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Abstract

The atomization energies of the 55 G2 molecules are computed using the B3LYP approach with a variety of basis sets.
The 6-311+G(3df) basis set is found to yield superior results to those obtained using the augumented-correlation-consistent
valence-polarized triple-zeta set. The atomization energy of SO, is found to be the most sensitive to basis set and is studied
in detail. Including tight d functions is found to be important for obtaining good atomization energies. The results for SO,
are compared with those obtained using the coupled-cluster singles and doubles approach including a perturbational estimate

of the triple excitations.

1. Introduction

It is generally assumed that the basis set require-
ments for density functional theory (DFT) approaches
are less severe than for more traditional ab initio ap-
proaches of including electron correlation. The more
modest basis set requirements for DFT naturally
means that larger systems can be treated. However,
because of limitations of the functionals, the results
of DFT calculations were, in general, not as accurate
as the highest levels of theory. Recently Becke [1]
proposed a hybrid functional, which was significantly
more accurate for the atomization energies of the 55
G2 molecules than earlier functionals. The hybrid
functional consisted of several previously proposed
[2-4] functionals, where the three coefficients used to
weight the terms were determined by minimizing the
average absolute deviation for the difference between
theory and experiment for 116 atomic and molecular
properties. While the DFT atomization energies were
still not as accurate as those obtained with the highest

levels of theory, they were sufficiently accurate to
suggest that the hybrid functional could be used to
study many classes of molecules.

More recently, Stevens et al. [5] proposed a slightly
different form for the hybrid functional, which is com-
monly denoted B3LYP. They showed that this func-
tional yields good results for the calculation of har-
montc frequencies. Recently Langhoff [6] used this
method to study infrared intensities of polyaromatic
hydrocarbons and their positive ions. He found that the
computed frequencies were in good agreement with
experiment even for basis sets as small as 4-31G [7].
In addition, we have found [8] that the B3LYP ap-
proach yields very reasonable C-H bond energies for
some hydrocarbons using basis sets as small as 6-
31G*.

On the basis of these results, we proposed [9] re-
placing the calculation of the SCF zero-point energy
and MP2 geometry optimization in the G2(MP2)
method [10] with the geometry optimization and
frequency calculation using the B3LYP approach in
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a 6-31G* basis set. We showed that this simplifica-
tion slightly reduced the average absolute deviation
(1.32 kcal/mol) and maximum error (3.7 kcal/mol)
for the atomization energies of the 55 G2 molecules.
(Replacing the quadratic configuration interaction
approach [11] including a perturbational estimate of
the triple excitations [12] (denoted QCI(T)) with
coupled-cluster singles and doubles approach [13]
including a perturbational estimate of the triple exci-
tations [ 12,14] (denoted CCSD(T)) also reduces the
error; the average absolute deviation and maximum
error being 1.29 and 3.1 kcal/mol, respectively.) As
an aside, we also computed the atomization ener-
gies using the 6-31G* B3LYP approach. The average
error was 5.18 kcal/mol with a maximum error of
31.5 kcal/mol. Replacing the 6-31G* basis set [7]
by the 6-3114+G(3df, 2p) set reduced the errors to
2.22 and 8.1 kcal/mol for the average and maximum
errors; these values are very similar to the 2.4 and
7.6 kcal/mol for the average and maximum errors
reported by Becke [1] using his functional and a
numerical basis set.

In this Letter, we report on some additional basis set
tests for the 55 G2 atomization energies [15] using
the B3LYP functional. The atomization energy of SO,
is found to be quite sensitive to the basis set and this
molecule is studied in more detail at both the B3LYP
and CCSD(T) levels.

2. Methods

Unless otherwise noted, we use the B3LYP hybrid
functional as implemented in the GAUSSIAN 92/DFT
[16] program. To test the effect of g functions on the
atomization energy of SO,, a series of calculations
were performed using the program MULLIKEN !,
where a slightly modified version of the B3LYP func-
tional is implemented; in Mulliken the local correla-

! MULLIKEN: A computational quantum chemistry program de-
veloped by J.E. Rice, H. Horn, B.H. Lengsfield, A.D. McLean,
JT. Carter, ES. Replogle, L.A. Barnes, S.A. Maluendes, G.C.
Lie, M. Gutowski, W.E. Rudge, Stephan P.A. Sauer, R. Lindh, K.
Andersson, T.S. Chevalier, P-O. Widmark, Djamal Bouzida, G.
Pacansky, K. Singh, C.J. Gillan, P. Carnevali, William C. Swope
and B. Liu, Almaden Research Center, IBM Research Division,
650 Harry Road, San Jose, CA 95120-6099.

tion functional of Vosko, Wilk and Nusair [4] is re-
placed by the functional of Perdew and Wang [17].

We optimize the geometry and compute the vibra-
tional frequencies using the B3LYP approach using
the 6-31G* basis set. We compute the zero-point en-
ergy by scaling the harmonic frequencies by 0.98.
This factor was determined by comparison with ex-
periment, as discussed previously [9]. At this ge-
ometry, the atomization energies were determined for
the augmented correlation consistent polarized valence
triple zeta (aug-cc-pVTZ), the aug-cc-pVTZ with a
tight d function added to all atoms except H (aug-
cc-pVTZ4d ), and the 6-3114+G(3df, 2p) sets. For
comparison, we also give the results where the geom-
etry was optimized and zero-point energy was deter-
mined using the 6-3114+G(3df, 2p) sets. The scaling
factor (0.989) for the zero-point energy for this basis
set was determined [9] using the same experimental
values as for the 6-31G* basis set.

As shown below, the atomization energy of SO; is
very sensitive to basis set and is considered in detail.
Additional basis sets are used in this study and they are
described below. The calculations are performed using
computer programs GAUSSIAN 92/DFT [16] and
MULLIKEN (see footnote 1). For SO,, the B3LYP
calculations are compared with those obtained using
the CCSD(T) approach. Only the valence electrons
are correlated in the CCSD(T) calculations. Some of
CCSD(T) calculations are performed using GAUS-
SIAN 92/DFT [16]; for the open-shell calculations,
i.e. the atoms, the UCCSD(T) approach is used. To
consider larger basis sets, CCSD(T) calculations were
performed using MOLPRO 942 ; the open-shell calcu-
lations were performed using the restricted open-shell
CCSD(T) approach [13,14].

3. Results and discussion

The B3LYP results for the atomization energies of
the 55 G2 molecules are summarized in Table 1. As
noted in Section 1, the 6-31G* basis set yields an av-
erage error of 5.18 kcal/mol and a maximum error of

2MOLPRO 94 is a package of ab initio programs written by
H.-J. Werner and P.J. Knowles, with contributions from J. Almlof,
R.D. Amos, M.J.O. Deegan, S.T. Elbert, C. Hampel, W. Meyer,
K. Peterson, R. Pitzer, A.J. Stone and PR. Taylor.
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Table 1
Summary of the B3LYP computed Dy values, in kcal/mol. The second column is experiment (taken from Ref. [10]) and the remaining
columns correspond to the experimental results minus the theoretical results

Exp. Geometry+Zpt *

6-31G* 6-311+G(3df, 2p)

6-31G* aug-cc-pVTZ aug-cc-pVTZ+d 6-3114+G(3df, 2p) 6-3114+G(3df, 2p)

BeH 46.9 —-8.1 —-8.0 —80 -8.1 —-8.1
CH 799 0.6 -15 -16 —16 —16
CHa2('A)) 170.6 42 0.2 0.1 0.0 0.0
CH,(?B;) 179.6 0.1 —1.6 —1.7 —1.8 -19
CH; 2892 —0.7 -2.1 —22 —-23 —23
CH;Cl 371.0 2.1 25 20 1.3 12
CHg4 3925 -07 -02 —03 —05 —0.7
CH30H 480.8 6.4 15 1.4 0.5 0.4
CH3SH 445.1 5.6 33 22 2.0 1.8
CN 176.6 33 1.0 0.9 0.1 -0.1
Cco 256.2 6.7 5.0 48 33 3.1
CO, 381.9 4.1 27 25 —0.4 —06
Ccs 169.5 94 6.7 5.6 49 4.8
C>H, 3889 8.4 26 25 2.1 23
C2H, 531.9 2.5 0.7 0.5 02 02
CyHg 666.3 —0.4 1.6 1.5 12 1.0
CIF 60.3 435 20 12 0.9 0.8
Clo 633 46 0.5 -038 —1.3 —1.8
Cly 572 9.5 39 28 3.0 2.8
F 36.9 -38 13 13 22 2.1
HCN 301.8 35 —0.7 —0.8 —-1.7 —19
HCO 2703 04 —13 —1.5 -28 —-3.0
HCI 102.2 6.5 1.8 1.3 1.1 1.1
HF 135.2 12.5 1.7 1.8 1.6 1.7
HOCI 156.3 9.8 26 1.9 1.4 14
H,CO 357.3 1.7 09 07 -05 -0.7
H,0 219.3 14.1 18 1.8 1.4 1.6
H;0, 2523 10.3 1.8 18 1.4 1.6
H,S 173.2 7.0 1.7 0.7 0.7 0.6
LiF 137.6 6.6 2.8 25 1.9 1.7
LiH 56.0 1.1 -05 —05 ~0.4 ~04
Liz 24.0 42 3.7 3.6 3.5 35
NH 79.0 —1.0 —43 —44 —45 —4.4
NH, 170.0 1.2 —6.0 —6.1 —6.3 —6.2
NH; 276.7 7.6 -27 —27 -3.0 -3.1
NO 150.1 0.4 ~14 —1.4 -27 -29
N, 225.1 57 0.0 —0.1 -0.7 —1.1
NaH, 405.4 7.6 —-50 -5.1 -5.8 -58
NaCl 975 7.7 59 5.4 44 4.4
Na, 16.6 —0.2 0.0 —04 —06 -05
OH 101.3 4.4 -16 ~16 -18 —1.7
0, 118.0 —4.4 -28 ~2.8 -36 -3.7
PH, 144.7 —12 —47 —56 —6.0 -59
PH; 2274 3.0 —09 23 —29 -29
2 116.1 8.8 32 1.7 0.6 0.6

2 Indicates the basis set used to optimize the geometry and compute the zero-point energy.
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Table 1
Continued
Exp. Geometry+Zpt 2
6-31G* 6-3114+G(3df, 2p)
6-31G* aug-cc-pVTZ aug-cc-pVTZ+d 6-3114+G(3df, 2p) 6-3114+G(3df, 2p)
SO 123.5 7.8 1.6 -0.7 -0.9 -1.4
SO, 254.0 31.5 18.2 9.7 84 7.6
Sz 100.7 5.8 0.8 —-0.9 —-12 —-14
SiH2 ('A)) 144.4 0.5 —~1.2 -20 -19 -2.0
SiH, (*By) 1234 —03 —14 -2.1 —2.1 -21
SiH; 2140 14 -0.1 -12 —-1.2 —-1.2
SiH4 302.8 1.4 0.0 —1.6 -1.5 —-1.4
Si0 190.5 11.7 73 49 5.0 49
Sip 74.0 37 0.5 —0.1 0.1 0.1
SizHg 500.1 4.6 26 —-0.2 0.2 0.3
avg. error 5.18 2.59 229 2.20 2.22
max. error 31.5 18.2 9.7 84 8.1

31.5 keal/mol for SO,. Four other systems, HF, H,O,
H,0, and SiO, have errors larger than 10 kcal/mol.
Thus, while the B3LYP method in the 6-31G* basis
yields good results for some systems, it is clear that
before this level of theory is used, it should be cali-
brated for the systems of interest.

Using the aug-cc-pVTZ basis set [ 18-20] signifi-
cantly reduces the error; however the maximum (18.1
keal/mol, for SO;) error is far from acceptable. This
is significantly worse than the result obtained using
the 6-311+G(3df, 2p) basis set, where the maximum
error is 8.4 kcal/mol or almost 10 kcal/mol smaller
than for the aug-cc-pVTZ basis set. From inspection
of the aug-cc-pVTZ and 6-311+G(3df, 2p) basis sets
and from the SO, tests described below, it is clear that
the biggest difference between these two sets is the
tight d function in the 6-3114+G(3df, 2p) basis set.
Adding an even-tempered (8=3.0) tight d function to
the aug-cc-pVTZ set reduces the error, but it is still
larger than for the 6-3114+G(3df, 2p) basis set. The
difference between the last two columns shows that
optimizing the geometry and computing the zero-point
energy using the 6-311+G(3df, 2p) basis set does not
significantly affect the accuracy of the results.

From the results presented in Table 1 it is clear that
the atomization energy of SO; is the most sensitive to
the quality of the basis set of the 55 molecules stud-
ied. Thus we study the atomization energy of SO; in

more detail - see Table 2. We first consider the results
obtained with the GAUSSIAN 92/DFT implementa-
tion of the B3LYP functional in the top of the table.
Entry (A) is the 6-31G* result from Table 1 and is in
error by 31.53 kcal/mol. Adding a compact d func-
tion to O and S, entry (B), reduces the error by more
than 10 kcal/mol and the atomization energy of this
set is slightly better the (2d) set (C). Keeping the
(2d) polarization set and improving the valence ba-
sis (D) decreases the error slightly, but adding diffuse
functions (E) increases the error by 1.37 kcal/mol.
That is, the diffuse functions help the atoms more than
the molecule, which suggest that the 6-311G basis set
does not contain sufficiently diffuse functions. Replac-
ing the (2d) set with the (3d) set (F) and adding an
f function (G) reduces the error significantly, about 6
kcal/mol for each improvement. Removing the diffuse
function from the 6-311G+(3df) set (H) decreases
the error by 2.80 kcal/mol. This is even larger than
for the smaller (2d) polarization set; thus the con-
clusion that the 6-311G basis set is not sufficiently
diffuse is true for both the (2d) and (3df) polariza-
tion sets. Adding additional diffuse functions to the 6-
311+G(3df) basis set ((I) versus (G)) does not sig-
nificantly (0.39 kcal/mol) affect the result, suggesting
that while the 6-311G set is lacking diffuse functions,
the 6-311+4G basis is a good compromise between size
and accuracy. Using the geometry and zero-point en-



C.W. Bauschlicher Jr., H. Partridge/Chemical Physics Letters 240 (1995) 533-540 537

ergy from the 6-311G+(3df) basis set instead of the
6-31G* set reduces the error by only 0.82 kcal/mol
((J) versus (G)). Adding an additional set of tight d
functions to the 6-311G+(3df) set increase the bind-
ing energy by 1.29 kcal/mol ((K) versus (G)).Ifa
set of tight f functions is added as well as the tight d
functions (L), the error is reduced by 0.62 kcal/mol
more.

The aug-cc-pVTZ set (M) has a sizable error, as
noted above. By replacing the O (entry (N)) and
S (entry (O)) aug-cc-pVTZ basis sets by the 6-
3114+G(3df) sets, it is clear that most of the error in
the aug-cc-pVTZ set arises from the oxygen basis set.
Adding a tight d (P) to the aug-cc-pVTZ set dramat-
ically reduces the error, but it is still 1.30 kcal/mol
larger than the 6-311+G(3df) set. If the valence part
of the aug-cc-pVTZ set is very flexibly contracted and
several sets of d and f functions are added (Q) the er-
ror is only 6.84 kcal/mol. If the 6-311G(3df) +tight
d and f functions (set L) is corrected with the effect
of diffuse functions ((I)—(G)), the error would be
6.89 kcal/mol, which is very similar to that found
with set (Q). The error for the cc-pVQZ set [20,22]
with the g function deleted (R) is much larger than
the 6-3114+G(3df) set, indicating that the polarization
set for the cc-pVQZ set is still lacking the required
tight polarization functions.

The next series of calculations uses the Mulliken
implementation of the B3LYP functional. The results
for the 6-31G* basis set ((S) versus (A)) shows that
the error is 1.28 kcal/mol larger using the Mulliken
implementation. The error for the cc-pVTZ set (T) is
smaller than for the 6-31G* set, but still very large.
Replacing the cc-pVTZ polarization set with the 6-
311G(3df) polarization set (U) reduces the error as
does adding tight d and f functions (V) to the cc-
pVTZ basis set. Uncontracting an additional s and p
function (W) in the cc-pVTZ+tight d and f functions
basis set reduces the error slightly (0.23 kcal/mol).
Adding diffuse functions to the cc-pVTZ set (X) de-
creases the error by 0.22 kcal/mol ((X) versus (T)).
The difference (1.38 kcal/mol) between the Gaussian
and Mulliken implementations for the aug-cc-pVTZ
set ((X) versus (M)) is very similar to that found for
the 6-31G* set. Adding tight d and f functions (Y)
to the aug-cc-pVTZ set reduces the error, but the dif-
ference between sets (V) and (Y) shows that diffuse
functions increase the error by 0.11 kcal/mol when

tight d and f functions are also added to the aug-cc-
PVTZ set, this is the opposite effect adding diffuse
functions to the cc-pVTZ set; however both effects are
relatively small, and much smaller than the difference
between the 6-311G and 6-3114G basis sets. Thus,
while it is important to add diffuse functions to the
6-311G basis set, it is much less important to add dif-
fuse functions to the cc-pVTZ set. However, for more
ionic systems such as NaCl, the diffuse functions are
important for the cc-pVTZ set as well. The error for
the cc-pVQZ set (Z) is 12.35 kcal/mol, which is re-
duced to 8.03 kcal/mol when tight d , f, and g func-
tions are added (AA). Deleting the g functions (BB)
shows that they contribute 1 kcal/mol to the binding
energy. Finally we note that using the average atomic
natural orbital basis set of Widmark and co-workers
[21,22] (CC) also yields a sizeable error.

The study summarized in Table 2 shows that tight
polarization functions are very important for accu-
rately computing the binding energy of SO,. These
functions are in the 6-3114+G(3df) basis set. Adding
tight polarization functions to the cc-pVTZ basis set
yields results of about the same accuracy. Adding the
diftuse functions to the 6-311G basis set is found to
be important, but somewhat unexpectly, they lower the
atom more than the molecule. Overall the tests sug-
gest that the 6-3114G(3df, 2p) basis sets are a good
choice for accurate B3LYP calculations. However, as
shown by the SO, calculations, this basis set can be
several kcal/mol from the B3LYP basis set limit for
some cases.

In light of the success of the G2 and G2(MP2)
methods one might be tempted to try to develop a
higher level correction to improve the B3LYP results.
However we note that BeH is one of the systems that
has a sizable error in all basis sets and has the same
number of a and B electrons in the molecule and
atoms. Thus it is clear that a simple higher level cor-
rection that is so successful for the G2 and G2(MP2)
approaches cannot be applied to the B3LYP approach.

We consider the atomization of SO, using the
CCSD(T) approach as a function of basis set in Table
3. The error in the 6-31G* basis set (A) is almost
50.0 kcal/mol; this is larger than for the B3LYP in the
same basis set. Improving the valence basis (B) in-
creases the error slightly, but adding diffuse functions
(C) reduces the error; this is the opposite effect found
at the B3LYP level. The error in the 6-311+G(3df)
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Table 2

B3LYP basis set calibration study of SO,. The geometry and zero-point energy are taken from the 6-31G* B3LYP calculation, except for

), where the 6-3114G(3df,2p) results are used

Basis Do a4
GAUSSIAN 92/DFT *

(A) 6-31G* 222.47 31.53
(B) 6-31G*+tight d O(a =2.4) S(a =1.95) 234.05 19.95
(C) 6-31G(2d) 232.75 21.25
(D) 6-311G(2d) 23530 18.70
(E) 6-311+G(2d) 23393 20.07
(F) 6-311+G(3d) 239.81 14.19
(G) 6-311+G(3df) 245.59 8.41
(H) 6-311G(3df) 248.00 6.00
(1) 6-3114+G(3df)+diffuse sp O(a=0.0338) S(a=0.0405) 24520 8.80
(1) 6-3114+G(3df) (using 6-311+G(3df) geometry and zero point) 246.41 7.59
(K) 6-3114+G(3df)+tight d O(a= 15.0) S(a=7.8) 246.88 7.12
(L) 6-3114G(3df)+tight df O(ad= 15.0, af= 4.2) S(ad= 7.8, af= 1.65) 247.50 6.50
(M) aug-cc-pVTZ 236.44 17.56
(N) aug-cc-pVTZ S 6-311+G(3df) O 245.03 8.97
(O) aug-cc-pVTZ O 6-3114+G(3df) S 237.06 16.94
(P) aug-cc-pVTZ+tight d O(@=6.942) S(a=2.457) 24429 9.71
(Q) O (11s6p5d3f)/[8s5p5d3f] S (16s9p4d3f)/|10sT7pdd3f} P 247.16 6.84
(R) cc-pVQZ without the g 24143 12.57
MULLIKEN ¢

(S) 6-31G* 221.19 32.81
(T) ce-pVTZ 234.84 19.16
(U) cc-pVTZ(sp)+6-311G(3df) polarization set 244 .05 995
(V) cc-pVTZ+tight df O(ad= 6.942, af= 4.284) S(ad= 2.457, af= 1.671) 243.82 10.18
(W) cc-pVTZ+tight df(same exponents as V) + uncontract | extra s and p 244.05 9.95
(X) aug-cc-pVTZ 235.06 18.94
(Y) aug-cc-pVTZ+ tight df(same exponents as V) 243.71 10.29
(Z) cc-pvVQZ 241.65 12.35
(AA) cc-pVQZ+tight dfg O(ad= 10.193 af= 7.198 ag= 4.984) S(ad= 3.375, af= 2.346, ag= 1.844) 24597 8.03
(BB) cc-pVQZ+tight df (same as AA) without g functions 24497 9.03
(CC) O (14s9p4d3f)/[5s4p3dif] S (17s12p5d4f) /[ 6s5p3dif] Lund ANOs 239.02 14.98

* Indicates that the GAUSSIAN 92/DFT implementation of the B3LYP approach is used.
® The s and p primitive sets are those from the cc-pVTZ basis sets, which are contacted in a segmented manner for the 1s and 2p functions
only. The polarization sets are O(ad= 8.0, 3.2, 1.28, 0.51, 0.205, af= 6.25, 2.50, 1.0) and S(ad= 7.81, 3.125, 1.25, 0.5, af= 3.125, 1.25,

0.5).

¢ Indicates that the Mulliken implementation of the B3LYP approach is used.

basis (D) is much smaller, but still larger than found
for the B3LYP approach. The aug-cc-pVTZ basis
set (E) has a larger error than that found for the
6-3114+G(3df) basis, and the addition of tight d
functions (F) reduces the error significantly. In fact
the aug-cc-pVTZ+d set has a smaller error than the
6-311+G(3df) basis set; this is different from the
B3LYP results where the 6-311+G(3df) set has a
smaller error. However, for both methods, these two
basis sets yield similar results. The cc-pVQZ set mi-

nus the g functions (G) has a larger error than either
the aug-cc-pVTZ+d or 6-311+G(3df) set, but be-
comes superior with the addition of tight d functions
(H).

The next series of calculations uses the RCCSD(T)
approach for the atoms. We first note that the results
for the aug-cc-pVTZ set ((E) versus (K)) show that
this is only a 0.7 kcal/mol effect. The error in the cc-
pVDZ set (1) is significantly larger than the 6-31G* or
6-311G** basis sets. The difference between the cc-
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Table 3

CCSD(T) basis set calibration study of SO,. The geometry and zero-point energy are taken from the 6-31G* B3LYP calculation

Basis Dy A
UCCSD(T)

(A) 6-31G* 204.1 499
(B) 6-311G** 199.1 549
(C) 6-311+4G** 201.1 529
(D) 6-3114+G(3df) 239.6 144
(E) aug-cc-pVTZ 2322 21.8
(F) aug-cc-pVTZ+d O(a= 6.942) S(a=2.457) 240.1 139
(G) cc-pVQZ without g function 2374 16.6
(H) cc-pVQZ+tight d without g O(a= 17.637) S(a=9.609) 2419 12.1
RCCSD(T)

(I) cc-pVDZ 183.9 70.1
(J) cc-pVTZ 228.4 25.6
(K) aug-cc-pVTZ 2329 21.1
(L) cc-pvVQZ 2422 11.8
(M) cc-pV5Z 250.0 4.0
(O) cc-pVooZ 260.2 —6.2
(P) cc-pVTZ+d O(a= 8.302) S(a=2.494) 236.2 17.8
(Q) cc-pVQZ+d O(a=10.962) S(a=3.10) 246.3 7.3
(R) cc-pV5Z+d O(a= 14.982) S(a=8.009) 251.2 2.8
(S) cc-pVeoZ 2559 -19

pVTZ and aug-cc-pVTZ sets ( (J) versus (K)) shows
that diffuse functions reduce the error by 4.5 kcal/mol,
which is consistent with the results for the 6-311G**
set, and different from the B3LYP results. The error is
dramatically reduced in the series cc-pVDZ (1), cc-
pVTZ (J), cc-pVQZ (L), and cc-pV5SZ [23] (M),
where the CCSD(T) approach in the cc-pV5Z basis
set yields an error smaller than any obtained using
the B3LYP approach. We also note that for the cc-
pVQZ basis set, the error in the CCSD(T) approach
is smaller than for the B3LYP approach. If following
Woon [24] we extrapolate to the basis set limit (O),
we obtain a binding energy that is 6 kcal/mol too large.
We repeat the sequence of basis sets, but with the ad-
dition of tight d functions, i.e. the series cc-pVTZ+d
(P), cc-pVQZAd (Q), and cc-pV5Z+d (R), the er-
rors are reduced and the extrapolated value is only 1.9
kcal/mol too large. We suspect that if this series was
repeated with additional tight functions, the extrapo-
lated value would be even smaller. This is the first fail-
ure of the basis set extrapolation proceedure that we
have encountered, and shows that if the family of ba-
sis sets is deficient in some manner the extrapolation
cannot over come it. While this is not unexpected, it is

surprising that the cc-pV basis sets have such a prob-
lem for SO,. From Table 1, tight polarization func-
tions are also important for SiQO, but to a much smaller
extent than for SO,. The second largest difference be-
tween the 6-31G* and 6-3114+G(3df, 2p) basis sets
that we have been able to find is 10 kcal/mol for PFs.
Thus while the problem is the most severe for SO it
is probably not unique to SO5, and may be a problem
for many hypervalent compounds.

Overall the SO, calculations show that the B3LYP
method does perform better than the CCSD(T) ap-
proach for the small basis sets, but by expanding the
basis set the CCSD(T) results approach experiment,
while those for the B3LYP converge to a value that is
several kcal/mol too small. It is also interesting that
while tight polarization functions are important for
both approaches, the addition of diffuse functions is
more important for the CCSD(T) than for the B3LYP
approach.

While the primary focus of this work is the atomiza-
tion energies it is of some interest to comment on how
the B3LYP approach performs for the geometries. For
the 55 G2 molecules, experimental geometries appear
to be available for all molecules except SiHz and the
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3B, state of SiH,. We take the geometry of the 'A;
and 3B, states of CH; from Jensen and Bunker [25],
PH; from Herzberg [26], the diatomics from Huber
and Herzberg [27], and the remainder from the tabu-
lation of Hehre et al. [28]. (Note the results for the
inner and outer H atoms in N,H, are reveresed in Ref.
[28] - see Kohata et al. [29].) The average absolute
and maximum error in the 71 bond lengths is 0.013
A (0.008 A) and 0.055 A (0.039 A) for the 6-31G*
(6-3114+G(3df, 2p)) basis set, respectively. For the
smaller basis set the maximum error occurs for Clj,
while for the larger basis set Na; has the largest error.
The average absolute and maximum error in the 26
bond angles is 0.62° (0.61°) and 1.69° (1.85°) for the
6-31G* (6-3114+G(3df, 2p)) basis set, respectively.
For the small basis set the maximum error is for the
YA state of CH,, while for the larger basis set NoHy
has the largest error. Unfortunately there are only two
dihedral angles in this set; the maximum error is 0.6°
for the 6-31G* basis and 6.6° for the 6-311+4+G(3df,
2p) basis set. Thus overall the B3LYP approach does
a reasonable job on the geometries.

4. Conclusions

The 6-31G* B3LYP calculations are accurate for
some systems, but it is not safe to use a basis set of
this size without performing calibration calculations.
The 6-31G* set does appear to be acceptable for the
optimization of the geometry and calculation of the
zero-point energy. The 6-3114+G(3df, 2p) set yields
the most reliable results of the basis sets tested. The
aug-cc-pVTZ set is found to perform significantly less
well; the calculations show that the aug-cc-pVTZ set
is lacking a tight d function which is important for de-
scribing some systems. Even after an even-tempered
d is added, this set, on the average, does not perform
as well as the 6-3114+G(3df, 2p) set. Thus we con-
clude that currently, the 6-311+G(3df, 2p) set is a
good compromise between expense and accuracy for
the B3LYP approach. The CCSD(T) calculations for
SO, also show tight polarization functions to be im-
portant in describing this system. For small basis sets
the B3LYP approach yields atomization energies that
are superior to those obtained using the CCSD(T) ap-
proach. However, as the basis sets become more com-
plete, the CCSD(T) results are superior to those ob-
tained using the B3LYP method.
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