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S u m m a r y .  The geometric and electronic properties of 22 sulfur derivatives have 
b e e n  calculated using semiempirical (PM3) and ab initio molecular orbital and local 
density functional (LDF) methods. The ab initio molecular orbital calculations have 
been carried out at the Hartree-Fock (HF) and second-order Moller-Plesset (MP2) 
level with the STO-3G*, MINI-l*, MIDI-I*, and 6-31G* basis sets. 

The results show that the semiempirical method PM3 poorly describes the ge- 
ometries and dipole moments of these compounds. The LDF method provides a very 
good description of the dipole moment; however, the bond distances predicted by 
this method are consistently longer than the experimental ones. Finally, the MIDI-I* 
and 6-31G* basis sets provide good geometrical results at the HF level but only 
the MIDI-I* is able to reproduce the experimental dipole moments at this level of 
theory. In the case of the 6-31G* basis set, the MP2 level is needed to provide 
good dipole moments. 

K e y  words:  Sulfur compounds - Semiempirical and ab initio methods - Local 
density functional theory 

1 In trod uc t ion  

It is known that it is only possible to obtain an adequate description of the geometric 
and electronic properties of sulfur containing compounds when supplementary d 
fimctions are included in the calculation [1]. This and the large number of electrons 
on sulfur has limited the size of the molecules which can be studied. In fact, it 
has only been possible to perform calculations at high theoretical levels on small 
molecules [2-9]. 

Since sulfur is commonly found in organic molecules including numerous bio- 
logically active compounds, it would be interesting to have reliable and inexpensive 
methods to calculate the properties of these compounds. For this reason, in this 
article, new methodologies such as ab initio local density functional theory calcula- 
tions and semiempirical methods with improved parameters for this atom have been  
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studied. These methods are less time consuming than molecular orbital ab &itio 
calculations and for this reason can be used for bigger systems. The results obtained 
by these two methods have been compared to Hartree-Fock (HF) and second-order 
Moller-Plesset perturbation (MP2) level ab initio calculations and experimental data 
of a set of small molecules containing sulfur in its three different oxidations states: 
II, IV, and VI. 

Methods 

The compounds studied are shown in Table 1. The molecules have been optimized 
retaining their characteristic symmetry. In the case of molecules with several con- 
formational minima, the one observed experimentally has been studied. 

The PM3 [10] calculations were performed using the MOPAC 6.0 package [11]. 
Geometry optimizations using MOPAC were performed employing the PRECISE 
keyword which increases the precision of  the electronic and geometric parameters 
by two orders of magnitude. These optimized geometries have been used for the 
rest of the calculations, except for the cases in which published geometries were 
available for the same method. 

The molecular orbital ab initio calculations were done using Gaussian 92 [12]. 
The structures were optimized at the HF level using the Berny method as im- 
plemented in the Gaussian 92 program. All other parameters in the optimization 
process were left at their default values. The standard Pople's STO-3G* [13] and 
6-31G* [14] basis sets were used. Additionally, calculations with the Huzinaga's 
MINI-l* [15] and MIDI-I* [15] basis sets have been performed using the option 
of generic external basis sets. The MINI-l* is a minimal basis set similar to the 
STO-3G* including polarization functions over all the atoms and the MIDI-I* basis 
set has a similar representation to the 3-21G* with polarization, additionally, on the 
hydrogens. At the MP2 level [16], single point calculations have been carried out 
using the optimized HF/MIDI-I* and HF/6-31G* structures. 

The LDF/LDA calculations were carried out using the DMol package (Version 
2.2) [17], distributed by Biosym Technologies. A double numerical basis set, in- 
cluding polarization (DNP), was used. The keyword FINE was used for the mesh 
points for the numerical integration procedure involved in the evaluation of  the 
matrix elements. The angular integration points considered spherical harmonics up 
to l = 3 for the heavy atom and 1 = 2 for the hydrogens. The optimizations were 
carried out until the largest component of the gradient was smaller than 1 x 10 -3. 

The force constant matrix of the minimized structures with PM3 and DMol were 
calculated to confirm that they were true minima. 

Finally, the value of  the exponent of the d function on the sulfur was modified 
using the DAtom program to generate the numerical basis sets of the d functions 
corresponding to elements with atomic numbers between 12 and 18. 

Results 

In order to evaluate the reliability of the different methods used to predict the 
properties of sulfur containing compounds, geometric and electronic aspects have 
been studied. The bond lengths and bond angles have been studied as geometric 
descriptors of the molecuales and the dipole moment to evaluate the description of 
the electronic distribution. 
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Table 2. Statistical analysis of the geometrical parameters using Eq. (1) 

I. Alko~a 

c Standard devi~ion r 

Bond lengths (n = 40) a 
PM3 1.020 0.045 
DMol 1.020 0.022 
STO-3G* 1.007 0.033 
MINI- 1 * 1.033 0.026 
MIDI- 1" 1:005 0.017 
6-31G* 0.997 0.012 

Bond angles (n = 31) b 
PM3 0.982 9.534 
DMol 1.006 2.694 
STO-3G* 0.999 3.595 
MINI- 1 * 0.996 3.222 
MIDI-I* 0.998 2.153 
6-31G* 0.999 1.688 

0.9717 
0.9923 
0.9811 
0.9898 
0.9958 
0.9976 

0.9184 
0.9939 
0.9892 
0.9917 
0.9962 
0.9976 

" Standard deviation in ~. b Standard deviation in deg 
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Fig. 1. Influenee of the exponent of the d functions on sulfur in: (a) the SO bond distance, and 
(b) the total energy of SO2. The ..... indicates the value of the standard exponent used by the 
DMol program 

The geometrical results obtained for the molecules studied with all the methods 
used are shown in Table 1. In the same table, experimental values, determined with 
microwave spectroscopy when available, are included. A statistical analysis o f  these 
results is shown in Table 2. The analysis has been performed by  a least-square 
fitting o f  the type 

C A L C U L A T E D / =  c*EXPERIMENTALi (1)  

for the bond distances and bond angles separately. 
This analysis allows to evaluate the similarity and the possible systematic errors 

o f  the calculated results when compared with the experimental ones. The value 
of  the slope, c, indicates the degree o f  similarity and the standard deviation, the 
average deviation o f  the values from the corresponding regression. Ideally a slope 
close to 1.0 and a very small standard deviation will be desired. However,  slopes 
different from 1.0 can be useful i f  their corresponding standard deviation is small. 
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Table 4. Statistical analysis of the dipole moments (n = 19) using Eq. (1) 

I. Alkorta 

c Standard deviation (D) r 

PM3 1.001 1.099 0.6757 
DMol 0.984 0.194 0.9905 
STO-3G* 0.783 0.558 0.8812 
MINI-l* 0.804 0.268 0.9681 
MIDI-I* !.054 0.266 0.9818 
6-31G* 1.180 0.315 0.9795 
MP2/MIDI-1 *// 
HF/MIDI-I* 0.870 0.283 0.9693 
MP2/6-31 G*// 
HF/6-31G* 1.050 0.228 0.9866 

This will indicate a systematic error that can be eliminated by multiplying the 
calculated value by 1/c. 

The influence of the value of the exponent of  the d functions on sulfur in LDF 
calculations on the geometry and total energy has been studied. For this purpose, 
the geometry (Fig. la) and total energy (Fig. lb) of  SO2 has been calculated in a 
range of values of this exponent. 

The dipole moments calculated for a selected group of molecules in which the 
experimental values were known are gathered in Table 3. Additionally, a statistical 
analysis of the results is gathered in Table 4. 

Discussion 

Geometry 

The results obtained for the geometrical parameters (Table 2) shows that the ab 
initio methods provide reasonable geometries when compared to the experimental 
ones, as can be seen from the small standard deviations and slope close to 1.0. 

The only semiempirical method studied, PM3, reproduced with acceptable accu- 
racy the bond distances, as indicated by a slope close to 1.0 (1.005) and a standard 
deviation that is slightly larger than the one provided by the minimal basis set 
STO-3G*. However, the description of the bond angles is very poor and in several 
cases the error of the calculated value is larger than 20 °, Additional problems found 
with this method are its poor description of different conformations of  some of the 
molecules. One of the worst cases is sulfamide, in which the nitrogens are described 
as planar in contrast with the experimental and ab initio pyramidal disposition. 

The analysis of the ab initio results shows that the split-valence basis sets with 
polarization, MIDI-I* and 6-31G*, provides the best results. Their slopes and cor- 
relation coefficients, for both bond distances and bond angles, are the ones closer 
to 1.0 and standard deviations which are the smallest. 

The minimal basis sets, STO-3G* and MINI-l*,  show different tendencies with 
respect to the bond distance prediction. The first basis set predicts, in general, very 
good bond distances (slope close to 1.0), whilst the second one has a smaller 
standard deviation but a worse slope. In an absolute sense, the STO-3G* give bond 
distances closer to the experimental ones than the MINI-l*. Both give good results 
with respect to bond angles. 
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Based on their correlation coefficient and standard deviation, the quality of  the 
LDF results can be considered as intermediate between the ones obtained with the 
minimal and the split-valence basis sets studied. The calculated bond distances with 
this method are consistently longer than the experimental ones as shown by a slope 
larger than 1.0 (1.02) and a small standard deviation (0.022). A similar tendency 
has been reported for fluoro derivatives of  xenon [38], iodine [39] and sulfur [40] 
calculated with this method. 

Influence of the exponent of the d functions on sulfur in LDF calculations 

The values of the exponent of the d functions on sulfur have been shown to have 
a large influence on the values of  the bond length and total energies in molecular 
orbital ab initio calculations [33]. In this case, the geometries and total energies of  
the SO2 have been calculated varying the exponent of  the d function on the sulfur, 
in LDF methods, between -6 .96 and -15.72 eV. 

The S~O bond length variation shows a very irregular trend (Fig. la). The 
distance corresponding to the standard exponent for the sulfur is a local maximum 
surrounded by two minima in which the bonds have been shortened around 0.01 A. 
The rest of  the values of  the exponent show an enlargement of  these distances. 
This behavior contrasts with the monotonic decrease in the S-O distances as the 
exponent increases observed in molecular orbital ab initio calculations [33]. 

In contrast, the variation of energy with the exponent is more regular, with a 
deep minimum in the standard value for the sulfur. A similar tendency has been 
observed in molecular orbital ab initio calculations with the 6-31G* basis set [33]. 

Based on these results it is clear that a change in the value of the exponent can 
provide a small shortening of the bond length at the expense of a large increase in 
the value of the total energy. 

Dipole moment 

The absence of d functions on the sulfur has been shown to produce a zwitterionic 
description in hypervalent sulfur compounds. Similar problems are found in the 
semiempirical method PM3 that does not use d functions. From Table 3, it is clear 
that this method describes better compounds with S(II) than with S(IV) and S(VI). 
The description of these compounds shows a very positive charge on the sulfur, 
and large negative charges in the heteroatoms bonded to it. Another indication of 
its limitations is the bond order of  almost one for double bonds. One example 
of  this behavior is the variation in the SO bond order in the SOn series, that 
changes from 1.95 for n = 1, 1.48 for n = 2, to finally 1.28 for n = 3. This 
poor electronic representation is reflected in bad dipole moments as can be seen 
by its small correlation with the experimental values and a large standard deviation 
(1.1D). 

The ab initio methods studied, which include additional d functions, give better 
results than PM3. However, these results can only be considered good at the HF 
level for the molecular orbital calculations with the MIDI-1" basis set. The minimal 
basis sets, STO-3G* and MINI-l*, provide, in general, dipole moments smaller than 
the experimental ones. A comparison of  the minimal basis sets reveals that MINI-I* 
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is superior to STO-3G*, having better correlations and smaller standard deviations 
from experimental values. 

Surprisingly, the split-valence 6-31G* basis set at the HF level fails to predict 
good dipole moments, giving considerably larger values for them. The problems 
of this basis set do not seem to be due to the description of the sulfftr since the 
inclusion of a second set of d functions on this atom improved only slightly the 
prediction of this property [46]. 

The inclusion of correlation (MP2) in the molecular orbital ab initio calculations 
reduce, in general, the value of the dipole moment when compared to the HF results. 
Additionally, the differences of the HF and MP2 dipole moments for each compound 
with the two basis sets studied, MIDI-I* and 6-31G*, are very similar. The results 
are consistently improved in the case of the 6-31G* basis set, whilst they are worse 
for the MIDI-I* basis set. This could indicate the necessity of a higher level of 
theory to assure a good dipole moment prediction in this kind of compounds. 

The LDF results provide, in average, the best dipole moments of all the methods 
studied, even better than the ones obtained with the MP2/6-31G*. The good dipole 
moment predictions based upon the DMol calculations contrast with a recent report 
that indicated, for a different set of compounds, a poor performance of several LDF 
methods using a basis set derived from the 6-31G* basis set [47]. These results, 
taken together, indicate the sensibility of LDF calculations to the basis set used. 

Conclusion 

In this work, a comparative analysis of the performance of semiempirical and ab 
initio methods on sulfur derivatives has been carried out. 

The results for the semiempirical method, PM3, show that this method poorly de- 
scribes the geometric and particularly the electronic properties of these compounds. 

A comparison of the results obtained with the minimal basis sets indicates that 
the use of STO-3G* gives better geometries than MINI-l*. Although the dipole 
moments of MINI-l* are somewhat better than STO-3G*, neither are particularly 
good. 

The split-valence basis sets, MIDI-I* and 6-31G*, give accurate geometries but 
only the MIDI-I* predicts properly the dipole moment of the molecules at the HF 
level. In this study, the HF/6-31G* calculations predict very large dipole moments 
that are not improved significantly with the inclusion of a second set of d functions 
on the sulfur. 

The inclusion of correlation (MP2) in the calculations reduces, in general, the 
value of  the dipole moments, improving the results obtained with the 6-31" basis 
sets when compared to the HF level. 

The LDF results indicate that this is a very good method to predict the electronic 
distribution of these molecules, though it consistently provides large bond distances 
for the atoms united to the sulfur. 

In conclusion, ab initio LDF, and HF/MIDI-I* and MP2/6-31G* molecular 
orbital calculations provide the most adequate prediction of the geometric and elec- 
tronic characteristics of these types of molecules. 

Acknowledgement. The author thanks Dr. Danni Harris for his support and helpful comments and 
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