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Highly correlated multireference calculations for the ground states of thE%/@pecies are presented. We

use extrapolation techniques to estimate correlation energies at the basis set limit. Correlation consistent
basis sets for vanadium have been constructed for this purpose. Binding energies, bond distances, and vibrational
frequencies have been calculated. Excellent agreement between the calculated and experimental values is
reached for the cation and the neutral molecule. We present highly accurate theoretical estimates for the
properties of the VO anion. Furthermore, we confirm previous assignments of its ground state which is found

to besx.
1. Introduction the bonding, especially in the anionic species.@titals cannot
Vanadium oxide species have been subject to many CUffemggi:ﬁﬁg with any oxygen orbitals and are classified as non-

experimental and theoretical studie® where the electronic
structure of the ground states, as well as equilibrium geometries
vibrational frequencies, and chemical reactivity were examined.
The simplest molecule, VO, and corresponding singly charged
species seem to be well characterizetf.242°However, most

of the published theoretical studies for V&~ present results

of different density functional calculations using a variety of
different basis sets and exchange-correlation functionals. Be-
cause density functional calculations are based on a single-
reference formalism, it is not obvious if they are suitable to
describe the ground-state properties of VO species correctly.
For instance, the MR-CISD (multireference configuration
interaction with single and double excitations) study of Nakao
et al?* clearly indicates a multiconfigurational nature of the
ground state of the VO cation: the weight of the leading
configuration is 0.89.

In this work, we present results of multireference correlation
calculations for all three VO species, cation, neutral molecule,
and anion. We use an extrapolation technique to estimate the
electronic correlation energy at the basis set limit. For this
purpose, we have constructed correlation consistent basis set
for the vanadium atom. The details of the calculations will be
presented in the section 2 followed by sections 3 and 4 which

Thus, for an accurate description of bonding in VO, at least
'the 3d(V), 4s(V), and 2p(O) atomic orbitals have to be explicitly
considered. We use the complete active space self-consistent
field (CASSCF) method to construct corresponding molecular
orbitals. In the first step, we perform a state-averaged CASSCF
calculation over the seven lowest states of VOhe active
space consists of thes81r, 90, 27, 100, and 11 molecular
orbitals and contains 8 electrons.

The resulting orbitals are a good start for the second orbital
optimization step which comprises a CASSCF calculation for
the particular ground state of the particular VO species. The
active space is the same as given above and contains 8, 9, or
10 electrons for cation, neutral molecule, and anion, respectively.
This two-step procedure greatly facilitates convergence to the
CASSCF wave function in which the active orbitals are as
intended.

Dynamical electron correlation is included through the
multireference average coupled-pair-functional (MR-ACPF)
method® which is a size-consistent variant of the MR-CI
approach. As the multiconfigurational reference, we use the
TASSCF wave function from the second orbital optimization
step. Additionally to the active electrons of the CASSCF
. . . calculation, the 2s(O) electrons are also correlated. Only single
contain results and discussion. o . .

and double excitations to the external orbitals are taken into

grc|):L||I:21|Igia\a/aeo?Itfw?au\slsotgr?ioqnuispc\:\?higa tr?g c%is;gzggnéec;\fmfeheen account in the MR-ACPF calculations. Occasionally, electrons
experimentdl and theoreticéF’,lestudies exists o far. in the so-called semi-core 3s(V)- and 3p(V)-like orbitals are

also correlated (this will be mentioned explicitly when corre-

sponding results will be discussed).
To estimate the electronic correlation energy at the basis set
2.1. Methods. In the classical picture, a chemical bond limit Truhlar's two-point-extrapolatiot is applied

between a transition metal atom and an oxygen atom arises from

the interaction of the 3dand 3d, orbitals of the metal atom sst EeaXs — EZ2X3

with the corresponding- andzt-like counterparts of the 2p shell Ecor = W

of the oxygen atom. The 4s orbital might also be involved in 1 2

2. Details of the Calculation
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TABLE 1. Composition of the Correlation Consistent Basis In the second CISD step, a set of polarization functions for

Sets for the Vanadium Atom the 4s shell (p and higher, up kgax= X — 1) has its turn. In
basis un-contracted contracted polarization contrary to the upper scheme, in which the number of polariza-
set functions functions functions tion functions was dependent on the size of the basis)X§et (
DZ (14s 8p 4d)y+ p 0Bs 4p 200 (2f) — 1f O and the kind of the functionl), we tempt to use only one
TZZ E%z igp gg))t p %8552 32%] %; %g h fulnction of each kind to polarize the 4_s shell. For this purpose,
SZ (232 148 o B Oi2s 7B 5] a Sg oh 1 it is necessary to add a diffuse p function because the p function

with the smallest exponent obtained from the basis set optimizer

, , is too tight for being suitable to polarize the 4s shell. However,
quality; EXL and EX2 are the values of the correlation 9 g P

! . ) we have found that no additional functions with<d | <
egtsa{gles calculated using the bais and X,, respectively. X — 1 are needed for the polarization of the 4s shell: it is
E

cor IS the estimation of the correlation energy value at the gficient to let the available functions with the smallest
basis set limit (BSL). Throughout this work, we use basis sets exponent to become even more diffuse. To optimize the

of QZ (X = 4) and 5Z K = 5) quality to predictES;. exponents of the functions with & | < X — 1 CISD
All ab initio calculations have been performed using calculations for the ground state of V3 4<%, 4F) are used.
the MOLPRO package versions 2000.1/2002 (Eor the details In the third CISD step, polarization functions with=<
about the calculation of vibrational frequencies, see subsectionX — 1 are “redistributed” equally in the space between the
2.3) largest exponent values obtained in the first CISD step and the
We also present results of spin-unrestricted density-functional smallest values from the second CISD step. Thereafter, these
calculations using the B3LY#®3¢ and BP88*3" exchange- sets of polarization function are suitable to polarize both 3d

correlation functionals. These calculations have been performedand 4s shells. Functions withk — 1 < | < Ina are left
by the TURBOMOLE prograi#-3°with cc-pVTZ basis sets for ~ unchanged from the first CISD step. (Correlation consistent basis
both atoms and all three VO species. sets for vanadium described here are available via Supported

2.2. Basis Setslt has been show# that extrapolation  nformation section and on demand.) .
techniques work well only if the basis sets used in the individual ~ FOr 0xygen, we use cc-pVXZ basis sets of Dunfifrig the
calculations fulfill certain requirements, i.e., the so called case of cation and neutral molecule, aug-cc-pVXZ basis’sets
correlation consistency which was extensively analyzed by for the anion. (In. the calculations fqr the anjon, we do not use
Dunning and co-worker&: They also have developed series of augmented basis sets for vanadium which have not been
the correlation consistent basis sets for the main group atomsconstructed yet. Oxygen has a much higher electronegativity
up to the fourth period? Unfortunately, no such basis sets exist SO that the probability of finding the extra electron will be much
for transition metal atoms (apart from a few exceptions). (Noro higher at an oxygen site than at a vanadium site.)
et al*3 have developed a series of correlation consistent basis For geometry optimizations and calculations of the potential
sets for vanadium which describe, however, mainly the cor- €nergy curves, we use basis sets of the TZ quality.
relation of the 4s and 4p shells.) For this reason, we have 2.3. Calculation of the Vibrational Frequencies.To cal-
constructed a series of correlation consistent basis sets for theculate anharmonic vibrational frequencies for all of the VO
vanadium atom of DZ through 5Z quality. The composition of Species, we use the LEVEL (version 7.4) progrmvhich
the constructed basis sets is shown in Table 1. solves the radial Schdinger equation. The potential energy

The uncontracted basis functions representing the strongly CUrves for the ground states of all species are calculated in the
occupied atomic orbitals (s, p, and d orbitals) are optimized at 'a"g€ of V-O bond distancesR(o) between 1.2 and 3.0 A.
the density functional level using a new basis set optinfiger. FOrRvo < 1.2 A, the potential curves are approximated using
Flat exponents for the valence shell obtained from the optimizer cUbic spline three-point-interpolation ovBf x V(R) values.
have sometimes “gaps” between different atomic shells (espe-FOr Rvo > 3.0 A, values oRR exp(-bR) are used.

cially s exponents). Therefore, and from the reason which will _The absolute energetic position of the first vibrational levels
become clear below they are replaced by even-temperedWith respect to the asymptote is also calculated by the LEVEL
sequences. program. We use the = 0 energies to evaluate thBg

dissociation energies. The anharmonic vibrational frequencies
(v1) given in the Table 5 are obtained as the difference between
thev = 1 and O energy levels.

The corresponding harmonic frequencies)(are obtained
from the second derivatives of the potential energy curves at
Fhe equilibrium distance of the respective VO species.

Thereafter split-valence general contraction scheme which
goes back to Raffenettiis used to combine obtained basis
functions to (1) sets of fully contracted single functions for the
1s, 2s, and 2p core orbitals and (2) sets contaidifignctions
(contracted and uncontracted,is the cardinal number of the
corresponding basis set) for the subvalence 3s and 3p as wel
as valence 3d and 4s orbitals. Contraction coefficients are taken . . .
from the state-averaged CASSCF calculations for the ground 3- Quality Checks for the Vanadium Basis Sets
states of V¥ (3c® 4, “F) and V! (3d)* °D). 3.1. lonization Potentials for Vanadium.To check whether

Polarization functions are optimized for the contracted basis the constructed basis sets for vanadium are suitable for the
sets as obtained from the basis set optimizer. A three-stepextrapolation of the correlation energy, i.e., the basis sets fulfill
procedure based on atomic CISD calculations is used. In thethe requirements of the correlation consistency, we have calcu-
first CISD-step, exponents of all polarization functions for the lated the first three ionization potentials of vanadium. The results
3d shell, i.e., f and higher (up igax = X + 1, whereXis the of the MR-ACPF calculations are collected in the Table 2.
cardinal number of a given basis), are optimized as even- We find relatively large difference between the calculated
tempered sets by calculations for the ground state Gf(8c®, XZ value and experimental value for the first ionization potential
4F). The number of polarization functions of each kind is given IP;. This error is caused by relativistic effects which have not
by n =X —1 + 1 (except for the DZ basis, for which two been considered so far. If we calculate expectation values of
contracted f functions are used). the mass-velocity and Darwin terms (at the HartreEock level
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TABLE 2: Calculated and Experimental Values (eV) of the TABLE 3: Calculated Ground State Properties of VO™
First Tree lonization Potentials of the Vanadium Atom
: Re1 Dey DO, We, V1,
basis set IP 1P, IP3 % of Ecorr method A eV ev cm?! cm? ref
Dz 6.40 14.17 28.82 70 Density Functional Calculations
TZ 6.34 14.20 28.83 90 B3LYP 1538 559 552 1148 1136 thiswork
Qz 6.38 14.21 28.84 96 HF-Slater 1.536 1150 52
57 6.39 14.23 28.85 98 B3LYP 1.532 5.95 1160 51
Xzb 6.40 14.25 28.86 160 B3LYP 1.533 1184 20
+rcd 6.67 14.14 28.67 B3LYP 1.539 5.56 24
B3LYP 1.54 5.68 28
exp. 6.74 14.65 29.31 BPS6 1548 658 651 1117 1107 this work
aMean percentage of the covered correlation enet@xtrapolated DFT 154 6.89 1146 50
value using Truhlar's formula and QZ/5Z basis sé&xpected BSL- BLYP 1.559 6.36 24
value.d Relativistic corrections added to the XZ values. BOP 1.558 6.42 24
Wave Function Based Methods
using 5Z basis set) for neutral V atom and/we find that MR-ACPF 1563 598 591 1084 1058 this work
the energy difference between their ground states is increased HF 1.501 1380 52
by 0.27 eV. (Our result is similar to that of Osanai et%rhey GVBCI-SCF 156  5.56 1108 53
have found 0.29 eV.) CASSCF 1.546 5.60 24
. ) L . L MR—CISD 1.566 5.85 24
This large effect is caused by the 4s orbital which is doubly MR-ciSD+Q 1571 5.83 24
occupied in the ground state of the neutral vanadium atom CCSD(T) 154 575 28
(3cP4<) and not occupied after the ionization ¢gdAdding this MR-ACPF 157 525 28
correction to the nonrelativistic value of,Rields 6.67 eV and exD. 154  5.99 1060 29

the deviation from the experimental value becomes only 0.07
eV. The relativistic correction have also been added to the IP accurate results are obtained by high-level correlation methods,
and IR values. although these results depend strongly on chosen basis set (as
Compared to the measured (spiorbit averaged) data, our  seen from the discrepancy between our MR-ACPF result and
calculated IPs are systematically too small, probably due to the that of Schider et aFg).
lack of correlation of semicore 3s and 3p electrons. Anyhow, Computational results obtained for vibrational frequencies
we find a quite satisfactory agreement between the theory andmainly come from single-reference calculations. Although it is
experiment. no surprise that the harmonic frequency is much too high at
Besides the results for the ionization potentials, we also give Hartree-Fock level, we note that density functional methods
the average percentage of the correlation energy recovered byalso overestimate this property by almost 100-énBetter
different basis sets. This fraction increases continuously from agreement between the experimental and theoretical values is
70% for the DZ basis to 98% for the 5Z basis. The difference reached if one goes beyond the single-reference formalism
between the two subsequent basis sets is systematically gettingGVBCI or MR-ACPF). This is caused by the multireference
smaller the larger the basis sets becomes. This well-known slowcharacter of the ground state. Even at the equilibrium distance
convergence actually necessitates the extrapolation step. the weight of the leading configuration..80237*16?| in the
It is obvious that the basis sets we have constructed are CASSCF wave function is only 88% and becomes smaller while
suitable to describe any of the first four oxidation states of vana- molecule dissociate. This leads to a increasingly poor description
dium atom with a high accuracy. Furthermore, the series of the of the potential energy curves by single-reference methods at
constructed basis sets exhibits typical convergence feature whichdistances which deviate more and more from the equilibrium
is expected from correlation consistency principles. Thus, the bond distance.
application of our basis sets to the ground states of vanadium 3.3. Ground-State Properties of VO.Like the cation, the
oxide species (which are main target systems of our studies) isneutral VO molecule has been extensively studied theoretically
well justified. in the past?6:13-16.20.26,52.5458 \\/e yse it as a test system to
3.2. Ground-State Properties of VO'. There are numerous  demonstrate the strength of our approach which will be applied
theoretical studies on the ground-state electronic structure ofto calculate properties of the VGanion. The latter system was
the VO cation and its spectroscopic constaiftg?28.29.50,51 much less studied and will be discussed in detail in section 4.
Therefore, VO is a good test case to assess the quality of our Calculated spectroscopic constants of the neutral VO molecule
new vanadium basis sets. Table 3 shows results of ourare collected in the Table 4.
calculations together with computational and experimental data  Similar to the cation, all methods perform quite good for the
from the literature. bond distance. Deviations of a few hundredth of A from the
The bond lengths obtained in various density functional experimental value are typical for calculations with medium
studies are remarkably similar and show good agreement with basis sets. Again, our MR-ACPF calculation slightly overesti-
the experimental value. Ab initio calculations including electron mates the equilibrium distance. Our value reduces from 1.593
correlation, especially multireference methods, tend to slightly to 1.589 A after including the correlation of the 3s(V) and
overestimate the bond distance. These deviations are, however3p(V) electrons.
small (a few hundredth of A). The reason for this small erroris  Binding energies calculated by density functional methods
lack of the correlation of semicore 3s(V) and 3p(V) electrons. also follow similar trends as we have already seen for the
Taking them into account leads Ry = 1.559 A. cation: apart from a few exceptions, B3LYP slightly underes-
Calculation of the dissociation energy is a more difficult timate dissociation energies, whereas pure DFT methods
task: B3LYP results underestimate it by almost 0.5 eV (except overestimate them by about 1 eV compared to the experimental
the result of Shiota and Yoshizaffavhich agrees quite well  value. The dissociation energies reported by Vyboishchikov and
with the experimental values), whereas pure density functional Sauet® differ by more than 1 eV from other density functional
methods overestimate it by almost the same amount. More results reported in the literature. The discrepancy probably stems
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TABLE 4: Calculated Ground State Properties of VO TABLE 5: Calculated Properties of the VO Anion
Re, De, Do, We, Vi, Re, De, Do, We, V1,
method A eV eV cm?! cm? ref method A eV eV cm? cmt ref

Density Functional Calculations MR-ACPF 1.626 5.63 559 957 953 this work
B3LYP 1.579 6.22 6.15 1065 1057 this work B3LYP 1.602 6.41 6.34 1028 1019 this work
HE—Slater  1.567 1068 52 BPS86 1.607 7.42 7.38 1007 998  this work
B3LYP 1.580 6.54 1044 15 gglé\ép 11-%12 11%
BsLYP 1.590 528 16 BPW91 1:609 970 15
B3LYP 1.569 6.27 1116 20

BLYP 1.619 960 15

B3LYP 1.58 1018 58 B3LYP 1604 991 15
B3LYP 1.589 6.42 1037 26 '
BP86 1.585 7.46 7.41 1043 1034 thiswork  exp. >R(VO) 900 (50) 7
BP86 1.60 7.50 1028 57
BPW91 1.586 7.81 1018 15 : ;
BLYP 1598 744 1002 15 4. Ground State Properties of the VO- Anion
BP86 1.596 6.32 16 In contrast to the neutral molecule VO and the cationyO

Wave Function Based Methods . there are only few recent DFT studies of the VO ariiotf.
MR-ACPF  1.593 6.44 6.38 1035 1022 thiswork The nature of the ground-state turns out to be ambiguous:
HF 1.534 1288 52 theoretical studies have found3a~ state, whereas Wu and
cISb 1.56 1083 o W, tulate &I state being based on PES ent
CPF 1604 568 959 54 ang postulate &1 state being based on measurentents.
UCCSD(T)  1.602 6.32 1028 56 We have performed both multireference ACPF and density
MR-ACPF 1554 5.43 6 functional calculations for the VOanion in order to get a “state
MCPF 1.588 6.06 1003 14 of the art” theoretical description of its ground state. The results
AIMP-MCPF  1.586 6.09 1008 14 of these and previously published calculations are collected in
exp. 1.589 6.48«% 0.09% 1011 29 the Table 5.

Bond distances calculated by different methods differ only
by a few hundredth of A. The MR-ACPF value reduces just
from the treatment of the atomic asymptotes. The ab initio slightly from 1.626 to 1.622 if we include correlation of the
calculations show quite large variations. Although our semicore 3s(V) and 3p(V) electrons. Thus, the equilibrium
MR-ACPF result shows the closest agreement with experimental distance of the VO anion is 1.66-1.63 A depending on the
data, we point out that the UCCSD(T) results of Bauschlicher calculation.
and Langhoff* are also quite close. To our knowledge, no binding energy of the V@nion has

Most of the calculated vibrational frequencies are close to been published yet. MR-ACPF results 10§ of the cation and
the measured value. Except the B3LYP value of Calatayud et neutral VO molecule presented earlier in this paper deviated
al.2% there are only small variations among results of density by at most 0.1 eV from the measured values. For the anion, we
functional studies. B3LYP overestimates the vibrational fre- expect an error of about the same size. This implies that our
qguency by about 1850 cnTl, and pure density functional ~MR-ACPF value of 5.59 eV is a rather accurate estimate for
methods perform slightly better. One should also keep in mind the binding energy of VO and DFT methods considerably
that harmonic frequencies are about 10 &ntarger than overestimate it. This is not too surprising, as density functional
anharmonic values which are observed in experiments. Fur-calculations quite generally have difficulties in describing small
thermore, the multireference character of the ground state shouldnegative ions.
also be taking into account. (Similar to the situation of the cation, ~ Vibrational frequencies have been already calculated by
the weight of the leading configuration.8023741629¢?| in the Gutsev et al® and are by about 3040 cn! smaller than our
CASSCF wave function is close to 90% at the equilibrium DFT values. All of the density functional results significantly
distance.) overestimate the experimental value. As we already have shown

Vibrational frequencies calculated by the wave function based for the cation and neutral molecule, DFT methods overestimate
methods clearly demonstrate the well-known wisdom: they lead vibrational frequencies due to the single-reference formalism.
to good agreement between the calculated and experimentalThe CASSCF wave function for the ground state of the"VO
values of vibrational frequencies only if correlation effects are anion at the equilibrium distance is dominated by the config-
taken into account. The Hartre€ock result is almost 300 cth uration|...80237*90%16?| which has weight of 91%. In this case,
above the measured value. At the correlated level, the largestmultireference treatment would provide more accurate results
deviations of 50 cm! are found for the CISD and CPF results as we have shown in sections 3.2 and 3.3. Our MR-ACPF value
of Bauschlicher and Langhoff. (The difference between the for v is rather close to the upper bound of the measured
single reference (!) CISD and CPF results of these authors isvibrational frequency. In view of the high accuracy that MR-
conspicuously large and might be a manifestation of the need ACPF results could reach for VOand VO, we have some
for multireference methods.) confidence in our theoretical value for the vibrational frequency

Our work on the (well-studied) systems Y@nd VO shows of VO~, too.
that extrapolation techniques are necessary if one wants to Finally, we point out that the ground state of the VO anion
calculate highly accurate dissociation energies. For bond lengthsjs 3>~ rather than the’I1 state which was experimentally
a consistent improvement over quite good density functional postulated by Wu and WarigThe assignment of the authors is
results is hard to obtain even by multireference methods. In based on the observation that the bond distance of the anion is
contrary, vibrational frequencies seem to be more sensitive tolarger than in the neutral molecule, accompanied by a red shift
the multiconfigurational character of the wave function. It should of the vibrational frequency from the neutral VO molecule to
also be noted that good agreement of the density functional the anion. Wu and Wang argued that these features are due to
results for spectroscopic constants is often occasional and furtheithe occupation of the antibondingz2 orbitals, and the resulting
proofs by more elaborated methods is needed. ground state must be "1. It is obvious, however, that all

aSee G. Balducci et &P.
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TABLE 6: Results of the Population Analysis for the VO™~ Species

ground states character of the MOs
VO* 337, ]...80%31*16%2 8o 5 x 2p,(0) + 1 x 3d,(V)
asymptotes 3 11 x 2p0) + 1 x 3d(V)
v+ 5F,...3d 49 16 3ds(V)
(o] 3p,...282p"
VO 45 |...80%37%152901 |2 80 5 x 2p,(0) + 3 x 3d,(V)
asymptotes 3 11 x 2p(0) + 1 x 3d,(V)
\% ‘F,...3d 4¢ 16 3ds(V)
(o] 3p,...282p" 90 3d,(V)
VO~ 337, |...80%37%10%907)2 8o 7 x 2p,(0) + 1 x 3d,(V) + 1 x s(V)
Ssymptotes E agag 1§ éé, 2<V)2p,(0) + 1 x 3d(V)
o 2P, 2820 % 17 x 4s(V)+ 2 x $(0)+ 1 x 3d,(V)
@ eading configuration.
VANADIUM OXYGEN state together with the composition of the highest occupied
molecular orbitals.
0.29 If we built the VO cation from its atomic asymptotes,;tV
Z 0 0.04 o - 1 and O, we observe a medium electron loss (less than 0.5) from
g r s the d(V) orbitals to the p(O) ones. Indeed, the doubly occupied
5 i 04 F . bonding & and 3t orbitals with a mainly 2p(O) and 2p(O)
character, respectively, have small contributions from the
-1 corresponding 3dand 3d vanadium orbitals. This simple
. picture agrees also with the calculated charges whicH-ar26
. Vanadium for the vanadium ane-0.26 for the oxygen atom. The lack of
2 . 04sf | 0.5 | significant change in the s(V) population implies a minor role
= ”.’4 l I of the 4s(V) orbital for the bonding in the ViOcation.
g 0 o In the case of the neutral VO molecule, we see a large electron
i : loss (more than 1) from the s(V) orbitals in favor of d(V), p(V),
= and p(O) ones. Obviously, the multireference character of the
5-1 ground state is reflected in an increase of the p(V) and d(V)
B 1.17 | | populations through the excited “s(¥} (p(V),d(V))” configu-
rations. Calculated Mulliken charges af®.45 and—0.45 for
0.46 0 I the vanadium and oxygen atom, respectively. Thus, the VO bond
) l might be seen as partly ionic.
6 0 1 —I ] In the anion, we again observe significant contributions from
z | . L0.32 '”"]_ excited s(V)y-d(V) configurations as well as a small shift of
< oM electron density from s(O) to d(V) orbitals. This picture is,
-1 however, rather simplified. (For the population analysis, the
3 5 cc-pVTZ basis was used although a basis set with diffuse
) p d p functions (at least for oxygen) is needed for the more accurate
Figure 1. Differences of the Mulliken populations in the VO species description of the ground state of OVHowever, Mulliken
compared to the corresponding asymptotic values (0], [V + O], population analysis is known for getting somewhat arbitrary if

and [V + O7]) for the cation, neutral molecule, and anion, respectively. yitfuse functions are present.) Despite everything, we believe,
that at least main features of the electron density distribution
in the VO™ anion could be illustrated in our picture. Calculated
atomic charges are0.39 and—0.61 for vanadium and oxygen,
respectively. This supports our assumption (see section 2.2) that
the extra electron in the VVOanion is preferably located at the

observed features are compatible with the theoretically found
83~ ground state. The extra electron of the anion mainly
occupies the @ orbital. The antibonding character of this orbital
is already obvious if one compares the properties of the cation
VO™ with those of the neutral VO molecule.

- - oxygen site.
We should also mention that our assignment of the"VO
ground state is in agreement with the previously published DFT . .
studiests.16 6. lonic Properties of the VO Molecule

The first ionization potential (IP) and electron affinity (EA)
of the VO molecule (see Table 7) turns out to be a challenge
The results of the Mulliken population analysis allows an for theoretical methods. If we simply apply the MR-ACPF
insight into the distribution of the electron density over the atoms approach together with extrapolation of the correlation energy
and bonds. We compare the atomic populations for the cation,to the basis set limit, we get too small values for both IP and
neutral molecule, and anion with the corresponding asymptotic EA. Calculated ionization energies are almost independent from
values ([VF + Q], [V + O], and [V+ O] for the cation, neutral the kind of the transition and are by nearly 0.30 eV smaller
molecule, and anion, respectively). Population differences than the measured value. Both a further inclusion of scalar
between the bound systems and asymptotes are shown on theelativistic corrections and taking into account correlation of
Figure 1 (results are obtained using cc-pVTZ basis). Addition- the semicore 3s(V) and 3p(V) electrons increase the IP value

ally, we give in Table 6 the electronic structure of the ground by nearly the same amount(.1 eV). Such large corrections

5. Population Analysis
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TABLE 7: First lonization Potential (IP) and Electron the calculated binding energies for the V@nion by DFT
Affinity (EA) of the VO Molecule methods (see section 5) and poor density functional results for
transition the electron affinity of VO have the same reasons.
method adiabatic vertical  “60” ref Assuming additivity of relativistic effects and correction due
to semicore correlation, our final estimates are 7.16 for IP and
IP, eV 1.07 eV for EA. They are still 0.08 and 0.14 eV, respectively,
MR-ACPF  6.95 6.97 6.95 this work smaller than corresponding experimental values. Recalling that
ig s ;'82 :ﬂ:: m;:: standard theoretical methods predict electron affinities with an
B3LYP 7.35(7.39 this work error of about 0.2 eV for molecules consisting of main group
BP86 7.54 this work elements$} it becomes clear that obtaining accurate thermody-
B3LYP 7.16 20 namical data on transition metal compounds by theoretical
exp. 704 60 methods is still a difficult task. It is also worth it to check

whether augmented basis sets for the vanadium atom (which

MR-ACPE 105 EA, e(\)/_94 1.05 this work has not bee_n c_qnstructed yet) would improve results of the
+re 1.09 this work calculation significantly.

+sce 1.03 this work

B3LYP 0.72 (0.98 this work 7. Conclusions

BP86 0.69 this work .

B3LYP 1.09 15 We have presented “state of the art” calculations for the
BLYP 0.98 15 ground states of the cationic, neutral, and anionic VO species.
BPW91 0.81 15 Correlation consistent basis sets for the vanadium atom gener-
B3LYP 0.86 16 ated in this study work well with the Truhlar's extrapolation
BP86 0.83 16 technique and have enabled us to obtain highly accurate
exp. 1.21 7 theoretical results for the spectroscopic properties of the studied

@|ncluding scalar relativistic corrections calculated using a) cc-pV5Z systems. Density f_unctlonal (_:a_lc_:mat'ons generally ShOW satisfac-
basis sets for both atoms to calculate the correction to IP, b) cc-pV5z tory agreement with our ab initio results and experimental data
for the vanadium atom and aug-cc-pV5Z for the oxygen atom to although statistical rather than systematic error distributions have
calculate the correction to EA.ncluding correction caused by been observed. Finally, our assignment of the ground state of
semicore correlation calculated using our cc-pV5Z basis augmentedthe VO~ anion g2 ) agrees with the previous DFT studies, such

with a set of tight p-h functions and fully decontracted p and d ; ; ; ;
functions for the vanadium atom, aug-cc-CV5Z basis of Dunning for Egﬁt)theory unambiguously rejects the experimental assignment

the oxygen atomt Calculated using cc-pV5Z basis sets and equilibrium
distances obtained by the corresponding method.
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MR-ACPF values for the electron affinity are also too small chen Industrie.

compared to the experiment. In contrary to the ionization
potential, we do not find any large corrections to EA caused
by relativistic effects or correlation of the semicore electrons.
Furthermore, there is a relatively large difference (0.09 eV)
between the adiabatic and vertical transition. The equilibrium
bond distance in the neutral VO molecule is about 0.03 A shorter
than in the anion; that is, a vertical transition goes from the
minimum on the potential energy curve of the neutral molecule (1) Clemmer, D. E.; Ekind, J. L.; Aristov, N.; Armentrout, P. B.
to a point on the repulsive part of the potential energy curve of Che(';‘)' i?u/;ﬁ??_l é’fﬁfﬁébb’ R.; Ray, M. Banisaukas, T., lll. Russon,
the anion. This leads the an decrease of the energy difference_: pajley, R. S.; Davidson, EJ. Chem. Phys1996 105 10237.
compared to the adiabatic transition. (This situation is opposite  (3) Chertihin, G. V.; Bare, W. D.; Andrews, L. Phys. Chem. A997,
to the ionization where a vertical transition leads to the 101 5090. _ _
dissociative part of the potential energy curve of the cation 8945;.1) Ricca, A.; Bauschlicher, C. W., J3. Phys. Chem. 4997 101,
which has a shorter bond distance than the neutral molecule.  (5) Bell, R. C.; Zemski, K. A.; Castleman, A. W., I. Phys. Chem.
The slope of the dissociative part of the potential energy curve A 1998 102 8293.
is smaller than the slope of the repulsive part. Therefore, the _ (6) Kretzschmar, I.; Sctider, D.; Schwarz, H.; Rue, C.; Armentrout,
difference between a vertical and adiabatic transition from the P.J. Phys. Chem, A998 102 10060.
) ! (7) Wu, H.; Wang, L.-SJ. Chem. Phys1998 105 5310.

neutral molecule to the cation is smaller than for the EA.) (8) Bell, R. C.; Zemski, K. A.; Castleman, A. W., Ir. Phys. Chem.

This is some scatter within the density functional results for A 1999 103 1585. , _
the ionization potential and electron affinity of VO, even Alég)g ?gg’ ;zégcz.., zemski, K. A.; Castleman, A.W., Ir. Phys. Chem.
between calculations with the same exchange-correlation func-  (10) Harvey, J. N.; Diefenbach, M.; Scitter, D.; Schwarz, Hint. J.
tional. This might indicate that, for density functional calcula- Mass Spectronl999 182/183 85.
tions, basis sets beyond triplequality are required to get 6(11) Kooi, S. E.; Castleman, A. W., 3. Phys. Chem. A999 103
convergent results. (For instance, our B3LYP values for EA 715y 73 H.-3.: wang, L-SJ. Chem. Phys2002 117, 7882.
changes significantly going from the cc-pVTZ to the cc-pV5Z (13) Rakowitz, F.; Marian, C. M.; Seijo, L.; Wahlgren, U. Chem.
basis.) Alhough most of the calculated IP values deviate only Phys.1999 110 3678. B
by 0.1 eV from the experimental value, DFT results for EA are 104(113‘2 Rakowitz, F.; Marian, C. M.; Seijo, L1. Chem. Phys1999 111,
by 0.2-0.4 eV too small independently from the exchange- " (15) Gutsev, G. L.; Rao, B. K.; Jena, B. Phys. Chem. 2000 104
correlation functional and basis set. Probably large errors of 5374.

Supporting Information Available: The vanadium basis
sets of doublé: (DZ) through quintuple: (5Z) quality that have
been constructed in the course of this work. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes



5572 J. Phys. Chem. A, Vol. 107, No. 29, 2003

(16) Vyboishchikov, S. F.; Sauer,d.Phys. Chem. 200Q 104, 10913.

(17) Vyboishchikov, S. F.; Sauer, J. Phys. Chem. 2001, 105 8588.

(18) Gutsev, G. L.; Rao, B. K.; Jena, P.Phys. Chem. 200Q 104,
11961.

(19) Bell, R. C.; Zemski, K. A.; Justes, D. R.; Castleman, A. W.JJr.
Chem. Phys2001, 114, 798.

(20) Calatayud, M.; Silvi, B.; Andig J.; Beltfa, A. Chem. Phys. Lett.
2001, 333 493.

(21) Calatayud, M.; Andig J.; Beltfa, A. J. Phys. Chem. 2001, 105,
9760.

(22) Calatayud, M.; Andi® J.; Beltfa, A.; Silvi, B. Theor. Chem. Acc
2001, 105, 299.

(23) Broctawik, E.; Borowski, TChem. Phys. Let2001, 339, 433.

(24) Nakao, Y.; Hirao, K.; Taketsugu, T. Chem. Phys2001 114
7935.

(25) Zemski, K. A.; Justes, D. R.; Castleman, A. W. JiPhys. Chem.

A 2001, 105, 10237.

(26) Papai, I.; Hannachi, Y.; Gwizdala, S.; Mascetti).JPhys. Chem.
A 2002 106, 4181.

(27) Calatayud, M.; Berski, S.; Beltran, A.; Aridrel. Theor. Chem.
Acc 2002 108 12.

(28) Schrder, D.; Engeser, M.; Schwarz, H.; Harvey, J.@hemPhy-
sChem2002 3, 584.

(29) Harrison, J. FChem. Re. 200Q 100, 679.

(30) Gdanitz, R. J.; Ahlrichs, RChem. Phys. Lett1l988 143 413.

(31) Truhlar, D. G.Chem. Phys. Lettl998 294, 45.

(32) Amos, R. D.; Bernhardsson, A.; Berning, A.; Celani, P.; Cooper,
D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.; Hampel, C.; Hetzer,
G.; Knowles, P. J.; Korona, T.; Lindh, R.; Lloyd, A. W.; McNicholas, S.
J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.; Palmieri, P.; Pitzer,
R.; Rauhut, G.; Schm, M.; Schumann, U.; Stoll, H.; Stone, A. J.; Tarroni,
R.; Thorsteinsson, T.; Werner, H.-J “MOLPRO, a package of ab initio

programs designed by H.-J. Werner and P. J. Knowles”, versions 2000.1/189.

2002.1, 2000/2002.

(33) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NL. J.
Phys. Chem1994 98, 11623.

(34) Becke, A. D.Phys. Re. A 1988 38, 3098.

(35) Becke, A. D.J. Chem. Phys1993 98, 5648.

(36) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(37) Perdew, J. FPhys. Re. B 1986 33, 8822.

Pykavy and van Wilen

(38) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kanel, C.Chem. Phys.
Lett. 1989 162 165.

(39) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102 346.

(40) Klopper, W. “R12 Methods, Gaussian Geminals”, Modern
Methods and Algorithms of Quantum Chemistyotendorst, J., Ed.; NIC
Series; Forschungszentrurilidh: Juich, 2000; Vol. 3, p 181.

(41) Dunning, T. H., JrJ. Phys. Chem. R200Q 104, 9062.

(42) Wilson, A. K.; Woon, D. E.; Peterson, K. A.; Dunning, T. H., Jr.
J. Chem. Phys1999 110, 7667.

(43) Noro, T.; Sekiya, M.; Koga, T.; Matsuyama, Fheor. Chem. Acc
200Q 104, 146.

(44) van Willen, C. unpublished.

(45) Raffenetti, R. CJ. Chem. Phys1973 58, 4452.

(46) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(47) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem. Phys.
1992 96, 6796.

(48) Le Roy, R. J. “LEVEL 7.4, A Computer Program for Solving the
Radial Schtdinger Equation for Bound and Quasibound Levels”; University
of Waterloo: Waterloo, 2001.

(49) Osanai, Y.; Ishikawa, H.; Miura, N.; Noro, Theor. Chem. Acc.
2001, 105, 437.

(50) Broctawik, E.Int. J. Quantum Cheml995 59, 779.

(51) Shiota, Y.; Yoshizawa, KJ. Am. Chem. SoQ00Q 122 12317.

(52) Dyke, J. M.; Gravenor, B. W. J.; Hastings, M. P.; Morris, A.
Phys. Chem1985 89, 4613.

(53) Carter, E. A.; Goddard, W. A., 110. Phys. Cheml988 92, 2109.

(54) Bauschlicher, C. W., Jr.; Langhoff, S. R.Chem. Physl986 85,

36.

(55) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Chem. Phys1987,
86, 2123.
(56) Bauschlicher, C. W., Jr.; Maitre, Fheor. Chem. Acd&995 90,

(57) Bridgeman, A. J.; Rothery, J. Chem. Sog¢Dalton Trans.200Q
211.
(58) Broctawik, E.; Broctawik, T.Chem. Phys. Let2001, 339, 433.
(59) Balducci, G.; Gigli, G.; Guido, MJ. Chem. Physl1983 79, 5616.
(60) Harrington, J.; Weisshaar, J. €.Chem. Phys1992 97, 2809.
(61) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. F., llIl.;
Nandi, S.; Ellison, G. BChem. Re 2002 102 231.



