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Two modifications of Gaussian-4 (G4) theory [L. A. Curtiss et al., J. Chem. Phys. 126, 084108
(2007)] are presented in which second- and third-order perturbation theories are used in place of
fourth-order perturbation theory. These two new methods are referred to as G4(MP2) and G4(MP3),
respectively. Both methods have been assessed on the G3/05 test set of accurate experimental data.
The average absolute deviation from experiment for the 454 energies in this test set is 1.04 kcal/mol
for G4(MP2) theory and 1.03 kcal/mol for G4(MP3) theory compared to 0.83 kcal/mol for G4
theory. G4(MP2) is slightly more accurate for enthalpies of formation than G4(MP3) (0.99 versus
1.04 kcal/mol), while G4(MP3) is more accurate for ionization potentials and electron affinities.
Overall, the G4(MP2) method provides an accurate and economical method for thermochemical
predictions. It has an overall accuracy for the G3/05 test set that is much better than G3(MP2) theory
(1.04 versus 1.39 kcal/mol) and even better than G3 theory (1.04 versus 1.13 kcal/mol). In
addition, G4(MP2) does better for challenging hypervalent systems such as H,SO, and for

nonhydrogen species than G3(MP2) theory. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2770701]

I. INTRODUCTION

The Gaussian-n series of model chemistries' > was de-
veloped with the goal of calculating molecular energies
within chemical accuracy. Recently, we reported details of
our fourth generation model, labeled Gaussian-4 (G4)
theory,6 that has significantly improved accuracy compared
to its predecessor Gaussian-3 (G3) theory.4 G4 theory con-
tains several new features not included in G3 theory that lead
to improved performance. These features include an extrapo-
lation to the HF limit, use of density functional geometries
and zero-point energies, use of coupled cluster energies, an
improved set of polarization functions for the G3Large basis
set, and modification of the higher level correction (HLC)
terms. G4 theory has an average absolute deviation from
experiment of 0.83 kcal/mol from an assessment on the 454
energies in the G3/05 test set’ composed of enthalpies of
formation, ionization energies, electron affinities, proton af-
finities, and hydrogen bond energies. This is a significant
improvement over G3 theory that has an average absolute
deviation of 1.13 kcal/mol for the same test set. In addition
to our Gaussian-n methods, a number of successful ap-
proaches for calculating thermochemical data are available
from other groups, including ones using very large basis sets
with high levels of correlation energyg_14 such as Martin’s
Wn methods that can achieve very high accuracy but at con-
siderable computational expense as well as those using more
approximate composite techniqueslsf21 such as Petersson’s
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Complete Basis Set (CBS) methods that combine energies
from lower level calculations, enabling calculations on larger
systems at some loss in accuracy.

Modifications of the Gaussian-n methods, such as
G2(MP2), G3(MP2), and G2(MP2, SVP), that require less
computer time have been proposed by eliminating fourth-
and third-order perturbation theory (MP4, MP3) calculations
using large basis sets.”> ™ These computationally less inten-
sive methods have found wide use in a variety of applica-
tions. For example, G3(MP2) theory has recently been used
in the calculation of gas phase acidities of a series of Bron-
sted acids.?® Thus, it is of interest to consider analogous sim-
plified models by elimination of some of the higher order
perturbation theory energies in G4 theory and to assess the
accuracy of the resulting methods.

In this paper, two modifications of G4 theory with re-
duced orders of perturbation theory are presented. The first
method, referred to as G4(MP2) theory, eliminates the MP3
and MP4 large basis set calculations, while the second,
G4(MP3) theory, eliminates only the MP4 large basis set
energies. The accuracies of the two methods are assessed on
the 454 energies in the G3/05 test set. It is found that both
methods give significantly improved results compared to
their G3 counterparts, G3(MP2) and G3(MP3). In fact, both
new methods are more accurate than full G3 theory at a less
cost. In Sec. II, the two new theoretical methods are de-
scribed. In Sec. III, the G4(MP2) and G4(MP3) results for
the G3/05 test set are presented. In Sec. IV, several aspects of
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the methods are discussed in more detail and results for some
challenging hypervalent systems not included in the test set
are presented. Finally, conclusions are drawn in Sec. V.

Il. DESCRIPTION OF G4(MP2) AND G4(MP3)
METHODS

A. G4(MP2) theory

G4(MP2) theory is based on G4 theory.® It uses
B3LYP/6-31G(2df,p) optimized geometries for a series of
single point energy calculations at higher levels of theory. In
a previous study,5 this basis set was found to perform well
for most geometries with some exceptions (hydrogen bonded
complexes and Jahn-Teller distorted systems). The zero-point
energy, E(ZPE), is based on B3LYP/6-31G(2df,p) frequen-
cies scaled by 0.9854, the same as in G4 theory. We have
previously analyzed the use of scaled vibrational frequencies
in the Gn methods and found that they work well over a
range of molecules.””*® The first energy calculation is at the
triples-augmented coupled cluster level of theory, CCSD(T),
with the 6-31G(d) basis set, i.e., CCSD(T)/6-31G(d). This
energy is then modified by a series of energy corrections to
obtain a total energy E,,

E[G4(MP2)] = CCSD(FC,T)/6-31G(d) + AEyp,
+ AEyr+ AE(SO) + E(HLC) + E(ZPE),
(1)

where FC denotes that the calculation is done using frozen
core, i.e., only the valence electrons are correlated. The cor-
rection at the second-order Moller-Plesset level (MP2) is
given by

AEy\p, =[E(MP2(FC)/G3MP2Large XP)]
—[E(MP2(FC)/6-31G(d))]. (2)

The G3MP2LargeXP basis set in Eq. (2) is the same as the
G3LargeXP basis set used in G4 theory except that the core
polarization functions of G3LargeXP are deleted because the
MP2 calculation is done using frozen core orbitals. The
G3LargeXP basis set has extra d functions added to the
G3Large basis set of G3 theory as detailed in Ref. 6. The
G3MP2LargeXP basis set is given in the supplementary
information” and is also available on the web.>’

The other corrections in Eq. (1) are similar to those
in G4 theory. The AE(HF) is calculated as the difference
between  E(HF/G3MP2largeXP) and  E(HF/limit)
[i.e., AE(HF)=E(HF/limit)— E(HF/G3MP2LargeXP)]. The
E(HF/limit) is calculated via a linear two-point extrapolation
procedure31’32 using two large correlation consistent basis
sets.>> ™ There are several differences from the HF extrapo-
lation procedure used in G4 theory. First, the extrapolation is
based on triple- and quadruple-zeta basis sets, aug-cc-pVTZ
and aug-cc-pVQZ, instead of quadruple- and quintuple-zeta
basis sets used in G4. Second, these two basis sets have a
tight d function added to the d polarization set of Al-Ar,
denoted as aug-cc-pV(T+d)Z and aug-cc-pV(Q+d)Z.36
Otherwise, they are similar to those used in G4 theory (see
the Appendix for details). The justification for the change in
the extrapolation procedure is discussed in the next section.
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A spin-orbit term is included for atoms (from the experi-
ment) and for molecules with first-order corrections (from
accurate theoretical calculations), as detailed in Ref. 6.

The HLC is added to account for remaining deficiencies
in the energies and has the same form as in G4 theory, with
six parameters. The HLC includes —Ang for closed shell
molecules, —A'ng—B(n,~ng) for open shell systems, and
~Cng—D(n,—ng) for atoms and atomic ions. Here, ng and n,,
are the number of B and « valence electrons, respectively,
with n,=ng. There is also a correction parameter, E, for the
energy of pairs of electrons in molecular and atomic nonhy-
drogen species having only one pair of valence electrons.
These single electron pair species are special as the basis set
requirements are considerably less stringent for these species
than for those with more valence electrons. The HLC param-
eters are derived with a procedure similar to that used in G4
theory.6 The A, A’, B, C, D values are derived to give the
smallest average absolute deviation from the experiment for
the G3/05 test set and E is derived for the subset of 13
species in the G3/05 test that involve single pairs of electrons
(see Ref. 6 for a list of these species). The parameters that
yield the smallest average absolute deviation for the G3/05
test set are given in Table L.

The CCSD(T) and MP2 calculations are done with a
frozen core approximation. The frozen core is the same as
for G3 theory, i.e., ls for Li-Mg, 1s,2s,2p for B—Ca, and
Is,2s,2p,3s,3p for Ga—Kr. Therefore, the 3d electrons on
Ga—Kr, 35,3p on K, Ca, and 2s5,2p on Na, Mg are included
in the correlation space. This has been defined as the “small
core” treatment of correlation by Rassolov et al.*” and is the
same as in G4 theory. In rare cases, the standard method for
choosing the frozen core (based on orbital energy criteria)
fails and leads to large errors. In these cases, we use a popu-
lation criteria®’ for determining the orbitals to be included in
the correlation treatment. The only molecule in the G3/05
test set for which this changes the orbitals to be frozen is
LiNa, where the difference with the experimental binding
energy is reduced from —13.2 to —0.5 kcal/mol. The stan-
dard frozen orbital choices also fail in a few other molecules
such as GaFj; that are not included in the G3/05 test set.*®

Note that in the case of the third row non-transition-
metal species, the HLC is based only on the valence elec-
trons, i.e., 4s,4p, although more orbitals (3d for Ga—Kr and
3s,3p for K, Ca) are included in the correlation calculations
as discussed above. This is also the case for Na and Mg
where the 2s,2p are included in the valence space. Finally,
the zero-point correction E(ZPE) is obtained from scaled
(0.9854) B3LYP/6-31G(2df,p) frequencies.5

In addition to the two HF calculations for extrapolation
to the HF/limit, the calculation of the G4(MP2) energy re-
quires only two single point energy calculations at the corre-
lation level, CCSD(FC,T)/6-31G(d) and MP2(FC)/
G3MP2largeXP. The absence of the MP4/6-31G(2df,p) and
MP4/6-31+G(d,p) calculations in G4(MP2) theory com-
pared to G4 theory provides significant savings in computa-
tional time.
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TABLE I. Comparison of G4(MP3) and G4(MP2) methods with previous methods.

G4 G4(MP3) G4(MP2) G3 G3(MP3) G3(MP2)
Average absolute deviation (kcal/mol)

Enthalpies of formation (270) 0.80 1.04 0.99 1.19 1.46 1.40
Nonhydrogens (79) 1.13 1.61 1.44 2.10 2.73 2.57
Hydrocarbons (38) 0.48 0.69 0.63 0.69 0.77 0.71
Subst. hydrocarbons (100) 0.68 0.78 0.83 0.82 0.92 0.88
Inorganic hydrides (19) 0.92 1.06 0.94 0.95 1.20 1.07
Radicals (34) 0.66 0.89 0.86 0.83 1.01 1.19

Tonization energies (105) 0.91 1.01 1.07 1.09 1.20 1.39
Atomic (26) 0.65 0.83 1.13 1.03 1.22 1.64
Molecular (79) 0.99 1.07 1.05 1.12 1.20 1.31

Electron affinities (63) 0.83 0.97 1.23 0.97 1.21 1.48
Atomic (14) 0.91 1.37 1.84 1.32 2.06 2.79
Molecular (49) 0.81 0.85 1.06 0.87 0.97 1.11

Proton affinities (10) 0.84 0.91 0.67 1.14 1.18 0.88

Hydrogen bonded complexes (6) 1.12 1.31 1.28 0.60 0.61 0.64

All (454) 0.83 1.03 1.04 1.13 1.35 1.39

G3/99 (376) 0.80 0.99 1.01 1.06 1.27 1.31

Root mean square deviation (kcal/mol)
All (454) 1.19 1.52 1.49 1.67 2.08 2.09
Higher level correction (mhartree)

A 6.947 8.620 9.472 6.386 7.902 9.279

B 2.441 3.179 3.102 2.977 3.684 4.471

C 7.116 8.376 9.741 6.219 7.368 9.345

D 1.414 2.323 2.115 1.185 1.983 2.021

A’ 7.128 8.839 9.769

E 2.745 3.420 2.379

B. G4(MP3) theory

G4(MP3) theory is similar to G4(MP2) theory except

that it includes third-order perturbation theory effects at the
larger basis set levels as in G4 theory. As in G4(MP2) theory,
the first energy calculation is at the CCSD(T)/6-31G(d)
level. This energy is then modified by a series of energy
corrections to obtain a total energy E,,

E,[G4(MP3)] = CCSD(FC,T)/6-31G(d) + AEyps3
+ AEyp, + AEgr+ AE(SO) + E(HLC)
+ E(ZPE). (3)
The correction at the MP3 level is given by
AEyps; =[E(MP3(FC)/6-31(2df,p))]
- [E(MP3(FC)/6-31G(d))]. (4)
The correction at the MP2 level is given by
AEyp, =[E(MP2(Full)/G3 Large XP)]
- [E(MP2(FC)/6-31G(2df,p))]. (5)

The basis sets in Egs. (4) and (5) are the same as in G4
theory. The AEyg correction in Eq. (3) is obtained in the
same manner as described for G4(MP2) theory in the previ-
ous section. The AE(SO), E(HLC), and E(ZPE) corrections
in Eq. (3) are the same as those in G4 theory and are dis-
cussed for G4(MP2) theory. The HLC parameters for
G4(MP3) are derived from the G3/05 test set and are also
listed in Table I.

The G4(MP3) energy requires three single point energy
calculations in addition to the two HF calculations for ex-
trapolation to the HF/limit. The correlation level calculations
are CCSD(FC,T)/6-31G(d), MP3(FC)/6-31G(2df,p), and
MP2(Full)/G3large. The first calculation also provides the
MP3(FC)/6-31G(d) energy required for Eq. (4) and the sec-
ond calculation provides the MP2(FC)/6-31G(2df,p) en-
ergy required for Eq. (5). We have included all electrons in
the MP2(Full)/G3LargeXP basis set calculation in Eq. (5),
whereas the CCSD(T) and MP3 calculations in Egs. (3) and
(4) are performed with a frozen core treatment as described
for G4(MP2) theory.

All calculations in this paper were done with the GAUSS-
IANO3 computer program.39 The basis sets, total energies, and
deviations from the experiment are available on the web™
and in the supplementary information.”

lll. ASSESSMENT OF G4(MP2) AND G4(MP3)
THEORIES

The G3/05 test set’ contains 454 experimental energies
selected based on their small quoted uncertainties. This is the
latest in a series of test sets of accurate experimental data
that have been developed for assessing the accuracy of quan-
tum chemical methods for energy calculations.*”™* The
G3/05 test set contains enthalpies of formation of neutrals,
atomization energies, ionization potentials, electron affini-
ties, proton affinities, and hydrogen bond energies. The spe-
cies in the test set have first row, second row, and third row
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main group (K, Ca, Ga—Kr) elements. The enthalpies of for-
mation at 298 K are calculated as described in Ref. 40, while
the ionization potentials, electron affinities, atomization en-
ergies, and proton affinities are calculated at 0 K.

The total G4(MP2) and G4(MP3) energies of the atoms,
molecules, and ions in the G3/05 test set were calculated as
described in the previous section. These were then used to
calculate the 454 energies in the G3/05 test set for compari-
son to the experiment. Table I contains a summary of the
average absolute deviations and root mean square deviations
of G4(MP2) and G4(MP3) theories from the experiment for
several subsets of energies included in the G3/05 test set. The
B3LYP/6-31G(2df,p) geometries of the species in the
G3/05 test set are available on the internet.*

A. G4(MP2) theory

The results in Table I indicate that for the 454 energies,
the average absolute deviation at the G4(MP2) level is
1.04 kcal/mol. This result is not as good as G4 theory, which
has an average absolute deviation of 0.83 kcal/mol, due to
the neglect of higher orders of perturbation theory. However,
G4(MP2) theory is a dramatic improvement over G3(MP2)
theory>* on this test set (1.39 kcal/mol) and is, in fact, more
accurate than full G3 theory (1.13 kcal/mol). About 86%
of the G4(MP2) deviations fall within the range -2.0
—+2.0 kcal/mol compared to 92% for G4, 85% for G3, and
77% for G3(MP2).

The average absolute deviation for G4(MP2) for enthal-
pies of formation (including atomization energies) is
0.99 kcal/mol for the 270 species in the G3/05 test set. This
is significantly better than the performance of G3(MP2)
theory (1.40 kcal/mol). The largest improvements are for
nonhydrogens (2.57 versus 1.44 kcal/mol), inorganic hy-
drides (1.07 versus 0.94 kcal/mol), and radicals (1.19 versus
0.86 kcal/mol). G4(MP2) theory is also more accurate than
G3 theory for enthalpies of formation (0.99 versus
1.19 kcal/mol) with the major improvement for nonhydro-
gens (1.44 versus 2.10 kcal/mol), while the other types of
enthalpies of formation are about the same.

The average absolute deviations of G4(MP2) theory for
ionization potentials, electron affinities, proton affinities, and
hydrogen bonded complexes in the G3/05 test set are 1.07,
1.23, 0.67, and 1.28 kcal/mol, respectively, compared to
1.39, 1.48, 0.88, and 0.64 for G3(MP2). Except for the hy-
drogen bonded complexes, all of the other types of energies
are improved in G4(MP2) relative to G3(MP2). The use of
B3LYP/6-31(2df,p) for geometries causes the hydrogen
bonded complexes to have larger errors in the G4
methodology.® In the case of the electron affinities, G4(MP2)
does much poorer for atomic species (1.84 kcal/mol) than
for molecular species (1.06 kcal/mol), although in both
cases they are better than G3(MP2). The results in Table I
indicate that G4(MP2) is similar in accuracy to G3 for ion-
ization potentials (1.07 versus 1.09 kcal/mol), better for pro-
ton affinities (0.67 versus 1.14 kcal/mol), and worse for hy-
drogen bonded complexes (1.28 versus 0.60 kcal/mol) and
electron affinities (1.23 versus 0.97 kcal/mol). We have
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TABLE II. Relative CPU times used in G3, G3(MP2), G4, and G4(MP2)
single point energy calculations (from single processor times).

Method SiCly Benzene Hexane Heptane
G3 1.0 1.0 1.0 1.0
G4 1.9 3.0 3.0 2.5
G3(MP2) 0.2 0.2 0.2 0.2
G4(MP2) 0.3 0.5 0.5 0.3

shown that the results for the hydrogen bonded complexes
improve dramatically when diffuse functions are included in
the basis set for geometry optimization.6

In Table I, we also include overall average absolute de-
viations of the various methods for the G3/99 test set’ of 376
energies for comparison. The conclusions concerning the
relative performance of the methods are the same for the
G3/99 test set as it is for G3/05. The relative times for
G4(MP2) versus other Gn methods for some representative
molecules are given in Table II. G4(MP2) is approximately
six to eight times faster than G4, two to three times faster
than G3, and two times slower than G3(MP2). The time dif-
ference with respect to G3(MP2) will become smaller for
larger molecules due to the reduced scaling of the large basis
set HF calculations (relative to the scaling of the correlation
steps). Thus, G4(MP2) theory represents a significant im-
provement in accuracy over G3(MP2) theory for approxi-
mately the same cost in computer time. In addition, it is more
accurate than G3 theory for significantly less cost in com-
puter time.

B. G4(MP3) theory

The results in Table I indicate that for the 454 energies,
the average absolute deviation at the G4(MP3) level is
1.03 kcal/mol. This is nearly the same as G4(MP2) theory
(1.04 kcal/mol). The results in Table I indicate that
G4(MP3) performs better than the G3 and G3(MP3) (Ref.
25) methods, which have average absolute deviations from
the experiment of 1.13 and 1.35 kcal/mol, respectively. The
average absolute deviation for G4(MP3) for enthalpies of
formation (including atomization energies) is 1.04 kcal/mol
for the 270 species in the G3/05 test set. This is slightly
larger than for G4(MP2) theory (0.99 kcal/mol) with the
main difference being for the nonhydrogen subset (1.61
versus 1.44 kcal/mol). The poorer performance of the MP3
version of G4 theory is consistent with a recent study indi-
cating slow Dbasis set convergence for third-order
perturbation.43 The average absolute deviations of G4(MP3)
for ionization potentials, electron affinities, proton affinities,
and hydrogen bonded complexes in the G3/05 test set are
1.01, 0.97, 0.91, and 1.31 kcal/mol, respectively. G4(MP3)
does significantly better for electron affinities than G4(MP2).

Overall, the performance of G4(MP3) is not that much
better than G4(MP2) and it also requires significantly more
computer time due to the MP3 single point calculations.
Therefore, for most purposes, G4(MP2) theory would be the
best choice for a faster method than G4 theory.
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TABLE III. Comparison of extrapolation of HF energies for the G3/05 test set.

G4 G4(MP2)
(@) (ii) (iii) (i) (ii) (iii)
45 34 3,4(td) 45 34 3,4(td)
Average absolute deviation with expt. (kcal/mol)
Enthalpies of formation (270) 0.80 1.03 0.83 0.99 1.05 0.99
Tonization energies (105) 0.91 0.92 0.91 1.07 1.08 1.07
Electron affinities (63) 0.83 0.87 0.85 1.23 1.25 1.23
Proton affinities (10) 0.84 0.92 0.82 0.65 0.71 0.67
Hydrogen bonded complexes (6) 1.12 1.14 1.14 1.30 1.28 1.28
All (454) 0.83 0.98 0.86 1.04 1.08 1.04
Higher level correction (mhartree)
A 6.947 6.867 6.855 9.469 9.363 9.472
B 2.441 2.305 2.291 3.109 3.075 3.102
c 7.116 6.941 6.989 9.765 9.591 9.741
D 1.414 1.430 1.408 2.076 2.073 2.115
A’ 7.128 7.059 7.054 9.764 9.662 9.769
E 2.745 2.801 2.737 2.296 2.330 2.379

IV. NEW ASPECTS AND APPLICATIONS OF G4(MP2)
AND G4(MP3)

A. Choice of basis sets for use in the Hartree-Fock
energy extrapolation

As mentioned in Sec. II the basis sets used for extrapo-
lation to obtain the HF limit in G4(MP2) theory are different
from those in G4 theory. Since one of the primary motiva-
tions for this work is to reduce requirements for computer
resources, we investigated two smaller basis set pairs for the
HF extrapolation (for use in G4(MP2) theory) and compared
them to the one used in G4 theory. The results are listed in
Tables IIT and IV. The basis set pairs being compared are (i)
aug-cc-pVQZ and aug-cc-pV5Z basis sets™> ™ as modified
for the 4,5 extrapolation in G4 theory, (ii) aug-cc-pVTZ and
aug-cc-pVQZ basis sets>> > for a 3,4 extrapolation, and (iii)
the same basis sets as in (ii) except aug-cc-pV(T+d)Z and
aug-cc-pV(Q+d)Z basis sets*® are used for Al-Ar. In both
(i1) and (iii), the basis sets have been modified as in G4
theory, i.e., using reduced number of diffuse functions and a
smaller H basis set. The difference between (ii) and (iii) is
the addition of a tight d function to the d-polarization set of
Al-Ar with reoptimization of the exponents.36 Martin has
shown that additional tight d functions make important con-
tribution to the total atomization calculated at the Hartree-

TABLE IV. Extrapolation of energies to HF limit: comparison with the 4,5
extrapolation for the G3/05 test set (in kcal/mol).

(i) (iii)

Fock level for some second row species.44’45 Such functions
have also been considered by other authors at correlated lev-
els of theory.%f49

Table III presents results for the different extrapolations
for the G3/05 test set. They indicate that the 3,4 extrapolation
including tight d functions gives an average absolute devia-
tion from the experiment of 1.04 kcal/mol for the G3/05 test
set, while the 3,4 extrapolation without tight d functions
yields 1.08 kcal/mol. Interestingly, the former is the same as
the overall accuracy based on using the 4,5 extrapolation in
G4(MP2). In the case of G4 theory, the 3,4 extrapolation
with tight d functions gives an average absolute deviation of
0.86 kcal/mol compared to 0.83 for the 4,5 extrapolation.
The 3,4 extrapolation without tight d functions is signifi-
cantly worse in this case (0.98 kcal/mol).

We investigated the extrapolations in more detail by ex-
amining differences in the projected HF energies since the
results in Table III may be masked by the effects of the
higher level correction (lower part of Table III). Table IV
contains the average absolute deviations of the two 3,4 ex-
trapolations from the 4,5 extrapolated HF limit. This assumes
that the 4,5 extrapolation is close to convergence. We have
done some tests using a 5,6 extrapolation that show little
change in the extrapolated limit. Also, adding a tight d func-
tion to the basis sets of (i) has little effect on the extrapolated
limit. The results in Table IV indicate that, for the atoms and
molecules in the G3/05 test, the addition of the tight d func-
tion significantly improves the Hartree-Fock convergence for
smaller basis sets. The 3,4 extrapolation with no tight d’s
added, i.e., (ii), has an average absolute deviation of

3.4 3.4(ud) 0.52 kcal/mol from the 4,5 extrapolation and a maximum
All species deviation of 11.2 kcal/mol. Addition of tight d functions to
Average absolute deviation from 4,5 0.52 0.26 Al-Ar, i.e., (iii), reduces the average absolute deviation to
Max deviation from 4,5 -11.2, +0.51 -3.1, +0.72 0.26 kcal/mol and the maximum deviation to 3.1 kcal/mol.
. . For the 3,4 extrapolation without tight d functions, the larg-

All species except those with F t deviati f 45 . iy f 1 1 tai
Average absolute deviation from 4,5 0.38 0.15 ?S eviafions 1rom 4, are prl.rr.larl yror mq ecu' ©s Con.am_
Max deviation from 4.5 73 4051 Z13. 4072 ing P-Cl atoms where the additional d function is especially

important for convergence. In the case of the 3,4 extrapola-
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TABLE V. Comparison of G4, G4(MP3), and G4(MP2) average absolute deviations with and without core
correlation (CC). (Results are for the G3/05 test set and in each case the HLC was reoptimized.)

Average absolute deviation (kcal/mol)

G4 G4(MP3) G4(MP2)
Type CcC NoCC CC NoCC CC NoCC
Enthalpies of formation (270) 0.80 1.13 1.04 1.25 1.47 0.99
Tonization energies (105) 0.91 0.94 1.01 0.99 1.09 1.07
Electron affinities (63) 0.83 0.91 0.97 1.01 1.17 1.23
Proton affinities (10) 0.84 0.75 091 0.84 0.76 0.67
Hydrogen bonded complexes 1.12 1.13 1.31 1.39 1.21 1.28
All (454) 0.83 1.05 1.03 1.15 1.32 1.04

tion including the tight d’s, there are still deviations though
they are much smaller, except for some fluorine containing
compounds such as C,Fq. This indicates that further small
improvement for the 3,4 extrapolation might be obtained by
adding tight d functions to fluorine in the 3,4 basis sets.

Overall, we conclude that the 3,4 tight d-function ex-
trapolation, though it has some residual differences from the
4.5 extrapolation, is adequate for the most part, and we have
included it as part of G4(MP2) theory. In the case of full G4
theory, the more rigorous 4,5 extrapolation procedure is
used.

B. Effect of core correlation on G4, G4(MP2),
and G4(MP3) energies

Table V contains results for G4 and G4(MP3) when
core-related correlation is not included. This is referred to as
“NoCC” and is obtained by using the MP2(FC)/G3LargeXP
energy instead of the MP2(Full)/G3LargeXP energy and re-
optimizing the HLC parameters. The results in Table V indi-
cate that the average absolute deviation of G4 theory in-
creases from 0.83 to 1.05 kcal/mol, while that of G3(MP3)
theory increases from 1.03 to 1.15 kcal/mol. The largest ef-
fect is on enthalpies of formation [the average absolute de-
viation of the G4 and G4(MP3) enthalpies increases from
0.80 to 1.13 kcal/mol and from 1.04 to 1.25 kcal/mol, re-
spectively]; there is little change in the accuracy of the ion-
ization potentials and electron affinities from core correla-
tion. Hence, the inclusion of core-related correlation
increases the accuracy of both the G4 and G4(MP3) methods
on the G3/05 test set.

The situation is different for G4(MP2). In this case, we
note that the method, as defined earlier, does not include core
correlation effects. In contrast to G4 and G4(MP3), the av-
erage absolute deviation of G4(MP2) increases from

TABLE VI. Results for hexavalent sulfur species.

1.04 to 1.32 kcal/mol when the core correlation effects are
included. In particular, there is a significant deterioration in
the results for enthalpies of formation with the inclusion of
core correlation effects. The reason for the opposite effect of
core correlation in G4(MP2) is not clear, but there is obvi-
ously some fortuitous cancellation that gives rise to the ac-
curacy that is achieved by G4(MP2) theory. This has also
been found for G3(MP2) theory,24’25 and this is the main
reason for not including core correlation effects in the basic
definition of the G4(MP2) energy, in contrast to G4 or
G4(MP3) that includes such effects.

C. Hexavalent sulfur systems

The G4 methods show a substantial improvement for the
energies of nonhydrogen systems in the G3/05 test set com-
pared to the corresponding G3 methods. We have also found
significant improvement for some species that are not in-
cluded in the test set. In a recent paper, Gutowski and
Dixon®® have pointed out that G3 and G3(MP2) theories per-
form poorly for enthalpies of molecules with hexavalent sul-
fur and suggested that this is due to problems inherent in the
methods in handling large changes in the valence state of
elements in molecules compared to their atomic states. They
found errors of 8—10 kcal/mol in species such as H,SO,.
We have calculated G4 and G4(MP2) energies for three
problem molecules (H,SO,,FSO;H,CH;SO;H) reported in
the study of Gutowski and Dixon where the G3 methods are
deficient.”® The results are summarized in Table VI. In all
cases, the error in the enthalpies of formation decreases sub-
stantially from those for the G3 methods. The G4 and
G4(MP2) results for H,SO, and FSO;H are now within
2—4 kcal/mol of the experiment, which have relatively large
uncertainties. They are within 2—3 kcal/mol of the best the-
oretical values of Gutowski and Dixon. The G4 and

Expt.! Theory”
G4 G4(MP2) G3 G3(MP2) AH) (298 K) AH) (298 K)
SO, -92.6 -93 -89.4 -88.2 -94.59
H,SO, -171.8 —-171.4 -168.3 -165.8 —175.7%2 -1743
FSO,H -177.4 -177.3 -173 -170.7 -180.0%2 -179.5
CH,SO;H -1323 -132.0 -129.5 -127.3 -131.9

“Reference 52.
"Best theoretical value from Ref. 26.

Downloaded 25 Nov 2008 to 129.79.35.13. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp


http://jcp.aip.org/jcp/copyright.jsp

124105-7 Gaussian-4 theory

TABLE VII. Use of B3LYP/6-31G" geometries and zero-point energies in
G4(MP2) theory.

Average absolute deviation
from expt. (kcal/mol)

G305 test set G4(MP2) G4(MP2)//B3*
Enthalpies of formation (270) 0.99 1.10
Nonhydrogens (79) 1.44 1.62
Hydrocarbons (38) 0.63 0.75
Subst. hydrocarbons (100) 0.83 0.95
Inorganic hydrides (19) 0.94 0.94
Radicals (34) 0.86 0.85
Tonization energies (105) 1.07 1.11
Electron affinities (63) 1.23 1.23
Proton affinities (10) 0.67 0.70
Hydrogen bonded complexes (6) 1.28 1.43
All (454) 1.04 1.12

“Based on B3LYP/6-31G”™ geometries and zero-point energies (scale factor
of 0.98) and the same HLC parameters as G4(MP2).

G4(MP2) results for CH3;SO;H are within 0.3 kcal/mol of
the theoretical values of Gutowski and Dixon. The table also
includes results for SO, which was part of the G3/05 test
set. The results in Table VI show significant improvement at
the G4 levels of theory for this molecule with an error of less
than 2 kcal/mol compared to the error of 5—6 kcal/mol at
the corresponding G3 levels. The improvements in these sys-
tems are largely due to the inclusion of the Hartree-Fock
extrapolation in the G4 and G4(MP2) methods and should
also improve the performance on other high valency systems.
The importance of the Hartree-Fock contribution to these
types of systems has been pointed out by Martin.**

D. Use of B3LYP/6-31G" geometries and zero-point
energies

The G4(MP2) and G4(MP3) methods presented here are
based on B3LYP/6-31G(2df,p) optimized geometries and
zero-point energies. For the size of the molecules in the
G3/05 test set, the increase in basis set size from 6-31G” in
the G3 methods to 6-31G(2df,p) causes little problem in
utilization of additional computer resources. However, in the
application of G4(MP2) theory to very large systems, the use
of a smaller basis set may be desirable, especially for the
zero-point energy calculation step. This basis set has been
used in the G3//B3LYP and G3(MP2)//B3LYP methods.*
We have assessed the use of B3LYP/6-31G" geometries and
zero-point energies in place of the B3LYP/6-31G(2df,p)
geometries and zero-point energies in G4(MP2). We refer to
this method as G4(MP2)//B3. The scale factor for the zero-
point energies is 0.98 and the HLC is left unchanged. The
results are summarized in Table VII. The average absolute
deviation increases from 1.04 to 1.12 kcal/mol with the
largest increase occurring for the nonhydrogen subset due to
the sensitivity of some of these structures to the basis set.
Little improvement is obtained with optimization of the
HLC. Overall, the results are still slightly better than G3
theory. The G4(MP2)IIB3 method should be a useful alter-
native if the use of B3LYP/6-31G™ geometries and zero-

J. Chem. Phys. 127, 124105 (2007)

point energies is desirable. The deviations with experiment
for the G3/05 test set are given in the supplementary
information® and on the web.*

V. CONCLUSIONS

The following conclusions can be drawn concerning the
two modifications of G4 theory based on reduced orders of
perturbation theory.

(I) The neglect of third- and fourth-order perturbation
theories in large basis set calculations in G4 theory
leads to a method, G4(MP2) theory, that has an average
absolute deviation of 1.04 kcal/mol for the G3/05 test
set. This is substantially better than its counterpart in
G3 theory based on reduced perturbation orders,
G3(MP2), which has an average absolute deviation of
1.39 kcal/mol. It also has an overall accuracy that is
better than G3 theory, especially for enthalpies of for-
mation. Thus, the G4(MP2) method provides an eco-
nomical method for accurate energy calculations.

(2) The neglect of just the fourth-order perturbation theory
in large basis set calculations in G4 theory, G4(MP3), is
also significantly improved over its G3 counterpart.
However, there is only a small difference between
G4(MP2) and G4(MP3) so the former is recommended
as a more economical method.

(3) 1In addition, the G4 methods show significant improve-
ment for hypervalent systems such as H,SO, that have
large errors in the G3 methods, consistent with the large
improvement for these methods for the subset of non-
hydrogens, including hypervalent species, in the G3/05
test set.
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APPENDIX: HF BASIS SETS

The basis sets for extrapolation to the HF limit are based
on aug-cc-pVTZ or aug-cc-pVQZ basis sets™ > available
from the EMSL database (http://www.emsl.pnl.gov/forms/
basisform.html) with the exception of potassium.51 The basis
sets were modified to save CPU time.

The modified triple-zeta basis sets for H and He use the
s part of aug-cc-pVTZ combined with p polarization func-
tions taken from cc-pVDZ. They have no diffuse functions.
The modified triple-zeta basis set for Li-Mg uses the aug-cc-
pVTZ basis set but includes only s and p diffuse functions
(no d,f diffuse functions). The only exceptions to this are
Na, Mg, K, and Ca, which have no diffuse functions added.
For Al-Ar, the aug-cc-pV (T +d)Z basis set™ is used with the
same modifications to the diffuse functions.
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TABLE VIII. Basis sets used in single point HF energy calculations G4(MP2) and G4(MP3) theories.

aug-cc-pVTZ, aug-cc-pV(T+d)Z*

aug-cc-pVQZ, aug-cc-pV(Q+d)Z°

Atoms Literature® Modified* Literature® Modified”

H, He 3s2pld+diffuse spd 3slp 4s3p2d1 f+diffuse spdf 452pd

Li-Ne 453p2d1f+diffuse spdf 4s3p2d1 f+diffuse sp 5s4p3d2f1g+diffuse spdfg 5s4p3d2f1g+diffuse sp
Na, Mg Ss4p2d1f Ss4p2d1f 6s5p3d2flg 6s5p3d2flg
Al-Ar S5s4p3d1f+diffuse spdf S5s4p3d1f+diffuse sp 6s55p4d2f1g+diffuse spdfg 655p4d2f1g+diffuse sp
K, Ca 6s5p3dlf 6s5p3dlf Ts6pad2flg Ts6pdd2flg
Ga—Kr 6s5p3d1f+diffuse spdf 6s5p3d1f+diffuse sp 7s6p4d2f1g+diffuse spdfg Ts6p4d2f1g+diffuse sp

“aug-cc-pV(T+d)Z is for Al-Ar; aug-cc-pVTZ is for all the other elements.
baug—cc—pV(Q+d)Z is for Al-Ar; aug-cc-pVQZ is for all the other elements.
“See the Appendix for references.

9Modified basis set used in G4(MP2) and G4(MP3) theories (see the Appendix).

The modified quadruple-zeta basis sets for H and He use
the s part of aug-cc-pVQZ combined with the 2pd polariza-
tion functions from the smaller cc-pVTZ basis set. They have
no diffuse functions. The modified quadruple-zeta basis sets
for Li-Mg use the standard aug-cc-pVQZ basis set but in-
clude only s and p diffuse functions (no d, f, or g diffuse
functions). The only exceptions to this are Na, Mg, K, and
Ca, which have no diffuse functions added. For Al-Ar, the
aug-cc-pV(Q+d)Z basis set’® is used with the same modifi-
cations to the diffuse functions. All of the basis sets are sum-
marized in Table VIII and are included in the supplementary
information and are also available on the web.
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