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Polarization consistent basis sets, optimized for density functional calculations, are proposed for the
elements Si–Cl. Their performance for atomization energies, equilibrium geometries, harmonic
vibrational frequencies, and associated infrared intensities is compared with other commonly used
basis sets. Atomization energies can be predicted to within 0.01 kJ/mol per atom of the basis set
limit by extrapolation of the pc-2, -3, and -4 results. Equilibrium bond distances and harmonic
vibrational frequencies can be calculated to within 1025 Å and 0.5 cm21, respectively, of the basis
set limit. The pc-n basis sets are shown to give comparable or better accuracy than other
alternatives, while containing fewer or equal number of primitive basis functions. ©2004
American Institute of Physics.@DOI: 10.1063/1.1756866#

I. INTRODUCTION

The popularity of density functional theory~DFT!1 for
electronic structure calculations is rooted in the favorable
combination of low computational cost and good accuracy of
the calculated results. A central component for practical ap-
plications in the Kohn–Sham version of DFT is the availabil-
ity of basis sets for expanding the orbitals. An ideal basis set
should achieve high-quality results at a low computationally
cost, and provide a systematic way of approaching the basis
set limit. Since different theoretical methods have different
basis set requirements, it is not possible to develop a single
basis set optimal for both DFT and wave-function based cor-
related calculations. We have recently proposed a procedure
for constructing basis sets optimized for DFT applications,
denoting these polarization consistent basis sets (pc-n,n
50 – 4), wheren indicates the level of polarization beyond
the isolated atom.2 Such basis sets should give the best re-
sults for a given size, and allow an explicit separation of the
errors inherent in the exchange-correlation functional and
those arising from the incomplete basis set. In the present
work, we present pc-n basis sets for the second-row ele-
ments Si, P, S, and Cl.

II. DEFINING POLARIZATION CONSISTENT
BASIS SETS

Based on the observed Hartree–Fock and DFT basis set
convergence by using basis sets saturated up to a given an-
gular momentum,3 we have suggested a procedure for con-
structing near-optimum basis sets for such calculations. The
steps taken in designing polarization-consistent basis sets can
be summarized as follows:

~1! Optimize the exponents for a series of basis func-
tions ranging from a minimum basis set up to one capable of
achieving nano-Hartree accuracy for the isolated atoms. For

the present elements, this includes onlys- and p-functions.
This step defines theexponentsof the s- andp-functions.

~2! Determine the optimum composition of polarization
functions for a series of symmetric homonuclear molecules
based on an energetic criterion. A largesp-basis capable of
nano-Hartree accuracy is taken from step 1, which ensures
that the calculated effects arise from polarization rather than
from compensation for an incomplete atomicsp-basis.

~3! Based on the results from step 2, the number of basis
functions of each type~s-, p-, d-, f-, etc.! is selected for each
level in the pc-n basis sets. The guiding criterion, which is
shared by the correlation consistent basis sets, is that all basis
functions that provide similar amounts of energy should be
included at the same stage. This defines thecompositionof
each pc-n basis set.

~4! For each pc-n basis defined in step 3, thesp-basis is
augmented with one additional diffuses- andp-function, and
the polarization exponents are optimized for a selection of
heteronuclear molecules reflecting a variety of bonding and
geometries. The augmentation with diffuse functions is a
heuristic fix to prevent the polarization functions from at-
tempting to describe deficiencies in the outer part of thesp-
basis for the smaller pc-n basis sets.

~5! Based on the results from step 4, suitable average
values of the polarization exponents are chosen. Care is
taken to ensure that the exponents for the same type of func-
tion increase with the atomic number, and with angular mo-
mentum for the same atomic number. This defines theexpo-
nentsfor the polarization functions.

~6! Contraction coefficients are determined from atomic
calculations. The degree of contraction is determined by re-
quiring that, for molecular properties, the contraction error
should be smaller than the intrinsic error due to the finite
number of primitive functions included, ensuring that the
basis set composition, rather than the contraction, is the lim-
iting factor for a given pc-n level. This defines thecontrac-
tion of the pc-n basis sets.a!Electronic mail: frj@dou.dk

JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 8 22 AUGUST 2004

34630021-9606/2004/121(8)/3463/8/$22.00 © 2004 American Institute of Physics

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.1756866


~7! For properties depending on the density far from the
nuclei, the pc-n basis sets can be augmented with diffuse
functions. The diffuses- andp-exponents are determined by
multiplying the outermost function by a scale factor deter-
mined from the two outer functions. The diffuse polarization
exponents are generated from the diffusep-functions. This
defines theexponentsof the diffuseaugmenting functions.

Steps 1, 2, and 4 involve an explicit optimization of the
basis set exponents and have been done using a pseudo-
Newton-Raphson method3 using analytical gradients of the
energy with respect to the basis set exponents, as imple-
mented in the Dalton4 program for this project. The calcula-
tion of exponent gradients is closely related to calculating
gradients with respect to nuclear positions, and details can be
found elsewhere.5,6 As in previous work, have used the
BLYP ~Becke gradient corrected exchange7 and Lee–Yang–
Parr gradient corrected correlation energy!8 exchange-
correlation functional, but other functionals are expected to
yield very similar results.

In the previous work on C, N, O, and F,2 a fully opti-
mized 26s18p atomic basis set was determined in step 1 and
used in step 2. For Si, P, S, and Cl, basis sets up to 35s24p
could be fully optimized at the Hartree–Fock level, provid-
ing energies converged to within a few nano-Hartree of the
basis set limit. Attempts at reoptimizing the exponents at the
BLYP level for basis sets larger than 24s19p resulted in a
variational collapse—that is, neighboring exponents con-
verged toward the same value. Instead, we have relied on a
parameterization of the exponents in terms of a Legendre
polynomial, as described by Peterssonet al.9 In agreement
with this work, we have confirmed that a fourth-order Leg-
endre polynomial provides a very efficient parameterization,
with a penalty of typically only one extra function relative to
a fully optimized basis set. The atomic basis set for step 2 in
the above scheme is thus taken as 35s24p, generated by a
fourth-order Legendre polynomial with optimized expansion
coefficients.

The analysis of the energetic contributions of polariza-
tion function in step 2 was done for the P2 , S2 , Cl2 and P4

molecules, and the P2 results in Fig. 1 are representative for
all the systems. For the pc-1 and pc-2 levels, the consistent
polarization is 1d and 2d1 f , which should be combined
with 11s8p and 13s10p atomic basis sets. The pc-3 level
includes oneg-function, and the fourthd-function is of simi-
lar energetic importance. Although the secondf-function is
less important, we have defined the pc-3 basis set as a
17s13p atomic basis set polarized with 4d2 f 1g. The pc-4
basis set is similarly defined as 21s16p6d3 f 2g1h in com-
position. In analogy with the previous work, we also define
an unpolarized pc-0 basis set with composition 8s6p,10 al-
though this cannot be expected to give more than qualitative
results. The basis set compositions are given in Table I.

The results in Fig. 1 leading to the basis set definitions in
Table I are based on an essentially completesp-basis set and
fully optimized polarization exponents. It is clear, however,
that the optimum polarization exponents depend on the mo-
lecular environment and that suitable average values must be
used in practice. An analysis of the optimum pc-1 polariza-
tion exponent for the closed shell XLn systems~X5Si, P, S,

Cl; L5CH3, NH2, OH, F, SiH3 , PH2, SH, Cl;n54, 3, 2, 1!
for different X–L distances revealed the following character-
istics:

~1! The optimum exponent increases roughly by a factor of
0.05 between each element along the series Si, P, S, Cl,
largely independent on L and the X–L distance.

~2! For a constant X and L, the optimum exponent decreases
with increasing X–L distance, the effect being roughly
0.10 per 0.30 Å, the latter being representative of the
difference in equilibrium distance for first- and second-
row L.

~3! For a constant X and X–L distance, the optimum expo-
nent depends only weakly and nonsystematically on the

FIG. 1. BLYP energy contributions per atom for the P2 molecule depending
on the number of basis functions.

TABLE I. Basis set compositions for the elements Si, P, S, and Cl.

Basis

Contracted Uncontracted

Nbasis Composition Nbasis Composition

pc-0 13 4s3p 26 8s6p
pc-1 18 4s3p1d 40 11s8p1d
pc-2 34 5s4p2d1f 60 13s10p2d1f
pc-3 64 6s5p4d2f 1g 99 17s13p4d2f 1g
pc-4 105 7s6p6d3f 2g1h 149 21s16p6d3f 2g1h
STO-3G 9 3s2p 27 9s6p
SVP 18 4s3p1d 36 10s7p1d
GSAW 18 4s3p1d 41 12s8p1d
cc-pVDZ 18 4s3p1d 41 12s8p1d
6-31G(d) 19 5s3p1d 52 17s10p1d
DZP 23 6s4p1d 41 12s8p1d
TZV 34 5s4p2d1f 58 14s9p2d1f
cc-pVTZ 34 5s4p2d1f 59 15s9p2d1f
MC(2d f)a 38 6s5p2d1f 57 13s9p2d1f
TZ2P 42 9s6p3d 54 12s9p3d
MC1(3d f)b 47 7s6p3d1f 66 14s10p3d1f
cc-pVQZ 59 6s5p3d2f 1g 87 16s11p3d2f 1g
QZV 70 9s6p4d2f 1g 105 20s14p4d2f 1g
cc-pV5Z 95 7s6p4d3f 2g1h 126 20s12p4d3f 2g1h

aUsed in connection with the 6-311G(2d f) basis set for first row elements.
bUsed in connection with the 6-3111G(3d f) basis set for first row ele-
ments.
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nature of L, as long as it belongs to the same row in
the periodic table. The optimum exponents for second-
row L (SiH3 ,PH2,SH,Cl), however, are roughly
0.10 smaller than for the corresponding first-row L
(CH3,NH2,OH,F).

The combination of the last two factors means that the
optimum exponents for bonding between two second-row
elements are about 0.20 smaller than for bonding between a
first- and a second-row atom. It can also be noted that the
increase in the optimum polarization exponent with atomic
number is approximately half the value for the cc-pVDZ ba-
sis set11 ~exponents for Si, P, S, Cl are 0.28, 0.37, 0.48, 0.60,
respectively!, as was also found in the previous work for
first-row elements.2 The cc-pVDZ d-exponents are deter-
mined by energetic criteria for the atoms, and are very close
to those obtained by maximizing the overlap with the va-
lence orbitals.12 This is not surprising since the higher angu-
lar momentum functions describe the valence correlation en-
ergy, leading to a strong dependence on the nature of the
atom. The polarization functions for the pc-n basis sets, on
the other hand, describe the deformation of the atomic elec-
tron density and the accumulation of density between bonded
atoms. This leads to a dependence on the internuclear dis-
tance, and a smaller dependence on the nature of the atom.

For the pc-1 basis set, we have tested the performance of
different polarization exponents relative to the basis set limit.
Table II shows the mean absolute deviations~MAD ! for at-
omization energies, equilibrium bond lengths, and vibra-
tional frequencies for the systems in Table III. The molecules
have been divided into two groups: those consisting of both
first- and second-row elements~labeled 1 Row!, and those
composed only of second-row elements~labeled 2 Row!.
The data in Table II show a clear trend, with the optimum
polarization exponents for bonding between second-row ele-
ments about 0.20 smaller than for bonding to first-row ele-
ments. It can also be noted that the optimum polarization
exponents depend on the property. The difference of about
0.20 between the optimum polarization exponents unfortu-
nately means that it is not possible to select a single set of
exponents that gives near-optimum results for all systems.
This is primarily a problem for the pc-1 and pc-2 basis sets,
the larger pc-3 and pc-4 basis sets have multiple polarization

functions and are sufficiently flexible to encompass a variety
of bonding.

As the basis set approaches saturation, the total energy
depends only weakly on the exact values of the polarization
exponents. The optimal values therefore vary significantly
with the molecular environment. To determine the exponents
for multiple polarization functions~e.g., 2d, 4d, 6d), we
have analyzed the results from molecular test cases in terms
of the ratio between exponents and the center of the expo-
nents relative to the value of a single function of the given
type ~e.g., 1d). This approach gave more consistent results
than an analysis in terms of the raw exponents. The expo-
nents of the higher-order polarization function (1f ,1g,1h)
are similarly determined from the 1d values. Based on re-
sults from explicit optimization, we have selected a ratio of
1.2 between exponents of functions with angular momentum
L11 and L. This value is in line with ratios derived by
requiring that the average nuclear-electron distance, or the
distance corresponding to the maximum probability, is the
same for functions with different angular momenta.13 The
final set of polarization functions are given in Table IV. To-
gether with thes- and p-exponents determined from the
atomic optimization, this defines the pc-n (n50 – 4) basis
sets for the elements Si, P, S, and Cl.14

TABLE II. Mean absolute deviations in atomization energies, equilibrium distances, and vibrational frequencies
for the pc-1 basis set with different polarization exponents choices.@Atomization energies in kJ/mol, distances
in Å, vibrational frequencies in cm21. Mean absolute deviations relative to extrapolated results according to Eq.
~1! for atomization energies, and relative to the uncontracted pc-4 results for equilibrium distances and vibra-
tional frequencies. 1 Row refers to the systems in Table III composed of elements from both first and second
row in the periodic table, while 2 Row refers to systems composed only of second row elements.#

d-exponents AE Re v

Si P S Cl 1 Row 2 Row 1 Row 2 Row 1 Row 2 Row

0.30 0.35 0.40 0.45 62 43 0.021 0.043 17 12
0.40 0.45 0.50 0.55 48 38 0.016 0.031 11 8
0.50 0.55 0.60 0.65 43 46 0.013 0.027 10 9
0.60 0.65 0.70 0.75 44 61 0.011 0.030 10 14
0.70 0.75 0.80 0.85 48 80 0.010 0.040 11 25

TABLE III. Systems used for calibration.

Ionization potentials~28!:
Si, P, S, Cl, P2 , S2 , Cl2 , SiH2 , SiH3 , SiH4 , Si2H2 , Si2H4 ,
Si2H5 , Si2H6 , PH, PH2 , PH3 , HS, H2S, CS,
CS2 , CSO, H2CS, HCl, ClF, CH3SH, CH3Cl, thiirane
Atomization energies~76!, equilibrium distances~143! and
frequencies~548!:
Si2 , SiH, SiH2 ~singlet!, SiH2 ~triplet!, SiH3 , SiH4 , Si2H2 , Si2H4 ,
Si2H5 , Si2H6 , SiN, SiO, SiF4 , SiP,
SiS, SiCl, SiCl2 , SiCl4 , CH3SiH3 , vinyl-SiH3 , P2 , P4 , PH, PH2 ,
PH3 , PN, PO, PF3 , PF5 , PS, PCl3 , Cl5 ,
POCl3 , CH3PH2 , vinyl-PH2 , S2 , HS, H2S, CS, CS2 , SN, SO,
SO2 , SO3 , SF6 , SCl, SCl2 , S2Cl2 , CSO,
H2CS, CH3S, CH3SH, vinyl-SH, (CH3)2S, (CH3)2SO,
(CH3)2SO2 , thiirane, thiophene, Cl2 , HCl,
ClN, ClO, ClF, ClF3 , HOCl, ClNO, CCl4 , C2Cl4 , CH3Cl,
CH2Cl2 , CHCl3 , CF3Cl, Cl2SO2 , vinyl-Cl,
acetyl-Cl
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The pc-n basis sets provide a systematic hierarchy for
approaching the basis set limit. For systems composed of
first-row elements, extrapolation based on the pc-2, -3, and
-4 results using Eq.~1! gives absolute energies converged to
within a few micro-Hartree of the Kohn-Sham~KS! limit 2

E5E`1A~L11!e2BAns. ~1!

The same level of accuracy is observed for the second-row
elements. It is thus possible to use the pc-n basis sets to
established the KS-limit with a micro-Hartree accuracy, al-
lowing the basis set error of other basis sets to be quantified.

For computational efficiency, it is useful to reduce the
number of variational parameters by contracting thes- andp-
functions. Contraction will necessarily compromise the re-
sults, with the contraction error increasing with the level of
contraction. A general contraction, where all primitive func-
tions are allowed to contribute to each contracted function, is
straightforward and can be done using coefficients from
atomic calculations.13 The main advantage of a general con-
traction is that the same exponents and coefficients can be
used to generate several different contracted basis sets, and
that the results connect smoothly with the results for the
uncontracted basis set. A segmented contraction, where each
primitive function only contributes to one contracted func-
tion, involves a reoptimization of both exponents and con-
traction coefficients for each contraction scheme, and it is
not always obvious which is the best contraction for a given
number of functions. Segmented basis sets, however, tend to
be computationally more efficient than generally contracted
ones due to a more efficient integral screening in large mol-
ecules, and this is amplified by the fact that most electronic
structure programs have been designed with segmented basis
sets in mind. However, the disjoint nature of the primitive
basis functions in a segmented contraction implies that, for a
given number of contracted functions, more primitive func-
tions are required than in a general contraction. This function
penalty increases with the atomic number. In the present
case, we have elected to use a general contraction scheme, as

in the previous study.2 A detailed analysis of the relative
merits of segmented and generally contracted basis sets will
be reported separately.15

Table V shows the contraction errors for atomization en-
ergies, equilibrium distances, and harmonic vibrational fre-
quencies for the compounds involving only second-row ele-
ments in Table III. The maximum contraction is determined
by requiring the contraction error to be significantly smaller
than the inherent error of the underlying primitive basis set.
This condition leads to the pc-0 and pc-1 primitive sets ofs-
and p-functions being contracted to 4s3p, the pc-2 con-
tracted to 5s4p, the pc-3 contracted to 6s5p and the pc-4
contracted to 7s6p. The contracted pc-0 and pc-1 basis sets
are thus of double-zeta quality in the valence region, while
the pc-2, pc-3, and pc-4 sets are of triple-, quadruple-, and
quintuple-zeta quality. It should be noted that the final num-
ber of contracted functions is determined from errors relative
to the basis set limit, whichnaturally leads to the pc-1, -2,
etc., being of double, triple, etc., quality. The final contracted
basis sets have been purified by the method of Davidson,16

with functions having coefficients less than 1025 being ne-
glected, to provide the smallest number of primitive func-
tions in each contraction without affecting the final accuracy.

For properties depending on the electron density far
from the nuclei—for example, electric dipole moments and
polarizabilities—the basis set convergence can be signifi-
cantly improved by adding diffuse functions with small ex-
ponents (aug-pc-n). By analogy with previous work,2 we
have assigned diffuses- andp-exponents (zdif) from the two
outer exponents of the pc-n basis set (z2 and z1) by the
formula given in Eq.~2!, with K50.20:

zdif5
z1

~z2 /z11K !
. ~2!

An exception is the exponent of the diffuses-function for the
pc-0 basis set, sincez2 /z1 is very large in this case, due to
the exponent gap between the 2s- and 3s-orbitals. For this
special case, we have chosen the ratio from the correspond-

TABLE IV. Polarization exponents for the pc-n basis sets.

d-exponents f-exponents g-exponents h-exponents

Si pc-1 0.45
pc-2 1.68 0.38 0.54
pc-3 6.66 1.75 0.52 0.19 1.15 0.38 0.65
pc-4 19.52 5.58 1.92 0.69 0.299 0.125 2.64 0.62 0.26 1.35 0.45 0.78

P pc-1 0.50
pc-2 1.89 0.43 0.60
pc-3 7.71 2.03 0.60 0.22 1.34 0.45 0.72
pc-4 21.23 6.07 2.09 0.75 0.325 0.135 3.12 0.73 0.30 1.55 0.52 0.87

S pc-1 0.55
pc-2 2.10 0.48 0.66
pc-3 8.76 2.30 0.68 0.25 1.53 0.51 0.79
pc-4 22.93 6.55 2.26 0.81 0.351 0.146 3.59 0.84 0.35 1.76 0.59 0.95

Cl pc-1 0.60
pc-2 2.31 0.52 0.72
pc-3 9.81 2.58 0.76 0.28 1.72 0.57 0.86
pc-4 24.63 7.04 2.43 0.87 0.377 0.157 4.06 0.95 0.39 1.97 0.66 1.04
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TABLE V. Errors in atomization energies, equilibrium distances, and vibrational frequencies. Recommended
contractions are underlined. Atomization energies in kJ/mol, distances in Å, vibrational frequencies in cm21 for
systems composed of second row elements only in Table III. MAD and MaxAD relative to extrapolated results
according to Eq.~1! for atomization energies, and relative to uncontracted pc-4 results for equilibrium distances
and vibrational frequencies.

Contraction

AE Re v

MAD MaxAD MAD MaxAD MAD MaxAD

pc-0 8s6p 190.36 495.95 0.18453 0.26282 54.46 124.58
3s2p 262.25 697.61 0.22573 0.32922 55.91 118.12
4s3p 191.99 499.95 0.18547 0.26410 54.31 123.27
5s4p 190.75 496.37 0.18476 0.26298 54.42 124.38

pc-1 11s8p 40.48 113.21 0.02844 0.04649 7.42 23.41
3s2p 154.34 375.68 0.12337 0.17858 39.35 107.69
4s3p 42.04 118.52 0.02915 0.05175 8.57 27.40
5s4p 40.65 113.76 0.02857 0.04693 7.56 23.78

pc-2 13s10p 15.27 37.07 0.00664 0.01433 2.99 13.39
4s3p 19.40 44.56 0.01180 0.02492 3.18 16.87
5s4p 15.36 37.71 0.00682 0.01456 3.06 13.82
6s5p 15.28 37.16 0.00670 0.01440 2.98 13.49

pc-3 17s13p 0.86 1.94 0.00037 0.00125 0.32 1.74
4s3p 11.18 24.62 0.01024 0.01652 4.63 16.40
5s4p 0.77 1.95 0.00048 0.00173 0.38 1.22
6s5p 0.74 1.74 0.00033 0.00127 0.38 1.92
7s6p 0.80 1.78 0.00037 0.00126 0.34 1.88

pc-4 21s16p 0.06 0.18 ~0.0! ~0.0! ~0.0! ~0.0!
5s4p 0.56 2.55 0.00102 0.00357 0.48 5.18
6s5p 0.31 0.84 0.00007 0.00019 0.08 0.28
7s6p 0.04 0.16 0.00002 0.00006 0.02 0.10
8s7p 0.03 0.16 0.00002 0.00007 0.02 0.08

TABLE VI. Errors in IP, AE, and AE2. All values in kJ/mol. MAD and MaxAD relative to extrapolated results
according to Eq.~1!. Nbasis is the number of basis functions for a second row element. pc-n indicates an
uncontracted basis set, pc-nc the corresponding contracted version.

NBasis

IP AE AE2

MAD MaxAD MAD MaxAD MAD MaxAD

pc-0 26 17.11 77.79 157.59 778.98 94.93 675.04
pc-0c 13 17.69 79.35 163.86 790.25 94.72 687.49
pc-1 40 4.61 17.94 43.88 184.34 22.46 166.92
pc-1c 18 5.12 20.38 50.41 204.43 23.33 166.35
pc-2 60 1.17 4.48 11.07 43.67 5.76 26.81
pc-2c 34 1.22 4.65 11.80 44.83 6.23 27.80
pc-3 99 0.11 0.39 0.62 2.39 0.45 1.81
pc-3c 64 0.11 0.41 0.67 2.44 0.41 1.66
pc-4 149 0.02 0.05 0.05 0.21 0.05 0.18
pc-4c 105 0.03 0.08 0.05 0.16 0.05 0.16
STO-3G 9 212.73 356.11 281.43 962.51 181.31 1393.62
SVP 18 7.38 23.70 26.34 142.70 32.71 169.61
GSAW 18 4.24 20.93 46.73 227.78 23.75 190.50
cc-pVDZ 18 6.11 12.72 51.56 234.61 30.85 207.58
6-31G(d) 19 5.98 19.20 26.99 149.16 22.03 142.80
DZP 23 6.34 12.43 32.20 157.37 24.91 110.61
TZV 34 1.15 2.92 15.21 76.71 10.62 73.72
cc-pVTZ 34 1.22 4.18 14.60 70.58 10.38 66.47
MC(2d f)a 38 2.10 9.34 7.43 35.23 7.57 39.62
TZ2P 42 1.99 4.40 14.83 60.28 6.63 47.74
MC1(3d f)b 47 0.81 2.83 3.88 23.85 3.67 18.32
cc-pVQZ 59 0.56 1.51 6.71 37.51 4.70 35.15
QZV 70 0.38 1.18 2.13 8.09 0.78 4.38
cc-pV5Z 95 0.23 0.52 1.39 7.80 0.85 6.24

aUsed in connection with the 6-311G(2d f) basis set for first row elements.
bUsed in connection with the 6-3111G(3d f) basis set for first row elements.

3467J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Polarization consistent basis sets

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



ing p-functions. The exponents for the diffuse polarization
functions of angular momentum L are given by the formula
zL5(L11)zL51 .

III. CALIBRATION

Table I shows the composition and contraction for a se-
lection of basis sets. The correlation consistent basis sets
~cc-pVXZ! are designed for correlation energies, and are
available up to X56 for many elements.11 The Pople-type
STO-3G17 and 6-31G(d,p)18 basis sets are of minimum and
double-zeta quality, while the McLean–Chandler~MC!19 ba-
sis set, often used in connection with the 6-311G(2d f) basis
set20 for first row elements, is of quadruple-zeta quality in
thesp-part. The corresponding basis set augmented with dif-
fuse s- and p-functions and one additionald-function
@6-3111G(3d f)# has been used by Perdew, Scuseria, and
co-workers for developing and testing new exchange-
correlation potentials.21 The Dunning–Hay DZP22 and
TZ2P23 basis sets are also widely used, and the latter has
been used by Handy and Tozer for DFT development and
testing purposes.23 The GSAW basis set24 has been devel-
oped specifically for DFT calculations and is of double-zeta
quality, but has not been widely adopted. Very recently, Ahl-
richs and co-workers have reported segmented quadruple-
zeta type basis sets25 ~QZV! to compliment the previous
SVP6 and TZV basis sets26 of double- and triple-zeta quality,
respectively.

For calibration purposes, we have selected the 76 mol-
ecules shown in Table III, primarily from the G3 data set.27

For each system, we have performed calculations with the
basis sets in Table I. The performance is evaluated by MAD
and maximum absolute deviation~MaxAD!, based on 28
ionization potentials, 76 atomization energies, 143 equilib-
rium distances, and 548 harmonic vibrational frequencies
and associated infrared intensities. The reference values are
taken as the pc-2, -3, -4 extrapolated results@Eq. ~1!# for
energetics, the pc-4 results for equilibrium distances and vi-
brational frequencies, and aug-pc-3 results for intensities.
For ionization potentials and atomization energies, the geom-
etries have been taken as the B3LYP/6-31G(d,p) optimized.
The open-shell species have been treated within the unre-
stricted framework. These calculations have been performed
with theGAUSSIAN 98program package28 with a grid consist-
ing of 99 radial and 590 angular points for calculating the
exchange-correlation contribution.29

The total atomization energy, defined as the energy of
the molecular system relative to the isolated atoms, is a de-
manding test, as the isolated atoms can be described bys-
andp-functions only, while molecular systems require higher
angular momentum functions. Furthermore, since the con-
traction coefficients of the pc-n basis sets are derived from
the atomic systems, they are biased against molecular sys-
tems. Only a partial error cancellation can therefore be ex-
pected for the atomization energies. Alternatively, the atomi-
zation energy can be defined relative to the corresponding
diatomic molecules (Si2 , P2 , S2 , etc.!, allowing some of the
errors associated with polarization functions and contraction
coefficients to cancel. Indeed, these results are more repre-

sentative of typical applications comparing molecular
stability.

The MAD and MaxAD for ionization potentials~IP! and
atomization energies relative to either atoms~AE! or di-
atomic molecules~AE2! are shown in Table VI. The errors of
the pc-n basis sets are reduced by approximately a factor of
four between the pc-0, pc-1, and pc-2 basis sets, but by an
order of magnitude for the pc-3 and pc-4 results. In agree-
ment with the results in Table V, the contracted pc-n basis
sets (pc-nc) give results of slightly lower accuracy, but the
degradation is in all cases significantly smaller than the dif-
ference between each level in the pc-n basis set sequence.

The performance of other popular basis sets is also
shown in Table VI. The minimal STO-3G basis set performs
much poorer than the pc-0 basis set, although the latter has
one less primitives-function. The main reason for the poor
performance of the STO-3G basis set is the contraction to a

FIG. 2. Mean absolute deviations for atomization energies relative to X2

molecules~Table VI! as a function of the number of contracted basis func-
tions for a second row element.

FIG. 3. Mean absolute deviations for equilibrium bond lengths~Table VII!
as a function of the number of contracted basis functions for a second row
element.
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minimal basis, compared with the double-zeta contraction of
the pc-0, as indicated by the results in Table V.

The six basis sets of polarized double-zeta quality, cc-
pVDZ, DZP, GSAW, 6-31G(d,p), SVP, and pc-1, have
comparable errors. The segmented 6-31G(d,p) and SVP ba-
sis sets perform better for the AE than do the general con-
tracted cc-pVDZ and pc-1 basis sets, since some error can-
cellation is possible in the former. When the atomization
energy is evaluated relative to the X2 molecules~AE2!, the
pc-1 basis set performs better than the cc-pVDZ, DZP and
GSAW basis sets, and similarly to the popular 6-31G(d,p)
basis set, despite the fact that the latter contains sixs- and
two p-functions more~Table I!.

Of the five polarized triple-zeta type basis sets, cc–
pVTZ, TZ2P, MC(2d f), TZV, and pc-2, the pc-2 basis set in
all cases provides significantly better results for a compa-
rable number of basis functions~Table VI!. For the larger
basis sets, the pc-3 basis set provides better results than the
cc-pV5Z and QZV basis sets, even though it contains fewer
functions. Figure 2 shows the MAD for atomization energies

relative to diatomic systems~AE2! as a function of the num-
ber of contracted functions for a second row element for the
four families of basis set, pc-n (n50,1,2,3,4), Pople style
@STO-3G,6-31G(d),MC(2d f)#, Ahlrichs ~SVP,TZP,QZV!,
and cc-pVXZ~X5D,T,Q,5!.

Table VII contains corresponding results for equilibrium
distances, harmonic vibrational frequencies, and associated
infrared intensitites within the double-harmonic approxima-
tion. The conclusions are very similar to the energetics dis-
cussed earlier. At the double-zeta level, there is little differ-
ence between the basis sets, while the pc-2 basis set performs
better than other triple-zeta basis sets. For basis sets of qua-
druple and higher quality, the pc-3 and pc-4 basis sets give
much better accuracy than other alternatives. The augmenta-
tion with diffuse functions significantly improves the basis
set convergence for the infrared intensities. Figure 3 shows
the MAD for equilibrium bond distances as a function of the
number of contracted functions for a second-row element for
the four basis set families, again indicating an exponential
convergence for the pc-n results.

TABLE VII. Errors in equilibrium distances, harmonic vibrational frequencies, and associated infrared inten-
sities. Distances in Å, frequencies in cm21 and intensities in km/mol. MAD and MaxAD relative to the
uncontracted pc-4 results for equilibrium distances and vibrational frequencies, and relative to the uncontracted
aug-pc-3 results for intensities.

NBasis

Re v Intensity

MAD MaxAD MAD MaxAD MAD MaxAD

pc-0 26 0.079 23 0.332 54 61.7 437.6 18.6 334.5
pc-0c 13 0.081 74 0.334 03 60.9 450.1 19.0 336.2
aug-pc-0c 17 0.080 40 0.336 49 65.3 417.4 14.2 317.3
pc-1 40 0.015 93 0.066 48 9.7 92.7 5.6 116.4
pc-1c 18 0.018 27 0.068 77 11.8 87.6 5.4 126.6
aug-pc-1c 27 0.017 17 0.060 28 12.8 93.9 2.2 52.6
pc-2 60 0.003 04 0.015 91 2.5 28.1 4.2 56.6
pc-2c 34 0.003 28 0.016 05 3.1 27.4 4.3 55.5
aug-pc-2c 50 0.002 70 0.010 64 2.6 20.1 0.3 7.4
pc-3 99 0.000 20 0.001 58 0.3 2.5 0.9 20.9
pc-3c 64 0.000 23 0.001 78 0.3 2.5 0.9 20.8
aug-pc-3c 89 0.000 16 0.000 79 0.3 2.1 ~0.0! ~0.0!
pc-4 149 ~0.0! ~0.0! ~0.0! ~0.0! 0.2 6.7
pc-4c 105 0.000 01 0.000 37 0.1 1.8 0.2 6.6
STO-3G 9 0.054 87 0.288 53 142.3 462.3 22.8 506.0
SVP 18 0.015 61 0.059 80 14.1 99.3 5.2 144.4
GSAW 18 0.017 16 0.070 40 13.5 69.4 6.8 87.1
cc-pVDZ 18 0.023 01 0.073 39 18.9 103.5 5.7 153.0
aug-cc-pVDZ 27 0.021 82 0.065 85 19.5 123.6 2.4 37.0
6-31G(d) 18 0.014 48 0.051 24 11.9 97.9 7.6 140.0
6-31G11(d) 22 0.015 67 0.050 09 10.3 73.2 7.1 110.4
DZP 23 0.012 32 0.056 62 12.7 52.8 5.9 103.1
TZV 34 0.006 39 0.029 92 4.3 42.1 1.9 37.5
cc-pVTZ 34 0.006 88 0.031 57 4.9 33.9 2.3 53.5
aug-cc-pVTZ 50 0.006 83 0.031 09 5.4 45.9 0.9 13.3
MC(2d f)a 34 0.004 66 0.031 48 4.5 55.8 3.5 80.3
TZ2P 42 0.005 81 0.032 88 5.7 29.4 3.2 55.8
MC1(3d f)b 43 0.001 34 0.006 32 1.9 17.1 0.5 8.4
cc-pVQZ 59 0.003 10 0.017 21 2.5 20.1 1.2 37.2
aug-cc-pVQZ 84 0.002 95 0.016 54 2.4 24.6 0.5 7.6
QZV 70 0.000 67 0.003 83 0.5 5.0 0.6 8.3
cc-pV5Z 95 0.000 74 0.003 63 0.5 4.3 0.6 7.6

aUsed in connection with the 6-311G(2d f) basis set for first row elements.
bUsed in connection with the 6-3111G(3d f) basis set for first row elements.
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IV. CONCLUSIONS

The previously proposed methodology for deriving po-
larization consistent basis sets has been applied to the ele-
ments Si, P, S, and Cl. As for the first-row elements, these
basis sets provide a well-defined hierarchy for approaching
the Kohn–Sham basis set limit for molecular calculations.
The accuracy for systems with elements from the second row
in the periodic table is very similar to those for first row
elements. The pc-n basis sets of double- and triple-zeta qual-
ity ~pc-1 and pc-2! provide results of comparable or better
accuracy than other alternatives, while containing a smaller
or equal number of primitive basis functions. The pc-3 and
pc-4 basis sets provide results with a better accuracy than
other alternatives, despite containing fewer functions. Fi-
nally, the results of the pc-4 basis set combined with extrapo-
lation provide total atomization energies to within 0.01 kJ/
mol per atom of the basis set limit. The pc-4 basis set is also
capable of providing equilibrium bond distances and har-
monic vibrational frequencies within 1025 Å and 0.5 cm21

of the basis set limit. Augmentation with diffuse functions
significantly improves the basis set convergence for infrared
intensities, and the aug-pc-3 results are probably within 1
km/mol of the basis set limit.
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