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The basis set polarization approach is applied to the generation of medium-size polarized GTO( 
CGTO basis sets for accurate calculations of molecular dipole moments and polarizabilities. 
The polarized basis sets determined in this paper for Hand C through F are employed in SCF HF 
and MBPT calculations of dipole moments and polarizabilities of FH, H 20, NH3 , and CH4. 
The excellent results obtained at both the SCF HF and MBPT( 4) levels of approximation indicate 
that the present basis sets can be employed for the accurate high-level correlated studies of relati
vely large molecules. The use of those basis sets in calculations of intermolecular interactions is 
also discussed. 

This paper is dedicated to Dr Rudolf Zahradnik in appreciation of his achievements in scienc!? 
and his leading role for quantum chemistry in Czechoslovakia. 

Introduction 

The majority of computational methods of quantum chemistry 1 - 3 employed nowadays in cal
culations of the electronic structure and properties of molecules are formulated in terms of 
many-electron wave functions which are built from some set of single-particle states (spin
-orbitals)4. 5. The determination of spin-orbitals is commonly carried out by expanding them into 
what is called a basis set, i.e., a set, in principle complete, of some known functions. The algebraic 
procedures involved in this step6 require that in practice the basis sets used in molecular calcula
tions are neither complete nor exhaustively large and flexible. For computational reasons relati
vely small basis sets are preferable. However, the basis set truncation is unavoidably followed 
by its reduced flexibility. Certain balance between the basis set size and its flexibility can be 
achieved in a number of different ways. Thus, a proper, purpose-oriented, choice of the basis set 
becomes one of the main issues in computational quantum chemistry and to a large extent affects 
the accuracy and reliability of the calculated data. 

Most molecular calculations are currently performed with basis sets of nucleus-centred 
Gaussian-type orbitals (GTO's)7.8. They are known to offer several computational advantages9 

Moreover, the GTO basis sets are well standardized1 0 -14 and a vast amount of knowledge with 
regard to their performance in molecular calc4lations has been accumulated over the past years. 
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How:::ver, most of them have been determined in atomic SCF HF calculations. The optimized 
GTO exponents which follow from those calculations stress the importance of certain regions 
of the electron density distribution which are relevant for the atomic SCF HF energy. For heavily 
truncated GTO basis sets the description of the outer part of the electron density distribution 
is quite poor. This, however, can be to some extent remedied by adding a posteriori the so-called 
diffuse GTO's with relatively low orbital exponents 15. 

Far more complicated and subtle appears to be the problem of what is known as the polariza
tion functionsll -15. Although they do not follow directly from the SCF HF calculations for 
atoms in the ground electronic state, their presence in atomic basis sets employed for molecules 
is known to be of utmost importance I 3 -15. 

Given the type and number of polarization functions in the selected GTO basis set, their 
orbital exponents can be, in principle, optimized with respect to the total molecular energy. 
For quite obvious reasons such a procedure has a rather limited range of applica,bility. In most 
cases the orbital exponents of polarization functions are chosen according to the experience 
gained in calculations for sm 111 molecules 12 -15. Another source of their standardized values 
may follow from atomic calculations at the correlated level. In this respect the recent approach 
of Almlof and Taylor I 6 seems to be particularly appealing and successful. 

With a limited number of polarization functions of the given type the energy-oriented optimiza
tion of their exponents will certainly favor those regions of the electron density distribution which 
are significant for the lowering of the total energy. Hence, the flexibility of polarized basis sets 
derived from the energy minimization criteria may not be sufficient for accurate calculations 
of molecular properties other than the total energy. This aspect of the basis set composition was 
first clearly recognized by Werner and Meyerl7. 

The polarized GTO basis sets of Werner and Meyer17 have been constructed by extending 
the standard atomic GTO basis sets lO with several diffuse and polarization functions. The deter
mination of orbital exponents has been formulated into a set of rules based on the previous 
computational experience and some optimizationl7. However, it has been found l 7,18 that three 
different sets of d-type GTO's are needed for the first-row atoms in order to simultaneously 
achieve a high accuracy of the calculated molecular correlation energies, dipole moments and 
polarizabilities. This obviously brings about the dimensionality problem in calculations for 
molecules comprising a larger number of the first-row atoms. Hence, any reduction of the basis 
set size and, in particular, of the number of polarization functions, without a significant loss 
of the accuracy, is worth of consideration. 

In this paper an alternative approach to a systematic determination of polarized 
GTO basis sets for the calculation of molecular electric properties will be presented. 
Our approach is based on what is called the basis set polarization methodl9 •20 

which has been employed previously for the derivation of very large polarized GTO 
basis sets for highly accurate calculations of electric properties of small mole
cules 19 - 22. The basis set polarization method, which is surveyed in the next section, 
assumes that the dependence of the basis set functions on the relevant external 
perturbation is known20 .23. If so, the polarization functions for the given initial 
basis set can be determined without additional computations. Moreover, they can 
be compressed into a contracted form20 with the contraction coefficients obtained 
directly from the atomic orbitals computed for the initial basis set. 

In order to achieve a significant reduction of the final GTO basis set size a series 
of exploratory calculations of atomic polarizabilities have been carried out. The 
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results have led to a series of rules for the derivation of medium-size polarized GTO 
basis sets. The corresponding basis sets for Hand C through F are given in the 
Appendix. The performance of those basis sets is exemplified in calculations of cor
relation energies, dipole moments and dipole polarizabilities for the first-row 
hydrides. 

The Basis Set Polarization Method 

The basis set polarization technique2o ,23 for the determination of polarization 
functions in calculations of molecular properties follows from the consideration 
of a many-e~ectron system in the presence of the appropriate external perturbation. 
The method is closely related to the Hellmann-Feynman theorem24 and its violation 
for perturbation-dependent functions 25 - 27. 

Let us assume that the unperturbed system is reasonably well described by using 
some finite set of basis functions {XI'} which determine the spin-orbitals Ui of the 
form: 

(1) 

In the presence of the external perturbation the spin-orbitals become perturbation
-dependent. Tn principle this dependence may occur through both the expansion 
coefficients Cili and the basis set functions. Hence, one can write the perturbed spin
-orbitals in the following form27 : 

Ui(A) = IClli(A) XI,(A) , (2) 
I' 

where Ie is a convenient perturbation-strength parameter. Usually the perturbation 
dependence of Ui is shifted completely to the expansion coefficients and the basis set 
is assumed to be perturbation-independent, i.e., chosen and fixed in calculations 
for the unperturbed system. However, a well-known exception is given by the geo
metry dependence of the standard nucleus-centred basis sets25 ,28. An analytic form 
of the perturbation dependence of basis set functions can be also devised for per
turbations due to external electric29 .30 and magnetic31 fields. 

Let us now recall that the first-order derivative of the total energy with respect 
to the perturbation parameter )~ is given by: 

where H(O), H(I), tp(O), and tp(A) are the unperturbed Hamiltonian, the relevant 
perturbation operator, the wave function of the unperturbed system, and the per
turbed wave function, respectively. The derivatives are evaluated at A = O. 
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In order to simplify our analysis let us assume that both pro) and P(J.) are ap
proximated in the form of a single Slater determinant. Then, as long as the basis set 
is perturbation-independent and the spin-orbitals used to build these determinants 
are obtained by solving the SCF HF equations, the last two terms of Eq. (3) will 
vanish and the Hellman-Feynman theorem will be satisfied2s - 28 • In other words 
this occurs when both the unperturbed spin-orbitals, U i = u~O), and the perturbed 
ones, Ui(J.), are expanded into the same set of basis functions. If the given basis set 
is perturbation-dependent this condition can be approximately satisfied by aug
menting the initial set {x~O)} of the unperturbed system by a set of the first-order 
derivatives of XiA) with respect to A. Obviously, this procedure might be continued 
until the complete basis set limit is reached. However, with a reasonably large initial 
basis set {1.~O)} the augmented basis set {x~O), cxi;.)!iJ;.} is expected to make the 
last two terms of Eq. (3) negligibly small. The extension of the initial basis set can 
be carried out through higher orders in ;, and results in what is called the polarized 
basis set. According to the present computational experience19 - 23 the first-order 
extension appears to be quite sufficient for accurate calculations of the first- and 
second-order molecular properties. 

A straightforward extension of the basis set would at least double its size and 
produce serious dimensionality problems for most but very small systems. However, 
a considerable reduction of the size of the final polarized basis set can be gained 
by considering the perturbed spin-orbitals (2). If the basis set is perturbation-de
pendent all dependence of U i(;.) on the perturbation strength can be in principle 
shifted to that of XJl(A). Then, the perturbed spin-orbitals can be approximately 
written as: 

Ui(J.) ~ 2>~~)xi)·) , (4) 
I' 

where c~~) = cld(O) is the expansion coefficient determined in calculations for the 
unperturbed system. The approximate character of Eq. (4) follows from the fact that 
the perturbed spin-orbitals must satisfy the orthonormality conditions: 

(5) 

for any value of the perturbation strength. Since in general, 

(6) 

the requirement (5) will afTect to some extent the expansion coefficients in Eq. (4). 
However, through the first-order in A this modification of c~~) is not expected to be 
vitally important for the present method of the generation of polarized basis sets. 

Within a single determinant approximation for the wave function the evaluation 
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of Eq. (3) with some perturbation-dependent basis set requires only the knowledge 
of the first-order perturbed occupied spin-orbitals25 -27 whose number, say n, is 
commonly much smaller than the dimension M of the initial basis set used for the 
unperturbed system. Hence, a suitable polarized basis set of the dimension M + n 
can be generated as a union of {x~O)} and the set {u~ I)} of the first-order derivatives 
of all occupied spin-orbitals: 

_ i = 1,2, ... , n U (l) = (aulA)) ~ L c.(O) (aX~(A)) 
I 1 ~l ~ , 

G). ;'=0 ~ cJ. ;'=0 

(7) 

which are obtained directly by the differentiation of Eq. (4). This procedure can be 
applied at the level of atomic SCF HF calculations and the additional basis func
tions u\ I) can be considered as strongly contracted components of the polarized 
basis set. Depending on the size and flexibility of the initial basis set and the accuracy 
requirements the additional basis functions (7) can be to some extent decontracted, 
i.e., split into more than one function of the polarized basis set. Moreover, for the 
given form of the perturbation dependence of X~(A) one usually finds 2o .23 that the 
summation in Eq. (7) can be restricted to a rather limited number of terms. Also 
some of the new functions (7) may be expected to strongly overlap with those already 
present in the initial basis set, and thus, they can be safely removed from the final 
polarized set. 

In this context one should recall that the aim of the present study is to derive 
relatively small basis sets for fairly accurate calculations of molecular properties. 
Hence, any possibility of a further reduction of the general polarized basis set defined 
in terms of Eq. (7) deserves a careful consideration. A very formal approach which 
follows from Eq. (7) would, in general, produce the polarized basis sets either exces
sively too sizable or insufficiently flexible. 

The choice of a basis set for molecular calculations, independently of the accu
mulated knowledge, is always to some extent arbitrary and represents some kind 
of artistry. Most calculations are carried out by using purpose-oriented basis sets. 
Hence, there should be no harm in saying that the derivation of relatively small 
and useful polarized basis set must be accompanied by a series of exploratory studies. 
Some of those numerical experiments, which have been carried out at the level of 
atomic SCF HF calculations, are reported in the next section and concluded in the 
form of convenient rules. 

Polari::ed Atomic GTO Basis Sets jar Calculations oj the Electric Dipole 

Properties 

The main idea underlying the basis set polarization method discussed in the previous 
section follows from the assumption that the basis set functions may explicitly depend 
on the external perturbation. Once this dependence is known and the SCF HF eigen-
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vectors of the unperturbed system are available, the polarization functions can be 
determined directly from Eq. (7). It is convenient to execute this procedure at the 
atomic level and then use the derived atomic basis sets in molecular calculations. 

The basis set polarization method can be, in principle, used for any external 
perturbation, provided the analytic form of XiA) is given. The present study is limited 
to the consideration of the homogeneous electric field perturbation. The perturbation 
parameter A will be identified with the components of the electric field strength 
F = {Fx, Fy , Fz}. It is also assumed that the initial basis set is built of GTO's. 

The dependence of GTO's on the homogeneous electric field strength can be 
d~termined by analysing the corresponding results for the harmonic oscillator. 
It has been found29 that the external electric field perturbation amounts approxima
tely to a field-dependent shift of the orbital origin R: 

R(F) = R(O) + l F(fJ· F) , 
rx2 F 

(8) 

where F is the length of the electric field vector and rx denotes the orbital exponent 
of the given GTO which is initially centred at R(O). The vector fJ = {Px' P,. pz} is 
built of what is known as the scale factors29 • Their meaning and the methods for 
their determination have been discussed elsewhere27 . Since the scale factors enter 
the origin shift (8) in a product with the electric field strength, they are completely 
irrelevant for the derivation of U~I). 

The differentiation of a field-dependent GTO, X,,(A) = XiF), with respect to some 
component F" (0' = X, y, z) of the electric field strength gives in general a combina
tion of two new GTO's with the same orbital exponent9 • For a normalized initial 
GTO i which corresponds to the angular quantum number 1 and the orbital ex
ponent rx, the resulting combination of normalized GTO's will be 

(9) 

where the coefficients in front of the shifted downwards (Xl-I) and upwards (Xl + 1) 
GTO's follow from the standard normalization of all basis functions9 ,2o. 

It has been argued20 that in the case of the external electric field perturbation 
the lowered component of the r.h.s. of Eq. (9) can be simply omitted. Its contribution 
will be large in the region close to the atomic nucleus and hence, relatively irrelevant 
in the present case. Within this approximation Eq. (7) becomes: 

U~l) '" "C"XI + 1 
J -';~/.UIJ ' (10) 

" 
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where Xl + 1 is the appropriate shifted upwards component of the derivative (9) 
and 

(11) 

Thus, if Eg. (10) is recognized as a new contracted Gaussian-type orbital (CGTO), 
its contraction coefficients are completely determined by the eigenvectors of the 
unperturbed system and the orbital exponents of the initial GTO basis set. In what 
follows Eg. (10) will be considered as a pragmatic definition of polarization functions 
to be added to the {x~O)} basis set. 

In our previous studies of the basis set polarization method 20 ,22 Eq. (11) was 
applied directly to either GTO's or CGTO's of the initial basis set. However, those 
studies were aimed at highly accurate calculations of electric properties20 .22 of 
diatomic molecules and the use of large polarized basis sets was quite obvious and 
necessary. In the present paper we aim at the determination of moderately large 
polarized GTO basis sets which might be employed in calculations of electric pro
perties of much larger systems. With this purpose in mind some further reduction 
of the size of the U~l) set is quite desirable and may follow from the consideration 
of certain features of the initial GTO basis sets. 

The present approach limits the polarization components to those which follow 
from the first-order derivatives of the initial perturbation-dependent basis set. 
At the level of the SCF HF approximation this should be sufficient for the calculation 
of electric properties through the third-order in the electric field strength32 since 
in principle only the first-order perturbed wave function is needed for their evalua
tion 33 • In calculations at the correlated level one may need the polarization com
ponents through the same order as that of the calculated electric property34.35. 
However, it follows from several recent calculations36 •37 that at least for the cal
culation of electric dipole moments and dipole polarizabilities the higher-order 
polarization components of the given basis set are not highly important. The po
larized basis sets generated in this study are meant to be used in calculations of 
molecular dipole moments and polarizabilities, and thus, the polarization com
ponents will be restricted to those which follow from the first-order derivatives 
of the initial basis set functions. 

The preliminary steps of the generation of polarized atomic basis sets can be sum
marized as follows. First, we need to choose some reasonably good initial basis set 
which is known to provide sufficiently accurate description of the atomic ground 
state in the SCF HF approximation. In this paper our initial basis sets for Hand C 
through F are the (5) and (9.5) atomic GTO basis sets of van Duijneveldtll , respecti
vely. In order to reduce the number of functions which are actually used in calcula
tions they have been contracted to what is known as the double-zeta CGTO basis 
sets, i.e., [5(2] for Hand [9.5/4.2] for C through F. The contraction schemes can 
be read from the tabular data presented in the Appendix. 
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Obviously, there is a great deal of arbitrariness in both the choice and contraction 
of the starting GTO basis set. The double-zeta GTO/CGTO basis sets are known 
to perform reasonably well in calculations of atomic and molecular energies12 - 14 

and appear to be a suitable choice for the present purposes. On the other hand, 
the energy-oriented optimization of orbital exponents makes those basis sets insuf
ficiently diffuse. Hence, according to the above discussion, they need to be extended 
by some diffuse functions of the same type as those already present in the given 
basis set. This constitutes the second preliminary step in the generation of polarized 
basis sets. Its arbitrariness is quite obvious and depends also on the quality of the 
initial GTO/CGTO set. 

In the present paper each shell (s, p, ... ) of the selected GTO/CGTO basis set 
is augmented by one diffuse GTO whose orbital exponent is determined by assuming 
that it forms an even-tempered sequence1 ? .38 with the exponents of the two most 
diffuse GTO's of the given shell of the original set. The additional diffuse GTO's 
are left uncontracted leading to the [6.3] and [10.6/5.3] GTO/CGTO basis sets 
for Hand C through F, respectively. The SCF HF calculations have been performed 
with those basis sets in order to determine the expansion coefficients of Eq. (11). 

On considering the polarization of the pre-processed GTO/CGTO basis set one 
should take into account that the polarization components which follow from 
the s-type SCF HF atomic orbitals are just the p-type CGTO's. Hence, for C through 
F, the polarization of Is and 2s SCF HF orbitals will only result in augmenting the 
p-subset. Let us also note that according to Eq. (11) the weights of the p-type GTO's 
in the polarization function (10) derived from the s-type SCF HF orbitals are pro
portional to IX;: 1/2. Therefore, not too much improvement of the description of the 
p shell will be gained, for anyway this shell is assumed to be reasonably well re
presented within the [10.6/5.3] GTO/CGTO basis sets. However, for the hydrogen 
atom the polarization function obtained from the Is orbital will be of utmost im
portance. 

The above considerations lead to the conclusion that for the calculation of electric 
properties only the outermost occupied atomic shell needs to be polarized. Thus, 
the application of the basis set polarization method to the hydrogen atom amounts 
to using Eq. (10) for the Is orbital and results in a [6.6/3.1] polarized GTO/CGTO 
basis set. In a similar way we obtain the polarized [10.6.6/5.3.1] GTO/CGTO basis 
sets for C through F. 

In order to study the performance of those polarized basis sets we have carried out 
a series of exploratory calculations of the dipole polarizability of the fluorine atom 
in the 2 P state by using the finite-field perturbation method. Those atomic calcula
tions have been restricted to the SCF HF level of approximation with the purpose 
to investigate the efficiency and flexibility of the strongly contracted (6 -+ 1) d-type 
polarization function. We have also studied the possibility of removing some of the 
cl-type GTO's from the polarization functions. The results of these investigations 
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are summarized in Table 1. As regards the computational part of those calculations 
one should mention that the s-component of the cartesian d-type orbitals was re
moved from the basis set. The dipole polarizability values have been obtained from 
the SCF HF energies calculated with the electric field strength F = 0·000 a.u. and 
0·002 a. u. * Our results are qualified against the most trusty SCF HF values of 
Voegel et al. 39 and Werner and Meyer l8. 

The following conclusions can be drawn from the data of Table 1. Above all 
the subset of six primitive d-type GTO's which follows from the polarization of the 
2p SCF HF orbital appears to be unnecessarily too extensive. Removing even four 
£i-type GTO's with the highest values of the orbital exponents has practically no 
influence oli the calculated polarizabilities. However, if the polarized basis sets 
are to be used for calculations at the correlated level, some of the primitive d-type 
GTO's with higher orbital exponents might be needed 17. For this reason a set of 

TABLE r 
Preliminary SCF HF studies of the basis set polarization scheme. Calculations of the dipole 
polarizability of F(2 P). All results in a.u. 

Polarized basis seta 

[ 10.6.6/5.3. lj b 

[ 10.6.4/5.3.l]c 
[10.6.2/5.3. ljd 

[ 10.6.4/5.3.2t 
[10.6.4/5.3.3]! 
Ref. 18 
Ref. 39 

Dipole polarizability 

2'997 
2'997 
2'997 
3'044 
3·094 
3'092 
3'117 

3'156 
3'156 
3'157 
3'319 
3'385 
3'391 
3'355 

----_._--

a All cor.tractior.s coefficiel~ts in the d subset follow from the 2p SCF HF orbital calculated with 
the [1O.n/5.3] GTO/CGTO basis set. See text for details. The speciiication of contractions given 
below assumes that the d-type GTO's are arranged in the ordcr of decreasing orbital exponents. 
b Complete contraction of the d-type function (6-- 1) according to Eq. (10). C Two d-type 
GTO's with the highest urbital exponents removed from the primitive basis set; the remaining 
fuur <I-type GTO's contracted as (4-- I). d Four d-type GTO's wi,h the highest orbital exponents 
removed from the primitive basis set; the remaining two contracted as (2->- 1). e Two d-type 
GTO's with the highest orbital exponents removed from the primitive basis set; the remaining 
four d-typc GTO's contracted as (4-;- 2 + 2).! Two d-type GTO's with the highest orbital ex
ponents rcn1<lved from the primitive basis set; the remaining four d-type GTO's contracted as 
(4- 2 I i I). 

* la.lI. So1423.10 t1 Ym- 1. 
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four d-type GTO's with the lowest values of orbital exponents has been retained 
in other exploratory calculations reported in Table I. However, the results obtained 
with the [10.6.4/5.3.1] basis set are not as satisfactory as they should be.In particular, 
a strong (4 --+ 1) contraction of the d-subset with the contraction coefficients derived 
from the 2p SCF HF orbital according to Eq. (10) does not reproduce well enough 
the polarizability anisotropy. The study of the effects of the decontraction show 
that in order to correctly obtain the polarizability anisotropy one needs to leave 
completely decontracted the two most diffuse d-type GTO's. This, however, results 
in a basis set which may already be too large for molecular applications. 

On comparing the polarizability data calculated with the [10.6.4/5.3.2] and 
[10.6.4/5.3.3] GTO/CGTO basis sets one can conclude that the first of them does 
not assess correctly the weight of the most diffuse GTO in the corresponding con
tracted function. This is not surprising, since the contraction coefficients follow 
from the 2p SCF HF orbital calculated for the ground state of the fluorine atom. 
Those calculations tend to diminish the role of a diffuse p-type GTO added to the 
initial [9.5/4.2] basis set and this is reflected, through Eq. (10), in the form of the 
corresponding polarization function. Hence, in order to expose the role of the most 
diffuse d-type GTO one needs a 2p SCF HF orbital which stresses the importance 
of the outer region of the electron density distribution. The most natural way to 
accomplish this goal is to use the 2p SCF HF orbital of the ground state of the 
fluoride ion. Indeed, the results obtained with such a choice of the contraction 
coefficients in Eq. (10) and the contraction scheme (4 --+ 2 + 2) are completely 
acceptable (IX(ML = 0) = 3·081 a.u., IX(ML = ±1) = 3·374 a.u.). Thus, the [10.6.4/ 
/5.3.2] GTO/CGTO basis set with partly decontracted polarization function (10) 
generated from the 2p SCF HF orbital of the fluoride ion apears to be a suitable 
candidate for the routine use in calculations of molecular electric properties. 

An analogous series of calculations has been also performed for the 3 P state of the 
oxygen atom. The conclusions which follow from calculations of the electric dipole 
polarizability of 0(3 p) with differently truncated and contracted sets of polarization 
functions derived according to Eq. (10) are the same as those given for the fluorine 
atom. Hence, it appears to be possible to generalize them into a set of pragmatic 
rules for the determination of polarized basis sets. According to our study of the 
dipole polarizability of Fe p) and Oe P) the generation of a medium-size polarized 
basis set should proceed as follows: 

(i) The given primitive GTO basis set10 - 14 should be contracted to the minimal 
acceptable size. A double-zeta quality of the contracted set appears to be a reasonable 
choice. 

(ii) The GTO/CGTO basis set should be extended by at least one diffuse function 
in each shell. The diffuse GTO's are left uncontracted and their exponents can be 
derived from the corresponding even-tempered sequences. 

Collection Czechoslovak Chem. Commun. (Vol. 53) (1988) 



Basis Sets for Electric Properties 2005 

(iii) The polarization functions are to be generated only for the outermost occupied 
shell of the given atom. The contraction coefficients in E'q. (10) should be determined 
from the SCF HF eigenvectors of the nearest negative ion. 

(iv) Several primitive GTO's with high orbital exponents can be removed from 
the polarization function. According to our experience it is advisable to retain at 
least two primitive polarization GTO's. If the calculations are to be carried out at 
the correlated level, retaining four primitive polarization GTO's with the lowest 
orbital exponents is recommended. 

(v) A polarization function comprising four primitive GTO's should be decon
tracted into. two CGTO's according to the contraction scheme (4 -+ 2 + 2). No 
decontraction is needed for polarization functions involving only two primitive 
GTO's. 

Those rules and recommendations, when used for the first-row atoms with standard 
initiaIGTObasissetsoftheform(ns ' np), result either in the [ns + 1. np + 1.2/5.3.1] 
GTO/CGTO basis sets which can be used in molecular calculations at the SCF HF 
level, or in the [ns + 1 . np + 1.4/5.3.2] GTO/CGTO basis sets for calculations at 
the correlated level. The latter ones, generated in this paper for ns = 9 and np = 5, 
i.e., for the initial (9.5) GTO basis sets, are collected in the Appendix. All of them 
have been checked against the results for atomic dipole polarizabilities computed 
in the SCF HF approximation and the corresponding data are displayed in Table II. 

The rules and recommendations derived in this paper seem to be equally well 
applicable for the generation of polarized basis sets for the second-row atoms. 
However, the hydrogen atom has been found to represent a rather specific case. 
I n principle, all rules (i) - ( v) can be applied for the generation of its polarized basis 
sets of the form [ns + 1.4/3.2] or [ns + 1.2/3.1], whose structure is compatible 
with that for the first-row atoms. If the size of the initial GTO basis set (ns = 5 in 
the present study) is rather small, using the contraction coefficients determined from 
the 1 s atomic orbital of H- results in a very diffuse polarization function. This follows 
from the fact that in the SCF HF approximation the H - ion is not stable with 
respect to H + e-. Hence, in this particular case the polarization function has been 
determined directly from the GTO expansion of the I s orbital of the hydrogen atom. 
The polarized basis set obtained in this way is given in the Appendix while the cal
culated polarizability value is shown in Table II. Most likely the same approach 
will have to be used for the determination of polarized basis sets for He, Ne, and 
perhaps also for Ar. 

The data of Table II clearly indicate that the present method of the generation 
of polarized GTO/CGTO atomic basis sets gives the dipole polarizabilities which 
are very close to the numerical SCF HF data of Voegel et al. 39 and the near-HF 
values of Werner and MeyerI8. It should be stressed that the present method does 
not involve any explicit, property-oriented, optimization of polarization func-
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tions I7 ,40,42,43. Once the initial GTO/CGTO basis set is chosen, the polarization 
functions follow directly from its dependence on the external electric field strength29• 

All parameters which enter the present definition of the polarized basis set either 
follow from the assumed GTO/CGTO set (orbital exponents and/or some of the 
contraction coefficients) or can be easily obtained from routine atomic SCF HF 
calculations ( contraction coefficients). 

In principle the present method can be applied to any selected GTO/CGTO basis 
setl°- 23 . A similar procedure can also be used for other perturbations, provided the 
basis set dependence on the perturbation strength is known23 . 30• The additional 
rules derived in the present study have a purely pragmatic character. By supple
menting the definition (10) of a general polarized basis set they help to reduce its 
size without a significant loss of the accuracy of the calculated electric properties. 

The smaller polarized basis sets ([6.2/3.1] for Hand [10.6.2/5.3.1] for C through 
F), which can be easily deduced from the data listed in the Appendix, appear to be 
suitable for less accurate calculations of molecular dipole moments and polarizabiIi
ties at the SCF HF level of approximation. The medium-size basis sets ([6.4/3.2] 

TABLE II 

Atomic SCF HF dipole polarizabilities. A comparison of the present polarized basis set calcula
tions with the accurate reference data. All values in a.u. 

------------------------ ~-~~- .------

Atom Source 

HeS) This worke 

Exactd 

C(3p) This worke 

Ref. 18 
Ref. 39 

N(4S) This worke 

Ref. 18 
Ref. 39 

Oep) This worke 

Ref. 18 
Ref. 39 

F(2p) This worke 

Ref. 18 
Ref. 39 

4'503 
4'5 

9'98 
10'10 
10'10 

7'332 
7'365 
7'436 

5'108 
5·142 
5'066 

3'081 
3·092 
3·117 

12'80 
13'05 
13'00 

4'557 
4'587 
4'505 

3·374 
3'391 
3'355 

ceQ 

4'503 
4'5 

11·86 
12'07 
12'03 

7'332 
7'365 
7·436 

4'741 
4·772 
4·692 

3·276 
3·291 
3·276 

2'81 
2·95 
2·90 

~0'551 

-0,556 
-0'561 

0·293 
0·299 
0·238 

a Rotational average: 0: ~c -t(ce(ML ~~ 0) + 20:(ML = :t I». b Anisotropy: L\ce = ce(ML ~~ ± I) -
x(ML = 0). C Calculated with the [6.4/3.2) polarized basis set of this paper. See Appendix. 

<1 Ref. 41. e Calculated with the [10.6.4/5.3.2] polarized basis set of this paper. See Appendix. 
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for Hand [1O.6.4/5.3.2] for C through F), whose parameters are given in the Ap
pendix, are recommended for accurate calculations of molecular electric properties 
by using high-level correlated methods 1- 3 .44. Their efficiency in calculations of 
molecular dipole moments and polarizabilities will be documented in the next 
section. 

Calculatiolls of Molecular Dipole Moments and Polari:::ahilities witil 
Polari:::ed GTO/CGTO Basis Sets 

in order to exemplify the performance of the medium-size polarized basis sets, which 
are listed in. the Appendix, we have carried out a series of illustrative calculations 
for the standard set of the first-row hydrides, i.e., FH, H20, NH 3 , and CH4. The 
near-HF values for the dipole moments and polarizabilities of those molecules as 
well as the corresponding electron correlation corrections are well established 17 .37. 
45 - "0. The most complete set of the pertinent data follows from the calculations 
by Werner and M eyer17. 

The results reported in this paper have been obtained by using the SCF HF method 
and the many-body perturbation theory (MBPT) approach2 ,4.34.44. All molecular 
electric properties follow from the numerical differentiation of the appropriate 
field-dependent energies34.45.51. For all molecules and all directions of the external 
electric field the strength of external field employed in our calculations was equal 
to ± 0·002 a. u. The standard molecular geometries51 are used throughout this paper. 

The correlation corrections to dipole moments and polarizabilities have been 
computed through the fourth-order in the electron correlation perturbation by 
using the MBPT package of the Bratislava group52.53 interfaced to the integral, 
SCE 4-index transformation, and property packages of this laboratory. For the 
series of molecules studied in this paper the complete fourth-order MBPT treatment 
of the electron correlation effects is known to recover nearly all correlation contribu
tion to the dipole moments and polarizabilities37 .47.48 .50, provided large enough 
basis scts are used36 .37 . Hence, the fourth-order MBPT correlation corrections cal
culated with the polarized basis sets of this paper give directly a measure of the basis 
set quality and its appropriateness in high-level correlated calculations of molecular 
electric properties54. 

The calculated SCF HF energy values and the MBPT results for the valence-shell 
correlation energies are shown in Table III. Although the energy data are not of 
primary interest for this study, their comparison with the corresponding estimates 
of the HF-limit energies55 and the estimated values of the valence-shell correlation 
energy 1 H."" gives some idea about the performance of polarized basis sets in energy
-oriented molecular studies. Obviously, the present results for both the SCF HF 
and valence-shell correlation energies must be inferior to those obtained with much 
larger basis sets37 .45 - 49 ,56 in energy-oriented calculations. However, our SCF H F 
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energies seem to be reasonably close to the estimated near-HF values and the fourth
-order MBPT treatment, MBPT(4), recovers about the same amount of the valence-
-shell correlation energy as that calculated by Werner and Meyer by using the 
coupled electron pair approximation (CEPA)17 and rather large GTO/CGTO basis 
sets. The lower-order MBPT approximations, i.e., MBPT(2) and MBPT(3), give 
also quite satisfactory results. 

The dipole moment data for FH, H20, and NH3 are presented in Table IV. The 
results of this paper are compared with those of Werner and Meyer17 and the 
SCF HF and MBPT data calculated with much larger basis sets37.4S-47.S0. The 
correlated dipole moment values which are used as a reference for the present results 
are known to be very close to the experimental data, provided the vibrational cor
rections are taken into account17. Hence, for the purpose of the present study 
a comparison of our results with the accurate vibrationless data of other authors 
appears to give a sufficient evaluation of the quality of the polarized GTO/CGTO 
basis sets. A similar presentation of the dipole polarizability results is given in 
Table V. 

TABLE IV 

Dipole moments of FH, H20, and NH3 . All values in a.u. 
------~-------------

Moleculea Method This workb Reference results Ref. l7c 

FH SCF HF 0'7566 0'756076d,0'7568e 0'757 
Corr.J -0'0590 -0'0591 g , -0'0479h -0'054 

H 2O SCFHF 0'7810 0.7801 i, 0'784i 0'782 
CorrJ -0'0620 -0'0631 i, -0'049i -0'059 

NH) SCFHF 0'6369 0'6370k 0'635 
CorrJ -0'0467 -0'0472k -0'040 

-~--

a See footnote a to Table III. b Calculations with polarized basis sets given in the Appendix. 
The correlation corrections to the dipole moment calculated in the fourth-order MBPT scheme. 
The convergence pattern of the MBPT perturbation series is the same as that in other calcula
tions with much larger basis sets37,45-48.S0. c Calculations with the GTO/CGTO basis set B. 
The correlation corrections correspond to the CEPA-I approximation. d Numerical HF resultS7. 
e Calculations with a large GTO/CGTO basis set47.SO • J Correlation correction to the dipole 
moment. g The fourth-order MBPT result obtained in a large GTO/CGTO basis set47.50. 
h Approximate fourth-order MBPT result (SDQ-MBPT) without triple substitutions45 . i Cal
culations with a large GTO/CGTO basis set. The correlation correction to the dipole moment 
computed in the fourth-order MBPT approximation48.so. j Large GTO/CGTO basis set cal
culations. The correlation corrections calculated by using the SDQ-MBPT(4) method46. 

k SCF HF and MBPT(4) calculations with a large GTO/CGTO basis set37. 
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The data collected in Tables IV and V clearly document the excellent performance 
of our polarized basis sets in calculations of molecular electric dipole moments 
and polarizabilities at both the SCF HF and MBPT( 4) levels of approximation. 

TABLE V 

Dipole polarizabilities of FH, H 2 0, NH3, and CH4 . All values in a.u. 

Moleculea Methodb This work" Reference results Ref. 17d 

...--------.-~ -- ._-----

FH Cl.xx SCF HF 4·45 4'48",4'48f 4·47 
Corr. 0'92 0'85 e,0'70f 0'81 

(Xzz SCF HF 5'73 5'74e , S'76f 5·76 
Corr. 0'78 0'76e,0'69f 0'80 

H 2 O (Xxx SCF HF 9'19 9'\7g,9'ISh 9'04 
Corr. 0'98 0'929 ,0'69h 0·77 

(Xyy SCF HF 7·83 7'91 9,7'9Sh 7'99 
Corr. 1'76 1·669.1·35h 1'60 

o'Z% SCF HF 8'50 8'51 9,8'47h 8·47 
Corr. 1'32 1'339,0'99h 1·\7 

NH3 (Xxx SCF HF 12'75 12'76 i ,12'73 j 13'03k 

Corr. 1·0\ O'97 i 0·77 

(Xzz SCF HF 13·28 13'32 i ,13'24 j 13'9Sk 

Corr. 2'38 2'34 i 2·21 

CH4 (X SCF HF 1601 16'\01, 16'0S j 16·00 
Corr. 0'58 0·49m 0'53 

a See footnote a to Table Iff. The components of the polarizability tel~sor are de1incd as follows. 
HF: the molecule lies along the;: axis, H 20: the molecule lies in the xz plane with the symmetry 
axis along the z direction, NH3: the C 3 symmetry axis coincides with the z direction. b The 
abbreviation "Corr." refers to the correlation correction to the given component of the dipole 
polarizability tensor. C Calculations with polarized basis sets given in the Append:x. The cor
relation corrections calculated by using the fourth-order MBPT method. The convergence 
pattern of the MBPT correlation perturbation series closely resembles that of other calculations 
with large GTO/CGTO basis sets37 ,45-48.50. d Calculations with the GTO/CGTO basis set B. 
The correlation corrections correspond to the CEPA-i approximation. e Accurate SCF HF 
and MBPT(4) calculations with a large GTO/CGTO basis set47 ,50. f Calculations with a large 
GTO/CGTO basis set. The correlation contribution to the dipole polarizability tensor computed 
in the SDQ-MBPT(4) approximation45 . 9 Accurate SCF HF ar.d MBPT(4) calculations with 
a large GTO/CGTO basis set48 ,50. h Calculations with a large GTO/CGTO basis set. The 
correlation contribution to the dipole polarizability ter.sor computed in the SDQ-MBPT(4) 
approximation46 . i Accurate SCF HF and MBPT(4) calculations with a large GTO/CGTO 
basis set 37 . j Ref. 58. k See comments in Refs 37 and 40. 1 SCF HF calculations in a large 
GTO/CGTO basis set49. m The correlation correction calculated by using the SD CI method 
ar.d a rather small GTO/CGTO basis set 59 . 
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Hence, the GTOjCGTO basis sets derived in this paper can be recommended for 
calculations of molecular electric properties for much larger systems with a guaranted 
high accuracy of the computed data. 

To handle a basis set of several hundreds of CGTO's becomes nowadays almost 
routine. The polarized GTOjCGTO basis sets are strongly contracted and the size 
of the final CGTO sets is relatively small. The strong contractions will obviously 
affect the timing of the integral calculation. However, those are performed only 
once for the given molecule and the same set of one- and two-electron integrals is 
used in all perturbation calculations. Thus, it is the size of the CGTO basis set 
which plays a decisive role in determining the necessary computational resources. 

In the present paper the calculation of the electron correlation contribution to 
molecular electric properties is considered at the level of the fourth-order MBPT 
approximation. Obviously, the polarized GTO/CGTO basis sets can be employed 
in calculations of molecular dipole moments and polarizabilities by using any trust
worthy high-level correlated methodt-3.44.54. It is quite certain that at the SCF HF 
level of approximation the results should be very close to the corresponding HF 
limits, while at the correlated level they should come close to the limits for the given 
model of the electron correlation effects t - 3 .44.54. 

SUllJ/Ilary and Concluding Remarks 

A general systematic method for the generation of polarization functions by using 
the basis set polarization approach has been presented and applied for the determina
tion of medium-size polarized GTO/CGTO basis sets. The basis sets derived in this 
paper for Hand C through F are listed in the Appendix. It is important to stress 
that all their parameters follow directly from the available GTO data and routine 
SCF HF calculations at the atomic level. No additional optimization of the basis 
set functions is necessary. 

The present molecular calculations reveal that the medium-size polarized GTO/ 
CGTO basis sets of this paper give a near-HF accuracy for the dipole moments 
and polarizabilities and perform exceptionally weIl at the correlated level. Hence, 
the basis sets derived in this study can be recommended for high-level correlated 
calculations of molecular electric properties. Because of a rather small dimension 
of those basis sets, the accurate calculations of dipole moments and polarizabilities 
become feasible for fairly large systems. 

The calculation and prediction of molecular electric properties are closely related 
to the determination of intermolecular interaction energies60 . As a matter of fact, 
this is one of the most important reasons for the corresponding investigations. 
Having this paper dedicated to Dr Rudolf Zahradnik, the author is pleased to 
mention some preliminary results obtained for the hydrogen-bonded dimers at both 
the SCF HF and MBPT levels of approximation. The basis sets derived in this paper, 
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as could have been expected, appear to be perfectly suited for the calculation of 
molecular interaction potentials. Because of their relatively small size they must 
obviously lead to a rather large basis set superposition error. However, the calcula
tions of the electric properties of monomers show that the secondary basis set super
position effects61 are completely negligible. In such a case the standard counterpoise 
correction62 for the basis set superposition effect on the total energy becomes 
justified. Simply the basis set superposition does hardly affect the electric properties 
of monomrs and the dominant part of the basis set superposition effect goes into 
the improvement of the monomer energies. Indeed, the superposition-corrected 
interaction potential for the HF dimer calculated with the polarized basis sets of this 
paper agrees very well with the results of more accurate studies. 

APPENDIX 

The medium-size polarized basis sets for Hand C through F derived in this paper are 
listed in Table VI. They have been employed in all molecular calculations reported 
above. Somewhat smaller and less efficient polarized basis sets can be derived from 
the data of Table VI by removing the polarization function which refers to the higher 
values of the GTO exponents. 
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