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Abstract Recent studies of the perturbation-dependent
basis sets have indicated the possibility of a significant
reduction of the size of the usual CGTO sets without con-
siderable loss of accuracy in calculations of molecular elec-
tric properties. The resulting (ZPolX) basis sets have been
developed for several atoms of the first and second row of
the Periodic Table. The same method of the ZPolX basis
set generation is extended for the first-row transition met-
als and the corresponding contracted ZPolX basis sets of the
size [6s5p3d1f] are determined for both nonrelativistic and
scalar relativistic calculations. The performance of the ZPolX
basis sets is verified in calculations on the first-row transi-
tion metal oxides at the level of the ROHF, ROHF/CASPT?2,
and ROHF/CCSD(T) approximations. Also the study of the
dipole polarizability of TiCl4 confirms the excellent features
of these very compact basis sets. The ZPolX basis sets for
nonrelativistic and relativistic calculations of molecular elec-
tric properties are available on the web page http://www.
chem.uni.torun.pl/zchk/basis-sets.html.
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1 Introduction

The experimental determination of molecular properties
faces a variety of difficulties and limitations and molecu-
lar electric properties are particularly difficult to measure.
Their numerical values are usually derived from some model
of the measured feature and rarely come directly from the
experimental data [1]. The gas phase measurements, which
lead to presumably most accurate data for molecular elec-
tric properties, are limited to small molecules. The data from
measurements in liquids and solids are uncertain because
of intermolecular interactions which may significantly mod-
ify the isolated molecule data. All this clearly indicates the
importance of the computational determination of molecular
electric properties.

Though for large polyatomic molecules the calculated
electric property data may not be required to be of very
high accuracy, to obtain their reliable values could be a dif-
ficult task. The main problem affecting the computing times
is the size of basis sets which need to be used. First, the
basis sets used in calculations of molecular electric properties
must comprise sufficiently diffuse functions which properly
describe the electron density distribution far away from the
nuclei. Second, to describe the electric field effects one must
include atomic polarization functions, i.e., atomic functions
of the higher angular momentum value. These conditions
result in very large all-purpose basis sets [2-9], which can
be used to calculate any molecular property with high accu-
racy. Simultaneously the size of these basis sets significantly
reduces the range of their applicability.

Another direction of the basis set development is to stan-
dardize them for certain type of molecular properties and to
limit their size by weakening the stringent accuracy require-
ments which are characteristic for all-purpose sets. This
direction appears to have been pioneered by Pople et al. by the
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development of relatively small Gaussian basis sets, mostly
for the purpose of the theoretical determination of molecular
geometries [10, 11]. In the case of molecular electric proper-
ties a similar idea underlies the development of the so-called
polarized basis set (PolX, where X stands for the element
symbol) [12-14].

The PolX sets have been developed by considering the
electric-field-dependence of exact solutions for the harmonic
oscillator in a static homogeneous electric field [15].
Recently, this approach has been extended to time-dependent
problems [16]. This extension has revealed some new useful
features of the electric-field-dependence of Gaussian orbi-
tals and suggested that certain reduction of the size of PolX
basis sets is possible without seriously affecting the accu-
racy of the calculated dipole moments and dipole polariz-
abilities [17, 18]. These new electric-property-oriented basis
sets (referred to as ZPolX sets) are, by one-third smaller,
than the PolX bases. Yet they give almost the same accu-
racy of the calculated molecular properties [17,18]. This
line of the basis set development is continued in the pres-
ent paper by the generation and testing of the ZPolX for
the first-row of transition elements (X = Sc through Zn).
With the wide range of applications of the electronic struc-
ture computational methods for transition metal compounds
[19-23], the development of these basis sets appears to be
worth pursuing.

The paper is organized in the following way. In Sect. 2,
a brief survey of the main principles underlying the gener-
ation of ZPolX basis sets is given and the general method
is detailed for the first-row transition metals. In the case
of these elements the relativistic effects may already be of
some importance and for this reason the ZPolX basis sets are
obtained for both nonrelativistic and relativistic calculations.
The relativistic effects are accounted for in the framework of
the scalar approximation to the infinite-order two-component
(IOTC) method [24]. The main computational aspects of cal-
culations reported in this paper are summarized in Sect. 3.
The results of different atomic and molecular calculations
with ZPolX and ZPolX_iotc basis sets are presented and dis-
cussed in Sect. 4. The ZPolX (ZPolX_iotc) sets generated in
this study are first tested in the calculations of dipole polariz-
abilities for transition metal atoms and then used in calcula-
tions of dipole moments and polarizabilities of their oxides.
Additional test of the performance of ZPolX basis sets is
obtained in the calculations of the electric dipole polariz-
ability of the titanium chloride molecule, whose different
electric properties have been recently studied by Hohm and
Maroulis [25]. The results calculated with the ZPol_iotc basis
set are also compared with the polarizability values com-
puted with large, systematically extended basis sets. The
paper is summarized in Sect. 5. All basis set data can be
accessed at web addresses [26] or received directly from the
authors.
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2 The generation of ZPolX basis sets

2.1 Generation of the reduced-size polarized (ZPolX) basis
sets

The idea of the reduced-size polarized basis sets presented
in [17] is based on a simple physical model of a harmonic
oscillator embedded in the external electric field [15]. This
model has been used earlier to generate the PolX basis set.
However, its use required either very large extended initial
basis sets [27] or a rather extensive preprocessing of the ini-
tial basis set [12,13]. The question how to overcome this
preprocessing of the initial basis set follows from the recent
study of the time-dependent electric field perturbations [16].
These investigations have also indicated that some further
reduction of the size of PolX sets, without significant deteri-
oration of the calculated electric properties, is possible. This
line of development is followed in the present paper.

The polarized basis sets are obtained from some source
set of Gaussian functions, which is sufficiently flexible to
describe the electronic structure of the isolated atom. Since
both PolX and ZPolX are required to be “small”, a primitive
set of Gaussians (GTO) used, e.g., to obtain double—¢ (DZ)
quality contracted (CGTO) atomic basis sets, is considered
to be a reasonable choice for the source set. However, the
external electric field perturbation affects mostly the outer
part of the electron-density distribution, and thus, extending
the source set by some diffuse functions for valence shells is
appropriate. This leads to what is called the extended source
set of primitive Gaussian functions, {G . ;(r; R, (0), o)}
In the absence of the external electric field, i.e., for F = 0,
each of these functions of the electron coordinate vector r
is defined by its origin R, (0), orbital exponent ¢, and the
angular momentum quantum number /. These functions are
used to obtain the eigenvectors u(r; 0) in the absence of the
external electric field,

u(r; 0) = Zcﬂ(o)Gu,l(r; R,.(0), ay). (1)
n

Once these eigenvectors are determined, the next step is to
consider the shape of their dependence on the external elec-
tric field [12,13,17,18,27]. Owing to the proposed model
[15,16] of the field-dependence of the initial source basis
set,

Gu,l (r; R;/, 0), O[,u) - Gu.,l(r; Ru (F), Olu)’ (2)
the eigenvectors u(r; 0) become field-dependent,

u; 0) — u(r; F) = Zcu(F)Gﬂ,z(r; R, ¥),an), ()
I

through both the expansion coefficients and basis set func-
tions.
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The usual methods of the electronic structure theory
assume that the basis set functions are field-independent and
this is compensated by the use of several polarization func-
tions in the {G, ;(r; R, (0), ay)} set. The opposite end is
to assume that essentially all of the field-dependence is in
{G,1(r; Ry (F), ay)} and the change in the expansion coef-
ficients follows solely from the orthonormality conditions
[28]. Then, for each one-electron function u(r; F), which is
determined by the expansion into the augmented source set
{G,1(r; R, (0), o))} and used to build many-electron deter-
minantal functions of the given molecule, one can determine
the explicit form of the first-order perturbed term, (" (r; 0)

uD w0 ~ > b (£ + £, @)
n=1
with
for =D @, FG, 1 (5 RLO0), ). (5)
"

The functions contributing to (4) must be linearly indepen-
dent. Thus, the summation in (4) and (5) is actually limited by
the number of uncontracted functions in the {G , ; (r; R, (0),
o)} set.

The field-independent first-order perturbed orbitals (4)
can be considered as the additional (polarization) functions,
which should be used to supplement the augmented source
set {G .1 (r; R, (0), ) }. Because of the use of the explicit
electric-field-dependence of the {G, ;(r; R, (F), a;)} set,
these compact (polarization) functions correctly represent the
first-order system response to the external electric field per-
turbation. Thus, if the augmented source set {G , ;(r; R, (0),
a,,)} were extended by u™D (r; 0) functions, one would obtain
what is called the polarized basis set. This basis set is obvi-
ously independent of the external electric field and can be
used in routine calculations of molecular electric properties.

There are several ways of reducing the size of the ini-
tial source set augmented with polarization functions of (4).
First, the augmented source set can be contracted in the usual
way, though one should take care that the lowest-exponent
basis set functions are left uncontracted. Second, the number
of polarization functions can be reduced by the consideration
of the mechanism of the polarization of atomic shells. The
main polarization effect comes from the valence one-electron
functions. Thus, the contracted polarization functions (4) can
be limited to the valence part of the occupied atomic orbi-
tals. One should also recognize that the f,,_ contribution to
(4) will mostly reproduce basis functions which are already
present in the initial source set. Hence, the f,+ contribution
should be sufficient for the representation of the polariza-
tion effect due to the external electric field. As already men-
tioned, the range of values of n is limited by the number of
initial basis functions used in (1). Moreover, the importance
of different functions f,4 varies with n. The most important

[16] contribution has been found to be due to n = 2. This
observation is underlying the structure of ZPolX basis sets
which appear to be the most compact polarized basis sets for
realistic calculations of molecular electric properties.

2.2 ZPolX basis sets for the first-row transition metal atoms

The method described in Sect. 2.1 can be applied at any level
of the generation of atomic eigenvectors. The polarization
functions can be generated for atomic valence SCF HF orbi-
tals. One can also build them for atomic orbitals which follow
from multiconfiguration SCF calculations and obtain polar-
ization functions for weakly occupied correlating orbitals.
In the present study, the method is based on restricted open
shell Hartree—Fock (ROHF) eigenvectors calculated for the
investigated transition metal atoms.

The choice of the source basis set is to a large extent irrel-
evant, for the method described in Sect. 2.1 applies equally
well to any initial set of functions. Hence, the source basis
set could be any of the usual optimized basis sets, which is
considered to be good enough for calculations of molecular
energies and geometries. The ZPolX basis sets generated in
this paper are derived from the (145s9p5d) sets of energy-
optimized uncontracted Gaussian functions of Huzinaga
[29,30].

The determination of orbital exponents from the require-
ment of the ROHF SCF energy minimum heavily weighs
the high-exponent Gaussian functions. Thus, the source sets
require some preprocessing oriented towards the increase of
their flexibility in the outer region of the electron density dis-
tribution. For this reason the source subset of each transition
metal atom was extended by one diffuse s-type and one dif-
fuse d-type Gaussian functions with orbital exponents deter-
mined by the geometric progression rule. One may note that
no extension is done for the p subset. This subset is used
mostly for the description of inner p shells and increasing its
diffuseness does not appear to be necessary.

The s and d extension of the initial set results in what
is called the augmented source sets of the form (1559 p6d),
which are then contracted to the VTZ form [1559 p6d/6s4 p
3d]. In each subset the two Gaussian functions with lowest
orbital exponents are left uncontracted. This way of contract-
ing the augmented source set saves the flexibility of the outer
region [12-14].

For the first-row transition metal atoms most of the polar-
ization response comes from the valence 3d and 4s shells.
Hence, the corresponding eigenvectors are used to determine
the polarization functions f; defined by (5). As already
mentioned, the major polarization effects come from func-
tions withn =2, i.e.,

for = Z @, G (8 R (0), ), ©)
n=1
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where in principle the summation should include all orbitals
of the given value of / which are present in the augmented
source set. However, the numerical experiments [17, 18] show
that no major deterioration of the atomic polarizability data
occurs if this summation is restricted to three most diffuse
primitive Gaussian functions of the given value of /. Hence,
once the 3d and 4s eigenvectors in the fully uncontract-
ed augmented source set are available from field-indepen-
dent ROHF SCF calculations, the polarization functions are
determined by simple scaling of the corresponding expan-
sion coefficients. The orbital exponents remain the same
as those in the polarized shell, i.e., the three lowest s-type
exponents for the p-type and the three lowest d-type expo-
nents for the f-type polarization functions. This produces
highly compact contracted polarization functions [3p/1p]
and [3 f/1 f]for the 45 and 3d shells, respectively, and finally
results in what is called the ZPolX basis sets of the form
[15512p6d3f/6s5p3d1 f].

2.3 ZPolX basis sets for relativistic calculations

The first-row transition metal atoms and their compounds are
already heavy enough to exhibit certain difference between
nonrelativistic and relativistic calculations of their proper-
ties. Hence, it is worthwhile to develop parallel ZPolX basis
sets for the corresponding relativistic calculations with the
purpose to evaluate the relativistic contribution to molec-
ular dipole moments and dipole polarizabilities. However,
some problems arise because of the diversity of relativis-
tic computational methods, which are currently in use
[24,31-33]. In principle, one would have to develop differ-
ent basis sets for different exact or approximate relativistic
approaches.

Certain limitation of the large number of possible “rel-
ativistic” basis sets can be achieved by recalling the goal
of the present developments; the ZPolX basis sets are gen-
erated for reliable approximate calculations of molecular
electric properties. Hence, developing their counterpart for
four-component relativistic calculations based on the
Dirac-Coulomb or Dirac-Breit approximations [31] would
not be appropriate. It is rather the very popular two-
component relativistic methods [24,32] which should be used
in this context.

Most of the two-component methods of relativistic theory
[24,32,33] are based on the some approximate transforma-
tions of the one-electron Dirac hamiltonian [32,34]. Hence,
each approximate two-component approach would in princi-
ple require the use of a different basis set. This problem is,
however, solved by referring the relativistic ZPolX sets to the
exact infinite-order two-component (IOTC) approach [35-
37]. The IOTC scheme is the ultimate goal of all approximate
two-component relativistic theories and for a single electron
moving in the external Coulomb potential is fully equivalent
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to the Dirac theory “for electrons only” [38]. The relativistic
ZPolX basis sets of this paper, ZPol_iotc, are defined for the
use in calculations based on fully decoupled relativistic two-
component IOTC hamiltonian. One should note, however,
that for lighter atoms the difference between fully decoupled
IOTC and approximate schemes [24,32-34,37] is small.

In principle, the generation of ZPolX_iotc basis sets
should use the set of Gaussian orbital exponents, which are
optimized with the IOTC hamiltonian. However, with prim-
itive Gaussian functions of relatively high orbital exponents,
which are already present in the initial Huzinaga basis set
[29] and the focus on valence shell properties, the relativistic
reoptimization of orbital exponents appears to be unnec-
essary. Thus, the only difference between ZPolX and
ZPolX_iotc basis sets will be in contraction coefficients. All
other details of the generation of ZPolX_iotc basis sets are
exactly the same as in the case of ZPolX for nonrelativistic
calculations.

The ZPol_iotc basis sets are generated by using the con-
traction coefficients obtained from SCF IOTC calculations
in the so-called spin-free approximation [36]. Since the first-
row transition metal atoms do not exhibit very large scalar
relativistic effects, the same basis sets can be used in the
context of different approximate two-component methods
based on the Douglas—Kroll approximation [32,34,39-41].
It is worthwhile to note that at variance with four-compo-
nent methods based on the Dirac hamiltonian, the IOTC
and related approaches do not require explicit determina-
tion of what is called the small component basis set [42].
Thus, the dimensionality of spin-free relativistic problems
remains the same as that of the nonrelativistic schemes. In
the IOTC method the small component basis set is generated
internally through the full kinetic balance [42] and does not
influence the dimension of the two-component hamiltonian
matrix [36,37].

3 Computational details

All of the dipole moment and dipole polarizability results
presented in this paper follow from finite-field calculations
with the external electric field strength equal to £0.001 au.
Moreover, both atomic and molecular electric properties have
been carried out by using molecular codes [43,44] based on
Abelian symmetry groups. This means that in the presence
of the finite electric field perturbation the highest available
symmetry groups are either Cp, or C,. The use of the C;
symmetry group permits the averaging over different config-
urations which lead to the same atomic or molecular term.
The test calculations of atomic dipole polarizabilities have
been all performed at the level of the ROHF approximation.
In the case of the dipole moments of the first-row transition
metal oxides this study has been extended by including the
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electron correlation contribution within the ROHF CCSD(T)
scheme of Neogrady et al. [45,46], which is coded into Mol-
cas suite of quantum chemistry programs [43,44]. This
method, however, requires that the reference function is rep-
resented by a single (high-spin) determinant and could not
have been used for some of the investigated transition metal
oxides. One can use, however, approximate approach in
which the single determinant reference function is built as a
symmetry broken solution in Cy, symmetry. Both these cases
can be simultaneously studied by using the second-order
perturbation method (CASPT2) [47,48] based on the (mul-
tideterminant) complete active space (CAS) SCF reference
function with the active orbital space generated from valence
orbitals of the appropriate symmetry. In all correlated-level
calculations for transition metal oxides the 1o, 20, 30, 40,
and 1z doubly occupied orbitals are left uncorrelated.

The spin-free IOTC calculations have been performed
with the same assumptions as those used in the nonrelativ-
istic case and carried out by using the Molcas codes with
the modified one-electron electron hamiltonian!. The pic-
ture change contributions [49,50] have not been taken into
account. It has been demonstrated earlier [51] that these con-
tributions to relativistic dipole moments and polarizabilities
are negligible.

In calculations on transition metal oxides (MeO) we have
used the values of interatomic distances Rpeo reported by
Bauschlicher and Maitre [52], i.e., Rsco = 3.174au,
Rtio = 3.077au, Ryo = 3.027au, Rco = 3.087au,
Ryno = 3.146au, Rpeo = 3.041au, Rcoo = 3.063au,
Rnio = 3.073au, Rcyo = 3.347au, and Rz,0 = 3.248au
[53]. This choice of bond distances permits direct compari-
son between our results and those of Bauschlicher and Maitre
[52].

The other illustrative molecular calculation of electric
properties has been carried out for the TiCly molecule stud-
ied recently by Hohm and Maroulis [25]. The molecule is
assumed to be of tetrahedral symmetry with the experimen-
tal value of the Ti—Cl bond distance (Rtic1 = 2.17 A), i.€e.,
the same as used by the other authors. This closed-shell
molecule is also used to check the ZPolX iotc results with
respect to those obtained with systematically extended rel-
ativistic ANO (R-ANO) basis sets of Widmark and Roos
[54].

! The IOTC method was implemented in the local version of
the Molcas.5.4 system of programs by D. Kedziera (Department
of Quantum Chemistry, Institute of Chemistry, Nicolaus Coperni-
cus University, Torufi, Poland, 2003) and by D. Kedziera and V.
Kello in Molcas.6.5. The corresponding patches for Molcas.5 and
Molcas.6 releases of Molcas can be obtained directly either from
D. Kedziera (E-mail: teodar@chem.uni.torun.pl) or from V. Kello
(E—mail: kelloe @fns.uniba.sk)

4 Results and discussion
4.1 Atomic calculations

The main purpose of the calculation of atomic polarizabili-
ties for the first-row transition metal atoms is to investigate
the overall performance of the ZPolX basis set and to deter-
mine their possible deficiencies. Obviously, the small and
very compact ZPolX basis sets are not highly suitable for
accurate calculations of atomic dipole polarizabilities and
deviations from the accurate reference data of Stiehler and
Hinze [55] of the order of a few per cent seem fully accept-
able. The comparison of the present nonrelativistic results for
different M components of the atomic dipole polarizability
tensor and its isotropic rotational average with the numeri-
cal nonrelativistic data of Stiehler and Hinze are presented
in Table 1. Additionally, we have also included more recent
ROHEF results by Klos [56]. The latter have been calculated
by using large Gaussian basis sets and the finite-field per-
turbation method. Some other nonrelativistic and relativistic
data for Cu and Zn will also be used for comparison [57-59].

On inspecting the nonrelativistic data of Table 1 one finds
that the ZPolX results are systematically alittle lower than the
corresponding reference values. Only in the case of
Cr(3d%4s':7S) and Cu(3d'%4s': 2S), the difference between
the present and reference results of Stiehler and Hinze [55]
exceeds that observed for the other atoms and amounts to
about 6 and 5%, respectively. The origin of these somewhat
larger differences has been investigated by considering other
configurations and atomic terms.

Since most of the dipole polarizability of the ground
atomic terms comes from the contribution of the 4s atomic
orbital, its diffuseness is of particular importance for the
determination of the p-type polarization functions. To
increase its diffuseness one may consider the electronic con-
figuration in which the 4s orbital becomes doubly occupied.
In the case of Cr, this gives the atomic term 5D. If the
p-type and f-type polarization functions are determined
from eigenvectors of Cr(3d*4s?: D) the calculated polariz-
ability value of the Cr(3d°4s': 7S) term increases by almost
2 au and approaches the result of Stiehler and Hinze (see
Table 1). The same is observed for Cu if the polarization func-
tions are determined from ROHF eigenvectors of Cu(3d”4s>:
2D). However, taking into account the small size of the ZPolX
sets these improvements are marginal. The final ZPolX basis
sets are therefore based on polarization functions derived
from ROHF eigenvectors for the ground state term of each
atom. These are the basis sets which will be used in molecular
applications.

The results of the investigation of the role of relativistic
contributions to the ground state atomic dipole polarizability
are presented in Table 2. This contribution, A« (My), is
defined as the difference between the relativistic (rel) and
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Table 1 Nonrelativistic dipole polarizabilities of the first-row transi-
tion metals. (all values in au)

Cnrel (ML)
Mp; =0 Mp =1 Mp =2 Mp =3 Av
Sc
143.46* 146.68 154.75 - 149.26
[55] 145.03 148.13 155.86 - 150.60
[56] 145.38 148.03 155.97 - 150.68
Ti
125.77 126.11* 128.36 129.97* 127.81
[55] 127.45 128.12 129.48 131.44 129.36
[56] 127.75 128.15 129.36 131.38 129.36
v
112.74 112.36* 112.04 110.01* 111.65
[55] 114.95 114.30 113.19 111.36 113.23
[56] 114.44 114.09 113.04 111.30 113.04
Crb
106.26 - - - 106.26
[55] 112.88 - - - 112.88
Mn
89.20 - - - 89.20
[55] 90.14 - - - 90.14
Fe
76.64 77.56* 80.48 - 78.54
[55] 77.62 78.60 81.62 - 79.61
Co
69.52 69.75% 70.50 71.18* 70.34
[55] 70.59 70.96 71.49 72.35 71.46
Ni
63.99 63.87% 63.66 62.85% 63.54
[55] 65.39 65.16 64.68 63.94 64.71
[56] 65.22 65.07 64.61 63.85 64.61
Cu®
73.46 - - - 73.46
[55] 77.19 - - - 77.19
[56] 76.18 - - - 76.18
Zn
53.22 - - - 53.22
[55] 54.07 - - - 54.07

4 Determined from the data for two explicitly calculated components.
See text

Y The reported value corresponds to polarization functions derived
from ROHF eigenvectors for the 7S term of the 3d>4s! configuration.
With polarization functions determined from ROHF eigenvectors of
Cr(3d*4s%: > D) the ground state polarizability is 107.96 au. See text

¢ The reported value corresponds to polarization functions derived
from ROHF eigenvectors for the 2S term of the 3d'%4s! configura-
tion. With polarization functions determined from ROHF eigenvectors
of Cu(3d%4s2: 2D) the ground state polarizability is 75.68 au. See text
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nonrelativistic (nrel) results,

Adtrei (ML) = ayei (M) — otprer(ML). @)

Our spin-free IOTC results are compared with the data of
Ktos [56] obtained in the framework of the so-called Douglas-
Kroll-Hess method of the second-order in the external
Coulomb field (DKH?2) [24,39,41]. Since the studied tran-
sition metal atoms correspond to relatively small values of
the nuclear charge, the difference between DKH2 and IOTC
dipole polarizabilities is very small [60]. Thus, the difference
between the present results and those of Ktos is primarily due
to different basis sets used in calculations. In spite of at least
twice as large basis sets employed by Ktos [56] his relativ-
istic corrections are essentially the same as those obtained
with ZPolX_iotc basis sets of this paper.

In the context of our atomic calculations we would like
to add some comments on the use of the exact formula for
M7 component of the dipole polarizability of certain atomic
term which is characterized by the angular quantum num-
ber L, total spin quantum number S and the total angular
momentum quantum number J. In the representation which
diagonalizes the J? and fz operators the M; component,
a(My), of the parallel atomic dipole polarizability « can be
expressed in terms of three parameters [61-63],

a(My) = (J2 = M)A+ M2B + (J2 =27 +1— M3)C.
(®)

In the representation which simultaneously diagonalizes L2,
L., S2 and S, operators (8) becomes a two-parameter for-
mula,

a(Mp) = (L = M)A+ (L*> 2L +1 - M3})C 9)

and is independent of the Mg quantum number. This is the
case considered in this paper as well as in calculations pre-
sented by Klos [56]. In both cases no spin-orbit coupling
is taken into account. However, on using (9) to determine
A and C from two M| components of the dipole polariz-
ability obtained from finite-field calculations with molecular
programs one faces some unavoidable symmetry problem.
The formula derived by Bederson [61-63] follows from
the perturbation expansion of the atomic energy in the pres-
ence of the external electric field and assumes that both the
reference function and all intermediate states belong to well-
defined representations of the full O(3) symmetry group. This
assumption is automatically violated if the external electric
field is included in the framework of the finite-field pertur-
bation theory. Then, the highest symmetry group which can
be used becomes Cyo,. In general, the electronic configura-
tions which generate the symmetry adapted functions of this
group will not exploit all of the available degenerate orbitals.
In consequence, some symmetry breaking must occur which
causes that the core orbitals will be different for different
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Table 2 Relativistic dipole

polarizabilities of the first-row el (ML) Adrer(Mr)
transition metals (all values in
au) My =0 Mp=1 Mp=2 Mp =3 Av My =0 My =1 Mp=2 M;p,=3 Av
Sc
140.66* 143.88 151.82 - 146.41 —-2.80 —-2.80 —2.93 - —2.85
[56] 142.59 145.19 153.00 - 147.79 -2.79 284 2097 - —2.89
Ti
122.82  123.13* 125.37 126.95* 124.82 —-295 -298 —-299 -3.02 -2.99
[56] 124.80 12520 126.39 128.38 126.39 —-295 =295 -297 -3.00 -—2.97
A%
109.68  109.30* 109.00 107.00* 108.61 —-3.06 -3.06 -3.04 -3.01 -3.04
a Determined from the data for [56] 111.42 111.07 110.05 108.33 110.05 -3.02 -3.02 -299 297 -299
two explicitly calculated Crb
components. See (ext 100.70 - - - 100.70 -556 - - - ~5.56
The reported value
corresponds to polarization Mn
functions derived from ROHF 86.08 - - - 86.08 —3.12 - - - -3.12
eigenvectors for the 7S term of Fe
the 3d°4s! configuration. With
polarization functions 73.60  74.48* 7728 - 75.42 —-3.04 -3.08 -—3.20 - —3.12
determined from ROHF Co
eigenvectors of Cr(3d*4s?: 3 D) 6638  66.60° 6734  67.98% 67.17 —3.14 -3.15 -3.16 -320 -—3.17
the ground state polarizability is Ni
102.08 au. See text
¢ The reported value corresponds 60.84  60.71* 60.52  59.75* 60.40 -3.15 =316 -3.14 -3.10 -3.14
to polarization functions derived [5S6] 62.09 6194 61.51 60.78 61.51 -3.13 -3.13 -3.10 -3.07 -3.10
from ROHF eigenvectors for the Cuc
2§ term of the 3d'%45s! configura-
tion. With polarization functions 67.40 - - - 67.40 —6.06 - - - —6.06
determined from ROHF eigen- [56] 70.03 - - - 70.03 —6.15 - - - —6.15
vectors of Cu(3d?4s%: 2D) the 5,
ground state polarizability is 5004 B B 50.04 318 B B B 318

69.48 au. See text

configurations in the valence shell and will differ from fully
symmetric solutions in the O (3) group.

To give some example, let us consider (3d%4s?) configu-
ration of Ti, which leads to the lowest energy *F term in O (3)
with all My components fully equivalent. In the Co, group
Mj = 3 component will correspond to the (3d Jlr23d -1H4S2)
configuration and will transform according to the @ repre-
sentation. The My = 2 component will be generated by the
(3d123d64s2) configuration and will belong to the A rep-
resentation in Cooy. In both these cases, the occupation of
valence orbitals is different and influences the core orbitals
in a different way. This asymmetry remains in the limit of the
vanishing external electric field since there is no continuous
transition from the Coo, symmetry group to the full rotation
group O (3). In consequence Bederson’s formula (9) will be
only approximately satisfied for polarizability components
evaluated in finite-field calculations.

It appears that Stiehler and Hinze [55] were aware of this
problem and never tried to find A and C parameters from
their numerical finite-field results. All components of atomic

dipole polarizabilities reported in their paper follow from
direct finite-field calculations in C,, symmetry and for L>2
different o(Mp) pairs result in different sets of A and C.
Another approximate method to circumvent the core symme-
try breaking effect in finite-field calculations was employed
by Ktos [56], who determined A and C from the calculated
Y (Mp = 0) component and the rotational average of the
atomic dipole polarizability, and then used them to deter-
mine the other components of (M) (see Summary of [56]).
According to the direct data of Stiehler and Hinze [55], this
method may lead to errors of the order of 1-2 au.

One more problem which occurs in the case of ‘molecu-
lar’ finite-field calculations of atomic dipole polarizabilities
relates to the use of lower than C,, Symmetry groups. For
the software used in this paper [43,44], the highest symme-
try group which can be used in such calculations is Co,. This
causes two problems. First, the equivalent configurations,
e.g., those of [T, and IT, symmetry need to be averaged.
Such an averaging can be accomplished only by using the C;
subgroup. The C», symmetry used by Ktos does not permit
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the averaging over the two branches of I1, A, and higher
two-dimensional representations of the full C, group. The
second problem is the mixing of orbitals of different Cyg,
symmetry, which fall into the same representation of the
C>y group. The latter problem occurs in calculations with
the software [43,44] used in this paper. We have found that
in some cases the separation of d 2> and d,2_ > components
was impossible in spite of using different ’cleanup’ options
available in Molcas programs. In all these cases the missing
components of «(My) have been evaluated from (9) with
A and C available from the direct results for other compo-
nents. Details of this procedure can be found in footnotes to
Tables 1 and 2. According to the data of Stiehler and Hinze
[55] and the values of A and C derived from different pairs of
M7 components of their atomic polarizabilities, this approxi-
mate handling of symmetry problems leads to relatively small
inaccuracies.

On summarizing our calculated results of Tables 1 and 2
one needs to recall the aim of this paper, i.e., the genera-
tion of highly compact basis sets for calculations of molec-
ular dipolar electric properties. The ZPolX are certainly not
the best choice for accurate atomic calculations. However,
in most cases the calculated atomic dipole polarizabilities
agree within a few percent with the accurate numerical data
of Stiehler and Hinze. This level of accuracy should be suffi-
cient for achieving at least similar accuracy in calculations of
dipole moments and dipole polarizabilities of the transition
metal compounds.

4.2 Dipole moments of transition metal oxides

This section illustrates the performance of ZPolX basis sets
in calculations of dipole moments of the first-row transition
metal oxides. The reference data are those obtained in large
basis set (unrestricted) CCSD(T) (UCCSD(T)) calculations
of Bauschlicher and Maitre [52].

For all oxides whose ground electronic state can be rep-
resented by a single (high spin case) Slater determinant the
corresponding ROHF calculations have been followed by the
CCSD(T) determination of the electron correlation contribu-
tion by using the ROHF CCSD(T) approach of Neogrady et
al. [45,46] (see Sect. 3). The inspection of the ground state
electronic configurations of the first-row transition metal
oxides shows that this high-level correlated method can be
used for ScO (...37%80290!: 2XT), VO (...37480290!
16%: 4¥7), MnO (...37%80290 472182 6X¥), NiO
(...37%802902%47218* 3X7), and the closed shell ZnO
.. 37480290 247415%: ! %) molecule. For the other mol-
ecules, TiO (...37%802901158!: 3A), CrO (...37*80290!
471182 3IT), FeO (...37%80%90 472183 S A), CoO
(...37%8029052472183: % A), and CuO (. . . 37*80290 2473
18*: 2IT), the ROHF reference function is build of two Slater
determinants and cannot be directly used in the context of the
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ROHF CCSD(T) method which assumes that the reference
function is a single determinant.

One of the possibilities to employ the very efficient
CCSD(T) method is to use a single determinant reference
function of broken symmetry, which corresponds to certain
particular choice of orbital occupations (active orbital space)
in Cy, symmetry. The effect of the symmetry breaking can be
estimated by comparing the symmetry-broken ROHF results
(Cyy) with those obtained in state-averaged ROHF data cal-
culated in the C, symmetry. Its effect on the electron corre-
lation contribution can be similarly estimated at the level of
the second-order perturbation theory (CASPT2 [47,48]) by
comparing the single determinant ROHF/CASPT2 data of
broken symmetry with the state-averaged CASPT?2 results
for the two-determinant ROHF reference function averaged
over two states. This averaging can be done only by reducing
the symmetry group to C, and may require some particular
choice of the active orbital space. The choice of the active
orbital space for ROHF/CASPT2 calculations is explained
in Table 3, where the ground-state configurations (molecu-
lar terms) are those established by Bauschlicher and Maitre
[52] and Gutsev et al. [64] in their extensive analysis of the
electronic structure of molecules considered in this paper.

The nonrelativistic results for dipole moments of the first-
row transition metal oxides are presented in Table 4 and
compared with the results of Bauschlicher and Maitre [52]
and Gutsev et al. [64]. Several other nonrelativistic dipole
moment results are available [65-67]. However, only the
UCCSD(T) data of Bauschlicher and Maitre are useful for
the purpose of the present study of the performance of ZPolX
basis sets for transition metal compounds. The UCCSD(T)
method used by Bauschlicher and Maitre is not much dif-
ferent from the ROHF CCSD(T) approach employed in our
calculations. Although one may expect some spin contamina-
tion of the UCCSD(T) results, the major difference between
the present data and those of Bauschlicher and Maitre is in
basis sets. Those of Bauschlicher and Maitre are much larger
than the present highly compact ZPolX sets. Hence, the data
of Table 4 help to assess the ZPolX basis set performance at
the same or comparable level of the electronic structure the-
ory. The other comparative results [65-67], though presum-
ably of good accuracy, correspond to diverse computational
methods and basis sets and are not suitable for the purpose
of the sole basis set performance study.

On comparing the present ROHF CCSD(T) results with
UCCSD(T) data one finds that the dipole moments evaluated
with ZPolX basis sets are very close to those calculated by
Bauschlicher and Maitre [52]. This is another indication that
the present ZPolX basis sets should be useful for calculation
of electric dipole moments of transition metal compounds at
the correlated level of approximation.

The ROHF/CASPT2 (CASSCF/CASPT2) results of
Table 4 are in most cases significantly different from the
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Table 3 The first-row transition metal oxides. The ground state electronic configuration and the choice of orbital subspaces for ROHF/CASSCF

reference functions

Molecule Term Configuration® Orbital subspaces °

Coy C
ScO 2yt [CaO]90! (0,0,0,0/8,3,3,0/1,0,0,0; 1)
TiO 3A [CaO190 16! (0,0,0,0/8,3,3,0/1,0,0,1; 2)¢ (0,0/8,6/3,0; 2)
VO ix- [CaO190 182 (0,0,0,0/8,3,3,0/2,0,0,1; 3)
CrO S [CaO190 1471182 (0,0,0,0/8,3,3,0/2,1,0,1; 4)4 (0,0/8,6/3,2; 4)
MnO o3+ [Ca0]90 1472152 (0,0,0,0/8,3,3,0/2,1,1,1; 5)
FeO SA [CaO]90 472183 (0,0,0,0/9,3,3,0/1,1,1,1; 4)>4 (0,0/8,6/3,2; 6)
CoO ‘A [Ca01902472183 (0,0,0,0/10,3,3,0/0,1,1,1; 3)°¢ (0,0/9,6/2,2; 5)
NiO 3y- [CaO]90247215* (0,0,0,0/10,3,3,1/0,1,1,0; 2)f
CuO 2 [Ca0]90247318* (0,0,0,0/10,3,4,1/0,1,0,0; 1)¢ (0,0/11,6/0,2; 3)
ZnO Iy+ [CaO]90247415* (0,0,0,0/10,4,4,1/0,0,0,0; 0)

2 [Ca0] denotes the electronic configuration of CaO, i.e., 162202 ... 762 802 1n* 27437

> The symbol (fi, fo,.../i1,02,... /a1, az, ..

.; N) defines the selection of the frozen (fi), inactive (ix), and active (ay) orbital subspaces for

different representations of the given symmetry group. In C,, symmetry the order of representations is: z, x, y, xy. The active space is used to

describe N electrons

¢ Symmetry-broken solution. Two equivalent configurations in Cy, symmetry

4 The doubly occupied 18,2
¢ Both, 90 and 18,2_,2 shifted to the inactive subspace

M90, 18,2_y> and 16,;}, shifted to the inactive subspace
€ Only m, orbital is left in the active subspace

corresponding CCSD(T) data; the CrO molecule is the most
striking example. Obviously, the CASPT?2 results calculated
with the minimal active space can be improved by increasing
its size and the number of electrons which are explicitly cor-
related in the CASSCEF approximation for the reference func-
tion. For some of the oxides (ScO, TiO, MnO, CoO, CuO,
ZnO) studied in this paper, the active space comprising 8o,
90, 100, 17, 2, and 15 valence orbitals leads to the dipole
moment values comparable to those obtained in CCSD(T)
calculations. For some others (VO, CrO, FeO, NiO) adding
110 and/or 37 orbitals is necessary. Particularly difficult is
the case of CrO. Several exploratory CASSCF/CASPT2 cal-
culations performed with ZPolX basis sets show essentially
the same pattern as the earlier dipole moment studies with
large basis sets by Steimle et al. [68], Bauschlicher et al. [67],
and Bauschlicher and Maitre [52]. This gives further sup-
port for the recommendation of ZPolX basis sets for reliable
calculations on transition metal compounds.

The scalar relativistic IOTC values of the dipole moment
obtained in ROHF (two-state CASSCF), ROHF/CASPT2
(CASSCF/CASPT2), and ROHF/CCSD(T) approximations
are presented in Table 5. The relativistic effect on atomic
dipole polarizabilities is relatively small (see Table 2) and
one would therefore expect small relativistic contributions to
dipole moments of the transition metal oxides. However, the
magnitude of the relativistic contribution strongly depends
on the level of approximation and in most cases is signifi-
cantly reduced on passing from the ROHF to ROHF/CASPT2

> has been shifted to the inactive subspace

and CCSD(T) approximations. This reflects the electron
correlation effect on the electronic structure of the transi-
tion metal oxides and shows the importance of the interplay
between relativistic and electron correlation effects [69].

Comparisons between experimental and theoretical results
for the transition metal oxides have been extensively dis-
cussed by other authors [20,22,52,64,65,67,68,70]. The
experimental data are incomplete and their accuracy is in
some cases disputable [52]. However, it is pleasing to note
that the present scalar relativistic CCSD(T) result for the
dipole moment of CrO (1.502 au, Table 5) is in good agree-
ment with the experimental value of 3.88 £0.13 D~ 1.53 £
0.05au [68]. The best nonrelativistic UCCSD(T) result of
Bauschlicher and Maitre (1.530 au) [52] is also in good agree-
ment with the experimental value. This agreement would fur-
ther improve upon the addition of the relativistic correction
(—0.035 au, Table 5) calculated in this paper. Accurate exper-
imental value [71] of the dipole moment of VO (3.35540.014
D =~ 1.320£0.006 au) is also available and almost perfectly
agrees with the present IOTC CCSD(T) result (1.316au,
Table 5) as well as with the nonrelativistic UCCSD(T) result
of Bauschlicher and Maitre (1.317 au, [52]).

The recent experimental J-resolved results for FeO (4.50+
0.03D ~ 1.77 £ 0.01 au and 4.29 £ 0.05 ~ 1.69 + 0.02 au
for X3 A4 and X3 Az states, respectively [72]), combined
with the older value of the dipole moment (4.7 £ 0.2 D =
1.85+0.08 au [73]) for the X A lead to the J-averaged [74]
result of about 1.76 au. Taking into account the uncertainty
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Table 4 Nonrelativistic dipole moments of the first-row transition
metal oxides in different approximations (all data in au)

Molecule Term ZPolX results® 5214

ROHF/CASSCF® CASPT2° CCSD(T)®
ScO 2yt 1793 1.417 1.570 1.54
TiO 3A 0 1.698 1.205

(1.698) (1207)  (1.358) 1.38
VO ‘¥ 1872 1.260 1.317 1.42
CrO ST 3.238 0.882

(3.211) 0.781)  (1.537) 1.53
MnO 63+ 3590 1.918 2.042 1.96
FeO SA 3526 1.840

(3.528) (1.859)  (2.019)
CoO ‘A 3124 2.020

(3.124) (2.018)  (1.854)
NiO 3x- 3255 2.114 1.876
CuO 2 2414 2.065

(2.414) (2.064)  (2.065) 2.01
ZnO Iyt 2774 2.690 2.165 2.11°

4 The numbers in parentheses correspond to symmetry broken
calculations with high-spin single determinant reference function of
Ca, symmetry. See Table 3 and text

b Either high-spin single determinant function or average over two
determinants generated in C2 symmetry

¢ The reference function as described in Footnote b. See text

d Large basis set UCCSD(T) results of Bauschlicher and Maitre [52].
The data of these authors have been converted from Debye to atomic
units (1 au =2.54175 D)

¢ This CCSD(T) result is reported in [64]

of the experimental dipole moment for the X° A; state, this J-
averaged value is reasonably close to the present IOTC
CCSD(T) result of 1.934 au (see Table 5).

For other oxides, one finds the experimental values of the
ground state dipole moment of ScO (4.55£0.08 D ~ 1.79+
0.03au [20,22,75]) and TiO (2.96 +£0.05D ~ 1.1640.02 au
[20,22,76]). Both of them are by about 0.2 au higher than the
IOTC CCSD(T) results of this study and the nonrelativistic
values reported by Bauschlicher and Maitre [52]. In the case
of Cu, the experimental dipole moment of the X 2, /2 state is
4.454+0.30D= 1.75£0.12au [22,77] and is lower by about
0.25 au than the present scalar [OTC CCSD(T) result. The lat-
ter, however, reasonably agrees with the nonrelativistic value
computed by Bauschlicher and Maitre [52]. All these dis-
crepancies between theoretical data and experimental values
cannot be resolved on the basis of present calculations with
small basis sets and we rather focus on the comparison with
the results of Bauschlicher and Maitre [52].

The agreement between our results, the UCCSD(T) data
computed with large basis sets, and the accurate experimen-
tal values strongly suggests that the very small ZPolX basis
sets can be used for realistic predictions of the polarity of
the first-row transition metal compounds. One should note
that the determination of electric properties of the transition
metal oxides is a very difficult task [20,22,52]. The calcu-
lated results strongly depend on approximations used in cal-
culations of molecular wave functions and/or energies. Most
of the oxides studied in this paper have a very complicated
electronic structure whose representation by a single elec-
tronic configuration may strongly influence the performance

Table 5 Scalar relativistic

[OTC dipole moments (juep) of ~ Molecule  Term  ROHF/CASSCF*® CASPT2%¢ CCSD(T)*¢
the first-row transition metal
oxides in different Mrel Aldrel Mrel Afdrel Mrel Alhrel
approximations. Also the ScO 2yt 1931 0.138 1422 0.005 1.595 0.025
relativistic contribution (A fire]) ) ;
calculated with the data of TiO A 1.843 0.145 1.201 —0.004
Table 4 is reported. All results in (1.842) (0.144) (1.202) (—0.005) (1.377) (0.019)
au VO ix- 2.033 0.161 1.167 —0.093 1316 —0.001
CrO S 3.217 —0.021 0.834 —0.048
(3.189) (—0.022) (0.681) (—0.100) (1.502) (—0.035)
a4 The numbers in pa_rentheses MnO 6E+ 3.540 —0.049 1.855 —0.063 1.955 —0.087
correspond to symmetry-broken FeO SA 3.501 —0.025 1.769 —0.071
calculations with high-spin
single determinant reference ) (3.504) (—0.024) (1.786) (=0.072) (1.934) (—0.085)
function of Cy, symmetry. See CoO A 3.022 —0.102 2.121 0.101
g‘able 3 aqd text. . (3.022) (—0.102) (2.131) (0.113) (1.824) (—0.030)
Either high-spin single NiO 3x- 3.136 ~0.119 2.255 0.141 1.884 0.008
determinant function or average 5
over two determinants of C2 CuO II 2.469 0.055 2.047 —0.018
symmetry (2.485) (0.071) (2.032) (—0.032) (2.019) (—0.046)
¢ .
The reference function as o Iyt 2598 ~0.176 2.703 0.013 2.047 ~0.118

described in Footnote b. See text
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of the correlated-level methods. The assessment of the reli-
ability of the single configuration CCSD(T) method, though
partly provided by the data of Table 4, is obviously far from
complete.

For the present study, the dipole moment values calculated
by Bauschlicher and Maitre [52] are considered to be the ref-
erence theoretical data. They are used to show that within
essentially the same computational method the ZPolX and
large basis sets of Bauschlicher and Maitre give very similar
results. It is presently fashionable to investigate the perfor-
mance of different methods and accuracy limits by using
systematic sequences of extended basis sets [6] combined
with different extrapolation techniques [78—80]. The transi-
tion metal oxides, however, do not seem to be particularly
suitable for these investigations. The basis set extension,
though systematic, may lead to significant differences in the
electronic structure of these systems and the pattern of con-
vergence may be considerably affected by the assumptions
of the single configuration methods. In this respect, one may
also have purely formal reservations; the union of large and
diffuse atomic basis sets will unavoidably result in linear
dependencies in the molecular basis set, whose (numerical)
removal may considerably affect the convergence pattern for
the calculated property.

4.3 Dipole polarizabilities of transition metal oxides

The calculated ROHF (CASSCF) and ROHF/CCSD(T)
results for the parallel component of the dipole polarizabil-
ity of the first-row transition metal oxides are presented in
Table 6. Both the nonrelativistic and scalar relativistic values
are reported. They correspond to the same choice of active
orbital spaces as that used in dipole moment calculations
presented in Tables 4 and 5. The selection of the orbital
subspaces is explained in Table 3.

In the case of the ROHF/CCSD(T) results for molecules,
whose ground state wave function is represented by the space-
averaged ROHF wave function built of two determinants,
only the polarizability values obtained from broken symme-
try (Cpy) single determinant reference functions are given.
The magnitude of the symmetry breaking effect can be
guessed from the comparison of the symmetry-broken Cy,
and averaged C, ROHF data (Table 6) and is quite small.
Hence, the symmetry-broken ROHF/CCSD(T) results can be
anticipated to be close to the corresponding data which would
follow from calculations with full molecular symmetry.

There seem to be no other polarizability data available for
the comparison of our results. Hence, the discussion of the
ZPolX data is limited to a few remarks concerning the elec-
tron correlation and relativistic effects on the dipole polariz-
ability. On comparing the ROHF/CASSCEF results with the
CCSD(T) values, one finds that the magnitude and sign of the
electron correlation contribution to the parallel polarizability

Table 6 Nonrelativistic and scalar relativistic results for the parallel
component of the dipole polarizabilities (in au) of the first-row transi-
tion metal oxides

Molecule Nonrelativistic results Scalar relativistic results
ROHF/CASSCFE CCSD(T) ROHF/CASSCF CCSD(T)

ScO 2z ) 87.59 92.42 85.56 89.90
TiO G A) 82.58 80.09

(82.52) (83.50) (80.10) (80.31)
VO (*X7) 96.09 79.43 91.00 75.65
CrO (CIT) 70.27 69.55

(71.32) (79.17) (71.01) (71.77)
MnO(® X ) 57.70 71.73 59.93 66.10
FeO (C A) 45.17 48.43

(45.10) (57.93) (48.39) (55.79)
CoO (*A) 64.31 67.62

(64.31) (51.76) (67.62) (54.21)
NiO Cx7) 56.14 32.38 62.05 37.00
CuOCI) 20.19 20.07

(20.28) (36.44) (20.40) (38.71)
ZnO (! x) 75.06 63.96 72.42 58.79

of the first-row transition metal oxides strongly depends on
their electronic structure. For some of the oxides (ScO, TiO,
CrO, MnO, FeO, and CuO) this contribution is positive,
whereas its value is negative for VO, CoO, NiO, and ZnO.
There is no obvious relation between the electron correlation
contribution to dipole moments (Tables 4 and 5) and its effect
on the dipole polarizability. The increase of the dipole polar-
izability due to the electron correlation contribution can be
interpreted in terms of the correlation-induced enhancement
of the participation of the 4s orbital of the metal atom; this
orbital gives the dominant part of the atomic dipole polariz-
ability of the transition metal atoms.

The relativistic contribution to the parallel dipole polar-
izability of the first-row transition metal oxides is usually of
the order of a few units. However, both its magnitude and
sign depend significantly on the level of approximation. For
instance, in the case of FeO the relativistic effect of the ROHF
value of its polarizability is positive, whereas at the level of
the CCSD(T) approximation one obtains the negative value
of the relativistic contribution.

4.4 Electric properties of TiCly

The last example of the use of ZPolX basis sets developed
in this paper refers to recent calculations of different elec-
tric properties of the transition metal chlorides reported by
Hohm and Maroulis [25]. These authors have calculated sev-
eral electric properties of TiCly at the level of the SCF HF
and MP2 approximations with three different basis sets of
increasing size and diffuseness. In present comparisons we
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Table 7 Electric dipole polarizability of TiCly. (all values in au)

Method This work [25]2 R-ANO results

Nonrelativistic® 10TC ¢ Nonrelativistic A° Bf ce
SCF HF 83.70 83.45 84.73 84.58 84.41 84.41
MP2-32¢ 101.86 101.19 100.83 99.34 98.87 98.49
MP2—40e 102.38 101.70 - 100.50 100.18 99.88
CCSD(T)-32e 101.73 101.28 - 99.63 98.46 97.77

4 Calculations with T2 basis set of [25]

Y ITOC calculations with systematically extended R-ANO basis sets [54] (AJ Sadlej and BO Roos, 2007, Unpublished results)

¢ Results calculated with ZPolX basis sets for Cl and Ti
d Results calculated with ZPolX_iotc basis sets for Cl and Ti

¢ [10s9p8d6f] R-ANO basis set for Ti and [8s7p5d] R-ANO basis set for Cl [54]
f [10s9p8d6fag] R-ANO basis set for Ti and [8s7p5d4f] R-ANO basis set for Cl [54]
2 [10s9p8d6f4g2h] R-ANO basis set for Ti and [8s7p5d4f2g] R-ANO basis set for Cl [54]

shall refer only to the dipole polarizability data obtained with
the T2 basis set of Hohm and Maroulis [25]. This basis set
comprises a total of 209 spherical Gaussians, whereas the
corresponding molecular ZPolX basis sets lead to only 131
spherical Gaussians.

The results obtained in our SCF HF, MP2, and CCSD(T)
calculations with ZPolX basis sets and the data of Hohm
and Maroulis [25] are shown in Table 7. The MP2 data of
these authors correspond to correlating all valence electrons
of Cl and four electrons of Ti, (MP2-32¢). To investigate
the possible effects due to the 3523 p6 shell of Ti, we have
also carried out the corresponding MP2 calculations with 40
correlated electrons (MP2-40e). The present CCSD(T) val-
ues correspond to the correlation effect due to 32 valence
electrons.

The nonrelativistic SCF HF results obtained with ZPolX
basis set are by about 1 au lower than those reported by Hohm
and Maroulis [25]. On the other hand, our nonrelativistic
MP2-32e results are by about 1au higher than the corre-
sponding reference value. Taking into account the significant
difference in the basis set size, the ZPolX results can be con-
sidered as being of almost the same quality as those reported
by Hohm and Maroulis. One should note however, that the
3523 pS correlation contribution, which has been neglected by
these authors, will lead to the increase of the dipole polariz-
ability by about 0.5 au. Simultaneously, the relativistic effects
will reduce the MP2-40e result by about the same amount.
Also the higher—order correlation effects, as indicated by
the present CCSD(T) data (Table 7), do not appear particu-
larly important. Let us also mention that the relativistic [OTC
CCSD(T) result calculated in the present paper (101.3 au) is
inexcellent agreement with the experimental value (101.4 au)
[25] of the dipole polarizability of TiCly.

The TiCly molecule is a closed shell system for which
the single determinant reference in MP2 and CCSD(T) cal-
culations should not raise any objections. Hence, at vari-
ance with the study of dipole moments and polarizabilities
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of the transition metal oxides, one can also consider the
reliability of the present data by their comparison with the
results calculated with systematically extended sequences of
large basis sets. Basis sets suitable for relativistic second-
order Douglas—Kroll (DK?2) [24,34] calculations have been
recently generated by Widmark and Roos [54] and they are
used in the present investigations. One should mention, that
for the relatively light atoms in TiCly and the electric property
which is primarily determined by the valence contribution,
the difference between IOTC and DK2 schemes is fully neg-
ligible.

The results reported in the last three columns of Table 7
show a nice convergence pattern. The IOTC SCF value of
the dipole polarizability converges to about 84.41 au. This
result is by about 1au higher than that computed with the
ZPolX_iotc basis set. A the level of the CCSD(T) approx-
imation the polarizability value calculated with the largest
R-ANO basis set (column C of Table 7) is by about 3%
lower than the ZPolX_iotc result. This difference appears
to be fully acceptable for the basis set, which involves only
131 basis functions as compared to the R—-ANO set of 577
spherical Gaussians.

Finally, one should note that the IOTC CCSD(T) result
(98.35au) for the largest R-ANO basis set does not com-
pare with the experimental dipole polarizability of TiCly
(101.4 au [25]) that well as the ZPolX_iotc value (101.28 au).
Obviously, the 32-electron CCSD(T) approximation does not
exhaust all electron correlation contributions. Another reason
could be that our calculations neglect the vibrational contri-
bution to the dipole polarizability. This would increase the
calculated polarizability value.

5 Summary and conclusions

In the present study, we have designed very compact basis
sets for the first-row transition metal atoms. These basis
sets, combined with those determined earlier for the first-and
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second-row atoms [17,18], can be used in nonrelativistic
and scalar relativistic high-level correlated molecular calcu-
lations. Their performance was first tested in calculations of
atomic polarizabilities. Then, they were used in calculations
of the dipole moments and polarizabilities of the first-row
transition metal oxides. Finally, the ZPolX basis sets were
employed to calculate the dipole polarizability of TiCly.

Obviously, the ZPolX basis sets are not designed for accu-
rate calculations of atomic polarizabilities. The difference
between the present ZPolX and large basis set results, which
is in most cases of the order of about 2-3%, is quite accept-
able and does not seem to affect the accuracy of the calculated
molecular dipole moments and polarizabilities. Hence, the
ZPolX basis sets developed in this study can be safely rec-
ommended for calculations of dipole moments and polariz-
abilities of the first-row transition metal compounds [23,81].

Let us also mention that the present ZPolX are supposedly
the smallest sets which can be used in reliable calculations
of molecular dipole moments and polarizabilities. Obviously,
they can be extended by additional polarization functions by
using the method developed in our earlier papers [16—18].
Given some initial basis set of sufficiently diffuse form, this
method can be used to obtain one or more polarization func-
tions which are suitable for the description of the electric
field polarization of the electron density distribution.

The present study is based on the use of traditional meth-
ods of the wave function theory. However, the common expe-
rience shows that basis sets developed in the framework of
these methods perform very well also in the case of the den-
sity functional calculations. The use of ZPolX basis sets in
the context of the density functional theory methods would
further extend the range of their applicability in calculations
of molecular electric properties. On the other hand, the polar-
izability data obtained within the density functional scheme
do not seem to be highly reliable [20].
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