indicate that the average absoluthe average absolute deviation decreases from 1.89 to 0.74
deviation from experiment improves from 1.89 kcal/mol for kcal/mol. The improvement for hydrocarbons is also very
G2(MP2) theory to 1.30 kcal/mol for GB1P2) theory. Simi-  large: From 1.83 to 0.70 kcal/mol. For inorganic hydrides the
larly, G3(MP2) theory is a significant improvement over improvement is from 1.20 kcal/mol to 1.03 kcal/mol, while
G2(MP2,SVB theory, which also has an average absolutefor radicals the improvement is from 1.36 to 1.23 kcal/mol.
deviation of 1.89 kcal/mol. Contributions to the improve- G3(MP2) theory improves for nonhydrogens compared to
ment come from the three modifications included inG2(MP2) theory, from 3.24 to 2.12 kcal/mol. Despite the
G3(MP2) theory: The new higher level correctioHLC), the  improvement, the average absolute deviation for nonhydro-
spin—orbit correction, and the G3MP2large basis set. Intergens is still quite large.
estingly, G3MP2) theory also performs better than G2 In G3 theory it was found that the inclusion of core
theory, which has an average absolute deviation of 1.48 kcatlorrelation improved the accuracy of the method as it de-
mol. A detailed breakdown of the sources of improvement ofcreased the average absolute deviation for the G2/97 test set
G3 theory relative to G2 theory is given in Ref. 2. For ex-from 1.09 to 1.01 kcal/mdl.The core correlation was found
ample, use of a four parameter HLC in G2 theory improvego be especially important for unsaturated ring systems such
the average absolute deviation of G2 theory for the same sefs benzene. Surprisingly, inclusion of core correlation using
of 299 energies used here to 1.28 kcal/mol. the G3large basis set that has core polarization functions

A. Comparison of G3 (MP2) theory with other Gn
theories
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TABLE VII. Comparison of average absolute deviatidnis kcal/mol) for G3(MP2), G2(MP2), G3, and G2

theories*®
Average absolute deviation from experiment
Type G3IMP2) G2(MP2) G3 G2 G3IMP2)-GZF
Enthalpies of formatior{148) 1.18 2.03 0.94 1.56 0.59
Nonhydrogen(35) 2.12 3.24 1.72 2.44 0.87
Hydrocarbong22) 0.70 1.83 0.68 1.29 0.48
Subst. hydrocarbon@?7) 0.74 1.89 0.56 1.48 0.55
Inorganic hydrideg15) 1.03 1.20 0.87 0.95 0.38
Radical(29) 1.23 1.36 0.84 1.16 0.54
lonization energie$85) 1.41 1.72 1.13 1.41 0.53
Electron affinities(58) 1.46 1.94 0.98 1.41 0.86
Proton affinities(8) 1.02 0.77 1.34 1.08 0.39
All (299)d 1.30 1.89 1.01 1.48 0.62

3HLC parameters for GBIP2) theory:A=9.279 mhartree3=4.471 mhartree$;=9.345 mhartreed)=2.021
mhartrees.

bG2(MP2) and G2 results from Refs. 2, 4, and 5, and G3 results are from Ref. 2. Some average absolute
deviations vary slightly from those in previous publications because of corrections including the use of a new
value for the enthalpy of formation of CQFRef. 2 and a revised geometry for the ethanol catiBef. 2.
‘Average absolute deviation of G8P2) from G3 theory.

YRoot-mean-square deviations for @B82), G2AMP2), G3, and G2 are 1.81, 2.45, 1.45, and 1.93, repectively.

(and re-optimization of the HLCin G3(MP2) theory in tions is unclear, although we note that an isodesmic bond
place of the G3MP2large basis increases the average absseparation schemitusing some accurate experimental data
lute deviation from 1.30 to 1.43 kcal/m@l.18 to 1.46 kcal/ also gives similarly large deviations with experiment. The
mol for enthalpies of formation We have not included core seven other nonhydrogen species having deviations greater
correlation in GBMP2) theory because it makes the methodthan 2 kcal/mol at the G81P2) level are SC, CGl, SiF,,

less accurate and, in addition, it requires more cpu time. Thal,O, O;, and CIF.

increase in the average deviation is unsatisfactory and we are Only one hydrocarbon has a deviation greater than 2.0

investigating the underlying reasons. kcal/mol: Bicyclobutang—2.3 kcal/mo). Of the 47 substi-
tuted hydrocarbons only two have deviations greater than
B. Results for specific species kcal/mol: CHCONH, (—2.1 kcal/mo} and CHCHCI (4.4

o o kcal/mol). We note that an isodesmic schéthalso gives an
About 80% of the GBMP?2) deviations fall within the  nysyally large deviation for the latter species and may in-
range —2.0 to +2.0 kcal/mol. This is substantially better gicate a problem with the experimental value. Two of the 15
than GZMP2) theory for which only 60% of the deviations jnorganic hydrides have deviations slightly greater thah
fall in this range. For G3 and G2 theories 88% and 74% Ofica1/mol: SiH, 1A, (2.3 kcal/mo) and HN,, (—2.5 kcal/mo).
the deviations, respectively, fall in this range. Finally, four of the 29 neutral radicals have a deviation
greater than+2 kcal/mol: BeH(—2.8 kcal/mo), SiH, *B,

] ) o (2.8 kcal/mo}, Si, (2.8 kcal/ma}, CIO (—2.2 kcal/mo).
Twenty-five of the 148 enthalpies of formation in the

G2/97 test deviate by more than2 kcal/mol from experi- o ] o

ment at the GBMP2) level of theory compared to 59 for 2. (on/zat/on potentials, electron affinities, and proton

G2(MP2) theory. Only eleven deviate by more thar8 kcal/ ~ 2inities

mol at the GBMP2) level compared to 31 for GRIP2) Twenty-one of the 85 ionization potentials from

theory. The maximum deviation for @aP2) theory is+5.3  G3(MP2) theory in Table IV deviate by more thah2 kcal/

kcal/mol (CS) compared to 10.1 kcal/mol (€,) for  mol from experiment compared to 33 of the (B¥P2) ion-

G2(MP2) theory. Hence, GB/1P2) theory is a significant ization potentials. The largest deviation occurs fgFB(7.1

improvement over GaMP2) theory both in terms of average kcal/mo) and we have previously suggested that even

absolute deviation and the number of species that have vetthough the quoted experimental uncertainty is small, there

large deviationg>3 kcal/mo). G3(MP2) theory also does may be a problem with the experimental value because of the

better than G2: 41 of the 148 enthalpies of formation at thdarge geometry chandeln addition to BF,, six of the

G2 level deviate by more thah2 kcal/mol from experiment G3(MP2) ionization potentials differ by more than 3 kcal/

and the maximum deviation is 8.2 kcal/mol £&). mol: Be (—5.4 kcal/mo), Na (3.2 kcal/mo), S (3.6 kcal/
Sixteen of the enthalpies that have deviations of moremol). O, (—4.0 kcal/mo}, CN (—4.7 kcal/mo}, CHsF (—5.4

than 2 kcal/mol at the G&1P2) level are in the nonhydrogen kcal/mo).

subset. Ten of these are in common with G3 the@®,, Fifteen of the 58 electron affinities from @3P2)

PR, CF,, CCl,, COFR, Li,, N&, AICI;, CS,, COS. theoryin Table V deviate by more than 2 kcal/mol compared

The GF, and GCl, molecules have deviations of 4.3 and 5.0to 28 for GZMP2) theory. Seven of the GBIP2) electron

kcal/mol from experiment. The reason for these large deviaaffinities deviate by more than 3 kcal/mol: I4-7.5 kcal/

1. Enthalpies of formation
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mol), B (4.5 kcal/mo}, C (3.6 kcal/mo), O (3.3 kcal/mo]J, Sciences, under contract No. W-31-109-ENG-38 and the Na-
Na (—6.5 kcal/mo), NH (4.5 kcal/mo}, C, (3.1 kcal/ma). tional Science Foundation.

Eight proton affinities are included in the G2/97 test set.
The G3MP2) method performs very well for theigee Table  1ror reviews see, L. A. Curtiss and K. Raghavachamirantum Mechani-
VI), with all of the deviations being less than 2 kcal/mol. The cal Electronic Structure Calculations with Chemical Accuraeglited by
number of proton affinities in the G2/97 test set is limited, S- R. Langhoff(Kluwer Academic press, Netherlands, 1996. 139; K.

Raghavachari and L. A. Curtiss, Modern Electronic Structure Theory,
but the results suggest that (&°2) theory should meet the edited by D. R. YarkonyWorld Scientific, Singapore, 1995p. 991.

target accuracy of 2 kcal/mol. 2| A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, and J. A.
Pople, J. Chem. Phy409, 7764(1998.
IV. CONCLUSIONS L. A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, J. Chem.

Phys.94, 7221(199)).
Gaussian_aGS) theory with a reduced order of pertur- 4L. A. Curtiss, K. Raghavachari, P. C. Redfern, and J. A. Pople, J. Chem.
bation theory, G@VIP2) theory, has been presented. It is Sphys'loe 1063(1997.

L. L. A. Curtiss, P. C. Redfern, K. Raghavachari, and J. A. Pople, J. Chem.
analogous to the variation of G2 theory referred to as pnys 109 42 (1998.

G2(MP2) theory. The average absolute deviation from ex- ®L. A. Curtiss, K. Raghavachari, and J. A. Pople, J. Chem. P9§:s1293
periment of GBMP2) theory for the 299 energies is 1.30 _(1993.

. ... 7B.J. Smith and L. Radom, J. Phys. Ched8, 6468(1995; L. A. Curtiss,
kcal/mol and for the subset of 148 neutral enthalpies it is P. Redfern, B. J. Smith, and L. Radom, J. Chem. Phog, 5148(1996.

1.18 kcal/mol. This is a significant improvement over sj a pople, N. Head-Gordon, and K. Raghavachari, J. Chem. Rfys.
G2(MP2) theory, which has an average absolute deviation95968(1987). -
1.89 kcal/mol for all 299 energies and 2.03 kcal/mol for the “W- J. Hehre, L. Radom, J. A. Pople, P. von R. Schleydr,Initio Mo-

. lecular Orbital Theory(Wiley, New York, 1987.
148 neutral enthalples. @ap2) theory also does better than The G3MP2Large basis set can be downloaded from the website http:/

G2 theory which has an average absolute deviation of 1.48 chemistry.anl.gov/compmat/g3theory.htm. The(8B2) total energies of
kcal/mol. The GBMP2) method provides significant savings the molecules and a complete tabulation of deviations with experiment are

; ; ; ; also available from this website.
in computational time and disk storage. 11C. Moore, Natl. Bur. Stand(U.S) Girc 467 (1952,
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