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Polarization consistent basis sets. Ill. The importance of diffuse functions
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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 diffgseand 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 updefunctions 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 Physic§DOI: 10.1063/1.1515484

I. INTRODUCTION scribed earlief. The previously defined puo-basis sets have

In the first paper in this series we proposed a sequence %een used in their uncontracted forms. Contraction slightly

polarization consistenpc) basis sets, which is suitable for eteriorates the reSt_JIts, analogous to the situation for the
systematically approaching the basis set limit for Hartree—energyz’ but trends mirror the present results.
Fock (HF) and density functionalDF) methods: We denote
these basis sets pg-with n indicating the level of angular |Il. ELECTRON AFFINITIES
momentum functions included beyond those necessary for i i
the isolated atom. A pc-1 basis set is thus of double zeta plus In analogy W'_th the previously strateéw,v_e rely on re-
polarization(DZP) level, a pc-2 of triple zeta plus polariza- sults from numerical Hartree—Fock_ calculations as an abs_o-
tion (TZP) level, etc. In the second paper it was shown thatUt® reference. At the HF level the importance of each addi-
the largest of these basis set, pc-4, is capable of achievirigPh@! diffuse function can be evaluated from its energetic
micro-Hartree accuracy in absolute energies, correspondingPntribution, based on functions that have been optimized
to an accuracy of better than 0.01 kJ/mol per atom for totalVith réspect to the exponents. In contrast to the previous
atomization energigsThese results were obtained and cali- 2halysis which lead to the ptbasis sets however, the ex-
brated for neutral and cationic systems. For anionic system@onents of the additional diffuse functions cannot be fully
it is well-known that wave function based methods must em@Ptimized fOF all systems_. For a system Iik&N, for_ex-

ploy basis sets which are augmented by additional function@mPle, the_ highest OCC“P'ed molecular Orb{ﬁpMO) IS a

with small exponentd.Such diffuse functions are also re- o-type orbltal_ located mainly on carbon._Addltlon of a set of
quired for an accurate calculation of molecular properties” @ndp-functions on both carbon and nitrogen, followed by
that depend on the wave function tail. Anionic systems repMinimization of the total energy with respect to the expo-
resent a formal problem for most current DF methods due t&'€NtS: 1eads to collapse of the nitrogeiunction, i.e., the

the improper cancellation of the self-interaction endrgipe ~ €XPonent converges to the same value as the outer
present paper examines the question of augmenting time pcP-€XPonent of the underlying pe-basis set. Even when all
basis sets with diffuse functions in order to improve the basi€XPOnents can be optimized, as for example for thexom,

set convergence for certain properties, and examines ﬂ.}ge anionic character is often strongly localized on one type

problem of describing anionic systems by DF methods. of basis function, i.e_z., the-function for the _F atom. T_his
means that the optimurp-exponent value is well-defined,

but the s-exponent depends only indirectly on the energy
change due to the additional electron. Using isolated atoms
All calculations have been done using theussiaN 98  for determining the optimum exponents will thus only pro-
program packagewith restricted open shell wave functions vide well-defined exponent values for one type of function.
for open shell species. Density functional calculations haven order to provide a general procedure, molecular systems
used the BLYP functionfland a grid consisting of 99 radial must be employed, but this often suffers from a variational
and 590 angular point for calculating the exchange-collapse(vide supra. In the present case we have thus em-
correlation contributiod. Basis set optimization have been ployed a strategy where the exponents of the additional dif-
done using a pseudo Newton—Raphson procedure, as dise basis functions are generated by scaling the outer pc-

1. COMPUTATIONAL DETAILS
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TABLE |. Energy contribution for augmenting functions for th€N and CN molecules. Energies are in atomic units, with the contribution for augmenting
functions relative to entry immediately above. EA is the electron affinity in kJ/mol.

HF BLYP

Basis Aug AE (TCN) AE (CN) EA AE (TCN) AE (CN) EA
pc-0 none —91.950 359 —91.886 886 166.65 —92.482 773 —92.424 661 152.58
slpl —0.107 531 —0.042 336 337.82 —-0.122 791 —0.038 132 374.85
pc-1 none —92.283 453 —92.169 839 298.30 —92.810 374 —92.693 417 307.07
slpl —0.014 847 —0.001 594 333.09 —0.025 800 —0.002 252 368.90
slpldl —0.002 738 —0.004 497 328.47 —0.001 143 —0.001 744 367.32
pc-2 none —92.342 076 —92.220 540 319.09 —92.875 605 —92.742 380 349.79
slpl —0.002 731 —0.000 235 325.65 —0.006 501 —0.000 253 366.19
slpldl —0.000 349 —0.000 436 325.42 —0.000 084 —0.000 089 366.18
slpldifl —0.000 029 —0.000 022 325.44 —0.000 048 —0.000 059 366.15
pc-3 none —92.348 435 —92.224 976 324.14 —92.884 522 —92.746 382 362.69
slpl —0.000 349 —0.000 010 325.03 —0.001 274 —0.000 016 365.99
slpldl —0.000014 —0.000 010 325.04 —0.000 008 —0.000 003 366.00
slpldifl —0.000 004 —0.000 006 325.04 —0.000 003 —0.000 001 366.01
slpldifigl —0.000 002 —0.000 002 325.04 —0.000 001 —0.000 001 366.01
pc-4 none —92.348 885 —92.225123 324.94 —92.885 668 —92.746 532 365.30
slpl —0.000 033 —0.000 001 325.02 —0.000 268 —0.000 000 366.01
slpldl —0.000 001 —0.000 000 325.02 —0.000 002 —0.000 000 366.01
slpldifl —0.000 000 —0.000 000 325.02 —0.000 001 —0.000 000 366.01
slpldiflgl —0.000 000 —0.000 000 325.02 —0.000 000 —0.000 000 366.01
slpldiflglhl —0.000 000 —0.000 000 325.02 —0.000 000 —0.000 000 366.01

Limit? —92.348 951 —92.225 134 325.08
Residual errdr —0.000 032 —0.000 009

Numerical HF result, Refs. 9, 17.
PError for the fully augmented pc-4 basis set relative to the HF limit.

exponents by a factor common for all elements, but differentinionic and neutral systems, indicating that the primary func-
for each angular momentum. The optimum scale factors argon of diffuse polarization functions for the smaller pc-
determined by minimizing the total energy. This prevents aasis sets is to make up for deficiencies in the underlying
variational collapse for atoms having little anionic characteryasis set. There is a clear trend that each step up in angular
in the molecule, but allows an optimum exponent value for,omentum reduces the energetic importance by approxi-
those atoms making a significant contribution to the orbitalmately an order of magnitude. The importance of a specific

describing the additional e_Ie_ctron. At the DF level of theory,t pe of angular momentum functions is similarly reduced by
however, this approach will in many cases lead to exponen . . . . .

. ) o . approximately an order of magnitude by increasing the size
divergence, due to inadequacies in the exchange-correlatio

potential, as discussed in more detail below. of the underlying .pm.ba5|s set. ]
The energetic importance of the diffuse- and

A. Hartree—Fock results p-functions is much less for the neutral CN system than for
The energetic contributions for adding diffuse functions” CN, and changes in the calculated electron affiix) for
to each of the pat basis set for the CN and CN molecules the slpl augmented basis sets consequently mirror the
are shown in Table I, very similar results have been obtainedhanges in the total energy for the anionic system. The cal-
for other systems. For the neutral CN radical the pc-4 basigulate EA with the pc-1 basis set is improved from 298 kJ/
set gives an energy 11 micro-Hartree higher than the numering| to 333 kJ/mol by adding a set of diffuse and
cal HF limit® but the corresponding error for the anionic p-functions, but the change by adding a diffudséunction is
system is 66 micro-Hartree. Half of this err@3 micro- )y 5 K 3/mol. This should be compared to the absolute error
Hartree_) IS rec_overed py adding a set of diffuse ano_l of 3 kd/mol from the fully augmented pc-1 basis set com-
p—fun_ctlops, with the h|gh§r angular mom(_ar_num funCt!Ons’pared to the numerical HF result. With the pc-2 basis set, the
contributing less than 2 micro-Hartree. Addition of multiple L . . .
addition of diffuses- and p-functions reduce the error in the

diffuse s- and p-functions also has a very small effect, e.g., . _
the energy obtained by adding two setssoéindp-functions calculated EA from 6.0 kJ/mol to 0.6 kJ/mol, while adding

with full optimization of the scale factors is only 0.1 micro- diffuse d- andf-functions further improves the result by 0.2
Hartree lower than for adding just one set of diffuse func-kJ/mol. For the pc-3 and pc-4 basis sets the contribution to
tions. For the smaller po-basis sets the underlying basis setthe EA from all the diffuse polarization functions is negli-
is less complete, and addition of diffuse polarization func-gible. Using arslplaugmented pc-4 basis set the numerical
tions has a larger effect. The effect is very similar for thelimit for the EA is reproduced to within 0.06 kJ/mol.
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TABLE II. Electron affinities(kJ/mo)) calculated withs1plaugmented perbasis sets and the BLYP functional

System pc-0 pc-1 pc-2 pc-3 pc-4 ExXjpt.
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 1354 136.0 121.8

H 81.6 79.4 82.2 83.5 84.0 72.8
CF, 29.4 —10.6 —-8.9 4.4 11.7 17.3
NO 21.4 —12.4 -9.3 1.0 7.7 25

2Reference 10. Entries inold indicate that attempts of exponent optimization lead to divergence.

B. Density functional results sponds to a loosely bound electron occupying a diffuse
For neutral systems we have shown that there is only grbital with a high energy. Sir?ce the latter to a larger extend
small difference between the basis set convergence for Hls_amples the problema_tm region _far from the nucleus Whgre
and DE wave functions, and the same basis set can thus fe exchange-correlation potential has the wrong behavior,
used for estimating both the HF and KS linft&or anionic th.is indicates that DF mgthods with se.lf-int.eraction errors
systems, however, the situation is somewhat different, sinc¥ill Only be able to describe systems with high EA values.
most of the commonly employed exchange-correlation funcSINce this implies(vide infra) that most EAs calculated by
tionals do not have a proper cancellation of the CoulomdPF Methods are just artifacts of the incomplete basis set
self-interaction energy by the(approximatg exchange USe€d, we will elaborate on this in more detail. _
functional® This is turn leads to an improper behavior of the _ [N this context it is useful to consider the experimental
corresponding potential far from the nucleus. Since anioni&AS for the systems shown in Table Il. The CN radical has a
systems have loosely bound electrons, this incorrect behavid'ge electron affinity373 kJ/mo), and the HOMO is con-
is problematic. Nevertheless, many DF methods have bee'ﬁaq_uently quite t|ght_spat|ally, resembling the other valence
used in combination with standard augmented basis sets féfPitals. The NO radical, on the other hand, has a near zero
calculating EAs, and the results in general display a goodeA (3 kJ/mo), and the(exac) HOMO is (will be) very dif-
agreement with experiments. Reference 10 gives a recefi¢se. A radical like OH represents an |nterme(_j|ate case with
review of the literature, with references to the majority of EA@N EA of 176 kJ/mol. Table | shows that with the BLYP
calculations by DF methods. exchange-correlation functional it is possible to optimize
A central question is whether the apparent success fo¥cale factors for the augmented pbasis sets for the CN
describing anionic systems by DF methods is just an artifaciolecule, with a behavior very similar to that for the HF
of using a finite basis set, a problem closely related to thénethod. The HOMO energy is calculated to be essentially
HOMO energy. If this is positive, the resulting orbital cannot zero with theslplaugmented pc-4 basis set, but the results
be normalized and the corresponding electron is not in 4r F~ suggest that addition of more diffuse functions is
bound state, implying that the calculated EA is merely anlikely to make the HOMO energy negative.
artifact of the limited basis set used. A negative value, on the ~ For the F system(experimental EA of 328 kJ/mplt is
other hand, indicates a bound state and thus a well-defined}so possible to optimize the exponents $dplaugmented
EA. A detailed investigation of the Fatom by Jarecki and PCcH basis setgpolarization functions do not contribute to
Davidsort' showed that the HOMO has a negative orbitalthe energy for F). The total energy obtained at the HF level
energy with the BLYP functional when a large diffuse basiswith an slplaugmented pc-4 basis set is 10 micro-Hartree
set is used, but care must be taken to ensure that the numed@bove the numerical HF limit. With the same basis set the
cal integration of the exchange-correlation functional is acBLYP method gives a HOMO energy of 0.048 a.u., which is
curate. With an aug-cc-pV5Z basis set augmented with Xery similar to the results obtained by Jarecki and Davidson
additional diffusep-functions, the orbital energy appears to With a similar sized basis stt.Their results, however, indi-
be converged with a value of 0.05 a.u., but addition of 16cate that the total energy is lowered by 0.008 a.u. when mul-
diffuse p-functions is necessary to reach the actual convergetiple diffuse p-functions are added, which also reverse the
value of—0.06 a.u., with the most diffuse function having an sign of the HOMO energy. The procedure by optimizing
exponent of 107, slplaugmented perbasis sets for this system leads to an
It has been argued that the problem of incomplete canapparent EA basis set limit of 361 kJ/mol, but the results by
cellation of the self-interaction energy should be largest fodarecki and Davidsdhindicate that further enlargement of
small localized anion¥ and the demonstration of a negative the basis set will increase this value 520 kJ/mol.
HOMO energy for a “problematic” system like F should The observed basis set convergence TGN and F is
thus make DF methods valid for calculating EAs for mostnot representative of the general case. F@H a complete
systems of interest. We believe that a much more importarget of optimized scale factors can be determined at the HF
factor is themagnitudeof the EA, which is closely related to level, analogous to the results shown in Table I, resulting in
the HOMO energy. A large EA corresponds to a lavega- an EA basis set limit value of-13 kJ/mol. For the pc-0,
tive) HOMO energy and consequently a spatially “tight” or- pc-1, and pc-2 basis sets it is also possible to optimized scale
bital. A small value of the EA, on the other hand, corre-factors for the augmenting functions with the BLYP method.
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Optimization of scale factors for silplaugmented pc-3 ba- basis set investigation is required. The present results indi-
sis set is also possible, however, witspldlaugmentation cate that only systems with high EAs have theoretically well-
the exponent optimization leads to a scale factor for thejefined values with many common exchange-correlation
p-functions diverging towards a very large value, corre-functionals. For the BLYP method this limit appears to be
sponding to the basis function exponents approaching zergjpse to 320 kJ/mol, which exclude most species of interest
We have checked that this is not a consequence of keepir*(g,my 13 of the 110 systems in Ref. 10 have EAs larger than

the exponents of the underlying pdasis set fixed, attempts 35 kJ/mo). Nevertheless, a sequence of calculations with

of full optimization of all basis set exponents also leads 0gtandard basis sets augmented with a single set of diffuse

divergence. We have also checked that this is not due to thﬁmctions may show ampparent basis sets convergence
use of an insufficient grid for calculating the exchange- '

correlation energy. The results for the augmented pc-0, pe- his is illustrated in Table Il, where the ptbasis sets have

and pc-2 basis sets indicate a positive HOMO energy of 0.0 een aggmented w_nimlpldﬁuse funct|ons,_W|th exponents )
a.u., i.e., an unbound electron, despite the fact that the diff€termined by scaling the outer exponent in the regular basis

ference in total energy between OH an®H corresponds to set, as described below. It is clear that these results could
a sizable EA of 198 kJ/mol, which can be compared to theasily lead to the conclusion that a DZP or TZP type basis set
experimental value of 176 kJ/mol. The fact that it is possiblellike pc-1 and pc-2augmented with diffuse functions is ca-
to optimize the outer exponents for the pc-0, pc-1, and pc-Pable of giving results in respectable agreement with experi-
basis sets is a consequence of the incompleteness of the unents, and that the remaining error can be attributed to the
derlying basis set, i.e., the additional augmenting functiorapproximate nature of the exchange-correlation functional,
will to a certain extend also improve the description of thesince little change is observed upon going from the pc-1 to
orbitals not being the HOMO. Once the basis set approacthe pc-2 basis set. Note, however, that for the low EA sys-
completeness for the neutral system, however, the augmentems the pc-3 and pc-4 results clearly show that the basis set
ing functions primarily describe the HOMO, and conse-js not converged.

quently attempt to describe an unbound electron by letting  The inability to establish a well-defined scale factor by

the exponent approach zero. In agreement with these argyniimization of the basis set exponents means that the energy
ments the exponent divergence starts earlier for systems wi the anion is not well-defined. In a basis set with fixed

a lower EA. For the carbon atom with an experimental EA Ofexponents the addition of more and more diffuse functions

122 kJ/mol, it is possible to optimizelplaugmented pc-0 . . .
. : ill continue to lower the energy. In practice such calcula-
and pc-1 basis sets, but not an augmented pc-2 basis set. For

the NO system with an experimental EA of 3 kJ/mol, only annons are trpublesome, since it becomes difficult t_o_achieve
slplaugmented pc-0 basis set can be optimized, already th¥ave function convergence for basis sets containing very
slplaugmentation of the pc-1 basis set leads to divergencéj.'ml‘se functions. The cglculated EA W't.h functpnals havmg
The same level of divergence is observed for the §Btem  @n incomplete cancellation of the self-interaction energy is
with an experimental EA of 17 kJ/mol, showing that the therefore essentially a measure of the basis set incomplete-
more extended delocalization of the HOMO is less importanfl€ss, and not a measure of the inherent accuracy of the func-
than the magnitude of the EA for describing whether DFtional. This result has implications for a large number of
methods are appropriate for calculating EAs. reported EAs using DF method$These calculations have,
The use of hybrid DF methods, which include a fractionwith a few exceptions, been done using standard basis sets,
of exact HF exchange, improves the situation to a certaitypical of DZP or TZP type, augmented with a single set of
extend, since the HF method is completely self-interactiordiffuse functions.
free. It does not remove the problem, however, but merely  Although the present results show that only systems with
shifts the onset of the divergence(tightly) lower values of  high EAs have theoretically well-defined values when com-
the (experimental EA. With the B3LYP hybrid® which in-  mon exchange-correlation functionals are employed, a large
cludes 20% HF exchange, a complete &tp1d1figl of  pody of reported calculations has shown that DF methods
augmentation functions can be optimized with the pc-3 basigperationally give very respectable agreement with experi-
set forOH, but divergence is observed when augmentation,enia| EAs when used in combination with an augmented
funct|or_15 are _added to the pc-4 bas_ls set. For"Ndver- DZP or TZP type basis séf.We believe that this is an ex-
gence 1s again observed _glready with spl augmentgd ample of a methodology giving the right answer for the right
pc-1 basis set, i.e., the addition of exact exchange in this case | cical but not for the rialih tical A
physicalreason, but not for the rigttheoreticalreason. An

does not improve the situation. - . .
The divergence in the basis set exponent optimization isaugmented DZP or TZP type basis set effectively constrains

a clear indication that the additional electron is not bound€ additional electron to occupy the physically correct re-

with the employed exchange-correlation functional. Wher9ion in space, and DFT provides a good estimate of the
using standard basis sets, however, this is not a useful crit€n€rgy derived from the corresponding orbital/density. Pro-

rion. A positive HOMO energy is a similar warning, but the vided that the augmenting functions are not too diffuse, the
results by Jarecki and Davidsdrshow that &slightly) posi- ~ Procedure thusnodelsthe real physical system, and can be
tive value for a limited basis set may become negative whetised as a “parameterized” method for estimating EAs,
sufficiently diffuse functions are added. A positive HOMO where the parameterization consists of selecting a proper
energy, however, is a clear indication that a more extensiveombination of exchange/correlation functional and basis set.
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IV. MOLECULAR PROPERTIES comes{, =3(L+1){, ;. Other criteria like maximizing the
) ) overlap, or having the same expectation valuerofjive
The EA is mainly related to the total energy of the an-gjmijar formula, with slightly different multiplicative factors.

ionic species, and the above analysis shows that diffuse \ye have examined several such choices for the diffuse po-
and p-functions are the most important for systems with e"larization exponents, and settled on the formula=(L
ements from the first row in the Periodic Table. There are,, 1){__,. The pc-3 and pc-4 basis sets already contain

however.,_many other molecular propertles that are known_ t(f’airly diffuse polarization functions, and the results are con-
be sensitive to an accurate description of the wave funCt'ogequently insensitive to the exact choice of exponents. For
tail, the.electric dipole and quagjrupole moments being SOMG o pc-1 and pc-2 basis sets the present choice appears to
of the_ simplest. For the pe-basis sets we have shown t_ha_t give slightly better agreement with the basis set limit than
fche dipole moment converges mom_)tom|c towards the IImIt'the other alternatives examined for a selection of molecular
Ny valfe, but the convergence is rather slow and noEystems. In a sense we have chosen a parameterized formula
smooth. for determining the diffuse polarization exponents to ensure

. The HF energy for amons.prowde_s a well-defined Crt-hat results with the augmented pc-1 and pc-2 basis sets
rium for selecting diffuse basis function exponents, but no

similar measure is available for properties. At the DF level omedeI the basis set fimit. The optimum exponents will of
i prop o . course depend on the specific molecular system and the spe-
theory the total energy is not a useful criterium, since mos

.Eific property, but the present choice appears suitable for

anions have unbound electrons, and alternative Strateg'eia\ctric moments and polarizabiliti€3The diffuse function

must be employed to assign suitable diffuse functions. To ge? :
L . : . exponents for the pn-basis sets are somewhat smaller than
an initial estimate of exponents suitable for diffuseand

p-functions, we have determined the optimum scale factorl0" the aug-cc-pWz basis sets,especially for the high an-

: = ~ - - ular momentum functions.
for five molecular test cases CN, "OH, "NH, NO, 9 .
~OF) at the HF level by minimizing the total energy. The The results for the dipole moment of CO at the HF and

. . . BLYP levels are shown in Table Ill, very similar results have

scale factors for the- andp-functions are well-defined, since . . .

Do : been obtained for other systems. The addition of diffsise
they make a large contribution to the HOMO, as illustrated . . L .
. . - and p-functions gives only a marginal improvement relative
in Table I. The ratio between the optimized exponents of tht?0 the pch basis sets. but addition of a diffuskfunction
diffuse functions {qs) and the outer exponents of the pc- nificgntl improves the basis set convergence. Higher an-
basis set {,) is in general slightly larger than the ratio be- g y 1mp 9 - g

tween the two outermost exponents in therpbasis set gular momentum diffuse functions are significantly less im-

(¢,/¢1). We have thus adapted a procedure where the diﬁusg_ortant. Figure 1 shows the logarithmic error in the BLYP

s- andp-exponents are generated according to the foIIowingf |polg moment fqr HO as a function of the ngmber of basis
formula. with K=0.20: unctions. For this case diffuse and p-functions actually

slightly deteriorates the calculated results for the pc-0, -1,
e and -2 basis sets, while inclusion of diffuddunctions gives
(é/é’—-i-K)' a significant improvement.
2161

The quadrupole momenfidefined as® =Q,,—3(Q,,

An exception is the exponent for the diffusdunction for +ny)16] similarly measures the quality of the wave func-
the pc-0 basis set, sindg/{; is very large in this case, due tion tail, although at slightly larger distances from the nuclei
to the exponent gap between the &and Z-orbitals. For this  than the dipole moment. The calculated results for the N
special case we have chosen a ratio slightly smaller than fanolecule are shown in Table Ill, and displays very similar
the corresponding-functions. characteristics as the dipole moment. Diffuse p- and

The choice of exponents for the diffuse polarizationd-functions are important, but higher angular momentum dif-
functions is more problematic. For the pc-3 and pc-4 basisuse functions have little effect, and aipldlaugmented
sets the total energy is insensitive to the diffuse polarizationpc-2 basis set provides results close to the basis set limit.
functions(Table I), and the HF energy is therefore not a good Figure 2 shows the logarithmic error in the BLYP quadrupole
criterium for choosing basis set exponents. The pc-1 andhoment for NH as a function of the number of basis func-
pc-2 basis sets are less complete than pc-3 and pc-4, and ttiens. Addition of diffuses- andp-functions provides a more
energy optimized exponents for the diffuse polarization funcsmooth convergence than the unaugmented pesis sets,
tions become rather tight to compensate for inadequacies ibut the calculated values are further removed from the basis
the underlying basis set. An energetic criterium is thereforeset limit. Diffuse d-functions significantly improve the re-
guestionably for choosing diffuse polarization exponents. sults, and diffusd-functions have a somewhat larger effect

An alternative criterium is that the diffuse polarization than for the dipole moment.
functions should span a similar physical space as the diffuse The (statig dipole polarizability (defined as 1/3 of the
s and p-functions. Since the basis functions describe contrace of the polarizability tenspis an example of a property,
tinuous distributions, several choices are possible for meawnhich might be expected to be sensitive to the presence of
suring the “similarity”.** Requiring that a basis function of higher angular momentum diffuse functions. The results for
angular momentunh should have a maximum at the same FH in Table Ill, however, show very similar convergence
radial distance as the diffuggfunction gives the formula characteristics as the dipole and quadrupole moments, i.e.,
L =L _;. If the basis function is weighted with ad term  diffuses-, p- andd-functions are essential, but higher angular
from the volume element, the corresponding formula be-momentum functions are significantly less important. Figure

Lait=
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TABLE III. Dipole moment(Debys for CO, quadrupole momeriDebye A for N,, and static polarizabilitya.u) for FH calculated at the HF and BLYP
levels of theory.

w(CO O(Ny) a(FH)

Basis Aug HF BLYP HF BLYP HF BLYP

pc-0 none —0.8676 —-0.2074 —2.2129 —2.2652 1.481 1.596

slpl —0.7543 —0.1281 —2.0275 —2.0573 2.357 3.021

pc-1 none —0.3835 0.1262 —1.5700 —1.8248 2.647 2.878

slpl —0.3619 0.1314 —1.5010 —1.7081 3.199 3.923

slpldl —0.2549 0.1935 —1.1348 —1.4738 4.836 6.110

pc-2 none —0.2910 0.1645 —1.4407 —1.7599 3.528 4.026

slpl —0.2812 0.1790 —1.3953 —1.6663 3.768 4553

slpldl —0.2638 0.1878 —1.2518 —1.5638 4.894 6.231

slpldifl —0.2648 0.1870 —-1.2631 —1.5742 4.891 6.280

pc-3 none —0.2665 0.1828 —1.2842 —-1.6178 4.536 5.483

slpl —0.2658 0.1847 —1.2722 —1.5846 4.596 5.639

slpldl —0.2651 0.1850 —1.2622 —1.5745 4.905 6.304

slpldifl —0.2651 0.1850 —1.2629 —1.5755 4.908 6.318

slpldiflgl —0.2651 0.1850 —1.2628 —1.5755 4.907 6.319

pc-4 none —0.2651 0.1847 —1.2649 —1.5826 4.783 5.942

slpl —0.2651 0.1848 —-1.2635 —-1.5757 4.795 5.989

slpldl —0.2650 0.1848 —1.2639 —1.5757 4.909 6.316

slpldifl —0.2650 0.1848 —1.2641 —1.5758 4.909 6.323

slpldiflgl —0.2650 0.1848 —1.2641 —1.5757 4.910 6.324

slpldiflglhl —0.2650 0.1849 —1.2640 —-1.5757 4.910 6.324

Limit —0.2656-° 0.1224 —1.2642¢ —1.52¢ 4,916+ 5.6079

aNumerical HF result. ®Reference 20.
PExperimental value. 'Reference 18.
‘Reference 16. 9Reference 21.

dReference 19.

3 shows the logarithmic error in the BLYP polarizability for For the aug-cc-pVxZ basis séis full set of augmenting
CO as a function of the number of basis functions. Diffese functions is included for a given value &f but other basis
and p-functions give only a marginal improvement, but ad- sets often include only diffuse andp-functions. Given the

dition of diffuse d-functions has a large effect. results in Tables | and 111, it is relevant to consider how many
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FIG. 1. Logarithmic error relative to the basis set limit for the BLYP dipole FIG. 2. Logarithmic error relative to the basis set limit for the BLYP quad-
moment for HBO as a function of the number of basis functions. Legend rupole moment for Nkl as a function of the number of basis functions.
indicates the level of diffuse functions added to thenduasis sets. Legend indicates the level of diffuse functions added to the pesis sets.
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L L L B A L Fock level. Exponents for polarization functions are assigned
10" | = pon - by sca_lling the corresponding expongn_t_s for the diffu_se
—=—s1pl p-functions. Calculations for electron affinities show that dif-
. §]E]g}ﬂ fuses- andp-functions are significantly more important than
—e—sipidifigl | diffuse polarization functions. With density functional meth-
ods, however, it appears that only systems with high electron
affinity values have a well-defined basis set limit, due to the
. incomplete cancellation of the self-interaction energy with
most common exchange-correlation functionals. These re-

sults strongly suggest that the majority of previous DF cal-

Polarizability error
P
T

107 | . culations of electron affinities are just artifacts of the limited
basis set used. For molecular properties like dipole and quad-
\ rupole moments, and static polarizabilities, it is necessary to
107 . & - also include diffusel-functions to achieve a smooth basis set
e ,\ - convergence, but diffuse functions with higher angular mo-
0 50 100 150 200 250 300 mentum are less important.

Number of basis functions
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