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Polarization consistent basis sets. III. The importance of diffuse functions
Frank Jensen
Department of Chemistry, University of Southern Denmark, DK-5230 Odense, Denmark

~Received 31 May 2002; accepted 27 August 2002!

A sequence of diffuse functions to be used in connections with the previously defined polarization
consistent basis sets are proposed based on energetic criteria and results for molecular properties. At
the Hartree–Fock level the addition of a single set of diffuses- and p-functions significantly
improves the convergence of calculated electron affinities. A corresponding analysis at the density
functional level indicates that only systems with high electron affinities have well-defined basis set
limits with common exchange-correlation functionals that have electron self-interaction errors. The
majority of reported density functional calculations of electron affinities appear to be artifacts of the
limited basis set used. The good agreement with experiments for such calculations is most likely due
to a reasonable modeling of the physics of the anionic species, rather than being a theoretically
sound procedure. For molecular properties like dipole and quadrupole moments, and static
polarizabilities, the addition of diffuse functions up tod-functions is required to reach the basis set
limit in a consistent fashion, but higher order angular momentum functions are significantly less
important. © 2002 American Institute of Physics.@DOI: 10.1063/1.1515484#
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I. INTRODUCTION

In the first paper in this series we proposed a sequenc
polarization consistent~pc! basis sets, which is suitable fo
systematically approaching the basis set limit for Hartre
Fock ~HF! and density functional~DF! methods.1 We denote
these basis sets pc-n, with n indicating the level of angula
momentum functions included beyond those necessary
the isolated atom. A pc-1 basis set is thus of double zeta
polarization~DZP! level, a pc-2 of triple zeta plus polariza
tion ~TZP! level, etc. In the second paper it was shown t
the largest of these basis set, pc-4, is capable of achie
micro-Hartree accuracy in absolute energies, correspon
to an accuracy of better than 0.01 kJ/mol per atom for to
atomization energies.2 These results were obtained and ca
brated for neutral and cationic systems. For anionic syst
it is well-known that wave function based methods must e
ploy basis sets which are augmented by additional functi
with small exponents.3 Such diffuse functions are also re
quired for an accurate calculation of molecular propert
that depend on the wave function tail. Anionic systems r
resent a formal problem for most current DF methods du
the improper cancellation of the self-interaction energy.4 The
present paper examines the question of augmenting then
basis sets with diffuse functions in order to improve the ba
set convergence for certain properties, and examines
problem of describing anionic systems by DF methods.

II. COMPUTATIONAL DETAILS

All calculations have been done using theGAUSSIAN 98

program package5 with restricted open shell wave function
for open shell species. Density functional calculations h
used the BLYP functional6 and a grid consisting of 99 radia
and 590 angular point for calculating the exchang
correlation contribution.7 Basis set optimization have bee
done using a pseudo Newton–Raphson procedure, as
9230021-9606/2002/117(20)/9234/7/$19.00
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scribed earlier.8 The previously defined pc-n basis sets have
been used in their uncontracted forms. Contraction sligh
deteriorates the results, analogous to the situation for
energy,2 but trends mirror the present results.

III. ELECTRON AFFINITIES

In analogy with the previously strategy,1 we rely on re-
sults from numerical Hartree–Fock calculations as an ab
lute reference. At the HF level the importance of each ad
tional diffuse function can be evaluated from its energe
contribution, based on functions that have been optimi
with respect to the exponents. In contrast to the previ
analysis which lead to the pc-n basis sets,1 however, the ex-
ponents of the additional diffuse functions cannot be fu
optimized for all systems. For a system like2CN, for ex-
ample, the highest occupied molecular orbital~HOMO! is a
s-type orbital located mainly on carbon. Addition of a set
s- andp-functions on both carbon and nitrogen, followed b
minimization of the total energy with respect to the exp
nents, leads to collapse of the nitrogenp-function, i.e., the
exponent converges to the same value as the o
p-exponent of the underlying pc-n basis set. Even when a
exponents can be optimized, as for example for the F2 atom,
the anionic character is often strongly localized on one ty
of basis function, i.e., thep-function for the F2 atom. This
means that the optimump-exponent value is well-defined
but the s-exponent depends only indirectly on the ener
change due to the additional electron. Using isolated ato
for determining the optimum exponents will thus only pr
vide well-defined exponent values for one type of functio
In order to provide a general procedure, molecular syste
must be employed, but this often suffers from a variatio
collapse~vide supra!. In the present case we have thus e
ployed a strategy where the exponents of the additional
fuse basis functions are generated by scaling the outern
4 © 2002 American Institute of Physics
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TABLE I. Energy contribution for augmenting functions for the2CN and CN molecules. Energies are in atomic units, with the contribution for augmen
functions relative to entry immediately above. EA is the electron affinity in kJ/mol.

HF BLYP
Basis Aug DE (2CN) DE ~CN! EA DE (2CN) DE ~CN! EA

pc-0 none 291.950 359 291.886 886 166.65 292.482 773 292.424 661 152.58
s1p1 20.107 531 20.042 336 337.82 20.122 791 20.038 132 374.85

pc-1 none 292.283 453 292.169 839 298.30 292.810 374 292.693 417 307.07
s1p1 20.014 847 20.001 594 333.09 20.025 800 20.002 252 368.90

s1p1d1 20.002 738 20.004 497 328.47 20.001 143 20.001 744 367.32

pc-2 none 292.342 076 292.220 540 319.09 292.875 605 292.742 380 349.79
s1p1 20.002 731 20.000 235 325.65 20.006 501 20.000 253 366.19

s1p1d1 20.000 349 20.000 436 325.42 20.000 084 20.000 089 366.18
s1p1d1f1 20.000 029 20.000 022 325.44 20.000 048 20.000 059 366.15

pc-3 none 292.348 435 292.224 976 324.14 292.884 522 292.746 382 362.69
s1p1 20.000 349 20.000 010 325.03 20.001 274 20.000 016 365.99

s1p1d1 20.000 014 20.000 010 325.04 20.000 008 20.000 003 366.00
s1p1d1f1 20.000 004 20.000 006 325.04 20.000 003 20.000 001 366.01

s1p1d1f1g1 20.000 002 20.000 002 325.04 20.000 001 20.000 001 366.01

pc-4 none 292.348 885 292.225 123 324.94 292.885 668 292.746 532 365.30
s1p1 20.000 033 20.000 001 325.02 20.000 268 20.000 000 366.01

s1p1d1 20.000 001 20.000 000 325.02 20.000 002 20.000 000 366.01
s1p1d1f1 20.000 000 20.000 000 325.02 20.000 001 20.000 000 366.01

s1p1d1f1g1 20.000 000 20.000 000 325.02 20.000 000 20.000 000 366.01
s1p1d1f1g1h1 20.000 000 20.000 000 325.02 20.000 000 20.000 000 366.01

Limit a 292.348 951 292.225 134 325.08
Residual errorb 20.000 032 20.000 009

aNumerical HF result, Refs. 9, 17.
bError for the fully augmented pc-4 basis set relative to the HF limit.
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exponents by a factor common for all elements, but differ
for each angular momentum. The optimum scale factors
determined by minimizing the total energy. This prevent
variational collapse for atoms having little anionic charac
in the molecule, but allows an optimum exponent value
those atoms making a significant contribution to the orb
describing the additional electron. At the DF level of theo
however, this approach will in many cases lead to expon
divergence, due to inadequacies in the exchange-correla
potential, as discussed in more detail below.

A. Hartree–Fock results

The energetic contributions for adding diffuse functio
to each of the pc-n basis set for the2CN and CN molecules
are shown in Table I, very similar results have been obtai
for other systems. For the neutral CN radical the pc-4 ba
set gives an energy 11 micro-Hartree higher than the num
cal HF limit,9 but the corresponding error for the anion
system is 66 micro-Hartree. Half of this error~33 micro-
Hartree! is recovered by adding a set of diffuses- and
p-functions, with the higher angular momentum functio
contributing less than 2 micro-Hartree. Addition of multip
diffuse s- andp-functions also has a very small effect, e.
the energy obtained by adding two sets ofs- andp-functions
with full optimization of the scale factors is only 0.1 micro
Hartree lower than for adding just one set of diffuse fun
tions. For the smaller pc-n basis sets the underlying basis s
is less complete, and addition of diffuse polarization fun
tions has a larger effect. The effect is very similar for t
Downloaded 22 May 2008 to 10.1.150.179. Redistribution subject to AIP
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anionic and neutral systems, indicating that the primary fu
tion of diffuse polarization functions for the smaller pcn
basis sets is to make up for deficiencies in the underly
basis set. There is a clear trend that each step up in ang
momentum reduces the energetic importance by appr
mately an order of magnitude. The importance of a spec
type of angular momentum functions is similarly reduced
approximately an order of magnitude by increasing the s
of the underlying pc-n basis set.

The energetic importance of the diffuses- and
p-functions is much less for the neutral CN system than
2CN, and changes in the calculated electron affinity~EA! for
the s1p1 augmented basis sets consequently mirror
changes in the total energy for the anionic system. The
culate EA with the pc-1 basis set is improved from 298
mol to 333 kJ/mol by adding a set of diffuses- and
p-functions, but the change by adding a diffused-function is
only 5 kJ/mol. This should be compared to the absolute e
of 3 kJ/mol from the fully augmented pc-1 basis set co
pared to the numerical HF result. With the pc-2 basis set,
addition of diffuses- andp-functions reduce the error in th
calculated EA from 6.0 kJ/mol to 0.6 kJ/mol, while addin
diffuse d- and f-functions further improves the result by 0.
kJ/mol. For the pc-3 and pc-4 basis sets the contribution
the EA from all the diffuse polarization functions is neg
gible. Using ans1p1augmented pc-4 basis set the numeri
limit for the EA is reproduced to within 0.06 kJ/mol.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Electron affinities~kJ/mol! calculated withs1p1augmented pc-n basis sets and the BLYP functiona

System pc-0 pc-1 pc-2 pc-3 pc-4 Expt.a

CN 389.4 368.8 366.2 366.0 366.0 372.6
F 380.1 365.6 361.2 360.9 360.9 328.2
OH 200.6 193.6 194.8 196.9 197.5 176.3
C 139.4 133.1 133.7 135.4 136.0 121.8
H 81.6 79.4 82.2 83.5 84.0 72.8
CF2 29.4 À10.6 À8.9 4.4 11.7 17.3
NO 21.4 À12.4 À9.3 1.0 7.7 2.5

aReference 10. Entries inbold indicate that attempts of exponent optimization lead to divergence.
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B. Density functional results

For neutral systems we have shown that there is on
small difference between the basis set convergence for
and DF wave functions, and the same basis set can thu
used for estimating both the HF and KS limits.2 For anionic
systems, however, the situation is somewhat different, s
most of the commonly employed exchange-correlation fu
tionals do not have a proper cancellation of the Coulo
self-interaction energy by the~approximate! exchange
functional.4 This is turn leads to an improper behavior of t
corresponding potential far from the nucleus. Since anio
systems have loosely bound electrons, this incorrect beha
is problematic. Nevertheless, many DF methods have b
used in combination with standard augmented basis set
calculating EAs, and the results in general display a go
agreement with experiments. Reference 10 gives a re
review of the literature, with references to the majority of E
calculations by DF methods.

A central question is whether the apparent success
describing anionic systems by DF methods is just an arti
of using a finite basis set, a problem closely related to
HOMO energy. If this is positive, the resulting orbital cann
be normalized and the corresponding electron is not i
bound state, implying that the calculated EA is merely
artifact of the limited basis set used. A negative value, on
other hand, indicates a bound state and thus a well-defi
EA. A detailed investigation of the F2 atom by Jarecki and
Davidson11 showed that the HOMO has a negative orbi
energy with the BLYP functional when a large diffuse ba
set is used, but care must be taken to ensure that the num
cal integration of the exchange-correlation functional is
curate. With an aug-cc-pV5Z basis set augmented wit
additional diffusep-functions, the orbital energy appears
be converged with a value of 0.05 a.u., but addition of
diffusep-functions is necessary to reach the actual conver
value of20.06 a.u., with the most diffuse function having a
exponent of 1027.

It has been argued that the problem of incomplete c
cellation of the self-interaction energy should be largest
small localized anions,12 and the demonstration of a negativ
HOMO energy for a ‘‘problematic’’ system like F2 should
thus make DF methods valid for calculating EAs for mo
systems of interest. We believe that a much more impor
factor is themagnitudeof the EA, which is closely related to
the HOMO energy. A large EA corresponds to a low~nega-
tive! HOMO energy and consequently a spatially ‘‘tight’’ o
bital. A small value of the EA, on the other hand, corr
ay 2008 to 10.1.150.179. Redistribution subject to AIP
a
F
be

ce
-

b

ic
ior
en
for
d
nt

or
ct
e
t
a
n
e
ed

l

eri-
-
2

6
d

-
r

t
nt

-

sponds to a loosely bound electron occupying a diffu
orbital with a high energy. Since the latter to a larger exte
samples the problematic region far from the nucleus wh
the exchange-correlation potential has the wrong behav
this indicates that DF methods with self-interaction erro
will only be able to describe systems with high EA value
Since this implies~vide infra! that most EAs calculated by
DF methods are just artifacts of the incomplete basis
used, we will elaborate on this in more detail.

In this context it is useful to consider the experimen
EAs for the systems shown in Table II. The CN radical ha
large electron affinity~373 kJ/mol!, and the HOMO is con-
sequently quite tight spatially, resembling the other valen
orbitals. The NO radical, on the other hand, has a near z
EA ~3 kJ/mol!, and the~exact! HOMO is ~will be! very dif-
fuse. A radical like OH represents an intermediate case w
an EA of 176 kJ/mol. Table I shows that with the BLY
exchange-correlation functional it is possible to optimi
scale factors for the augmented pc-n basis sets for the2CN
molecule, with a behavior very similar to that for the H
method. The HOMO energy is calculated to be essenti
zero with thes1p1augmented pc-4 basis set, but the resu
for F2 suggest that addition of more diffuse functions
likely to make the HOMO energy negative.11

For the F2 system~experimental EA of 328 kJ/mol! it is
also possible to optimize the exponents fors1p1augmented
pc-n basis sets~polarization functions do not contribute t
the energy for F2). The total energy obtained at the HF lev
with an s1p1augmented pc-4 basis set is 10 micro-Hartr
above the numerical HF limit. With the same basis set
BLYP method gives a HOMO energy of 0.048 a.u., which
very similar to the results obtained by Jarecki and Davids
with a similar sized basis set.11 Their results, however, indi-
cate that the total energy is lowered by 0.008 a.u. when m
tiple diffuse p-functions are added, which also reverse t
sign of the HOMO energy. The procedure by optimizin
s1p1augmented pc-n basis sets for this system leads to
apparent EA basis set limit of 361 kJ/mol, but the results
Jarecki and Davidson11 indicate that further enlargement o
the basis set will increase this value by;20 kJ/mol.

The observed basis set convergence for2CN and F2 is
not representative of the general case. For2OH a complete
set of optimized scale factors can be determined at the
level, analogous to the results shown in Table I, resulting
an EA basis set limit value of213 kJ/mol. For the pc-0,
pc-1, and pc-2 basis sets it is also possible to optimized s
factors for the augmenting functions with the BLYP metho
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Optimization of scale factors for as1p1augmented pc-3 ba
sis set is also possible, however, with as1p1d1augmentation
the exponent optimization leads to a scale factor for
p-functions diverging towards a very large value, cor
sponding to the basis function exponents approaching z
We have checked that this is not a consequence of kee
the exponents of the underlying pc-n basis set fixed, attempt
of full optimization of all basis set exponents also leads
divergence. We have also checked that this is not due to
use of an insufficient grid for calculating the exchang
correlation energy. The results for the augmented pc-0, p
and pc-2 basis sets indicate a positive HOMO energy of 0
a.u., i.e., an unbound electron, despite the fact that the
ference in total energy between OH and2OH corresponds to
a sizable EA of 198 kJ/mol, which can be compared to
experimental value of 176 kJ/mol. The fact that it is possi
to optimize the outer exponents for the pc-0, pc-1, and p
basis sets is a consequence of the incompleteness of th
derlying basis set, i.e., the additional augmenting funct
will to a certain extend also improve the description of t
orbitals not being the HOMO. Once the basis set appro
completeness for the neutral system, however, the augm
ing functions primarily describe the HOMO, and cons
quently attempt to describe an unbound electron by let
the exponent approach zero. In agreement with these a
ments the exponent divergence starts earlier for systems
a lower EA. For the carbon atom with an experimental EA
122 kJ/mol, it is possible to optimizes1p1augmented pc-0
and pc-1 basis sets, but not an augmented pc-2 basis se
the NO system with an experimental EA of 3 kJ/mol, only
s1p1augmented pc-0 basis set can be optimized, already
s1p1augmentation of the pc-1 basis set leads to diverge
The same level of divergence is observed for the CF2 system
with an experimental EA of 17 kJ/mol, showing that th
more extended delocalization of the HOMO is less import
than the magnitude of the EA for describing whether D
methods are appropriate for calculating EAs.

The use of hybrid DF methods, which include a fracti
of exact HF exchange, improves the situation to a cer
extend, since the HF method is completely self-interact
free. It does not remove the problem, however, but mer
shifts the onset of the divergence to~slightly! lower values of
the ~experimental! EA. With the B3LYP hybrid,13 which in-
cludes 20% HF exchange, a complete set~s1p1d1f1g1! of
augmentation functions can be optimized with the pc-3 ba
set for2OH, but divergence is observed when augmentat
functions are added to the pc-4 basis set. For NO2 diver-
gence is again observed already with ans1p1 augmented
pc-1 basis set, i.e., the addition of exact exchange in this
does not improve the situation.

The divergence in the basis set exponent optimizatio
a clear indication that the additional electron is not bou
with the employed exchange-correlation functional. Wh
using standard basis sets, however, this is not a useful c
rion. A positive HOMO energy is a similar warning, but th
results by Jarecki and Davidson11 show that a~slightly! posi-
tive value for a limited basis set may become negative w
sufficiently diffuse functions are added. A positive HOM
energy, however, is a clear indication that a more exten
Downloaded 22 May 2008 to 10.1.150.179. Redistribution subject to AIP
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basis set investigation is required. The present results i
cate that only systems with high EAs have theoretically we
defined values with many common exchange-correlat
functionals. For the BLYP method this limit appears to
close to 320 kJ/mol, which exclude most species of inter
~only 13 of the 110 systems in Ref. 10 have EAs larger th
320 kJ/mol!. Nevertheless, a sequence of calculations w
standard basis sets augmented with a single set of dif
functions may show anapparent basis sets convergence
This is illustrated in Table II, where the pc-n basis sets have
been augmented withs1p1diffuse functions, with exponents
determined by scaling the outer exponent in the regular b
set, as described below. It is clear that these results c
easily lead to the conclusion that a DZP or TZP type basis
~like pc-1 and pc-2! augmented with diffuse functions is ca
pable of giving results in respectable agreement with exp
ments, and that the remaining error can be attributed to
approximate nature of the exchange-correlation function
since little change is observed upon going from the pc-1
the pc-2 basis set. Note, however, that for the low EA s
tems the pc-3 and pc-4 results clearly show that the basis
is not converged.

The inability to establish a well-defined scale factor
optimization of the basis set exponents means that the en
of the anion is not well-defined. In a basis set with fix
exponents the addition of more and more diffuse functio
will continue to lower the energy. In practice such calcu
tions are troublesome, since it becomes difficult to achie
wave function convergence for basis sets containing v
diffuse functions. The calculated EA with functionals havin
an incomplete cancellation of the self-interaction energy
therefore essentially a measure of the basis set incomp
ness, and not a measure of the inherent accuracy of the f
tional. This result has implications for a large number
reported EAs using DF methods.10 These calculations have
with a few exceptions, been done using standard basis
typical of DZP or TZP type, augmented with a single set
diffuse functions.

Although the present results show that only systems w
high EAs have theoretically well-defined values when co
mon exchange-correlation functionals are employed, a la
body of reported calculations has shown that DF meth
operationallygive very respectable agreement with expe
mental EAs when used in combination with an augmen
DZP or TZP type basis set.10 We believe that this is an ex
ample of a methodology giving the right answer for the rig
physicalreason, but not for the righttheoreticalreason. An
augmented DZP or TZP type basis set effectively constra
the additional electron to occupy the physically correct
gion in space, and DFT provides a good estimate of
energy derived from the corresponding orbital/density. P
vided that the augmenting functions are not too diffuse,
procedure thusmodelsthe real physical system, and can b
used as a ‘‘parameterized’’ method for estimating EA
where the parameterization consists of selecting a pro
combination of exchange/correlation functional and basis
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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IV. MOLECULAR PROPERTIES

The EA is mainly related to the total energy of the a
ionic species, and the above analysis shows that diffuss-
andp-functions are the most important for systems with
ements from the first row in the Periodic Table. There a
however, many other molecular properties that are know
be sensitive to an accurate description of the wave func
tail, the electric dipole and quadrupole moments being so
of the simplest. For the pc-n basis sets we have shown th
the dipole moment converges monotomic towards the lim
ing value, but the convergence is rather slow and
smooth.1

The HF energy for anions provides a well-defined cri
rium for selecting diffuse basis function exponents, but
similar measure is available for properties. At the DF leve
theory the total energy is not a useful criterium, since m
anions have unbound electrons, and alternative strate
must be employed to assign suitable diffuse functions. To
an initial estimate of exponents suitable for diffuses- and
p-functions, we have determined the optimum scale fac
for five molecular test cases (2CN, 2OH, 2NH, NO2,
2OF) at the HF level by minimizing the total energy. Th
scale factors for thes- andp-functions are well-defined, sinc
they make a large contribution to the HOMO, as illustrat
in Table I. The ratio between the optimized exponents of
diffuse functions (zdif) and the outer exponents of the pcn
basis set (z1) is in general slightly larger than the ratio b
tween the two outermost exponents in the pc-n basis set
(z2 /z1). We have thus adapted a procedure where the diff
s- andp-exponents are generated according to the follow
formula, withK50.20:

zdif5
z1

~z2 /z11K !
.

An exception is the exponent for the diffuses-function for
the pc-0 basis set, sincez2 /z1 is very large in this case, du
to the exponent gap between the 1s- and 2s-orbitals. For this
special case we have chosen a ratio slightly smaller than
the correspondingp-functions.

The choice of exponents for the diffuse polarizati
functions is more problematic. For the pc-3 and pc-4 ba
sets the total energy is insensitive to the diffuse polariza
functions~Table I!, and the HF energy is therefore not a go
criterium for choosing basis set exponents. The pc-1
pc-2 basis sets are less complete than pc-3 and pc-4, an
energy optimized exponents for the diffuse polarization fu
tions become rather tight to compensate for inadequacie
the underlying basis set. An energetic criterium is theref
questionably for choosing diffuse polarization exponents

An alternative criterium is that the diffuse polarizatio
functions should span a similar physical space as the dif
s- and p-functions. Since the basis functions describe c
tinuous distributions, several choices are possible for m
suring the ‘‘similarity’’.14 Requiring that a basis function o
angular momentumL should have a maximum at the sam
radial distance as the diffusep-function gives the formula
zL5LzL51 . If the basis function is weighted with anr 2 term
from the volume element, the corresponding formula
Downloaded 22 May 2008 to 10.1.150.179. Redistribution subject to AIP
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2(L11)zL51 . Other criteria like maximizing the

overlap, or having the same expectation value ofr, give
similar formula, with slightly different multiplicative factors
We have examined several such choices for the diffuse
larization exponents, and settled on the formulazL5(L
11)zL51 . The pc-3 and pc-4 basis sets already cont
fairly diffuse polarization functions, and the results are co
sequently insensitive to the exact choice of exponents.
the pc-1 and pc-2 basis sets the present choice appea
give slightly better agreement with the basis set limit th
the other alternatives examined for a selection of molecu
systems. In a sense we have chosen a parameterized for
for determining the diffuse polarization exponents to ens
that results with the augmented pc-1 and pc-2 basis
model the basis set limit. The optimum exponents will
course depend on the specific molecular system and the
cific property, but the present choice appears suitable
electric moments and polarizabilities.15 The diffuse function
exponents for the pc-n basis sets are somewhat smaller th
for the aug-cc-pVxZ basis sets,3 especially for the high an-
gular momentum functions.

The results for the dipole moment of CO at the HF a
BLYP levels are shown in Table III, very similar results ha
been obtained for other systems. The addition of diffuses-
andp-functions gives only a marginal improvement relati
to the pc-n basis sets, but addition of a diffused-function
significantly improves the basis set convergence. Higher
gular momentum diffuse functions are significantly less i
portant. Figure 1 shows the logarithmic error in the BLY
dipole moment for H2O as a function of the number of bas
functions. For this case diffuses- and p-functions actually
slightly deteriorates the calculated results for the pc-0,
and -2 basis sets, while inclusion of diffused-functions gives
a significant improvement.

The quadrupole moment@defined asQ5Qzz–
1
2(Qxx

1Qyy)
16# similarly measures the quality of the wave fun

tion tail, although at slightly larger distances from the nuc
than the dipole moment. The calculated results for the2

molecule are shown in Table III, and displays very simi
characteristics as the dipole moment. Diffuses-, p- and
d-functions are important, but higher angular momentum d
fuse functions have little effect, and ans1p1d1augmented
pc-2 basis set provides results close to the basis set li
Figure 2 shows the logarithmic error in the BLYP quadrupo
moment for NH3 as a function of the number of basis fun
tions. Addition of diffuses- andp-functions provides a more
smooth convergence than the unaugmented pc-n basis sets,
but the calculated values are further removed from the b
set limit. Diffuse d-functions significantly improve the re
sults, and diffusef-functions have a somewhat larger effe
than for the dipole moment.

The ~static! dipole polarizability~defined as 1/3 of the
trace of the polarizability tensor! is an example of a property
which might be expected to be sensitive to the presenc
higher angular momentum diffuse functions. The results
FH in Table III, however, show very similar convergen
characteristics as the dipole and quadrupole moments,
diffuses-, p- andd-functions are essential, but higher angu
momentum functions are significantly less important. Figu
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Dipole moment~Debye! for CO, quadrupole moment~Debye Å! for N2 , and static polarizability~a.u.! for FH calculated at the HF and BLYP
levels of theory.

m~CO! Q(N2) a~FH!
Basis Aug HF BLYP HF BLYP HF BLYP

pc-0 none 20.8676 20.2074 22.2129 22.2652 1.481 1.596
s1p1 20.7543 20.1281 22.0275 22.0573 2.357 3.021

pc-1 none 20.3835 0.1262 21.5700 21.8248 2.647 2.878
s1p1 20.3619 0.1314 21.5010 21.7081 3.199 3.923

s1p1d1 20.2549 0.1935 21.1348 21.4738 4.836 6.110

pc-2 none 20.2910 0.1645 21.4407 21.7599 3.528 4.026
s1p1 20.2812 0.1790 21.3953 21.6663 3.768 4.553

s1p1d1 20.2638 0.1878 21.2518 21.5638 4.894 6.231
s1p1d1f1 20.2648 0.1870 21.2631 21.5742 4.891 6.280

pc-3 none 20.2665 0.1828 21.2842 21.6178 4.536 5.483
s1p1 20.2658 0.1847 21.2722 21.5846 4.596 5.639

s1p1d1 20.2651 0.1850 21.2622 21.5745 4.905 6.304
s1p1d1f1 20.2651 0.1850 21.2629 21.5755 4.908 6.318

s1p1d1f1g1 20.2651 0.1850 21.2628 21.5755 4.907 6.319

pc-4 none 20.2651 0.1847 21.2649 21.5826 4.783 5.942
s1p1 20.2651 0.1848 21.2635 21.5757 4.795 5.989

s1p1d1 20.2650 0.1848 21.2639 21.5757 4.909 6.316
s1p1d1f1 20.2650 0.1848 21.2641 21.5758 4.909 6.323

s1p1d1f1g1 20.2650 0.1848 21.2641 21.5757 4.910 6.324
s1p1d1f1g1h1 20.2650 0.1849 21.2640 21.5757 4.910 6.324

Limit 20.2650a,c 0.122b,d 21.2642a,c 21.52b,e 4.910a,f 5.60b,g

aNumerical HF result. eReference 20.
bExperimental value. fReference 18.
cReference 16. gReference 21.
dReference 19.
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3 shows the logarithmic error in the BLYP polarizability fo
CO as a function of the number of basis functions. Diffuses-
and p-functions give only a marginal improvement, but a
dition of diffused-functions has a large effect.

FIG. 1. Logarithmic error relative to the basis set limit for the BLYP dipo
moment for H2O as a function of the number of basis functions. Lege
indicates the level of diffuse functions added to the pc-n basis sets.
Downloaded 22 May 2008 to 10.1.150.179. Redistribution subject to AIP
For the aug-cc-pVxZ basis sets3 a full set of augmenting
functions is included for a given value ofx, but other basis
sets often include only diffuses- andp-functions. Given the
results in Tables I and III, it is relevant to consider how ma

FIG. 2. Logarithmic error relative to the basis set limit for the BLYP qua
rupole moment for NH3 as a function of the number of basis function
Legend indicates the level of diffuse functions added to the pc-n basis sets.
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9240 J. Chem. Phys., Vol. 117, No. 20, 22 November 2002 Frank Jensen
types of diffuse functions that should be included for a giv
pc-n basis set. For a property like EA, the diffuses- and
p-functions are by far the most important, whiled-functions
are essential for properties like electric moments and po
izability. One may thus consider using a sequence of pn
basis sets augmented with only a subset of diffuse functio
e.g., onlys- andp-functions for calculation of EAs. For the
pc-1 and pc-2 basis sets, however, addition of diffu
d-functions gives a non-negligible improvement of the
sults~Table I!. Since the size of a fully augmented pc-n basis
set is always smaller than the unaugmented pc-~n11! basis
set, the most cost-efficient way of achieving basis set c
vergence is probably to employ fully augmented pc-n basis
sets, although for the pc-4~and to some extend also pc-3!
basis set, a removal of the high angular momentum diff
functions will in most cases not affect the accuracy of
calculated property.

For all the above three properties does the addition
diffuse functions significantly improve the basis set conv
gence, and the augmented pc-4 results reproduce the HF
its very accurately. The similarity of the HF and BLYP bas
set convergences leaves little doubts that the correspon
BLYP results are also essentially at the basis set limit. Thi
effect allows the difference between the BLYP/aug-pc-4
sults and the experimental data to be attributed primarily
deficiencies in the exchange-correlation potential, and s
ondary to the neglect of vibrational averaging.

V. SUMMARY

Based on the previously proposed polarization consis
basis sets we suggest a scheme for adding diffuse funct
The exponents for thes- and p-functions are assigned b
scaling the outer exponents for the regular pc-n basis set with
a factor determined by explicit optimization at the Hartre

FIG. 3. Logarithmic error relative to the basis set limit for the BLYP pola
izability for CO as a function of the number of basis functions. Lege
indicates the level of diffuse functions added to the pc-n basis sets.
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Fock level. Exponents for polarization functions are assign
by scaling the corresponding exponents for the diffu
p-functions. Calculations for electron affinities show that d
fuses- andp-functions are significantly more important tha
diffuse polarization functions. With density functional met
ods, however, it appears that only systems with high elec
affinity values have a well-defined basis set limit, due to
incomplete cancellation of the self-interaction energy w
most common exchange-correlation functionals. These
sults strongly suggest that the majority of previous DF c
culations of electron affinities are just artifacts of the limit
basis set used. For molecular properties like dipole and qu
rupole moments, and static polarizabilities, it is necessar
also include diffused-functions to achieve a smooth basis s
convergence, but diffuse functions with higher angular m
mentum are less important.
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