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In this paper we extend our density-functional theory calculations, with generalized gradient
approximation and hybrid functionals, using Slater-type orbitals !STOs", to the determination of
second-order molecular properties. The key to the entire methodology involves the fitting of all STO
basis function products to an auxiliary STO basis, through the minimization of electron-repulsion
integrals. The selected properties are !i" dipole polarizabilities, !ii" nuclear magnetic shielding
constants, and !iii" nuclear spin–spin coupling constants. In all cases the one-electron integrals
involving STOs were evaluated by quadrature. The implementation for !ii" involved some
complexity because we used gauge-including atomic orbitals. The presence of two-electron integrals
on the right-hand side of the coupled equations meant that the fitting procedure had to be
implemented. For !iii" in the hybrid case, fitting procedures were again required for the exchange
contributions. For each property we studied a number of small molecules. We first obtained an
estimate of the basis set limit using Gaussian-type orbitals !GTOs". We then showed how it is
possible to reproduce these values using a STO basis set. For !ii" a regular TZ2P quality STO basis
was adequate; for !i" the addition of one set of diffuse functions !determined by Slater’s rules" gave
the required accuracy; for !iii" it was necessary to add a set of 1s functions, including one very tight
function, to give the desired result. In summary, we show that it is possible to predict second-order
molecular properties using STO basis sets with an accuracy comparable with large GTO basis sets.
We did not encounter any major difficulties with either the selection of the bases or the
implementation of the procedures. Although the energy code !especially in the hybrid case" may not
be competitive with a regular GTO code, for properties we find that STOs are more attractive.
© 2004 American Institute of Physics. #DOI: 10.1063/1.1668633$

I. INTRODUCTION

In two recent papers,1,2 we introduced our new code for
the calculation of molecular energies and geometries using
the methods of quantum chemistry with a basis set of Slater-
type Orbitals !STOs". Specifically, our first paper1 presented
density-functional theory !DFT" calculations using
generalized-gradient approximation !GGA" functionals. Fol-
lowing standard procedures, the Coulomb integrals were
evaluated through the fitting of the density to an auxiliary
Slater basis set. The second paper2 extended the methodol-
ogy to the inclusion of ‘‘exact exchange,’’ which meant that
Hartree–Fock and hybrid DFT calculations became possible.
For this, we fitted all pairs of basis functions to the auxiliary
basis. We presented sufficient calculations to demonstrate the
viability of this approach using STOs. The major conclusion
was that high accuracy was achievable using sufficiently
large basis sets, but there was no obvious advantage over the
standard usage of Gaussian-type orbitals !GTOs". Some de-
tails of the fitting procedures and other mathematical aspects
are given in Sec. II.

In this paper, we examine the calculation of electromag-

netic properties using STOs at the GGA and hybrid levels of
density functional theory. We recall that it is reasonable to
argue that STOs have a superior behavior compared to GTOs
near point nuclei. Cusplike behavior should be preferable to
Gaussian behavior. To date, we are not aware of any exten-
sive studies on the development of Slater basis sets for the
calculation of molecular properties which are known to be
particularly sensitive to the quality of the orbitals very near
the nuclei; this will be a major focus of this paper. Although
there has been much work on the general development of
optimal STO basis sets, such as the recent publication by van
Lenthe and Baerends3 in which they present a full set of STO
bases suitable for relativistic calculations for the elements
1–118, we have not found these basis sets to be adequate for
all our purposes. For example, one of our chosen electromag-
netic properties is the indirect nuclear spin–spin coupling
constants which constitute an important challenge for com-
putational chemistry4 and which we were unable to compute
accurately using the largest existing STO libraries.

Previously, we presented one of the first fully analytical
studies of nuclear spin–spin coupling constants using DFT,5
noting a definitive improvement in the quality of the results
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using functionals in the series local density approximation
!LDA",6 BLYP,7 and B3LYP,8,9 thus demonstrating the im-
portance of ‘‘exact exchange’’ !see also Refs. 10–12". It is
well known from calculations with GTOs that the spin–spin
coupling constants strongly depend on the quality of the ba-
sis set. An extensive study of this phenomenon for wave-
function-based methods is provided by Helgaker et al.13 in
which they give a systematic way of improving the standard
correlation-consistent14 basis sets by decontracting and aug-
menting the s-type functions. Peralta et al.15 have recently
performed an extensive DFT study of the basis set depen-
dence of the spin–spin coupling constants for molecules con-
taining first-row and hydrogen atoms; they confirm the diffi-
culty in achieving the basis set limit of the Fermi-contact
contribution using GTOs with Kohn–Sham theory. One pur-
pose of this work will be to examine the performance of
STOs when calculating this difficult property and to improve
the standard STO basis sets. Second, we will demonstrate
our ability to use hybrid functionals with STOs, which are
known to be superior for the calculation of spin–spin cou-
plings.

Our second chosen property of interest is the nuclear
magnetic shielding constants.4 Previously, we have
presented16 density-functional and Hartree–Fock calcula-
tions of nuclear shieldings using gauge-including atomic or-
bital !GIAO" Gaussian basis sets, also known as London
atomic orbitals !LAOs". Again, our purpose is to reproduce
such values using gauge-including STOs, with particular ref-
erence to the choice of STO basis set.

Ziegler and co-workers have provided pioneering work
in the application of DFT to the determination of NMR pa-
rameters with GIAOs and Slater basis sets !for example,
Refs. 17 and 18". Our work extends this, primarily with our
ability to include exact exchange. Moreover, we attempt to
explore the basis set limit with our Slater calculations in a
way that has not been emphasized before.

Finally, we have performed DFT calculations using STO
basis sets for the determination of molecular polarizabilities.
Here, STOs in principle should do very well because the
asymptotic form of Kohn–Sham orbitals should be hydro-
genic and not Gaussian. Our chosen molecules of interest
overlap with the previous study of Chong et al.19 in which
they develop and assess the use of field-induced Slater-type
polarization functions. We shall report calculations which
agree with our previous studies using GTOs and demonstrate
a simple alternative way of obtaining flexible STO basis sets
which give results of comparable accuracy to the field-
induced functions.

II. THEORETICAL ASPECTS

The full theory for the computation of the second-order
properties for which we are interested has been presented
elsewhere. In particular, we refer the reader to the review
paper in Ref. 4 for a detailed discussion of the calculation of
NMR parameters using ab initio techniques. We also refer to
our paper16 concerning the computation of NMR chemical
shifts using density-functional theory, with GIAO Gaussian
orbitals. In addition, theory and references concerning the
calculation of NMR spin–spin coupling constants within a

density-functional implementation !using GTOs" can be
found in our paper in Ref. 5. Finally, we draw attention to the
work that has been done on these molecular properties using
the ADF program.17,20 A detailed theory for these topics will
not be repeated here; we concentrate on the changes which
are necessary to implement the theory with an STO basis.

Briefly, we describe our procedure for using STOs in
Kohn–Sham calculations. The Coulomb Kohn–Sham matrix
elements may be denoted (pq!%), where p, q are STOs and %
is the electron density, %!2& i' i

2, with ' i being the Kohn–
Sham orbitals expressed in terms of the primary STO basis
(p . The matrix element is a two-electron integral with the
upright denoting 1/r12 . We fit % to an auxiliary basis set (̃k
such that

%)&
k

M

dk(̃k! %̃ , !1"

where the coefficients dk are obtained by minimizing the
quantity

!%" %̃!%" %̃ ". !2"

Therefore, the coefficients, dk are determined by solving the
simultaneous equations Ad!b, where

Akl!! (̃k!(̃ l", !3"

bl!! (̃ l!%", !4"

where again the notation ! ! " denotes the two-electron inte-
gral. In Ref. 1 we have discussed how the three-center two-
electron integrals are evaluated numerically, as well as a dis-
cussion on procedures to treat larger molecules with larger
basis sets. Appropriate references are given in Refs. 1 and 2.

To extend this approach to include ‘‘exact exchange’’ we
need to evaluate the matrix elements (p' i!q' i). We use the
same technique. We fit all products rs !where r and s are
STOs" to the auxiliary basis set and solve a set of simulta-
neous equations of the above form with the right-hand side
given by bl ,rs!((̃ l!(r(s). A transformation then yields the
fit of q' i to the auxiliary basis. Again, only three-center
integrals are required, and we have discussed how such cal-
culations may be efficiently performed. In Ref. 2 we present
Hartree–Fock studies as well as hybrid DFT studies using
this approach.

In our first two papers, we have made acknowledgment
to the authors of the Amsterdam density-functional
package20 !ADF". This is because ADF is a well-established
STO GGA program, although at the present time does not
include exact exchange. For our energy calculations, we have
used both primary basis sets and auxiliary basis sets from the
ADF library.21 There are some differences in the techniques of
the two programs, the dominant of which is that we mini-
mize differences involving the electron repulsion integral !2",
and we use our own techniques for numerical quadrature. At
this stage we recognize that there are calculations in the lit-
erature by the authors of the ADF program for many of the
properties discussed above, and we refer to them where ap-
propriate.
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The properties discussed in the Introduction are second-
order properties, which means that first-order changes to the
orbitals must be determined through solution of the coupled
equation

HU!P. !5"

In Ref. 2 we give full details of the solution of the coupled-
perturbed equations for the case of a real external perturba-
tion both for the GGA and hybrid DFT. The polarizability
*xy is given by & i

occ&a
virUia

x Pia
y , where Ux is the solution of

the coupled equations for the electric field in the x direction
and Py corresponds to the y direction and is given by Pia

y

!(i!y !a). Therefore, the theory for the calculation of polar-
izabilities has already been presented.

The Hessian H is the left-hand side of the coupled equa-
tions takes four standard forms, dependent upon whether the
perturbation is real or imaginary, singlet or triplet. !By sin-
glet or triplet we mean that the perturbation gives nonzero
matrix elements between the closed-shell reference and ei-
ther singlet or triplet excited states." When it is real and
singlet, it has the form met in the study of polarizabilities
and is usually denoted H1 , and we have already discussed
how it is evaluated when exact exchange is present.2 When
the perturbation is pure imaginary and singlet and we are
looking at GGA functionals, the Hessian, now denoted H2 ,
is diagonal. When exact exchange is present, it has off-
diagonal terms and we discussed the implications of this in
Ref. 2. This is the case when there is an external magnetic
field. When the perturbation is real and triplet, the Hessian
has a third form H3 . It has no two-electron Coulomb contri-
bution and the density-functional contribution is different, as
presented originally by Bauernschmitt et al.22 The fourth
possibility, an imaginary triplet, is not required in this work,
although we note that its form is identical to the singlet
imaginary Hessian.

We now discuss the calculation of the indirect nuclear
spin–spin coupling constants, in which case Hessians H2 and
H3 are required. The right-hand sides take the forms previ-
ously presented for GTOs,4 but now are replaced by STOs.
In detail, there are four contributions to the spin–spin cou-
pling constants. The first is the diamagnetic spin–orbit
!DSO" term, which is an expectation value over the operator

ĤKL*+
dso !*4 &

i

riK"riL,*+"riK ,*riL ,+
riK
3 riL

3 . !6"

The second is the paramagnetic spin–orbit !PSO" term,
which is a second-order property using the imaginary singlet
operator

ĤK*
pso!"i*2&

i

!riK#-i"*

riK
3 . !7"

The third is the spin–dipolar !SD" term, which is a second-
order property using the real triplet operator

ĤK*
sd !*2&

i

3!si"riK"riK ,*"riK
2 si*

riK
5 . !8"

The final term uses the real triplet Fermi-contact !FC" opera-
tor, given by

ĤK*
fc !

8.*2

3 &
i

,!riK"si* . !9"

In the above operators, si is the electron-spin operator and *
is the fine-structure constant.

For all these contributions, we merely replace GTOs by
STOs. There is no fitting involved on the right-hand side of
the coupled equations, and all STO integrals were evaluated
straightforwardly by quadrature !with the exception of the
Fermi-contact term". We used exactly the same high-quality
grids for these integrals as we use for all our other DFT
studies and found this to be satisfactory. We know that all
four contributions can be significant, as found in the GTO
calculations.5 The question of the basis set quality, which
represents the motivation for this work, is discussed in Sec.
V. In our implementation the number of coupled equations
we solve is 10N where N is the number of nuclei.

As with the spin–spin coupling constants, the nuclear
shielding tensors contain both diamagnetic and paramagnetic
contributions, and we need to determine the first-order re-
sponse. For the shieldings, however, there are some impor-
tant differences when using STOs.

First, the Hessian H2 contains two-electron contributions
which must be evaluated using the fitting procedure. H2 is
diagonal in the GGA case but when exact exchange is
present it becomes nondiagonal, as discussed above. We
must therefore solve the full set of coupled equations when
using hybrid functionals. We underline that our previous dis-
cussion in Ref. 2 shows how the Hessian matrix can be ex-
plicitly evaluated using STOs with exact exchange, and we
do not consider this further.

The principal issue becomes apparent on consideration
of the right-hand side of the coupled equations. For the
shieldings, there are two perturbations: the magnetic field
and the nuclear dipole moments. The magnetic field is cho-
sen to be the perturbation for the coupled equations since
there is then a maximum of three responses to be calculated
!one for each Cartesian component of the field" irrespective
of the number of shielded nuclei. In the case of an external
magnetic perturbation, there is the additional problem asso-
ciated with the choice of gauge origin.4 In order to overcome
the gauge dependence of the calculations, it is now generally
accepted that gauge-including atomic orbitals23,24 should be
used. The form of the GIAO for STOs is the same as for
GTOs—namely,

/*
A!r"!exp""

i
2 B#!A"O""r#0*!rA", !10"

where r is the position of the electron relative to the origin of
the coordinate system, rA is the position of the electron rela-
tive to A, and O is the gauge origin; B denotes the magnetic
field. 0* denotes the GTO/STO atomic orbital and /*

A(r)
denotes the corresponding GIAO.

New terms arise in the expression for the shielding ten-
sors because the overlap of two GIAOs depends upon the
magnetic field. These additional terms are well established.25
As far as the one-electron integral contributions to Pai

* are
concerned, a straightforward replacement of the Gaussian in-
tegrals in a GIAO NMR code by the equivalent numerically
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evaluated STO integrals is all that is necessary. However,
there is now an additional difficulty arising from the two-
electron contributions to the matrix element Pai

* . Specifi-
cally, there are contributions from the derivatives of the Cou-
lomb term #(ai! j j)$ and the exchange term #(a j ! j i)$ , since
the molecular orbitals are expanded in GIAOs which depend
explicitly on the magnetic field B. Here a refers to the virtual
orbitals, i, j to the occupied orbitals. We now write (ai! j j)
and (a j ! j i) in terms of their GIAO basis function contribu-
tions

!12!34"D3456/1*M!r1"/2
N!r1"!

1
r12

#!/3*P!r2"/4
Q!r2"7D34 , !11"

!12!34"D2356/1*M!r1"/2
N!r1"!

1
r12

#!/3*P!r2"/4
Q!r2"7D23 , !12"

where D is the density matrix. We require the derivative of
these expressions with respect to B* evaluated at B!0. The
nonzero contributions are given by

RMN#60102!
r1
r12

!%7, !13"

RMN#60102!
r1
r12

!03047D23$RPQ#60102!
r2
r12

!03047D23 .

!14"
These integrals are straightforwardly evaluated for STOs
through !i" auxiliary representation of the density and !ii"
auxiliary representation of STO basis function products, 34
in the first case and 12 in the second case.

There are also contributions to Pai
* from the fact that we

must use molecular orbitals which remain orthonormal when
expressed in terms of GIAOs. Specifically, we use the trans-
formed orbitals '̃p!&8Tpr'r , where the '̃ orbitals are
orthonormal—i.e.,

TTST!1. !15"

S is the overlap matrix when the molecular orbitals are ex-
pressed in terms of the GIAOs. In a basis function represen-
tation, therefore, S12!6/1!/27. The right-hand side of the
coupled equations will require the derivative of these reor-
thonormalized orbitals with respect to B. This means that we
require the derivative of T,

T!!" 1
2 dS/dB, !16"

where

dS12

dB !0!
i
2 RMN#601

M!r!02
N7. !17"

The one-electron integrals in Eq. !17" are evaluated numeri-
cally. The additional two-electron contributions are, there-
fore, from the Coulomb term

Tap! !pi! j j ", !Tip! "*!ap! j j ", T jp! !ai!p j ",

!T jp! "*!ai! jp " !18"

and from the exchange term

Tap! !p j ! j i ", !Tip! "*!a j ! jp ", T jp! !ap! j i ",

!T jp! "*!a j !pi ", !19"

where we have used the repeated suffix summation conven-
tion. The first two terms of both sets can be combined with
the one-electron contributions to give Tap! Fpi and Tpi! Fap ,
where F is the Kohn–Sham matrix. The last two terms of the
Coulomb contribution cancel, but the last two terms of the
exchange contribution must be evaluated using the methods
previously discussed.

Finally, solution of the coupled equations Uai
* is con-

tracted with the PSO one-electron angular momentum inte-
grals

6a!
l̂ K
rK
3 !i7 !20"

to give the NMR shielding tensor for nucleus K.
In summary, therefore, the calculation of NMR shield-

ings with STOs has presented some new challenges when
GIAOs are used. This is because the representation of the
property matrix involves two-electron integrals which are
field dependent, and fitting procedures have had to be used in
order to evaluate their contributions. This requirement is fur-
ther complicated by the introduction of exact exchange,
which introduces additional terms into the right-hand side of
the coupled equations, as well as modification of the Hessian
H2 as described in our earlier paper.2

III. POLARIZABILITIES

We have calculated isotropic dipole polarisabilities of 20
small closed-shell molecules at their experimental geom-
etries. Our results are presented in Table I. We stress that it is
not the reproduction of experiment which is our principal
purpose, but the comparison of STO and GTO predictions.
For this example, we have used the standard LDA functional
!i.e., Dirac exchange and VWN correlation".6 In this simple
case, there are near-definitive numerical calculations for
seven of these molecules in the literature from Dickson and
Becke.26 They have used the finite-field approximation in
combination with their numerical basis set code. We have
attempted to validate their studies using a large Gaussian
basis set with our own GTO analytic code. Specifically, we
have used aug-cc-pVTZ,14 which we denote aug-pVTZ in
Table I for brevity. This is a polarized-valence triple-9,
correlation-consistent basis set, augmented by one set of dif-
fuse s, p, d, and f functions for second-row atoms. In addi-
tion, we have used the basis set of Sadlej,27 designed to
reproduce polarizabilities rather than energies. The three col-
umns of results, where both are available, are sufficiently
close for our purposes, with the exception of HF which
shows a greater variation. Included in Table I is an error
analysis of the results for the first seven molecules with re-
spect to the numerical values in the final column.

Now we discuss our results using the new Slater code.
The first column uses a Slater basis of triple-9 quality, de-
noted TZ2P-S !TZS for abbreviation in the table". Specifi-
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cally, we have used the ADF primary basis set IV with the
addition of an extra polarization function of the same angular
momentum, as described in our previous paper.2 For the aux-
iliary set, we took the standard ADF auxiliary basis set. We
have used the same auxiliary set throughout, although we
examined carefully the need for additional functions, but
found they were not necessary. The results from the first
column are not in satisfactory agreement with the definitive
numerical results, being off by 0.56 atomic units on average.

In the second column are calculations using TZ2P-S
augmented with a single set of s and p diffuse STOs, denoted
in the table by TZS!sp". These were obtained from Slater’s
rules for Rydberg orbitals28 !i.e., for second-row atoms they
are 3s and 3p functions; for hydrogen they are 2s and 2p".
These were added to all the atoms. The results in the second
column are a substantial improvement on the first column,
reducing the mean absolute error from 0.56 a.u. to 0.14 a.u.
over the first seven molecules.

The third column shows the result of adding a diffuse set
of 3d functions; the results show that they are unnecessary
and do not give a substantial improvement. Finally, in the
fourth column, we have added two sets of diffuse s and p
functions to all atoms, determined as a split representation of
Slater’s rules. The Slater values in the fourth column are in
very good agreement with the numerical results and are very
close to the Sadlej values.

In conclusion, these studies of the dipole polarizabilities
clearly show that calculations with STOs are competitive
with high-quality GTO studies. We have shown that the ad-
dition of one set of diffuse functions is sufficient to augment
a regular STO triple-valence basis set #the TZ2P-S!sp" set$ to
give a Slater basis comparable in quality to the GTO aug-cc-

pVTZ basis for this property and arguably better in that it
does not show the same failing of the aug-cc-pVTZ basis for
the HF molecule. Moreover, in comparison to the work of
Chong et al.19 we see that the use of Rydberg-type orbitals
compares well with the more elaborate use of field-induced
polarization functions. In particular, Chong et al. report a
mean absolute percentage error of 0.97 in the isotropic static
polarizabilities of their chosen set of small molecules, which
is comparable to our reported errors after adding diffuse
STOs.

IV. NUCLEAR SHIELDING CONSTANTS

Our next property of interest is isotropic NMR shielding
constants. This time, we choose to use the B3LYP hybrid
DFT functional. It seemed appropriate to use a standard hy-
brid functional in common use, although we know that better
results can be obtained using optimized functionals which
have a smaller amount of exact exchange.29 Again, our pur-
pose will be to compare GTO and STO predictions. We have
chosen the same set of 20 small molecules to study.

In Table II, the experimental values as they are best
known are given in the final column. For the GTOs, we
present three columns of values using the standard basis sets
cc-pVDZ, cc-pVTZ, and cc-pV5Z, calculated using the pro-
gram package DALTON.30 We have compared the cc-pV5Z
values with results using basis set HIV of Huzinaga,31,32
which is a compact basis commonly used for NMR
shieldings.4 The cc-pV5Z and Huzinaga values are very
close and we therefore take the cc-pV5Z values as our esti-
mate of the basis set limit. The cc-pVDZ values are clearly
not sufficiently accurate, being off by more than 24 ppm on

TABLE I. Isotropic dipole polarizabilities !in a.u." of 20 small molecules using Slater and Gaussian basis sets
with LDA DFT.

Slater Gaussian

NumericalaTZS TZS!sp" TZS!spd" TZS!2s2p" aug-pVTZ Sadlej

H2 5.33 5.75 5.75 5.88 5.88 5.73 5.91
HF 6.18 6.20 6.21 6.20 5.88 6.17 6.23
N2 11.78 12.07 12.13 12.23 12.23 12.16 12.3
CO 13.20 13.58 13.58 13.62 13.66 13.61 13.70
H2O 10.33 10.53 10.55 10.55 10.40 10.54 10.60
NH3 14.23 15.31 15.39 15.42 15.37 15.56 15.54
CH4 17.03 17.55 17.63 17.66 17.69 17.76 17.69
LiH 31.51 34.01 34.06 34.15 34.29 34.26 –
Li2 184.94 195.50 195.92 201.3 203.14 202.47 –
LiF 11.73 11.78 11.84 11.70 11.76 11.87 –
F2 9.04 8.93 8.94 8.88 8.42 8.82 –
CO2 17.75 17.70 17.70 17.70 17.57 17.72 –
HCN 17.20 17.26 17.35 17.31 17.48 17.42 –
H2CO 18.27 18.73 18.78 18.80 18.73 18.72 –
FCH3 17.62 17.93 17.98 18.00 17.97 17.96 –
C2H4 27.38 28.28 28.37 28.42 28.46 28.55 –
HCl 17.90 18.25 18.31 18.32 17.99 18.43 –
H2S 24.23 25.48 25.63 25.75 25.72 26.05 –
PH3 29.41 31.67 31.94 32.18 32.30 32.52 –
Cl2 30.96 31.26 31.54 31.36 31.11 31.70 –
mean abs. err. !a.u." 0.56 0.14 0.10 0.06 0.12 0.09
mean abs. err. !%" 4.74 1.27 1.01 0.51 1.42 0.98

aReference 26.
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average. For all the molecules there is a substantial differ-
ence with the cc-pV5Z values. On the other hand, the cc-
pVTZ results become quite close to cc-pV5Z, to within 10
ppm in most cases and to within 8.5 ppm on average. Al-
though it is not the purpose of this paper, we observe that the
agreement between the cc-pV5Z values and the experimental
values is not good.

Now we look at results with STOs. Our first column uses
a DZP basis set, denoted DZP-S, taken from the ADF library
basis set III !Ref. 21"; the second column is the DZ basis
taken from Clementi,33 supplemented with the same ADF po-
larization exponents. It is denoted CDZP-S. A glance at Table
II shows that the STO values from both DZP basis sets are
much closer on average to the GTO cc-pV5Z values than the
corresponding cc-pVDZ GTO values, which is most encour-
aging. In particular, the CDZP-S basis performs very well.
The mean absolute errors of the DZP-S and CDZP-S sets
with respect to the GTO cc-pV5Z values are 19.4 ppm and
11.7 ppm, respectively, compared to 24.1 ppm for the GTO
double-9 basis. We have always hoped that one of the advan-
tages of STOs is that the quality of results obtained using a
modest basis set should be superior to the equivalent GTO
results. Results obtained with the TZ2P-S STO basis !i.e.,
basis set IV from ADF with an additional polarization
function—see above" are also close to the GTO limiting val-
ues, with a mean absolute error of 6.9 ppm, to be compared
to the GTO triple-9 average error of 8.5 ppm.

Our conclusion here is that we have not encountered
great difficulty in the calculation of NMR shielding constants
using STOs with the hybrid functional B3LYP. Indeed, nor-
mal STO basis sets appear to be entirely adequate and argu-
ably better than their GTO counterparts, especially at the
double-9 level. Of course, when comparing to experiment, it
is ultimately the functional which introduces the largest dis-
crepancy, but nevertheless, our STO results are very encour-
aging.

V. INDIRECT NUCLEAR SPIN–SPIN
COUPLING CONSTANTS

This is the property for which we have had the most
difficulty, probably because it has four distinct contributions,
each requiring the density to be accurate in different regions
of space. Our earlier paper5 on these constants using GTOs
shows that often it is the Fermi-contact contribution which is
the most difficult to converge, but the other terms are also
important. The Fermi-contact term requires that the density
be accurate near the nuclei and therefore, presumably, high-
exponent s basis function exponents will be important, as is
borne out in calculations with GTOs.

As before, we have first determined a limiting set of
values for the nuclear spin–spin couplings of 19 small mol-
ecules given in Tables III–V using GTO basis functions. We
only report the total isotropic spin–spin coupling constant, in

TABLE II. Isotropic NMR shielding constants !in ppm" of 20 small molecules using Slater and Gaussian basis
sets with B3LYP DFT.

Nucl.

Slater Gaussian

Expt.aDZP-S CDZP-S TZ2P-S cc-pVDZ cc-pVTZ cc-pV5Z

H2 H 26.9 26.9 26.7 26.6 26.7 26.7
HF F 411.7 406.7 408.3 418.8 412.5 411.0 419.7%6
N2 N "48.8 "85.8 "79.9 "59.9 "84.4 "94.3 "59.6%1.5
CO C "6.9 "14.9 "16.0 10.4 "10.7 "20.2 2.8%0.9

O "26.8 "72.5 "70.7 "47.3 "75.7 "83.0 "36.7%17.2
H2O O 328.5 332.2 325.9 345.7 336.3 328.3 357.6%17.2
NH3 N 268.3 267.8 262.4 273.8 266.8 260.0 273.3%0.1
CH4 C 202.3 193.0 191.4 199.6 191.5 188.4 198.4%0.9
LiH Li 94.0 94.7 88.7 91.9 89.5 88.1
Li2 Li 100.0 100.3 98.4 99.8 98.5 98.1
LiF Li 94.0 95.2 87.9 93.7 88.9 87.2

F 357.6 267.3 359.1 312.9 323.9 346.3
F2 F "192.9 "226.1 "249.5 "203.9 "228.4 "250.2 "192.8
CO2 C 66.1 43.8 50.4 75.8 55.4 47.9 58.8

O 233.5 215.5 219.3 230.6 214.6 212.7 243.4
HCN C 84.6 69.6 74.9 95.0 75.8 68.2 82.1

N "1.9 "47.7 "42.2 "14.0 "42.0 "51.1 "20.4
H2CO C "2.6 "15.9 "15.7 7.5 "14.2 "25.3 "4.4%3

O "362.6 "491.8 "437.1 "419.5 "447.6 "455.5 "375%100
FCH3 F 462.5 482.4 467.5 456.8 461.8 465.8

C 120.3 113.9 111.7 126.9 111.0 105.5
C2H4 C 71.7 53.3 54.2 72.3 54.7 46.4

H 26.0 26.5 26.0 26.0 26.0 25.9
HCl Cl 949.9 950.4 920.7 958.7 948.1 937.2
H2S S 713.2 720.7 707.8 742.9 716.4 698.5 752%12
PH3 P 568.3 573.3 569.5 620.2 574.2 557.0
Cl2 Cl 602.1 611.5 576.9 644.3 627.8 601.1
mean abs. err. !ppm" 19.4 11.7 6.9 24.1 8.5
mean abs. err. !%" 21.8 7.8 6.3 26.4 8.1

aReference 29.
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Hz, using the LDA and B3LYP functionals. To reach an es-
timated GTO basis set limit, we performed the following
sequence of calculations:

!a" A double-9 plus polarization basis, which is the Dun-
ning cc-pVDZ basis, denoted by pVDZ.

!b" The same basis set with the s set completely uncon-
tracted and further augmented with four additional large ex-
ponent s functions determined by increasing the even-
tempered set. Thus, for carbon, for example, the s Gaussian
exponents are !0.16, 0.52, 2.80, 7.50, 21.06, 64.71, 228.00,
1000.00, 6665.00, 44 388.00, 295 630.00, 1 968 896.00,
13 112 849.00". We denote this set pVDZ!su4".

!c" We enlarge the double-9 basis to triple-9 quality us-
ing the Dunning cc-pVTZ basis, denoted pVTZ in the table.

!d" We then completely decontract the s set and augment
with four additional tight s functions as above. This time, the
s Gaussian exponents for carbon are !0.13, 0.36, 0.91, 3.32,
9.00, 25.59, 79.27, 280.80, 1235.00, 8236.00, 54 924.00,
366 282.00, 2 442 668.00, 16 289 729.00". We denote this set
pVTZ!su4".

!e" Our estimated basis set limit is calculated with a
cc-pV5Z basis with the s functions uncontracted and four
tight s functions added; it is denoted pV5Z!su4". We have
also performed calculations with an aug-cc-pVTZ!su4" basis
and an extended Huzinaga basis, with tight functions. Fur-
thermore, we have also performed calculations with the basis
set suggested by Peralta et al.,11 Sad-J, which is smaller and
designed for these studies. The conclusion is that the
pV5Z!su4" values are very near the basis set limit for these
molecules.

The results using the LDA functional are given in Table
III. We see that convergence with the smaller bases can be

erratic unless the decontraction and addition denoted by
!su4" is included. In particular, the pVTZ!su4" agree rather
well with the limiting values, to an accuracy of 2.4 Hz on
average.

The molecule HF is rather typical. The results using the
first four basis sets are scattered and they demonstrate that it
is very difficult to converge these calculations even at the
DFT level !noting that large basis set requirements are well
established for wave-function-based methods for this prop-
erty". We see that the addition of !su4" to the cc-pVDZ basis
reduces the coupling constant by more than 55 Hz, whereas
the addition of !su4" to the cc-pVTZ basis increases the con-
stant by more than 160 Hz. However, the values obtained
using pVTZ!su4" and pV5Z!su4" are closer, differing by less
than 25 Hz or 5.6%.

We performed a similar analysis using the B3LYP func-
tional with the same basis sets. The conclusions are identical.

In Tables IV and V, we show the results using the STO
basis sets for the LDA and B3LYP functionals. In the right-
hand column of both tables, we have given the pV5Z!su4"
GTO values for comparison. In order to attempt to converge
the STO calculations we have used the following sequence
of basis sets. !Recall that we use the fixed auxiliary set from
ADF throughout as in our previous studies. We have checked
that the addition of large exponent functions in the primary
set does not appear to require amendment to the auxiliary
set":

!a" Basis III from ADF, which is of double-9 plus polar-
ization quality. We denote this DZP-S.

!b" We enlarge the same basis set with four tight 1s
functions, with exponents * determined according to the rule
*!2Z ,3Z ,4Z ,100Z , where Z is the nuclear charge. This set

TABLE III. Isotropic indirect nuclear spin–spin coupling constants !in Hz" of 19 small molecules using
Gaussian basis sets with LDA DFT.

Coupling pVDZ pVDZ!su4" pVTZ pVTZ!su4" pV5Z!su4"

H2 H–D 41.23 35.20 32.11 35.15 35.37
HF 19F–H 354.82 296.65 218.91 381.86 404.56
N2 14N– 15N 5.69 5.32 "16.75 4.74 4.14
CO 13C– 17O 12.13 29.28 "22.27 26.39 25.98
H2O 17O–H "65.71 "55.91 "41.43 "64.28 "67.13
NH3 14N–H 38.78 35.01 29.21 36.96 37.91
CH4 13C–H 107.66 102.08 87.77 102.50 102.70
LiH 7Li–H 126.45 166.94 156.82 169.05 166.87
Li2 6Li– 7Li 80.11 86.01 82.51 84.91 84.30
LiF 7Li– 19F 88.07 128.27 112.89 135.88 137.89
CO2 13C– 17O 2.01 29.16 "3.32 27.23 27.05
HCN 15N– 13C "9.40 "5.99 "47.93 "8.14 "8.66

13C–H 218.37 224.88 205.18 226.64 228.44
H2CO 13C– 17O 20.30 42.11 33.25 42.39 43.58

13C–H 137.39 143.33 127.67 144.62 145.55
FCH3 19F– 13C "195.78 "253.51 "217.92 "237.36 "235.72

13C–H 119.87 116.81 100.91 117.90 118.45
C2H4 13C– 13C 76.21 54.96 65.27 52.69 52.13

13C–H 135.38 130.37 115.16 130.75 131.17
HCl 35Cl–H 25.28 16.73 21.74 22.19 24.60
H2S 33S–H 21.43 18.49 16.40 21.03 21.85
PH3 31P–H 119.79 115.55 87.06 124.21 126.51
Cl2 35Cl– 37Cl 100.94 101.84 99.12 102.41 112.39
mean abs. err. !Hz" 14.30 8.98 25.69 2.44
mean abs. err. !%" 19.41 9.91 69.52 3.07
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was determined by experimentation for H2 and can be ratio-
nalized by comparison to the Gaussian augmentation proce-
dure !see discussion below". For carbon, this means that the
exponents of the 1s functions were !5.00, 7.68, 12.00, 18.00,
24.00, 600.00". We denote this basis DZP-S!s4".

!c" The alternative double-9 plus polarization quality ba-
sis set taken from Clementi as previously described. We de-
note it CDZP-S.

!d" The previous CDZP-S basis augmented by the same
tight 1s functions as in !b" above and is denoted CDZP-
S!s4". In this case, the exponents of the 1s functions for
carbon are !5.23, 7.97, 12.00, 18.00, 24.00, 600.00".

!e" We then extended the size of the primary STO basis
to one of triple-9 plus double-polarization quality, introduced
as TZ2P-S as before.

!f" Finally, we added a set of four tight 1s functions to
the TZ2P-S basis, to make TZ2P-S!s4". Our best STO results
should be obtained with this basis. The exponents of the 1s
functions are the same as in !b".

In the GTO case, a need for additional valence s func-
tions and tight s core functions is evident: hence the stan-
dard GTO augmentation procedure described above. Our em-
pirical rule for use with STOs follows the same rationale
with the difference that only a single very tight s function is
required to obtain good results.

It is encouraging that the results in the tables with our
‘‘best’’ STO basis agree well with the limiting GTO values.
The fact that the rule for selecting tight 1s functions works
without exception indicates that the procedure is satisfactory,
especially bearing in mind the large variety of results in the
earlier columns of Tables IV and V. It should not be surpris-

ing that only a single very tight s function must be added to
the STO set. The addition of tight GTOs is presumably re-
quired to obtain a good description of the electronic cusp at
the nucleus, something that is automatically present with
STOs.

Again, HF is seen to be a difficult molecule: with the
LDA functional, the addition of the tight functions to the
DZP-S bases increased the isotropic constant by :140 Hz,
and the addition of the tight functions to the TZ2P-S basis
increased the constant by :8 Hz. For CO2 , the tight func-
tions reduce the constant for the DZP-S bases by :10 Hz,
but they increase the constant by :10 Hz for the TZ2P-S
basis. The predictions with the DZP-S!s4", CDZP-S!s4", and
TZ2P-S!s4" bases are all in good agreement with the GTO
cc-pV5Z!su4" results. Indeed, the mean absolute errors of the
TZ2P-S!s4" and cc-pVTZ!su4" values are very similar, being
2.29 and 2.44 Hz, respectively, in the LDA case; TZ2P-S!s4"
has a smaller mean absolute error of 1.6 Hz in the B3LYP
case. These results encourage us to trust our implementation,
procedures, and results.

Our conclusion to these studies for the calculation of
indirect nuclear spin–spin coupling constants is that we have
designed a satisfactory scheme to obtain near-converged re-
sults which agree well with the best GTO values. Good re-
sults are achieved in particular with the CDZP-S!s4" basis.
This is not a large basis set and gives results which are on
average much better than those from the corresponding cc-
pVDZ!su4" GTO basis, with mean absolute errors in the
LDA case being a factor of 2 smaller than the GTO errors
and less than 1.5 Hz above the TZ2P-S!s4" error.

TABLE IV. Isotropic indirect nuclear spin–spin coupling constants !in Hz" of 19 small molecules calculated
using Slater basis sets with LDA DFT, compared to the limiting cc-pV5Z!su4" Gaussian basis set values from
Table III.

Coupling DZP-S DZP-S!s4" CDZP-S CDZP-S!s4" TZ2P-S TZ2P-S!s4" pV5Z!su4"

H2 H–D 58.10 34.40 58.10 34.40 65.53 34.45 35.37
HF 19F–H 236.52 380.01 281.80 410.08 400.84 408.99 404.56
N2 14N– 15N 6.60 1.65 4.16 3.72 0.31 5.01 4.14
CO 13C– 17O 33.07 23.66 29.39 26.19 27.38 28.20 25.98
H2O 17O–H "60.95 "66.01 "60.12 "66.31 "90.21 "67.14 "67.13
NH3 14N–H 39.17 37.84 39.23 37.44 50.11 37.48 37.91
CH4 13C–H 110.47 103.97 116.94 104.51 139.45 100.97 102.70
LiH 7Li–H 157.99 158.41 163.55 172.12 177.12 159.31 166.87
Li2 6Li– 7Li 66.54 69.74 75.54 81.24 85.50 73.88 84.30
LiF 7Li– 19F 124.48 150.50 98.23 133.25 110.34 140.01 137.89
CO2 13C– 17O 37.40 27.54 35.34 26.21 17.55 27.89 27.05
HCN 15N– 13C 0.45 "8.54 "5.99 "11.87 "15.73 "7.89 "8.66

13C–H 261.04 225.41 265.61 225.99 309.46 225.82 228.44
H2CO 13C– 17O 45.84 38.99 44.86 40.11 33.38 43.05 43.58

13C–H 159.65 144.78 165.05 142.48 189.94 143.55 145.55
FCH3 19F– 13C "251.05 "236.81 "225.26 "211.10 "245.85 "241.24 "235.72

13C–H 127.83 119.11 133.34 116.88 160.42 116.74 118.45
C2H4 13C– 13C 43.68 57.54 47.65 58.06 73.26 52.04 52.13

13C–H 145.61 131.69 151.98 131.73 172.75 129.34 131.17
HCl 35Cl–H 18.97 22.22 15.58 23.16 44.43 23.25 24.60
H2S 33S–H 21.58 20.38 17.21 19.58 19.92 21.41 21.85
PH3 31P–H 138.87 120.17 109.49 117.74 126.13 123.10 126.51
Cl2 35Cl– 37Cl 117.42 115.92 119.62 116.65 100.66 113.20 112.39
mean abs. err. !Hz" 17.17 4.30 16.55 3.72 19.61 2.29
mean abs. err. !%" 21.80 7.15 16.98 5.71 31.83 3.76
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VI. CONCLUSION

For the evaluation of energies, our previous papers have
demonstrated that there is little to choose between good GTO
calculations and good STO calculations. Our results with
GGA and hybrid functionals indicate that similar quality val-
ues are obtained with both basis sets. However, the cost of
our STO hybrid calculations presently exceeds that of the
GTO calculations. Nevertheless, as far as GGA calculations
are concerned, established codes #such as ADF !Ref. 20" or
GAUSSIAN !Ref. 34"$ appear to be of equivalent cost in this
respect.

For the calculation of molecular properties, however, the
picture for STOs is more encouraging, as we show for the
three second-order properties considered above. Our results
on polarizabilities demonstrate that calculations with the
TZ2P-S set !basis IV of ADF supplemented with one polar-
ization function" and a single set of diffuse functions give
high-quality results which are comparable with those ob-
tained with a GTO aug-cc-pVTZ basis.

For the NMR shielding constants, likewise we showed
that the results obtained with the STO basis TZ2P-S are com-
parable with the cc-pVTZ GTO values, with mean absolute
errors with respect to the estimated basis set limit being 6.9
and 8.5 ppm, respectively. Moreover, results with the STO
basis CDZP-S !due to Clementi" were also of high quality
and a substantial improvement over the GTO cc-pVDZ re-
sults, with mean errors of 11.7 ppm versus 24.1 ppm, respec-
tively. Use of GIAOs meant that considerable changes were
necessary for an STO implementation for both the GGA and
hybrid DFT functionals because the perturbation terms in-

volved two-electron integrals for which fitting to an auxiliary
basis set was necessary.

For the indirect nuclear spin–spin coupling constants,
we observe similar basis set requirements as with GTOs,
with the exception that fewer additional tight s functions are
required to obtain high-quality results. We gave an empirical
rule for the selection of suitable additional STO 1s functions.
At the triple-9 level, the resulting TZ2P-S!s4" results agreed
very well with the limiting GTO cc-pV5Z!su4" results, being
off by less than 2.3 and 1.6 Hz on average for the LDA and
hybrid B3LYP functionals, respectively; the GTO cc-
pVTZ!su4" basis was off by 2.4 Hz on average at the LDA
level. We are particularly encouraged the good quality of the
results when using only a double-9-sized Slater basis. At the
LDA level, we observe mean absolute errors of 3.7 and 9.0
Hz when using the STO CDZP-S!s4" and GTO cc-
pVDZ!su4" basis sets, respectively.

In conclusion, we have demonstrated that molecular
properties may be determined to a high accuracy using mod-
erately sized Slater-type basis sets within the density-
functional theory framework in a manner that is highly com-
petitive with the use of Gaussian-type orbitals.
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