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Abstract Recently, segmented all-electron contracted dou-
ble, triple, quadruple, quintuple, and sextuple zeta valence
plus polarization function (XZP, X 0 D, T, Q, 5, and 6) basis
sets for the elements from H to Ar were constructed for use
in conjunction with nonrelativistic and Douglas–Kroll–Hess
Hamiltonians. In this work, in order to obtain a better
description of some molecular properties, the XZP sets for
the second-row elements were augmented with high-
exponent d “inner polarization functions,” which were opti-
mized in the molecular environment at the second-order
Møller-Plesset level. At the coupled cluster level of theory,
the inclusion of tight d functions for these elements was
found to be essential to improve the agreement between
theoretical and experimental zero-point vibrational energies
(ZPVEs) and atomization energies. For all of the molecules
studied, the ZPVE errors were always smaller than 0.5 %.
The atomization energies were also improved by applying
corrections due to core/valence correlation and atomic spin-
orbit effects. This led to estimates for the atomization ener-
gies of various compounds in the gaseous phase. The largest
error (1.2 kcal mol−1) was found for SiH4.

Keywords XZP and XZP-DKH basis sets . Tight d
functions . CCSD(T) method . Zero-point vibrational energy
and atomization energy

Introduction

The calculation of accurate bond energies or atomization
energies has many important applications. While there are
several approaches to this problem, the common thread is
the determination of the equilibrium geometries and calcu-
lation of the zero-point vibrational energies (ZPVEs) at a
modest level of theory, the calculation of the bond energies
using an accurate treatment of the electron correlation prob-
lem [such as the coupled cluster with single, double, and
perturbative triple excitation [1], CCSD(T)], and a correc-
tion to reach the basis set limit. The inherent accuracy of a
correlated electronic structure method can only be assessed
if the complete basis set (CBS) limit can be reliably deter-
mined. High-accuracy basis sets are thus desirable, as they
provide estimates of the CBS limits.

Several basis sets that have been developed are capable
of yielding very accurate results. Examples are the
correlation-consistent polarized valence basis sets of double,
triple, quadruple, quintuple, and sextuple (cc-pVXZ, X0D,
T, Q, 5, and 6) zeta qualities developed by Dunning et al.
[2–4] for H, B–Ne, and Al–Ar. These sets were augmented
with diffuse functions in order to describe the long-range
behavior of the wave function more accurately, and they
were designated aug-cc-pVXZ (X0D, T, Q, and 5) [5].
Jensen [6, 7] used a hierarchy of polarization-consistent
basis sets (pc-n, n00, 1, 2, 3, and 4) to extrapolate to the
Hartree–Fock (HF) and density functional theory (DFT)
basis set limits. It should be noted that all of these sets were
constructed from the general contraction scheme.

Jorge et al. presented segmented contracted double [8],
triple and quadruple [9], quintuple [10], and sextuple [11]
zeta valence quality plus polarization function (XZP, X0D,
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T, Q, 5, and 6, respectively) basis sets for the atoms from H
to Ar. These have been successfully applied at the HF, DFT,
second-order Møller–Plesset (MP2), and CCSD(T) levels of
theory in calculations of various atomic and molecular
properties [8–12].

There are a number of important effects that are not
included in traditional molecular electronic structure cal-
culations. Among the most important of these are rela-
tivistic effects, which include both spin–orbit and scalar
relativistic effects. It was shown that the magnitude of
the scalar relativistic corrections can be significant, even
for first-row molecules, particularly for species which
contain multiple halogen atoms (see [13] and references
therein).

There are many ways to obtain scalar relativistic effects.
Among these, we call attention to the Douglas–Kroll–Hess
(DKH) approach [14–16], since it is known to account for
most scalar relativistic effects [17].

The wave functions obtained using the DKH Hamiltonian
—or any relativistic (corrected) Hamiltonian for that matter—
will have a different radial behavior from that of the wave
functions obtained from the Schrödinger Hamiltonian [17].
This difference can have a profound effect on the calculated
result when nonrelativistic contracted basis sets are used. As
contracted sets do not have enough flexibility in the core
region to accommodate significant radial changes in the wave
function, DKH calculations that introduce considerable radial
changes (compared to the nonrelativistic radii) using nonrela-
tivistic contracted basis sets are expected to yield poor results
(see [17]). Therefore, in order to systematically incorporate
the scalar relativistic effects from the DKHHamiltonian, Jorge
et al. [11, 18] recontracted the XZP (X0D, T, Q, 5, and 6)
[8–11] basis sets for the elements from H to Ar. These sets
were designated XZP-DKH.

The cc-pVXZ [2–4], pc-n [6, 7], and XZP [8–11] hierar-
chical sequences of basis sets have been used extensively in
studies that include basis set extrapolation (see, e.g., [10–12,
19–25]). Extrapolation using the cc-pVXZ (X0T, Q, and 5)
sets has been shown to yield accurate bond energies in most
cases. However, Bauschlicher and Partridge [26] showed
that missing tight functions on sulfur resulted in an inaccu-
rate extrapolation for the atomization energy of SO2. That is,
if a family of basis sets is deficient in some systematic way,
extrapolation will not overcome the deficiency, and thus will
not yield reliable results. This problem is not unique to SO2;
it has also been found for several additional second-row
compounds [19, 20, 27, 28].

In their study, Bauschlicher and Partridge [26] showed
that adding a tight d function to the cc-pVXZ basis sets
significantly improved the atomization energy of SO2. They
suggested that adding two tight d functions to the cc-pVXZ
sets would yield an accurate value. More recently, Martin
[27] showed that the addition of diffuse functions was also

required. However, Martin did not use two tight d functions,
but a series where a tight d was added to aug-cc-pVTZ, a
2d1f set of tight functions was added to aug-cc-pVQZ, and a
3d2f1g set was added to the aug-cc-pV5Z set. Using this
series of basis sets in conjunction with a variable α extrap-
olation approach, Martin found excellent agreement with
experiment for the atomization energies of SO and SO2.
The geometries and anharmonic force fields were also quite
accurate. Martin optimized the geometries at the CCSD(T)
level, which would be impractical for larger systems using
these large basis sets. Martin did not include scalar relativ-
istic effects and did not note that other extrapolation
approaches did not agree well with the value obtained using
the variable α approach.

In order to improve geometry, atomization energy, and
other properties of molecules containing second-row ele-
ments, we decided to add a tight d polarization function to
the nonrelativistic and relativistic basis sets reported in
[8–11, 18]; i.e., to generate XZP+1d and XZP+1d-DKH
(X0D, T, Q, 5, and 6) basis sets for the elements from Na
to Cl. To our knowledge, this represents the first time that
XZP+1d-DKH basis sets have been generated for these
elements. In the work described in the present paper, we
focused mainly on atomization energies, using the highest-
level ab initio method that can be routinely applied to small
molecules with extended basis sets. At the CCSD(T) level of
theory, the effect of including tight d functions for second-
row elements when calculating ZPVE and atomization en-
ergy was determined. The atomization energy CBS limits
were also estimated using an extrapolation scheme. For SO2,
the effect of tight d functions on geometric parameters and
harmonic vibrational frequencies was also examined.

Tight d functions for NaCl

The XZP+1d set was obtained from the corresponding XZP
representation by adding a high-exponent d polarization
function. For each atom, the value of the d exponent was
optimized by using the minimum restricted open-shell MP2
energy criterion for various molecules, namely: Na2, NaH,
NaF, NaCl, MgH, MgO, MgF, AlH, AlF3, SiH4, SiO, PH3,
PN, H2S, SO2, ClF, and HCl. The optimized values of tight
d polarization functions were then averaged to a single value
for each second-row element. It should be mentioned here
that the same exponent generated at the nonrelativistic level
of theory was also added to the corresponding relativistic
basis set. The final values of these exponents are displayed
in Table 1. The calculations were carried out using the
frozen core (1s, 2s, 2p for Na-Cl) approximation for elec-
tron correlation and a subroutine developed by our research
group that optimizes the d exponent of a given atom in the
molecular environment and makes use of the MP2 method
implemented in the Gaussian 09 code [29]. Throughout the
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calculations, we employed spherical harmonic Gaussian-type
functions.

Computational details

All molecular calculations were performed with the Gaussian
09 program [29].

Four families of all-electron correlated basis sets were
used in combination with the CCSD(T) wave function. The
XZP and XZP+1d (X 0 D, T, Q, 5, and 6) basis sets, which
were developed for use explicitly with a nonrelativistic
Hamiltonian, contained the standard published contraction
coefficients. On the other hand, the XZP-DKH and XZP+
1d-DKH contracted basis sets were designed for use with
the relativistic DKH2 Hamiltonian.

In the CCSD(T) calculations, we did not include the full
correlation energy correction; we limited it to the valence
atomic orbitals. This approximation is known as the frozen
core for electron correlation, and it significantly reduces the
computational time (mainly for molecules containing ele-
ments from the second row on) when highly accurate methods
[e.g., CCSD(T)] and large basis sets (e.g., 6ZP) are used to
evaluate various properties. Except in the geometric parameter
and harmonic vibrational frequency calculations for SO2,
experimental geometries [30] were used, namely: SiH4

(1.4798 Å, Td), PH3 (1.4200 Å, ∠HPH 93.345°), H2S
(1.3356 Å, ∠HSH 92.12°), HCl (1.2746 Å), Na2 (3.0789 Å),
P2 (1.8931 Å), AlF3 (1.6544 Å, D3h), SiCl4 (2.019 Å, Td), and
SO2 (1.4308 Å, ∠OSO 119.329°).

In this study, we used one of the most popular forms of
extrapolation

YR Xð Þ ¼ YRð1Þ þ AX�3 ð1Þ
which is the basis for the CBS model of Helgaker et al.
[31, 32].

In Eq. 1, YR(X) is the property computed at the internu-
clear distance R, and X denotes the highest angular functions
of the basis sets used in the extrapolation. YR(∞) is the
property value in the complete basis set limit. A is a fitting
parameter that does not have any physical significance.

Since there are two unknown quantities in Eq. 1 [YR(∞)
and A], at least two consecutive basis sets are needed for
extrapolation. Restricting ourselves to this requirement, we
have used two member groups (X−1, X) in our relativistic
hierarchical sequence. From here on, the CBS limits
obtained from the 5ZP- and 6ZP-DKH and 5ZP+1d- and
6ZP+1d-DKH results will be denoted CBS(5,6-DKH) and
CBS(5,6+1d-DKH), respectively.

Results and discussion

Ab initio harmonic vibrational frequencies are normally
larger than the fundamentals observed experimentally [33].
The main reason for this disagreement is that anharmonicity
effects are neglected in the theoretical treatment. Errors also
arise because of the incomplete treatment of electron corre-
lation and basis set truncation effects. To improve the agree-
ment between the predicted and experimentally observed
[30] frequencies, the computed harmonic frequencies are
usually scaled for comparison. The determination of appro-
priate scaling factors to estimate experimental fundamental
frequencies from theoretical harmonic frequencies has re-
ceived considerable attention in the literature [34, 35]. Recent-
ly, scaling factors for fundamental vibrational frequencies and
ZPVEs obtained from HF, MP2, and DFT/DZP and TZP
harmonic frequencies were reported by Andrade et al. [36].
It should be mentioned here that some methods (see, e.g.,
[37–39] and references therein) of computing anharmonic
vibrational frequencies have been developed and imple-
mented in various software packages.

Table 2 displays theoretical and experimental [19]
ZPVEs for the compounds studied here. As the differences
among the MP2 and CCSD(T)/TZP ZPVEs do not exceed
0.43 %, the MP2 scaling factor (0.9775) estimated previ-
ously [36] was used to correct the CC results. The ground-
vibrational-state atomization energies (D0) shown in Table 3
were then evaluated from the scaled CCSD(T)/TZP and
CCSD(T)/TZP+1d ZPVEs. The former was used to correct
the equilibrium dissociation energy obtained from the XZP
and XZP-DKH (X0D, T, Q, 5, and 6) sets, whereas the

Table 1 Tight d functions added
to the nonrelativistic and rela-
tivistic basis sets of Na-Cl

DZP+1d;
DZP+1d-DKH

TZP+1d;
TZP+1d-DKH

QZP+1d;
QZP+1d-DKH

5ZP+1d;
5ZP+1d-DKH

6ZP+1d;
6ZP+1d-DKH

Na 0.24785600 0.63587333 0.93076500 0.91297500 5.25000000

Mg 0.39573333 0.64578033 2.03600000 2.13290000 6.12500000

Al 0.55197499 1.10805000 1.79154699 2.19813500 6.00000000

Si 0.81907349 1.77670000 2.45030500 3.05374600 7.50000000

P 1.03001500 2.30430000 3.30574999 4.18487448 19.56250000

S 1.43538500 3.01725500 4.28275149 5.16724999 13.06250000

Cl 1.57549500 3.67014999 5.15899999 8.64484948 20.37500000

J Mol Model (2012) 18:4081–4088 4083



latter was used to correct the others. The effect of the tight d
function on ZPVE is small (<1.7 %), but it always improves
the agreement between theory and experiment (see Table 2).
It should be noted that there is excellent agreement between
the CCSD(T)/TZP+1d results and the experimental data
[19] available in the literature.

Calculated and experimental [40, 41] atomization ener-
gies for nine molecules containing a second-row element are
presented in Table 3. D0 differs from the equilibrium disso-
ciation energy by the ZPVE.

A brief look at Table 3 offers some general trends. For
both the nonrelativistic and relativistic hierarchical sequen-
ces of basis sets, one can observe that from the triple zeta
basis sets results, D0 increases smoothly, and that the agree-
ment with the experimental atomization energies improves
as the size of the basis set increases. The convergence is
faster for hydride molecules and Na2; in these cases, the
6ZP-DKH results can be considered to be good estimates of
the CBS limits. On the other hand, SO2 exhibited extremely
slow convergence with respect to the original correlated
basis set progression (XZP and XZP-DKH). As mentioned
before, it has been the subject of high-level studies. Martin
[27] has emphasized the importance of tight (i.e., large
exponent) d and f polarization functions on sulfur, and he
concluded that in order to obtain a reliable extrapolation to
the one-particle basis set limit, the addition of this kind of
function was essential. In fact, tight d functions were added
for all second-row atoms in order to improve the basis set
convergence in atomization energy calculations for various
compounds (see [19]). Our XZP+1d and XZP+1d-DKH
results (shown in Table 3) add credence to this, and justify
the addition of the tight d function for second-row elements.
The effect of this kind of function on D0 decreases with
basis set size. For SO2, it goes from ~25 to 0.94 kcal mol−1

when basis sets of double and sextuple zeta qualities are

used, respectively. Consequently, for all compounds studied,
one can verify that both the XZP-DKH and the XZP+1d-
DKH hierarchical sequences of basis sets converge to
practically the same values; e.g., to 251.05 and
251.99 kcal mol−1, respectively, for SO2. The main dif-
ference between these sequences is that the XZP+1d-
DKH one goes to the CBS limit faster; i.e., the difference
between the atomization energies obtained with adjacent
basis sets that belong to the latter hierarchical sequence is
smaller. Except for hydrides, this can lead to very differ-
ent extrapolation values. For example, for SO2, the dif-
ference between the CBS(5,6-DKH) and CBS(5,6+1d-
DKH) results is 4.88 kcal mol−1. Even for Na2, the
CBS(5,6+1d-DKH) atomization energy is about 6 %
larger than the CBS(5,6-DKH) one.

To determine the magnitude of the scalar relativistic
correction, the difference between relativistic and nonrela-
tivistic atomization energies was computed. The scalar rel-
ativistic correction lowers the atomization energy relative to
the energy obtained from nonrelativistic calculations. Addi-
tionally, the absolute value of the correction is typically less
than 0.9 kcal mol−1, though there are two exceptions.

Scalar relativistic contributions are summarized in Table 3.
Even though the effect of the high-exponent d polarization
function on the scalar relativistic correction is small, we
believe that the results obtained with the sets containing this
function are more reliable, so we used them in the subsequent
analysis.

We first consider basis set convergence for the CCSD(T)
results. From Table 3, it is clear that from DZP+1d-DKH to
TZP+1d-DKH and from TZP+1d-DKH to QZP-DKH there
are abrupt variations in the value of the scalar relativistic
effect, but a smooth convergence is observed from QZP+
1d-DKH, and it can be assumed to be achieved at the 6ZP+
1d-DKH level of theory (except for AlF3 and SO2), since the

Table 2 Theoretical and experimental zero-point vibrational energies (in kcal mol−1)

Molecule MP2/TZP MP2/TZP+1d CCSD(T)/TZP CCSD(T)/TZP+1d Expt.b

Unscaled Scaleda Unscaled Scaleda Unscaled Scaleda Unscaled Scaleda

SiH4 20.08 19.63 20.04 19.59 19.80 19.35 19.76 19.32 19.21

PH3 15.32 14.97 15.28 14.94 15.14 14.80 15.09 14.75 -

H2S 9.73 9.51 9.70 9.48 9.65 9.43 9.62 9.40 9.4

HCl 4.37 4.27 4.35 4.26 4.35 4.25 4.33 4.23 4.2

Na2 0.24 0.24 0.24 0.24 0.24 0.23 0.24 0.23 0.2

P2 1.14 1.11 1.12 1.10 1.16 1.14 1.15 1.12 1.1

AlF3 4.80 4.70 4.75 4.64 4.81 4.70 4.75 4.65 -

SiCl4 4.77 4.66 4.74 4.64 4.77 4.66 4.74 4.63 -

SO2 4.55 4.45 4.47 4.37 4.57 4.46 4.49 4.39 4.4

a Scale factor (0.9775) is from [36]. It was obtained from MP2/TZP zero-point vibrational energy nonrelativistic calculations
b From [19]
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difference between the corresponding 5ZP+1d-DKH and
6ZP+1d-DKH results is ≤ 1 %. The current study clearly
indicates that the computed scalar relativistic effects can
display a significant basis set dependence, and that calcu-
lations with basis sets that are smaller than quadruple zeta
valence quality produce results that are unreliable. For AlF3,
larger basis sets or an extrapolation scheme is necessary to
estimate the CBS limits. As the extrapolation itself is cost-
free compared with the calculations needed to obtain the
numbers to use, it is preferable. Equation 1, along with the
5ZP+1d-DKH and 6ZP+1d-DKH scalar relativistic effect
values, was used to estimate the CBS(5,6+1d-DKH) limits
(see Table 3). Unless otherwise noted, these limits will be
used in the discussion that follows.

For second-row systems, scalar relativistic effects be-
come more pronounced, particularly for multihalogenated
species. Feller and Dixon have determined scalar relativistic
effects of −1.29 and −1.62 kcal mol−1 for AlF3 and SiCl4,
respectively [19]. The scalar effect can also be important for
nonhalogenated species such as SO2, where the effect is
−0.9 kcal mol−1 [20]. However, we note that the scalar
relativistic effects cited above for the atomization energies
of AlF3 and SiCl4 seem to be smaller than those obtained
with the 6ZP+1d-DKH set and the extrapolation scheme of
Eq. 1 (see Table 3). The scalar relativistic corrections
reported in [19] were based on CISD-DKH/cc-pVTZ
mass-velocity/one-electron Darwin calculations. Even
though the scalar relativistic effect is small, Bauschlicher
[42] found that using a CISD approach introduces a sizable
error. Besides, our results, which were obtained at a highly
accurate level of theory, showed that a basis set of triple zeta
quality can also be a source of error. On the other hand, the
SO2 scalar relativistic effect reported in [20] is in good
agreement with our value (−0.88 kcal mol−1).

Before we perform a direct comparison of the CCSD(T)/
6ZP+1d-DKH atomization energies and previously pub-
lished experimental [40, 41] (at 0 K) and theoretical [19,
20] values, it is necessary to add some corrections to
our results. (i) The atomic spin–orbit (SO) corrections,
ΔESO, were based on the tables of Moore [43]. (ii) As our
binding energies were based on frozen core CCSD(T) theory,
the core/valence (CV) corrections, ΔECV, were taken from
[19, 20].

The 6ZP-DKH+ΔECV+ΔE SO , CBS(5 ,6 -DKH)
+ΔECV+ΔESO, 6ZP+1d-DKH+ΔECV+ΔESO, CBS(5,6+1d-
DKH)+ΔECV+ΔESO, CBS [19, 20], and experimental [40,
41] atomization energies are displayed in Table 3. The CBS
results [19, 20] account for valence and core correlation
effects, spin-orbit and scalar relativistic effects, as well as
for the inclusion of tight d functions for second-row ele-
ments. It should be mentioned here that a three-parameter
extrapolation scheme was used to estimate the CBS limits
reported in [19, 20], and that these limits were based on

results from the basis sets aug-cc-pVTZ through aug-cc-
pV5Z. When compared with the experimental atomization
energies, it is clear that there is an improvement from 6ZP-
DKH+ΔECV+ΔESO to 6ZP+1d-DKH+ΔECV+ΔESO for all
of the molecules studied. Besides, the latter results are
generally underestimates, with the largest error being
2.00 kcal mol−1 for SO2. This is indicative that a larger set
is needed to achieve an accuracy of <1 kcal mol−1. However,
according to our knowledge, these are the best results obtained
so far with a finite basis set. It should be mentioned here that
the CBS [19] error is also large (2.4 kcal mol−1) for AlF3.
Overall, the mean absolute deviations (MADs) from the ex-
perimental values of the 6ZP-DKH+ΔECV+ΔESO, 6ZP+1d-
DKH+ΔECV+ΔESO, and CBS [19, 20] atomization energies
are 1.57, 1.17, and 1.17 kcal mol−1, respectively. These
deviations clearly show that on average the 6ZP+1d-
DKH+ΔECV+ΔESO results can be as good as those
obtained from extrapolation schemes. On the other
hand, the MAD decreases to 0.89 kcal mol−1 when the
CBS(5,6+1d-DKH)+ΔECV+ΔESO approach is used. All
errors are then smaller than 1.75 kcal mol−1. Consider-
ing the uncertainty bars for the experimental data, it can
decrease to 1.25 kcal mol−1. The worst results were obtained
with CBS(5,6-DKH)+ΔECV+ΔESO (MAD was equal to
2.07 kcal mol−1). The difference between the CBS(5,6-
DKH)+ΔECV+ΔESO and CBS(5,6+1d-DKH)+ΔECV+ΔESO

values was 4.88 kcal mol−1 for SO2. This confirms the
previous finding [19, 20, 26, 27] that it is not possible to
obtain reliable atomization energy extrapolations for mole-
cules containing second-row elements without adding at
least a tight d function to the basis sets [XZP-DKH (XZP,
X0D, T, Q, 5, and 6) in our case].

For SO2, nonrelativistic CCSD(T) geometric parameters
and harmonic vibrational frequencies obtained with different
basis sets are given in Table 4. Once again, the frozen core
approach to electron correlation was used. Computational cost

Table 4 CCSD(T) geometric parameters and harmonic vibrational
frequencies of SO2 with different basis sets. The frozen core approx-
imation was used for electron correlation

QZPa QZP+1db aug-cc-pVQZ+1dc Expt.

re (Å) 1.4438 1.4351 1.43716 1.43076(13)d

θe (°) 118.65 119.22 119.25 119.33(1)d

ω1 (cm
−1) 1158.2319 1172.6574 1166.056 1167.91(4)e

ω2 (cm
−1) 521.0501 524.7262 519.503 522.21(3)e

ω3 (cm
−1) 1360.1119 1384.2727 1376.171 1381.82(2)e

a Present investigation, basis set generated by Barbieri et al. [9]
b Present investigation, tight d function generated in this work
c From [27]
d From [45]
e From [46]
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considerations prevented us from performing geometry opti-
mizations and then frequency calculations at the CCSD(T)/
6ZP level, but they can be performed if the basis set is reduced
to QZP.

When a tight d function is added to the QZP set, r(SO)
shortens by 0.0087 Å and θe increases by 0.57°, improving
the agreement with the experimental data.

It is clear that the customary [44] accuracy of better than
10 cm−1 (even for second-row compounds) for the CCSD
(T)/QZP procedure is most definitely not achieved here. The
deviations of the computed from the observed harmonics are
−9.68, −1.16, and −20.89 cm−1. Merely adding a single tight
d function dramatically cuts these errors to 4.75, 2.52, and
2.45 cm−1. Therefore, the importance of inner polarization
functions is clearly not limited to the atomization energy and
the geometry.

When compared with the experimental values [45, 46], the
QZP+1d results are as good as the corresponding values [27]
computed with the larger aug-cc-pVQZ+1d set (cf. Table 4).

Conclusions

In this work, in order to get a better description of some
molecular properties, the XZP and XZP-DKH (X0D, T, Q,
5, and 6) [8–11, 18] sets for the atoms from Na to Cl were
augmented with tight d functions, which were optimized in
the molecular environment at the MP2 level.

The addition of high-exponent d inner polarization func-
tions was found to be crucial to accelerating the conver-
gence process. The XZP+1d-DKH correlated basis sets are
recommended in order to obtain a reliable extrapolation to
the one-particle basis set limit. Using the extrapolation
scheme of Helgaker et al. [31, 32], and taking into account
inner-shell correlation and atomic spin-orbit splitting, the
best atomization energy estimates were obtained with the
CBS(5,6+1d-DKH)+ΔECV+ΔESO approach. While the sca-
lar relativistic effect is very important in absolute terms, it is
still smaller than the inner polarization effect.

Some specific conclusions can be drawn from our results:

– Even though the effect of the tight d functions on the
ZPVEs is small, accounting for it helps to improve the
agreement between theory and experiment

– The 6ZP+1d-DKH+ΔECV+ΔESO atomization energies
were found to be in good agreement with those obtained
from extrapolation schemes, but only the CBS(5,6+1d-
DKH)+ΔECV+ΔESO approach reduced the atomization
energy errors to levels smaller than 1.25 kcal mol−1

– Finally, good agreement between the theoretical and
experimental geometric parameters and the harmonic
frequencies could only be achieved when a tight d
function was added to the QZP set

In summary, even when using hierarchical sequences of
basis sets constructed from segmented instead of general
contraction schemes, the indispensibility of inner polariza-
tion functions for benchmark calculations on second-row
molecules has again been highlighted.

The complete set of s, p, d, f, g, h, and i parameters for all
basis sets for H–Ar are available online at http://www.cce.
ufes.br/qcgv/pub/.
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