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Assessment of W1 and W2 theories for the computation of electron
affinities, ionization potentials, heats of formation, and proton affinities a…

Srinivasan Parthiban and Jan M. L. Martinb)

Department of Organic Chemistry, Kimmelman Building, Room 262, Weizmann Institute of Science,
IL-76100 Reh½ovot, Israel

~Received 31 October 2000; accepted for publication 24 January 2001!

The performance of two recentab initio computational thermochemistry schemes, W1 and W2
theory @J. M. L. Martin and G. de Oliveira, J. Chem. Phys.111, 1843~1999!#, is assessed for an
enlarged sample of thermochemical data consisting of the ionization potentials and electron
affinities in the G2-1 and G2-2 sets, as well as the heats of formation in the G2-1 and a subset of
the G2-2 set. We find W1 theory to be several times more accurate for ionization potentials and
electron affinities than commonly used~and less expensive! computational thermochemistry
schemes such as G2, G3, and CBS-QB3: W2 theory represents a slight improvement for electron
affinities but no significant one for ionization potentials. The use of a two-pointA1B/L5 rather than
a three-pointA1B/CL extrapolation for the self-consistent field~SCF! component greatly enhances
the numerical stability of the W1 method for systems with slow basis set convergence. Inclusion of
first-order spin–orbit coupling is essential for accurate ionization potentials and electron affinities
involving degenerate electronic states: Inner-shell correlation is somewhat more important for
ionization potentials than for electron affinities, while scalar relativistic effects are required for the
highest accuracy. The mean deviation from experiment for the G2-1 heats of formation is within the
average experimental uncertainty. W1 theory appears to be a valuable tool for obtaining benchmark
quality proton affinities. ©2001 American Institute of Physics.@DOI: 10.1063/1.1356014#
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I. INTRODUCTION

Development of models based on molecular orb
theory for theoretical thermochemistry involves five k
steps:1 Defining a target accuracy, formulation of theor
implementation through programs, validating the mod
against reliable experimental values and prediction on
molecular system by the end user. At present, onlyab initio
methods can claim ‘‘chemical accuracy’’~commonly defined
as 1 kcal/mol! for small and medium sized molecules. Th
most popular such methods are the Gaussian-n ~Gn)
theories2–4 of Pople and co-workers~which are based on a
combination of additivity approximations and empirical co
rections applied to relatively low-level calculations!, fol-
lowed by the complete basis set~CBS! approaches5–7 of Pe-
tersson and co-workers which are intricate combinations
extrapolation and empirical correction schemes.

Very recently, Martin and de Oliveira presented two th
oretical thermochemistry schemes known as W1 and
~Weizmann-1 and Weizmann-2! theory,8 which aim at
‘‘benchmark accuracy,’’ defined by these authors as 1 kJ/
~0.24 kcal/mol!. For a set of 28 experimentally very precise
known molecular total atomization energies, the more co
effective of the two schemes, W1 theory, achieved a m
absolute error of 0.37 kcal/mol, while the more rigorous
the two schemes, W2 theory, achieved a mean absolute
of 0.23 kcal/mol.~It should be pointed out that these met
ods are free of parameters derived from experiment:

a!Dedicated to the memory of Professor Shneior Lifson z9l ~18 March
1914–22 January 2001!.

b!Electronic mail: comartin@wicc.weizmann.ac.il
6010021-9606/2001/114(14)/6014/16/$18.00
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theory does contain one parameter — the exponent for
valence correlation extrapolation — that is derived from W
calculations, not experiment.! Martin later proposed a mino
modification of W1 theory, denoted W18 theory,9 which ap-
peared to yield considerably improved results for second-
compounds at no additional cost.~For first-row compounds,
it is identical to W1 theory.!

In recent years, density functional theory~DFT! methods
have also reached a level of sophistication where they
provide thermochemical data to within a few kcal/mol, no
bly the hybrid B3LYP ~Becke 3-parameter exchange wi
Lee–Yang–Parr correlation10,11! and B97 ~Becke 199712!
exchange-correlation functionals, but also the ‘‘pure DFT
HCTH ~Hamprecht–Cohen–Tozer–Handy13! exchange-
correlation functional. A recent collection of reviews o
computational thermochemistry methods may be found in
ACS Symposia volume edited by Irikura and Frurip.14

The most fundamental thermochemical property of
compound, from an experimental point of view, is its heat
formation (DH f

0) in the gas phase. From a computation
chemistry point of view, the total atomization energy~TAE,
SD0)15 is the most fundamental such quantity. Using t
experimental heats of formation of the atoms in the g
phase, TAEs can be directly related to the gas-phase hea
formation.

Prior to proper application of any new model by the e
user, it should be tested against known high quality exp
mental results. For this purpose, Pople and co-workers
posed two standard test sets of thermochemical data:
G2-1 test set3 being the smaller and containing small mo
ecules, and the G2-2 test set16,17 containing larger systems
4 © 2001 American Institute of Physics

t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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6015J. Chem. Phys., Vol. 114, No. 14, 8 April 2001 W1 and W2 theory
These sets of thermochemical data, covering 148 neutral
146 ionic species, have been used fairly extensively~e.g.,
Ref. 18! to test the performance of various computation
thermochemistry methods, notably the Gn theories and their
variants,16,17,19–22 density functional methods,16,17,23,24 and
the CBS family of methods.5–7,25

The main problem with the G2-1 and G2-2 test sets
heats of formation is the limited accuracy of the experim
tal data themselves. These were critically reviewed by Li
man and Johnson,26 who concluded that less than half of th
data even met the less rigorous 1 kcal/mol accuracy criter
For methods of the W1/W18/W2 type, this is clearly a majo
impediment to their validation for a larger experimental d
set, and alternatives need to be sought.

Pople and co-workers also defined G2-13 and G2-217

data sets for ionization potentials and electron affinities. T
accuracy of these experimental data is much more satis
tory, and it could be argued that they are in fact more s
able test sets for the validation of theoretical thermochem
try methods. While ionization potentials are comparativ
easy to reproduce well, electron affinities are a very tax
test for any electronic structure method. This is true both
terms of the basis set~addition of the electron entails a pro
found change in the spatial extent of the wave function! and
in terms of the electron correlation method~effectively, the
number of interacting electrons in the system changes!.

The purpose of the present paper is to assess the pe
mance of W1 and W2 theory for an extended data se
thermochemical data. Specifically, for W1 theory we sh
consider the G2-1 and G2-2 datasets for ionization poten
and electron affinities, as well as the G2-1 and a subset o
G2-2 data set for heats of formation. W2 theory will be co
sidered for the G2-1 data set for ionization potentials~IPs!,
electron affinities~EAs!, and heats of formation. Finally, w
shall turn to W1 and W2 theory for proton affinities.

II. COMPUTATIONAL METHODS

Geometry optimizations and vibrational frequen
calculations using the B3LYP ~Becke 3-parameter
Lee–Yang–Parr10,11! density functional method have bee
carried out usingGAUSSIAN 98 revision A7.27 ~Following the
recommendations in Ref. 28 larger grids than the defa
were used in the DFT calculations if necessary, specifical
pruned ~99 590! grid for integration and gradients, and
pruned ~50 194! grid for the solution of the coupled per
turbed Kohn–Sham equations.! All other calculations were
carried out usingMOLPRO 98.129 and a driver for the W1/W2
calculations30 written in MOLPRO’s scripting language. The
lion’s share of the calculations was carried out on a Com
ES40 with four 667 MHz Alpha EV67 CPUs, and a scrat
volume consisting of six 18 GB SCSI 2 ultrawide dis
striped in software. Remaining calculations were carried
on the SGI Origin 2000 of the Faculty of Chemistry.

The SCF and valence correlation basis sets are D
ning’s augmented correlation consistentn-tuple zeta31–33

(aug-cc-pVnZ) basis sets; for second-row atoms, hig
exponentd and f functions were added~denoted ‘‘12d’’ or
‘‘ 12d1 f ’’ ! as was found repeatedly34,35 to be necessary fo
accommodating inner-shell correlation effects.~Unless indi-
Downloaded 29 Mar 2001 to 212.29.216.98. Redistribution subjec
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cated otherwise, regular ‘‘un-augmented’’ cc-pVnZ basis
sets are used for H, Li, and Be, as well as cc-pVnZ12d1 f
for Na and Mg.! For all remaining steps~inner-shell correla-
tion, scalar relativistic effects, and spin–orbit coupling!, the
MTsmall ~Martin–Taylor small8! core correlation basis se
was used. Restricted open-shell wave functions were
ployed throughout for open-shell species.

The W1/W2 energy consists of seven components, e
of which we shall detail in turn for reasons of clarity an
self-containedness.

~0! Reference geometries are obtained at the B3LY
cc-pVTZ11 level in the case of W1 theory, and at th
CCSD~T!/cc-pVQZ11 level in the case of W2 theory. In
both cases, the ‘‘11’’ signifies the addition36 of a high-
exponentd function to second-row elements, the expone
having been set equal to the highestd exponent in the cor-
responding cc-pV5Z basis set;

~1! In the original W1 and W2 papers, the SCF limit wa
obtained by geometric extrapolation37

TAESCF~n!5TAESCF,̀ 1A.Bn, ~1!

of the molecular total atomization energy TA
computed using cc-pVnZ12d1 f basis sets, where fo
W2 theory n5$T,Q,5% ~with l 5$3,4,5%), and for
W1 theory n5$D,T,Q% ~with l 5$2,3,4%). ~In prac-
tice, this means that TAESCF,̀ 5TAESCF,n2(TAESCF,n

2 TAESCF,n21)2/(TAESCF,n 2 2TAESCF,n21 1 TAESCF,n22).
The exponential convergence behavior of the SCF ene
has repeatedly been demonstrated empirically~e.g., by
Jensen38 and by Martin and Taylor39! in comparisons with
numerical Hartree–Fock energies for small molecules.

The geometric formula, for this particular applicatio
has the minor disadvantage that its extrapolated limit
pends on whether the extrapolation is carried out on TAE
on the constituent energies.~In practice, the differences ar
quite minor.! Based on the asymptotic convergen
behavior40–42of the pair energy in an electron pair that do
not have an interelectronic cusp, Petersson and co-worke43

previously considered~within the context of their CBS fam-
ily of methods! an alternative formulaESCF(n)5ESCF,̀

1( l 5n11
` A( l 11/2)26. ~Using Euler–Maclaurin summa

tion, we find this to be equivalent to the simple two-poi
formula ESCF(n)5ESCF,̀ 1A/n51O(n27).) Martin and
Taylor44 previously considered the difference between
three-point geometric formula~with n5$T,Q,5%) and the
two-point formula~with n5$Q,5%) for a small set of mol-
ecules and found the differences to be negligible. We a
find this to be the case for the much larger sample of m
ecules surveyed here.

However, when considering three-point geometricn
5$D,T,Q% versus two-pointn5$T,Q% in the present work,
we found that, while the differences are quite small for
most all first-row and most second-row systems, signific
differences~in excess of 1 kcal/mol! exist for a few first-row
systems~e.g., LiF! and a rather larger number of second-ro
systems~e.g., many silicon compounds!. Some conspicuous
examples can be found in Table I. Upon closer inspecti
this was revealed to be caused by the three points ly
nearly on a straight line, causing the geometric extrapola
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



4
2

6016 J. Chem. Phys., Vol. 114, No. 14, 8 April 2001 S. Parthiban and J. M. L. Martin

Downloaded
TABLE I. Comparison of different extrapolation procedures for the SCF component~kcal/mol!.

Species

W1 W18 W2

$D,T,Q% $T,Q% $D,T,Q% $T,Q% $T,Q,5% $Q,5%

Total atomization energy
LiF 90.05 93.76 90.05 93.76 93.53 93.51
BeH 50.76 50.44 50.76 50.44 50.32 50.34
SiH2~

3B1! 108.49 108.29 109.10 108.33 108.25 108.26
SiH3 182.86 182.66 183.72 182.73 182.55 182.58
SiH4 260.24 259.95 261.69 260.03 259.83 259.86
Si2H6 424.69 424.37 426.24 424.50 424.14 424.19
SO2 121.51 121.74 121.87 122.00 121.94 121.98
BF3 374.54 374.29 374.54 374.29 374.59 374.58
C6H6 1045.53 1045.15 1045.53 1045.15 ¯ ¯

CH3COCH3 736.37 736.12 736.37 736.12 ¯ ¯

CH3OCH3 597.05 596.85 597.05 596.85 ¯ ¯

C2H4O~oxirane! 470.00 469.81 470.00 469.81 ¯ ¯

SO3
a 159.50 159.85 159.93 160.20 159.90 159.97

Ionization potential
Al 126.73 126.91 126.72 126.91 126.87 126.91
SiH4 235.45 235.19 236.70 235.22 235.32 235.32
H2S~2A1! 270.91 270.89 271.02 270.89 270.83 270.81
ClF 274.18 274.08 274.17 274.06 274.15 274.2
He 540.86 540.62 540.86 540.62 540.71 540.6
CF2 236.27 236.16 236.27 236.16 ¯ ¯

SiH3 173.79 173.72 174.02 173.72 ¯ ¯

Si2H6 198.47 198.17 199.53 198.18 ¯ ¯

Electron affinity
Si 21.92 22.03 21.78 22.03 22.04 22.03
SiH3 3.96 4.04 3.74 4.03 4.31 4.31
PH 22.54 22.53 22.59 22.53 22.50 22.50
HS 28.06 28.14 27.92 28.13 28.12 28.12
Cl2 43.28 43.16 43.27 43.14 43.21 43.22
SO2 13.93 14.14 13.88 13.79 ¯ ¯

aNot part of G2-1 or G2-2 set. Raw data taken from Ref. 9.
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to yield erratic results. The two-point extrapolation is inva
ably closer to the extrapolated limit obtained from the larg
basis sets: In unproblematic cases, it yields essentially
same results as the three-point extrapolation. As a result
are recommending that the two-pointA1B/ l 5 extrapolation
be used in W1 and W2 theory from now on: one benefic
side effect is that the extrapolated limit for this two-poi
formula is easily seen to be independent of whether the
trapolation is carried out on the molecule or the constitu
atoms. Since the SCF component was the only compo
for which such an ambiguity existed in the original W1 a
W2 theory, this permits the quoting of ‘‘total W1 and W
energies’’ for arbitrary systems.

It is also seen in Table I that the main argument in fav
of W18 theory ~in which the AVTZ12d1 f basis set is re-
placed by an AVTZ12d basis set, for balance reasons9! over
standard W1 theory, namely an SCF limit in better agr
ment with that obtained from larger basis sets, appears t
obviated by the new extrapolation. We shall not consi
W18 theory further in the course of this paper;

~2! In the W2 case, the CCSD~coupled cluster with all
singles and doubles45! valence correlation contribution t
TAE is obtained using the aug-cc-pVQZ12d1 f and
aug-cc-pV5Z12d1 f basis sets, then extrapolated to the
finite basis limit using the expression46 E( l )5E`1A/L3. ~In
 29 Mar 2001 to 212.29.216.98. Redistribution subjec
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practice, this meansE`5El1(El2El 21)/(( l /( l 21))3

21).) The arguments in favor of this expression~derived
from the known asymptotic convergence behavior of the
terelectronic cusp40–42! have been detailed at lengt
elsewhere8,46,47 and will not be repeated here. In the W
case, the unmodified expression leads to systematically o
estimated correlation contributions to TAE:8 Here we em-
ploy E`5El1(El2El 21)/(( l /( l 21))a21), where a
53.22 was determined8 to yield the best agreement with th
extrapolated W2 coupled-cluster single double~CCSD! en-
ergies. Both for W1 and W2 theory, the largest basis
CCSD calculation is carried out~except for very small sys-
tems! using the direct CCSD algorithm of Schu¨tz, Lindh, and
Werner48 as implemented inMOLPRO98.1;

~3! The contribution of connected triple excitations
obtained at the CCSD~T! level ~CCSD with a quasiperturba
tive a posteriori correction for connected triple
excitations49!. As theT3 contribution is known50 to converge
more rapidly than the contribution of exp(T11T2), hence this
contribution is obtained from CCSD~T! calculations with the
smaller two basis sets and extrapolated to the infinite-b
limit using E`5El1(El2El 21)/(( l /( l 21))a21), where,
as for the CCSD energy,a53 exactly for W2 theory and
a53.22 for W1 theory.@For open-shell systems, the defin
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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6017J. Chem. Phys., Vol. 114, No. 14, 8 April 2001 W1 and W2 theory
tions of the restricted CCSD and CCSD~T! energy as given
in Ref. 51 has been used.#;

~4! The inner-shell correlation contribution is comput
as the difference between CCSD~T!/MTsmall8 values with
and without constraining the inner-shell orbitals to be dou
occupied.~In the case of the second-row elements, the v
deep-lying (1s)-like orbitals are constrained to be doub
occupied throughout.!;

~5! The scalar relativistic contribution is computed
expectation values of the one-electron Darwin and ma
velocity ~DMV ! operators52,53 for the ACPF/MTsmall~aver-
aged coupled pair functional54! wave function, with all inner-
shell electrons correlated except the (1s)-like orbitals of
second-row elements. Bauschlicher55 demonstrated that, fo
first- and second-row systems, this approach yields es
tially identical results to more rigorous relativistic calcul
tions;

~6! For closed-shell systems, or open-shell systems
nondegenerate electronic states, there is no molecular
order spin–orbit contribution, and the contribution to TAE
merely the sum of the atomic spin–orbit corrections. F
open-shell systems in degenerate states, we have calcu
spin–orbit corrections at the configuration interaction w
all singles and doubles~CISD! level with the MTsmall basis
set, and again correlating all electrons except for the (1s) on
second-row elements;

~7! The molecular zero-point energy and thermal corr
tions were obtained at the B3LYP/cc-pVTZ11 level. The
zero-point energies within the harmonic approximation
scaled by 0.985, primarily to correct for anharmonicity. T
scale factor was obtained8 by comparison with experimenta
~or high-level theoretical! anharmonic zero-point energies fo
28 molecules.

~Adiabatic! electron affinities~EAs! are calculated as th
difference between the TAE0 values of the anion and th
corresponding neutral species, at their respective optim
geometries

EA05TAE0~anion!2TAE0~neutral!. ~2!

Likewise, the~adiabatic! ionization potentials~IPs! are cal-
culated as the difference in total atomization energies at
of the cation and the corresponding neutral, at their resp
tive optimized geometries

IP05TAE0~neutral!2TAE0~cation!. ~3!

Theoretical heats of formation at 0 K were calculated
subtracting the Wn calculated TAE0 (SD0) value from ex-
perimental enthalpies of formation of the isolated atoms.
any molecule, such asAxByHz , the heat of formation at 0 K
is given by

DH f
0~AxByHz,0 K!5xDH f

0~A,0 K!1yDH f
0~B,0 K!

1zDH f
0~H,0 K!2SD0 . ~4!

The CODATA56 values of the atomicDH f
0 are used with the

exception of boron and silicon, for which we have used
vised values recommended by Bauschlicher, Martin,
Taylor57,58 for boron and by Martin and Taylor59 for silicon.
Downloaded 29 Mar 2001 to 212.29.216.98. Redistribution subjec
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Theoretical heats of formation at 298 K (DH f
0) are calcu-

lated by correction toDH f
0 as follows:

DH f
0~AxByHz ,298 K!

5DH f
0~AxByHz,0 K!1@Ho~AxByHz ,298 K!

2Ho~AxByHz ,0 K!#2xhcf298@A,st#2yhcf298@B,st#

2zhcf298@H,st#. ~5!

While the enthalpy functions hcfT[HT2H0 for the mol-
ecule are obtained using the RRHO~rigid rotor-harmonic
oscillator! approximation from the unscale
B3LYP/cc-pVTZ11 vibrational frequencies, the enthalp
functions for the standard states of the elements are ta
directly from CODATA.

Proton affinities~PA! are obtained from the total atom
zation energies at 0 K asfollows:

PA0~B!5TAE0~BH1!2TAE0~B!. ~6!

Finally, PAs at 298 K are calculated by correction to PA0 as
follows:

PA298~B!5PA0~B!1hcf298~BH1!2hcf298~B!2
5RT

2
,

~7!

where 5RT/2 is the enthalpy function of the H1 ion.

III. TEST SETS USED

The original G2-1 ion test set consists of 25 EAs and
IPs while the G2-2 test set included 33 EAs and 50 IPs
the G3 paper, Curtisset al.4 applied G3 theory to the G2-1
and G2-2 test sets, minus three ionization potentials~due to
the size of the molecules concerned!. In this study we ex-
clude five additional ionization potentials and one electr
affinity from the G2-2 test set, for the same reason. Both
and W2 theories were evaluated for the G2-1 test set, w
only W1 theory was considered for the G2-2 test set. For
purpose of evaluation ofDH f

0 , the original G2-1 neutral tes
set consists of 55 molecules while the G2-2 test set inclu
93 molecules. Again, we have considered both W1 and
theories for the G2-1 neutral test set of molecules and c
pared the results with G2, G3, and CBS-Q values.~For the
W2 calculations, three species were omitted because of t
size.! It should be noted that the G2-2 test set contains s
eral fairly large molecules and some of the experimen
DH f

0 for the species in G2-2 test set possess large uncer
ties as well as several experimental values spanning a w
range. Therefore, we have selected a subset of 27 out o
93 G2-2 neutral molecules, which are tractably small and
which the experimental enthalpies are reasonably accu
To these molecules we applied W1 theory, and to a subse
them W2 theory.

IV. RESULTS AND DISCUSSION

A. Electron affinities

We shall first consider the G2-1 test set. A breakdown
the different components of the W1 values is given in Ta
II, while a comparison between various levels of theory~in-
cluding W1, W2, G2, G3, and CBS-Q! and experiment is
given in Table III.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Components of W1 computed electron affinities~kcal/mol! of the G2-1 ion test set of molecules

Species
SCF
limit

CCSD
limit

~T!
limit

Core
corr.

Spin–orbit
splitting

Scalar rel.
effects

Final
energy ZPVE

W1
EA

C 12.66 14.36 1.73 0.28 20.08 20.07 28.88 28.88
O 212.41 42.03 3.81 0.14 20.05 20.17 33.35 33.35
F 30.19 44.76 4.17 0.17 20.38 20.26 78.64 78.64
Si 22.03 9.10 1.52 20.24 20.42 20.21 31.78 31.78
P 210.59 25.69 1.85 20.06 0.28 20.24 16.93 16.93
S 20.84 25.34 2.15 0.00 20.09 20.29 47.95 47.95
Cl 58.34 24.18 2.30 0.03 20.84 20.34 83.66 83.66
CH 8.71 16.50 1.95 0.25 20.04 20.06 27.32 20.49 27.81
CH2 222.70 33.34 3.04 20.20 0.00 0.02 13.49 21.29 14.78
CH3 232.71 29.24 3.22 20.16 0.00 0.00 20.40 21.06 0.66
NH 232.56 36.54 3.60 0.09 0.08 20.09 7.66 20.36 8.03
NH2 222.14 34.94 3.99 0.07 0.00 20.07 16.81 20.63 17.44
OH 23.05 40.75 4.40 0.11 20.19 20.14 41.90 20.16 42.06
SiH 16.81 10.62 1.51 20.17 20.20 20.19 28.38 20.30 28.68
SiH2 10.74 12.21 1.56 20.09 0.00 20.18 24.25 20.66 24.90
SiH3 4.04 24.64 1.99 0.27 0.00 0.11 31.0420.94 31.98
PH 22.53 23.71 2.13 20.05 0.29 20.22 23.31 20.21 23.52
PH2 4.50 22.08 2.29 20.04 0.00 20.21 28.61 20.44 29.05
HS 28.14 23.61 2.47 20.01 20.54 20.27 53.41 20.09 53.50
O2 215.48 22.84 2.07 0.02 0.23 20.15 9.53 20.64 10.16
NO 214.46 13.99 0.68 0.07 20.17 20.17 20.05 20.76 0.72
CN 76.63 13.10 20.16 0.21 0.00 20.03 89.75 20.01 89.76
PO 14.98 10.23 0.46 20.15 20.33 20.30 24.89 20.32 25.20
S2 22.66 15.40 0.57 20.16 0.57 20.32 38.72 20.21 38.93
Cl2 43.16 11.39 0.71 20.09 0.00 20.16 55.00 20.48 55.48
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We note first that a substantial number of species h
negative electron affinities at the SCF level: The binding
the electron results from the additional correlation energy
those cases. Inclusion of connected triple excitations is
sential. In contrast, inner-shell correlation does not appea
be very important for the G2-1 EAs. Scalar relativistic e
fects are somewhat more important: With the exception
CH2, CH3, and SiH3, they uniformly decrease the electro
affinity. As expected, the scalar relativistic effect is som
what more important in second-row than in first-row sy
tems. The change in the zero-point energies can be fa
substantial, particularly for hydrides.

For heats of formation of closed-shell systems~and
open-shell systems with nondegenerate ground states!, the
molecular first-order spin–orbit splitting vanishes, reduc
the spin–orbit correction to the sum of the corrections for
constituent atoms. Since a fair number of the species in
G2-1 set have a degenerate state for either the neutral o
anionic system~or in fact for both!, some account for mo
lecular spin–orbit coupling cannot be avoided. We have c
sidered a number of~relatively! inexpensive approximation
within the MTsmall basis set used for the core correlat
and scalar relativistic steps, including SCF, CISD, and CI
with inner-shell electrons correlated. The computed corr
tions at these levels of theory for a number of~neutral, cat-
ionic, and anionic! species have been compared in Table
with values obtained from experimental fine structures.
most first-row species, satisfactory results are already
tained at the SCF and definitely at the CISD level; for t
second-row species, correlation from the (2s2p) inner-shell
orbitals appears to be essential, as was previously foun
de Oliveiraet al.60 for the second-row atoms and by Nickla
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et al.61 in a convergence study for the halogen atoms.~The
rather weak basis set dependence found by these l
authors61 is consistent with our own findings.! Only for the
ClO molecule do we find a substantial error: Inspection
the spectroscopic constants62 for the few lowest states re
veals that theX 2P ground state in fact has a anomalous
small splitting compared to theA 2P state; since this latte
state mixes in quite prominently into theX 2P wave func-
tion, the splitting is severely underestimated unless theA 2P
state is admitted to the zero-order wave function. Using
CASSCF reference space consisting of the valence orb
except for the Cl(3s) and O(2s) like orbitals, and supple-
mented with the first Rydbergp orbitals, yields a spin–orbit
correction in excellent agreement with experiment.

As can be seen from Table II, these spin–orbit corr
tions are in fact essential for good agreement with exp
ment for several of the systems. At the W1 level, we find
mean absolute discrepancy~MAD ! from experiment of 0.016
eV ~Table III!, which is a quite substantial improvement ov
the G2~0.057 eV!, G3 ~0.049 eV!, and CBS-QB3~0.054 eV!
values. Perhaps even more importantly, the maximum e
is likewise much smaller, 0.051 eV for CH3, followed by
0.043 eV for SiH2. In the case of CH3, not only is the elec-
tron affinity very small~G3 and CBS-QB3 in fact predict th
wrong sign!, but the harmonic approximation for the zer
point energy is of dubious reliability~see Schwenke63!. W2
represents a minor improvement over W1, at vastly grea
computational expense: MAD50.012 eV. Using even large
basis sets, de Oliveiraet al.60 found the mean absolute erro
for the atoms H, B–F, and Al–Cl to be 0.009 eV at th
CCSD~T! level; by employing CCSDT and full CI correc
tions, this error could be reduced by an order of magnitu
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Deviation of electron affinities~eV! from experiment for the G2-1 test set.

Species

Expt.a Deviation~experiment–theory!

EA 6(uncert.) W1 W2 G2b G3b CBS-QB3c

C 1.2629d 0.0003 0.011 0.007 0.070 0.070 0.082
O 1.461 122d 0.000 003 0.015 0.012 0.060 0.126 0.087
F 3.401 190d 0.000 004 20.009 20.002 20.080 0.002 0.035
Si 1.389 46e 0.000 06 0.011 0.010 0.030 0.011 0.039
P 0.7465d 0.0003 0.012 0.015 0.110 0.035 0.030
S 2.077 104d 0.000 001 20.002 0.008 0.070 0.013 20.017
Cl 3.612 69d 0.000 06 20.015 0.002 0.010 0.007 20.065
CH 1.238 0.0078 0.032 0.029 0.110 0.059 0.10
CH2 0.652 0.006 0.011 0.002 20.010 0.071 0.030
CH3 0.08 0.03 0.051 0.034 0.040 0.119 0.091
NH 0.37 0.004 0.022 0.008 0.100 0.175 0.108
NH2 0.776 0.037 0.020 0.007 0.000 0.078 0.056
OH 1.8277 0.000 044 0.004 20.001 20.040 0.050 0.061
SiH 1.2771 0.0087 0.034 0.031 0.090 0.007 0.08
SiH2 1.123 0.022 0.043 0.039 0.140 0.048 0.108
SiH3 1.406 0.014 0.019 0.011 20.010 20.021 0.043
PH 1.028 0.01 0.008 0.010 0.070 0.048 0.026
PH2 1.271 0.01 0.011 0.013 0.020 0.000 0.004
HS 2.317 0.002 20.003 0.008 0.060 20.003 20.013
O2 0.451 0.007 0.010 20.003 20.030 0.052 20.009
NO 0.026 0.005 20.005 20.001 0.090 0.030 0.017
CN 3.862 0.005 20.031 20.026 20.110 20.067 20.048
PO 1.092 0.01 20.001 20.002 0.050 20.057 0.039
S2 1.663 0.04 20.025 20.018 0.010 20.006 20.026
Cl2 2.4 0.2 20.006 0.004 0.010 20.067 20.121
Mean abs. Err 0.017 0.016 0.012 0.057 0.049 0.05
Max. abs. Err 0.200 0.051 0.039 0.140 0.175 0.12

aUnless otherwise indicated, experimental values are those from Ref. 85.
bG2 and G3 values from Ref. 4.
cCBS-QB3 values from Ref. 7.
dCRC Handbook of Chemistry and Physics, 78th ed.~CRC, Boca Raton, FL, 1997!.
eJ. Thogersen, L.D. Steele, M. Scheer, C.A. Brodie, and H.K. Haugen, J. Phys. B29, 1323~1996!.
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~The importance of these corrections was about evenly s
between higher-orderT3 effects and effects of connecte
quadruple excitations,T4 .) We conclude that the accuracy o
W2 theory ~and, to a lesser extent, W1 theory! is mostly
determined by the imperfections in the CCSD~T! method.

We shall now consider the G2-2 set of electron affiniti
for which only W1~not W2! calculations were carried out. A
comparison with other theoretical thermochemistries a
with experiment is given in Table V, while a breakdown
contributions is given in Table S-I.64

The trends seen for the G2-1 set largely continue for
G2-2 set. However, inner-shell correlation is somewhat m
important for some species~e.g., Al, because of the sma
subvalence/valence gap, C2, and S2O). One exception to the
general trends is that electron correlation in factdecreases
EA~C2!: this is an artifact of the multireference character
theX 1Sg

1 state. At first sight, scalar relativistic effects see
less important, but this is an artifact of the relative prepo
derance of first-row species compared to the G2-2 set.

Standard W1 results for Li and Na would not involv
diffuse functions on these low-electronegativity atoms. N
surprisingly, very poor electron affinities are thus obtain
We have optimized diffuse functions~available in the
supplementary material! for Li, Be, Na, and Mg to accom-
pany the standard cc-pVnZ basis set: The exponents we
optimized individually for each angular momentum at t
 29 Mar 2001 to 212.29.216.98. Redistribution subjec
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CISD level for the atomic anion. The W1aug results for
and Na obtained with these basis sets are in near-pe
agreement with experiment.~This can reasonably be ex
pected since the electron correlation methods used are e
within the finite basis set for the valence correlation con
butions.!

As for the G2-1 set, we find W1 theory to be quite su
stantially more reliable than G2 and G3 theory. Substan
discrepancies between W1 theory and experiment are fo
for ozone, CH2NC, and FO: The first two species~and, to a
lesser extent, FO! exhibit strong nondynamical correlatio
effects, and hence methods that do not include correct
for correlation effects beyond CCSD~T! are expected to yield
poor results. G3 theory fortuitously agrees better with exp
ment than W1 theory for these species.

B. Ionization potentials

We shall again first consider the G2-1 set. A breakdo
of components in the W1 computed values can be found
Table VI, while a comparison with experiment and less e
pensive theoretical thermochemistry methods can be fo
in Table VII. The relative importance of correlation
smaller than for the electron affinities: Yet in absolute ter
its contribution is almost as significant as in the EA ca
While connected triple excitations appear to be somew
less important than for EAs, they can certainly not be n
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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glected with impunity. Inner-shell correlation contribution
on the other hand, are more important than in the EA c
because the valence excitation creates a ‘‘hole’’ into wh
core electrons can be excited. The large contributions for
~4 kcal/mol! and Mg~2 kcal/mol! come as no surprise give
the small core-valence gap in these atoms. Scalar relativ
contributions are important for accurate work: With the e
ception of Li–C and Na–Mg, they consistently lower the I
Like for the EAs, we see substantial zero-point effects for
hydrides: In the case of CH4, this contribution is especially
large because of the known fluxional nature65 of the CH4

1

cation. And again, spin–orbit splitting is a factor to be rec
oned with, particularly for such second-row species as
hibit first-order spin–orbit splitting.

Agreement with experiment is highly satisfactory at t
W1 level, except for CH4 where an atypically large discrep
ancy is seen. Upon inspection, it is revealed that the B3L
cc-pVTZ geometry for CH4

1 is qualitatively incorrect, exhib-
iting D2 rather thanC2v symmetry.21 This reflects itself both
in an error in the total energy for the cation and in an erro
the zero-point contribution. Using a CCSD~T!/cc-pVTZ ref-
erence geometry and harmonic frequencies, excellent ag
ment with experiment is in fact obtained.

In an attempt to ascertain whether this issue is specifi
the B3LYP exchange-correlation functional, we carried o

TABLE IV. Calculated and experimental spin–orbit contributions~eV!.

Calc. spin–orbit splitting Spin–orbit splitting
from experimental

fine structureHF CISDa CISD1subvalb

OH 0.008 48 0.008 33 0.008 38 0.008 63
CH 0.001 65 0.001 62 0.001 64 0.001 73
SH 0.021 77 0.021 04 0.023 60 0.023 37
NO 0.006 92 0.007 29 0.007 32 0.007 43
OF 0.010 67 0.011 17 0.011 17 ¯

ClOc 0.018 22 0.018 01 0.019 17 0.019 71
ClO 0.012 23 0.013 91 0.013 78
NCCN1 0.003 05 0.003 33 0.003 33 ¯

CS2
1 0.023 43 0.024 37 0.026 78 ¯

OCS1 0.021 98 0.021 57 0.023 81 ¯

CO2
1 0.008 76 0.009 36 0.009 39 ¯

N2
1~2P! 0.004 15 0.004 39 0.004 39 0.004 63

HCCH1 0.001 72 0.001 83 0.001 83 ¯

NH1 0.004 80 0.004 75 0.004 80 0.004 82
PH1 0.016 78 0.016 05 0.018 52 ¯

ClF1 0.039 11 0.038 10 0.041 74 0.039 06
HF1 0.017 61 0.017 32 0.017 40 0.018 15
HCl1 0.037 42 0.036 27 0.039 99 0.040 18
Cl2

1 0.039 65 0.040 31 0.044 16 0.039 98
O2

1 0.011 81 0.011 99 0.011 99 0.012 23
P2

1 0.013 28 0.013 65 0.015 21 0.016 12
S2

1 0.026 49 0.026 49 0.029 70 0.029 14
NH2 0.003 44 0.003 41 0.003 44 ¯

O2
2 0.009 41 0.009 76 0.009 76 0.009 92

SiH 0.007 87 0.007 48 0.008 82 0.008 85
PO 0.012 93 0.012 75 0.014 26 0.013 89
PH2 0.011 17 0.010 86 0.012 41 ¯

S2
2 0.021 69 0.022 14 0.024 55 ~0.026!

Experimental fine structure data from Ref. 62.
aCISD with valence correlation only.
bCISD with valence correlation, and 2s2p correlation in second-row atoms
cCASSCF calculated values.
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geometry optimizations and vibrational frequency calcu
tions for CH4

1 using the cc-pVTZ basis set and a variety
exchange-correlation functionals, including B3P86~Becke
three-parameter exchange with Perdew-1986 correlation66!,
B3PW91 ~Becke three-parameter exchange with Perde
Wang-1991 correlation67!, mPW1PW91 ~modified
Perdew–Wang68!, mPW1K ~Truhlar’s empirical modifica-
tion of the latter69!, BHLYP ~Becke half-and-half exchange70

with LYP correlation!, BHPW91 ~ditto with PW91 correla-
tion!, and BLYP~Becke 1988 exchange71 with LYP correla-
tion!. Results are summarized in Table VIII. Only the fun
tionals with 50% Hartree–Fock exchange~BHLYP,
BHPW91! or nearly so~mPW1K! find this structure to be a
local minimum, while all other functionals find an imagina
frequency ofa2 symmetry. Following the latter downhil
leads to theD2d structure. Given that this behavior persis
with a fairly wide variety of correlation functionals, th
problem appears to reside in the exchange functional.~Note
that since W1 theory does not contain any parameters
depend on the level of theory for the reference geometry
can quite well be carried out from, say, a mPW1K/cc-pVT
reference geometry for systems which exhibit this type
problem.!

Mean absolute deviation for W1 is a factor of 3 to
smaller than for the inexpensive methods. In this case, o
marginal improvement is seen upon going to the much m
expensive W2 method, which is easily understood in ter
of the faster basis set convergence for the cation compare
the anion. Again, we have reason to believe that the princ
factor limiting the accuracy of our calculations are small d
ficiencies in the CCSD~T! electron correlation method.

Let us now consider the G2-2 ionization potentia
~Tables IX and S-II!. Most systems in that set do not exhib
first-order spin–orbit splitting, the main exceptions being N
Ar, OCS, and CS2. Most trends from the G2-1 set are co
tinued: One clear exception to the general rule is CN,
which electron correlationreducesthe IP. At first sight, this
system also exhibits a large discrepancy of 0.27 eV betw
theory and experiment, and discrepancies for the more
proximate G2 and G3 methods are similarly high. An exp
nation in terms of the extreme multireference character of
CN1 cation would be tempting: However, we repeated t
W2 calculation using full valence CAS-ACPF~i.e., ACPF
from a complete active space SCF reference! instead of
CCSD~T! at every step, and found anincreaseby 0.04 eV in
our computed value~to 13.93 eV!. Upon closer inspection, i
appears that the ‘‘experimental’’ IP~CN!513.6 eV is in fact a
propagated transcription error from Ref. 72. The only expe
mental value without a large error bar, 14.0360.02 eV, was
obtained by Berkowitzet al.73 from photoionization data
for HCN→H11CN1e2 (19.0060.01 eV) and HCN→H
1CN11e2 (19.4360.01 eV), as well as the well
established IP~H!. The error bars on the extrapolated ioniz
tion limits may be somewhat optimistic: In addition, it
well-known from benchmark calculations~e.g., Ref. 74: see
also Ref. 75! that CN2 has a very low-lyinga 3P state (Te

58806100 cm21,74 or 0.11 eV!. It is not inconceivable that
the Berkowitzet al. value in fact corresponds to generatio
of the3P state~especially since the ground state of HCN1 is
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE V. Deviation of electron affinities~eV! from experiment for the G2-2 test set.

Species

Expt.a Deviation~experiment–theory!

EA 6(uncert.) W1 G2b G3b

Li 0.617 59 0.000 22 0.001c 20.132 20.124
B 0.279 72d 0.000 03 0.021 0.090 0.076
Na 0.547 951 0.000 044 20.002c 20.132 20.159
Al 0.432 83e 0.000 05 0.020 0.083 0.043
C2 3.273 0.008 0.010 0.173 0.116
C2O 2.289 0.018 20.016 20.041 20.001
CF2 0.179 0.005 0.019 0.089 0.001
NCO 3.609 0.005 20.021 20.011 0.032
NO2 2.273 0.005 20.014 20.067 20.008
O3 2.103 0.004 20.066 0.033 0.000
OF 2.272 0.006 20.041 20.028 0.021
SO2 1.107 0.008 20.029 20.053 20.077
S2O 1.877 0.008 20.026 20.043 20.113
CCH 2.969 0.006 0.007 20.121 20.027
C2H3 0.667 0.024 20.007 20.083 0.012
CH2CC 1.794 0.008 20.024 0.054 20.027
CH2CCH 0.893 0.005 20.016 20.097 20.013
CH2CHCH2 0.481 0.008 20.005 20.039 0.039
HCO 0.313 0.005 0.000 20.027 0.005
HCF 0.542 0.005 0.004 0.082 0.013
CH3O 1.570 0.005 0.014 20.050 0.017
CH3S 1.861 0.004 20.010 20.009 0.001
CH2S 0.465 0.023 20.041 0.075 0.001
CH2CN 1.544f 0.006 20.002 20.036 0.026
CH2NC 1.058f 0.026 20.075 20.122 20.048
CHCO 2.35 0.022 0.008 20.010 0.039
CH2CHO 1.824 157 0.000 044 20.008 20.046 20.010
CH3CO 0.423 0.037 0.027 20.017 0.020
CH3CH2O 1.713 0.005 20.047 20.097 20.039
LiH 0.342 0.012 0.013 0.022 20.053
HNO 0.338 0.015 0.003 0.088 0.043
HO2 1.078 0.017 20.002 20.032 0.029
Mean abs. Err 0.010 0.019 0.065 0.039
Max. abs. Err 0.037 0.075 0.173 0.159

aUnless otherwise indicated, experimental values are those from Ref. 85.
bG2 and G3 values from Ref. 4.
cAugmented basis sets were used.
dM. Scheer, R. C. Bilodeau, and H. K. Haugen, Phys. Rev. Lett.80, 2562~1998!.
eM. Scheer, R. C. Bilodeau, J. Thogersen, and H. K. Haugen, Phys. Rev. A57, 1493~1998!.
fReference 72.
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X 2P): our W1 and W2 computed IPs in that case are b
14.07 eV, in excellent agreement with the Berkowitz valu
This problem merits further investigation.

For the purpose of assessment of the error statistic
the various methods, however, we have removed IP~CN!
from the sample. Significant discrepancies—out of chara
with the other results—are then still seen for B2H4, sec-
C3H7, Si2H6, and CH3OF. None of these species exhibi
severe nondynamical correlation, and we note that there
significant discrepancies between G3 and experiment fo
these species except Si2H6. We suggest that these expe
mental values may need to be reconsidered. In the cas
B2H4, it has previously been suggested76 that the surface
between theD2d structure and the doubly bridgedC2v iso-
mer is flat enough that rigid molecule treatments may not
appropriate. The remaining three cases contain internal r
tions, likewise casting doubt on the applicability of the rig
rotor-harmonic oscillator~RRHO! approximation for the
zero-point energy.~For both B2H4 and Si2H6, W2 calcula-
 29 Mar 2001 to 212.29.216.98. Redistribution subjec
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tions were feasible, and were found to yield essentially
same result as the W1 calculation.! Neither neutral nor cat-
ionic systems exhibit appreciable multireference chara
which could negatively affect the quality of the W1 and W
results. Upon eliminating the four doubtful species, we fin
MAD for the G2-2 test set that is only slightly higher tha
for the G2-1 set. Regardless of whether these four specie
eliminated, it is clear that W1 represents a significant i
provement over G2 and G3 theory.

C. Heats of formation

We shall finally turn to heats of formation for a larger s
of molecules than was considered in the original W1/W
paper. A comparison with experiment and more approxim
methods can be found in Table X, while a breakdown
components of the atomization energies of the G2-1 se
neutral molecules is given in Table S-III.

First of all, we note that the mean uncertainty for t
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VI. Components of W1 computed ionization potentials~kcal/mol! of the G2-1 ion test set of molecules

Species
SCF
limit

CCSD
limit

~T!
limit

Core
corr.

Spin–orbit
splitting

Scalar rel.
effects

Final
energy ZPVE

W1
IP

Li 123.18 0.00 0.00 1.02 0.00 0.01 124.21 124.2
Be 185.51 29.03 0.00 0.40 0.00 0.02 214.97 214.
B 182.94 6.08 1.05 0.88 0.03 20.05 190.93 190.93
C 248.73 9.29 0.74 0.76 20.04 20.09 259.40 259.40
N 321.79 12.29 0.67 0.67 20.23 20.14 335.06 335.06
O 275.90 36.06 1.30 0.33 0.22 20.20 313.62 313.62
F 362.02 37.92 1.61 0.34 20.09 20.29 401.51 401.51
Na 114.18 0.00 0.00 3.95 0.00 0.15 118.28 118.
Mg 152.37 21.36 0.00 2.07 0.00 0.22 176.02 176.
Al 126.91 9.93 0.97 20.33 0.21 20.22 137.48 137.48
Si 176.45 10.32 1.14 20.08 20.09 20.25 187.49 187.49
P 231.39 9.90 1.24 0.08 20.85 20.28 241.48 241.48
S 209.63 27.22 1.22 0.23 0.56 20.32 238.54 238.54
Cl 271.73 26.08 1.36 0.25 20.13 20.36 298.94 298.94
CH4(D2d cation! 278.37 18.94 0.68 0.14 0.00 20.03 298.10 5.43 292.67
CH4(C2v cation!a 271.66 22.52 1.05 0.27 0.00 20.03 295.47 3.93 291.54
NH3 202.33 31.12 2.35 0.09 0.00 20.02 235.87 1.04 234.83
OH 264.15 34.73 1.88 0.28 0.19 20.16 301.07 0.93 300.14
H2O 255.86 34.37 2.39 0.24 0.00 20.13 292.73 1.68 291.05
FH 331.78 38.03 2.28 0.27 0.40 20.24 371.72 1.54 370.18
SiH4 235.19 19.71 0.61 0.23 0.00 20.25 255.49 1.71 253.78
PH 221.61 11.75 1.25 0.17 20.43 20.25 234.11 20.01 234.12
PH2 211.53 13.52 1.33 0.26 0.00 20.23 226.42 20.03 226.45
PH3 198.75 26.57 1.89 0.49 0.00 0.19 227.89 0.21 227.
HS 213.11 25.26 1.54 0.21 0.54 20.29 240.37 0.20 240.17
H2S(2B1) 216.34 23.62 1.80 0.19 0.00 20.27 241.67 0.39 241.28
H2S(2A1) 270.89 22.49 1.40 0.30 0.00 0.24 295.31 0.39 294.
HCl 269.43 24.27 1.71 0.21 20.92 20.33 294.37 0.45 293.92
C2H2 227.74 31.98 3.30 0.64 20.04 20.04 263.59 0.61 262.98
C2H4 207.05 33.10 3.40 0.49 0.00 20.04 244.01 1.44 242.56
CO 306.44 16.79 20.20 0.22 0.00 0.02 323.2720.11 323.38
N2~

2S1 cation! 368.35 24.69 23.62 0.56 0.00 20.07 360.52 0.17 360.36
N2~

2P cation! 354.09 29.27 1.98 0.96 20.10 20.16 386.03 0.17 385.87
O2 271.54 7.58 20.81 0.32 20.28 20.21 278.15 20.59 278.75
P2 214.65 24.92 3.35 0.21 20.35 20.36 242.42 0.06 242.36
S2 208.84 8.59 20.61 0.04 20.68 20.39 215.77 20.17 215.94
Cl2 255.59 11.60 20.79 0.09 21.02 20.40 265.07 20.13 265.20
ClF 274.08 18.66 0.13 0.19 20.96 20.32 291.78 20.20 291.98
CS 243.16 17.48 0.91 0.01 0.00 20.06 261.51 20.15 261.66

aGeometry optimized at CCSD~T!/cc-pVTZ level. B3LYP/cc-pVTZ optimization erroneously yieldsD2d struc-
ture ~see text and Table VIII!.
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experimental values is itself 0.6 kcal/mol. In fact, the MA
values for W1 and W2 theory stand at 0.6 and 0.5 kcal/m
respectively, suggesting that these theoretical values ar
the same reliability range as the experimental data.
MAD for W2 theory is more than twice as large as in t
original W1/W2 paper: However, comparisons there w
made against a smaller set of molecules for which the
perimental uncertainties were all 0.25 kcal/mol or le
mostly 0.1 kcal/mol or less.

For ten species do discrepancies between W1 theory
experiment reach or exceed 1 kcal/mol. Out of these, f
experimental values carry uncertainties of 1 kcal/mol
more, and can be ignored. Of the remaining six, the exp
mental heat of formation of SiH4 contains an ambiguity,77 P2

is a notoriously difficult molecule78 and carries an uncer
tainty of 0.5 kcal/mol, and ClO is strongly multireferenc
and carries an uncertainty of 0.5 kcal/mol.~For this latter
molecule, however, ‘‘upgrading’’ the calculation to W
theory reduces the discrepancy with experiment to 0.5 k
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mol, suggesting that slow basis set convergence may b
stake here.! As for Si2H6, W1, W2, G2, and CBS-Q theorie
exhibit similar discrepancies from experiment~G3 a some-
what smaller one!, strongly suggesting that the experimen
value may be in error.

We note that W1/W2 and the less expensive meth
‘‘err’’ in the same direction for P2 and ClO as well, suggest
ing that some revision of the experimental data may be
order there as well. Revisions for BeH and NH2 were sug-
gested previously:79 All methods unanimously suggest th
PH2 value to be in error.

As pointed out repeatedly,80 the JANAF heat of forma-
tion for SiH4 is in fact the older Gunn and Green value81

increased by a somewhat arbitrary term of 1 kcal/mol fo
Si~amorphous!→Si~cr! phase change. The W1 and W2 r
sults, like a previous benchmark study,82 favor the older
Gunn–Green value.

Finally, we selected 26 species with relatively small e
ror bars out of the 93 molecules in the G2-2 test set for he
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VII. Deviation of ionization potentials~eV! from experiment for the G2-1 test set.

Species

Expt.a Deviation~experiment–theory!

IP 6(uncert.) W1 W2 G2b G3b CBS-QB3c

Li 5.391 72 0.000 01 0.005 0.005 0.082 20.007 0.084
Be 9.322 63 0.000 01 0.001 0.005 20.090 20.135 20.048
B 8.298 02 0.000 02 0.019 0.007 0.100 0.063 0.07
C 11.2603 0.0001 0.012 0.010 0.080 0.051 0.07
N 14.534 0.001 0.004 0.000 0.060 0.029 0.056
O 13.618 0.001 0.018 0.005 0.080 0.071 0.02
F 17.423 0.001 0.012 0.002 0.030 0.034 20.052
Na 5.139 0.001 0.010 0.010 0.189 0.027 0.00
Mg 7.646 0.001 0.013 0.013 20.004 20.137 0.053
Al 5.986 0.001 0.024 0.023 0.050 0.028 0.061
Si 8.151 66 0.000 03 0.021 0.018 0.050 0.025 0.06
P 10.486 69 0.000 01 0.015 0.011 0.037 0.023 0.07
S 10.360 0.001 0.016 0.014 0.160 0.092 0.09
Cl 12.968 0.001 0.005 0.007 0.120 0.076 0.047
CH4(D2d cation! 12.61 0.01 20.081 20.082 20.060 20.043 20.100
CH4(C2v cation!d 12.61 0.01 20.032 20.033 20.060 20.043 20.100
NH3 10.18 0.09 20.003 20.004 0.101 0.042 0.115
OH 13.017 0.0002 0.002 0.001 0.030 0.082 20.013
H2O 12.6223 0.0003 0.001 0.006 20.010 0.030 20.039
FH 16.044 0.003 20.008 20.016 20.050 0.000 20.091
SiH4 11.0 0.02 20.005 0.006 20.010 20.023 20.009
PH 10.149 0.008 20.003 20.006 0.060 20.037 0.043
PH2 9.824 0.002 0.004 0.003 0.100 0.007 0.061
PH3 9.87 0.002 20.003 20.006 0.000 20.012 0.026
HS 10.4219 0.0004 0.007 0.007 0.060 0.097 0.02
H2S(2B1) 10.453 0.001 20.010 20.008 0.040 0.011 0.022
H2S(2A1) 12.76 0.036 20.029 20.029 0.030 20.002 20.004
HCl 12.747 0.002 0.001 0.008 0.030 0.029 20.026
C2H2 11.403 0.0003 20.001 20.004 20.020 20.006 20.039
C2H4 10.5138 0.0006 20.005 20.001 20.070 20.045 20.035
CO 14.0142 0.0003 20.009 20.014 0.000 20.001 20.056
N2~

2S1 cation! 15.581 0.008 20.046 20.046 0.020 0.018 20.030
N2~

2P cation! 16.699 0.001 20.034 20.049 0.030 0.030 20.052
O2 12.0697 0.0002 20.018 20.024 20.100 20.176 20.095
P2 10.567 0.002 0.057 0.047 20.010 0.017 20.013
S2 9.356 0.002 20.008 20.011 0.080 20.023 20.048
Cl2 11.481 0.003 20.019 20.008 20.010 20.045 20.039
ClF 12.66 0.01 20.002 0.005 20.070 20.002 20.110
CS 11.33 0.01 20.017 20.017 20.090 20.061 0.048
Mean abs. error. 0.006 0.013 0.013 0.058 0.043 0.05
Max abs. error. 0.090 0.057 0.049 0.189 0.176 0.11

aExperimental values from Ref. 85.
bG2 and G3 values from Ref. 4.
cCBS-QB3 values from Ref. 7.
dCCSD~T!/cc-pVTZ geometry. B3LYP/cc-pVTZ optimization erroneously yieldsD2d structure~see text and
Table VIII!.
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W1, G2, and G3 values from experiment are presented
Table XI, while a summary of our computed TAEs and th
different components for the 27 G2-2 neutral test molecu
set calculated at the W1 level is presented in Table S-IV

The average discrepancy between the W1 values
experiment for this subset is 0.7 kcal/mol, compared to
average experimental uncertainty of 0.4 kcal/mol. In orde
establish the reason for some of the discrepancies, we
carried out W2 calculations on selected systems.

In the case of BF3 and CF4, the culprit appears to be
slow basis set convergence in these highly ionic systems.
were unable to complete the CCSD/aug-cc-pV5Z calcula
for CF4: But applying the W1 and W2 extrapolations to th
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published CCSD~T!/aug-cc-pVnZ (n53,4 and 4,5, respec
tively! total energies for CF4 of Dixon et al.,83 we found the
estimated W2 TAE to be 1.5 kcal/mol lower than the es
mated W1 TAE. This accounts for essentially all the discre
ancy between experiment and W1 theory for CF4. ~A similar
phenomenon was previously noted for BF3.

58! The NO2 mol-
ecule exhibits strong nondynamical correlation effects, a
the W2 result is actually further removed from experime
than the W1 result. ClNO likewise exhibits substantial no
dynamical correlation, and here the W2 result is basica
identical to its W1 counterpart. Improving agreement w
experiment for these two molecules will certainly requ
accounting for correlation effects neglected at the CCSD~T!
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VIII. Equilibrium structure~Å, degrees! and harmonic frequencies~cm21! of the C2v structure of CH4
1 obtained with the cc-pVTZ basis set and

variety of electronic structure methods.

CCSD~T! B3LYP BLYP BHLYP BHPW91 B3PW91 B3P86 mPW1PW91 mPW1K

r CH1 1.0826 1.0827 1.0888 1.0752 1.0764 1.0838 1.0829 1.0825 1.07
r CH2 1.1864 1.1867 1.1955 1.1766 1.1769 1.1869 1.1858 1.1851 1.17
uH1CH18 125.62 124.20 124.12 124.23 124.88 124.75 124.72 124.80 124.84
uH2CH28 55.01 57.56 58.22 57.00 55.76 56.52 56.58 56.34 55.97
B2 3308 3281 3208 3370 3384 3292 3298 3308 3362
A1 3165 3147 3078 3232 3242 3154 3161 3170 3221
A1 2572 2534 2460 2620 2641 2552 2557 2569 2621
B2 2292 2188 2097 2281 2353 2246 2248 2267 2328
A1 1585 1545 1507 1593 1615 1562 1564 1572 1602
B1 1311 1296 1269 1337 1331 1292 1292 1297 1321
A1 1201 1159 1126 1184 1226 1187 1191 1196 1218
B2 894 901 875 933 912 885 889 888 906
A2 469 227i 417i 358 339 233i 256i 156i 269
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level. While this may be true to a lesser extent of the N2O
molecule, an error in the experimental value cannot co
pletely be ruled out there.

For F2O, the discrepancies of20.8 ~W1! and 21.0
~W2! kcal/mol with experiment, as well as the absence
significant nondynamical correlation, suggest that the exp
mental value may need to be reinvestigated.

At least for some of the larger systems~as well as those
which have internal rotations!, neglect of anharmonicity in
the zero-point energy may account for part of the discr
ancy with experiment.

D. Proton affinities

Curtisset al.,4 in the original G3 paper, considered pr
ton affinities of eight molecules as well. We have calcula
W1 and W2 proton affinities for the same systems. Howev
rather than the somewhat older experimental data used
these authors, we have taken the data from the very re
compilation by Hunter and Lias.84 Various methods are com
pared with experiment in Table XII, while a breakdown
the different components at the W1 level is given in Ta
S-V.

Since protonation–deprotonation is an isogyric reacti
the proton affinity converges considerably more rapidly w
the level of theory than, say, the heat of formation.~This is
expressed, for instance, in the comparatively small contr
tion of valence correlation, and the quite small contributio
of inner-shell correlation and scalar relativistic effects.! In-
deed, we note that only minute differences exist between
W1 and W2 proton affinities: W1 theory can basically
considered converged for this purpose. Mean absolute de
tion from experiment is 0.43 kcal/mol~compared to 1.2 kcal
mol for the inexpensive G3 theory!. While only a few of the
values in Hunter and Lias carry explicit error bars~e.g., wa-
ter, 60.7 kcal/mol, H2S, 61.3 kcal/mol), it is clear that the
uncertainty on the computed W1 values is considera
lower than that of the experimental values themselves~with
the exception of H2, for which the Hunter and Lias value i
a theoretical one!. As such, W1 theory should be a powerf
tool for obtaining benchmark-quality proton affinities: F
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application to larger systems, the inner-shell correlation a
scalar relativistic steps can fairly safely be skipped for t
application.

The somewhat surprising difference of 0.4 kcal/mol f
PA~H2! ~after all, both unprotonated and protonated syste
should be treatable essentially exactly at this level! is in part
due to the harmonic approximation for the zero-point ener
We have calculated CCSD~T!/cc-pVQZ quartic force fields
for H2 and H3

1 , and found that the anharmonic zero-poi
energies thus obtained lead to PA~H2!5101.10 kcal/mol, or
only 0.2 kcal/mol higher than the evaluated Hunter and L
value.

V. CONCLUSIONS

We have assessed the performance of two recently
veloped methods for benchmark-quality computational th
mochemistry, W1 and W2 theory, for a fairly large set
heats of formation, as well as for the G2-1 and G2-2 sets
ionization potentials and electron affinities, and a numbe
proton affinities.

For molecules which exhibit slow basis set convergen
the numerical stability of the W1 method is considerab
enhanced by substituting the three-point geometric extra
lation of the SCF component,ESCF(L)5ESCF,̀ 1A/BL, by a
two-point extrapolationESCF(L)5ESCF,̀ 1A/L5 which does
not involve results with the smallest of the three valen
basis sets.

W1 theory performs excellently for ionization potential
achieving a mean absolute deviation~MAD ! of 0.013 eV for
the G2-1 set and 0.018 eV for the G2-2 set~minus CN,
B2H4, sec-C3H7, Si2H6, and CH3OF). Both mean and maxi
mum errors are several times smaller than those of other,
expensive, theoretical thermochemistry methods. The va
more expensive W2 method~which uses the same correla
tion methods but larger basis sets! yields only a marginal
improvement over the W1 method: It appears that the m
impediments to greater accuracy for these properties are
residual imperfections~higher-orderT3 , T4) in the CCSD~T!
method.

The performance of W1 theory for electron affinities
similar, with a MAD of 0.016 eV for the G2-1 and 0.019 e
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE IX. Deviation of ionization potentials~eV! from experiment for the G2-2 test set.

Species

Expt.a Deviation~experiment–theory!

IP 6(uncert.) W1 G2b G3b

H 13.599 0.001 20.007 0.004 0.035
He 24.588 0.001 0.000 20.048 20.018
Ne 21.565 0.001 20.012 0.048 0.013
Ar 15.760 0.001 20.005 20.067 20.071
BF3 15.71 0.1 20.028 20.099 20.103
CO2 13.778 0.002 20.039 20.071 20.079
CF2 11.42 0.01 20.010 0.024 0.019
OCS 11.185 0.002 0.006 20.023 20.006
CS2 10.08 0.002 20.003 0.020 0.015
CH2 10.396 0.003 0.022 20.084 20.002
CH3 9.837 0.005 20.003 20.054 0.033
C2H5~

2A8! 8.117 0.008 20.009 20.047 0.048
C3H4~cyclopropene! 9.668 0.005 0.032 0.093 0.067
CH2CCH2 9.6878 0.002 20.014 0.047 0.008
sec-C3H7 7.37 0.02 20.079 0.028 0.093
C6H6 9.243 84 0.000 06 20.001 0.084 0.066
CN~1S1 cation!c 14.03 0.02 0.165 0.297 0.171
CN~3P cation!c 14.03 0.02 20.039 ¯ ¯

CHO 8.14 0.04 20.010 20.040 0.021
CH2OH~2A! 7.56 0.01 0.016 20.110 20.028
CH3O~2A8! 10.72 0.01 20.006 0.060 0.021
CH3OH 10.85 0.03 20.035 0.116 0.077
CH3F 12.54 0.01 20.021 0.161 0.144
CH2S 9.376 0.003 20.013 20.001 20.018
CH2SH 7.536 0.003 20.026 20.116 20.034
CH3SH 9.443 0.002 20.007 0.019 0.015
CH3Cl 11.265 0.003 20.022 0.036 0.027
CH3CHO 10.227 0.005 20.031 0.081 0.046
CH3OF 11.34 0.008 20.078 0.065 0.060
C2H4S~thiirane! 9.051 0.006 20.013 0.016 0.016
NCCN 13.374 0.008 20.046 0.017 0.026
C4H4O~furan! 8.91 0.01 0.032 20.003 20.020
B2H4 9.70 0.02 0.129d 0.128 20.091
NH 13.49 0.01 0.019 20.077 0.005
NH2 11.14 0.01 20.033 0.035 20.021
N2H2 9.589 0.007 20.010 0.129 0.086
N2H3 7.61 0.01 20.005 20.069 0.005
HOF 12.71 0.01 20.022 20.004 0.009
SiH2~

1A1! 9.15 0.02 0.015 0.022 0.043
SiH3 8.135 0.005 0.022 20.082 0.017
Si2H2 8.2 0.02 0.008 0.078 0.057
Si2H4 8.09 0.03 0.030 0.032 0.054
Si2H6 9.74 0.02 0.091e 20.035 20.044
Mean abs. Err 0.011 0.025 0.062 0.04
w/o B2H4 0.011 0.022 0.062 0.043
w/o B2H4, sec-C3H7, CH3OF, Si2H6 0.010 0.017 0.063 0.041
Max abs. Err 0.100 0.129 0.161 0.14
w/o B2H4, sec-C3H7, CH3OF, Si2H6 0.100 0.046 0.161 0.144

aExperimental values from Ref. 85.
bG2 and G3 values from Ref. 4.
cIonization potential of 13.60 eV given in Ref. 85 is propagated transcription error~see text!. Measured value
of 14.0360.02 eV ~Ref. 73! corresponds to unspecified state of cation: May be3P for symmetry reasons.
Consequently, CN has been excluded from the error statistics for all methods.

dW2 theory: IP59.57 eV, experiment–theory50.127 eV.
eW2 theory: IP59.66 eV, experiment–theory50.084 eV.
ec
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for the G2-2 set. The latter value is reduced to 0.016 eV
two strongly multireference systems (O3 and CH2NC) are
eliminated. For the G2-1 set, W2 theory~MAD50.012 eV!
does represent a minor improvement over W1 theory, refl
ing the stronger basis set sensitivity of electron affinities

Inner-shell correlation is somewhat more important
ionization potentials than for electron affinities: Scalar re
 29 Mar 2001 to 212.29.216.98. Redistribution subjec
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tivistic effects cannot be neglected for either property if
sults of the highest accuracy are desired. For IPs or E
involving systems in degenerate states, spin–orbit splitt
corrections are essential. With the exception of ClO~where a
fairly large active space is required for good results!, suffi-
ciently accurate spin–orbit splittings can be computed at
CISD/MTsmall level provided the (2s2p) orbitals on
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE X. Deviation of heats of formation~kcal/mol! from experiment for the G2-1 test set.

Species

Expt.a Deviation~experiment–theory!

DH f
0 6(uncert.) Ref. W1 W2 G2b G3b CBS-Qc

LiH 33.61 0.01 J 0.4 0.3 0.9 0.6 20.1
BeH 81.70 1.00 H 0.9 0.8 21.5 20.5 20.8
CH 142.77 0.31 G 0.4 0.4 0.9 1.7 0.2
CH2~

3B1! 93.31 0.96 G 0.0 20.1 21.4 0.9 21.4
CH2~

1A1! 102.31 1.00 E 20.2 20.3 0.9 0.5 20.6
CH3 34.97 0.12 G 0.4 0.2 20.1 1.0 20.3
CH4 217.83 0.07 G 0.4 0.2 0.8 0.4 20.1
NH 85.67 2.39 G 20.1 20.1 20.6 1.4 20.8
NH2 45.50 1.51 J 1.3 1.1 0.5 1.0 0.0
NH3 210.98 0.08 C 0.3 0.0 20.2 20.8 21.0
OH 9.40 0.05 G 0.6 0.6 0.3 1.0 0.4
OH2 257.80 0.01 C 0.5 0.2 0.3 20.3 0.1
FH 265.32 0.17 C 0.4 0.0 0.8 0.1 0.7
SiH2~

1A1! 65.33 1.20 G 1.3 1.3 3.0 2.2 2.4
SiH2~

3B1! 86.20 1.00 B 0.8 0.5 0.5 1.3 1.5
SiH3 47.90 2.39 DO 1.1 0.9 1.2 1.0 2.2
SiH4 8.29 0.36 G 1.4 1.1 2.3 1.0 2.8
PH2 30.10 1.00 J 21.8 21.9 22.8 22.5 21.6
PH3 1.29 0.41 J 20.3 20.3 20.7 21.8 0.0
H2S 24.92 0.12 C 0.4 0.4 20.1 20.4 0.7
HCl 222.06 0.02 C 0.1 0.1 0.4 20.2 0.9
Li2 51.60 0.72 J 0.0 20.1 2.0 2.2 0.0
LiF 281.45 2.01 J 0.9 0.5 20.1 20.7 21.0
C2H2 54.35 0.19 G 20.1 20.4 21.5 20.6 21.9
C2H4 12.52 0.12 G 0.6 0.2 20.2 0.2 21.0
C2H6 220.08 0.10 G 1.1 0.7 0.5 0.3 20.6
CN 105.23 1.20 G 20.9 20.9 22.1 21.5 21.9
HCN 31.55 0.96 G 0.4 0.3 0.3 0.2 20.7
CO 226.42 0.04 G 0.1 20.1 1.8 0.3 0.6
HCO 10.04 1.20 G 0.3 0.0 0.7 0.3 0.5
CH2O 225.98 0.12 G 0.5 0.4 2.0 0.6 1.0
CH3OH 248.04 0.14 G 1.0 ¯ 1.4 0.1 0.3
N2 0.00 0.00 S 20.5 20.5 21.3 22.1 22.0
H2NNH2 22.75 0.12 G 0.2 ¯ 21.0 22.2 22.2
NO 21.58 0.04 J 20.7 20.7 0.6 20.2 0.5
O2 0.00 0.00 S 20.4 20.7 22.4 21.1 0.2
HOOH 232.48 0.05 G 0.1 20.4 20.2 21.2 0.2
F2 0.00 0.00 S 20.7 20.8 20.3 20.7 0.6
CO2 294.05 0.03 C 0.4 20.1 2.7 1.2 2.1
Na2 33.96 0.29 J 0.0 20.1 2.4 4.0 0.4
Si2 140.99 3.11 J 0.1 0.4 0.7 3.0 1.0
P2 34.42 0.48 C 21.1 20.8 21.2 21.1 20.3
S2 30.74 0.07 C 0.3 0.9 23.2 20.9 1.5
Cl2 0.00 0.00 S 20.6 0.2 21.4 21.1 1.7
NaCl 243.36 0.50 J 20.4 20.6 1.2 1.4 0.8
SiO 224.00 2.01 J 20.9 20.6 21.1 20.1 1.8
CS 66.86 0.23 H 20.9 20.5 1.0 1.1 1.3
SO 1.20 0.31 J 20.4 0.1 22.6 20.5 0.7
ClO 24.19 0.50 J 21.3 20.5 22.2 21.7 20.3
FCl 213.20 0.10 J 0.0 0.0 0.7 20.7 0.5
Si2H6 19.05 0.31 L 2.2 1.9 2.8 1.3 3.3
CH3Cl 219.57 0.14 G 0.7 0.6 0.9 20.1 1.1
CH3SH 25.46 0.14 GO 0.8 ¯ 20.2 20.4 0.5
HOCl 217.81 0.50 J 0.5 0.5 0.5 20.4 1.4
SO2 270.94 0.05 C 20.7 0.2 24.9 23.8 20.3
Mean abs. error 0.54 0.6 0.5 1.2 1.1 1.0
Max abs. error 3.11 2.2 1.9 4.9 4.0 3.3

aExperimental values from: J5JANAF ~Ref. 86! Tables; H5Huber and Herzberg~Ref. 62!; C5CODATA ~Ref.
56! Values; G5Gurvich et al. ~Ref. 87! compilation; S5standard state; DO5Doncaster, and Walsh, Int. J
Chem. Kinet.13, 503 ~1981!; L5Lias et al. ~Ref. 88! compilation; GO5W.D. Good, J.L. Lacina, J.P. Mc-
Cullough, J. Phys. Chem.65, 2229~1961!; E5Based on singlet–triplet splitting determined by A.R.W. McKe
lar, P.R. Bunker, T.J. Sears, K.M. Evenson, R.J. Saykally and S.R. Langhoff, J. Chem. Phys.79, 5251~1983!;
B5J. Berkowitz, J.P. Greene, H. Cho, and B. Ruscic, J. Chem. Phys.86, 1235~1987!.

bG2 and G3 values from Ref. 3.
cCBS-Q values from Ref. 25.
 29 Mar 2001 to 212.29.216.98. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE XI. Deviation of heats of formation~kcal/mol! from experiment for selected molecules from the G2-2 test set.

Species

Expt.a Deviation ~experiment–theory!

DH f
0 6(uncert.) Ref. W1 W2 G2b G3b CBS-Qc

BF3 2271.5 0.2 C 1.3 20.1d 20.1 20.6 21.2
BCl3 296.3 0.5 J 0.4 1.0 2.0 0.0 4.0
CF4 2223.0 0.2 G 1.7 0.2 5.5 0.9 3.6
OCS 233.9 0.5 G 0.1 0.2 1.9 2.0 3.1
CS2 27.9 0.2 G 0.1 0.7 2.0 3.2 5.4
N2O 19.5 0.1 G 20.8 21.2 20.7 21.9 20.3
ClNO 12.6 0.1 G 21.6 21.6 1.0 20.8 1.7
NF3 231.6 0.3 J 0.1 3.7 0.0 2.8
F2O 5.9 0.4 G 20.8 21.0 0.5 20.6 0.3
CH2F2 2108.1 0.2 G 0.8 2.7 0.3 1.3
CH3CN 17.7 0.1 AN 0.3 20.4 20.1 21.0
HCOOH 290.5 0.1 G 0.6 2.0 0.1 1.1
C2H4O~oxirane! 212.6 0.2 J 20.2 1.3 0.0 0.2
HCOCOH 250.7 0.2 T 0.7 2.9 0.9 1.5
CH3OCH3 244.0 0.1 T 1.1 2.0 0.4 0.5
C2H5Cl 226.8 0.2 T 1.0 0.8 20.1 0.9
CH3COCH3 251.9 0.2 P 1.1 1.1 0.1 0.0
HS 34.2 0.7 JB 0.5 0.6 20.3 0.5 0.4
CCH 135.9 1.2 G 0.1 20.1 22.8 20.4 21.3
C2H3 71.5 1.2 TS 0.9 21.2 1.0 20.3
CH3CO 22.9 0.7 TS 0.2 20.1 20.4 20.4
CH2OH 24.3 0.6 G 0.4 20.5 20.4 20.5
CH3CH2O 23.7 0.8 JB 20.8 21.4 21.2 21.9
CH3S 29.8 0.4 JB 1.2 20.1 0.8 0.9
C2H5 28.4 0.5 TS 0.4 21.5 20.3 21.7
NO2 8.2 0.1 G 20.8 21.2 1.0 0.1 2.6
Mean abs. error 0.4 0.7 1.5 0.7 1.5
Max abs. error 1.2 1.7 5.5 3.2 5.4

aExperimental values from: J5JANAF ~Ref. 86! Tables; C5CODATA ~Ref. 56! Values; G5Gurvich et al. ~Ref. 87! compilation; T5TRC ~Ref. 90!
compilation; TS5Tsang~Ref. 91! compilation; AN5X. An, M. Mansson, J. Chem. Thermodyn.15, 287 ~1983!; P5Pedleyet al. ~Ref. 92! compilations;
JB5Values reported by Berkowitzet al. ~Ref. 72!.

bG2 and G3 values from Ref. 3.
cCBS-Q values from Ref. 25.
dUsing anharmonic ZPVE57.89 kcal/mol from Ref. 89.
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second-row atoms are included in the correlation.
Comparison with experiment for the heats of formati

in the G2-1 and~part of! the G2-2 set is complicated som
what by the uncertainties in the experimental values: T
MADs of both W1 and W2 theory are lower than the avera
experimental uncertainty. For parametrizing more appro

TABLE XII. Computed and observed proton affinities~kcal/mol!.

Experiment
Ref. 84

Experiment–theory

W1 W2 G3

NH3 204.0 20.1 0.1 0.9
H2O 165.2 0.2 0.3 1.8
C2H2 153.3 20.8 20.9 0.5
SiH4 152.9 20.3 20.2 0.6
PH3 187.6 0.4 0.5 2.3
H2S 168.5 20.6 20.6 1.5
HCl 133.1 20.7 20.8 0.5
H2 100.9 20.4 20.4a 1.6

Mean abs. error 0.44 0.49 1.2
Max. abs. error 0.8 0.9 2.3

aUsing CCSD~T!/cc-pVQZ anharmonic zero point energies:20.2 kcal/mol.
@ZPVE~H3

1!512.56 rather than 12.31 kcal/mol; ZPVE~H2!56.21 compared
to 6.22 kcal/mol.#
Downloaded 29 Mar 2001 to 212.29.216.98. Redistribution subjec
e
e
i-

mate methods, W1 and especially W2 level heats of form
tion may well be more suitable than the experimental da

Computed proton affinities at the W1 level appear to
converged with the level of theory, and agree excellen
with experiment.

As a final conclusion, we have established that the p
viously proposed W1 and W2 theories are in fact valua
and powerful tools for accurateab initio thermochemistry,
with mean and maximum absolute errors that are sev
times smaller than those of more popular~and less expen-
sive! schemes such as G2, G3, and CBS-Q/CBS-QB3.
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SUPPLEMENTARY MATERIAL

Calculated total energies and geometries of the spe
discussed in the paper, as well as aug-cc-pVnZ basis
sets for Li, Be, Na, and Mg, are available on the World Wi
Web at the Uniform Resource Locator~URL! http://
theochem.weizmann.ac.il/web/papers/w1w2.html as wel
in Ref. 64.
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