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ABSTRACT rn 

The performance of numerical basis sets in relation to Gaussian basis sets is examined, by 
studying 20 small sulfur-containing molecules. The results of geometry optimization 
calculations are reported for each molecule using both density functional and Hartee-Fock 
methods. In comparison with experimental data, it is shown that the use of numerical 
bases tend to overestimate structural parameters, particularly bond lengths, and, in most 
cases, more than Gaussian basis sets. It is also shown that the use of a larger Gaussian 
basis set in DFT calculations has the effect of reducing bond lengths. 0 1996 John Wiley & 
Sons, Inc. 

Introduction 

n recent years, there has been considerable I interest in density functional theory (DFT) and 
its applications. The availability of a variety of 
functionals has enabled the release of specific DFT 
programs, such as DMol* [l]. In addition, some 
well-known ab initio programs, such as GAUSS 
IAN 92 [ 2 ]  and CADPAC [ 3 ] ,  have incorporated 
DFT codes as an added feature. At present, there 
are some differences in the type of functionals 
available in these packages. However, those that 

* DMol is a trademark of Biosym Technologies Inc. 

International Journal of Quantum Chemistry, Vol. 57, 533-542 (1 996) 
0 1996 John Wiley & Sons, Inc. 

are commonly available are implemented using 
identical expressions; these include the 
Vosko-Wilk-Nusair (VWN) correlation functional 
[4], the gradient-corrected exchange functional of 
Becke (888) 151, and the Lee-Yang-Parr correlation 
functional (LYP) [6], which includes both local and 
gradient-corrected terms. 

An interesting feature of DMol is that it uses 
numerical bases for the calculations, whereas other 
ab initio programs use Gaussian basis sets. Nu- 
merical basis functions are values on an atomic- 
centered spherical-polar mesh. There are advan- 
tages associated with using such bases. First, bonds 
can undergo exact dissociation and thus the basis- 
set superposition error should be reduced; this is 
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expected to yield a good description of weak bonds. 
Moreover, the particular type of numerical basis 
selected for DMol was suggested [l]  to be the most 
efficient for fast-convergent 3~ numerical integra- 
tions. 

The concept of an extended numerical basis set 
is slightly different from that of the Gaussians, 
mainly because of the generation procedure used. 
For example, in DMol, for first-row elements, this 
consists of a set being generated for the neutral 
atom and a second set for the corresponding + 2  
ion to from a double numerical (DN) basis. This DN 
basis is then augmented by generating hydrogenic 
s, p ,  and d orbitals for nuclei having empirically 
determined Z-values to obtain a double numerical 
with polarization (DNP) set. On the other hand, no 
augmentation is used for the creation of a DNP set 
for the second-row elements because it is claimed 
[71 that the generation procedure for the + 2  ion 
automatically includes 3d- and 4 s-type polariza- 
tion functions. 

The performance of these bases for sulfur and 
other second-row elements is not known because 
these were tested mainly for first-row elements [ll. 
Further, although a number of sulfur-containing 
small molecules were investigated previously by 
DFT methods [8-151, no systematic study of the 
performance of numerical bases has been at- 
tempted. The present work examines this perfor- 
mance regarding structural parameters of sulfur- 
containing molecules, in relation to Gaussian bases 
as well as to experiment. 

Computational Details 

A bench-mark of 20 small molecules was assem- 
bled with the criterion that it had to contain a 
sulfur atom which is bonded either to a first/ 
second-row atom or to hydrogen. The geometries 
of these molecules were optimized at various lev- 
els of ab initio Hartree-Fock (HF) and DFT theory. 

For the DFT work, combinations of the function- 
als used were as follows: 

(i) S-VWN comprising Dirac’s p4I3 exchange 
functional [161 and the VWN correlation 
functional. This is the local density approxi- 
mation (LDA). 

(ii) B-VWN comprising Dirac’s exchange func- 
tional and Becke’s exchange correction 
(8881, together with the VWN correlation 
functional. 

(iii) B-LYP comprising Dirac’s exchange func- 
tional and the 888 correction, together with 
the LYP correlation functional. 

Two sets of DFT calculations were carried out: 
one set using double numerical with polarization 
(DNP) basis, available in the DMol program, and 
the other set employing Gaussian-type bases of 
6-31~** quality, provided by the CADPAC pro- 
gram. Additional HF and DFT calculations were also 
carried out using a very large T Z ~ P  Gaussian basis 
set supplemented with f functions on the sulfur 
and nonhydrogen atoms [171. 

In the case of the DMol work, following a pre- 
liminary investigation [ 181, the integration mesh 
size was selected to be extra fine, in order to get 
the most accurate results. This mesh corresponds 
to 23,970 points for the sulfur atom, with some 
variations for the other atoms, since the radial 
points of the mesh depend on atomic number. 
CADPAC uses numerical quadrature to evaluate 
the DFT integrals, specifically Becke partitioning of 
space into atom-based polyhedra [191. Inside each 
polyhedra, an Euler-Maclaurin-based radial grid 
[20] and a Gauss-Legendre angular grid is used. 
The quadrature scheme is defined by the number 
of points in each dimension. A medium quadra- 
ture scheme, found to be sufficient for geometry 
optimizations, was chosen for most molecules. The 
iterative procedure was performed at a lower 
quadrature to obtain an approximate density and 
the energy then evaluated at a higher quadrature. 
This means that 3840 quadrature points are gener- 
ated around the sulfur atom at low quadrature, 
which increases to 30,720 points at high quadra- 
ture. Approximately 27,500 points are generated 
per atom at higher quadrature, giving an accuracy 
in the energy of five decimal places [211. However, 
there will be variations in the number of points 
generated as the number of radial points depends 
on atomic number. Unfortunately, convergence 
problems can be experienced at low quadratures, 
and in the case of some molecules, particularly 
Cl,S,, ClSSH, HSOH, FSOF, and FSOH, a higher 
quadrature scheme was chosen for the iterative 
procedure. 

Discussion of Results 

The results are reported in tabular form, show- 
ing predicted geometries and total energies and 
displaying differences in the bond lengths, bond 
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angles, and total energies, for the various methods 
used. Experimentally determined geometries are 
listed where available. The experimental sources 
for the determination of this structure data are best. 
microwave, infrared, and ultraviolet spectroscopy 

TABLE I 
Bond lengths (in angstroms) obtained with functionals S-VWN and B-VWN. 

as well as electron diffraction. We have under- 
taken a careful search of the literature and the 
values in the tables are what we believe to be the 

Tables I and I1 show bond distances and angles, 

Bond Molecule swN(c )  SVWN(D) A1 BVWN(C) BVWN(D) A 2  XPT 

S - H  

s - 0  

s-c 

S-F 

s-CI 

s-s  

S-N 

s-P 

S-Li 

S-Na 

0 - H  

C-H 

c-0 
F - 0  

HZS 
HSOH 
HSSH 
HSF 
CISSH 

F,SO 

HSOH 
FSOH 
FSOF 

so3 

CS, 
H,CS 
ocs 

F,SO 

FSOH 
FSOF 
HSF 

C2H6S 

F*S 

CI,S 
CIZS, 
CISSH 

HSSH 
CISSH 
CI,S* 
H,NS 

H,PS 

Li,S 

Na,S 
HSOH 
FSOH 

H,CS 

ocs 
FOSF 

C2H6S 

1.359 
1.373 
1.368 
1.369 
1.329 

1.450 
1.458 
1.677 
1.636 
I ,509 
1.561 
1.614 
1.568 
I ,801 
1.619 
1.614 
1.636 
1.61 8 
1.633 
2.042 
2.110 
2.045 
2.072 
2.034 
1.950 

1.821 
1.947 

2.093 

2.408 
0.978 
0.983 
1 .lo4 
1.104 
1.171 

1.637 

1.364 0.005 
1.374 0.001 
1.371 0.003 
1.373 0.004 
1.377 0.048 
1.454 0.004 
1.454 0.004 
1.689 0.01 2 
1.645 0.009 
1.499 - 0.01 0 
1.562 0.001 
1.613 - 0.001 
1.564 - 0.004 
1.810 0.009 
1.644 0.025 
1.638 0.024 
1.664 0.028 
1.642 0.024 
1.659 0.026 

2.038 - 0.004 
2.1 05 - 0.005 
2.088 0.043 
2.063 - 0.009 
2.01 1 - 0.023 
1.937 - 0.01 3 

1.820 - 0.001 
1.939 -0.008 
2.071 - 0.022 

2.41 4 0.006 

0.989 0.01 1 
0.994 0.01 1 

1.105 0.001 
1.103 - 0.001 
1.173 0.002 
1.705 0.068 

1.355 
1.329 
1.361 
1.363 
1.366 

1.468 
1.480 
1.653 
1.682 
1.524 
1.577 
1.634 
1.586 
1.856 
1.674 
1.659 
1.685 
1.664 
1.681 
2.107 
2.040 
2.1 73 
2.135 
2.073 
2.004 

1.900 
1.975 
2.1 24 
2.474 

0.948 
0.980 
1.096 
1.095 
1.179 
1.752 

1.360 
1.370 
1.366 
1.369 
1.372 
1.474 
1.479 
1.742 
1.693 
1.51 6 
1.579 
1.634 
1.583 
1.900 
1.704 
1.659 
1.715 
1.691 
1.707 
2.101 
2.198 
2.172 
2.128 
2.064 
1.972 

1 .a93 
1.969 
2.099 
2.491 

0.986 
0.991 
1.096 
1.093 
1.182 

1.839 

0.005 
0.041 
0.005 
0.006 
0.006 
0.006 

- 0.001 
0.089 
0.01 1 

- 0.008 
0.002 
0.000 

- 0.003 
0.044 
0.030 
0.000 
0.030 
0.027 
0.026 

- 0.006 
0.158 

-0.001 
- 0.007 
- 0.009 
- 0.032 
-0.007 
- 0.006 

- 0.025 
0.01 7 
0.038 
0.01 1 
0.000 

- 0.002 
0.003 
0.087 

1.336re 1221 

l.327rs [231 

1 .413r0 [241 
1.420ro [251 

1 .553re [261 
l.611rs [271 
1.561re [281 
1.802rs 1291 
1.585ro [241 
1.587re [301 

2.015r0 1311 
2.057ra [311 

2.055rs [231 

l.931ra [311 

1 .093ra 1271 
1.091rs [291 
1 .157re [281 

A ,  is the bond length difference SVWN(D) - SVWN(C), where SVWN(D) and SVWN(C) refers to results obtained using DMol with the 
DNP basis set and CADPAC with the 6-31G** basis set, respectively. Similarly, A2 is the difference BVWN(D) - BVWN(C). 
Definitions of experimental bond distances: r e ,  distance between equilibrium nuclear positions; r o ,  distance between effective 
nuclear positions derived from rotational constants of zero-point vibrational levels; r,, distance between effective nuclear positions 
derived from the isotopic differences in rotational constants; r,, constant argument in molecular term measured by experimental 
electron gas diffraction. 
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TABLE I1 
Bond angles (in degrees) obtained from calculations with functionals S-VWN and 9-VWN. 

Angle Molecule SWVN(C) SVWN(D) A1 BWVN(C) BVWN(D) A 2  XPT 

HSH 

FSH 

FSF 

HSO 

SOH 

FSO 

SSH 

SSCl 

csc 
HCS 

ClSCl 

SCH 

LiSLi 

NaSNa 

SNH 

HNH 

SPH 

HPH 

H2S 
HSF 

F2S0 
F2S 
HSOH 

HSOH 
FSOH 

FSOH 
F2S0 
FSOF 

HSSH 
CISSH 

CI2S2 
CISSH 

C2H6S 

C2H6S 

CI,S 

H2CS 

Li,S 

Na2S 

H3NS 

H3NS 

H3PS 

H3PS 

91.7 

97.4 

92.2 
100.2 

99.8 

105.7 
108.2 

102.7 
106.9 
108.1 

99.1 
99.3 

111.2 
105.1 

97.1 

110.2 

105.1 

122.2 

121.3 

113.6 

111.2 

107.6 

11 8.5 

99.1 

91.1 

95.4 

92.6 
99.1 

98.3 

105.3 
107.3 

101.8 
106.8 
108.6 

98.2 
99.4 

110.8 
107.0 

102.2 

110.4 

104.2 

121.9 

125.9 

115.6 

110.8 

108.2 

118.3 

99.3 

- 0.6 

- 2.0 

0.4 
-1.1 

- 1.5 

- 0.4 
- 0.9 

- 0.9 
- 0.1 

0.5 

- 0.9 
0.1 

- 0.4 
1.9 

5.1 

0.2 

- 0.9 

- 0.3 

4.6 

2.0 

0.6 

0.6 

- 0.2 

0.2 

92.4 

97.3 

93.7 
101.2 

98.8 

108.9 
107.4 

103.6 
107.4 
1 09.1 

99.6 
100.2 

105.9 
108.4 

98.8 

109.7 

105.8 

122.4 

122.9 

116.7 

11 0.9 

108.0 

11 8.3 

99.4 

92.3 

95.9 

93.5 
98.8 

98.2 

104.9 
107.2 

102.9 
108.0 
109.8 

98.1 
99.7 

112.1 
108.1 

102.1 

11 0.0 

106.4 

122.2 

125.0 

113.8 

1 10.6 

108.4 

118.1 

98.9 

- 0.1 

- 1.4 

- 0.2 
- 2.4 

- 0.6 

- 4.0 
- 0.2 

- 0.7 
0.6 
0.7 

-1.5 
- 0.5 

6.2 
- 0.3 

3.3 

0.3 

0.6 

- 0.2 

-2.1 

- 2.9 

- 0.3 

0.4 

-0.2 

- 0.5 

92.20, 1221 

92.80, 1241 
98.10, 1251 

106.88, 1241 

91 .3es 1231 

1 08.20, 131 1 

98.90, 1291 

1 io.8es 1291 

102.78, [31I 

121 .SOs 1271 

A, is the difference in bond angles SVWN(D) - SWVN(C), where SWN(D) and SWVN(C) refer to results obtained using DMol with 
the DNP basis set and CADPAC with the 6-31G** basis set, respectively. Similarly, A2 is the difference BVWN(D) - BWVN(C). For 
bond angle definitions as for bond distances, see Table I. 

respectively, obtained using functionals S-VWN and 
B-VWN with the DNP and 6-31~** bases. The tables 
list the differences in the parameters due to the 
different basis sets used for each functional. Simi- 
larly, Tables I11 and IV show the predicted struc- 
tures from DFT calculations using the functional 
B-LYP and from HF calculations, with basis sets 
6-31~** and T Z ~ P .  

For the functional S-VWN, column A, of Table I 
lists, for each molecule, the difference in bond 
length SVWN(D)-SVWN(C), where SVWN(D) and 
SVWN(C) refer to results obtained using DMol with 
a DNP basis set and CADPAC with a 6-31~** basis 
set, respectively. The column highlights the ex- 
treme discrepancy of the F-0 bond in FOSF, the 

magnitude of the difference being 0.068 A. It is 
notewythy that the S-F bonds are approximately 
0.025 A longer with DMol than with CADPAC, 
and the bonds S-C1 and 2-H in CISSH are too 
long by 0.043 and 0.048 A, respectively. The re- 
maining bonds, however, show good agreement 
between DMol and CADPAC for this functional. 
Column A, of Table I1 shows similar results for 
bond angles where there are tow notable discrep- 
ancies, specifically angles CSC in C2H,S and LiSLi 
in Li,S. The remaining angles are indistinguish- 
able between DMol and CADPAC. 

The bond length and bond angle differences for 
the functional B-VWN, BVWN(D>BVWN(C), are listed 
under column A2 of Tables I and 11, respectively. 
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TABLE 111 
Bond lengths (in angstroms) obtained from DFT calculations using the functional B-LYP and from Hartree-Fock SCF 
calculations, using CADPAC. 

Bond Molecule BLYP~ BLYP2 A, H F ~  HF2 A2 XPT 
~ ~ ~~ ~~ ~ 

S-H H2S 1.359 1.352 0.007 1.327 1.327 0.000 1 .336re 
HSOH 1.372 1.329 
HSSH 1.366 1.359 0.007 1.328 1.328 0.000 1 .327r, 
HSF 1.369 1.360 0.009 1.327 1.328 - 0.001 
CISSH 1.371 1.329 

s - 0  F,SO 1.468 1.444 0.024 1.409 1.392 0.01 7 1.41 3r, 
so3 1.480 1.451 0.029 1.405 1.385 0.020 1 .420r0 
HSOH 1.725 1.653 
FSOH 1.677 1.610 
FSOF 1.526 1.599 

s-c cs2 1.578 1.567 0.01 1 1.544 1.538 0.006 1.553 re 
H2CS 1.634 1.622 0.012 1.597 1.590 0.007 1.61 lr, 
ocs 1.586 1.574 0.01 2 1.572 1.563 0.009 1 .561re 
C2H6S 1.848 1.837 0.01 1 1.809 1.837 - 0.028 1 .802r, 

S-F F2S0 1.663 1.651 0.01 2 1.571 1.541 0.030 1 .585r0 
F2S 1.652 1.638 0.01 4 1.586 1.560 0.026 1 .587re 
FSOH 1.677 1.605 
FSOF 1.657 1.591 
HSF 1.674 1.664 0.01 0 1.612 1.587 0.025 

s- CI C12S 2.099 2.071 0.028 2.020 2.009 0.01 1 2.015r0 
CI2S* 2.1 85 2.155 0.030 2.040 2.033 0.007 2.057ra 
CISSH 2.162 2.045 

s-s HSSH 2.129 2.101 0.028 2.064 2.054 0.01 0 2.055rS 
CISSH 2.069 2.035 
CI2S2 1.982 1.954 0.028 2.004 1.982 0.022 1 .931ra 

S-N H,NS 1.887 1.859 

s - P  H,PS 1.975 1.955 

S - Li Li2S 2.118 2.108 

S-Na Na2S 2.461 2.426 

0 - H  HSOH 0.980 0.945 
FSOH 0.984 0.947 

C-H H,CS 1.100 1.094 0.006 1.079 1.077 0.002 1.093 r, 

1 .157re c-0 ocs 1.180 1.170 0.01 0 1.131 1.124 0.007 

F - 0  FOSF 1.718 1.391 

C2H€iS 1.100 1.095 0.005 1.083 1.095 - 0.01 2 1 .091r, 

A ,  is the difference in bond lengths BLYPl - BLYP2, where BLYP1 and BLYP2 refer to bond lengths obtained using basis sets 6-31 G** 
and TZ2P + f ,  respectively. Similarly, A, refers to the difference HF1 - HF2. For experimental references, see Table I. 

The bond length differences are very similar to 
those for S-VWN. There are minor exceptions such 
as the bond S-C1 in Cl,S, which is longer by 
0.158 A using DMol, and the S-0 bond in HSOH, 
which shows a discrepancy of 0.089 A. Similarly, 

for the bond angles in Table 11, the most extreme 
difference is the S X l  angle in Cl,S,. 

The final column of Tables I-IV, headed xu,  
lists experimentally determined data for some of 
the molecules. Comparison of experimental bond 
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TABLE IV 
Bond angles (in degrees) obtained from DFT calculations with functional 6-LYP and from Hartree-Fock SCF 
calculations. usina CADPAC. 

Angle Molecule BLYP~ BLYP2 A ,  H F ~  HF2 A 2  XPT 

HSH 

FSH 

FSF 

HSO 

SOH 

FSO 

SSH 

SSCl 

csc 
HCS 

ClSCl 

SCH 

LiSLi 

NaSNa 

SNH 

HNH 

SPH 

HPH 

H2S 
HSF 

F2S0 

HSOH 

HSOH 
FSOH 

FSOH 
F2S0 
FSOF 

HSSH 
CISSH 

F2S 

CI2S2 
CISSH 

C2H6S 

C2H6S 

C12S 

H2CS 

Li2S 

Na2S 

H,NS 

H,NS 

H,PS 

H,PS 

92.2 

97.4 

93.3 
101 .o 
99.5 

104.8 
107.4 

103.5 
107.3 
108.8 

98.7 
100.3 

111.7 
108.3 

98.2 

109.7 

105.7 

122.3 

121.4 

114.6 

110.9 

108.0 

118.3 

99.3 

92.1 0.1 

95.8 1.6 

93.6 - 0.3 
99.6 1.4 

106.6 0.7 

98.5 0.2 

111.0 0.7 

98.5 - 0.3 

109.7 0.0 

105.0 0.7 

122.3 0.0 

94.4 

96.4 

92.4 
98.0 

98.8 

108.9 
110.8 

100.5 
106.8 
110.1 

99.1 
99.3 

105.9 
105.1 

98.0 

109.9 

102.8 

122.2 

143.9 

162.2 

110.3 

108.6 

116.9 

101.1 

94.1 0.3 92.20, 

95.5 0.9 

93.1 - 0.7 92.80, 
97.4 0.6 98.10, 

106.4 

98.9 

106.1 

98.5 

109.7 

102.6 

122.2 

0.4 106.8 0, 

0.2 91.3 0, 

- 0.2 108.2 0, 

- 0.5 98.90, 

0.2 110.80, 

0.2 102.78, 

0.0 121.60, 

A ,  is the difference in bond angles BLYP1 - BLYP2, where BLYPl and BLYP2 refer to results using basis sets 6-31G** and TZ2P + f 
respectively. Similarly, A 2  is the difference HFl - HF2. For experimental references, see Table II. 

lengths with the corresponding predicted bonds 
listed in column SVWN(C> in Table I shows that the 
greatest discrepancy is 2-Cl in Cl,S,, which is 
overestimated by 0.053 A. Also, a number of other 
bond lengths appear to be too long by around 0.03 
A. Making the same comparison in Table I1 shows 
a gross distortion of the bond angle SSH in HSSH, 
which is too large by 7.8". Tables I11 and IV show 
the effect of introducing gradient terms into the 
functional, keeping the basis constant. Detailed 
observation of the results in Tables I and I11 re- 
veals that bonds from LDA computations corre- 
spond somewhat closer to the experimental values 
than do those from computations using B-LYP. A 

similar comparison for bond angles from Tables I1 
and IV shows that there is little difference between 
the predictions of LDA and B-LYP. From the exami- 
nation of column BLYP2 of Table 111, it is clear that 
bond lengths have been reduced as a result of 
increasing the size of basis set and this improves 
significantly the agreement between B-LYP and ex- 
periment. 

The deviations from experiment of bond dis- 
tances, as predicted by the HF theory, the LDA 
approach, and the BLYP functional, are illustrated 
in Figures 1, 2, and 3, respectively. One immediate 
observation is that the HF theory underestimates 
bonds slightly. However, even when this is taken 
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FIGURE 1. Three-dimensional representation of bond length differences between predictions of the HF theory with a 
6-31 G** basis and experimental observations. The molecules are on the X-axis facing the observer; bonds, on the 
Y-axis, and the scaled differences, on the Z-axis. A red bar indicates a positive value, and a blue bar, a negative value. 

FIGURE 2. Bond length differences between the predictions of the LDA approach of DFT with a 6-31 G** basis and 
experimental values. Designations of axes and colors are as in Figure 1. 
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FIGURE 3. Bond length differences between the predictions of the BLYP functional of DFT with a T Z ~ P  + f basis and 
experimental values. Designations of axes and colors are as in Figure I .  

into account, it is apparent that the predictions by 
the HF theory for this class of molecules are better 
than either of the DET methods shown. Our previ- 
ous observation regarding the LDA approach as 
being a better'predictor of bonds than is the BLYP 
methodology at the basis-set level of 6-31~** qual- 
ity can now be reexamined here by comparing LDA 
with BLYP methodology at a very large Tz2P basis 
level. We find that the LDA is still the better predic- 
tor of bonds. This is somewhat surprising given 
that the BLYP functional was shown [32] to perform 
very well for the G2 bench-mark, especially when 
such a large basis is used. Therefore, it may be that 
the present behavior is specific to the systems used 
for this investigation. 

Finally, Table V shows the total energies ob- 
tained with functionals s-VWN and B-VWN for the 
DNP and 6-31~** bases, together with the HF ener- 
gies. In the case of all molecules, DMol predicts 
lower energies than does CADPAC. This will be 
due to a number of reasons, in particular, the 
difference between numerical and analytical basis 
sets and the different treatment of the Coulomb 
potential. 

Conclusions 
According to our results, we conclude the fol- 

lowing: 

1. With some exceptions, DMol and CADPAC 
predict similar geometrical parameters, using 
DNP and 6-31~** basis sets, respectively.+ 

2. For this class of molecules, the bond lengths 
are better predicted by HF than they are by 
any of the functionals with a medium or 
large basis. 

3. Whereas HF bonds tend to be too short, DFT 
predictions are all too long. 

4. Increase in the size of the Gaussian basis set 
reduces the bond lengths for the functionals 
used in this study: s-vw~, B-VWN, and B-LYP. 

5. Particular bonds which are poorly predicted 
are S-F and S-0 in F2S0, S-S, and S-C1 

' Since DMol uses numerical basis sets optimized for DFT, 
this indicates that reoptimization for DFT of the 6-31~** basis 
set would only be expected to further improve the corresporr 
dence of the parameters to those of DMol. 
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TABLE V 
Total energies obtained from DFT calculations with functionals S-VWN and 6-VWN, as well as from Hartree - Fock 
SCF calculations. 

H2S 

cs2 
C2H6S 
so3 

HSOH 
HSSH 

ocs 
H,CS 
H,NS 
H,PS 
Li,S 
Na,S 

F,SO 
FSOH 
FSOF 
HFS 

F,S 

CI,S 
C G ,  
CISSH 

- 398.67503 
- 473.50000 
- 796.1 8207 
- 832.8841 8 
- 476.74454 
- 621.981 57 
- 51 0.1 3656 
- 436.50995 
- 453.671 16 
- 739.96978 
- 412.48024 
- 721.24957 
-596,31220 
-671.18352 
- 572.33271 
- 671.04537 
- 497.48341 
- 131 6.43524 
- 171 3.94967 
- 1255.06643 

- 397.97483 
- 472.64027 
- 794.78906 
- 831.38932 
- 475.85568 
- 620.83509 
- 509.28571 
- 435.70024 
- 452.84734 
- 738.64340 
- 41 1.63668 
- 71 9.73907 
- 595.16355 
- 669.90386 
- 571.2541 3 
- 669.78651 
- 496.5581 8 
- 1314.191 13 
- 171 1.03075 
- 1252.86704 

- 398.02091 
- 472.72824 
- 794.88652 
- 831.48971 
- 475.91 458 
- 621.01 186 
- 509.37729 
- 435.7551 1 
- 452.91 367 
- 738.73874 
- 41 1.6931 3 
- 71 9.83306 
- 595.32825 
- 670.10992 
- 571.39982 
- 669.9941 5 
- 496.66253 
- 131 4.34990 
- 171 1.24194 
- 1253.061 53 

28.92 
55.21 
61.16 
62.99 
36.96 

100.92 
57.47 
19.52 
41.62 
59.83 
35.42 
58.98 

103.35 
129.30 
91.42 

130.30 
65.48 
99.65 

132.53 
122.05 

- 400.00428 
- 475.43071 
- 798.76067 
- 835.8201 6 
- 479.06328 
- 625.13024 
- 51 2.55830 
- 438.25994 
- 455.55394 
- 742.49679 
- 41 4.05785 
- 724.1 4283 
- 598.98642 
- 674.49657 
- 574.95986 
- 674.39687 
- 499.481 96 
- 1320.3581 4 
- 171 9.08574 
- 1258.94673 

- 400.04552 
- 475.53382 
- 798.85497 
- 835.91478 
- 479.1 1 573 
- 625.29978 
- 51 2.6461 8 
- 438.31 092 
- 455.61 41 2 
- 742.58856 
-414.17870 
- 724.26563 
- 599.14677 
- 674.69607 
- 575.09960 
- 674.5991 5 
- 499.58656 
- 1320.50396 
- 171 9.33370 
- 1259.091 72 

25.88 
64.70 
59.17 
59.37 
32.91 

106.38 
55.15 
32.00 
37.76 
57.59 
75.83 
77.06 

100.62 
125.19 
87.69 

126.93 
65.64 
91.49 

155.62 
90.99 

A ,  is the energy difference (in kcal/ rnol) SVWN(D) - SVWN(C), where SVWN(D) and SVWN(C) are the total energies obtained using 
DMol and CADPAC, respectively. Similarly, A* is the energy difference BVWN(D) - BWN(C) (in kcal/rnol). 

in Cl,S,, S-S, and S-H in HSSH and S-0 
in SO,. Poorly predicted angles are SSH in 
HSSH, FSF in F2S, SSCL in Cl,S,, and ClSCl 
in C1,S. 

Comparison with experimental data shows that 
DFT tends to overestimate bonds and angles, 
whereas HF underestimates bonds. However, in 
general, HF predicts more reliable structural pa- 
rameters for this set of molecules. 

References 

1. B. Delley, J .  Chem. Phys. 92, 508 (1990). 

2. M. J. Frisch, G. W. Trucks, M. Head-Gordon, P. M. W. Gill, 
M. W. Wong, J. B. Foresman, B. G. Johnson, H. B. Schlegel, 
M. A. Robb, E. S. Replogle, R. Gomperts, J. L. Andres, K. 
Raghavachari, J .  S. Binkley, C. Gonzales, R. L. Martin, D. J. 
Fox, D. J. Defrees, J. Baker, J. J. P. Stewart, and J. A. Pople, 
GAUSSIAN 92 Rev. A (Gaussian, Inc., Pittsburgh PA, 1992). 

3. CADPAC: Cambridge Analytical Derivatives Package Issue 
5.2 Cambridge (1992). A suite of quantum chemistry p r e  
grams developed by R. D. Amos with contributions from I. 

4. 

5. 
6. 
7. 
8. 

9. 
10. 
11. 
12. 
13. 

14. 
15. 
16. 
17. 

18. 
19. 

L. Alberts, J. S. Andrews, S. M. Colwell, N. C. Handy, D. 
Jayatilaka, P. J. Knowles, R. Kobayashi, N. Koga, K. E. 
Laidig, P. E. Maslen, C. W. Murray, J. E. Rice, J. Sam, E. D. 
Simandiras, A. J. Stone, M-D. Su. 
S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200 
(1 980). 
A. D. Becke, Phys. Rev. A 38, 3098 (1988). 
C. Lee, W. Yang, and R. G. Pam, Phys. Rev. B 37,285 (1988). 
DMol User Guide, Version 2.3 (Biosym Technologies, 1993). 
P. M. W. Gill, B. G. Johnson, J. A. Pople, and M. J. Frisch, 
Chem. Phys. Lett. 197, 499 (1992). 
A. D. Becke, J. Chem. Phys. 96, 2155 (1992). 
A. D. Becke, J. Chem. Phys. 97, 9173 (1992). 
B. Delley, J. Chem. Phys. 94, 7245 (1991). 
T. Ziegler and G.  L. Gutsev, J. Chem. Phys. 96, 7623 (1992). 
R. Fournier and A. E. Depristo, J. Chem. Phys. 96, 1183 
(1992). 
L. Versluis and T. Ziegler, J. Chem. Phys. 88, 322 (1988). 
A. J. Thakkar, Phys. Rev. A 46, 6920 (1992). 
P. A. M. Dirac, Camb. Philos. SOC. 26, 376 (1930). 
M. J. Frisch, J. A. Pople, and J. S. Binkley, J. Chem. Phys. 80, 
3265 (1984). 
1. Altmann, unpublished results. 
A. D. Becke, J. Chem. Phys. 88, 2547 (1988). 

20. C. W. Murray, N. C. Handy, and G. J. Laming, Mol. Phys. 
78, 997 (1993). 

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 541 



ALTMANN, HANDY, AND INGAMELLS 

21. D, J. Tozer, M. E. Mura, R. D. Amos, and N. C. Handy, Am. 

22. T. H. Edwards, N. K. Moncur, and L. E. Snyder, J. Chem. 

28. Y. Morino and C. Matsumuta, Bull. Chem. Soc. Jpn. 40,1095 

29. L. R. Pierce and M. Havashi, 1. Chem. Phvs. 35, 479 (1961). 
J. Phys. (1994). (1967). 

Phys. 46, 2139 (1967). 
23. G. Winnewisser, J. Mol. Spectrosc. 41, 534 (1972). 

30. Y. Endo, S. Saito, E. Hirota, and T. Chikaraishi, J. Mol. 
SDectrosc. 77. 222 (1979). . ,  

24. N. J. Lucas and J. G. Smith, J. Mol. Spectrosc. 43, 327 (1972). 
25. A. Kaldor and A. G. Maki, J. Mol. Struct. 15, 123 (1973). 
26. G. Blanquet, J. Walrand, and C. P. Courtroy, Ann. Soc. 

27. D. R. Johnson, F. J. Lovas, and W. H. Kirchhoff, J. Phys. 

31. M. W. Chase, C. A. Davies, J. R. Downey, D. R. Frurip, R. A. 
Macdonald, and A. N. Syverud, JANAF Thermochemical 
Tables, 3rd ed., J. Phys. Chem. Ref. Data 14 (Suppl. 1) (1985). 

32. G. J. Laming, V. Termath, and N. C. Handy, J. Chem. Phys. 
99, 8765 (1993). 

Brux. 88, 87 (1974). 

Chem. Ref. Data 1, 1011 (1972). 

VOL. 57, NO. 4 542 


