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The G3/99 test set �L. A. Curtiss, K. Raghavachari, P. C. Redfern, and J. A. Pople, J. Chem. Phys.
112, 7374 �2000�� of thermochemical data for validation of quantum chemical methods is expanded
to include 78 additional energies including 14 enthalpies of formation of the first- and second-row
nonhydrogen molecules, 58 energies of molecules containing the third-row elements K, Ca, and
Ga–Kr, and 6 hydrogen-bonded complexes. The criterion used for selecting the additional systems
is the same as before, i.e., experimental uncertainties less than ±1 kcal/mol. This new set, referred
to as the G3/05 test set, has a total of 454 energies. The G3 and G3X theories are found to have
mean absolute deviations of 1.13 and 1.01 kcal/mol, respectively, when applied to the G3/05 test
set. Both methods have larger errors for the nonhydrogen subset of 79 species for which they have
mean absolute deviations of 2.10 and 1.64 kcal/mol, respectively. On all of the other types of
energies the G3 and G3X methods are very reliable. The G3/05 test set is also used to assess
density-functional methods including a series of new functionals. The most accurate functional for
the G3/05 test set is B98 with a mean absolute deviation of 3.33 kcal/mol, compared to
4.14 kcal/mol for B3LYP. The latter functional has especially large errors for larger molecules with
a mean absolute deviation of 9 kcal/mol for molecules having 28 or more valence electrons. For
smaller molecules B3LYP does as well or better than B98 and the other functionals. It is found that
many of the density-functional methods have significant errors for the larger molecules in the test
set. © 2005 American Institute of Physics. �DOI: 10.1063/1.2039080�
I. INTRODUCTION

There is much interest in the development of reliable
quantum chemical methods for the prediction of thermo-
chemical data.1–3 Accurate test sets of experimental data are
important for the critical evaluation of these new methods as
well as for the development of new methods. The Gn test
sets have been widely used for these purposes.4–7 The first in
this series, the “G2 test set”4 contained 125 energies �55
atomization energies, 38 ionization potentials, 25 electron
affinities, and 7 proton affinities� and was limited to 1 or 2
nonhydrogen atoms, with the exception of SO2 and CO2. In
the second in this series, G2/97,5,6 the G2 test set was ex-
panded from 125 to 301 energies �147 atomization energies,
88 ionization potentials, 58 electron affinities, and 8 proton
affinities�. The aim of the test set was to include larger mol-
ecules such as benzene, butane, and SiF4. In the latest in the
series, G3/99,7 the number of energies was expanded from
301 to 376 with 75 additional enthalpies of formation. The
G3/99 test set included larger test species such as octane,
naphthalene, and SF6. These test sets of accurate experimen-
tal data have been used in the development of the Gaussian-
n theories.4,8–12 They have also been used in the development
of a number of density-functional methods. The criterion
used in compiling the Gn test sets includes �1� use of a wide
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variety of species, �2� each entry should have an experimen-
tal accuracy of ±1 kcal/mol, and �3� none of the values
should be biased by theoretical input.

A number of other test sets have also been proposed and
have been used in testing of quantum chemical methods.
Boese and Handy13 have developed the HCTH407 test set,
which contains 407 test energies as well as some subsets of a
smaller number of energies. The criterion used in selecting
these is not as strict in some cases. This test set and modifi-
cations of it have been used by Boese et al. to assess a
variety of density-functional methods.14 Cioslowski et al.15

have developed a set of 600 molecules, but again the uncer-
tainties of some of the entries are much greater than
1 kcal/mol. Lynch et al.16 have compiled test sets of differ-
ent quantities including 109 atomization energies, 42 barri-
ers, 13 ionization energies, and 13 electron affinities. Most of
the species are the same as in the G2/97 test set. The test set
of Lynch et al. is based on electronic energies obtained by
removing temperature corrections and zero-point energies
from experimental enthalpies in many cases. The use of elec-
tronic energies facilitates comparison with theory, but intro-
duces theoretical input, and possibly additional error.

In this paper we present a test set referred to as G3/05
that is an expansion of the G3/99 test set.7 Seventy-eight
energies are added including �1� 14 enthalpies of formation
of the first- and second-row nonhydrogen molecules, �2� 58

energies of molecules containing the third-row nontransition
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elements K, Ca, and Ga–Kr, and �3� 6 hydrogen-bonded
complexes. The addition of the 14 nonhydrogen molecules
was done because of an apparent weakness in G3 methods
for these species that we found in previous assessments on
the G3/99 test set. The G3 mean absolute deviation �MAD�
for the 47 nonhydrogens was 2.11 kcal/mol, significantly
larger than for other subsets of molecules.7 The implementa-
tion of the G3X methodology,9 which included a larger basis
set at the Hartree-Fock �HF� level and better geometries,
reduced the mean absolute deviation for this set to
1.49 kcal/mol. There were still some molecules with larger
deviations, as large as 4.3 kcal/mol, indicating that the G3X
method did not completely correct the problem. Thus, there
is a clear need for further assessments on these nonhydrogen
systems. The 58 third-row nontransition and 6 hydrogen-
bonded complexes are added to expand the variety of energy
types in the test set. The details of the G3/05 test set are
given in Sec. II. The results of the assessment of the G3 and
G3X methods on this expanded test set are given in Sec. III.

In this paper we also report the assessment of a number
of density functionals on the G3/05 test set. Previously, we
reported the assessment of seven density functionals
�SVWN, BLYP, BP86, BPW91, B3LYP, B3P86, and
B3PW91�.5,6 The B3LYP functional was subsequently tested
on the G3/99 test set.7 In another paper we examined the use
of B3LYP geometries and zero-point energies.17 This did not
change the results significantly. Since then there have been
numerous new density functionals that have been proposed
by different groups. In this paper we examine 23 functionals
with the G2/97 test set and 11 of these are further assessed
on the G3/05 test set. The results of these assessments are
given in Sec. IV. In this section we also investigate the de-
pendence of the accuracy of density-functional methods on
the size of the molecules in the test set. In two previous
studies7,18 we have found that B3LYP tends to have larger
errors as the molecules increase in size. Therefore, it is of
interest to carry out a systematic investigation of the size
dependence of other functionals.

II. THE G3/05 TEST SET

The G3/05 test set is composed of the G3/99 test set and
78 new energies as described in the Introduction. The 14 new
enthalpies of the formation for the first- and second-row non-
hydrogen molecules are taken largely from the JANAF-NIST
thermochemical compilation.19 The 58 energies of molecules
containing the third-row nontransition elements K, Ca, and
Ga–Kr include 47 energies from our previous paper20 that
extended G3 theory to the third-row nonhydrogen molecules.
This includes 22 atomization energies, 17 ionization poten-
tials, 4 electron affinities, and 2 proton affinities. The other
11 third-row energies contain bromine and are enthalpies
taken largely from the thermochemical tables of Pedley et
al.21 The six hydrogen-bonded complexes were chosen to
cover a range of experimental hydrogen bond energies from
1 to 15 kcal/mol. These are the water dimer, methanol
dimer, acetone dimer, acetic acid dimer, hydrogen fluoride
dimer, and hydrogen chloride dimer. Again the quoted uncer-

tainties in all of these energies are less than 1 kcal/mol.
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The total number of entries in the G3/05 test set is 454
energies. The energies are divided into subgroups as before
�neutral enthalpies of formation, ionization energies, electron
affinities, and proton affinities� along with a new subset con-
taining hydrogen-bonded complexes. In some cases atomiza-
tion energies of D0 values are used �third-row and hydrogen-
bonded complexes� as conversion of these values to
enthalpies of formation is not possible without introducing
theoretical input into the “experimental” energy. The enthal-
pies of the neutrals are further divided into types of mol-
ecules �hydrocarbons, substituted hydrocarbons, nonhydro-
gens, inorganic hydrides, and radicals�.

III. ASSESSMENT OF GAUSSIAN-3 THEORIES

A. Theoretical methods

Gaussian-3 �G3� and Gaussian-3X �G3X� theories have
been previously described. The G3 theory is a composite
electronic structure method that is based on a sequence of ab
initio molecular-orbital calculations. It approximates a
QCISD�T�/G3Large level of calculation at the MP2/6-
31G* geometry and uses scaled HF/6-31G* zero-point en-
ergies. Details of the G3 theory are given elsewhere.8 The
G3X theory is an extension of the G3 theory that uses
B3LYP/6-31G�2df , p� geometries and zero-point energies
�scaled by 0.9854�.9 It also includes a HF calculation at a
larger basis set than G3Large that includes g functions for
second-row elements. The G3 theory has been developed
for the first-, second-, and third-row nontransition-metal
elements. It has been previously tested on 47 of the 58
third-row molecules in the G3/05 test set.20 The G3X
theory has been developed and tested thus far only on the
first- and second-row systems.

The extension of the G3X theory for the third-row
nontransition-metal elements is done in a similar manner as
for the second-row elements with the same higher level
correction.9 We use geometries at the B3LYP/6-31G�2df�
level and zero-point energies at that level scaled by 0.9854.22

The G3XLarge basis set used in the final Hartree-Fock level
calculation has g functions added to the G3Large basis set.
The g function exponents are taken from Dunning’s cc-
pVQZ basis sets for Ga–Kr �Ga: 0.403, Ge: 0.468, As: 0.546,
Se: 0.573, Br: 0.649, and Kr: 0.739�.23

The enthalpies of formation in this paper were calculated
in the same manner as in Ref. 5. The temperature correction
to 298 K for molecules was obtained using the rigid-rotor/
harmonic-oscillator approximation. The vibrational part of
the correction was obtained using scaled HF/6-31G* fre-
quencies for the G3 theory and scaled B3LYP/6
-31G�2df , p� frequencies for the G3X theory.

B. Results and discussion

The G3 and G3X results for the new entries in the G3/05
test set are given in Tables I–III. Table I contains the results
for the 14 new nonhydrogens based on the first- and second-
row elements. Table II contains the results for the 58 species

containing the third-row elements, and Table III contains the
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results for the six hydrogen-bonded complexes. A summary
of the mean absolute deviations for the G3 and G3X theories
is given in Table IV.

Overall the mean absolute deviations of G3 and G3X for
the G3/05 test set are 1.13 and 1.01 kcal/mol, respectively.
This is slightly larger than for the G3/99 test set where the
deviations were 1.07 and 0.95 kcal/mol, respectively.7 The
reason for the increase is largely due to the 32 additional
nonhydrogen species �14 containing only the first- and
second-row elements and 18 containing the third-row ele-
ments also� that are included in the G3/05 test set. These 32
new molecules have mean absolute deviations of 2.08 and
1.87 kcal/mol, respectively, at the G3 and G3X levels. Con-
tributing to this large mean average absolute deviation are
some of the 14 first- and second-row nonhydrogen species in
Table I such as Al2Cl6 �deviation from the experiment of 9.9
for the G3 theory and 7.8 for the G3X theory�, ClFO3

�−9.2 kcal/mol at G3 and −5.0 at G3X�, and C6F6 �4.1 at G3
and 3.1 at G3X�. G3X has a mean absolute deviation of
2.49 kcal/mol for this set of 14 species compared to 3.04 for
the G3 theory. Thus, while the G3X method is an improve-
ment over G3 for nonhydrogen species, it is still well above
the target accuracy goal of 1 kcal/mol. This may be due to
remaining basis deficiencies in the G3X theory.

Overall, the mean absolute deviations of G3 and G3X on
the 58 third-row species in G3/05 are 1.14 and
1.11 kcal/mol, respectively. Thus, the two methods perform
similarly on the third-row species.

The mean absolute deviation of the G3 and G3X theories
for hydrogen-bonded complexes are 0.60 and 1.06 kcal/mol,
respectively. The larger deviation for G3X is due to the use
of B3LYP/6-31G�2df , p� for geometry optimization, which
fails for the water and hydrogen fluoride dimers where it

TABLE I. Deviations of different theoretical methods from the experiment
�Density-functional results based on single-point 6-311+G�3df ,2p� energies

Species
Expt.a

�Hf
0�298 K� G3 G3X B3LYP

AlF −63.5±0.8 2.4 2.9 −2.1
Al2Cl6 −309.7±0.8 9.9 7.8 −29.1
ClNO2 2.9±0.4 0.4 1.0 4.5

NaF −69.4±0.5 1.2 0.8 −2.6
ClFO3 −5.1±0.7 −9.2 −5.0 −18.3
N2O3 19.8±0.2 −2.7 0.7 2.5
N2O4 2.2±0.4 −1.3 1.6 6.4
C6F6 −228.4±0.4b 4.1 3.1 −2.9

C6F5Cl −194.1±0.7b 3.2 2.0 −7.9
COCl2 −52.4±0.1b 0.9 0.7 −3.6
LiNa 43.4±0.3c 3.3 3.8 −1.4
BeF2 −190.3±1.0 −2.3 −3.5 2.6
ClCN 32.9±1.0b 1.0 1.6 −0.9
MgCl2 −93.8±0.5 0.5 −0.3 −6.1
MADd 3.04 2.49 6.50

aExcept where noted the experimental data is from Ref. 19.
bReference 21.
cReferences 52 and 15.
dMean absolute deviation.
gives incorrect cyclic structures �double hydrogen bonding�.
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Also, the MP2/6-31G* geometry in the G3 theory is the
reason for the large error in the G3 binding energy for the
hydrogen fluoride dimer. The inclusion of diffuse functions
in the basis sets corrects the problems in the density-
functional geometries of the water dimer and the hydrogen
fluoride dimer. The G3 and G3X binding-energy results
based on B3LYP/6-31+G�2df , p� optimized geometries are
given in parentheses in Table III. The use of this geometry
gives very good agreement with the experiment for the G3X
theory and improves the mean absolute deviation to
0.49 kcal/mol. It also improves agreement of the G3 theory
with the experiment for the HF dimer �see Table III�. Thus,
the G3 methods do well on the hydrogen bonding energies, if
an accurate enough method for geometry optimization is
used.

We note that, while we have used great care in selecting
accurate �±1 kcal/mol� experimental energies, it is possible
that some experimental values may be in error by more than
this amount. Since the number of cases is likely to be small,
we expect that this will have little effect on the conclusions
of the assessments in this paper. Recently, Ruscic et al.24

have developed a methodology for critical analysis of ther-
mochemical data using a network approach. They plan to
carry out a comprehensive reevaluation of thermochemical
data in the major compilations using this approach. In the
future, we plan to update our experimental test set based on
the improved thermochemical data from this work.

IV. ASSESSMENT OF DENSITY-FUNCTIONAL
THEORIES

A. Theoretical methods

There have been numerous new density-functional meth-

e 14 additional nonhydrogen enthalpies of formation in the G3/05 test set.
P2/6-31G* geometries with scaled �0.89� HF/6-31G* zero-point energies.�

iation �Expt.—Theor.� �kcal/mol�

8 B97-2 B1B95 O3LYP VSXC TPSS

.6 −1.8 −1.9 −4.7 3.9 −2.8

.3 −2.7 2.7 −31.9 30.0 −2.8

.4 11.4 5.4 10.9 8.3 18.6

.3 1.3 −3.7 −3.1 4.9 −0.1

.6 −3.9 −8.3 −3.6 −8.2 4.9

.9 7.7 −2.1 7.7 7.8 20.1

.4 15.8 3.6 16.4 15.6 28.5

.1 30.5 24.4 6.4 22.2 20.3

.3 27.9 22.6 1.7 19.8 16.5

.0 8.4 6.7 2.2 2.9 5.7

.1 2.9 −4.1 0.7 3.9 1.0

.6 0.1 −0.8 −2.4 2.2 0.6

.1 4.9 2.3 −0.3 −0.4 3.8

.7 1.8 0.6 −4.5 5.8 2.7
8 8.65 6.37 6.90 9.70 9.18
of th
at M
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B9
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TABLE II. Deviations of different theoretical methods from the experiment of the 58 third-row molecules added to G3/05 test set. �Density-functional results
based on single-point 6-311+G�3df ,2p� energies at MP2/6-31G* geometries with scaled �0.89� HF/6-31G* zero-point energies.�

Species
Expt.a

�kcal/mol�

Deviation �Expt.-Theor.� �kcal/mol�

G3 G3X B3LYP B98 B97-2 B1B95 O3LYP VSXC TPSS

D0 K2 12.6 −3.1 −2.2 1.0 −6.1 −7.5 2.2 −1.8 −8.6 −2.3
KBr 90.5 −1.0 0.0 1.3 −4.1 −5.7 −0.5 2.4 −5.4 −3.8
KCl 101.0 −0.6 0.3 3.4 −2.4 −3.9 1.0 3.5 −4.7 −1.3
KF 117.6 1.7 2.6 1.7 −1.6 −3.0 2.4 2.2 −6.1 −2.6

GeH4 270.5 −2.5 −2.8 −5.7 −4.0 −1.9 −3.8 −5.6 −5.5 −15.7
AsH 64.6 −0.1 −0.4 −2.9 −1.0 −1.0 −0.8 −1.6 −0.2 −3.7
AsH2 131.1 −0.8 −1.2 −6.3 −3.4 −3.3 −3.2 −4.0 −3.1 −8.7
AsH3 206.0 1.4 0.8 −3.9 −0.6 −0.3 −0.9 −1.3 −1.0 −8.8
SeH 74.3 −1.1 −1.1 −1.7 −0.6 −0.6 −1.1 −1.3 −3.7 −3.6
SeH2 153.2 0.9 0.6 −2.0 −0.5 −0.5 −1.9 −2.2 −4.3 −6.6
Hbr 86.5 −0.2 0.0 −1.9 −1.5 −1.6 −2.6 −3.1 −2.5 −4.6

GaCl 109.9 −1.5 −1.3 0.7 −3.1 −3.6 −3.4 1.5 −4.6 −3.2
GeO 155.2 −1.6 −3.0 0.0 −0.9 −1.7 0.7 2.3 −6.5 −3.7
As2 91.3 −0.4 −1.6 −1.0 0.4 −4.7 −0.7 7.8 0.1 −2.7
BrCl 51.5 0.3 0.5 −0.5 −3.5 −4.1 −4.9 −1.4 −0.1 −6.7
BrF 58.9 0.3 −0.2 −1.9 −2.6 −3.0 −3.2 −2.2 −2.9 −8.3
BrO 55.3 0.1 −0.1 −2.2 −4.7 −4.9 −4.2 −4.4 −4.8 −10.6
Br2 45.4 −0.1 0.1 −3.2 −5.5 −6.3 −6.9 −2.8 −2.1 −9.5
BBr 103.5 0.7 1.1 2.5 −1.0 −2.0 −1.3 1.4 −3.0 −0.5
NaBr 86.2 −2.1 −1.9 1.8 −3.2 −4.5 0.4 2.6 −4.5 −2.4

CH3Br 358.2 −0.3 −0.1 −1.1 −1.4 −1.4 −2.2 −3.8 −0.2 −8.2
GeS2 191.7 −1.9 −2.5 3.0 −5.1 −9.4 −9.2 1.0 −8.9 −9.7
KrF2 21.9 −0.6 −1.3 −3.4 −3.2 −2.6 −0.9 −5.6 −8.7 −18.4

�Hf
0�298 K� CF3Br −155.0±0.7 2.3 1.3 −1.9 6.8 9.6 8.6 2.6 4.2 9.6

CCl3Brb −10.0±0.4 2.9 2.2 −11.4 1.1 5.5 6.5 −7.2 −0.1 5.0
C2H3Brb 18.9±0.4 2.0 1.9 1.1 2.3 4.6 4.3 4.1 3.5 9.2
C2H5Br −14.8±0.4 1.2 0.9 −0.2 0.6 0.9 1.9 4.0 −0.1 9.8
C3H7Brc −23.8±0.8 0.6 0.1 −4.4 −3.0 −2.3 −0.9 1.0 −0.4 8.6
C6H5Brd 25.2±1.0 1.5 1.4 −6.0 1.2 11.6 8.8 0.1 6.5 9.3
C6H13Bre −35.4±0.4 1.2 0.7 −9.7 −7.0 −5.1 −3.3 0.4 −5.7 11.6
C3H6Br2

f −17.1±0.3 2.7 2.2 −5.3 −0.2 1.4 2.8 −1.3 2.6 11.2
CHF2Br −101.6±0.2 1.2 0.4 −0.5 5.1 6.8 6.3 3.2 2.6 10.2
COBr2 −27.1±0.1 2.7 2.6 1.5 8.1 11.4 9.3 4.3 6.5 12.1

C5H8Br2
g −13.1±0.4 3.2 3.1 −14.4 −4.5 0.2 2.9 −7.3 4.0 8.3

IP K 100.1 0.8 0.8 −3.6 2.8 6.4 2.1 0.4 4.8 2.3
Ca 140.9 −1.7 −2.1 −1.0 −2.5 −2.0 4.7 2.8 0.3 3.0
Ga 138.3 −0.2 −0.2 −0.7 2.1 3.7 3.6 2.5 4.1 −0.2
Ge 182.2 −0.1 −0.1 −0.1 1.5 3.4 3.0 2.3 1.8 −0.8
As 225.7 −0.4 −0.3 −1.8 −1.6 0.3 −0.1 −0.7 −2.5 −3.5
Se 224.9 1.0 0.5 −2.4 0.8 1.6 4.4 6.2 1.6
Br 272.4 0.5 0.0 −3.3 −1.4 −0.7 0.4 1.6 0.1 −0.8
Kr 322.8 1.3 0.9 −4.0 −3.2 −2.7 −1.6 −1.5 −2.1 −2.5

AsH 222.3 −1.0 −1.0 −1.4 −0.5 1.3 1.1 0.2 −0.6 −2.2
AsH2 217.8 −0.8 −0.8 −1.6 −0.1 1.8 1.7 0.8 0.2 −1.5
SeH 227.0 0.1 −0.1 −0.3 1.7 2.5 3.5 5.3 3.4 2.6
SeH2 228.0 −0.3 −0.4 0.3 1.4 2.3 2.8 4.3 2.9 2.1
HBr 268.9 0.8 0.8 −3.0 −1.9 −1.3 −0.5 0.3 −0.5 −1.4
Br2 242.6 −0.2 −0.2 −0.8 0.2 1.6 2.0 3.8 5.5 3.7

HOBr 245.3 −0.4 −0.6 2.1 3.5 5.0 5.6 6.9 7.8 6.7
BrF 271.7 0.7 0.8 −1.9 −0.4 0.8 1.0 3.0 3.8 2.8

NaBr 191.6 −4.9 −5.1 −8.8 −6.9 −5.3 −4.8 −4.7 −5.2 −7.0

EA K 11.5 −2.6 −3.0 −0.6 −2.7 −2.8 3.2 0.1 −2.4 −0.9
Ge 28.4 −0.5 −0.4 −2.1 −0.3 2.1 0.1 0.4 −1.0 −3.4
Br 77.6 −0.5 −0.9 −4.4 −2.9 −1.8 −0.8 −0.6 −1.5 −2.7

BrO 54.4 −1.3 −1.2 −1.4 2.0 3.8 4.5 5.0 5.9 4.7
Downloaded 12 Jun 2007 to 140.123.5.13. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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test set appeared.5,6 In that study we examined seven func-
tionals. In this investigation we have included 16 additional
functionals for a total of 23. The functionals fall into three
different general categories. The first category contains non-
empirical functionals that are constructed to satisfy several
exact constraints on the spin density. In addition to the local
spin-density approximation �LSDA�, this includes nonem-
pirical generalized gradient approximation �GGA� function-
als that depend on the local density and its gradient as well
as meta-GGA functionals that also depend on the kinetic-
energy density for the occupied Kohn-Sham orbitals. The
three functionals that we have investigated in this category
are PW91, PBE, and TPSS. PW91 is the Perdew and Wang’s
1991 GGA functional.25 PBE is Perdew, Burke, and Ernzer-
hof’s 1996 GGA exchange and correlation functional.26

TPSS is the nonempirical meta-GGA functional developed
by Staroerov et al.27 The second category includes function-
als based on semiempirical GGA or meta-GGA. These func-
tionals include one or more parameters that are obtained by
fitting to the experimental data on atoms and, in many cases,
on molecules/solids. The five functionals we considered in
this category are BLYP,28,29 BPW91,29,25 BP86,29,30 OLYP,31

and VSXC.32 The first three use Becke’s 1988 exchange
functional with three different correlation functionals and

TABLE II. �Continued.�

Species
Expt.a

�kcal/mol� G3 G3X B

SeH 51.0 −0.4 −0.5
PA Br− 322.6 −0.3 0.3

CH3Br 157.3 0.4 0.4
MADh 1.14 1.11

aFor experimental references and uncertainties see Refs. 20, 53, and 54, exc
bVinyl bromide.
c2-Bromopropane.
dBromobenzene.
e1-Bromohexane.
f1,2-Dibromopropane-trans.
g1,2-Dibromocyclopentane axial.
hMean absolute deviation.

TABLE III. Deviations of different theoretical methods from the experiment
results based on single-point 6-311+G�3df ,2p� energies at MP2/6-31G* geo
are at B3LYP/6-31+G�2df , p� geometries and scaled 0.9854 B3LYP/6-31

Species Expt. G3 G3X B3LYP

�H2O�2 −3.6±0.3a −0.3�−0.1� −1.9�−0.1� −0.7�−0.6� −
�CH3OH�2 −3.5±0.2a 0.5�0.8� 0.4�0.8� −1.2�−0.3� −
�CH3COCH3�2 −3.2±0.4a −1.0�−1.1� −1.1�−1.1� −2.7�−2.6� −
�HCl�2 −1.23±0.1b 0.1�−0.1� −0.1�−0.1� −0.4�−0.6�
�CH3COOH�2 −14.9c 0.3�0.7� 0.7�0.7� −1.0�−0.5� −
�HF�2 −2.97±0.1b −1.4�0.2� −2.1�0.2� −1.3�0.1�
MAD 0.60�0.49� 1.06�0.49� 1.19�0.79�
aReference 55. �H2O�2: �Hf

0 measured over the range of 360–385 K. �CH3O
over the range of 340–380 K.
bReference 56. D0 value.
c 0
Reference 57. �Hf at 373 K.

Downloaded 12 Jun 2007 to 140.123.5.13. Redistribution subject to 
were included in our first study. OLYP is a new functional
developed by Handy and Cohen31 that employs a new opti-
mization of the exchange functional. VSXC is a meta-GGA
with 20 parameters.32 The third category includes hybrid
semiempirical functionals. These have additional parametri-
zation based on including exact �HF� exchange into the func-
tional. In this category we have considered the three func-
tionals from our previous study �B3LYP, B3P86, and
B3PW91, all using Becke’s three-parameter hybrid exchange
functional�33,34 and 11 additional functionals. These include
�1� Becke’s B98 functional35 that is a ten-parameter fit to the
G2/97 test set, closely related to his previous B97
functional,36 �2� B97-1, a modification to Becke’s B97 func-
tional proposed by Hamprecht et al.,37 �3� B97-2, a modifi-
cation to Becke’s B97 functional proposed by Wilson et al.,38

�4� O3LYP, a three-parameter hybrid of Hoe et al.39 based on
OLYP, �5� X3LYP, a three-parameter hybrid of Xu and
Goddard40 designed especially for van der Waals interac-
tions, �6� PBE1PBE �also referred to as PBE0�, a one-
parameter hybrid based on the PBE functional,41 �7� TPSSh,
a one-parameter hybrid of the TPSS functional,27 �8� B1B95,
a one-parameter hybrid functional using Becke’s B88 ex-
change and his 1995 kinetic-energy-dependent correlation
functional,42 �9� mPW1PW91, a one-parameter hybrid func-

Deviation �Expt.-Theor.� �kcal/mol�

B98 B97-2 B1B95 O3LYP VSXC TPSS

−1.8 −0.7 0.3 1.0 −0.6 −1.6
−0.4 −2.4 −0.7 −2.4 −2.5 −1.8
−2.0 −3.4 −1.3 −3.5 −4.5 −3.7
2.50 3.40 2.87 2.75 3.42 5.41

or �Hf values which are from Ref. 21.

e six hydrogen-bonded complexes in the G3/05 test set. �Density-functional
ies with scaled �0.89� HF/6-31G* zero-point energies. Values in parentheses
df , p� zero-point energies.�

iation �Expt.-Theor.� �kcal/mol�

8 O3LYP VSXC TPSS OLYP X3LYP

0.4� −2.2�−2.0� −0.8�−0.7� −0.6�−0.5� −2.7�−2.6� −0.3�−0.2�
0.1� −3.2�−1.9� 1.4�−0.8� −0.9�−0.2� −3.9�−2.4� −0.6�0.1�
2.1� −4.3�−3.9� 1.1�0.8� −2.7�−2.7� −5.0�−4.5� −2.2�−2.2�
0.2� −1.1�−1.3� 0.6�0.3� −0.2�−0.4� −1.4�−1.6� −0.2�−0.3�
0.2� −5.2�−5.0� −0.3�−0.7� −0.7�0.1� −6.8�−6.7� −0.2�0.2�

�0.1� −3.1�−1.3� 0.7�−0.2� −1.2�0.0� −3.8�−1.8� −0.8�0.4�
0.49� 3.17�2.59� 0.80�0.59� 1.05�0.66� 3.93�3.26� 0.70�0.58�

Hr
0 measured over the range of 305–335 K. �CH3COCH3�2: �Hf

0 measured
3LYP

−3.2
1.1

−1.0
2.76

ept f
of th
metr
+G�2

Dev

B9

0.4�−
0.8�−
2.1�−
0.0�−
0.6�−
−1.2

0.85�

H�2: �
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tional developed by Adamo and Barone43 using their modi-
fied Perdew-Wang exchange functional and the PW91 corre-
lation functional, �10� MPW1B95, a functional proposed by
Zhao and Truhlar44 that replaces the PW91 correlational
functional in mPW1PW91 with B95 and reoptimizes the pa-
rameter, and �11� the KMLYP functional of Kang and
Musgrave,45 a two-parameter hybrid optimized for the en-
ergy of a hydrogen atom and the electron affinity of an oxy-
gen atom. We also have investigated a modified KMLYP
version45 that includes G3-like higher-level correction pa-
rameters based on number of unpaired and lone pair/pi elec-
trons in the atoms or molecules, optimized for atomization
energies. Among these, PBE1PBE can also be classified as a
nonempirical functional since the fraction of exact exchange
�0.25� can be justified based on fundamental considerations.
For completeness, we have included the nonempirical LSDA
functional, SVWN.46

B. Results and discussion

1. Comparison to experiment

We have used the G2/97 test set of 301 energies for an
initial assessment on the 23 density functionals described
above and we then chose eleven of the functionals for further
assessment on the full G3/05 test set. The mean absolute
deviations for all of the test sets are given in Table V. The
detailed results for seven representative functionals for the
new energies in the G3/05 test set are given in Tables I–III
and a breakdown of the performance of these functionals on
the whole set is given in Table IV.

For consistency, we have used the same basis set
�6-311+G�3df ,2p��, geometries �MP2/6-31G*�, zero-point
energies �scaled HF/6-31G*�, and thermal corrections
�scaled HF/6-31G*� that we used in previous assessments
and have not included any spin-orbit corrections or relativis-
tic effects, except where noted. We have previously investi-
gated the dependence on the geometry and zero-point energy
for the B3LYP functional.7,17 We found that the choice of the
geometry �MP2 versus B3LYP� had little effect on the mean

TABLE IV. Mean absolute deviations �kcal/mol� of different methods for d
on single-point 6-311+G�3df ,2p� energies at MP2/6-31G* geometries with

G3 G3X B3LYP

Enthalpies of formation �270� 1.19 1.01 4.63
Nonhydrogens �79�a 2.10 1.63 5.77
Hydrocarbons �38� 0.69 0.56 5.40
Subst. hydrocarbons �100� 0.82 0.79 4.52
Inorganic hydrides �19� 0.95 0.86 2.16
Radicals �34� 0.83 0.75 2.87

Ionization energies �105� 1.10 1.04 3.83
Electron affinities �63� 0.98 0.99 2.99
Proton affinities �10� 1.14 1.04 1.39
Hydrogen-bonded complexes �6� 0.60 1.06 1.19
All �454� 1.13 1.01 4.11

aThe 32 new nonhydrogens added to the G3/05 test set include the 14 molec
BrCl, BrF, BrO, Br2, BBr, NaBr, GeS2, KrF2, CF3Br, CCl3Br, and COBr2�.
absolute deviation for the G2/97 test set. We found that there
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was a more significant dependence on choice of zero-point
energy �0.4 kcal/mol increase in the mean absolute devia-
tion� if B3LYP/6-31G* with a scale factor of 0.98 is used
instead of HF/6-31G* with a scale factor of 0.89. Although
the use of B3LYP/6-31G* with the 0.98 scale factor is more
appropriate for zero-point energies,47 the slight increase in
the B3LYP mean absolute deviation is probably because the
B3LYP parametrization was implicitly consistent with the
scaled HF zero-point energies.12

Because of the dependence on choice of zero-point en-
ergy found in Ref. 17, we have examined the effect of the
use of the B3LYP zero-point energies on the results of the
some of the density-functional methods. We also examined
the effect of inclusion of atomic spin-orbit effects. The mean
absolute deviations including the B3LYP zero-point energies
and spin-orbit effects are given in parentheses in Table V.
For the hybrid methods, with the exception of MPW1B95,
all of the mean absolute deviations increase when spin-orbit
and the B3LYP zero-point energies are included. The largest
increases are found for B3LYP and X3LYP, which is prob-
ably due to the fact that they were implicitly optimized
for the HF zero-point energies. The largest increase
��0.8 kcal/mol� for these two hybrids occur for the larger
G3/99 and G3/05 test sets. In contrast, the MPW1B95 func-
tional shows significant improvement �0.89 kcal/mol� when
the spin-orbit and scaled B3LYP zero-point energies are in-
cluded because Zhao and Truhlar44 optimized it on De val-
ues, i.e., with zero-point energies subtracted and with spin-
orbit corrections included. The TPSS functional does not
involve empirical parameters and also has improved agree-
ment with the experiment �by about 1 kcal/mol� with the use
of the scaled B3LYP zero-point energies and spin-orbit ef-
fects. In the following discussions, we refer to mean absolute
deviations calculated using the scaled HF zero-point ener-
gies, except for MPW1B95 and TPSS.

The results for the 23 functionals tested on the G2/97
test set �Table V� indicate that the B98 functional has the
smallest mean absolute deviation �2.90 kcal/mol�. This is

nt types of energies in the G3/05 test set. �Density-functional results based
ed �0.89� HF/6-31G* zero-point energies.�

ean absolute deviation �kcal/mol�

B98 B97-2 B1B95 O3LYP VSXC TPSS

.46 4.52 3.66 3.94 3.65 6.70

.20 5.90 5.12 5.75 5.13 6.57

.87 4.73 3.63 3.43 3.29 7.12

.16 4.48 3.37 2.87 3.03 6.75

.23 1.92 1.79 1.99 2.78 5.61

.28 2.68 2.20 4.60 2.91 7.03

.59 3.86 3.93 4.45 4.62 4.85

.73 3.29 3.56 3.09 3.06 3.18

.07 2.25 1.32 1.76 1.96 1.94

.85 1.79 1.77 3.17 0.80 1.05

.30 4.11 3.63 3.88 3.71 5.61

n Table I and 18 molecules in Table II �K2, KBr, KCl, KF, GaCl, GeO, As2,
iffere
scal

M

3
4
4
3
1
2
3
2
1
0
3

ules i
the only functional that has a significantly smaller mean ab-

AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



124107-7 Assessment of Gaussian-3 and DFT theories J. Chem. Phys. 123, 124107 �2005�
solute deviation than B3LYP �3.31 kcal/mol�. Several other
functionals have mean absolute deviations of a similar mag-
nitude as B3LYP. Among these are VSCX �3.36 kcal/mol�,
MPW1B95 �3.55 kcal/mol�, B1B95 �3.35 kcal/mol�, B97-1
�3.48 kcal/mol�, B97-2 �3.50 kcal/mol�, and X3LYP
�3.26 kcal/mol�. The X3LYP functional is very close in ac-
curacy to B3LYP because it is a combination of B3LYP and
B3PW91. The KMLYP functional, which has been shown to
be very good for energy barriers, does very poorly with a
mean absolute deviation of 20.55 kcal/mol. The poor perfor-
mance is probably due to the method used for obtaining the
exchange and correlation mixing parameters, i.e., from the
H-atom energy and the O-atom electron affinity. We also
examined the effect of including higher-level correction pa-
rameters as in the modified version of KMLYP.45 We opti-
mized them for the G2/97 set of enthalpies and found that
this greatly improves the accuracy �3.66 kcal/mol�, although
it is still not as good as B3LYP. The most accurate nonem-
pirical functional is TPSS with a mean absolute deviation of
4.86 kcal/mol, compared to 10.44 and 10.87 for the other
two functionals PBE and PW91, respectively.

Eleven of the functionals were further assessed on the
full G3/05 test set and the results are given in Table V. The
B98 functional has the smallest mean absolute deviation of

TABLE V. Mean absolute deviations of density-fu
single-point 6-311+G�3d2f ,2p� energies at MP2/6-3
energies. Values in parentheses are based on B3LYP
spin-orbit corrections �Ref. 8� for the atoms.�

LSDA SVWN
Nonempirical GGA PW91

PBE
TPSS

Semiempirical GGAs BLYP
BPW91
BP86
OLYP
VSXC

Hybrid semiempirical GGAs B3LYP
B3PW91
B3P86

B98
B97-1
B97-2

O3LYP
X3LYP
PBE1
TPSSh
B1B95

mPW1PW91
MPW1B95

KMYLP

aKMLYP results in square brackets include a highe
unpaired electrons for atoms and molecules, lone elec
for molecules. We have reoptimized the three parame
2.33, 14.89, and 15.50 mhartree, respectively�.
the 11 functionals �3.33 kcal/mol�. The B3LYP functional
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does poorly for larger molecules and, thus, its mean absolute
deviation increases to 4.14 kcal/mol. The other hybrid func-
tionals that we investigated have similar or smaller mean
absolute deviations than B3LYP on the full test set with val-
ues ranging from 3.66 kcal/mol �B1B95� to 4.14 kcal/mol
�B97-2�. The nonempirical functional TPSS has a mean ab-
solute deviation of 4.71 kcal/mol while the VSXC functional
has a deviation of 3.75 kcal/mol. As in the case of the Gn
methods the density-functional methods have larger errors
for the nonhydrogen species although the increase is not
nearly as dramatic �see Table IV�. It is notable that the
density-functional methods perform well for the third-row
systems with mean absolute deviations of 2.5–3.5 kcal/mol
on this subset, even though most were parametrized on the
first- and second-row molecules.

Finally, the density-functional theory �DFT� methods
perform about as well as the G3 methods for hydrogen-
bonded complexes. The inclusion of diffuse functions in the
basis sets corrects the problems in the density-functional ge-
ometries of the water dimer and the hydrogen fluoride dimer.
The binding-energy results based on B3LYP/6-31
+G�2df , p� optimized geometries are given in parentheses in
Table III. The use of this geometry gives very good agree-
ment with the experiment for these two dimers for all of the

nal methods. �Density-functional results based on
geometries with scaled �0.89� HF/6-31G* zero-point
1G�2df� zero-point energies �scaled by 0.9854� and

MAD �kcal/mol�

G2/97 G3/99 G3/05

52.20 84.68
10.87
10.44

5.30 �4.86� 5.58 �4.76� 5.67 �4.71�
5.78 7.32
5.90

12.24
4.78 5.41 5.55

3.36 �3.35� 3.58 �3.70� 3.75 �3.80�
3.31 �3.60� 4.27 �5.01� 4.14 �4.97�
3.65 �3.44�

15.39 �14.84�
2.90 �3.12� 3.39 �3.95� 3.33 �3.81�
3.48 �3.59� 4.08 �4.37� 4.10 �4.32�
3.50 �3.52� 4.09 �4.25� 4.14 �4.23�
4.08 �3.81� 3.95 �3.96� 3.89 �4.03�
3.26 �3.54� 3.96 �4.69� 3.80 �4.64�
4.66 �4.35�
4.54 �4.34�
3.35 �3.36� 3.67 �3.85� 3.66 �3.77�
3.86 �4.06�
3.98 �3.55� 4.88 �4.08� 4.85 �3.96�

20.55 �3.66�a

l correction based on three parameters �number of
airs for atoms, and lone electron pairs or pi electrons
or the enthalpies in the G2/97 test set �the values are
nctio
1G*

/6-3

r-leve
tron p
ters f
density-functional methods, except for O3LYP and OLYP,
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and improves the mean absolute deviation to �1 kcal/mol.
The O3LYP and OLYP functionals have substantial errors for
hydrogen-bonded complexes.

2. Size dependence

Errors in quantum-mechanical methods should, in gen-
eral, grow with the size of the system. Since the enthalpies of
formation are computed from the calculated atomization en-
ergies, a roughly linear dependence on the size of the system
can be expected, particularly in a sequence of molecules con-
taining similar kinds of bonds �e.g., alkane chains�. In this
analysis, we consider the number of valence electrons in the
system as a rough measure of the size of the molecule. The
dependence of the G3 and DFT methods on the number of
electrons in the molecule is shown in Table VI where mean
absolute deviations are given for enthalpies of formation in
the G3/05 test set for three sets of molecules: those contain-
ing �8 pairs of valence electrons, �8�14 pairs valence
electrons, and �14 pairs of valence electrons. The separation
into the different groups is somewhat arbitrary, but neverthe-
less it shows interesting trends. Some density-functional
methods show significantly increasing errors with molecule
size. The B3LYP functional shows a particularly strong de-
pendence on the number of electrons as its error increases
dramatically from 2.25 to 3.40 to 9.01 kcal/mol for the
three subsets. The error as a function of number of electrons
is plotted in Fig. 1 and indicates an approximate linear de-
pendence with number of valence electrons. With the excep-
tion of O3LYP the other functionals also show an increase in
error with number of electrons, although not as large as
B3LYP. The O3LYP functional is an exception in that it
shows little dependence on size. The reason for this is not
clear. Both G3X and G3 theories do not depend as much on

TABLE VI. Size dependence of the G3 and DFT methods for enthalpies o
6-311+G�3d2f ,2p� energies at MP2/6-31G* geometries with scaled �0.89�

No. of pairs of
valence electrons

in molecule

No. of
molecules
in subset G3 G3X B3LYP

�8 101 0.99 1.00 2.25
�8�14 89 1.00 0.83 3.40

�14 80 1.64 1.22 9.01

FIG. 1. Mean absolute deviation from the experiment as a function of num-
ber of pairs of valence electrons for B3LYP on the enthalpies of formation in

the G3/99 test set.
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the number of electrons as the DFT methods with G3X hav-
ing the smallest dependence. The mean absolute deviation of
G3X stays about level at 1.00, 0.83, and 1.22 for the three
subsets whereas G3 shows a larger increase for the last sub-
set to 1.64 kcal/mol. In the case of the G3 methods the er-
rors tend to be more systematic than in the DFT methods so
that the higher-level correction �HLC� used in the G3 meth-
ods is able to correct for the size dependence. We have ap-
plied the HLC to the DFT methods and, while, this provides
for some improvement it does not do nearly as well as for the
G3 methods, apparently because the errors are not systematic
for the DFT methods.

The dependence on molecular size was further investi-
gated for seven representative DFT methods on a set of
larger molecules with accurate experimental energies �quoted
uncertainty of less than 1 kcal/mol�. The molecules in this
set have 56 or more valence electrons and thus are larger
than the molecules in the G3/05 test set and most are not
feasible for the G3 methods. The 15 molecules in the set
include 2 linear alkanes �dodecane and hexadecane�, 2 flu-
orinated hydrocarbons �C6F6 and C6F5Cl�, 3 two-
dimensional aromatics �fluoranthane, anthracene, and
pyrene�, 2 three-dimensional sp3 hydrocarbons �adamantane
and diadamantane�, and 5 linked aromatic rings. The devia-
tions from the experiment for seven representative function-
als are given in Table VII for these 15 large molecules along
with mean absolute deviations. The results are consistent
with the trends found on the G3/05 test set in that they indi-
cate significantly poorer performance on molecules with
large numbers of electrons. The B3LYP method has one of
the largest mean absolute deviation �21.2 kcal/mol�, which
is more than double its error �9.01 kcal/mol� for the third
subset of molecules ��28 valence electrons� in the G3/05
test set. The B3LYP error is especially large for large sp3

hydrocarbons and contributes to its poor performance in our
larger test sets. Of special note is the error in the three-
dimensional cyclic sp3 hydrocarbons diadamantane and ada-
mantane, which have errors of −51.0 and −32.9 kcal/mol,
respectively. This is significantly greater than the error in the
linear alkanes of similar size, dodecane �−20.9 kcal/mol�
and hexadecane �−30.2 kcal/mol�. The difference in perfor-
mance for the linear and cyclic alkanes is due to the higher
proportion of C–C bonds �relative to C–H bonds� in the lat-
ter, and the relatively poor description of the C–C bonds in
B3LYP. Similar differences can be seen for some of the other
methods such as TPSS and O3LYP. The B3LYP functional
also does poorly for larger aromatics such as pyrene

mation in G3/05 test set. �Density-functional results based on single-point
6-31G* zero-point energies.�

MAD �kcal/mol�

B98 B97-2 B1B95 O3LYP VSXC TPSS

2.05 2.69 2.32 3.27 2.99 5.18
3.10 3.96 3.46 4.39 3.11 7.80
5.64 7.46 5.58 4.29 5.08 7.42
f for
HF/
�−24.8 kcal/mol� and fluoranthene �−23.6�. Three of the
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density functionals have smaller mean absolute deviations:
B98 �10.88 kcal/mol�, O3LYP �8.62 kcal/mol�, and TPSS
�11.45�. However, in each case substantial errors can be seen
for specific cases. This assessment on very large molecules
indicates that all of the density functionals have significant
deficiencies with certain types of molecules.

3. Basis set dependence

We have investigated the basis set dependence of 6 se-
lected functionals in this work of the 147 enthalpies of for-
mation in the G2/97 test set. We have not investigated ion-

TABLE VII. Assessment on very large molecules ��

Molecule
Expt.a

�Hf�298� B3LY

C6F6 −228.35 −2.9
C6F5Cl −194.14 −7.8

C12H26 dodecane −69.24 −20.8
C16H34 hexadecane −89.58 −30.2
C10H16 adamantane −32.17 −32.9

C14H20 diadamantane −34.87 −51.0
C16H10 pyrene 53.94 −24.7

C16H10 fluoranthene 69.07 −23.6
C14H10 anthracene 55.19 −18.7
C12H8N2 phenazine 82.17 −7.7

C12H10N2 trans-azobenzene 96.58 −9.6
C13H10O benzophenone 13.12 −17.8

C12H8S dibenzothiophene 49.02 −22.8
C16H12S2 3,6-diphenyl-1,2-dithiin 100.96 −25.4

MAD �kcal/mol� 21.1

aFrom Ref. 20. All experimental uncertainties are le
single-point 6-311+G�3d2f ,2p� energies at MP2/6-3
energies.

TABLE VIII. Basis set dependence of density-funct
G2/97 test set. �B3LYP, B98, O3LYP, and BLYP res
spin-orbit correction. All methods are based on MP2�
MPW1B95 and TPSS results are based on 0.9854 sc
tion.�

Basis seta Polarization setb B3LY

6-31G�d� d ,d 5.31
6-31+G�d� d ,d 8.66
6-31+G�2df , p� 2df ,2df , p 3.97
6311+G�d , p� d ,d , p 8.22
6311+G�2df , p� 2df ,2df , p 3.86
6311+G�3df ,2p� 3df ,3df ,2p 3.04
6311+G�3d2f ,2pd� 3d2f ,3d2f ,2pd 2.88
G3MP2Largec 3df2f ,2df , p 3.41
G3Large 3d2f ,2df , p 3.22
G3XLarge 3df2fg ,2df , p 3.14
aug-cc-pVDZ d ,d , p 11.17
aug-cc-pVTZ 2df ,2df ,2pd 4.07
aug-cc-pVQZ 3d2fg ,3d2fg ,3p2df 3.26

aThe correlation-consistent basis sets are from Ref. 4
bOrder is second row, first row, and H polarization fu
c
Does not have core-polarization functions that are includ
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ization potentials and electron affinities since in previous
work6 we found little dependence on basis sets for these
quantities. The results are given in Table VIII for the B3LYP,
B98, O3LYP, MPW1B95, BLYP, and TPSS functionals,
which represent a range of functional types. The results show
a quite surprising dependence on the polarization functions
used in the basis sets. In some cases expanding the polariza-
tion set significantly improves agreement with the experi-
ment �B3LYP and B98� and in some cases it makes agree-
ment significantly worse �MPW1B95, O3LYP, and TPSS�.
This can be seen in the series of calculations done with the

alence electrons�.

Deviation �Expt.-Theor.� �kcal/mol�

B98 B97-2 B1B95 O3LYP VSXC TPSS

16.11 30.54 24.39 6.42 22.17 20.29
12.34 27.87 22.57 1.71 19.80 16.52
18.93 −15.72 −12.35 −0.84 −11.58 14.06
26.37 −21.62 −17.46 −4.30 −16.66 15.92
21.18 −11.71 −6.93 −17.27 −4.99 −4.39
30.18 −14.30 −6.58 −30.12 −1.72 −11.58
4.63 25.34 15.79 −11.31 14.40 4.75
3.16 27.34 18.64 −7.84 15.06 7.25
3.26 21.35 13.22 −6.44 13.74 7.68

6.00 28.11 17.45 −2.21 10.08 15.76
0.44 20.47 10.85 −4.49 9.15 15.51
3.13 17.90 10.84 −7.58 18.04 6.78
5.33 19.17 13.72 −9.16 8.96 4.90
1.20 28.13 22.43 −10.95 26.51 14.88

10.88 22.11 15.23 8.62 13.78 11.45

an 1 kcal/mol. Density-functional results based on
geometries with scaled �0.89� HF/6-31G* zero-point

methods for the 147 enthalpies of formation in the
re based on 0.8929 scaled HF ZPEs with no atomic
/6-31G* geometries. The numbers in parentheses for
B3LYP/6-31G* ZPEs and atomic spin-orbit correc-

Mean absolute deviations, kcal/mol

B98 O3LYP MPW1B95 TPSS BLYP

5.26 6.27 6.04�5.71� 7.31�6.80� 7.80
7.93 5.57 4.49�4.99� 5.41�5.41� 9.44
2.69 5.89 5.34�4.49� 7.38�6.66� 6.63
7.49 5.49 4.61�5.29� 4.72�4.70� 8.89
2.95 3.53 3.44�2.95� 5.40�4.67� 7.35
2.50 4.20 4.34�3.48� 6.37�5.49� 7.12
2.25 4.38 4.53�3.59� 6.55�5.64� 6.92
2.51 3.54 3.66�2.91� 5.69�4.96� 7.03
2.37 3.80 3.91�3.08� 6.03�5.25� 6.99
2.32 3.77 ¯ ¯ ¯

0.63 7.11 ¯ ¯ ¯

3.32 3.64 ¯ ¯ ¯

2.40 4.09 ¯ ¯ ¯

e G3 basis sets are from Refs. 8 and 10.
ns.
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6-311G basis set with different sets of polarization functions.
For example, increasing the polarization set from 2df , p to
3d2f ,2pd decreases the mean absolute deviation by
�1 kcal/mol for B3LYP, while it increases it by about the
same amount for MPW1B95. The latter increase occurs be-
cause the MPW1B95 functional was optimized for a modi-
fied G3MP2Large basis set that has a 2df polarization set on
the first-row elements. The large effect of the polarization
functions on the mean absolute deviations is also noted in the
correlation-consistent basis sets48 where the aug-cc-pVTZ
has an error of 4.07 for B3LYP compared to 3.31 for 6
-311+G�3df ,2p�. This is apparently due to use of a 2df set
on the pVTZ basis set. The quadruple zeta basis set, aug-cc-
pVQZ with a 3d2fg polarization set, has a mean absolute
deviation �3.26 kcal/mol� comparable to triple zeta
6-311+G�3df ,2p� for B3LYP. The results in Table VIII also
indicate that the use of core-polarization functions in the
G3Large basis set has only a small effect on the deviations
when compared to G3MP2Large, which does not have core-
polarization functions. Also the addition of diffuse functions
leads to an increase in error relative to 6-31G* basis set

FIG. 2. Distribution of errors in kcal/mol for B3LYP, B98, O3LYP, TPSS, B1
and standard deviations in kcal/mol are B3LYP �−2.47 and 5.51�, B98 �−0.7
6.01�, and B1B95 �1.09 and 4.98�.
results for B3LYP �from 5.31 to 8.66 kcal/mol� and B98
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�from 5.26 to 7.93 kcal/mol�, although for other functionals
it leads to improved agreement with the experiment.

The effect of increasing the polarization set can be ex-
plained in terms of the distribution of errors. From looking at
the distribution of errors, it is evident that most of the DFT
methods are skewed either in the direction of negative or
positive deviations. This is illustrated for several of the func-
tionals in Fig. 2 including B3LYP, B98, O3LYP, MPW1B95,
B1B95, and TPSS. For example, B3LYP tends to underbind
�more negative deviations from the experiment than positive�
and thus increasing the basis set will improve agreement
with the experiment. Alternatively TPSS, O3LYP, and
MPW1B95 tend to overbind �more positive deviations from
the experiment than negative� and thus decreasing the polar-
ization set makes for better agreement with the experiment.
The B98 functional has only slightly more negative devia-
tions than positive and is the most equally distributed of the
functionals that we investigated. It is noted that the distribu-
tion does not shift uniformly as the effect of polarization
functions is dependent on the type of molecule. For compari-
son with the density-functional results, the distribution of

and MPW1B95 density-functional methods for the G3/05 test set. The mean
4.7�, TPSS �3.59 and 6.13�, O3LYP �1.09 and 5.29�, MPW1B95 �3.23 and
B95,
4 and
errors of the G3 and G3X theories is given in Fig. 3. The
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figure shows that the deviations from experiment for the ab
initio based methods are quite equally distributed.

There have been a number of studies on the dependence
of density-functional methods on basis sets. Based on a study
of the HCTH functional, Boese et al.14 concluded that the
triple zeta basis set level �e.g., the 6-311G�3df ,2pd� and
TZ2P basis sets� is likely to be sufficient for the use in
density-functional calculations. Wang and Wilson49 exam-
ined the performance of the correlation-consistent basis sets
for a small set of test molecules and found that while increas-
ing the basis set improved performance for the hybrid func-
tionals tested �B3LYP, B3PW91, and B3P86�, the perfor-
mance actually became worse for the nonhybrids tested
�BLYP, BP86, and BPW91�. Our results for the TPSS func-
tional are consistent with this finding, but show that hybrids
do not all show the same dependence. Jensen50 has devel-
oped polarization-consistent �pc� basis sets for the first row
for use in extrapolating density-functional calculations.
Wang and Wilson51 concluded that these basis sets give only
a small improvement over correlation-consistent basis sets
for six different functionals that they examined.

A number of general observations can be made from our
basis set study of density functionals. First, the distribution
of errors of the density functionals can lead to some surpris-
ingly large basis set dependences. Second, improvement in
the basis sets does not always lead to improvement in results
as is the case with most ab initio methods. This is true not
only for the heavily parametrized methods, but also for those
with few parameters. Finally, the use of a smaller basis set
size can improve agreement with the experiment if the re-
duction of binding improves the distribution of errors.

V. CONCLUSIONS

In this paper we presented an expansion of the G3/99
test set of thermochemical data to include 78 additional en-
ergies. This new set, referred to as the G3/05 test set, has 454
total energies including 14 new enthalpies of formation of
the first- and second-row nonhydrogen molecules, 58 ener-
gies of molecules containing the third-row elements K, Ca,
and Ga-Kr, and 6 hydrogen-bonded complexes. The follow-
ing conclusions can be drawn from this assessment of Gn
and DFT methods.

�1� The G3 and G3X theories have an accuracy of about
1 kcal/mol for the third-row molecules and hydrogen-
bonded complexes that are added to the test set. As has

FIG. 3. Distribution of errors in kcal/mol fo
been found previously, these methods do not perform as
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well for the nonhydrogen species. For the subset of 79
nonhydrogens in the G3/05 test, G3 and G3X have
mean absolute deviations of 2.05 and 1.60 kcal/mol,
respectively.

�2� On the full G3/05 test set, the G3X theory is an im-
provement over G3 theory with a mean absolute devia-
tion of 1.01 kcal/mol compared to 1.13 kcal/mol, re-
spectively.

�3� Twenty-three density functionals were tested. The most
accurate functional was found to be the B98 functional
with a mean absolute deviation of 3.33 kcal/mol, com-
pared to 4.14 kcal/mol for B3LYP. The B98 functional
does better for larger molecules where B3LYP tends to
have much larger errors. For smaller molecules B3LYP
does as well or better than B98 and the other function-
als.

�4� It is found that for most of the density-functional meth-
ods the errors increase significantly with increasing
number of electrons. The B3LYP method is notable in
this respect with an error of 9 kcal/mol for molecules
having 28 or more valence electrons.

�5� As in the case of the Gn methods the density-functional
methods have the larger errors for the nonhydrogen
species although the increase is not nearly as dramatic.
The density-functional methods, including B3LYP, per-
form well for the third-row systems even though most
were parametrized on the first- and second-row mol-
ecules.

�6� The performance of density-functional methods are
found to be quite sensitive to the number of polariza-
tion functions used on a triple zeta basis set and in
many cases functionals are found to decrease in accu-
racy with increasing basis set size.
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