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Abstract. We present a systematic study on the reliabil-
ity of different theoretical methods to represent the
molecular electrostatic potential (MEP), and MEP-
derived properties of prototypical compounds contain-
ing phosphorus, sulfur and chlorine. Calculations at the
Hartree-Fock and Moller-Plesset up to fourth-order
level of theory, as well as local, non-local and hybrid
density functional computations were performed for a
representative set of neutral molecules. The study was
carried out using different basis sets ranging from the
medium-sized 6-31G(d) to the large 6-31G(2d,2p) basis
set, but in some test calculations more extended basis
sets were also considered. The analysis of the results was
performed discussing separately the effect of the basis set
and of the level of theory used to determine the
molecular wavefunction on the reliability of the MEP
and MEP-derived properties.
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1 Introduction

The molecular electrostatic potential (MEP; [1]) is the
electrostatic interaction energy between the molecular
charge distribution and the positive unit charge. Within
the quantum mechanical framework the MEP is defined
as the expectation value of the r~! operator. In the
context of the molecular orbital-linear combination of
atomic orbitals (MO-LCAO) approach, a simple expres-
sion actually implemented in many computational
packages is derived for the MEP (Eq. 1),
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where Z, denotes the nuclear charge of atom 4, placed at
R, P, is the element puv of the first-order density matrix,
and y stands for the basis of atomic orbitals.

The MEP has largely been used as a molecular des-
criptor of chemical reactivity in different research fields,
which include the study of reactivity patterns, non-
covalent complexes and biological interactions [2—12],
the analysis of the molecular electronic structure [13-21],
and the description of phenomena in condensed phases
[22-30]. Moreover, the MEP has become a widely used
tool in force-field parametrization as a source for the
derivation of partial charges, which are used to evaluate
electrostatic interactions in classical calculations [31-37].

The calculation of the MEP is not very expensive
from a computational point of view, specially with the
advent of efficient algorithms for the calculation of the
monoelectronic integrals [38—40]. Nevertheless, know-
ledge of the first-order density matrix typically requires
the molecular wavefunction to be determined previously,
and this can be very expensive if the highest levels of the
quantum mechanical theory are used. Therefore, the a
priori knowledge of the expected accuracy in the de-
scription of the MEP would be very valuable to establish
the minimum level of theory necessary to determine the
essential features of the MEP and MEP-derived prop-
erties.

Previous studies performed by our group and others
examined the influence of the basis set and the electron
correlation on the quality of the MEPs determined at the
ab initio level, and the accuracy of the MEPs derived
from semiempirical wavefunctions [41-52]. Further-
more, these studies have been recently extended to
determine the suitability of DFT methods for providing
an accurate description of the MEP and MEP-related
properties [53-55]. These studies were basically carried
out using a variety of molecules containing first-row
atoms (H, C, N, O, F), and less attention was paid to
second-row atoms like phosphorus, sulfur, and chlorine,
which are of importance in chemistry and biochemistry.

In this paper a systematic study on the MEP and
MEP-derived properties of molecules containing P, S
and Cl is presented. The influence of the basis set and
electron correlation is discussed in the framework of



SCF, MP2, and MP4 levels of theory. The suitability of
different DFT methods (including local, non-local and
hybrid functionals) is also critically analyzed. Discussion
of the results is made in comparison with those obtained
in previous studies for first-row elements.

2 Methods

The molecules considered in the study are H,S, HCI,
PHj3, CH;Cl, S(CH3),, PH,CHj3, SO,, SCl,, PF5;, HCCCI,
HCOCI, PF,NH,, CH,CIF, CH;CH,CIl, PHF,, CNClI,
PCIF,, tiophene, and CH3NCS. The geometries were
optimized at the HF/6-31G(d) level, and the optimized
geometries were then used for single-point calculations
with the other formalisms.

Owing to the expensiveness of the MP4 calculations
with the largest basis sets, the influence of the basis set
on the quality of the results was examined considering a
limited number of molecules, which is referred to in the
text as “‘subset”: H,S, HCl, PH;, CH;Cl, S(CHj3),,
PH2CH3, SOz, SC12, PF3, HCCC], and P(CH3)3 The
following basis sets [56—58] were considered in all cases:
6-31G(d), 6-31G(d,p), 6-31G(2d), and 6-31(2d,2p). In
addition, selected test calculations (data not shown)
were performed with the basis 6-311G(d), 6-311G(d,p),
6-311 +G(d,p) and 6-311+ + G(d) [59-61]. In all these
cases the differences in the MEP distributions with
respect to those derived from the corresponding split-
valence basis set without diffuse functions were negli-
gible, which led us to ignore these extensions to the
basis set in the systematic study of the basis set de-
pendence.

Calculations were performed at the HF, MP2, and
MP4(SDQ) levels [62], as well as using two local func-
tionals: SVWN [63, 64] and SPL [63, 65], one non-local
functional: BP86 [66, 67], and three hybrid non-local
functionals: B3P86 [67, 68], B3LYP [69], and B3PWO1
[68, 70]. Test calculations at the QCISD level were also
performed with different basis sets for selected mole-
cules. In all cases the QCISD results were almost iden-
tical to those derived at the MP4 level for the same basis
set, which led us to exclude the very expensive QCISD
calculations from the study. The use of MP4(SDQ)
calculations as a source of reference data is also sup-
ported by our previous studies [46, 53], which revealed a
perfect agreement between the MEPs determined at the
MP4(SDQ), CIPSI(G+M) [71] and Full-CI calcula-
tions. Let us note, nevertheless, that the choice of
MP4(SDQ) results as reference values does not imply a
priori any assumption on the quality of the MEPs
determined at other levels of theory. Moller-Plesset
calculations were performed using the frozen-core
approximation, which is justified by our previous findings
[53] that the contribution owing to excitations of inner
electrons has a negligible effect on the MEP.

In order to examine the influence of the basis set and
the treatment of electron correlation, the MEP was
computed in layers around the molecule using Con-
nolly’s approach [72]. The layers were placed at different
distances from the molecule ranging from 0.6 to 2.0
times the van der Waals radii of atoms (in A). In addi-
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tion, electrostatic potential-derived (ESP) atomic char-
ges and dipoles were determined using Momany’s
strategy [73] and the optimization protocol noted in
detail elsewhere [35, 43, 74]. Finally, inspection of the
molecular electrostatic properties was extended to the
dipole moments determined rigorously from the molec-
ular wavefunction, which were compared with the gas
phase experimental values.

All the wavefunctions were determined with Gauss-
ian-94 [75]. The MEPs were computed with either
Gaussian-94 or MOPETE/MOPFIT [76] computer
programs. ESP charges were calculated with MOPETE/
MOPFIT. Calculations were carried out on the IBM-
SP2 computer of the Centre de Supercomputacio de
Catalunya (CESCA), as well as in workstations in our
laboratory.

3 Results and discussion

In order to clarify the discussion we shall firstly examine
the dependence of the MEP and MEP-derived properties
determined at different computational levels (HF, DFT,
MPx) on the basis set, and subsequently the dependence
of the results on the level of theory used in the treatment
of electron correlation effects.

3.1 Basis set dependence

Asnoted before, we limited the study to the following basis
sets: 6-31G(d), 6-31G(d.p), 6-31G(2d), and 6-31(24d,2p),
since a series of test calculations (data not shown)
revealed that the use of triple-zeta basis for valence
electrons or the inclusion of diffuse functions was found
to have little influence on the main features of the MEP.
On the other hand, the use of more extended basis sets
including another set of d orbitals, or even f orbitals,
which is computationally very demanding, does not
seem justifiable in view of the results obtained for the
largest basis sets (see below).

Comparison of ESP atomic charges and dipole mo-
ments determined with the different basis sets at a given
level of theory allowed us to analyze the importance of:
(1) polarization functions on hydrogen atoms, and (2) a
second set of d functions on heavy atoms. Furthermore,
comparison with experimental gas phase dipole mo-
ments allowed us to examine the ability of theoretical
calculations to reproduce experimental measures of the
molecular charge distribution.

Tables 1 and 2 report the statistical results of the
comparison for ESP charges (only charges over P, S or
Cl atoms were considered in the analysis) and for the
QM dipoles (similar results were obtained for ESP
dipoles, but are omitted for simplicity), respectively. The
values derived at the corresponding computational level
using the 6-31G(2d,2p) basis set were used as reference in
the comparison. Inclusion of p orbitals on hydrogen
atoms has a negligible influence at the HF and DFT
levels, as noted by the close similarity between the root-
mean square (RMS) deviations and the optimum ratios,
while they have only a moderate effect in MPx calcula-
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Table 1. Results of the statistical analysis of electrostatic potential-
derived charges for P, S and Cl atoms in neutral molecules. The
atomic charges derived at the corresponding level of theory using
the 6-31G(2d,2p) basis set are used as reference

Method Basis r? c® RMS®
HF 6-31G(d) 0.986 0.947 0.037
6-31G(d,p) 0.988 0.945 0.034
6-31G(2d) 0.999 0.993 0.004
SVWN 6-31G(d) 0.991 0.930 0.030
6-31G(d,p) 0.991 0.941 0.029
6-31G(2d) 0.999 0.978 0.006
SPL 6-31G(d) 0.991 0.930 0.029
6-31G(d.p) 0.991 0.941 0.028
6-31G(2d) 0.999 0.978 0.006
BP86 6-31G(d) 0.991 0.923 0.029
6-31G(d.p) 0.991 0.933 0.028
6-31G(2d) 0.999 0.977 0.006
B3P86 6-31G(d) 0.994 0913 0.028
6-31G(d,p) 0.991 0.941 0.029
6-31G(2d) 0.999 0.982 0.006
B3LYP 6-31G(d) 0.991 0.931 0.028
6-31G(d,p) 0.990 0.940 0.030
6-31G(2d) 0.999 0.985 0.005
B3PWOl1 6-31G(d) 0.990 0.932 0.030
6-31G(d.,p) 0.991 0.940 0.029
6-31G(2d) 0.999 0.982 0.006
MP2 6-31G(d) 0.985 0.921 0.037
6-31G(d.,p) 0.984 0.951 0.035
6-31G(2d) 0.998 0.940 0.014
MP4 6-31G(d) 0.986 0.908 0.037
6-31G(d,p) 0.985 0.943 0.036
6-31G(2d) 0.998 0.931 0.016

4 Pearson correlation coefficient
® The optimum (6-31G(2d,2p) basis/other basis) ratio
¢ The root mean square deviation (in units of electron)

tions. On the contrary, a second set of d orbitals on
heavy atoms has a major influence on the MEP-derived
properties at all levels of theory. Interestingly, the de-
pendence of the results on extension of the basis set
is very similar in all cases (HF, DFT, or MPx), which
reveals that the effect of the basis set on the MEP and
MEP-derived properties is quite independent of the in-
fluence played by the electron correlation. This is also
shown in Tables 3 and 4, which give the statistical results
of the comparison of ESP charges (Table 3) and QM
dipoles (Table 4) obtained at the MP4 level with regard
to the values derived from HF, DFT and MP2 calcula-
tions using the same basis set. It is clear that the differ-
ence between the MP4 results and the values determined
from other methods does not change greatly for different
basis sets.

The ability of the different basis sets in HF, DFT or
MPx calculations to reproduce experimental measures
can be seen in the comparison between theoretical and
experimental dipole moments. The statistical results are
given in Table 5. In general, inclusion of a second set of
d functions on heavy atoms is more important than
addition of p orbitals on hydrogen atoms, even though
these latter orbitals are important in MPx calculations
(see also Tables 1, 2). As expected, the enlargement of
the basis set improves the agreement between computed
and experimental dipoles at all the levels of calculation,
as noted in the changes of the experimental/theoretical

Table 2. Results of the statistical analysis of dipole moments for
neutral molecules. The dipoles derived at the corresponding level of
theory using the 6-31G(2d,2p) basis set are used as reference

Method Basis r? c® RMS®
HF 6-31G(d) 0.977 0.901 0.184
6-31G(dp)  0.979 0.900 0.183
6-31G(2d) 0.999 0.999 0.020
SVWN 6-31G(d) 0.982 0.877 0.201
6-31G(d,p) 0.984 0.888 0.180
6-31G(2d) 0.999 0.989 0.026
SPL 6-31G(d) 0.982 0.877 0.201
6-31G(d,p)  0.984 0.889 0.182
6-31G(2d) 0.999 0.989 0.026
BP86 6-31G(d) 0.982 0.881 0.190
6-31G(dp)  0.984 0.889 0.173
6-31G(2d) 0.999 0.991 0.025
B3P86 6-31G(d) 0.966 0.899 0.187
6-31G(d.p) 0.983 0.892 0.174
6-31G(2d) 0.999 0.992 0.024
B3LYP 6-31G(d) 0.982 0.891 0.174
6-31G(dp)  0.979 0.892 0.177
6-31G(2d) 0.999 0.994 0.021
B3PWOI1 6-31G(d) 0.981 0.882 0.191
6-31G(d,p)  0.983 0.891 0.177
6-31G(2d) 0.999 0.992 0.023
MP2 6-31G(d) 0.977 0.867 0.210
6-31G(d,p) 0.977 0.904 0.162
6-31G(2d) 0.993 0.939 0.094
MP4 6-31G(d) 0.977 0.861 0.218
6-31G(d,p) 0.971 0.890 0.184
6-31G(2d) 0.990 0.930 0.119

# Pearson correlation coefficient
® The optimum (6-31G(2d,2p) basis/other basis) ratio
¢ The root mean square deviation (in Debye)

ratio, which indicate that HF, DFT, and MPx calcula-
tions overestimate the polarity of the charge distribu-
tion, and that the overestimation is reduced as the basis
set becomes larger. The reduction of the molecular po-
larity is quite constant at all the levels of theory. Thus,
the change from 6-31G(d) to 6-31G(2d,2p) increases the
experimental/theoretical ratio by ca 0.1 units, and the
RMS deviation decreases by around 0.12 Debye. This
finding also supports the separate modulation of the
basis set and electron correlation effects on the deter-
mination of molecular electrostatic properties.

Another item of interest is the relevance of the basis
set effect on the MEP in different regions of the space. In
order to analyze this point, the dependence of the MEP
computed in layers around the molecule with the basis
set was examined. Layers were placed at 0.6, 0.8, 1.0, 1.2,
1.4, 1.6 and 2.0 times the van der Waals atomic radii.
Calculations were performed only at the MP2 level, since
the conclusions can be extrapolated to the other meth-
ods owing to the large separability between basis set and
electron correlation effects. Figure 1 shows the profiles
of the RMS deviation, averaged for the subset of mol-
ecules, between the MEP at the MP2/6-31G(2d,2p) level
with regard to the MP2 values computed with the
smaller basis sets. Inspection of Fig. 1 shows the close
similarity of the profiles for the basis 6-31G(d) and
6-31G(d,p), which only differ in the innermost layer,
and the reduction in the RMS error obtained for the



Table 3. Results of the statistical analysis of electrostatic potential-
derived charges for P, S and Cl atoms in neutral molecules. The
atomic charges derived at the MP4 level of theory using the
corresponding basis set are used as reference

Method Basis r? c? RMS*¢
HF 6-31G(d) 0.994 0.905 0.040
6-31G(dp)  0.997 0.884 0.040
6-31G(2d) 0.992 0.925 0.040
6-31G(2d,2p)  0.998 0.866 0.038
SVWN 6-31G(d) 0.982 1.044 0.052
6-31G(dp) 0974 0.980 0.060
6-31G(2d) 0.991 1.056 0.030
6-31G(24,2p)  0.982 0.992 0.043
SPL 6-31G(d) 0.981 1.042 0.053
6-31G(dp) 0972 0.979 0.062
6-31G(2d) 0.990 1.052 0.040
6-31G(24,2p)  0.980 0.990 0.045
BP86 6-31G(d) 0.987 1.073 0.047
6-31G(d,p) 0.980 1.020 0.053
6-31G(2d) 0.992 1.082 0.030
6-31G(24,2p)  0.985 1.028 0.040
B3P86 6-31G(d) 0.995 1.042 0.028
6-31G(d.p) 0.991 0.992 0.033
6-31G(2d) 0.999 1.053 0.020
6-31G(2d,2p)  0.995 0.990 0.022
B3LYP 6-31G(d) 0.997 1.041 0.023
6-31G(dp)  0.997 0.992 0.033
6-31G(2d) 0.998 1.044 0.020
6-31G(2d.2p)  0.996 0.990 0.020
B3PWOl1 6-31G(d) 0.996 1.040 0.027
6-31G(d.p) 0.991 0.992 0.033
6-31G(2d) 0.999 1.056 0.020
6-31G(2d,2p)  0.994 0.993 0.024
MP2 6-31G(d) 0.998 1.023 0.017
6-31G(d,p) 0.998 1.017 0.018
6-31G(2d) 0.998 1.021 0.010
6-31G(24,2p)  0.997 1.013 0.016

4 Pearson correlation coefficient
® The optimum (MP4/other method) ratio
¢ The root mean square deviation (in units of electron)

6-31G(2d) basis in all the layers, which confirms the
larger influence of the second set of d orbitals.

As a summary, present results indicate that the ac-
curate representation of electrostatic properties for these
molecules requires the use of large basis sets, including at
least a double set of d polarization functions on heavy
atoms. It is worth noting that these results do not agree
with our previous studies for molecules containing first-
row atoms, for which the 6-31G(d) basis set was found
to provide a reasonable description of the MEP [41, 46,
53]. For instance, for 27 molecules containing only first-
row atoms the experimental/MP4 ratio between dipole
moments was 0.996, the RMS deviation being only 0.16
Debye (53). These results are in contrast with those re-
ported here for the same method and basis set, which are
0.822 and 0.29 Debye (Table 5), respectively, for the
subset of molecules, and 0.878 and 0.34 Debye for the
entire set of molecules.

3.2 Dependence on correlation effects

The influence of the level of theory on the MEP and
MEP-derived properties can be examined from the
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Table 4. Results of the statistical analysis of dipole moments for
neutral molecules. The dipoles derived at the MP4 level of theory
using the corresponding basis set are used as reference

Method Basis r? c? RMS®
HF 6-31G(d) 0.956 0.930 0.16
6-31G(d,p) 0.980 0.897 0.18
6-31G(2d) 0.958 0.956 0.14
6-31G(24,2p) 0.990 0.886 0.17
SVWN 6-31G(d) 0.863 0.975 0.22
6-31G(d,p) 0.763 0.946 0.27
6-31G(2d) 0.951 1.028 0.14
6-31G(2d,2p) 0917 0.970 0.19
SPL 6-31G(d) 0.851 0.975 0.23
6-31G(d,p) 0.746 0.945 0.28
6-31G(2d) 0.945 1.027 0.15
6-31G(24,2p) 0.908 0.969 0.19
BP86 6-31G(d) 0.892 1.013 0.20
6-31G(d,p) 0.805 0.983 0.24
6-31G(2d) 0.957 1.064 0.15
6-31GQ2d,2p)  0.927 1.003 0.17
B3P86 6-31G(d) 0.963 1.009 0.12
6-31G(d.p) 0.922 0.962 0.17
6-31G(2d) 0.991 1.036 0.08
6-31G(2d.2p)  0.978 0.973 0.10
B3LYP 6-31G(d) 0.976 1.015 0.10
6-31G(d,p) 0.956 0.979 0.12
6-31G(2d) 0.993 1.053 0.09
6-31G(2d,2p)  0.983 0.985 0.09
B3PWO1 6-31G(d) 0.965 0.992 0.12
6-31G(d,p) 0914 0.961 0.17
6-31G(2d) 0.989 1.038 0.08
6-31G(2d.2p)  0.975 0.975 0.11
MP2 6-31G(d) 0.987 0.994 0.07
6-31G(d,p) 0.970 0.999 0.10
6-31G(2d) 0.990 1.001 0.06
6-31G(2d.2p)  0.990 0.992 0.07

# Pearson correlation coefficient
® The optimum (MP4/other method) ratio
¢ The root mean square deviation (in Debye)

results in Tables 3 and 4. HF values overestimate the
molecular polarity with respect to MP4 results, as
reflected in the enlarged atomic charges and dipoles.
The use of local and BP86 DFT methods does not lead
to a marked improvement over the HF values, since the
corresponding charges and dipoles do not correlate well
with MP4 values, and the RMS errors are quite large.
Hybrid non-local DFT methods perform noticeably
better, and the results are only slightly worse than those
determined at the MP2 level. No significant differences
are found between the three hybrid non-local functionals
considered in the study.

In order to verify the trends observed from the pre-
ceding analysis, we extended the study to the entire set
of 19 molecules. Taking advantage of the separability
between basis set and electron correlation effects (see
above), the study was limited to the 6-31G(d) basis set.
Results of the statistical analysis for ESP charges and
dipoles with regard to the MP4 values is given in
Table 6, which also includes the results for the subset of
molecules for comparison. There is general agreement
between the results for the whole set of compounds and
for the subset. Some differences are found in the corre-
lation coefficients, since the enlargement in the number
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Table 5. Results of the statistical analysis of dipole moments for
neutral molecules. The gas phase experimental values are used as
reference

Method Basis r? c® RMS®
HF 6-31G(d) 0.958 0.768 0.37
6-31G(d,p) 0.956 0.766 0.38
6-31G(2d) 0.982 0.843 0.23
6-31G(2d,2p) 0.983 0.843 0.23
SVWN 6-31G(d) 0.836 0.798 0.38
6-31G(d,p) 0.846 0.809 0.37
6-31G(2d) 0.853 0.890 0.28
6-31G(2d,2p)  0.857 0.899 0.27
SPL 6-31G(d) 0.827 0.798 0.39
6-31G(d,p) 0.837 0.809 0.37
6-31G(2d) 0.842 0.889 0.29
6-31G(24,2p) 0.846 0.898 0.28
BP86 6-31G(d) 0.869 0.831 0.32
6-31G(d,p) 0.878 0.842 0.31
6-31G(2d) 0.867 0.922 0.33
6-31G(2d,2p) 0.871 0.931 0.24
B3P86 6-31G(d) 0.908 0.827 0.31
6-31G(d.,p) 0.933 0.823 0.30
6-31G(2d) 0.932 0.904 0.25
6-31G(2d,2p)  0.935 0.910 0.20
B3LYP 6-31G(d) 0.937 0.835 0.28
6-31G(d,p) 0.934 0.835 0.27
6-31G(2d) 0.943 0.920 0.21
6-31G(2d.2p)  0.944 0.924 0.18
B3PWO1 6-31G(d) 0.923 0.814 0.32
6-31G(d.,p) 0.929 0.822 0.30
6-31G(2d) 0.927 0.904 0.18
6-31G(2d.2p)  0.930 0.911 0.20
MP2 6-31G(d) 0.937 0.816 0.31
6-31G(d,p) 0.956 0.854 0.24
6-31G(2d) 0917 0.871 0.25
6-31GQ2d.2p)  0.950 0.932 0.17
MP4 6-31G(d) 0.955 0.822 0.29
6-31G(d,p) 0.952 0.852 0.25
6-31G(2d) 0.944 0.872 0.23
6-31G(2d,2p)  0.978 0.950 0.12

4 Pearson correlation coefficient
® The optimum (experimental/theoretical) ratio
¢ The root mean square deviation (in Debye)

—0— 631G(d)
—0— 631G(d,p)
—— 631G(2d)

RMS (kcal/mol)

0 T T . . - : q
06 08 10 12 14 1,6 1,8 2,0
LAYERS (x van der Waals radii)

Fig. 1. Representation of the average RMS deviation (kcal/mol)
between MP2/6-31G(2d,2p) MEPs in different layers around the
molecule and MEP estimates obtained from MP2/6-31G(2d), MP2/
6-31G(d,p), and MP2/6-31G(d) calculations

of compounds improves, as expected, the goodness of
the correlation. This is particularly remarkable for local
DFT methods, which exhibited the poorest correlations
for the subset. In spite of these changes, the trends

Table 6. Results of the statistical analysis of electrostatic potential-
derived charges for P, S and CI atoms and exact dipole moments
(italics) determined using the 6-31G(d) basis set in neutral
molecules. The atomic charges at the MP4 level of theory are used
as reference. Values are given for the total set and for the subset (in
parenthesis) of molecules

Method r? c? RMS*®
HF 0.995 (0.994)  0.904 (0.905)  0.035 (0.040)
0.992 (0.956) 0.925 (0.930) 0.19 (0.16)
SVWN 0.975 (0.982)  1.062 (1.044)  0.054 (0.052)
0.974 (0.863)  1.030 (0.975)  0.21 (0.22)
SPL 0.973 (0.981) 1.060 (1.042) 0.056 (0.053)
0.972 (0.851)  1.030 (0.975)  0.22 (0.23)
BPS6 0.981 (0.987)  1.088 (1.073)  0.050 (0.047)
0.980 (0.892)  1.052 (1.013)  0.20 (0.20)
B3P86 0.994 (0.995)  1.053 (1.042)  0.028 (0.028)
0.993 (0.963)  1.023 (1.009)  0.11 (0.12)
B3LYP  0.996 (0.997)  1.053 (1.041)  0.025 (0.023)
0.995 (0.976)  1.032 (1.015)  0.11 (0.10)
B3PWOl1 0.994 (0.996) 1.051 (1.040) 0.029 (0.027)
0.993 (0.965)  1.018 (0.992)  0.11 (0.12)
MP2 0.998 (0.998) 1.023 (1.023) 0.015 (0.017)
0.998 (0.987)  1.001 (0.994)  0.06 (0.07)

# Pearson correlation coefficient
® The optimum (MP4/other method) ratio
¢ The root mean square deviation (in units of electron)

Table 7. Results of the statistical analysis of MEP minima near P, S
and Cl atoms determined using the 6-31G(d) basis set in the subset
of neutral molecules. The depth of MEP minima determined from
MP4 calculations are used as reference

Method r? c® RMS®
HF 0.998 0.948 1.5
SVWN 0.996 0.943 1.8
SPL 0.996 0.943 1.8
BP86 0.997 0.967 1.3
B3P86 0.998 0.962 1.2
B3LYP 0.999 0.974 0.8
B3PWOl1 0.999 0.956 1.3
MP2 1.000 0.973 0.7

# Pearson correlation coefficient
® The optimum (MP4/other method) ratio
¢ The root mean square deviation (in kcal/mol)

discussed for the subset of compounds are also valid for
the entire set of molecules: only the hybrid non-local
DFT methods, which provide very similar results, rep-
resent a significant improvement with respect to HF
calculations for determining the MEP and MEP-related
properties.

Results in Table 5 show that the accuracy of the di-
pole moment increases as the level of theory changes
from HF to MPx. Thus, the experimental/theoretical
ratio increases around 0.08 units and the RMS error
decreases by around 0.1 Debye upon changing from HF
to MP4 irrespectively of the basis set. As expected, the
best agreement with experimental values are obtained at
the MP4 level, and for the largest basis set. Let us note,
however, that even though inclusion of electron corre-
lation is important, the effect of basis set extension is
also relevant, as stated by the fact that the HF/
6-31G(2d,2p) dipoles are slightly better than the MP4/
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Table 8. Average root-mean

square deviations (in kcal/mol) Layer HF SVWN  SPL BP86 B3P86 B3LYP B3PW91 MP2
between the MEPs computed at
different levels of theory using 0.6 4.7 7.1 6.6 6.1 5.6 4.4 5.5 1.1
the 6-31G(d) basis set with ‘l)g %g ‘2“7* ‘2‘3 ;g ?2 %g f(; 82
regard to the values derived : : : : : : : : :
from MP4 calculations at %‘2‘ %(3) %g }§ }? (1)2 82 (1)(7) 8‘3‘
selected layers from the : : : : : : : : :
molecules. See text for details 1.6 0.8 1.0 1.0 0.8 0.5 0.4 0.5 0.2
1.8 0.6 0.7 0.8 0.7 0.4 0.3 0.4 0.2
2.0 0.5 0.6 0.6 0.5 0.3 0.3 0.3 0.1
6 10
~ —e— SVWN —_ —e— SVWN
= HCI] —e— SPL = —— SPL
£ 5 —=— BP86 £ —a— BP86
3 —— B3P86 g ——— B3P86
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Fig. 2. Representation of the RMS deviation (kcal/mol) between
MP4/6-31G(d) MEPs in different layers around the selected
molecules and MEP estimates obtained from other QM methods
using in all cases the 6-31G(d) basis set

6-31G(d) ones. For medium sized molecules like those
considered here the cost of the HF/6-31G(2d,2p) calcu-
lation involves around half of the expense required for
the MP2/6-31G(d) calculation. This leads us to recom-
mend the use of large basis sets for the calculation of the
MEP in molecules containing second-row elements, even
when this implies the need to use a poorer description of
correlation effects in the wavefunction.

The DFT dipoles are in all cases larger than the ex-
perimental values, i.e., the molecular polarity is overes-
timated. This finding is opposite to the trend observed

LAYERS (x van der Waals radii)

for molecules containing exclusively first-row atoms [53].
The hybrid non-local methods provide results compa-
rable to the values determined at the MP2, or even MP4,
levels. Even though the poor correlations obtained for
the BP86 functional can improve if the whole set of
molecules is considered, it does not appear to be the best
alternative to compute the electrostatic properties for
molecules containing second-row atoms.

In order to complete the analysis, the influence of
electron correlation on the MEP minima and on the
MEP in layers around the molecule was examined. The
analysis was performed using only the 6-31G(d) basis
set, and the MP4 values were taken as reference for
comparison. Table 7 gives the results of the statistical
analysis for the MEP minima. HF results are overesti-
mated (in absolute value) with regard to the MP4 values,
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the RMS error being 1.5 kcal/mol. As expected from
previous studies ([46, 53] and references therein), at the
MP?2 level the agreement with the MP4 results improves
remarkably, as noted in the decrease of the RMS devi-
ation, which amounts to 0.7 kcal/mol. THe DFT
methods overestimate in all cases the depth of MEP
minima. The results provided from local DFT methods
are worse than the HF values, as noted in the larger
RMS deviation (around 1.8 kcal/mol). The statistical
results for non-local BP86 and hybrid DFT methods are
slightly worse than the values determined at the MP2
level. The best agreement with the MP4 results is found
for the B3LYP functional, for which the RMS error
amounts only to 0.8 kcal/mol.

Table 8 gives the average RMS deviation for the
MEPs computed at different layers, and Fig. 2 shows the
RMS profile for selected molecules. In all cases the lar-
gest discrepancies with regard to the MP4 values are in
layers inside the van der Waals sphere, where correlation
effects are very important. Comparison with our pre-
vious results [46, 53] shows that these effects are more
important for molecules containing second-row ele-
ments, owing probably to the greater electron density in
inner regions. The influence of electron correlation
diminishes very fast outside the van der Waals sphere.
Thus, the average RMS deviations are lower than 1 kcal/
mol at 1.6 times the van der Waals radii. The MP2
results almost reproduce the MP4 values in all the re-
gions of space. The behavior of DFT methods is correct
in outer regions, where all of them, specially the hybrid
non-local functionals, give average RMS errors smaller
than those obtained at the HF level. However, the
performance of DFT methods is notably worse in inner
regions, where the HF results are even closer to the MP4
values.

4 Conclusions

The MEP and MEP-derived properties of neutral
molecules containing second-row atoms (P, S and CI)
are more difficult to represent that the MEP of molecules
containing only first-row atoms (H, C, N, O, F).

The 6-31G(d) basis set, which provides good results
for molecules containing only first-row atoms, is not
flexible enough to represent the MEP in molecules with
second-row atoms. Results presented here show that a
second set of d orbitals is necessary to obtain an accurate
representation of the MEP, whereas inclusion of p or-
bitals on hydrogen atoms provides a moderate im-
provement in the description of electrostatic properties.

It is found that electron correlation and basis set ef-
fects are quite independent, and that accurate values of
the MEP and MEP-derived properties are very sensitive
to the proper choice of the basis set. Electron correlation
effects are more important here than for molecules
containing only first-row atoms. The results indicate that
calculations at the MP2 level capture properly most of
the electron correlation effect, and it is not necessary to
use higher level methods.

Local and non-local BP86 DFT methods lead to
MEP distributions which, at a given basis set, do not

noticeably improve the MEP representation derived
from HF calculations. A more remarkable improvement
is obtained using hybrid non-local DFT methods, even
though no significant differences are found in general
between the three hybrid non-local functionals consid-
ered in the study.
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