FULL PAPER

DOI: 10.1002/ejic.200600450

How Do the Different Defect Structures and Element Substitutions Affect the
Nonlinear Optical Properties of Lacunary Keggin Polyoxometalates? A DFT
Study

Wei Guan,'® Guo-Chun Yang,'?! Li-Kai Yan,!?l and Zhong-Min Su*!!

Keywords: Polyoxometalates / Nonlinear optics / Lacunary species / Tungsten / Density functional theory

Systematic DFT calculations have been carried out on the
lacunary a-Keggin polyoxometalate derivatives [PW;,039]7",
[XWOs]* (X = Al SitV, Ge'V, PV, AsY, and SbVY),
[XWgM;030]%, and [XWoM30,40]" (X = PV and Si'V, M =
MoVl VV, NbY, and TaV) to investigate the geometric struc-
ture and element substitution effects on the molecular non-
linear optical response. Analysis of the computed static sec-
ond-order polarizability (fy) predicts that the molecular non-
linear optical activity of lacunary Keggin polyoxometalate
derivatives can be modified by replacing the central hetero-
atom and the addenda metal atom. Substitution of the central

Al atom or the addenda V atom causes significant enhance-
ment in the molecular nonlinearity. Moreover, the f, values
are substantially dependent on the defect structures. This
class of inorganic complexes possesses remarkably large mo-
lecular optical nonlinearity, especially for the partial substitu-
tion complex [SiWgNb,O50]'%- (Illc), which has a computed
Po value of 2071.0 a.u. Thus, lacunary Keggin polyoxomet-
alates could become excellent candidates in the field of sec-
ond-order NLO.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Nonlinear optical (NLO) materials based on molecular
compounds have continued to be of considerable current
interest because they hold promise for potential applica-
tions in optical signal processing, switching, and telecom-
munications. Among inorganic nonlinear materials, borates,
phosphates, and niobates ($-BaB,O,, LiB3;Os, Li,B40-,
CsLiBsO,g, KH,PO,4, LiNDbO;, etc.) have already been
widely studied. However, compared with the organic and
organometallic compounds that have been extensively ex-
amined for their NLO responses recently, NLO studies of
inorganic materials are relatively rare even though inor-
ganic compounds are robust and are available as large sin-
gle crystals. They also possess a large transparency range,
suffer very low optical losses, and offer a large variety of
structures and a great diversity of electronic properties
shaped by the metal-characterized core and therefore may
comprise a promising family of NLO materials.

Among the various inorganic compounds, polyoxomet-
alates (POMs) have generated substantial interest in recent
years because of their unique structural variety and exciting
properties in fields such as catalysis, medicine, materials sci-
ence, etc.[ The most representative POM is the well-known
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a-Keggin heteropolyanion [XM,04]" (denoted as a-
XM;,; X = PY, SitV, Ge'V, etc.; M = MoY!, WYL or VV).
The structure of a-XM;, has overall 7, symmetry and con-
sists of a central XO, tetrahedron that shares its oxygen
atoms (O,) with four M50,; groups. These M30,3 groups,
made of three edge-sharing octahedra, are linked together
by corners. Lacunary a-Keggin polyanions (species with de-
fect structures) are derived from o-XM;, by removing one
MOy octahedron (a-XMj;, top series in Figure 1) or by re-
moving three MOy octahedra from different M;0,;3 groups
(A-0-XM,, middle series in Figure ) or the same M;O;
group (B-a-XMoy). In order to synthesize novel POMs with
predicted structures, an approach widely used is to treat
lacunary POM precursors with transition metal ions or or-
ganometallic fragments as lacunary structures possess a re-
active nucleophilic polyoxygenated site. Different transition
metal ions can partly or wholly fill these vacancies to give
rise to compounds with magnetism or catalysts,[?! such as
PWyFe,Ni, PWoFes;, or PW,;Co. The reactions of organo-
metallic fragments with Keggin-type lacunary polyanions
also give numerous novel compounds {e.g., open-type [Si-
Wy03,(SnR);]7~ and sandwich-type [(SnR);(SiWoO34)»]7 }.
Although the study of such lacunary polyanions is receiving
considerable attention,’! they need to be further investi-
gated theoretically.

Murakami et al. have recently shown by the conventional
powder second-harmonic generation (SHG) method that
nanostructured materials made from lacunary POMs have
larger NLO responses than KH,PO,. They also defined de-
sign criteria to obtain a large NLO response.[! This experi-
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XW,M,
- 1X =P M=W (8= 794.0)

Ila X = P: M = Mo (fi, = 1046.3)

b X = Si: M = Mo (/i = 1110.6)

Hie X = $i; M = Nb (f; = 2071.0)

Id X = §i; M = Ta (fiy = 1212.9)

HaX =P (fa=11158: 8,/=575.2)
11b X = 8i (ff, = 1288.4: 0,'"= 601.3)
The X = Ge iffy = 1295.9; 7= 632.5)
10d X = Al (5, = 1566.0; 5,1'T= 687.0)
" e X = As {fy = 1102 3; 8,1 573 3)
IIF X = Sb (6, — 1082.6; 5,/'F~ 532.7)

IVa X =P; M = Mo (i = 184.9)
IVB X =P M=V (fi;= 1064.8)
Ve X = P; M = Nb (ff, = 760.4)

\ IVAd X = P: M = Ta (i, = 324 8)

Lo IWe X = Si: M = Mo (f§, = 232.3)
IVEX =5 M =V (i, = 1094.0)
Vg X =Si; M =Nb (8, = 860.9)
IVh X = 8i; M = Ta (f; = 338.4)

Figure 1. Ball-and-stick and polyhedral representations of the
studied complexes. The values in brackets are the respective com-
puted static second-order polarizability (a.u.).

mental result inspired us to further investigate the electronic
and NLO properties of lacunary a-Keggin derivatives by a
DFT method. In the past decade, DFT has been shown to
be able to successfully predict the properties of molecules
and materials, including the NLO properties.’”] The model-
ing of polyoxoanions has also made progress.) Recently,
we have systematically investigated the bonding character,

HOMO (IVg)

LUMO (IVg)

redox properties, protonation, stability, and NLO properties
of [X;Mos043]%, [PTizWi004]”, [MogO17R,]*, and
[H,V5040]> clusters by DFT.[”! Theoretical studies would
be helpful in the rationalization of the observed properties
and in the design of novel POM-based materials with func-
tional properties by exploiting the unique electronic and
structural characteristics of these complexes.

In this paper we present systematic DFT calculations on
the static NLO responses of a series of lacunary a-Keggin
polyanion derivatives, including C, systems: [PW;,030]"",
[PWoMo0,030]” *, [SiWoMo0,03]%, [SiWoNb,O16]'%, and
[SlWQTaZOw] O~ and G5, systems: [AIW,Os,]'l,
[Si [GeWo034]'", [PWo034", [AsWoOs4]”,
[SbWoO34]"", [PWoV3049]%, [SiWoV3040]", [PWoNb3O4]",
[SIW9Nb3040] . [PWoTaz04]", [SiWo  Ta304]",
[PWo Mo03O40]*", and [SiWo Mo3Oy0]*. (Figure 1) The
effects of geometric structure and element substitution on
the molecular nonlinear response are analyzed and dis-
cussed in order to reveal the general rules governing the
NLO properties of these polyanions.

Results and Discussion

Electronic Structures

The frontier molecular orbitals of all systems have a
common character where the occupied orbitals formally de-
localize over the p-oxygen orbitals, while the unoccupied d-

HOMO {11b) LUMO (1Ib)

P A f‘*z .
?‘hﬁ i L&w“j
HOMO (IlIc) .

LUMO (Ille)

LUMO (IVT)

HOMO (I'Vh)

LUMOC (IVh)

Figure 2. Frontier molecular orbitals of systems I, IIb, IIIb,c, and I'Ve-h.
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metal orbitals delocalize over the addenda atoms.!>”! This
kind of charge transfer, namely O—M, must be responsible
for the NLO properties of lacunary a-Keggin POM deriva-
tives. The diagrams for the frontier molecular orbitals of
eight representative systems (I, IIb, IIIb,c, and IVe-h) are
displayed in Figure 2, from which several conclusions can
be drawn:

(1) The frontier molecular orbitals of series II have sim-
ilar character (Figure 2, IIb) in that the HOMOs formally
delocalize over the bridge oxygen atoms that are away from
the lacunary sites, which is similar to system I. The LUMOs
delocalize mostly over the six tungsten atoms that are close
to the lacunary sites and partially over the terminal oxygen
atoms. In addition, the unoccupied W(d)-O(p) bands have
an antibonding interaction in series II.

(2) The distribution of HOMOs in series I1II has a similar
character to that of series II. However, when compared with
series Il the LUMOs in series III change significantly as it
is the d-orbitals of the Mo atoms that contribute mainly
to the LUMO of IIla,b (Figure 2). When Mo atoms are
substituted by Nb or Ta atoms (IIl¢c and ITId), the LUMOs
mostly delocalize over the two tungsten atoms that are close
to the lacunary sites (Figure 2).

(3) For trisubstituted systems (series 1V), the HOMOs
extensively delocalize over the p-oxygen orbitals, except for
the Ta-substituted systems IVd and IVh, where the HOMOs
almost delocalize over the bridge oxygen atom that links
two tantalum atoms [O(TaTa)] and the terminal oxygen
atom that links to tantalum atoms [O(Ta); Figure 2] The
LUMOs of systems I'Va,b and I'Ve,f are mainly concentrated
on the three substituted addenda atoms (Figure 2), which
shows that the d-orbitals of molybdenum and vanadium
play an important role in the redox reactions of trisubsti-
tuted systems.[°®) However, the delocalization of LUMOs is
obviously enhanced by Nb and Ta substitution (Figure 2,
IVg.h).

Geometric Structure and Element Substitution Effects on

In view of the molecular orbital character discussed
above, we computed the static second-order polarizabilities
(Bo) of the series of lacunary POM derivatives considered
in this investigation by DFT. The static second-order polar-
izability is also termed the zero-frequency hyperpolarizabil-
ity and is an estimate of the intrinsic molecular hyperpolar-
izability in the absence of any resonance effects. Geometric
structure and element substitution effects were considered
in a set of calculations by choosing mono- and trivacant
Keggin derivatives and their mixed addenda species. The
computed f, values of the studied complexes are given in
Figure 1 (I, ITa—c, Ila, and IVa). The results indicate some
common trends, which are in agreement with the qualitative
predictions of Murakami and co-workers on the NLO re-
sponse of nanostructured materials made from lacunary
POMSs. First, the trivacant Keggin complexes (Ila, IIb,
and Ilc) have larger f§, values than the monovacant struc-
ture (I): all the f, values of Ila, IIb, and Ilc are above
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1100 a.u. whereas the present calculations predict the f,
value of I to be just 794.0 a.u. Second, the replacement of
the central heteroatom (X) slightly alters the f, values of
IIa, IIb, and Ilc, which increase as the heavy central atom
changes in the order Ge = Si > P; the difference between
the fy values of IIb and Ilc is relatively small. Third, par-
tially substituting addenda metal atoms by molybdenum
atoms (IIIa) causes significant enhancement in the molecu-
lar nonlinearity. As can be seen from Figure 1, the S, value
of Ila is much larger than that of I'Va, the difference be-
tween the two systems exceeds 800 a.u., and this is con-
firmed by the frontier molecular orbital character (Figure 2
ITIb and IVe).

To shed further light on the second-order NLO proper-
ties of lacunary Keggin POM derivatives, more complexes
(IId—f, IIIb—d, and IVb-h) were systematically calculated to
understand the role of the central heteroatom (X) and ad-
denda metal atom (M) in influencing the NLO response.
The replacement of X in the trivacant complexes with five
elements (Al, Si, P, As and Sb) results in different trends
(Figure 3). The substitution by Al results in a larger effect
than by Si, which, in turn, has a larger effect than P (IId >
IIb > IIa); when X is one of the group 15 elements P, As,
and Sb, the computed f, values indicate that the NLO re-
sponse is Ila > Ile > IIf. As can be seen from two trends
above, the magnitude of increase or decrease of f, with re-
spect to the trivacant tungstates depends on both the
atomic radius of the central heteroatom (Figure 3A) and its
electronegativity (Figure 3B). When X is from the same row
of the periodic table (e.g. the third row: Al, Si and P) the
Po value is proportional to the atomic radius and is inversely
proportional to the electronegativity; however, when X is
from the same group (e.g. group 15: P, As, Sb) the opposite
trend is observed: the f, value is proportional to the elec-
tronegativity and is inversely proportional to the atomic ra-
dius. From Figure 1, we also calculated the static second-
order polarizabilities for series II employing the HF method
(BoTF). According to the f,FF values, it can be seen that
DFT and HF methods give consistent trends for the static
second-order polarizabilities. However, the HF method
underestimates the second-order polarizabilities of series II
as there is no correlation consideration in the HF method,
while the DFT methods used in this paper overestimate the
B values. This is in accordance with the literature.® There-
fore, it can also be concluded that DFT is a feasible method
for the present POMs. Moreover, the central heteroatom
substitution effects in series III and IV also obey the trends
described above. Substitution by Si results in a larger effect
than by P (IIIb > IIla, IVe > IVa, IVf > IVb, IVg > IVc,
and I'Vh > IVd). We believe that the sketch map in Figure 3
will be helpful in designing new NLO materials.

With regard to the role of the addenda metal atom, sim-
ilar trends (Figure 3) can be seen from the calculated data
(Figure 1: IIIb—d and IVa-h) obtained for series III and IV.
Unfortunately, it is difficult to obtain a reasonable result
for [SiW¢V,050]'%. The replacement of M with four ele-
ments (Mo, V, Nb, and Ta) significantly alters their S, val-
ues (Figure 1: Illc > IIId > IIIb, IVb > IVc > IVd > IVa,
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Figure 3. The second-order polarizabilities of trivacant complexes Ila—f as a function of the atomic radius (A) and electronegativity (B)

of the central heteroatom (X).

and IVf > IVg > IVh > IVe), which increase as M changes
in the order V > Nb > Ta > Mo. Thus, the computed S,
values predict that the molecular nonlinear optical activity
of lacunary Keggin POM derivatives can be fine-tuned by
replacing the central heteroatom or the addenda metal
atom. Substitution of the central Al atom or the addenda
V atom causes a significant enhancement in the molecular
nonlinearity. Furthermore, the defect structure plays a key
role in increasing the f, value.

As can be seen from Figure I, lacunary POMs have
larger second-order polarizability coefficients, especially for
the partially substituted complexes Illc, whose computed
Po value is even larger than that of the Au,, cluster with
an equivalent molecular size. The present DFT calculations
predict the f, value of system Illc to be 2071.0 a.u., whereas
the predicted second-order polarizability of Au, is
1655.3 a.u.’l All these complexes have high transparency in
the visible areal® therefore, in view of the merit of this class
of inorganic complexes, they could be an excellent material
for use in the second-order NLO field.

Conclusions

A series of lacunary o-Keggin POM derivatives have
been systematically investigated for their molecular nonlin-
ear response, including [PW;,030]”", [XWyOs,4]" (X = Al
SitV, Ge!V, PY, AsY, and SbY), [XWoM,0s]", and
[XWoM;040]" (X = PY and Si'V; M = MoV, V¥, NbY, and
TaV). Geometric structure and element substitution effects
on the molecular nonlinear response have been analyzed,
and the computed f, values reveal the general rules to de-
sign a large nonlinearity: (i) the defect structured complex
has a larger f value than a defect-free complex (series IV),
especially for trivacant Keggin complexes (series II) and
partially substituted complexes (series III); (ii) the 5, value
depends on both the atomic radius of the central hetero-
atom (X) and the addenda metal atom (M) and their elec-
tronegativity. When X and M are from the same row of the
4182
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periodic table (X = Al, Si, and P; M = Nb and Mo) the
fo value is proportional to the atomic radius and inversely
proportional to the electronegativity, whereas when X and
M are from the same group (X = P, As and Sb; M =V, Nb
and Ta) the opposite trend is observed. This class of inor-
ganic complexes possesses remarkably large static second-
order polarizability, especially for [SiWoNb,O30]'* (Illc),
which has a computed S, value of 2071.0 a.u. The frontier
molecular orbital character reveals that the main origin of
the NLO properties of lacunary a-Keggin POMs derivatives
is O—M charge transfer. It is hoped that the results pre-
sented in this paper will stimulate experimental research in
the field of NLO properties involving lacunary Keggin
POM derivatives.

Computational Details

The DFT calculations were carried out with the ADF2004.01 suite
of programs.['” The zero-order regular approximation (ZORA) was
adopted in all the calculations to account for the scalar relativistic
effects.''l The generalized-gradient approximation (GGA) was em-
ployed in the geometry optimizations by using the Beck!!” and Per-
dew!'3! (BP86) exchange-correlation (XC) functional. For the calcu-
lations, we made use of the standard ADF TZP basis set, which is
a triple-{ plus polarization STO basis set. The cores (O: 1s; Al, Si,
P, V: 2p; Ge, As: 3p; Sb: 4p; Nb, Mo: 3d; Ta, W: 4d) were kept
frozen. In calculations of the static second-order polarizability, the
RESPONSE module'"* implemented in the ADF program was
used based on the optimized geometries. The van Leeuwen-Baer-
ends XC potential (LB94) was chosen for calculations of all the
response properties.l'> The adiabatic local density approximation
(ALDA) was applied for the evaluation of the first and second
functional derivatives of the XC potential. Moreover, the value of
the numerical integration parameter used to determine the pre-
cision of numerical integrals was 6.0. We also calculated the static
second-order polarizabilities employing the Hartree-Fock (HF)
method based on ab initio quantum chemistry with the
GAUSSIANO3 program.['® The basis set used for Al, Si, P, and O
is the standard Gaussian basis set 6-31G(d) in which one set of d-
polarization function is included. For 3d, 4d, and 5d transition
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metals, the LANL2DZ basis set!!”! was used, in which the effective
core potentials (ECPs) were adopted and mass-velocity, Darwin
relativistic effects were incorporated.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates of all systems (Tables S1-S19).

Acknowledgments

The authors gratefully acknowledge financial support from the
National Natural Science Foundation of China (projects 20373009
and 20573016) and the Science Foundation for Young Teachers of
Northeast Normal University (20060307 and 111494017). We
would also like to thank Yuhe Kan for computational support.

[1] a) M. T. Pope, Heteropoly and Isopoly Oxometalates, Springer-
Verlag, Berlin, 1983; b) M. T. Pope, A. Miiller, Polyoxomet-
alates: From Platonic Solid to Anti-Retroviral Activity, Kluwer,
Dordrecht, 1994; c¢) Special edition on Polyoxometalates:
Chem. Rev. 1998, 98, 1-390 (Ed.: C. L. Hill); d) Polyoxomet-
alate Chemistry: From Topology via Self-Assembly to Applica-
tions (Eds.: M. T. Pope, A. Miiller), Kluwer, Dordrecht, The
Netherlands, 2001.

[2] a) C.L. Hill, C. M. Prosser-McCartha, Coord. Chem. Rev.
1995, 743, 407-455; b) J. M. Clemente-Juan, E. Coronado, Co-
ord. Chem. Rev. 1999, 193-195, 361-394; ¢) N. Mizuno, K. Ya-
maguchi, K. Kamata, Coord. Chem. Rev. 2005, 249, 1944-1956.

[3] a) M. Bonchio, O. Bortolini, V. Conte, A. Sartorel, Eur. J. In-
org. Chem. 2003, 699-704; b) K. Kamata, K. Yonehara, Y. Su-
mida, K. Yamaguchi, S. Hikichi, N. Mizuno, Science 2003, 300,
964-966; c) D. G. Musaev, K. Morokuma, Y. V. Geletii, C. L.
Hill, Inorg. Chem. 2004, 43, 7702-7708; d) T. M. Anderson,
W. A. Neiwert, M. L. Kirk, P. M. B. Piccoli, A. J. Schultz, T. F.
Koetzle, D. G. Musaev, K. Morokuma, R. Cao, C. L. Hill, Sci-
ence 2004, 306, 2074-2077; e) M. Nyman, A. J. Celestian, J. B.
Parise, G.P. Holland, T. M. Alam, Inorg Chem. 2006, 45,
1043-1052.

[4] H. Murakami, T. Kozeki, Y. Suzuki, S. Ono, H. Ohtake, N.
Sarukura, E. Ishikawa, T. Yamase, Appl. Phys. Lett. 2001, 79,
3564-3566.

[5] S.J. A. van Gisbergen, J. G. Snijders, E. J. Baerends, J. Chem.
Phys. 1998, 109, 10644-10656.

[6] a) M. M. Rohmer, M. Bénard, J. P. Blaudeau, J. M. Maestre,
J. M. Poblet, Coord. Chem. Rev. 1998, 178-180, 1019-1049 and
references cited therein; b) J. M. Poblet, X. Lopez, C. Bo,
Chem. Soc. Rev. 2003, 32, 297-308 and references cited therein;
¢) A. J. Bridgeman, G. Cavigliasso, J. Phys. Chem. A 2003, 107,
6613-6621; d) E. M. Zueva, H. Chermette, S. A. Borshch, In-
org. Chem. 2004, 43, 2834-2844; e¢) X. Yang, T. Waters, X. B.
Wang, R. A.J. O’Hair, A. G. Wedd, J. Li, D. A. Dixon, L. S.
Wang, J. Phys. Chem. A 2004, 108, 10089-10093; f) M. J. Janik,
R. J. Davis, M. Neurock, J Am. Chem. Soc. 2005, 127, 5238—
5245; g) M. J. Watras, A. V. Teplyakov, J. Phys. Chem. B 2005,
109, 8928-8934; h) X. Lopez, C. Nieto-Draghi, C. Bo, J. B.
Avalos, J. M. Poblet, J. Phys. Chem. A 2005, 109, 1216-1222;
i) A.J. Bridgeman, Chem. Eur. J 2006, 12, 2094-2102; j) J.

Eur. J. Inorg. Chem. 2006, 4179-4183

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Gracia, J. M. Poblet, J. Autschbach, L. P. Kazansky, Eur. J. In-
org. Chem. 2006, 1139-1148; k) J. Gracia, J. M. Poblet, J. A.
Fernandez, J. Autschbach, L. P. Kazansky, Eur. J. Inorg. Chem.
2006, 1149-1154; 1) X. Lopez, J. A. Fernandez, J. M. Poblet,
Dalton Trans. 2006, 1162-1167; m) M. J. Janik, B. B. Bardin,
R. J. Davis, M. Neurock, J. Phys. Chem. B 2006, 110, 4170-
4178; n) D. Laurencin, R. Villanneau, H. Gérard, A. Proust,
J. Phys. Chem. A 2006, 110, 6345-6355.

[71 a) L. K. Yan, Z. M. Su, W. Guan, M. Zhang, G. H. Chen, L.
Xu, E. B. Wang, J. Phys. Chem. B 2004, 108, 17337-17343; b)
W. Guan, L. K. Yan, Z. M. Su, S. X. Liu, M. Zhang, X. H.
Wang, Inorg. Chem. 2005, 44, 100-107; ¢) L. K. Yan, Z. M. Su,
K. Tan, M. Zhang, L. Y. Qu, R.S. Wang, Int. J Quantum
Chem. 2005, 105, 37-42; d) L. K. Yan, G. C. Yang, W. Guan,
Z.M. Su, R.S. Wang, J Phys. Chem. B 2005, 109, 22332—
22336; e) W. Guan, L. K. Yan, Z. M. Su, E. B. Wang, X. H.
Wang, Int. J. Quantum Chem. 2006, 106, 1860—1864.

[8] S.J. A. van Gisbergen, J. G. Snijders, E. J. Baerends, J Chem.
Phys. 1998, 109, 10657-10668.

[9] K.C. Wu, I. Li, C.S. Lin, Chem. Phys. Lett. 2004, 388, 353—
357.

[10]a) “Chemistry with ADF”: G. Te Velde, F. M. Bickelhaupt,
E. J. Baerends, C. Fonseca Guerra, S. J. A. van Gisbergen, J. G.
Snijders, T. Ziegler, J. Comput. Chem. 2001, 22, 931-967; b)
C. Fonseca Guerra, J. G. Snijders, G. Te Velde, E. J. Baerends,
Theor. Chem. Acc. 1998, 99, 391-403; ¢) ADF2004.01, SCM,
Theoretical Chemistry, Vrije Universiteit, Amsterdam, The Ne-
therlands, http://www.scm.com.

[11]E. van Lenthe, E. J. Baerends, J. G. Snijders, J Chem. Phys.
1993, 99, 4597-4610.

[12] A. D. Becke, Phys. Rev. A 1988, 38, 3098-3100.

[13]J. P. Perdew, Phys. Rev. B 1986, 33, 8822-8824.

[14]S.J. A. van Gisbergen, J. G. Snijders, E. J. Baerends, Comput.
Phys. Commun. 1999, 118, 119-138.

[15]R. van Leeuwen, E. J. Baerends, Phys. Rev. A 1994, 49, 2421
2431.

[16] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J R. Cheeseman, J. A. Montgomery, Jr., T.
Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pom-
elli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J.J. Dannenberg, V. G. Zakrzewski, S. Dapprich,
A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, C. Gonzalez, J. A. Pople, GAUSSIANO3, Gaussian,
Inc., Pittsburgh, PA, 2003..

[17]1P.J. Hay, W. R. Wadt, J Chem. Phys. 1985, 82, 299-310.

Received: May 14, 2006
Published Online: August 11, 2006

4183

www.eurjic.org



